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OBJECTIVE

We studied longitudinal differences between progressors and nonprogressors to
type 1 diabetes with similar and substantial baseline risk.

RESEARCH DESIGN AND METHODS

Changes in 2-h oral glucose tolerance test indices were used to examine variabil-
ity in diabetes progression in the Diabetes Prevention Trial–Type 1 (DPT-1) study
(n = 246) and Type 1 Diabetes TrialNet Pathway to Prevention study (TNPTP) (n =
503) among autoantibody (Ab)+ children (aged <18.0 years) with similar baseline
metabolic impairment (DPT-1 Risk Score [DPTRS] of 6.5–7.5), as well as in TNPTP
Ab2 children (n = 94).

RESULTS

Longitudinal analyses revealed annualized area under the curve (AUC) of C-pep-
tide increases in nonprogressors versus decreases in progressors (P £ 0.026 for
DPT-1 and TNPTP). Vector indices for AUC glucose and AUC C-peptide changes
(on a two-dimensional grid) also differed significantly (P < 0.001). Despite
marked baseline metabolic impairment of nonprogressors, changes in AUC
C-peptide, AUC glucose, AUC C-peptide–to–AUC glucose ratio (AUC ratio), and
Index60 did not differ from Ab2 relatives during follow-up. Divergence between
nonprogressors and progressors occurred by 6 months from baseline in both co-
horts (AUC glucose, P £ 0.007; AUC ratio, P £ 0.034; Index60, P < 0.001; vector
indices of change, P < 0.001). Differences in 6-month change were positively as-
sociated with greater diabetes risk (respectively, P < 0.001, P £ 0.019, P <
0.001, and P < 0.001) in DPT-1 and TNPTP, except AUC ratio, which was inversely
associated with risk (P < 0.001).

CONCLUSIONS

Novel findings show that even with similarly abnormal baseline risk, progres-
sors had appreciably more metabolic impairment than nonprogressors within
6 months and that the measures showing impairment were predictive of type 1
diabetes. Longitudinal metabolic patterns did not differ between nonprogressors
and Ab2 relatives, suggesting persistentb-cell responsiveness in nonprogressors.
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Type 1 diabetes is an autoimmune dis-
ease characterized by T-cell–mediated
destruction of insulin-producing b-cells
within the pancreatic islets of Langer-
hans (1). Since insulin treatment is asso-
ciated with considerable comorbidities,
approaches to prevent the disorder be-
fore irremediable loss of b-cell mass are
highly desirable (2). The Type 1 Diabetes
TrialNet Study Group recently reported
that treatment of high-risk individuals
with teplizumab delays diabetes onset
by 32.5 months (3,4). These encouraging
results will undoubtedly lead to more
prevention studies with this agent and
support the rationale for additional trials
applying other agents. Given this chang-
ing landscape in type 1 diabetes preven-
tion, an improved understanding of the
factors underlying disease development
and progression is paramount for both
optimization of risk-to-benefit ratios and
assessments of therapeutic efficacy.
Seroconversion to islet autoimmunity

predicts type 1 diabetes development in
14–70% of children within a decade (5).
However, while an appreciable percent-
age of islet autoantibody–positive (Ab1)
individuals are diagnosed with type 1 di-
abetes in prevention trials and natural
history studies (i.e., progressors), the ma-
jority are not diagnosed (i.e., nonprogres-
sors) during the periods of study (4,6,7).
Further, some nonprogressors remain di-
abetes free for years following Ab sero-
conversion (8,9). Although prediction of
type 1 diabetes has become increasingly
accurate, the research community still
lacks sufficient understanding of factors
that differentiate progressors from non-
progressors (2).
The unknown length of the disease

process prior to the identification of
those who are Ab1 at screening (7) has
been a major obstacle for studying why
some progress to type 1 diabetes while
others do not during follow-up. However,
estimating the severity of prior metabolic
decline of those who are Ab1 at the time
of screening can enhance our understand-
ing of this progression. One validated tool
for determining the degree of such pro-
gression, the Diabetes Prevention Trial–
Type 1 Risk Score (DPTRS), incorporates
glucose and C-peptide measurements from
an oral glucose tolerance test (OGTT), as
well as age and BMI (10). Still, among
those with similar baseline risk assess-
ments such tools do not explain the vari-
ability in diabetes progression.

To better understand this variability,
after stratification by DPTRS to address
baseline metabolic risk, we compared pe-
diatric progressors with nonprogressors
for changes in C-peptide and glucose de-
rived from serial OGTTs. We specifically
sought to test the hypothesis that after
adjustment for baseline risk, progressors
and nonprogressors exhibit distinct longi-
tudinal trajectories in their ability to re-
spond to a glucose challenge.

