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Rickard Öste
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j Abstract Background Iron
deficiency in children is a major
worldwide nutritional problem.
An oat beverage was developed for
1- to 3-year-old children and dif-
ferent treatments were used to
improve the iron bioavailability.
Aim of the study To investigate
the effects of citric acid addition,
phytase treatment and supple-
mentation with different iron
compounds on non-heme iron
absorption in human from a min-
eral-supplemented oat-based bev-
erage. Methods A 240 g portion
of a 55Fe-labeled test product (T)
or a 59Fe-labeled reference dose
(R) was served as breakfast after
overnight fasting on four consec-
utive days in the order of TRRT.
On day 18 the retention of 59Fe
was measured by a whole-body
counter and the erythrocytes up-
take of 55Fe and 59Fe by a liquid-
scintillation counter. Forty-two
healthy subjects (men and wo-
men) were randomized into four
study groups, members of each
being given one of the studied four
products (A, B, C, and D) supple-
mented with Fe (1.3 mg/portion),
Zn, Ca, Se and P. Ferric ammo-

nium citrate (FeAC) was added to
products A, B, and C and ferric
pyrophosphate (FePP) to product
D. Citric acid (60 mg/portion) was
added to products B, C, and D and
phytase treatment applied to
products C and D. Results Citric
acid improved iron absorption by
54% from 3.9% in product A to
6.0% in product B (p = 0.051).
Phytase treatment increased iron
absorption by 78% (from 6.0 to
10.7%, p = 0.003) by reducing the
phytate-phosphorus content per
portion from 16.3 mg in product B
to 2.8 mg in product C. The two
compounds gave similar iron
absorption rates (p = 0.916).
Conclusions A combination of
citric acid addition, dephytiniza-
tion and iron supplementation
significantly increased the iron
absorption in an oat-based bever-
age. Such a beverage can be useful
in the prevention of iron defi-
ciency in 1- to 3-year-old children.
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Introduction

Iron deficiency and the anemia associated with it have
long been a major nutritional problem throughout the
world [1]. WHO [2001] has estimated that 39% of the
children 0–4 years of age in non-industrialized coun-
tries and 20% of those in industrialized countries have
iron deficiency, using anemia as an indicator [2]. To
combat nutritional iron deficiency, a strategy is to add
iron to food vehicles that are targeted to segments of a
population for whom the risk of it is greatest, such as
infants, school children and fertile women [3]. How-
ever, iron is regarded as the most difficult mineral to
add to foods and to ensure adequate absorption be-
cause of the dilemma between the inhibitory effect of
some dietary components and bioavailability of iron
salt and between bioavailability of iron and undesirable
sensory changes in the fortified foods [4, 5].

Oat-based liquid foods have gained increasingly
interests on the market. Among these foods, a bev-
erage has been developed earlier and been supple-
mented with calcium and vitamins present in dairy
products (CEBA Foods). It could also serve as a
vehicle for iron supplementation. However, such oat
products as porridge and oat bran inhibit iron
absorption markedly due to their high content of
phytate, which is known to interfere with the
absorption of such minerals as iron and zinc [6–8].
The reduction in iron absorption that phytate brings
about has been shown to be dose-dependent [9]. The
inactivation of the endogenous phytase of oats by the
heat treatment usually employed to prevent oats from
being rancid during storage can also lower iron
absorption indirectly.

Several methods, including the enzymatic hydroly-
sis of phytate and the addition of organic acids and
extra iron, have been used to increase iron absorption.
Treatment of oat products by exogenous phytase (from
Aspergillus niger) can effectively degrade phytic acid
[10]. Enzymatic treatment of this sort has also been
found to produce an increase in iron absorption from
oat porridge in humans [11]. Addition of citric acid has
been reported to significantly increase the iron
absorption from a rice meal in humans [12, 13]. Ferric
ammonium citrate (FeAC) and ferric pyrophosphate
(FePP) are two of the iron compounds commonly used
for food fortification in Europe. The advantage of the
two iron salts is that they cause less adverse color or
flavor changes in food vehicles [14, 15].

To increase the nutritional value of oat-based bev-
erages, a mineral-supplemented oat beverage which is
targeted at 1- to 3-year-old children has been devel-
oped, one which contains iron as FeAC or FePP to-
gether with zinc, calcium, phosphorus and selenium.
The aim of the present study was to investigate the non-

heme iron absorption from this iron-supplemented
oat-based beverage and to assess the role and impor-
tance of citric acid addition, phytase treatment and
supplementation with different iron compounds.

