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Iron-Fortified vs Low-Iron Infant Formula

Developmental Outcome at 10 Years
Betsy Lozoff, MD; Marcela Castillo, PhD; Katy M. Clark, MA; Julia B. Smith, EdD

Objective: To assess long-term developmental out-
come in children who received iron-fortified or low-
iron formula.

Design: Follow-up at 10 years of a randomized con-
trolled trial (1991-1994) of 2 levels of formula iron. Ex-
aminers were masked to group assignment.

Setting: Urban areas around Santiago, Chile.

Participants: The original study enrolled healthy, full-
term infants in community clinics; 835 completed the trial.
At 10 years, 473 were assessed (56.6%).

Intervention: Iron-fortified (mean, 12.7 mg/L) or low-
iron (mean, 2.3 mg/L) formula from 6 to 12 months.

Main Outcome Measures: We measured IQ, spatial
memory, arithmetic achievement, visual-motor integra-
tion, visual perception, and motor functioning. We used
covaried regression to compare iron-fortified and low-
iron groups and considered hemoglobin level before
randomization and sensitivity analyses to identify
6-month hemoglobin levels at which groups diverged in
outcome.

Results: Compared with the low-iron group, the iron-
fortifiedgroupscored loweronevery10-yearoutcome(sig-
nificant for spatial memory and visual-motor integration;
suggestive for IQ, arithmetic achievement, visual percep-
tion, and motor coordination; 1.4-4.6 points lower; effect
sizes, 0.13-0.21). Children with high 6-month hemoglo-
bin levels (�12.8 g/dL [to convert to grams per liter, mul-
tiply by 10]) showed poorer outcome on these measures if
theyreceivediron-fortifiedformula(10.7-19.3points lower;
large effect sizes, 0.85-1.36); those with low hemoglobin
levels (�10.5g/dL)showedbetteroutcome(2.6-4.5points
higher; small but significant effects, 0.22-0.36). High he-
moglobin levels represented5.5%of thesample(n=26)and
low hemoglobin levels represented 18.4% (n=87).

Conclusion: Long-term development may be adversely
affected in infants with high hemoglobin levels who re-
ceive 12.7 mg/L of iron-fortified formula. Optimal
amounts of iron in infant formula warrant further study.

Trial Registration: clinicaltrials.gov Identifier:
NCT01166451
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T HE HIGH PREVALENCE OF

iron deficiency in infancy
has led to routine iron for-
tification of infant formula
and foods in many coun-

tries. These interventions help reduce iron-
deficiency anemia and iron deficiency with-
out anemia. However, the optimal amount
of iron in such products, especially infant
formula, is debated.1,2 For instance, infant
formula in Europe typically contains
lower amounts of iron than in the United
States (approximately 4-7 mg/L compared

with 12-13 mg/L).1,3 Concerns have been
raised about providing iron to iron-suffi-
cient infants, including poorer growth and
increased morbidity.4 We have not ob-

served such effects,5 but it is reasonable to
wonder whether there might be risks to
the developing brain. We had the oppor-
tunity to examine this question as part of a
longitudinal study of the developmental
and behavioral effects of preventing iron-
deficiency anemia in infancy.

We report a comparison of developmen-
tal outcome at 10 years in Chilean chil-
dren who, as infants, received formula for-
tified at the level used in the United States
or low-iron formula in a double-blind ran-
domized clinical trial (RCT).6 The low-
iron group was reassessed for the first time
at 10 years, making it possible to compare
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long-term developmental outcome after receiving high- vs
low-iron formula. Given recent concern about giving iron
to iron-sufficient infants, we also analyzed the 10-year re-
sults based on 6-month hemoglobin level, which was the
only indicator of iron status on enrollment in infancy avail-
able for the entire sample.

