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Impact of C-Peptide
Preservation on Metabolic
and Clinical Outcomes
in the Diabetes Control
and Complications Trial

The Diabetes Control and Complications Trial
established that a stimulated C-peptide
concentration ‡0.2 nmol/L at study entry among
subjects with up to a 5-year diabetes duration is
associated with favorable metabolic and clinical
outcomes over the subsequent 7 years of follow-up.
Herein we further examine the association of both
fasting and stimulated C-peptide numerical values
with outcomes. In the intensive treatment group, for
a 50% higher stimulated C-peptide on entry, such
as from 0.10 to 0.15 nmol/L, HbA1c decreased by
0.07% (0.8 mmol/mol; P = 0.0003), insulin dose
decreased by 0.0276 units/kg/day (P < 0.0001),
hypoglycemia risk decreased by 8.2% (P < 0.0001),
and the risk of sustained retinopathy was reduced
by 25% (P = 0.0010), all in unadjusted analyses.
Other than HbA1c, these effects remained
significant after adjusting for the HbA1c on entry.
While C-peptide was not significantly associated
with the incidence of nephropathy, it was strongly
associated with the albumin excretion rate. The
fasting C-peptide had weaker associations
with outcomes. As C-peptide decreased to
nonmeasurable concentrations, the outcomes
changed in a nearly linear manner, with no threshold

or breakpoint. While preservation of stimulated
C-peptide at ‡0.2 nmol/L has clinically beneficial
outcomes, so also does an increase in the
concentration of C-peptide across the range of
values.
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The concentration of C-peptide in response to a stim-
ulus (mixed-meal or glucagon injection) has been
established as a valid and reliable measure of residual
b-cell function (1,2). C-peptide is cosecreted with
insulin in an equimolar ratio and has a much longer
half-life.

In the Diabetes Control and Complications Trial
(DCCT) (3), at study entry, the fasting and stimulated
C-peptide values were correlated (r = 0.83); values
among adolescents were significantly less than those
among adults, and values for those with a 1–5-year
duration were significantly greater than those with
a 5–15-year duration. Among subjects with a 1–5-year
duration, over an average of 6.5 years of follow-up,
C-peptide responders with stimulated C-peptide values
$0.2 nmol/L had significantly lower values of HbA1c
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and blood glucose and were receiving lower doses
of insulin than the nonresponders with C-peptide
,0.2 nmol/L (3).

During the DCCT, subjects assigned to intensive
therapy had a 57% lower risk of their C-peptide re-
sponse falling to ,0.2 nmol/L at a subsequent
annual assessment compared with those receiving
conventional treatment (4). Within the intensive
group, the C-peptide responders had lower
risks of retinopathy progression and of severe
hypoglycemia.

Also within the intensive treatment group, the mean
level of HbA1c over the average of 6.5 years of DCCT
follow-up was significantly lower by 0.4% among the
C-peptide responders than nonresponders (7.0 vs. 7.4%;
53 vs. 57 mmol/mol; P , 0.0001). In addition, there was
a substantial reduction in the risk of nephropathy, but
the effect was not significant, likely due to the small
number of events in this subset (n = 49). In a separate
analysis, Steffes et al. (5) found that entry concentrations
of C-peptide as low as 0.04 nmol/L were significantly
related to a reduced risk of both retinopathy and
nephropathy.

In this report, we describe the association of the
concentrations of C-peptide at study entry as well
as the prior classification of responders and non-
responders, with DCCT outcomes that include HbA1c;
insulin dose; risk of progression of retinopathy, ne-
phropathy, and neuropathy; and the incidence of hy-
poglycemia. For each we also evaluate whether there
is a generally increasing (or decreasing) association
over the entire range of C-peptide values versus
a breakpoint.

RESEARCH DESIGN AND METHODS

C-peptide was measured at the initial eligibility
screening visit (3). Specimens were collected fasting
(basal) and at 90 min (stimulated) following ingestion
of a liquid mixed-meal, Sustacal. C-peptide was mea-
sured centrally by radioimmunoassay with the Novo
M1230 antibody with a lower limit of detection of
0.03 nmol/L (3,4).

