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Neurodevelopmental Impairments as Long-term Effects of Iron 
Deficiency in Early Childhood: A Systematic Review
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2Department of Child Health, Universitas Indonesia, Cipto Mangunkusumo Hospital, Jakarta, Indonesia

Background: Numerous studies have reported neurodevelopmental 
disorders in children with a history of early-life iron deficiency (ID), 
though findings vary.

Aims: To evaluate the long-term impact of early childhood ID on 
neurodevelopmental outcomes.

Study Design: Systematic review.

Methods: A literature search was conducted across five electronic 
databases (PubMed, Cochrane, Scopus, Sage, and Embase) using the 
keywords “iron deficiency anemia” and “infant.” The JBI critical appraisal 
tool for cohort studies was used to evaluate study quality.

Results: Seventeen relevant cohort studies were identified through 
the systematic search. Of these, 14 were rated as high quality, while 3 

were classified as moderate quality. The neurodevelopmental domains 
assessed included cognitive deficits (seven studies), motor deficits (four 
studies), verbal deficits (seven studies), behavioral deficits (nine studies), 
auditory function (one study), and neuroendocrine function (two studies).

Conclusion: Early-life ID disrupts neurodevelopment, leading to persistent 
cognitive, motor, behavioral, and neuroendocrine impairments. Children 
with a history of early childhood ID demonstrate poorer cognitive, motor, 
and behavioral outcomes compared with their non-ID counterparts. 
Preventing ID within the first 1,000 days of life is essential to mitigate 
irreversible deficits in motor, cognitive, and behavioral functions.

 Jason Theola1,  Murti Andriastuti2

INTRODUCTION

Sufficient nutrition intake during the first 1,000 days of life, 
from conception to the second year, is essential for optimal 
neurodevelopment.1 During this period, children have the highest 
iron demands.2 Early childhood is marked by rapid growth and 
development, making iron requirements between 6 and 24 months 
greater than at any other stage of life.3 Inadequate iron intake during 
this critical phase increases the risk of iron deficiency (ID) in infants 
and young children. ID accounts for approximately 30-50% of anemia 
cases in children.4 Iron plays a vital role in brain development by 
supporting myelination, neurotransmitter synthesis, and oxygen 
transport in hemoglobin.5 ID within the first 1,000 days of life can lead 
to long-term, irreversible impairments in motor function, cognition, 
and behavior.2 A systematic review evaluating iron status in pregnant 
women found that low maternal iron levels, particularly during 

the third trimester, are linked to neurodevelopmental disorders in 
offspring, including deficits in behavior, cognition, and academic 
performance.6 Therefore, ID during pregnancy can adversely affect 
fetal brain development.7

ID results from a reduction in iron stores and can progress to iron 
deficiency anemia (IDA) if left uncorrected. It is identified by low 
ferritin levels while hemoglobin and normal mean corpuscular 
volume (MCV) remain within normal ranges. The subsequent stage, 
ID without anemia, is marked by low ferritin and MCV levels but 
normal hemoglobin levels. The final stage, IDA, is characterized by 
low levels of hemoglobin, MCV, and ferritin.8 Although anemia is a 
severe outcome of ID, ID without anemia can also affect a child’s 
brain development even before anemia occurs.9,10 

In humans, the brain, particularly the hippocampus, undergoes 
rapid development from late pregnancy to approximately 2-3 years 
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of age. During this period, iron utilization increases alongside 
the formation of new neurons, dendrites, myelin, synapses, and 
neurotransmitters. Hippocampus-dependent memory begins to 
develop and strengthen between 3 and 18 months. The generation 
of new neurons in the hippocampus occurs at a much faster 
rate before birth and in the early postnatal years. These neurons 
integrate into neural networks and are thought to play a crucial 
role in learning and memory. Consequently, during these critical 
developmental stages, environmental factors such as ID, which 
can impair neuronal growth or maturation, may influence both 
immediate and long-term behavior.11

