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Index60 Identifies Individuals at
Appreciable Risk for Stage 3
Among an Autoantibody-Positive
Population With Normal 2-Hour
Glucose Levels: Implications for
Current Staging Criteria of Type 1
Diabetes

Diabetes Care 2022;45:311-318 | https.//doi.org/10.2337/dc21-0944

OBJECTIVE

We assessed whether Index60, a composite measure of fasting C-peptide, 60-min
C-peptide, and 60-min glucose, could improve the metabolic staging of type 1
diabetes for progression to clinical disease (stage 3) among autoantibody-
positive (Ab*) individuals with normal 2-h glucose values (<140 mg/dL).

RESEARCH DESIGN AND METHODS

We analyzed 3,058 Type 1 Diabetes TrialNet Pathway to Prevention participants
with 2-h glucose <140 mg/dL and Index60 <1.00 values from baseline oral glu-
cose tolerance tests. Characteristics associated with type 1 diabetes (younger
age, greater Ab", higher HLA DR3-DQ2/DR4-DQ8 prevalence, and lower C-pep-
tide) were compared among four mutually exclusive groups: top 2-h glucose
quartile only (HI-2HGLU), top Index60 quartile only (HI-IND60), both top quartiles
(HI-BOTH), and neither top quartile (LO-BOTH). Additionally, within the 2-h glu-
cose distribution of <140 mg/dL and separately within the Index60 <1.00 distri-
bution, comparisons were made between those above or below the medians.

RESULTS

HI-IND60 and HI-BOTH were younger, with greater frequency of more than two
Ab*, and lower C-peptide levels, than either HI-2HGLU or LO-BOTH (all P <
0.001). The cumulative incidence for stage 3 was greater for HI-IND60 and HI-
BOTH than for either HI-2HGLU or LO-BOTH (all P < 0.001). Those with Index60
values above the median were younger and had higher frequency of two or more
Ab* (P < 0.001) and DR3-DQ2/DR4-DQ8 prevalence (P < 0.001) and lower area
under the curve (AUC) C-peptide levels (P < 0.001) than those below. Those
above the 2-h glucose median had higher AUC C-peptide levels (P < 0.001), but
otherwise did not differ from those below.

CONCLUSIONS

Index60 identifies individuals with characteristics of type 1 diabetes at apprecia-
ble risk for progression who would otherwise be missed by 2-h glucose staging
criteria.
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Type 1 diabetes has been classified into
three distinct stages of disease: stage 1
individuals are presymptomatic, with
two or more islet autoantibodies (Ab™)
and normal glucose tolerance; stage 2
individuals are presymptomatic, with
two or more Ab" and loss of normal
glucose tolerance (i.e., dysglycemia);
and stage 3 individuals have clinical dia-
betes (1). This characterization has
established risk profiles for progression
to stage 3 among individuals at each
stage. Indeed, the risk for progression
to stage 3 is increased among individu-
als in stage 2 (5-year risk of ~75%)
compared with those in stage 1 (5-year
risk of ~44%), highlighting the impor-
tance of identifying abnormalities in glu-
cose levels on oral glucose tolerance
testing (OGTT) (2,3).

As indicated above, stage 1 is par-
tially defined by the presence of normal
glucose levels. However, data suggest
that normal glucose levels do not nec-
essarily equate to a normal metabolic
state. Glucose values within the normal
range have been shown to have a risk
gradient for progression to stage 3 in an
Ab™ population (4). Also, a Diabetes
Prevention Trial Type 1 Risk Score
(DPTRS) of =7.00 could identify Ab™
individuals within the normal glucose
range who were at substantial risk for
progression to stage 3 (5). The findings
from those studies suggested the possi-
bility that the current metabolic stan-
dard for defining stage 1 (i.e., normal
glucose levels) could result in misclassi-
fication. This has important implications
for type 1 diabetes risk assessments in
natural history studies and in the selec-
tion of participants for prevention trials.