Subjects with a 1–5-year duration (n = 855) were
eligible for entry into the DCCT with stimulated
C-peptide #0.5 nmol/L, most (n = 657) of whom had
measurable concentrations. Those with a 5–15-year
duration (n = 586) were required to have values
#0.2 nmol/L, most (n = 436) of whom had non-
measurable concentrations (4). Eligible subjects 13–39
years of age were randomly assigned to receive intensive
versus conventional therapy. The primary prevention
cohort included 726 subjects with a 1–5-year duration,
no preexisting retinopathy, and normal albuminuria.
The secondary intervention cohort included 715 sub-
jects with a 1–15-year duration, preexisting mild reti-
nopathy, and an albumin excretion rate (AER) of up to
200 mg/24 h (6).

Since the majority of subjects with diabetes duration
$5 years had nonmeasurable C-peptide at entry, analy-
ses herein are based on the 855 subjects with a 1–5-year
duration and stimulated C-peptide#0.5 nmol/L at DCCT
entry from both the primary (n = 713) and secondary
(n = 142) cohorts. Of these, 303 subjects were classified
as C-peptide responders based on stimulated values be-
tween 0.2 and 0.5 nmol/L (n = 138 intensive, n = 165
conventional), and the remaining 552 subjects were
classified as nonresponders with stimulated values ,0.2
nmol/L (274 intensive, 278 conventional) (4).

Other DCCT methods have been extensively described
(6). Briefly, HbA1c was measured by high-pressure liquid
chromatography, and insulin dose was assessed (units
per kilogram of body weight) at eligibility screening and
every 3 months during follow-up. Retinopathy was
assessed centrally based on seven-field fundus photo-
graphs obtained at study entry and every 6 months
during follow-up. Timed collection of AER was measured
on entry and annually. The primary retinopathy outcome
was three-or-more-step sustained progression on the fi-
nal Early Treatment Diabetic Retinopathy Study (ETDRS)
scale of retinopathy severity from the level on entry or
panretinal laser therapy for retinopathy. Nephropathy
was defined as an AER .40 mg/24 h (microalbuminuria
or worse). Confirmed clinical neuropathy required the
presence of both definite clinical neuropathy by the
neurologist’s examination and an abnormal nerve con-
duction study consistent with a distal symmetrical poly-
neuropathy (7). Severe hypoglycemia was defined as an
episode that required the assistance of another person.

A local smoothing function (LOESS) assessed the lin-
earity of the trend in the relationship of log C-peptide
with other outcomes (8). Normal errors longitudinal re-
gression models were used to assess C-peptide effects on
quantitative outcomes (HbA1c, insulin dose) over time
using an unstructured covariance matrix (9). The log(C-
peptide) improved the linearity of the associations and
better satisfied the assumptions of approximately nor-
mally distributed and homoscedastic residuals. Thus the
change in HbA1c or insulin dose per 50% higher C-peptide
on entry is obtained as log(1.5b), where b is the co-
efficient for log(C-peptide) in the model. Owing to small
sample sizes within treatment groups observed at years
8 and 9 of follow-up (a result of staggered patient entry),
longitudinal analyses of quantitative outcomes (e.g.,
HbA1c) only include data through year 7, with a mean
follow-up of 5.3 years.

The Cox proportional hazards regression model (10)
was used to assess associations with the risk of an event
over time (retinopathy progression, nephropathy) and its
generalization, the multiplicative intensity model, like-
wise for recurrent hypoglycemia. A logistic regression
model assessed the association with neuropathy at
5 years of follow-up. Here as well the log(C-peptide)
improved the fit of the models. Since the model describes
the log(risk) as a function of the log(C-peptide), the
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percentage change in risk per a 50% higher C-peptide is
computed as 100*(1.5b 21).

The stimulated response cut point of 0.2 nmol/L was
the 68th percentile of the distribution of stimulated
C-peptide values. The corresponding cut point for clas-
sification of the fasting C-peptide response was
0.075 nmol/L. There was 83% agreement between the
classification of fasting versus stimulated C-peptide re-
sponse versus not, with a chance-corrected k index (10)
of 0.63 (95% CI 0.55–0.70), showing good agreement
between the two classifications.

Statistical test results were not adjusted for multiple
tests of significance. Nominal P # 0.05 is used to declare
statistical significance.

RESULTS

Unless stated otherwise, all results refer to the stimu-
lated C-peptide value obtained at DCCT eligibility
screening. Patient characteristics within the intensive
and conventional treatment groups have been previously
described (1,4). Table 1 shows the characteristics of the
subjects with a 1–5-year duration (mean 2.6 years) clas-
sified as responders versus nonresponders separately
within the two treatment groups. Baseline characteristics
were similar within the intensive and conventional
groups on entry. In the intensive group, the C-peptide
responders (n = 138) versus nonresponders (n = 274)

tended to be in the primary prevention cohort and have
shorter duration of diabetes, lower HbA1c, lower insulin
dose, and less severe complications.

