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OBJECTIVE

We aimed to describe the natural history of residual insulin secretion in Type 1
Diabetes TrialNet participants over 4 years from diagnosis and relate this to pre-
viously reported alternative clinical measures reflecting b-cell secretory function.

RESEARCH DESIGN AND METHODS

Data from 407 subjects from 5 TrialNet intervention studies were analyzed. All
subjects had baseline stimulated C-peptide values of ‡0.2 nmol/L from mixed-
meal tolerance tests (MMTTs). During semiannual visits, C-peptide values from
MMTTs, HbA1c, and insulin doses were obtained.

RESULTS

The percentage of individuals with stimulated C-peptide of ‡0.2 nmol/L or de-
tectable C-peptide of ‡0.017 nmol/L continued to diminish over 4 years; this was
markedly influenced by age. At 4 years, only 5% maintained their baseline
C-peptide secretion. The expected inverse relationships between C-peptide and
HbA1c or insulin doses varied over time and with age. Combined clinical variables,
such as insulin-dose adjusted HbA1c (IDAA1C) and the relationship of IDAA1C to
C-peptide, also were influenced by age and time from diagnosis. Models using
these clinical measures did not fully predict C-peptide responses. IDAA1C £9 under-
estimated the number of individualswith stimulated C-peptide‡0.2 nmol/L, especially
in children.

CONCLUSIONS

Current trials of disease-modifying therapy for type 1 diabetes should continue to
use C-peptide as a primary end point of b-cell secretory function. Longer duration
of follow-up is likely to provide stronger evidence of the effect of disease-
modifying therapy on preservation of b-cell function.

Type 1 Diabetes TrialNet is an international network established to conduct clinical
trials to intervene in the type 1 diabetes disease process (1), either before diagnosis
(prevention) or after clinical diagnosis (intervention), with the aim of preserving
b-cell function.
Clinical trials to alter the course of b-cell destruction after diagnosis usually

consider the amount of residual insulin secretion after 1 or 2 years of therapy as
the primary outcome measure to assess effectiveness. Although other assessments
have been used, insulin secretion is generally measured through stimulated
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C-peptide from a mixed-meal tolerance
test (MMTT). These approaches follow
recommendations published in (2,3) and
echoed by regulatory agencies as appro-
priate end points.
Nonetheless, there have been discus-

sions that end points more directly
linked to clinical parameters are also
important. The European Medicines
Agency and the U.S. Food and Drug Ad-
ministration have both recommend
considering glycemic control and insulin
doses used. Specific mention has been
the use of insulin dose-adjusted HbA1c
(IDAA1C) (calculated as HbA1c [%] + 43
insulin dose [units/kg/24 h]) #9 as a
definition of partial remission (4).
Similarly, a composite end point of in-
sulin dose of #0.5 units/kg/day and
HbA1c #6.5% was recently used as the
primary end point in a phase III study
evaluating teplizumab in recently diag-
nosed individuals (5). This trial failed to
demonstrate therapeutic effectiveness
with this end point, despite robust re-
sults from other randomized but not
placebo-controlled trials of the same
agent using MMTT C-peptide as the
primary end point.
Since early 2000, Type 1 Diabetes

TrialNet has conducted five interven-
tional clinical trials aiming to alter the
course of b-cell destruction (6–10). We
thus examined the data set from these
studies to explore the relationship of in-
sulin use, glycemic control, and MMTT
C-peptide over time.

RESEARCH DESIGN AND METHODS

Subjects
Data from 407 subjects were included in
this analysis. They included all subjects
from three studies in which the tested
intervention had no significant effect on
b-cell function (6,7,9) as well as subjects
in placebo arms only from two other
studies (8,10). Demographic and base-
line characteristics are reported in
Supplementary Table 1. All subjects or
their parents gave written informed
consent and assent as appropriate
before study participation. Entry criteria
for all studies included a requirement
for peak stimulated C-peptide by
MMTT of $0.2 nmol/L, positivity for at
least one diabetes-related islet autoanti-
body, and type 1 diabetes diagnosis
within 100 days of randomization. The
age range varied according to the study,
collectively spanning ages 3–45 years.

Subjects were monitored for up to 4 years
after randomization with regularly sched-
uledMMTTs, as previously described. Sub-
jects were monitored for the first 2 years
under their original study protocol. Subse-
quently, subjects were enrolled in the
TrialNet Long Term Investigative Follow-up
(LIFT) protocol and monitored regularly
with MMTT assessments as long as
C-peptide was present.

