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Effects of iron supplementation of low-birth-weight infants on
cognition and behavior at 7 years: a randomized controlled trial
Staffan K. Berglund1, Anna Chmielewska1, Josefine Starnberg1, Björn Westrup2, Bruno Hägglöf3, Mikael Norman4 and
Magnus Domellöf1

BACKGROUND: Low-birth-weight infants (LBW) are at an
increased risk of iron deficiency that has been associated with
impaired neurodevelopment. We hypothesized that iron
supplementation of LBW infants improves cognitive scores
and reduces behavioral problems until school age.
METHODS: We randomized 285 marginally LBW (2,000–
2,500 g) infants to receive 0, 1, or 2 mg/kg/day of iron
supplements from 6 weeks to 6 months of age. At 7 years of
age, 205 participants were assessed regarding cognition
using Wechsler Intelligence Scale for Children (WISC-IV) and
behavior using the parental questionnaires Child Behavior
Checklist (CBCL) and Five to Fifteen (FTF).
RESULTS: There were no significant differences between the
intervention groups in WISC-IV or FTF. However, the CBCL
scores for externalizing problems were significantly different,
in favor of supplemented children (P= 0.045). When combin-
ing the supplemented groups, they had significantly lower
scores for externalizing behavior compared with placebo
(median (interquartile range): 44 [34;51] vs. 48.5 [41;56]
P= 0.013), and their risk ratio (95% confidence interval) for a
total behavioral score above the cutoff for clinical problems
was 0.31 (0.09–1.0), P= 0.054.
CONCLUSION: Lower scores of externalizing behavior in
supplemented children support our previous findings at 3
years, and suggest that iron supplementation may have long-
lasting effects on behavioral functions.

Being born with low birth weight (LBW, o2,500 g) is
associated with increased risk of impaired neurodevelop-

ment (1,2). This association has been clearly demonstrated in
very LBW infants (o1,500 g) (1,3,4), but lower scores of
cognitive and behavioral performance have also been
observed in those born with moderately LBW (1,500–
2,500 g) (3–9).
It is well known that LBW infants are at risk of iron

deficiency (ID) due to their high iron needs in relation to the
iron endowment at birth (10,11). As ID has been associated
with poor neurodevelopment in normal-birth-weight infants

(12), it is reasonable to assume that ID may contribute to the
impaired neurodevelopment observed in LBW infants. This is
also the main reason why iron supplementation is generally
recommended to preterm and LBW infants (11,13). However,
long-term neurodevelopmental effects of iron supplementa-
tion in LBW populations have not previously been explored in
randomized trials, and as both benefits and possible adverse
events have been reported from randomized trials in term
infants, further knowledge regarding both short- and long-
term effects of iron supplementation to LBW infants is
warranted (10,14–18). Moreover, there has been a particular
lack of knowledge regarding the effects of iron supplementa-
tion to the largest subgroup of LBW children, those born with
marginally LBW (2,000–2,500 g). This heterogenous group of
LBW infants includes both late preterm and term infants, as
well as infants born small for gestational age (SGA), and
represents as much as 3–5% of all infants in high-income
countries (19,20) and 415% in some low-income countries
(21).
We have recently shown in a randomized controlled trial

that iron supplementation between 6 weeks and 6 months of
life given to Swedish marginally LBW infants decreased the
risk of ID and ID anemia at 6 months (18), and the risk of ID
at 12 months (22). We also observed a decreased risk of
behavioral problems, but no effect on cognitive scores at 3.5
years of age (23). In the present study, we hypothesized that
the early iron intervention would improve neurobehavioral
function at school age, and we assessed cognitive scores using
WISC and behavior using two validated parental question-
naires at 7 years of age.

