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Abstract
Aims: This study aims to evaluate the stability of C-peptide over time and to 
compare fasting C-peptide and C-peptide response after mixed-meal tolerance 
test (MMTT) at T90 or T120 with C-peptide area under the curve (AUC) in long-
standing type 1 diabetes.
Methods: We included 607 type 1 diabetes individuals with diabetes duration 
>5 years. C-peptide concentrations (ultrasensitive assay) were collected in the 
fasting state, and in a subpopulation after MMTT (T0, just prior to, T30-T60-
T90-T120, 30–120 min after ingestion of mixed-meal) (n = 168). Fasting C-peptide 
concentrations (in n = 535) at Year 0 and Year 1 were compared. The clinical de-
terminants associated with residual C-peptide secretion and the correspondence 
of C-peptide at MMTT T90 / T120 and total AUC were assessed.
Results: A total of 153 participants (25%) had detectable fasting serum C-peptide 
(i.e ≥ 3.8 pmol/L). Fasting C-peptide was significantly lower at Year 1 (p < 0.001, 
effect size = −0.16). Participants with higher fasting C-peptide had a higher age 
at diagnosis and shorter disease duration and were less frequently insulin pump 
users. Overall, 109 of 168 (65%) participants had both non-detectable fasting and 
post-meal serum C-peptide concentrations. The T90 and T120 C-peptide values at 
MMTT were concordant with total AUC. In 17 (10%) individuals, C-peptide was 
only detectable at MMTT and not in the fasting state.
Conclusions: Stimulated C-peptide was detectable in an additional 10% of indi-
viduals compared with fasting in individuals with >5 years of diabetes duration. 
T90 and T120 MMTT measurements showed good concordance with the MMTT 
total AUC. Overall, there was a decrease of C-peptide at 1-year follow-up.
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1   |   INTRODUCTION

Type 1 diabetes is an auto-immune disease character-
ized by insulin deficiency and the presence of islet cell 
autoantibodies. It is well established now that not all 
beta cells are destroyed by this mechanism and that 
many individuals with type 1 diabetes are still secreting 
insulin as measured by C-peptide release in blood and 
urine.5 Moreover, early studies showed a relation be-
tween C-peptide reserve and fewer complications and 
severe hypoglycemia.1,2 Using highly sensitive assays,3,4 
it became clear that in some type 1 diabetes individuals, 
even decades after diagnosis, residual insulin secretion 
persists. The presence or absence of residual insulin se-
cretion is a biomarker of heterogeneity in type 1 diabetes 
disease (course). In around 30% of individuals with type 
1 diabetes C-peptide is detectable.6–8 Having detectable 
C-peptide, even at low concentrations, is associated with 
favourable clinical outcomes and fewer diabetes-related 
microvascular complications.9–12

C-peptide can be evaluated by a single measurement in 
the fasting state, random, or after a standardized stimu-
lus, for instance with a glucagon stimulation test (GST) or 
with a mixed-meal tolerance test (MMTT). In the context 
of clinical trials where relatively high C-peptide levels can 
be expected- both GST and MMTT are being used and well 
evidenced.13–16 In a head-to-head comparison of these two 
tests in 77 individuals with type 1 diabetes, the reproduc-
ibility of the MMTT was slightly better and the MMTT 
caused fewer side-effects.13 The reproducibility of the 	
C-peptide response after MMTT, calculated as the area 
under the curve (AUC), was assessed over the course of 
several weeks, and proved to be very high.13 However, the 
MMTT takes 2.5 h to perform, and requires five consecutive 
measurements of C-peptide, which poses a considerable 
burden for the participant, and makes the test laborious 
and expensive. An easier and cheaper way to reliably as-
sess residual C-peptide secretion is, therefore, required, for 
example, a different test or a simplified MMTT. Moreover, 
measuring C-peptide in individuals with longer duration 
type 1 diabetes requires a lower limit of detection (LOD) 
than measuring C-peptide in newly-diagnosed type 1 di-
abetes individuals. In the ‘Biomarkers of heterogeneity in 
type 1 diabetes’ project, we attempt to stage type 1 diabetes 
individuals based on heterogeneity in type 1 diabetes. In 
the current study, we focus on residual insulin secretion.

