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Randomized Controlled Trial of Iron-Fortified versus Low-Iron
Infant Formula: Developmental Outcomes at 16 Years
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Objectives To test differences in cognitive outcomes among adolescents randomly assigned previously as
infants to iron-fortified formula or low-iron formula as part of an iron deficiency anemia prevention trial.
Study design Infants were recruited from community clinics in low- tomiddle-income neighborhoods in Santiago,
Chile. Entrance criteria included term, singleton infants; birth weight of ³3.0 kg; and no major congenital anomalies,
perinatal complications, phototherapy, hospitalization >5 days, chronic illness, or iron deficiency anemia at
6 months. Six-month-old infants were randomized to iron-fortified (12 mg/L) or low-iron (2.3 mg/L) formula for
6 months. At 16 years of age, cognitive ability, visual perceptual ability, visual memory, and achievement in
math, vocabulary, and comprehension were assessed, using standardized measures. We compared differences
in developmental test scores according to randomization group.
Results At the follow-up assessment, the 405 participants averaged 16.2 years of age and 46%were male. Those
randomized to iron-fortified formula had lower scores than those randomized to low-iron formula for visual memory,
arithmetic achievement, and reading comprehension achievement. For visual motor integration, there was an inter-
action with baseline infancy hemoglobin, such that the iron-fortified group outperformed the low-iron group when
6-month hemoglobin was low and underperformed when 6-month hemoglobin was high.
Conclusions Adolescents who received iron-fortified formula as infants from 6 to 12 months of age at levels rec-
ommended in the US had poorer cognitive outcomes compared with those who received a low-iron formula. The
prevention of iron deficiency anemia in infancy is important for brain development. However, the optimal level of
iron supplementation in infancy is unclear. (J Pediatr 2019;212:124-30).
Trial registration Clinicaltrials.gov: NCT01166451.
I
ron deficiency anemia is a global public health problem considered to be the “most common and widespread nutritional
disorder in the world.”1 Iron deficiency anemia in infancy is associated with negative health outcomes, including poorer
cognitive, motor, and socioemotional development.2,3 In many countries, it is routine to supplement infant formula and

foods with iron to prevent iron deficiency anemia.
Despite routine iron fortification of infant formulas, there is limited research assessing the optimal level of iron fortification

and long-term effects on the developing brain.4 Expert organizations worldwide differ on the recommended level. The Amer-
ican Academy of Pediatrics Committee on Nutrition recommends that formula-fed infants receive formula containing 179-
214 mmol/L (10-12 mg/L) of iron beginning at birth.5 The European Society of Pediatric Gastroenterology, Hepatology and
Nutrition recommends lower concentrations of iron in infant formula (32.2-140.0 mmol/L; 4-7 mg/L),6 with some countries
recommending follow-on formulas with higher concentrations of iron after 6 months of age.