METHODS
Study Design and Participants
This double-blinded randomized controlled trial was conducted at
Umeå University Hospital (Umeå, Sweden) and Karolinska Uni-
versity Hospital (Stockholm, Sweden) between March 2004 and
November 2007. Infants (n= 285) were included at 6 weeks of age.
The inclusion criteria were birth weight of 2,000–2,500 g, no chronic
diseases diagnosed at inclusion, and no previous blood transfusion or
iron supplementation. Exclusion criteria in the present analyses were
anemia (hemoglobino90 g/l) at baseline (n= 16), other
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hematological disorders diagnosed during the study (n= 2), or a
diagnosed genetic disorder that includes neurological impairment
(n= 3; Williams syndrome, 22q11 syndrome, and Duchenne
muscular dystrophy). We used delivery records to identify eligible
infants meeting the inclusion criteria and approached the parents at
the delivery unit, at the neonatal clinic, or at home (18). Another 95
children were included as a reference group before a previously
described follow-up at 3.5 years of age (23). The reference group was
matched by sex, birth hospital, and the time of birth to every third
LBW participant. Additional inclusion criteria for the reference
group were gestational age of 37–42 weeks, birth weight of 2,501–
4,499 g, not admitted to a neonatal unit, and no diagnosed disease
until 6 weeks of age. Children and parents accepting participation
gave written informed consent, and the study was approved by the
Ethical Review Boards in Umeå and the Stockholm and was
registered with ClinicalTrials.gov, number NCT00558454.

Intervention
The intervention procedure has been described in detail previously
(18). Stratified by sex and study center, all LBW participants were
randomized, by means of a computer-generated randomization list,
to receive 0 (placebo), 1, or 2 mg/kg/day of iron supplements (ferrous
succinate drops) from 6 weeks to 6 months of age. Parents and all
staff involved in data collection were blinded to the treatment
assignment during the intervention and throughout the 7-year
follow-up. The supplements (or placebo) were delivered in identical
bottles, with a similar taste and color and divided into two daily
doses. The individual dose of iron supplements/placebo was adjusted
according to the infant’s weight at inclusion and at 12 and 19 weeks.
Compliance to the intervention was monitored using a daily
checklist. An intake of less than 70% was considered as poor
compliance with the intervention and this was registered in 64 (24%)
of the participants. We have previously shown that there were no
significant differences between the groups in the prevalence of poor
compliance, or in dropout rate during the intervention (18).
Apart from the intervention, parents were encouraged to follow

the general Swedish infant dietary recommendations, including
recommended exclusive breastfeeding until 4–6 months, and iron-
fortified formula (typically containing 4–8 mg/l) in cases of
nonexclusive breastfeeding.

Data Collection During Intervention
At inclusion, perinatal and background characteristics were collected
using delivery records and a parental questionnaire. Baseline data
included weight, length, and head circumference at birth, Apgar
score, gestational age, and neonatal diagnoses as well as information
regarding the parents’ country of birth, age, and smoking habits.
During the intervention, participating infants visited the study center
at 6 weeks, 12 weeks, 19 weeks, and 6 months. The visits included
anthropometric assessment (weight, length, and head circumference)
and, before each visit, the parents were instructed to complete a 3-
day food diary analyzed for the mean daily iron intake (18).
At 6 weeks, 12 weeks, and 6 months of age, a venous blood sample

was drawn by an experienced research nurse. Blood was analyzed for
iron status (hemoglobin, ferritin, mean corpuscular volume, iron,
transferrin, and transferrin saturation) and the prevalences of ID and
ID anemia were assessed, as described elsewhere (18,22). If anemia
was confirmed by two separate measures at 12 weeks (hemoglobin
o95 g/l), the infant was referred to a pediatrician for further
evaluation and treatment. Following this procedure, nine children
were prescribed to unblinded iron supplements due to suspected ID
anemia. These participants remained in the study according to an
intention to the treat principle.