Table 1 also presents the numbers of principal out-
come events. Tests of treatment group differences are
presented in subsequent tables.

Intensive Therapy, 1–5-Year Duration

Among those in the intensive treatment group with a
1–5-year diabetes duration on entry (from both the pri-
mary and secondary cohorts), model-free LOESS esti-
mates of the trend of the association of the stimulated
log(C-peptide) concentration with HbA1c, insulin dose,
and hypoglycemia (Fig. 1A, B, and D) all showed an ap-
proximately linear association for log(C-peptide) .22.5
or a C-peptide concentration .0.082 nmol/L. Below this
value, the relationships were flat. Model diagnostics in-
dicated that the log-transformed values still provided
better fit than did the untransformed values. There was
a strongly linear association between the log of the risk
of retinopathy progression and the log(C-peptide),
affirming the assumption of the proportional hazards
model over the range of C-peptide. Thus the log(C-
peptide) was used in all quantitative analyses. The risk of
retinopathy did not show a flattening but continued to
decrease below a stimulated C-peptide of 0.082 nmol/L
(Fig. 1C).

Table 1—Characteristics on entry into the DCCT and outcome characteristics among those with a <60-month duration of
diabetes (n = 855) classified as C-peptide responders with stimulated C-peptide ‡0.2 nmol/L on study entry vs. nonresponders
with stimulated C-peptide <0.2 nmol/L

Intensive Conventional

Responders
n = 138

Nonresponders
n = 274

Responders
n = 165

Nonresponders
n = 278

Characteristics on entry
Age (years) (mean 6 SD) 28 6 7* 26 6 7 28 6 7* 26 6 8
Duration (months) (mean 6 SD) 26 6 12* 34 6 14 26 6 14* 34 6 15
Female (n, %) 70 (51%) 132 (48%) 62 (38%) 129 (46%)
Primary cohort (n, %) 121 (88%) 221 (81%) 141 (85%) 230 (83%)
AER (mg/24 h) (geometric mean 3/O geometric SD)† 8.6 3/O 1.8 10.2 3/O 1.9 10.1 3/O 1.9 9.8 3/O 2.2
HbA1c (%) (mean 6 SD) 8.3 6 1.6* 9.4 6 1.7 8.4 6 1.7* 9.3 6 1.7
HbA1c (mmol/mol) (mean 6 SD) 67 6 17.5 79 6 18.6 68 6 18.6 78 6 18.6
Total insulin dose (units/kg/day) 0.50 6 0.19* 0.70 6 0.24 0.53 6 0.19* 0.70 6 0.25
Stimulated C-peptide (nmol/L) (mean 6 SD) 0.317 6 0.083 0.079 6 0.054 0.309 6 0.080 0.077 6 0.051
Fasting C-peptide (nmol/L) (mean 6 SD) 0.130 6 0.065 0.044 6 0.025 0.132 6 0.060 0.045 6 0.029

Outcome characteristics in DCCT§
Nephropathy (AER .40 mg/24 h) 11 (8%) 38 (14%) 30 (18%) 53 (19%)
3-step retinopathy progression (first observed) 15 (11%) 66 (24%) 57 (35%) 119 (43%)
3-step retinopathy progression (sustained) 2 (1%) 19 (7%) 32 (19%) 64 (23%)
5-year confirmed neuropathy 3 (3%) 17 (8%) 17 (15%) 38 (18%)
Severe hypoglycemia
Total number of events 294 1,100 105 294
Rate/100 patient-years 66.5 35.0 20.7 10.6

*P value for responders vs. nonresponders ,0.05, using Fisher exact and Wilcoxon. By definition, the responders and nonresponders
differed in the stimulated and fasting C-peptide levels. †From an analysis of the natural log (AER) and the results presented as
a geometric mean [exp(mean log(x))] and geometric SD [exp(SD(log(x))]. §Crude percentages for these outcomes are presented that do
not take account of the follow-up time. Tests of significance are presented in subsequent tables using time-to-event analyses.

diabetes.diabetesjournals.org Lachin, McGee, and Palmer 741



HbA1c

The relationship of C-peptide, either qualitatively (re-
sponders versus nonresponders) or quantitatively (with
HbA1c) did not vary significantly over time (C-peptide by
time interaction P = 0.34 and P = 0.13, respectively).
Thus the associations are described over the 7 years of
follow-up from longitudinal regression models.