METHODS

SUMMARY OF INFANCY RCT

The RCT was undertaken in Chile during a period when infant
iron deficiency was widespread and there was no national pro-
gram of iron fortification. According to data available at the time,
mixed feeding with powdered cow milk and breast milk was the
norm, with weaning from the breast by approximately 6 months
of age.6 The study was therefore designed to use infant formula
as the supplementation vehicle, randomizing infants at 6 months
of age to formula with or without iron. However, formula with-
out iron was no longer commercially available, and the study
started using low-iron instead of no-iron formula. Infants were
randomly assigned to iron-fortified or low-iron formula during
the initial period of enrollment (September 1991–August 1994).
To avoid interference with breastfeeding, we enrolled infants tak-
ing at least 250 mL/d of cow milk or formula. (In the last years
of enrollment [August 1994–August 1996], this criterion was
dropped because of the success of breastfeeding campaigns in
Chile, low-iron formula was no longer used, and a no-added-
iron condition was included as originally planned.7)

All infants were born at term of uncomplicated vaginal births,
weighed 3.0 kg or more, and were free of acute or chronic health
problems. At approximately 6 months of age, infants received a
screening capillary hemoglobin determination to avoid random-
izing those with iron-deficiency anemia. Infants with a low he-
moglobin level (�10.3 g/dL [to convert to grams per liter, mul-
tiply by 10]) and the next nonanemic infant received a
venipuncture. The few infants with iron-deficiency anemia con-
firmed on a venous blood sample were excluded and given iron
therapy.8-11 Anemia at 6 months of age was defined as a venous
hemoglobin level of 10.0 g/dL or less. Iron deficiency was de-
fined as 2 or more abnormal iron measures (mean corpuscular
volume, �70 µm3 [to convert to femtoliters, multiply by 10]; free
erythrocyte protoporphyrin, �100 µg/dL [to convert to micro-
moles per liter, multiply by 0.0178]; and serum ferritin, �12 ng/mL
[to convert to picomoles per liter, multiply by 2.247]).6 All other
infants were randomized to receive the study-provided formula
between 6 and 12 months of age; the only measure of iron status
available for all infants before randomization was capillary he-
moglobin level. All infants received a venipuncture at 12 months
to determine iron status at study conclusion. The cutoff for ane-
mia was a hemoglobin level of 11.0 g/dL; the definition of iron
deficiency was the same as at 6 months. The article by Walter et
al6 provides a full description of the RCT of high- vs low-iron for-
mula.

RANDOMIZATION

Infants were randomly assigned at 6 months to receive iron-
fortified formula (mean, 12.7 mg/L) or low-iron formula (mean,
2.3 mg/L). Formulas were distributed in powdered form in iden-
tical cans that differed only in a number on the label (2 numbers
each for iron-fortified and low-iron formula). Study personnel gave
participating infants the next available formula number on a pre-
determined, randomly generated list (computer-generated by proj-
ect statistician). Formula consumption and breastfeeding were
recorded at weekly home visits. The RCT was double-blind, with

families and project personnel unaware of whether the infant re-
ceived iron-fortified or low-iron formula.

A total of 1120 infants were randomized; 835 completed the
RCT and had a venous blood sample at 12 months: 405 in the
low-iron group and 430 in the iron-fortified group (see Figure1
for study design and flowchart of the children’s involvement).
As reported, there were no statistically significant group dif-
ferences in attrition, background characteristics, initial hemo-
globin level, formula intake, developmental outcome, or growth
before, during, and at the conclusion of the RCT.6,7 Iron defi-
ciency without anemia was more common among infants in the
low-iron group (35.2% vs 17.2% in the iron-fortified group,
P� .001), but the prevalence of iron-deficiency anemia was simi-
lar in the 2 groups (3.8% vs 2.8%, P=.35).6

10-YEAR FOLLOW-UP

Written informed consent was obtained from the parents and as-
sent fromthechildren.Thestudywasapprovedbytheinstitutional
reviewboardsoftheUniversityofMichiganandUniversityofChile.

Iron Status

At 10 years, cutoffs for age in the National Health and Nutri-
tion Examination Survey III analyses were used to classify chil-

1250 Assessed for eligibility

130 Excluded
71
30
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Declined to participate
Iron-deficient anemic infants
disqualified and invited to
participate in another study
Nonanemic infants (controls)
disqualified and invited to 
participate in another study

1120 Randomly assigned at 
6 months to formula

576 Allocated to iron-fortified
formula (12.7 mg/L)
430

146

Received iron-fortified 
formula
Did not receive iron-fortified
formula as planned due to
household moves or 
protocol nonadherence

177 Lost to follow-up by 10 years
or declined
132
27

9
4
5

Household moves
Declined because not
interested or parental
work schedule conflict
Unable to locate
Used in pilot testing
Other reasons