In this study, using an ultrasensitive assay, we assess 
the additional value of the MMTT C-peptide total AUC 
compared with a single fasting C-peptide measurement, 
C-peptide at T90 and T120 of MMTT in a population of 
type 1 diabetes individuals after the honeymoon phase 
(diabetes duration >5 years). In addition, we repeated 
C-peptide measurements after 1 year to evaluate the 

changes in fasting and meal-stimulated residual insulin 
secretion over time.

2   |   METHODS

2.1  |  Study design and population

The study population consisted of individuals with a clin-
ical diagnosis of type 1 diabetes, age 16 years and older 
with a disease duration of >5 years. A clinical diagnosis 
of type 1 diabetes means that the diagnoses was made by 
a medical specialist and was based on the guidelines of 
diagnosing type 1 diabetes that were applicable during 
the time period at which diagnosis occurred. They par-
ticipated between 2016 and 2019 in the ‘Biomarkers of 
heterogeneity in type 1 diabetes’ project. This is a longi-
tudinal study in which a biobank is established through 
clinical and metabolic phenotyping of individuals with 
established type 1 diabetes. The aim is to improve dis-
ease staging and to identify biomarkers, that reveal the 
risk and early development of damage and complica-
tions. Blood and urine samples were collected at baseline 
(Year 0), and repeated measurements, including fasting 
C-peptide, took place approximately 1 year later (Year 

Novelty statement

What is already known?
•	 Residual and low C-peptide levels correlate to 

a lower incidence of complications and fewer 
episodes of severe hypoglycaemia.

What this study has found?
•	 In long-standing diabetes, measuring C-peptide 

using mixed-meal tolerance test (MMTT) iden-
tified an additional 10% of individuals with de-
tectable C-peptide than measuring C-peptide in 
the fasting state.

•	 An MMTT C-peptide value at T90 corresponds 
well with MMTT C-peptide total response.

What are the implications of the study?
•	 In one of the first large studies with MMTT 

and fasting ultra-sensitive C-peptide measure-
ments in long-standing diabetes, T90 C-peptide 
of MMTT can be used as a proxy for determin-
ing beta cell function in individuals with estab-
lished type 1 diabetes.
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1). Patient characteristics were extracted from the elec-
tronic patient management systems of the participating 
centers. The Biomarker Study is a collaboration between 
Diabeter, the University Medical Center Groningen 
(UMCG), Haaglanden Medical Center and Ikazia hospi-
tal, The Netherlands (Clini​caltr​ials.gov/NCT04​977635). 
The project was approved by the Medical Ethics Review 
Board of the UMCG (METC 2015/493).

Figure S1 shows the flow diagram of participants. A 
total of 611 participants were recruited, provided writ-
ten informed consent and were followed prospectively. 
Of these, we recruited 168 participants for additional 
metabolic testing comprising two MMTTs, one at Year 
0 and one at Year 1. At study entrance participants were 
asked if they were interested in taking part in this addi-
tional sub-study that was focussed on residual insulin 
secretion requiring them to visit the hospital/clinic in 
the fasting state for two additional visits for a mixed-
meal test. Participants were invited for this sub-study 
without foreknowledge of their C-peptide status. In 
total, 607 individuals had fasting C-peptide measured 
at Year 0 and in 535 of them C-peptide was measured 
again at Year 1. In addition, 168 individuals underwent 
an MMTT at Year 0 and in 102 of these individuals, the 
MMTT was repeated at Year 1.

