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Abstract

Introduction: C-peptide is an important marker to assess residual insulin pro-
duction in individuals with type 1 diabetes (T1D). The accuracy and detection
limits of C-peptide assays are important to detect C-peptide microsecretion and
to reliably observe changes over time in these people. We compared and verified
two commercially available assays able to measure C-peptide in the picomolar
range.

Methods: The ultrasensitive Mercodia enzyme-linked immunosorbent C-peptide
assay (ELISA) was compared with the Beckman immunoradiometric assay
(IRMA) for C-peptide, assessing reproducibility (coefficient of variation [CV]),
limit of blank (LoB), limit of detection (LoD) and limit of quantitation (LoQ).
Results: For both assays within-run and between-run variation were high at
the low (around the detection limit) C-peptide concentration range, with CVs of
around 40%. LoB values for the ultrasensitive ELISA and the IRMA were 1.3 and
0.16 pmol/L respectively. LoD values were 2.4 and 0.54 pmol/L respectively. LoQ
values were 9.7 and 3.8 pmol/L respectively. Only the IRMA met the specifica-
tions claimed by the manufacturer.

Conclusions: The IRMA provided the lowest threshold for quantification of
serum C-peptide. LoQ of commercially available assays should be established in-
house before applying them in research studies and clinical trials in which low
C-peptide levels have clinical or scientific relevance.
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1 | INTRODUCTION clinical diabetes trials. C-peptide and insulin pro-hormone
measurements can contribute to sub-staging T1D (stage
2 [preclinical T1D], stage 3 [new onset T1D] and stage 4

[existing T1D]) and may well become a prerequisite for

C-peptide has become an increasingly important param-
eter as it is commonly used as an inclusion criterion for
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classification/identification of suitable participants in in-
tervention and prevention studies.' Persisting C-peptide
production has been shown to associate with better
outcomes and fewer complications,z‘5 including stud-
ies in the Joslin Medalist cohort comprising people with
T1D duration >50 years.’ Very low levels of C-peptide
(~10 pmol/L) were associated with better outcomes.’
Furthermore, glucagon responses and endogenous glu-
cose production are more pronounced in C-peptide posi-
tive (>50 pmol/L fasting C-peptide) than in C-peptide
negative (<17 pmol/L) people, suggesting that even low
residual fB-cell function may play a role in hypoglycaemia
counter regulation.”

To measure serum C-peptide a wide range of assays are
currently available. We extensively searched the literature
for publications reporting C-peptide measurements and
found that in many publications technical validation and
verification details of the used C-peptide assay are often not
specified. Moreover, a substantial number of publications
does not mention the assay used at all [manuscript submitted
for publication]. A possible explanation for this may be that
in studies on recent onset diabetes type 1, or in type 2 diabe-
tes, relatively higher residual C-peptide production will be
present than in studies on longstanding type 1 diabetes, and
thus measured C-peptide levels will be well above the detec-
tion limits of the well established commercial assays used in
random access analysers in routine laboratories.® Assay per-
formance should therefore be properly verified and details
of this verification should also be reported in publications
for correct interpretation of the results.’

The Mercodia ultrasensitive C-peptide ELISA is re-
garded as a reliable test for low-level detection of C-peptide
by leading T1D research groups and has been reported
in many publications,>'** but few publications report
use of the assay for measuring values near the detection
limit.>*"*** In our clinical laboratory we routinely use a
commercially available immunoradiometric assay (IRMA)
by Beckman for C-peptide measurements. According to
the manufacturers’ specifications, the Mercodia ultrasen-
sitive C-peptide ELISA has a lower threshold of detection
than the Beckman IRMA. In addition, ELISA methodol-
ogy is non-radioactive, less laborious and easy to auto-
mate. Hence we considered switching to the Mercodia
ultrasensitive C-peptide ELISA. The main objective of this
study is therefore to verify the technical specifications of
the ultrasensitive Mercodia ELISA and compare perfor-
mance with the Beckman IRMA already in routine use.

2 | METHODS

The ultrasensitive C-peptide ELISA assay (Mercodia, cat.
no. 10-1141-01, Uppsala, Sweden) was compared with

Novelty statement

What is already known?

Low levels of C-peptide have been found to be as-
sociated with better T1D outcomes.

What this study has found?

The performance of two sensitive commercially
available C-peptide assays was verified. One of
the assays exceeded the manufacturer's threshold
of detection whereas the other did not meet the
manufacturer-specified threshold.

