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Abstract
Different metabolic pathways of supplemental and fortiﬁcation Fe, or inhibition of Zn absorption by Fe, may explain adverse effects of
supplemental Fe in Fe-sufﬁcient infants. We determined whether the mode of oral Fe administration or the amount habitually consumed
affects Fe absorption and systemic Fe utilisation in infants, and assessed the effects of these interventions on Zn absorption, Fe and Zn status,
and growth. Fe-sufﬁcient 6-month-old infants (n 72) were randomly assigned to receive 6·6 mg Fe/d from a high-Fe formula, 1·3 mg Fe/d from
a low-Fe formula or 6·6 mg Fe/d from Fe drops and a formula with no added Fe for 45 d. Fractional Fe absorption, Fe utilisation and fractional
Zn absorption were measured with oral (57Fe and 67Zn) and intravenous (58Fe and 70Zn) isotopes. Fe and Zn status, infection and growth were
measured. At 45 d, Hb was 6·3 g/l higher in the high-Fe formula group compared with the Fe drops group, whereas serum ferritin was 34 and
35 % higher, respectively, and serum transferrin 0·1 g/l lower in the high-Fe formula and Fe drops groups compared with the low-Fe formula
group (all P < 0·05). No intervention effects were observed on Fe absorption, Fe utilisation, Zn absorption, other Fe status indices, plasma Zn
or growth. We concluded that neither supplemental or fortiﬁcation Fe nor the amount of Fe habitually consumed altered Fe absorption, Fe
utilisation, Zn absorption, Zn status or growth in Fe-sufﬁcient infants. Consumption of low-Fe formula as the only source of Fe was insufﬁcient
to maintain Fe stores.
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Fe deﬁciency is a major public health problem worldwide(1).
Infants aged >4–6 months are at particular risk as their dietary Fe
intakes are often insufﬁcient to support increased physiological
requirements during rapid growth. Fe-deﬁciency anaemia in early
childhood has been associated with long-lasting and potentially
irreversible cognitive and behavioural delays(2). Provision of an
adequate amount of Fe in infancy is therefore essential to reduce
the risk of deﬁciency and avoid its negative effects. Both Fe
supplements(3–6) and Fe-fortiﬁed formula(7–11) have been effective
in improving Fe status and reducing the prevalence of Fe deﬁciency in young children. However, concerns have been raised
about Fe supplementation of Fe-sufﬁcient infants, including
reduced infant growth(5,6,12,13) and increased morbidity(5,13).
Fe supplements and fortiﬁcation Fe appear to follow different
metabolic pathways in infants, as supplemental Fe has been
shown to be stored in ferritin, whereas fortiﬁcation Fe seems to
be utilised for Hb synthesis(14). The different targeting has been
suggested to be due to the high absorption rate of supplemental

Fe(15), which is often provided in a single daily dose without
food. This can result in a high postabsorptive peak in serum Fe,
which mobilises hepcidin to divert Fe to storage(14). High peaks
in serum Fe may also lead to an increase in circulating nontransferrin-bound Fe(16), resulting in the production of reactive
oxygen species(17). Fe-mediated oxidative stress has been proposed to be responsible for the negative effects of excessive Fe
supplementation, as suggested by ﬁndings in a mouse
model(18). Recently, however, high-Fe-fortiﬁed foods consumed
in infancy have also been shown to adversely affect the longterm neurodevelopment of children with initially high Hb
concentrations (>128 g/l)(19) and increase morbidity in settings
with high rates of infection(20). The mechanisms behind these
observations are still unknown, making it difﬁcult to design
effective yet safe programmatic strategies for the prevention of
Fe deﬁciency in early childhood.
The adverse effects of Fe supplements or high-Fe-fortiﬁed
foods on infant health and development may possibly be
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mediated through the negative effect of Fe on Zn absorption
and subsequently Zn status(21). Alternatively, the impairment in
Zn status due to Fe intakes may occur after absorption, as
excessive Fe intakes can lead to an increase in circulating nontransferrin-bound Fe(16), which can induce the formation of
reactive oxygen species and an immune response(17), and
consequently result in a decline in plasma Zn concentration(22).
Inadequate Zn status has been associated with impaired
growth, poor immune function and compromised neurobehavioural function(23–25). Zn absorption, however, appears to be
reduced by Fe only when both minerals are provided together
as a supplement in aqueous solutions and in disproportionate
molar doses(21,26). Whether Fe supplements given alone compromise infant Zn nutrition is still unclear(21,27–29). When present as a fortiﬁcant, Fe does not appear to inhibit Zn
absorption(30–32), impair Zn status(32–34) or result in measurable
circulating non-transferrin-bound Fe(16). Few studies, however,
have addressed this in infants. Thus, the aim of this study was to
determine whether the mode of oral Fe administration (i.e. Fe
supplementation v. fortiﬁcation Fe) or the amount of Fe habitually consumed (i.e. high v. low Fe intakes) affects Fe
absorption and systemic Fe utilisation in healthy, term,
Fe-sufﬁcient 6-month-old infants. We also determined the
effects of these interventions on Zn absorption and the indicators of Fe and Zn status, as well as growth.

Methods
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infants(35). Assuming an SD of 0·25 for log-transformed incorporation data, we estimated that twenty-one infants were
required per group to detect a 40 % difference in incorporation
of Fe into erythrocytes between any two groups with 80 %
power and a two-sided α of 5 %. Allowing for approximately
15 % attrition, twenty-four infants were enrolled in each group.
The sample size calculated on the basis of this difference in
incorporation of Fe into erythrocytes also allowed 80 % power
and a two-sided α of 5 % to detect a 30 % difference in Zn
absorption between any two groups, with the assumption of an
(36)
SD of 11·0 %
.

Randomisation and blinding
A computer-generated, permuted-block (block size, n 3)
randomisation sequence with stratiﬁcation by sex was used to
randomly assign seventy-two eligible infants to one of three
groups: high-Fe formula (n 24), low-Fe formula (n 24) or Fe
drops (n 24); three-digit codes were used to indicate the
treatment groups. Infants were enrolled and assigned to the
interventions by two paediatric research nurses who were
blinded to the allocation sequence. Allocation concealment was
achieved via secure storage of the randomisation sequence
separately from the participant database. Neither the trial participants nor the researchers were aware of the formula group
assignment. The codes were broken when data collection,
biochemical analyses and data entry were completed.

Study design and participants

Interventions and adherence

This was a 45-d, partial double-blind (formula groups blinded),
parallel, three-group, randomised intervention trial with a 1:1:1
participant allocation ratio. The trial was conducted from October 2010 to May 2012 in Umeå, Sweden. Infants were identiﬁed
through the Swedish population register, and all those residing
locally and aged 5–6 months during the recruitment period
(October 2010–March 2012) were invited to participate. Infants
were eligible for the trial if they were healthy, 6 months old at
baseline and had been predominantly formula-fed before
enrolment. Infants were excluded if they were (1) born preterm
(<37 weeks of gestation), (2) had low birth weight (<2500 g),
(3) had a baseline Hb concentration <100 g/l, (4) had a baseline
serum ferritin concentration <12 μg/l, (5) had illness or consumed medications known to interfere with Fe or Zn absorption,
(6) had ever received Fe medications or supplements,
(7) were currently consuming Zn supplements or (8) had feeding
problems. Previous use of Fe-fortiﬁed infant formula or
Fe-fortiﬁed infant foods did not preclude participation in the trial.
This study was conducted according to the guidelines laid down
in the Declaration of Helsinki, and all procedures were approved
by the Ethics Committees of Umeå University (Umeå, Sweden)
and ETH Zurich (Zurich, Switzerland). Written informed consent
was obtained from both parents of all participating infants. This
trial was registered at www.clinicaltrials.gov as NCT01216709.