MMTT
As previously described (2), data were
collected from a 2-h MMTT begun be-
fore 10:00 A.M. after an overnight fast.
MMTTs were begun only if the fasting
glucose levels were between 70 and
200 mg/dL. Boost-HP (Nestle Health
Care Nutrition, Inc.) was used at a dose
of 6 mg/kg to a maximum of 360 mL.

C-peptide and HbA1c were measured
in Northwest Lipid Laboratories at the
University of Washington (Seattle, WA).
C-peptide was measured by using a two-
site immunoenzymometric assay per-
formed on a Tosoh II 600 autoanalyzer.
Samples with C-peptide $0.017 nmol/L
were considered detectable. The C-peptide
area under curve (AUC) was calculated
using the trapezoidal method and then
divided by the time period of the test.
Insulin use was determined by averaging
self-reported doses during a 3-day pe-
riod the week before each MMTT visit.

Maintenance of C-Peptide
Subjects were classified as having main-
tained C-peptide over time if there was
no change from baseline to each of the
time points after baseline. To account
for statistical variation in C-peptide
measurements, we used three defini-
tions of maintained C-peptide that are
suggested by two published studies
(2,11). The three definitions are similar
in that they each consider no change or
an increase from baseline to represent a
positive response. They differ in the
amount of decrease they allow for a sub-
ject to still be classified as having main-
tained C-peptide:

1. “Percentage change” definition:
Follow-up C-peptide value of no more
than 7.5% belowbaseline (one-half of
the interassay coefficient of variation
[CV] of the C-peptide assay used in
the study) (11).

2. “Intertest Variability” definition:
Change from baseline, either non-
negative or if negative, no more

than 1 intertest SD bellow base-
line (2).

3. “CV” definition: Change from base-
line, either nonnegative or if nega-
tive, within the median CV from the
MMTT/glucagon stimulation test
study (2).

Statistical Analysis
Subjects were divided into one of three
prespecified age cohorts based on age at
time of randomization:, 12 years, 12–17
years, and $18 years. Associations be-
tween the covariates and the C-peptide
AUC and C-peptide peak were assessed
using Spearman correlation coefficients
for continuous factors and ANOVA for
categorical factors. C-peptide AUCs were
calculated using the trapezoidal method;
areas were then divided by the time pe-
riod of the test (120 min). Kaplan-Meier
analyses were used to assess time to
C-peptide #0.20 nmol/L and time to un-
detectable C-peptide (#0.017 nmol/L)
across the period of 0 to 48 months. Sim-
ple least-squares regressions adjusted for
baseline C-peptide were used to assess re-
lationships between C-peptide and various
factors. Similar analyses were used to as-
sess the relationship between HbA1c and
various factors, adjusting for baseline
HbA1c. A significance of 0.05 was used in
all tests. Adjustments were not made for
multiple testing. SAS software was used
for all analyses.

Because the analyses combined data
from placebo-treated subjects from all
studies with data from actively treated
subjects from “negative” TrialNet inter-
vention studies to increase the number
of observations, we first investigated
whether inclusion of the actively treated
subjects affected the multivariate anal-
yses by using a variable to indicate treat-
ment in the active studies. The results
were not significant at 0.05. The Levene
test for homogeneity of variance and
graphical comparisonswere used to assess
the appropriateness of combining the five
studies into one analysis. The test was not
significant (P = 0.67), and the graphical
comparisons did not uncover any appre-
ciable differences in variability.

RESULTS

C-Peptide Change Over Time
Demographic and baseline characteris-
tics of the 407 subjects included in this
analysis are reported in Supplementary
Table 1. Overall, 84%, 63%, 41%, and
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31% of individuals had peak stimulated
C-peptide values $0.2 nmol/L at the
end of 1, 2, 3, and 4 years of follow-up,
respectively. The corresponding percent-
ages of individuals with detectable stimu-
lated C-peptide values ($0.017 nmol/L)
over time were 98%, 92%, 83%, and 69%
at1,2, 3, and4years (SupplementaryFig. 1).
The percentages differedmarkedly by age,
as shown in Fig. 1.

We then evaluated C-peptide preserva-
tion over time, using the classification of
subsets as having maintained C-peptide or
not, separately for each of the three defi-
nitions introduced in the RESEARCH DESIGN AND

METHODS.When the baselinewas compared
with year 1, 2, 3, and 4 values, 78 (21%),
37 (12%), 7 (6%), and 3 (5%) subjects
maintained C-peptide as defined by the
CV definition, respectively, with similar

values for other definitions (as reported
in Supplementary Table 2).

