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Aims: The aim was to determine if persistent c-peptide in long duration childhood onset (b17 years) type 1 dia-
betes (T1D) related to microvascular complications.
Methods: Pittsburgh Epidemiology of Diabetes Complications (EDC) participants (n= 185) had serum c-peptide
levels measured by Mercodia ultra-sensitive ELISA at the 25-year follow-up exam. Microvascular complications
between those with and without detectable c-peptide were compared.
Results: Eighteen (9.7%) participants had detectablemedian c-peptide levels of 3.8 (2.6, 12.2) pmol/L and did not
differ from those without detectable levels. No differences in microalbuminuria, confirmed distal symmetric
polyneuropathy, renal failure, or between those with one or more complications were found between the two
groups. Proliferative retinopathy (PR) was marginally lower in those with detectable c-peptide (33.3% vs
55.1%, p = 0.08). However, those with c-peptide were somewhat less likely to have fasted for a full 8-h (66.7%
vs. 84.9%, p = 0.09). Excluding those not fully fasted, PR no longer approached significance but
macroalbuminuria became marginally lower in those with detectable levels (23.4% vs 0%, p = 0.07).

Conclusions: Low levels of c-peptide in T1D patients of long durationwere detected butwere not strongly related
to microvascular complications.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Type 1 diabetes has historically been defined as a disease of absolute
insulin deficiency, in part due to standard clinical c-peptide assays that
did not have an adequate sensitivity to detect very low levels.1 Recent
reports with more sensitive assays show low levels of c-peptide in
many cases of type 1 diabetes,2–4 suggesting incomplete beta cell de-
struction with residual insulin secretion. The presence of even low c-
peptide levels has been associated with a lower risk of microvascular
complications.5–8

The prevalence of detectable c-peptide levels in type 1 diabetes de-
pends on multiple factors including age of diagnosis, diabetes duration,
and method of c-peptide assessment. Davis et al reported that across a
wide range of age of onset and duration (3–81 years), almost one out
of three patients had detectable non-fasting c-peptide levels (above
≥17 pmol/L), with the frequency of detectable levels independently
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othy.Becker@chp.edu
ouT@edc.pitt.edu (T. Costacou).
decreasing by age of onset, particularly with onset under the age of
18 years, and duration.2 Using more sensitive c-peptide assays in type
1 diabetes of ≫5 years duration and a median age of diagnosis of
16 years, fasting c-peptide was detectable in two-thirds of participants
in another population, with most levels in the very low and previously
undetectable range compared to earlier assays.3 In another type 1 dia-
betes study of 31–40 years duration, only one in 10 had detectable
fasting c-peptide levels determined by an ultrasensitive assay with a
lower limit of detection of 1.15 pmol/L, and these participants were in-
cidentally noted to have nomicrovascular complications.4 However, de-
tectable c-peptide levels have also long been observed in the Joslin
study of those with type 1 diabetes of 50 years or more duration.9

Lower incidences of retinopathy and abnormal albumin excretion
rate after 7 years of follow-up were reported in Diabetes Control and
Complications Trial (DCCT) participants who had higher levels of stim-
ulated c-peptide at study entry.5 Fasting concentrations of c-peptide
showed weaker associations with these outcomes.5 C-peptide assess-
ments and outcomes in the DDCT excluded participants with ≥5 years
duration at study entry due to non-measureable c-peptide with the
assay which had a lower limit of detection of 30 pmol/L. In a clinical
population of type 1 diabetes with a wide range of age of onset and du-
ration, higher fasting c-peptide levels (above 10 pmol/L)measuredwith
an ultrasensitive ELISA test were associated with a lower risk of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jdiacomp.2019.05.019&domain=pdf
https://doi.org/10.1016/j.jdiacomp.2019.05.019
Dorothy.Becker@chp.edu
CostacouT@edc.pitt.edu
https://doi.org/10.1016/j.jdiacomp.2019.05.019
http://www.sciencedirect.com/science/journal/10568727
www.jdcjournal.com


658 K.V. Williams et al. / Journal of Diabetes and Its Complications 33 (2019) 657–661
microvascular complications.6 Studies that used earlier versions of c-
peptide assays with higher limits of detection have also suggested a
lower risk of overall microvascular complications7 and retinopathy.8

Ultrasensitive c-peptide assays now allowmeasurement of levels as
low as 1.15 pmol/L,well below the range of standard assays, andmay be
particularly useful in type 1 diabetes of younger onset and longer dura-
tion, a population expected to have the lowest levels of c-peptide
levels.2,6 Using the prospectively followed cohort of childhood onset
(≪17 years of age) participants with type 1 diabetes in the Pittsburgh
Epidemiology of Diabetes Complications (EDC) study, we assessed
whether detectable levels of c-peptide using an ultrasensitive ELISA
method relate to their microvascular complication status assessed by a
standardized protocol at a mean diabetes duration of 40 years.