244

9

Of 430 (56.7%) assessed and
analyzed at 10 years
Excluded from analysis due to
incomplete data

544 Allocated to low-iron formula
(2.3 mg/L)
405
139

Received low-iron formula
Did not receive low-iron
formula as planned due
to household moves or
protocol nonadherence

405 Of 544 (74.4%) completed
RCT at 12 months

171 Lost to follow-up by 10 years
or declined
114
33

15
8
1

Household moves
Declined because not
interested or parental
work schedule confict
Unable to locate
Used in pilot testing
Child died

229

5

Of 405 (56.5%) assessed and
analyzed at 10 years
Excluded from analysis due
to incomplete data

430 Of 576 (74.7%) completed RCT
at 12 months

Figure 1. Flowchart of children’s participation in the study. RCT indicates
randomized controlled trial.
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dren as having iron deficiency (�2 abnormal measures) or iron-
deficiency anemia (low hemoglobin level as well): hemoglobin
level less than 11.8 g/dL; mean cell volume, less than 76 µm3;
transferrin saturation, less than 14%; free erythrocyte proto-
porphyrin level, greater than 70 µg/dL; and serum ferritin level,
less than 12 ng/mL.12

Developmental Outcomes

Measures with standardized scores in the 10-year follow-up in-
cluded an abbreviated Wechsler Intelligence Scale for Chil-
dren as an overall measure of IQ,13 the spatial memory subtest
of the Kaufman Assessment Battery for Children,14 the Wide
Range Achievement Test–Revised as a screening measure of
arithmetic achievement,15 the Beery-Buktenica Developmen-
tal Test of Visual-Motor Integration (VMI)16 along with supple-
mental tests of visual perception and motor coordination,16 and
the Bruininks-Oseretsky Test of Motor Proficiency, short form,
as a brief survey of general motor proficiency.17 All are widely
used and normalized, generally to a mean (SD) of100 (15). Scor-
ing was according to test manuals.

STATISTICAL ANALYSIS

Background differences between groups (iron-fortified vs low-
iron formula) were tested with t tests or �2 tests. Group differ-
ences in 10-year developmental outcome were tested using co-
varied regression analysis. To consider the role of initial
hemoglobin level (possibly a proxy for iron status), we used
multiple regression to test for interactions between 6-month
hemoglobin level (venous where available, otherwise capil-
lary) and formula group on developmental outcome at 10 years.
Potential covariates were factors that correlated with out-
come, namely, sex, mother’s IQ, gestational age, and Home Ob-
servation for Measurement of the Environment (HOME) score
in infancy. Forward procedures were used to remove nonsig-
nificant covariates, although any that were significant for one
outcome were included in all analyses. We examined sugges-
tive (P� .10) and significant (P� .05) interactions to look for
patterns across the various outcome measures. For those mea-
sures that showed a significant or suggestive interaction, we
analyzed the pattern of differences using multiple cross-
sectional comparisons. Because there was no prior literature
to guide a choice of cutoffs for high and low hemoglobin lev-
els, we used sensitivity analysis to empirically identify hemo-
globin concentrations that showed diverging outcomes be-
tween groups (ie, we analyzed test score differences for
hemoglobin concentrations in 5.0-g/dL intervals to determine
where the estimated slopes differed significantly between for-
mula groups [P� .05]). The test for significance was a t test
on regression parameters for independent samples.18 For he-
moglobin concentrations in which the slopes diverged on a given
test, we tested the significance of test score differences using
covaried regression analysis and calculated 95% CIs. Post hoc
comparisons used the Bonferroni method to adjust the � level
for multiple comparisons. One of us (J.B.S.) conducted the analy-
ses using SPSS for Windows, version 16.0 (SPSS Inc, Chicago,
Illinois).

