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Abstract

Aims. To determine the risk, hazard rate and factors
affecting progression to diabetes in monozygotic
twins of patients with Type I (insulin-dependent) dia-
betes mellitus.

Methods. Prospective analysis was done of two co-
horts of non-diabetic monozygotic twins of patients
with Type I diabetes from Great Britain (n = 134)
and the United States (n = 53).

Results. The diabetes-free survival analysis was simi-
lar between both cohorts (p = 0.6). The combined
survival analysis (n =187, median follow-up =17.7
years, range = 0.01-57) at 40 years of discordance es-
timated a 39 % probability of diabetes for the initially
discordant twin. Survival analysis with left truncation
of data estimated that probability to be 50%. For
twins who became concordant (n = 47), the median
discordance time was 4.2 years (range 0.4 to 39), ex-
ceeding 15 years in 23.4%. Twins of probands diag-
nosed at 24 years of age or younger had a 38 % prob-
ability of diabetes by 30 years of discordance, com-

pared with 6 % for twins of probands diagnosed after
24 years of age (p = 0.004). The twins of probands di-
agnosed before 15 years of age had the highest diabe-
tes hazard rate in the first discordance year, decreas-
ing thereafter. By survival analysis, diabetes risk was
higher in twins who were heterozygous for DR3-
DQ?2 and DR4-D QS8 than in twins with neither DR3-
DQ2 nor DR4-DQS8 (p < 0.05).
Conclusion/interpretation. Monozygotic twins of pa-
tients with Type I diabetes from two different coun-
tries had similar rates of progression to diabetes.
Whereas most twins did not develop diabetes, 25 %
of the twins who progressed did so after more than
14 years of discordance. An age-related heterogene-
ity was observed, with higher progression to diabetes
for twins of patients diagnosed at a younger age.
[Diabetologia (2001) 44: 354-362]
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Twin studies have helped to define the importance of
genetic and environmental factors in the aetiology of
disease [1-9]. By measuring concordance rates (both
twins affected) in identical (monozygotic) and non-
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identical (dizygotic) twins, estimates of genetic influ-
ence can be obtained. In primarily genetic disorders,
concordance rates should be higher in monozygotic
than in dizygotic twins. Differences between monozy-
gotic twins must be due to factors not coded in the
germ line, i.e. non-germ-line genetic (e.g. somatic)
or environmental factors. Monozygotic twins also
show differences in genes that undergo random rear-
rangement such as immunoglobulin and T-cell recep-
tor genes.

Comprehensive population-based studies of twins
have only recently been initiated, so most of the in-
formation available on diabetic twins is from clinic-
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based studies. Although these clinic-based studies are
liable to ascertainment bias, resulting in an overesti-
mation of concordance for the disease, they have
helped to define distinctions between Type I (insu-
lin-dependent) and Type II (non-insulin-dependent)
diabetes mellitus, and to identify metabolic and im-
mune changes in the prediabetic period that predict
progression to diabetes [10-22]. All studies to date
have found that the concordance rate of monozygotic
twins with Type I diabetes is higher than that of dizy-
gotic twins, indicating that important genetic factors
contribute to the disease [12, 17, 21, 23-25]. These
concordance rates were, however, substantially less
than 100% in line with a major role for non-germ-
line genetic or environmental factors. Unfortunately,
most studies involve only small numbers of twins fol-
lowed for limited periods, the longest follow-up being
14 years [26]. There is also a lack of direct studies of
initially discordant twins. We observed that some
twins develop diabetes many years after the diagnosis
of the index twin [16, 27].

In our analysis, two studies, from Britain and the
United States, are combined to provide an estimate
of the risk and rate of progression to diabetes in
monozygotic twins of patients with Type I diabetes.
The combined analysis provided a powerful database
with 187 twin pairs, many followed for up to 40 years.
As both of these are clinic-based studies, we attempt-
ed to reduce bias by including only those pairs that
were discordant at referral, i.e. one twin was diabetic
and the other was not. The purpose of this study was
to determine the proportion of monozygotic twins of
Type I diabetes patients, who had been initially non-
diabetic but who later develop the disease, the rate
at which they did so and the factors which influenced
that rate.

