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BACKGROUND: Absolute plasma hepcidin concentrations
measured by various procedures differ substantially,
complicating interpretation of results and rendering ref-
erence intervals method dependent. We investigated the
degree of equivalence achievable by harmonization and
the identification of a commutable secondary reference
material to accomplish this goal.

METHODS: We applied technical procedures to achieve
harmonization developed by the Consortium for Har-
monization of Clinical Laboratory Results. Eleven
plasma hepcidin measurement procedures (5 mass spec-
trometry based and 6 immunochemical based) quanti-
fied native individual plasma samples (n � 32) and native
plasma pools (n � 8) to assess analytical performance and
current and achievable equivalence. In addition, 8 types
of candidate reference materials (3 concentrations each,
n � 24) were assessed for their suitability, most notably
in terms of commutability, to serve as secondary refer-
ence material.

RESULTS: Absolute hepcidin values and reproducibility
(intrameasurement procedure CVs 2.9%–8.7%) dif-
fered substantially between measurement procedures,
but all were linear and correlated well. The current equiv-
alence (intermeasurement procedure CV 28.6%) be-
tween the methods was mainly attributable to differences
in calibration and could thus be improved by harmoni-
zation with a common calibrator. Linear regression anal-
ysis and standardized residuals showed that a candidate

reference material consisting of native lyophilized plasma
with cryolyoprotectant was commutable for all measure-
ment procedures. Mathematically simulated harmoniza-
tion with this calibrator resulted in a maximum achiev-
able equivalence of 7.7%.

CONCLUSIONS: The secondary reference material identi-
fied in this study has the potential to substantially im-
prove equivalence between hepcidin measurement pro-
cedures and contributes to the establishment of a
traceability chain that will ultimately allow standardiza-
tion of hepcidin measurement results.
© 2016 American Association for Clinical Chemistry

Bioactive hepcidin is a 25-amino-acid hepatic peptide
hormone controlling physiological iron homeostasis
(1, 2 ) by causing degradation of the iron-exporter fer-
roportin, thereby inhibiting absorption of dietary iron
from the gut and iron release from storage sites (3 ). As
a key player in iron metabolism, hepcidin holds great
promise as the target of therapy and biomarker for
diagnosis and monitoring of iron disorders (2 ). Hep-
cidin concentrations may be used for diagnosis of iron-
refractory iron deficiency anemia (4, 5 ), differentia-
tion between iron deficiency anemia and anemia of
chronic disease (2, 6, 7 ), guidance in safe iron supple-
mentation (8 ), and as a companion diagnostic in novel
therapies (9, 10 ).
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Two prior round robin studies found large differ-
ences in absolute hepcidin concentrations between
measurement procedures (11, 12 ). This renders refer-
ence intervals and decision limits measurement proce-
dure dependent, complicating interpretation of results
(11 ). To facilitate the use of hepcidin in clinical prac-
tice and research, the equivalence between measure-
ment procedures needs to be improved. Ideally, mea-
surement procedures would be standardized, i.e., a
primary reference measurement procedure and mate-
rial are available, allowing traceability to the interna-
tionally recognized International System of Units
(13 ). Although various synthetic hepcidin standards
are commercially available, several do not contain
100% hepcidin and may not be in their native circu-
lating (folding) state (14, 15 ), precluding their use as a
higher order primary reference material (RM)16 (11 ).
Also, no primary reference measurement procedure
has been defined at present. In this study we aimed for
a lower category of metrological traceability: harmoni-
zation. Harmonization is accomplished when results
are equivalent by being traceable to a secondary RM
(i.e., calibrator) to which a value is assigned by a con-
sensus approach, such as the mean of all or multiple
methods (16 ). To this end, we applied technical pro-
cedures toward harmonization as recently developed
by the International Consortium for Harmonization
of Clinical Laboratory Results (ICHCLR) (17 ). The
current study comprised assessment of (a) the analyt-
ical performance of participating measurement proce-
dures, (b) the current and achievable degree of equiv-
alence between measurement procedures, (c) the
suitability of 8 different candidate RMs as potential
calibrators, and (d) mathematically simulated success
of harmonization with the selected candidate RM, ex-
pressed as achievable equivalence and placed in the
context of the total allowable error (TEa).