Previous studies have indicated that iron absorp-
tion values obtained in adults can be used to evaluate
the effect of enhancers and inhibitors of iron
absorption in infants [16]. By using adults, more
sensitive and precise measurements of iron absorp-
tion using radioactive indicators could be applied in
the present study. The study was done on adults to
rank these treatments and the results can later be used
to select a study product which will be used in a large
study on children.

Subjects and methods

j Subjects

Forty-five subjects, 23 men and 22 women, were
recruited from the student population of the Univer-
sity of Göteborg by placing advertisements for the
experiment on campus. At the time of recruitment,
none of those accepted were consuming nutrient
supplements containing iron or zinc. The subjects,
aged 19–35 years, were healthy volunteers, none of
whom reported having had any infections during the
4 weeks prior to the study. Three to four subjects in
each group were regular blood donors, providing a
reasonable range of inter-subject variation in Fe
absorption. Blood donation during the study was not
allowed and no volunteer had donated blood within
the 2 months before the study. Subjects were provided
with oral and written information on the aims of the
study and the procedures employed. The project was
approved by the Ethics Research Committee of the
University of Göteborg and the Isotope Committee of
Sahlgrenska University Hospital in Göteborg.

While the experiment period was in progress, two
of the subjects caught a cold and one subject was
found to have an extremely high serum ferritin level.
Their data was excluded and thus forty-two subjects
were included in the final data analysis. The iron
status of the subjects were: hemoglobin levels of 121–
166 (mean 143) g/l, a transferrin saturation of 13–46
(mean 27) %, and a serum ferritin concentration of 9–
191 (mean 35) lg/l.

Experimental design

The absorption studies were performed in adults to
examine the effect on iron absorption from an oat-

96 European Journal of Nutrition (2007) Vol. 46, Number 2
� Steinkopff Verlag 2007



based beverage by adding citric acid, phytase treat-
ment and supplementation of different iron com-
pounds. The studies comprised 4 trials. In trial 1 the
iron absorption from product A by supplementation
of iron as FeAC was examined. In trial 2 the iron
absorption from product B by citric acid addition and
FeAC supplementation was examined. In trial 3 the
iron absorption from product C by citric acid addi-
tion, phytase treatment and FeAC supplementation
was examined. In trial 4 the iron absorption from
product D by citric acid addition, phytase treatment
and FePP supplementation was examined. An iden-
tical study design was employed in all the trials
according to Hallberg [17].

Subjects were divided into four test groups of 10–
12 subjects each. In each trial, a portion (240 g) of the
test product (T) or a reference dose (R) was served to
the subjects as breakfast on alternate mornings after
overnight fasting on four consecutive days in the or-
der of TRRT. Each test product was labeled with 55Fe
(Perkin Elmer Life Sciences, USA) as FeCl3, which was
added before serving. The reference dose consisted of
a solution of 10 ml 0.01 M HCl containing 30 mg
ascorbic acid and 3 mg Fe as FeSO4 labeled with 59Fe
(Perkin Elmer Life Sciences, USA) as FeCl3. Each
subject received a total of 74 kBq 55Fe from the test
products and 37 kBq 59Fe from the two reference
doses. No consumption of food or drink was allowed
during the 3 h after ingesting of the reference dose or
the test product. Two weeks after the last breakfast of
the study, a whole body counting of retained 59Fe was
made. At that time a blood sample (120 ml) was also
drawn for determination of the 55Fe content and of
the 59Fe content in the erythrocytes.

Measurement of iron absorption

Analysis of 55Fe and 59Fe in erythrocytes was per-
formed by use of a liquid-scintillation counter
employing a modified version of the method
described by Eakins and Brown [18]. The absorption
of 55Fe was calculated from the retention of 59Fe from
the whole body counting, and the relative incorpo-
ration of the two tracers into the erythrocytes. The
methodology has been described previously by Björn-
Rasmussen et al. [19] and by Hallberg [17].

