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Serum hepcidin measured by immunochemical and
mass-spectrometric methods and their correlation with
iron status indicators in healthy children aged 0.5-3 y
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BACKGROUND: The diagnostic use of hepcidin is limited by
the absence of standardization and lack of age-specific refer-
ence ranges in children in particular. The aim of this study was
to determine reference ranges of serum hepcidin in healthy
childrenaged 0.5-3 y using mass spectometry (MS) and a com-
mercial immunochemical (IC) assay, and to investigate its asso-
ciation with other indicators of iron status and inflammation.
METHODS: We included 400 healthy children aged 0.5-3 .
We constructed reference ranges for MS-hepcidin and
IC-hepcidin concentrations using the median, P2.5, and P97.5
in a normative population of 219 children with no anemia, no
infection and/or inflammation, and no iron deficiency.
RESULTS: Median concentrations (P2.5-P97.5) of MS-hepcidin
and IC-hepcidin were 3.6 nmol/l (0.6-13.9 nmol/l) and 7.9
nmol/I (1.9-28.6 nmol/l), respectively. We found a good cor-
relation between both methods. However, MS-hepcidin was
consistently lower than IC-hepcidin. Hepcidin correlated with
ferritin and C-reactive protein.

CONCLUSION: We provide reference ranges for hepcidin for
an MS and commercial IC method. Absolute values between
assays differed significantly, but hepcidin concentrations
obtained by MS and IC methods correlate with each other, and
both correlate with ferritin and CRP.

epcidin is a peptide hormone that is predominantly pro-

duced by hepatocytes. It circulates in the bloodstream
and is excreted by the kidneys. Hepcidin plays a central role
in regulating dietary iron absorption and body iron distribu-
tion. It induces the internalization and degradation of ferro-
portin, the major cellular iron exporter, resulting in increased
intracellular iron stores, decreased dietary iron absorption and
decreased circulating iron (1-3). Consequently, hepcidin has
a bacteriostatic effect by reducing the plasma iron content,
essential for microbial growth (2). The synthesis of hepcidin is
decreased in situations that require increased concentrations

of circulating iron such as iron deficiency (ID), hypoxia, ane-
mia, and conditions characterized by increased erythropoietic
activity (3,4). A decrease in hepcidin results in the release of
stored iron and an increase in dietary iron absorption. On the
other hand, infection or inflammation causes an increase in
hepcidin synthesis, which results in a decrease in iron avail-
able for erythropoiesis and contributes to anemia of chronic
disease (5,6). Although promising applications for hepcidin
in diagnostic medicine have been described (2), they mostly
apply to adults. Studies reporting hepcidin concentrations in
children are scarce. Limited evidence suggests that hepcidin
might contribute to the diagnosis of ID in preterm infants (7)
and low birth weight infants (8) and could help to distinguish
between iron deficiency anemia (IDA, low hepcidin) and ane-
mia of chronic disease (high hepcidin) (9-12). Furthermore,
hepcidin could be used in children to guide the effect of iron
supplementation therapy and to screen for primary defects in
hepcidin regulation such as iron refractory IDA (2).

However, the diagnostic use of hepcidin is limited by the
absence of standardization in general, age-specific reference
ranges of hepcidin and knowledge on the association between
hepcidin and other iron status indicators in children in par-
ticular (10,13,14). The aim of this study was to determine refer-
ence ranges of serum hepcidin in healthy children aged 0.5-3
y using Weak Cation eXchange Time of Flight mass-spectome-
try (MS) and an commercial immunochemical (IC) assay, and
to investigate its association with other indicators of iron status
and inflammation.

RESULTS

The study included 400 children (248 children from the Juliana
Children’s Hospital, 152 children from the Sophia Children’s
Hospital). Six children with underlying causes for anemia were
excluded (Figure 1). Characteristics of the study population
are described in Table 1. Median age was 16.5 mo. The study
included significantly more boys than girls due to the types
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Table 1. Characteristics of the study population

