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ABSTRACT
Background: Low birth weight infants (LBW) are at increased risk of iron deficiency which has
been associated with impaired neurodevelopment. We hypothesized that iron supplementation of
LBW infants improve cognitive scores and reduce behavioral problems until school age.
Methods: We randomized 285 marginally LBW (2000-2500g) infants to receive 0, 1, or 2
mg/kg/day of iron supplements from six weeks to six 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 combining the
supplemented groups they had significantly lower scores for externalizing behavior compared to
placebo (median [IQR]: 44 [34;51] versus 48.5 [41;56] p=0.013), and their risk ratio (95% CI) for
a total behavioral score above the cut-off for clinical problems was 0.31 (0.09-1.0), p=0.054.
Conclusions: Lower scores of externalizing behavior in supplemented children supports our
previous findings at 3 years, and suggests that iron supplementation may have long-lasting effects
on behavioral functions.

INTRODUCTION
Being born with low birth weight (LBW, < 2500g) is associated with increased risk of impaired
neurodevelopment (1, 2). This association has been clearly demonstrated in very LBW infants (<
1500 g) (1, 3, 4), but lower scores of cognitive and behavioral performance have also been
observed in those born with moderately LBW (1500-2500g) (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). Since 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 supplementation in LBW
populations have not previously been explored in randomized trials, and since 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
are warranted (10, 14-18). Moreover, there has been a particular lack of knowledge regarding the
effects of iron supplementation to the largest subgroup of LBW children; those born with
marginally LBW (2000-2500g). This heterogeneous 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 >15% in some low income
countries (21).

We have recently shown in a randomized controlled trial that iron supplementation between six
weeks and six months of life given to Swedish marginally LBW infants, decreased the risk of ID

and ID anemia (IDA) at six months (18), and the risk of ID at 12 months (22). We also observed
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 Wechsler
Intelligence Scale for Children (WISC) and behavior using two validated parental questionnaires
at 7 years of age.

Subjects and Methods
Study design and participants
This double-blinded randomized controlled trial was conducted at Umeå University Hospital
(Umeå, Sweden) and Karolinska University Hospital (Stockholm, Sweden) between March 2004
and November 2007. Infants (n=285) were included at six weeks of age. The inclusion criteria
were birth weight 2000-2500g, no chronic diseases diagnosed at inclusion, and no previous blood
transfusion or iron supplementation. Exclusion criteria in the present analyses were anemia
(Hb<90g/L) at baseline (n=16), other hematological disorder diagnosed during the study (n=2), or
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 reference group prior
to a previously described follow-up at 3.5 years of age (23). The reference group was matched by
sex, birth hospital, and time of birth to every third LBW participant. Additional inclusion criteria
for the reference group were gestational age 37-42 weeks, birth weight 2501-4499g, not admitted
to neonatal unit, and no diagnosed disease until six 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 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 six weeks to six months of age. Parents and all staff involved in data
collection were blinded to the treatment assignment during the intervention and throughout the 7year follow-up. The supplements (or placebo) were delivered in identical bottles, with a similar
taste and color and divided in two daily doses. The individual dose of iron supplements/placebo
was adjusted according to infant 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 four to six
months, and iron fortified formula (typically containing 4-8 mg/L) in cases of non-exclusive
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 six weeks, 12 weeks, 19 weeks, and six months. The visits included
anthropometric assessment (weight, length, and head circumference) and prior to each visit the
parents were instructed to complete a 3-day food diary analyzed for mean daily iron intake (18).

At six weeks, 12 weeks, and six months of age, a venous blood sample was drawn by an
experienced research nurse. The blood was analyzed for iron status (Hemoglobin, ferritin, MCV,
iron, transferrin, transferrin saturation) and the prevalences of ID and ID anemia (IDA) were
assessed as described elsewhere (18, 22). If anemia was confirmed by two separate measures at
12 weeks (Hemoglobin < 95g/L), the infant was referred to a pediatrician for further evaluation
and treatment. Following this procedure, nine children were prescribed unblinded iron
supplements due to suspected IDA. These participants remained in the study according to
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. Prior to 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, psychometric intelligence quotient (IQ) was assessed using the
validated Wechsler Intelligence Scale for Children – 4th 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 standard
deviation (SD) of 15 (24). In the present analyses, cognitive impairment was defined as an IQ
below 85.

During or prior to 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 3-point scale (0 = not true, 1 = somewhat true, 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 cut off for clinical
and subclinical problems are set to >63 (>90th percentile) and >59 (>83rd percentile), respectively,
based on a US pediatric population. The CBCL for ages 6-18 can be further subdivided in nine
non-standardized subscales (syndrome scales). We converted these subscale scores to standard
deviation scores (SDS) using the results from our reference group.

