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Iron bioavailability in infants from an infant cereal fortified with
ferric pyrophosphate or ferrous fumarate'-2

Lena Davidsson, Peter Kastenmayer, Hanna Szajewska, Richard F Hurrell, and Denis Barclay

ABSTRACT contrast with infant formulas, infant cereals are difficult to for-
Background: Infant cereals are commonly fortified with insolu- tify with soluble iron compounds because of unacceptable
ble iron compounds with low relative bioavailability, such as fer-organoleptic changes such as rancidity and color and flavor
ric pyrophosphate, because of organoleptic changes that occahanges in the products during storage. This has led to the use
after addition of water-soluble iron sources. of less soluble, and hence less bioavailable, iron compounds,
Objective: Our objective was to compare iron bioavailability such as elemental iron and ferric pyrophosphate for iron fortifi-
from ferric pyrophosphate with an alternative iron source that i€ation of infant cereals (4). An alternative iron compound, fer-
soluble in dilute acid, ferrous fumarate, and to evaluate the influrous fumarate, has been proposed for iron fortification of infant
ence of ascorbic acid on iron bioavailability from ferrouscereals because ferrous fumarate was shown to be as well
fumarate in infants. absorbed as ferrous sulfate in adults (5). Ferrous fumarate is
Design: Iron bioavailability was measured as the incorporationless soluble than ferrous sulfate in water but is soluble in dilute
of stable iron isotopes into erythrocytes 14 d after administratiomacid such as gastric juice. Thus, this compound does not cause
of labeled test meals (25 g dry wheat and soy infant cereal, 100ayganoleptic changes during storage of fortified foods to the
water, and 2.5 mg Fe a¥Fe]ferric pyrophosphate of’Fe]fer- same extent as does ferrous sulfate but still has a high relative
rous fumarate). Ascorbic acid was added to all test meals (25 nmgjoavailability. The previous evaluation of iron bioavailability

in study 1 or 25 or 50 mg in study 2). Infants were fed each testom ferrous fumarate was done in adults by using a radiotracer
meal on 4 consecutive days under standardized conditions. The@chnique (5). However, because of the potential influence of
different test meals within each study were administered 2 wiphysiologic differences in gastric acid secretion between infants
apart in a crossover design. and adults, the data from the study by Hurrell et al (5) cannot be
Results: Geometric mean iron bioavailability was significantly directly extrapolated to iron bioavailability from ferrous
higher from P’Felferrous fumarate than fron®/Fe]ferric  fumarate in infants. The aim of this study was to compare iron
pyrophosphate [4.1% (range: 1.7-14.7%) compared with 1.3%ioavailability from a compound commonly used to fortify
(range: 0.7-2.7%)y = 8, P = 0.008]. In this study, doubling the infant cereals, ferric pyrophosphate, with that of ferrous
ascorbic acid content did not further enhance iron bioavailabilfumarate in healthy 6-12-mo-old infants. Furthermore, the
ity; the geometric means (range) were 3.4% (1.9-6.6%) anthfluence of increased ascorbic acid content on iron bioavail-
4.2% (1.2—18.7%) for the test meals with 25 and 50 mg ascorbiability from ferrous fumarate was evaluated in the second part
acid added, respectiveln € 9). of the study. Iron bioavailability was measured in healthy
Conclusion: Iron bioavailability from iron-fortified infant cereals infants from a wheat and soy infant cereal by using a stable-iso-
can be improved by using an iron compound with high relativaope technique based on the incorporation of iron stable iso-
bioavailability and by ensuring adequate ascorbic acid content dbpes into erythrocytes 14 d after administration.

the product.  Am J Clin Nutr2000;71:1597-1602.
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SUBJECTS AND METHODS flasks and 250 mL of 0.06 mol HCI/L (pH 1.2), preheated €37

was added. The samples were placed in a shaking water bath at

37°C and 2-mL aliquots were taken after 10, 20, 30, 60, 90, 120,
Twenty apparently healthy, formula-fed infants (6—12 mo 0f150, and 180 min. Samples were centrifuged for 2 min at ¥0§0

age) were enrolled in the study. Infants were recruited from that 22°C, then the iron in the supernate was analyzed by AAS.