2. Methods

2.1. Study population

The EDC study is a prospective type 1 diabetes cohort, now in its
30th year of follow-up. Participants in EDC were diagnosed with child-
hood onset type 1 diabetes, at age ≪ 17 years, at Children's Hospital of
Pittsburgh (CHP) between January 1, 1950 to May 31, 1980 and were
living within 100 miles or 2.5 h from Pittsburgh at the time of recruit-
ment. The original cohort of 658 participants has been described in de-
tail elsewhere10,11 and the CHP registry has been shown to be
epidemiologically representative of community based type 1 diabetes.12

In brief, baseline examinations were conducted 1986 through 1988 and
used as baseline characteristics for this study. Participants were exam-
ined biennially for the first 10 years of the study and then again at
18 years and 25 years. By the 25-year exam, 187 had died and 67 had
moved away (≫100 miles from Pittsburgh). Of 363 potentially eligible
(alive, residing within 100 miles of Pittsburgh), 223 completed the 25-
year exam. Participants who completed the 25-year exam but were
not included in this report comprise those with pancreatic transplant
(n = 12), inadequate venous access (n = 18) and insufficient amount
of blood samples at the time of c-peptide analyses (n = 8). All proce-
dures were approved by the Institutional Review Board and all partici-
pants provided informed consent.

2.2. Ascertainment of diabetes complications

Participants provided three timed urine samples (24 h, overnight,
and 4-hour collections obtained over a two-week period) at each clini-
cal examination. Urinary and serum albumin concentrations were mea-
sured using immunonephelometry13 and albumin excretion rate (AER)
was calculated for each sample. The urine assay had an intra-assay CV of
3% and an inter-assay CV of 9.5%. The serum assay had an intra-assay CV
of 1.5% and an intra-assay CV of 3.4%. The AER (μg/min) in any given
urine collectionwas determined as follows: urinary A/C (mg/mg)× cal-
culated 24-hour creatinine excretion (μg) ÷ 1440 (min/24 h).

Microalbuminuria was defined as AER 30–300 mg/24 h (≥20 μg/min)
and macroalbuminuria as AER ≫300 mg/24 h (≫200 μg/min) in at least
two of the three timed urine collections. In the 10% of urine collections
deemed inadequate based on creatinine excretion, as well as during the
25 year follow-up where AER was not assessed, albumin to creatinine
ratio (DCA Vantage System) was used (microalbuminuria defined as
0.03–0.3 mg/mg, and macroalbuminuria, as≫0.3 mg/mg).13 Glomerular
filtration ratewas estimated using the Chronic KidneyDisease Epidemiol-
ogy Collaboration creatinine equation,14 and stage 3 kidney disease was
defined as a value of ≪60 mL/min/1.73 m2. End stage renal disease
(ESRD)was defined as the start of dialysis or kidney transplant. Prolifera-
tive retinopathy was defined by 3-field stereoscopic fundus photographs
read by the Fundus Photography Reading Center, University ofWisconsin,
Madison and graded according to the ETDRS scale and/or history of laser
therapy.15,16 Confirmed distal symmetric polyneuropathy (CDSP) was
defined using the DCCT Clinical Exam protocol17 plus an abnormal age
specific vibratory threshold (Vibraton II).