Included
400 children Variable N % Median P2.5-P97.5
> Other causes anemia Age (months) 394 16.5 6.0-34.0
A4 6 children Gender (male) 281 713 NA NA
394 children Birth weight (grams) 394 3,340 2,271-4,569
Birth weight <2,500g 22 5.6 NA NA
> Iron deficiency .
7 rd 40 children Gestational age (weeks) 394 39.7 36.0-42.0
Preterm (born <37 wk GA) 23 5.8 NA NA
354 children
Body mass index (SDS) 394 -0.02 —2.65102.06
> Anemia Socio-economical status 394 -0.16 -1.85t03.18
v 58 children .
Educational level of the 157 398 NA NA
296 children mother (high)
Ethnicity (Western) 273 693 NA NA
> CRP =5 mg/I + f
V7 > 42 children Time of blood sampling
Before 12 pm 217 55.1 NA NA
254 children Between12pmand5pm 177 449 NA NA
S Preterm Type of surgical intervention
v 18 children Urological surgery 127 322 NA NA
236 children General surgery 80 203 NA NA
ENT surgery 75 19.0 NA NA
b . .
N/ - Birth weight <2,500 g Plastic surgery 47 119 NA NA
7 children
Other surgical intervention 65 16.5 NA NA
229 children or diagnostic procedure
- Incomplete sample Ferritin (ug/l) 394 100 19.8 6.1-60.9
\7 - 10 children STfR (ug/ml) 393 99.7 55 3.0-15.7
Normative population Hb (g/1) 394 100 111 90-129
219 chil
9 children (mmol/l) 394 100 6.9 56-8.0
MCV (fL 4 1 77 -84
Figure 1. Flow chart of study population. CRP, C-reactive protein. VL) 3 00 69-8
Ret-Hb (fmol) 320 81.2 1.8 1.4-2.1
of surgical interventions that are carried out most often in  |ron deficiency 40 102 NA NA
healthy children at this age such as correction of hypospadia  (ferritin <10 ug/l)
or orchidopexy (Table 1). Mean concentrations of all iron sta- Infection/inflammation
tus indicators were similar in boys and girls (data not shown). CRP 0-4mg/! 343 871 NA NA
Blood sampling time distribution over the age groups was dis- CRP 5-30mg/! 51 129 NA NA

similar; older children underwent blood sampling more often
later during the day. A total of 219 children were included
in the normative population, to determine reference values
(Figure 1).

MS-Hepcidin and IC-Hepcidin Concentrations in the Normative
Population

Median concentrations (P2.5-P97.5) of MS-hepcidin and
IC-hepcidin for the total study population were 3.6 nmol/l
(0.6-13.9 nmol/1) and 7.9 nmol/l (1.9-28.6 nmol/l), respec-
tively. MS-hepcidin concentrations were consistently lower
compared with IC-hepcidin concentrations. MS-hepcidin
concentrations were lower than the detection limit of 0.5
nmol/l in four children (1.8%). We observed no differ-
ences in hepcidin between boys and girls (data not shown).
Median hepcidin concentrations in children who underwent
blood sampling in the morning were lower compared with
hepcidin concentrations in children who underwent blood
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CRP, C-reactive protein; ENT, ear, nose, and throat; GA, gestational age; Hb, hemoglobin;
MCV, mean corpuscular volume; Ret-Hb, mean Hb content in reticulocytes; SDS,
standard deviation score; sTfR, soluble transferrin receptor.

sampling in the afternoon (Table 2, MS-hepcidin P value
<0.001, IC-hepcidin P value 0.007). Reference ranges for
MS-hepcidin and IC-hepcidin concentrations in the nor-
mative subpopulation, stratified for age are shown in Table
2, and stratified for both age and time of blood sampling in
Supplementary Table S1 online.

Correlations of MS-Hepcidin and IC-Hepcidin

We found a significant correlation between MS-hepcidin and
IC-hepcidin (Supplementary Figure S1 online). MS-hepcidin
concentrations were almost 3 times lower than those obtained
with the IC-asay (P value <0.001, intraclass correlation coef-
ficient 0.568). The Blant-Altman plot showed that differ-
ences in observed concentrations were larger for the higher

Copyright © 2014 International Pediatric Research Foundation, Inc.
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Table 2. Reference ranges stratified for age for MS-hepcidin and
IC-hepcidin of children in the normative population (N=219)

95%Cl
N Median P2.5 P97.5

MS-hepcidin (nmol/l)

0.5-1y 64 37 03 18.2

1-3y 155 3.6 0.7 14.6
IC-hepcidin (nmol/I)