2.2  |  MMTT

MMTTs were performed according to a protocol previ-
ously described.13 Before the start of the MMTT fast-
ing blood glucose was tested, the MMTT was only 
performed when the capillary glucose value was between 
3.3 and 12.0 mmol/L. Blood was collected through an 
intravenously-inserted line, just prior to (T0) and at 30, 
60, 90 and 120 min (T30, T60, T90, T120, respectively) 
after ingestion of the mixed-meal (T0). The participants 
received 6 ml/kg of the liquid mixed-meal (Resource® pro-
tein, Nestlé) with a maximum of 360 ml, which in total 
contains 450 kcal (50 g carbohydrate, 13 g fat and 34 g pro-
tein). After clotting and centrifugation, serum samples 
were frozen at −80°C until analysis.

2.3  |  Glucose and C-peptide 
measurement

Glucose was measured with a hexokinase method. C-
peptide was measured by the IRMA (Beckman Coulter, 
cat. no. IM3639, distributed by IMMUNOTECH s.r.o., 
Prague, Czech Republic).4 The limit of quantification of 
this ultrasensitive assay was 3.8  pmol/L, and interassay 
coefficient of variation (c.v.) was 9.1% at 6.5 pmol/L.

2.4  |  Statistical analyses

Descriptive data were summarized as median and inter-
quartile range [IQR], and n (%) for ordinal/categorical 
data. Results were illustrated using scatterplots or box-
plots and paired data were connected by lines. Where ap-
propriate, the axes of plots were on a 10log scale to improve 
visualisation of the results. Clinical determinants of both 
fasting C-peptide and C-peptide AUC were assessed using 
Tobit regression analyses. Variables that were associated 
with the outcome univariately with a p < 0.1 were selected 
for the multivariable analysis.

The ranking of the Year 0 and Year 1 fasting C-peptide 
concentrations were compared with the nonparametric 
Wilcoxon-signed-rank test for paired samples. The effect 
size was calculated as the standardized Z-score and indi-
cates the shift in the ranks of C-peptide concentrations 
over time. The same test was used to compare MMTT C-
peptide production (AUC) in Year 0 and Year. Total AUC 
was calculated using five MMTT measurements of C-
peptide (pmol/L) over the total test duration of 120 min-
utes using the trapezoidal rule. In addition, the timepoint 
at which the C-peptide concentration was at its peak 
(peak C-peptide) was assessed. A C-peptide response at 
MMTT was categorised as a C-peptide value at 30, 60, 90 
or 120 min (T30-120) after ingestion of mixed-meal shortly 
after T0, being higher than the C-peptide concentration 
at T0.

The significance level was set at p < 0.05 (two-sided). 
Missing data were ignored, except for missing C-peptide 
data from the MMTT, which were imputed. T120 was im-
puted censored (<3.8 pmol/L) if all preceding C-peptide 
measurements were censored (<3.8 pmol/L), T60-90 were 
imputed by taking the mean of the two flanking C-peptide 
measurements. In this way, the imputed value does not 
influence the AUC calculation. Analyses were performed 
with R version 4.1 and Integrated Development for R. 
RStudio, Inc., Boston, MA URL http://www.rstud​io.com/17 
using the ‘rstatix’ package for statistical analyses.18

3   |   RESULTS

3.1  |  Baseline characteristics and fasting 
serum C-peptide

Table  1 shows the baseline characteristics of the par-
ticipants. Of the total cohort of 607 participants, median 
[IQR] age was 31.6 [23.1–52.3], median age at diagnosis 
was 12.2 [8.0–20.4] and diabetes duration was 18.5 [11.8–
29.9] years. Of these, 59% were women and 61% were in-
sulin pump users, the other participants used multiple 
daily insulin injections. In total, 153 participants (25%) 

http://clinicaltrials.gov/NCT04977635
http://www.rstudio.com/


4 of 9  |      VOLLENBROCK et al.

had detectable fasting C-peptide ≥3.8  pmol/L. Overall, 
fasting C-peptide was lower with longer duration of diabe-
tes (Figure S2, Table S1). Participants with higher fasting 
C-peptide also had a significantly higher age at diagnosis, 
shorter disease duration and were more frequently insulin 
pump users (Table S1).