Methods

STUDY DESIGN OVERVIEW

The current study represented the “assessment” part of
the integrated harmonization protocol of the ICHCLR
(17 ). To determine if harmonization was technically
achievable, analytical performance of hepcidin measure-
ment procedures in terms of reproducibility and linearity
was assessed by triplicate measurements of 32 individual
blinded native human plasma samples and of 3 samples
that served as a linearity panel. Commutability of candi-

date RMs was evaluated from results for the same 32
individual samples combined with results of the candi-
date RMs themselves. To determine their stability, can-
didate RMs were stored at 2–5 different temperatures
and measured periodically for 6 months. Finally, we
mathematically simulated harmonization with the iden-
tified commutable candidate RM to evaluate the poten-
tial effect on the equivalence of measurement procedures.

INCLUDED MEASUREMENT PROCEDURES

Methods were selected to represent a variety of method-
ological characteristics, i.e., analytical platforms, extrac-
tion procedures, and standards. Ten laboratories, hous-
ing 11 worldwide leading hepcidin measurement
procedures [5 mass spectrometry (MS), 6 immuno-
chemical (IC)], agreed to participate in the current study.
Relevant measurement procedure characteristics are pre-
sented in Table 1.

PLASMA COLLECTION

We obtained heparin plasma samples covering a broad
range of clinically observed hepcidin concentrations
[�0.5 nmol/L to �50 nmol/L, determined by MS
method 1 (MS-1, Table 1)] from 32 individuals. High
(�8.0 nmol/L), medium (3.1–7.9 nmol/l), and low
(�3.0 nmol/L) hepcidin samples were collected from
patients and healthy volunteers and treated as de-
scribed in the Data Supplement that accompanies the
online version of this article at http://www.
clinchem.org/content/vol62/issue7. After centrifuga-
tion or homogenization, the plasma was pipetted into
(a) a 12-mL polypropylene tube for sample set prepa-
ration and (b) a 0.5-mL polypropylene cryovial for
hepcidin measurement by MS-1 to verify classification
as “low,” “medium,” or “high” hepcidin. Blank plasma
for the candidate RMs spiked with synthetic
hepcidin-25 was collected from phlebotomy of an iron
depleted juvenile (HJV)-hemochromatosis patient at
the St. Antonius Hospital (Utrecht, the Netherlands)
and divided into aliquots. All samples were stored at
�80 °C until the day of measurement (0.5-mL cry-
ovials) or sample set preparation (12-mL tubes and
blank plasma aliquots).

ETHICS APPROVAL

Before blood collection, all volunteers and patients with
hemochromatosis provided informed consent. Intensive
care patient samples were anonymized immediately after
collection of leftover material. Use of plasma from pa-
tients and healthy volunteers for this study conformed to
the code for proper secondary use of human tissue in the
Netherlands and the Declaration of Helsinki, respec-
tively. The study was approved by the Ethics Committee
of the Radboudumc, Nijmegen, the Netherlands.

16 Nonstandard abbreviations: RM, reference material; ICHCLR, International Consortium
for Harmonization of Clinical Laboratory Results; TEa, total allowable error; MS, mass
spectrometry; IC, immunochemical; CLP, cryolyoprotectant.
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SAMPLE SET PREPARATION AND MEASUREMENTS