Studies using Index60, a novel compos-
ite measure of glucose and C-peptide
that has shown promise as an indicator
of impending stage 3 among individuals
with typical characteristics of type 1 dia-
betes (6), have raised additional questions
about the adequacy of metabolically stag-
ing type 1 diabetes according to glucose
levels alone in Ab™ individuals. These
studies have shown that unless Index60
(or a similar composite glucose and C-
peptide measure) is taken into account,
individuals at stage 2 or stage 3 can have
atypical characteristics for type 1 diabetes
(e.g., older, more overweight, lower prev-
alence of two or more Ab*, and greater
C-peptide secretion) (Supplementary
Table 1) (7,8).

Building on this work, we hypothesized
that combined C-peptide and glucose
measures would identify individuals with
previously unrecognized metabolic abnor-
malities and other typical characteristics
associated with type 1 diabetes. Thus, we
assessed whether Index60 measurements
could identify individuals in an Ab™"
cohort with normal 2-h glucose values
from the Type 1 Diabetes TrialNet Path-
way to Prevention study (TNPTP) who
had characteristics typically associated
with type 1 diabetes (e.g., younger age,
increased prevalence of Ab" and HLA
genotypes, and lower measures of C-pep-
tide secretion). We also assessed whether
those same individuals would be at
appreciable risk for progression to stage
3. Such findings would further support
the need to redefine the metabolic stag-
ing criteria for type 1 diabetes.

RESEARCH DESIGN AND METHODS

Participants

Data from 3,058 TNPTP participants
were analyzed. All had relatives with
type 1 diabetes and were between the
ages of 1 and 51 years at baseline (for
this analysis, baseline was defined as
the first OGTT following validation of
Ab™). Participants or parents provided
written informed consent or assent
prior to enrollment, and the study was
approved by the respective institutional
review board at each site. Participants
included in this analysis were found to
have either a confirmed single Ab™ (a
potential precursor to stage 1) or the
presence of two or more diabetes Ab™
(stage 1). A vast majority were found to
be Ab* on initial screening. In the ongo-
ing TNPTP study, Ab™ participants are
followed with 2-h OGTT during which
glucose and C-peptide measurements
are obtained. Individuals with 2-h glu-
cose values <140 mg/dL and Index60
values <1.00 from baseline OGTT were
selected for the analyses based on the
following reasons. A 2-h glucose thresh-
old of <140 mg/dL has been the stan-
dard for a normal 2-h response during
OGTT, and it is used for the staging of
type 1 diabetes. Also, we found that
among TNPTP participants with glucose
and Index60 values below the diabetes
range (<200 mg/dL and <2.00, respec-
tively), a value of 1.00 had a similar per-
centile ranking (81.3 percentile) within
the Index60 distribution to the ranking
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of a value of 140 mg/dL within the 2-h
glucose distribution (82.7 percentile).

Procedure

The TNPTP has been previously described
(9). During the initial screening visit, GAD
antibody (GADA), islet antigen 2 antibody
(IA-2A), and micro insulin Ab (mIAA) are
measured. Individuals determined to
have one or more Ab™ are then tested
for islet cell cytoplasmic (ICA) and zinc
transporter 8 (ZnT8) Ab. The assay for
ZnT8 was developed after the inception
of the TNPTP; therefore, a sizable propor-
tion of participants did not have ZnT8
measurements at baseline. Ab™ partici-
pants are followed with 2-h OGTT for the
diagnostic surveillance of stage 3. The 2-h
OGTT are performed at 6-month or yearly
intervals depending on protocol and risk
determination for type 1 diabetes. The
2-h OGTT involve measurements of glu-
cose and C-peptide at 0, 30, 60, 90, and
120 min after the ingestion of 1.75 g/kg
carbohydrate (maximum 75 g). Among
those who are followed, if a 2-h OGTT is
in the diabetes range, a second confirma-
tory 2-h OGTT is performed. If the confir-
matory 2-h OGTT is also in the diabetes
range, a diagnosis of type 1 diabetes is
made. If the confirmatory 2-h OGTT is
not in the diabetes range, 2-h OGTT sur-
veillance continues at 6-month intervals.
A diagnosis could also be made clinically
without the performance of 2-h OGTT
(e.g., symptomatic with marked hypergly-
cemia). The glucose oxidase method was
used to measure plasma glucose. C-pep-
tide was measured by the Tosoh assay.
Methods for Ab measurement (10) and
HLA genotyping (11) have been described
previously. BMI data were calculated and
assessed for all participants per Centers
for Disease Control and Prevention guide-
lines and thresholds; BMI percentiles
were calculated for all participants age
<20 years using Centers for Disease Con-
trol and Prevention—based percentiles,
whereas BMI percentiles for those age
>20 years were imputed using age 20
years and their sex instead of their actual
age for the purposes of BMI percentile
calculation and corresponding classifica-
tion (12). Index60 was calculated as previ-
ously described based on the following
formula: 0.36953 (log fasting C-peptide
[ng/mL]) + 0.0165 * glucose60 (mg/
dL) — 0.3644 * C-peptide60 (ng/mL),
where glucose60 and C-peptide60 are
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the blood glucose and C-peptide values
at 60 min during OGTT, respectively.