The FTF is a parental questionnaire that includes 181 statements assessing symptoms of
behavioral or developmental problems. The parents rates the statements as either 0 = does not

apply, 1 = applies sometimes or to some extent, 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 0-2 (26). In the present study, we converted 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 23.0 (IBM Company) to perform two tailed
Fisher’s exact test when comparing proportions and two-factor ANOVA when comparing means.
CBCL scores showed a non-normal 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 inter-group differences. All analyses were
performed on an intention to treat basis, meaning that the nine children who were prescribed
unblinded iron supplements 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/AGA. Furthermore, since 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 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 cut offs.

RESULTS
In total, 205 (78%) of the 264 non-excluded 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 drop outs or between the 74 analyzed references and the 21 drop outs. Of the analyzed LBW
children, 95 were born SGA and 95 born preterm while 17 were both preterm and SGA.

At the 7 years follow up, there were no significant differences in iron status between the
intervention groups and their iron status was similar to the reference group (Supplemental Table
S1). 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 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 to the two
supplemented groups. The difference in T-scores for externalizing behavior was most

pronounced in the LBW children born AGA with median (IQR) of 49 (41;55), 40.5 (33;49), and
41 (34;50) in the placebo, 1 mg, and 2 mg group respectively, p=0.10. There was a similar trend
in children born SGA and there was no significant interaction between AGA/SGA-status and
treatment when it came to externalizing behavior (data not shown).

The proportion of children with an internalizing, externalizing, and total behavioral problem
score above the cutoff for clinical problems was highest in the placebo group. However, when
compared to the lower numbers observed in the iron-supplemented groups and in the reference
group, none of the differences reached statistical significance. Also in these dichotomized
measures of behavior, the results were similar in the subgroups born 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 [IQR]: 48.5 [41;56] versus 44 [34;51] p=0.013). Furthermore, we
found that the risk for a total behavioral score above the clinical cut-off in supplemented cases
was reduced compared to those unsupplemented but this result was not statistically significant
[relative risk, RR 0.31 (95% CI: 0.09-1.02), p=0.054]. When comparing the nine different
subscales of CBCL between supplemented and non-supplemented children, we 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 infant iron status at six 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 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 non-supplemented children, in concordance with the effect
that we previously reported in this cohort at 3.5 years (23). These findings suggest that while
early iron supplementation does not have an effect on cognition, it may 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 since 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 to 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 SGA. According to a recent
systematic review (38 studies included), children with intrauterine growth restriction (IUGR) had
IQ scores on average 0.5 SD lower than those without IUGR (0.7 SD if born < 35 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 the current
paper showed that iron supplementation during infancy did not change the IQ scores. This could
be due to 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 LBW were overall similar to the reference group. It is possible that the
relatively high socioeconomic status and education level of participants’ parents might have
compensated 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 ADD/ADHD 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 six weeks to six 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 include different symptoms of
subclinical neurodevelopmental problems (29).

The role of iron in the developing brain
The substantial part of brain tissue develops in the third trimester of pregnancy. The proposed
risk-specific mechanisms of impairment in LBW infants are fetal malnourishment in those born
SGA, and aberrant brain development in premature infants (30). Grey 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.
Mechanistic support for this hypothesis is available from animal studies. Morphological brain
alterations, impairment of myelination and neurotransmitter system, along with 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

was displayed in MRI images of children with ADHD compared to controls.(35) 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 not fully
reflect availability of iron for the developing brain. This is supported by recent animal studies
which 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. Firstly, it is a randomized controlled trial, which is the
methodology of choice when studying effects of treatment or prevention. Randomization ensures
that any differences with regards to known or unknown confounding factors that may occur
between study groups (e.g. sociodemographic factors) are due to chance so 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 seven years after inclusion and
compliance to study protocol in 76% of the participants are additional methodological strengths.
Both dropout rates and number of non-compliant participants did not differ between the trial
arms. Secondly, 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 whole of this large and clinically

well recognized population. Lastly, 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 which 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, since
no adverse effects were observed, we find it reasonable to apply the results to all otherwise
healthy 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 IDA, 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 cognitive performance and behavior in children with marginally
LBW, including assessment of optimal dose and duration of iron supplementation.
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FIGURE LEGENDS
Figure 1. Trial profile

Figure 2. CBCL-profile from the nine subscales in 7-year-old children randomized to placebo or
iron supplementation (1 or 2 mg/kg/day) between six weeks and six months of age. SD-scores
were calculated based on a reference group of 74 normal birth weight children. Increased points
represent increased behavioral problems. * p < 0.05 (ANOVA).