outpatient clinic at the Department of Pediatrics, Warsaw Uni-

versity Medical School, and from the private practice of one ofLabeled test meals

the investigators (HS). All infants had been introduced to weansy, gy 1

ing foods by the time of recruitment. To ensure acceptability of

the cereal, the infants were fed, fed4 d before starting the Each test meal consisted of 25 g dry cereal and 2.5 mg Fe as

study, a commercial infant cereal fortified with ferric pyrophos-[*"Fe]ferric pyrophosphate (A) or®’Fe]ferrous fumarate (B)

phate (Ceresoy; Nestlé, Vevey, Switzerland) equivalent to th@reweighed into plastic containers. Ascorbic acid (25 mg, food

wheat and soy product used in the study. grade; Merck, Darmstadt, Germany) was preweighed into each
Ten infants were randomly allocated to each of 2 studies. Oportion of the cereal and iron mixture. At the time of feeding, 100 g

the basis of data from our previous study on the effect of ascohot deionized water was added and mixed well with the cereal.

bic acid on iron bioavailability in infants (6), we estimated that

10 subjects per group would be a sufficient sample size to detet?ttUdy B

a nutritionally significant relative difference in iron bioavailabil-  All test meals consisted of 25 g dry cereal and 2.5 mg Fe as

ity of 50% with 90% power and a type | error rate of 5%. [*’Felferrous fumarate preweighed into plastic containers.
Parents were fully informed about the aims and procedures &scorbic acid (food grade, Merck) was preweighed into the

the study and written consent was obtained from at least one parereal and iron mixture: 25 mg (A) or 50 mg (B) per test meal,

ent. The study protocol was reviewed and approved by the Ethrespectively. At the time of feeding, 100 g hot deionized water

cal Committee at the Warsaw University Medical School and theavas added and mixed well with the cereal.

Ethical Committee at the Nestlé Research Centre Lausanne.

Infants

Study protocol

Infant cereal Labeled test meals were administered in the morning after an

An infant cereal based on white-wheat flour and soy flour wa®vernight fast or 3 h after the last formula feeding. Infants were
produced according to the specifications for a commercial prodcandomly allocated to start with test meal A or B within the
uct (Ceresoy) but without added iron and ascorbic acid at 2 studies. The 2 different test meals within each study were
Nestlé Product Development Center (Linor, Orbe, Switzerland)administered on 4 consecutive days (AAAA or BBBB) followed
The nutritional composition was analyzed and the microbiologidy the administration of the alternate test meal 2 wk later. All test
safety was ensured before the product was released from theeals were fed under close supervision by one of the investiga-
product development center. tors. Preweighed spoons, bibs, and wipes were used to estimate
losses during feeding. All materials used during the administra-
tion of labeled test meals were weighed after the infants were fed

[*’Fe]Ferric pyrophosphate ardHe]ferrous fumarate were pre- to calculate the total intake of each labeled test meal. During
pared in collaboration with one of the major commercial supplierstudy 1, any residual labeled test meal was collected after the
of iron fortification compounds, Dr Paul Lohmann GmbH KG 6 infants were fed and were analyzed for total iron by AAS and
(Emmerthal, Germany). The procedure used was similar to théor 5Fe by isotope-dilution mass spectrometry.
industrial production of the equivalent fortification compounds but A baseline venous blood sample was drawn for determination
was done as a small-scale laboratory procedure. Elemental iron isof iron-status indexes and iron isotopic composition on the first
topically enriched with’Fe (96.00%) was purchased from Nippon day of the study. Body weight was measured before the serving of
Sanso Europe (Plaisir, France). For the preparatiotifeé]ferrous  the first labeled test meal. No food or fluid was allowed during the
fumarate, 2.3 §’Fe was dissolved in sulfuric acid (20%) and com-next 3 h. On days 2—4 of the study, identical labeled test meals
bined with an aqueous solution of sodium fumarate. The ironere administered under the same conditions. The second blood
fumarate precipitate was washed with ethanol until no residual susample was drawn on day 18. The alternate labeled test meals
fate could be detected, dried, and ground in an agate mortar towere fed on days 18-21 by following the same protocol as used
fine powder. {’Fe]Ferric pyrophosphate was prepared by dissolv-during the first part of the study. The final blood sample was drawn
ing 2.7 g°Fe in sulfuric acid (20%). After oxidation to ¥dy the  on day 35. Body weights were measured on days 18 and 35.
addition of 4 g HO, (30%), 7.9 g NgH,P,O, was added and the
resulting precipitate was washed with water and ethanol. The pr&lood analyses
cipitate was then dried and ground as described above. Iron-status indexes

