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OBJECTIVE

Insulin secretion declines rapidly after diagnosis of type 1 diabetes, followed by a
slower rate of change. Previous studies have demonstrated that the C-peptide
decline begins before the clinical diagnosis. Changes in insulin secretion in the same
individuals studied from preclinical stages through and after clinical diagnosis have
not been previously reported.

RESEARCH DESIGN AND METHODS

Antibody-positive relatives undergo sequential oral glucose tolerance testing
(OGTT) as part of TrialNet’s Pathway to Prevention study and continue both OGTT
and mixed-meal tolerance testing (MMTT) as part of the Long-term Investigational
Follow-up inTrialNet study if theydevelop type1diabetes.Weanalyzedglucoseand
C-peptide data obtained from 80 TrialNet subjects who had OGTT before and after
clinical diagnosis. Separately, we compared C-peptide response toOGTT andMMTT
in 127 participants after diagnosis.

RESULTS

C-peptide did not change significantly until 6months before the clinical diagnosis of
type 1 diabetes and continued to decline postdiagnosis, and the rates of decline for
the first 6 months postdiagnosis were similar to the 6 months prediagnosis. There
were no significant differences in MMTT and OGTT C-peptide responses in paired
tests postdiagnosis.

CONCLUSIONS

This is thefirst analysis of C-peptide levels in longitudinallymonitored patientswith
type 1 diabetes studied from before diagnosis and continuing to the postdiagnosis
period. These data highlight the discordant timing between accelerated b-cell
dysfunction and the current glucose thresholds for clinical diagnosis. To preserve
b-cell function, disease-modifying therapy should start at or before the acute
decline in C-peptide.

While it is now understood that type 1 diabetes develops over time from a genetic
predisposition to the development of b-cell autoimmunity with measurable pan-
creatic autoantibodies (stage 1 disease) to dysglycemia (stage 2 disease) and then to a
clinical diagnosis of type 1 diabetes (stage 3 disease) (1,2), little is known about
sequential changes in insulin secretion and glucose homeostasis that occur as
individuals progress through these stages. TrialNet’s Pathway to Prevention study
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screens relatives of those with type 1
diabetes for the presence of autoanti-
bodies. Antibody-positive relatives are
then closely monitored every 6 months
with oral glucose tolerance tests (OGTTs)
until stage 3. These same individuals are
then studied postdiagnosis as part of the
Long-term Investigational Follow-up in
TrialNet (LIFT) studywith serial OGTT and
mixed-meal tolerance test (MMTT) assess-
ments, thus providing a unique cohort to
understand the peridiagnostic period. This
study has two major objectives: to assess
the C-peptide in the peridiagnostic period
and tomeasure the C-peptide response to
both OGTT and MMTT.
It has previously been shown that

individuals with positive antibodies have
impairedC-peptide secretion longbefore
the clinical diagnosis of type 1 diabetes,
but thedecline is stableuntil 6–12months
before diagnosis, when C-peptide starts
to fall more abruptly. This rapid decline
in C-peptide is associated with an in-
crease in glucose levels at 6–12 months
before clinical type 1 diabetes diagnosis
(3–5).
Separately, there is considerable liter-

ature describing changes in C-peptide
in response to MMTT postdiagnosis. As
previously reported, the fall of C-peptide
after clinical diagnosis of type 1 diabetes
isnotconstant; thedecline in theC-peptide
was slower 12 months postdiagnosis com-
pared with the decline seen within the 1st
year (6). Multiple studies have found that
adults have a slower rate of C-peptide
decline than children (6–9).
The pattern of metabolic decompen-

sation in the same cohort using the same
metabolic test and monitored through
the stages of the diseasedfrom before,
during, and after clinical diagnosis of
type 1 diabetesdhas not been previ-
ously reported. Here we aimed to de-
termine whether crossing the type 1
diabetes diagnostic glucose threshold
impacts the rate of change in OGTT-
stimulated C-peptide, and further, to
explore the relation ofOGTT- andMMTT-
stimulated C-peptide postclinical diagnosis.