Early childhood ID is thought to impair attention, memory, and 
motor skills, even when iron supplementation is provided. These 
deficits primarily affect the prefrontal cortex, hippocampus, and 
sensorimotor regions.12-16 Research has also shown that early 
childhood ID disrupts not only cognitive and motor functions 
but also verbal, behavioral, emotional, and psychosocial 
development.17-28 Additionally, several studies have reported 
differences in neuroendocrine activity between children with a 
history of early childhood ID and those without.19,24

Several studies have documented neurodevelopmental disorders in 
children with a history of early childhood ID, though their findings 
have varied considerably. This systematic review aims to evaluate 
the long-term impact of early childhood ID on neurodevelopmental 
outcomes in children.

MATERIALS AND METHODS

Ethics statement

This systematic review was registered in an international database 
(International Prospective Register of Systematic Reviews, 
CRD42024559247). As this study is a systematic review, informed 
consent and ethics committee approval were not required.

Eligibility criteria

The clinical question was structured using the PICO framework: 
Population, children under 18 years of age; issue (I), diagnosed 

with ID within the first 2 years of life; comparators, children with 
no history of childhood ID; and outcomes, neurodevelopmental 
impairments identified after a minimum follow-up of 1 year. 
Studies were included if they met the following criteria: (a) pediatric 
patients (under 18 years) diagnosed with ID within the first 2 years 
of life, (b) cohort study design, (c) long-term follow-up of more than 
1 year, (d) reporting neurodevelopmental outcomes, (e) published in 
English, and (f) full text available. Exclusion criteria were as follows: 
(a) presence of comorbidities other than ID, (b) insufficient data, (c) 
not published in English, or (d) full text unavailable.

Search strategy

This systematic review was conducted following the Preferred 
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) 
guidelines.29 The literature search was carried out from June 13th 
to 20th, 2023, using keywords aligned with the PICO framework. A 
Boolean search using OR and AND operators was conducted across 
five databases: PubMed, Cochrane, Scopus, Sage, and Embase, 
with the keywords “ID anemia” and “infant.” The Medical Subject 
Headings (MeSH) terms and search strategy are shown in Table 1. 
Filters were applied to limit the results to clinical trials, randomized 
clinical trials (RCTs), and research articles only. An example of the 
PubMed search query is as follows: ((“ID anemia”[All Fields] OR 
“anemia, iron deficiency”[MeSH Terms] OR (“anemia”[All Fields] AND 
“iron deficiency”[All Fields]) OR “iron-deficiency anemia”[All Fields] 
OR (“iron”[All Fields] AND “deficiency”[All Fields] AND “anemia”[All 
Fields]) OR “ID anemia”[All Fields]) AND (“infant”[MeSH Terms] OR 
“infant”[All Fields] OR “infants”[All Fields] OR “infant s”[All Fields])) 
AND (clinicaltrial[Filter] OR randomizedcontrolledtrial[Filter]).

Study selection process

The initial database search and screening were conducted 
independently by two authors (J.T. and M.A.). Title and abstract 
screening were also done independently by both authors to identify 
studies with eligible designs that addressed the clinical question 
(specifically cohort studies). Duplicate articles were removed 
through multiple rounds of screening. Full-text selection was based 

TABLE 1. Search Strategy and Keywords.

Database Keyword Filter Hits

PubMed ((“ID anemia”[All Fields] OR “anemia, iron deficiency”[MeSH Terms] OR (“anemia”[All Fields] AND “iron 
deficiency”[All Fields]) OR “iron-deficiency anemia”[All Fields] OR (“iron”[All Fields] AND “deficiency”[All 
Fields] AND “anemia”[All Fields]) OR “iron deficiency anemia”[All Fields]) AND (“infant”[MeSH Terms] 
OR “infant”[All Fields] OR “infants”[All Fields] OR “infant s”[All Fields])) AND (clinicaltrial[Filter] OR 
randomizedcontrolledtrial[Filter])