Subjects and methods

Subjects. A total of 187 initially non-diabetic monozygotic
twins (including two sets of triplets) of patients with Type I
diabetes were studied. Ascertainment of these twin pairs has
been described previously [19, 26]. Only twins discordant
when first studied were included. Of these, 53 twins were
studied in the United States: 17 at the Barbara Davis Center
and the remaining 36 twins or triplets initially at the Joslin
Diabetes Center. A total of 134 twins were studied in the
United Kingdom. Monozygosity was confirmed by parental
report, same sex, histocompatibility antigen testing and blood
group typing and recently, for the United States cohort, by
DNA-based testing for 5 highly polymorphic microsatellite
loci (LDLR, GYPA, HBGG, D7S8, GC (AmpliType PM.
Perkin Elmer. Roche Molecular System, Branchburg, N.J,
USA).

These studies were approved by the Institutional Review
Boards of the University of Colorado and the Joslin Diabetes
Center (United States cohort) and by the ethical committees
of the Royal Hospitals Trust, London, United Kingdom (Unit-
ed Kingdom cohort). Written informed consent was obtained
from the participants for the study.
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HLA typing. For the series from the United States, DQ beta
typing was carried out using oligonucleotide probes [28] and
DQ alpha typing using AmpliType (PE Applied Biosystems,
Branchburg, N.J., USA).

For the series from Great Britain, HLA typing was carried
out using serologic assays with antibodies provided by the
HLA Tissue Typing Xth Workshop. For DQ subtyping, the sin-
gle-step allele specific polymerase chain reaction was used.

Statistical analysis. Time-to-event analytic methods included
Kaplan-Meier estimates (with log-log confidence intervals),
log-rank and generalized Wilcoxon test statistics, Cox’s partial
likelihood regression methods and smoothed (kernelled) haz-
ard estimates [29]. All of the above methods were also under-
taken assuming first, no left truncation of the data, and, second,
assuming left truncation of the discordance time by discordance
time at referral. Truncation analysis [29] was accomplished us-
ing the start-stop paradigm for which start time was discordance
time at referral. Other statistical analysis included the Chi-
squared test and Fisher’s exact test where appropriate. A p val-
ue of less than 0.05 was considered statistically significant.

Results

We studied prospectively 53 and 134 non-diabetic
twins or triplets of patients with Type I diabetes
from the United States and Great Britain, respective-
ly. For those twins or triplets progressing to diabetes
(n=47), follow-up ended at the onset of diabetes
(Tables 1, 2).

Risk and rate of progression to diabetes

A total of 13 out of 53 (24.5 %) initially non-diabetic
co-twins from the U.S. cohort and 34/134 (25.4%)
from the British cohort developed diabetes on fol-
low-up. Survival analysis for the development of dia-
betes showed no differences between the cohorts
(p =0.6) (Fig.1). The probability of progression to
diabetes for the initially non-diabetic twins at a fol-
low-up of 10 years from the onset of diabetes in the
index twin (discordance time), was 20.4%
(SEM =6.1%) and 19.1% (SEM =3.4%), respec-
tively, in the U.S. and the British series. At 25 years
it was 288% (SEM=79%) and 27.0%
(SEM =4.3%), respectively. Combining both co-
horts (n = 187), the median follow-up was 17.7 years
(range 0.01-57 years). The survival analysis of the
combined series is shown in Figure 2. The probability
of progression to diabetes at 10 years of discordance
from the onset of diabetes in the index-twin was
19.4% (SEM =2.8), and at 25years, 27.4%
(SEM =3.6%). Altogether 12 twins were followed
for 40 years or more from the time of diagnosis in
the index twin and the probability of progression to
diabetes at 40 years of discordance was 38.9%
(SEM =6.7%). A survival analysis correcting for
left truncated data of the combined series was also
done (data not shown). Because twin pairs were not
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Table 1. Characteristics of initially discordant twins from the United States and Great Britain, by outcome and time of discordance