RESEARCH DESIGN AND METHODS

Subjects
We studied Ab1 children <18 years of
age with available metabolic data who
participated in the Diabetes Prevention
Trial–Type 1 (DPT-1) (n = 523) (10,11)
and the Type 1 Diabetes TrialNet Path-
way to Prevention study (TNPTP) (n =
1,388) (12). None had diabetes, and all
were first- and second-degree relatives
of individuals with type 1 diabetes. DPT-1
participants were in treatment or placebo
arms of either the parenteral insulin or
oral insulin prevention trials; neither trial
showed overall efficacy. For DPT-1, partici-
pants tested positive for islet cell antibod-
ies and exhibited either abnormal first-
phase insulin secretion/dysglycemia or
positive insulin Ab titers with normal
metabolic testing. For TNPTP, only indi-
viduals with a history of testing positive
for two or more 2 biochemical Abs (insu-
lin, GAD, islet antigen 2, or zinc trans-
porter 8) were included. All Ab testing
obtained prior to the initial OGTT was
considered. Longitudinal metabolic data
were available for 246 individuals partici-
pating in DPT-1 and 503 individuals in
TNPTP with baseline DPTRS ranging from
6.5 to <7.5. A comparison group of 119
Ab� relatives <18 years of age in TNPTP
with multiple OGTTs was also included
(7). In DPT-1, progressors were followed
for mean ± SD 3.19 ± 1.44 years and
nonprogressors were followed for 3.89 ±
1.69 years. In TNPTP, progressors were
followed for 3.05 ± 1.99 years and non-
progressors were followed for 3.68 ±
2.98 years; Ab� relative follow-up was
4.2 ± 3.2 years. Human subjects approval
and informed consent were obtained as
previously described (7,11).

Procedures
In both DPT-1 and TNPTP (7,12), Ab1 rel-
atives had baseline 2-h OGTTs and then
underwent biyearly OGTTs that included

glucose and C-peptide measurements at
30-min intervals for monitoring of pro-
gression to diabetes. In DPT-1, intravenous
glucose tolerance tests (IVGTTs) were per-
formed to determine first-phase insulin
response (FPIR) at 2, 4, and 6 years as
previously described (12).

The DPTRS, which includes fasting
C-peptide, sum C-peptide and sum glu-
cose values from 30–120 min, age, and
BMI, was calculated as previously de-
scribed, with higher values suggesting in-
creased risk of diabetes progression (10).
We chose the DPTRS because of its prior
validation for risk prediction in the DPT-1
and TrialNet cohorts and its inclusion of
both metabolic and demographic risk
factors (10,13). Progressors were defined
as participants who received a diabetes
diagnosis during study follow-up (11,12).

Area under the curve (AUC) values
were calculated from OGTT data with the
trapezoidal rule. AUC C-peptide–to–AUC
glucose ratios (AUC ratios) were multiplied
by 1,000. Index60 and FPIR were calculated
as previously described (14,15). OGTT
glucose and C-peptide response curves
(GCRCs), plotting mean OGTT glucose and
C-peptide values (30–120 min) on a two-
dimensional grid, were used to visualize
relationships between OGTT C-peptide
and glucose values (16). For analyses of
changes over the first 6 months of mon-
itoring, the 6-month within-quadrant
end point (WQE) and the 6-month ordi-
nal directional end point (ODE) variables
were calculated with use of centroid
vector-based angles and quadrants of
change from GCRCs as previously de-
scribed (16).

Analysis
Cross-sectional analysis was performed
on initial (baseline) OGTT C-peptide and
glucose values and GCRC patterns in
progressors to type 1 diabetes and non-
progressors. In a longitudinal analysis we
examined differences in changes of met-
abolic indices and GCRC patterns from
initial OGTT to last OGTT measurements
without diabetes, annualized to address
differences in length of follow-up. Values
were also compared with those of Ab�

controls. We also tested changes of the
first repeat OGTT occurring after a mean
interval of 6 ± 3 months. Associations
between diabetes development and an-
nualized or 6-month changes in meta-
bolic variables were tested. t tests or
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x2 tests were used to compare continu-
ous characteristics or categorical charac-
teristic frequencies. Relationships between
time to diabetes development and
changes in metabolic parameters/time
were examined with Cox regression
models with adjustments for potentially
confounding variables, including base-
line age, BMI, DPTRS, and baseline
value. Since height was not routinely
measured in Ab� relatives, comparisons
including this group only included adjust-
ment for age and baseline value. Statisti-
cal analyses were performed with SAS
9.4. Two-sided P values #0.05 were con-
sidered statistically significant.

RESULTS

Cross-sectional Analysis of Baseline
Metabolic Data
For the 523 participants in DPT-1 and
1,388 $2 Ab1 participants in TNPTP eligi-
ble for study, we first compared baseline
metabolic features between progressors
and nonprogressors after stratification by
DPTRS. As shown in Supplementary Table 1,
there was a marked difference between
the groups in their distributions among
the DPTRS categories (P < 0.001 for all
DPTRS categories). In DPT-1, proportions
of progressors were 84 of 115 (73.0%)
in the highest DPTRS category ($7.50)
and 28 of 162 (17.3%) in the lowest
DPTRS category (<6.50). In TNPTP, pro-
portions of progressors were 152 of 256
(59.4%) in the highest DPTRS category
($7.50) and 82 of 629 (16.7%) in the
lowest DPTRS category (<6.50). How-
ever, within the same DPTRS catego-
ries, progressors and nonprogressors
showed similar metabolic features (no
significant differences between progres-
sor and nonprogressor groups within
DPTRS categories for DPT-1 or TNPTP)
(Supplementary Table 1).

