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Abstract
Aims/hypothesis We assessed the utility of the OGTTand ran-
dom plasma glucose concentrations in predicting the time to
diagnosis of type 1 diabetes.
Methods A population-derived cohort of 14,876 newborns
with HLA-conferred risk of type 1 diabetes were invited to
regular follow-up for islet autoantibodies. When two or more
autoantibodies were detected, an OGTTwas performed once a
year and random plasma glucose analysed twice a year. Dur-
ing follow-up, 567 children developed multiple autoanti-
bodies, 255 (45%) of whom were diagnosed with type 1 dia-
betes, while 312 remained non-diabetic by December 2011.

Results Impaired fasting glucose (IFG) and impaired glucose
tolerance (IGT) were risk factors for type 1 diabetes (HR 3.2
[95% CI 1.5, 7.0] and 8.3 [95% CI 6.0, 11.5], respectively).
When a random plasma glucose value ≥7.8 mmol/l was ob-
served, the HR for diabetes was 6.0 (95% CI 4.3, 8.6). The
median time to diagnosis after the detection of IFG was
5.2 years (interquartile range [IQR] 3.4, 6.3); after IGT,
0.7 years (IQR 0.3, 1.9); and, after a random plasma glucose
≥7.8 mmol/l, 1.0 years (IQR 0.3, 1.5). In a retrospective analy-
sis, both OGTT-derived 2 h plasma glucose and random plas-
ma glucose started to increase 1.5 years before diagnosis
(p<0.001 and p=0.004, respectively).
Conclusions/interpretation Dysglycaemia detected in an
OGTT or based on random plasma glucose is a useful marker
in the prediction of time to onset of type 1 diabetes in high-risk
children. Random plasma glucose is a simple and low-cost
measurement with comparable predictive characteristics to
that of OGTT-derived 2 h glucose.
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Introduction

Type 1 diabetes is one of the most common chronic diseases in
childhood. The annual increase in incidence has been reported
to be approximately 3.0% worldwide [1]. The highest inci-
dence has been observed in Finland, where the rate more than
doubled between the years 1980 and 2005, especially among
children under the age of 5 [2]. The presentation of type 1
diabetes is typically acute, although a decline in beta cell
function begins several years before the appearance of symp-
toms. Currently, type 1 diabetes is predicted by analysing
disease-associated islet autoantibodies in children with in-
creased genetic susceptibility. Children with multiple islet au-
toantibodies and risk-conferring HLA class II genotypes have
a cumulative disease risk of 50–60% over the next 5 years and
a more than 80% risk when followed for 15 years after sero-
conversion to autoantibody positivity [3, 4]. Although abnor-
malities in glucose metabolism and insulin secretion are pres-
ent years before diagnosis, prediction of the timing of clinical
disease has remained challenging [5–10].

The diagnosis of type 1 diabetes is often made early among
children who participate in prospective follow-up studies.
This has resulted in a marked reduction in the incidence of
diabetic ketoacidosis at diagnosis compared with children di-
agnosed in the background population [11, 12], and also in a
reduced risk of complications during the first year after diag-
nosis [13]. Accordingly, early detection of clinical disease is
advantageous.

The OGTT is the gold standard for diagnosing diabetes
[14]. There is evidence that impaired fasting glucose (IFG)
and impaired glucose tolerance (IGT) often precede clinical
diagnosis [15, 16]. In this study we set out to assess how often
dysglycaemia detected by OGTT occurred in a population-
derived cohort of children with HLA-conferred disease sus-
ceptibility and multiple (two or more) islet autoantibodies, and
to evaluate the potential of IFG and IGT in predicting time to
onset of clinical type 1 diabetes. In addition, we have
characterised for the first time the behaviour and predictive
characteristics of random plasma glucose concentrations in the
same cohort of children with multiple islet autoantibodies.

Methods

Study design The Type 1 Diabetes Prediction and Prevention
Project (DIPP) is a Finnish birth cohort study which started
recruitment of newborn babies in November 1994 and con-
tinues recruitment at three university hospitals (Turku, Oulu
and Tampere). Cord blood samples from 168,055 newborn
infants were screened for HLA-conferred susceptibility to
type 1 diabetes until December 2011. Of the families with a
susceptible infant, 14,876 decided to join the prospective
follow-up at 3–12 month intervals until a diagnosis of type 1

diabetes or the age of 15 years. The study has been approved
by the ethics committees in the participating universities and
hospital districts. All families participating in the study have
provided written informed consent.

