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Abstract: One-third of children falter in cognitive development by pre-school age. Iron plays
an important role in many neurodevelopmental processes, and animal studies suggest that iron
sufficiency in pregnancy and infancy is particularly important for neurodevelopment. However,
it is not clear whether iron deficiency directly impacts developmental outcomes, and, if so, whether
impact differs by timing of exposure or developmental domain. We searched four databases for
studies on iron deficiency or iron supplementation in pregnancy, or at 0–6 months, 6–24 months,
or 2–4 years of age. All studies included neurodevelopmental assessments in infants or children up to
4 years old. We then qualitatively synthesized the literature. There was no clear relationship between
iron status and developmental outcomes across any of the time windows or domains included.
We identified a large quantity of low-quality studies, significant heterogeneity in study design and a
lack of research focused on pregnancy and early infancy. In summary, despite good mechanistic
evidence for the role of iron in brain development, evidence for the impact of iron deficiency or
iron supplementation on early development is inconsistent. Further high-quality research is needed,
particularly within pregnancy and early infancy, which has previously been neglected.
Keywords: iron deficiency; brain development; pregnancy; infancy; pre-school; cognitive; motor;
socio-emotional

1. Introduction
Globally, one-third of children do not reach their developmental potential by pre-school
age [1]. Children growing up in low- and middle-income countries (LMICs) are most at risk, with
the burden of cognitive deficit lying disproportionately within sub-Saharan Africa [1]. The first
1000 days of life, from conception to two years of age, are widely recognised as the most
important period for brain development. Deficits accrued within this period can have long-term
consequences, including poorer academic achievement, mental health and economic productivity
across the lifespan [2]. At the population level, these factors contribute to the continuation of the poverty
cycle and stall progress.
It is, therefore, crucial to understand why some children falter in their development and design
preventative and corrective interventions accordingly. It is widely agreed that three broad factors
are most influential: (i) infection and inflammatory stress, (ii) quality of care and (iii) nutrition [3].
The impact of these factors is likely additive, and they often co-occur, particularly in impoverished
settings. As a potentially modifiable risk factor, a clear understanding of the role of micronutrient
status, particularly iron, in early brain development is critical.
Nutrients 2020, 12, 2001; doi:10.3390/nu12072001
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Iron deficiency is the most common micronutrient deficiency worldwide and is particularly
prevalent among pregnant women, infants and young children due to high iron demands during
periods of rapid growth [4]. Iron deficiency progresses in stages, usually as a result of inadequate dietary
intake, compromised absorption, which may be due to inflammation, or blood loss [5]. Initially, if iron
supply does not meet demand, iron stores are used faster than they can be replenished, leading to iron
depletion. Biochemically, this is characterised by a reduction in ferritin concentration, while measures
of circulating iron (serum iron, soluble transferrin receptor (sTfR) and transferrin saturation (TSAT))
and red blood cell indices (mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH),
zinc protoporphyrin (ZPP) and free erythrocyte protoporphyrin (FEP)) remain within the healthy
range. Without intervention, iron depletion may progress to iron deficiency (ID), in which the body
has insufficient iron to meet its current demands for normal function. This stage is biochemically
indicated by a drop in serum iron and TSAT as well as an increase in sTfR. Iron regulation is adjusted to
increase absorption and some iron-dependent activities are downregulated, as iron is preferentially used
in red blood cell synthesis. If the iron deficit continues, ID progresses to iron deficiency anaemia (IDA),
at which point red blood cell synthesis is compromised, characterised by reduced haemoglobin (Hb)
concentration and further changes to the biomarkers of ID, mentioned above [6].
There is good mechanistic evidence from animal models and in vitro studies that iron is
essential for many processes of brain development. Iron is an integral component of cytochrome
C oxidase, the last enzyme in the oxidative phosphorylation pathway, and thus it is an essential
component of intracellular metabolism. ID may, therefore, compromise the metabolically demanding
processes involved in brain development [7]. Early ID may also lead to long-term downregulation of
metabolic activity, due to changes in gene regulation following signalling cascades through mTOR,
BDNF and MAP2 [8]. Evidence from animal models suggests that the hippocampus [9], the brain’s
learning and memory hub, and the process of myelination, in which brain cells are insulated to increase
the speed of neural processing [10,11], may be particularly vulnerable to ID. Iron is also essential
in enzymes involved in monoamine (dopamine, adrenaline, noradrenaline and serotonin) production,
meaning that socio-emotional development, executive function and memory processes reliant on these
neurotransmitters may also be impacted by ID [12].
Despite this, evidence from human studies on the role of iron in brain development is equivocal.
Many observational studies have identified a strong association between ID and cognitive outcomes [12].
However, this relationship may be confounded by other related factors such as co-occurring nutritional
deficiencies, socio-economic deprivation, illness or poor caregiving. Iron supplementation trials have
also had mixed results [13–17], suggesting that data from one setting may not be relevant for all contexts.
Given the evidence from animal studies, we would expect that ID in pregnancy or early infancy would
be more detrimental to neurodevelopment than if it occurred later, once the developmental foundations
are laid [12]. Further, we may expect ID to differentially impact developmental domains, depending on
the brain regions and processes developing most rapidly at the time of the deficiency [18,19]. However,
neither of these hypotheses have been systematically investigated. Previous systematic reviews on
this topic have either focused solely on specific developmental windows, such as pregnancy [13,14],
infancy [15] or early childhood [16], or spanned wider windows of development and developmental
domains without differentiating between them [13,17].
The aims of this review are to (i) investigate the relationship between iron status
and brain development and (ii) assess whether this relationship differs according to age at exposure
(pregnancy, 0–6 months, 6–24 months or 2–4 years of age) or developmental domain (neurophysiological
function, cognitive, motor or socio-emotional development).
2. Materials and Methods
We used the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines in this review (Table S1) and registered the protocol with PROSPERO (Registration number:
CRD42020171157).
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2.1. Search Strategy and Inclusion Criteria
Following search term development, searches were performed across four databases (Medline,
EMBASE, Psych Info and Global Health) and studies published up to December 2019 were retrieved.
All searches were filtered for texts written in English, but no other geographical limitations were set.
Studies were included if they (i) measured iron status or administered iron supplementation, by any
modality, to pregnant women and measured neurophysiological function, cognitive, socio-emotional,
or motor skills in the offspring between birth and four years of age, or (ii) measured iron status
or administered iron supplementation to infants or children up to four years of age and measured
one or more of the aforementioned developmental outcomes up to four years of age. Observational
studies were excluded if they did not compare cognitive outcomes among ID or IDA participants
with non-ID/non-IDA controls. For example, studies comparing ID participants to IDA participants
without an iron-sufficient (IS) control group were excluded, as they assess the impact of anaemia on
brain development as opposed to ID, which is the focus of this study. Studies comparing anaemic
participants to non-anaemic participants, where anaemia was not confirmed to be IDA, were excluded
on the same basis. Studies measuring or supplementing iron in non-pregnant women and other
age groups were excluded, as well as those with other outcomes (e.g., child growth). Randomised
controlled trials (RCTs) where the effects of iron alone could not be separated from the effects of
other micronutrients, macronutrients or other interventions were excluded. For example, studies
of iron folic acid versus placebo or multiple micronutrients (MMNs) versus placebo were excluded,
whereas studies of iron folic acid versus folic acid, or iron + MMNs versus MMNs were included.
Studies of sickle cell anaemia and of anaemia without measures of ID were excluded, along with
studies in other patient groups, e.g., diabetic mothers or very pre-term infants. Furthermore, studies
were excluded if the outcomes measured did not fit into the pre-determined categories mentioned
above, e.g., studies of infant sleep patterns. The main aim of the review was to assess the impact of iron
supplementation and/or deficiency during different developmental windows (pregnancy, 0–6 months,
6–24 months, and 2–4 years). Therefore, studies including, but not differentiating between, participants
spanning more than two of these windows (e.g., recruiting participants aged 6–59 months) were
excluded. Studies spanning two exposure windows (e.g., 0–12 months) were included in the earlier
window. In addition, reviews, reports, conference proceedings, letters, protocols and case studies
were excluded.
Search terms included Medical Subject Heading Terms [Anaemia, Iron Deficiency] AND
[Pregnancy] OR [Child] OR [Infant] OR [New-born] AND [Child Development] OR [Cognition]
as well as free text title and abstract searches for words related to pregnancy/infancy/early-childhood,
iron deficiency and cognition. Full details of search terms are in Table S2.
2.2. Study Selection and Data Extraction
Two researchers (S.M. and M.P.A.) independently screened titles and abstracts of all articles
retrieved in the initial search. The full text of any article passing initial screening by at least one
researcher was examined thoroughly to determine eligibility for inclusion. The data extracted from
each eligible text was based on the criteria within the Cochrane Handbook [20]. The title, authors, date
of publication, setting (country and LMIC/high-income country (HIC) status), study design, sample
size, statistical methods, timing of iron measurements, methodology used to measure iron status,
criteria for ID/IDA, prevalence of ID/IDA within the sample, comparison groups, timing and description
of outcome measures were extracted from all articles, where possible. In addition, details about
the duration, composition and administration of supplements, as well as the impact of supplementation
on iron status were collected from all intervention studies, where reported. Articles reporting separate
outcomes from the same initial study were identified and grouped together to prevent bias towards
studies with multiple publications.
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The remaining 16 articles reported 12 longitudinal studies; five focused on exposure in pregnancy or at
delivery and six studies focused on postnatal exposure between 6 and 24 months of age. Three studies
compared the impact of ID duration within different periods and are reported separately.
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3.1.2. Intervention Studies
A total of 28 articles reporting on 25 distinct intervention studies met the full text inclusion criteria.
A further 35 were excluded, mostly due to an invalid outcome measure (n = 16) or intervention
(n = 9). A single study reported supplementation in pregnancy, three studies reported on infant
supplementation between 0 and 6 months of age, 18 studies between 6 and 24 months, and two studies
between 2 and 4 years of age. Finally, one study included arms supplementing pregnant women and/or
their infants and was, therefore, included in both relevant sections (Figure 1).
3.2. Summary of the Evidence
3.2.1. Setting
Of the observational studies, 13 were conducted within LMICs—in Asia (n = 7), Central/South
America (n= 3) and Africa (n = 3)—and seven were conducted in HICs (North America n = 6
and Europe n = 1). A single observational study spanned three sites across both LMICs and HICs
(Ghana, China and the USA) (Tables S3 and S4). Of the 25 intervention studies, 14 were based in LMICs
within Central and South America (n = 7) or Asia (n = 7), 10 were based in HICs (North America n = 5,
Europe n = 4, Australia n = 1) and the location of one was not reported (Table S5).
3.2.2. Exposures
There was considerable variation in the definition and measurement of ID/IDA among
observational studies. Of those assessing the impact of ID in pregnancy/in utero, two studies
measured maternal ID, one measured maternal IDA, three measured ID in cord blood at delivery
and one study measured ID in both maternal and cord blood. Cord blood ID was defined as either
ferritin <75 µg/L [22–25] or zinc protopophyrin (ZPP) >188 µmol/mol [26]. There was no consistency
in the definition of maternal ID, although all studies measured ferritin concentration with [27,28] or
without [24,29] a measure of inflammation.
Among the studies assessing the impact of postnatal ID or IDA, six studies grouped participants
based on whether they were IDA, ID or IS [30–35], five studies compared IDA participants to IS
controls [36–40] and two studies compared ID to IS [41,42]. Other than four studies that used a single
biomarker (ferritin, [34,36], sTfR [38], or MCV [37]), multiple biomarkers were used to define ID
(including MCH, ZPP, sTfR and TSAT). The most common biomarkers were ferritin and MCV. However,
there was substantial variation in the combination of biomarkers and some variation in the cut off
values (Tables S3 and S4).
In a study in Ethiopia, Gashu et al. divided pre-school-aged participants into IDA, ID and IS
groups based on measures of ferritin, Hb and alpha-1 acid glycoprotein (AGP) (IDA = ferritin <12
or <30 µg/L if AGP > 1.2 g/L and Hb < 11 g/dL; ID = ferritin <12 or <30 µg/L if AGP > 1.2 g/L;
IS = ferritin ≥12 or ≥30 µg/L if AGP < 1.2 g/L and Hb ≥ 11 g/dL) [35].
3.2.3. Outcomes
Direct observation of infant/child behaviour was the most common mode of developmental
assessment, used in 16/26 observational studies and 20/29 supplementation studies (Figure 1).
Behavioural assessment tools included the Bayley Scales of Infant and Toddler Development (BSID) [43],
the Mullen Scales of Early Learning (MSEL) [44] and the Wechsler Pre-school and Primary Scale of