Longitudinal Analysis of Changes in
Metabolic Measures During Follow-up

Progressors Versus Nonprogressors

Since the cross-sectional data indicated
that progressors and nonprogressors had
similar metabolic patterns within DPTRS
categories at baseline, we performed a
longitudinal analysis to assess the extent
and nature of metabolic changes during
follow-up. To study change from homog-
enous baseline metabolic phenotypes,
we chose to focus on individuals with
baseline DPTRS scores between 6.5 and

7.5; this identified individuals who not
only were metabolically homogeneous
but also had appreciable baseline metabolic
abnormality (10). Changes in C-peptide
from the baseline OGTTs to the last
OGTTs (before diagnosis in progressors)
were compared between progressors
and nonprogressors within that baseline
6.5–7.5 DPTRS interval.

Repeat OGTT data were available for
246 children in DPT-1 (85 progressors and
161 nonprogressors) and 503 children in
TNPTP (171 progressors and 332 nonprog-
ressors) with an initial DPTRS between 6.5
and 7.5. Baseline demographic character-
istics are shown in Supplementary Tables
2 and 3. No significant differences in HLA
status between groups were present in ei-
ther study. In DPT-1, the mean number of
Abs with positive titers at any time point
during monitoring was not significantly
different between groups (2.73 vs.
2.60 in nonprogressors; P = 0.271); in
TNPTP, the mean number of Abs with
positive titers at any time point during
monitoring was somewhat higher in
progressors (3.29 vs. 3.03 in nonprog-
ressors; P = 0.008).

We previously showed that characteris-
tic changes in OGTT GCRCs are associated
with progression to type 1 diabetes (16).
To better understand the directionality of
changes in C-peptide relative to glucose
during the progression to type 1 diabetes,
in Fig. 1A and B we plotted mean GCRCs
and vectors for annualized changes of
AUC glucose and AUC C-peptide from
baseline to final OGTTs (final before diag-
nosis in progressors). GCRCs and vectors
for the group of pediatric Ab� relatives
are also shown in Fig. 1B for comparison.
In DPT-1, progressors exhibited an almost
vertical vector, reflecting predominant in-
creases in glucose with minimal change
in C-peptide. By contrast, nonprogressors
exhibited less of an increase in AUC glu-
cose over time with an increase in AUC
C-peptide, resulting in a directionality dis-
tinctly different from that of progressors.
These relationships were similar for pro-
gressors and nonprogressors within the
TNPTP population, although in TNPTP,
loss of C-peptide appeared to be more
pronounced in progressors, with less of
an increase in C-peptide in nonprogres-
sors over time compared with DPT-1 (Fig.
1B).

Quantification of changes in meta-
bolic measures is shown for both DPT-1
(Fig. 1C, E, G, and I) and TNPTP (Fig. 1D,

F, H, and J) participants. Absolute values
for changes with statistical comparisons
without and with adjustment for base-
line DPTRS, age, and BMI and the base-
line measure being tested are shown in
Table 1.

As shown in Fig. 1C and D, for both
cohorts, progressors had decreased AUC
C-peptide per year. In contrast to pro-
gressors and consistent with vectors in
Fig. 1A and B, over the course of the
study, nonprogressors had increased AUC
C-peptide per year. These annualized
AUC C-peptide changes were significantly
different between progressors and non-
progressors (unadjusted/adjusted P value
for DPT-1 and TNPTP <0.001/<0.01 and
for TNPTP 0.004/0.026). As shown in Fig.
1E and F, and consistent with vectors in
Fig. 1A and B, changes in AUC glucose
were significantly higher in progressors
than nonprogressors (unadjusted and ad-
justed P values for both DPT-1 and TNPTP:
<0.001).

We also examined annualized changes
in AUC ratios from the baseline OGTT to
the last OGTT (Fig. 1G and H). Here, non-
progressors had an increased annual
change in AUC ratio over the period of
follow-up, while progressors displayed
a decrease (unadjusted and adjusted P
values for progressor vs. nonprogres-
sor comparison in both DPT-1 and
TNPTP: <0.001). Similar to the AUC
ratio (Fig. 1I and J), the Index60 com-
posite glucose and C-peptide measure
showed annualized increases in pro-
gressors but little change over time in
nonprogressors (unadjusted and adjusted
P values for progressor versus nonprog-
ressor comparison for both DPT-1 and
TNPTP: <0.001).

