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Background: Preterm infants are at risk of iron deficiency 
(ID). Hepcidin has been suggested as a good additional indica-
tor of ID in preterm infants, next to ferritin.
Methods: In a prospective observational study, we analyzed 
serum hepcidin in 111 infants born after 32+0 to 36+6 wk ges-
tational age during the first 4 mo of life.
Results: Hepcidin concentrations decreased during the first 
4 mo of life, and concentrations were lower in infants with ID 
compared to those without ID. Infants who developed ID at 
the age of 4 mo had already significantly lower levels of hep-
cidin at 1.5 mo of age, while ferritin was already significantly 
lower at the age of 1 wk.
Conclusion: Hepcidin concentrations of late preterm 
infants decrease during the first 4 mo of life. This decrease, 
which parallels a decrease of ferritin concentration, we inter-
pret as a physiological response, aiming to increase iron 
availability. Hepcidin concentrations are lower in infants with 
ID compared with those without ID, with a notable change 
already observed at 1.5 mo of age. Hepcidin can be used as an 
early marker of ID, although an additive value of hepcidin over 
ferritin in the diagnosis of ID is not present.

INTRODUCTION
Preterm infants are susceptible to iron deficiency (ID) because 
of their compromised iron stores at birth, high postnatal 
growth rate, and iatrogenic phlebotomy losses. ID in infancy 
is associated with long-term neurodevelopmental impairment, 
despite adequate iron treatment (1,2). Therefore, prevention of 
ID is important for optimal development of preterm infants.

Since iron cannot be actively excreted, regulation of its 
absorption is essential to maintain systemic iron homeostasis. 
Hepcidin, a peptide hormone produced mainly in the liver, 
plays a central role in the regulation of iron absorption and 
body iron distribution (3). Hepcidin binds to the iron-trans-
porting protein ferroportin, causing its internalization and 
degradation, thereby decreasing iron transfer from hepato-
cytes, macrophages, and absorptive enterocytes to the blood 
(4). As a result, dietary iron absorption and circulating iron in 

the blood decrease, whereas intracellular iron stores increase 
(5). Hepcidin transcription is decreased in cases of ID, hypoxia, 
and increased erythropoiesis, and it is increased during infec-
tion, inflammation, and iron overload (6,7). In a previous trial 
of marginally preterm and term low-birth-weight infants, 
significantly lower hepcidin concentrations were observed in 
infants with ID compared with iron-replete infants, and it was 
suggested that hepcidin may be a good additional indicator of 
ID in preterm infants (8). However, in that study, the major-
ity of the iron-replete infants received iron supplementation. 
Whether higher hepcidin concentrations in these iron-replete 
infants represent a physiologic increase, or an upregulation 
in response to iron supplementation, is unclear (8). In the 
Netherlands, late preterm infants do not routinely receive iron 
supplementation. The aim of this study was therefore to inves-
tigate changes in hepcidin concentrations during the first 4 
mo of life in a population of Dutch, late preterm infants. We 
hypothesized that hepcidin concentrations decrease during 
the first 4 mo of life, as a response to lower iron stores and 
that hepcidin concentrations are lower in infants with ID 
compared with infants without ID at the age of 4 mo. In a sec-
ondary analysis, we aimed to investigate associations between 
hepcidin and the type of feeding, other indicators of iron sta-
tus, and erythropoiesis.

RESULTS
Study Population
Of the 200 eligible infants, 21 infants met the exclusion crite-
ria, and in 44 infants blood samples were not analyzed because 
of increased C-reactive protein (CRP) concentrations (n = 
17) or incomplete analyses (n = 27) (Figure 1). Twenty-four 
parents decided to withdraw their child from the study dur-
ing the follow-up period, because of resistance against blood 
sampling (n = 7), follow-up visits in another hospital for logis-
tic reasons (n = 10), or without giving any reason (n = 7). Of 
the included infants (n = 111), 61.3% were boys. Our study 
population was representative of the Dutch population consid-
ering educational level (9). Ethnicity of our study population 
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was representative of the multi-ethnic population living in the 
urbanized, western region of the Netherlands (10). Mean GA 
and birth weight were 35.0 wk (95% confidence interval (CI): 
33.1–36.8) and 2,145 g (95% CI: 1,613–3,138), respectively, 
(Table 1). The most frequently observed neonatal diagnoses 
were jaundice (n = 29 (26%)) and respiratory disorders (n = 
22 (20%)). ID and iron deficiency anemia were present in 26 
(23%) and 11 (10%) infants at the age of 4 mo, respectively 
(Figure 1).

