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Hepcidin is a relevant iron status indicator in infancy: results
from a randomized trial of early vs. delayed cord clamping
Staffan K. Berglund1,2, Anna M. Chmielewska1, Magnus Domellöf1 and Ola Andersson3,4

BACKGROUND: We aimed to evaluate whether serum hepcidin is a useful indicator of iron status in infants.
METHODS: Term infants (n= 400) were randomized to delayed (≥180 s) or early (≤10 s) cord clamping (CC). Iron status was
assessed at 4 and 12 months. In all cases with iron depletion or iron deficiency (ID) (as defined in “Methods”) (n= 30) and 97
randomly selected iron-replete infants, we analyzed hepcidin and explored its correlation to the intervention, iron status, and
perinatal factors.
RESULTS: Serum hepcidin concentrations were significantly lower in the early CC group at both time points and in ID infants at
4 months. Median (2.5th–97.5th percentile) hepcidin in non-ID infants in the delayed CC group (suggested reference) was 64.5
(10.9–142.1), 39.5 (3.5–157.7), and 32.9 (11.2–124.2) ng/mL in the cord blood and at 4 and 12 months, respectively. The value of 16
ng/mL was a threshold detecting all cases of iron depletion/ID at 4 months. No similar threshold for ID was observed at 12 months.
The strongest predictor of hepcidin at both ages was ferritin.
CONCLUSIONS: Hepcidin is relevant as iron status indicator in early infancy and may be useful to detect ID. Levels <16 ng/mL at
4 months of age indicates ID.
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IMPACT:

● Serum hepcidin is a relevant indicator of iron status in early infancy.
● Normal reference in healthy infants is suggested in this study.
● Serum hepcidin may be useful in clinical practice to detect iron deficiency.

INTRODUCTION
Owing to rapid growth rate and high iron requirements, infants
are at risk of iron deficiency (ID)1,2 As the most common single
nutrient deficiency, ID is not only a lead cause of the high global
prevalence of anemia but also a risk factor for impaired
neurodevelopment in infants and young children.3–6 From a
clinical viewpoint, the ability to evaluate iron status in individuals
and populations are of great importance. However, iron metabo-
lism undergoes a rapid, dynamic change during the first months
of life, where both iron stores and erythropoiesis passes through
different physiological phases, and the exact regulatory mechan-
isms are not fully understood.7–9 This dynamic physiology of iron
metabolism in infants is reflected by rapid changes of traditional
iron status markers, such as hemoglobin, ferritin, and transferrin
saturation (TS).10,11 It is not well known which biomarkers best
reflect the narrow path of normal iron status, particularly during
the first 6 months of age when both ID and overload can cause
potential harm. Therefore, further research regarding biomarkers
and their association with iron stores and functional outcomes has
been pointed out as one of the future research directions in the
area.12

Hepcidin, a peptide described in the early twenty-first century, is
believed to be the main iron regulatory hormone in the body.13–15

Binding to the iron transporter protein ferroportin, it downregulates
the cellular export to the blood stream, indirectly lowering iron
absorption in the intestine and iron release from cellular stores.14,16

It has been confirmed in adults that hepcidin expression decreases
during ID and studies in infants have showed a close correlation to
ferritin and other iron status indicators.17 However, observational
studies in infants and children with ID have showed diverging
results with regard to iron status assessment,17–19 and the use of
hepcidin as a reliable iron status indicator in infancy is not fully
evaluated.
In the current study, we aimed to evaluate the use of hepcidin

as an iron status indicator in infants. Using stored serum samples
from a previously published randomized trial of early vs. delayed
cord clamping (CC) in healthy normal birth weight infants, we
assessed the normal range of hepcidin in infants at 4 and
12 months of age and explored the association with traditional
iron status indicators, as well as to the CC intervention.