Intelligence (WPPSI) [45]. Several studies (observational (n = 8), supplementation (n = 6)) used objective
measures of brain structure or function, including assessments of visual or auditory physiological
responses [23–25,36,40,46,47], structural magnetic resonance imaging (MRI) [29], eye-blink rates [48]
and nerve conduction velocity [49]. Other methods of assessment included parent-reported behaviours,
for example achieved motor milestones [50], language production [37] or problematic behaviours [37,51].
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3.2.4. Study Quality
Overall, there was a high risk of bias among the observational studies (Tables S3 and S4). Only
three longitudinal studies [27,28,52] and one cross-sectional study [38] were determined to be at
low risk of bias. None of the observational studies provided a sample size calculation to justify
the number of participants, and many had relatively small sample sizes, with n < 30 ID or IDA
participants in the analysis (Tables S3 and S4). Consideration of factors widely reported to be related
to both developmental outcomes and ID, such as status of other micronutrients, measures of growth
and socio-economic context was generally inadequate, and in many studies entirely absent from
analysis, with only crude associations reported [25,29,32,34,37,42,53] (Tables S1 and S2).
The quality of the intervention studies included in this review was also mixed; four RCTs were
graded as having a low risk of bias [51,54–56], whereas 12 studies were determined to be at high risk of
bias mainly due to small sample size, poor study design (including a lack of randomisation or blinding)
or inadequate recognition of other nutritional deficiencies, socio-economic factors and quality of care,
similar to the observational studies (Table S6).
3.3. Iron Deficiency and Brain Development
3.3.1. Observational Studies: Pregnancy
Cognitive Development
From a large (n = 828), well-powered longitudinal study in Benin, Mireku et al. reported no
difference in the MSEL Early Learning Composite (ELC) scores at 12 months of age between infants
born to mothers who were ID in pregnancy versus those who were IS [28]. However, a small
Chinese study (ID = 35, IS = 92) found that infants born IS (cord blood ZPP/Heme ≤ 118 µmol/mol)
displayed a typical recognition memory response at two months of age, whereas those born with ID
(ZPP/Heme > 118 µmol/mol) did not [26,57].
Motor Development
The study in Benin, from Mireku et al., failed to identify a relationship between maternal iron
status (ID vs. IS) and infant motor development at 12 months of age [28]. Another large study (n = 523)
in Vietnam reported that maternal ID in pregnancy was not associated with motor skills at six months
of age [27]. However, it was noted that motor scores were lower among infants born to mothers with
anaemia in late pregnancy, which was in turn associated with ID earlier in pregnancy [27].
Neurophysiological Development
Neurophysiological assessments were used in four studies [23–25,29]. All four studies reported
positive associations between iron status and infant responses. However, these results should be
interpreted with caution as none of the studies were of high quality (Tables S3 and S4).
3.3.2. Observational Studies: 6–24 Months of Age
Cognitive Development
A total of six longitudinal studies reported how cognitive performance differed with iron
status within this developmental window. Fuglestad et al., in a study conducted among national
and international adoptees in the USA (IDA = 8, IS = 55), found lower scores within the IDA group
(Hb < 11 g/dL and two or more abnormal iron markers) (Table S4) compared to IS [40]. Using the same
criteria for IDA, Doom et al. reported lower scores in both IDA and ID (Hb ≥ 11 g/dL and two abnormal
iron markers) adoptees within the USA, compared to those who were IS [33]. However, in a study
in Chile, the ID group performed largely in line with the IS group, with only the IDA group achieving
significantly lower scores [32,53]. The results of a further two studies in the USA were inconclusive,
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with some, but unconvincing, differences between iron groups [39,41], whereas Beltran-Navarro et al.
reported no difference in cognitive performance between IDA, ID and IS (IDA = Hb < 11 g/dL
and ferritin < 12 µg/L, ID = Hb ≥ 11 g/dL and ferritin < 12 µg/L, IS = Hb ≥ 11 g/dL and ferritin ≥ 12 µg/L)
groups within their study in Mexico [34]. Three further cross-sectional studies, conducted in populations
from Bangladesh, France and the USA, reported no difference between cognitive outcomes among
IDA, ID or IS participants [37,38,42].
Motor Development
A single longitudinal study, conducted in Chile, assessed motor development following postnatal
ID in the first two years of life [32]. In this study, both IDA (Hb < 11 g/dL and two abnormal iron markers)
and ID (Hb ≥ 11 g/dL and two abnormal iron markers) participants performed, on average, worse than
IS participants, with the IDA group most severely affected. An additional three cross-sectional
studies from Bangladesh (n = 434) [38], the USA (n = 106) [30] and a multi-centre study in Ghana,
the USA and China (n = 209) [54] reported on motor outcomes. The study conducted in the US
and the multi-centre study found some, but unconvincing, evidence of a motor deficit among IDA
and ID participants compared to IS controls [30,54,58], and the third (Bangladesh) showed no difference
between groups [38].
Socio-Emotional Development
The aforementioned USA-based longitudinal studies from Fuglestad et al. [41] and Carter et al. [39]
also included measures of socio-emotional development and found evidence of a difference between
some aspects of behaviour, but no consistent differences in scores based on iron status. A cross-sectional
study in France [37] found no difference between IDA and IS participants. All three studies had very
few ID and IDA participants (n < 30).
Neurophysiological Development
One small cross-sectional study (IDA = 25, IS = 25) conducted in India and a small longitudinal
study in the USA assessed neurophysiological response to a visually evoked potential assessment
and reported significantly longer peak and interpeak latencies among IDA participants compared to IS
controls [36,40].
3.3.3. Observational Studies: 2–4 Years of Age
Only one observational study focused on iron status from 2 to 4 years of age was identified
within this review. The large study based in Ethiopia (n = 541), within which IDA was observed
in 5.3% participants, compared cognitive scores measured by the WPPSI in pre-school-aged children
(54–60 months of age), but found no association with ID or IDA (IDA = Hb < 11 g/dL and ferritin < 12
or <30 µg/L if AGP > 1.2 g/L; ID = serum ferritin <12 or <30 µg/L if AGP > 1.2 g/L) [35].
3.3.4. Observational Studies: Duration Comparison
One study based in Mexico (n = 58) [34] along with two in China (n = 80 [57], n = 1194 [52]),
took a different analytic approach, comparing the impact of timing or duration of ID on developmental
outcomes. The Mexican study reported no difference in cognitive scores, but a significant deficit
in motor and language performance at 14–18 months of age among a group of infants with chronic
ID (ferritin < 12 µg/L at both six and 14–18 month of age) compared to those who were IS at both
six and 14–18 months of age [34]. In China, Santos et al. reported that infants with either prenatal
(cord ferritin < 75 µg/L or ZPP/Heme > 118 µmol/mol) or postnatal ID (body iron < 0 mg/kg) performed
worse on gross motor tasks at nine months of age, than infants who were IS in either or both
periods [52]. However, ID in both periods had no greater impact on performance than ID in a single
period. Armony-Sivan et al. reported from a separate Chinese study that there was no difference
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in overall response to emotional stimuli among the prenatal ID (cord blood ferritin < 75 µg/L or
ZPP/Heme > 118 µmol/mol), postnatal ID (MCV < 74 fl, red cell distribution width (RDW) > 14.5%,
ferritin < 12 µg/L, ZPP/H > 69 µmol/mol heme at 9 months of age), chronic ID (both pre- and postnatal
ID) and never ID groups when assessed by electroencephalography (EEG) at 9 months of age, although
the chronic ID group had a different topographical response pattern compared to the other groups [57].
3.3.5. Intervention Studies: Pregnancy
The impact of iron supplementation administered to women during pregnancy on developmental
outcomes in their offspring was reported in two studies. Firstly, a four-arm RCT in China administered
iron folic acid (30 mg/d iron + 400 µ/d) or folic acid alone (400 µg/d) from <20 weeks gestation to
delivery [59], and further randomised infants from six weeks to nine months of age with oral iron
(1 mg/kg/d) or placebo [54]. Secondly, in an RCT among pregnant women in Australia, participants
similarly received a low dose of iron (20 mg/d) or placebo tablet daily during the second half of
pregnancy [51]. Both trials were deemed to have a low risk of bias.
Cognitive Development
Zhou et al., in their trial in Australia, found no evidence of a difference in cognitive scores between
the children of iron-supplemented or control women at four years of age [51].
Socio-Emotional Development
In the same Australian trial, there was no difference in mean socio-emotional scores between trial
arms. However, a higher proportion of the iron-supplemented group scored within the ‘abnormal’
range on a parent-reported measure of childhood behavioural problems at four years of age [51].
Motor Development
In the Chinese study, no effect was observed of antenatal iron supplementation on offspring motor
development at nine months of age [54].
3.3.6. Intervention Studies: 0–6 Months of Age
In total, three double-blind RCTs administering iron supplements in early infancy were identified.
Firstly, as described above, the trial in China from Angulo-Barroso et al. included a postnatal arm,
with infants randomised to receive iron or placebo supplementation from six weeks to nine months
of age [54]. In Canada, Friel et al. reported on a small trial (n = 77) supplementing infants with iron
(7.5 mg/d) or placebo syrup from 1 to 6 months of age [60]. Moffatt et al. reported a larger Canadian
trial (n = 283) comparing the impact of feeding infants ad libitum with iron-enriched (12.8 mg/L iron)
versus regular formula (1.1 mg/L iron) [55]. In addition, Otero et al. compared cognitive performance
among a small group of IDA infants (n = 50) aged between 3 and 12 months in Mexico, before and after
daily iron supplementation (5 mg/kg/d) for four months [61]. All three RCTs were rated at either low
or medium risk of bias. The Mexican study was determined to be at high risk of bias, given its small
size and lack of control group.
Cognitive Development
Moffatt et al. and Friel et al. used the BSID mental development index (MDI) to assess the impact
of iron supplementation on cognitive function but found no relationship between supplementation
during early infancy and developmental scores in toddlerhood [55,60].
Socio-Emotional Development
Only one of the trials, from Canada, assessed infant socio-emotional development but found no
difference between groups [55].
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Motor Development
All three RCTs measuring motor outcomes in infants and toddlers found improved scores among
supplemented infants compared to controls. In China, Angulo-Barroso et al. observed that infants
in the iron supplementation group achieved higher gross motor scores than infants administered
placebo in infancy, when assessed by the Peabody Developmental Motor Scale (PDMS-2) [62] at nine
months of age (d = 0.16) [54]. Both Canadian trials used the BSID psychomotor development index
(PDI) to assess infant motor skills at 12 months of age and found a similar difference in mean scores
between the groups, with iron-supplemented infants scoring on average seven points higher (100 +/−12
vs. 93 +/−8.8) [60] and 6.3 points higher (100.5 +/−14.1 vs. 94.2 +/−12.6) than the control group [55].
Moffatt et al. also assessed motor skills by the BSID PDI at 18 months, but the difference between
supplementation and placebo groups was no longer significant, despite the maintenance of improved
iron parameters within the supplemented group [55].
Neurophysiological Development
In the Mexican study assessing developmental outcomes before and after three months of daily iron
supplementation (5 mg/kg/d), Otero et al. compared neurophysiological responses using quantitative
EEG and found that IDA infant responses were abnormal prior to, and normalised following, the period
of supplementation [61].
3.3.7. Intervention Studies: 6–24 Months of Age
A total of 18 studies focusing on supplementation in infants aged 6–24 months met the inclusion
criteria for this review. Of these, 12 were located in LMICs, almost half of which were
in the Americas (Chile n = 3, Costa Rica n = 2, Guatemala n = 1, Turkey n = 3, Indonesia n = 2,
and Bangladesh n = 1), and six were conducted in HICs (the USA n = 3, the UK n = 2, and Spain n = 1).
Just over half of the studies were RCTs (10/18), but only a single study was determined to be at low risk
of bias [56]. The remaining studies compared developmental scores before and after supplementation
and were largely low in quality. Supplementation was administered either via injection or orally
through drops, syrup or infant formula. Duration of oral supplementation ranged from 7–10 days to
nine months and there was considerable variation in the dosing of supplementation regimens across
studies. Some studies dosed participants individually based on their weight [47,63–66] (doses ranging
from 3 to 6 mg/kg iron per day) or by iron status of the participant at baseline [67]. Others supplemented
all participants with the same dose of iron regardless of age, infant weight or iron status [48,56,68,69].
In studies using infant formula as the mode of iron supplementation [50,70,71], infants received
formula ad libitum, so iron dose varied between participants based on consumption and composition of
formula (which ranged from 1.2 to 12.7 mg/L iron). All studies conducted developmental assessments
within a week of completing the intervention period. In addition, the studies in Costa Rica and Chile
reported by Lozoff [72] and Walter [32], respectively, conducted developmental assessments at an
interim point during the supplementation period. There was substantial variation between studies
in the age of enrolment into trials. Some studies recruited participants within a very narrow age
range of 1–2 months [32,48,50,56,68–71], whereas other studies recruited more broadly. For example,
the study in Guatemala [63] and two studies in Turkey [46,47] recruited participants from 6 to 24 months
of age.
Cognitive Development
A total of 14 studies assessed cognitive performance in relation to supplementation
within this developmental window. The BSID was the most common tool of assessment,
used in all 14 studies. In addition, Akman et al. [66] used the Denver Developmental Screening Test
(DDST) [73] and Lozoff et al. [50] used the Fagan Test of Infant Intelligence [74]. Of the 14 studies,
six reported improved scores among the supplemented group [65–67,72,75,76], three of which were