CT and RCT 502

Cochrane iron deficiency anemia AND infant Trials 761

Scopus TITLE-ABS-KEY (iron AND deficiency AND anemia) AND TITLE-ABS-KEY (infant) AND TITLE-ABS-KEY 
(development) AND (LIMIT-TO (DOCTYPE, “ar”))

Article 771

Sage iron deficiency anemia AND infant AND long-term Research article 863

Embase (‘iron deficiency anemia’/exp OR “iron deficiency anemia” OR ((‘iron’/exp OR iron) AND (‘deficiency’/exp OR 
deficiency) AND (‘anemia’/exp OR anemia))) AND (‘infant’/exp OR infant) AND (‘long-term” OR (long AND 
term))

No filter 
applied

245
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on the availability of complete articles. Studies were included if all 
authors agreed they met the eligibility criteria. Disagreements were 
resolved through consensus, and if consensus could not be reached, 
the first author made the final decision.

Data extraction and outcome domains

Two authors independently extracted data from the included 
studies. For each study, we recorded the first author’s name, study 
design, study location, population at the start (both exposed and 
control groups), age at ID diagnosis, iron therapy (if applicable), 
follow-up duration, outcomes, measurement tools, and statistical 
significance of the results. The data were entered into Microsoft 
Excel. To minimize the extraction bias, data extraction was carried 
out independently by both authors. If disagreements could not be 
resolved through discussion, the first author made the final decision. 
We extracted data on all neurodevelopmental domains affected by 
ID: cognitive, motor (both gross and fine), verbal, auditory, behavior, 
and neuroendocrine.

Statistical analysis

Statistical analysis was not performed, as this study is a systematic 
review with heterogeneous data outcomes, making meta-analysis 
unsuitable. Funnel plot analysis was also not applicable due to the 
inability to conduct meta-analysis. To minimize publication bias, 
we followed the PRISMA guidelines for systematic analysis across 
multiple databases. The cohorts and longitudinal RCT studies were 
assessed using the JBI critical appraisal tool for cohort studies.30 A 
study was classified as high quality (low risk of bias) if the score 
was > 80%, moderate quality (moderate risk of bias) if the score 
was between 50% and 80%, and low quality (high risk of bias) if the 
score was < 50%. In case of differing opinions among the authors, 
further discussion was held to reach a consensus. If disagreements 
persisted, the first author made the final decision.

RESULTS

The search and selection process is outlined in Figure 1. Out of 
3,142 retrieved articles, 17 relevant studies were included in this 
systematic review. Based on the quality assessment using the JBI 
critical appraisal tool, 3 studies were of moderate quality with a 
moderate risk of bias,24,25,31 while the remaining 14 studies were 
of high quality with a low risk of bias15,17-23,26-28,32-34 (Table 2). The 
studies included in this review showed high heterogeneity, as 
they were conducted in various locations and examined different 
neurodevelopment domains using diverse measurement tools. As 
a result, a qualitative analysis was performed by summarizing the 
extracted data in a summary table (Table 3). 

ID was diagnosed as early as birth and as late as age 24. Several 
studies reported iron supplementation durations ranging from at 
least 3 months27 to 6 months or up to 1 year, depending on the 
child’s age.19,20,26,32,33 Follow-up and assessment were conducted as 
early as age 4 years25,32,33 and as late as age 17 years.28 All studies 
met the inclusion and exclusion criteria. The tools used to assess 
neurodevelopmental outcomes varied across the studies. The 
outcomes assessed included not only cognitive functions but also 

behavior, verbal skills, motor skills, and neuroendocrine function. 
This systematic review found that ID in early life leads to long-term 
neurodevelopmental impairments.