METHODS
This study is a secondary analysis of a previously published
randomized controlled trial including 400 newborn infants in the
Hospital of Halmstad, Sweden between April 16, 2008, and May
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22, 2009.20 Briefly, pregnant women were approached at the
antenatal care units associated with the hospital if fulfilling the
inclusion criteria (nonsmoking, healthy, and carrying a low-risk
singleton pregnancy) with an expected vaginal delivery at term.
The women included gave written informed consent, and when
delivery was imminent, they were randomized to delayed CC at
≥180 s after delivery or to early CC before or at 10 s after birth
(Fig. 1). As presented previously, the intervention allocation was
partly blinded,20 but at the time of the present study, the
intervention allocation was unblinded to all study staff. The trial
was approved by the Regional Ethical Review Board of Lund
University.
As part of the primary study protocol for the original study, iron

status was assessed in cord blood and at 4 and 12 months of age
including serum measures of ferritin, TS, mean cell volume (MCV),
and transferrin receptor (TfR) concentration.20,21 ID at 4 and
12 months was defined as two or more iron status indicators
outside the reference range (low ferritin level, low MCV, low TS, or
high sTfR level) as defined in Table 1.
In the present study, a subsample of 127 infants from the

original study was selected for secondary analyses of hepcidin
concentrations (Fig. 1). We included all 24 cases who were
diagnosed with ID at 4 months (n= 9), 12 months (n= 13), or at
both these times (n= 2). In addition, we included 4 cases with iron
depletion (ferritin <20 μg/L) at 4 months and 2 cases with iron
depletion (ferritin <10 μg/L) at 12 months. Finally, we randomly
selected another 97 infants who had complete iron status analyses
performed at all three measurements but never diagnosed with ID
(non-ID group). Finally, cases with CC-reactive protein (CRP) ≥5
mg/L were excluded from all analyses.
Stored serum for these 127 included cases was analyzed for

C-Hepcidin-25 using enzyme-linked immunoassay (ELISA) (Human
hepcidin-25, extraction-free, EIA Kit, Cat. No S-1337, 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 1.5 ng/mL.
Samples with coefficient of variation >15% or with levels falling
outside the measuring range were re-assayed in a different
dilution.

Statistical approach
The sample size of the present study was limited by funding and
by the number of ID cases in this low-risk population. A pre-study
power calculation showed that, with a power of 80% and a
significance level of 0.05, a sample size of >100 analyzed cases
would be able to detect a difference in hepcidin between the
infants from the delayed and the early CC groups of 18 ng/mL at
4 months. However, hepcidin analyses showed a skewed
distribution, and we chose to perform the group comparisons
(early CC vs. delayed CC and ID vs. never-ID) using non-parametric
Mann–Whitney test and regression analyses after log transforma-
tion. All other comparisons were performed using t test for
continuous variables and chi-square test for proportions. The
correlation between hepcidin and possible predictors was
assessed using univariate regression. Owing to small number of
subjects, we did not explore the associations in a multivariate
regression models.

RESULTS
The group characteristics of the 127 included infants are
presented in Table 2. The cohort analyzed was representative of
the overall study population with no significant differences
compared to those not included.
Hepcidin was successfully analyzed in 121 cord blood samples,

118 infants at 4 months, and 118 infants at 12 months. The
median hepcidin (interquartile range (IQR)) was 58.0 (35.9; 76.4),
32.5 (16.4; 47.5), and 30.0 (19.0; 48.3) ng/mL at birth (cord blood),
4 months, and 12 months, respectively. The levels were
significantly lower in the early CC group at both 4 and 12 months
(Fig. 2). Percentiles for hepcidin concentrations in infants in the
delayed CC group who never developed ID or iron depletion
are presented in Table 3. This group was chosen as a reference
since delayed CC has been shown to improve iron status is infants
and is currently recommended by most authorities.22 The
suggested normal range (2.5th–97.5th percentile) is 10.9–142.1

400 Randomized to intervention

200 Allocated to early umbilical cord
clamping

200 Allocated to delayed umbilical
cord clamping

197 Remaining at delivery

184 Remaining at 4 months 185 Remaining at 4 months

174 Remaining at 12 months 177 Remaining at 12 months

Selected for this study: Selected for this study:

Selected for this study: Selected for this study:

10 cases with ID 1 cases with ID

7 cases with ID

15 cases with ID 9 cases with ID

8 cases with ID

47 No-ID cases*

50 No-ID cases*

50 No-ID cases*

47 Never ID cases* 50 Never ID cases*

= 66 cases = 61 cases

47 No-ID cases*

In total, selected for this study: In total, selected for this study:

4 cases with iron depletion

2 cases with iron depletion

4 cases with iron depletion 2 cases with iron depletion

197 Remaining at delivery

Fig. 1 Study flow chart. Asterisk (*): 100 cases with complete iron
status at both 4 and 12 months were randomly selected from the
study population. However, 3 from the ECC group also had ID at
4 months, giving in total 97 randomly selected cases who never
had ID.