Within 6 weeks after collection, plasma samples were
transported on dry ice to the Queen Beatrix Hospital
(Winterswijk, the Netherlands) where sample sets were
prepared the same day (9 sets containing 250 �L samples,
2 sets containing 600 �L samples for MS-5 and MS-6;
see online Supplemental Table 1). In total, 64 samples
were prepared for each measurement procedure. All were
blinded and randomized, i.e., low, intermediate and high
hepcidin samples were distributed randomly over sample
IDs. In addition to the 32 samples collected from indi-
viduals, 5 samples comprised pools composed of the in-
dividual samples in different proportions to serve as a
linearity panel (L1–L5, containing 100/0, 75/25, 50/50,
25/75, and 0/100 proportions of mixtures of the 8 lowest
and highest hepcidin samples, respectively). The remain-
ing 24 samples were 8 different candidate RMs to study
the effect of 3 variables on commutability, namely (a)
type of hepcidin, either native plasma (pooled to 3 levels:
“low,” “medium,” and “high”), or blank plasma spiked
with synthetic human hepcidin-25; (b) preservation, ei-
ther freezing or lyophilization (see online Supplemental
Table 2); (c) addition of cryolyoprotectant (CLP), that
will be separately patented by Radboudumc. In addition,

a selection of high hepcidin (mean 15.0 nmol/L, assigned
by MS-1) native plasma samples were pooled to prepare
148 aliquots of all 4 types of native candidate RMs for
long-term stability testing.

Cryovials were placed at �80 °C and the samples to
be lyophilized in the freeze-dryer (Zirbus Technology)
for 63 h. Two weeks after lyophilization, sample sets were
shipped on dry ice to the participating laboratories,
where they arrived in frozen condition. Laboratories were
requested to prepare samples according to provided in-
structions and to measure triplicates of each sample
within 1 run. All laboratories reported results within 4
weeks after receipt of the samples.

STABILITY STUDY

Stability of the native candidate RMs was studied by
comparing the hepcidin concentration in aliquots stored
at �80 °C, �20 °C, 4 °C, 20 °C, and 37 °C. These mea-
surements took place at baseline and subsequently after 1
week, 1, 3, and 6 month(s) of storage and will be contin-
ued for a maximum of 5 years or until the hepcidin con-
centration is below the lower limit of detection of MS-1
(0.5 nmol/L). Measurements were only performed by
MS-1 for practical feasibility and because of its well-

Table 1. Methodological characteristics of participating plasma hepcidin MPs.

ID MPa Extraction Standard
Manufacturer

standard Reference

MS-1 MALDI-TOF MS WCX Heavy-isotope labeled synthetic
hepcidin-25

Peptide Inst. (JP) (18)

MS-3 LC-MS/MS Reversed
phase

Heavy-isotope labeled synthetic
hepcidin-25

Peptide Inst. (JP) (27)

MS-4 SELDI-TOF MS IMAC Synthetic hepcidin-24 Peptide Int. (US) (28)b

MS-5 LC-MS/MS Reversed
phase

Heavy-isotope labeled synthetic
hepcidin-25

Peptide Int. (US) (29)c

MS-6 LC-MS/MS HLB Heavy-isotope labeled synthetic
hepcidin-25

Peptide Inst. (JP) (22)

IC-2 cELISA None Synthetic hepcidin-25 Peptide Inst. (JP) (30)

IC-3 Dual mAb sELISA None Synthetic hepcidin-25 Peptide Inst. (JP) (31)

IC-4 cELISA None Synthetic hepcidin-25 Bachem (32, 33)d

IC-5 cELISA None Synthetic hepcidin-25 Peptide Int. (US) (34)

IC-6 cELISA None Synthetic hepcidin-25 Bachem (35)e

IC-7 Direct CL ELISA None Synthetic hepcidin-25 Bachem TBP

a MP, measurement procedure; MS, mass spectrometry-based MP; IC, immunochemical-based MP; c, competitive; s, sandwich; mAb, monoclonal antibody; CL, chemiluminescence;
WCX, weak-cation exchange; IMAC, immobilized metal affinity capture; HLB, hydrophilic lipophilic balanced reversed phase; TBP, to be published in the near future.

