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ABSTRACT

Background: Iron deficiency and iron-deficiency anemia are the main worldwide nutritional
disorders. A good level of prenatal iron is essential for the correct child neurodevelopment but
this association has been poorly investigated.

Objective: To gather the scientific evidence on the relation between prenatal iron status and child
neurodevelopment. To emphasize the importance of personalize the dose and type of
supplementation.

Methods: Wide search strategy was performed in electronic databases for English language
articles with no limitations as regards the language or date of publication. Additional studies
were selected by hand search. The inclusion criteria were pregnant women without high-risk

pregnancy and their children as study population and neurodevelopment as the main outcome.
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Results: 6 RCTs and 13 observational studies were included. The majority concluded that deficit
or excess iron during pregnancy injures the mental and psychomotor development of child. Other
authors found no association of low iron level with troubles in neurodevelopment, recommended
multimicronutrients instead of iron alone and/or showed inconsistent results.

Conclusions: Both iron deficiency as its excess are harmful for the child neurodevelopment. The
prenatal iron supplementation should be adjusted for each woman, taking into account the iron

stores, some genetic mutation and other health habits.

Keywords: neurodevelopment, mental, psychomotor, supplementation, iron, children.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

INTRODUCTION

Iron deficiency is the most common and widespread nutritional disorder in the world, and the
main cause of anemia. Currently, it has been estimated that anemia affects around 800 million
children and women world-wide; in the 50% of women and in the 42% of children it is caused by
iron deficiency (ID) (World Health Organization 2015). The low-income areas show a high
prevalence of anemia (Stevens et al. 2013) but it is also present in developed countries, being the
only significantly prevalent nutrient deficiency in industrialized countries (Miller 2013; CDC
2002). Infants, children, adolescents, and women of childbearing age, especially pregnant
women, are the main risk population because of their high requirements of iron (Harvey et al.
2013) although women are also susceptible of suffer anemia in the postpartum (Organization
2016). Apart of these, there are other factors may also contribute to the disorder, including
overall nutritional status and genetic conditions (Harvey et al. 2013). Several countries have
launched supplementation programs as health policy to prevent iron deficiency (Stevens et al.
2013), most of them generalized and routine, which may in general be positive. However, in this
regard it is also important to consider that in some cases the iron supplementation may contribute
to hemoconcentration if women have a genetic disorder in the “hemochromatosis” (HFE) gene
(Arija et al. 2014).

While the maternal nutrient status and micronutrient supplementation can influence fetal
development, including birth weight and infant physical development, the evidence for an
association between gestational nutrition and brain development has been particularly strong for
iron, n-3 fatty acids, and folate. The role of iron in signal controlling in some neurotransmitters

and their involvement in the myelination process makes iron necessary for brain development
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and maturation during the fetal period and infancy (CDC 2002). However, knowledge about this
relationship is very limited and there is some controversy regarding the issue of supplementation
(Leung 2011).

In this systematic review, we compile evidence that a good prenatal iron status improves the
child’s mental and psychomotor neurodevelopment, and of the damage caused by either a deficit
Or excess.

METHODS

Search Strategy

The search strategy selected randomized controlled trials (RCTs) and observational studies in
humans, with no limitations as regards the language or date of publication. The
Medline/PubMed, Cochrane Library and Scopus electronic literature databases were searched on
December 21, 2014. Our search strategy was as follows: (“iron” OR “iron supplementation” OR
“hemoglobin” OR “haemoglobin” OR “anemia” OR “anaemia” OR (“Ferritins”’[Mesh]) OR
(“Hemoglobins”[Mesh]) OR (“Anemia”[Mesh])) AND (“pregnancy” OR “pregnant” OR gesta*)
AND (“neurobehavioural” OR “neurobehavioral” OR “neurodevelopmental” OR* behaviour”
OR “behavior” OR “birth outcomes” OR “pregnancy outcomes” OR “cognition” OR “offspring
outcomes” OR “neurodevelopment” OR “psychomotor development” OR “cognitive” OR
“mental” OR ”newborn behavioral assessment scale” OR “brazelton” OR “neurophysiological”).
Additionally, we identified more studies throughout hand search of references from previous
reviews. An updated search was conducted on April 18, 2016 to look for articles published since
the first search.

The registration number is CRD42015016541.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Inclusion Criteria

RCTs and observational studies that investigated the effect of prenatal iron status on child
neurodevelopment (including mental, psychomotor and behavioral domain) were included. The
study population of these investigations was pregnant women without high-risk pregnancy and
their offspring. Studies conducted in populations with a disease and/or investigations that
reported effects of prenatal iron on pregnancy, birth outcomes, and physical development or

growth were excluded.

Data Extraction and Quality Assessment

The information from the studies was summarized in separate tables for RCTs and observational
studies, including subject and intervention/observation characteristics, outcomes of interest and
psychological tests used. The data are not comparable between different types of study, and as
such the results were discussed separately according whether they came from RCTs or from
observational studies.

The data were extracted independently and in the case of Lewis et al. (Lewis et al. 2014), we
contacted the authors to obtain a better understanding of their statistical methods, but they did
not respond to our request.

The quality assessment for RCTs and observational studies was carried out using the revised
CONSORT checklist (Schulz et al. 2010) and the STROBE checklist (von EIm et al. 2008),
respectively. The articles were rated qualified as follows: “good” if the score was >17 items
(>80% of the checklist), “average” if the score was 13-16 items (60-79% of the checklist) and

“poor” if the score was <12 items (<50% of the checklist). The Cochrane Collaboration tool
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(Higgins and Green 2011) was used to evaluate the risk of bias in each study, and the overall

percentage of each type of risk.

RESULTS

We identified a total of 1,806 articles from the electronic databases search and three more from
handsearching, of which 106 were selected for careful reading of the abstract. Finally, 19 studies
met the inclusion criteria (6 RCTs and 13 observational studies) and were considered in this
systematic review. 87 articles were excluded according to the exclusion criteria (Figure 1). The
studies reviewed were published between 1986 and 2015 and varied widely in size, location and
intervention and parameters of observation, but they all focused on some feature of child
neurodevelopment.