Nutrients 2020, 12, 2001

10 of 23

deemed to be at medium risk of bias and three at high risk. In all six studies, the effect was seen,
either solely or more strongly, in participants who were IDA at baseline. Further, one study in Costa
Rica found that infants within the supplemented group who became IS scored better when assessed
by the BSID MDI at the study end line, although there was no difference between the scores of
the supplemented and placebo groups overall [64]. In the remaining seven studies, there was no
difference in the BSID MDI between intervention arms [32,50,56,63,68,70,71].
Motor Development
Fifteen studies assessed the impact of iron supplementation between 6 and 24 months of age on
motor development. Aukett et al. assessed motor skills using the DDST [73] and found no difference
between the mean scores of supplemented and control group. However, a higher proportion of infants
in the iron group reached the ‘expected developmental level’ by end line [69]. The remaining 14 studies
used the BSID PDI as the assessment tool, two of which reported improved motor scores following
iron supplementation [56,66] and a further two studies reported a benefit of iron supplementation on a
subgroup of participants; those who were IDA at baseline [65], or those who became IS by end line [64].
Nine studies reported no difference in the BSID PDI scores between groups (Table S5) and one study
did not report results for this measure, despite including the BSID PDI within the methodology section
of their paper [76].
Socio-Emotional Development
Within seven studies, the behavioural component of the BSID (IBR (infant behaviour record) or
BRS (behaviour rating scale)) was used to assess socio-emotional development. One study found
no difference between supplementation groups [56], four studies identified differences between
supplementation groups in some assessed items, but no consistent differences [50,68,72,75] and two
studies did not report results for this measure [67,76,77].
Neurophysiological Development
Two small supplementation studies conducted in Turkey (IDA n = 25, ID n = 24, and IS n = 44) [47],
(IDA n = 20 and IS n = 20) [46] used physiological measures of neurodevelopment. Neither study
identified a difference in response among IDA infants compared to non-IDA controls at baseline,
or a difference between supplemented and non-supplemented participants at end line. However,
Lozoff et al., in a study conducted in the USA, identified a difference in eye-blink rates in IDA (n = 19)
and non-IDA (n = 42) infants at baseline, which was corrected by iron supplementation [48].
3.3.8. Intervention Studies: 2–4 Years of Age
Only two studies administering iron supplements to young children aged 2–4 years were
identified. Metallinos-Katsaras et al. conducted an RCT in IDA pre-schoolers (36–59 months of age)
and non-IDA controls in Greece [78]. Although little difference was identified in the performance of
IDA and non-IDA children at baseline, iron-supplemented IDA children performed better than those
treated with an iron-free MMN at end line (IDA n = 21 (14 iron and 7 iron-free MMNs), non-IDA
n = 28 (18 iron and 10 iron-free MMNs)) [78]. Kabakus et al. reported on a study, the location of which
was not reported, among 30 young children (IDA n = 18 and non-IDA n = 12) aged 25–42 months.
At baseline, slower nerve conduction velocity was observed among the IDA group. However, following
supplementation (6 mg/kg/d) for 3 months, the IDA group performed in line with non-IDA baseline
results (non-IDA were not reassessed at end line) [49]. Both studies were considered at high risk of
bias (Table S5).
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4. Discussion
The main aim of this systematic review was to assess the relationship between iron status or iron
supplementation and brain development, across specific age windows within the first four years of life
(pregnancy, 0–6 months, 6–24 months, and 2–4 years). A total of 54 relevant papers were identified—26
from observational studies of iron status and 28 from iron intervention studies. However, despite
the relatively large number of studies, the evidence was equivocal. Within the included literature,
observational studies varied substantially in the assessment and definition of ID. Similarly, intervention
studies varied in the dose, duration and mode of supplementation. Further, a diverse range of
assessment tools and techniques were used to measure developmental outcomes. This considerable
heterogeneity between studies prohibited a meta-analysis. Nonetheless, several interesting themes
emerged which are discussed qualitatively below.
4.1. Windows of Exposure
4.1.1. Pregnancy
Seven studies included in this review assessed the relationship between maternal or foetal
(cord blood) ID and developmental outcomes, which were measured between birth and 12 months of
age. The majority of the studies (5/7) identified some evidence that prenatal ID was detrimental to early
brain development. Four of the five studies showing impact used neurophysiological assessments as an
outcome measure, including structural MRI and auditory brainstem response, whereas the two studies
which found no impact assessed cognitive and motor development using behavioural assessments
(the BSID). Emerging evidence from research into autism spectrum disorder suggests atypical neural
responses are identifiable from 4 to 6 months of age, significantly prior to observable changes to
behaviour [79]. Given that all studies measured developmental outcomes in the first year of life,
it is possible that in this age group, neurophysiological tools were able to identify iron-related neural
differences which had not yet manifested behaviourally. However, the studies using physiological
tools were overall of lower quality than those using behavioural assessments, and therefore differences
in findings may be due to bias.
Disparity in the study findings may have also been due to differences in comparison groups.
Four of the five studies that reported an association between iron status and developmental outcomes
compared infants who were ID or IS (measured from cord blood at delivery), and the final study
compared infants born to IDA versus IS mothers. The two studies that reported no association between
iron status in pregnancy and developmental outcomes compared infants born to mothers who were ID
versus IS. Evidence suggests that upregulation of maternal–foetal iron transfer ensures that foetal iron
accumulation is normal in cases of mild–moderate maternal ID [80,81], whereas maternal IDA is likely
to result in foetal ID [82,83]. This means that infants in the ‘ID’ group of the two studies comparing
maternal ID versus IS may have been iron replete, which may in part explain the lack of difference
in developmental outcomes between iron status groups in these studies. Despite the lack of publications
focused on this developmental window, there is mounting evidence that foetal ID is detrimental to
neurodevelopment. However, the low quality of available evidence may undermine this message.
High-quality research focused on foetal ID, as opposed to maternal ID, and early development is
needed to substantiate this area of research and eliminate doubts regarding the reliability of findings.
Only two studies reported the impact of iron supplementation in pregnancy on developmental
outcomes in infancy. Although both were high-quality RCTs with a low risk of bias, neither study found
any developmental impact. However, one of the two studies was conducted among women at low risk
of IDA [51], and therefore, although the impact on infant iron status was not reported, supplementation
was likely of little benefit [84]. The second study specifically reported no impact of maternal iron
supplementation on the iron status of infants at delivery (cord blood ferritin) [54]. The negative results
of these two trials could, therefore, be misinterpreted as a lack of impact, when in fact they represent
the lack of appropriate evidence. High-quality research into the impact of iron supplementation
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in pregnancy on developmental outcomes is needed. This research should be conducted in populations
where ID/IDA is common and include measurement of infant iron status to determine the efficacy
of the intervention in maintaining infant iron sufficiency. In addition, given the limited efficacy of
maternal iron supplementation in the prevention of postnatal ID in previous trials [54,85], further
research into interventions that more effectively maintain iron sufficiency in utero and throughout
infancy would be beneficial.
4.1.2. 0–6 Months
When looking at the period of early infancy (0–6 months of age), no papers reporting observational
studies were identified, but four relevant studies reporting iron supplementation in the first six months
of life were included in this review. Unlike the interventions in pregnancy, all four studies reported
some improvement in iron status in the supplemented group. Further, all studies reported a benefit of
iron supplementation on developmental outcomes, although these benefits were limited to specific
domains. The three RCTs assessing motor development, which were graded as at low or medium risk
of bias, reported enhanced motor performance at 9–12 months of age [54,55,60]. However, neither
of the two studies assessing cognitive outcomes reported any difference between trial arms [55,60],
nor did the single study assessing socio-emotional development [55]. This domain-specific impact
of supplementation may reflect the relatively rapid development of motor skills in the first year of
life [86]. Equally, failure to identify cognitive or socio-emotional differences may be due to the poor
reliability and sensitivity of behavioural tools used in young infants.
It is interesting that there are no studies assessing the impact of ID/IDA from 0 to 6 months of
age. This may be due to the assumption that infants of this age, especially when breastfed, are at low
risk of ID [87], which is supported by the exclusion of infants under six months of age from WHO
recommendations of routine iron supplementation for children in regions of endemic IDA [88]. However,
protection from ID in this age group, and especially in infants who are exclusively or predominantly
breastfed, requires that (i) infants are born to mothers with adequate iron during pregnancy, (ii) they are
not born premature or at low birthweight, and (iii) delayed cord clamping was practiced at delivery [87].
In settings where IDA during pregnancy is prevalent, it is rare for these conditions to all be met,
placing young infants at risk of ID [89,90]. These findings reinforce the evidence that interventions to
maintain iron sufficiency throughout foetal and early infant development, as opposed to correction
of ID thereafter, are more likely to be effective in supporting early brain development. Although
evidence is currently sparse, we have identified encouraging findings supporting the possible benefit
of iron supplementation in early infancy on developmental outcomes. There is a need for further
well-conducted studies within this previously neglected age group.
4.1.3. 6–24 Months
Of the studies included in this review, the most common window of investigation was 6–24 months
of age. However, despite the inclusion of 26 studies in total, there were limited consistent findings
across studies to support robust conclusions. A total of 12 observational studies were identified; seven
reported a positive relationship between iron status and developmental outcomes. No relationships
were observed in the other five studies. Unlike observations in the younger age group, the effect did
not appear to be domain specific, with similar findings across cognitive, motor and neurophysiological
assessments. There were no obvious similarities in setting, study design, measurement of exposure or
outcome or analytic approach among studies with similar findings. However, it must be noted that
the research was largely assessed as low quality, limiting further interpretation.
Similarly, around half (10/18) of the intervention studies in the 6–24 month age group reported
higher scores in developmental assessments following iron supplementation. Again, study quality
was mixed, and eight studies were graded at high risk of bias. With a greater number of papers focused
on this developmental window, we were able to separately consider the findings of the higher-quality
studies alone, all of which were RCTs (9 at medium risk of bias and 1 at low risk of bias). Among these
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10 studies, four identified a developmental benefit of iron supplementation and six found no benefit.
Some interesting parallels were drawn between the studies with similar findings. Firstly, those reporting
a benefit of supplementation were conducted among higher-risk populations (LMIC and/or high
proportion of IDA participants at baseline). Further, all four studies that identified a difference between
trial arms administered daily iron drops or syrup, at a dose of at least 10 mg iron per day and for at least
3 months, in line with the WHO recommendations for prevention of IDA in at-risk populations [88],
and reported improved iron status among the supplemented group. In contrast, the studies that
reported no difference between trial arms administered supplements which were of a lower dose
(e.g., 20 mg per week [68]), a shorter duration (e.g., 7–10 days [63,91,92]) or, in the three studies
using infant formula, less controlled and compared to a lower dose of iron as opposed to no iron.
These interventions were less effective, with only half of the studies reporting a difference in iron
status between trial arms [50,69,71]. These findings suggest that differences in study design, setting
and formula of intervention contributed to differences in results. All studies, irrespective of findings,
used similar behavioural assessments (the BSID or DDST), meaning that the mode of assessment is less
likely to have impacted the results, although participants in the studies that identified impact were
slightly older at time of developmental assessment (12–24 months of age) than those in the studies that
reported no impact (6–19 months of age), which may have altered the reliability of the assessments.
4.1.4. 2–4 Years
Despite wide acknowledgement that the first 1000 days of life are the most important period for
brain development, we included studies focused on ID or supplementation in two to four year olds,
primarily to ascertain whether evidence corroborates theory that early developmental deficits from
ID are more difficult to overcome once this window has passed. Unfortunately, our literature search
identified only three relevant studies in this age window—a single observational study assessing
the relationship between ID and school readiness and two intervention studies, assessing the impact
of iron supplementation on neurodevelopmental outcomes within this age group, both of which