We previously reported lower developmental test scores in 10-year-old children randomized to iron-fortified formula
(12 mg/L) in infancy compared with those randomized to low-iron formula (2.3 mg/L). Effects varied by 6-month hemoglobin
concentration. Specifically, children with higher 6-month hemoglobin concentrations (>128 g/L) randomized to iron-fortified
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Methods
The Santiago Longitudinal Study began as a randomized
controlled trial (RCT) in 1991 and was designed to evaluate
the behavioral and developmental effects of preventing iron
deficiency anemia in infancy. Participants were recruited
from community clinics in 4 contiguous working class neigh-
borhoods on the outskirts of Santiago, Chile. (This study
could not have been done in the US in 1991, because the
use of iron-fortified formula in the first 6 months had
become almost universal.8 Infant malnutrition had become
uncommon in Chile. However, there was no program of uni-
versal infant iron supplementation.) Term, singleton infants
were eligible for the study if delivered vaginally, weighing
³3.0 kg, with no major congenital anomalies, perinatal com-
plications, phototherapy, hospitalization for >5 days, or
chronic illness.8 The following exclusion criteria were used:
residence outside neighborhoods, another infant <1 year of
age in household, illiterate or psychotic caregiver, no stable
caregiver, infant in child care, iron deficiency anemia at
6 months, or exclusive breastfeeding, defined as <250 mL/
day cow milk or formula. The rationale for excluding house-
holds with >1 infant <1 year of age was to ensure that the for-
mula, provided by the study investigators with careful
monitoring of volume consumed, was consumed only by
the enrolled participant. Enrollment for the RCT of iron-
fortified formula (12 mg/L) compared with low-iron formula
(2.3 mg/L) to prevent iron deficiency anemia occurred be-
tween 1991 and 1994. Infants who were already taking ³1
bottle of milk or formula per day (³250 mL) were randomly
assigned to iron-fortified or low-iron formula from 6 to
12 months of age.8 Infant formula was donated by Abbott-
Ross Laboratories (Chicago, Illinois). The formula was in
powder form and the iron supplement was ferrous sulfate.
Identical appearing cans were numbered to identify random-
ization group. The RCT was double blind; whether the infant
was receiving iron-fortified or low-iron formula was not dis-
closed to the families or project personnel.7,9 Continued par-
tial breast feeding was encouraged. At weekly visits from 6 to
12 months, home visitors recorded the volume of formula
consumption per day (milliliters per day).

Fingerstick hemoglobin concentration (HemoCue, Leo
Diagnostics, Helsingborg, Sweden) was used to screen for in-
fants with iron deficiency anemia. Infants with a low hemo-
globin level (10.3 g/dL) and the next nonanemic infant were
assessed by venipuncture. Those with iron deficiency anemia,
confirmed on a venous blood sample, were excluded and
treated with iron. Anemia at 6 months of age was defined
as a venous hemoglobin level of £10.0 g/dL. Iron deficiency
was defined as ³2 abnormal iron measures (mean corpus-
cular volume, <70 mm3; free erythrocyte protoporphyrin,
£100 mg/dL; and serum ferritin <12 ng/mL). All other infants
were randomized to receive the study-provided formula be-
tween 6 and 12months of age; the only measure of iron status
available for all infants before randomization was capillary
hemoglobin level.
The study was designed to have the power to detect 2-point
group differences in infancy developmental scores at
12 months. Determination of sample size has been previously
described.8 At 12 months, 835 infants completed the RCT:
430 randomized to iron-fortified formula and 405 random-
ized to low-iron formula (Figure 1; available at www.jpeds.
com). There were no statistically significant group
differences in attrition, background characteristics, initial
hemoglobin concentrations, formula intake, mental and
motor scores, or growth before, during, or at the
conclusion of the RCT.7

At 12 months, infants iron status was determined in
venous blood. The criteria for anemia was a hemoglobin con-
centration of <11.0 g/dL and for iron deficiency was ³2
abnormal iron measures with the same cutoff values as at
6 months.8 Infants who had iron deficiency and anemia
were considered to have iron deficiency anemia. At the end
of the trial, 19% of infants randomized to iron-fortified for-
mula were iron deficient and 2.8% had iron deficiency ane-
mia. Among those randomized to a low-iron formula, 35%
were iron deficient and 3.8% had iron deficiency anemia.
At 18 months, only those randomized to low-iron formula
had venous hemoglobin measured. Infants with iron defi-
ciency anemia at 12 or 18 months were treated with 30 mg/
day of oral iron as ferrous sulfate. Venous hemoglobin was
reassessed after 6 months of treatment. The article by Walter
et al provides a full description of the RCT of high- vs low-
iron formula.9

At 16 years, 405 of those who completed the infancy RCT
(iron-fortified vs low-iron formula) were reassessed with a
psychoeducational test battery and a panel of iron measures.
These adolescents form the core analytic sample for the cur-
rent analyses: 216 had received iron-fortified formula and
189 had received low-iron formula. Written informed con-
sent was obtained from the parents and assent from the chil-
dren. The follow-up study was approved by the relevant
university Institutional Review Boards at the Institute for
Nutrition and Food Technology, University of Chile, the
University of Michigan, and the University of California,
San Diego.