RESULTS

SAMPLE AT 10 YEARS

At 10 years, 244 (56.7%) of the iron-fortified and 229
(56.5%) of the low-iron groups were reassessed (Figure 1).
No group differences were found in attrition (�2=0.003,

P=.95). The most common reason was moving outside
the area (132 [30.7%] and 114 [28.1%] for the iron-
fortified and low-iron groups, respectively), followed by
refusal (27 [6.3%] and 33 [8.1%], respectively). Chil-
dren who were assessed at 10 years were generally simi-
lar in infancy background characteristics to those not as-
sessed. However, children with 10-year data had families
with slightly higher mean (SD) socioeconomic status (so-
cial class index,28.9 [0.3] vs 27.7 [0.3]; t1,816=2.67;
P=.008) and higher mean (SD) developmental test scores
at 12 months (Bayley mental scores, 104.4 [0.6] vs 102.0
[0.7]; t1,828=−2.70; P=.007; Bayley motor scores, 97.7 [0.7]
vs 94.2 [0.8]; t1,828=−3.40; P=.001).

Children assessed at 10 years who received iron-
fortified or low-iron formula as infants were similar in
background characteristics, whether determined in in-
fancy or at 10 years (Table 1). Developmental test scores
were similar at the conclusion of the RCT. The only sta-
tistically significant differences were more daily for-
mula intake in the low-iron group (approximately 54 mL
more) and poorer iron status (Table 1). The differences
in iron status had been observed in the complete RCT
sample, but higher formula intake had not.6

IRON STATUS AT 10 YEARS
IN IRON-FORTIFIED vs LOW-IRON GROUPS

No statistically significant group differences were found
in iron status at 10 years (Table 1). Only 1 child had iron-
deficiency anemia; 9 infants (4.1%) in the low-iron and
17 (6.9%) in the iron-fortified group met criteria for iron
deficiency (�2=1.79, P=.41).

DEVELOPMENTAL OUTCOMES
IN IRON-FORTIFIED vs LOW-IRON GROUPS

Table 2 gives the 10-year test score results, controlling
for sex and gestational age—the only background fac-
tors that correlated with outcome and remained signifi-
cant in models. Of the 7 tests, 2 showed statistically sig-
nificant lower scores in the iron-fortified vs low-iron group
(spatial memory and VMI) and 4 showed suggestive trends
(IQ, visual perception, motor coordination, and arith-
metic achievement). The test score differences ranged from
1.4 to 4.6 points, with effect sizes of 0.13 to 0.21.

OUTCOMES DEPENDING ON 6-MONTH
HEMOGLOBIN LEVEL AND FORMULA GROUP

We further examined outcome in relation to hemoglo-
bin level at randomization and formula group, using mul-
tiple linear regression to test these main effects and their
interaction, controlling for sex and gestational age. The
interaction was statistically significant for IQ, spatial
memory, and VMI and suggestive for motor coordina-
tion. On the basis of these interactions, we conducted sub-
group analyses by hemoglobin level. The pattern was that
children with the highest 6-month hemoglobin levels had
lower 10-year scores in the iron-fortified formula group,
whereas those with the lowest 6-month hemoglobin lev-
els had higher scores (Figure 2). Further sensitivity
analyses (Table 3) showed a significant test score dis-
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advantage on all but 1 measure (visual perception) for
iron-fortified formula at hemoglobin concentrations
greater than 12.8 g/dL (95% CI, 12.7-12.9 g/dL); 26 in-

fants (5.5%) in the sample had hemoglobin concentra-
tions above this level, which was 1.87 SDs above the
sample mean. Hemoglobin concentrations ranged from

Table 1. Sample Characteristicsa

Characteristic Iron-Fortified Formula (n=244)b Low-Iron Formula (n=229)b

Child characteristics at infancy
Male sex 125 (51.2) 127 (55.5)
Gestational age, wk 39.4 (0.07) 39.5 (0.06)
Birth weight, g 3511.3 (22.4) 3524.7 (23.7)
Weight-for-age z score

6 mo 0.36 (0.06) 0.38 (0.05)
12 mo −0.09 (0.06) −0.15 (0.06)

Height-for-age z score
6 mo 0.10 (0.05) 0.09 (0.05)
12 mo −0.14 (0.06) −0.16 (0.05)

Head circumference, cm
6 mo 43.8 (0.8) 43.6 (0.7)
12 mo 46.9 (0.9) 46.7 (0.8)

Hemoglobin, g/dL
6 moc 11.2 (0.06) 11.3 (0.06)
12 mo 12.4 (00.6) 12.3 (0.06)