The mean HbA1c during 7 years of follow-up among
C-peptide responders (Table 2 and Fig. 2A) was 6.9% (52
mmol/mol) vs. 7.5% (58 mmol/mol) among non-
responders, an average HbA1c reduction of 0.6% (6.6
mmol/mol; P , 0.0001). In addition, HbA1c also de-
creased by 0.07% (0.8 mmol/mol) per 50% higher
C-peptide (P = 0.0003) across the range of C-peptide
values, such as comparing two subjects with C-peptide
values of 0.1 vs. 0.15 or 0.2 vs. 0.3, each with a 50%

increase. These observations were obtained from a lon-
gitudinal mixed model that was minimally adjusted only
for the year of the follow-up HbA1c assessment. The
results were equivalent after also adjusting for both
primary/secondary cohort and duration of diabetes.

Even though the entry HbA1c among responders was
lower than that among nonresponders (8.3 vs. 9.4%; 67
versus 79 mmol/mol) (Table 1), in a further longitudinal
regression model, the average HbA1c over the entire
follow-up period remained significantly lower among
responders than nonresponders when adjusted for co-
hort and diabetes duration and also when adjusted for
the HbA1c on entry (7.1 vs. 7.4%; 51 vs. 57 mmol/mol;
P = 0.0007), similar to the unadjusted analysis (Table 2).
The association of the entry C-peptide (quantitatively)
with the mean HbA1c during follow-up was also

Figure 1—Model-free LOESS estimates of the association of the log of the stimulated C-peptide on study entry with (A) the HbA1c value at
year 1 of follow-up, (B) the total insulin dose at year 1, (C) the incidence of retinopathy progression, and (D) the incidence of hypoglycemia.
For C and D, the log of the rate per 100 patient-years of the event is plotted within percentiles of the C-peptide distribution.
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statistically significant in the unadjusted analysis and
when adjusted for cohort and duration, with HbA1c

decreasing by 0.07% (0.8 mmol/mol) per 50% higher
C-peptide (P = 0.0003). However, the effect on HbA1c

was diminished and no longer significant after also
adjusting for the baseline HbA1c (P = 0.09) (Table 2).
Thus some of the association of entry C-peptide with the
mean HbA1c during follow-up is explained by the effect of
the C-peptide on the entry HbA1c.

Insulin Dose
At DCCT entry, the intensive treatment group had
a mean insulin dose of 0.50 units/kg body weight per day
among responders versus 0.70 units/kg/day among
nonresponders (P , 0.0001) (4). Thus the lower HbA1c

among C-peptide responders versus nonresponders in
the intensive treatment group was achieved with signif-
icantly less exogenous insulin. The minimally adjusted
mean insulin dose during follow-up among C-peptide
responders versus nonresponders (Table 2) was 0.63
versus 0.78 units/kg/day, an average reduction of 0.15
units/kg/day (P , 0.0001). Insulin dose also decreased
by 0.0276 units/kg/day per 50% higher C-peptide (P ,
0.0001). Results were similar after also adjusting for
cohort and duration and also after adjusting for the entry
HbA1c, again indicating that the association of entry
C-peptide with insulin dose was not explained by the
association between entry C-peptide and HbA1c. Further,
when adjusted for the entry insulin dose, the difference
between responders and nonresponders remained sig-
nificantly different (P = 0.04), whereas the relationship

with quantitative C-peptide was no longer significant
(Table 2). Neither the qualitative nor quantitative
C-peptide association with insulin dose was significant
when adjusted for both insulin dose and HbA1c on entry,
indicating that some of this C-peptide effect was medi-
ated by its association with these other values on entry.

Further, the association of C-peptide, both qualita-
tively and quantitatively, with insulin dose varied sig-
nificantly over time (i.e., a C-peptide by time interaction).
Insulin dose among responders rose over time, secondary
to the further decline in C-peptide during follow-up as
previously shown (4) (Fig. 3A). The decrease in insulin
dose per 50% increase in C-peptide also declined over
time (Fig. 3B).

Meal and basal mean insulin doses were lower among
C-peptide responders than nonresponders (0.37 vs. 0.45
and 0.34 vs. 0.43 units/kg/day, respectively; both P ,
0.0001), and the slope of the association with the
quantitative C-peptide concentrations was similar (de-
crease in insulin dose of 0.0148 and 0.0156 units/kg/day
per 50% higher C-peptide; both P , 0.0001), each in
minimally adjusted models.