2.3. Risk factors

All participants completed questionnaires regarding demographic,
medical history, health care and diabetes self-care information before
each exam. An ever-smoker was one who smoked ≥100 cigarettes
over his or her lifetime. Blood pressure readings were taken according
to the Hypertension Detection and Follow-Upprotocol,18 and hyperten-
sionwas defined as having blood pressure≫140/90 or self-reported use
of blood pressure–lowering therapy. For the first 18 months of the
study, stable HbA1 was measured by ion exchange chromatography
(Isolab, Akron, OH) and for follow-up up to 10 years, automated HPLC
(Diamat; BioRad, Hercules, CA) was performed. The two assays were
highly correlated (r = 0.95; Diamat[HbA1] = −0.18 + 1.00[Isolab
HbA1]. For assessments beyond 10 years, HbA1c was measured with
the DCA 2000 analyzer (Bayer, Tarrytown, NY). The DCA and Diamat as-
says were also highly correlated (r = 0.95). Both the original HbA1 and
subsequent HbA1c values were converted to DCCT-aligned HbA1c using
regression equations derived fromduplicate assays (DCCTHbA1c=0.14
+ 0.83[Diamat HbA1]) andDCCTHbA1c= (DCAHbA1c− 1.13) / 0.81.19

Cumulative glycemic exposure was calculated by multiplying the num-
ber of glycosylated hemoglobin units above normal at each cycle by the
number of months between the midpoints of the preceding and
succeeding cycle intervals as previously described.20 Total, HDL, and
LDL cholesterol and triglycerides were determined as previously
described21–24 and non-HDLcwas calculated as total−HDL cholesterol.

2.4. Measurement of C-peptide

Serum specimenswere obtained upon arrival themorning of the 25-
year exam in 185 participants who were instructed to fast overnight.
Participants who reported a history of pancreas transplantation (n =
12) were excluded from these analyses. Serum c-peptide levels were
measured in duplicate by Mercodia ultra-sensitive ELISA (Uppsala,
Sweden) using the ultrasensitive ELISA kits (10-1141-01) which have
a lower detection limit of 1.15 pmol/L and an intra-assay coefficient of
variation (CV) of 4.5%.

2.5. Statistical analysis

Data were summarized as means and standard deviations or me-
dians with interquartile ranges for continuous variables and as frequen-
cies and percentages for categorical variables. Two-sample t-tests were
used to compare risk factors between the groups with and without de-
tectable c-peptide levels for normally distributed continuous variables
whereas theWilcoxon rank sum testwas used for non-normally distrib-
uted variables. The chi-square or Fisher's exact test, as appropriate, was
used for categorical variables. A p-value of≪0.05 was considered statis-
tically significant. Multivariable logistic regression models were used to
assess the cross-sectional association between c-peptide status and the
presence of microvascular complications. All statistical analyses were
performed using SPSS version 24 (IBM Corp, Armonk, NY, USA).

3. Results

3.1. C-peptide levels

A total of 18 (9.7%) of 185 participants had detectable c-peptide
levels at their 25-year exam. The median c-peptide level was
3.8 pmol/L an interquartile range of 2.6–12.2 pmol/L. The majority
(11/18, 61.1%) of the participants had levels of 1.15–5.0 pmol/L. Those
with c-peptide available at 25 years (n = 197) compared to those not
(n = 166) were of similar age (25.9 ± 7.3 vs 25.7 ± 7.2 years), age of
diabetes onset (8.4 ± 4.1 vs 8.2 ± 4.1 years), and duration (17.5 ± 6.6
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vs 17.5 ± 7.2 years) at baseline, but differed in baseline HbA1c (8.5 ±
1.3 vs 8.8 ± 1.7%, p = 0.04).

3.2. Demographic characteristics

Men andwomenwere equally represented in the two groups (50.9%
female in non-detectable group and 50.0% in detectable, p = 0.94), and
age of onset was comparable but lower in the non-detectable group
(8.1 ± 4.1 years vs 9.7 ± 4.2 years in detectable group, p = 0.12). At
baseline (Table 1), participants with and without subsequently detect-
able c-peptide levels did not differ in demographics of age, duration of
diabetes, BMI, orWHR. Likewise, the two groups did not differ in clinical
measures of HbA1c, insulin dose, blood pressure, pulse, hypertension,
estimated GFR (eGFR), or AER parameters. Total cholesterol and non-
HDL cholesterol levels were lower in participants with detectable c-
peptide levels. Median self-reported total alcohol intake was higher in
those with detectable c-peptide levels.