RESEARCH DESIGN AND METHODS

Subjects
Type 1 Diabetes TrialNet is an interna-
tional network established to conduct
clinical trials to intervene in the type 1
diabetes disease process at any stage of
disease, with the aim of preserving b-cell

function. Subjects enrolled in the TrialNet
Pathway toPreventionprotocoldfirst-or
second-degree relatives of patients with
type 1 diabetesdwere monitored every
6 months with an OGTT until a clinical
type 1 diabetes diagnosis. Those with
diagnosis of diabetes are eligible to enter
the LIFT study where they continue to
have an OGTT every 6 months as well
as an MMTT to assess residual insulin
secretion. Protocols were approved by
institutional review boards/ethic review
boards. Written informed consent and
assent, as appropriate, were obtained
before study participation.

Cohort 1

Change in OGTT C-peptide and glucose
was evaluated in cohort 1 (n 5 80)
through and after clinical diagnosis. Cri-
teria for inclusion in this cohort required
1) participation in both Pathway to
Prevention and LIFT studies, 2) diag-
nosis of diabetes via two consecutive
OGTTs within 2 months (71 days) of
each other meeting American Diabetes
Association criteria for diagnosis (fasting
glucose$126mg/mLor 2-h$200mg/dL),
with the date of the second confirmatory
OGTTused as the date of diagnosis, and3)
at least two additional OGTTs within 9
monthsbeforeand9monthsafter the type
1 diabetes (6275 days) diagnosis. As per
criteria for serial OGTT testing in the
Pathway to Prevention study, all individ-
uals were antibody positive while in that
study, two had a single confirmed anti-
body, and the rest had more than one
antibody.

Cohort 2

OGTT- and MMTT-stimulated C-peptide
were compared in cohort 2 (n 5 127)
after clinical diagnosis. Criteria for in-
clusion required 1) participation in both
Pathway to Prevention and LIFT studies
and 2) at least one MMTT and OGTT pair
within 28 days of each other after the
type 1 diabetes diagnosis defined above.
There were a total of 171 paired tests;
44 subjects had 2 OGTT and MMTT pairs
and the remaining 83 subjects had 1 pair
of tests.

Procedures

OGTT

As previously described (4), data were
collected from a 2-h OGTT started before
10:00 A.M. after an overnight fast. OGTTs
were initiated only if the fasting glucose
levels were between 70 and 200 mg/dL.

Glucola was administered at a dose of
1.75 g/kg to a maximum of 75 g and
consumed within 5 min. Venous blood
sampleswereobtained10minbeforeand
at the start of consuming the Glucola and
30, 60, 90, and 120 min later for mea-
surement of both glucose and C-peptide.

MMTT

As previously described (10), data were
collected from a 2-h MMTT that started
before 10:00 A.M. after an overnight fast.
MMTTs were initiated only if the fasting
glucose levels were between 70 and
200 mg/dL. BOOST-HP (Nestlé Health
Care Nutrition), a standard preparation
of fat, carbohydrate, and protein, was
administered at a dose of 6 mg/kg to a
maximum of 360 mL. Venous blood
samples were obtained 10 min before
and at the start of consuming the BOOST
and 30, 60, 90, and 120 min later for
measurement of glucose and C-peptide.

Statistical Analysis
The C-peptide area under the curve
(AUC) mean and glucose AUC mean over
time were calculated in all subjects from
cohort 1. Computations used the trans-
formed value of C-peptide AUC mean: log
(Cp11). Aunique line for each individual
was computed using the closest values
before and after each month. For each
month and each subject, the two most
proximal assessments were used to
compute a unique line defined by the
slope and y-intercept. The C-peptide or
glucose value was set to the line’s value
at the specific month being evaluated. A
given subject’s slope may not change for
several months until the month being
evaluated dictates a different pair of
proximal C-peptide assessments. Those
who did not have the defined pair of
proximal C-peptide assessments were
excluded from that month’s calculation.

A mixed model was fitted to repeated
measures of C-peptide from the OGTTs
taken 24 months before type 1 diabetes
diagnosis to 12 months after the diag-
nosis. There were three random effects:
y-intercept and two slope segments
(,26 months and .26 months) to
reflect between-subject differences.
Fixed effects were included for age and
time (piecewise linear, 6-month inter-
vals) as well as an interaction term of age
with each 6-month interval, yielding
seven main fixed effects and six interac-
tionfixedeffects. The likelihood ratio test
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was used to estimate the significance
levels of the fixed effects. Two series of
tests were conducted. The first series
tested whether the 6-month coefficient
(i.e., slope) was zero. The second series
tested whether the 6-month coefficient
differed from the previous 6-month co-
efficient. Agewas included as a continuous
variable up to 20 years and then held
constant to be consistent with lack of
evidence of any differing age effect

among the adults. Figure 2 reflects the
model described above, including all cova-
riates (i.e., full). The intent is that the graph
reflects the data fitted to the full model.