Islet autoantibodies were analysed at each visit and moni-
toring of random plasma glucose and an OGTTwere initiated
in children who tested positive for at least two of the
autoantibodies in the same sample. Random plasma glu-
cose concentrations were analysed at every visit, except
when an OGTT was carried out. An OGTT was per-
formed once a year. The diagnosis of type 1 diabetes
was based on typical symptoms and high random plas-
ma glucose levels; or in an asymptomatic patient, diag-
nostic plasma glucose values in two separate OGTTs as
recommended by the WHO [14]. The inclusion criteria
for the current analysis comprised all children with mul-
tiple (two or more) islet autoantibodies who had at least
one random plasma glucose analysed and/or at least one
OGTT performed by 31 December 2011.

A total of 567 children were included in the study. The
inclusion criteria were fulfilled by 505 children in the random
plasma glucose series and by 403 children in the OGTTseries.
In the random plasma glucose series, 204 children were even-
tually diagnosed with type 1 diabetes (progressors) before the
end of follow-up, whereas 301 remained disease-free (non-
progressors). The OGTT series comprised 209 progressors
and 194 non-progressors.

Immunological screening Participants who seroconverted to
positivity for any of the diabetes-associated islet autoanti-
bodies analysed, i.e. islet cell antibodies (ICA), insulin auto-
antibodies (IAA), GAD65 antibodies (GADA) or insulinoma-
associated antigen-2 antibodies (IA-2A), were rescheduled for
follow-up visits at 3 month intervals. Autoantibody serocon-
version was defined as the time when at least one autoanti-
body was detected for the first time, and seroconversion to
positivity for multiple autoantibodies as the time when at least
two autoantibodies were detected in the same sample for the
first time. Positive results were confirmed in a subsequent
sample. Primary islet autoantibody was defined as the first
detected autoantibody, or the first combination if multiple islet
autoantibodies occurred in the same sample. Autoantibodies
were analysed as described previously [3]. ICA titres were
measured using a standard indirect immunofluorescence assay
with a detection limit of 2.5 Juvenile Diabetes Foundation
units. GADA levels were analysed using a radiobinding assay
with a cut-off limit for positivity of 5.36 relative units. IAA
levels were measured using a modified radiobinding assay
with a cut-off limit of 3.48 relative units. IA-2A levels were
also quantified with a radiobinding assay, the cut-off limit
being 0.43 relative units. In the Diabetes Autoantibody Stan-
dardization Program workshop in 2005 the following sensi-
tivities and specificities were reported: IAA 58% and 96%,
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GADA 82% and 96%, and IA-2A 72% and 100%,
respectively.

Genetic screening HLA-conferred susceptibility to type 1
diabetes was analysed centrally using cord blood as described
earlier [17]. According to various HLA-DRB1–DQA1–
DQB1 haplotype combinations, genotypes conferring high,
moderate and low risk of type 1 diabetes were determined.
High risk was defined as heterozygosity for the two risk-
associated haplotypes DRB1*04:01/2/4/5/8-DQA1*03-
DQB1*03:02/4/DRB1*03-DQA1*05-DQB1*02. Moderate
risk was defined as homozygosity for any of these two risk
haplotypes or DRB1*04:01/2/4/5/8-DQA1*03-DQB1*03:02/
4 combined with a neutral haplotype or the DRB1*03-
DQA1*05-DQB1*02/DRB1*09-DQA1*03-DQB1*03 geno-
type. Low risk was conferred by other genotypes as previously
defined [18].

OGTTs and glucose assays Oral glucose (1.75 g/kg body
weight, up to a maximum of 75 g) was administered after
overnight fasting. Samples were taken at 0 and 120 min and
tested for glucose in the local laboratory. In Oulu University
Hospital capillary samples were used, whereas in Tampere
and Turku tests were based on venous samples. In Oulu and
Tampere whole blood was used until May 2000 and 2003,
respectively, and thereafter plasma was analysed. Only 0.7%
of the samples were obtained from whole blood. In Oulu Uni-
versity Hospital a glucose dehydrogenase-based method was
used until May 2000, and thereafter a glucose oxidase method
was used. In Tampere and Turku the hexokinase method was
applied during the whole study. Statistical analyses consider-
ing methodological differences are presented in detail in the
statistical analyses section.