b MS-4 was initially included in the study and raw data are available in Supplemental Table 1, but was left out of further analyses and will not be included in future harmonization efforts
because this MP will soon no longer be available at that laboratory and will be replaced by MS-5. MPs with IDs MS-2, MS-7, and IC-1 are missing because they were not ready to
measure the samples at the time of sample send out.

c Adapted with minor modifications by the same research group of MS-4. Peptide Inst. (JP), Peptide Institute, Osaka, Japan; Peptide Int (US), Peptide International, Louisville, KY.
d Commercial assay from Bachem (Hepcidin-25 EIA Kit cat no. S1337, lot nos. A14999 and A15103, Torrance, CA, USA). The lab executing method IC-4 deviated from the kit protocol

by incorporating a 9-point, 2-fold instead of a 6-point, 4-fold serial dilution standard curve and by using batch-prepared frozen aliquots of antiserum, standards, and biotinylated-
hepcidin tracer stocks prepared to cover the entire set of plates instead of reconstituting these reagents separately for each plate.

e Commercial assay from DRG (Hepcidin 25 bioactive HS, EIA-5782, batch no. 314K045, Marburg, Germany).
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studied measurement procedure performance. The in-
traassay and interassay CVs of this measurement proce-
dure were 2.1–3.5% and 4.6–8.3%, respectively (18 ).

Statistics

EXCLUSION OF OUTLIER MEASUREMENTS AND RESULTS

BELOW THE LOWER LIMIT OF DETECTION

Outlier measurements (maximum 2 per method; see on-
line Supplemental Table 3) were left out of the analyses.
Furthermore, only samples with hepcidin values measur-
able by all methods (above the lower limit of detection)
were included in the calculation of CVs.

ANALYTICAL PERFORMANCE OF MEASUREMENT

PROCEDURES

On the basis of the logarithmically transformed results of
triplicate measurements of the 32 individual samples, re-
producibility of measurement procedures was deter-
mined as the intrameasurement procedure CV (%) and
mutual correlations were calculated as the Spearman rank
coefficient between each combination of 2 measurement
procedures. Linearity was assessed from the linearity
panel results plotted against the mixture ratios (see online
Supplemental Table 3, L samples), and expressed as the
intercept a, slope b, and Pearson correlation coefficient
(r) with its CV (%).

EQUIVALENCE BETWEEN MEASUREMENT PROCEDURES AND

COMMUTABILITY OF CANDIDATE RMs

Linear regression between results of each measurement
procedure (y axis) and the mean of all measurement pro-
cedures (x axis) was performed to explore the current
degree of equivalence, summarized in terms of the Spear-
man rank correlation coefficient r, slope a, and intercept
b of the ordinary least squares (OLS) regression line. Cur-
rent and achievable equivalence were quantified as the
mean intermeasurement procedure CV (%), calculated
from the means of the logarithmically transformed results
of the 32 individual samples. We statistically assessed
commutability of the candidate RMs according to the
Clinical and Laboratory Standards Institute (CLSI)
C53-A protocol (19 ). To this end, we calculated stan-
dardized residuals to the OLS regression line for each of
the candidate RM samples, which were defined as non-
commutable when they exceeded �3 or 3. Finally, the
effect of harmonization with the identified commutable
candidate RM on the equivalence between measurement
procedures was mathematically simulated by value reas-
signment on the basis of the regression of the candidate
RM results per measurement procedure against the mean
result of all measurement procedures. Details of the value
reassignment process are described in the online Supple-
mental Materials file.

To place the achievable equivalence of measurement
procedures in the context of biological variation in hep-
cidin concentrations, we calculated limits for total allow-
able error with TEa% � f1(0.25 CVI) � f2(CVI

2 �
CVG

2 )1/2 in which CVI is the between-day intraindividual
CV, CVG is the interindividual variation and f1 and f2
are factors for optimum (0.25 and 0.125), desirable (0.5
and 0.250), and minimum (0.75 and 0.375) TEa (20 ).
Values for CVI and CVG were derived from Murphy et
al. (21 ) and are the mean CVs over 5 individuals and over
women and men, respectively.