Outcome Measures
Outcomes at adolescence included a range of visual-motor,
achievement, memory, and cognitive functioning tests
administered by study psychologists. All measures were
administered in Spanish. The Wechsler Intelligence Scale
for Children (WISC-IV) assesses cognitive ability.10,11 For
the current study, we administered 2 subtests of the WISC-
IV: matrix reasoning and verbal similarities.11 For the matrix
reasoning test, the adolescents were shown visual patterns
with something missing and asked to select the missing piece
from 5 available options, testing visual processing and spatial
perception. For the verbal similarities test, the adolescents
were presented with 2 objects or concepts and asked to
explain how they were alike or dissimilar (ie, milk-water, but-
terfly-bee), testing logical thinking and verbal abstract
reasoning. The raw scores for each test were standardized
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to mean (SD) of 10 (3), as recommended in the WISC-IV
manual. The range of standardized WISC-VS and WISC-
MR scores was 0-19.11

The Rey-Osterrieth complex figure test, a commonly used
neuropsychological test, measured visual perceptual ability
and visual memory.12 In this task, the adolescents were asked
to copy a complex, 2-dimensional geometric figure contain-
ing 18 specific elements, while looking at the diagram (visual
perceptual ability) and then again from memory, 3 minutes
after the stimulus and copy were removed (visual memory).12

The test was scored on the adolescent’s ability to reproduce
each element (0.5-2.0; possible total score 0-36).13

The Wide Range Achievement Test-Revised (WRAT-R) is
a measure of academic achievement.14 We administered the
math computation (arithmetic achievement) from the
WRAT. In addition, standardized tests for Spanish word
reading (vocabulary achievement), and sentence comprehen-
sion (reading comprehension achievement) tasks were
completed.15 All 3 tests were scored based on the number
of correct responses. Raw scores were standardized to mean
of 100.

Participants also completed the Beery-Buktenica Develop-
mental Test of Visual Motor Integration (VMI) and supple-
mental test of motor coordination.16 In the VMI core task,
participants were required to copy a series of increasingly
complex geometric figures, assessing coordination between
hand movements and visual perception. In the VMI supple-
mental test of motor coordination, participants were in-
structed to trace geometric forms with a pencil. Both tests
were scored based on accuracy and standardized to a mean
of 100 in accordance with the test manuals.15

Covariates
The following background factors, assessed in the infancy
study, were potentially associated with study outcomes and
included as covariates: sex, birthweight socioeconomic status
(SES), mother’s IQ, infant’s home environment, growth be-
tween 1 and 6 months, and infant feeding including millili-
ters per day of infant formula. The modified Graffar scale,
used to assess family SES in infancy,17 consists of 13 indices
assessing living and housing conditions, material possessions,
and so on, each with a score from 1 to 6, with 6 indicating
lower SES. Maternal IQ was assessed with an abbreviated
Wechsler Adult Intelligence Scale when the child was
7 months old.18 The Wechsler Adult Intelligence Scale scores
were standardized so that the mean was 100.18 The home
environment in infancy (organization of physical environ-
ment, stimulation of infant, mother’s emotional and verbal
responsiveness, etc) was measured at 9 months with the
Home Observation for Measurement of the Environment
(HOME) inventory.19 At 11 months, mothers responded to
a 30-item checklist of stressors (eg, death of a family mem-
ber) on a modified Social Readjustment Rating Scale.20 We
also considered adolescent age of assessment.

