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Abstract
Aim To determine whether the low C-peptide levels (< 50 pmol/l) produced by the pancreas for decades after onset of
Type 1 diabetes have clinical significance.
Methods We evaluated fasting C-peptide levels, duration of disease and age of onset in a large cross-sectional series
(n = 1272) of people with Type 1 diabetes. We then expanded the scope of the study to include the relationship between
C-peptide and HbA1c control (n = 1273), as well as diabetic complications (n = 324) and presence of hypoglycaemia
(n = 323). The full range of C-peptide levels was also compared with 1,5-Anhydroglucitol, a glucose responsive marker.

C-peptide levels declined for decades after diagnosis, and the rate of decline was significantly related to age of
onset (P < 0.0001), after adjusting for disease duration. C-peptide levels > 10 pmol/l were associated with protection
from complications (e.g. nephropathy, neuropathy, foot ulcers and retinopathy; P = 0.03). Low C-peptide levels were
associated with poor metabolic control measured by HbA1c (P < 0.0001). Severe hypoglycaemia was associated with the
lowest C-peptide levels compared with mild (P = 0.049) or moderate (P = 0.04) hypoglycaemia. All levels of measurable
C-peptide were responsive to acute fluctuations in blood glucose levels as assessed by 1,5-Anhydroglucitol (P < 0.0001).

Results

Conclusions Low C-peptide levels have clinical significance and appear helpful in characterizing groups at-risk for
faster C-peptide decline, complications, poorer metabolic control and severe hypoglycaemia. Low C-peptide levels may
be a biomarker for characterizing at-risk patients with Type 1 diabetes.

Diabet. Med. 00, 000–000 (2015)

Introduction
Improved biomarkers that predict patient vulnerability to
diabetic complications might enable targeted therapeutic
strategies to be implemented. Over the last three decades,
large and/or prospective studies have provided evidence of an
association between elevated HbA1c levels and diabetic
microvascular complications [1–3]. Complications include
diabetic retinopathy, nephropathy including albuminuria,
neuropathy including pain and foot ulcers/amputations [4].
A progressive fall in endogenous insulin production, monitored by the loss of C-peptide, makes it difficult to maintain
tight glucose control in the majority of patients, and this
poor glycaemic control affects HbA1c measurements and
hypoglycaemia [5,6].
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Recent evidence shows that pancreatic b cells are frequently
still viable and functional decades after onset of Type 1
diabetes based on new, ultrasensitive C-peptide assays [7–9].
C-peptide is secreted at a 1:1 molar ratio to insulin, thus
representing a direct measure of endogenous insulin. The
prevailing dogma has been that for the majority of people with
Type 1 diabetes, b cells are destroyed after a short, 1- to 2-year
‘honeymoon period’ after diagnosis [10]. The identification of
this honeymoon period provided the rationale for only testing
new immunotherapies in patients with new-onset diabetes.
People with Type 1 diabetes with established disease were
defined, using the current definition, as a disease with absolute
insulin deficiency [11]. The regular C-peptide assays used by
most healthcare systems have lower limits of detection of
~50 pmol/l. By contrast, ultrasensitive assays now enable Cpeptide to be monitored at levels as low as 1.5–2.5 pmol/l.
With the advent of methods of measuring low C-peptide
levels, important questions arise about the usefulness of this
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What’s new?
• We report the measurement of small amounts of residual insulin secretion, via an ultrasensitive C-peptide
assay, that identifies and stratifies people with Type 1
diabetes who are at risk of or have protection from
complications and hypoglycaemia.
• Measurement of low levels of C-peptide may clinically
identify at-risk patients.
• The data suggest a new therapeutic strategy of maintaining low C-peptide levels, even in advanced disease,
to avoid or prevent complications, improve HbA1c and
lessen severe hypoglycaemia.
biomarker in the management of diabetes. First, is there
clinical value in measuring low levels of C-peptide and does it
identify heterogeneity in patients with Type 1 diabetes?
Second, does the measurement of low levels of C-peptide
assist in predicting protection from, or risk of, complications? Do low levels of C-peptide protect from severe
hypoglycaemia? Finally, do low levels of C-peptide maintain
or provide HbA1c regulation? The data reported in the
present study begin to provide answers to such questions.