For the duration of this 45-d study, parents were asked to feed
their infant daily (except for day 31: Fe and Zn absorption test
day) 534 ml of high-Fe formula (high-Fe formula group), low-Fe
formula (low-Fe formula group) or formula with no added Fe
(Fe drops group). The formulae were identical in appearance,
taste and composition with the exception of Fe content. The
formulae were manufactured by Semper AB, Sweden, and had
the following analysed nutrient content: 12·4 mg Fe as ferrous
sulphate/l (95·0 mg Fe/kg powdered formula), 3·9 mg Zn/l,
132·0 mg ascorbic acid/l and 13·4 g protein/l in the high-Fe
formula; 2·3 mg Fe as ferrous sulphate/l (18·0 mg Fe/kg powdered formula), 3·9 mg Zn/l, 131·3 mg ascorbic acid/l and 13·2 g
protein/l in the low-Fe formula; and 0·5 mg Fe/l (4·0 mg Fe/kg
powdered formula), 3·8 mg Zn/l, 131·3 mg ascorbic acid/l and
13·1 g protein/l in the formula with no added Fe. The formulae
were packaged into identical foil bags. The bags were marked
with only the three-digit randomisation code. The formulae
were provided to the parents as powder in pre-weighed daily
portions of 69·5 g. Parents were asked to mix this quantity of
formula with 480 ml of water. To ensure correct formula
dilutions, parents were given a 500-ml graduated cylinder to
assist with the measuring of water. Each parent was asked to
feed their infant the assigned formula as three meals each
day. Parents of infants in the Fe drops group were also asked to
give their child 0·42 ml of oral Fe drops daily in a single dose
(except for day 31: Fe and Zn absorption test day) between
meals for the duration of the study (15·0 mg Fe as ferrous sulphate/ml; Ferrous Sulfate Iron Supplement Drops; Hi-Tech
Pharmacal Co. Inc.). To allow for accurate administration of Fe

Sample size
Sample size calculations were based on previous data on the
incorporation of Fe-stable isotopes into erythrocytes in
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drops, parents were given a 1-ml graduated oral syringe. The
assigned quantity of study formulae (i.e. 534 ml/d of either highFe or low-Fe formula, depending on the infants’ group assignment) provided infants in the high-Fe formula group with
6·6 mg Fe/d and infants in the low-Fe formula group with
1·3 mg Fe/d. The formula with no added Fe (i.e. 534 ml/d) and
Fe drops (i.e. 0·42 ml/d) provided infants in the Fe drops group
with 6·6 mg Fe/d. During the study, infants were not permitted
to consume Fe- or Zn-fortiﬁed commercial infant foods, nonstudy infant formula, Fe- or Zn-fortiﬁed foods, animal tissuecontaining foods, or Fe- or Zn-containing supplements. Infants
were allowed to consume ad libitum the following foods provided by the study: infant formula with no added Fe (0·5 mg
Fe/l; Semper AB), rice porridge with no added Fe (Oldana AB)
and a range of commercially made fruit- and vegetable-based
infant foods with no added Fe or Zn and free from animal tissue
(Semper AB). Parents were also permitted to feed their infants
home-made fruit and vegetable purées. Mothers were able to
continue to breast-feed at their discretion.
Adherence to the intervention was assessed by asking each
parent to record daily the amount of formula consumed by their
infant. Parents of infants in the Fe drops group were also asked
to record the volume of drops given to their infant each day and
note any case of vomiting or posseting by their infant up to
30 min after the administration of the drops. The adherence data
were used to estimate mean daily intakes of study formulae, Fe
drops, and Fe and Zn intakes from the interventions.

Socio-demographic, anthropometric, obstetric and
neonatal data
Socio-demographic data were collected at baseline using a selfadministered questionnaire. Nude weight was measured to the
nearest 5 g with digital baby scales (Seca 727; Seca Deutschland).
Recumbent length was measured to the nearest 0·1 cm with a
paediatric length board (CMS Weighing Equipment Ltd). A nonstretchable measuring tape for head circumference of babies and
toddlers (Seca 212; Seca Deutschland) was used to assess each
child’s head circumference to the nearest 0·1 cm. Knee–heel
length was measured to the nearest 0·1 cm with an infant
knemometer (BK5; FORCE Instituttet). All measurements were
taken in accordance with standardised procedures(37). Weight,
length and head circumference were measured in duplicate,
whereas knee–heel length was measured four times at baseline
and at the end of the study. Additional duplicate measurements
were taken for weight on day 31. The z scores for weight-for-age,
length-for-age and head circumference-for-age were calculated
using the World Health Organization Child Growth Standards(38).
Obstetric and neonatal data were obtained from hospital records.

Preparation and administration of isotopes
Fe absorption, systemic Fe utilisation and Zn absorption were
measured using stable-isotope methods. 57Fe (97·8 % enrichment), 58Fe (99·5 % enrichment), 67ZnO (90·6 % enrichment)
and 70ZnO (95·4 % enrichment) were purchased from Chemgas.
All isotopic labels were prepared at the Human Nutrition
Laboratory at ETH Zurich. 57FeSO4 for oral administration was
prepared by dissolving 57Fe in diluted H2SO4. The solution was

divided into vials containing 0·67 mg 57Fe (administered to the
formula groups) or 2 mg 57Fe (administered to the Fe drops
group) in 0·5 ml of solution. 67ZnSO4 for oral administration was
prepared by dissolution of 67ZnO in stoichiometric amounts of
diluted H2SO4. The resulting 67ZnSO4 solution was
subsequently diluted to a Zn concentration of 0·33 mg/g and then
aliquoted into vials containing 0·17 mg 67Zn in 0·5 ml of solution.
[58Fe]citrate was prepared for intravenous infusion from 58Fe as
previously described(39). The solution was aliquoted into vials
containing 50 µg 58Fe in 1 ml of solution. 70ZnCl2 was prepared for
intravenous infusion by converting 70ZnO to 70ZnCl2 with diluted
HCl adjusted to pH 6 by adding NaHCO3 and diluted by physiological saline to a ﬁnal Zn concentration of 100 µg/g. The
solution was then divided into vials containing 100 µg 70Zn in 1 ml
of solution. All vials containing 58Fe and 70Zn were sterilised and
checked for sterility and pyrogens at the Cantonal Pharmacy of
the University Hospital Zurich.
The isotopes were administered to each infant at 7·3 months
of age (ranging from 6·9–7·8 months) on study day 31. The
high-Fe formula, formula with no added Fe and Fe drops used
on the day of testing were the same as the ones used for the
intervention as described above. The formula (either high-Fe
formula or formula with no added Fe, depending on the infant’s
group assignment) was prepared freshly on the day of testing.
Infants in both formula groups received three meals of 150 ml
of high-Fe formula; 0·67 mg 57Fe and 0·17 mg 67Zn were added
to each meal (2 mg 57Fe and 0·5 mg 67Zn in total for all three
meals) before feeding. The ﬁrst meal was administered after
a 2-h fast, with the second and third meal fed to infants 2 h after
the previous meal had been ingested. Each meal was fed under
standardised conditions over 15–20 min. After each meal,
6 ml × 2 of unlabelled high-Fe formula was administered to each
infant to rinse out the bottle. The bottle was weighed immediately before and after feeding. All spills, posseting and other
accidental milk losses were removed with pre-weighed napkins. The amount of 57Fe and 67Zn consumed by each infant
was calculated by subtracting the amount of 57Fe and 67Zn
corresponding to the amount of meal left in the bottle and
absorbed in the napkins from the original doses of 0·67 mg 57Fe
and 0·17 mg 67Zn. Next, 30 min after the ﬁrst meal had been
ingested, 1 ml of an aqueous solution containing 50 µg 58Fe and
1 ml of an aqueous solution containing 100 μg 70Zn were
aspirated into a syringe, injected into a 25-ml infusion bag
(0·9 % saline) and infused over 30 min into each infant in the
formula groups. The rate of intravenous infusion of Fe was
based on the estimated 2 µg/min plasma appearance of Fe
normally absorbed from the gastrointestinal tract(40). At completion of the infusion, 5 ml of unlabelled saline was injected
into the bag to rinse it out and the saline was infused into the
infant. This was carried out twice, and we assumed that no
residual isotopes remained in the infusion bag.
Infants in the Fe drops group followed a similar protocol as the
formula groups. The Fe drops group received three meals of
150 ml of formula with no added Fe; 0·17 mg 67Zn was added to
each meal (0·5 mg 67Zn in total for all three meals) before
feeding. The ﬁrst meal was administered after a 2-h fast. Next, 2 h
after the ﬁrst test meal had been ingested, infants in the Fe drops
group were administered 0·4 ml of Fe drops labelled with 2 mg
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Fe; 30 min after the administration of Fe drops, 1 ml of an
aqueous solution containing 50 µg 58Fe and 1 ml of an aqueous
solution containing 100 µg 70Zn were aspirated into a syringe,
injected into a 25-ml infusion bag (0·9 % saline) and infused over
30 min into each infant in the Fe drops group. At completion of
the infusion, 5 ml × 2 of unlabelled saline was injected into the
infusion bag to rinse it out, and the saline was infused into
the infant; we assumed that no residual isotopes remained in the
infusion bag. Immediately following administration of the intravenous dose, infants were fed the second meal with the third one
fed to infants 2 h after the second meal had been ingested. Each
meal was fed under standardised conditions over 15–20 min.
After each meal, 6 ml × 2 of unlabelled formula with no added Fe
was administered to each infant to rinse out the bottle. The bottle
was weighed immediately before and after feeding. All spills,
posseting and other accidental milk losses were removed with
pre-weighed napkins. The amount of 67Zn consumed by each
infant was calculated by subtracting the amount of 67Zn corresponding to the amount of meal left in the bottle and absorbed in
the napkins from the original dose of 0·17 mg.
Neither the formula groups nor the Fe drops group was
permitted to consume any food or drink on the day of testing
until 2 h after the third meal had been ingested. On the day of
testing, the formula groups received a total of 8·1 mg Fe and
2·5 mg Zn, and the Fe drops group received a total of 8·3 mg Fe
and 2·4 mg Zn (i.e. Fe/Zn in the test meals/Fe drops plus the
isotope labels). This amount of Fe is equivalent to 1 mg Fe/kg
body weight, assuming a mean body weight of 8 kg at
7 months(41).