Data Collection at Follow-up
All included LBW children and the 95 controls were invited to the
present follow-up at 7 years of age. Before the visit, parents were
asked to answer a questionnaire including questions on parental
education, and family structure, adding an update on the

sociodemographic characteristics. At the visit, blood was drawn
and sent to the hospital laboratory connected to each of the two
study sites. Analysis was performed for hemoglobin and serum levels
of ferritin, transferrin, iron, and transferrin saturation.
During the visit at 7 years of age, a psychometric intelligence

quotient (IQ) was assessed using the validated Wechsler Intelligence
Scale for Children—fourth edition (WISC-IV), performed by an
experienced authorized pediatric psychologist. The WISC-IV test
includes four IQ subscales (verbal comprehension, perceptual
reasoning, working memory, and processing speed), as well as a
combined full-scale IQ. All five scales are standardized with a mean
of 100 and a SD of 15 ( (ref. 24)). In the present analyses, cognitive
impairment was defined as an IQ below 85.
During or before the visit at 7 years of age, the parents were asked

to complete the two parental questionnaires Child Behavioral
Checklist for ages 6–18 (CBCL) (25) and Five to Fifteen (FTF),
assessing various types of behavioral and emotional problems (26).
CBCL is a widely used, standardized measure to be completed by a
parent/caretaker (27). It provides ratings for 20 competence and 120
problem items, and parents rate how true each item is now, or was
within the past 6 months, using a three-point scale (0= not true,
1= somewhat true, and 2= very true or often true). The CBCL for
ages 6–18 yields scores on internalizing, externalizing, and total
behavioral problems. The scores are reported as T-scores (mean 50
and SD 10) and the cutoff for clinical and subclinical problems is set
to 463 (490th percentile) and 459 (483rd percentile), respec-
tively, based on a US pediatric population. The CBCL for ages 6–18
can be further subdivided into nine nonstandardized subscales
(syndrome scales). We converted these subscale scores into SD scores
(SDS) using the results from our reference group.
The FTF is a parental questionnaire that includes 181 statements

assessing the symptoms of behavioral or developmental problems.
The parents rate the statements as either 0= does not apply,
1= applies sometimes or to some extent, and 2= definitely applies.
The items are arranged into eight different domains (memory,
learning, language, executive functions, motor skills, perception,
social skills, and emotional/behavioral problems), each with a mean
score ranging from 0 to 2 ( (ref. 26)). In the present study, we
converted the mean domain scores of the parent FTF to SDS in
relation to the scores for the Swedish age- and gender-specific
reference population (26), and defined impairment of a domain if
SDS was above 2.0.

Statistical Analysis
In the power calculation for the present study, we assumed a dropout
rate of 20% and a poor compliance rate of 15%, and aimed, with a
power of 80% and a significance level of 0.05, to detect an effect size
between two groups of 0.5 SD, corresponding to 7.5 points in total
IQ. In the present analyses, we used IBM SPSS Statistics for
Windows, Version 22.0 (IBM Corp., Armonk, NY, USA) to perform
two-tailed Fisher’s exact test when comparing proportions and
two-factor ANOVA when comparing the means. CBCL scores
showed a nonnormal distribution and to test for intervention group
differences, Kruskal–Wallis rank-sum test was used. In cases of
significant intervention group differences, unadjusted post hoc
analyses were performed to explore intergroup differences. All
analyses were performed on an intention to treat basis, meaning that
the nine children who were prescribed to unblinded iron supple-
ments at 12 weeks of age and the 43 cases from the 1- and 2-mg
groups reporting poor compliance were included in the primary
analyses. Twins (22% of the subjects) were treated as independent
participants in randomization and analyses.
In secondary analyses, all outcomes were also compared between

the reference group and each intervention group, respectively, and
the effect of intervention was explored stratifying for birth SGA/
appropriate for gestational age (AGA). Furthermore, as there were no
observed differences between the 1- and 2-mg groups and to further
explore the magnitude of the effect from iron supplements, we
combined the two iron groups and compared their outcome to that
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of the placebo group. A logistic regression model was used to explore
the correlation between early iron supplements and the risk of CBCL
scores above each clinical cutoffs.