had a high risk of bias. This lack of data precluded our ability to draw any reliable conclusions
regarding the relationship between iron deficiency or supplementation and developmental outcomes
within this age group.
4.2. Developmental Domains
4.2.1. Motor Development
The impact of ID on motor development is likely through two main mechanisms: (i) altered basal
ganglia function as a result of dopaminergic changes, and (ii) compromised myelination of the motor
cortex and associated areas. Processes underlying both of these mechanisms occur predominantly
in late gestation and early infancy [86]. We found some evidence that iron supplementation in early
infancy (0–6 months of age) promotes motor development, whereas iron supplementation in later
infancy or early childhood may be less beneficial. Our findings support the hypothesis of differential
impact based on timing and suggest iron status up to six months of age may be particularly important
for motor development.
4.2.2. Socio-Emotional Development
Given the robust evidence from animal studies [12], we expected to identify an association
between ID and socio-emotional development. However, evidence of this relationship was not
as strong as hypothesised. This may have been due to a lack of setting- and age-appropriate
tools, which has previously been recognised as a limitation within the field [93]. Further, the most
common form of socio-emotional assessment was examiner-reported behaviour during an assessment.
However, this measure is neither specific to affect nor representative of naturalistic behaviour.
Finally, there was no consistency in the reporting of socio-emotional outcomes across studies, even when
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the same tool was used. When multiple assessments were conducted, agreement was low, suggesting
low reliability [39].
4.2.3. Cognitive Development
Evidence relating iron status and cognitive development was equivocal. Given that iron is more
important to some aspects of cognition than others, the lack of association may be a result of the broad
assessments used in most studies (e.g., the BSID, the MSEL, and the WPPSI) which combine many
aspects of cognition, such as memory, language, attention and fine motor skills, within a single total
score. Studies that used specific tests based on mechanistic evidence, such as those related to speed of
processing, memory or executive function [26,33,39], were able to identify a relationship between iron
status and outcomes, which may suggest that they were more sensitive to iron-related neural changes.
Further, given the extended period of cognitive development, it is possible that behavioural deficits
associated with ID in early development become more apparent with age. Our findings may have
been limited by the age cut off for outcome measures.
4.3. Strengths and Limitations
This review had several strengths. Firstly, the comprehensive approach, with literature drawn
from four databases without geographical or date limitations, and including both observational studies
of ID and studies of iron supplementation, has allowed us to consider a large range of relevant literature
from different contexts and with varying study design. Secondly, we included studies assessing ID or
supplementation across the first 1000 days of life, which is widely acknowledged as the most important
window of development, but also looked more specifically at narrower windows of development,
in an attempt to identify the period in which iron is most critical. Further, based on mechanistic
evidence on the roles of iron in brain development, we included outcomes across a range of relevant
developmental domains, some of which were absent from previous reviews [17].
Despite this robust methodology, the review was unable to find substantial, consistent evidence
relating iron status and brain development, particularly that which focused on pregnancy, early infancy
(0–6 months) or pre-school children (2–4 years). We also identified a considerable number of low-quality
studies with a high risk of bias, the results of which must be interpreted with caution.
In addition, collation of evidence and comparison of exposure windows was hindered by significant
heterogeneity between studies. For observational studies, variation in setting, comparison groups
(ID/IDA/IS), measurement and definition of ID/IDA, timing of outcome measures, developmental
assessment tools and analytic approach was substantial. In addition, among intervention studies,
the timing, duration, dosing and method of supplementation were also highly varied.
Many of the studies included in this review were conducted in settings where ID and IDA is
prevalent, for example in LMICs (n = 29) or among vulnerable groups in HICs (low socio-economic
status [37,39,94,95] or national and international adoptees [33,40,41]). However, the most vulnerable
populations were underrepresented in the published literature. Sub-Saharan Africa disproportionality
carries the burden of ID, yet not a single intervention study and only three observational studies [28,31,35]
were conducted within this region. It is likely that the impact of ID and iron supplementation is
dependent on wider factors such as infant morbidity or inflammation, food intake and social or
cultural influences [96–98]. Therefore, it may not be possible to extrapolate findings from one setting
to another, and efforts should be made to ensure future research is conducted within, and relevant to,
the populations who could benefit most.
The majority of studies identified through this review were heavily reliant on behavioural
assessments to measure developmental outcome; however, such assessments are less sensitive to
developmental deficits when used in infants under 12 months of age and may be less reliable outside
the HIC settings in which they were developed [99–101]. From the data presented in the current review,
neurophysiological tools appeared to offer greater sensitivity in detecting differences between groups.
However, these were largely used in low-quality studies and, unlike standardised behavioural tests,
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which have been shown to reasonably predict important later outcomes [2,102–104], the longer-term
relevance of differences identified by neurophysiological assessment are not yet fully understood.
Further research to identify meaningful early indicators of developmental deficit, suitable for use
in the most vulnerable settings and age groups, would be very beneficial to this field of research [105,106].
Of particular concern is the lack of tools for the assessment of socio-emotional development in infants
and young children, especially given the strong animal evidence that socio-emotional development
is compromised as a result of changes to dopaminergic neurotransmission in periods of ID [12].
Many studies used the BSID IBR or BRS for this purpose. However, for this scale, unlike the mental
and motor scales, which can be converted into a single score, there was no standard way of reporting
the IBR, which made results difficult to interpret [107].
Although iron deficiency is the most common micronutrient deficiency and iron has multiple
roles in neurodevelopment, nutritional deficiencies often co-occur [108,109], raising the importance,
in observational studies, of other micronutrient deficiencies on neurodevelopment [18]. Only one
observational study included within this review measured other micronutrients alongside iron [35].
They reported that selenium deficiency and anaemia, but not ID alone, were associated with lower
cognitive scores. The lack of a consistent relationship between iron status and outcome from
the observational studies reviewed here is possibly a consequence of confounding by other micro- or
macronutrient deficiencies. Similarly, micronutrient status was rarely measured within the intervention
studies; it is possible that the impact of iron supplementation on development was dependent on
the availability of other nutrients [110]. For example, although Black et al. reported no improvement
in motor skills as a result of iron supplementation alone, infants in the same trial who received
combined iron and zinc supplementation did show improvement [68]. More comprehensive nutritional
profiling is needed to better understand these complex relationships.
Based on the evidence that as many as one-third of children are failing to reach their developmental
milestones by the time they start school [1], we limited the scope of this review to studies where
developmental outcomes were measured in children under 5 years of age. The rationale behind
this was to (i) determine whether ID/IDA plays a role in early developmental deficits specifically,
and (ii) to limit further heterogeneity between study outcomes, as assessments used in older children
and adults such as educational attainment, IQ and mental health cannot be assessed in infants
and young children. However, early brain development forms the foundations upon which subsequent
developmental processes depend, and tools for developmental assessment of infants and young
children remain limited. A number of recent publications have reported on the long-term impact
of ID in infancy, even following correction before two years of age. These include delayed neural
response [111,112] and physical reaction times [112] at 10 years of age, higher rates of internalising
and externalising behavioural problems in adolescence [113], consistently lower scores in intelligence
assessments up to 19 years of age [114], reduced neural connectivity at 22 years of age [115] and poorer
educational achievement, interpersonal relationships and mental health at 25 years of age [116].
It is possible that the impact of early deficits become more pronounced, and more identifiable over
time. Therefore, our limited age of outcome may have impacted the findings from this review.
Finally, this review focused on the impact of iron deficiency on developmental outcomes.
However, we must also acknowledge the possibility of adverse effects of iron supplementation,
Previous trials among iron-replete children have reported poorer cognitive outcomes in the iron-treated
group, whereas trials among ID or IDA participants have not reported such adverse effects [117].
These findings emphasise the importance of conducting such trials in populations where ID/IDA is
endemic, not only to maximise benefit but also to minimize risk. Iron supplementation has also been
associated with increased risk of malaria in malaria-endemic regions. However, a recent systematic
review concluded that supplementation in children (0–18 years) is effective in improving iron status
and reducing anaemia, and does not pose increased risk as long as adequate malaria prevention
and treatment services are implemented [118].
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4.4. Future Directions
This review has highlighted the need for further research in this field. However, in order to
make progress and use resources most effectively, future studies should address the issues that limited
previous work.
Firstly, research should be based on mechanistic evidence. Animal studies clearly demonstrate
that ID in utero and early infancy has long-term neural impact, particularly on myelination, learning
and memory and basal ganglia function [86]. Guided by this evidence, future studies should use
age-appropriate outcome measures focused on developmental domains of interest. For example,
to address the impact of ID on the developing hippocampus and associated learning and memory
functions, structural MRI could be used from birth to assess impact on physical hippocampal
development and functional brain-imaging assessments such as EEG or fNIRS, alongside objective
tools such as eye tracking, could be used to conduct learning and memory assessments without
relying subjective assessment of infant behaviour. Further, measurement of ID should be standardised,
and research should be conducted in areas with endemic ID/IDA. WHO guidelines released in 2020
recommend the use of ferritin as a marker of iron deficiency and to monitor the impact of iron
supplementation in all age groups. In populations where inflammation or infection is widespread,
ferritin should be measured concurrently with two acute phase response proteins such as AGP
and CRP [119]. Finally, other contributing factors should be accounted for, particularly other
nutritional deficiencies and exposures. In supplementation studies, the nutritional backdrop should be
characterised as thoroughly as possible and contribute to trial design and evaluation. This is especially
relevant in relation to (i) lead exposure, which can impact iron absorption [120] and has independent
effects on brain development [121]; (ii) zinc deficiency, which is common in populations with endemic
ID, can be exacerbated by iron supplementation [122], and may independently impact cognitive
outcomes [123]; and (iii) copper deficiency, which may impair iron absorption [124] and impact
cerebellar development [125]. Trial designs which draw on findings from previous studies on
micronutrient interactions [122] and strategically incorporate combinations of micronutrients may be
beneficial. In observational studies, measurement of zinc, lead and other micronutrients of interest
should be implemented more widely and more advanced statistical techniques, including structural
equation modelling, could be used to better understand the complexities of social, environmental
and nutritional influences on the relationship between ID and brain development.
5. Conclusions
Given the established roles of iron in processes of neurodevelopment, it is likely that ID or IDA
does impact cognitive development, particularly if it occurs in utero or early infancy. However,
the strength of the current evidence remains equivocal and neither a threshold for impact nor critical
period has been established within this review. This is likely due, at least in part, to the disparity
between mechanistic evidence and translational research. Despite robust mechanistic evidence that
(i) brain development is most rapid in pregnancy and early infancy and (ii) maintenance of iron
sufficiency is preferable for neurodevelopment over correction of ID, human research has been focused
on reversal of ID in the second year of life. Further, differences in study design and quality limited
direct comparability between studies, and likely contributed to the disparity in findings.
Further high-quality studies on the impact of iron supplementation on developmental outcomes
are needed. These studies should: (i) focus on maintenance of iron sufficiency in utero and early infancy,
in line with mechanistic evidence; (ii) be conducted within populations who are at high risk of ID/IDA;
(iii) take into account the possible impact of other factors including nutritional deficiencies; (vi) establish
standardisation of ID and IDA definition and measurement across studies to aid comparison; (v) use
tools that are capable of reliably measuring developmental outcomes in young infants across the range
of developmental domains.