Sample collection
Venous blood samples were drawn at baseline, on day 31 and
at the end of the study (day 45) after a 2-h fast for the determination of Fe and Zn status indices (each time point), as well
as Fe isotopic composition (day 45 samples only). The day 31
samples were collected before the administration of stable
isotopes. Samples were collected by experienced paediatric
research nurses into an EDTA-containing tube, a serum
separator tube and a heparinised trace element-free tube
(Becton, Dickinson and Company). The time of sample collection was recorded. Baseline sampling and end-of-study
sampling were postponed by 2 weeks if the child was ill or
recently immunised to minimise the inﬂuence of an acute-phase
response on blood indices. A spot urine sample was collected
96 h after the infusion with stable isotopes and stored at −20°C
until Zn isotopic composition determination(42).

Laboratory analyses
Hb, mean corpuscular volume, serum ferritin, serum Fe and
serum transferrin were analysed within 2–4 h of collection at the
Department of Clinical Chemistry, Umeå University, Sweden.
Hb and mean corpuscular volume were measured in whole
blood using a Sysmex XE-5000 Automated Haematology
Analyser (Sysmex). Blood in the serum separator tube was
centrifuged for 10 min at 3000 rpm, and the separated serum
was analysed for ferritin using a Roche Cobas 6000 (Roche
Diagnostics), and Fe and transferrin were analysed using a

1049

Vitros 5.1 FS (Ortho Clinical, Johnson & Johnson AB). Values for
the controls were within the certiﬁed ranges for all analyses.
Serum Fe and transferrin concentrations were used to calculate
transferrin saturation using the following formula: transferrin
saturation (%) = serum Fe (μmol/l)/(serum transferrin (g/l) ×
25·1) × 100(43). The remaining serum was stored at −80°C until
hepcidin and high-sensitivity C-reactive protein analyses.
Hepcidin and high-sensitivity C-reactive protein were determined at the Department of Clinical Sciences, Pediatrics, Umeå
University, Sweden, by an enzyme immunoassay using commercial kits (Human Hepcidin Kit S-1337; Bachem AG, and
Human C-Reactive Protein, Quantikine®ELISA; R&D Systems
Europe Ltd, respectively). Analytical accuracy was checked by
analysing in-house serum controls at low and high concentrations. For hepcidin, the analysed mean values for the quality
control sera were 25·9 (SD 2·4; CV 9·3 %; n 5) µg/l at 25·0 µg/l
(low concentration) and 42·8 (SD 5·2; CV 12·3 %; n 5) µg/l at
40·0 µg/l (high concentration). For high-sensitivity C-reactive
protein, the analysed mean values for the quality control sera
were 154·5 (SD 14·5; CV 9·4 %; n 6) ng/ml at 150 ng/ml (low
concentration) and 3137·7 (SD 202·4; CV 6·4 %; n 6) ng/ml at
3000 ng/ml (high concentration).
Blood samples in the heparinised trace element-free tube
were refrigerated immediately after collection. Plasma was
separated within 2 h and stored at −80°C until Zn analysis. For
day 45 samples, erythrocytes were stored at −20°C for determining Fe isotopic composition. Zn concentration and Fe
isotopic composition were measured at the Human Nutrition
Laboratory at ETH Zurich. Zn was measured using ﬂame atomic
absorption spectrophotometry (Varian AA240FS; Varian Inc.)
after dilution with 10 % HNO3 using commercial aqueous standards (Titrisol; Merck) for external calibration. Analytical accuracy was checked by analysis of commercially available serum
controls (Seronorm Trace Elements Serum Levels 1 and 2; Sero
AS). The analysed mean values for the quality control sera were
25·4 (SD 0·6; n 5) µmol/l for Level 1 and 31·3 (SD 0·6; n 5) µmol/l
for Level 2. The certiﬁed values were 24·1–29·2 µmol/l for Level 1
and 27·1–47·5 µmol/l for Level 2. The method showed a detection limit of 0·50 µmol/l and its intra-assay and inter-assay CV
were 3 and 5 %, respectively. For Fe isotopic analysis, erythrocytes were ﬁrst mineralised by microwave digestion, and Fe
was then separated by anion-exchange chromatography followed by a solvent–solvent extraction step into diethyl ether(44).
Fe isotopic composition was measured by negative thermal
ionisation–MS using a magnetic sector ﬁeld MS (Finnigan MAT
262; Thermo Finnigan), equipped with a multi-collector system
for simultaneous ion beam detection(44). Circulating Fe was
determined for each infant using an assumed blood volume of
65 ml/kg(45), the measured Hb concentration and the known
concentration of Fe in Hb of 3·47 mg/g. Fractional incorporation
of 57Fe and 58Fe into erythrocytes 14 d after isotope administration was calculated according to isotopic dilution principles as
described earlier(44). The erythrocyte incorporation of 58Fe indicates Fe utilisation. The absorption of 57Fe was calculated by
dividing the percentage of erythrocyte incorporation of 57Fe by
the fractional erythrocyte incorporation of 58Fe.
Urine samples were analysed for Zn isotopic composition
under chemical blank monitoring at the Human Nutrition
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Laboratory at ETH Zurich. Samples were concentrated by
freeze-drying, mineralised by microwave digestion (MLSETHOS plus; MLS GmbH) using a mixture of HNO3 and H2O2,
and Zn was then separated from the sample matrix by anionexchange chromatography as described previously(46). All acids
used for the preparation of samples were ultrapure.
70
Zn-to-66Zn:67Zn-to-66Zn ratios were measured to determine
70
Zn and 67Zn enrichment in the urine samples by inductively
coupled plasma MS using a high-resolution, double-focusing,
magnetic sector ﬁeld multi-collector MS (Neptune; ThermoFinnigan). Fractional absorption of 67Zn was calculated from
67
Zn:70Zn ratios as described by Friel et al.(47).
Fe deﬁciency was deﬁned as depleted Fe stores, Fe-deﬁcient
erythropoiesis and Fe-deﬁciency anaemia(48). Depleted Fe stores
were deﬁned as a serum ferritin concentration <12 µg/l(49) in the
absence of Fe-deﬁcient erythropoiesis or Fe-deﬁciency anaemia.
Fe-deﬁcient erythropoiesis was deﬁned as ≥2 abnormal values
for serum ferritin (<12 µg/l), mean corpuscular volume
(<71 ﬂ)(50) and transferrin saturation (<10 %)(51) in the absence of
anaemia (Hb ≥100 g/l). Fe-deﬁciency anaemia was deﬁned as
Hb <100 g/l(50) in the presence of Fe-deﬁcient erythropoiesis.
Infants with missing data at each time point for serum ferritin,
mean corpuscular volume, transferrin saturation or Hb were
excluded from these estimations. Low plasma Zn concentration
was deﬁned as <9·9 µmol/l for morning samples and <8·7 µmol/l
for samples drawn afternoon(52). Fe and Zn deﬁciency prevalence was estimated after correcting serum ferritin and plasma
Zn concentrations for infection for all infants with a C-reactive
protein concentration >5 mg/l at baseline, day 31 or day 45
(n 7 at baseline, n 4 on day 31 and n 5 on day 45) as described
previously(53,54).