Random plasma glucose assays Random plasma glucose
measurements were carried out in the three participating uni-
versity hospitals of Oulu, Tampere and Turku. Samples were
obtained from venous plasma in all study sites, except for
samples taken in Oulu University Hospital before May 2000
and Tampere University Hospital before May 2003, where
whole blood samples were used (only 0.5% of samples). Oulu
used the glucose dehydrogenase method until May 2000 and
continued with the enzymatic glucose hexokinase method.
Tampere used a hexokinase-based method until September
2006 and subsequently a glucose dehydrogenase method
was applied. In Turku the glucose dehydrogenase method
was used during the whole follow-up. Methodological differ-
ences have been taken into account in the analyses (see the
statistical analyses section).

Definition of dysglycaemia Glucose tolerance status in the
OGTT was defined according to the WHO recommendation,
taking into account the different cut-offs for the methods used,

and categorised as normal, IFG, IGT and diabetic [19]. In
order to compare the results of random plasma glucose and
standardised OGTT, the random plasma glucose series was
categorised only as normal or ≥7.8 mmol/l, the cut-off being
the same as that used for IGT during a standardised OGTT.
Diabetes was diagnosed according to the WHO criteria as
mentioned earlier [14].

Statistical analyses In the OGTT series, three different vari-
ables were analysed and the children were analysed in three
different groups: IFG or not (decision rule 1), IGT or not
(decision rule 2), and both IFG and IGT or not (decision rule
3). The applied variables were based on the WHO
recommendations.

In the random plasma glucose series, a single variable was
analysed: whether children experienced a single random plas-
ma glucose value ≥7.8 mmol/l or not (decision rule 4). No cut-
off values for randomly taken plasma glucose have been pro-
posed for the prediction of type 1 diabetes, and we chose the
value of 7.8 mmol/l according to the WHO criteria for
dysglycaemia during OGTT.

The difference in the proportions of dysglycaemia in vari-
ous primary islet autoantibody groups was tested with the
standardised normal deviate test. ICAwere always associated
with biochemical islet autoantibodies during follow-up and
were excluded from this analysis. Eventually seven different
primary islet autoantibody groups were defined.

Cox regression with time-dependent covariates was used to
evaluate the association between glucose variables and the
risk of diabetes. The entry time to the analysis was the date
when at least two islet autoantibodies were positive. All par-
ticipants were considered to be unexposed until the time-
dependent covariate fulfilled the decision rule, and thereafter
the status of the participant was exposed. The total follow-up
time was partitioned into intervals according to cut-off points
of the decision rules. Univariate Cox regression analysis with
survival curve estimates was performed to assess the risk and
timing of diabetes after fulfilling a decision rule. Adjusted
HRs with inclusion of the following confounding factors were
also calculated: sex, age at multiple (two or more) autoanti-
bodies, time from seroconversion to multiple (two or more)
autoantibodies, type 1 diabetes in a first-degree relative and
HLA risk. Samples taken on the day of diagnosis were exclud-
ed from the Cox regression analyses. Sensitivity and specific-
ity of the four decision rules were also calculated.

The linear mixed model with random intercept and diago-
nal covariance structure for repeated measurements was used
to analyse OGTTand random plasma glucose levels over time
between the progressors and non-progressors. The random
intercepts and repeated measurements were nested within par-
ticipants and participants within hospital. The group-by-time
interaction was included in the model to test differences be-
tween group means at each time point. Sex, age at sampling,
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age at multiple (two or more) autoantibodies, time from sero-
conversion to multiple (two or more) autoantibodies, an af-
fected first-degree relative and HLA risk were included in the
linear mixed model as fixed variables.

All analyses were performed using IBM SPSS Statistics for
Windows (version 22.0; SPSS, Chicago, IL, USA) and Stata
IC version 13.1 for Windows (StataCorp LP, College Station,
TX, USA). Figures were drawn using OriginPro 9.1.0
(OriginLab, Northampton, MA, USA) and Stata IC version
13.1.