SOFTWARE

All statistical analyses were performed with IBM SPSS
statistics software version 20.0 (IBM Corp.).

Results and Discussion

ASSESSMENT OF HARMONIZATION POTENTIAL

Absolute mean hepcidin concentrations measured in the
64 samples differed considerably between measurement
procedures, illustrated by a mean factor 7 difference be-
tween IC-3 and IC-5 (see online Supplemental Table 3).
This confirmed the current lack of equivalence observed
in our previous interlaboratory comparison studies
(11, 12 ).

Analytical performance of the 11 hepcidin measure-
ment procedures is presented in Table 2. Reproducibil-
ity, expressed as intrameasurement procedure CV, varied
widely, ranging from 2.9% for MS-6 to 8.7% for IC-4.
Contrary to the large absolute differences, results of all
measurement procedures correlated well, as shown by the
Spearman rank correlations ranging from 0.96–1.00 for
all pair-wise combinations (see online Supplemental Ta-
ble 4). These high correlations suggested calibration, not
heterogeneity of the measurand, as the major cause of the
current lack of equivalence. Pearson correlation coeffi-
cients showed that all measurement procedures had a
linear response, which was a prerequisite characteristic
for harmonization (Table 2). Hence, we concluded that
the comparable analytical performance of the 10 mea-
surement procedures, in terms of reproducibility, linear-
ity, and mutual correlations, allowed harmonization of
their results.

CURRENT EQUIVALENCE BETWEEN MEASUREMENT

PROCEDURES

The current degree of equivalence is represented by the
linear regression relationship between results of each of
the measurement procedures and the mean results of all
10 measurement procedures (Table 2). Again, correla-
tion coefficients indicated a linear relationship for all
measurement procedures, facilitating harmonization.
Slopes of regression lines were different from 1.00 for 9
out of 10 measurement procedures, indicating that dif-
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ferences in absolute measurement results could be de-
creased by harmonization. The current equivalence, ex-
pressed as intermeasurement procedure CV (%), was
28.6%. Contributions of imprecision and nonlinearity
were relatively small, 10.8% and 6.7%, respectively (see
online Supplemental Table 5). Nonetheless, optimiza-
tion of these 2 aspects may well improve the equivalence
between measurement procedures. Importantly, 75% of
the intermeasurement procedure CV could be attributed
to differences in calibration and could thus be improved
by harmonization. The remaining 7.7% of variation was
due to heterogeneity in the measurand. The measure-
ment procedures differed in the degree to which they
measured smaller hepcidin-20, -22, and -24 isoforms,
which were potentially included in hepcidin concentra-
tions measured some IC but not by MS measurement
procedures (2 ). These isoforms mainly, but not exclu-
sively, occur in blood in disease states associated with
increased hepcidin-25 concentrations (2 ). Hence, they
might have been present in the high-hepcidin samples in
this study. Moreover, previous studies have shown that
prolonged (�1 day) exposure to room temperature re-
sults in ex vivo processing of hepcidin-25 to its smaller
isoforms (18, 22 ). However, because samples were only
at room temperature for approximately 8 h during sam-
ple set preparation, the contribution to isoform forma-
tion was likely negligible. Furthermore, it is unclear
whether measurement procedures measure free hepcidin
or hepcidin bound to �2-macroglobulin, which might
contribute to heterogeneity to an unknown extent (23–

25). Regardless of the cause of heterogeneity, it can only
be reduced by assay modification, not by harmonization.
Therefore, the maximum achievable equivalence was es-
timated to be the 8.0% intermeasurement procedure CV
that remained from heterogeneity after optimization of
all other factors. All in all, these results indicate that har-
monization can potentially greatly improve the equiva-
lence between these 10 measurement procedures.