Retinopathy
Table 3 presents the association between the quantitative
entry concentration of C-peptide in the intensive treat-
ment group with the risk of retinopathy progression
during follow-up. Table 3 also shows the results of the
previously published analyses (1) comparing responders
versus nonresponders. The mean C-peptide among re-
sponders (0.317 nmol/L) was approximately fourfold

Table 2—Adjusted mean difference over 7 years of DCCT follow-up between intensively treated stimulated C-peptide
responders vs. nonresponders with up to a 5-year duration (<60 months) and the change per 50% increase in C-peptide
obtained using log(C-peptide) in a linear model* for HbA1c (as % and mmol/mol) and total insulin dose units/kg/day

Nonresponders Responders C-peptide quantitatively

Least squares
mean (95% CI)

Least squares
mean (95% CI) P ,

Change per 50%
increase in C-peptide (95% CI) P ,

HbA1c (%) (mmol/mol)
Unadjusted*
(%) 7.5 (7.34–7.58) 6.9 (6.76–7.08) 0.0001 20.068 (20.105 to 20.032) 0.0003
(mmol/mol) 58 (57–59) 52 (50–54) 20.75 (20.35 to 21.15)

Adjusted for cohort and duration
(%) 7.5 (7.35–7.63) 6.9 (6.74–7.1) 0.0001 20.072 (20.110 to 20.033) 0.0003
(mmol/mol) 58 (57–60) 52 (50–54) 20.78 (20.36 to 21.21)

HbA1c on entry†
(%) 7.4 (7.24–7.50) 7.1 (6.90–7.23) 0.0007 20.030 (20.065 to 0.004) 0.0874
(mmol/mol) 57 (56–58) 54 (52–56) 20.33 (20.71 to 0.05)

Total insulin dose units/kg/day
Unadjusted* 0.78 (0.75–0.81) 0.63 (0.59–0.67) 0.0001 20.028 (20.037 to 20.019) 0.0001
Adjusted for entry HbA1c† 0.77 (0.73–0.80) 0.66 (0.61–0.70) 0.0001 20.020 (20.029 to 20.010) 0.0001
Adjusted for entry insulin§ 0.75 (0.72–0.78) 0.71 (0.67–0.74) 0.0391 20.003 (20.012 to 0.005) 0.4442
Adjusted for both‡ 0.74 (0.71–0.76) 0.72 (0.69–0.76) 0.5441 0.002 (20.007 to 0.010) 0.7051

*Model including responder vs. not and year alone. All year 1–7 values as repeated measures. †Model including primary vs. secondary
cohort, duration of diabetes, and HbA1c on entry. §Model including primary vs. secondary cohort, duration of diabetes, and insulin
dose on entry. ‡Model including primary vs. secondary cohort, duration of diabetes, insulin dose, and HbA1c on entry.
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greater than that among nonresponders (0.079 nmol/L).
This translated into significant reductions in the risks of
retinopathy by 58% and sustained retinopathy by 79%
with no adjustments for other factors. The risk reduc-
tions were diminished slightly after adjustment for the
presence or absence of retinopathy on entry and the
entry level of HbA1c, and the difference in progression
(but not sustained progression) remained statistically
significant. Interestingly, the proportion of cases with
sustained progression among those with an initial pro-
gression was significantly less among responders than
that among nonresponders (2/15 vs. 19/66, exact P =
0.017) (Table 1).

When examined as a quantitative effect, the patterns
were similar. For a 50% higher C-peptide on entry (e.g.,
0.45 vs. 0.30 nmol/L), the risk of retinopathy was sig-
nificantly reduced by 12% and that of sustained reti-
nopathy by 25%. Adjustment for retinopathy status and
HbA1c on entry had negligible effect on these results.

The Supplementary Appendix describes how to
compute the estimated risk reduction associated with
other percentage differences in stimulated C-peptide on
entry.

Nephropathy
Only 49 cases of nephropathy (microalbuminuria or
worse) were observed. Even though the risk was reduced
by 43% among responders versus nonresponders, the
difference was not significant. The risk reductions for
nephropathy using quantitative C-peptide are smaller

Figure 2—Mean HbA1c over follow-up with 95% confidence limits
separately for stimulated C-peptide responders vs. nonresponders
in the (A) intensive and (B) conventional treatment groups.

