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Abstract
Aims/hypothesis We aimed to compare characteristics of individuals identified in the peri-diagnostic range by Index60 (compos-
ite glucose and C-peptide measure) ≥2.00, 2 h OGTT glucose ≥11.1 mmol/l, or both.
Methods We studied autoantibody-positive participants in the Type 1 Diabetes TrialNet Pathway to Prevention study who, at their
baseline OGTT, had 2 h blood glucose ≥11.1 mmol/l and/or Index60 ≥2.00 (n = 354, median age = 11.2 years, age range = 1.7–
46.6; 49% male, 83% non-Hispanic White). Type 1 diabetes-relevant characteristics (e.g., age, C-peptide, autoantibodies, BMI)
were compared among three mutually exclusive groups: 2 h glucose ≥11.1 mmol/l and Index60 <2.00 [Glu(+), n = 76], 2 h glucose
<11.1 mmol/l and Index60 ≥2.00 [Ind(+), n = 113], or both 2 h glucose ≥11.1 mmol/l and Index60 ≥2.00 [Glu(+)/Ind(+), n = 165].
Results Participants in Glu(+), vs those in Ind(+) or Glu(+)/Ind(+), were older (mean ages = 22.9, 11.8 and 14.7 years, respec-
tively), had higher early (30–0 min) C-peptide response (1.0, 0.50 and 0.43 nmol/l), higher AUC C-peptide (2.33, 1.13 and
1.10 nmol/l), higher percentage of overweight/obesity (58%, 16% and 30%) (all comparisons, p < 0.0001), and a lower percent-
age of multiple autoantibody positivity (72%, 92% and 93%) (p < 0.001). OGTT-stimulated C-peptide and glucose patterns of
Glu(+) differed appreciably from Ind(+) and Glu(+)/Ind(+). Progression to diabetes occurred in 61% (46/76) of Glu(+) and 63%
(71/113) of Ind(+). Even though Index60 ≥2.00 was not a Pathway to Prevention diagnostic criterion, Ind(+) had a 4 year
cumulative diabetes incidence of 95% (95% CI 86%, 98%).
Conclusions/interpretation Participants in the Ind(+) group hadmore typical characteristics of type 1 diabetes than participants in
the Glu(+) did and were as likely to be diagnosed. However, unlike Glu(+) participants, Ind(+) participants were not identified at
the baseline OGTT.

Keywords C-peptide . Diagnosis . Glucose . Heterogeneity . Index60 . Insulin resistance . Prediction . TrialNet . Type 1
diabetes . Type 2 diabetes
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GCRC Glucose and C-peptide response curve

Glu(+) 2 h glucose ≥11.1 mmol/l and
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Glu(+)/Ind(+) 2 h glucose ≥11.1 mmol/l and
Index60 ≥2.00

IA-2A Insulinoma-associated
antigen-2 autoantibody

ICA Islet cell antibodies
Ind(+) 2 h glucose <11.1 mmol/l and

Index60 ≥2.00
mIAA Microinsulin autoantibody assay
PTP Pathway to Prevention
ZnT8A Zinc transporter eight autoantibodies

Introduction

Standard glucose criteria for both type 1 and type 2 diabetes
[1] are generally used to diagnose type 1 diabetes in
autoantibody-positive participants in longitudinal research
studies. Specifically, among asymptomatic individuals, a 2 h
blood glucose ≥11.1 mmol/l during an OGTT, confirmed in a
second test, is the diagnostic criterion most often utilised in
prevention trials. However, this standard approach does not
assess decreased insulin secretion, a major factor in the devel-
opment of type 1 diabetes.

Individuals with positive islet autoantibodies who ultimate-
ly exceed the glucose criteria mentioned above, either clini-
cally or in research studies, do not necessarily have classic
type 1 diabetes, as observed in typically young, thin individ-
uals who have type 1 diabetes-associated genetic factors,

develop multiple islet autoantibodies and lose their ability to
make insulin relatively quickly [1–6]. These individuals could
have developed an atypical form of type 1 diabetes. The
heterogeneity of type 1 diabetes is a recognised barrier for
the success of clinical trials aimed at halting the development
and progression of type 1 diabetes [7]. Moreover, since type 2
diabetes is so prevalent, it is likely that a certain percentage of
individuals diagnosed as having type 1 diabetes may actually
have type 2 diabetes. This lack of diagnostic clarity could
potentially be improved by additional metabolic criteria that
also take insulin secretion into account, such as those that
include both glucose and C-peptide.