Expressing the results of the iron absorption
measurements

The relative bioavailability of non-heme Fe in the
meal was expressed as the ratio (T:R) of the absorp-
tion of non-heme Fe from the test meal (T) to that
absorbed from the reference dose (R) [20]. There is a

normal distribution of these ratio values in a group of
subjects, and the mean and their SDs were multiplied
by 40 to obtain the percentage absorption that
corresponds to a 40% reference-dose absorption
(T40%). Absorption values adjusted to a 40% absorp-
tion from reference doses were chosen because they
correspond to the absorption expected in subjects
who are borderline Fe deficient [18, 19]. Results in
different subjects can thus be adjusted to the same
iron status, facilitating the comparisons between
measurements, individual and groups.

Study products

The iron-supplemented oat-based beverages were
produced in a pilot plant at CEBA Foods AB, Sweden.
They were prepared from steam-heated oats (Avena
Sativa), water, and rapeseed oil on the basis of a
European patent (EP 0731646). Each 240 g portion of
the beverage was supplemented by 1.56 mg Fe either
as ferric ammonium citrate (Fluka, 09714) or as ferric
pyrophosphate (Sigma, P6526, lot 022K0163), together
with 1.8 mg Zn as zinc chloride (Merck, GR), 144 mg
Ca, and other P and Se additives. Ferric pyrophosphate
(FePP) or ferric ammonium citrate (FeAC) was di-
rectly soluble into water and the resulting solution was
added after heat treatment. The total nutrient content
in the oat-based beverage is shown in Table 1.

Four test products were produced: A, B, C and D.
Ferric ammonium citrate (FeAC) was added to
products A, B, and C and ferric pyrophosphate (FePP)
to product D. Also, 60 mg citric acid (BDH, England)
per 240 g beverage was added to products B, C, and D.
In addition, products C and D were treated at 60�C for

Table 1 Basic nutrient content of a 240 g portion of the mineral-supple-
mented oat-based beverage1

Nutrient Total content

Energy 418.4 kJ/100 kcal
Protein 2.4 g
Fat 3.6 g

Saturated fatty acids 0.4 g
Carbohydrate 15.6 g

Mono-, disaccharides 9.6 g
Dietary fiber 1.9 g

b-glucan 1.0 g
Na 0.14 g
Fe 1.3 mg2

Zn 1.8 mg2

Ca 0.15 g
P 0.08 g
Se 2.5 lg3

1The native content of Na, Fe, Zn, Ca, P and Se was 20, 0.1, 0.3, 7, 52 mg and
<1.8 lg, respectively
2The added amounts of Fe and Zn were 1.56 mg and 1.8 mg, respectively
3Amount added
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2 h by exogenous phytase (EC 3.1.3.8, Novozymes,
Danmark).

Analysis of test products

j Phytate analysis

Analysis of total phytate phosphorus (Phy-P) in the
test products was conducted using an ion-exchange
method as described by Harland and Oberleas [21].
The inositol triphosphate (IP3), inositol tetraphos-
phate (IP4), inositol pentaphosphate (IP5) and ino-
sitol hexaphosphate (IP6) content of the test samples
was measured using an HPLC method [22].

j Fe and Zn measurement

Analysis of Fe was conducted by Steins laboratorium
AB, Sweden using a microwave digestion and ICP
method. Analysis of Zn in the tested samples and in the
reference sample (measured mean value was 57.6 lg/g
DM, which was in accordance with the certified range of
56.5 ± 1.7 lg/g, Whole meal Flour BCR 189, Commu-
nity Bureau of Reference, Brussels) involved micro-
wave digestion in a CEM MARS 5 and flame atomic
absorption spectrometry on a Perkin Elmer Aanalyst
800 under the recommended conditions.

j Statistical analysis

Mean T40% values between products were compared for
significance by Student’s t- test using SPSS version 11.5.
Differences were considered significant at p < 0.05.

Results

j Composition of test products

The phytate content of each of the test products is
listed in Table 2. The Phy-P content of the untreated

oat-based beverages (products A and B) was 16.3 mg
per portion. Phytase treatment reduced the level to
2.8 mg per portion (for products C and D) after 2 h of
incubation. Analysis of the different inositol phos-
phates showed that phytase treatment reduced the
IP6, IP5 and IP4 content from 43.5, 8.5, and 1.1 mg
per portion, respectively, to undetectable levels.