Patients and methods
Patients and blood sampling

At the Immunobiology Research Clinics of the Massachusetts
General Hospital, we surveyed 1273 patients with Type 1
diabetes accrued over an 8-year period (2005–2013) for
fasting C-peptide levels in a cross-sectional manner. The
study was gradually expanded to examine the relationship
between C-peptide and HbA1c, accruing patients over a
5-year period (2008–2013), and for C-peptide and presence
or absence of diabetes-related complications and hypoglycaemia, the study accrued 324 patients over a 1.5-year period
(2011–2013). These studies had full institutional approval
and informed consent was obtained from all patients
(Protocol #2001P001379).

Design

All patients included in the study were research-only volunteers, predominantly from the USA and Canada (98% total),
and were of non-Hispanic white ethnicity (99%). All patients
met the American Diabetes Association classification of Type
1 diabetes, which includes continuous use of insulin from the
time of diagnosis, history of ketones and history of autoantibodies. Patients were aged 8–90 years. The patients with
Type 1 diabetes were receiving frequent medical care and had
well-controlled diabetes with a mean HbA1c concentration of
56 mmol/mol (7.3%). More details on our research clinic
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and patient demographics can be found in the Supplementary
Methods (File S1).
Blood serum was collected and frozen at 80°C. In cases
where recent HbA1c values were not available from the clinic
charts, blood was sent out for HbA1c testing. Only serum
tubes that had never been thawed were included in the
C-peptide analysis. Samples were typically thawed and
analysed within 3–4 months.
Evaluation of reduced awareness of hypoglycaemia in
patients across all stages of disease was conducted using the
survey by Clarke et al. [12]. A total of 324 patients with
Type 1 diabetes (mean age 40.3 years) completed the survey.
The survey included eight questions (Fig. S4). If four or more
responses on the survey fell into the ‘R’ category, then the
patient was classified as having reduced awareness. When
the responses fell into ≤ 2 ‘R’ reduced awareness categories,
the patient was classified as having awareness. Moderate
hypoglycaemia was defined as lethargy, confusion or requiring assistance for treatment. Severe hypoglycaemia was
defined as unconsciousness, seizure or requiring glucagon
or intravenous glucose.

C-peptide assay methods

Serum samples were assayed for C-peptide using the Mercodia regular (Cat. No 10-1136-01) or ultrasensitive C-peptide
ELISA kits (Cat. No 10-1141-01), both from Mercodia AB
(Uppsala, Sweden). Both assays were calibrated against the
International Reference Reagent for C-peptide (IRR Cpeptide 84/510; a WHO standard) and listed with the US
Food and Drug Administration as Class I In Vitro Diagnostic
devices. The lower limit of sensitivity of the Mercodia
ultrasensitive assay for these studies was calibrated to
2.5 pmol/l. Additional details are provided in the Supplementary Methods (File S1).

Statistics

Data on disease duration, fall in C-peptide level, and HbA1c
measurements were not normally distributed. We therefore
used the non-parametric Mann–Whitney U-test to determine
the statistical significance of differences in measurements.
Rates of complications between two C-peptide strata were
compared, adjusting for disease duration using a logistic
regression model that related a binary outcome to multiple
categorical or continuous explanatory variables. We applied
a multivariable logistic regression model using complication
event as the binary dependent variable and C-peptide stratum and duration of disease as independent variables. The
duration-adjusted comparisons were represented by the P
value and odds ratio of the C-peptide stratum term in the
multivariable model. Percent of patients with undetectable
C-peptide and hypoglycaemia degree were compared using a
chi-squared test. Scatter plots and bar plots were used to
illustrate visually distributions of variables. We used SAS
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version 9.3 (SAS Institute, Cary, NC, USA) for statistical
analyses. Statistical significance was established using a P
value threshold of 0.05.