Tables 1 presents the characteristics of the RCTs, which were located as follows: two were
conducted in Australia (Zhou et al. 2006; Parsons et al. 2008), a developed country, while the
others were conducted in developing countries; two in rural China (Li et al. 2009; Chang et al.
2013), one in Indonesia (Prado et al. 2012) and other in rural Vietnam (Hanieh et al. 2013). For
the supplementation, most of the researchers recruited volunteers at between 14 and 20 weeks of
gestation, and they administered the micronutrients until delivery. Zhou et al. (2006) randomly
assigned the pregnant women into two groups, which received 20 mg of iron or placebo daily.
Two years later, Parsons et al. (2008) continued the observation of outcomes, leading to another
report. Other researchers, Li et al. (2009) and Chang et al. (2013), allocated the women into three
supplementation groups: folic acid (FA) (400 pg/d), folic acid plus iron (IFA) (with 60 mg/d of

Fe) and multimicronutrients (MMN) (with 30 mg/d of Fe). Hanieh et al. (2013) wanted to assess
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if the effect was different with daily IFA (with 60 mg of Fe), intermittent IFA or intermittent
MMN supplementation (both including 60 mg of Fe twice a week). Prado et al. (2012) did not
assess the effect of iron in isolation, but their intervention groups were IFA or MMN (including
iron), with 30 mg/d of Fe in both cases.

Table 2 presents the characteristics of the observational studies. Five were conducted in
developing areas: Vietnam (Tran et al. 2013; Tran et al. 2014), a poor state of the United States
(Vaughn et al. 1986), rural China (Yang et al. 2010) and the Republic of Benin (Mireku et al.
2015). The rest were reported in the United States (Tamura et al. 2002; Schmidt et al. 2014,
Wehby and Murray 2008), the United Kingdom (Lewis et al. 2014), Finland (Fararouei et al.
2010), Canada (Rioux FM et al. 2011) and Spain (Hern&dndez-Martinez et al. 2011; Cucd et al.
2005).These investigations focus on maternal iron status throughout pregnancy. Some reports
specify whether the women received supplements supplemented and the doses of
supplementation, while others lack this information and work with biochemical data.

As regards the point at which the effect of supplementation was evaluated, in the majority of
RCTs and observational studies this took place in toddlers and school-age children while in six
of them (Li et al. 2009; Hanieh et al. 2013; Tran et al. 2014; Tran et al. 2013; Vaughn et al. 1986;
Rioux et al. 2011) the age of the group was less than one year old, while in two others (Cuco et
al. 2005; Herndndez-Martinez et al. 2011) the assessment was conducted at 2--3 days old and
another one (Fararouei et al. 2010) evaluated the effect over 30 years.

Quality of Reporting

The total scores on the CONSORT and STROBE checklist ranged from 14 to 20, with a mean

score of 18; as a result, thirteen studies had a “good” quality and six were rated “average.” The
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quality of the studies included was also assessed by using Cochrane tool mentioned above
(Higgins and Green 2011). Figures 2 shows the percentage of each type of bias among the
studies. In general, the risk of bias is low, most of the researchers present the complete outcome
data and they do not incur any reporting bias, but several studies lack information about the
blinding of the outcome assessment, so the risk is not clear in these cases. The observational
studies have a high probability of selection bias because the sequence is not usually generated
from the general population and exposure cannot be controlled by the researchers. The blinding
of participants is another factor that is usually uncontrolled in studies of this type, which gives
them a high probability of risk of performance bias.

Maternal iron assessment

There are several indicators that complement each other when evaluating the body’s iron level.
Iron stores are usually measured based on the Serum Ferritin (SF) concentration while the best
measure of circulating iron is Transferrin Saturation (TS). Researchers assess the maternal iron
status at various points in the pregnancy and most consider iron deficiency (ID) to be if SF<15
Mg/L (Tran et al. 2014; Hanieh et al. 2013; Tamura et al. 2002) but SF<12 pg/L may also be
found in the literature (Hernandez-Martinez et al. 2011; Zhou et al. 2006; Parsons et al. 2008).
TS<16% is another indicator of ID but only Hernandez-Martinez et al. (2011) used it in our
review. A generic diagnosis of anemia requires a hemoglobin (Hb) concentration lower than 110
g/L (Chang et al. 2013; Prado et al. 2012; Vaughn et al. 1986; Yang et al. 2010; Fararouei et al.
2010) but iron-deficiency anemia (IDA) requires one or more ID factors and Hb<110 g/L (Zhou

et al. 2006; Parsons et al. 2008; Tran et al. 2013; Hanieh et al. 2013). Furthermore, Yang et al.
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(2010) take into account high values of Hb (> 124 g/L) when discussing possible adverse effects
on maternal and fetal health.

Schmidt et al. (2014), Li et al. (2009) and Lewis et al. (2014) did not take into account maternal
iron status, but they established conclusions based on extensive scientific evidence that maternal

iron supplementation improves prenatal iron status.

Child neurodevelopment assessment

Neurodevelopment is a broad concept that includes the maturation of the central nervous system,
which may be assessed at early stages using psychological tests of mental and psychomotor
development, and behavioral assessment measures. Later, in childhood, neuropsychological and
intellectual ability (Intellectual Quotient, 1Q) tests and other behavioral-emotional assessment

tests may be used.