0.5-1y 64 10.1 24 323

1-3y 155 7.3 1.9 27.1

hepcidin concentrations (Figure 2). Both MS-hepcidin and
IC-hepcidin were significantly correlated with ferritin and
CRP (Supplementary Tables S2 and S3 online). These correla-
tions persisted after adjustment for age and time of blood sam-
pling (Table 3 and Supplementary Table S4 online). We found
no association between MS-hepcidin or IC-hepcidin and sTfR,
Ret-Hb, MCV, and Hb (Table 3 and Supplementary Table S4
online). In a final multivariate model with hepcidin as depen-
dent variable and ferritin, CRP, age and time of blood sampling
as independent variables, we found that ferritin and CRP were
independent correlates of hepcidin, which explained 39.9%
and 38.8% of the variance in MS-hepcidin and IC-hepcidin,
respectively.

DISCUSSION
We present for the first time age-specific reference ranges for
healthy children aged 0.5-3 vy, for serum hepcidin concentra-
tions measured by mass spectrometry and an immunochemi-
cal assay. Hepcidin levels obtained by the two methods strongly
correlated, but IC-hepcidin concentrations were consistently
higher compared with MS-hepcidin concentrations, particu-
larly in the high concentration range. Hepcidin levels obtained
by either method strongly correlated with ferritin and CRP.
These latter parameters together explained almost 40% of the
total variance in hepcidin

Median MS-hepcidin concentrations in our normative
subpopulation were 3.4-4.3 nmol/l and 2.6-4.0 nmol/l
in children aged 0.5-1 and 1-3 y, measured in the morn-
ing and afternoon, respectively. Studies that used the same
mass-spectometry method to measure hepcidin, reported
lower concentrations in 0.5-y-old children in rural Kenya
(mean 2.2 nmol/l) (10) and in 11-y-old children in Italy
(mean 1.9 nmol/l) (12). The lower concentrations in Kenyan
children are likely attributed to a higher prevalence of ID.
Furthermore, differences in age and ethnicity may have con-
tributed to the observed differences in hepcidin concentra-
tions between populations. Although prevalence of ID in
the Italian study was lower than in our population, all blood
samples were drawn earlier in the morning (8 am), which
might have resulted in lower hepcidin concentrations con-
sidering the diurnal rhythm of hepcidin (15,16).

Median IC-hepcidin concentrations in our normative
study population were 9.9-11.0 nmol/l in children aged

Copyright © 2014 International Pediatric Research Foundation, Inc.

40 -

30 o

Difference 1C-hepcidin and MS-hepcidin (nmol/l)

—10 ~ ¢

0 10 20 30 40 50
Mean IC-hepcidin and MS-hepcidin (nmol/l)

Figure 2. Blant-Altman plot of MS- and IC-hepcidin.

Table 3. Results of linear regression analyses for MS-hepcidin
concentrations (nmol/l) adjusted for age and time of blood sampling®

95% Cl

o0 Adjusted
Variable B P2.5 P97.5 B R%,% Pvalue
Ferritin (ug/l)  0.166 0.135 0.197 0474 268 <0.001
sTfR (ug/ml)  —0.063 -0.226 0.100 —-0.038 48 045
Ret-Hb (fmol) —-0.292 -5.483 -0.899 -0.079 8.0 0.16
MCV (fL) 0.042 -0.098 0.182 0.030 48 056
Hb (g/1) -0.033 -0.088 0.021 —-0.062 50 023
CRP (mg/l) 0.581 0.477 0.685 0484 28.0 <0.001

Cl, confidence interval; CRP, C-reactive protein; Hb, hemoglobin; MCV, mean
corpuscular volume; MS, mass spectrometry; Ret-Hb, mean Hb content in reticulocytes;
STfR, soluble transferrin receptor.

“Time of blood sampling was analyzed dichotomously as before or after 12 pm.