Nutrients 2020, 12, 2001

17 of 23

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/7/2001/s1,
Table S1. PRISMA Checklist; Table S2. Search Strategy; Table S3. Cross-Sectional Studies; Table S4. Longitudinal
Studies; Table S5. Intervention Studies; Table S6. Risk of Bias.
Author Contributions: Conceptualisation, S.M. and S.E.M.; methodology, S.M. and S.E.M.; data curation, S.M.
and M.P.A.; writing—original draft preparation, S.M.; writing—review and editing, S.E.M. and M.P.A.; supervision,
S.E.M.; funding acquisition, S.E.M. All authors have read and agreed to the published version of the manuscript.
Funding: S.M. and M.P.A. are funded by a grant from the Bill and Melinda Gates Foundation, grant number
OPP1127625. S.E.M. is funded by a research grant from the Medical Research Council UK, grant number
MR/P012019/1.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the study;
in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results.

References
1.

2.

3.

4.

5.
6.
7.
8.
9.

10.
11.
12.
13.

14.

15.

McCoy, D.C.; Peet, E.D.; Ezzati, M.; Danaei, G.; Black, M.M.; Sudfeld, C.R.; Fawzi, W.; Fink, G. Early Childhood
Developmental Status in Low- and Middle-Income Countries: National, Regional, and Global Prevalence
Estimates Using Predictive Modeling. PLoS Med. 2016, 13, e1002034. [CrossRef]
Walker, S.P.; Wachs, T.D.; Gardner, J.M.; Lozoff, B.; Wasserman, G.A.; Pollitt, E.; Carter, J.A.; The International
Child Development Steering Group. Child development: Risk factors for adverse outcomes in developing
countries. Lancet 2007, 369, 145–157. [CrossRef]
Wachs, T.D.; Georgieff, M.K.; Cusick, S.; McEwen, B. Issues in the timing of integrated early interventions:
Contributions from nutrition, neuroscience, and psychological research. Ann. N. Y. Acad. Sci. 2014, 1308,
89–106. [CrossRef]
Stevens, G.A.; Finucane, M.M.; De-Regil, L.M.; Paciorek, C.J.; Flaxman, S.R.; Branca, F.; Peña-Rosas, J.P.;
Bhutta, Z.A.; Ezzati, M. 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 2013, 1, e16–e25. [CrossRef]
De Benoist, B.M.E.; Egli, I.; Cogswell, M. Worldwide Prevalence of Anaemia 1993–2005: World Health Organisation;
WHO, WHO Global Database on Anaemia: Geneva, Swizerland, 2008.
Barragán-Ibanez, G.S.-S.A.; Ramos-Penafiel, C.O. Iron Deficiency Anaemia. Rev. Med. Hosp. Gen. Mex. 2016,
79, 88–97.
Little, A.G.; Lau, G.; Mathers, K.E.; Leary, S.C.; Moyes, C.D. Comparative biochemistry of cytochrome c
oxidase in animals. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2018, 224, 170–184. [CrossRef] [PubMed]
Georgieff, M.K. The role of iron in neurodevelopment: Fetal iron deficiency and the developing hippocampus.
Biochem. Soc. Trans. 2008, 36, 1267–1271. [CrossRef] [PubMed]
de Deungria, M.; Rao, R.; Wobken, J.D.; Luciana, M.; Nelson, C.A.; Georgieff, M.K. Perinatal iron deficiency
decreases cytochrome c oxidase (CytOx) activity in selected regions of neonatal rat brain. Pediatr. Res. 2000,
48, 169–176. [CrossRef] [PubMed]
Radlowski, E.C.; Johnson, R.W. Perinatal iron deficiency and neurocognitive development. Front. Hum.
Neurosci. 2013, 7, 585. [CrossRef] [PubMed]
Todorich, B.; Pasquini, J.M.; Garcia, C.I.; Paez, P.M.; Connor, J.R. Oligodendrocytes and myelination: The role
of iron. Glia 2009, 57, 467–478. [CrossRef]
Lozoff, B.; Georgieff, M.K. Iron Deficiency and Brain Development. Semin. Pediatric Neurol. 2006, 13, 158–165.
[CrossRef] [PubMed]
Jayasinghe, C.; Polson, R.; van Woerden, H.C.; Wilson, P. The effect of universal maternal antenatal iron
supplementation on neurodevelopment in offspring: A systematic review and meta-analysis. BMC Pediatr.
2018, 18, 150. [CrossRef] [PubMed]
Janbek, J.; Sarki, M.; Specht, I.O.; Heitmann, B.L. A systematic literature review of the relation between iron
status/anemia in pregnancy and offspring neurodevelopment. Eur. J. Clin. Nutr. 2019, 19, 19. [CrossRef]
[PubMed]
Pasricha, S.R.; Hayes, E.; Kalumba, K.; Biggs, B.-A. Effect of daily iron supplementation on health in children
aged 4–23 months: A systematic review and meta-analysis of randomised controlled trials. Lancet Glob.
Health 2013, 1, e77–e86. [CrossRef]