All twin pairs

Concordant twin pairs

Discordant twin pairs

Discordance < 15 yrs

Discordance > 15 yrs Discordance > 15 yrs

UsS GB US GB UsS GB UsS GB
No. 53 134 9 27 4 7 17 75
Age of onset (proband)? 11.7 13.7 111 10.9 11.8 14.3 13.9 19
(1.4-38.8) (1.6-70) (1.9-209) (2.1-31.8) (10.7-18.6) (1.6-37.3) (6.3-38.8) (2.2-70)
Age at 1% evaluation® 13.6 16.1 12.7 11.3 20.4 18.5 29.4 27.5
(2.1-52.7) (22-77.5) (21-21.7) (23-32.1) (11.8-352) (8.6-44.8) (8.1-52.7) (2.8-71.5)
Discordance at 1% evaluation® 1.9 1.6 0.7 0.2 5.8 7.5 11.6 4
(0-28.2) (0-35.4) (0-1.7) (0.0-2.5) (0.2-23.3) (0.7-154) (0.6-282) (0-35.4)
Sex (female/male) 26/27 65/69 6/3 15/12 4/0 1/6 5/12 36/39

2 Data are median (range) in years

Table 2. HLA of initially discordant twin from the United States and Great Britain, by outcome and time of discordance

All twin pairs

Concordant twin pairs

Discordant twin pairs

Discordance < 15 years Discordance > 15 years Discordance > 15 years

US GB Us GB US GB US GB
DR3-DQ2 or DR4-DQS 85.3 882 85.7 100 100 100 833 85.0
(29/34)  (60/68)  (6/7) (12112)  (4/4) (5/5) (10/12)  (34/40)
DR3-DQ2 and DR4-DQ3 28.6 15.4 28.6 15.4 66.6 40 7.1 16.7
(1035)  (10/65)  (2/7) (2/13) 213) 2/5) (1/14) (6/36)
Neither DR3-DQ2 nor DR4-DQ8 127 118 143 0 0 0 16.7 15.0
(13/102)  (8/68) 1/7) (0/12) (0/4) (0/5) (2/12) (6/40)

Data are percent (proportion)

necessarily referred at the time of diagnosis in the in-
dex twin, but often later on, left truncation of discor-
dance time by discordance time at referral was in-
cluded in this analysis. Up to 25 % of the twins devel-
oped diabetes by 3.6 years of discordance and 50 %
by 40 years of discordance.

There were 47 twins who progressed to diabetes.
For this group of twin pairs who became concordant
on follow-up, the median discordance time was
4.2 years (range 0.4 to 39years). For 13 (27.7%)
twin pairs, the discordance time until progression to
diabetes was 10 years or longer and in 11 (23.4%)
pairs it exceeded 15 years. There were 10 twin pairs
in which the second twin (non-index twin) developed
diabetes after 30 years of age. All 10 non-index twins
were positive for anti-islet autoantibodies, with 5
twins positive for ICA, 1 twin positive for 1A-2/
ICAS512, and 9 twins positive for GAD (one twin did
not have GAD measured). Anti-insulin was positive
in 3 out of 4 twins measured.

In the first year after diagnosis of diabetes in the
index twin, the hazard rate (or incidence) of progres-
sion to diabetes in the non-index twin was 3.4 %
(CI=2.1-5.0%) (Fig.3). The incidence of diabetes
for each year decreased sharply during the following
9 years, then reached a plateau at an incidence of pro-
gression to diabetes per year of 1.0% (CI=0.7 to
1.4 %) for the next 30 years.

Factors determining risk and rate of progression
to diabetes

Age. The age of diabetes onset in the index twin and
the non-index twin were significantly correlated
(p <0.0001, r = 0.66, data not shown) for the 47 twin
pairs who became concordant on follow-up.