What are the implications of the study?
In-house verification of manufacturer-specified
performance of available C-peptide tests for the
analysis of low C-peptide levels and C-peptide
assay standardization is important as C-peptide
is becoming an increasingly important parameter
for classification/identification of suitable partici-
pants in intervention and prevention studies.

the C-peptide IRMA (Beckman Coulter, cat. no. IM3639,
distributed by IMMUNOTECH s.r.o., Prague, Czech
Republic). Both assays were performed as described in the
manufacturers’ kit inserts. The ELISA plates were read on
an Anthos Labtec HTII microtiter plate reader (Anthos
labtec) and the IRMA samples were measured on a Wallac
Wizard 1470 scintillation counter (Perkin Elmer). Within-
run and between-run precision were determined by run-
ning four pools of predefined target concentrations of
approximately 2, 10, 20 and 200 pmol/L, in quadruplicate
on five consecutive days, each concentration comprising
four samples (i.e. from four individuals) selected based on
initial measurements by IRMA.

Samples used in this study were derived from the
‘Biomarkers of heterogeneity in type 1 diabetes’ project
(ClinicalTrials.gov Identifier: NCT04977635). The proj-
ect was approved by the Medical Ethics Review Board of
the UMCG. All participants gave written informed con-
sent. People with T1D of 16 years and older with a dis-
ease duration of >5 years were included between 2016
and 2019.

The limit of blank (LoB), limit of detection (LoD) and
limit of quantitation (LoQ) were determined.® The LoB is
the highest apparent analyte concentration of a repeat-
edly measured blank sample (i.e. devoid of the analyte),
the LoD is the lowest concentration of the analyte that
can be reliably distinguished from the LoB. The LoQ is the
lowest concentration at which an acceptable coefficient of
variation (CV) is accomplished over an extended period
of measurements, ‘acceptable’ meaning within predefined
limits of bias and imprecision.
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The LoB and LoD were calculated as defined in the
Clinical and Laboratory Standards Institute (CLSI)
EP17 guideline,” using the raw analytical signals
(Mercodia: optical density; Beckman: counts per minute).
To determine the LoB, we measured two samples devoid
of C-peptide (blank samples: a steroid-depleted serum
sample and serum of a participant with pancreatic agene-
sis caused by a genetic defect [GATA6 mutation]) 20-fold
in one run. We used the following formula to calculate the
LoB:

LoB = meany,,; + 1.645 (SDyjank)-

The LoD is calculated using the LoB and the standard
deviation of 20 repeated measures of a low-concentration
sample of approximately 2 pmol/L. The following formula
was used:

LoD = LoB + 1.645 (SDIOW - concentration sample)'

For the low-concentration sample a participant sample
with a pre-defined C-peptide concentration of 2.6 pmol/L,
as measured with the IRMA was selected.

After measuring pooled samples with C-peptide con-
centrations of 2, 5, 10, 20 and 40 pmol/L in duplicate on
five consecutive days, the LoQ was calculated with the LoQ
module in EP Evaluator 12 (Data Innovations LLC). For
the ultrasensitive ELISA and for the IRMA, curve fits were
only possible from a CV of 23% and 20% respectively. A
generally accepted CV threshold in the literature is approx-
imately 20%.*! Intra-individual CV for C-peptide is approx-
imately 30%.%2 The World Health Organization (WHO)
international standard (ID) 13/146 sample® was used as
a reference sample and included in duplicate on all plates,
which were run in six sessions. The calculated LoB, LoD,
LoQ and CV were compared with the limits described in
the kit inserts, passing verification when values were equal
or lower than the values specified in the kit insert.
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3 | RESULTS

3.1 | Reproducibility

Table 1 shows the within-run and between-run precision
results. Both assays showed high CV values for the low
concentrations (pool 1: target concentration 2 pmol/L;
pool 2: target concentration 10 pmol/L). For both assays
the within-run CV values were <10% in pool 3 (target con-
centration 20 pmol/L) and pool 4 (target concentration
200 pmol/L). The between-run CV values were below 10%
in pool 3 and 4 for the IRMA and in pool 4 for the ELISA
respectively. The kit insert of neither assay provides re-
producibility information in the lower measuring range.
For the ultrasensitive ELISA, CV values of concentrations
<15 pmol/L are not provided. The lowest concentration
for which the IRMA kit insert provides CV values is even
much higher at 310 pmol/L (intra-run) and 290 pmol/L
(between-run). Both the ELISA and IRMA Kits show re-
producible results (i.e. CV values <20%>") for C-peptide
concentrations of 6.5 pmol/L and above. Of both ELISA
and IRMA kits, we also assessed three kit control samples
for reproducibility (15, 42 and 111 pmol/L, and 310, 693
and 1428 pmol/L respectively). Within-run CV values
were 6.2/4.6/3.9% and 3.1/2.3/2.7% respectively. Between-
run CV values were 5.4/4.2/2.2% and 5.2/3.6/3.6%
respectively.