Hepcidin at 1 Wk, 1.5 Mo, and 4 Mo
Median hepcidin concentrations were 74.0 ng/ml (95% CI: 
14.7–171.3), 33.1 ng/ml (95% CI: 9.6–94.0), and 17.7 ng/
ml (95% CI: 3.6–48.1) at the age of 1 wk, 1.5 mo, and 4 mo, 
respectively (Figure 2). Hepcidin concentrations in blood 
samples obtained in the morning were similar compared to 
those obtained in the afternoon, and we found no association 
between hepcidin and time of blood sampling as a continu-
ous variable. Hepcidin was significantly lower in males than 
in females at the age of 1 wk (geometric mean was 58.0 ng/
ml (95% CI: 14.3–155.9) vs. 82.2 ng/ml (95% CI: 20.2–198.7; 
P =  0.03), and this difference persisted after adjustment for 
the following potential confounding factors: time of blood 

sampling, gestational age, birth weight, ferritin, Hb, reticu-
locytes, and type of feeding. The difference in hepcidin con-
centrations between males and females became smaller with 
increasing age and was no longer significant at the age of 1.5 
and 4 mo (data not shown).

Hepcidin and Other Variables as Predictors of ID at 4 Mo
The observed decrease in hepcidin was more pronounced in 
infants who developed ID at 4 mo with significant differences 
at the age of 1.5 and 4 mo (Table 2 and Figure 3). Similarly, 
hemoglobin, but neither Ret-Hb nor reticulocytes, differed 
between ID and no-ID cases from 1.5 mo. At the age of 1 wk, 
ferritin was the only biomarker that was already significantly 
lower in infants who became ID at the age of 4 mo, compared 
with infants without ID at that age (Table 2). We constructed 
a receiver-operating characteristic curve to investigate the pre-
dictive value of hepcidin and ferritin at the age of 1 wk and 1.5 
mo for the development of ID at the age of 4 mo. At the age of 
1 wk, a cutoff value of hepcidin < 56 ng/ml provided the most 
balanced sensitivity and specificity of 68.7 and 55.6%, respec-
tively (area under the curve 0.648). This was low compared 

Figure 1.  Flowchart of the study population.

Eligible:
200 infants

Inclusion:
111 infants

ID:
26 infants (23%)

No ID:
85 infants (77%)

IDA:
11 infants (10%)

No IDA:
15 infants (13%)

Exclusion:
Congenital malformations: 3 infants
Hemolysis: 2 infants
Blood transfusion: 3 infants
Iron supplementation: 13 infants
CRP ≥5 mg/l: 17 infants
Incomplete analyses: 27 infants
Drop-out: 24 infants

Table 1.  Characteristics of the study population

Variable Number Percentage Mean 95% CI

Gender (male) 68 61 NA NA

Gestational age (weeks) 111 NA 35.0 33.1–36.8

Birth weight (g) 111 NA 2,345 1,613–3,138

Birth weight (Z-score) 111 NA −0.25 −1.63–1.43

Small for gestational age 17 15 NA NA

Apgar score at 5 minutes 111 NA 9 6–10

Ethnicity (western) 60 54 NA NA

Educational level of the 
mother (high)

46 41 NA NA

Exclusively breastfeeding 
at 1.5 mo of age

32 29 NA NA

Exclusively breastfeeding 
at 4 mo of age

18 16 NA NA

CI, confidence interval, NA, not applicable.
Figure 2.  Box plots representing the median, upper and lower quartiles 
and the 1.5 interquartile range of hepcidin concentrations at the age of 
1 wk, 1.5 mo, and 4 mo, respectively. Outliers are represented as dots.
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with ferritin that provided a sensitivity and specificity of 80.6 
and 85.6%, respectively, at a cutoff value of 115 μg/l (area 
under the curve 0.779). At the age of 1.5 mo, the predictive 
value of hepcidin for the development of ID at the age of 4 mo 
was similar compared to ferritin (sensitivity and specificity of 
82.4 and 73.9% at a cutoff value of hepcidin < 26 ng/ml (area 
under the curve 0.813) and a sensitivity and specificity of 83.8 
and 65.2% at a cutoff level of ferritin < 88 μg/l (area under the 
curve 0.852)).