Missing values for covariates were imputed using all avail-
able infancy data following the sequential imputation tech-
nique with IVEWARE software (v 0.3, University of
126
Michigan, Michigan), including approximately 0.1% of
gestational age data, 30% of maternal IQ data, 36.4% of
HOME data, and 17% of SES data.
Statistical Analyses
All analyses were conducted using SAS version 9.4 statistical
software (SAS Institute, Cary, North Carolina). Univariate
and bivariate analyses were used to describe the means and
frequencies of participant characteristics in the full sample
and in each randomization group. Unadjusted means (SD)
of each cognitive test, by supplementation group, are re-
ported. Group differences at 16 years were tested for each
outcome using multivariable generalized linear models. We
report mean differences (and 95% CIs) for each cognitive
test adjusted for birth sex, maternal IQ, HOME score, gesta-
tional age, birthweight, average formula consumption in mil-
liliters per day, infancy SES, and age at assessment (months).
To test whether the associations between supplementation
group and cognitive outcomes varied by 6-month hemoglo-
bin status, we introduced a Hemoglobin�Group interaction
term into each generalized linear model.
We performed an ancillary analysis to account for the fact

that, by design, a subset of infants, those with iron deficiency
anemia at 12 or 18 months and the next nonanemic healthy
infant had been treated with oral iron therapy (n = 47; 20
with iron deficiency anemia and 27 nonanemic controls).21

This treatment could have altered the outcomes and modi-
fied the effects of randomization. To assess any bias induced
by including these infants, we re-ran all analyses excluding
them. Because the results did not change, these infants
were included.
Results

At 16 years of age, outcomes were assessed in 49% of the in-
fancy sample (n = 405). There was no significant difference in
attrition by randomization group (c2 = 1.06, P = .30). In-
fancy background characteristics (ie, age, sex, SES, HOME
environment, formula intake, and maternal age, IQ, and ed-
ucation) were similar in those assessed at 16 years compared
with those not assessed. There were no statistically significant
group differences in the hematologic or iron status measures
at 16 years of age. The adolescent sample differed from the
infancy sample in the proportion of males assessed (46% vs
53% in infancy; c2 = 4.86; P < .05). Furthermore, maternal
IQ was slightly higher in those assessed compared with those
not assessed (mean [SD] IQ = 84.5 [0.5] vs 83.1 [0.5]; P = .04;
Table I). Sex and maternal IQ were adjusted for in all
analyses.

Cognitive Outcomes in Iron-Fortified vs Low-Iron
Groups
The mean age at assessment of cognitive outcomes was
16.2 years (SD = 0.3). The mean grade level was 10.2 with
most (78%) in 10th grade (42%) or 11th grade (36%) and
17% in 9th grade. A few participants were in middle school
Gahagan et al



Table I. Participant characteristics according to
randomization group

Characteristics No.

Iron
fortified
(n = 216)

Low
iron

(n = 189)

Infancy
Male sex, n (%) 405 99 (45.8) 89 (47.1)
Gestational age, weeks 404 39.4 (1.1) 39.4 (1.1)
Birth weight, g 404 3504.1 (352.6) 3504.2 (362.1)
Hemoglobin at 6 months, g/L 405 115.5 (8.0) 116.1 (7.0)
Hemoglobin at 12 months, g/L 405 124.6 (8.6) 123.1 (8.5)
Age at first bottle, months 393 2.1 (1.7) 2.2 (1.9)
Formula intake, mL/day 405 528.0 (164.0) 541.5 (155.4)
Maternal education,* years 404 9.3 (2.8) 9.3 (2.9)

Primary school or less, n (%) 280 153 (70.8) 127 (67.6)
High school (9-12), n (%) 79 41 (19.0) 38 (20.2)
Some higher education, n (%) 45 22 (10.2) 23 (12.2)

Paternal education,* years 403 9.7 (3.0) 9.7 (3.0)
Primary school or less, n (%) 252 141 (65.3) 111 (59.4)
High school (9-12), n (%) 113 55 (25.5) 58 (31.0)
Some higher education, n (%) 38 20 (9.3) 18 (9.6)