3.2  |  Fasting serum C-peptide stability 
over 1 year

Repeated fasting C-peptide measurements were avail-
able in 535 of 607 participants, 118 participants (22.1%) 
had fasting C-peptide ≥3.8 pmol/L 1 year later. A total of 
417 participants had an undetectable C-peptide at Year 
1, of these 26 (4.9%) had a detectable C-peptide 1 year 
earlier (Table  2). Figure  1 shows the variability of fast-
ing C-peptide over time in the individuals with repeated 
measurements and detectable fasting C-peptide at either 
Year 0 or Year 1 (n = 144). In total, 70% (n = 101) of the 
individuals had a lower fasting C-peptide at Year 1 com-
pared with Year 0. Overall, fasting C-peptide levels were 
significantly lower at Year 1 (paired Wilcoxon-signed-
rank p < 0.001, effect size = −0.16).

3.3  |  C-peptide at fasting and after the 
mixed-meal tolerance test

Of the 168 participants who underwent a baseline MMTT, 
109 (65%) had both non-detectable fasting and post-
meal C-peptide concentrations, while 17 (10%) had non-
detectable fasting C-peptide combined with an increase of 

C-peptide to detectable concentrations during the MMTT 
(Table S2). Thus, 42 (25%) participants of the MMTT Year 
0 group had detectable fasting C-peptide. In five of these 
individuals, there was no increase of the C-peptide at 
MMTT compared with the fasting C-peptide concentra-
tion. In these six individuals, fasting C-peptide concentra-
tion was near the detection limit (3.9–5.5 pmol/L).

The time course of the C-peptide concentration in 
all 54 participants who showed an increase of C-peptide 
during the first MMTT are depicted in Figure 2. The ma-
jority of them had a peak C-peptide during MMTT at T120 
(n = 26) and T90 (n = 20). One individual had similar C-
peptide levels at T90 and T120. Seven participants had the 
highest C-peptide concentration measured at T30 or T60. 
Two individuals did not show a response to the MMTT 
and had a similar C-peptide concentration during all time-
points of the MMTT, and not exceeding the concentration 
at serum C-peptide measured at T0. A higher total AUC, 
T90 or T120 C-peptide was associated with a higher fasting 
C-peptide (Figure S3). Participants with higher C-peptide 
response at MMTT had a shorter diabetes duration and 
higher age at diagnosis, a lower BMI and were more fre-
quently insulin pump users (Table S3).

3.4  |  Mixed-meal tolerance test C-peptide 
stability over 1 year

Figure 3 shows the C-peptide response during the first and 
the second MMTT in those with detectable C-peptide. In 
total, 57 individuals showed no C-peptide response in ei-
ther test, eight had a detectable C-peptide response during 
the first test but no response during the second test, while 

T A B L E  1   Baseline characteristics of the study participants

All participants (n = 607)
Participants with MMTT at 
Year 0 (n = 168)

Women, n (%) 359 (59) 98 (58)

Age, years 31.6 [23.1, 52.3] 26.1 [21.5, 47.1]

Age at diagnosis, years 12.2 [7.90, 20.2] 11.5 [7.9, 16.7]

Diabetes duration, years 18.5 [11.8, 29.9] 17.5 [10.3, 27.8]

Body mass index (BMI), kg/m2 25.1 [23.0, 27.7] 25.1 [23.1, 27.4]

Total insulin dose, U/day 50 [40, 65] 52 [42, 64]

Pump users, n (%) 366 (61) 113 (68)

Detectable fasting serum C-peptide, n (%) 153 (25) 42 (25)

Fasting serum C-peptide, pmol/L 0.0 [0.0, 3.9] 0.00 [0.00, 0.98]