Results
C-peptide decline in patients with Type 1 diabetes is
frequently decades-long

Figure 1a shows the decline in fasting C-peptide levels in
1272 patients with diabetes in relation to disease duration.
The patients’ clinical characteristics are shown in Fig. S1.
The data show the persistence of C-peptide as it gradually
declines over decades after diagnosis. Note that the dataset is
cross-sectional and not longitudinal. Nevertheless, the association between C-peptide and disease duration is clear. As
previous studies have observed a relationship between
C-peptide decline and age of onset, we first examined our
data for this association [13]. The differences in the
C-peptide rates of decline were examined for patients with
a disease duration of < 15 years (Fig. 1b, left) and those with
a disease duration of 15–30 years (Fig. 1b, right). Regardless
of disease duration, age of onset was a risk factor for a more
rapid decline in C-peptide levels (duration < 15 years,
P = 0.0001; duration 15–30 years, P = 0.0001). The association with disease duration is shown in Fig. 1a and is further
analysed in Fig. S2 and is considered in the context of
previous data [14].
As there was a major difference in C-peptide decline based
on the adult vs. adolescent onset of diabetes, we also
stratified the data across many age-of-onset intervals. Fig. S2
shows that children with a younger age of onset (either with
disease onset at age < 5 years or with onset at age
< 10 years), have very rapid C-peptide declines in parallel
with diabetes duration. By contrast, C-peptide decline was
more moderate within the disease onset age groups 20–30 or
30–40 years. Statistical trends in C-peptide decline based on
small age of onset intervals are shown in Fig. S2b. The data
show the more rapid decline in C-peptide levels in the
youngest children (disease onset at < 5 years of age or
< 10 years of age), compared with adolescents and young
adults. The data also show that in patients with disease onset
at > 40 years of age, C-peptide levels again decline at a faster
rate, as previously reported [7].

Relationship between complications and HbA1c values with
C-peptide levels

An examination of the clinical histories of 324 patients
with Type 1 diabetes showed that 76 had at least one
Type 1 diabetes-related complication (Fig. 2a, red diamonds) compared with 248 patients with Type 1 diabetes
without complications (Fig. 2a, black circles). Importantly,
when the data were plotted against duration, and the
known association of diabetes duration and complications
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was statistically removed, an independent association was
found between low levels of C-peptide and complications.
More specifically, a C-peptide level > 10 pmol/l, regardless
of diabetes duration, was protective from complications,
and a C-peptide value of < 10 pmol/l presented a risk of
complications (P = 0.03). This is seen in Fig. 2a, where the
majority of the red diamonds are below the dashed line,
indicating the 10 pmol/l C-peptide level. For the values
from 2.5 to 10 pmol/l, 40 patients were without complications (black) and 13 of the patients were with complications (red). Of the patients with undetectable C-peptide
levels, 110 had no complications (black) and 58 had
complications (red). Patients with C-peptide levels
< 10 pmol/l were 3.1 times more likely to develop a
diabetic complication (odds ratio 3.1, confidence interval
1.1–8.6). The clinical characteristics of patients studied for
complications are shown in Fig. S3a.
We studied the impact of C-peptide levels in 1273 patients
with Type 1 diabetes on metabolic control by examining
HbA1c values (Fig. 2b). Low C-peptide levels (2.5–50 pmol/l)
were associated with higher HbA1c values [median 55 mmol/
mol; 7.2%, interquartile range (IQR) 51–63 mmol/mol;
6.8–7.9%] compared with substantially more C-peptide at
levels of 50–100 pmol/l [median 52 mmol/mol; 6.9%, IQR
45–62 mmol/mol; 6.3–7.8%; P < 0.0001]. For C-peptide
levels ≤ 2.5 pmol/l the stratum median was equal to 55
mmol/mol; 7.2%, IQR 51–63 mmol/mol; 6.8–7.9%. For
C-peptide levels 2.5–50 pmol/l the stratum median (IQR)
was 55 mmol/mol; 7.2% (52–74 mmol/mnol; 6.9–8.9%). By
contrast, for C-peptide levels > 50 pmol/l the stratum median
(IQR) was 53 mmol/mol; 7.0% (45–60 mmol/mol; 6.3–
7.6%). The P values for HbA1c using a Wilcoxon rank-sum
test (also known as the Mann–Whitney U-test) on new
stratifications of C-peptide were also calculated. The P value
for C-peptide ≤ 2.5 vs. > 50 pmol/l was 0.004, and for 2.5–
50 vs. > 50 pmol/l it was 0.002. These data show that low
levels of C-peptide are associated with poorer metabolic
control, but levels > 50 pmol/l appear to be associated with
improved HbA1c control.
There is a well established goal of normalizing HbA1c
concentration to < 58 mmol/mol (7.5%) to prevent complications. These data reinforce the value of even lower
levels of C-peptide in assisting metabolic control. The
clinical characteristics of the patients included in the
present analysis are shown in Fig. S3b. This newly
demonstrated value of preserved C-peptide < 50 pmol/l to
prevent complications and to possibly control blood
sugars, as measured by HbA1c, is supportive of the
recently identified linear relationship between HbA1c and
stimulated C-peptides above the 200 pmol/l range [15].
Our data show that a similar linear relationship exists even
for lower C-peptide values.
We evaluated the frequency, severity and consequences of
hypoglycaemia unawareness in relation to low C-peptide
levels. We used the survey method of Clarke et al. [12]
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FIGURE 1 Decades-long persistence of C-peptide in patients with Type 1 diabetes (n = 1272) and more rapid fall in C-peptide levels with younger
age of onset. (a) Graph showing gradual, decades-long decline in C-peptides detectable using an ultrasensitive assay. (b) Graph showing that the
decline in C-peptide levels in patients with long-term diabetes is related to the age of onset of the disease. Data are stratified by diabetes duration
< 15 years (left) or 15–30 years (right). For a Type 1 diabetes duration of < 15 years, an age of onset of < 20 years old was associated with a more
rapid decline in C-peptide level (age of onset < 20 years, n = 292; age of onset > 20 years, n = 294). With a Type 1 diabetes duration of 15–
30 years, a more rapid decline in C-peptide level was again associated with an age of onset of < 20 years (age of onset < 20 years, n = 196; age of
onset > 20 years, n = 165). P values were calculated using a Mann–Whitney U-test (Wilcoxon rank-sum test) and the data are represented as
mean  SEM. ***P < 0.0001.