A survival analysis of progression to diabetes by
age at diagnosis in the index twin is shown in Figure
4. Progression to diabetes in monozygotic twins of in-
dex twins who were diagnosed with diabetes at
25 years of age or older (n=37) was significantly
less (p = 0.004) than the progression to diabetes for
the twins of index twins who were diagnosed at a
younger age (n = 150). The estimated probability of
progressing to diabetes by 30 years of discordance
was 38 % (SEM = 5.3 %) for the twins of index cases
who were diagnosed with diabetes at younger than
25 years of age, compared with 6% (SEM =4.1%)
for the remaining co-twins of those index twins diag-
nosed at 25 years of age or older. The pairs in which
the index twin was diagnosed at or after 25 were fol-
lowed for a median time of 25.2 years (range 1.3 to
53) and only two twins (5%) developed diabetes.
For these two twins the age of onset in the index and
non-index twin, respectively, were 31.8 and 37.9 years
for one pair, and 37.3 and 54.7 years for the other pair.
A total of 45 (30% ) twins developed diabetes in the
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Fig.1. Diabetes-free survival analysis of Great Britain
(—Il—) cohort versus United States (—a&—) cohort. Numbers
at the bottom are the number of subjects still followed at each
time point for each cohort. Numbers in brackets at the bottom
table means that the number of subjects still followed at that
time point is less than 10. p value (log-rank) = 0.6

Fig.2. Diabetes-free survival analysis of the combined Great
Britain and United States cohorts. Interrupted lines denote
95 % confidence interval. Numbers at the bottom are the num-
ber of subjects still followed at each time point for each cohort.
Numbers in brackets at the bottom means that the number of
subjects still followed at that time point is less than 10
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subset of twin pairs in which the index twin was diag-
nosed at under 25 years of age. Using Cox’s regres-
sion model we estimated that the twins of patients
who were diagnosed at 25 years of age and older are
at 0.54 (95% CI=0.33-0.87) times the risk of the
twins of patients who were diagnosed at 0 to 14 years
of age. The twins of patients who were diagnosed at
15 to 25 years of age are at 0.7 (95% CI =0.48-1)
times the risk of the twins of patients diagnosed be-
tween O to 14 years of age. Stratified Kaplan-Meier
analysis for truncated data estimated that twins of pa-
tients who were diagnosed at 9 years of age or young-
er have a 50% risk of developing Type I diabetes
within 6 years (data not shown).

The distribution of diabetes-associated HLA types
was similar between the group of twin mates of pa-
tients diagnosed before 25 years of age and the group
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Years of discordance

Fig.3. Hazard rate of diagnosis of Type I diabetes per year for
the combined Great Britain and United States cohorts

of twin mates of patients diagnosed at or after
25 years of age. In the former group, among the twins
who had HLA typing, there were 15 of 79 twin pairs
who were heterozygous for DR3-DQA1*0501-
DQOB1#0201 and DR4-DQA1*0301-DQB1*¥0302
(DQ2/DQ8 genotype), and 69 of 79 twins who had ei-

Fig.4. Diabetes-free survival analysis of the combined Great
Britain and United States cohorts, by age at diagnosis in the in-
dex twin: Ages 0 to 24 years (n = 150) in dotted line (-- -),
25 years and older (n = 37) in dashed line ( - - - -). Cross-lines
represent censored subjects. p value (log-rank) = 0.004

ther DQ2 or DQS. In the group of twin mates of pa-
tients diagnosed at 25 years of age or older, 5 of 21
twin pairs were heterozygous for DQ2 and DQS8
(p =0.76), and 18 of 21 had either DQ2 or DQS8
(p =0.71).

The incidence of diabetes for each year in the non-
index twin by age at diagnosis of diabetes in the index
twin are shown in Figure 5. Monozygotic twins of pa-
tients who were diagnosed with diabetes before the
15 years of age showed a hazard rate pattern similar
to the one described for all the subjects (Fig.5).
Non-index twins of patients diagnosed with diabetes
at 15 years of age or later, on the other hand, showed
little variation in their incidence of diabetes with
time.
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Fig.5. Hazard rate of diagnosis of Type I diabetes per year for
the combined Great Britain and United States cohorts, by age
at diagnosis in the index twin: Ages 0 to 6 years (n = 38) in sol-
id line (—), ages 7 to 10 years (n = 33) in dotted line (----),
ages 11 to 15 (n = 42) in dashed line (- —-— -), ages 16 to 23
(n=34) in dashed line (- —-), 24 years and older (n = 40) in
dashed line (- ----)

Fig.6. Diabetes-free survival analysis of the combined Great
Britain and United States cohorts, by HLA type. Subjects
who were heterozygous for DR3-DQ2 and DR4-DQ8, com-
pared with subjects who had neither DR3-DQ2 nor DR4-
DQ8. Numbers at the bottom are the number of subjects still
followed at each time point for each cohort. p value (log-
rank) < 0.05. The curve for twins with either DQ8 or DQ2 but
not both was between the curves shown in this figure