Mental Development (MD) assessment

To assess infant MD, six studies were included --three RCTs (Hanieh et al. 2013; Li et al. 2009;
Chang et al. 2013) and three observational studies (Tran et al. 2014; Tran et al. 2013; Rioux et al.
2011)-- using Bayley Scales (in the first (Bayley 1969), second (Bayley 1993) and third edition
(Bayley 2006)), which include many aspects of mental development such as language and
cognition. Rioux et al (2011) also used the Brunet-Lézine Scale of Psychomotor Development of
Early Childhood (Josse 1997) on 6-month-old infants. At the pre-school and school age, the
Stanford--Binet Intelligence Scale (Becker 2003) and Wechsler Intelligence Scales for Children
(Wechsler 2002; Wechsler 1974) respectively were used to determine 1Q (Zhou et al. 2006;

Tamura et al. 2002; Yang et al. 2010; Lewis et al. 2014). The Test for Auditory Comprehension
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of Language (Carow-Woolfolk 1998) provided information on the children’s auditory acuity in
Tamura’s research (2002) and the Yale Children’s Inventory for Attention and Tractability (Sally
et al. 1988) was used to determine if children suffered from attention deficits and learning
disabilities. To assess educational achievement over 30 years, Fararouei et al. (2010) used school
scores at 14 and 16 years old and the highest level of education at 31 years old. Prado et al.
(2012) adapted the following tests to evaluate several cognitive domains in Indonesian children
aged 42 months: the Picture Vocabulary Scale (Dunn et al. 1997) and the MacArthur--Bates
Communicative Development Inventory--Level 11l (Fenson et al. 2007) were used to assess
language abilities; the Block Design Test of British Ability Scale (Elliot 1996) and the Wechsler
Preschool and Primary Scale of Intelligence--111 (Wechsler 2012) for assessing visuospatial
ability; the Visual Search Test of NEPSY Developmental Neuropsychological Assessment
(Korkman and Kirk 1998) for assessing visual attention and the Snack Delay Test (Tracy et al.
2007) and the Windows Test (Russell et al. 1991) were used to determine executive function.

In one study, symptoms of Autistic Spectrum Disorders (ASD) were identified using the Social
Communication Questionnaire (Rutter and Lord 2003) and ASD were diagnosed using the
Autism Diagnostic Interview--Revised (Lord et al. 1994) and the Autism Diagnostic Observation
Schedule--Generic (ADOS) (Lord and Rutter 2000). Schmidt et al. (2014) assessed cognitive
function using the Mullen Scales of Early Learning (Mullen 1995), like Mireku et al. (2015) one
year later, and adaptive function was established using the Vineland Adaptive Behavior Scales

(Sparrow and Balla 1984).
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Behavior assessment

The Bayley Scales also evaluate the socio-emotional dimension and adaptive behavior of
children, and were the measure used by Vaughn (Vaughn et al. 1986) in addition to the Brazelton
Neonatal Behavior Assessment Scale (NBAS) (Als et al. 1977). Other researchers (Cuco et al.
2005; Hernandez-Martinez et al. 2011) also used the NBAS to evaluate children’s behavior
because it enables observation of the best capacities of newborn children. Prado et al. (2012)
used the Brief Infant--Toddler Social and Emotional Assessment (Briggs-Gowan 2002) to
evaluate the emotional development of children, while another test, the Strength and Difficulties
Questionnaire (SDQ) (Goodman 2006) was useful due to being able to report possible emotional
and behavioral problems in children (4 to 17 years) based on information from parents and
teachers (Zhou et al. 2006; Parsons et al. 2008). Children’s temperament also was evaluated in
one study (Parsons et al. 2008) using the Short Temperament Scale for Children (Prior and

Sanson 2000).

Psychomotor Development (PD) assessment

Seven of the studies also evaluated children’s psychomotor development. Most of the researchers
used the motor score on the Bayley Scale (Li et al. 2009; Chang et al. 2013; Hanieh et al. 2013,
Tran et al. 2014; Prado et al. 2012) in addition to the mental domain of BSID. Meanwhile,
Tamura et al. (2002) used the Peabody Developmental Motor Scales (Folio and Fewell 2000) to
assess the fine and gross motor capacity of children at 5 years old, and Wehby et al. (Wehby and
Murray 2008) used the Denver Developmental Screening Test (Frankenburg and Dodds 1967)
for the same parameter at 3 years of age. Cucd et al. (Cucé et al. 2005) used the Motor cluster of

NBAS, Prado et al. (2012) applied the Ages and Stages Questionnaire (Schaefer et al. 2000) and
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Mireku et al. (2015) used the Mullen Scales of Early Learning (Mullen 1995) to assess PD in

children.

DISCUSSION

Maternal iron status

When discussing maternal iron status during pregnancy and its importance for the mother and
child’s health is necessary to take into account the metabolism of iron and the different factors
that may influence it. Apart from the fact that iron absorption depends on several dietary
conditions which are even more pronounced in supplemented pregnant women, the storage levels
of iron, overall nutritional status, genetic mutations and specific physiological states such as
pregnancy and infancy also may modify its absorption (Forrellar et al. 2000; Garcia et al. 2010;
Olivares et al. 2010; Harvey et al. 2013). During pregnancy, iron needs increase from 0.8 mg/d in
the first trimester to 7.5 mg/d in the third trimester (FAO and WHO 2001; Cao and O’Brien
2013) because the child’s development depends on the transfer of iron from the mother. The
increased ability to absorb nutrients is directly related to nutritional requirements (Andrews
1999; Hallberg 2001) but the absorption of iron from the diet is known to be insufficient to cover
increased iron needs during pregnancy, meaning that the iron balance is dependent on the amount
of stored iron. It is therefore important to have good nutritional health before getting pregnant
and there is also a need to monitor possible genetic mutations in the HFE gene that causes iron

overload.
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Maternal iron deficit and mental development