Relationship of C-Peptide With
Clinical Variables HbA1c and Insulin
Use Varies by Age and Over Time
We evaluated the C-peptide (mean AUC)
and the relationship of C-peptide with
HbA1c and insulin use over time by age
category. As expected, mean C-peptide

Figure 1—Probabilities (Prob.) of subjects having peak stimulated C-peptide#0.2 nmol/L (A) and undetectable (Undet.) stimulatedC-peptide (B) over timeby
age. Subjects were divided into three predefined age-groups (,12, 12–17, and$18 years). C-peptide diminished over the 4 years from diagnosis and was
affected by age.
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values decreased in all age-groups over
4 years (Fig. 2A), although the rate of fall
was less in adults. The relationship be-
tween C-peptide and HbA1c (Fig. 2B) or
insulin use in units/kg (Fig. 2C) also dif-
fered by age. The relationship between
C-peptide and the clinical variables of
HbA1c and insulin use changed over
time in all three age-groups.
To further explore relationships of

clinical factors with C-peptide over
time, we evaluated regression models
using age as a continuous and categori-
cal (data not shown) variable (age ,18
or .18), sex, HbA1c, insulin dose, and
baseline stimulated C-peptide (0 months).
Two points are noteworthy from this anal-
ysis. At each time period, the R2 for these
models ranged from 0.44 to 0.58, indicat-
ing that the above factors do not fully ex-
plain C-peptide concentrations (Table 1).

Moreover, the effect of age, HbA1c, insulin
dose, and baseline stimulated C-peptide
on the outcome varied over time, with
only baseline C-peptide andHbA1c remain-
ing significantly associatedwith stimulated
C-peptide at 4 years. Similarly, regression
models including age, C-peptide, insulin
dose, and HbA1c at baseline had very
weak ability to predict HbA1c (R

2 from
0.16 to 0.33) at any time point (Table 1).

Relationship of C-Peptide and IDAA1C
Over Time and by Age
IDAA1C #9 has been reported as indic-
ative of “remission” (4). We first exam-
ined the effect of age and time on
IDAA1C. As shown in Fig. 3, less than
80% of individuals met this definition
at baseline, and by 2 years, less than
10% of children and 50% of adults re-
mained with IDAA1C #9. We then

explored the correlation between stim-
ulated C-peptide and IDAA1C over time
by age. As reported in Table 1, we ob-
served negative correlations between
stimulated C-peptide and IDAA1C. The
correlations changed over time and dif-
fered by age. At 4 years, the significant
negative correlation was maintained in
adult participants but was lost in young
children. Importantly, using IDAA1C #9
as a surrogate of measure of residual
b-cell function significantly underesti-
mated the number of subjects with
stimulated C-peptide $0.2 nmol/L, es-
pecially in children.

CONCLUSIONS

We report in this study that in individu-
als with type 1 diabetes assessed longi-
tudinally, neither HbA1c, nor insulin use,
nor a combination of both using IDAA1C,
are reliable surrogates of insulin secre-
tion compared with C-peptide responses
to MMTT stimulation. Although age
continues to affect the rate of fall of
C-peptide up to 4 years from diagnosis,
only a small percentage of subjects of
any age maintain stable b-cell function
at 4 years.

Understanding the natural history of
residual b-cell function change after on-
set of type 1 diabetes is needed to test
treatments designed to alter the disease
process and preserve residual b-cell
function. In the Diabetes Control and
Complications Trial (DCCT), maintaining
b-cell insulin secretion, as assessed by
residual C-peptide production, demon-
strated benefits for clinical diabetes
management and also delayed and/or
prevented complications of the disease
(12–14). Evidence from islet transplan-
tation studies demonstrated that attain-
ment of endogenous C-peptide after
islet transplantation correlates with
glycemic control, including restoring
hypoglycemia awareness, preventing
recurrent severe hypoglycemia, and de-
creasing glycemic variability (15–17).