1.0

Sex. In the combined series there were 96 females and
91 males. The survival analysis of progression to dia-
betes was not different between the sexes (p = 0.24,
data not shown). The distribution of diabetes-associ-
ated HLA haplotypes was not different between
males and females. Among those females for whom
HLA information was available, 11 of 47 were het-
erozygous for DQ2 and DQS, and 46 of 51 had DQ2
or DQ&. Among the males, there were 9 of 53 who
were heterozygous (p = 0.46) and 41 of 49 had DQ2
or DQS (p =0.38).

HLA. There were 20 twins who were heterozygous
for HLA DQ2 and DQS8 (“high-risk” HLA). A total
of 67 twins had either DQZ2 or DQS but not both hap-
lotypes (“moderate-risk” HLA). Another 13 twins
had neither DQ2 nor DQ8 (“low-risk” HLA). The
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remaining twins did not have HLA typing to include
them in any of these three groups. Survival analysis
of progression to diabetes was significantly different
(p <0.05) between the high risk and the low-risk
groups (Fig.6). Progression to diabetes was greater
but not statistically different between the twins with
high-risk HLA (n =20) and the remaining patients
(n = 80) but the p value was 0.08.

Out of these twins with available HLA typing, all 9
twin pairs who became concordant after 15 or more
years of discordance in the index twin had either
HLA DR3-DQA1*¥0501-DQB1#0201 or DR4-
DQA1*0301-DQB1#0302. This is similar to twin
pairs who became concordant before 15 years of dis-
cordance (18 of 19) (p =1.0) (Table 2). A total of
50% (4 of 8) of the twin pairs who became concor-
dant after 15 or more years of discordance were het-
erozygous for HLA DQ2 and DQ8. This is not differ-
ent from the twin pairs who became concordant be-
fore 15 years of discordance (4 of 20, p =0.17) (Ta-
ble 2).

The hazard rate for the twins who were not het-
erozygous for DR3-DQA1*0501-DQB1*0201 and
DR4-DQB1*#0301-DQB1*0302 was analysed after
stratification by age. The results of this analysis were
similar to those of the entire cohort, a steeply de-
creasing hazard among twin mates of probands who
were diagnosed under 15 years of age and a flat haz-
ard rate over time for twin mates of probands who
were diagnosed at 15 years of age or older. Among
the twins who were heterozygous for DQ2 and DQS8,
the same analysis with stratification by age was not
possible due to their small numbers.

Discussion

In order to assess whether non-germ-line genetic or
environmental factors play a part in the aetiology of
Type I diabetes, we examined two large series of
monozygotic twins of patients with Type I diabetes
from Great Britain and the United States. To avoid
over-ascertainment of concordant pairs we excluded
pairs who were concordant for diabetes on referral.
We found that the proportion of non-diabetic twins
progressing to diabetes was strikingly similar in the
two series, as were their rates of developing diabetes.
This remarkable similarity between British and
American twins in their progression to diabetes en-
abled us to analyse the combined series of 187 pairs.
Many twins were followed prospectively for over
40 years after the diagnosis in the index twin.

Our combined series indicated that most of the
monozygotic twins of patients with Type I diabetes
did not develop diabetes themselves. The probability
of concordance for diabetes in the combined series
was 27 % at 25 years and 39 % at 40 years from the di-
agnosis of the index twin. Previous reports of
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monozygotic twins, using smaller numbers and a
much shorter follow-up, found concordance rates be-
tween 21 % and 70 % [16, 21, 23, 30]. We might have
underestimated concordance for Type I diabetes be-
cause we excluded twins who were concordant at re-
ferral and there was often a time lapse between diag-
nosis in the first twin and referral. We, therefore, as-
sumed our data was truncated and re-estimated the
concordance rate to correct for this bias. This analysis
estimated the risk of progression to diabetes in the
non-diabetic twin was 50 % at 40 years of discordance
from the diagnosis of the index twin. These observa-
tions show that about half of the twin pairs remain
discordant and, by implication, non-germ-line genetic
or environmental factors must play a major part in ei-
ther causing or preventing Type I diabetes.