The first author to investigate the relationship between maternal iron status and child mental
development was Vaughn et al. (1986), who concluded that no maternal biochemical or
hematological parameters were related with BSID scores in a study with 115 pregnant women
and their babies. He may have reached that conclusion because at that time only the first edition
of the BSID had been published, which was not as specific as the following versions, but it also
may be due to the sample size being insufficiently representative for an observational study.
Later, Tamura et al. (2002) assessed children’s auditory comprehension of language and their
ability to obey rules and follow general decorum orders, and they concluded that a low cord
serum ferritin concentration correlated with worse scores in all tests. In 2008, Wehby et al.
(2008) analyzed the effects of some micronutrient supplementation at least 3 days a week during
the 3 months prior to becoming aware of the pregnancy, and/or during the following 3 months,
on the language skills of children aged 3; they concluded that MMN use was associated with a
reduced odds ratio for moderate risk to language but not supplementation with iron alone. Li et
al. (2009) subsequently tested the effect of iron in 1,305 women, both alone and in combination
with FA, versus MMN supplementation on the MD of children, and found additional effects in
the IFA group compared with FA alone; however, the BSID scores were better in the mental
development index (MDI) in the MMN group than in the others, consistent with the findings of
Wehby et al. (2008) and Prado et al. (2012), who conducted a similar study with 487 pregnant
women. Two more recent investigations have been conducted in low income countries, and this
may be the reason for the results obtained, because the requirements of micronutrients were so

high in malnourished women that iron alone is not sufficient to ameliorate the mother and the
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child’s health. Another case with negative results was the study by Rioux et al. (2011), who
evaluated maternal iron status and infants’ cognitive performance in 63 Canadian mother-infant
dyads; they did not observe any relation between these two variables, which may be due to the
small sample size. Fararouei et al. (2010) conducted a cohort study in Finland on 11,656
pregnant women and their offspring at 14, 16 and 31 years old; they aimed to assess the
educational achievement of the offspring as related to the maternal Hb level during pregnancy
and unlike the authors above, they concluded that there was a direct association between these
two parameters, especially in the final stages of pregnancy. These data therefore suggest long-
term influences of the prenatal iron status on the cognitive development of offspring, although
further research is needed to replicate these results. More recently, Chang et al. (2013) and
Hanieh et al. (2013) conducted their respective RCTs in Southeast Asia and both concluded that
prenatal iron supplementation led to increased BSID scores in the cognition domain. When
Hanieh carried out his study of in 1,258 women, comparing daily and intermittent (twice a week)
iron supplementation, he recommended the second option for non-anemic women as well as
women of child-bearing age to prevent beginning pregnancy with low iron reserves. However,
this recommendation should not be extrapolated to populations with a high prevalence of anemia
because intermittent supplementation might be insufficient if women have poor iron reserves.
Hanieh’s result is supported by the findings of Chang et al., who observed that supplementation
is more effective in women beginning pregnancy without ID, and recommend beginning the
supplementation before becoming pregnant. Likewise, Tran et al. (Tran et al. 2013) used the third
edition of the BSID to evaluate the 378 children in their observational study conducted in

Vietnam, and the results showed that ID during the gestational period leads to diminished
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cognitive abilities. Mireku et al. (2015) were more neutral in their conclusions from a study
conducted on 636 Beninese children, in which they found no relation between prenatal Hb

concentration and the cognitive abilities of infants at 1 year of age.

Maternal iron deficit and behavior

For children’s behavioral development, Vaughn (Vaughn et al. 1986) concluded that the mother’s
iron-binding capacity was significantly related to irritability in children at 3 days of age,
according to the NBAS and at 5 months, according to the Bayley Scale. He therefore observed
that mothers of more irritable infants had lower levels of circulating iron than mothers of less
irritable infants. Zhou et al. (2006) concluded from their RCT of 430 women and their children
that SDQ mean scores in behavioral and emotional difficulties did not differ significantly
between the supplemented and control group; this was perhaps because the dose of
supplementation was too low to notice any significant clinical effect. Two years later, Parsons et
al. (2008) continued with observations of 264 children in the study in Australia, and according to
their results a better maternal iron status during pregnancy is related with an absence of behavior
problems at 4, 6 and 8 years of age. They also evaluated the temperament of children aged 6 and
8, and found no difference between the Fe and placebo groups, so they concluded that routine
iron supplementation in pregnancy in a well-nourished population has no clearly beneficial effect
on parental reports of child temperament. These observations may be due to the fact that the
Australian population had a good baseline nutritional status, but also may be because the iron
dose was insufficient. In contrast, when Wehby et al. (2008) conducted a large study (n = 6.774)
in the American population, they found that iron use reduced the risk (OR 0.5 [0.35-0.72]) on the

personal-social scale of the Denver Test (Frankenburg and Dodds 1967), even when the dose of
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supplementation was ignored. A Spanish longitudinal study carried out by Hernandez-Martinez
et al. (2011) was also based on well-nourished pregnant women who were supplemented with 40
mg/d of Fe, and the researchers concluded that ID affects children’s neurodevelopment
differently depending on when it occurs. In specific terms, the autonomous response of the
neonate may be altered if ID occurs early in pregnancy, consistent with a worse response of the
NBAS. However, when iron levels were assessed in terms of intake and not at the biochemical

level, Cucé et al. (Cuco et al. 2005) found no differences in any behavioral cluster.

Recently, in the United States, Schmidt and his team (Schmidt et al. 2014) conducted an
observational study, knowing whether women had received supplements and the amount of
dietary iron intake, to assess the effect of these on the risk of ASD of children. They monitored
the psychiatric clinical evolution of 866 children and found initial evidence for an association

between increased maternal Fe supplementation and a reduced risk of ASD.

Maternal iron deficit and 1Q

Tamura et al. (2002) evaluated the 1Q score of 278 children aged 5 in an observational study
conducted in Alabama, and concluded that there is an association between both the highest and
lowest quartile of cord serum ferritin concentration and lower scores on intelligence tests, while
the middle two quartiles are associated with better scores. Albeit weakly, maternal and cord
ferritin concentration correlates significantly (Rusia et al. 1995; Nemet et al. 1986) which
highlights the importance of a good maternal state of iron and demonstrates that low iron status
impairs children’s neural development during pregnancy. As in the case of behavior, Zhou et al.