Father present, n (%) 400 179 (83.6) 154 (82.8)
Maternal age at birth, years 398 25.6 (5.5) 26.8 (6.2)
Maternal parity 404 2.1 (1.2) 2.1 (1.1)
Maternal IQ† 401 84.4 (9.5) 84.6 (10.7)
Maternal depression‡ 394 16.5 (11.4) 16.4 (12.0)
SES§ 402 27.7 (6.3) 28.4 (6.6)
Life stress{ 389 4.9 (2.5) 4.9 (2.7)
HOME19 402 30.2 (4.8) 30.4 (4.7)

Adolescence
Age at assessment, y 405 16.2 (0.2) 16.2 (0.3)
Education (10-11 grade), n (%) 380 156 (78.3) 132 (77.1)
Hematocrit, n (%) 384 40.9 (3.8) 41.2 (3.7)
Hemoglobin, g/L 384 141.8 (13.8) 142.3 (12.7)
Mean cell volume, fL 384 85.2 (4.0) 85.3 (3.9)
Protoporphyrin, mg/dL 384 63.5 (12.8) 65.2 (14.3)
Ferritin, mg/L 383 28.2 (16.2) 25.8 (15.1)

Values are number (%) for categorical values and mean for continuous variables.
*Between 1965 and 2003, education in Chile was compulsory from ages 6 to 13. In 2003,
school became mandatory to 18 years old.
†Maternal IQ evaluated by using the Wechsler Adult Intelligence Scale.18

‡Maternal Depression evaluated by using the Center for Epidemiologic Studies Depression
Scale (CESD).28

§Social class index evaluated by using Graffar.17

{Life stress evaluated by using the social readjustment rating scale.20
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(3%) and a few were in 12th grade (2%). Table II shows the
adjusted means and 95% CIs for each cognitive outcome by
supplementation group. Of the 9 tests administered,
8 showed lower scores in the iron-fortified vs the low-iron
Table II. Mean 16-year developmental test scores by random

Outcomes No.

Mea

Iron fortified

IQ, matrix reasoning 403 7.4 (2.3)
IQ, verbal similarities 403 7.9 (2.1)
Spatial, Rey copy 275‡ 32.8 (4.1)
Spatial, Rey memory 275‡ 22.4 (6.1)
Arithmetic achievement, WRAT 403 82.3 (10.6)
Reading achievement, vocabulary 384 21.5 (7.4)
Reading achievement, comprehension 390 11.1 (4.5)
VMI 401 85.0 (11.8)
Motor coordination, VMI supplemental 401 88.9 (10.1)

*Unadjusted mean.
†Test of difference in means adjusting for birthweight, gestational age, sex, maternal IQ, HOME en
‡Administration of Rey tasks was stopped approximately halfway through follow-up to reduce testi

Randomized Controlled Trial of Iron-Fortified versus Low-Iron Inf
group, 3 of which were statistically significant (Rey-
Osterrieth visual memory, WRAT-R arithmetic
achievement, and reading comprehension achievement),
adjusting for background characteristics. Statistical
significance on the WISC Verbal Similarities test was
reached when the analysis was rerun, excluding those who
received oral iron therapy at 12 or 18 months of age
(n = 47). No other findings changed (Table III).
There was a statistically significant interaction between

6-month hemoglobin and randomization group for VMI
motor coordination (P = .02) and a trend for VMI
(P = .09). For these outcomes, the iron-fortified group out-
performed the low-iron group when the 6-month hemoglo-
bin was low. However, the iron-fortified group had lower
cognitive scores than the low-iron group when the
6-month hemoglobin was high (Figure 2).
Discussion