Statistical analysis
The primary outcomes were Fe absorption and systemic Fe
utilisation. The secondary outcomes were Zn absorption and
the indices of Fe and Zn status and growth. Descriptive statistics
were used to examine participants’ characteristics at birth and
baseline. To compare outcomes measured at more than one
time point among the three intervention groups (i.e. Fe status
indices, plasma Zn concentration and growth indices), in order
to utilise all data, we used linear random-intercept models with
robust standard errors where repeated measurements were
nested within individuals. All models included ﬁxed effects of
time and group and their interaction in order to assess differences in change within and between groups. Adjustments were
made for a priori-deﬁned covariates: sex and infection (Fe
status indices), time of day of blood sampling and infection
(plasma Zn), and sex (growth indices). To compare outcomes
measured at only one time point among the three groups (i.e.
Fe absorption, Fe utilisation and Zn absorption), we used linear
regression analyses with robust standard errors. Linear regression models were used to examine the relationship between Fe
absorption and Fe utilisation and Fe status indices at day 31; Hb,
mean corpuscular volume, serum Fe, serum transferrin, transferrin saturation and serum hepcidin measures were excluded
for all infants with a C-reactive protein concentration >5 mg/l,
whereas serum ferritin was corrected for infection for all infants

with a C-reactive protein concentration >5 mg/l(53). The distributions of residuals from all models were examined, and logtransformations were used where residuals were skewed or
exhibited non-constant variance. Where log-transformations
were used, results are shown as ratios of geometric means
rather than differences of arithmetic means.
Prevalence of Fe deﬁciency and low plasma Zn concentration
was assessed at three time points, and thus random-intercept
logistic regression analyses where repeated measurements were
nested within individuals were used to assess group effects.
As infants had up to 45 d of adherence data, generalised
estimating equation models with exchangeable correlation
structures were used to assess differences among the study
groups in study formula intakes and Fe and Zn intakes from the
interventions.
All analyses were performed with Stata (version 13.1; StataCorp LP). All tests were two-sided and were not adjusted for
multiple testing. Statistical signiﬁcance was determined at
P < 0·05.

Results
Participants
Invitation letters, followed up by telephone calls, were sent to
parents of 2429 infants. Of these, 160 expressed initial interest
in participation and ninety-seven were assessed for eligibility.
The screening process identiﬁed seventy-two eligible infants
who were randomly assigned to one of the three intervention
groups (Fig. 1). All infants received their allocated intervention;
six infants (8·3 %) were lost to follow-up.
The mean age of infants at baseline was 6·1 (SD 0·3) months,
and the mean gestational age was 40·1 (SD 1·3) weeks. The
majority of infants were boys, were born via vaginal delivery,
were not breast-fed at baseline and were from middle-income
families. In all, 50 % of mothers had university education. All
infants and their mothers were born in Sweden, and all infants’
anthropometric birth indices were within the normal range
(Table 1).

Adherence to intervention
The mean amount of study formula consumed during the trial
was 516 (95 % CI 511, 522) ml/d in the high-Fe formula group,
508 (95 % CI 500, 516) ml/d in the low-Fe formula group and
503 (95 % CI 488, 518) ml/d in the Fe drops group. There was
no statistically signiﬁcant difference among the three groups in
the daily amount of study formula consumed during the intervention period (P = 0·092).
The required volume of Fe drops (i.e. 0·42 ml/d) was administered to infants in the Fe drops group on 99·9 % of occasions.
Accounting for vomiting and posseting, 0·42 ml of Fe drops/d
were consumed by infants in the Fe drops group on 95·2 % of
occasions. This resulted in the Fe drops group consuming a
mean of 0·39 (95 % CI 0·37, 0·42) ml/d of Fe drops.
During the intervention, the study formulae provided
6·4 (95 % CI 6·3, 6·4) mg Fe/d to infants in the high-Fe formula
group, and 1·2 (95 % CI 1·2, 1·2) mg Fe/d to infants in the
low-Fe formula group. The formula with no added Fe combined
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Invited to participate (n 2429)

Expressed interest in participation (n 160)

Declined to participate (n 63)
Assessed for eligibility (n 97)
Excluded (n 25)
Declined to participate (n 5)
Failed inclusion criteria (n 20)

Randomly assigned (n 72)

High-Fe formula (n 24)

Fe drops (n 24)

Low-Fe formula (n 24)

Declined follow-up (n 1)

Declined follow-up (n 4)

Declined follow-up (n 1)

Completed the study (n 23)

Completed the study (n 20)

Completed the study (n 23)

Fig. 1. Flow chart of participants through the study.

Table 1. Characteristics of infants at birth and baseline
(Numbers and percentages; mean values and standard deviations)
High-Fe formula (n 24)
n
Age (months)
Mean
11
20

SD

Birth weight (kg)
Mean
SD

Birth length (cm)
Mean
SD

Birth head circumference (cm)
Mean
SD

Breast-fed at baseline
Mother and infant born in Sweden
Mother with university education
Income*
<SEK240 000
SEK240 000–SEK479 999
≥SEK480 000

n

6·1
0·2

SD

Female
Vaginal delivery
Gestational age (weeks)
Mean

%

Low-Fe formula (n 24)
%

Fe drops (n 24)
n

6·1
0·3
45·8
83·3

11
20

%
6·1
0·3

45·8
83·3

11
22

45·8
91·7

39·4
1·3

40·3
1·3

40·6
1·0

3·6
0·6

3·7
0·5

3·8
0·4

50·3
1·8

50·8
2·1

51·5
1·9

35·0
1·4

35·3
1·6

35·8
1·3

4
24
12

16·7
100·0
50·0

2
24
14

8·3
100·0
58·3

4
24
10

16·7
100·0
41·7

2
18
1

8·3
75·0
4·2

8
13
2

33·3
54·2
8·3

6
14
2

25·0
58·3
8·3

* Annual post-tax household income. SEK240 000 approximately USD29 000. SEK480 000 approximately USD58 000. Columns do not sum to 100 %
because some parents chose not to answer the question.

with Fe drops provided 5·7 (95 % CI 5·1, 6·3) mg Fe/d to infants
in the Fe drops group. Fe intakes from the interventions differed
among groups (P < 0·001) and were higher in the high-Fe

formula group compared with the low-Fe formula group (mean
difference: 5·2 (95 % CI 4·8, 5·5) mg Fe/d, P < 0·001), higher in
the high-Fe formula group compared with the Fe drops group
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(mean difference: 0·6 (95 % CI 0·3, 1·0) mg Fe/d, P = 0·001) and
higher in the Fe drops group compared with the low-Fe formula
group (mean difference: 4·6 (95 % CI 4·2, 4·9) mg Fe/d,
P < 0·001).
The high-Fe formula group received 2·0 (95 % CI 2·0, 2·0) mg
Zn/d, the low-Fe formula group received 2·0 (95 % CI 1·9,
2·0) mg Zn/d and the Fe drops group received 1·9 (95 % CI 1·9,
2·0) mg Zn/d from the study formulae. Compared with the Fe
drops group, Zn intakes from the study formulae were higher in
both the high-Fe formula group (mean difference: 0·1 (95 % CI
0·1, 0·2) mg Zn/d, P < 0·001) and the low-Fe formula group
(mean difference: 0·1 (95 % CI 0·0, 0·1) mg Zn/d, P = 0·007).