Data Analysis

For this analysis, characteristics typically
associated with type 1 diabetes and its
risk were assessed only in those individu-
als with normal 2-h glucose values (<140
mg/dL) and Index60 values <1.00. The
characteristics associated with type 1 dia-
betes used in the analysis were age; HLA
genotype of DR3-DQ2 and DR4-DQS;
presence of each diabetes autoantibody
individually or two or more Ab*(mlIAA,
IA-2A, or GADA); 30-0 min C-peptide dif-
ference (a measure that correlates with
first-phase insulin response); and area
under the curve (AUC) for C-peptide.
Each of these characteristics was mea-
sured and/or recorded at either the
screening visit or the baseline OGTT. All
fasting values were based at time 0 of
the OGTT.

For this exploratory study, two pri-
mary analyses were performed. In the
first, quartiles within normal ranges
were established for both 2-h glucose
and Index60. Values of 118 mg/dL and
0.32 defined the lower boundaries for
the top quartiles of 2-h glucose <140
mg/dL and Index60 <1.00, respectively
(Supplementary Tables 2 and 3). Individ-
uals were then divided into four groups
based on their 2-h glucose and
Index60 values for subsequent analy-
ses (Supplementary Fig. 1): 1) top
quartile for 2-h glucose and Index60
below top quartile (HI-2HGLU), 2) top
quartile for Index60 and 2-h glucose
below top quartile (HI-IND60), 3) top
quartiles for both 2-h glucose and
Index60 (HI-BOTH), and 4) below top

quartiles for both 2-h glucose and
Index60 (LO-BOTH).

Each group was thus mutually exclu-
sive; no participant was included in
more than one group. The four groups
were then compared for characteristics
typically associated with type 1 diabe-
tes. Combined glucose and C-peptide
response curves from mean OGTT val-
ues at 30, 60, 90, and 120 min were
plotted on two-dimensional grids to
highlight metabolic differences between
groups. Mean values for glucose and C-
peptide at each time point for all four
groups are depicted in Supplementary
Table 4.

The other primary analysis compared
type 1 diabetes characteristics between
those above or below the median
within the 2-h glucose distribution of
<140 mg/dL and between those above
or below the median for the Index60
distribution of <1.00. For comparisons
within the distributions, groups were
assigned as those less than or equal to
the median and those above the
median. x? tests and t tests were used
for comparisons. Assessments of associ-
ation used linear regression for continu-
ous variables and logistic regression for
categorical variables. Proportional haz-
ards regression and log-rank tests were
used for stage 3 cumulative incidence
analyses.

RESULTS

Among the 3,058 TrialNet participants
included in the full study cohort (2-h glu-
cose <140 mg/dL and Index60 <1.00),
the baseline mean * SD age and BMI per-
centile were 17.9 + 12.8 years and 63.7 +
28.5, respectively (Supplementary Table 5).

Table 1—Demographics for 2-h glucose and Index60 groups

Nathan and Associates

Forty-eight percent were male. There were
66% with a single Ab™ and 34% with two
or more Ab™ for GADA, 1A-2A, and mIAA.

Comparisons Between Top Quartiles
for Characteristics Associated With
Type 1 Diabetes

Demographics

Comparisons were made between the
four mutually exclusive groups (based
on the presence or absence in the top
quartiles of 2-h glucose <140 mg/dL or
Index60 <1.00) for demographic charac-
teristics (Table 1). HI-IND60 was youn-
ger, had lower BMI percentiles, and
included a greater percentage of males
(P < 0.001 for all) than HI-2HGLU. HI-
2HGLU did not significantly differ from
LO-BOTH, except for having greater BMI
percentiles (P < 0.001). HI-IND60 was
somewhat younger than HI-BOTH (P =
0.024), with a tendency toward lower
BMI percentiles (P = 0.059), but was
otherwise similar.