RESULTS
In total, 205 (78%) of the 264 nonexcluded participants and
74 (78%) children from the reference group were analyzed at
the follow-up at 7 years of age (Figure 1). Baseline
characteristics for these examined cases are presented in
Table 1. There were no significant differences in any of the
baseline characteristics between the 205 analyzed LBW
children and the 59 dropouts or between the 74 analyzed
references and the 21 dropouts. Of the analyzed LBW
children, 95 were born as SGA and 95 were born as
preterm, whereas 17 were both preterm and SGA.
At the 7-year follow-up, there were no significant

differences in iron status between the intervention groups
and their iron status was similar to the reference group
(Supplementary Table S1 online). The results from the
WISC-IV assessments are presented in Table 2. We found no
significant differences between the intervention groups in any
of the scales or between any of the intervention groups and
the reference group. The results were similar in the subgroups
born as SGA and AGA, respectively, with no significant
interaction (data not shown).
The two parental scales of behavioral and emotional

problems are presented in Table 3. Using CBCL, we
observed a significant intervention group difference in

T-scores for externalizing behavior, with significantly higher
scores in the placebo group compared with the two
supplemented groups. The difference in T-scores for
externalizing behavior was most pronounced in the LBW
children born with AGA with a median (interquartile range)
of 49 (41;55), 40.5 (33;49), and 41 (34;50) in the placebo, 1-
mg, and 2-mg group, respectively, where P= 0.10. There was a
similar trend in children born with SGA, and there was no
significant interaction between AGA/SGA status and treat-
ment when it came to externalizing behavior (data not
shown).
The proportion of children with an internalizing, externa-

lizing, and total behavioral problem score above the cutoff for
clinical problems was the highest in the placebo group.
However, when compared with the lower numbers observed
in the iron-supplemented groups and in the reference group,
none of the differences reached a statistical significance. In
addition, in these dichotomized measures of behavior, the
results were similar in the subgroups born with SGA and
AGA, respectively (not shown).
With regard to FTF, there were no significant differences

between the groups or between any of the intervention groups
and the reference group. Furthermore, we did not observe any
interaction with birth AGA/SGA.
When combining the 1- and 2-mg groups, comparing all

iron-supplemented children with placebo, we found that the
unsupplemented children had significantly higher CBCL
scores for externalizing behavior (median (interquartile

Placebo
n = 95

Fe 1 mg/kg
n = 95

MLBW infants enrolled
at 6 weeks (n = 285)

Fe 2 mg/kg
n = 95

Controls enrolled at
3.5 years (n = 95)

Unblinded iron 12 wks=2
Poor compliance=21

Unblinded iron 12 wks=2
Poor compliance=22

Unblinded iron 12 wks=5

Drop out=19 Drop out=23 Drop out=17

Excluded late:
Congenital
disorder=3

Excluded early:
Anemia 6 w=2
Thalassemia=1

Excluded early:
Anemia 6 w=8
Thalassemia=1

Excluded early:
Anemia 6 w=6

Drop out=21

Examined at 7y:
n = 74

(WISC=70)
(FTF=73)

(CBCL=74)

Examined at 7y:
n = 73

(WISC=72)
(FTF=72)

(CBCL=70)

Examined at 7y:
n = 60

(WISC=52)
(FTF=59)

(CBCL=58)

Examined at 7y:
n = 72

(WISC=63)
(FTF=72)

(CBCL=71)

Figure 1. Trial profile.
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Table 1. Baseline characteristics of the marginally low-birth-weight children (2,000–2,500 g) and the reference group of normal-birth-weight
children assessed at 7 years of age

Placebo; n=73 1 mg of Fe/kg/d; n= 60 2 mg of Fe/kg/d; n= 72 P Reference; n=74

Sociodemographic background

Mother born in Scandinavia 62 (84.9%) 52 (86.7%) 60 (84.5%) 0.939 68 (93.2%)

Maternal smoking during pregnancy 2 (2.8%) 1 (1.7%) 4 (5.6%) 0.628 2 (2.7%)

Maternal age at child birth (y) 30.4 (5.3) 32.4 (4.4) 32.7 (4.6) 0.010 35.6 (4.5)

Mother educated at the university 46 (64.8%) 36 (61.0%) 39 (55.7%) 0.556 43 (58.9%)

Father educated at the university 40 (55.6%) 36 (61.0%) 46 (63.9%) 0.611 38 (51.4%)

Perinatal characteristics

Vaginal delivery 41 (56.9%) 35 (58.3%) 44 (61.1%) 0.905 52 (71.2%)