Table 1. Cut-off values for indicators of iron deficiency at 4 and
12 months of age, respectively.

Low ferritin Low TS Low MCV High TfR

4 months <20 μg/L <10% <73 fL >7mg/L

12 months <12 μg/L <10% <70 fL >5.9mg/L

ID was defined when at least two out of the four indicators were fulfilled.

Table 2. Group characteristics for the 127 included cases.

Variable ECC group DCC group

Girls, n (%) 30 (45.5%) 32 (52.5%)

Gestational age at birth (weeks) 40.0 (1.2) 39.9 (1.1)

Birth weight (kg) 3.55 (0.52) 3.61 (0.45)

Birth length (cm) 50.7 (2.1) 50.9 (1.8)

Data are mean (SD), N (%), or median (IQR).
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ng/mL at birth, 3.5–157.7 ng/mL at 4 months, and 11.2–124.2 ng/
mL at 12 months.
To explore the possible predictors of hepcidin at different ages

and its association with other iron status indicators, univariate
linear regression models were used and are presented in Table 4.
Hepcidin increased with birth weight and correlated closely to
ferritin at both ages. Furthermore, at 4 months there was a close
correlation to the other iron status indicators. This association was
further explored in Fig. 3a, where analyzed cases with iron
depletion (ferritin <20 μg/L) or ID at 4 months (n= 10) were
compared to the infants from the delayed CC group who were
never diagnosed with ID or iron depletion (n= 50), showing a
significant difference (p < 0.001). Among ID/iron-depleted infants,
100% had a hepcidin value <16 ng/mL, while 92% of all non-ID
cases had a value above that threshold. A similar threshold could
not be identified at 12 months where hepcidin in the iron-deplete/
ID cases ranged from 7 to 139 ng/mL compared to 6–132 ng/mL in
the non-ID cases (Fig. 3b).

DISCUSSION
Our results showed that hepcidin is sensitive to changes in iron
status and a promising detector of ID in early infancy. The
biomarker correlated closely to ferritin and all of the 10 iron-
deficient/iron-deplete infants at 4 months had a hepcidin level
below the 10th percentile of the non-anemic delayed CC group—
a group that we suggest could be used as reference for
normal range.

Implications on determining iron status in infants
The importance of sensitive iron status indicators cannot be
underestimated. ID is considered the most common micronutrient
deficiency worldwide, and it has recently been listed among the
eight most common chronic diseases23 and one of the five leading
causes of years lived with disability.24 ID is not only a major risk
factor for anemia but also a risk factor for delayed neurocognitive
development. It has been shown in several observational studies
and some randomized trials that low iron availability is associated
with impaired psychomotor development and increased risk of
behavioral problems.6,25,26 Individual screening or prophylactic
supplementation is recommended to risk groups to reduce this
negative impact.8,12,27

It is common, especially in low-income countries, to screen for
ID by measuring hemoglobin levels since ID is a common cause of
anemia. However, recent research suggests that negative effects
on brain development may occur already in early stages of ID,
since the brain’s iron supply is compromised before the red cells
become iron depleted.26,28,29 Thus there are strong reasons to
screen infants and young children at risk for non-anemic ID.
Unfortunately, there is no clear consensus of how to best assess ID
in individuals or in screening programs and currently used cut-offs
are diverging and are mostly not well defined.26,30 Ferritin is the
most widely used iron status marker, but it is limited by a close
correlation to inflammation and to the lack of correlation to
functional deficiency, i.e., signs of low iron availability in iron-
dependent cells. Other iron status markers include TS, TfR
concentration, MCV, reticulocyte hemoglobin, and hepcidin,18,27

often used in combinations such as in the present study.
Nevertheless, research regarding the specificity and sensitivity
for each of these markers is limited, particularly with regard to
infants. Since infants undergo a rapid physiological change in iron
availability, intake, and compartments, research from adults
cannot be directly extrapolated.9 Furthermore, it has been
suggested that infants have an immature ability to downregulate
iron absorption and that other regulatory mechanisms may
exist.7,31,32