0.5-1 y, measured in the morning and afternoon respectively.
Compared with IC-hepcidin concentrations (same manu-
facturer and cat-no, different batch-no) in unsupplemented
low-birth-weight infant aged 0.5 y (17), hepcidin concentra-
tions observed in our study were higher (geometric means
9.5 nmol/l in our study and 4.7 nmol/l in low-birth-weight
infants), suggestive for lower prevalence of ID or a higher
prevalence of infection in the former infants. However, the
latter explanation is less likely since we used a slightly lower
cut-off value for CRP to identify children with infection com-
pared with the study in low-birth-weight (5mg/l and 8 mg/],
respectively). Since hepcidin is sensitive to aggregation, easily
sticks to laboratory plastic and the assays are not standardized,
difference in hepcidin results between both studies might also
be attributed to differences in pre-analytical sample handling
and batches employed (2).

In accordance with other studies performed in children,
ferritin explained almost 40% of the variance in hepcidin
(7,10,17). However, this percentage was less than half than in a
large study in adults in which hepcidin was measured by an in
house c-ELISA (18). On the other hand, contribution of CRP

Volume 76 | Number 4 | October 2014 Pediatric RESEARCH 411



Al‘tides ‘ Uijterschout et al.

to the variance in hepcidin concentration in our study was
slightly higher compared to results in adults (R* 25.0-28.0%
in our study and 20.0% in adults) (18). Even in children with
a CRP<5mg/l, hepcidin was slightly but significantly associ-
ated with CRP after adjustment for age and time of blood sam-
pling (R? 7.0% for MS-hepcidin and R* 10.5% for IC-hepcidin,
respectively). Similar results were observed in other studies
performed in 0.5-y-old children (10). These results suggest
that a higher contribution of CRP on the variance in hepcidin
concentrations reflects the higher influence of infection and/
or inflammation on hepcidin concentrations in young children
compared with adults.

We found a good correlation between the two methods,
but levels of MS-hepcidin were almost three times lower than
those of IC-hepcidin. These findings are in agreement with
those found in recent round robin (send out of samples) of
adult samples that also include the here used MS and EIA
kit (cat nr. No S-1337), coded as MS-1 and IC-5, respectively
(19). More specifically, in this round robin the WCX-TOF
MS measured 2.89 times higher than the Bachem kit (Cat. No
S-1337), whereas we measured larger differences between the
two methods in samples with a higher hepcidin concentration.
In general, hepcidin assay results are not traceable to reference
materials and/or reference measurement procedures because
neither reference materials nor a reference measurement pro-
cedure exists (19). Consequently, the differences in hepcidin
concentrations between MS and IC assays in our study might
be attributed to differences in the values that laboratories and
companies assign to the internal and external standards used
by the different methods, to impurities in these standards or
to loss of the standard during storage, e.g., by aggregation
(20,21) or differential sticking of the synthetic hepcidins to the
tubes (19). In this study, we attribute the differences between
the assays in the fact that the respective companies assigned a
lower value to the Bachem standard (used in the IC assay) than
to the Peptide International standard (used in the MS method)
(22), resulting in the higher the measurement results in the
Bachem assay. This is supported by previous observations of
lower values than expected for the pure standards of Bachem
compared to those of Peptide International (19,22). Consistent
with the results from this round robin (19), our results illus-
trate the need for harmonization of different methods.

Hepcidin has been suggested as biomarker that might con-
tribute to the diagnosis of ID (7-12), to guide the effect of iron
supplementation therapy, and to screen for primary defects
in hepcidin regulation (2). Reference values described in this
study are instructive for investigating these potentials of hep-
cidin in future studies.

A limitation of our study is that hepcidin concentration in
our population of healthy children living in the Southwestern
region of the Netherlands might not be representative for chil-
dren aged 0.5-3 y in other populations. Although we care-
fully selected a normative population, both ID and infection/
inflammation are common conditions in children at this age.
Suboptimal iron stores or minimal signs of infection/inflam-
mation might have influenced hepcidin concentrations in our
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study. Furthermore it should be mentioned that we included
more boys than girls in our study. However, we suggest that
this did not influence our results since no gender effect was
observed.