The Effect of the Type of Feeding on Hepcidin Concentrations
At the age of 4 mo, hepcidin concentrations were significantly 
lower in infants who were exclusively breastfed compared with 
those who received formula exclusively or in combination with 
breast milk (6.8 ng/ml (95% CI: 0.1–34.5) vs. 19.0 ng/ml (95% 
CI: 7.4–50.0), P < 0.001). Furthermore, hepcidin was nega-
tively associated with the duration of exclusive breastfeeding 
(β = −0.443; P <0.001; R2 = 19.6%), This association persisted 
after adjustment for gender, indicators of iron status (ferritin, 
Hb, Ret-Hb), and reticulocytes.

Correlations Between Hepcidin, Other Indicators of Iron Status, 
and Reticulocytes
Results of linear regression analyses showed that hepcidin 
was associated with all indicators of iron status (ferritin, Hb, 

ret-Hb) at the age of 1.5 and 4 mo, respectively (Table 3). For 
reticulocytes, there was a significant negative association at 
the age of 1.5 mo. Ferritin was the strongest predictor of hep-
cidin and was always included in the best predicting model 
(Table 3). Results of multivariate analyses showed that the pre-
dictive value of ferritin, Hb, ret-Hb, and reticulocytes for hep-
cidin was 18.3, 55.5, and 42.9% at the age of 1 wk, 1.5 mo, and 4 
mo, respectively. No interacting effect was observed when age 
was included in the model.

DISCUSSION
To the best of our knowledge, this is the first study describ-
ing hepcidin concentrations from birth to the age of 4 mo 
in late-preterm infants who received no iron supplemen-
tation. This study showed that hepcidin concentrations 
decrease during the first 4 mo of life in late preterm infants, 
both in those who later develop ID as well as in those who 
were iron-replete at 4 mo of age. Furthermore, we found that 
infants who developed ID at 4 mo of age had significantly 
lower hepcidin concentrations already at 1.5 mo of age, sug-
gesting that hepcidin is a predictor of later ID. In addition, 
we observed that, irrespective of ferritin and Hb, hepcidin 
concentrations in infants who were exclusively breastfed 
for 4 mo were significantly lower compared to those who 
received formula exclusively or in combination with breast 
milk at the age of 4 mo. Unexpectedly, we found that hepci-
din was significantly lower in males compared to females in 
the first week of life and that in contrast to results reported 
in older children and adults (11), hepcidin concentrations in 
our population of late-preterm infants were not affected by 
a circadian rhythm.

Table 2.  Mean concentrations of hepcidin and indicators of iron 
status and erythropoiesis in late preterm infants with iron deficiency 
at the age of 1 week, 1.5 mo and 4 mo, respectively

ID  
(n = 26) 95% CI

No ID  
(n = 85) 95% CI P

Hepcidin (ng/ml)*

  1 wk 51.7 14.8–149.6 69.6 14.6–180.1 0.12

  1.5 mo 19.9 5.8–58.3 40.3 15.1–106.6 <0.001

  4 mo 7.7 0.3–37.7 20.2 8.6–49.1 <0.001

Ferritin (µg/l)*

  1 wk 95.8 32.2–287.7 177.9 37.1–469.2 0.001

  1.5 mo 51.0 13.2–127.1 122.7 36.4–315.5 <0.001

  4 mo 13.2 3.6–19.0 40.1 20.0–112.3 <0.001

Hemoglobin (g/l)

  1 wk 165.4 120.7–215.7 169.2 130.4–223.8 0.51

  1.5 mo 96.6 77.7–122.8 104.8 81.7–132.0 0.02

  4 mo 105.9 79.1–130.8 113.1 98.2–128.3 0.001

Ret-Hb (pg)

  1 wk 29.1 24.3–33.2 30.2 24.4–36.0 0.15

  1.5 mo 29.8 25.2–32.6 30.4 26.5–33.5 0.21

  4 mo 27.2 16.9–33.4 28.3 23.9–31.5 0.09

Reticulocytes (‰)

  1 wk 27.2 7.3–59.0 38.0 10.5–80.8 0.19

  1.5 mo 21.5 9.8–36.0 18.5 7.8–32.5 0.12

  4 mo 9.7 6.0–16.3 9.8 5.0–16.4 0.88

CI, confidence interval; ID, iron deficiency.