Figure 3—Association of stimulated C-peptide at study entry,
qualitatively and quantitatively, with the total insulin dose (units per
kilogram per day) at each successive year of follow-up, from
longitudinal regression models. A: Mean insulin dose among re-
sponder vs. nonresponder. B: Change in insulin dose units per
kilogram per day per 50% lower stimulated C-peptide, each with
95% confidence limits.
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than those for retinopathy (and nonsignificant) and were
reduced further after adjustment for factors on entry.

Neuropathy
Only 20 cases of neuropathy were observed at 5 years
of follow-up. Entry C-peptide responders had a non-
significant 65% lower odds of confirmed clinical neu-
ropathy that remained unchanged after adjustment for
factors on entry.

Hypoglycemia
Responders had a 45% lower risk of an episode of severe
hypoglycemia than did nonresponders, and this risk re-
duction was increased after adjusting for other factors.
Per 50% increase in C-peptide, the risk of hypoglycemia
was decreased by 8.2% and remained unchanged after
adjustment. All associations were highly significant.

Associations With Fasting C-Peptide

The Supplementary Appendix presents like analyses us-
ing the fasting C-peptide values that show smaller non-
significant differences in HbA1c between the fasting

responders and nonresponders and a weaker association
with the quantitative fasting value (Supplementary Table
2). A similar analysis showed a slightly smaller difference
in insulin dose among fasting C-peptide responders
versus nonresponders (0.11 units/kg/day) than in the
stimulated comparison above, though still significant
(P , 0.0001), and the association with the quantitative
fasting values was nearly identical as that for the stim-
ulated values, each minimally adjusted. Fasting C-peptide
showed smaller nonsignificant associations with reti-
nopathy than did stimulated C-peptide and smaller but
significant associations with sustained retinopathy
(Supplementary Table 3). Interestingly, fasting C-peptide
responders versus nonresponders had a greater re-
duction in nephropathy risk (146%; P = 0.016) than did
stimulated responders versus nonresponders (43%)
(Table 2).

The associations of fasting C-peptide with neuropathy
were similar to those of stimulated C-peptide and non-
significant. While fasting responders had significantly
lowered risk of hypoglycemia than did responders, there

Table 3—Risk reduction of progression of microvascular complications in the DCCT intensive treatment group per 50% higher
C-peptide value and comparing C-peptide responders (‡0.2–5 nmol/L) versus nonresponders (<0.2 nmol/L), with no
adjustments and with adjustment for the complication status and HbA1c on entry

Unadjusted Adjusted for entry status* and HbA1c

Risk reduction (95% CI) Risk reduction (95% CI)

Retinopathy progression
$3 Step
Responders vs. nonresponders§ 58% (26–76) 50% (12–72)
P 0.0025 0.0171

Per 50% higher C-peptide 11.6% (4.1–18.6) 10.8% (2.8–18.2)
P 0.0032 0.0095

Sustained $3 step
Responders vs. nonresponders§ 79% (9–95) 71% (226 to 93)
P 0.0360 0.0947

Per 50% higher C-peptide 24.6% (10.7–36.3) 23.8% (8.8–36.3)
P 0.0010 0.0030

Nephropathy progression
Responders vs. nonresponders§ 43%‡ (210 to 71) 27% (246 to 64)
P 0.1052 0.3724

Per 50% higher C-peptide 9.4% (21.2 to 18.8) 5.5% (26.0 to 15.7)
P 0.0806 0.3347

Neuropathy† at 5 years
Responders vs. nonresponders 65% (222 to 90) 65% (227 to 90)
P 0.0996 0.1101

Per 50% higher C-peptide 12.3% (25.1 to 26.9) 12.0% (26.0 to 26.9)
P 0.1555 0.1789

Severe hypoglycemia
Responders vs. nonresponders 45% (38–52) 51% (44–57)
P ,0.0001 ,0.0001

Per 50% higher C-peptide 8.2% (6.4–9.9) 8.9% (7.2–10.6)
P ,0.0001 ,0.0001

*Entry status is presence or absence of retinopathy on entry for analysis of retinopathy and the log (AER) for nephropathy. §The
comparison of responders and nonresponders was previously published by Palmer et al. (1). ‡The hazard ratio of 64 by Palmer et al. (1)
is a typographical error. †Confirmed clinical neuropathy.
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was no significant association of quantitative fasting
C-peptide with hypoglycemia risk.