Of the 187 non-diabetic twins followed prospec-
tively, 47 developed diabetes under observation. Sev-
eral features distinguish those twin pairs who became
concordant for diabetes from those who remain dis-
cordant. The age at diagnosis in the index twin was
related to the risk of progression to diabetes in their
twin. Twins of patients diagnosed at or over 25 years
of age were much less likely to become concordant
for diabetes (5% ) than the twins of those diagnosed
at a younger age (27.3%, p <0.004). The survival
analysis, with correction for truncated data, estimat-
ed that twins of patients who were diagnosed at
9 years of age or younger had a 50 % risk of develop-
ing diabetes within 6 years of diagnosis in the index
twin. Similar observations have been made in smaller
twin studies [21, 26]. It could be argured that these
differences in diabetes risk for the non-index twin by
age at diagnosis in the index twin are related to a dif-
ferent distribution of diabetes-associated HLLA types.
We did not, however, find any significant difference
in HLA type distribution between those index twins
who were diagnosed with diabetes at a young age
and those were diagnosed later in life. Therefore,
this age-related heterogeneity does not appear to be
related to different HLA types. The increased con-
cordance in twins of index cases diagnosed at a
younger age could reflect either a greater genetic
load, with greater disease penetration, or an in-
creased non-genetic (e.g. environmental) effect.
Without a comparable study of dizygotic twins we
are not able to distinguish between these two possi-
bilities.

The remarkable low rate of concordance in twins
diagnosed at 25 years of age or older indicates that
non-germ-line genetic or environmental factors prob-
ably play a major part in causing or preventing their
diabetes. Such factors could include mutated or rear-
ranged genes (for example, encoding T-cell receptors
or immunoglobulins) or environmental factors. In ei-
ther case, our observations indicate that there is het-
erogeneity in the contribution of non-germ-line ge-
netic or environmental factors to diabetes. Because
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the levels of concordance as well as the rates of pro-
gression in the British and the U.S. series are so simi-
lar, it seems likely that the genetic and non-genetic
factors causing or preventing Type I diabetes in the
two countries are similar. A study of concordant
twin pairs suggested that they were more likely to
have both HLA DR3 and DR4 antigens than discor-
dant pairs but the numbers were too small to relate
this difference to age at diagnosis [31]. In this study,
we found that survival analysis of progression to dia-
betes was significantly different (p < 0.05) between
the subset of twins who were heterozygous for the
haplotypes DR4-DQA1*¥0301-DQB1*0302  and
DR4-DQA1*0501-DQB1*0201 (“high-risk” HLA)
and the subset of twins who did not have any of these
haplotypes (“low-risk” HLA). In our previous report
on the United States series, we found that, by life ta-
ble analysis, the probability of developing positive
autoantibodies at 10 years of discordance was higher
among the monozygotic twins bearing the DR4-
DQA1*0301-DQB1*0302/DR4-DQA1*0501-DQ-
B1*#0201 genotype (“high-risk” genotype) than in the
monozygotic twins without this genotype, the latter
group therefore included both “low-risk” and “mod-
erate-risk” genotypes [19].

Monozygotic twins tend to develop Type I diabe-
tes at a similar age. Family and twin studies suggest
that the age at diagnosis is, to a substantial degree,
genetically determined [32]. Our present study, how-
ever, indicates that non-genetic factors also play an
important part in determining the age at diagnosis.
We found clustering between twins for age at diagno-
sis, consistent with a genetic effect, despite the twin
pairs being discordant at referral, and irrespective of
their age at diagnosis. Our results confirm and are in
line with a previous work reporting that diabetes risk
decreases as discordance time increases [21]. Some
twins, however, developed diabetes many years after
the index twin. Indeed, over 23 % of these initially
discordant twins who developed diabetes did so
more than 15 years after the diagnosis of the index
twin. The risk of developing diabetes was highest in
the first year after diagnosis of the index twin and
fell sharply during the following 9 years to a level
that remained relatively constant for the subsequent
30 or more years. This sharp decline in disease risk
was found only in young twins. Such a decline in dis-
ease risk in young, but not adult onset twins, suggests
that the non-genetic events leading to Type I diabetes
in the young twins occur within a finite period. This
loss of effect of non-genetic factors with age and
time from diagnosis of the index twin could be due
to lack of exposure or loss of susceptibility [33]. Giv-
en the similarity between British and the twins from
the United States, in their pattern of disease progres-
sion it is likely that these non-genetic factors are
ubiquitous. Some investigators have reported waxing
and waning of autoimmunity in early childhood sug-
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gesting multiple “hits” promoting islet autoimmunity.
Our observations that risk decreases with time argues
strongly against multiple “hits” causing diabetes at
least in the twins of patients diagnosed in childhood,
because that would lead to an increase in disease
risk over time. On the other hand, multiple hits pro-
tecting from diabetes would contribute to a decrease
in risk. This hypothesis does not seem consistent,
however, with our current ability to predict diabetes,
unless these multiple hits happened early in life be-
fore assays which enable prediction are applied.