Nutrients 2020, 12, 2001

16.
17.

18.
19.
20.

21.
22.
23.

24.
25.

26.
27.

28.
29.
30.
31.

32.
33.

34.
35.

36.
37.

18 of 23

Thompson, J.; Biggs, B.A.; Pasricha, S.R. Effects of daily iron supplementation in 2- to 5-year-old children:
Systematic review and meta-analysis. Pediatrics 2013, 131, 739–753. [CrossRef]
Wang, B.; Zhan, S.; Gong, T.; Lee, L. Iron therapy for improving psychomotor development and cognitive
function in children under the age of three with iron deficiency anaemia. Cochrane Database Syst. Rev. 2013, 6.
[CrossRef]
Cusick, S.E.; Georgieff, M.K. The Role of Nutrition in Brain Development: The Golden Opportunity of
the “First 1000 Days”. J. Pediatr. 2016, 175, 16–21. [CrossRef]
Cusick, S.E.; Georgieff, M.K. Nutrient supplementation and neurodevelopment timing is the key. Arch.
Pediatr. Adolesc. Med. 2012, 166, 481–482.
Higgins, J.T.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.J.; Welch, V.A. Cochrane Handbook for Systematic
Reviews of Interventions Version 6.0. 2019. Available online: www.training.cochrane.org/handbook (accessed
on 15 May 2020).
Critical Appraisal Skills Programme (2018). CASP Checklists. Available online: https://casp-uk.net/casptools-checklists/ (accessed on 15 May 2020).
Elalfy, M.; El-Farrash, R.; Taha, H.; Ismail, E.; Mokhtar, N. In utero iron status and auditory neural maturation
in full term infants born to mothers with iron deficiency anemia. Haematologica 2017, 102 (Suppl. 2), 89–90.
Pallone, L.V.; Jesus, F.A.; Gonçalves, G.A.; Navarra, L.C.; Melo, D.G.; Ferreira, R.A.; Germano, C.M.R. Effects
of intrauterine latent iron deficiency on auditory neural maturation in full-term newborns. J. Pediatr. 2018,
96, 202–209. [CrossRef]
Lou, J.; Mai, X.; Lozoff, B.; Felt, B.T.; Kileny, P.R.; Zhao, Z.; Shao, J. Prenatal iron deficiency and auditory
brainstem responses at 3 and 10 months: A pilot study. Hong Kong J. Paediatr. 2015, 20, 71–79.
ElAlfy, M.S.; El-Farrash, R.A.; Taha, H.M.; Ismail, E.A.; Mokhtar, N.A. Auditory brainstem response
in full-term neonates born to mothers with iron deficiency anemia: Relation to disease severity. J. Matern.-Fetal
Neonatal Med. 2020, 33, 1881–1888. [CrossRef]
Geng, F.; Mai, X.; Zhan, J.; Xu, L.; Zhao, Z.; Georgieff, M.; Shao, J.; Lozoff, B. Impact of Fetal-Neonatal Iron
Deficiency on Recognition Memory at 2 Months of Age. J. Pediatr. 2015, 167, 1226–1232. [CrossRef] [PubMed]
Tran, T.D.; Tran, T.; Simpson, J.A.; Tran, H.T.; Nguyen, T.T.; Hanieh, S.; Dwyer, T.; Biggs, B.-A.; Fisher, J. 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 2014, 14, 8. [CrossRef]
Mireku, M.O.; Davidson, L.L.; Boivin, M.J.; Zoumenou, R.; Massougbodji, A.; Cot, M.; Bodeau-Livinec, F.
Prenatal Iron Deficiency, Neonatal Ferritin, and Infant Cognitive Function. Pediatrics 2016, 138, 12. [CrossRef]
Basu, S.; Kumar, D.; Anupurba, S.; Verma, A.; Kumar, A. Effect of maternal iron deficiency anemia on fetal
neural development. J. Perinatol. 2018, 38, 233–239. [CrossRef]
Shafir, T.; Angulo-Barroso, R.; Jing, Y.; Angelilli, M.L.; Jacobson, S.W.; Lozoff, B. Iron deficiency and infant
motor development. Early Hum. Dev. 2008, 84, 479–485. [CrossRef]
Angulo-Barroso, R.M.; Schapiro, L.; Liang, W.; Rodrigues, O.; Shafir, T.; Kaciroti, N.; Jocobson, S.W.; Lozoff, B.
Motor development in 9-month-old infants in relation to cultural differences and iron status. Dev. Psychobiol.
2011, 53, 196–210. [CrossRef]
Walter, T.; De Andraca, I.; Chadud, P.; Perales, C.G. Iron Deficiency Aneamia: Adverse Effects on Infant
Psychomotor Development. Pediatrics 1989, 84, 7–17.
Doom, J.R.; Gunnar, M.R.; Georgieff, M.K.; Kroupina, M.G.; Frenn, K.; Fuglestad, A.J. Beyond stimulus
deprivation: Iron deficiency and cognitive deficits in postinstitutionalized children. Child Dev. 2014, 85,
1805–1812. [CrossRef]
Beltran-Navarro, B.; Matute, E.; Vasquez-Garibay, E.; Zarabozo, D. Effect of chronic iron deficiency on
neuropsychological domains in infants. J. Child Neurol. 2012, 27, 297–303. [CrossRef] [PubMed]
Gashu, D.; Stoecker, B.J.; Bougma, K.; Adish, A.; Haki, G.D.; Marquis, S. Stunting, selenium deficiency
and anemia are associated with poor cognitive performance in preschool children from rural Ethiopia. Nutr.
J. 2015, 15, 38. [CrossRef] [PubMed]
Monga, M.; Walia, V.; Gandhi, A.; Chandra, J.; Sharma, S. Effect of iron deficiency anemia on visual evoked
potential of growing children. Brain Dev. 2010, 32, 213–216. [CrossRef]
Honig, A.S. Iron deficiency anemia in relation to respiratory disease and social behaviors in low-income
infants in France. Early Child Dev. Care 1993, 96, 173–182. [CrossRef]

Nutrients 2020, 12, 2001

38.

39.

40.
41.

42.
43.
44.
45.
46.
47.

48.

49.

50.
51.

52.

53.
54.

55.

56.

57.

58.