Iron and zinc status
By 45 d, mean Hb concentration decreased from baseline by 4·9
(95 % CI −8·3, −1·4) g/l in the Fe drops group with no evidence
of a change in the high-Fe formula or low-Fe formula groups
(Table 2). Because of the decrease in Hb concentration in the
Fe drops group, at the end of the study, there was a signiﬁcant
difference in change in the mean Hb concentration between the
high-Fe formula and Fe drops groups (intervention effect: 6·3
(95 % CI 1·4, 11·2) g/l). At the end of the study, Hb concentration also tended to be 3·8 (95 % CI −0·6, 8·2) g/l higher in the
high-Fe formula group than in the low-Fe formula group
(P = 0·088). Within-group comparisons showed a 32 (95 % CI
22, 40) % decrease in mean serum ferritin concentration from
baseline in the low-Fe formula group with no evidence for a
change in the high-Fe formula or Fe drops groups (Table 2).
Compared with the low-Fe formula group, at the end of the
study, mean serum ferritin concentration was 34 (95 % CI 4,
72) % greater in the high-Fe formula group, and 35 (95 % CI 7,
72) % greater in the Fe drops group. There was no evidence of a
change in mean serum transferrin concentration from baseline
in the high-Fe formula or Fe drops groups, whereas it signiﬁcantly increased in the low-Fe formula group, with a mean
intervention effect of −0·1 (95 % CI −0·2, 0·0) g/l when both the
high-Fe formula group’s and Fe drops group’s values were
compared with those of the low-Fe formula group (Table 2).
Serum hepcidin concentrations decreased from baseline in all
three study groups (all P ≤ 0·022) with no evidence that these
changes were related to the intervention (P = 0·908). Similarly,
despite the signiﬁcant decrease in mean plasma Zn concentration from baseline in the high-Fe formula group (P = 0·020),
there was no evidence of signiﬁcant intervention-related
changes in plasma Zn concentrations for the three study
groups (P = 0·342). There was no evidence of intervention
effects on mean corpuscular volume, serum Fe concentration or
transferrin saturation (Table 2).
At baseline, one infant had Fe-deﬁcient erythropoiesis (Fe
drops group). At the end of the study, all infants were Fe sufﬁcient (data not shown in tables). In all, ﬁve infants had low
plasma Zn concentrations at baseline (three in the high-Fe
formula group and two in the low-Fe formula group) and three
at the end of the study (two in the high-Fe formula group and
one in the low-Fe formula group) (data not shown in tables).
The intervention had no effect on the risk of developing Fe or
Zn deﬁciency (all P ≥ 0·760).

Growth
Within-group comparisons showed that mean weight, length,
head circumference and knee–heel length increased from
baseline in all three study groups (Table 3; all P < 0·001). We
found no evidence of intervention effects on weight, length,
head circumference or knee–heel length (Table 3; all P ≥ 0·052).
Weight-for-age, length-for-age and head circumference-forage z scores were within the normal range for all infants at all
time points (data not shown in tables). Only weight-for-age
z scores signiﬁcantly increased from baseline within each group
(high-Fe formula group: 0·17 (95 % CI 0·06, 0·28), P = 0·002;
low-Fe formula group: 0·13 (95 % CI 0·03, 0·23), P = 0·013; and
Fe drops group: 0·11 (95 % CI 0·00, 0·21), P = 0·046). Head
circumference-for-age z scores increased from baseline in the
low-Fe formula group (0·14 (95 % CI 0·05, 0·22), P = 0·002) and
the Fe drops group (0·11 (95 % CI 0·02, 0·21), P = 0·018) but not
in the high-Fe formula group (0·01 (95 % CI −0·10, 0·11),
P = 0·900). We observed no within-group changes for lengthfor-age z scores in any of the three groups (all P ≥ 0·232) (data
not shown in tables). There was no evidence of intervention
effects on weight-for-age (P = 0·708), length-for-age (P = 0·734)
or head circumference-for-age (P = 0·142) z scores (data not
shown in tables).

Iron absorption and utilisation
There was no evidence that mean fractional Fe absorption or
erythrocyte Fe utilisation differed among the three study groups
(Table 4; all P ≥ 0·534). Fe absorption was inversely correlated
with serum ferritin concentration (Table 5, Fig. 2), such that a
10 % increase in serum ferritin (e.g. an increase from 60 to
66 µg/l) corresponded to a 3·9 % decrease in Fe absorption in
the high-Fe formula group, a 5·6 % decrease in the low-Fe formula group and a 4·8 % decrease in the Fe drops group. Fe
absorption was also inversely correlated with serum hepcidin
concentration (Table 5, Fig. 3), with each 10 % increase in
serum hepcidin (e.g. an increase from 40 to 44 µg/l) relating to a
2·6 % decrease in Fe absorption in the high-Fe formula group, a
6·5 % decrease in the low-Fe formula group and a 5·0 %
decrease in the Fe drops group. In the low-Fe formula group
only, Fe absorption was positively associated with serum Fe
concentration, serum transferrin concentration and transferrin
saturation (Table 5). The associations between Fe absorption
and Hb concentration and mean corpuscular volume were not
signiﬁcant in any of the intervention groups (Table 5; all
P ≥ 0·216). Fe utilisation was negatively correlated with mean
corpuscular volume only in the low-Fe formula group (r −0·541,
P = 0·011, n 21). Fe utilisation did not signiﬁcantly correlate with
Hb, serum ferritin, serum Fe, serum transferrin, transferrin
saturation or serum hepcidin in any of the three groups
(all P ≥ 0·071; data not shown in the tables).

Zinc absorption
There was no evidence that mean fractional Zn absorption
differed among the three study groups (Table 4; P = 0·284).
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Table 2. Adjusted means at baseline, day 31 and day 45 with estimates of intervention effect for Hb, mean corpuscular volume, serum ferritin, serum iron, serum transferrin, transferrin saturation, serum
hepcidin and plasma zinc in the three study groups*
(Arithmetic/geometric means and 95 % confidence intervals)
Study group
High-Fe formula
Mean