Islet Ab

Figure 1 and Supplementary Table 6
show comparisons of Ab* distribution
(mIAA, GADA, IA-2A, ZnT8, ICA, and two
or more Ab™) between the four groups.
HI-IND60 collectively had substantially
greater percentages of positivity than
HI-2HGLU for all Ab (P < 0.001), except
for GADA, which did not differ signifi-
cantly between any of the groups. There
were no significant differences in the
distribution of Ab™ between HI-2HGLU
and LO-BOTH. The percentages differed
significantly between HI-IND60 and
HI-BOTH for ICA, which was higher in
the former (P = 0.003), and for IA-2A,
which was higher in the latter (P < 0.003).

HI-2HGLU (A) HI-IND60 (B) HI-BOTH (C) LO-BOTH (D) P
Feature (n = 533) (n = 539) (n = 225) (n =1,761) Avs.D Bvs. D Cvs.D Avs.B Avs.C Bvs.C
Age at first OGTT NS <0.001 <0.001 <0.001 <0.001 0.024
Mean + SD, years 20.0 £ 13.1 10.8 £ 9.9 12.6 + 104 20.1 £ 12.8
NR 2 2 0 2
Sex NS <0.001 0.022 <0.001 0.013 NS
Female, n 302 213 102 967
Male, n (%) 228 (43) 323 (60) 122 (54) 788 (45)
NR 3 3 1 6
BMI percentile <0.001 <0.001 0.008 <0.001 <0.001 NS
Mean = SD 715 + 26.8 53.8 £ 28.4 58.1 £ 29.1 65.1 £ 27.9
NR 1 8 1 5

NR, not reported; NS, not significant.
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As demonstrated in Fig. 1, HI-22HGLU and
LO-BOTH aggregated together with a
lower prevalence of two or more Ab*,
whereas HI-IND60 and HI-BOTH aggre-
gated together with a higher prevalence.

Presence of Both DR3-DQ2 and DR4-DQ8
The prevalence of both DR3-DQ2 and
DR4-DQ8 was compared among the
four groups (Supplementary Table 7).
Percentages of positivity for the DR3-
DQ2 and DR4-DQ8 combination were
higher for HI-IND60 and HI-BOTH
(P = 0.002 and P = 0.015, respec-
tively) than for LO-BOTH. Although
HI-IND60 tended to have a greater
percentage of positivity (20.3%) com-
pared with HI-2HGLU (16.9%), the differ-
ence was not statistically significant (P =
0.15).

C-Peptide

Mean glucose and C-peptide values at
each OGTT time point are displayed in
Supplementary Table 4. Combined glu-
cose and C-peptide response curves for
each of the four groups are shown in Fig.
2A. Evident are the markedly lower
C-peptide values in the groups with
Index60 in the highest quartile (HI-IND60
and HI-BOTH) compared with the other
groups. The difference in C-peptide was
significant (P < 0.001) at all OGTT time
points for each comparison of HI-IND60
and HI-BOTH with HI-2HGLU or LO-BOTH.
Supplementary Table 8 and Fig. 2B show
AUC C-peptide and 30-0-min C-peptide
values for the groups. Both C-peptide
measures were appreciably lower in
HI-IND60 than in HI-2HGLU (P < 0.001

for both). LO-BOTH and HI-2HGLU aggre-
gated together with higher C-peptide lev-
els, whereas HI-BOTH and HI-IND60
aggregated together with lower levels.
These differences held, even when adjust-
ing for age at the time of the OGTT in
the regression models.

Associations Within the 2-Hour
Glucose <140 mg/dL Distribution and
Within the Index60 <1.00 Distribution
Assessments of associations within dis-
tributions (Supplementary Fig. 2) were
consistent with the comparisons between
the top quartiles.

Ab Profiles

No differences were observed in percen-
tages of each Ab type or of two or more
Ab® between those above and below
the glucose median of the <140 mg/dL
2-h glucose distribution (Supplementary
Table 9). In contrast, participants above
the median value of the <1.00 Index60
distribution had higher percentages of all
Ab™ (except for GADA) and two or more
Ab* compared with those below the
median. The Ab differences persisted
(P < 0.001) after an adjustment for 2-h
glucose in a logistic regression model,
indicating that the differences were inde-
pendent of that measure.