This potential diagnostic application was evident in a study
of Index60 [8], a composite measure of fasting C-peptide,
60 min C-peptide and 60 min glucose derived from a propor-
tional hazards model. Index60 was initially developed in
autoantibody-positive individuals in the Diabetes Prevention
Trial (DPT)-1 trial [8] as an additional metabolic diagnostic
criterion to facilitate an earlier diagnosis of type 1 diabetes.
The findings showed that Index60 values ≥2.00 were highly
predictive of type 1 diabetes approximately 6–12 months
earlier than standard glucose measures alone were. This
corroborated findings of Index60 values ≥2.00 reported in
the TrialNet Pathway to Prevention (PTP) cohort. In a separate
TrialNet PTP cohort, we assessed the utility of an Index60
threshold ≥1.00 as a prediabetic endpoint in autoantibody-
positive individuals, and found that Index60 could better iden-
tify individuals with typical characteristics of type 1 diabetes
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than dysglycaemia (of which the 2 h glucose is the main
component) [9]. Participants above the 1.00 Index60 thresh-
old were appreciably younger and had greater frequencies of
islet autoantibodies than those who had dysglycaemia. Not
surprisingly, individuals above the 1.00 threshold also had
markedly lower C-peptide levels.

Here, we aimed to determine whether Index60, as a
diagnostic endpoint, could identify individuals with typical
characteristics of type 1 diabetes, who would not have
been detected during early stages of disease progression
by glucose criteria alone. Demographic, immunological,
genetic and metabolic characteristics were analysed among
354 non-diabetic, autoantibody-positive participants from
the TrialNet PTP study [10, 11] who exceeded 2 h
glucose values ≥11.1 mmol/l and/or Index60 ≥2.00 thresh-
olds at their baseline OGTT. Individuals included in this
analysis were mutually exclusive of those in the prior
study pertaining to diagnosis [8], since all included in that
study had baseline 2 h glucose values <11.1 mmol/l and
Index60 values <2.00. Using this unique cohort, we
performed the first systematic study to assess the use of
a composite measure of glucose and C-peptide, such as
Index60, for diagnosing individuals with typical type 1
diabetes earlier on in the pathologic process.

Methods

Participants Type 1 diabetes TrialNet, established in 2000, is an
NIH-funded, international network of centres that aims to
prevent type 1 diabetes and stop disease progression [10]. The
TrialNet PTP is an observational study that prospectively
follows non-diabetic, islet autoantibody-positive individuals

(first or second-degree relatives of patients with type 1 diabetes)
for the progression of islet autoimmunity and the development
of clinical type 1 diabetes [11]. Out of 4041 TrialNet PTP
participants enrolled between March 2004 and September
2018, we included those who, at their first (baseline) OGTT,
had a 2 h blood glucose ≥11.1mmol/l (ADA standard threshold
for diabetes diagnosis if confirmed by a second test in asymp-
tomatic individuals; see ‘Procedures’ below) and/or Index60
≥2.00 (threshold selected based on previous studies) [8, 9].

We excluded participants who had missing critical vari-
ables such as age, OGTT-stimulated C-peptide or glucose
values, and islet autoantibodies or a HLA genotype. The final
sample size was 354 participants, which were divided into in
three mutually exclusive groups: 2 h glucose ≥11.1 mmol/l
and Index60 <2.00 [Glu(+), n = 76], 2 h glucose <11.1 mmol/l
and Index60 ≥2.00 [Ind(+), n = 113], or both 2 h glucose
≥11.1 mmol/l and Index60 ≥2.00 [Glu(+)/Ind(+), n = 165].

All study participants provided informed consent prior to
screening and enrolment, and the study was approved by the
responsible ethics committee at each site.