Taken together, to the best of our knowledge, this is the first
study that extensively describes reference values of hepcidin in
children aged 0.5-3 y. The age-specific reference ranges pre-
sented in this study are instructive for the use of hepcidin as
a diagnostic tool and therapeutic target in future studies. Our
results on correlation of hepcidin concentrations with indica-
tors of iron metabolism, erythropoiesis, and infection/inflam-
mation contribute to our understanding of hepcidin regulation
in young children. We showed that although hepcidin concen-
trations measured with WCX-TOF mass-spectometry and a
commercial c-ELISA immunochemical differ significantly in
absolute values, hepcidin concentrations obtained by MS and
IC methods correlate with each other, and both correlate with
ferritin and CRP. Future studies on harmonization of hepci-
din assays are needed to enable comparison of hepcidin levels
between studies as well as the definition of universal clinical
decision limits.

METHODS

Study Design

To construct reference ranges for serum WCX-TOF MS hepcidin
(MS-hepcidin) and IC derived hepcidin (IC-hepcidin) concentra-
tions, we defined an iron-replete normative population by select-
ing healthy children born after 37wk gestational age (GA), a birth
weight of with 22,500 g, no anemia (Hb 2100g/1), no infection and/
or inflammation (CRP <5mg/l) and no ID (ferritin >10 ug/l) (Figure
1) (23,24). Reference ranges for MS-hepcidin and IC-hepcidin con-
centrations were defined as the P2.5 and P97.5 in children of the
iron-replete normative population. All children were analyzed to
investigate the correlations between hepcidin and other indicators of
iron status and inflammation.

Study Population

We included 400 children aged 0.5-3 y undergoing general anesthe-
sia because of simple elective surgery or diagnostic procedure in two
different hospitals in the Southwestern region of the Netherlands
between August 2011 and May 2012 (25). This was originally a cross-
sectional study on prevalence and risk factors of ID. Blood samples
of the aforementioned children have been used in the current study.
During a pre-operative screening an extensive medical history and
physical examination were performed by an anesthesiologist or an
experienced pediatric resident, in order to include only healthy chil-
dren. Children referred for adenotomy or tonsillectomy were not
included because the prevalence of upper airway infections in these
children is high. Exclusion criteria were known infection in the last
4wk, use of iron supplementation within the last 6wk, blood trans-
fusion within the last 6 mo, preterm birth before 32wk gestational
age (GA), known hemoglobinopathies, oncologic disorders, multiple
congenital malformations and metabolic diseases as described previ-
ously (25). The study was approved by the Medical Ethics Committee
of South-West Holland. All parents of the participating children gave
written informed consent.

Data Collection

All children received a peripheral venous catheter to administer
anesthetics. During insertion of the catheter, venous blood (3ml)
was collected with an EDTA and a serum tube, and analyzed for fer-
ritin, C-reactive protein (CRP), hemoglobin (Hb), mean corpuscu-
lar volume (MCV) and mean hemoglobin content in reticulocytes
(Ret-Hb). We measured Ret-Hb since it has been reported that this is
an early indicator of iron-restricted erythropoiesis (26). Samples were

Copyright © 2014 International Pediatric Research Foundation, Inc.
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centrifuged and serum was aliquoted and frozen at —80 °C until mea-
surement of soluble transferrin receptor (sTfR) and hepcidin. Blood
samples were drawn between 8 am and 8 pm and time of blood sam-
pling was recorded. Length was measured to the nearest millimeter by
using a stadiometer or a length board in children who were not able to
stand. Birth weight and gestational age were recorded and mothers of
participating children were asked to give written informed consent for
access to their own medical records to verify this information. Weight
was measured to the nearest 0.1kg by using a digital scale. Length,
weight, and body mass index (BMI) were expressed as standard devia-
tion scores (SDS) (27). Parents were asked to fill out a questionnaire
concerning demographic data, parental education and information
on the child’s diet. Educational level of the parents was classified as
“low” when they attended primary education, “intermediate” or “high”
when at least one of them completed intermediate or higher vocational
education/university, respectively. When both parents were born in a
Western country (Europe, United States, and Oceania) children were
classified as “Western.” Socioeconomic status (SES) was determined
by postal code. SES scores are available for each of the 3876 four-digit
postal code areas in the Netherlands for the year 2010. SES scores are
provided by The Netherlands Institute for Social Research (a Dutch
governmental organization) and based on the following items (i) mean
annual income per household, (ii) the percentage of households with
alow income, and (iii) the percentage of households with a low educa-
tion. These SES was expressed as a score (range —2.95 to 5.24) with a
higher SES score representing a lower socioeconomic status (26,28,29).