19 of 23

Tofail, F.; Hamadani, J.D.; Mehrin, F.; Ridout, D.A.; Huda, S.N.; Grantham-McGregor, S.M. Psychosocial
stimulation benefits development in nonanemic children but not in anemic, iron-deficient children. J. Nutr.
2013, 143, 885–893. [CrossRef]
Carter, R.C.; Jacobson, J.L.; Burden, M.J.; Armony-Sivan, R.; Dodge, N.C.; Angelilli, M.L.; Lozoff, B.;
Jacobson, S.W. Iron deficiency anemia and cognitive function in infancy. Pediatrics 2010, 126, e427–e434.
[CrossRef]
Fuglestad, A.J.; Kroupina, M.G.; Johnson, D.E.; Georgieff, M.K. Micronutrient status and neurodevelopment
in internationally adopted children. Acta Paediatr. Int. J. Paediatr. 2016, 105, e67–e76. [CrossRef]
Fuglestad, A.J.; Georgieff, M.K.; Iverson, S.L.; Miller, B.S.; Petryk, A.; Johnson, D.E.; Kroupina, M.G.
Iron deficiency after arrival is associated with general cognitive and behavioral impairment
in post-institutionalized children adopted from Eastern Europe. Matern. Child Health J. 2013, 17, 1080–1087.
[CrossRef]
Delinard, A.; Gilbert, A.; Dodds, M.; Egeland, B. Iron deficiency and behavioral deficits. Pediatrics 1981, 68,
828–833.
Bayley, N. Manual for the Bayley Scales of Infant Development, 2nd ed.; Psychological Corporation: San Antonio,
TX, USA, 1993.
Mullen, E. Mullen Scales of Early Learning; American Guidance Service: Circle Pines, NM, USA, 1995.
Weschsler, D. Wechsler Preschool and Primary Scale of Intelligence, 3rd ed.; Psychological Corporation:
San Antonio, TX, USA, 2002.
Sarici, S.U.; Serdar, M.A.; Dündaröz, M.R.; Unay, B.; Akin, R.; Gökçay, E. Brainstem auditory-evoked
potentials in iron-deficiency anemia. Pediatr. Neurol. 2001, 24, 205–208. [CrossRef]
Kürekçi, A.E.; Sarici, S.U.; Karaoglu, A.; Ulas, U.; Atay, A.A.; Serdar, M.; Akin, R.; Özcan, O. Effects of iron
deficiency versus iron deficiency anemia on brainstem auditory evoked potentials in infancy. Turk. J. Pediatr.
2006, 48, 334–339.
Lozoff, B.; Armony-Sivan, R.; Maciroti, N.; Jing, Y.; Golub, M.; Jacobson, S.W. Eye-blinking rates are slower
in infants with iron-deficiency anemia than in nonanemic iron-deficient or iron-sufficient infants. J. Nutr.
2010, 140, 1057–1061. [CrossRef] [PubMed]
Kabakus, N.; Ayar, A.; Yoldas, T.K.; Ulvi, H.; Dogan, Y.; Yilmaz, B.; Kilic, N. Reversal of iron deficiency
anemia-induced peripheral neuropathy by iron treatment in children with iron deficiency anemia. J. Trop.
Pediatr. 2002, 48, 204–209. [CrossRef] [PubMed]
Lozoff, B.; De Andraca, I.; Castillo, M.; Smith, J.B.; Walter, T.; Pino, P. Behavioral and developmental effects of
preventing iron-deficiency anemia in healthy full-term infants. Pediatrics 2003, 112, 846–854.
Zhou, S.J.; Gibson, R.A.; Crowther, C.A.; Baghurst, P.; Makrides, M. 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. 2006, 83, 1112–1117. [CrossRef]
Santos, D.C.C.; Angulo-Barroso, R.M.; Li, M.; Bian, Y.; Sturza, J.; Richards, B.; Lozoff, B. Timing, duration,
and severity of iron deficiency in early development and motor outcomes at 9 months. Eur. J. Clin. Nutr.
2018, 72, 332–341. [CrossRef]
Walter, T. Infancy: Mental and motor development. Am. J. Clin. Nutr. 1989, 50, 655–666. [CrossRef]
Angulo-Barroso, R.M.; Li, M.; Santos, D.C.C.; Bian, Y.; Sturza, J.; Jiang, Y.; Kaciroti, N.; Richards, B.; Lozoff, B.
Iron Supplementation in Pregnancy or Infancy and Motor Development: A Randomized Controlled Trial.
Pediatrics 2016, 137, e20153547. [CrossRef]
Moffatt, M.E.K.; Longstaffe, S.; Besant, J.; Dureski, C. Prevention of iron deficiency and psychomotor decline
in high-risk infants through use of iron-fortified infant formula: A randomized clinical trial. J. Pediatr. 1994,
125, 527–534. [CrossRef]
Lind, T.; Lönnerdal, B.; Stenlund, H.; Gamayanti, I.L.; Ismail, D.; Seswandhana, R.; Persson, L.-A. A
community-based randomized controlled trial of iron and zinc supplementation in Indonesian infants:
Effects on growth and development. Am. J. Clin. Nutr. 2004, 80, 729–736. [CrossRef]
Armony-Sivan, R.; Zhu, B.; Clark, K.M.; Richards, B.; Ji, C.; Kaciroti, N.; Shao, J.; Lozoff, B. Iron deficiency
(ID) at both birth and 9 months predicts right frontal EEG asymmetry in infancy. Dev. Psychobiol. 2016, 58,
462–470. [CrossRef] [PubMed]
Shafir, T.; Angulo-Barroso, R.; Su, J.; Jacobson, S.W.; Lozoff, B. Iron deficiency anemia in infancy and reach
and grasp development. Infant Behav. Dev. 2009, 32, 366–375. [CrossRef] [PubMed]

Nutrients 2020, 12, 2001

59.
60.

61.
62.
63.
64.
65.
66.
67.
68.

69.
70.

71.

72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.

20 of 23

ClinicalTrials.gov. Healthy Infant Development Project. ClinicalTrials.gov Identifier: NCT00613717. 2008.
Available online: https://clinicaltrials.gov/ct2/show/NCT00613717 (accessed on 15 May 2020).
Friel, J.K.; Aziz, K.; Andrews, W.L.; Harding, S.V.; Courage, M.L.; Adams, R.J. A double-masked, randomized
control trial of iron supplementation in early infancy in healthy term breast-fed infants. J. Pediatr. 2003, 143,
582–586. [CrossRef]
Otero, G.A.; Fernández, T.; Pliego-Rivero, F.B.; Mendieta, G.G. Iron therapy substantially restores qEEG
maturational lag among iron-deficient anemic infants. Nutr. Neurosci. 2019, 22, 363–372. [CrossRef]
Folio, M.; Fewell, R. Peabody Developmental Motor Scales: Examiner’s Manual 2; PRO-ED Inc.: Austin, TX,
USA, 2000.
Lozoff, B.; Brittenham, G.M.; Viteri, F.E. The effects of short-term oral iron therapy on developmental deficits
in iron-deficient anemic infants. J. Pediatr. 1982, 100, 351–357. [CrossRef]
Lozoff, B.; Brittenham, G.M.; Wolf, A.W. Iron deficiency anemia and iron therapy effects on infant
developmental test performance. Pediatrics 1987, 79, 981–995.
Idjradinata, P.; Pollitt, E. Reversal of developmental delays in iron-deficient anaemic infants treated with
iron. Lancet 1993, 341, 1–4. [CrossRef]
Akman, M.; Cebeci, D.; Angin, H.; Abali, O.; Akman, A.C. The effects of iron deficiency on infants’
developmental test performance. Acta Paediatr. 2004, 93, 1391–1396. [CrossRef]
Oski, F.A.; Honig, A.S. The effects of therapy on the developmental scores of iron-deficient infants. J. Pediatr.
1978, 92, 21–25. [CrossRef]
Black, M.M.; Baqui, A.H.; Zaman, K.; Persson, L.A.; El Arifeen, S.; Le, K.; McNary, S.W.; Parveen, M.;
Hamadani, J.D.; Black, R.E. Iron and zinc supplementation promote motor development and exploratory
behavior among Bangladeshi infants. Am. J. Clin. Nutr. 2004, 80, 903–910. [CrossRef]
Aukett, M.A.; Parks, Y.A.; Scott, P.H.; Wharton, B.A. Treatment with iron increases weight
gain and psychomotor development. Arch. Dis. Child. 1986, 61, 849–857. [CrossRef]
Morley, R.; Abbott, R.; Fairweather-Tait, S.; MacFadyen, U.; Stephenson, T.; Lucas, A. Iron fortified follow
on formula from 9 to 18 months improves iron status but not development or growth: A randomised trial.
Arch. Dis. Child. 1999, 81, 247–252. [CrossRef] [PubMed]
Iglesias Vazquez, L.; Canals, J.; Voltas, N.; Jardí, C.; Hernández, C.; Bedmar, C.; Escribano, J.; Aranda, N.;
Jiménez, R.; Barroso, J.M.; et al. Does the fortified milk with high iron dose improve the neurodevelopment
of healthy infants? Randomized controlled trial. BMC Pediatr. 2019, 19, 315. [CrossRef] [PubMed]
Lozoff, B.; Wolf, A.W.; Jimenez, E. Iron-deficiency anemia and infant development: Effects of extended oral
iron therapy. J. Pediatr. 1996, 129, 382–389. [CrossRef]
Frankenburg, W.K.A.P. Denver II: Training Manual, 2nd ed.; Denver Developmental Materials, Inc.: Denver,
CO, USA, 1992.
Fagan, J.F.; Singer, L.T. Infant recognition memory as a measure of intelligence. In Advances in Infancy Research;
Ablex: Norwood, NJ, USA, 1983.
Walter, T.; Kovalskys, J.; Stekel, A. Effect of mild iron deficiency on infant mental development scores.
J. Pediatr. 1983, 102, 519–522. [CrossRef]
Oski, F.A.; Honig, A.S.; Helu, B.; Howanitz, P. Effect of iron therapy on behavior performance in nonanemic,
iron-deficient infants. Pediatrics 1983, 71, 877–880.
Honig, A.S.; Oski, F.A. Developmental scores of iron deficient infants and the effects of therapy. Infant Behav.
Dev. 1978, 1, 168–176. [CrossRef]
Metallinos-Katsaras, E.; Valassi-Adam, E.; Dewey, K.G.; Lönnerdal, B.; Stamoulakatou, A.; Pollitt, E. Effect of
iron supplementation on cognition in Greek preschoolers. Eur. J. Clin. Nutr. 2004, 58, 1532–1542. [CrossRef]
Lloyd-Fox, S.; Blasi, A.; Elwell, C.E.; Charman, T.; Murphy, D.; Johnson, M.H. Reduced neural sensitivity to
social stimuli in infants at risk for autism. Proc. Biol. Sci. 2013, 280, 20123026. [CrossRef]
Lao, T.T.; Loong, E.P.; Chin, R.K.; Lam, C.W.; Lam, Y.M. Relationship between newborn and maternal iron
status and haematological indices. Biol. Neonate 1991, 60, 303–307. [CrossRef]
Harthoorn-Lasthuizen, E.J.; Lindemans, J.; Langenhuijsen, M.M. Does iron-deficient erythropoiesis
in pregnancy influence fetal iron supply? Acta Obstet. Gynecol. Scand. 2001, 80, 392–396. [CrossRef]
Allen, L.H. Pregnancy and iron deficiency: Unresolved issues. Nutr. Rev. 1997, 55, 91–101. [CrossRef]
[PubMed]

Nutrients 2020, 12, 2001

83.
84.

85.

86.
87.
88.
89.

90.

91.
92.
93.

94.

95.

96.
97.
98.
99.

100.
101.

102.

103.