Adolescents at 16 years of age who were previously random-
ized to iron-fortified formula (12 mg/L) between 6 and
12 months of age had lower cognitive scores compared
with those who had received a low-iron formula (2.3 mg/
L). The low-iron group performed better than the iron-
fortified group on 8 of 9 measures, with statistically signifi-
cant differences in verbal comprehension, arithmetic
achievement, and spatial memory. Moreover, there was no
impact on these findings when infants who developed iron
deficiency anemia or were treated with oral iron therapy
were excluded from the analyses. Similar to findings at
10 years of age, we found an interaction between the 6-
month hemoglobin status and iron supplementation at
16 years of age, but only for VMI. Participants who had a
low 6-month hemoglobin had higher scores for VMI if they
had been randomized to an iron-fortified formula and those
who had a high 6-month hemoglobin had higher scores for
VMI if they had been randomized to a low-iron formula.
We know of no other study comparing iron-fortified for-

mula with low-iron formula in humans. Therefore, ours may
be the only study that is able to demonstrate potential adverse
outcomes associated with higher level iron-fortified formula.
ization group

n*

Adjusted difference† (95% CI) P value†Low iron

7.2 (2.4) 0.2 (�0.3 to 0.6) .47
8.2 (2.1) �0.3 (�0.7 to 0.1) .12
33.4 (2.9) �0.6 (�1.5 to 0.2) .16
24.0 (5.8) �1.7 (�3.2 to �0.3) .02
84.2 (11.7) �2.4 (�4.5 to �0.3) .02
22.0 (7.3) �0.9 (�2.3 to 0.5) .22
12.0 (4.7) �1.1 (�2.0 to �0.2) .02
86.7 (9.9) �1.7 (�3.8 to 0.4) .12
89.3 (10.2) �0.3 (�2.3 to 1.7) .78

vironment, SES, average milliliters per day of formula intake, and age of assessment.
ng burden on participant.

ant Formula: Developmental Outcomes at 16 Years 127



Table III. Ancillary analysis*

Outcomes No.

Mean†

Adjusted difference‡ (95% CI) P value‡Iron fortified Low iron

IQ, matrix reasoning 355 7.5 (2.3) 7.1 (2.3) 0.33 (�0.2 to 0.8) .19
IQ, verbal similarities 355 7.9 (2.2) 8.3 (2.1) �0.5 (�0.9 to �0.01) .04
Spatial, Rey copy 240§ 32.8 (4.0) 33.5 (2.5) �0.8 (�1.7 to 0.1) .09
Spatial, Rey memory 240§ 22.2 (6.2) 23.7 (5.6) �1.7 (�3.2 to �0.1) .03
Arithmetic achievement, WRAT 355 82.0 (10.4) 84.7 (11.5) �3.0 (�5.2 to �0.8) <.01
Reading achievement, vocabulary 337 21.4 (7.4) 22.0 (7.1) �0.9 (�2.5 to 0.6) .15
Reading achievement, comprehension 342 10.9 (4.5) 12.2 (4.6) �1.4 (�2.3 to �0.4) <.01
VMI 353 84.8 (11.8) 86.8 (10.1) �2.0 (�4.3 to 0.3) .08
Motor coordination, VMI supplemental 353 88.9 (9.8) 89.8 (9.8) �0.8 (�2.9 to 1.2) .42

*Mean 16-year developmental test scores by randomization group excluding participants who received iron therapy at 12 or 18 months.
†Unadjusted mean.
‡Test of difference in means adjusting for birthweight, gestational age, sex, maternal IQ, HOME environment, SES, average milliliters per day of formula intake, and age of assessment.
§Administration of Rey tasks was stopped approximately halfway through follow-up to reduce testing burden on participant.
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Based largely on experimentation in animal models, there is
increasing concern about the possibility of iron neurotoxicity
in the growing infant.22-25 There are also questions about the
effects of iron exposure in early life on brain aging and neuro-
degenerative disease outcomes.26 Owing to the paucity
of research assessing long-term effects of high- vs low-iron
supplementation in healthy infants, our results require
replication.