BMI Percentiles

Within the <140 mg/dL 2-h glucose dis-
tribution, those above the median had
higher BMI percentiles (P < 0.001). In
contrast, within the Index60 <1.00 dis-
tribution, those above the median had
lower BMI percentiles (P < 0.001).

90 OJLO-BOTH
80 (7 EHI-2HGLU
70 B HI-IND60
60 *

a5 mHIFBOTH

Percent Positive

mlIAA GADA 1A-2

*
Q * *
40
30
20
10
0 -

ZnT8

*
ICA >2 Ab

Autoantibody

Figure 1—Distribution of Ab and measures of C-peptide among groups. Note the consistent
aggregation of HI-IND60 with HI-BOTH and of HI-2HGLU with LO-BOTH. *P < 0.01 for greater
percentages of all Ab measures in HI-IND60 and HI-BOTH than in either HI-2HGLU or LO-BOTH.
TP = 0.003 for greater percentage of ICA in HI-2HGLU than in HI-BOTH. 0P < 0.003 for greater
percentage of IA-2A in HI-BOTH than in HI-IND-60.
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Age

Within the <140 mg/dL 2-h glucose dis-
tribution, those above the median were
older (P < 0.001), whereas participants
above the median within the Index60
<1.00 distribution were younger (P <
0.001).

HLA Genotypes

There was no difference in the preva-
lence of the DR3-DQ2 and DR4-DQ8 com-
bination between those above or below
the median within the <140 mg/dL 2-h
glucose distribution. The prevalence was
significantly higher for those above the
median of the Index60 <1.00 distribution
(P < 0.001). The difference persisted
(P < 0.001) with the adjustment for 2-h
glucose in a logistic regression model.

C-Peptide Response

Within the <140 mg/dL 2-h glucose dis-
tribution, mean values for C-peptide AUC
and early (30-0 min) C-peptide responses
were both increased in those above the
median compared with those below (P <
0.001 and P = 0.02, respectively). Con-
versely, within the Index60 <1.00 distri-
bution, mean C-peptide AUC and 30-0
C-peptide responses were significantly
lower in those above the median com-
pared with those below (both P <
0.001).

Comparisons of Cumulative
Incidence for Stage 3

Figure 3 shows cumulative incidence
curves of the diagnosis of stage 3 for
each of the four mutually exclusive
groups. The cumulative incidence curves
aggregated together for HI-IND60 and
HI-BOTH and were significantly higher
(P < 0.001 by log rank) than the curves
for HI-2HGLU and LO-BOTH, which also
aggregated together. The cumulative
incidence of progression to stage 3 was
significantly higher for HI-IND60 than
for HI-2HGLU, both without (P = 0.001)
and with (P = 0.017) adjustments for
age and BMI percentile. The cumulative
incidence between HI-IND60 and HI-
BOTH was not significantly different. In
proportional hazards regression models
with LO-BOTH as the reference group,
the hazard ratios (with 95% Cl) were
significant for HI-IND60 and HI-BOTH
(2.42 [1.70, 3.44] and 2.96 [1.96, 4.47],
respectively; P < 0.01 for each after
age and BMI percentile adjustments).
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The hazard ratio was not significant for
HI-2HGLU (1.11 [0.69, 1.76]; P = 0.70).

The analyses within the Index60
and the 2-h glucose distributions also
showed that Index60 was a better
predictor of risk than 2-h glucose. The
5-year risk estimates (and corre-
sponding 95% Cl) were 0.28 (0.22,
0.33) among those above the 75th
percentile (n = 763) of the Index60
distribution and 0.35 (0.24, 0.43)
among those above the 90th percen-
tile (n = 303). The 5-year estimate of
0.20 (0.14, 0.25) among those above the
75th percentile (n = 818) of the 2-h glu-
cose distribution decreased to 0.13 (0.07,
0.18) among those above the 90th per-
centile (n = 320).