Detectable C-peptide* after MMTT, n (%) N.A. 56 (33)

Notes: Data are presented as median and interquartile range [IQR], or n (%). Number of missing values in all participants: BMI – 42, Daily insulin dose – 19, 
Pump use (or MDI) – 7, all other covariates no missing values. Number of missing values in MMTT subgroup: BMI – 5, Daily insulin dose – 4, Pump use (or 
MDI) – 1, all other covariates no missing values.
Abbreviation: NA, not applicable.
aDetectable C-peptide at least at one timepoint after mixed-meal tolerance test (MMTT).
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35 had a C-peptide response in both tests (Table 3). Two 
individuals had no response during the first MMTT but 
did have a response at the second test. There was a signifi-
cant overall decrease of C-peptide AUC after 1 year in the 
group with detectable C-peptide response (n = 57, paired 
Wilcoxon-signed-rank p < 0.001, effect size  =  −0.35). 
Figure  4a,b display the concordance of C-peptide meas-
urements at T90 and T120 with MMTT total AUC.

3.5  |  Plasma glucose response to  
mixed-meal tolerance test

Mean increase of plasma glucose at MMTT was 12.2 (±3.8) 
mmol/L. The mean increase of glucose was significantly 
lower with increased C-peptide response (B  =  −0.006, 
SE = 0.002, p = 0.007). In those who switched from having 
a C-peptide response at Year 0 MMTT to no response at 

Year 1

<3.8 pmol/L
≥3.8 pmol/L 
decreased

≥3.8 pmol/L 
increased

Not 
measured Total

Year 0 <3.8 pmol/L 391 N.A. 9 54 454

≥3.8 pmol/L 26 75 34 18 153

607

T A B L E  2   Fasting serum C-peptide at 
Year 0 and Year 1

F I G U R E  1   Boxplots of fasting 
serum C-peptide of Year 0 and Year 1 of 
participants with detectable C-peptide 
(n = 144). The measurements at Year 0 
and Year 1 from individuals with both 
measurements available are connected by 
lines.

F I G U R E  2   C-peptide response 
at mixed-meal tolerance test at Year 
0 (n = 54). In this subpopulation of 
individuals with C-peptide response to a 
mixed-meal (n = 54) median [IQR] age 
was 25.1 [21.6, 48.2] years and diabetes 
duration was 10.2 [7.7, 22.1] years; 56% 
were women. C-peptide was undetectable 
in n = 15 T0, n = 10 T30, n = 7 T60, 
n = 5 T90, n = 4 T120.
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Year 1 (n = 8), six had a higher glucose peak at MMTT at 
Year 0 compared with Year 1. Vice versa, two participants 
went from having no C-peptide response to the MMTT at 
Year 0 to having a response at Year 1, one had a higher 
glucose peak at the MMTT at Year 1.

4   |   DISCUSSION

In this study, we examined residual C-peptide secretion in 
a population of individuals with long-duration type 1 dia-
betes (median duration 18.5 [11.8, 29.9] years), and using 
an ultrasensitive C-peptide assay, we report that one-third 
of individuals with long-standing type 1 diabetes exhib-
its some degree of residual insulin secretion. Measuring 
C-peptide using MMTT identified an additional 10% of 
individuals with detectable C-peptide than measuring C-
peptide only in the fasting state. Both the 90 and 120 min 
timepoint of the MMTT showed very good concordance 
with the MMTT total AUC. Thus, measuring C-peptide 
at T90 of the MMTT provides a simplified approach to 
identify and accurately quantify residual insulin secre-
tion compared to performing a complete MMTT with five 
C-peptide measurements. Finally, the repeated MMTT 1 
year later suggested both a gradual decrease of residual 
insulin secretion over time as well as some potentiation 
of C-peptide with higher plasma glucose concentrations.