IDENTIFICATION OF A COMMUTABLE, STABLE

SECONDARY RM

Next, we assessed candidate RMs for their suitability to
achieve this 75% reduction in intermeasurement proce-
dure CV. The major requirement for a secondary RM is
commutability. Two approaches were applied to deter-
mine commutability: 1 based on statistics and 1 based on
“suitability for purpose,” as discussed under Simulated
Harmonization.

For the statistical commutability-assessment,
standardized residuals to the regression line for each of
the candidate RM samples were calculated, which were
accepted as commutable when not exceeding �3 or 3.
Fig. 1 presents a summary of this analysis. Online
Supplemental Table 6 presents the exact range
(minimum-maximum) of the 45 standardized residu-
als per candidate RM sample. All candidate RMs were
commutable for at least some measurement proce-
dures, but standardized residuals of most candidate
RMs varied widely over all measurement procedures.
Candidate RMs based on native plasma were generally

Table 2. Assessment of analytical characteristics of hepcidin measurement procedures: reproducibility, linearity, and current
equivalence of measurement procedures.

ID

Reproducibility Regression relationship compared to all MPs mean

Intra-MP
CV, %a rb rc Slope (95% CI) Intercept (95% CI)

MS-1 5.0 1.000 0.971 0.598 (0.537–0.659) 1.31 (−1.37 to 1.63)

MS-3 3.6 1.000 0.968 0.861 (0.771–0.952) −0.48 (−2.66 to 1.70)

MS-5 8.2 0.991 0.969 1.054 (0.941–1.167) −1.17 (−3.99 to 1.65)

MS-6 2.9 0.993 0.934 0.547 (0.489–0.658) 0.25 (−1.71 to 2.22)

IC-2 5.0 0.999 0.992 0.764 (0.726–0.802) 0.01 (−0.89 to 0.92)

IC-3 4.4 1.000 0.975 0.446 (0.408–0.483) −0.31 (−1.16 to 0.54)

IC-4 8.7 0.989 0.997 1.569 (1.523–1.614) −0.10 (−1.95 to 1.85)

IC-5 7.7 1.000 0.997 3.184 (3.086–3.281) −0.85 (−2.91 to 1.21)

IC-6 5.9 0.994 0.991 0.711 (0.674–0.748) 0.73 (−0.05 to 1.52)

IC-7 5.7 0.997 0.956 0.744 (0.650–0.838) 0.37 (−1.94 to 2.68)

a Intrameasurement procedure CV calculated from the SD of the logarithmically transformed results (SDi) of the 32 native individual samples (“S” in online Supplemental Table 1).
b Linearity as assessed by the linearity panel samples (“L” in online Supplemental Table 1), expressed as Pearson correlation coefficient r.
c Pearson correlation coefficient r of the regression relationship between results of each individual measurement procedures with the all measurement procedures mean.
MP, measurement procedure; MS, mass spectrometry-based measurement procedure; IC, immunochemical-based measurement procedure.
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more commutable than those based on blank plasma
spiked with synthetic hepcidin. This corroborates our
previous round robin study on hepcidin, in which
samples spiked with synthetic hepcidin-25 from 2 dif-
ferent manufacturers were also noncommutable with
native samples (11 ). Several explanations for the dif-
ferent behavior of synthetic and native hepcidin were
previously proposed, for instance, matrix effects, the
presence of a nonnative analyte other than hepcidin-
25, and inadequate specificity of some measurement
procedures for the synthetic hepcidin-25 due to the
heterogeneity.

In addition, our data show that addition of CLP
improves commutability, most notably for native can-
didate RMs. This is in line with results from a previous
external quality assessment study for lysosomal en-
zymes measurement procedures, which demonstrated
that addition of CLP improved the stability of lyoph-
ilized RM (26 ). This beneficial effect may be attrib-
uted to protection of native hepcidin against denatur-
ation during freezing/thawing, lyophilization, and
aging. The effect of CLP was less pronounced or nearly

absent for the synthetic frozen and lyophilized candi-
date RMs, respectively. Most importantly, native ly-
ophilized plasma with CLP was commutable for all 10
measurement procedures. For this candidate RM 97%
of standardized residuals were between �2 and 2, ful-
filling the most stringent acceptance criterion for com-
mutability in the CLSI C53-A protocol. Therefore, we
concluded that this candidate RM is suitable as a sec-
ondary RM for harmonization of these 10 hepcidin
measurement procedures.