Results

Between November 1994 and December 2011, 14,876 infants
with increased genetic risk were enrolled for regular follow-up
in the DIPP. During follow-up 567 children developed multi-
ple (two or more) islet autoantibodies, of whom 255 (45%)
progressed to clinical disease, whereas 312 (55%) remained
non-diabetic. In the group of progressors the participants de-
veloped multiple (two or more) autoantibodies at a mean age
of 2.9 years (SD 2.2), whereas the mean age in the non-
progressor group was 5.4 years (SD 3.5). We analysed the
data in two series, the OGTT series with 403 participants
and the random plasma glucose series with 505 participants.
Three hundred and forty-one children participated in both

series. The basic characteristics of the study participants are
presented in Table 1.

Altogether 1,403 OGTTs were carried out during follow-
up, of which 697 were in the progressors and 706 in the non-
progressors. A mean of 3.6 tests were performed per child
(range 1–15). In the random plasma glucose series, 3,435
samples were analysed for plasma glucose: 1,201 in the
progressors and 2,234 in the non-progressors. A mean of 6.8
samples per child were analysed (range 1–29).

OGTTs We tested the impact of dysglycaemia with Cox re-
gression analysis and identified significant predictors of type 1
diabetes (Table 2). IFG, IGTand their combination all showed
high and significant HRs. For the whole study population of
children with multiple islet autoantibodies the median
diabetes-free survival time was 6.9 years (Fig. 1a). The medi-
an time to type 1 diabetes after observed IFG was 5.2 years
(IQR 3.4, 6.3; Fig. 1b); and after IGT, 0.7 years (IQR 0.3, 1.9;
Fig. 1c).

When retrospectively comparing the glucose concentra-
tions in OGTT between progressors and non-progressors we
observed that the 2 h values started to be consistently higher in
the progressors 1.5 years before diagnosis (p<0.001; Fig. 2b).
More specifically, during the period 1.5–2 years before diag-
nosis the adjusted mean of 2 h glucose was 5.9 mmol/l (95%
CI 5.6, 6.3) in the progressors compared with 5.5 mmol/l
(95% CI 5.0, 6.0) in the non-progressors (p=0.113). During

Table 1 Baseline characteristics of the study population

Characteristic OGTT Random plasma glucose

Progressorsa Non-progressorsb Progressorsa Non-progressorsb

N=209 N=194 N=204 N=301

Sex, n (%)

Boys 124 (59) 119 (61) 116 (57) 194 (65)

Girls 85 (41) 75 (39) 88 (43) 107 (35)

Type 1 diabetes in first-degree relative at time of birth, n (%)

No 177 (85) 179 (92) 171 (84) 280 (93)

Yes 32 (15) 15 (8) 33 (16) 21 (7)

HLA riskc, n (%)

Low 22 (11) 21 (11) 21 (10) 42 (14)

Moderate 119 (57) 131 (68) 114 (56) 198 (66)

High 68 (33) 42 (22) 69 (34) 60 (20)

Age at seroconversion, years, mean (SD) 2.5 (2.0) 3.9 (2.7) 2.4 (1.9) 4.1 (2.9)

Age at multiple (two or more) autoantibodies, years, mean (SD) 3.0 (2.1) 5.2 (3.4) 2.9 (2.1) 5.5 (3.5)

Age at diagnosis of type 1 diabetes or age of non-progressors at
last measurementd, years, mean (SD)

6.5 (3.2) 8.9 (3.9) 6.5 (3.3) 11.1 (4.1)

Follow-up time, years, mean (SD) 3.6 (2.5) 6.5 (3.6) 3.6 (2.6) 5.6 (3.2)

a Progressors are children with multiple (two or more) autoantibodies who progressed to overt type 1 diabetes
b Non-progressors tested positive for multiple autoantibodies but did not develop clinical disease during follow-up
cOne non-progressor child carried a rare HLA genotype that was not possible to define
d The follow-up ended by the end of December 2011
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the following year a significant difference was consistently
observed between the two groups, and thereafter the adjusted
mean 2 h glucose in the progressors started to increase more
steeply. At the time of diagnosis or the last visit, the adjusted
mean 2 h glucose was 17.8 mmol/l (95% CI 17.0, 18.5) in the
progressors compared with 5.4 mmol/l (95% CI 5.1, 5.8) in
the non-progressors (p<0.001; Fig. 2b). Fasting plasma glu-
cose in the OGTT showed no difference between progressors
and non-progressors any earlier than in the last OGTT before
diagnosis, when the mean fasting glucose was 6.3 mmol/l
(95% CI 6.0, 6.6) among the progressors compared with
4.8 mmol/l (95% CI 4.6, 4.9; p<0.001; Fig. 2a) in the corre-
sponding OGTT among the non-progressors.