Total iron content was analyzed by atomic absorption spec-
trometry (AAS) (model 975; Varian Techtron, Mulgrave, Aus- Hemoglobin was measured by the cyanomethemoglobin
tralia) after dissolution in 5 mol HCI/L. The isotopic composition method (Micros OT 18 Automated System; Roche Diagnostic
of the metallic®’Fe, P’FeJfumarate, ancP[Fe]pyrophosphate was Systems, Vienna). A 3-concentration quality-control material
measured by thermal ionization mass spectrometry (model THECBC 18 TM; R&D Systems Inc, Minneapolis) was analyzed
Finnigan MAT, Bremen, Germany). Solubility of tR&e-labeled together with the samples. Plasma ferritin was analyzed by
compounds was compared with commercial equivalents by moniephelemetry (N-Latex Ferritin Kit; Behring, Marburg, Ger-
toring iron solubility in 0.06 mol HCI/L for 180 min. Duplicate many). Control materials at 2 ferritin concentrations supplied
aliquots equivalent to 20 mg Fe each were weighed into 500-mlvith the kit were analyzed in parallel for quality control.

Stable-isotope labels
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Iron isotopic composition Food analysis

Samples of whole blood were analyzed in duplicate for iron iso- Aliquots of the infant cereals used for acceptability testing
tope composition according to the method of Kastenmayer et @nd for preparation of labeled test meals were analyzed in dupli-
(7) with the following modifications. Samples of whole blood cate for their iron and calcium contents by AAS. Samples were
(=400 mg) were mineralized after the addition of concentratededuced to ash in quartz Erlenmeyer flasks in a muffle furnace
nitric acid and 30% kD, by using a microwave digestion system at 520°C for 48 h. The ash was redissolved in 4 mL sub-boiled
with pressure control (MDS-2000; CEM Corp, Matthews, NC) andHCI and diluted to 25 mL with ultrapure water before analysis
lined digestion vessel perfluoralcoxy copolymere bombs (maxf calcium and iron. For calcium analysis, lanthanum was added
pressure 1.4 X0 Pa, or 14 bars). The digest was evaporated tdo a final concentration of 1%. Iron was analyzed by a standard
dryness under filtered nitrogen gas and dissolved twice in conceaddition technique. Accuracy of the methods was tested by ana-
trated hydrochloric acid before being taken up in 5 mol HCI/L. Ironlyzing 2 standard reference materials: Whole Meal Flour (BCR
was separated from matrix elements by anion-exchange chreo. 189; Community Bureau of References, Brussels) and Total
matography using disposable plastic columns for gravity flonDiet (no. 1548; National Institute of Standards and Technology,
(Poly-Prep column, bed volume 2 mL; Bio-Rad Laboratories, GlatGaithersburg, MD). Ascorbic acid was measured by electro-
tbrugg, Switzerland) prefilled with anion exchange resin (AG1-X8 metric titration with 2,6-dichlorophenol indophenol (10, 11)
200-400 mesh, Cl-form; Bio-Rad Laboratories). Columns wereand phytic acid content was determined by the HPLC technique
rinsed with 50 mL of 2 mol HNGL and reconditioned with 80 mL  of Sandberg and Ahderinne (12). Energy content was measured
of 1 mol HCI/L before use. The columns were washed with 25 mlby bomb calorimetry.
of 5 mol HCI/L after sample loading. Iron was eluted with 15 mL
of 0.5 mol HNQ/L, evaporated to dryness, and dissolved in 1 ML gtatistics
concentrated HCI before being taken up in 5 mol HCI/L for a sec- o . ) ) o .
ond passage through the ion-exchange column. Total iron was The statistical analysis of iron b_loavallabl_llty in the 2 studies
determined by AAS. Samples were evaporated to dryness aﬂ@s done by crossover anaIyS|§ with gnalys.,ls o.f.varlance accord-
redissolved in 0.1 mol HNgL to a final iron concentration of 0.05 N9 t0 Senn (13). Values for iron bioavailability were loga-
mol/L. To check for sample contamination during processing,”thm'ca”y transforme_d before statistical analysis. Results are
blanks were prepared by usiff§e-enriched samples. presented as geometric means and ranges.