The Fe and Zn content of the four products (Ta-
ble 2) was measured as 1.3 and 1.8 mg per portion,
respectively. The measured Fe content was lower than
the intended addition level (Table 1). The addition of
citric acid decreased the pH of the products from 6.7
to 6.5.

j Iron absorption

Iron absorption from the four oat-based beverage
products (A, B, C, and D) is shown in Table 3. The
addition of citric acid increased the Fe absorption
(T40%) from 3.9% in product A to 6.0% in product B
(p = 0.051). When the phytate content was decreased
(in product C), the Fe absorption was increased still
more to 10.7% in comparison with product B
(p = 0.003). Thus, the iron absorption was improved
2.7-fold in product C by the citric acid addition and
phytase treatment as compared with the untreated oat
beverage, product A. No significant difference in iron
absorption between the two iron compounds was
found, that of ferric ammonium citrate in product C
(10.7%) and ferric pyrophosphate in product D
(10.6%) (p = 0.916).

Discussion

The present results clearly showed that using a
combination of dephytinization, citric acid addition
and iron supplementation can improve the iron
absorption several folds from an oat-based beverage.
Especially had the phytase treatment a marked
enhancing effect on the absorption of iron. This
agrees with findings reported by Hallberg et al. [9]

Table 2 Inositol phosphates, iron, zinc and citric acid content and pH per 240 g portion of the different test products

Product Treatment1 IP32 (mg) IP4 (mg) IP5 (mg) IP6 (mg) IP4–IP6 (mg) Phy-P3 (mg) Fe4 (mg) Zn4 (mg) Citric acid (mg) pH5

A FeAC UD6 1.15 8.46 44.86 54.47 16.3 1.27 1.77 — 6.66
B FeAC + CA UD 1.00 8.58 42.21 51.79 16.3 1.33 1.80 60 6.45
C FeAC + CA + Phytase UD UD UD UD UD 2.8 1.33 1.74 60 6.46
D FePP + CA + Phytase UD UD UD UD UD 2.8 1.25 1.28 60 6.48

1FeAC, Ferric ammonium citrate; CA, Citric acid; FePP, Ferric pyrophosphate
2IP3, IP4, IP5 and IP6 are referred to as inositol tri-, tetra-, penta- and hexa-phosphate, respectively
3Total phytate phosphorus
4Measured level
5pH measured at the time of consumption
6Undetectable
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showing phytates inhibit non-heme iron absorption
in a dose-dependent way, most markedly at the dose
of 2–10 mg Phy-P per portion, a slight additional
inhibiting effect being attained at dose of 10–250 mg
Phy-P per portion. In the present study, since the
phytate content of the untreated products was rather
high, 16.3 mg Phy-P per portion (240 g), a significant
inhibitory effect could be expected. Phytase treatment
reduced the level to 2.8 mg Phy-P per portion and the
Fe absorption from the oat-based beverage was sig-
nificantly increased by 78%. IP6 and IP5 are the
strongest inhibitors of iron absorption but IP4 and
IP3 also inhibit it [23, 24]. In the present study, IP6,
IP5 and IP4 were effectively degraded to an unde-
tectable level, IP3 being undetectable all the way.
Degradation of these phytates led to the improved
iron absorption.

Some investigations of the effect of dephytinization
on non-heme Fe absorption in oats have been carried
out [11, 25, 26]. Larsson et al. [25] examined the ef-
fects that the dephytinization by malting and soaking
had on Fe absorption from a breakfast porridge
containing 30 g oats per portion. They found that
there was a reduction in IP6 from 340 mg to 83 mg by
the treatments and an increase in Fe absorption from
0.15 mg to 0.2 mg. Although the improved absorbed
Fe was high by virtue of the high native Fe content
(3.5 mg Fe/30 g oats/portion), the processes of malt-
ing and soaking were not completely effective since
the level of IP6 was still high afterwards. In the
present study, if prepared from the same amount of
oats, a beverage would contain 1.63 mg Fe, dephyti-
nization increased absorbed Fe up to 0.17 mg. This
level was similar to that absorbed from the malted-oat
porridge, but the phytate content was much lower so
that the inhibition of phytates on the absorption of Fe
from other foods, if consumed together with the
beverage, would not take place. The inhibition of
phytates on the absorption of other minerals, such as

Ca and Zn [6, 7], both from the beverage and from
other food source could also be prevented. From the
point view of processing techniques, the liquid sus-
pension of finely ground oats used in the present
study facilitated the phytase activity, advantageous
over the malting and soaking processing of Larsson
et al. [25] did, assuring an efficient degradation of the
phytates.