At the 25-year exam (Table 1), there were no differences in mea-
sureddemographic or clinical variables and cholesterol and total alcohol
intake were comparable between the two groups. There was no differ-
ence in fasting blood glucose levels between those with or without de-
tectable c-peptide (198±95 vs 170±71mg/dl, p=0.13 respectively).
Insulin pump use, which was not reported at baseline as it was rare at
that time, was non-significantly lower in those with detectable c-
peptide levels at the 25-year follow-up (p = 0.07) even though mean
HbA1c levels were identical between the two groups at 7.8%. Among
pump users, HbA1c levels were lower at the 25 year exam (7.4 ± 0.9%
vs 8.2 ± 1.5%, p ≪ 0.001), but HbA1c months did not differ between
those with and without pump use (1129 ± 478 months vs 1247 ±
548 months, p = 0.13).

In addition, at the 25-year follow-up, overall HbA1c exposure deter-
mined by HbA1c month did not differ between groups (1200 ±
509 months in the non-detectable and 1038 ± 572 months in the
non-detectable group, p = 0.22). No difference in severe hypoglycemia
(ever experiencing loss of consciousness, hospitalization, requiring as-
sistance of another person) was noted between the two groups (68.7%
in detectable, 60.0% in undetectable; p = 0.56) at the 25-year follow-
up. In correlations between c-peptide and clinical variables, borderline
associations between c-peptide and the albumin to creatinine ratio
(0.48, p = 0.06) and estimated GFR (−0.45, p = 0.06) were observed
Table 1
Participant characteristics at baseline (1986–1988) and 25-year follow-up (2011–2013) by de

Baseline (1986–1988)

Non-detectable (n = 167) Detectable (n = 18)

Age (years) 25.7 (7.3) 26.5 (8.8)
Duration (years) 17.6 (6.6) 16.7 (7.2)
BMI (k/m2) 23.5 (3.1) 22.6 (3.5)
WHR 0.82 (0.06) 0.82 (0.04)
HbA1c (%) 8.5 (1.4) 8.1 (1.1)
Insulin per body weight (U/kg) 0.78 (0.64, 0.94) 0.68 (0.61, 0.89)
SBP (mm Hg) 108.9 (11.6) 111.8 (14.7)
DBP (mm Hg) 70.6 (9.5) 69.2 (9.6)
Pulse (beats/min) 76 (70, 82) 76 (74, 88)
HTN medications (%) 5.0 (8) 0 (0)
HTN (%) 7.8 (13) 5.6 (1)
Total cholesterol (mmol/l) 4.64 (0.86) 4.10 (0.74)
HDL cholesterol (mmol/l) 1.43 (0.31) 1.41 (0.34)
Non-HDL cholesterol (mmol/l) 3.21 (0.84) 2.70 (0.66)
Lipid medications (%) 0.62 (1) 0 (0)
eGFR (ml/min/1.73 m2) 110.1 (24.8) 117.3 (23.9)
AER (μg/min) 10.0 (6.5, 24.3) 9.9 (5.5, 20.3)
A/C ratioa (μg/mg)
ACE/ARB (%) 2.5 (4) 0 (0)
Total alcohol intake (g/d) 1.0 (0, 4.0) 4.5 (1.0, 15.0)
Pump use (%)
Statin use (%)

a If a 24 h sample was not available, an overnight or spot urine sample was used. AER was n
with no significant correlations between c-peptide and any other clini-
cal variables.

3.3. C-peptide and microvascular complications

At baseline, complication prevalence did not differ by subsequent
(25 year) c-peptide status (Table 2). At the 25-year follow-up exam,
the overall prevalence of one or more complications (proliferative reti-
nopathy, macroalbuminuria and/or confirmed distal symmetrical
polyneuropathy) was lower, but not significantly, in those with detect-
able c-peptide (61.1% vs 77.2%, p=0.15). Individually, proliferative ret-
inopathy (p = 0.08), macroalbuminuria (p = 0.13), and confirmed
distal symmetrical polyneuropathy (p = 0.27) were lower in those
with detectable c-peptide, though non-significantly.