(Fig. S4) to begin to determine if there were any trends in the
severity of hypoglycaemia in relation to low C-peptide levels.
Of the 324 patients completing the survey, 64 reported
moderate hypoglycaemia and 38 reported severe hypoglycaemia (Fig. 3a). We attempted to find an absolute cut-off
value for C-peptide vs. severe hypoglycaemia but could not
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identify one with this sample size. This implies that this
clinical symptom may be more related in a linear fashion to
the symptoms of severe hypoglycaemia. The clinical characteristics of these patients are presented in Fig. S5.
All patients with diabetes with detectable C-peptide at
any level were grouped based on the hypoglycaemic survey
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The clinical standard for evaluating glycaemic control is HbA1c
levels, which represents a chronic marker of glucose control
over a 3-month period. A more dynamic or acute marker of
glucose control is 1,5-Andryoglucitol (1,5-AG). This rapidly
changing marker is found in high concentration in the blood of
people with normoglycaemia and low in those with hyperglycaemia. 1,5-AG represents glycaemia over the preceding 1–
2 weeks. In a subset of 50 patients with Type 1 diabetes, we
measured 1,5-AG, serum glucose and C-peptide levels. Figure 4a shows the known association of 1,5-AG with serum
glucose levels: as 1,5-AG rises, blood sugars fall (Pearson
r = 0464; P = 0.007). Figure 4b shows 1,5-AG levels compared with the full range of diabetic C-peptide levels, including
low levels of C-peptide in the ultrasensitive assay range of 2.5–
50 pmol/l. Like high levels of C-peptide, ultra-low levels of Cpeptide were observed to respond in a moderate way to
hyperglycaemia in a linear and statistically significant manner
(Pearson r = 0.566; P < 0.0001). Low ranges of C-peptide
showed a dynamic pancreas response measured though 1,5AG, even when there were small pancreatic reserves of insulin
secretion in response to blood sugars [7,8].