Procedures All participants were screened for islet autoanti-
bodies to GAD (GAD65A), insulin (microinsulin autoanti-
body assay [mIAA]) and insulinoma-associated antigen-2
(IA-2A). If any of these were positive at screening, autoanti-
bodies to zinc transporter 8 (ZnT8A) and islet cell antibodies
(ICA) were also tested. Once identified as being autoantibody
positive, subsequent evaluations of autoantibodies for partic-
ipants would include testing for all five type 1 diabetes-
associated autoantibodies. Participants were monitored with
autoantibody testing, HbA1c and OGTTs at 6- or 12-month
intervals depending on estimated risk [11]. Islet autoantibody
[12] and C-peptide [13] assays have been previously

Early C-peptide 30 − 0 min C-peptide during OGTT

Index60 0.3695[loge fasting C-peptide in ng/ml] + 0.0165[60 min glucose in mg/dl] −0.3644[60 min C-peptide 

in ng/ml]

Overweight ≥85th percentile and <95th percentile (age- and sex-adjusted from 2000 CDC growth charts)

Obese ≥95th percentile (age- and sex-adjusted from 2000 CDC growth charts)

Groups by diagnostic range OGTT at baseline (not yet diagnosed):  

2 h glucose ≥11.1 mmol/l and Index60 <2.00 [Glu(+)], or

2 h glucose <11.1 mmol/l and Index60 ≥2.00 [Ind(+)], or

2 h glucose ≥11.1 mmol/l and Index60 ≥2.00 [Glu(+)/Ind(+)]

Diagnostic OGTT Within 1 month prior to or at the diagnosis of type 1 diabetes according to standard criteria

Definitions

-

-

-

W
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described. HLA genotyping was performed at the Type 1
Diabetes Genetics Consortium Laboratories.

The interval of follow-up for the TrialNet PTP cohort per the
study protocol is determined by the probability of being diag-
nosed with type 1 diabetes. OGTTs are conducted at 6-month
intervals on participants with at least one of the following: ≥2
positive autoantibodies, HbA1c ≥42 mmol/mol, DPT-1 risk
score ≥6.50, fasting glucose ≥6.1 mmol/l mg/dl, 30-, 60- or
90-min glucose ≥11.1 mmol/l, or 2 h glucose ≥7.8 mmol/l.
Autoantibody-positive participants who do not meet any of
those criteria are followed at 12-month intervals. According to
the TrialNet PTP protocol, participants with a 2 h glucose
≥11.1 mmol/l during their baseline OGTT who did not have
supporting clinical criteria were to have a second (‘confirmato-
ry’) OGTT to establish or rule out type 1 diabetes. Participants
not meeting diagnostic criteria on the confirmatory OGTTwere
followed with semi-annual OGTTs. Therefore, as illustrated in
the flow diagram in Fig. 1, there was a temporal discordance.
Glu(+) and Glu(+)/Ind(+) had confirmatory OGTTs whereas
Ind(+) did not, since the latter group had not exceeded a glucose
threshold that would have triggered a confirmatory OGTT in
the autoantibody-positive TrialNet PTP participants.

Statistical analyses Characteristics were summarised across the
overall cohort as well as by group [i.e., Glu(+), Ind(+) and
Glu(+)/Ind(+)] using descriptive statistics. Continuous
measures were compared across all groups using Kruskal–

Wallis tests and Wilcoxon rank sum tests for pairwise compar-
isons between any two groups of interest. χ2 tests were used to
evaluate differential distributions of characteristics, and factors
across all three groups or between any two groups. Metabolic
measures were similarly evaluated and compared between
groups; differences in these measures were further assessed
using graphical analyses. Generalised linear regression models
were applied to further analyse differences in markers between
groups, adjusting for known confounders such as age and BMI
percentile. For Ind(+) participants, follow-up data from baseline
were used to assess the time to type 1 diabetes diagnosis with
Kaplan–Meier methodology. All analyses were performed
using the statistical program R (version 3.5.1 for Windows;
https://www.R-project.org/). Statistical significance was noted
if two-sided p values were <0.05.