Those with detectable c-peptide were somewhat less likely to have
fully fasted for 8-h (66.7% vs 84.9%, p = 0.09). Fasting blood glucose
(Table 3) was lower in those fully-fasted (9.3 ± 4.0 mmol/l) compared
to those incompletely fasted (11.0±4.6mmol/l, p= 0.035), but fasting
blood glucose levels were ≥5.56 in the majority of participants in both
groups (87% fully fasted and 89% completely fasted, p = 1.0). All other
clinical variables were comparable between groups, including HbA1c
(7.8 ± 1.2% in fully fasted vs 7.9 ± 1.7% incompletely fasted, p =
0.52). The most common reason for non-fasting status was self-
treatment of overnight or morning hypoglycemia prior to the clinic
visit. When analyses were repeated excluding those who were not
fully fasted for 8 h (Table 2), therewere no differences in the prevalence
of proliferative retinopathy and confirmed distal symmetrical
polyneuropathy by c-peptide status (p = 0.55 and p = 0.75 respec-
tively) although the difference for macroalbuminuria prevalence
approached significance (p = 0.07). Controlling for diabetes duration
further minimized these differences.

4. Discussion

In this study of participants with childhood onset (≪17 years of age)
type 1 diabetes with a mean duration of over 40 years, 9.7% (n = 18)
had fasting c-peptide levels detectable with an ultrasensitive assay.
While most of the detectable levels were very low, those with detect-
able c-peptide had a marginally lower prevalence of proliferative reti-
nopathy and nephropathy in the group as a whole. When excluding
tectable c-peptide status at the 25-year follow-up exam.

Follow-up (2011–2013)

p-Value Non-detectable (n = 167) Detectable (n = 18) p-Value

0.69 51.1 (7.4) 51.8 (8.8) 0.70
0.61 43.0 (6.7) 42.1 (7.4) 0.61
0.28 28.4 (5.2) 26.7 (4.9) 0.17
0.96 0.88 (0.10) 0.87 (0.05) 0.62
0.22 7.8 (1.2) 7.8 (1.4) 0.91
0.29 0.56 (0.39, 0.71) 0.53 (0.46, 0.60) 0.60
0.32 116.3 (16.5) 117.6 (16.7) 0.74
0.55 65.6 (9.3) 64.9 (8.9) 0.77
0.35 76 (68, 80) 68 (64, 80) 0.18
1.00 27.3 (44) 37.5 (6) 0.39
1.00 32.5 (52) 43.7 (7) 0.36
0.013 4.68 (0.96) 4.42 (0.90) 0.27
0.78 1.59 (0.50) 1.51 (0.54) 0.51
0.014 3.09 (0.95) 2.91 (0.83) 0.44
1.00 47.8 (77) 37.5 (6) 0.43
0.24 79.3 (21.5) 88.2 (19.9) 0.09
0.32

12.0 (6.9, 38.4) 8.7 (6.0, 20.8) 0.41
1.00 34.2 (55) 43.7 (7) 0.44
0.035 0 (0, 3.0) 2.0 (0, 6.0) 0.08

55.3 (89) 31.2 (5) 0.07
46.0 (74) 37.5 (6) 0.52

ot assessed at the 25 year follow-up.



Table 2
Microvascular complication prevalence at baseline and 25 year follow-up exam by c-peptide status at the 25-year exam.

Baseline (1986–1988) Follow-up (2011–2013)
All participants

Follow-up (2011–2013)
Full 8-hour fast

Non-detectable
(n = 167)

Detectable
(n = 18)

p-Value Non-detectable
(n = 167)

Detectable
(n = 18)

p-Value Non-detectable
(n = 141)

Detectable
(n = 12)

p-Value

Proliferative retinopathy, % (n) 18.7 (31/166) 5.9 (1/17) 0.31 55.1 (92/167) 33.3 (6/18) 0.08 53.9% (76/141) 41.7% (5/12) 0.55
Microalbuminuria, % (n) 18.6 (31/167) 22.2 (4/18) 0.76 57.4 (96/167) 55.6 (10/18) 0.88 57.4% (81/141) 50.0% (6/12) 0.62
Macroalbuminuria, % (n) 11.4 (19/167) 5.6 (1/18) 0.69 22.8 (38/167) 5.6 (1/18) 0.13⁎ 23.4% (33/141) 0 (0/12) 0.07⁎

Stage 3 kidney disease, % (n) 1.2 (2/165) 0 (0/18) 1.00 21.0 (35/167) 11.1 (2/18) 0.26⁎ 1.5% (2/137) 0 (0/12) 1.00⁎

Renal failure, % (n) 0 (0/167) 0 (0/18) – 4.2 (7/167) 0 (0/18) 0.48⁎ 4.3% (6/141) 0 (0/12) 1.00
Confirmed distal symmetric
polyneuropathy (CDSP), % (n)

18.0 (30/167) 11.1 (2/18) 0.74 63.3 (105/166) 50 (9/18) 0.27 65.7% (92/140) 58.3% (7/12) 0.75⁎

⁎ Fisher's exact test p-value.
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those who could not adhere to an 8-hour fast, a marginally lower differ-
ence remained only for the prevalence of macroalbuminuria. These dif-
ferences were no longer present after controlling for duration of
diabetes.