C-peptide (pmol/l)

Discussion
FIGURE 2 Low levels of C-peptide < 10 pmol/l were predictive of
diabetes-related complications (a), and levels of 2.5 pmol/l identified
patients with Type 1 diabetes with poor HbA1c control (b). (a)
Development of diabetes-related complications of retinopathy, foot
ulcer amputations, neuropathy or kidney disease (nephropathy or
micro-albuminuria) was associated with a C-peptide level of
< 10 pmol/l. This significant association (P = 0.03, n = 324) was
independent of disease duration. Red triangles, patients with Type 1
diabetes with complications; black circles, patients with Type 1
diabetes without any diabetes-related complications. (b) Lower risk of
elevated HbA1c was associated with a C-peptide range of > 50–
100 pmol/l, while higher risk was associated with a C-peptide range of
> 2.5–50 pmol/l (P = 0.0001). A total of 1273 patients were studied.

results into mild, moderate and severe hypoglycaemia
(Fig. 3b, c). The groups were then compared using the
Mann–Whitney U-test. Patients with mild and moderate
hypoglycaemia had higher levels of C-peptide than those
with severe hypoglycaemia and the differences were
significant (mild vs severe P = 0.043; moderate vs severe
P = 0.043): mild: mean  SEM 92.6  24.8 pmol/l, median
(IQR) 42.4 (21.3–177.5) pmol/l; moderate: mean  SEM
103.2  36.4 pmol/l, median (IQR) 42.4, (17.1–145.3)
pmol/l; and severe: mean  SEM 28.8  12.3 pmol/l, median (IQR) 22.6, (6.9–31.2) pmol/l.
In the mild hypoglycaemia group 76.9% of patients had
undetectable C-peptide levels, whereas in the moderate and
severe groups 81.5 and 81.6% had undetectable C-peptide
levels, respectively.
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Our data show a gradual, decades-long decline of pancreatic
function measured by a sensitive C-peptide assay in 1272
patients with Type 1 diabetes. The study confirms the results of
smaller studies: C-peptide commonly exhibits a decline over
decades after disease onset [7,8]. The present study also
showed that an early age of onset of Type 1 diabetes was a risk
factor for undetectable C-peptide levels and a later age of onset
was commonly associated with a slower decline in C-peptide
levels. This observation is supported by previous studies in
patients with new-onset diabetes using less sensitive C-peptide
assays. In 1978, Madsbad et al. [16] reported residual b-cell
function in insulin-dependent people with diabetes in relation
to age of onset shortly after diagnosis. The Diabetes Control
and Complications Trial (DCCT) confirmed an association of
early age of onset with faster decline in C-peptide levels
immediately after disease onset [13]. Wang et al. [7] used Cpeptide assays with lower limits of detection combined with a
decades-long evaluation of the disease course and observed
that age of onset was also related to decades-long preservation
of C-peptide. This year two additional studies similarly
reinforced this concept in new-onset disease [17,18]. A very
clear protective factor for a slow C-peptide decay, therefore,
was older age of onset and a very clear risk factor for a rapid
decline in C-peptide was a younger age of onset. The only
exception was with age of onset of diabetes > 40 years; Cpeptide levels again started to decay faster, and this subgroup
of patients is also notable for the fact that the majority had
long-standing hypothyroidism before diabetes onset [7].
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FIGURE 3 Various degrees of hypoglycaemia (mild vs. moderate vs. severe) were compared with simultaneously evaluated C-peptide levels
(n = 324). Using the survey method of Clarke et al. [12] to evaluate mild, moderate and severe hypoglycaemia unawareness, the patients with Type 1
diabetes were divided into three categories and their mean C-peptide levels quantified (a). Patients with symptoms of hypoglycaemia are indicated as
red dots; patients without symptoms of hypoglycaemia are represented as black dots. An absolute value for residual C-peptide level related to
hypoglycaemic symptoms could not be identified in this dataset. (b) Determination of detectable C-peptide levels in patients with symptoms of mild,
moderate and severe hypoglycaemia yielded a statistically significant trend when detectable C-peptide levels were compared. Mean  SEM C-peptide
levels for mild hypoglycaemia: 92.6  24.8 pmol/l; moderate hypoglycaemia: 103.2  36.4 pmol/l; and severe hypoglycaemia: 28.8  12.3 pmol/l
(*P = 0.049; **P = 0.04).