Cognitive function in children with a history of early childhood ID was 
assessed at ages 4 years,32 8-9 years,20 and 10 years.24,26 Seven studies 
evaluated cognitive function as one of the neurodevelopmental 
aspects.15,20,22-24,26,32 Of these, three studies found significantly lower 
cognitive function in children with early childhood ID,24,26,32 one 
study did not report significance,20 and three studies found no 
significant differences.15,22,23

Several studies also reported motor function impairments in 
children with early childhood ID, assessed at ages 4 years,33 5 
years,15 6 years,31 and 5-12 years.34 Four studies evaluated motor 
function using different methods and found that children with a 
history of early childhood ID had lower motor function compared 
to those without ID.15,31,33,34 Among these studies, one assessed fine 
motor performance only,31 one assessed both gross and fine motor 
functions,15 one assessed overall motor scores without specifying 
gross or fine motor,34 and one assessed motor activity during 
daytime sleep.33

In this systematic review, verbal function in children with a history 
of early childhood ID was assessed at ages 5 years,27 8-9 years,20 
and 10 years.24,26 Seven out of the seventeen studies included in 
this review evaluated verbal function.15,20,22-24,26,27 Among these, 
two studies found that verbal function was significantly lower in 
children with early childhood ID compared to those without ID,24,27 
two studies showed similar results without stating significance,20,26 
and the remaining studies found no significant differences.15,22,23 
Regarding auditory function, one study found that children with 
early childhood ID had normal hearing function at age 10.24

FIG. 1. PRISMA flow diagram.
PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-analyses.
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Behavioral problems were assessed in the included studies at ages 
4 years,25 5 years,17,18,22 6 years,23 8-9 years,21 10 years,26 and 11-17 
years.28 The behavioral parameters varied across studies. Of the nine 
studies evaluating behavioral problems, seven reported significantly 
higher behavioral issues in children with a history of early childhood 
ID.17,18,22,23,25,26,28 One study reported lower behavioral performance 
in children with ID but did not state significance,21 while only one 
study found no significant differences in behavior between children 
with and without early childhood ID.24

Regarding neuroendocrine function, one study found that 10-year-
old children with early childhood ID had significantly lower serum 
cortisol levels compared to normal children.19 In contrast, another 
study reported higher morning salivary cortisol levels in children 
with a history of early childhood ID at the same age, compared to 
those without ID.24

DISCUSSION

Cognitive outcomes encompass various aspects, including 
memory, overall intelligence quotient, non-verbal knowledge, 
comprehension, learning, and mathematical abilities. The studies 
included in this review found that children with a history of early 
childhood ID exhibited lower cognitive function when assessed at 
ages 4 years,32 8-9 years,20 and 10 years.24,26 These children showed a 
slower rate of cognitive improvement compared to those without a 
history of ID.26 This delay may be linked to myelin dysfunction caused 
by ID, as myelin formation is a prolonged process that can take 
months or years in different brain regions.35,36 Disturbances in early 
brain development can have long-lasting effects, and disruptions 
in iron homeostasis during neurodevelopment may alter myelin 
composition, leading to irreversible changes despite treatment. Even 
children with a history of early childhood ID who did not experience 
anemia still demonstrated significantly lower cognitive function 
than those without a history of ID.24 However, several studies noted 
lower cognitive function in children with a history of ID, though the 
differences were not statistically significant.15,20,22,23 Verbal function 
was also significantly impacted by childhood ID24 with most studies 
indicating lower verbal abilities in children with a history of ID, even 
if the differences were not statistically significant.20,22,23,26,27 

The auditory brainstem and visual evoked potential responses 
were slower in children with a history of early childhood ID, 
even after receiving therapy.32 As mentioned earlier, disruptions 
in myelination lead to developmental disorders that manifest 
later. Oligodendrocytes, which are crucial for myelination, rely on 
iron availability for proper functioning. Impaired iron availability 
during development affects myelination.37 The latency of auditory 
brainstem response and visual evoked potential is influenced by 
the conduction velocity during axonal myelination.32 Regarding 
auditory function, one study found that children with a history 
of early childhood ID had normal hearing,24 suggesting that the 
delayed brainstem auditory response was likely due to central 
nervous system dysfunction caused by early childhood ID.32

Several studies included in this review reported motor impairments 
in children with a history of childhood ID when assessed at ages 