21 of 23

Choi, J.W.; Kim, C.S.; Pai, S.H. Erythropoietic activity and soluble transferrin receptor level in neonates
and maternal blood. Acta Paediatr. 2000, 89, 675–679. [CrossRef] [PubMed]
Preziosi, P.; Prual, A.; Galan, P.; Daouda, H.; Boureima, H.; Hercberg, S. Effect of iron supplementation on
the iron status of pregnant women: Consequences for newborns. Am. J. Clin. Nutr. 1997, 66, 1178–1182.
[CrossRef]
Shao, J.; Lou, J.; Rao, R.; Georgieff, M.K.; Kaciroti, N.; Felt, B.T.; Zhao, Z.-Y.; Lozoff, B. Maternal Serum
Ferritin Concentration is positively associated with newborn iron stores in women with low ferritin status
in late pregnancy. J. Nutr. 2012, 142, 2004–2009. [CrossRef]
Lozoff, B.; Beard, J.; Connor, J.; Felt, B.; Georgieff, M.; Schallert, T. Long-lasting neural and behavioral effects
of iron deficiency in infancy. Nutr. Rev. 2006, 64 Pt 2, S34–S91. [CrossRef]
Dewey, K.G.; Chaparro, C.M. Session 4: Mineral metabolism and body composition iron status of breast-fed
infants. Proc. Nutr. Soc. 2007, 66, 412–422. [CrossRef]
WHO. Daily Iron Supplementation in Infants and Children in WHO Guidelines; World Health Organisation:
Geneva, Switzerland, 2016; p. 54.
Schellenberg, D.; Armstrong-Schellenberg, J.R.M.; Mushi, A.; de Savigny, D.; Mgalula, L.; Mbuya, C.;
Victora, C.G. The silent burden of anaemia in Tanzanian children: A community-based study. Bull. World
Health Organ 2003, 81, 581–590.
Menendez, C.; Kahigwa, E.; Hirt, R.; Vounatsou, P.; Aponte, J.J.; Font, F.; Acosta, C.J.; Schellenberg, D.M.;
Galindo, C.M.; Kimario, J.; et al. Randomised placebo-controlled trial of iron supplementation and malaria
chemoprophylaxis for prevention of severe anaemia and malaria in Tanzanian infants. Lancet 1997, 350,
844–850. [CrossRef]
Lozoff, B.; Brittenham, G.M.; Viteri, F.E.; Wolf, A.W.; Urrutia, J.J. Developmental deficits in iron-deficient
infants: Effects of age and severity of iron lack. J. Pediatr. 1982, 101, 948–952. [CrossRef]
Lozoff, B.; Wolf, A.W.; Urrutia, J.J.; Viteri, F.E. Abnormal behavior and low developmental test scores
in iron-deficient anemic infants. J. Dev. Behav. Pediatr. 1985, 6, 69–75. [CrossRef]
Semrud-Clikeman, M.; Romero, R.A.A.; Prado, E.L.; Shapiro, E.G.; Bangirana, P.; John, C.C. Selecting measures
for the neurodevelopmental assessment of children in low- and middle-income countries. Child Neuropsychol.
2017, 23, 761–802. [CrossRef] [PubMed]
Burden, M.J.; Westerlund, A.J.; Armony-Sivan, R.; Nelson, C.A.; Jacobson, S.W.; Lozoff, B.; Angelilli, M.L.;
Jacobson, J.L. An event-related potential study of attention and recognition memory in infants with
iron-deficiency anemia. Pediatrics 2007, 120, e336–e345. [CrossRef] [PubMed]
Lozoff, B.; Clark, K.M.; Jing, Y.; Armony-Sivan, R.; Angelilli, M.L.; Jacobson, S.W. Dose-Response Relationships
between Iron Deficiency with or without Anemia and Infant Social-Emotional Behavior. J. Pediatr. 2008, 152,
696–702. [CrossRef] [PubMed]
Baranwal, A.; Baranwal, A.; Roy, N. Association of household environment and prevalence of anemia among
children under-5 in India. Front. Public Health 2014, 2, 196. [CrossRef]
Stoltzfus, R.J.D. Guidelines for the Use of Iron Supplements to Prevent and Treat Iron Deficiency Anemia;
WHO/UNICEF: Washington, DC, USA, 1998.
Stoltzfus, R.J. Iron-deficiency anemia: Reexamining the nature and magnitude of the public health problem.
Summary: Implications for research and programs. J. Nutr. 2001, 131, 697S–700S. [CrossRef]
Maulik, P.K.; Darmstadt, G.L. Childhood disability in low- and middle-income countries: Overview of
screening, prevention, services, legislation, and epidemiology. Pediatrics 2007, 120 (Suppl. 1), S1–S55.
[CrossRef]
Greenfield, P.M. You can’t take it with you: Why ability assessments don’t cross cultures. Am. Psychol. 1997,
52, 1115–1124. [CrossRef]
Abubakar, A.; Holding, P.; Van Baar, A.; Newton, C.R.J.C.; Van de Vijver, F.J.R. Monitoring psychomotor
development in a resource-limited setting: An evaluation of the Kilifi Developmental Inventory. Ann. Trop.
Paediatr. 2008, 28, 217–226. [CrossRef]
Gould, J.F.; Hunt, E.; Roberts, R.M.; Louise, J.; Collins, C.T.; Makrides, M. Can the Bayley Scales of Infant
Development at 18 months predict child behaviour at 7 years? J. Paediatr. Child Health 2019, 55, 74–81.
[CrossRef]
Clark, C.A.C.; Pritchard, V.E.; Woodward, L.J. Preschool executive functioning abilities predict early
mathematics achievement. Dev. Psychol. 2010, 46, 1176–1191. [CrossRef] [PubMed]

Nutrients 2020, 12, 2001

22 of 23

104. Bull, R.; Espy, K.A.; Wiebe, S.A. Short-term memory, working memory, and executive functioning
in preschoolers: Longitudinal predictors of mathematical achievement at age 7 years. Dev. Neuropsychol.
2008, 33, 205–228. [CrossRef] [PubMed]
105. Blasi, A.L.-F.S.; Katus, L.; Elwell, C.E. fNIRS for Tracking Brain Development in the Context of Global Health
Projects. Photonics 2019, 6, 89. [CrossRef]
106. Katus, L.; Hayes, N.J.; Mason, L.; Blasi, A.; McCann, S.; Darboe, M.K.; de Haan, M.; Moore, S.E.; Lloyd-Fox, S.;
Elwell, C.E. Implementing neuroimaging and eye tracking methods to assess neurocognitive development
of young infants in low- and middle-income countries. Gates Open Res. 2019, 3, 1113. [CrossRef]
107. Kaplan-Estrin, M.; Jacobson, S.W.; Jacobson, J.L. Alternative approaches to clustering and scoring the Bayley
infant behavior record. Infant Behav. Dev. 1994, 17, 149–157. [CrossRef]
108. Pathak, P.; Kapil, U.; Kapoor, S.K.; Saxena, R.; Kumar, A.; Gupta, N.; Dwivedi, S.N.; Singh, R.; Singh, P.
Prevalence of multiple micronutrient deficiencies amongst pregnant women in a rural area of Haryana.
Indian J. Pediatr. 2004, 71, 1007–1014. [CrossRef]
109. Dijkhuizen, M.A.; Wieringa, F.T.; West, C.E.; Muherdiyantiningsih; Muhilal. Concurrent micronutrient
deficiencies in lactating mothers and their infants in Indonesia. Am. J. Clin. Nutr. 2001, 73, 786–791.
110. Finkelstein, J.L.; Herman, H.S.; Guetterman, H.M.; Peña-Rosas, J.P.; Mehta, S. Daily iron supplementation for
prevention or treatment of iron deficiency anaemia in infants, children, and adolescents. Cochrane Database
Syst. Rev. 2018, 2018, CD013227. [CrossRef]
111. Congdon, E.L.; Westerlund, A.; Algarin, C.R.; Peirano, P.D.; Gregas, M.; Lozoff, B.; Nelson, C.A. Iron
deficiency in infancy is associated with altered neural correlates of recognition memory at 10 years. J. Pediatr.
2012, 160, 1027–1033. [CrossRef]
112. Algarin, C.; Nelson, C.A.; Peirano, P.; Westerlund, A.; Reyes, S.; Lozoff, B. Iron-deficiency anaemia in infancy
and poorer cognitive inhibitory control at 10 years. Dev. Med. Child Neurol. 2013, 55, 453–458. [CrossRef]
[PubMed]
113. Corapci, F.; Calatroni, A.; Kaciroti, N.; Jimenez, E.; Lozoff, B. Longitudinal evaluation of externalizing
and internalizing behaviour problems following iron deficiency in infancy. J. Pediatr. Psychol. 2010, 35,
296–305. [CrossRef] [PubMed]
114. Lozoff, B.; Jimenez, E.; Smith, J.B. Double burden of iron deficiency in infancy and low socioeconomic status:
A longitudinal analysis of cognitive test scores to age 19 years. Arch. Pediatr. Adolesc. Med. 2006, 160,
1108–1113. [CrossRef]
115. Algarin, C.; Karunakaran, D.K.; Reyes, S.; Morales, C.; Lozoff, B.; Peirano, P.; Biswal, B. Differences
in brain connectivity in adulthood are present in subjects with iron deficiency anaemia in infancy. Front. Aging
Neurosci. 2017, 9, 54. [CrossRef]
116. Lozoff, B.; Smith, J.B.; Kaciroti, N.; Clark, K.M.; Guevara, S.; Jimenez, E. Functional significance of early-life
iron deficiency: Outcomes at 25 years. J. Pedr. 2013, 163, 1260–1266. [CrossRef]
117. Domellof, M. Benefits and harms of iron supplementation in iron-deficient and iron-sufficient children.
Nestle Nutr. Ser. Pediatr. Program 2010, 65, 153–162.
118. Neuberger, A.; Okebe, J.; Yahav, D.; Paul, M. Oral iron supplements for children in malaria-endemic areas.
Cochrane Database Syst. Rev. 2016, 2, CD006589. [CrossRef] [PubMed]
119. Georgieff, M.K.; Innis, S.M. Controversial nutrients that potentially affect preterm neurodevelopment:
Essential fatty acids and iron. Pediatric Res. 2005, 57, 99–103. [CrossRef]
120. WHO Guideline on Use of Ferritin Concentrations to Assess Iron Status in Individuals and Populations;
World Health Organization: Geneva, Switzerland, 2020.
121. Hegazy, A.A.; Zaher, M.M.; Abdel-hafez, M.A.; Morsy, A.A.; Saleh, R.A. Relation between anemia and blood
levels of lead, copper, zinc and iron among children. MNC Res. Notes 2010, 3, 133. [CrossRef]
122. Shah-Kulkarni, S.; Ha, M.; Kim, B.-M.; Kim, E.; Hong, Y.-C.; Park, H.; Kim, Y.; Kim, B.-N.; Chang, N.; Oh, S.-Y.
Neurodevelopment in Early Childhood Affected by Prenatal Lead Exposure and Iron Intake. Medicine 2016,
96, e2508. [CrossRef]
123. Berger, J.; Ninh, N.X.; Khan, N.C.; Nhien, N.V.; Lien, D.K.; Trung, N.Q.; Khoi, H.H. Efficacy of combined iron
and zinc supplementation on micronutrient status and growth in Vietnamese infants. Eur. J. Clin. Nutr. 2005,
60, 443–454. [CrossRef]

Nutrients 2020, 12, 2001

23 of 23

124. Sandstead, H.H. Zinc is essential for brain development and function. J. Trance Elem. Exp. Med. 2003, 16,
165–173. [CrossRef]
125. Collins, J.F.; Prohaska, J.R.; Knutson, M.D. Metabolic crossroads of iron and copper. Nutr. Rev. 2010, 68,
133–147. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