Results

Overall, 354 participants were identified from the TrialNet
PTP study who met the inclusion criteria based on their
exceeding 2 h glucose and/or Index60 thresholds during the
baseline OGTT. The median age at the baseline OGTT for the
entire cohort was 11.2 years (range: 1.7–46.6); 49% were
male, 32% were obese or overweight, 83% were non-
Hispanic White, and all were relatives (first degree: 90%) of
individuals with type 1 diabetes. Participants were classified

Individuals screened based on their 2 h OGTTs

(n=4041)

Index60 ≥2.00

Ind(+) group

(n=113)

2 h glucose ≥11.1 mmol/l

Index60 ≥2.00

Glu(+)/Ind(+) group

(n=165)

2 h glucose ≥11.1 mmol/l

Glu(+) group

(n=76)

Follow-up

OGTTs

Follow-up

OGTTs

Follow-up

OGTTs

Diagnosed within 3 months

of baseline OGTT

 (n=24)

Diagnosed within 3 months

of baseline OGTT

(n=125)

Diagnosed

(n=146)

Diagnosed

(n=71)

Diagnosed

(n=46)

Diagnosed within 3 months

of baseline OGTT

(no confirmatory testing)

(n=8)

Fig. 1 Flow diagram for TrialNet
PTP participants who had diabetic
range OGTTs at baseline. Out of
4041 TrialNet PTP participants
enrolled between March 2004 and
September 2018, we included those
who, at their first (baseline) OGTT,
had a 2 h blood glucose ≥11.1
mmol/l and/or Index60 ≥2.00. We
excluded participants who had
missing critical variables such as
age, OGTT-stimulated C-peptide or
glucose values, and islet
autoantibodies or a HLA genotype.
The final sample size was 354
participants, which were divided
into in three mutually exclusive
groups: 2 h glucose ≥11.1 mmol/l
and Index60 <2.00 [Glu(+), n=76],
2 h glucose <11.1 mmol/l and
Index60 ≥2.00 [Ind(+), n=113], or
both 2 h glucose ≥11.1 mmol/l and
Index60 ≥2.00 [Glu(+)/Ind(+),
n=165]. ConfirmatoryOGTTswere
performed in the Glu(+) and
Glu(+)/Ind(+) groups (which had a
2 h glucose ≥11.1 mmol/l at
baseline) but not in the Ind(+) group
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into one of three mutually exclusive groups: Glu(+), Ind(+) or
Glu(+)/Ind(+). Each section below examines differences in
characteristic type 1 diabetes markers among the groups
(Table 1).

Demographic/clinical Glu(+) participants were much older at
the baseline OGTT than Ind(+) and Glu(+)/Ind(+) participants
were (p < 0.0001 for both comparisons). Ind(+) participants
had a lower mean age than Glu(+)/Ind(+) participants did
(p = 0.029). The prevalence of obesity or overweight in the
Glu(+) group was higher than in the Ind(+) and
Glu(+)/Ind(+) groups (p < 0.0001 for both comparisons).
Participants in the Ind(+) group had a significantly lower prev-
alence of obesity/overweight than participants in the
Glu(+)/Ind(+) group did (p = 0.006).

Islet autoantibodies/HLA The Glu(+) group had a lower
percentage of multiple (i.e., ≥2) autoantibodies than either the
Ind(+) or Glu(+)/Ind(+) groups did (p = 0.0006 and p < 0.0001,
respectively). The frequency of mIAA positivity was lower in
the Glu(+) group than in either the Ind(+) (p = 0.003) or Glu(+
)/Ind(+) groups (p = 0.014). The Glu(+) group also had less
ICA positivity than the Ind(+) group (p = 0.025) and less IA-
2A positivity than the Glu(+)/Ind(+) group (p = 0.015). We did
not observe statistically significant differences in the propor-
tions of participants carrying type 1 diabetes-associated HLA
haplotypes or genotypes among the groups (Table 1).

C-peptide measures The Glu(+) group had higher values of
AUC C-peptide (p < 0.0001), fasting C-peptide (p < 0.0001)

and early C-peptide response (30–0 min; p < 0.0001) than the
Ind(+) or Glu(+)/Ind(+) groups did. The differences all
remained statistically significant after adjusting for age and
BMI (all p < 0.0001). The Ind(+) group had lower fasting C-
peptide levels (p < 0.0001) and greater 30–0 min C-peptide
responses than the Glu(+)/Ind(+) group did (p = 0.048).

Figure 2 shows the consistent differences in baseline char-
acteristics between the Glu(+) group and other groups. The
Glu(+) group was a clear outlier among the three groups. After
the exclusion of participants who had a non-first degree rela-
tive with type 1 diabetes, the differences were similar.