Previously published studies
The suggested normal range for serum hepcidin concentrations in
adults is 0.6–23 ng/mL33 even though some research group
reported higher concentrations.34 However, with regards to
children during the first year of life, there are large physiological
changes in iron metabolism, and there has been few studies
reporting hepcidin concentrations.35,36 To our knowledge, there
are only four recently published studies in healthy infants.19,36–38

In two of them, the number of included infants were low.19,36

Mupfadze et al. reported hepcidin in 139 Zambian infants
participating in vitamin A supplementation trial.37 Only non-
anemic, iron-replete infants with no inflammation were selected.
Hepcidin decreased over the first year of life with median
concentrations (IQR) of 9.7 (2.5–19.25), 4.5 (0.49–7.32), and 1.9
(0.73–6.17) ng/mL at 3, 6, and 12 months, respectively. In a
Spanish longitudinal study, mean hepcidin in healthy infants with
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Fig. 2 Serum hepcidin concentrations at 4 and 12 months in the
early vs. delayed cord clamping group. There was a significant
difference at both ages between the groups. Median hepcidin was
19.9 vs. 39 at 4 months and 25 vs. 36.4 at 12 months. Mann–Whitney
test was used for comparison. EEC early cord clamping, DCC delayed
cord clamping.

Table 3. Age-specific range for serum hepcidin by percentiles for 50 infants receiving delayed cord clamping at birth and who never developed ID or
iron depletion at 4 or 12 months of age.

Age N Hepcidin (ng/mL)

2.5th 5th 10th 25th 50th 75th 90th 95th 97.5th

Birth 48 10.9 13.7 22.6 39.7 64.5 80.5 95.4 107.3 142.1

4 months 50 3.5 7.8 16.1 28.7 39.5 52.2 77.3 145.6 157.7

12 months 48 11.2 12.4 14.8 20.7 32.9 47.3 78.0 95.4 124.2

Two cases with CRP ≥5mg/L were excluded at birth and 2 at 12 months.
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normal iron status (74% of those 140 included) was 44.77 (SD 1.5)
at 6 months, and 54.28 ng/mL (SD 1.5) at 12 months.38 It is difficult
to compare these results with each other and with our data due to
the lack of a standardized laboratory method and different
detection ranges. Moreover, they suggest that hepcidin levels may

differ between populations, possibly the effect of differences in
how iron status changes during early life, early feeding practices,
and/or gene polymorphism.

Results of the present study
The present study confirms that the expression of hepcidin is
sensitive to iron availability. The levels increased significantly in
the infants who were subjected to delayed CC and was
significantly lower in those diagnosed with ID at 4 months. The
finding is in concordance with our previous results from a cohort
of low birth weight infants supplemented with placebo or iron.17

Also in that trial, we found that hepcidin decreased in parallel with
lower ferritin levels and that it was significantly higher at both
12 weeks and 6 months of age in those supplemented with iron.17

If there is an immaturity in infants’ ability to downregulate iron
absorption, it is more likely due to suboptimal sensitivity to
hepcidin in the enterocyte, e.g., on the target molecule
ferroportin. Such poor sensitivity was recently suggested from a
study in piglets.31