95 % CI

Low-Fe formula
Mean

95 % CI

Intervention effect†
Fe drops
Mean

95 % CI

High-Fe formula v.
Fe drops

Fe drops v. low-Fe
formula

Mean

Mean

Mean

95 % CI

3·8

−0·6, 8·2
0·088

6·3

0·0

−0·9, 0·9
0·953

−0·7

1·34

1·04, 1·72
0·021

0·0

−2·9, 2·9
0·982

−0·1

95 % CI

95 % CI

Pfor

intervention effect

−2·5

−6·9, 2·0
0·279

0·037

−1·6, 0·2
0·128

0·7

−0·2, 1·6
0·119

0·198

0·73, 1·32
0·927

1·35

1·07, 1·72
0·012

0·011

−1·3

−4·4, 1·8
0·404

1·3

−2·0, 4·5
0·441

0·663

−0·2, 0·0
0·027

0·0

−0·1, 0·1
0·784

−0·1

−0·2, 0·0
0·010

0·018

1·0

−4·3, 6·4
0·704

−2·4

−8·1, 3·4
0·424

3·4

−2·5, 9·2
0·256

0·517

1·06

0·72, 1·57
0·766

0·75, 1·58
0·660

0·97

0·71, 1·34
0·870

0·908

0·99

1·09

1·4, 11·2
0·011
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Hb (g/l)‡§
n||
24, 23, 21
24, 23, 22
24, 20, 20
Baseline
110·9 108·2, 113·5 112·5 109·5, 115·4 117·5 112·6, 122·4
Day 31
113·2 110·2, 116·2 115·0 111·9, 118·2 115·1 112·0, 118·2
Day 45
112·3 109·6, 115·0 110·1 107·5, 112·7 112·7 109·7, 115·7
Change from baseline to day 45¶
1·4
−1·9, 4·7
−2·4
−5·3, 0·5
−4·9
−8·3, −1·4
P for within- or between-group comparison**
0·390
0·105
0·006
Mean corpuscular volume (fl)‡§
n||
24, 23, 21
24, 23, 22
24, 20, 20
Baseline
76·1
74·4, 77·8
77·6
76·6, 78·5
76·7
75·7, 77·8
Day 31
76·1
74·5, 77·7
77·6
76·5, 78·8
77·1
75·9, 78·2
Day 45
75·8
74·2, 77·3
77·2
76·2, 78·1
77·0
75·7, 78·3
Change from baseline to day 45¶
−0·4
−1·0, 0·3
−0·4
−1·1, 0·3
0·3
−0·3, 0·9
P for within- or between-group comparison**
0·254
0·227
0·316
Serum ferritin (µg/l)§††
n||
24, 23, 22
24, 23, 22
24, 20, 19
Baseline
61·0
51·2, 72·6
72·8
58·2, 91·0
84·1
66·0, 107·2
Day 31
57·7
47·6, 70·1
57·0
43·8, 74·1
72·6
58·8, 89·7
Day 45
55·7
44·7, 69·4
49·7
38·6, 63·9
77·8
63·0, 96·2
Change from baseline to day 45‡‡
0·91 0·74, 1·13
0·68 0·60, 0·78
0·92 0·76, 1·13
P for within- or between-group comparison**
0·401
<0·001
0·453
Serum Fe (µmol/l)‡§
n||
24, 23, 22
23, 23, 20
22, 20, 18
Baseline
9·0
7·8, 10·3
9·3
7·8, 10·7
9·0
7·6, 10·5
Day 31
8·7
7·5, 10·0
10·0
8·4, 11·5
10·1
8·4, 11·8
Day 45
8·4
7·1, 9·6
8·6
6·9, 10·4
9·7
8·0, 11·3
Change from baseline to day 45¶
−0·7
−2·6, 1·2
−0·6
−2·8, 1·6
0·6
−1·8, 3·0
P for within- or between-group comparison**
0·482
0·567
0·607
Serum transferrin (g/l)‡§
n||
24, 23, 22
24, 23, 21
23, 20, 19
Baseline
2·3
2·2, 2·4
2·2
2·1, 2·3
2·2
2·1, 2·3
Day 31
2·3
2·2, 2·4
2·3
2·2, 2·4
2·2
2·1, 2·3
Day 45
2·2
2·1, 2·3
2·3
2·2, 2·4
2·2
2·1, 2·3
Change from baseline to day 45¶
0·0
−0·1, 0·1
0·1
0·0, 0·2
0·0
−0·1, 0·0
P for within- or between-group comparison**
0·523
0·008
0·286
Transferrin saturation (%)‡§
n||
24, 23, 22
23, 23, 20
22, 20, 18
Baseline
16·1
13·8, 18·3
16·8
14·3, 19·2
16·1
13·4, 18·7
Day 31
15·5
12·9, 18·1
16·9
14·6, 19·2
18·4
15·1, 21·6
Day 45
15·4
12·4, 18·5
15·1
12·1, 18·1
17·8
14·8, 20·8
Change from baseline to day 45¶
−0·6
−4·3, 3·0
−1·7
−5·6, 2·2
1·7
−2·7, 6·1
P for within- or between-group comparison**
0·731
0·400
0·448
Serum hepcidin (µg/l)§††
n§§
24, 22
24, 23
23, 19
Baseline
49·3
42·0, 57·9
53·2
44·3, 63·8
67·9
57·7, 79·9
Day 31
34·1
26·7, 43·5
34·6
26·7, 45·0
43·1
34·3, 54·2
Change from baseline to day 31‡‡
0·69 0·51, 0·95
0·65 0·52, 0·82
0·64 0·52, 0·78
P for within- or between-group comparison**
0·022
<0·001
<0·001

High-Fe formula v.
low-Fe formula
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−1·2, 1·6
0·744
0·2
−2·2, 0·4
0·155
−0·9
−2·1, 0·7
0·334
−0·7
22, 19, 20
12·8
12·0, 13·6
12·9
12·0, 13·8
12·6
11·7, 13·6
−0·2
−1·0, 0·7
0·723
24, 23, 21
12·8
11·8, 13·8
13·0
12·0, 14·1
12·4
11·5, 13·3
−0·4
−1·5, 0·7
0·480
24, 21, 22
12·8
11·6, 14·0
12·4
11·6, 13·2
11·7
10·9, 12·5
−1·1
−2·0, −0·2
0·020
Plasma Zn (µmol/l)‡||||
n||
Baseline
Day 31
Day 45
Change from baseline to day 45¶
P for within- or between-group comparison**

95 % CI
Mean
95 % CI
Mean
95 % CI
Mean
95 % CI
Mean
95 % CI
Mean
95 % CI
Mean

Fe drops v. low-Fe
formula
High-Fe formula v.
Fe drops
High-Fe formula

Low-Fe formula

Fe drops

High-Fe formula v.
low-Fe formula

Intervention effect†
Study group

Table 2. Continued

* All estimates are from linear random-intercept models with robust standard errors.
† The intervention effect is baseline to day 45 change (day 31 in the case of serum hepcidin) in one study group minus baseline to day 45 change (day 31 in the case of serum hepcidin) in another study group.
‡ Values are arithmetic means.
§ Model adjusted for sex and infection.
|| n at baseline, n at day 31, n at day 45.
¶ Expressed as a difference.
** The within-group comparison is baseline to day 45 change within each study group. The between-group comparison is the intervention effect as described in footnote†.
†† Values are geometric means.
‡‡ Expressed as a ratio.
§§ n at baseline, n at day 31.
|||| Model adjusted for time of day of blood sampling and infection.

0·342

Discussion

Pfor

intervention effect

E. A. Szymlek-Gay et al.

This is the ﬁrst study to investigate whether the mode of oral Fe
administration or the amount of Fe habitually consumed will
affect Fe absorption, Fe utilisation and Zn absorption in healthy,
term, predominantly formula-fed, Fe-sufﬁcient infants. We
measured intestinal Fe absorption and systemic Fe utilisation
directly by using both an oral and an intravenous tracer. This
study showed that the type of Fe consumed, whether provided
as an oral supplement or as a fortiﬁcant in infant formula daily
for 45 d, did not affect Fe absorption, Fe utilisation or Zn
absorption in infants. We also found no evidence that high
intakes of fortiﬁcation Fe compared with low intakes had an
effect on these parameters.
Our results indicate that in well-nourished, predominantly
formula-fed, Fe-sufﬁcient infants Fe stores, rather than the mode
of oral Fe administration or the habitual amount of Fe consumed, play a more important role in the regulation of Fe
absorption. Fe stores, as determined by serum ferritin, were
inversely correlated with Fe absorption and explained between
35 and 62 % of its total variability across the three study groups.
This is supported by our previous research, which has shown
that low Fe stores up-regulate Fe absorption from infant formula
in healthy, formula-fed infants(55), and other studies that have
shown that Fe absorption from an Fe supplement is inversely
related to infants’ Fe stores(56). In addition, we found evidence
for a moderate-to-strong negative correlation between Fe
absorption and serum hepcidin in all three groups in the current
study. Hepcidin, a hormone produced primarily by the liver in
response to high plasma Fe and inﬂammation(57,58), regulates
Fe absorption and its distribution to tissues(58). Hepcidin binds
to the Fe exporter ferroportin causing its degradation, and thus
inhibiting efﬂux of Fe into plasma(58). Hepcidin may also reduce
Fe absorption by inhibiting the expression of enterocyte divalent metal ion transporter 1(59). In contrast, Fe deﬁciency,
hypoxia and erythropoietic activity down-regulate hepcidin
production, which results in an increase in Fe absorption(60).
Except for formula and Fe drops intakes, no additional dietary
data were available in the current study. However, as infants
were not permitted to consume foods fortiﬁed with Fe or foods
containing animal tissue, and as we provided all foods
to be consumed during the study, it can be assumed that all
or most of the Fe consumed during the trial was provided by
the interventions. As these Fe intakes were within a very
narrow range in each group, we did not investigate the correlations between dietary Fe intakes and Fe absorption, Fe
stores or serum hepcidin. Nevertheless, we have previously
shown that Fe intakes are not associated with either Fe
absorption from infant formula or Fe stores in healthy, formulafed infants(55).
Fractional Fe absorption from infant formula in our study was
comparable with previous reports(35,61–63). Although daily
consumption of approximately 500 ml of low-Fe formula (i.e.
1·2 mg Fe/d) for 1·5 months as the primary source of Fe resulted
in reduced Fe stores and increased serum transferrin concentrations, all infants in the low-Fe formula group were Fe
sufﬁcient at the end of the study. However, if the low-Fe formula were to be consumed in the long term in the quantities
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Table 3. Adjusted means at baseline, day 31 and day 45 with estimates of intervention effect for weight, length, head circumference and knee–heel length in the three study groups*
(Arithmetic means and 95 % confidence intervals)
Study group