Our findings extend those of prior studies of residual c-peptide to a
large group of closely followed childhood onset type 1 diabetes of long
duration.While c-peptide levels have been detected in significant num-
bers of patientswith type 1 diabetes, studies suggest that levels are least
likely to persist in those of younger onset and longer duration,2,6 al-
though detectable c-peptide levels have been previously identified in
≫67% of Medalists with a mean diabetes duration of 56 years.9 Unlike
prior studies which included patients with a wide age range at diabetes
onset,2,3,5 all of our participants were diagnosed at ≪17 years of age, a
subset of patients less likely to have persistent c-peptide production.
Our finding of detectable levels in 9.7% of people with a mean diabetes
duration of over 40 years is consistent with prior reports of detectable
levels in 10% of cases of type 1 diabetes of 31–40 years duration in a
small subset of subjects using the same ultrasensitive assay.4

Prior studies have shown a relationship between c-peptide levels
and protection from microvascular complications.7 In a clinical popula-
tion, c-peptide levels of ≫10 pmol/L were associated with protection
from microvascular complications.6 The levels of c-peptide detected in
Table 3
Participant characteristics at 25-year follow-up (2011–2013) by fasting status at the 25-
year follow-up exam.

Full 8-hour fast
(n = 153)

Incomplete fast
(n = 31)

p-Value

Age (years) 51.3 (7.4) 50.7 (8.4) 0.69
Duration (years) 42.7 (6.7) 43.5 (7.5) 0.57
BMI (k/m2) 28.6 (5.3) 27.0 (4.5) 0.11
WHR 0.88 (0.10) 0.86 (0.08) 0.16
Fasting blood glucose,
mmol/l

9.3 (4.0) 11.0 (4.6) 0.035

HbA1c (%) 7.8 (1.2) 7.9 (1.6) 0.52
Insulin per body weight
(U/kg)

0.55 (0.38, 0.69) 0.54 (0.47, 0.61) 0.32

SBP (mm Hg) 117 (17) 115 (15) 0.57
DBP (mm Hg) 66 (9) 64 (10) 0.19
Pulse (beats/min) 76 (65, 80) 72 (64, 80) 0.80
HTN (%) 35.3 (52) 24.1 (7) 0.24
Total cholesterol
(mmol/l)

4.62 (0.98) 4.73 (0.91) 0.62

HDL cholesterol
(mmol/l)

1.57 (0.49) 9 1.62 (0.54) 0.66

Non-HDL cholesterol
(mmol/l)

2.64 (0.80) 2.66 (0.72) 0.87

Lipid medications (%) 47.6 (70) 43.3 (13) 0.43
eGFR (ml/min/1.73 m2) 79.6 (21.8) 82.2 (20.1) 0.54
A/C ratio* (μg/mg) 10.2 (5.7, 24.0) 8.3 (5.3, 17.2) 0.56
ACE/ARB (%, n) 35.3 (52) 33.3 (10) 0.83
Total alcohol intake (g/d) 0 (0, 3.0) 1.0 (0, 6.0) 0.59
Pump use (%) 55.8 (82) 40.0 (12) 0.11
Statin use (%) 46.3 (68) 40.0 (12) 0.53

⁎ Albumin to creatinine ratio.
our study were very low, with 14 of 18 (78%) below 10 pmol/L. Studies
of the DCCT cohort who had diabetes of shorter duration used stimula-
tion tests to assess c-peptide production which may have revealed a
greater prevalence of persistent c-peptide production than seen in our
cohort,5 although most were hyperglycemic in our study at the time
of testing as a stimulus for c-peptide production. Although an 83%
agreement between fasting and stimulated c-peptide results has been
reported,5 future studies in long-duration T1D could include a c-
peptide stimulation test to capture the c-peptide producers who were
potentially missed by fasting levels only. The tendency for a higher re-
ported rate of non-fasting in thosewith detectable c-peptide levels sug-
gests that those who were not fully fasted may have had a stimulus for
c-peptide secretion that those who were fully fasted did not have.