Iron isotope ratios were measured by using a thermal ioniza-
tion quadrupole mass spectrometer (model THQ; Finnigan
MAT) as described previously (7). Accuracy of the isotope ratigRESULTS
measurements was verified by analysis of Fef\(Merck) as Stable-isotope labels

a standard for natural isotopic composition. Relative accuracy ) . .
of the 54Fe56Fe 57Fe5fFe and®®FeSFe ratios was within 1% The iron contents of*[Fe]ferrous fumarate and’Felferric

(study 1) and 3% (study 2) of the accepted absolute iron isotopfy"OPhosphate were 34.5% and 20.2%, respectively. Equivalent
composition determined by the Central Bureau for NucleafOMmmercial iron compounds analyzed in parallel contained
Measurements, Geel, Belgium (8). Relative external precisiorp>-6% Fe and 22.2% Fe. The isotopic composition of the
was 0.3%, 0.2%, and 0.5% in studyri=( 11) and 0.5%, 0.2% labeled compounds was identical to the isotopic composition of

157
and 1.1% in study 2 (5 12) for theS*Fe5tFe, FeSoFe, and  the metallic’Fe. o
s8FeS%Fe ratios. Isotope ratios of baseline blood samples were Solubility qf the Iabele_o_l compounds was S|m|Ie_1r to that found
not significantly different from ratios of iron standards and rel-for commercial iron fortificants. Iron fumarate dissolved com-

ative external precision was comparable with that obtained frorf!€t€ly in 0.06 mol HCI/L after 20 min whereas the solubility of
analysis of iron standards. iron pyrophosphate was only 7-8% after 180 min.

All acids used during analysis of iron and calcium as well as fog5g analysis

preparation of iron samples for mass spectrometric analysis were . )
purified by sub-boiling in a quartz still (Kirner Analysentechnik, 1he Wheat and soy infant cereal used for the preparation of the

Rosenheim, Germany). Other chemicals were analytic gradiPeled test meals contained 0.50 (study 1) or 0.36 (study 2) mg

purity. Only ultrapure water (18 ) was used. To minimize con- native Fe, 67.5 (study 1) or 61.5 (study 2) mg Ca, 46 (study 1) or
tamination with vessel materials, only acid-washed quartz, polyte20 (Study 2) mg phytic acid, and 465 kJ/serving (25 g dry mate-
trafluoroethylene, and polyethylene containers were used. rial). No ascorbic acid was detected in th'e. cereallproducts..The
cereal products used for the acceptability testing contained
) ) ) o 2.9-3.4 mg Fe, 62.5-70.5 mg Ca, and 23.1-24.1 mg ascorbic
Calculation of iron bioavailability acid/25 g dry material.
The amount of’Fe incorporated into erythrocytes 14 d after
administration of the labeled test meals was calculated on th
basis of the shift in iron isotope ratios in blood samples and Fourteen boys and 6 girls aged 6-12 mo and weighing
the total amount of circulating iron in the body as described ir6.8—-11.4 kg participated in the 2 studies. At the start of the study,
detail previously (7). Circulating iron was estimated from individual hemoglobin concentrations ranged from 97 to 138 g/L.
blood volume and hemoglobin concentration. Blood volumeSix infants were anemic (hemoglobin < 110 g/L). Plasma ferritin
calculations were based on body weight and the assumption @fas in the range of 6-95g/L; 2 infants had plasma ferritin con-
65 mL blood/kg body wt (9). For calculations of iron bioavail- centrations below the detection limit of jig/L (Table 1 and
ability, 90% incorporation of newly absorbed iron into ery- Table 2). The infants consume& ¢ SD) 97.6+ 0.8% of the

throcytes was assumed. labeled test meals during study 1 and ¥7M7% during study 2.