Random plasma glucose The mean random plasma glucose
during the entire follow-up was 6.1 mmol/l (95% CI 5.9, 6.4)
in the progressors and 5.2 mmol/l (95% CI 5.2, 5.2) in the
non-progressors. The 90th percentile for the whole study co-
hort was 7.4 mmol/l (progressors 7.8 mmol/l, non-progressors
6.2 mmol/l). If the child presented a random plasma glucose
≥7.8 mmol/l, the HR for the development of type 1 diabetes
was 6.0 (95% CI 4.3, 8.6) and the median time to diagnosis
was 1.0 year (IQR 0.3, 1.5; Fig. 1d).

The retrospective comparison of random plasma glucose
concentrations between progressors and non-progressors
showed a significant difference starting also from 1.5 years

before diagnosis (p=0.004; Fig. 2c). From 1.5 to 2.0 years
before diagnosis the adjusted mean random plasma glucose
was 5.2 mmol/l (95%CI 5.0, 5.4) in the progressors compared
with a mean of 5.1 mmol/l (95% CI 4.9, 5.3) in the non-
progressors (p=0.400). Thereafter, randomly measured plas-
ma glucose increased towards the diagnosis, when the adjust-
ed mean reached 18.6 mmol/l (95% CI 17.6, 19.6) among the
progressors compared with 5.1 mmol/l (95% CI 4.6, 5.6)
among the non-progressors at their last visit (p<0.001).

Sensitivity and specificity Sensitivities and specificities were
calculated for the suggested decision rules. IFG provided a
sensitivity of 6% (95% CI 3%, 12%) and a specificity of
98% (95% CI 94%, 99%), whereas IGT showed a sensitivity
of 35% (95%CI 28%, 43%) and a specificity of 95% (95%CI
90%, 99%). Random plasma glucose ≥7.8 mmol/l gave a sen-
sitivity of 21% (95% CI 16%, 27%) and a specificity of 94%
(95% CI 91%, 96%).

Primary islet autoantibody status and the association with
dysglycaemic markers The distribution of IFG, IGT and a
random plasma glucose ≥7.8 mmol/l in the seven groups of
children with different primary autoantibody profiles is pre-
sented in Table 3. In the OGTTseries, children with GADA as
the primary islet autoantibody developed IGT significantly
less often compared with children with IAA: 9.0% (10/111)

Table 2 Cox regression HRs for the contribution of dysglycaemia detected by OGTTor by random plasma glucose measurement to the progression of
type 1 diabetes

Dysglycaemia Progressorsa Non-progressorsb HR 95% CI p value Adjusted HRc 95% CI p value