OGTT patterns We compared the shapes and positions of
combined glucose and C-peptide response curves (GCRCs)
from mean glucose and mean C-peptide values at 30, 60, 90
and 120 min of the baseline OGTTs among the three groups.
A 2-dimensional grid with glucose on the y-axis and C-
peptide on the x-axis was used to display the shapes and rela-
tive positions (Fig. 3). Visual comparisons of the groups’
GCRCs revealed that the Glu(+) group had a substantially
higher C-peptide response than the other two groups did; this
was consistent with a significantly higher mean AUC C-
peptide compared with the other two groups (Table 1). The
Glu(+)/Ind(+) group had the most pathological OGTTs as
evident from both the GCRC shape, almost monotonic indi-
cating imminent onset, and its position on the grid, with mark-
edly greater AUC glucose values (mean: 13.26 mmol/l; SD:
2.16) than in the Glu(+) (mean: 10.82 mmol/l: SD: 1.22;
p < 0.0001) and Ind(+) (mean: 9.99 mmol/l; SD: 0.83;
p < 0.0001) groups. Interestingly, despite the difference in

Table 1 Comparisons between
groups at baseline Glu(+)

N = 76

Ind(+)

N = 113

Glu(+)/Ind(+)

N = 165

Age (years) 22.9 ± 13.9 11.8 ± 11.0*** 14.7 ± 10.7***

Overweight or obese: n (%) 44 (58) 18 (16) 50 (30)

Missing 0 2 1

≥2 Positive islet autoantibodies: n (%) 55 (72) 104 (92)** 153 (93)***

mIAA positive: n (%) 22 (29) 59 (52)** 77 (47)*

GADA positive: n (%) 64 (84) 95 (84) 140 (85)

IA-2A positive: n (%) 43 (57) 73 (65) 121 (73)*

ICA positive: n (%) 44 (59) 83 (76)* 112 (69)

Missing 2 4 2

ZnT8A positive: n (%) 30 (54) 54 (65) 70 (59)

Not tested/missing 20 30 46

HLA DR3-DQ2/DR4-DQ8: n (%) 13 (17) 31 (27) 41 (25)

Fasting C-peptide (nmol/l) 0.80 ± 0.43 0.33 ± 0.17*** 0.50 ± 0.30***

Early (30–0 min) C-peptide (nmol/l min) 1.00 ± 0.57 0.50 ± 0.23*** 0.43 ± 0.30***

Mean AUC C-peptide (nmol/l) 2.33 ± 0.90 1.13 ± 0.37*** 1.10 ± 0.50***

Values are mean (SD) unless otherwise noted

***p<0.0001; **p<0.01; *p<0.05 in comparison to Glu(+)
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glucose values, the Ind(+) and Glu(+)/Ind(+) groups had
comparable C-peptide levels (Table 1).

Figure 3 illustrates the GCRCs at baseline and at diagnosis
(among those who were diagnosed byOGTT at least 3 months
after baseline). It shows the evolution of shape and position of
the GCRCs from baseline (dashed lines) to diagnosis (solid
lines) among those with diagnostic OGTTs. Although the
shape near diagnosis in the Ind(+) group was much like that
in the Glu(+)/Ind(+) group, the Glu(+) group continued to

differ substantially from the other two groups, with much
higher C-peptide levels. Also, the change from baseline to
diagnosis was minimal in the Glu(+)/Ind(+) group, suggesting
that diabetes was already present but not diagnosed in a
number of those individuals.

Progression to type 1 diabetes The median follow-up time
from baseline to the diagnosis of type 1 diabetes or end of
follow-up (i.e., last OGTT) of the 354 who were studied was
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Fig. 2 Comparisons of
characteristics among the three
groups at baseline for age (a),
mean AUC C-peptide (b),
autoantibody positivity (c) and
BMI percentile (d). Both Ind(+)
and Glu(+)/Ind(+) were
significantly different
(***p<0.001; **p<0.01;
*p<0.05) from Glu(+) for all
comparisons. Significant
differences were present between
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was higher at 30 min and had a more pronounced increase during the
baseline OGTT in Glu(+) than the other two groups. At diagnosis, note
the similarity between Ind(+) and Glu(+)/Ind(+), and the continuing