CONCLUSIONS

In this analysis of Ab™ relatives with 2-h
glucose levels <140 mg/dL and Index60
values <1.00, characteristics typical of
type 1 diabetes (e.g., younger age,
greater prevalence of Ab™ and DR3-
DQ2/DR4-DQ8 HLA genotype, and
lower C-peptide indices) were more
strongly associated with Index60 than
with 2-h glucose; there was little if
any association of those characteris-
tics with 2-h glucose. In the compari-
sons between the top quartiles of the
distributions, HI-IND60 and HI-BOTH
had characteristics more typical of
type 1 diabetes than HI-2HGLU. More-
over, the findings were similar
between HI-IND60 and HI-BOTH. Also,
the cumulative incidence of clinical

(O =30 min timepoint
@ =60 and 90 min timepoints
[ = 120 min timepoint

HI-IND&0
HI-BOTH

C-peptide (mg/dL)

N

LOW-BOTH
HI-2ZHGLY

0

diabetes (stage 3) was significantly
higher for HI-IND60 than for HI-
2HGLU and not different between HI-
IND60 and HI-BOTH. Individuals in the
more typical and higher-risk HI-IND60
and HI-BOTH groups combined repre-
sented 25% of individuals (n = 764) in
the study cohort of 3,058 with normal
glucose levels who otherwise would
not have been identified.

30-0min

OLO-BOTH
HI2HGLU
B HI-INDBD

WHI-BOTH

AUC

il

Figure 2—A: Paired C-peptide and glucose values during OGTT among groups. Mean values for glucose and C-peptide are plotted for each of the
four groups (HI-IND60, HI-BOTH, LO-BOTH, and HI2HGLU) from the 30- through the 120-min OGTT time points. Open circles represent the plotted
intersection of the glucose and C-peptide values at the 30-min time point for each group. Solid circles represent intersections of both values at the
successive 60- and then 90-min time points within each group. Lastly, the plotted intersection for glucose and C-peptide at 120 min is represented
by the corresponding open square. Each time point within a given group is connected (30 — 60 — 90 — 120 min) to create unique shapes. Note
the considerable differences in the shapes. B: C-peptide measures among four top quartile groups. Values were significantly lower for HI-IND60
and HI-BOTH. P < 0.001 for comparisons between each group for both 30—-0 min and AUC, except P = 0.022 between LO-BOTH and HI-BOTH for
30-0 min and P = 0.002 between HI-IND60 and HI-BOTH for 30-0 min.

In the analysis comparing those above
and those below the medians of the
<140 mg/dL and Index60 <1.00 distri-
butions, type 1 diabetes characteris-
tics were consistently more associated
with Index60 than with 2-h glucose.
Within their distributions, Index60 better
identified individuals with characteristics
of type 1 diabetes than 2-h glucose. Thus,
this second analytic approach further

—— LO-BOTH
& — HI-2HGLU
o | — HHIND60*
— HI-BOTH*
o 3
=
k]
=
3 < |
[] o
o
o
a
=
s o |
5 o
E
3
=
e |
o
T 1 T 1 1 T
0 2 4 6 8 10
time from first OGTT (years)
N at risk
-1759 505 260 142 68 32
— 531 173 85 38 20 10
— 537 187 102 47 19 7
—_— 225 84 46 26 14 7

Figure 3—Cumulative incidence curves for progression to clinical disease within each group.
HI-IND60 and HI-BOTH aggregated with higher cumulative incidence than HI-2HGLU or LO-
BOTH. *P < 0.001 compared with HI-2HGLU and LO-BOTH. T1D, type 1 diabetes.



High-Risk Ab™ Individuals With Normal Glucose
|

demonstrated the potential value of mea-
suring Index60.

The findings for those in HI-2HGLU
are analogous to our previous findings
for individuals within the dysglycemic
range, but with Index60 <1.00 (7).
Among them, type 1 diabetes—associ-
ated characteristics were less common
and the risk for progression to diabetes
was lower than those with Index60 val-
ues =1.00 and normal glucose levels. In
a sense, those with dysglycemia were
outliers relative to those with higher
Index60 values.