The impact of c-peptide detection on microvascular complications
has been particularly noted with assessments of stimulated c-peptide
levels in the DCCT.5 Use of an ultrasensitive ELISA in the EDC allowed
for detection of c-peptide levels which were much lower (1.15 pmol/
L) than levels detectable with the radioimmunoassay (30 pmol/L)
used for DCCT/EDIC participants.5 Differences in the two cohorts,
e.g., older mean age of onset in DCCT/EDIC of 26–28 years compared
to 8.3 years in the EDC, shorter duration of diabetes, and exclusion of in-
dividuals with ≫5 years duration in the DCCT/EDIC c-peptide analyses,
may account for the observed differences in c-peptide concentrations.5

Another study using an earlier c-peptide assay with a lower limit of de-
tection of 17 pmol/L, found that 19% of c-peptide negative participants
had detectable stimulated c-peptide levels in response to a mixed
meal tolerance test stimulus, while 5% had undetectable stimulated
levels despite detectable non-fasting levels.2 In comparison, the
Mercodia assay used in this study had a lower limit of detection of
1.15 pmol/L and the majority of detectable c-peptide levels in our
study were below 10 pmol/L, so the increased sensitivity of the
Mercodia assay may have allowed detection of lower c-peptide levels
that prior assays would have missed.

Prior studies reported c-peptide levels to be related to better glyce-
mic control.5,6 We did not find this in our study as those with andwith-
out detectable c-peptide had similar glycemic control, possibly due to
the very low clinically insignificant levels of c-peptide present. Glycemic
control based on 25-year follow-up HbA1c was better among pump
users, even though HbA1c months did not differ. Because insulin
pump users had better glycemic control, more frequent use of the insu-
lin pump in the undetectable c-peptide group might have also resulted
in the comparable glycemic control between the groups. This suggests
that overall glycemic control, rather than the low c-peptide levels de-
tected in this group, is critical for the prevention of microvascular
complications.25 C-peptide levels had a borderline direct association
with the albumin and creatinine ratio and a borderline inverse associa-
tion with estimated GFR. While these associations did not reach signifi-
cance and the c-peptide levels were very low, the clearance of c-peptide
may have been reduced in cases of early renal dysfunction. There were
no cases of macroalbuminuria observed in those with detectable c-
peptide. The DCCT reported a lower risk of hypoglycemia with residual
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c-peptide after 5 years of follow-up,5 but we could not confirm a rela-
tionship between severe hypoglycemia and the low levels of residual
c-peptide production after a longer follow-up in our study.

While c-peptide status did not impact clinical variables at 25-
years of follow-up in our study, those with detectable c-peptide
had lower total cholesterol, non-HDL cholesterol, and higher alcohol
intake at baseline. Perhaps those with persistent c-peptide produc-
tion would have had even higher levels of c-peptide if measured at
baseline, potentially resulting in improved regulation of lipids and
perhaps less alcohol related hypoglycemia26 allowing for greater al-
cohol intake.

The strengths of this study are the long duration of diabetes, the
sensitivity of the assay, and the well-characterized complication sta-
tus of the EDC population. The limitations of this study are the small
sample size, which could have affected the significance of the ob-
served associations, and the cross-sectional design. The sample of
18 participants with detectable c-peptide levels only allowed for de-
tection of a 30% difference in complications between groups. A
larger sample size might have allowed detection of a smaller differ-
ence in complications rates. The sample size was further reduced in
analyses excluding those not fully fasted. The clinical variability in
fasting status noted above has not been reported in prior c-peptide
studies and may have served as a stimulus for c-peptide production
that fully fasted participants did not have.
5. Conclusions

In conclusion, after decades of childhood onset type 1 diabetes,
c-peptide levels remain detectable in a very low range in a subset
of patients when assessed with an ultrasensitive assay but these
levels are not associated with a reduction in microvascular compli-
cations. The clinical implications of these findings are that our data
provide little support for a role of very small amounts of residual c
peptide secretion on the prevalence of microvascular complications.
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