Our cross-sectional data suggest that low levels of residual
fasting C-peptide may have clinical significance in preventing
complications and impact on HbA1c. In an analysis of 324
patients, preservation of C-peptide levels > 10 pmol/l was
associated with protection from the onset of diabetes-specific
complications. These data suggest that preserved C-peptide
levels lead to better glycaemic control as measured with
HbA1c. Early clinical data suggest that an immunotherapy
given to people with diabetes with an average of 15 years’
duration led to a small but increased C-peptide release [19].
Previous DCCT data showed that C-peptide levels of
> 200 pmol/l near the time of diagnosis could be considered
a meaningful threshold, and a new pilot study shows stimulated C-peptide levels of > 30 pmol/l are beneficial in preventing complications [20,21]. The present study shows low levels
and decades-long insulin secretion may also be beneficial.
In Type 1 diabetes the standard of care with insulin and
glucose-monitoring devices has continued to improve. We saw
a flat association between broad ranges of fasting C-peptide
and HbA1c control. There was one exception. At the very
lowest and new ranges of C-peptide detectable with this
sensitive assay (2.5–50 pmol/l), as compared with higher
levels (51–200 pmol/l) of C-peptide, we saw worsening of
HbA1c control. These data indirectly support the concept that
low levels of C-peptide secretion might be beneficial for
patients with very advanced diabetes. The data also show that
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only at very low levels of C-peptide was there an impact on
HbA1c control that was not affected by the improved standards
of care. A single newly identified value of C-peptide
< 50 pmol/l also does not rule out a linear relationship with
these gradual declines. Using established survey methods of
assessing the degree of hypoglycaemia unawareness, this
dataset also shows that severe hypoglycaemia was associated
with the lowest unstimulated levels of C-peptide. This finding
was statistically significant. Islet transplant studies have also
shown that low levels of endogenous stimulated C-peptide
(> 30 pmol/l) may assist in maintaining fasting blood glucose
values, lower HbA1c and prevent severe hypoglycaemia [22].
The present study uses metabolic characteristics to look at
low levels of C-peptide (< 50 pmol/l) in relation to 1,5-AG.
The 1,5-AG blood metabolite identifies patients with more
frequent and extreme glycaemic excursions and low 1,5 AG
levels stratifies patients at higher risk of complications [8,23–
28]. We show a strong linear and non-threshold relationship
between 1,5 AG and low levels of C-peptide < 50 pmol/l
(P < 0.0001). Low levels of C-peptide therefore not only
correlate with high risk of complications but also relate to
the known association of 1,5 AG with acute glycaemic
excursions over a 2-week period. If it were possible to
preserve low levels of C-peptide, both marked excursions in
blood glucose and complications could potentially be
avoided. This suggests again that low levels of C-peptide
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tions. It is of historical interest to point out that it had been
known since 1902 that occasionally the examination of the
pancreas at autopsy of a patient with long-standing diabetes
revealed islets of Langerhans structures. Unfortunately,
without accompanying functional data, those islet structures
were not known to be functional and thus insulin production
was thought to cease for the majority of patients [9]. Our
data now additionally show that, not only does C-peptide
production commonly persist, but that prolonged C-peptide
production is more frequent in people with Type 1 diabetes
with onset in adulthood rather than in childhood. During the
course of the review of this paper, two studies have also
observed this age association [18,29]. Future studies of low
levels of C-peptide production could be important in Type 2
as well as Type 1 diabetes [30]. These findings start to
establish the clinical relevance of long-term C-peptide
secretion in established Type 1 diabetes.
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Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Figure S1. Clinical characteristics of the patients with Type 1
diabetes included in Fig. 1 to study C-peptide decline.
Figure S2. Age of onset of Type 1 diabetes influences the rate
of decline in C-peptide. (a) To show in more detail what
happens to C-peptide as a function of the age of onset,
patients with Type 1 diabetes (n = 1272) were subdivided
into different groups based on their age of onset. C-peptide
was then plotted against disease duration. (b) Mann–Whitney U-test comparison of the groups shown in (a). Mann–
Whitney U-test P values are shown. Number of subjects in
each group: age of onset < 5 years, n = 130; age of onset
< 10 years, n = 319; age of onset 10–20 years, n = 387; age
of onset 20–30 years, n = 260; age of onset 30–40 years,
n = 150; age of onset > 40 years, n = 170.
Figure S3. Clinical characteristics for the patients with Type
1 diabetes shown in Fig. 2 to study the rates of complications
or HbA1c control.
Figure S4. Hypoglycaemia survey [12] used to generate the
data in Fig. 3.
Figure S5. Clinical characteristics for the patients with Type
1 patients included in Fig. 3 to study the incidence and
severity of hypoglycaemia.
File S1. Supplemental methods.
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