The evidence that glucose only groups
are outliers was also bolstered in a recent
study in which Ab™ individuals in the dia-
betic range of 2-h glucose at baseline,
but with Index60 values <2.00, had
fewer characteristic attributes of type 1
diabetes than those with Index60 values
=2.00 and 2-h glucose levels in the non-
diabetic range (8). Thus, in normal, abnor-
mal, and diagnostic ranges of glycemia
among Ab™ individuals, Index60 appears
to identify individuals with more consis-
tent and similar characteristics. In con-
trast, higher 2-h glucose levels appear to
identify more heterogeneous individuals.
Metabolic differences uncovered by indi-
ces incorporating measures of endoge-
nous insulin secretion like Index60 could
thus help further define diabetes endo-
types (13).

It is even possible that Ab™ hypergly-
cemic individuals with mild C-peptide
deficiency do not progress to stage 3
and that they are a separate entity
entirely. Some of those individuals
might progress to type 2 diabetes or
even conceivably remain in a state of
dysglycemia. In fact, those disorders
would not be unexpected in an Ab*
population, because they are so com-
mon in the general population. Indeed,
Ab™ adults with diabetes (i.e., adults
with latent autoimmune diabetes) are
quite atypical with respect to clinical
features, severity of insulin deficiency,
and progression of disease (14). In chil-
dren, the terms type 1.5 diabetes, dou-
ble diabetes, and hybrid diabetes have
been coined for those with obesity and
a clinical diagnosis of type 2 diabetes
who are also positive for islet Ab (15).
Given the potential for marked hetero-
geneity, the inclusion of individuals
based upon Ab™ and/or glucose values
alone in prevention trials might cloud
outcomes.

The findings in this report, together
with our prior findings in the dysglyce-
mic and diagnostic ranges, suggest that
the current glucose-based staging para-
digm for progression to clinical type 1
diabetes (the presence of two or more
Ab™, followed by dysglycemia, followed
by clinical type 1 diabetes) (1) requires
modification. It is apparent that Index60
uncovers metabolic impairment in an
appreciable percentage of individuals
now being classified as being metaboli-
cally normal in stage 1 or even prestage
1 (stage 0; single Ab™). Moreover, indi-
viduals classified as being in stage 2 can
have atypical characteristics of type 1
diabetes and might even be outside the
type 1 diabetes pathogenic pathway.
Finally, if a diagnosis is based on glucose
thresholds alone, Ab™ individuals could
be misclassified at diagnosis as having
clinical type 1 diabetes (stage 3). Based
on prior findings, designating individuals
with Index60 levels =2.00 as stage 3
(6,8) seems at least as justified as desig-
nating those with 2-h glucose levels
=200 mg/dL.

These findings raise important ques-
tions regarding whether glucose and C-
peptide measures from a more abbrevi-
ated OGTT (i.e., using measures within
or up to 1 h only) would be as or more
effective than the 2-h time point in
identifying at-risk individuals. Indeed, in
an at-risk adult type 2 diabetes popula-
tion, a 1-h glucose value >155 mg/dL
during an OGTT was a better predictor
for type 2 diabetes risk progression
than the 2-h glucose value or insulin
measures at various time points (16).
Similarly, within an at-risk Ab™ popula-
tion, a 1-h glucose value <180 mg/dL
had the same predictive capability for
progression to disease as a 2-h value
<140 mg/dL (17). However, the 1- and
2-h glucose values were both inferior in
predicting 3- and 5-year risk compared
with measures that incorporated C-
peptide (DPTRS and DPTRS60). Similarly,
further reducing the needed time points
during an OGTT (e.g., using an Index30
measure) to establish this metabolic
vulnerability significantly decreases the
predictive capability as compared with
Index60. Thus, the current use of OGTT-
based glucose levels alone, either at the
1- or 2-h time point, without consider-
ation of C-peptide out to 60 min, can
be misleading as the sole metabolic
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indicator for staging the progression to
clinical type 1 diabetes.

The 2-h glucose time point was
used in these analyses for several rea-
sons. It has long been used as a pri-
mary criterion for separating normal
from abnormal glucose states, and a
majority of Ab™ individuals deemed to
have dysglycemia have 2-h glucose
levels =140 mg/dL. Perhaps most
importantly, it is the main diagnostic
glucose criterion for type 1 diabetes
(18). Among Ab™ individuals, the 2-h
glucose diagnostic threshold of =200
mg/dL is usually exceeded before the
=126 mg/dL fasting glucose threshold
is reached.