Furthermore, our results suggest that hepcidin has a high
sensitivity to ID in early infancy, a characteristic that could be very
beneficial in clinical practice. This conclusion was also done by
Zaman et al. in a study of pregnant women. They concluded that
serum hepcidin is superior to hemoglobin, serum iron, serum
ferritin, TS, and total iron-binding capacity as indicator of ID
anemia.39 However, our study was not powered to calculate
sensitivity using receiver operating characteristic (ROC) curve
analysis. It should also be underscored that, only if a gold standard
such as bone marrow staining is used, could a marker of true
tissue depletion be evaluated. This would, however, be ethically
unacceptable. Future studies are recommended comparing
ferritin, hepcidin, and other suggested markers of early ID with
regard to tissue depletion or functional outcomes.
Interestingly, we did not observe the same clear sensitivity to ID

at 12 months even though there was a similar correlation to
ferritin and the number of ID cases were actually higher. A similar
lack of sensitivity was observed by Dewan et al. who assessed
children of different ages with iron deficiency anemia (IDA) and
found that hepcidin was not useful to detect IDA.19 One reason
could be higher prevalence of subclinical inflammation. We
excluded cases with CRP ≥5mg/L; however, there may be other
cases with inflammatory signaling that interacts with the hepcidin
expression. The difficulties of assessing iron status in a state of
inflammation was recently reviewed and authors concluded that
there is still lack of knowledge and validated indicators.19,40

Table 4. Univariate regression models for predictors of serum
hepcidin concentrations at 4 and 12 months.

B R2 p

Predictors at 4 months (n= 115)

Gestational age at birth (weeks) 5.9 0.058 0.009

Birth weight (g) 0.022 0.148 <0.001

Delayed cord clamping 18.4 0.109 <0.001

Cord blood hepcidin (ng/mL) 0.109 0.017 0.18

Hb at 4 months (g/L) −0.415 0.012 0.25

Ferritin 4 months (μg/L) 0.164 0.469 <0.001

Transferrin saturation (%) 152.1 0.117 <0.001

MVC 4 months (fL) 3.99 0.229 <0.001

sTfR 4 months (μg/L) −18.3 0.264 <0.001

CRP (mg/L)a 0.142a 0.13

Exclusive breastfeeding at 4 months −0.053 0.000 0.99

Predictors at 12 months (n= 103)

Gestational age at birth (weeks) 4.48 0.040 0.04

Birth weight (g) 0.015 0.087 0.003

Delayed cord clamping 11.7 0.050 0.02

Hepcidin 4 months (ng/mL) 0.361 0.211 <0.001

Hb at 12 months (g/L) −0.243 0.006 0.42

Ferritin 12 months (μg/L) 0.303 0.187 <0.001

Transferrin saturation 12 months (%) −83.2 0.057 0.02

MCV 12 months (fL) 0.464 0.004 0.53

sTfR 12 months (μg/L) 0.182 0.000 0.95

CRP (mg/L)a 0.163a 0.10

Iron intake 12 months (mg/day) −1.67 0.028 0.10

Three cases with CRP ≥5mg/L were excluded at 4 months and 15 cases at
12 months.
aCRP showed a skewed distribution and the coefficient is the Spearman
correlation coefficient.
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Fig. 3 Hepcidin in iron deficient infants. Serum hepcidin concentrations at 4 (a) and 12 (b) months, respectively, in infants diagnosed with
iron depletion or iron deficiency compared to infants subjected to DCC with no iron depletion or ID at 4 or 12 months.
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Further supporting this lack of sensitivity to ID at 12 months was
the inverse correlation to TS (Table 4). The finding at 4 months was
more according to what should be expected.

Strengths and limitations
The strength of the present study is its well-defined cohort of
healthy infants and its randomized design. The analyses of iron
status using multiple biomarkers enabled important comparisons
and conclusions. The low prevalence of ID in this population limited
the possibilities to explore hepcidin as a marker of ID using ROC
curve analysis, and as discussed above, a measure of iron using a
gold standard was lacking. It should be noted that a limiting factor
when discussing age-specific reference ranges for clinical use is the
lack of standardized laboratory methods. We have previously shown
that the EIA Kit used in the present study correlates well to a mass
spectrometry but with generally higher levels.41

CONCLUSION
We confirmed in this study that healthy infants express hepcidin
in response to iron availability and that hepcidin concentration
decreases significantly during ID, at least at 4 months of age. The
presented normal range of hepcidin (Table 3) could be used in
future research as well as in clinical practice. We suggest that
additional studies are designed to evaluate whether hepcidin
could have a role in clinical practice where detection of early
stages of ID in infants is of highest priority.
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