(Zhou et al. 2006) concluded that routine iron supplementation is not sufficient for favorable
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effects on the 1Q of children and similarly, the explanation may be that 20 mg/d of iron may be
too low for the most of the pregnant women. Likewise, Prado et al. (2012) observed in Indonesia
that maternal MMN intake compared with IFA supplementation can improve the cognitive
abilities of children at 3.5 yearsold, especially when the women were undernourished or anemic
during pregnancy because the absorption is incremented. As in the other aspects of
neurodevelopment, this result may due to the fact that the nutritional requirements involve more
than iron in low income areas. In line with previous investigations, Lewis et al. (2014) used a
population-based cohort (ALSPAC) in the United Kingdom to assess the effect of the iron status
of 11,696 pregnant women on the cognition of their children, and found no evidence that low
iron levels in pregnancy have a detrimental effect on the brain of the developing fetus and
therefore on 1Q in childhood. This observation is inconsistent with most findings, and may be
because in the United Kingdom health carers prescribe iron supplements at a very early stage in
pregnancy for women with low iron stores, meaning that the researchers were unable to study the

effects of low iron levels in late period of pregnancy in this cohort.

Maternal iron deficit and psychomotor development

Hernandez-Martinez et al. (2011) found in Spain that the third trimester of pregnancy is a critical
period in neonatal motor performance. They demonstrated that ID or anemia in this period may
delay the children neuromotor development. Accordingly, the observational study also conducted
by Cucd et al. (Cucd et al. 2005) in Spain concluded that an appropriate supply of iron, mainly in
the final weeks of gestation, contributes to the maturation of the infant neuromotor system, as
reflected in improved NBAS test scores for newborns after 3 days of life. These results reinforce

the conclusion of Tamura et al. (2002), who some years previously asserted that children aged 5
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whose cord serum ferritin concentration was low obtained worse scores in motor tests than
children with intermediate values of ferritin. The conclusion of Tamura’s team has recently been
confirmed by the results of Mireku et al. (2015) from an African cohort; their study revealed that
there was an inverted U-shaped relationship between prenatal Hb during the first half of
pregnancy and infant gross motor function at 1 year of age. This shows that low Hb
concentrations may be detrimental to the early motor skills of children. Similarly, Li et al. (2009)
aimed to determine what kind of supplementation may benefit infant psychomotor development,
and they conducted an interventional study comparing the effect of MMN (with 30 g/d of Fe)
and IFA (with 60 g/d of Fe). They found further evidence that micronutrient supplementation, but
not IFA in this case, improves PD at 1 year of age. Various micronutrients play a role in
children’s neural development, which is more evident in regions with low recourses such as rural
China, where the effect of IFA seems to be insufficient to improve infants’ health, although the
dose of Fe is high in this group. Prado et al. (2012) arrived at the same conclusion in Indonesia,
due to the similar nutritional status of the population and the equivalent nature of the
intervention, and therefore recommended MMN supplementation for undernourished pregnant
women to improve the PD of children at 3.5 years old. However, Hanieh et al. (2013), who
counterpoised daily IFA, intermittent IFA and intermittent MMN supplementation, concluded
that at 6 months of age there was no difference between the twice-weekly supplement groups and
the daily group in an area of Southeast Asia with low anemia prevalence. This result was perhaps
due to the fact that in a well-nourished population, the effect of the variability of total dose of
iron or the combination with other micronutrients is less evident than in needy regions. Several

years after the study by Tamura et al. (2002), and following Hernandez-Martinez et al. (2011),
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Chang et al. (2013) investigated 850 mother-child pairs in rural China, and they also found that
anemia in the third trimester was related with poor development of motor skills among children
aged 2. The recent results of Tran et al. (Tran et al. 2014) are consistent with these data, and
indicate that anemia (Hb<110 g/L) in late pregnancy is associated with poor infant PD at 6
months of age, but this association with maternal iron deficiency was not evident (SF<15 pg/L).
Like the authors mentioned above, Tran et al. also concluded that even if ID and IDA in early
pregnancy do not have a direct effect on BSID-Motor scores, both conditions indirectly affected
the outcomes, increasing the risk of anemia in late pregnancy. As a result, they suggest that
interventions to promote infant development should be performed in early pregnancy and

explicitly addressed at these antenatal factors.

Excessive maternal iron and neurodevelopment

As discussed in the paragraph “Maternal iron assessment ”, some gene mutations can affect iron
homeostasis. The HFE gene mutation causes ineffective hepcidin production (Andrews 1999),
and a low hepcidin plasma concentration leads to a lack of downregulation of FPN, allowing
increased iron uptake (Lewis et al. 2014; Fleming and Ponka 2012; Crownover and Covey 2013;
Mufioz and Remacha 2011) which causes hemoconcentration, especially in pregnant women
receiving iron supplements (Casanueva et al. 2006; Aranda et al. 2013; Arija et al. 2013). Excess
iron damages cells primarily by catalyzing the production of reactive oxygen species (ROS) in
quantities that the cellular antioxidant system is unable to delete (Fleming and Ponka 2012).
During gestation, the iron overload may increase blood pressure, the risk of eclampsia (Ziaei et
al. 2007) and blood viscosity, which can affect the blood flow between the uterus and placenta,

diminishing the perfusion of nutrients and increasing the risk of placenta infarction (Aranda et al.
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2013). Fetal development may therefore be harmed because the amount of nutrients reaching the
fetus is not enough to meet its needs (Yip 2000).