Of interest historically, the cutoff for
diagnosing diabetes (2-h glucose >200
mg/dL) was partially based on glucose
values from American Indian popula-
tions in the U.S. (19). In a 1979 report
from the American Diabetes Associa-
tion, an intermediate-risk group with
impaired glucose tolerance, defined as
a 2-h glucose value between 140 and
199 mg/dL, represented a stage in the
natural history of non-insulin depen-
dent (i.e., type 2) diabetes (20). Abnor-
mal glucose tolerance has been linked
to micro- and macrovascular complica-
tions (21), highlighting its importance in
sequelae of disease within the type 2
diabetes population. What remains in
question, however, is the application of
these same 2-h glucose thresholds to
the diagnosis and assessment of risk in
individuals on a path to stage 3 type 1
diabetes.

Each of the characteristics selected
for this analysis either has a proposed
mechanistic role in the pathogenesis of
disease or has been associated with type
1 diabetes. Taken together, they more
fully define a typical type 1 diabetes phe-
notype. Type 1 diabetes is strongly associ-
ated with HLA genotypes (22), and
products coded by certain HLA alleles
appear to be mechanistically involved in
the pathologic process (23). Type 1 diabe-
tes and islet Ab are also strongly associ-
ated (24-26), although the role of Ab™ in
pathogenesis is not clear. The 30-0 min
C-peptide difference has been shown to
decline during progression to type 1 dia-
betes in longitudinal analyses (27,28). The
inverse association between type 1 diabe-
tes and age is also well documented
(18,29), but the pathogenic connection is
obscure.
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While the association of type 1 diabe-
tes with BMI is not fully clear, obesity is a
major predictor of type 2 diabetes. Inter-
estingly, of the four groups we studied,
BMI percentile was greatest in HI-2HGLU
(72nd percentile), which approaches a
common criterion for overweight. We
also observed an association of the HI-
IND60 group with male sex. Although no
sex-specific differences in the prevalence
of type 1 diabetes in children are
believed to exist (30), adolescents and
young adults from European populations
with higher background rates for type 1
diabetes tend to be male predominant
(31-33). Moreover, a greater increase in
the incidence of type 1 diabetes was
found among boys compared with girls in
the U.S. (34).

This study had some limitations. Type 1
diabetes—associated characteristics were
selected for our analysis based on histori-
cal, well-established characteristics of the
disease, but without a clear understand-
ing of their role in the pathogenesis of
type 1 diabetes. However, these features
are being used to define type 1 diabetes
endotypes (13) and shed light on hetero-
geneity within and between diabetes
types (35). Because baseline OGTT values
were obtained only once for each partici-
pant, data on the reproducibility of base-
line findings were not available. Although
the rationales for using quartiles and
medians for the analyses were arbitrary,
the findings were consistent between the
two approaches.

Findings from this study and our prior
studies (7,8) should facilitate optimiza-
tion of type 1 diabetes prevention trial
enrollment. Because of the consistency
in characteristics between those above
prediagnostic Index60 thresholds and
those with type 1 diabetes, Index60
could help select populations of normo-
glycemic and hyperglycemic Ab™ indi-
viduals who better align with the
mechanistic rationales for preventive
treatments. Also, Index60 thresholds
could be used as prevention trial end
points, both intermediate and perhaps
even diagnostic.

In conclusion, two populations of Ab™
individuals have been identified within
the standard normal range of 2-h glucose.
One population, with relatively high 2-h
glucose levels and relatively low Index60
values, has atypical characteristics and a
lower risk of progression to stage 3. These
individuals will need further study to

better understand whether they belong
inside or outside the umbrella of type 1
diabetes and its pathogenesis. The other
population has relatively high Index60 val-
ues within the normal glucose range and
has, independent of 2-h glucose levels,
characteristics associated with type 1 dia-
betes and a greater risk of progression to
stage 3. These findings indicate that if
dysglycemia is the only metabolic crite-
rion for stage 2, a substantial proportion
of individuals with normal glucose levels
who have deficient B-cell function would
not be identified. The inclusion of Index60
as a formal criterion for stage 2 would
identify those individuals already at an
appreciable level of metabolic risk despite
their normal glucose values and increase
the number of appropriate candidates for
type 1 diabetes prevention trials.
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