Reported studies often take a random C-peptide mea-
surement to estimate the presence of residual insulin 
secretion in people with recent-onset type 1 diabetes, 
potentially because of the convenience of a single sim-
ple blood draw and the fact that participants need not 
travel while being fasted.9,19,20 With a random C-peptide 
measurement, both the time since the last meal as well 
the content of this meal may vary considerably among 
individuals. In the current study, we used a standardized 
mixed meal as a challenge for C-peptide secretion. We 
observed that most participants with detectable fasting 
C-peptide showed an increase of C-peptide at MMTT. In 
addition, we identified 17 individuals with a C-peptide 
increase in whom fasting C-peptide was not detectable. 
Moreover, the peak C-peptide concentrations after MMTT 
were observed after 90 and/or 120 min. This suggests that 
the optimum between using a simple single C-peptide 
measurement and an optimal quantitative estimate of re-
sidual insulin secretion can be achieved by measuring C-
peptide at T90 or T120 of an MMTT. Measuring C-peptide 
at T90 has some advantages as it shortens the test duration 
and reduces the period of hyperglycaemia after the meal. 
The finding that T90 C-peptide corresponds very well with 
MMTT AUC has been reported in the literature previously 
by Besser et al. (2013).21 However, they studied young in-
dividuals with type 1 diabetes (age < 18 years) and short 
diabetes duration, varying between 3 months and 6 years.

F I G U R E  3   C-peptide AUC during 
the mixed-meal tolerance test (MMTT) 
at Year 0 and Year 1 (n = 45) of those 
with detectable C-peptide at MMTT. (a) 
Undetectable C-peptide at first MMTT 
and detectable response at second MMTT 
(n = 2). (b) C-peptide response at first 
MMTT and undetectable C-peptide at 
second MMTT (n = 8). The diagonal red 
line represents MMTT total AUC at Year 
0 = MMTT total AUC at Year 1.

Year 1

Undetectable Detectable Total

Year 0 Undetectable 57 2 59

Detectable 8 35 43

102

T A B L E  3   C-peptide during MMTT at 
Year 0 and Year 1
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By taking a single timepoint of C-peptide measure-
ment at MMTT, some information regarding the acute 
versus continuous stimulation of beta-cells is not cap-
tured. However, in type 1 diabetes individuals MMTT 
AUC is used as the gold standard for illustrating the 
total beta cell secretory capacity for insulin. When a sin-
gle measurement at T90 is used as a proxy for AUC, the 
peak C-peptide level of 25 individuals at 120 minutes is 
not captured. The mean difference between the C-peptide 
at T90 and T120 in individuals who reached their peak 	
C-peptide at T120 is 16 pmol/L (data not shown). Thus, 
the T90 C-peptide concentration can be used as an excel-
lent proxy for MMTT AUC, but if peak C-peptide is the 
desired outcome, T90 is a slight underestimation for some 
individuals.

Since C-peptide is excreted through urine, it can be 
argued that urine analysis of C-peptide can achieve 
similar results in measuring residual insulin secretion. 
Urine can be easily collected by a person at home, with 
the urine sample later delivered in the hospital or sent 

by mail. Previous studies have demonstrated that uri-
nary C-peptide corresponds well with serum C-peptide 
concentrations.8,22–24 In a future study, we plan to in-
vestigate if urinary C-peptide measurements can also 
be used as a proxy for residual insulin secretion in a 
population with long-standing (>5 years) type 1 diabe-
tes. It should be noted that a reduction of renal func-
tion may influence urinary C-peptide excretion, but also 
elevate circulating serum C-peptide concentrations, so 
both may not adequately reflect true residual insulin 
secretion. In the present study, four participants had 
an eGFR <45 ml/min and the highest fasting C-peptide 
concentration in these individuals was 84 pmol/L. These 
individuals did not participate in the MMTT. C-peptide 
is mostly cleared by the kidneys; however, to the best 
of our knowledge, there are no studies that have re-
searched the exact quantitative effect of reduced kidney 
function on C-peptide concentration in type 1 diabetes 
individuals. As a result of impaired kidney function, 
there may be an overestimation of an individual's beta 