Single gestation 50 (68.5%) 41 (68.3%) 53 (73.6%) 0.736 73 (98.6%)

Female sex 38 (52.1%) 33 (55.0%) 33 (45.8%) 0.579 39 (52.7%)

Gestational age at birth (weeks) 36.5 (1.8) 36.6 (1.7) 36.4 (2.0) 0.855 40.0 (1.2)

Born small for gestational age 30 (41.1%) 34 (56.7%) 31 (43.1%) 0.165 0 (0%)

Born preterm 38 (52.1%) 34 (56.7%) 40 (55.6%) 0.865 0 (0%)

Apgar score at 5 min 9.5 (1.0) 9.5 (1.0) 9.5 (1.1) 0.922 9.8 (0.5)

Birth weight (kg) 2.28 (0.15) 2.27 (0.16) 2.31 (0.14) 0.230 3.55 (0.43)

Birth length (cm) 45.1 (1.6) 45.5 (1.3) 45.4 (1.3) 0.229 50.6 (1.9)

Head circumference at birth (cm) 32.1 (1.2) 32.2 (1.0) 32.2 (1.3) 0.856 35.1 (1.5)

Neonatal unit care 31 (42.5%) 25 (42.4%) 41 (56.9%) 0.142 0 (0%)

Neonatal hypoglycemia 11 (15.1%) 11 (18.3%) 15 (20.9%) 0.649 0 (0%)

Exclusively breastfed at 6 weeks 41 (56.9%) 34 (58.6%) 39 (54.2%) 0.876 Missing

Exclusively breastfed at 6 months 5 (6.9%) 2 (4.2%) 3 (4.2%) 0.716 Missing

Characteristics at current follow-up

Weight (kg) 22.0 (3.2) 22.7 (3.6) 23.2 (3.7) 0.131 24.3 (3.8)

Height (cm) 121.5 (5.4) 122.2 (5.0) 122.8 (5.7) 0.352 124.9 (5.4)

BMI (kg/m2) 14.8 (1.6) 15.1 (1.5) 15.3 (1.6) 0.235 15.2 (1.5)

BMI, body mass index.
Mean (SD) or no. (%).
P value for differences between intervention groups (reference group not included) using Fisher’s exact test for proportions, and ANOVA for means.

Table 2. Cognitive assessment using WISC-IV at 7 years in marginally low-birth-weight children supplemented with two doses of iron or placebo
between 6 weeks and 6 months of age, and in same-aged controls with normal birth weight

Placebo; n= 71–72 1 mg of Fe/kg/d; n= 51–52 2 mg of Fe/kg/d; n=62–63 P Reference; n=69–70

Verbal comprehension IQ 104.7 (8.8) 104.9 (9.3) 103.7 (10.0) 0.746 107.2 (10.2)

Verbal comprehension IQo85 1 (1.4%) 1 (2.0%) 2 (3.2%) 0.831 1 (1.4%)

Perceptual reasoning IQ 105.8 (12.0) 105.6 (10.6) 104.4 (12.2) 0.765 106.8 (11.2)

Perceptual reasoning IQo85 2 (2.8%) 2 (3.8%) 3 (4.8%) 0.891 2 (2.9%)

Working memory IQ 87.5 (13.2) 87.9 (12.2) 88.3 (12.1) 0.936 88.8 (10.2)

Working memory IQo85 35 (48.6%) 23 (44.2%) 27 (42.9%) 0.806 24 (34.8%)

Processing speed IQ 98.1 (12.2) 99.1 (15.2) 96.5 (14.0) 0.572 98.1 (12.6)

Processing speed IQo85 8 (11.1%) 6 (11.5%) 10 (16.1%) 0.676 9 (12.9%)

Full-scale IQ 100.7 (10.6) 101.2 (10.3) 99.6 (12.0) 0.747 102.3 (10.2)

Full-scale IQo85 4 (5.6%) 1 (2.0%) 4 (6.5%) 0.577 3 (4.3%)