A second important characteristic of a secondary
RM is stability. This was investigated by periodically
measuring hepcidin concentrations in aliquots of the
candidate RMs stored for 6 months at temperatures rang-
ing from �80 °C to 37 °C. With the exception of the
native lyophilized candidate RM without CLP, no sub-
stantial decrease in hepcidin concentrations occurred for
all candidate RMs at any of the tested temperatures (see
online Supplemental Table 7). Of particular importance
for this harmonization effort, the selected lyophilized
candidate RM with CLP was shown to fulfill the require-
ment of robust stability.

Fig. 1. Standardized residuals of the candidate RM samples.
Circles represent standardized residuals relative to the Passing–Bablok linear regression line of each candidate RM sample in 45 Bland–
Altman plots for all pairwise measurement procedure combinations (4 exemplary plots are presented in online Supplemental Fig. 1).
Horizontal dashed lines represent CLSI C53-A acceptance criteria for commutability. A candidate RM was considered not commutable when the
standardized residual exceeded −3 or 3. N, native; S, synthetic; Fro, frozen; Lyo, lyophilized; CLP+, with cryolyoprotectant.
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SIMULATED HARMONIZATION

The effect of harmonization was mathematically sim-
ulated to assess whether the statistically commutable
candidate RM is also commutable on the basis of the
approach of suitability for purpose. This means that a
candidate RM is designated commutable if the inter-
measurement procedure CVs of individual patient
samples are within the maximum allowable clinically
meaningful limit after harmonization, using that RM
as a calibrator. In the case of hepcidin, a clinically
meaningful limit for the intermeasurement procedure
CV has not been established, being a hormone whose
concentrations can only currently be interpreted in the
context of other laboratory values. In general, inter-
measurement procedure CVs of individual samples
would ideally be �10%. Table 3 presents the simu-
lated mean intermeasurement procedure CVs of the
32 individual samples for each candidate RM. Simu-
lated harmonization verified that calibration with the
native lyophilized plasma with CLP lead to the greatest
improvement of equivalence between measurement
procedures, namely a mean intermeasurement proce-
dure CV of 7.7% for 97% of the individual samples.
Interestingly, calibration with the native lyophilized
candidate RM without CLP was predicted to accom-
plish a mean intermeasurement procedure CV of
8.1%, and would thus also be considered commutable

on the basis of this suitability for purpose approach.
Of note, optimization of imprecision and nonlinearity
of the measurement procedures is required to accom-
plish these degrees of equivalence.

Another approach to assess whether the achieved
intermeasurement procedure CV is adequate for the bi-
ological variation uses the criterion of TEa, combining
bias and imprecision. Based on an intraindividual CV of
48.8% and interindividual CV of 154.1% (21 ), TEa of
23.3% (optimum), 46.5% (desirable), and 69.8% (min-
imum) were calculated. Before harmonization, results of
few measurement procedures were within the optimum
TEa limits and results of IC-5 were completely outside
the minimum TEa limits (Fig. 2, left panel). Simulated
results after harmonization (Fig. 2, right panel) with the
native lyophilized calibrator with CLP were almost all
within the limits for minimum TEa. Except for 2 of the
IC-5 results, all were within the limits for desirable TEa
and the majority within the window for optimum TEa,
illustrating a major improvement compared to the cur-
rent equivalence.