Ié"nfant characteristics
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TABLE 1
Individual data on iron status and iron bioavailability in the infants in study 1

Iron bioavailability

Subject Hemoglobin Ferritin Ferric pyrophosphate Ferrous fumarate
g/L uo/L %
1 113 12 2.6 12.0
2 109 14 1.0 3.8
3 124 95 <0.66 1.7
4 138 29 14 1.8
5 115 37 <0.66 10.9
6 118 6 1.2 14.7
7 116 13 2.7 6.9
8 101 28 15 1.7
9 123 37 0.7 2.6
10 123 59 0.7 2.0
Geometric mean — — 1.3 4.1
+1 SD — — 2.2 9.9
—-1SD — — 0.8 17

1Significantly different from ferric pyrophosphat< 0.008.

Iron bioavailability fortification level, and the bioavailability of the iron compound.
Individual data for iron bioavailability are given in Tables 1 One of the main positive determinants of iron stores in 8-mo-old
British infants was shown to be consumption of commercial

and 2. In study 1, iron bioavailability was significantly higher . . ; X
from [*'Fe]ferrous fumarate (geometric mean: 4.1%: range.baby foods (16). Although no detailed information was given

1.7-14.7%) than fromS[Fe]ferric pyrophosphate (geometric about the composition of the products consumed by the infants
mean: 1.3%; range: 0.7—2.7%:= 8, P = 0.008). The mean dif- in that study, it can be assumed that they contained added iron

ference in iron bioavailability was 212% (ferrous fumarate com-2nd ascorbic acid. A study in Chile showed that iron-fortified

pared with ferric pyrophosphate; 95% CI: 52%, 539%). Becausg],fant rice cerea.I (550 mg elemeqtal Fe/ll<g. dry produgt) con-
tributed substantially to preventing iron deficiency anemia when

of the more pronounced variation in the results in study 2 com L - . .

pared with our earlier data (6), we were not able to detect an d together with infant formylg containing ascorbic acid (17).

significant change in iron bioavailability after doubling the [TOWEVEr these_results are dlf‘_flcult to extrapolate to the no_rma_l
Haedlng pattern in most countries because cereal consumption in

ascorbic acid content of the test meal. Geometric mean iro : . - -
bioavailability was 3.4% (range: 1.9-6.6%) and 4.2% (range.the cited studies was considerably higher than usually observed.

1.2-18.7%n =9, P = 0.31) from the test meals with 25 and 50 mgA recent study in Honduras indicated that the introduction of
ascorbic acid added, respectively. Erythrocyte incorporation walon-fortified complementary foods containing ferrous sulfate
below the detection limit for iron bioavailability calculations (°C #0 Fe/g wet product) is beneficial for iron nutrition in

(<0.66%) in 2 infants after intake ofFelferric pyrophosphate breast-fed infants (18). However, although infants fed iron-forti-

(study 1) and in 1 infant after intake of the test meals with 25 m jed foods had significantly higher iron intakes, hematocrit, and
ascorbic acid/serving (study 2). Data from these infants wer emoglobin and serum ferritin concentrations than did the exclu-

excluded from the statistical analysis. A sensitivity analysis>Vely breast-fed infants at 6 mo of age, the introduction of iron-

replacing values below the detection limit with the value O.33%fortified foods was not sufficient to prevent anemia in all of the

did not change the results. study inf_an_ts. . . . - .
Very limited information on the bioavailability of different

iron compounds in infants has been reported and no data on the

DISCUSSION bioavailability of iron from ferric pyrophosphate or ferrous

Infants are nutritionally vulnerable during the weaning fumarate have been available until now. In the present study, we
process, when human milk or infant formula is graduallymeasured iron bioavailability in healthy infants from these 2 iron
replaced by semisolid foods. Iron nutrition during the weaningfortificants added to an infant cereal. Special care was taken to
period is of particular concern because the timing of the introensure that the characteristics of the labeled iron compounds
duction of weaning foods usually coincides with increased irorwere comparable with commercial equivalents added to infant
requirements due to rapid growth a8=6 mo of age (14). Thus, cereals to be able to extrapolate our results to iron bioavailabil-
it is very important to ensure adequate quantities of bioavailablgy from commercial iron-fortified infant cereals. The fortifica-
iron in weanlings’ diets (15). Cereal is often one of the first foodgion level of the cereals used in this study was similar to that of
given to infants in both industrialized and developing countriesindustrially manufactured products, ie, 10 mg Fe/100 g dry prod-
Industrially produced infant cereals provide an excellent vehicleict. The results from the present study clearly show that iron
for targeted food fortification of infants and young children in bioavailability from the alternative iron compound, ferrous
societies in which the cost of these foods doedimitttheir use.  fumarate, which is soluble in dilute acid, is significantly higher
The effect of iron-fortified infant cereals on irantrition depends than that from the commonly used compound, ferric pyrophos-
on the composition of the product, the quantity consumed, thehate. Bioavailability from a soluble iron compound, ferrous
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TABLE 2
Individual data on iron status and iron bioavailability in the infants in stldy 2