Mean cell volume at 12 mo, µm3d 74.7 (0.2) 73.2 (0.3)
Ferritin at 12 mo, ng/mLd 14.1 (0.6) 10.3 (0.6)
Free erythrocyte protoporphyrin level at 12 mo, µg/dLd 94.3 (1.7) 107.0 (2.5)
Age at first bottle, mo 2.2 (0.1) 2.2 (0.1)
Still breastfed at 12 mo 45 (18.4) 52 (22.7)
Age at weaning if weaned, mo 4.6 (0.2) 4.6 (0.2)
Formula intake, mL/dd 609.9 (12.1) 664.5 (12.3)

12-mo Bayley mental test scores 105.2 (0.8) 103.7 (0.8)
12-mo Bayley motor test scores 97.9 (0.9) 97.5 (1.0)

Family characteristics at infancy
Maternal education, y 9.4 (0.2) 9.2 (0.2)
Paternal education, y 8.6 (0.2) 8.4 (0.2)
Father present 201 (83.1) 184 (81.8)
No. of children for mother 2.2 (0.1) 2.1 (0.1)
Maternal IQe 84.4 (0.7) 84.0 (0.7)
Maternal depressionf 16.8 (0.8) 16.3 (0.8)
Maternal smoking in infancy 47 (20.9) 42 (17.4)
Social class indexg 27.3 (0.4) 28.1 (0.5)
Life stressh 4.5 (0.2) 4.7 (0.2)
Home environmenth 30.5 (0.3) 30.7 (0.3)

Child characteristics at 10 y
Age at testing, y 10.0 (0.0) 10.0 (0.0)
Male sex 129 (50.2) 130 (53.7)
Weight-for-age z score 0.42 (0.06) 0.37 (0.06)
Height-for-age z score −0.06 (0.06) −0.12 (0.06)
Body mass index 19.3 (0.2) 18.9 (0.2)
Head circumference, cm 54.3 (0.1) 54.2 (0.1)
Hemoglobin, g/dL 13.7 (0.05) 13.8 (0.05)
Mean cell volume, µm3 82.0 (0.2) 82.3 (0.2)
Transferrin saturation, % 27.3 (9.0) 25.9 (9.1)
Ferritin, ng/mL 30.1 (0.9) 29.1 (0.9)
Free erythrocyte protoporphyrin, µg/dL 56.5 (1.4) 56.2 (1.1)

Family characteristics at 10 y
Maternal education, y 9.8 (0.2) 9.5 (0.2)
Paternal education, y 9.8 (0.2) 9.8 (0.2)
Father present 182 (71.4) 170 (70.2)
Maternal depressionf 18.6 (0.9) 19.8 (0.9)
Social class indexg 23.8 (0.4) 24.7 (0.4)
Life stressh 5.1 (0.2) 5.1 (0.2)
Home environmenti 36.8 (0.5) 36.9 (0.5)

SI conversion factors: To convert hemoglobin to grams per liter, multiply by 10; mean corpuscular volume to femtoliters, multiply by 10; ferritin to picomoles
per liter, multiply by 2.247; and free erythrocyte protoporphyrin to micromoles per liter, multiply by 0.0178.

aData are given as mean (SE) for continuous variables and numbers (percentages) for categorical variables.
bSample sizes vary slightly because of occasional missing data for some measures.
cHemaCue at 6 months.
dThe only statistically significant group differences were iron status measures in infancy by design and mean daily formula intake in infancy (low-iron group

consumed approximately 54 mL more per day, t1,471=3.16, P=.002).
eMeasured by a short form of the Wechsler Adult Intelligence Scale-Revised.19

fMeasured by Center for Epidemiologic Studies Depression Scale.20

gMeasured by the Graffar scale, designed to differentiate families at the lower end of the socioeconomic spectrum21; higher values indicate lower social class.
hMeasured by a scale modified from the Social Readjustment Rating Scale.22

iMeasured by the Home Observation for Measurement of the Environment–Revised.23
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12.9 to 14.0 g/dL in this subgroup (mean [SD],13.2 [0.5]
g/dL). At hemoglobin concentrations less than 10.5 g/dL
(95% CI, 10.4-10.6 g/dL), the advantage for iron-
fortified formula was statistically significant for spatial
memory and VMI and suggestive for IQ, visual percep-
tion, and motor coordination; 87 infants (18.4%) had he-
moglobin concentrations below this level. Effect sizes were
large (�0.80),24 as were test score differences (10.7-
19.3 points), for high hemoglobin level and small (�0.20