Pearson’s product moment correla-
tion coefficient was used in estimating
the correlation between the transformed
(i.e., log[Cp 1 1]) C-peptide AUC means
from the OGTT versus the MMTT.

All analyses were conducted in TIBCO
Spotfire S1 8.2 Workbench.

RESULTS

Evaluating Changes in OGTT
C-Peptide and Glucose Through
Clinical Diagnosis
Adult and pediatric subjects were in-
cluded, with a median age of 14 years
(range 3.9–55.1). There were 20 individ-
uals younger than age 11 years, 35 be-
tween age 11 and 20 years, and 25 older
than age 20 years. There were 41 male
participants (51%), and 74 white (95%),
2 African American, 2 Asian, and 3 par-
ticipants of unreported race. Three par-
ticipants were Hispanic/Latino.

A median of 9 (range 2–29) prediag-
nosis OGTTs were performed; the me-
dian time of the most recent prediagnosis
OGTT to diagnosiswas 6.6months (range
8.9–1.1). There was a median of two
postdiagnosis OGTTs (range 1–3), and
the median of the first was done at
3.9months (range0.7–8.7) fromdiagnosis.

The mean C-peptide level was rela-
tively stable from 24 to 6 months before
the type 1 diabetes diagnosis. C-peptide
levels then significantly declined from
6months before diagnosis, a decline that
continued through 12 months after di-
agnosis (Fig. 1A). Subtle changes in the
C-peptidelevelpermonthstart;12months
before the diagnosis, but the change in
C-peptide mean hovers around zero until
6 months before the diagnosis and con-
tinues to be negative thereafter (Fig. 1B).

The fall in the C-peptide AUC mean
from 24 months before the type 1 diabetes
diagnosis through 12 months after the
diagnosis was further explored by fitting
a mixed model to the C-peptide levels
from the OGTTs. Age, as a continuous
variable through 20 years, was significant
for the level of C-peptide (likelihood ratio
test: P5 0.0007) and the rate of decline
for all 6-month linear time intervals
(likelihood ratio test: P 5 0.02). The
slopes of the 6-month linear time inter-
vals were each tested for departure from
zero (nodecline),with the intervals26 to
0, 0 to16, and16 to112months having
statistically significant declines (P5 0.0001,
P , 0.0001, P 5 0.005, respectively).
Retaining these three intervals, we then
tested which 6-month interval had a
significant departure in slope from
the 26- to 0-month period. Neither the 0-
to16-month interval nor the16- to112-
month interval was significantly different
from the slope starting at26months (P5
0.61 and P5 0.22, respectively). Thus, the

Figure 1—A: Populationmean of C-peptide AUCmean by months from type 1 diabetes diagnosis.
Number of subjects contributing to the mean is indicated along the x-axis. B: Population mean of
change in C-peptide AUC mean by month from type 1 diabetes diagnosis. Number of subjects
contributing to the mean change appears along the x-axis. The slope is in units of change in
log(Cp 11) per month.
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model indicates that C-peptide begins to
decline 6months before the diagnosis and
continues to fall at approximately the
same rate 12months after the diagnosis.
Figure 2 shows the model-predicted

means of C-peptide for subjects’ age
starting 24months before diagnosis until
12months after diagnosis. The predicted
C-peptide mean for subjects of a specific
agemaybeapproximated fromthefigure
by interpolating within the range of the
appropriate color band. Older subjects
had higher C-peptide levels throughout
the time range, and age influenced the
rate of decline.
Given the significant C-peptide fall

before diagnosis, we evaluated glucose
levels in the same cohort of patients in
6-month increments from 24 months
before up to the type 1 diabetes diag-
nosis. The results show thatmean fasting
and 2-h glucose levels start to increase
6 months before the diagnosis. This time
period also corresponded to a marked
increase in themonthly rate of change of
fastingglucose. In contrast, likeC-peptide,
changes in the 2-h glucose value per
month started ;12 months before the
diagnosis, and this increase rate was
sustainedthroughclinicaldiagnosis (Fig.3).