According to the literature, there is some evidence that an elevated concentration of iron may be
harmful to children’s neurodevelopment. Tamura et al. (2002) were the first to observe this effect
and they concluded that a high Hb concentration is related with a lower 1Q in children, which
shows that a high iron status impairs child neural development in pregnancy, to the same extent
as a deficit. Later, Yang et al. (Yang et al. 2010) strengthened this hypothesis, showing the
adverse effects on cognitive development produced by excess iron in early pregnancy. Parsons et
al. (2008) also contributed by evaluating children’s behavior and found that that significantly
more children in the Fe group had an abnormal teacher-rated peer problems score than in the
placebo group, which suggests that routine Fe supplementation may even have a negative
influence on behavior if the mother does not have ID. Further evidence to that effect comes from
Hanieh’s research (2013), which compared daily and intermittent supplementation with iron and
specifically concluded that 40% of women in the daily IFA group had ferritin levels higher than
41 pg/L at 32 weeks of gestation, although this was not associated with hemoconcentration
(Hb>130 g/L). It therefore follows that daily IFA supplementation may lead to an excessive
increase in maternal SF, which causes adverse outcomes for mother-child health during
pregnancy, such as those discussed above. The final evidence for the detrimental effect of excess
iron on children’s neurodevelopment was provided by Mireku et al. (2015), who noticed that
both high and low prenatal Hb concentrations were harmful to children’s gross motor

development. According to their data, optimal range of maternal Hb seems to be 90-110 g/L.
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In addition to the body’s iron stores, physiological state or general nutritional situation, during
pregnancy the iron levels may therefore also depend on genetic individualities, meaning that the
same iron intake may be beneficial for one woman while for another it may be excessive and
lead to a harmful iron overload. For this reason, the scientific evidence points to the need to

personalize the supplementation dose in accordance with all these individual characteristics.

Strengths and limitations

We used a wide search strategy, which included observational studies and RCTs, which were
selected according to the aim of the study, i.e. children’s neurodevelopment after iron
supplementation in pregnancy, as well as their iron profile. The year of publication was not a
filter in the selection process of the articles included, and as such our systematic review gathers
widespread scientific evidence about the effect of a low prenatal iron status and the benefits, but
sometimes also the damage, of iron supplementation during pregnancy for children’s
neurodevelopment. The risk of bias was assessed to take into account the quality of the studies
included and to analyze the results more precisely. As mentioned above, the inclusion of
observational studies in the review provided more knowledge than if we had only used
intervention trials but the high risk of selection and performance bias is nevertheless a limitation.
However, we have discussed the results of the studies considering the bias of each one in order to

extract wide-ranging and objective knowledge.

CONCLUSION
Although the research on child neurodevelopment related to prenatal iron levels is very limited,

the scientific evidence shows an association between ID or IDA during pregnancy and problems
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in MD, behavior and cognitive abilities. PD is also improved by a good maternal iron status
during gestation, which is endorsed by all the authors who investigate this outcome. Some
research has found evidence that excess iron is also harmful to brain formation and maturation in
the fetus and therefore the child’s development in the mental and motor domains. However,
further investigation is necessary for a better understanding of how a deficit or excessive
maternal iron may damage the child’s neural development and how to personalize iron
supplementation to fit the individual characteristics of each woman in order to avoid 1D, IDA and

hemoconcentration in pregnancy.

Financial support: This research received no specific grant from any funding agency, commercial

or not-for-profit sectors.

Conflict of interest: The authors declare that they do not have conflict of interest.

Authors’ contributions:

- Lucia Iglesias: searched the articles, conducted its selection process, interpreted them and

wrote the manuscript.

- Josefa Canals: contributed in the search of articles, interpreted its information, contributed
to the discussion and review the manuscript.

- Victoria Arija: planned the systematic review, interpreted its information, contributed to the
discussion and reviewed the manuscript.

All authors read and approved the final manuscript.

? ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

REFERENCES

Als, H., Tronick, E., Lester, B. et al. (1977). The Brazelton Neonatal Behavioral Assessment

Scale (BNBAS). J Abnorm Child Psychol. 5: 215-231.
Andrews, N. (1999). Disorders of Iron Metabolism. N Engl J Med. 341: 1986-1995.

Aranda, N., Ribot, B., Viteri, F. et al. (2013). Predictors of Haemoconcentration at Delivery:

Association with Low Birth Weight. Eur J Nutr. 52: 1631-1639.

Arija, V., Ribot, B. and Aranda, N. (2013). Prevalence of iron deficiency states and risk of
haemoconcentration during pregnancy according to initial iron stores and iron

supplementation. Public Health Nutr. 16: 1371-1378.

Arija, V., Fargas, F., March, G. et al. (2014). Adapting iron dose supplementation in pregnancy
for greater effectiveness on mother and child health: protocol of the ECLIPSES randomized

clinical trial. BMC Pregnancy Childbirth. 14: 33.

Bayley, N. (1969). Manual for the Bayley scales of infant development. San Antonio, TX The

Psychol Corp.

Bayley, N. (1993). Manual for the Bayley Scales of Infant Development (Second Edition). San

Antonio, TX The Psychol Corp.

Bayley, N. (2006). Bayley Scales of Infant and Toddler Development (Third Edition). San

Antonio, TX The Psychol Corp.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Becker, K. (2003). Stanford-Binet Intelligence Scales, Assessment Service Bulletin Number 1
History of the Stanford-Binet Intelligence Scales: Content and Psychometrics. Intelligence.

14.

Briggs-Gowan, M., Carter, A., Irwin, J. et al. (2002). Brief Infant- Toddler Social and Emotional

Assessment (BITSEA) Manual, Version 2.0. New Haven, CT Yale Univ.

Cao, C. and O’Brien, K. (2013). Pregnancy and iron homeostasis: An update. Nutr Rev. 71: 35—

o1,

Carow-Woolfolk, E. (1998). Test for Auditory Comprehension of Language (Third Edition).

Austin TX, PRO-ED.

Casanueva, E., Viteri, F., Mares-Galindo, M. et al. (2006). Weekly Iron as a Safe Alternative to

Daily Supplementation for Nonanemic Pregnant Women. Arch Med Res. 37: 674-682.

Centers for Disease Control and Prevention (2002). Iron deficiency - United States, 1999-2000.

Morb Mortal Wkly Rep. 51: 897-899.

Chang, S., Zeng, L., Brouwer, I. et al. (2013). Effect of iron deficiency anemia in pregnancy on

child mental development in rural China. Pediatrics. 131: e755-e763.

Crownover, B. and Covey, C. (2013). Hereditary Hemochromatosis. Am Fam Physician. 87:

183-190.