Figure 3.  Geometric mean concentrations of hepcidin (ng/ml) at the age 
of 1 wk (n = 87), 1.5 mo (n = 93), 4 mo (n = 111) in infants who became 
ID at the age of 4 mo and infant without ID at the age of 4 mo. Error bars 
represent 95% confidence interval. *Significant at level < 0.001. Thick line 
indicates ID. Thin line indicates no ID.
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Infants who developed ID at 4 mo of age had significantly 
lower hepcidin concentrations already at 1.5 mo of age com-
pared to infants without ID at the age of 4 mo. These results 
suggest that hepcidin could be a promising predictor of later 
ID in late preterm infants with no concomitant infection/
inflammation. However, the additive value of hepcidin over 
ferritin in the diagnosis of ID is yet questionable, since ferritin 
was the most important predictor of hepcidin at all times of 
measures. This is similar to results reported in previous studies 
in both children and adults (8,12). Furthermore, differences in 
ferritin between infants with and those without ID at the age 
of 4 mo were present already at the age of 1 wk, whereas no dif-
ferences were observed in hepcidin concentrations at that age. 
Moreover, the diagnostic value of hepcidin is limited by the 
absence of measurement standardization (13) and age-specific 
reference values for hepcidin in infants younger than 6 mo of 
age. Studies on harmonization of hepcidin assays in general, 
and definition of reference values in infants younger than 6 mo 
of age are required in order to investigate the potential value of 
hepcidin in the diagnosis of ID in preterm infants.

Hepcidin concentrations in our population decreased dur-
ing the first 4 mo of life. A similar decrease in hepcidin from 
the age of 6 wk to 1 y has been observed in term infants with 
no iron deficiency anemia (ferritin >12 μg/l and Hb >105 g/l at 
3 and 6 mo and >100 g/l at 12 mo) (14). This decrease in hep-
cidin was accompanied by a similar decrease in concentrations 
of ferritin, and this previously described correlation between 
both biomarkers was not influenced by age. These results 
suggest that hepcidin concentrations decrease in response 
to a decrease in ferritin, in order to mobilize iron stores, and 
increase dietary iron absorption. Such a response is justifiable 
since these infants are at risk of ID and iron absorption and 
availability for erythropoiesis and tissue expansion needs to 
be maximized during the first year of life. This hypothesis is 
further supported by our observation of lower hepcidin con-
centrations in exclusively breastfed infant compared to those 
receiving formula with or without breast milk. Since the iron 
content in breast milk is lower compared to formula (15), low 

hepcidin concentrations in exclusively breastfed infants will 
optimize the absorption of the limited amount of iron in breast 
milk. The association between hepcidin and the duration of 
breastfeeding, irrespective of ferritin concentrations, illustrates 
that hepcidin is influenced by both iron stores and dietary iron 
intake, but maybe also by some not yet described mechanism 
induced by iron intake.

Hepcidin concentrations were significantly lower in males 
than in females in the first week of life. This gender difference 
became smaller with increasing age and was no longer signifi-
cant at the age of 1.5 and 4 mo, respectively. Significant differ-
ences in hepcidin concentrations between males and females 
have been previously reported in adults (12,16) and 6-mo-old 
Kenyan infants (17). In these infants, lower hepcidin concen-
trations in males were mainly explained by the lower overall 
iron status in males, and higher CRP concentration in females 
(17). However, we observed no differences in either iron sta-
tus indicators or CRP between males and females, and the 
gender difference may have other explanations. In adults, tes-
tosterone is the major hormone responsible for the observed 
gender differences in the regulation of iron metabolism (18). 
Testosterone may repress hepcidin transcription by enhancing 
epidermal growth factor receptor signaling in the liver (19) or 
by stimulating erythropoietin production (20). Interestingly, 
a transient activation of the hypothalamic–pituitary–gonadal 
axis has been observed in males during the first months of life 
(21), and there is some evidence of even higher gonadotropin 
and testosterone levels in preterm compared with full-term 
infants (22–24). We hypothesize that higher testosterone lev-
els in preterm males may suppress hepcidin concentrations 
shortly after birth. However, more studies on the association 
between testosterone and hepcidin are needed to confirm the 
presence of such a gender difference and to investigate this 
hypothesis.

In contrast to results reported in older children and in adults 
(11), we found no circadian rhythm in hepcidin concentra-
tions. Studies on hepcidin in preterm infants are few (8,25) 
and to our concern, none investigated diurnal variation in 

Table 3.  Results of univariate and multivariate linear regression models assessing the relation of hepcidin with ferritin, hemoglobin, Ret-Hb, and 
reticulocytes in late preterm infants at the age of 1 wk, 1.5 mo, and 4 mo, respectively.