Comparison of C-Peptide From OGTT
and MMTT
Data from127 individualswith171paired
tests were used to compare C-peptide in
response to OGTT and MMTT stimula-
tion. This cohort had a median age of
13.5 years (range 4.3–51.1), and66 (52%)
participants were male. Of the partici-
pants, 120 were white (95%), 1 African
American, 1 Asian, and 5 with unre-
ported race. Five participants were
Hispanic/Latino. There were a median of
3.0 days (range 0–28) between the
paired tests. The median time to the
paired tests was 11.3 months (range
7.47–28.5) from diagnosis time.
The OGTT preceded the MMTT in

126paired tests (74%).TheAUCC-peptide
response to OGTT and MMTT was highly
correlated among the 171 paired mea-
surements from 111 subjects (r 5 0.96)
(Fig.4). The linear regression coefficientof
1.01% from the paired tests was not
statistically significantly different from
1 (P 5 0.66), thus indicating that the
paired values are the same except for
random error. The intercept (coefficient
estimate of 20.0257) was not signifi-
cantly different from zero (P 5 0.07). The

days between the two tests, age, and the
time from diagnosis had no significant
influence on the agreement between the
C-peptide levels from the two tests.

CONCLUSIONS

A goal of disease-modifying therapy in
type 1 diabetes is to preserve b-cell
function; thus, understanding when
changes in b-cell function occur in the
natural history of the disease should help
identify when to intervene and to eval-
uate response to therapy. The recently
accepted concept of stages of diabetes
progression depends on measures of
antibodies and glucose. Multiple anti-
body-positive individuals with normal
glucose tolerance are considered to be at
stage 1 diabetes, those with abnormal
glucose tolerance at stage 2 diabetes,
and clinical diagnosis is considered stage
3 type 1 diabetes (1,2). Missing from this
classification scheme is the status of
b-cell functionduringdiseaseprogression.

As previously reported, a pattern of
stable, but impaired, C-peptide response
to an OGTT, followed by rapid decline,
was evident in antibody-positive individ-
uals who progressed to stage 3 disease
regardless of whether the time of pro-
gression was short or .5 years (3,11).
Other data have described a steep
slopeofC-peptide shortlyafterdiagnosis,

followed by a more stable rate of change
(6). By evaluating responses to the same
test in the same individuals before, during,
and after clinical diagnosis, we demonstrate
that there is no difference in the rate of
decline of C-peptide before and after cross-
ing the diagnostic threshold for clinical
type 1 diabetes. Thus, our study pinpoints
awindowfrom;6monthsoneithersideof
clinical diagnosis in which rapid changes in
b-cell functionareoccurring.Further,while
age influences the amount and rate of fall
of C-peptide, all age-groups had the
same pattern in the change of C-peptide
through the peridiagnostic period.

The reason for the abrupt change in
C-peptide secretion is unknown. One
possibility is an external event placing
acute stress on the b-cell, for example,
increased insulin demand in response to
an environmental insult such as infec-
tion. Ironically, the knowledge that au-
toimmunity begins long before diagnosis
has directed the search for disease trig-
gers in early life, and these data highlight
the gap in knowledge about howexternal
insults alter disease course after (often
long after) autoimmunity is present. The
rapidchange inC-peptidesecretioncould
also simply represent b-cells having
reached a critical threshold resulting in
collapse of the remaining function rather
than a discrete insult. This is analogous

Figure 2—Themean rate of C-peptide decline before and after type 1 diabetes diagnosis from the
fitted mixed model in which age is included as a continuous variable. Four age ranges are used to
illustrate the effect of age on C-peptide decline: blue 5 ages 6–11; burgundy 5 ages 11–17;
green 5 ages 17–20; and orange 5 age .20 years. The number of subjects and the number of
C-peptide measurements contributing to the fit are displayed along the x-axis. The frequency is
based on the points within a 63-month window of the month indicated under the tick mark.
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to progression to renal failure, where a
gradual decline in function eventually
reaches a tipping point. A third explana-
tion is that this could be evidence of an
immune flair accelerating tissue injury,
as commonly seen in other immune-
mediated diseases. In multiple sclerosis, for
example, there appears tobeprogressive
neurological tissue injury in addition to
immune flairs. Importantly, however, im-
munetherapyreducestheflairsandleadsto
better clinical outcome (12). In type 1 di-
abetes, five different immunotherapeutics
have thus far been found that alter the