difference between Glu(+) and the other groups. Also, note that
Glu(+)/Ind(+) was essentially unchanged from baseline to the diagnosis
of diabetes. Mean values of C-peptide and glucose values are shown.
Glu(+)/Ind(+): n=58, Ind(+): n=39, Glu(+): n=34. The empty circle at
the beginning of each curve represents the values at 30 min in the OGTT
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3.6 years overall (2.0, 4.45 and 2.5 years for Glu(+), Ind(+)
and Glu(+)/Ind(+), respectively). The percentage ultimately
diagnosed during follow-up was 61% (46/76) for Glu(+),
63% (71/113) for Ind(+), and 88% (146/165) for
Glu(+)/Ind(+). Ind(+) had a cumulative incidence of 95%
(95% CI 86%, 98%) at 4 years. The Ind(+) cumulative inci-
dence curve could not be compared with cumulative incidence
curves from the other two groups in which confirmatory
OGTTs were performed, since those with Index60 ≥2.00
and a 2 h glucose <11.1 mmol/l would not have been
recognised according to the protocol for the PTP.

Discussion

In this study of autoantibody-positive individuals, we
compared three mutually exclusive groups exceeding glucose
and/or Index60 diagnostic thresholds for characteristics asso-
ciated with type 1 diabetes. In those comparisons, we
observed that participants in the Ind(+) and Glu(+)/Ind(+)
groups had similar characteristics, which differed substantially
from those in Glu(+) participants and were more typical of
classic type 1 diabetes (i.e., younger, less overweight/obesity,
lower C-peptide measures, higher percentages of ≥2 islet auto-
antibodies). GCRCs of Glu(+) participants also differed mark-
edly from those of the other groups at baseline and continued
to differ at diagnosis. Even though participants in the Ind(+)
group did not have the same diagnostic surveillance as partic-
ipants in the Glu(+) group, the percentages of those ultimately
diagnosed were equivalent between the two groups.

During the progression from autoantibody positivity to
clinical type 1 diabetes, the early C-peptide response typically
decreases, which is accompanied by increasing glucose levels
[14–16]. The early C-peptide response was higher in the
Glu(+) group than in the other two groups, yet despite this
seemingly greater C-peptide response, 2 h glucose levels were
in the diabetic range. This suggests the presence of diabeto-
genic factors other than the autoimmune destruction of beta
cells. Such factors could include insulin resistance [17, 18],
adiposity, and/or other abnormalities determined by type 2
diabetes-associated genetic loci [19]. We previously demon-
strated that among autoantibody-positive individuals, type 2
diabetes-associated factors, including genetic variants [20–23]
and obesity [24, 25], can influence the progression to diabetes.
Autoantibody-positive relatives carrying the type 2 diabetes-
associated TCF7L2 genetic variant had lower glucose and
higher C-peptide at the time of progression to diabetes [20].

It is noteworthy that when GCRCs in the Ind(+) group
evolved from the baseline OGTT to the diagnostic OGTT,
they had a shape (almost monotonic) and position on the 2-
D grid similar to the Glu(+)/Ind(+) group, which changed
minimally (Fig. 3). This observation suggests that, at the base-
line OGTT, participants in the Glu(+)/Ind(+) group had more

advanced progression to type 1 diabetes than participants in
the Ind(+) group did. It is possible that most Glu(+)/Ind(+)
participants who had confirmatory OGTTs could already have
reached the onset of disease, which would have been
unrecognised without Index60 as a criterion. Thus, it appears
that the two groups shared the same pathway towards type 1
diabetes on the 2D grid: GCRCs in the Ind(+) group resem-
bled those in the Glu(+)/Ind(+) group when there was further
decompensation and glucose levels increased substantially. In
contrast, GCRCs in the Glu(+) group differed markedly from
the other two groups at baseline and diagnosis, which suggests
that the differences between the Glu(+) group and the other
groups were not a function of disease progression but rather
pathogenesis. The differing GCRCs in the Glu(+) group are
consistent with the atypical associations with markers of type
1 diabetes in that group (e.g., age, adiposity, autoantibody
positivity).