OGTT

IFGd

No, n (%) 107 (94) 176 (98) 1

Yes, n (%) 7 (6) 4 (2) 3.2 1.5, 7.0 0.003 3.1 1.4, 6.8 0.004

IGTd

No, n (%) 107 (65) 176 (95) 1

Yes, n (%) 58 (35) 10 (5) 8.3 6.0, 11.5 <0.001 8.7 6.3, 12.2 <0.001

IFG and IGT

No, n (%) 107 (95) 176 (99) 1

Yes, n (%) 5 (5) 1 (1) 53.5 17.1, 167 <0.001 46.6 14.8, 147 <0.001

Random plasma glucose

Random plasma glucose ≥7.8 mmol/l

No, n (%) 161 (79) 283 (94) 1

Yes, n (%) 43 (21) 18 (6) 6.0 4.3, 8.6 <0.001 6.1 4.3, 8.7 <0.001

a Progressors are children with multiple (two or more) autoantibodies who progressed to overt type 1 diabetes; N=209 for OGTT and 204 for random
plasma glucose
bNon-progressors had multiple autoantibodies but did not develop clinical disease during follow-up; N=194 for OGTT and 301 for random plasma
glucose
c HR was adjusted with sex, age at multiple (two or more) autoantibodies, time from seroconversion to multiple (two or more) autoantibodies, type 1
diabetes in a first-degree relative and HLA risk
d The ‘Yes’ group was defined as no other abnormalities in the OGTT observed earlier; the ‘No’group was defined as no abnormalities found in the
OGTT
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vs 18% (21/117); p=0.038. A trend for lower occurrence of
IGTwas observed when comparing children with GADAwith
those with IA-2A as the initial autoantibody: 9.0% (10/111) vs

22% (6/27); p=0.052. In the random plasma glucose series,
children with GADA as the primary autoantibody presented
less often with random plasma glucose ≥7.8 mmol/l compared
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Fig. 1 Cox regression survival
curves showing time to diagnosis
of type 1 diabetes after detection
of two or more islet
autoantibodies. The four panels
show survival curves for study
children with (a) two or more islet
autoantibodies, (b) IFG in OGTT
(solid line) or not (dashed line),
(c) IGT in OGTT (solid line) or
not (dashed line), (d) single
random plasma glucose value
≥7.8 mmol/l (solid line) or not
(dashed line). Median diabetes-
free survival time is indicated for
each curve.
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Progressors 7 9 10 17 21 20 28 34

Non-progressors 17 21 21 18 26 32 27 44

Time -3 -2.5 -2 -1.5 -1 -0.5 0

Progressors 43 47 72 60 96 100 35

Non-progressors 27 50 32 70 43 12 194
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Fig. 2 Adjusted mean plasma glucose levels in OGTT (fasting and 2 h
plasma glucose) and random plasma glucose series during follow-up in
children with multiple (≥2) islet autoantibodies. In the linear mixed model
analysis, plasma glucose values were adjusted for sex, age at sampling,
age at multiple (≥2) autoantibodies, time from seroconversion to multiple
(≥2) autoantibodies, type 1 diabetes in a first-degree relative and HLA
risk. The last points are diagnosis of type 1 diabetes (progressors, black
circles) or the last follow-up visit by 31December 2011 (non-progressors,
white circles). Whiskers show 95% CIs of the adjusted mean. (a) No

difference was observed in the fasting glucose concentrations before the
time of diagnosis. (b) The 2 h plasma glucose values in the OGTTstarted
to be significantly and consistently higher in the progressors 1.5 years
before diagnosis. (c) In the random plasma glucose series a significant
difference between progressors and non-progressors was also observed
1.5 years before diagnosis. The number of participants at each time point
varied during the follow-up but was high in both the OGTT (d) and
random plasma glucose series (e), generating reliable results during the
whole study period
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with children with IA-2A: 8.8% (14/160) vs 19% (7/36);
p=0.047. There was no significant difference when compar-
ing children with GADAwith those with IAA in the develop-
ment of increased random plasma glucose: 8.8% (14/160) vs
11% (18/158); p=0.365.

Discussion

The prediction of type 1 diabetes has so far been based mainly
on the presence of islet autoantibodies in individuals at in-
creased genetic risk [3, 20, 21]. In this study we assessed for
the first time the development of dysglycaemia in an OGTT to
predict the presentation of type 1 diabetes in a population-
derived cohort of autoantibody-positive children. Further-
more, the potential impact of randomly measured plasma glu-
cose concentrations was evaluated for the first time in high-
risk children.

Our results from the Cox regression analyses indicate that
dysglycaemic markers detected by OGTT or random plasma
glucose measurement are strong individual predictors of type
1 diabetes. However, the sensitivity of these markers was
modest, since IFG was detected in only 6% and IGT in 35%
of participants before diagnosis. In previous studies with
OGTTs performed twice a year, dysglycaemia occurred in
60% of the study population, suggesting that a test interval
of 1 year is too long [15]. Surprisingly, our results show that a
randomly taken single plasma glucose appears to predict the
presentation of type 1 diabetes almost as well as a standardised
OGTT, but again with relatively poor sensitivity (21%). Age
at seroconversion to positivity for multiple (two or more) islet
autoantibodies, time from initial seroconversion to multiple

autoantibodies, presence of an affected first-degree relative
and the high-risk class II HLA genotype have previously been
identified as risk factors for type 1 diabetes [2, 14, 22, 23] and
were therefore included in our analyses as fixed variables.