Iron bioavailability

Subject Hemoglobin Ferritin 25 mg ascorbic acid 50 mg ascorbic acid
g/L uo/L %
11 119 8 21 1.9
12 125 58 1.9 2.9
13 104 <5 4.0 18.7
14 97 23 4.0 1.2
15 131 20 <0.66 4.2
16 112 23 3.4 2.6
17 137 <5 3.8 6.4
18 97 10 5.6 10.6
19 106 47 2.0 45
20 115 9 6.6 3.8
Geometric mean — — 3.4 4.2
+1 SD — — 5.3 9.3
—-1SD — — 2.2 1.9

LIn this study, all infants were fed cereal fortified with ferrous fumarate. There was no significant difference in mean iron bioavailability between groups.

sulfate, is usually used as a reference in studies in which The results of the present study show that intake of one serv-
bioavailability from different iron compounds is evaluated.ing of an infant cereal fortified with ferric pyrophosphate or fer-
Although no direct comparison with ferrous sulfate was includedous fumarate would provide a mean of 32.5 compared with
in the present study, the results of our previous study in health02.5 g bioavailable Fe, equivalent to 4.3% and 14%, respec-
infants (19) indicated that iron bioavailability from ferrous sul- tively, of the estimated daily requirement of absorbed iron in
fate added to a similar wheat and soy cereal was in the sanm&fants aged 4-12 mo (0.75 mg/d) (24). The energy content per
range (<0.9-9.1% = 6) as that from the test meals labeled with serving (465 kJ) would contribute13% of the average energy
ferrous fumarate used in the present study. allowance for infants aged 6-12 mo (25). Thus, the amount of
Iron bioavailability from iron fortification compounds depends bioavailable iron supplied by the infant cereal fortified with fer-
not only on the characteristics of the compounds per se but als@ pyrophosphate is limited and products fortified with this iron
on the overall composition of the diet. The infant cereal used itompound may not be expected to have any major effect on iron
this study was based on white-wheat flour and soy and containeuitrition. When ferrous fumarate was used as the iron fortificant,
moderate amounts of phytic acid, a strong inhibitor of ironthe cereal provided a balanced amount of bioavailable iron rela-
absorption in infants (6). In this study, ample amounts of ascortive to the energy content. These results show that infant cereals
bic acid, a potent enhancer of iron absorption in infants (6, 20)with relatively low phytic acid content, in combination with suf-
were added to all test meals, resulting in molar ratios of 3.2:1 téicient amounts of added ascorbic acid, can provide adequate
6.3:1 relative to added iron. Earlier studies of iron absorptiomuantities of iron to rapidly growing infants, provided that an
from infant cereals fortified with ferrous sulfate in adult womeniron fortificant with high relative bioavailability is added. ]
showed significant increases in iron absorption after addition of
ascorbic acid. Derman et al (21) reported that mean iron absorp- We thank HW Loh (Dr Paul Lohmann GmbH KG) for his assistance dur-
tion was increased 3.7- and 6.2-fold by the addition of ascorbithd the preparation of the labeled iron compounds, Jennifer Clough and Mario
acid at molar ratios of 1.1:1 and 2.4:1 relative to added iron\/igo for ex'pert technical assistanc'el, an'd Marcel .Baumgartner fgr the statis.ti-
respectively. In a study of iron bioavailability in infants, we cal analys_ls of the data. The participation of all infants and their mothers in
. ; . . - the study is gratefully acknowledged.
reported relatively high mean iron bioavailability&.5 %) from
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