Laboratory Measurements

Ferritin was determined on an immunochemistry analyzer (Beckman
Coulter, Fullerton, CA). STfR was determined by an ELISA tech-
nique (Ramco, Houston, TX). CRP was determined using a standard
clinical chemistry analyzer (Beckman Coulter or F. Hoffmann-La
Roche, Basel, Switzerland). Hb, MCV and Ret-Hb were determined
using automated hematology analyzers (Sysmex Corporation,
Kobe, Japan). We measured serum hepcidin by mass spectrometry
(MS-hepcidin) and an immunochemical (IC) assay (Bachem, San
Carlos) (IC-hepcidin) after one and two freeze-thaw cycles, respec-
tively. The results of both methods were expressed in nanomoles per
liter (nmol/I) (1 nmol/l = 2.789 pg/1) (2).

MS-hepcidin-25 measurements were performed by a combination
of weak cation exchange chromatography and time-of-flight mass
spectrometry (30). An internal standard (synthetic heavy hepcidin-25
stable isotope +40; custom made Peptide International) was used for
quantification (22). Peptide spectra were generated on a Microflex
LT matrix-enhanced laser desorption/ionisation TOF MS platform
(Bruker Daltonics, Bremen, Germany). The lower detection limit of
this method was 0.5 nmol/l; average coeflicients of variation were 2.8
% (intra-run) and 6.4% (inter-run) (22).

IC-Hepcidin-25 was determined by enzyme-linked immunoas-
say (ELISA) (Human hepcidin-25, extraction-free, EIA kit, Cat.
No S-1337, Batch No A11599, Bachem, Peninsula Laboratories,
San Carlos) in accordance with the manufacturer’s instructions.
According to the manufacturer this ELISA is specific for hepcidin-25.
Before analysis the serum samples were diluted 1:6 in treated human
serum provided with the kit. Hepcidin-25 levels were calculated from
a calibration curve with a linear measuring range near the IC_; of the
curve (1.5ng/ml, range 0.35-1.72). Samples with CVs above 15% or
with levels falling outside the measuring range were re-assayed in a
different dilution. We calculated an intra- and inter-assay variation of
<10% and <15%, respectively.

Statistical Analysis

SPSS (version 18.0; SPSS, Chicago, IL) was used for statistical anal-
ysis. Before analysis data were checked on normality using histo-
grams and Kolmogorov-Smirnov test. Hepcidin concentrations
were right-skewed. For all continuous variables, median and 2.5th
and 97.5th percentiles (P2.5 and P97.5 respectively) were calcu-
lated. For MS-hepcidin concentrations below the limit of detection
(0.5 nmol/l) we used a value of 1.5 times the limit of detection (0.25
nmol/l). Blood sampling time and CRP were categorized in two
groups based on clinically relevant cutoffs. For blood sampling time,
these were before and after 12 pm according to Dutch routine and in
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line with previously reported serum hepcidin concentration patterns
throughout the day (15,16,31). For CRP we used a cut-off value of
less or more than 5mg/l (32). Categorical variables were expressed
in numbers and corresponding percentages. Reference ranges for
MS-hepcidin and IC-hepcidin concentrations were constructed using
the median, P2.5 and P97.5 in children of the iron-replete normative
population. However, all children were analyzed to assess correlations
of hepcidin with ferritin and CRP. Spearman correlation, intraclass
correlation and Bland-Altman analysis were used to determine the
relationship and differences between IC- and MS-hepcidin concen-
trations. Univariable and multivariable linear regression analysis were
used to evaluate the associations with MS-hepcidin and IC-hepcidin
as dependent variables and ferritin, Hb, MCV, Ret-Hb, and sTfR as
independent variables, unadjusted and adjusted for age and time of
blood sampling. The assumption of linearity between MS-hepcidin,
IC-hepcidin concentrations and independent variables was con-
firmed using graphic methods. Resulting regression coefficients ([3)
express the change in MS-hepcidin and IC-hepcidin concentration
that were associated with a 1-unit change in the independent vari-
able. The R* (adjusted for the number of explanatory variables in the
model) was obtained to indicate the amount of variance in MS- and
IC-hepcidin concentrations that were explained by the included vari-
ables. Statistical significance was defined as P value < 0.05.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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