This report extends our previous analy-
sis describing changes inMMTT-stimulated
C-peptide in subjects who enrolled in
Type 1 Diabetes TrialNet studies within
3 months of diagnosis by describing
changes up to 4 years after diagnosis.
Our previous report (18) included data
from only three intervention trials
(6,7,9), whereas our current analysis
includes data from five intervention
trials (6–10) with double the number of

Figure 2—Themean C-peptide AUC (A) and the ratio between C-peptide and HbA1c (B) or insulin
use (C ) over time by age (years). The figure was plotted with mean 6 95% CI. The mean
C-peptide AUC declined over the 4 years from diagnosis and was affected by age. The inverse
relationship between C-peptide and HbA1c or insulin changed over time and by age.
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participants. We demonstrated more
rapid C-peptide decline during the first
year compared with the subsequent 2 to
4 years, and only a few subjects of any
agemaintainedb-cell function at 4 years.
We extend our previous report by con-
firming the effect of age on residual
b-cell function out to 4 years from diag-
nosis. Although limited to those enrolled
in TrialNet clinical trials, our findings of
residual b-cell function changes over
time and the age effect on insulin secre-
tion at diagnosis are comparable with a
recent cross-sectional cohort study re-
port of the prevalence of detectable
C-peptide in those with long-standing
disease (19).

Individuals living with other autoim-
mune diseases, such as rheumatoid arthri-
tis, have seen a recent transformation in
care from symptomatic treatment to
disease-modifying treatment (20). This is
the same goal we wish to achieve in
type1diabetes, transitioning from treating
hyperglycemia to treatingwith agents that
alter the disease course. These efforts in-
volve clinical trials before the onset of clin-
ical disease (prevention studies) and also
trials soon after diagnosis (intervention tri-
als) aimed to preserve b-cell function. The
first trials using immune therapies to alter
the disease course considered the aim of
prolonging the honeymoon period after
diagnosis, defined as taking individuals

off of insulin. Indeed, an early trial of cyclo-
sporine (21) reported 24.1% of treated
subjects were off insulin (in complete re-
mission) vs. 5.8% of the placebo group at
9months. Some studies have still reported
this end point. Subsequent studies looked
toward a direct measure of the biological
aim of these interventions and used
C-peptide, usually in response to MMTT
stimulation, as the primary end point of
trials (5,7–10,22–26). Corollary clinical
end points of glycemic control and insulin
dose have been also be used, including
combination end points of both of these
variables (11,22,23). Although theultimate
goal of all such trials is to identify clinically
important therapies, there are theoretical

Table 1—Regression models of analysis of predictors for stimulated C-peptide or HbA1c over time and correlation between
peak C-peptide and IDAA1C over time by age

Estimates from regression models with stimulated peak C-peptide

Age
(P value)

Sex
(P value)

HbA1c
(P value)

Insulin
(P value)

BMI Z
(P value)

BaselineC-peptide
(P value) R2

Log(stimulated C-peptide)
6 months (n = 372) 0.005 (0.19) 20.07 (0.23) 20.18 (,0.0001) 20.81 (,0.0001) 0.009 (0.77) 0.90 (,0.0001) 0.58
12 months (n = 370) 0.01 (0.06) 20.13 (0.14) 20.19 (,0.0001) 20.90 (,0.0001) 0.004 (0.92) 1.22 (,0.0001) 0.52
24 months (n = 299) 0.03 (0.003) 20.08 (0.54) 20.18 (0.0002) 20.97 (,0.0001) 20.01 (0.88) 1.58 (,0.0001) 0.46
36 months (n = 73) 0.02 (0.30) 0.01 (0.96) 20.23 (0.03) 21.04 (0.06) 20.09 (0.60) 1.76 (,0.0001) 0.44
48 months (n = 43) 0.01 (0.62) 0.02 (0.97) 20.27 (0.03) 20.69 (0.36) 20.09 (0.59) 2.70 (,0.0001) 0.52

Estimates from regression models with HbA1c

Age
(P value)

Sex
(P value)

Log(stimulated
C-peptide)
(P value)

Insulin
(P value)

BMI Z
(P value)

Baseline HbA1c
(P value) R2

HbA1c
6 months (n = 354) 20.02 (0.004) 20.06 (0.58) 20.55 (,0.0001) 0.56 (0.02) 0.08 (0.15) 0.16 (0.001) 0.33
12 months (n = 354) 20.02 (0.002) 20.09 (0.49) 20.28 (,0.0001) 0.76 (0.001) 0.08 (0.21) 0.19 (0.0007) 0.28
24 months (n = 285) 20.03 (0.02) 20.05 (0.80) 20.16 (0.02) 0.66 (0.02) 0.009 (0.92) 0.15 (0.04) 0.16
36 months (n = 73) 20.03 (0.21) 20.42 (0.23) 20.12 (0.32) 1.42 (0.02) 0.16 (0.37) 0.29 (0.12) 0.30
48 months (n = 43) 20.06 (0.15) 0.05 (0.93) 20.09 (0.67) 1.02 (0.35) 20.04 (0.86) 0.21 (0.46) 0.19