FPIR data from IVGTTs, a specific
measure of b-cell function, were also
examined. This was available from 245
participants in DPT-1 with DPTRS values
of 6.5–7.5. From first to last IVGTTs,
FPIR also differed between nonprogres-
sors and progressors (Supplementary
Fig. 1). Similar to AUC C-peptide, non-
progressors exhibited a mean FPIR increase
of 7.64 ± 33.78 mU/mL/year, while pro-
gressors showed a decrease of �14.82 ±
4.55 mU/mL/year (P < 0.001 without
and with adjustments for baseline FPIR,
age, BMI, and baseline DPTRS), suggest-
ing that observed increases in C-peptide
are associated with improved b-cell
function.
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Figure 1—Two-dimensional analysis shows distinct directionality of relationships between longitudinal OGTT C-peptide and glucose AUC values
among progressors and nonprogressors where, over time, nonprogressors exhibit positive increases in C-peptide AUC, while progressors exhibit in-
creases in glucose AUC. A and B: For DPT-1 (A) and TNPTP (B) participants, vectors showing directionality of changes in mean glucose and C-peptide
AUCs for nonprogressors and progressors from first to final OGTT (last before diagnosis in progressors; for DPT-1, progressors were followed for
mean ± SD 3.19 ± 1.44 years and nonprogressors were followed for 3.89 ± 1.69 years, and for TN-PTP, progressors were followed for an average of
3.05 ± 1.99 years and nonprogressors were followed for 3.68 ± 2.98 years). In B, black represents a group of Ab� family members (n = 119) for com-
parison. Average follow-up for Ab� relatives was 4.2 ± 3.2 years. C and D: For DPT-1 (C) and TNPTP (D) participants, changes in AUC C-peptide from

diabetesjournals.org/care Sims and Associates 2985

https://diabetesjournals.org/care


Progressors and Nonprogressors Versus Ab�

Relatives

We next compared metabolic changes of
the progressors and nonprogressors with
the Ab� relatives in the TNPTP cohort
(demographic data in Supplementary
Table 4). At baseline, Ab� relatives had
significantly higher C-peptide and AUC
C-peptide values than both progressors
and nonprogressors (P < 0.001 for both
groups). AUC glucose values were signifi-
cantly lower in Ab� relatives than in pro-
gressors or nonprogressors (P < 0.001
for both groups).

Annualized AUC C-peptide changes
were significantly lower for progressors
(P < 0.001 without and with adjustment
for age and baseline value) than for Ab�

relatives. In contrast, annualized AUC
C-peptide changes of nonprogressors did
not differ from those of Ab� relatives (P =
0.468/0.625 for unadjusted/adjusted). An-
nualized AUC glucose changes of progres-
sors were significantly higher than in Ab�

relatives (P < 0.001 without and with
adjustment), but there was no difference
between nonprogressors and Ab� relatives
(P = 0.788/0.873). Annualized AUC ratio

and Index60 changes were significantly
different in progressors compared with
Ab� relatives (P < 0.001 without and
with adjustment for both variables).
However, as with AUC C-peptide and
AUC glucose changes, AUC ratio and In-
dex60 changes did not differ between
nonprogressors and Ab� relatives (AUC
ratio, P = 0.702/0.831, and Index60,
P = 0.939/0.239).

Influence of Changes in Metabolic
Variables on Overall Progression to
Type 1 Diabetes
To define the relationship between dia-
betes progression and changes in OGTT
after initial risk assessments, we per-
formed Cox regression for associations
of each annualized variable with time to
type 1 diabetes, without and with ad-
justments for age, BMI, DPTRS, and vari-
able of interest at baseline (Table 2).
Without adjustment for these poten-
tially confounding factors, among both
cohorts, type 1 diabetes was inversely
related to the annual change in AUC
C-peptide in both cohorts (for DPT-1
hazard ratio [HR] 0.23 [95% CI 0.15,

0.37], P < 0.001 without and with ad-
justment; for TNPTP 0.91 [0.87, 0.95];
P < 0.001 without and with adjustment).
For annualized changes in AUC glucose,
yearly increases were associated with
more rapid progression to diabetes in
both cohorts (P < 0.001 without and
with adjustment)]. Yearly increases in
AUC ratio were associated with slower
progression to diabetes (P < 0.001 with-
out and with adjustment). Conversely,
yearly increases in Index60 were strongly
associated with more rapid progression
to diabetes in both cohorts (P < 0.001
without and with adjustment).

Analysis of Changes in OGTT
Measures Over the First 6 Months of
OGTT Monitoring
Although changes in OGTT measures
over time may provide relevant insights
into metabolic physiology in progressors
and nonprogressors, observed changes
over a short period of monitoring may
have more practical use in terms of in-
forming risk of diabetes progression.
To test whether shorter-term OGTT mea-
sure changes differed between progressors

first to final OGTT. E and F: For DPT-1 (E) and TNPTP (F) participants, changes in AUC glucose from first to final OGTT. G and H: For DPT-1 (G) and
TNPTP (H) participants, changes in AUC ratio from first to final OGTT. I and J: For DPT-1 (I) and TNPTP (J) participants, changes in Index60 from first
to final OGTT. Only individuals with baseline DPTRS of 6.5–7.5 were included in longitudinal analyses. In D, F, and H, plots of values from Ab� rela-
tive control subjects (Aab Negative) have also been included for comparison. For DPT-1: n = 85 progressors and n = 161 nonprogressors. For TNPTP:
n = 171 progressors and n = 332 nonprogressors. Data are shown as mean6 SEM. ***P < 0.001. AB Neg, Ab�; Nonprog, nonprogressors; Prog,
progressors; TN01, TrialNet Pathway To Prevention.