A limitation of this study was the use of HLA DR3-DQ2
andDR4-DQ8 alone to evaluate genetic differences. Although
we observed a greater frequency of these high-risk haplotypes
in the Ind(+) and Glu(+)/Ind(+) groups than in the Glu(+)
group, the differences did not reach statistical significance.
Type 1 diabetes genetic risk scores could have been helpful
in showing differences, since they have demonstrated superi-
ority over HLA alone to predict type 1 diabetes in at-risk
individuals [26]. However, the number of participants
characterised with a genetic risk score was insufficient for
analysis. Individual alleles at other loci have smaller effects
on risk and therefore would be unlikely to show significant
associations in our analysis. Another limitation was the inabil-
ity to assess insulin resistance, since measures such as
HOMA-IR have not been validated in individuals with
severe insulin deficiency, as well as in other popula-
tions. Bias must always be considered in observational
studies. In our study, bias could have been introduced
by the temporal discordance resulting from the lack of
confirmatory testing of Index60 values ≥2.00. However,
such bias would likely have served against Index60,
since Ind(+) had less diagnostic surveillance.

The contrasts between the Glu(+) and Ind(+) groups are
revealing and suggest a need to reassess the current diagnostic
criteria for type 1 diabetes. Glu(+), atypical for characteristics
of type 1 diabetes, represented 32% (76/241) of those with a
2 h glucose ≥11.1 mmol/l at the baseline OGTT. If Ind(+) had
also been included as a diagnostic criterion for the baseline
OGTTs in the PTP, an additional 47% (354/241) of partici-
pants would have warranted confirmatory testing for diagno-
sis. Those additional Ind(+) individuals would have been
more typical for type 1 diabetes with as much likelihood for
acquiring the disorder as Glu(+) individuals were. Thus, it
appears that Ind(+), or a comparable glucose and C-peptide
composite measure, would be as justified as a diagnostic crite-
rion for type 1 diabetes as Glu(+).
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The addition of Ind(+) as a diagnostic criterion would
provide several benefits. The greater typicality of Ind(+) could
enhance the performance of potential immunomodulatory
therapies. For example, as a diagnostic criterion, Ind(+) would
provide a younger study population, which in itself is a predic-
tor of response to most immunomodulatory therapies in
autoantibody-positive relatives [6]. More individuals
would be diagnosed earlier, which could enhance stud-
ies designed to prevent or delay the decline of insulin
secretion. Importantly, an earlier diagnosis could poten-
tially decrease the frequency of diabetic ketoacidosis.
Also, the addition of Ind(+) as a diagnostic criterion
could provide a potential means for classifying metabol-
ic heterogeneity at diagnosis and help to personalise
clinical management.

The findings from this study raise the important question of
whether Glu(+) is characteristic of the type 1 diabetes spectrum
or whether it represents a different disorder such as type 2 diabe-
tes. We have previously demonstrated that type 2 diabetes-
associated mechanisms, such as obesity and genetic factors,
can influence progression of islet autoimmunity [21, 27] and
development of clinical diabetes [21, 24, 25] in autoantibody-
positive individuals. It is plausible that some of those mecha-
nisms are at play in the subset of Glu(+) participants. Other
questions also arise. How do individuals in this group relate to
latent autoimmune diabetes in adults (LADA) [28]? Should
Glu(+) be differentiated from Ind(+) with regard to glucose
management? ShouldGlu(+) be considered separately in design-
ing protocols for preventing further insulin secretory decline
after diagnosis? Also, should Index60 be incorporated among
the criteria for staging of type 1 diabetes? Regarding the last
question, the findings from our prior studies and the current
study appear to suggest that a composite glucose/C-peptide
measure such as Index60, would enhance the staging of type 1
diabetes. Future studies, including longitudinal observations
after the clinical diagnosis, will need to address these questions.

In conclusion, the findings of this study appear to indicate
that autoantibody-positive individuals who exceed the 2 h
glucose 11.1 mmol/l threshold for diabetes, but not the
≥2.00 Index60 threshold, have distinct GCRCs from those
exceeding Index60 ≥2.00 with or without a 2 h glucose
≥11.1 mmol/l. Individuals reaching the ≥2.00 Index60 thresh-
old with a 2 h glucose still <11.1 mmol/l appear to already be
at or near the stage of clinical type 1 diabetes (stage 3) [29],
warranting confirmatory testing for type 1 diabetes, but with
less beta cell impairment compared with those who also have
glucose criteria. These findings provide evidence that diag-
nostic criteria for type 1 diabetes should include Index60 or
a similar composite measure of glucose and C-peptide.
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