Cuco, G., Fernandez-Ballart, J., Arija, V. et al. (2005). Effect of B1-, B6- and iron intake during

pregnancy on neonatal behavior. Int J Vitam Nutr Res. 78: 320-326.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Dunn, L., Dunn, L., Whetton, C. et al. (1997). British Picture Vocabulary Scale (Second

Edition). London, UK NFER-Nelson Publ Co, Ltd.

Elliot, C. (1996). British Ability Scales (Second Edition). London, UK NFER-Nelson Publ Co,

Ltd.

Food and Agriculture Organization of the United Nations and World Health Organization
(2001). Human Vitamin and Mineral Requirements. Available from: http://www.fao.org/3/a-

y2809e.pdf.

Fararouei, M., Robertson, C., Whittaker, J. et al. (2010). Maternal Hb during pregnancy and
offspring’s educational achievement: a prospective cohort study over 30 years. Br J Nutr. 104:

1363-1368.

Fenson, L., Marchman, V., Thal, D. et al. (2007). The MacArthur-Bates Communicative
Development Inventories (Second Edition). User’s Guide and Technical Manual. Balt MD

Paul H Brookes Publ Co.

Fleming, R. and Ponka, P. (2012). Iron Overload in Human Disease. N Engl J Med. 366: 348—

359.

Folio, M. and Fewell, R. (2000). Peabody Developmental Motor Scales Examiner’s Manual

(Second Edition). Austin, TX: Pro-Ed.

Forrellar, M., Gautier du Défaix Gomez, H. and Fernandez, N. (2000). Metabolismo del Hierro.

Rev Cuba Hematol Inmunol Hemoter. 16: 149-160.

*» ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Frankenburg, W. and Dodds, J. (1967). The Denver developmental screening test. J Pediatr. 71:

181-191.

Garcia, N., Eandi, S., Felit, A. et al. (2010). Conceptos actuales sobre fisiologia y patologia del

hierro. Hematologia. 14: 48-57.

Goodman, R. (2006). Strengths and Difficulties Questionnaire: A Research Note. J Child

Psychol Psychiatry. 38: 581-586.
Hallberg, L. (2001). Perspectives on nutritional iron deficiency. Annu Rev Nutr. 21: 1-21.

Hanieh, S., Ha, T., Simpson, J. et al. (2013). The Effect of Intermittent Antenatal Iron
Supplementation on Maternal and Infant Outcomes in Rural Viet Nam: A Cluster

Randomised Trial. PLoS Med. 10: €1001470.

Harvey, LJ., Berti, C., Casgrain, A., Cetin, I., Collings, R., Gurinovic, M. et al. (2013).
EURRECA—Estimating Iron Requirements for Deriving Dietary Reference Values. Crit Rev

Food Sci Nutr. 53: 1064-1076.

Hernandez-Martinez, C., Canals, J., Aranda, N. et al. (2010). Effects of iron deficiency on

neonatal behavior at different stages of pregnancy. Early Hum Dev. 87: 165-169.

Higgins, J. and Green, S. (2011). Cochrane Handbook for Systematic Reviews of Interventions.
Version 5.1.0 [updated March 2011]. The Cochrane Collaboration. Available from

www.cochrane-handbook.org.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Josse, D. (1997) Brunet-Lézine Révisé—Echelle de Développement Psychomoteur de la
Premiére Pnfance, Pearson, Centre de Psychologie Appliquée & d’Applications

Psychologiques, Paris, France.

Korkman, M., Kirk, U. and Kemp, S. (1998). NEPSY: A Developmental Neuropsychological

Assessment. Orlando, FL Psychol Corp.

Leung, B., Wiens, K. and Kaplan, B. (2011). Does Prenatal Micronutrient Supplementation
Improve Children’s Mental Development? A Systematic Review. BMC Pregnancy and

Childbirth. 11: 13.

Lewis, S., Bonilla, C., Brion, M. et al. (2014). Maternal iron levels early in pregnancy are not
associated with offspring 1Q score at age 8, findings from a Mendelian randomization study.

Eur J Clin Nutr. 68: 496-502.

Li, Q., Yan, H., Zeng, L. et al. (2009). Effects of maternal multimicronutrient supplementation
on the mental development of infants in rural western China: follow-up evaluation of a

double-blind, randomized, controlled trial. Pediatrics. 123: e685—e692..

Lord, C., Rutter, M. and Le Couteur, A. (1994). Autism diagnostic interview-revised: A revised
version of a diagnostic interview for caregivers of individuals with possible pervasive

developmental disorders. J Autism Dev Disord. 24: 659-685.

Lord, C., Rutter, M., DilLavore, P. et al. (2000). Autism Diagnostic Observation Schedule

(ADOQOS). Los Angeles, CA West. Psychol. Serv.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Miller, J. (2013). Iron deficiency anemia: A common and curable disease. Cold Spring Harb

Perspect Med. 3.

Mireku, M., Davidson, L., Koura, G. et al. (2015). Prenatal Hemoglobin Levels and Early

Cognitive and Motor Functions of One-Year-Old Children. Pediatrics. 136: e76-83.

Mullen, E. (1995). Mullen Scales of Early Learning, AGS Edition: Manual and Item

Administrative Books. Am Guid Serv Inc. 1-92.

Mufioz, M., Garcia-Erce, J. and Remacha, A. (2011). Disorders of iron metabolism. Part I1: iron

deficiency and iron overload. J Clin Pathol. 64: 287-296.

Nemet, K., Andrassy, K., Bognar, K. et al. (1986). Relationship between maternal and infant iron

stores: 1. Full term infants. Haematol. 19: 197-205.
Olivares, M., Arredondo, M. and Pizarro, F. (2010). Hierro. In Tratado de Nutricion 671-686.

Parsons, A., Zhou, S., Spurrier, N. et al. (2008) Effect of iron supplementation during pregnancy
on the behaviour of children at early school age: long-term follow-up of a randomised

controlled trial. Br J Nutr. 99: 1133-11309.

Prado, E., Alcock, K., Muadz, H. et al. (2012). Maternal Multiple Micronutrient Supplements

and Child Cognition:A Randomized Trial in Indonesia. Pediatrics. 130: e536-e546.