The suggested decision rules all provide very high speci-
ficities, although the sensitivities were relatively low. Accord-
ing to the current and previous [24] results, IFG in an OGTT is
not suitable for predicting type 1 diabetes; although the oppo-
site has also been implicated by Bleich et al [25], but based on
a very small sample size of five individuals. By contrast, the
detection of IGT provides a moderate sensitivity of 35% with
a high specificity of 95% comparable to that of random plas-
ma glucose ≥7.8 mmol/l with a sensitivity of 21% and a spec-
ificity of 94%. Especially when taking into account the fact
that in our study an OGTT was performed only once a year
and random plasma glucose measured twice a year the results
for prediction purposes are relatively good. Both IGT and
random plasma glucose ≥7.8 mmol/l provide high HRs with
a relatively short median time to diagnosis of type 1 diabetes
(0.7 and 1.0 years, respectively). In future follow-up studies
focusing on increasing the sensitivity of dysglycaemic
markers, the frequency of random plasma glucose measure-
ments should be increased and improved sensitivity might be
obtained with a relatively modest effort. However, an increase
in the number of measurements may affect the specificity;
therefore, more studies are needed to demonstrate the utility
of random plasma glucose in prediction and to identify the
optimal number of samples per year to be measured in high-
risk individuals. We anticipate that in the future the OGTT
could potentially serve as a confirmatory test for
dysglycaemia detected by simple and low-cost random plas-
ma glucose measurements.

Table 3 Distribution of primary islet autoantibody profiles at serocon-
version in children in the OGTT and random plasma glucose series. Fre-
quency of various types of dysglycaemia detected during follow-up is

presented. Dysglycaemia is defined as IFG or IGT in an OGTT, or by a
random plasma glucose value ≥7.8 mmol/l. All children developed mul-
tiple (two or more) islet autoantibodies during follow-up

Variable Primary islet autoantibody profile at seroconversion

IAA GADA IA-2A IAA
+GADA

IAA
+IA-2A

GADA
+IA-2A

IAA
+GADA
+IA-2A

Totala

OGTT series, n (%) 117 (29) 111 (28) 27 (7) 66 (16) 20 (5) 23 (6) 39 (10) 403 (100)

IFG, n (%) 3 (2.6) 3 (2.7) 1 (3.7) 1 (1.5) 3 (15) 0 (0) 0 (0) 11

IGT, n (%) 21 (18)b 10 (9.0)b,c 6 (22)c 10 (15) 5 (25) 6 (26) 10 (26) 68

IFG+IGT, n (%) 0 (0) 2 (1.8) 0 (0) 1 (1.5) 3 (15) 0 (0) 0 (0) 6

Random plasma glucose series, n (%) 158 (31) 160 (32) 36 (7) 73 (14) 23 (5) 18 (4) 37 (7) 505 (100)

Random plasma glucose ≥7.8 mmol/l, n (%) 18 (11) 14 (8.8)d 7 (19)d 10 (14) 5 (22) 2 (11) 5 (14) 61

a IAA, GADA and IA-2A in the first positive sample are presented; ICAwere always associated with other islet autoantibodies and were not included in
this analysis
b IGTwas observed less often in the GADA group than in the IAA group (p=0.038)
c IGTwas observed less often in the GADA group than in the IA-2A group (p=0.052)
d Random plasma glucose ≥7.8 mmol/l was observed less often in the GADA group than in the IA-2A group (p=0.047)
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Retrospective analysis in progressors and non-progressors
showed an increase in 120 min glucose values in the OGTT
and random plasma glucose concentrations 1.5 years before
the presentation of clinical disease, reflecting the gradual de-
terioration in endogenous insulin secretion. Slowly
progressing glucose intolerance was observed in previous
studies as early as 1987 [26]. Progressors and non-
progressors showed differences in the age at seroconversion
to autoantibody positivity and development of multiple islet
autoantibodies. In addition, non-progressors less often had
affected family members. These differences might interfere
with the observed plasma glucose levels. However, our data
show that the mean values of fasting and 2 h plasma glucose in
OGTT as well as random plasma glucose concentrations
remained very stable in the non-progressors during the whole
follow-up period and therefore these values are considered to
be suitable for comparison.