In summary, our observations indicate that non-
germ-line genetic or environmental factors play an
important part in both the development of Type I dia-
betes and in the rate of disease progression. Since the
rates of progression to and level of concordance for
diabetes in the British and the United States series
are so similar, it seems likely that the genetic and
non-genetic factors causing Type I diabetes in the
two countries are also similar. Both the risks of devel-
oping diabetes and the rates of developing the disease
differ between younger and older twins, suggesting
an age-related heterogeneity in the contribution of
factors causing or preventing diabetes.

References

1. Martin N, Boomsma D, Machin G (1997)A twin-pronged
attack on complex traits. Nat Genet 17: 387-392

2. Smith C (1974) Concordance in twins: methods and inter-
pretation. Am J Hum Genet 26: 454-466

3. Utz U, Biddison WE, McFarland HF, McFarlin DE, Fler-
lage M, Martin R (1993) Skewed T-cell receptor repertoire
in genetically identical twins correlates with multiple scle-
rosis. Nature 364: 243-246

4. Brix TH, Christensen K, Holm NV, Harvald B, Hegedus L
(1998) A population-based study of Graves’ disease in
Danish twins. Clin Endocrinol (Oxf) 48: 397-400

5. Nanki T, Kohsaka H, Mizushima N, Ollier WER, Carson
DA, Miyasaka N (1996) Genetic control of T cell receptor
BJ gene expression in peripheral lymphocytes of normal
and rheumatoid arthritis monozygotic twins. J Clin Invest
98: 1594-1601

6. Ebers GC, Bulman DE, Sadovnick AD et al. (1986) A pop-
ulation based study of multiple sclerosis in twins. N Engl J
Med 315: 1638-1642

7. Allen G, Harvald B, Shields J (1967) Measures of twin con-
cordance. Acta Genet Stat Med 17: 475-481

8. Hassan THA, Greig WR, Boyle JA, Boyle IT, Wallace TJ
(1966) Toxic diffuse goitre in monozygotic twins. Lancet:
306-308

9. Lehtovirta M, Kaprio J, Forsblom C, Eriksson J, Tuo-
milehto J, Groop L (2000) Insulin sensitivity and insulin se-
cretion in monozygotic and dizygotic twins. Diabetologia
43: 285-293

10. Peakman M, Alviggi L, Hussain MJ et al. (1994) Increased
expression of T-cell markers of immunological memory as-
sociated with protection from type I diabetes. A study of
identical twins. Diabetes 43: 712-717
11. Dib S, Vardi P, Connelly J, Eisenbarth GS, Soeldner JS

(1986) Immune changes associated with insulin dependent



362

diabetes may remit without causing the disease: a study in
identical twins. BMJ 292: 1670

12. Kaprio J, Tuomilehto J, Koskenvuo M et al. (1992) Concor-
dance for Type I (insulin-dependent) and Type II (non-in-
sulin-dependent) diabetes mellitus in a population-based
cohort of twins in Finland. Diabetologia 35: 1060-1067

13. Mosmann TR, Sad S (1996) The expanding universe of
T-cell subsets: Thl, Th2 and more. Immunol Today 17:
138-146

14. Hawkes CH (1997) Twin studies in diabetes mellitus. Dia-
bet Med 17: 347-352

15. Srikanta S, Ganda OP, Jackson RA et al. (1983) Type I dia-
betes mellitus in monozygotic twins: chronic progressive
beta cell dysfunction. Ann Intern Med 99: 320-326