rate ofb-cell dysfunction or deathwhen
given in the first few months after
clinical diagnosis (13–17), and immune
therapy with teplizumab was recently
shown to be effective in delaying disease
progression before diagnosis (18), sup-
porting the concept that there is active
immunity occurring during this time.
Data presented here suggest that the
window for effective immunotherapy
starts 6–12 months before the clinical
diagnosis (19). Combining immune ther-
apy with approaches directed at b-cell
dysfunction would be ideal. Work is

underway to predict and better under-
stand the causes of this metabolic in-
flection point.

Our data also showed no real differ-
ences between C-peptide response to
stimulus with oral glucose compared
with a mixed meal containing glucose,
protein, and fat, although the former
results in higher glucose excursions (data
not shown). Historically, the MMTT has
been used to assess b-cell function after
diagnosis to better mimic islet responses
that would be experienced with normal
food consumption and also to take into
account that insulin secretion is main-
tained in response to fats and proteins
when response to glucose is diminished
(10). In the Diabetes Prevention Trial–
Type 1 (DPT-1), OGTT and MMTT were
used to measure insulin secretion in
autoantibody-positive subjects before
the clinical onset of diabetes. In that
study, the insulin response to OGTT was
greater than toMMTT (20). Thus, the loss
in response to an oral glucose load
relative to MMTT with further disease
progression and, therefore, more b-cell
injury, is expected and likely accounts for
the equivalence in response to the two
tests in the period of time studied. The
high correlation observed in our study
betweenOGTTandMMTTresponse soon
after diagnosis of type 1 diabetes is
reassuring that either test is valid and
that studies that use one or the other
produce comparable results.

In DPT-1, subjects had an intravenous
glucose tolerance test in addition to
OGTT and MMTT. Evaluation of DPT-1
data led to the conclusion that the added
subject burden outweighed the addi-
tional information about insulin secre-
tion obtained from the different tests
(20). As a result, only the OGTT is reg-
ularly performed in TrialNet before di-
agnosis, because the single test provides
required glucose values depicting dis-
ease progression and insulin secretion
data. Nonetheless, using different mea-
sures to assess the health of the b-cell
may provide a more comprehensive pic-
ture of disease progression at early dis-
ease stages and, in particular, to better
understand the transition of stable to
rapid loss secretion described here. For
example, the presence of low first-phase
insulin response to intravenous glucose
markedly increased the rate of disease
progression and identified a cohort that
responded to oral insulin (21), and we

Figure 3—Moving averages of fasting glucose (A), 2-h glucose (B), and 2-h glucose slope (C, next
page) in subjects from 24 months before diagnosis to diagnosis.
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have recently reported that the insulin
response to glucose-potentiated argi-
nine stimulation is a reproducible mea-
sure that is thought to estimate function
of the b-cell mass (22). Combined with
othermeasures indicativeofb-cell injury,
such as impaired insulin (23) and islet
amyloid polypetide (24) processing, and
measures of b-cell death, such as deme-
thylation of insulin DNA in circulating
blood (25,26), suchdetailedand frequent
analyses are likely to be informative
during this period of time.

In summary, we evaluated sequential
C-peptide levels in antibody-positive sub-
jects as they progressed from early stages
of type 1 diabetes through and after
development of stage 3 “new-onset”
type1diabetes.We found that C-peptide
levels declined significantly 6 months
before the transition to stage 3 (new-
onset) type 1 diabetes and demonstrate
for the first time that this rate of fall
continues unchanged after diagnosis.
Thus, the rate of fall of insulin secretion
should be considered as entry criteria or

an outcome measure for clinical trials
aiming to alter disease course alongside
progression through stages of type 1
diabetes. Importantly, these data high-
light the discordant timing between ac-
celerated b-cell dysfunction and the
current glucose thresholds for diagnosis.
To preserve b-cell function, disease-
modifying therapy should start at or
before the acute decline.
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