effect sizes, 2.6- to 4.5-point differences in test scores)
for low hemoglobin level (Table 3). To illustrate the dif-
ferences for high hemoglobin level, mean (SD) IQ scores
in the iron-fortified formula subgroup averaged 82.4 (4.1)
vs 95.3 (3.3) for those in the low-iron formula sub-
group; for VMI, the corresponding values averaged 87.3
(3.5) vs 106.6 (4.4). Significance and pattern of results
were unaffected by excluding outliers (5 highest and low-
est hemoglobin values).
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Figure 2. Developmental outcomes at 10 years and the interaction between 6-month hemoglobin level and iron-fortified vs low-iron infant formula. The
hemoglobin distribution is truncated at the low end by the criterion for anemia at 6 months; 34 capillary hemoglobin values of 10.0 g/dL or less (to convert to
grams per liter, multiply by 10) are not shown because the venous hemoglobin level was higher. The pattern was better outcome with iron-fortified formula for
children with the lowest hemoglobin level and worse outcome for those with the highest hemoglobin level. Cut points of approximately 10.5 g/dL and 12.8 g/dL
were determined empirically by sensitivity analyses; the significance of test score differences was based on covaried regression analysis, controlling for sex and
gestational age. Sample sizes for the high and low hemoglobin level cut points for each test are found in Table 3. *P � .05, †P � .10, and ‡P � .01.

Table 2. Ten-Year Outcomes for Children Who Received Iron-Fortified vs Low-Iron Formula in Infancya

Outcome Iron-Fortified Formula (n=244) Low-Iron Formula (n=229) Effect Size (95% CI)b P Value

IQ, WISC 91.5 (0.9) 93.3 (0.9) −0.13 (−0.25 to −0.01) .06
Spatial memory, KABC subtest 86.8 (1.0) 91.4 (1.0) −0.21 (−0.38 to −0.04) .02
Arithmetic achievement, WRAT-Rc 87.0 (0.8) 88.4 (0.8) −0.10 (−0.19 to −0.01) .07
Visual-motor integration, VMI 97.2 (0.9) 99.8 (1.0) −0.21 (−0.40 to −0.02) .046
Visual perception, VMI supplemental test 90.8 (1.0) 93.0 (1.1) −0.16 (−0.33 to 0.01) .06
Motor coordination, VMI supplemental test 88.7 (0.8) 90.4 (0.8) −0.13 (−0.32 to 0.05) .10
Motor proficiency, Bruininks-Oseretsky short form 44.2 (0.6) 45.1 (0.7) −0.08 (−0.25 to 0.09) .26

Abbreviations: KABC, Kaufman Assessment Battery for Children; VMI, Beery-Buktenica Developmental Test of Visual-Motor Integration; WISC, Wechsler
Intelligence Scale for Children; WRAT-R, Wide Range Achievement Test–Revised.

aData are given as mean (SE) standard scores, controlling for sex and gestational age. The mean (SD) norm is 100 (15) for all tests except motor proficiency,
for which the norm is 50 (10).

bEffect size (95% CI) calculated as score for iron-fortified group minus score for low-iron group divided by overall SD.
cWe initially assessed reading using the WRAT, but because of the phonetic nature of Spanish, scores were extremely high with little variability, and the

measure was dropped.
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FACTORS RELATED TO HIGH 6-MONTH
HEMOGLOBIN LEVEL

We considered preexisting factors that differentiated in-
fants who entered the RCT with high hemoglobin lev-
els. They were disproportionately female (16 [61.5%] vs
208 [46.5%] in the rest of the sample, �2=4.29, P=.04).
A greater proportion of their mothers reported smoking
(34.6% [9 of 26] vs 18.0% [79 of 440] in the rest of the
sample, 7 missing data; �2=8.45, P=.005).