The FePP in the oat-based beverage provided
iron absorption similar to that of FeAC. FeAC is
water-soluble whereas FePP is generally considered
water-insoluble [15]. The commonly used iron pyro-
phosphate for fortification of foods and drinks is
Fe4(P2O7)3Æ9H2O [27]. However, the FePP used in the
present study contained not more than one water
molecule. According to the certificate of analysis [28],
5 g of FePP dissolved in 100 g water at room tem-
perature produces a clear to very slightly hazy yellow-
green solution. Since the level of Fe added per portion
is only equal to 5.7 mg FePP per 100 g liquid sus-
pension, FePP can be considered to be water-soluble.
In practice, a clear concentrated aqueous solution of
FePP, 10 times less than the solubility, was prepared
and used for the production of the fortified beverage
in the study. The soluble FePP form allows for the
application of the extrinsic labeling method which is
suggested not appropriate for monitoring iron
absorption from a diet that contains insoluble forms
of iron [29].

The present study reports for the first time the iron
absorption of FePP added into a liquid food. The iron
bioavailability from FePP added to foods in the par-
ticle form or in the micronised and dispersible form
has been evaluated in humans [32–35]. FePP in these
forms was mainly applied to semi-solid or solid food
vehicles and the micronised and dispersible form
enabled a higher iron absorption than the particle one
[30–33]. However, it is difficult to compare the iron
absorption of FePP in our study directly with in these

Table 3 Iron absorption by healthy human subjects given different test products1

Product Treatment2 n Iron absorption indexes Iron absorption Bioavailable
nutrient

Hemoglobin
g/l

Transferrin
saturation %

Serum ferritin
lg/l

Test Meal
(T) %

Reference
Dose (R) %

T/R T40%

%
density4

mg Fe/1000 kcal

A FeAC 11(m2,f9) 135.1 ± 6.7 25.8 ± 7.9 31.8 ± 18.2 3.5 ± 2.6 35.8 ± 15.1 0.10 ± 0.05 3.9 ± 1.8 a 0.50
B FeAC + CA 8 (m6,f2) 148.4 ± 10.4 24.6 ± 5.0 40.4 ± 61.1 8.4 ± 6.5 52.6 ± 21.0 0.15 ± 0.07 6.0 ± 2.6 a 0.80
C FeAC + CA

+ Phytase
12 (m10,f2) 147.6 ± 12.4 28.1 ± 11.2 41.7 ± 27.1 10.0 ± 4.8 37.2 ± 15.8 0.27 ± 0.08 10.7 ± 3.1 b 1.42

D FePP + CA
+ Phytase

11 (m4,f7) 141.2 ± 8.4 29.5 ± 8.7 27.2 ± 22.7 15.5 ± 10.0 55.9 ± 29.4 0.26 ± 0.09 10.6 ± 3.4 b 1.33

1Mean ± SD, except for the bioavailable nutrient density
2FeAC, Ferric ammonium citrate; CA, Citric acid; FePP, Ferric pyrophosphate
3T40%: Mean individual absorption ratios (T/R) were multiplied by 40 to obtain the percentage absorption of iron corresponding to a 40% reference-dose absorption.
T40% values having different superscript letters (a, b) were significantly different (p < 0.05)
4T40% absorption values adjusted for the energy content of the meals
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studies because different study designs and presen-
tation of the iron absorption results were used.
Namely, in our study ferrous sulphate was added to
the reference dose whereas it was directly added to the
investigated food vehicle in these studies [30–32].
Also, the Fe absorption was expressed in a way cor-
responding to the absorption expected in the people
who are borderline Fe deficient in our study, whereas
it was expressed as the absorption of one iron com-
pound in relation to ferrous sulphate in the other
studies.

The iron bioavailability of iron added as FeAC has
been studied in food vehicles such as fish sauce and
sugar or in iron supplements [34–38]. These studies
indicate that consumption at low level of iron as FeAC
in food fortification would give better absorption than
at high dose [34]. The present study showed that
FeAC was well-absorbed in phytase treated oat-based
beverages in which FeAC was evaluated at the level of
1.3 mg compared to that of 4. 5 mg in fish sauce,
5 mg in sugar and 60 mg in iron supplement,
respectively [34–36], Meanwhile, FeAC caused no
obvious sensory changes.

It has been suggested that thermal processing can
affect the bioavailability of iron. Hurrell et al. [39]
observed that the relative bioavailability of FePP in
humans from chocolate-drink powder was decreased
from 75% to 21% when the compound was added
prior to processing which included vacuum drying at
100�C. The effects of thermal processing were avoided
in our studies, however, since FePP or FeAC was
added after heat treatment.