4 years,33 5 years,15 6 years,31 and 5-12 years.34 The previously 
discussed myelination disorders also impact the corticospinal 
tract, which affects motor skills.38 The corticospinal tract forms 
pyramidal tract fibers that connect the sensory and motor areas of 
the cerebral cortex to the spinal cord, serving as the main pathway 
for motor signals from the brain to the limbs.39 Myelination of 
the pyramidal tract begins in early life and is completed within 
a few years.40 One study specifically examined the relationship 
between early childhood ID and motor activity during daytime 
sleep, finding that children with early childhood ID exhibited 
more leg movements and higher intra-individual variability (IIV) 
compared to normal children, indicating a neurodevelopmental 
delay.33 Elevated IIV suggests a delay, as IIV typically decreases with 
age.41 Full myelination of the central nervous system reduces IIV 
in the sensorimotor system, while the elimination of transient 
central nervous system connections also decreases IIV.42 Since 
iron is essential for myelination, the IIV observed in children with 
early childhood ID is linked to impaired central nervous system 
maturation due to myelination disorders.33

ID in infancy is believed to impact social-emotional development 
during adolescence through both psychosocial and neurobiological 
pathways.28 The effect of early childhood ID on brain development 
depends on the timing of the deficiency and the specific brain regions 
requiring iron at that time.43 Neurotransmitters such as dopamine, 
serotonin, and norepinephrine regulate neuronal signaling, 
influencing behavior as well as cognitive and emotional processes in 
infants.22 Damage to dopamine terminals during the neonatal phase 
leads to lifelong hyperreactivity to new objects and environments44 
and is thought to have long-term effects on attention and emotional 
responses.45 However, another hypothesis worth considering, 
which may warrant further research, suggests that children with a 
history of early childhood ID engage less with caregivers, resulting 
in fewer developmentally supportive interactions. Over time, this 
leads to reduced social and environmental stimulation, which 
may present challenges later in life.17 This is significant as behavior 
and psychosocial development are broad concepts that go beyond 
neurobiological factors and also encompass psychosocial elements.

ID in early childhood is believed to affect the neuroendocrine 
hypothalamic-pituitary-adrenal axis later in life. One study found 
that 10-year-old children with early childhood ID had significantly 
lower serum cortisol levels compared to normal children. This study 
also reported lower plasma cortisol concentrations and a blunted 
stress response in children with a history of early childhood ID.19 
However, another study found the opposite result, with children 
who had early childhood ID showing higher morning salivary 
cortisol levels compared to their peers without ID.24 The discrepancy 
between these findings may be due to differences in sample type, 
assessment timing, and sampling methods. Nevertheless, both 
studies suggest a potential link between early ID and neuroendocrine 
function, warranting further investigation.

Our study addresses whether early-life ID has long-term effects 
despite treatment. However, it has several limitations. This systematic 
review includes studies using various tools and methods to assess 
the same outcomes. The populations, study designs, methods, and 
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follow-up durations also varied, which limits the generalizability 
of the findings and prevents the application of a meta-analysis. 
Therefore, we suggest that future studies use standardized outcome 
measures to enable comparisons and meta-analyses. While cognitive 
and motor impairments are well-documented in several studies, 
verbal, behavioral, auditory, and neuroendocrine outcomes are less 
consistently evaluated, and the imbalance in reported findings may 
introduce reporting bias. Additionally, the assessment times across 
studies range from as early as age 4 to as late as adolescence (11-17 
years), which may introduce bias into our study.

ID in early childhood disrupts neurodevelopmental processes, 
leading to long-term effects on cognition, motor skills, behavior, 
and neuroendocrine function. Children with a history of childhood 
ID were reported to have lower cognitive, motor, behavior, and 
neuroendocrine functions compared to those without a history of ID. 
Our study emphasizes the importance of the neurodevelopmental 
process, as disturbances during this phase, particularly ID, can 
result in long-term neurological impairments. Therefore, we stress 
the importance of preventing ID, especially during the first 1,000 
days of life, as it can lead to irreversible deficits in motor function, 
cognitive ability, and behavior.
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