High-Fe formula
Mean

24, 22, 23
8·0
7·6, 8·4
8·5
8·1, 8·9
8·7
8·4, 9·1
0·7
0·6, 0·8
<0·001

Mean

95 % CI

24, 23, 23
8·3
7·9, 8·6
8·8
8·4, 9·1
9·0
8·6, 9·4
0·8
0·6, 0·9
<0·001

Fe drops
Mean

95 % CI

24, 20, 20
8·4
8·1, 8·7
8·9
8·6, 9·2
9·1
8·8, 9·4
0·7
0·6, 0·8
<0·001

24, 23
24, 23
24, 20
67·4 66·5, 68·3 68·0 67·2, 68·8 68·1 67·3, 68·9
70·0 69·1, 70·8 70·8 69·8, 71·7 70·9 70·0, 71·7
2·5
2·2, 2·9
2·8
2·4, 3·2
2·8
2·4, 3·2
<0·001
<0·001
<0·001
24, 23
24, 22
24, 20
43·8 43·4, 44·3 44·1 43·6, 44·5 44·3 43·9, 44·8
44·9 44·4, 45·3 45·3 44·8, 45·8 45·5 45·1, 46·0
1·0
0·9, 1·1
1·2
1·1, 1·3
1·2
1·1, 1·3
<0·001
<0·001
<0·001
23, 23
24, 23
24, 20
66·0 62·6, 69·4 66·6 63·8, 69·3 66·4 63·6, 69·2
75·0 72·3, 77·7 76·5 73·5, 79·6 75·8 72·6, 78·9
9·0
7·4, 10·6 10·0
8·3, 11·7
9·4
7·7, 11·0
<0·001
<0·001
<0·001

High-Fe formula v. low-Fe
formula
Mean

95 % CI

High-Fe formula v. Fe
drops
Mean

95 % CI

Fe drops v. low-Fe
formula
Mean

95 % CI

Pfor

intervention effect

0·0

−0·2, 0·1
0·721

0·0

−0·1, 0·1
0·956

0·0

−0·2, 0·1
0·696

0·917

−0·3

−0·8, 0·3
0·345

−0·3

−0·9, 0·3
0·369

0·0

−0·6, 0·6
0·991

0·556

−0·2

−0·4, 0·0
0·022

−0·2

−0·4, 0·0
0·046

0·0

−0·2, 0·1
0·709

0·052

−1·0

−3·3, 1·4
0·424

−0·4

−2·7, 1·9
0·751

−0·6

−2·9, 1·8
0·632

0·724

Effect of type/amount of iron on absorption

Weight (kg)
n‡
Baseline
Day 31
Day 45
Change from baseline to day 45§
P for within- or between-group comparison||
Length (cm)
n¶
Baseline
Day 45
Change from baseline to day 45§
P for within- or between-group comparison||
Head circumference (cm)
n¶
Baseline
Day 45
Change from baseline to day 45§
P for within- or between-group comparison||
Knee–heel length (mm)
n¶
Baseline
Day 45
Change from baseline to day 45§
P for within- or between-group comparison||

95 % CI

Low-Fe formula

Intervention effect†

* All estimates are from linear random-intercept models with robust standard errors adjusted for sex.
† The intervention effect is baseline to day 45 change in one study group minus baseline to day 45 change in another study group.
‡ n at baseline, n at day 31, n at day 45.
§ Expressed as a difference.
|| The within-group comparison is baseline to day 45 change within each study group. The between-group comparison is the intervention effect as described in footnote†.
¶ n at baseline, n at day 45.
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Table 4. Absorption of iron (from an 8·1 or 8·3 mg dose) and zinc (from a 2·4 or 2·5 mg dose) in healthy, 7-month-old, Swedish infants habitually consuming high-iron formula, low-iron formula or iron drops*
(Geometric/arithmetic means and 95 % confidence intervals)
Study group
High-Fe formula

Fractional Fe absorption (%)†
Erythrocyte Fe utilisation (%)†
Fractional Zn absorption (%)‡

Low-Fe formula

Fe drops

n

Mean

95 % CI

n

Mean

95 % CI

n

Mean

95 % CI

22
22
22

6·8
88·8
32·1

5·8, 7·9
83·7, 94·2
29·7, 34·5

22
22
19

7·4
86·3
29·9

5·8, 9·5
78·6, 94·8
27·1, 32·7

19
19
19

7·7
88·6
32·7

6·5, 9·2
84·7, 92·6
30·4, 35·0

Pfor

group comparison

0·534
0·865
0·284

* All estimates are from linear regression models with robust standard errors.
† Values are geometric means.
‡ Values are arithmetic means.

E. A. Szymlek-Gay et al.

Table 5. Univariate correlations between iron absorption and iron status indices in healthy, 7-month-old, Swedish infants habitually consuming high-iron formula, low-iron formula or iron drops*
(β-Coefficients and 95 % confidence intervals)
Log Fe absorption (%)
High-Fe formula

Hb (g/l)†
Mean corpuscular volume (fl)†
Log serum ferritin (µg/l)‡
Serum Fe (µmol/l)†
Serum transferrin (g/l)†
Transferrin saturation (%)†
Log serum hepcidin (µg/l)†

n

β

21
21
22
21
21
21
21

−0·001
−0·022
−0·415
0·015
0·076
0·006
−0·280

95 % CI
−0·025,
−0·063,
−0·680,
−0·033,
−0·575,
−0·018,
−0·548,

0·023
0·019
−0·149
0·063
0·727
0·030
−0·011

Low-Fe formula
R2
0·001
0·063
0·347
0·022
0·003
0·013
0·200

Pfor

β

0·924
0·273
0·004
0·526
0·809
0·630
0·042

n

β

21
21
22
21
21
21
21

0·021
−0·036
−0·609
0·080
0·820
0·044
−0·710

95 % CI
−0·014,
−0·175,
−0·918,
0·025,
0·042,
0·003,
−1·051,

0·056
0·103
−0·300
0·136
1·597
0·086
−0·368

Fe drops
R2
0·079
0·015
0·458
0·327
0·204
0·208
0·500

Pfor

β

0·216
0·596
0·001
0·007
0·040
0·038
<0·001

n

β

16
16
19
16
16
16
16

−0·002
−0·035
−0·512
0·011
0·605
−0·002
−0·540

95 % CI
−0·040,
−0·105,
−0·718,
−0·046,
−0·090,
−0·032,
−0·829,

0·037
0·034
−0·307
0·068
1·300
0·028
−0·250

R2
0·001
0·079
0·620
0·012
0·199
0·001
0·533

Pfor

β

0·919
0·292
<0·001
0·683
0·083
0·904
0·001

* All estimates are from linear regression models. Fe indices were measured on day 31.
† Infants with a C-reactive protein concentration >5 mg/l or a missing value on day 31 were excluded: n 1 (missing value for C-reactive protein) in the high-Fe formula group, n 1 (C-reactive protein >5 mg/l) in the low-Fe formula group and
n 3 (n 1, missing value for C-reactive protein; n 2, C-reactive protein >5 mg/l) in the Fe drops group for Hb, mean corpuscular volume, serum Fe, serum transferrin and transferrin saturation; n 0 in the high-Fe formula group,
n 1 (C-reactive protein >5 mg/l) in the low-Fe formula group and n 2 (C-reactive protein >5 mg/l) in the Fe drops group for serum hepcidin.
‡ Values were corrected for infection(53).
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Fig. 2. Scatter plot depicting the relationship between fractional iron
absorption and serum ferritin concentration (measured on day 31) in healthy,
7-month-old, Swedish infants habitually consuming high-iron formula ( , n 22),
low-iron formula ( , n 22) or iron drops ( , n 19). Serum ferritin concentrations
were corrected for infection for all infants with a C-reactive protein
concentration >5 mg/l(53). Linear regression on log-transformed values
showed a negative correlation between fractional iron absorption and serum
ferritin concentration across the three groups (r −0·64, P < 0·001, n 63).
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Fig. 3. Scatter plot depicting the relationship between fractional iron
absorption and serum hepcidin concentration (measured on day 31) in
healthy, 7-month-old, Swedish infants habitually consuming high-iron formula
( , n 21), low-iron formula ( , n 21) or iron drops ( , n 16). Infants with an
elevated C-reactive protein concentration (>5 mg/l) were excluded. Linear
regression on log-transformed values showed a negative correlation between
fractional iron absorption and serum hepcidin concentration across the three
groups (r −0·59, P < 0·001, n 58).