3.2 | Detection limit (LoB, LoD and LoQ)
Table 2 shows the results of the LoB and LoD calcula-
tions. For the ultrasensitive ELISA the measured serum-
depleted and pancreatic agenesis samples resulted in an
LoB of 2 and 1.3 pmol/L respectively. For the IRMA the
LoB values were 0.76 and 0.16 pmol/L respectively. These
could not be compared with the manufacturers’ data as
LoB values are not specified in the kit inserts, but LoB

TABLE 1 Reproducibility results of the ultrasensitive ELISA and IRMA C-peptide assays measured in four pool samples with ascending

C-peptide concentrations

ELISA IRMA

Within-run Between-run Within-run Between-run

variation variation variation variation
Sample® Mean (pmol/L) SD CV (%) SD CV (%) Mean (pmol/L) SD CV(%) SD CV (%)
Pool 1 (2 pmol/L) 0.04 0.09 255 0.1 298 1.7 0.71 41.7 0.74 435
Pool 2 (10 pmol/L) 1.8 0.71 40 0.75 42.8 5.8 0.75 12.7 1.05 18
Pool 3 (20 pmol/L) 6.5 0.66 10 097 15 11 0.55 5.1 099 9.1
Pool 4 (200 pmol/L) 123.3 1.35 1.1 2.84 23 155.7 2.1 1.4 6.99 4.5

Abbreviations: CV, coefficient of variation; ELISA, enzyme-linked immunosorbent assay; IRMA, immunoradiometric assay; SD, standard deviation.

*Pooled samples with C-peptide concentrations of predefined targets 2, 10, 20 and 200 pmol/L.
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TABLE 2 LoB and LoD calculations

LoD kit
inserts
LoB LoB (pmol/L)* (pmol/L)®
ELISA: pancreatic agenesis 1.3 <25
ELISA: serum depleted 2.0 <2.5
IRMA: pancreatic agenesis 0.16 <3.79
IRMA: serum depleted 0.76 <3.79
LoD LoD (pmol/L)b
ELISA: pancreatic agenesis 2.38 LOD £2.5
IRMA: pancreatic agenesis 0.54 LOD <3.79

Abbreviations: ELISA, enzyme-linked immunosorbent assay; IRMA,
Immunoradiometric assay; LoB, limit of blank; LoD, limit of detection; SD,
standard deviation.

*Calculated following the EP17 formula LoB = Mean,¢;, sampie + 1.645
(SDer0 sample) and converted to pmol/L with the calibration curve.

PCalculated following the EP17 formula LoD = LoB + 1.645
(SDiow-concentration sample) and converted to pmol/L with the calibration curve.

‘LoB values could not be compared to the manufacturers’ data as they are
not specified in the kit inserts, but should be lower than the LoD.

values should be lower than LoD values: the kit inserts
of the ELISA and IRMA provide LoD values of 2.5 and
3.79 pmol/L respectively.

The LoD was calculated using the pancreatic agene-
sis blank sample. With the ELISA assay we measured a
lower optical density (OD) for the low-concentration sam-
ple (mean: 0.015 OD) compared with the blank sample
(mean: 0.025 OD). This implies high assay variation and
poor noise-to-signal ratio of the ELISA assay, and thus
the robustness of the calculated LoD of 2.38 pmol/L for
this assay is highly questionable. For the IRMA assay,

higher counts per minute (CPM) were measured with the
low-concentration sample (mean: 65.97 CPM) compared
with the blank sample (mean: 43.5 CPM). An LoD of
0.54 pmol/L was calculated, which is well below the LoD
mentioned in the manual (3.79 pmol/L).

Figure 1 shows the curve fits to estimate the relation-
ship between mean and CV. Based on the fitted model, the
LoQ values for the ultrasensitive ELISA and the IRMA are
9.7 and 3.8 pmol/L respectively. Based on these results,
the ultrasensitive ELISA assay did not pass the verification
whereas the IRMA did.

The WHO international standard (ID) 13/146 sample
was run on all plates of six measurement series. Both as-
says measured the correct concentration and showed ac-
ceptable CV values (Table S1).