It is important to emphasize that our finding of lower
cognitive scores among children and adolescents who
received iron-fortified formula in infancy compared with
those who received low-iron formula does not negate the
Figure 2. Adjusted mean developmental test scores by 6-nonth
predicted means by iron supplementation group. Models are adju
environment, SES, formula intake (milliliters per day), and age of

128
use of iron supplementation to prevent iron deficiency and
iron deficiency anemia in infancy.26,27 In the same cohort,
at the 10-year assessment, we found that participants who
received any level of iron supplementation performed better
on neurocognitive and socioemotional measures than those
who did not receive supplementation.7 Decreasing the prev-
alence of infancy iron deficiency and iron deficiency anemia,
and the associated health burdens, is a public health triumph.
Yet, our results suggest that the ideal level of fortification for
preventing the long-term consequences of iron deficiency
anemia in infancy may be lower than that found in iron-
fortified formula. This period of brain development should
hemoglobin level and randomization group. Figure displays
sted for birthweight, gestational age, sex, maternal IQ, home
assessment.
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be considered as a sensitive period related to exposure to
iron. Our findings may lead to further study to determine
the optimal amount of iron for supplementation. Another
consideration may be individualizing infant iron supplemen-
tation based on baseline hemoglobin or iron measures.4

However, this approach would introduce considerable
complexity into public health policy and clinical practice.

This study has several limitations. Infants were enrolled at
age 4 to 6 months of age. Therefore, we do not have data on
prenatal or neonatal iron status. Eligibility required normal
iron status at 6 months. We screened 6-month-old infants
by finger prick hemoglobin followed by a venipuncture for
any infant with a low hemoglobin. Assessment of iron status
may have beenmore precise if we had used a full panel of iron
measures for all infants. In addition, capillary hemoglobin
levels are not as accurate as venous measurement and may
systematically bias hemoglobin measurement.31 Thus, our
study potentially included infants who would have been
excluded had we used venous measurements at 6 months
of age. However, it is unlikely that this misclassification
affected the validity of the study findings, because it is unre-
lated to randomization. Additionally, we did not measure
iron absorption, and thus, we were unable to quantify the
exact amount of iron metabolically available by supplemen-
tation group. Another limitation was that in-depth assess-
ments of some family background characteristics, maternal
IQ, depression, life stress, and stimulation in the home
(HOME), were available only for about 1000 infants. This
was due to budgetary constraints. Participants assessed for
these characteristics did not differ from those not assessed
in other background characteristics. The study is also limited
by attrition (25% between 6 and 12 months of age, 43% be-
tween 12 months and 10 years of age, and 14% between 10
and 16 years of age). There was no differential attrition
related to formula group and only minor differences
comparing those lost to follow-up with those assessed.
Randomization to iron-fortified and low-iron formulas
make it unlikely that the adverse effects associated with
iron-fortified formulas are attributable to extraneous factors,
but differences in unmeasured characteristics are always of
concern. The study was conducted in Santiago, Chile; find-
ings may not be generalizable to other contexts.

The strengths of this study include the randomized, longi-
tudinal design and relatively large sample size. Furthermore,
the strict eligibility criteria requiring healthy, full-term births
decreases the likelihood of confounding by prenatal factors.
Additionally, we used a variety of outcome assessments
measuring a broad range of developmental domains, such
as IQ, motor coordination, visual motor perception, verbal
reasoning, spatial perception, and academic achievement.
Further research is needed to understand possible mecha-
nisms by which higher levels of iron fortification may
contribute to worse developmental outcomes.

Although infant iron supplementation and use of iron-
fortified formula has been routine for decades in the US
and many other countries, there is limited research assessing
optimal levels of iron to prevent iron deficiency anemia in in-
Randomized Controlled Trial of Iron-Fortified versus Low-Iron Inf
fancy and possible adverse effects on the developing brain.
This study indicates poorer cognitive outcomes among ado-
lescents who received iron-fortified formula as infants at
levels recommended in the US compared with those who
received a low-iron formula. Results from this study may
stimulate future research to improve understanding of the
complex mechanisms by which iron affects brain develop-
ment and human health. Our results also support current re-
assessments of the optimal level of iron fortification/
supplementation in infancy, including serious public health
considerations related to the possibility of using lower levels
of iron supplementation in infancy, a critical period for brain
development. n
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Figure 1. Participant flow chart detailing enrollment, allocation, follow-up, and analysis (CONSORT).
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