COMMENT

Children who received 12.7 mg/L of iron-fortified for-
mula as infants had lower cognitive and visual-motor
scores at 10 years than those receiving low-iron for-
mula. However, we observed differences only among chil-
dren with the very highest or lowest hemoglobin levels
on entry into the RCT at 6 months. Children with high
hemoglobin levels had lower 10-year test scores if they
received iron-fortified formula, whereas those with low
hemoglobin levels had higher scores. Although the cut
point for high hemoglobin level (12.8 g/dL) was 1.87 SDs
above the mean 6-month hemoglobin level for the Chile
sample and only 26 children (5.5%) were affected, con-
siderably higher proportions of iron-sufficient or iron-
supplemented 6-month-old infants in North America and
Europe have hemoglobin concentrations this high or
higher.25-27

One possible explanation for poorer developmental
outcome in children with high hemoglobin levels in in-
fancy who received iron-fortified formula is that supple-
mental iron in iron-sufficient infants may have adverse

effects on neurodevelopmental outcome. There is some
supporting evidence in a rodent model,28 although the
dose of iron, adjusted for body weight, was higher than
in iron-fortified formula. This explanation presumes that
children in our study with high hemoglobin levels in in-
fancy were iron sufficient. However, high hemoglobin lev-
els can be due to other factors, such as chronic hypoxia.
Without a panel of iron measures for all infants before
randomization, the iron status of those with high hemo-
globin levels in our study is uncertain. Another possible
explanation is that some other factor(s) contributed both
to high hemoglobin levels at 6 months and poorer de-
velopmental outcome. In our sample, there were more
female infants and more maternal smoking among in-
fants with high hemoglobin levels. The higher propor-
tion of female infants seems consistent with numerous
prior studies29 in which female infants had better iron sta-
tus than male infants but appears unlikely to be a factor
contributing to poorer developmental outcome because
there is no indication that female infants are at more de-
velopmental risk than male infants. In contrast, mater-
nal smoking has been associated with poorer develop-
mental outcome in some studies30,31 and can also elevate
infant hemoglobin levels due to chronic mild hy-
poxia.32,33 However, a shared factor explanation re-
quires that the infant brain exposed to that factor must
be more vulnerable to iron. Animal studies confirm in-
teractions between iron and hypoxia-ischemia at the lev-
els of both brain and behavior, but the model was not of
exposure to maternal smoking and iron deficiency pre-
ceded the hypoxic insult.34 Despite the uncertainty about
an explanation, iron is an essential nutrient of which both
too little and too much are problematic. If unneeded iron

Table 3. Differences in 10-Year Outcome Depending on Initial Hemoglobin Level and Iron-Fortified vs Low-Iron Formula

Outcomea

Low Hemoglobin Level at 6 mo High Hemoglobin Level at 6 mo

Hemoglobin
Cut Point,

g/dL No. (%)b

Difference
in Score
(Means)c

Effect Size
(95% CI)d

Hemoglobin
Cut Point,

g/dL No. (%)

Difference
in Score
(Means)

Effect Size
(95% CI)

IQ, WISC 10.7 118 (24.0) 4.5 (89.1 to 93.6) 0.34 (−0.01 to 0.68)e 12.7 26 (5.5) −12.9 (95.3 to 82.4) −0.96 (−1.60 to −0.32)
Spatial memory,

KABC subtest
10.5 87 (17.0) 3.3 (91.2 to 94.6) 0.31 (0.05 to 0.56) 12.7 26 (5.5) −14.6 (104.1 to 89.5) −1.34 (−2.24 to −0.44)

Arithmetic
achievement,
WRAT-R

10.4 47 (9.4) 2.6 (88.1 to 90.8) 0.22 (−0.04 to 0.46) 12.7 26 (5.5) −10.7 (94.7 to 84.0) −0.85 (−1.38 to −0.32)

Visual-motor
integration, VMI

10.5 87 (17.0) 4.1 (93.3 to 97.4) 0.36 (0.10 to 0.63) 12.7 26 (5.5) −19.3 (106.6 to 87.3) −1.36 (−2.00 to −0.73)

Visual perception,
VMI supplemental
test

10.4 47 (9.4) 3.4 (89.1 to 92.5) 0.26 (−0.03 to 0.56)e 13.0 23 (4.9) −17.8 (100.9 to 83.1) −1.08 (−1.85 to −0.31)

Motor coordination,
VMI supplemental
test

10.4 47 (9.4) 3.9 (87.2 to 90.9) 0.29 (−0.02 to 0.60)e 12.7 26 (5.5) −15.0 (100.2 to 85.2) −1.25 (−2.19 to −0.32)