Table 1—Comparisons of OGTT changes in measures between progressors and nonprogressors during follow-up

DPT-1 TNTPT

Progressors Nonprogressors P Progressors Nonprogressors P

Analysis from first to last
OGTT (prior to diagnosis
in progressors), change
per year

n 85 161 171 332
AUC C-peptide (ng/mL) �0.09 ± 0.71 0.41 ± 1.03§ <0.001/<0.001* �0.34 ± 1.74§ 0.23 ± 2.64 0.004/0.026*
AUC glucose (mg/dL) 32.43 ± 30.97 4.16 ± 17.49 <0.001/<0.001* 28.92 ± 33.09 �0.35 ± 39.73 <0.001/<0.001*
AUC ratio �3.87 ± 5.61 2.42 ± 6.52§ <0.001/<0.001* �5.84 ± 10.21§ 2.40 ± 15.75§ <0.001/<0.001*
Index60 0.22 ± 0.66§ �0.02 ± 0.35 <0.001/<0.001* 0.78 ± 0.82§ �0.12 ± 1.25 <0.001/<0.001*

Analysis from first to
6-month repeat OGTT

n 79 141 135 246
AUC C-peptide (ng/mL) 0.17 ± 1.37 0.28 ± 1.38 0.554/0.390* �0.08 ± 1.37 0.04 ± 1.16 0.394/0.449*
AUC glucose (mg/dL) 9.80 ± 24.85 1.22 ± 20.87 0.007/<0.001* 10.82 ± 27.63 �2.26 ± 20.73 <0.001/<0.001*
AUC ratio �0.19 ± 9.19 2.56 ± 9.20 0.034/0.017* �1.79 ± 8.40§ 1.40 ± 7.75§ <0.001/<0.001*
Index60 0.22 ± 0.67§ �0.11 ± 0.50§ <0.001/<0.001* 0.27 ± 0.66§ �0.07 ± 0.68 <0.001/<0.001*
WQE 0.68 ± 0.56 0.38 ± 0.50 <0.001/<0.001† 0.61 ± 0.54 0.39 ± 0.47 <0.001/<0.001†
ODE 57.3 ± 22.04 45.8 ± 24.43 <0.001/<0.001† 57.8 ± 23.99 44.8 ± 24.36 <0.001/<0.001†

Means ± SD and unadjusted/adjusted P values for comparison between progressors and nonprogressors are shown. *Adjusted for measure at
baseline and baseline age, BMI, and DPTRS. †Adjusted for baseline parameters C-peptide AUC mean, glucose AUC mean, age, BMI, and
DPTRS. §P value for change (N/A for WQE and ODE): <0.05.
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and nonprogressors, we compared those
changes from baseline to first follow-up
OGTTs obtained �6 months after base-
line. Graphical depiction for participants in
DPT-1 and TNPTP is shown in Fig. 2, and
values with statistical comparisons without
and with adjustment for baseline DPTRS,
age, BMI, and baseline value of the vari-
able being tested are shown in Table 1.
In contrast to annualized changes, al-

though values were directionally consis-
tent, AUC C-peptide changes over a
6-month period were not significantly dif-
ferent between progressors and nonprog-
ressors in either DPT-1 or TNPTP. Similar
to annualized values, progressors had
greater increases in AUC glucose compared
with nonprogressors (for DPT-1, unad-
justed/adjusted P = 0.007/<0.001; for
TNPTP, P < 0.001 for unadjusted and ad-
justed). In both DPT-1 and TNPTP, over the
6-month period the AUC ratio decreased in
progressors and increased in nonprogres-
sors (DPT-1 difference between groups,
P = 0.034/0.017 for unadjusted and ad-
justed; TNPTP difference between groups,

P < 0.001 for unadjusted and adjusted).
In both cohorts, Index60 increased ap-
preciably in progressors but had little
change in nonprogressors (both DPT-1
and TNPTP differences between groups,
P < 0.001 for unadjusted and adjusted).

We also calculated two novel end
points that we recently developed to
quantify OGTT GCRC vector changes over
a 6-month period, the WQE and the or-
dinal directional end point (ODE) (16)
(Fig. 2 and Table 1). Consistent with
metabolic decline, progressors exhibited
significantly higher WQE and ODE val-
ues than nonprogressors in both DPT-1
and TNPTP (P < 0.001 unadjusted and
adjusted in both DPT-1 and TNPTP).