IQ, intelligence quotient; WISC-IV, Wechsler Intelligence Scale for Children—fourth edition.
Mean (SD) or no. (%).
P value for differences between intervention groups (controls not included) using Fisher’s exact test for proportions and ANOVA for means. No significant differences were
observed between the normal-birth-weight reference group and each intervention group, respectively.
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range): 48.5 (41;56) vs. 44 (34;51), P= 0.013). Furthermore,
we found that the risk for a total behavioral score above the
clinical cutoff in supplemented cases was reduced compared
with those unsupplemented; however, this result was not
statistically significant (relative risk 0.31 (95% confidence
interval: 0.09–1.02), P= 0.054). When comparing the nine
different subscales of CBCL between supplemented and
nonsupplemented children, we not only observed a significant
difference in the scores of aggressive and rule-breaking
behavior, both included in the externalizing score, but also
for thought problems (Figure 2).
Finally, we explored the association between the infant’s

iron status at 6 months of age and the present outcome at year
7. We found that none of the outcomes (WISC, CBCL, or
FTF) were significantly different between those diagnosed

with ID at 6 months (n= 31) vs. those diagnosed with non-ID
(n= 165) or between those with a mean iron intake below
(n= 104) or above (n= 71) 1 mg/kg/day (18,23).

DISCUSSION
Main Findings
In this placebo-controlled trial, early iron supplementation
did not affect the cognitive performance of 7-year-old
children born as healthy marginally LBW infants. However,
higher scores of adverse externalizing behavior (aggressive
and rule-breaking behavior), as well as thought problems were
found in the nonsupplemented children, in concordance with
the effect that we previously reported in this cohort at 3.5
years (23). These findings suggest that, although early iron
supplementation does not have an effect on cognition, it may

Table 3. Behavioral and developmental assessment using the parental questionnaires CBCL and FTF at 7 years in marginally low-birth-weight
children supplemented with different doses of iron between 6 weeks and 6 months of age

Placebo 1 mg of Fe/kg/d 2 mg of Fe/kg/d P Reference

CBCL n= 70 n=58 n= 71 n= 74

Internalizing behavior, T-scores 46 (41;50) 45 (39;50) 46 (39;52) 0.789 43 (37.7;48.5)

Internalizing problems, subclinical 8 (11.4%) 5 (8.6%) 7 (9.9%) 0.915 4 (5.4%)

Internalizing problems, clinical 7 (10.0%) 3 (5.2%) 4 (5.6%) 0.576 2 (2.7%)

Externalizing behavior, T-score 48.5 (41;56) 44 (34;51)a 44 (40;51)a 0.045 44 (34;51)

Externalizing problems, subclinical 9 (12.9%) 4 (6.9%) 6 (8.5%) 0.515 4 (5.4%)

Externalizing problems, clinical 7 (10.0%) 3 (5.2%) 4 (5.6%) 0.576 1 (1.4%)

Total behavior, T-score 45 (38.7;51) 42.5 (38;49) 43 (38;49) 0.480 42 (36;47.5)

Total behavioral problems, subclinical 8 (11.4%) 5 (8.6%) 4 (5.6%) 0.460 2 (2.7%)

Total behavioral problems, clinical 7 (10.0%) 1 (1.7%) 3 (4.2%) 0.125 2 (2.7%)

FTF n=69–72 n= 56–59 n=64–72 n= 65–73

Motor skills 0.14 (0.14) 0.15 (0.22) 0.14 (0.24) 0.882 0.13 (0.20)

Motor skill impairment 0 (0.0%) 1 (1.7%) 2 (2.8%) 0.640 1 (1.4%)

Executive functions 0.32 (0.41) 0.30 (0.37) 0.25 (0.32) 0.479 0.26 (0.34)

Executive function impairment 5 (6.9%) 3 (5.1%) 2 (2.8%) 0.717 4 (5.5%)

Perception 0.20 (0.21) 0.19 (0.18) 0.18 (0.18) 0.801 0.19 (0.22)

Perception impairment 1 (1.4%) 1 (1.7%) 2 (2.8%) 0.588 4 (5.5%)

Memory 0.18 (0.23) 0.18 (0.25) 0.17 (0.23) 0.922 0.17 (0.24)