observed in our study and in the absence of Fe-rich foods, it is
unlikely that it would provide sufﬁcient Fe to maintain adequate
Fe status in infancy – a conclusion in line with recent recommendations on fortiﬁcation levels of infant and follow-on
formulae(64).
Few studies have determined Fe availability to infants from
supplements. The 7·7 % Fe absorption from Fe drops in our
study is similar to that of 7·6 % found by Heinrich et al.(65) who
administered 10 mg of ferrous sulphate to 1–18-month-old
Fe-sufﬁcient infants and similar to that of 6·6–8·5 % from 3 mg of
ferrous sulphate previously found by our group in 6–9-monthold Fe-sufﬁcient infants(66). In contrast, at 13·7 %, Fe absorption
from 5 mg of ferrous sulphate appeared to be higher in
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13-month-old children in the study by Abrams et al.(56) compared with ours; however, the infants had poorer Fe status
compared with the infants in our study. Furthermore, the supplement in the study by Abrams et al.(56) was administered with
apple juice that contained ascorbic acid at a 3:1 molar ratio of
ascorbic acid:Fe, which could also help explain the higher Fe
absorption in their study compared with ours. The addition of
ascorbic acid at a molar ratio of ≥2:1 of ascorbic acid:Fe has
been shown to enhance the absorption of Fe from ferrous
sulphate(67). In our study, the Fe drops were administered 2 h
after the ingestion of 150 ml of the formula with no added Fe
(131·3 mg ascorbic acid/l) and ≥1 h before the next meal was
consumed. As the formula would have emptied from the
stomach after 2 h(68) and the drops would have been absorbed
before the next meal was provided, it is unlikely that the
ascorbic acid in the formula would have interacted with the Fe
drops. Fomon et al.(69) found that only 4·4 % of Fe was
incorporated into erythrocytes in 2-month-old formula-fed
infants from 8 mg ferrous sulphate administered with ascorbic
acid at a 1:1 molar ratio of ascorbic acid:Fe.
It is still uncertain whether the current study lends support to
our previous report that fortiﬁcation Fe is primarily utilised for
Hb synthesis(14). The consumption of 6·4 mg of fortiﬁcation Fe
per day resulted in a 6·3 g/l higher Hb concentration compared
with that achieved with Fe drops and does appear to conﬁrm
the earlier observation. Although the high-Fe formula group
consumed 0·6 mg/d more Fe from the intervention compared
with the Fe drops group, this is not enough to explain the
differences observed in Hb concentrations. At 7 % Fe absorption, 0·6 mg more Fe consumed per day converts to approximately 1·9 mg (0·04 mg/d for 45 d) more Fe absorbed by the
high-Fe formula group over the 45-d intervention compared
with the Fe drops group. This is much less than the amount of
additional Fe needed to raise Hb concentration by 6·3 g/l in an
8·5-kg infant with a blood volume of approximately 550 ml,
which would be approximately 12 mg. Nevertheless, there was
no evidence that the incorporation of infused Fe into Hb was
greater in the high-Fe formula group than in the Fe drops group.
The labelled Fe infusion was given 30 min after the isotopic
meal, so that the Fe incorporation of the two isotopes would be
expected to be similar. In contrast to our previous results(14), we
found no evidence that Fe supplements result in higher Fe
stores compared with fortiﬁcation Fe, which is also unlikely to
be explained by the lower amount of total Fe absorbed from the
interventions. The Fe drops group absorbed only 1·9 mg less
Fe over 45 d than the high-Fe formula group, and in adults
8–10 mg of additional storage Fe is needed to increase serum
ferritin by 1 µg/l(70).
Fe supplements have been shown to impair Zn absorption in
adults when both minerals are provided together as a supplement in aqueous solutions at a high Fe:Zn molar ratio(71).
Moreover, Fe supplements given together with Zn supplements
appear to result in reduced plasma Zn concentrations in
infants(28). In contrast, we found no effect of Fe supplements
given alone on Zn absorption or status in infants. This conﬁrms
our previous ﬁndings of no effect of Fe supplements on Zn
absorption in infants(29), and is in line with previous research
showing that Fe supplements provided to infants alone in the
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range of 7·5–30 mg Fe/d do not have adverse effects on Zn
status(27,28). The results of our study support the limited research
that shows no evidence that consumption of foods fortiﬁed with
Fe has a negative effect on Zn absorption(30,32) or Zn status(32,33)
in young children. The absorption of Zn from the study formulae
was similar to that previously reported in infants(36). Dietary nonhaem Fe is transported into enterocytes by the transmembrane
protein divalent metal ion transporter 1(72), whereas Zn uptake
and transport across enterocytes is regulated by specialised Zn
transporters(73). However, some Zn transporters (e.g. Znregulated transporter/Fe-regulated transporter-like proteins 8
and 14; ZIP8 and ZIP14) have recently been found to be capable
of transporting Fe into mammalian cells(74,75). Therefore, it can
be speculated that when an excessive amount of Fe is consumed
together with Zn in a water solution Fe may inhibit ZIP-mediated
Zn transport, resulting in decreased Zn absorption and reduced
Zn concentrations. This inhibition would not occur when Fe
supplements are ingested alone. In contrast, when Fe is provided
in a meal as fortiﬁcation Fe, it interacts with dietary components
that can reduce the number of Fe cations available for absorption
compared with supplemental Fe provided in an aqueous
solution, and therefore it does not exert the same negative effect
on Zn absorption or status. Thus, it may be prudent to suggest
that in situations when Fe supplements are required they are
provided to infants alone or are provided as fortiﬁcation Fe along
with fortiﬁcation Zn in infant formula.
Unlike recent reviews showing that Fe supplementation or
fortiﬁcation may result in reduced weight gain and length in
Fe-deﬁcient and Fe-sufﬁcient infants(28,76), we found no
evidence that the type or dose of Fe consumed had a
negative effect on physical growth in healthy, Fe-sufﬁcient
infants. However, the considerably shorter duration of our
study compared with others might have prevented us from
observing an effect.
It must be noted that we did not provide placebo drops to the
formula groups, which could have potentially biased the results.
However, we have shown previously that there is no difference
in compliance to placebo or Fe drops in Swedish infants(77).
Furthermore, despite the Fe drops group not being blinded, we
found no difference among the three groups in the amount of
the assigned formula consumed during the trial. Finally,
adherence to the allocated intervention was excellent in all
groups in the current study.
In summary, Fe can be safely provided to healthy, term,
Fe-sufﬁcient infants as either a supplement or a fortiﬁcant,
within the amounts and duration of intake investigated in our
study, as we found no evidence that the mode of oral Fe
administration or the amount of Fe habitually consumed altered
infant Fe absorption, systemic Fe utilisation, Zn absorption,
plasma Zn or physical growth. As observed previously,
consumption of fortiﬁcation Fe compared with supplemental Fe
resulted in a greater Hb concentration. However, unlike
previously shown, consumption of Fe drops did not result in
increased Fe stores compared with fortiﬁcation Fe. Daily intakes
of approximately 500 ml of low-Fe formula (2·3 mg Fe/l) in the
absence of other sources of Fe are insufﬁcient to maintain Fe
stores in >6-month-old infants. Our results also demonstrate
that Fe stores and hepcidin regulate Fe absorption from both Fe

supplements and infant formula in Fe-sufﬁcient, predominantly
formula-fed infants.
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