Earlier studies have demonstrated the profound
effect of citric acid on non-heme Fe absorption from
food. Citric acid added at 1 g and 36 mg per serving
to a basic rice meal was reported to improve iron
absorption by three- and two-fold, respectively [12].
Also, citric acid added at 750 mg per serving to a
similar rice meal together with ascorbic acid signifi-
cantly improved iron absorption by 67% [13].
In contrast, 1 g of citric acid reduced iron absorption
by about two-third in a simple Latin American-type
meal composed of maize chapattis, rice and black
beans, one that contained 250 mg of Phy-P and
4.3 mg of native iron [40]. Citric acid added at 36 mg
per serving to fish sauce had no effect on iron
absorption [34]. In the present study, the addition of
60 mg of citric acid was shown to increase Fe
absorption from 1.3 mg Fe as FeAC from an oat-based
beverage by 54%, the increase not being significantly
although it was nearly so (p = 0.051). Use of differing
amounts of citric acid, the presence of various factors
both of inhibitory and of conducive in complex meals,
and differences in the experimental setup may lead to
conflicting data. Further studies are needed to clarify
the role of citric acid.

Metal ions can interact with each other in a way
that inhibits the absorption of each. This is one of
the principles used in the present study for deciding
what the supplementation level of Fe, Zn, Ca, Se
and P to employ, in addition to RDA [41] princi-
ples, the Nordic Nutrition Recommendations [42],
and the Swedish Food Agency regulations [43, 44].
Calcium has been shown to have an inhibitory ef-
fect on Fe absorption between 40 and 300 mg in a
dose-dependent way [45]. The calcium content of
the test products was 0.15 g per portion, which
could be expected to have a negative effect on iron
absorption. Since reducing the calcium content
could further increase the bioavailabity of Fe, it
would be advantageous for the iron absorption rate
to be higher than 10.7%. However, it is desirable to
have calcium in the product since children need
both iron and calcium for body growth and
metabolism.

According to Lönnerdal [46], a 1:1 molar ratio of
Fe to Zn is able to prevent the interaction between Fe
and Zn if given together as a supplement. Rossander-
Hulthén et al. [47] showed that neither zinc fortifi-
cation in a meal nor consumption of diets high in zinc
interferes with iron absorption. Furthermore, some
studies have shown there is no effect of iron fortifi-
cation on zinc absorption [48, 49]. Nevertheless, the
recommended 1:1 ratio of Fe to Zn was adopted in the
present study and the studied oat beverage combined
with citric acid addition, phytase treatment and a
fortificant mixture of Fe, Ca, Zn and others provided
iron absorption as high as 10.7%.

One measure to express iron absorption in relation
to iron requirements in 1–3 years old children is by
expressing the absorption results per unit energy. For
95% of the children 1–3 years of age who consume
1,300 kcal/d, absorption of 0.6 mg Fe/d or 0.45 mg
Fe/1,000 kcal is needed in order to ensure the iron
absorption requirements [50]. In the present investi-
gation, the three combined treatments resulted in an
iron absorption of 1.3–1.4 mg/1,000 kcal (Table 3),
which is higher than the value mentioned above and
also higher than 1.08 mg Fe/1,000 kcal, a figure ob-
tained in a study where a weaning gruel (based on
milk powder and cereals) was consumed together
with meat and ascorbic acid [51]. It should be noted
that the iron requirements of women of fertile age and
teenagers is in the range of 0.4–1.5 mg Fe/1,000 kcal.
Obviously, the iron-dense beverage investigated here
with tested techniques could provide highly bio-
available iron for children between 1–3 years of age
and also for other groups who are with high iron
requirements. Their Zn absorption would likewise be
improved since the inhibitory effect of phytate would
be lessened and the possible interference by iron is
attenuated.
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Although our study represents a short-term
experiment, the results appear to have clear dietary
implications since no intestinal adaptation to a high-
phytate diet with respect to iron absorption occurs
[52]. At the same time, it would be of interest to
investigate the long-term effects of the techniques
employed here on the absorption of iron, zinc and
other minerals in humans.

In conclusion, a combination of citric acid addi-
tion, phytase treatment and iron supplementation

significantly increased the iron absorption in an oat-
based beverage. Such a beverage appears potentially
useful in the prevention of iron deficiency in 1- to 3-
year-old children.
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