Our study is the first to describe the progression of
dysglycaemia in a general population-derived cohort with a
large number of children observed from birth to the diagnosis
of type 1 diabetes. With a large sample size we were able to
provide accurate and reliable estimates for HR, sensitivity,
specificity and median time to diagnosis when analysing var-
ious markers of dysglycaemia in predicting type 1 diabetes.
The study population came from three clinical centres with
slightly different methods of glucose analysis, which might
have affected the absolute values. However, the differences
in laboratory methods were taken into account in the statistical
analyses.

Sosenko and co-workers have studied the impact of the
OGTT in two separate study populations, one derived from
the Diabetes Prevention Trial–Type 1 (DPT-1) and the other
from the TrialNet Natural History Study (TNNHS), both com-
prising autoantibody-positive relatives of patients with
established type 1 diabetes [27]. The exact time of serocon-
version or development of multiple autoantibodies and occur-
rence of dysglycaemia remain uncertain in that setting, and
accordingly our population-derived study provides new and
important information for disease prediction. According to
their studies, a risk score derived from the C-peptide and glu-
cose concentrations in the OGTT, BMI and age [28] provided
a 2 year risk of diabetes of more than 75% in the population
with the highest risk score (≥9.00). However, only a relatively
small proportion of the participants studied exceeded that val-
ue before diagnosis [7]. The 2 year risks of the DPT score [29]
and IGT in our study did not practically differ from the risk
associated with a single random plasma glucose ≥7.8 mmol/l.
According to our study, single random plasma glucose ap-
pears to be almost as good a predictor of type 1 diabetes as
2 h plasma glucose in an OGTT, although with somewhat
lower sensitivity.

The time of the laboratory tests for random plasma glucose
varied from 08:00 to 17:00 hours. The children and their

families were not asked to prepare for the visit in any specific
manner. Random plasma glucose is an easy and cost-efficient
method to perform at the study site or even at home using a
glucometer. For intervention studies aimed at preventing or
postponing the development of clinical type 1 diabetes the
identification of participants at high risk of developing type
1 diabetes is essential. OGTTs and the DPT risk score have
been shown to identify high-risk children at relatively high
cost. Random glucose monitoring could provide a practical
way to identify optimal study populations for secondary pre-
vention trials and also to minimise the risk of severe metabolic
decompensation at the time of diagnosis. However, the opti-
mal interval for sampling needs to be defined to improve the
sensitivity of the test.

We have previously shown that the specificity of the
first emerging autoantibody affects time from serocon-
version to overt type 1 diabetes in a series of DIPP
participants almost identical to the current one [30].
IA-2A as the primary autoantibody is associated with
the shortest time to diagnosis, whereas progression after
detection of IAA or GADA is similar. Seroconversion to
IAA or IA-2A positivity occurs typically during the first
years of life, while GADA appears later [30]. In the
current study, IGT and a random plasma glucose
≥7.8 mmol/l occurred more frequently in children with
IAA or IA-2A as the first autoantibodies when com-
pared with those with GADA at seroconversion. This
difference could be due to the design of the study, since
the current study series involves mostly younger chil-
dren leading to a reduced proportion of children having
GADA as initial autoantibodies and presenting with type
1 diabetes during follow-up, which eventually affects the inci-
dence of detected dysglycaemia. In the whole study group,
33% presented with two or more autoantibodies in their first
antibody-positive sample and in that group the single primary
autoantibody could not be identified. Further studies with lon-
ger follow-up especially in children with GADA as the primary
autoantibody are needed to verify whether our observation of a
higher frequency of dysglycaemia in children with IAA or IA-
2A as initial autoantibodies is true or is due to the study design.

According to our results, future follow-up studies should
pay more attention to glucose monitoring in high-risk individ-
uals. Random plasma glucose seems to be a practical, low-
cost and specific biomarker for prediction of type 1 diabetes.
These results also suggest that assessment of glucose metab-
olism provides important information that helps the clinician
estimate the remaining time to clinical diagnosis and can be
used when discussing with families with a child testing posi-
tive for multiple islet autoantibodies.
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