Conventional Therapy, 1–5-Year Duration

Like analyses were also conducted among those with a
1–5-year duration in the conventional treatment group
using the stimulated C-peptide on entry (Supplementary
Appendix). Without any adjustment, the mean HbA1c

during follow-up differed little among responders versus
nonresponders (9.2 vs. 9.3%; P = 0.569), and there was no
association of the quantitative C-peptide concentration
with HbA1c (Supplementary Table 4). Further, the asso-
ciation of quantitative and qualitative C-peptide with
HbA1c differed significantly over time (interaction P =
0.0006 and P = 0.027, respectively). As shown in Fig. 2B,
the mean HbA1c among nonresponders remained fairly
level over time, whereas that among responders in-
creased, as responders on entry lost their stimulated
response.

Accordingly, there were no significant differences be-
tween stimulated responders versus nonresponders in
other outcomes, as shown in Table 1 (Supplementary
Table 5). Further, when adjusted for other factors, there
were significant associations of the C-peptide concen-
tration with both HbA1c and insulin dose, but with
a positive, not inverse association. This is, in part, a re-
flection of the above interaction (also present with in-
sulin dose) and the overall weak unadjusted associations.

5–15-Year Duration

Among those with 5–15-year duration, only those
with stimulated C-peptide on eligibility screening
,0.2 nmol/L (i.e., nonresponders) were eligible for en-
rollment into the DCCT. Among the 299 such subjects in
the intensive group, only 66 subjects had a measurable
stimulated value above the lower limit of quantification
(0.03 nmol/L), with a maximum of 0.2 nmol/L and 25th,
50th, and 75th percentiles of 0.05, 0.07, and 0.11 nmol/L,
respectively. We compared these 66 subjects to the 233
with nonmeasurable values (Supplementary Appendix).
There were no differences in the HbA1c or insulin dose
over time and no significant differences in risks of reti-
nopathy, sustained retinopathy, nephropathy, or neurop-
athy. However, there was a significant 22% reduction in
the risk of severe hypoglycemia among those with versus
without measurable C-peptide values (P , 0.0001) that
was unaltered after adjusting for the other factors.

Quantitative Outcomes

Further analyses were conducted to assess the associa-
tion of C-peptide with each of the raw outcome mea-
sures: the ordinal ETDRS score of retinopathy severity,
the AER, and the O’Brien mean nerve conduction rank
score. The detailed statistical methods and results are
presented in the Supplementary Appendix.

Briefly, the patterns of associations with three-step
progression of retinopathy also applied to an analysis of

associations with the ETDRS scores after 4 years of follow-
up. However, the associations with AER were stronger
than those with nephropathy. Responders had a signif-
icantly lower mean AER than did responders by 22%
(95% CI 12–34; P = 0.0001). This difference was di-
minished but remained significant, even after adjusting
for both the baseline AER and HbA1c (14%; 95% CI
4–24; P = 0.003). Quantitatively as the C-peptide con-
centration increased, the AER was significantly lower in
unadjusted analyses, with a 3% reduction in AER per
50% greater C-peptide (95% CI 1–5; P = 0.002), and this
effect persisted after adjustment for the baseline AER
(1.8%; P = 0.03). However, the association was no lon-
ger significant when also adjusted for baseline HbA1c

(1.4%; P = 0.11).
The nerve conduction summary measure at 5 years

was significantly better among responders than non-
responders in an unadjusted analysis, but not when ad-
justed for baseline or HbA1c. There was no association
with the quantitative C-peptide concentration.

DISCUSSION

Preservation of b-cell function as measured by C-peptide
in patients with type 1 diabetes is known to result in
improved metabolic control and reduced microvascular
complications (1). Prior analyses of DCCT data showed
that 0.2 nmol/L could be considered a meaningful cut
point, above which patients demonstrate a strong clinical
benefit. In this report, we expand on this relationship by
examining the association of the quantitative C-peptide
concentration with outcomes. Across the range of values,
higher amounts of secreted C-peptide were associated
with lower HbA1c, lower daily insulin dose, less severe
hypoglycemia, and less risk of retinopathy. Most im-
portantly, even small incremental increases in C-peptide,
particularly those measured below the previously estab-
lished cut point of 0.2 nmol/L, are shown to be clinically
beneficial. These results further describe the benefits of
specific concentrations of C-peptide beyond those pre-
viously presented from the DCCT using the crude cate-
gories of ,0.2 vs. $0.2–5 nmol/L (4) or the categories
,0.04, 0.04–0.2, and .0.2–5 nmol/L (5).