Age

Log10 hepcidin (ng/ml)

1 wk 1.5 mo 4 mo

β R2 P β R2 P β R2 P

Log10 ferritin (µg/l) 0.358 12.9 0.001 0.728 53.1 <0.001 0.591 34.9 <0.001

Hemoglobin (g/l) −0.174 3.0 0.11 0.223 5.0 0.03 0.328 10.8 <0.001

Ret-Hb (pg) 0.003 0.0 0.98 0.291 8.5 0.005 0.425 18.0 <0.001

Reticulocytes (‰) −0.151 2.3 0.17 −0.411 16.9 <0.001 0.033 0.1 0.73

Multivariate regression

  Log10 ferritin, reticulocytes 18.3 <0.001

  Log10 ferritin, reticulocytes 55.5 <0.001

  Log10 ferritin, Ret-Hb 42.9 <0.001

Infants with an elevated C-reactive protein concentration (≥5 mg/l) at any time point were excluded. Best predicting model achieved by backward multivariate linear regression using 
Wald-method, including Log

10
 ferritin, Hb, Ret-Hb, and reticulocytes.
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hepcidin. In adults, lowest hepcidin concentrations have been 
observed in the early morning, and concentrations steadily 
increase throughout the day before declining during the eve-
ning hours (16). This pattern was neither influenced by food 
intake (11), nor by the sleep–wake cycle (26). It has been 
suggested that the transcriptional regulators related to genes 
involved in circadian rhythm (upstream stimulatory factor 1 
(USF1) and USF2), are potentially significant modulators of 
hepcidin expression (26,27). Furthermore, diurnal variation in 
hepcidin might also be secondary to innate circadian rhythm 
of one of the many biological determinants of serum hepcidin 
concentrations (3,11). The absence of this circadian rhythm in 
hepcidin concentrations in preterm infants warrants further 
investigation.

In this study, we demonstrated for the first time that in a 
population of late-preterm infants where iron supplementa-
tion was not used, hepcidin decreased during the first 4 mo of 
life. This decrease, which parallels a decrease of ferritin con-
centration, we interpret as a physiological response, aiming to 
increase iron availability. These results illustrate the increased 
iron requirements in preterm infants. Therefore, preterm 
infants with a birth weight <2,500 g should receive iron supple-
mentation according to current guidelines (28). Furthermore, 
the results of this study confirm that hepcidin concentra-
tions are lower in infants with ID compared to those without 
ID, with a notable change already observed at 1.5 mo of age. 
Hepcidin can be used as an early marker of ID, although an 
additive value of hepcidin over ferritin in the diagnosis of ID is 
not present. Standardization of hepcidin assays in general, and 
definition of reference values for hepcidin in infants younger 
than 6 mo of age are needed in order to investigate the poten-
tial diagnostic value in the diagnosis of ID in preterm as well as 
term infants. In addition, the observed absence of a circadian 
rhythm, the association to diet, and the presence of a gender 
difference in hepcidin concentrations prompts further studies.

METHODS
Study Design
A prospective observational trial of 200 late-preterm infants with the 
focus on iron status development was conducted (29). We present 
hepcidin concentrations and its correlation to the type of feeding, and 
other indicators of iron status.

Study Population
Preterm infants born between 32+0 and 36+6 wk of gestational age 
(GA) were included in the study between March 2011 and April 2013. 
Eligible infants were identified from delivery records. Parents were 
contacted at the hospital within 7 days after delivery, and written 
and oral information was provided by the investigators (M.A., L.U.). 
Exclusion criteria were congenital malformations, chronic or inher-
ited metabolic disease, hemoglobinopathies, active blood loss during 
delivery/ major bleeding, twin-to-twin transfusion syndrome, hemo-
lytic disease, (positive coombs), the use of iron supplementation, or 
blood transfusions. The study was approved by the Medical Ethics 
Committee of South-West Holland. All parents of the participating 
infants gave written informed consent.

Data Collection
Infants visited the outpatient clinic for routine follow-up at the post-
natal age of 1.5 and 4 mo, respectively. In the first week of life and at 
every follow-up visit, venous blood was collected (3 ml) and analyzed 
for hepcidin and iron status biomarkers (ferritin, hemoglobin (Hb), 

reticulocyte hemoglobin content (Ret-Hb)), reticulocytes, and CRP. 
Reticulocytes were measured as a marker of erythropoiesis. CRP was 
measured to detect cases of infection or inflammation, which usually 
is accompanied by an increase in hepcidin and ferritin concentra-
tions. Blood samples were considered as incomplete when insufficient 
blood was available to measure hepcidin, ferritin, and Hb at the age 
of 4 mo. We defined ID as a ferritin <20 μg/l at the age of 4 mo (30). 
Iron deficiency anemia was defined as ID in combination with ane-
mia, defined as hemoglobin (Hb) <105 g/l (29).