4 | DISCUSSION

The aim of this study was to assess if the Mercodia ultra-
sensitive ELISA has a lower LoQ than the Beckman IRMA,
as specified by the manufacturers. In the verification of
these assays we could not reproduce the manufacturer-
specified LoD of the Mercodia Ultrasensitive C-peptide
ELISA assay. Reproducibility (CV values) were not pre-
sented in the kit inserts for concentrations near the de-
tection limit. We found lower CV values for the IRMA
when compared with the ELISA. Indeed, the Beckman
C-peptide IRMA used routinely in our laboratory passed
the verification, exceeding the manufacturer-specified
LoQ (‘functional sensitivity’ in kit insert) of 13.9 pmol/L.
These results are consistent with Oram et al. who also re-
ported that the Mercodia ELISA measured lower values

ELISA IRMA
2504 -
. .
\ — Fitted CV
2005 I'\ T ® MeanCV
\ 95% ClI
\
g 1501 \ 1+
> . \
O \ \
100 1 \
50 - . B :
N . LoQ: 9.7 " LoQ: 3.8
0 T T T Tﬁ T T T — |. _
0.25 1 4 16 0.25 1 4 16

Mean of measured values (pmol/L)

FIGURE 1 Curve fits by EPE-12 module, providing LoQ values of 9.7 pmol/L for the ELISA C-peptide assay with a predefined target-CV
of 23% (red line ELISA) and 3.8 pmol/L for the IRMA C-peptide assay with a predefined target-CV of 20% (red line IRMA). CI, confidence
interval; CV, coefficient of variation; ELISA, enzyme-linked immunosorbent assay; IRMA, immunoradiometric assay. Graphs were

generated by EP Evaluator 12 (Data Innovations LLC)
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compared with the Roche C-peptide.** Also, the Roche
assay could measure C-peptide in samples in which the
Mercodia ELISA could not, despite a lower reported LoD
of this assay. Based on our results, we decided to not
switch to the ELISA assay and continue with the IRMA
for both routine and research purposes, applying an LoQ
of 3.8 pmol/L.

A major advantage of the IRMA methodology is
the wide measurement range of detection from 3.8 to
6,400 pmol/L (Beckman, cat. no. IM3639 kit insert).
Also, radioactive assays are more sensitive than ELISAs
while being relatively unaffected by changes made to the
chemical composition of samples.”® The kit insert of the
Mercodia Ultrasensitive C-peptide ELISA specifies nei-
ther the measurement range nor the highest calibrator
concentration. The latter needs to be acquired from the
vial, suggesting it is batch dependent. However, judging
from the calibrator curve in the kit insert it seems to be ap-
proximately 300 pmol/L. For samples, falling outside the
calibration curve of the ultrasensitive ELISA, Mercodia
has another, regular C-peptide ELISA with a lowest cal-
ibrator of 100 pmol/L and highest calibrator of approx-
imately 4000 pmol/L (cat. No. 10-1136-01). In this case,
samples would have to be analysed in two separate tests,
posing major disadvantages like use of more volume and
repetitive freeze-thaw cycles, offsetting the earlier men-
tioned advantages of the ELISA methodology.

Overall, our results stress the importance of in-house
verification of technical specifications reported in kit in-
serts of commercial assays, especially when measuring
low concentrations near detection limits. Already in 2008,
Little et al. found that C-peptide measurements acquired
by various methods and laboratories do not always agree.*
Many publications on clinical studies reporting data on C-
peptide measurements do not provide full technical specifi-
cations of assay performance (e.g. acceptable CV values are
mentioned only for concentrations higher than those mea-
sured in the study)[manuscript submitted]. Both LoQ and
LoD were specified in the IRMA kit insert, while for the
ELISA only the LoD was mentioned by the manufacturer.
Moreover, different definitions are used that add to confu-
sion, for example, ‘analytical sensitivity’ instead of LoD, as
was the case for the IRMA. However, ‘analytical sensitivity’
is defined as the slope of the calibration curve and is not
the same as the LoD.® Finally, as the analysers used are also
a source of variation,? kit inserts should also mention the
platform used to determine LoB, LoD and LoQ.

5 | CONCLUSIONS

Although even low concentrations of C-peptide have been
shown to correlate with better outcomes, measuring near
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the detection limit in the context of intervention studies
may not be relevant any time soon. However, for mecha-
nistic studies there is an increasing need for being able
to measure at or near the detection limits of C-peptide
assays. We compared the Mercodia ultrasensitive ELISA
with the Beckman IRMA and found the Beckman IRMA
to have superior analytical performance at low C-peptide
concentrations, in contrast to the manufacturers’ details.
Our results demonstrate the importance of in-house veri-
fication of manufacturer-specified performance of labo-
ratory assays, especially when used for a new indication
for which clinically meaningful results are outside of the
previously used range.
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