F I G U R E  4   Relationship between 
C-peptide total AUC and serum C-peptide 
at T90 or T120 during MMTT in n = 56 
with a C-peptide response at MMTT (a) 
C-peptide at MMTT T90 and total AUC 
n = 5 with undetectable C-peptide at T90 
(b) C-peptide at MMTT T120 and total 
AUC n = 4 with undetectable C-peptide 
at T120.
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cell secretory capacity; however, this overestimation can 
only occur if there was any residual C-peptide secretion 
to begin with.

In the evaluation of residual insulin secretion, it is piv-
otal to use a C-peptide assay which can reliably measure 
small amounts of C-peptide, for instance <10  pmol/L. 
In a considerable number of individuals with type 1 
diabetes residual C-peptide cannot be detected with a 
standard assay (with LOD around 30 pmol/L) while the 
ultrasensitive assay does detect the presence of low lev-
els of C-peptide.3 Earlier, we reported on the character-
istics of the IRMA C-peptide assay, used in the current 
study, which has a lower LOD of 3.8  pmol/L, with an 
acceptable coefficient of variation when concentrations 
are below 20 pmol/L4. We are currently evaluating the 
use of this assay for urinary C-peptide measurements as 
well.

Our analyses showed that the number of insu-
lin pump users was significantly lower in the high C-
peptide categories. Potentially individuals with a higher 
C-peptide concentration have less difficulty achieving 
adequate glycaemic regulation and are, therefore, less 
likely to be prescribed an insulin pump.25 A few partic-
ipants showed large intra-individual differences in C-
peptide measurements at Year 0 and Year 1, which may 
not be fully explained by test-to-test variation. Since the 
majority of participants who had detectable C-peptide 
at either the first or the second MMTT had a higher glu-
cose peak value at the MMTT when C-peptide was de-
tectable. This phenomenon may be explained by glucose 
potentiation.26 Conversely, in the total population there 
was a negative association between glucose increase and 
C-peptide increase at MMTT. This could be explained 
by a functional effect of residual insulin secretion on 
the glucose rise to a meal. Similar results were found in 
another study; however, only in individuals with a con-
siderable C-peptide response >200 pmol/L27. Our study 
is underpowered to draw definite conclusions about the 
complex interplay between glucose and the C-peptide 
response.

4.1  |  Strengths and weaknesses

We have measured serum C-peptide in the fasting state 
and after MMTT in a large group of individuals with vary-
ing diabetes duration. In addition, this is the first study 
investigating MMTTs in type 1 diabetes individuals using 
an ultra-sensitive C-peptide assay.

Repeating the MMTT in a subset of participants 1 year 
later allowed us to investigate changes in C-peptide re-
sponse over time. The limitations of our study are the fact 
that we did not measure other hormones related to food 

intake and stimulation of beta-cells such as incretin and 
GLP1. Overall, our data suggest that there may be a func-
tional effect of C-peptide to the total glucose rise to MMTT 
and in the low levels there may be some effect of glucose 
potentiation on the beta cell response, future studies are 
warranted to confirm these findings.

4.2  |  Conclusion

Measuring C-peptide after MMTT identified an additional 
10% of individuals with detectable C-peptide than meas-
uring C-peptide in the fasting state, while T90 and T120 
minutes timepoints after MMTT showed good concord-
ance with the MMTT total AUC. From a practical point of 
view, we propose to uniformly measure serum C-peptide 
concentration 90 min after mixed-meal ingestion for the 
estimation of residual insulin secretion in individuals 
with a longer diabetes duration. Future research should 
focus on the potentiation effect of glucose and additional 
determinants that are associated with the stimulation of 
C-peptide secretion after a meal.
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