Analyses using model-free local smoothing techniques
showed that there was no threshold or breakpoint in the
relationship of outcomes with C-peptide. Linearity was
improved using the natural log transformation. There
was a strong linear association with risk of retinopathy
over the range of log C-peptide values, whereas for
HbA1c, insulin dose, and hypoglycemia, the relationship
was flat for values less than approximately 0.08 nmol/L
(Fig. 1).

Over 7 years of follow-up, there was a strong inverse
association between higher entry C-peptide and lower
HbA1c that did not wane with time; i.e., the effect of
a given difference in entry C-peptide on the HbA1c values
was similar at every year of follow-up. This association
persisted after adjusting for the entry HbA1c that was
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also inversely correlated with the entry C-peptide. Thus
the effects of the entry C-peptide on HbA1c over time were
not explained by the association with the entry HbA1c.

The relationship with insulin dose was more varied. As
with HbA1c, there was a strong inverse relationship be-
tween C-peptide concentrations and insulin dose. While
the difference among responders versus nonresponders
remained significant after adjusting for the entry insulin
dose, the association with the quantitative C-peptide
concentration was no longer significant. Further, the
effect of C-peptide on total insulin dose waned with time.
Similar associations were observed for both basal and
meal-related insulin doses.

The C-peptide concentrations also had an inverse re-
lationship with the risk of retinopathy progression that
persisted after adjustment for the entry HbA1c and ret-
inopathy status. However, the associations of C-peptide
concentrations with the risks of microalbuminuria and of
clinical neuropathy were less than that with retinopathy.
As stated previously (1), this is probably due to the small
number of such cases (49 total subjects for nephropathy
and 20 with neuropathy). Further, the association with
nephropathy was reduced after adjustment for the levels
of AER and HbA1c on entry, indicating that some of the
relationship of C-peptide with nephropathy was medi-
ated by the lower values of AER and HbA1c on entry, each
of which is a function of these higher concentrations of
C-peptide.

As might be expected, the fasting concentrations of
C-peptide had weaker associations with all outcomes
than did the stimulated values. However, the relatively
strong correlations between these measures suggest that,
in the absence of b-cell stimulation conditions, fasting
samples may yield some information on islet function.

Within the conventional group, subjects quickly lost
their entry C-peptide response during follow-up (4), and
consequently, the entry C-peptide did not have a strong
association with any outcome. However, loss of response
was delayed in the intensive group (4), providing a longer
period to benefit from preservation of b-cell function.
Thus the benefits of C-peptide preservation at baseline
were largely observed in the intensive treatment group.

Subjects with a 5–15-year duration were required to
have an eligibility C-peptide ,0.2 nmol/L, and there was
generally no association between having a measurable
value (0.03–0.19 nmol/L) versus not (,0.03 nmol/L) and
outcomes, except for the risk of hypoglycemia. Those with
some measurable value had a significantly lower risk of
severe hypoglycemia, even after adjusting for other factors.

Another study (11) using a more recent C-peptide
assay showed that in 20 type 1 diabetic patients with
a diabetes duration between 1 and 16 years, those with
undetectable C-peptide (,0.1 nmol/L) versus those with
detectable C-peptide had less glycemic variability, were
more prone to hypoglycemia, and had impaired counter
regulation in response to hypoglycemia. These results
echo our findings that patients above 0.2 nmol/L are

protected in terms of hypoglycemia and that 0.2 nmol/L
is not a good definition for clinically significant residual
insulin secretion.

One weakness of these DCCT data is that C-peptide
was principally measured during eligibility screening. An
ancillary study also measured C-peptide annually among
those who entered the trial and retained C-peptide re-
sponse (stimulated value .0.2 nmol/L) but with no
further testing if results fell below this threshold (4).
Thus it is not possible to examine the longitudinal as-
sociation of C-peptide concentrations over time with
outcomes over time. Nevertheless, the large cohort with
precise assessments of glycemia, insulin requirements,
severe hypoglycemia, and microvascular outcomes con-
clusively shows that each of these outcomes is associated
with the amount of endogenous insulin secretion, as
measured by a simple stimulated C-peptide value. These
results have implications for future research into the
factors associated with preservation of b-cell function
and the design of studies to evaluate the effectiveness of
therapies aimed at such preservation.
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