Influence of 6-Month OGTT Changes
in Metabolic Variables on Overall
Progression to Type 1 Diabetes
To determine whether 6-month OGTT
changes could predict rates of progression
to type 1 diabetes, we performed Cox re-
gression to assess relationships between
type 1 diabetes and 6-month changes in

metabolic measures (both unadjusted and
adjusted for the baseline measure, age,
BMI, and baseline DPTRS) (Table 2).
Here, we observed that like annualized
increases, 6-month increases in AUC
C-peptide were associated with a signifi-
cantly decreased occurrence of type 1 di-
abetes in TNPTP (HR 0.86 [95% CI 0.74,
1.00], unadjusted/adjusted P = 0.043/
0.025), though this relationship was not
significant in DPT-1 (0.96 [0.81, 1.13], un-
adjusted/adjusted
P = 0.598/0.809). Increases in AUC glu-
cose over the first 6 months of monitor-
ing were strongly associated with more
rapid progression for both cohorts (unad-
justed and adjusted P < 0.001 for both
cohorts). Similar to annualized changes,
AUC Ratio increases over a 6-month
period predicted less progression in
both cohorts (unadjusted and adjusted
P < 0.001). Increases in Index60 over
6 months were associated with more
rapid progression in both cohorts (both
unadjusted and adjusted P < 0.001), as
were higher values of both WQE and

Table 2—Cox regression analysis of relationship between changes in metabolic variables and time to type 1 diabetes

Analysis from baseline to final nondiabetes OGTT result

DPT-1 (n = 246) TNPTP (n = 503)

x2 HR (CI) P x2 HR (CI) P

Change per year in AUC C-
peptide (ng/mL)

38.68 0.23 (0.15, 0.37)/0.18
(0.10, 0.30)*

<0.001/<0.001* 18.08 0.91 (0.87,0.95)/0.92
(0.88, 0.96)*

<0.001/0.001*

Change per year in AUC
glucose (mg/dL)

149.92 1.05 (1.04, 1.06)/1.05
(1.04, 1.06)*

<0.001/<0.001* 87.38 1.01 (1.01, 1.01)/1.01
(1.01, 1.01)*

<0.001/<0.001*

Change per year in AUC
ratio

118.11 0.73 (0.68, 0.77)/0.68
(0.63, 0.73)*

<0.001/<0.001* 79.40 0.97 (0.97, 0.98)/0.98
(0.97, 0.98)*

<0.001/<0.001*

Change per year in Index60 162.73 10.94 (7.57, 15.80)/
10.62 (7.25, 15.56)*

<0.001/<0.001* 235.37 3.78 (3.19, 4.48)/3.91
(3.28, 4.65)*

<0.001/<0.001*

Analysis restricted from baseline to 6-month OGTT

DPT-1 (n = 220) TNPTP (n = 381)

x2 HR (CI) P x2 HR (CI) P

Change in AUC C-peptide
(ng/mL)

0.28 0.96 (0.81,1.13)/0.98
(0.81, 1.18)*

0.598/0.809* 4.08 0.86 (0.74, 1.00)/0.82
(0.69, 0.98)*

0.043/0.025*

Change in AUC glucose
(mg/dL)

15.78 1.02 (1.01, 1.03)/1.03
(1.02, 1.04)*

<0.001/<0.001* 47.48 1.03 (1.02, 1.03)/1.03
(1.02, 1.04)*

<0.001/<0.001*

Change in AUC ratio 5.52 0.97 (0.95, 1.00)/0.96
(0.94, 0.99)*

0.019/0.020* 32.0 0.94 (0.91, 0.96)/0.92
(0.89, 0.94)*

<0.001/<0.001*

Change in Index60 27.20 3.26 (2.09, 5.08)/3.25
(2.05, 5.16)*

<0.001/<0.001* 43.35 2.8 (2.06, 3.81)/3.06
(2.26, 4.14)*

<0.001/<0.001*

WQE 19.3 2.33 (1.60, 3.41)/2.00
(1.35, 2.94)†

<0.001/<0.001† 24.6 2.20 (1.61, 3.00)/2.44
(1.79, 3.32)†

<0.001/<0.001†

ODE 11.1 1.02 (1.01,1.03)/1.018
(1.008, 1.028)†

0.001/<0.001† 28.8 1.02 (1.01,1.03)/1.022
(1.015, 1.028)†

<0.001/<0.001†

Unadjusted/adjusted HRs (95% CIs) and P values for comparisons between progressors and nonprogressors are shown. *Adjustment for mea-
sure at baseline age, BMI, and DPTRS. †Adjustment for baseline C-peptide AUC, glucose AUC, age, BMI, and DPTRS.
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ODE (each P # 0.001 for unadjusted
and adjusted values in both cohorts).