We documented the type of feeding that infants received at the age 
of 1.5 and 4 mo respectively, by using an unstandardized question-
naire. Exclusive breastfeeding was defined as the use of breastfeeding 
and water but no formula or complementary foods. Exclusive for-
mula was defined as formula feeding and water, but no breastfeeding 
or complementary foods. Anthropometric data were recorded after 
birth, and at the postnatal age of 1.5 and 4 mo, respectively; length was 
measured to the nearest millimeter by using a length board, weight 
was measured to the nearest 0.001 kg by using a digital scale, and head 
circumference was measured to the nearest millimeter by using a 
plastic measuring tape. Z-scores for anthropometric data were calcu-
lated with correction for GA at birth, by using Dutch references (31). 
Perinatal data (Apgar scores, gestational age, and neonatal diagnoses) 
were collected from delivery records and medical files at inclusion. In 
this study, obstetricians performed early cord clamping (<60 s) (32), 
which was the standard procedure at time of the study. Parents filled 
out a questionnaire concerning demographic data and parental edu-
cation. When both parents were born in a western country (Europe, 
United States) infants were classified as “western.” Educational level 
of the parents was classified as “high” when they completed higher 
vocational education or university.

Biochemical Analysis
Venous blood was collected with EDTA and a serum tube. Blood sam-
ples were drawn between 7 am and 8 pm, and time of blood sampling 
was recorded. Ferritin and CRP were determined in plasma, using a 
Unicel DxI 800 immunochemistry analyzer (Beckman Coulter, Brea, 
CA). Hb, Ret-Hb, and reticulocytes were determined using Sysmex 
XE 5000 (Sysmex, Kobe, Japan) automated hematology analyzers. 
Samples were centrifuged, and serum was aliquoted and frozen at 
−80 °C until measurement of hepcidin after one freeze–thaw cycle. 
Hepcidin was determined by enzyme-linked immunoassay (ELISA) 
(Human hepcidin, extraction-free, EIA kit, Cat. No S-1337, Batch No: 
A11599, Bachem, Peninsula Laboratories, San Carlos, CA) in accor-
dance with the manufacturer’s instructions. According to the manu-
facturer, this ELISA is specific for the hepcidin-25, the bioactive form 
of hepcidin that can block the iron transporter ferroportin. Before 
analysis of hepcidin, the serum samples were diluted 1:6 in treated 
human serum provided with the kit. Hepcidin-25 levels were calcu-
lated from a calibration curve with a linear measuring range near the 
IC50 of the curve (1.5 ng/ml, range: 0.35–1.72). Samples with coef-
ficient of variants above 15% or with levels falling outside the measur-
ing range were re-assayed in a different dilution. We calculated an 
intra- and inter-assay variation of <10 and <15%, respectively.

Statistical Analysis
The original study aim was to establish the prevalence of ID in late 
preterm infants and to identify risk factors for ID. The study was pow-
ered to detect a prevalence of ID of 10% (33), with 95% confidence 
limits of ±5% and a dropout rate of 20%. Statistical package for the 
Social Sciences (SPSS) (version 21.0; SPSS, Chicago, IL) was used for 
statistical analysis. Before analysis, data were checked on normal dis-
tribution using histograms and Kolmogorov–Smirnov test. Because 
hepcidin and ferritin showed skewed distributions, they were log 
transformed for all statistical calculations. These biomarkers were 
normally distributed on a logarithmic scale. For interpretation, the 
values were converted back to the original units as geometric means 
and SD. Blood sampling time was categorized in two groups; before 
and after 12 pm, in line with previously reported serum hepcidin con-
centration patterns throughout the day (11,12). To preclude the influ-
ence of infection/inflammation on concentrations of hepcidin and 
other iron status biomarkers, all samples with a CRP ≥ 5 mg/l were 
not further analyzed (34). Comparisons of hepcidin and indicators 
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of iron status and reticulocytes over time were performed by using 
a paired t-test. For comparisons between groups, we used a Student’s 
t-test for continuous variables and Chi-square test for dichotomous 
variables. Relations between hepcidin and type of feeding, other 
indicators of iron status and reticulocytes were explored with uni-
variate and multivariate linear regression models, using a backward 
Wald method. A general estimating equation for repeated measure-
ments with a linear regression model was used to analyze the associa-
tion between hepcidin, age, and ferritin. Statistical significance was 
defined as a P value < 0.05.
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