Prior, M., Sanson, A., Smart, D. et al. (2000). Pathways from Infancy to Adolescence: Australian
Temperament Project 1983-2000 (Research Report No. 4) Melbourne: Australian Institute of

Family Studies.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Rioux, F., Bélanger-Plourde, J., Leblanc, C. et al. (2011). Relationship between Maternal DHA

and Iron Status and Infants’ Cognitive Performance. Can J Diet Pract Res. 72: 76.

Rusia, U., Madan, N., Agarwal, N. et al. (1995). Effect of maternal iron deficiency anaemia on

foetal outcome. Indian J Pathol Microbiol. 38: 273-279.

Russell, J., Mauthner, N., Sharpe, S. et al. (1991). The “Windows Task” as a Measure of

Strategic Deception in Preschoolers and Autistic Subjects. Br J Dev Psychol. 9: 331-349.

Rutter, M., Bailey, A. and Lord, C. (2003). Social Communication Questionnaire. (SCQ):

Manual. Los Angeles: West. Psychol. Serv.

Schaefer, C. and DiGeronimo, T. (2000). Ages and Stages: A Parent’s Guide to Normal

Childhood Development. New York, NY John Wiley Sons, Inc.

Schmidt, R., Tancredi, D., Krakowiak, P. et al. (2014) Maternal Intake of Supplemental Iron and

Risk of Autism Spectrum Disorder. Am J Epidemiol. 180: 890-900.

Schulz, K., Altman, D., Moher, D., for the CONSORT Group. (2010). CONSORT 2010

Statement: updated guidelines for reporting parallel group randomised trials. BMJ. 340:¢332.

Shaywitz, S., Shaywitz, B., Schnell, C. et al. (1988). Concurrent and Predictive Validity of the
Yale Children’s Inventory: An Instrument to Assess Children With Attentional Deficits and

Learning Disabilities. Pediatrics. 81: 562-571.

Sparrow, S., Balla, D. and Cicchetti, D. (1984). Vineland Adaptive Behavior Scales: Interview

Edition, Expanded Form Manual. Circ Pines, MN Am Guid Serv Inc.

® ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Spinrad, T., Eisenbergc, N. and Gaertner, B. (2007). Measures of Effortful Regulation for

Young Children. Infant Ment Heal J. 28: 606-626.

Stevens, GA., Finucane, MM., De-Regil, LM., Paciorek, CJ., Flaxman, SR., Branca F., Pefia-
Rosas, JP. et al. (2013). Global, Regional, and National Trends in Haemoglobin
Concentration and Prevalence of Total and Severe Anaemia in Children and Pregnant and
Non-Pregnant Women for 1995-2011: A Systematic Analysis of Population-Representative

Data. Lancet Glob Health 1: 16-25.

Tamura, T., Goldenberg, R., Hou, J. et al. (2002). Cord serum ferritin concentrations and mental

and psychomotor development of children at five years of age. J Pediatr. 140: 165-170.

Tran, T., Biggs, B., Tran, T. et al. (2013). Impact on Infants’ Cognitive Development of
Antenatal Exposure to Iron Deficiency Disorder and Common Mental Disorders. PLoS One.

8: e74876.

Tran, T., Tran, T., Simpson, J. et al. (2014). Infant motor development in rural Vietnam and
intrauterine exposures to anaemia, iron deficiency and common mental disorders: a

prospective community-based study. BMC Pregnancy Childbirth. 14: 8.

Vaughn, J., Brown, J. and Carter, J. (1986). The effects of maternal anemia on infant behavior. J

Natl Med Assoc. 78: 963-968.

von Elm, E., Altman, D., Egger, M. et al. (2008). The Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) statement: guidelines for reporting

observational studies. J Clin Epidemiol. 61: 344-349.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Wechsler, D. (1974). Wechsler Intelligence Scale for Children-R. New York. The Psychol Corp.

Wechsler, D. (2002). The Wechsler Preschool and Primary Scale of Intelligence (Third Edition).

San Antonio, TX The Psychol Corp.

Wehby, G. and Murray, J. (2008). The Effects of Prenatal Use of Folic Acid and Other Dietary

Supplements on Early Child Development. Matern Child Health J. 12: 180-187.

World Health Organization (2015). The Global Prevalence of Anaemia in 2011. WHO Report.
48. Available from:

http://apps.who.int/iris/bitstream/10665/177094/1/9789241564960_eng.pdf?ua=1&ua=1.

World Health Organization (2016). Guideline: Iron Supplementation in Postpartum Women.

WHO Report. Available from: https://www.ncbi.nlm.nih.gov/books/NBK379990/

Yang, L., Ren, A,, Liu, J. et al. (2010) Influence of hemoglobin level during early gestation on
the development of cognition of pre-school children. Zhonghua Liu Xing Bing Xue Za Zhi. 31:

1353-1358.

Yip, R. (2000). Significance of an abnormally low or high hemoglobin concentration during

pregnancy: Special consideration of iron nutrition. Am J Clin Nutr. 72: Suppl. 2, 272-279.

Zhou, S., Gibson, R., Crowther, C. et al. (2006). Effect of iron supplementation during
pregnancy on the intelligence quotient and behavior of children at 4 y of age: long-term

follow-up of a randomized controlled trial. Am J Clin Nutr. 83: 1112-1117.

*> ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Ziaei, S., Norrozi, M., Faghihzadeh, S. et al. (2007). A randomised placebo-controlled trial to
determine the effect of iron supplementation on pregnancy outcome in pregnant women with

haemoglobin > or = 13.2 g/dl. BJOG. 114: 684-688.

* ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Table 1 Characteristics of randomized controlled trials included in the review.
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Fe, iron; Hb, hemoglobin; SF, serum ferritin; FA, folic acid; IFA, folic acid plus iron or iron-

folic acid; MMN, multimicronutrients; m, months; y, years.
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Table 2 Characteristics of observational studies included in the review.
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Figure 1 Flowchart of selection process of included articles in systematic review.
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