PRACTICAL REQUIREMENTS OF THE IDENTIFIED

SECONDARY RM

Besides commutability and stability, the integrated
harmonization protocol of the ICHCLR addresses the
aspects of availability, sustainability, costs, and value
assignment. The former 2 aspects represent a possible
point of concern. In the current study, heparin plasma
was chosen over serum as the matrix for the calibrators,
mainly because plasma could be easily obtained from
leftover material and phlebotomies. However, 2 out of
3 participating LC-MS/MS measurement procedures
reported cloudiness in some of the undiluted samples
(2% of samples for MS-5, 7% of samples for MS-6)
that blocked the cartridges of the solid phase extrac-
tion plates. Thus, some LC-MS/MS systems experi-
enced difficulties in processing (twice freeze-thawed)
heparin plasma-based candidate RMs. However, be-
cause this phenomenon mainly occurred for high-
hepcidin individual samples and not for the identified
commutable candidate RM samples for any of the
measurement procedures, we are confident to proceed
with the harmonization effort focused on this plasma-
based candidate RM.

Regarding costs, a major advantage of lyophilized
material is that expensive shipment on dry ice is not re-
quired for its stability.

For the purpose of “true” value assignment of the
identified secondary RM, a reference measurement pro-
cedure is required. In the absence of a reference measure-
ment procedure for hepcidin, the current study used the
mean of all measurement procedures in the analyses of
current and achievable equivalence.

Table 3. Mathematically simulated harmonization of
hepcidin measurement procedures.

Equivalence (intermeasurement procedure
CV), %

Current 28.6

Achievablea 8.0

Simulated achievable equivalenceb after
calibration with each candidate RM

Native Fro CLP − 14.7

CLP + 13.2

Lyo CLP − 8.1

CLP + 7.7

Synthetic Fro CLP − 14.8

CLP + 12.7

Lyo CLP − 12.2

CLP + 11.8

a Achievable equivalence determined as the residual intermeasurement proce-
dure CV from heterogeneity/nonspecificity of measurement procedures, which
can only be reduced by assay modification, not by harmonization.

b Achievable equivalence calculated as the intermeasurement procedure CV (%) af-
ter value reassignment of the 32 individual samples using the OLS regression
equations of the respective candidate RM samples vs the mean of all measurement
procedures for these samples. Fro, frozen; Lyo, lyophilized; CLP, cryolyoprotectant;
−, absent; +, present.
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Conclusions and Future of the Hepcidin
Harmonization Process

The current harmonization study demonstrates that (a)
harmonization of measurement procedures with good
analytical performance in terms of reproducibility, lin-
earity, and mutual correlations is technically possible, (b)
native, lyophilized plasma with CLP is a commutable
candidate RM with robust stability and (c) calibration of
the measurement procedures with this candidate RM can
achieve a reduction of the intermeasurement procedure
CV from 28.6% to 7.7%.

The next step on the road toward harmonization is a
second sample set send-out comprising native individual
plasma samples as well as the native lyophilized candidate
RM with CLP. The objectives will be (a) to prove com-
mutability of a new, larger batch of the selected candidate
RM, (b) to confirm the success of harmonization by this
calibrator and (c) to make the calibrator available to third
parties. If this proves successful, the candidate RM will be
made available to third parties.

We anticipate this harmonization process will not
only result in equivalent results of measurement proce-
dures within the next few years, but should also be con-
sidered a stepping stone toward full standardization of
hepcidin measurement procedures. To achieve this, a
traceability chain minimally consisting of a primary RM
(pure native hepcidin), a primary reference measurement
procedure and secondary RM needs to be set up. Thus,
the relevance of the current study goes beyond its poten-

tial to obtain equivalent results for all measurement pro-
cedures, because it also contributes to the future trace-
ability chain by the identification of a potential secondary
RM.

Ultimately, we believe the current and all future har-
monization and standardization efforts will greatly im-
pact the success of hepcidin as a biomarker by paving the
way for (a) definition of generally accepted and usable
reference intervals and decision limits, (b) application of
consistent clinical decision limits for medical care and
best practice guidelines and (c) pooling and comparison
of data from various studies to facilitate medical research
and its translation to the clinic.
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