Abbreviations: See footnote to Table 2.
SI conversion factors: To convert hemoglobin to grams per liter, multiply by 10.
aThere were no significant differences on motor proficiency (Bruininks-Oseretsky short form).
bCell sizes vary because the empirically derived cut points vary by test. At the low end, a higher hemoglobin cut point results in a larger cell size (more children

had hemoglobin levels up to that value). At the high end, a higher hemoglobin cut point results in a smaller cell size (fewer children had hemoglobin levels above
the higher cut point).

cScore for iron-fortified group minus score for low-iron group, expressed in points. Means adjusted for gestational age and sex for low-iron and iron-fortified
groups are shown in parentheses.

dEffect size calculated as difference in score divided by overall SD. All differences for high hemoglobin level and for low hemoglobin level are statistically
significant (P� .05) (ie, 95% CI does not include 0).

eSuggestive differences for low hemoglobin level (P� .10).
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were absorbed, the brain might be vulnerable to adverse
effects of excess iron.

In contrast to children with high hemoglobin levels
in infancy, for whom iron status was generally un-
known, our study obtained iron measures on a venous
blood sample for all those with very low capillary hemo-
globin levels. To enter the preventive trial, the venous
hemoglobin level had to be above 10.0 g/dL, and thus
no infant in this report met the study criteria for iron-
deficiency anemia. However, most infants with low he-
moglobin levels were iron deficient, and some would have
met criteria for iron-deficiency anemia with a less strin-
gent cutoff for anemia at 6 months. Long-term develop-
mental outcome was better when these children re-
ceived iron-fortified formula, pointing to cognitive and
visual-motor benefits of iron in iron-deficient infants.

It might appear paradoxical that developmental ben-
efits of iron supplementation were reported in the full
study in infancy7 but adverse outcomes were reported at
10 years with iron-fortified formula. However, social-
emotional outcomes showed the biggest benefits from iron
supplementation in the infancy trial. No global test score
differences were found in the overall infancy study, and
the cognitive and motor benefits were subtle (ie, shorter
looking time on a measure of information processing speed
and a few days earlier in the age of crawling). As well,
the comparison groups in the complicated full infant study
are not the same as those reported here. This analysis fo-
cused on the simple RCT of iron-fortified vs low-iron for-
mulas in the early years of the infancy study.

Our findings cannot be compared with other studies be-
cause there are none comparable. The results must be rep-
licated, and no change in practice should result from a single
study. Iron deficiency was widespread in Chile at the time,
and results might not be the same in settings where ma-
ternal iron deficiency during pregnancy and iron defi-
ciency in infancy are less widespread. Furthermore, many
infants had been fed breast milk and unmodified cow milk
before 6 months, but mixed feeding with infant formula,
as in North America, Europe, and other areas, might have
different effects. Our study cannot determine whether iron
in different forms has different effects because both for-
mulas contained iron as ferrous sulfate.

A major study limitation is the small number of chil-
dren with hemoglobin levels at the extreme high end, with
comparisons involving only 11 to 13 children per for-
mula group. Furthermore, there are cautions about sub-
group analyses of RCTs,35 even if cell size is not a prob-
lem. The study is also limited by high attrition (25%
between 6 and 12 months of age and 43% between 12
months and 10 years of age), although there was no dif-
ferential attrition related to formula group and only mi-
nor differences comparing those lost to follow-up to those
assessed. Other limitations are that hemoglobin level was
the only iron measure for all infants before randomiza-
tion, and randomization was not stratified by iron sta-
tus. We have no data on maternal smoking at 10 years
or smoking habits of other household members at any
point; exposure could affect long-term outcome.

If our results are replicated, there might be several im-
plications. Hemoglobin levels (and/or other measures of
iron status) might need to be tested in early infancy be-

fore iron supplementation. The recommendations of uni-
versal iron supplementation might need reconsidera-
tion. In any case, the optimal level of iron in infant formula
warrants further study to avoid giving more iron than in-
fants need.

In conclusion, this study indicates poorer long-term
developmental outcome in infants with high hemoglo-
bin concentrations who received formula fortified with
iron at levels currently used in the United States. Most
infants showed no developmental effects of iron-
fortified formula, and those with low hemoglobin levels
in infancy had higher 10-year test scores if they received
iron-fortified formula.
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