CONCLUSIONS

There were two phases of the above
analyses that can be viewed sequentially.
In the cross-sectional phase shown at
baseline, OGTT GCRC patterns and other
characteristics differed little between pe-
diatric progressors and nonprogressors
with nearly the same DPTRS values (range
of 6.50 to <7.50). The similarity between
progressors and nonprogressors was a ba-
sis for the longitudinal, second phase of
the analysis, with examination of differ-
ences in changes of metabolic indices
over time between progressors and non-
progressors in two separate cohorts of
Ab1 children. We observed that despite
the metabolic similarities between the
groups at baseline, both in traditional meas-
ures and location on the GCRC two-dimen-
sional grid, there were marked differences
in longitudinal metabolic patterns. Whereas
glucose increased and C-peptide decreased
in the progressors, glucose changed little,
and C-peptide and FPIR increased in non-
progressors. Although nonprogressors had
markedly lower C-peptide at baseline than
the Ab� relatives, glucose and C-peptide
patterns were similar between these groups
over a period of several years.

The two-dimensional grid analysis ex-
amining the directionality of change in
C-peptide values relative to change in
glucose uses a novel approach to dem-
onstrate the marked divergence of met-
abolic change between progressors and
nonprogressors. Vectors provided visual
evidence of the divergence that was
corroborated quantitatively by the re-
cently developed WQE and ODE. The
similar pattern between pediatric non-
progressors and Ab� relatives suggests
that increases in the C-peptide response
of nonprogressors are at least in part in-
dicative of responsiveness to a normal
physiologic need for more insulin secre-
tion due to increasing insulin resistance
and IGF-I from aging and pubertal de-
velopment (17–21). We cannot defini-
tively explain why nonprogressors, and
not progressors, had the transition from
marked impairment at baseline to a pat-
tern of metabolic change comparable
with that of Ab� relatives during follow-
up. Perhaps nonprogressors had greater
b-cell reserve (either functional or mass)
compared with progressors and, thus, an

DPT-1: TNPTP:A B

C D

E F

G H

I J

K L

TNPTP 6 mo AUC C-peptide

TNPTP 6 mo AUC Glucose

TNPTP 6 mo AUC Ratio

TNPTP 6 mo Index60

TNPTP WQE

TNPTP ODE

Nonprogressors

Nonprogressors

Nonprogressors

Nonprogressors

Nonprogressors

Nonprogressors Nonprogressors

Nonprogressors

Nonprogressors

Nonprogressors

Nonprogressors

Nonprogressors

(n
g/

m
L)

(n
g/

m
L)

Figure 2—Changes in OGTT measures over the first 6 months of monitoring. For DPT-1 (A) and
TNPTP (B) participants, changes in OGTT AUC C-peptide over the first 6 months after baseline
OGTT assessment. C and D: For DPT-1 (C) and TNPTP (D) participants, 6-month changes in AUC
glucose. E and F: For DPT-1 (E) and TNPTP (F) participants, 6-month changes in AUC ratio.
G and H: For DPT-1 (E) and TNPTP (F) participants, 6-month changes in Index60. I and J: For
DPT-1 (I) and TNPTP (J) participants, glucose C-peptide response curve vector WQE values.
K and L: For DPT-1 (K) and TNPTP (L) participants, glucose C-peptide response curve vector ODE
values. Only individuals with baseline DPTRS of 6.5–7.5 were included in longitudinal analyses.
Data are shown as mean6 SEM. *P< 0.05; **P< 0.01; ***P< 0.001. mo, month.
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ability to develop a compensatory re-
sponse. Another possibility, supported by
the improvement in FPIR in addition to
AUC C-peptide, is that the increases for
nonprogressors could reflect some de-
gree of recovery from prior b-cell injury.
Finally, it is plausible that differences in
ongoing islet inflammation and severity
of the autoimmune process may also
play a role.
To our knowledge, no prior studies

have included comparison of changes in
C-peptide between progressors and non-
progressors with the same baseline risk
and similar baseline OGTT glucose and
C-peptide patterns. The increase in
C-peptide of nonprogressors is, however,
consistent with results of an earlier DPT-1
study showing increases in C-peptide
over time during the latter part of OGTTs
(22). In another DPT-1 study, OGTT
AUC C-peptide did not decrease over
time in a group of 11 nonprogressors
(23). Among a smaller DPT-1 subgroup
that had mixed-meal tolerance tests
performed, slopes of C-peptide–to–BMI
ratios were increased among at-risk chil-
dren relative to at-risk adults and were
reduced among adult progressors (24).
In dysglycemic family members positive
for multiple Ab, at very high risk for dis-
ease progression, improvement in early
insulin secretion was associated with
normalization of OGTTs (25). In aggre-
gate these data and our findings sug-
gest that compared with cross-sectional
data in isolation, changes in metabolic
measures provide valuable additional
insight into type 1 diabetes progression
and nonprogression.
The cross-sectional analysis demon-

strated that progressors and nonprog-
ressors had similar OGTT phenotypes
within each DPTRS category, yet the rel-
ative frequency of progressors increased
as DPTRS values increased. These find-
ings could mean that nonprogressors
pass through the same stages of meta-
bolic dysfunction as progressors but at
a slower pace. This could be consistent
with observed WQE and ODE values
shown in Fig. 2 for nonprogressors,
which increased over time. It is thus
likely that an appreciable number of
those not diagnosed during follow-up
will eventually be diagnosed. Cohorts of
“slow progressors” who were positive
for multiple Abs but did not progress to
diabetes within 10 years were identified
in other natural history studies (8). For

these cohorts, abnormal insulin secretion
could go unrecognized. The potential im-
plications of our findings in nonprogres-
sors (relative to Ab� relatives) strongly
support a need for long-term follow-up
after the completion of natural history
studies and disease prevention trials.