16. Verge CF, Gianani R, Yu L et al. (1995) Late progression to
diabetes and evidence for chronic f-cell autoimmunity in
identical twins of patients with type I diabetes. Diabetes
44:1176-1179

17. Petersen JS, Kyvik KO, Bingley PJ et al. (1997) Population
based study of prevalence of islet cell autoantibodies in
monozygotic and dizygotic Danish twin pairs with insulin
dependent diabetes mellitus. BMJ 314: 1575-1579

18. Heaton DA, Millward BA, Gray IP et al. (1987) Evidence
of B-cell dysfunction which does not lead to diabetes: a
study of identical twins of insulin-dependent diabetics.
BM]J 294: 145-146

19. Redondo MJ, Rewers M, Yu L et al. (1999) Genetic deter-
mination of islet cell autoimmunity in monozygotic twin,
dizygotic twin, and non-twin siblings of patients with Type
I diabetes: prospective twin study. BMJ 318: 698-702

20. Tun RYM, Peakman M, Alviggi L et al. (1994) Importance
of persistent cellular and humoral immune changes before
diabetes develops: prospective study of identical twins.
BM]J 308: 1063-1068

21. Kumar D, Gemayel NS, Deapen D et al. (1993) North-
American twins with IDDM. Genetic, etiological, and clin-
ical significance of disease concordance according to age,
zygosity, and the interval after diagnosis in first twin. Dia-
betes 42: 1351-1363

22. Kallmann BA, Lampeter EF, Hanifi-Moghaddam P, Hawa
M, Leslie RD, Kolb H (1999) Cytokine secretion patterns

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

M.J.Redondo et al.: Twin study on Type I diabetes

in twins discordant for type I diabetes. Diabetologia 42:
1080-1085

Hawa M, Rowe R, Lan MS et al. (1997) Value of antibodies
to islet protein tyrosine phosphatase-like molecule in pre-
dicting Type I diabetes. Diabetes 46: 1270-1275

Crowther NJ, Xiao B, Jorgensen PN, Dodson GG, Hales
CN (1994) Epitope analysis of human insulin and intact
proinsulin. Protein Eng 7: 137-144

Thivolet CH, Goillot E, Bedossa P, Durand A, Bonnard M,
Orgiazzi J (1991) Insulin prevents adoptive transfer of dia-
betes in the autoimmune non-obese diabetic mouse. Dia-
betologia 34: 314-319

Olmos P, A’Hearn R, Heaton DA et al. (1988) The signifi-
cance of the concordance rate of Type I (insulin-depen-
dent) diabetes mellitus in identical twins. Diabetologia 31:
747-750

Srikanta S, Ganda OP, Eisenbarth GS, Soeldner JS (1983)
Islet cell antibodies and beta cell function in monozygotic
triplets and twins initially discordant for Type I diabetes
mellitus. N Engl J Med 308: 322-325

Pugliese A, Gianani R, Moromisato R et al. (1995) HLA-
DQB1#0602 is associated with dominant protection from
diabetes even among islet cell antibody-positive first-de-
gree relatives of patients with IDDM. Diabetes 44(6),
608-13

Klein JP; Moeschberger ML (1997) Survival Analysis:
Techniques for Censored and Truncated Data. Springer-
Verlag, New York

Kyvik KO, Green A, Beck-Nielsen H (1995) Concordance
rates of insulin dependent diabetes mellitus: a population
based study of young Danish twins. BMJ 311: 913-917
Johnston C, Pyke DA, Cudworth AG, Wolf E (1983) HLA-
DR typing in identical twins with insulin-dependent diabe-
tes: difference between concordant and discordant pairs.
BMJ 286: 253-255

Fava D, Gardner S, Pyke D, Leslie RD (1998) Evidence
that the age at diagnosis of IDDM is genetically deter-
mined. Diabetes Care 21: 925-929

Leslie RD, Elliott RB (1994) Early environmental events
as a cause of IDDM. Evidence and implications. Diabetes
43: 843-850