Memory impairment 3 (4.2%) 1 (1.7%) 2 (2.8%) 0.898 2 (2.7%)

Language 0.13 (0.18) 0.10 (0.15) 0.10 (0.15) 0.579 0.11 (0.23)

Language impairment 4 (5.6%) 3 (5.1%) 3 (4.2%) 0.982 4 (5.5%)

Learning 0.23 (0.31) 0.23 (0.30) 0.21 (0.31) 0.913 0.17 (0.28)

Social skills 0.12 (0.20) 0.12 (0.28) 0.07 (0.11) 0.236 0.08 (0.16)

Social skill impairment 2 (2.9%) 4 (6.8%) 1 (1.4%) 0.440 3 (4.2%)

Emotional behavior 0.17 (0.20) 0.12 (0.18) 0.11 (0.18) 0.089 0.10 (0.15)

Emotional impairment 6 (8.7%) 3 (5.1%) 2 (2.8%) 0.453 3 (4.1%)

CBCL, Child Behavior Checklist; FTF, Five to Fifteen.
Median (25th percentile;75th percentile), no. (%), or mean (SD).
P value for differences between intervention groups (controls not included) using Kruskal–Wallis rank-sum test for medians, Fisher’s exact test for proportions, and ANOVA
for means.
No significant differences were observed between the normal-birth-weight reference group and each intervention group, respectively.
aSignificantly different from the placebo group in an unadjusted post hoc test.
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reduce the long-term risk for behavioral problems in children
born with marginally LBW to a level similar to that observed
in children born with normal birth weight. Albeit not large,
this effect might be clinically significant on the population
level, as marginally LBW infants represent a relatively large
proportion of all births (19,20).

Long-Term Outcome in Marginally LBW Infants
Children born with marginally LBW are not a homogenous
group. Both preterm and SGA infants fall into this definition.
A substantial amount of research suggests poorer long-term
development in late or moderately preterm infants compared
with those born at term with normal birth weight. A
difference averaging 2–3 IQ points has been reported in
several studies (7–9). Similar developmental disadvantages
have been shown in children born with SGA. According to a
recent systematic review (38 studies included), children with
intrauterine growth restriction (IUGR) had IQ scores that are
on average 0.5 SD lower than those without IUGR (0.7 SD if
they were born at o35 weeks of gestation) (2). Here, we
explored the hypothesis that inadequate availability of iron
during the first months of life may contribute to this
impairment. However, the results presented in this paper
showed that iron supplementation during infancy did not
change the IQ scores. This could be because of low power in
the present study or, more likely, that iron supplements do
not affect cognitive scores in this subgroup of LBW children.
Moreover, the overall results of cognitive measures in children
born with LBW were similar to the reference group. It is
possible that the relatively high socioeconomic status and
education level of participants’ parents might have compen-
sated for LBW as a risk factor for lower IQ. Comparison with
other studies cannot be done, as this is the first iron
supplementation trial with a neurodevelopmental follow-up
in marginally LBW infants.

Problems related to behavior, attention, and emotions have
been consistently shown to be more common in LBW and
preterm children at school age (7–9). In Swedish children,
preterm birth and early-term birth were independently
associated with increased risk of ADHD by the degree of
immaturity (3). A Dutch prospective twins study found that
lower birth weight was a continuous risk factor for later child
problem behavior. Moreover, the higher the birth-weight
difference in a twin pair, the greater was the behavioral
disadvantage in a smaller twin, suggesting lower weight
at birth being an independent risk factor (5). In the US
population, marginally LBW infants were 50% more likely to
have attention deficit disorder/attention deficit hyperactivity
disorder in later life than a normal-birth-weight reference
group (4). We previously reported a reduced risk of
behavioral problems at 3.5 years in marginally LBW infants
who received iron supplementation from 6 weeks to 6 months
of life (23). The results presented here suggest that this
protective effect persists until 7 years of age, at least with regard
to the externalizing behavior subscales. Even though the sample
size limited the power to detect smaller differences, we
observed significant differences in the CBCL scale for
externalizing behavior, including aggressive and rule-breaking
behavior. These externalizing subscales of CBCL have been
strongly related with ADHD (28). However, the CBCL
profile of the present cohort also showed increased scores of
thought problems. This subscale was recently shown to be the
best independent predictor of autism spectrum disorders,
suggesting that the behavioral and emotional profile of
non-iron-supplemented LBW children includes different
symptoms of subclinical neurodevelopmental problems (29).