Our longitudinal GCRCs in Fig. 1 showed
that nonprogressors exhibited vectors of
change similar to high-risk treatment res-
ponders in post hoc analyses of the DPT-1
and TrialNet oral insulin trials, with in-
creases in both C-peptide and glucose
over time (26). High-risk participants re-
ceiving teplizumab in the TrialNet teplizu-
mab prevention study showed a more
marked metabolic impact, with increases
in C-peptide and decreases in glucose (16).
These differences could be consistent
with the relative impact of each inter-
vention on the timing of type 1 diabetes
progression.

These findings have practical implica-
tions for type 1 diabetes prediction and
prevention. Type 1 diabetes prevention
trials are challenging to implement, in
part because of variability in rates of
progression to disease (2). Although fac-
tors such as age, genetic predisposition,
number and type of islet autoantibod-
ies, C-peptide and glucose values, and
risk scores help with gauging diabetes risk,
variability still exists among high-risk indi-
viduals (5,14,27,28). Thus, some degree of
follow-up after baseline could be helpful
for selection of appropriate study partici-
pants. For example, those who exhibit in-
creases in stimulated insulin secretion over
time might not be appropriate for a trial
of individuals at very high risk. Without
such follow-up those individuals could be
enrolled according to an inaccurate assess-
ment of risk at baseline. As part of the lon-
gitudinal analysis, we assessed whether
short-term metabolic changes over a
6-month period adds to the accuracy
of type 1 diabetes prediction obtained
from baseline measures. Here, we ob-
served that changes in metabolic meas-
ures at 6 months were associated with
progression to diabetes, even when
accounting for baseline values. Our find-
ings suggest that the inclusion of lower-
risk study participants could be avoided
by a short-term follow-up of 6 months
to determine metabolic change over that
period using such measures as AUC ratio,
Index60, and end points (WQE and ODE)
based on vectors of change in 6 months.
These findings are consistent with those of

a prior study with a different methodology
showing the value of 6 months of follow-
up of glucose data for prediction (29), but
build on this prior work in providing in-
sights on longitudinal C-peptide and rela-
tionships of C-peptide with glucose in Ab1

and Ab� relatives.
Practically, implementation of longitudi-

nal changes in metabolic measures as
part of a strategy for trial enrollment or
monitoring will likely require consider-
ation of multiple factors. For example, in
prevention trials where individuals at very
high risk are sought, investigators would
need to consider the possibility that po-
tential participants may progress to diabe-
tes over the monitoring period. Thus,
change in metabolic markers as enrollment
criteria may be more optimal in trials target-
ing individuals earlier in the natural history
of disease. Although we would envision
continued longitudinal monitoring of high-
risk children at all ranges of the DPTRS spec-
trum, those with improved OGTT values
may require less frequent monitoring,
whereas those with worsening metabolic
values may need more frequent testing to
catch progression.

This study has limitations. Our find-
ings reflect diabetes progression pat-
terns in individuals with both genetic
susceptibility and established islet auto-
immunity. Thus, the observations might
not be applicable to the general popula-
tion. Most of the participants with avail-
able data were non-Hispanic White, and
so findings will need to be tested in
other racial and ethnic populations. Al-
though we considered individuals who
did not progress to diabetes during
follow-up to be nonprogressors, there
were likely nonprogressors who subse-
quently developed diabetes. In addition,
because Tanner staging was not collected
as part of the DPT-1 or TNPTP study de-
signs, we were unable to determine the re-
lationship between increases in C-peptide
over time and progression of puberty.
However, adjustments for age and compar-
isons with Ab� children likely controlled at
least partly for the influence of puberty.
Analyses of insulin sensitivity were not per-
formed as part of the DPT-1 or TNPTP
study designs. Due to the confounding ef-
fect of autoimmune b-cell destruction on
insulin secretion, fasting insulin levels can-
not be assumed to reflect insulin resistance
in this population (30).

Notwithstanding these limitations,
among the large prospective at-risk
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pediatric cohorts of DPT-1 and TNPTP,
the present findings strongly suggest that
persistent C-peptide responsiveness, re-
flected by the longitudinal change in
C-peptide secretion in response to glu-
cose, is an important distinguishing fea-
ture separating individuals positive for
multiple Ab who do or do not progress
to type 1 diabetes over an average fol-
low-up of nearly 4 years. This analysis
should contribute to an improved under-
standing of the natural history of type 1
diabetes, more accurate risk prediction,
and improved prevention trial design.
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