Correlation between peak C-peptide and IDAA1C over time by age

Duration of diabetes
(years)

Peak C-peptide $0.2 nmol/L IDAA1C* #9 Correlation coefficient
(P value)% (95% CI) % (95% CI)

At 1 year
,12 71.2 (62.1, 78.5) 29.0 (21.1, 37.3) 20.55 (,0.0001)
12–17 85.7 (79.4, 90.2) 29.7 (23.0, 36.7) 20.69 (,0.0001)
$18 94.7 (88.5, 97.6) 63.7 (53.9, 71.9) 20.68 (,0.0001)

At 2 years
,12 42.8 (33.4, 51.8) 9.8 (5.2, 16.0) 20.24 (0.03)
12–17 65.3 (57.4, 72.1) 13.2 (8.6, 18.8) 20.45 (,0.0001)
$18 80.5 (71.6, 86.8) 52.9 (43.0, 61.8) 20.65 (,0.0001)

At 3 years
,12 26.9 (17.6, 37.1) d 20.41 (0.05)
12–17 36.4 (27.9, 45.0) 6.3 (3.0, 11.2) 20.48 (0.003)
$18 64.0 (52.6, 73.4) 39.1 (28.8, 49.2) 20.72 (,0.0001)

At 4 years
,12 9.6 (3.1, 20.5) d 20.06(0.85)
12–17 27.0 (18.5, 36.1) 2.7 (0.8, 6.8) 20.34(0.18)
$18 61.2 (48.9, 71.4) 20.4 (9.2, 34.8) 20.70 (0.003)

*IDAA1C = HbA1c (percentage) + 4 3 (insulin dose [in units/kg/day]).
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and practical issues with these end points.
For example,with tight glycemic control as
standard of care, investigators work to
achieve this goal for all trial participants,
aiming to have placebo and treatment
groups have equal HbA1c. Other measures
of glycemic control are too infrequently
seen in persons with new-onset disease
to serve as clinical trial end points (e.g.,
severe hypoglycemia or diabetic keto-
acidosis) or are not collected consistently
by studyparticipants (home glucosemon-
itoring), thus leading to potential bias. In
contrast to rigid meals and limited types
of insulin and dosing schedules that were
the standard of care in the 1980s, there is
now wide variability in insulin delivery
methods and insulin types used. The
units/kg of insulin use may vary consider-
ably according to physician and patient
choices, including whether one is using
continuous subcutaneous insulin infusion
or injections, the amount of carbohydrate
consumed, and the amount of exercise.
Thus, using insulin use in units/kg is un-
likely to strongly correlate with residual
insulin secretion inmulticenter clinical tri-
als without limiting the other known be-
havioral factors.
We observed only weak relationships

between the biological measure of in-
terest (stimulated insulin secretion)
and the clinical measures (HbA1c and/or
insulin use), whether alone or in combi-
nation. Moreover, we found that time
influences this relationship, making
them poor outcomemeasures for evaluat-
ing the effect of therapy on preservation

of b-cell function. We highlight the
well-known effect of age not only on
C-peptide over time but now also on the
relationship of C-peptide to other clinical
variables of HbA1c and insulin dose
by age.

The aim of disease-modifying thera-
pies in type 1 diabetes is to prevent
the clinical presence of disease alto-
gether. An interim goal would be a
markedly less intensive needs for insulin
administration and glucose monitoring
without hypoglycemia or risk of long-
term complications. A necessary step
to these end points in those after clinical
diagnosis is to first demonstrate that a
new therapy can robustly and safely pre-
serve b-cell function. Most clinical trials
of disease-modifying therapies to date
have used 1 and 2 years as the primary
end point to determine the effects of
therapy. In addition to reemphasizing
that clinical trials aiming to preserve
b-cell function should use measures of
insulin secretion as the outcome mea-
sure, the data presented here suggest
that continued follow-up of such indi-
viduals could provide additional evi-
dence of the effect of therapy because
few individuals, particularly children,
have significant insulin secretion after
4 years, and ,5% of all individuals of
any agemaintain their baseline C-peptide
levels at that time point.
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