The Role of Iron in the Developing Brain
The substantial part of the brain tissue develops in the
third trimester of pregnancy. The proposed risk-specific
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Figure 2. Child Behavior Checklist (CBCL) profile from the nine subscales in 7-year-old children randomized to placebo or iron supplementation (1 or
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Increased points represent increased behavioral problems. *Po0.05 (ANOVA).
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mechanisms of impairment in LBW infants are fetal
malnourishment in those born with SGA, and aberrant brain
development in premature infants (30). Gray and white
matter injury has been associated to attention and executive
function problems in preterm infants (31–33). Our results
suggest that ID in infancy may also contribute to suboptimal
brain development. The mechanistic support for this
hypothesis is available from animal studies. Morphological
brain alterations, impairment of myelination, and neuro-
transmitter system, along with the associated behavioral
changes, were found in both rodent and mammal models of
early ID (34). Less is known from human studies. Reduced
iron concentrations in striatal and thalamic brain regions
were displayed in magnetic resonance imaging images of
children with ADHD compared with controls (35). A long-
term effect of ID was suggested by a study in young adults,
whose brain structure was associated with serum transferrin
levels measured some years earlier (36).
Of note, in the present trial, iron status at 6 months was not

correlated with behavioral outcome neither at 3.5 nor at 7
years. This may suggest that traditional measures of iron
stores do not fully reflect the availability of iron for the
developing brain. This is supported by recent animal studies
that suggested that less iron is available for the brain tissue
before ID can be detected in the blood by traditional
measures: red blood cells production is then likely to be
prioritized over brain supply (37).

Strengths and Limitations
The study has several strengths. First, it is a randomized
controlled trial, which is the methodology of choice when
studying the effects of treatment or prevention. Randomiza-
tion ensures that any differences with regard to known or
unknown confounding factors that may occur between study
groups (e.g., sociodemographic factors) are due to chance, so
that the risk that they would affect the outcome is limited. To
our knowledge, this is the first randomized trial investigating
the effect of iron supplementation on neurodevelopmental
outcome in LBW infants until school age. Follow-up of 78%
of the participants 7 years after inclusion and compliance to
the study protocol in 76% of the participants are additional
methodological strengths. Both dropout rates and the number
of noncompliant participants did not differ between the trial
arms. Second, the study group represents a relatively large
part of the general population, including both late preterm
and term SGA infants. The lack of significant interactions
with birth SGA suggests that the results observed here can be
applied on the whole to this large and clinically well-
recognized population. Finally, the normal-birth-weight
reference group was recruited from the same population
providing a well-matched reference.
The study also has some limitations. It was underpowered

to detect differences below 0.5 SD, a problem that was partly
reduced by combining the two iron-supplemented groups in
the secondary statistical analyses. Behavioral outcome was
based on questionnaires filled in by parents that limits the

specificity and sensitivity for these assessments. However, the
questionnaires have been validated and used in several
previous studies. Allocation concealment and blinding of
caregivers further limited the risk for biased results. Another
limitation of our study is that it was designed to study the
effect of intervention in this group as a whole, and the
relatively low sample size limited the possibilities for further
stratified analyses. However, as no adverse effects were
observed, we find it reasonable to apply the results to all
otherwise healthy or marginally low-birth-weight infants.

CONCLUSIONS
The present study showed that early iron supplementation in
marginally LBW infants may prevent behavioral problems at
school age. In addition to prevention of ID anemia, this effect
should be acknowledged as a clinically important benefit from
early iron supplementation, and it gives further support to
recommend iron supplementation of all LBW children.
Further research should focus on strategies to optimize the
cognitive performance and behavior in children with margin-
ally LBW, including the assessment of the optimal dose and
duration of iron supplementation.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at
http://www.nature.com/pr
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