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Abstract

Iron deficiency is widespread in infants and young 
children, especially in developing countries. Animal 
models provide convincing evidence that, despite iron 
repletion, iron deficiency during the brain growth spurt 
alters metabolism and neurotransmission, myelination, 
and gene and protein profiles. In the human, there is 
compelling evidence that 6- to 24-month-old infants with 
iron-deficiency anemia are at risk for poorer cognitive, 
motor, social–emotional, and neurophysiologic develop-
ment in the short- and long-term outcome. In contrast 
to inconsistent developmental effects of iron therapy for 
iron-deficient infants, recent large, randomized trials of 
iron supplementation in developing countries uniformly 
show benefits of iron, especially on motor development 
and social–emotional behavior. These results indicate 
that adverse effects can be prevented and/or reversed 
with iron earlier in development or before iron deficiency 
becomes severe or chronic. New findings also point to the 
need for more attention to the developmental effects of 
prenatal iron deficiency.

Key words: Anemia, brain, development, early child-
hood, infancy, iron deficiency 

Introduction

The prevalence of anemia among children less than 
4 years of age is estimated to range between 46% and 
66% in developing countries, and half of the anemia 

is thought to be iron-deficiency anemia [1]. The 
peak period is 6 to 24 months. Poor, minority, and/or 
immigrant infants and toddlers in developed countries 
are also at increased risk for iron deficiency, with or 
without anemia [2]. Thus, the effects of iron deficiency 
on child development could have a major societal 
impact in regions where iron deficiency is widespread 
and adverse impacts on individual infants and young 
children everywhere. This background paper begins 
with a brief summary of current basic science under-
standing of iron deficiency and the developing brain, 
drawing on studies in animal (rodent) models. The 
paper then turns to research on iron deficiency in 
infants and toddlers—the period of peak prevalence. 
Sections summarize alterations during the period of 
deficiency, effects of iron therapy, long-term outcome, 
and results of randomized, controlled supplementation 
trials. Finally, the paper considers recent research on 
prenatal iron deficiency in human neonates and new 
nonhuman primate models. Issues of timing, duration, 
and severity are emphasized throughout.

Iron deficiency and the developing brain: 
Evidence from rodent models

Many developing central nervous system (CNS) proc-
esses are highly dependent on iron-containing enzymes 
and proteins. Thus, iron deficiency might have multiple 
and varied effects, particularly during the brain growth 
spurt. A conceptual framework for such brain and 
behavior effects is shown in figure 1 [3]. CNS processes 
and behavioral domains are shown as overlapping ovals 
to emphasize their interconnections during develop-
ment. Altered gene and protein profiles may regulate 
the affected CNS processes, and changes in physiologic 
regulatory processes (neuroendocrine, autonomic, and 
sleep -wake cycle) may affect all the behaviors. Brain 
and behavior are shown as having reciprocal effects, as 
do altered behavior and environmental experience. 

By experimental induction of iron deficiency and 
control over environmental conditions, animal models 
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help establish a causal role for iron deficiency in altering 
brain and behavior. Environmental control is an impor-
tant consideration, since environmental disadvantage 
often co-occurs with human iron deficiency, making 
causal inferences problematic in the human [4, 5]. 
Animal models also help identify underlying CNS 
mechanisms and differing effects of iron deficiency at 
different stages of brain development. The first rodent 
studies of developmental iron deficiency induced iron 
deficiency predominantly at weaning [6, 7]. This stage 
in rat development would be roughly toward the end 
of the brain growth spurt in the human. To be more 
comparable to the iron deficiency commonly observed 
in the human infant, recent rodent models focus on 
the maternal–fetal unit, inducing iron deficiency in 
earlier periods of brain development. This approach 
has allowed more assessment of brain–behavior effects 
based on the timing, severity, and duration of early 
iron deficiency.

Gestation/lactation rodent models are relevant to 
the common worldwide human condition, in which 
mothers have iron deficiency during pregnancy and 
children are iron deficient in the infant/toddler period. 
Initial applications of this model produced severe 
iron-deficiency anemia that was accompanied by 
growth restriction [8]. A recent modification makes 
the model closer to dietary iron deficiency in human 
infants, with more moderate brain iron deficiency 
and minimal effect on growth [9, 10]. Another model 
focuses on fetal and neonatal iron deficiency to help 
understand human conditions with severe fetal brain 
iron deficiency but adequate dietary iron after birth 
(e.g., intrauterine growth restriction and gestational 
diabetes mellitus) [11, 12].

Early rodent studies showed overall reductions 
in brain iron concentration, despite postnatal iron 
repletion [6, 8, 13]. Even with earlier iron repletion in 
gestation and/or lactation rat models with severe iron 
deficiency [14], there are whole-brain and regional 
iron deficits that persist to adulthood despite treatment 
[6, 8, 11, 15–18]. However, in the new model of more 
moderate brain iron deficiency, lower brain iron was 
corrected in all but one region [9]. Nonetheless, brain–
behavior differences persisted (see below).

Early iron deficiency directly affects oligodendro-

cytes, which form myelin, the fatty acid sheath around 
axons that helps speed neural transmission [19]. Some 
myelin lipids and proteins are reduced into adult-
hood, despite iron repletion, affecting myelin content 
and compaction [20] (also see reviews [14, 21]). Both 
myelinogenesis and iron uptake are at their peak during 
the early postnatal period. Hypomyelination could 
impact function in many systems.

Early iron deficiency also alters brain cell metabo-
lism and morphology. This has been best studied in 
the hippocampal formation, especially in the fetal/
neonatal rodent model. There are decreases in neuronal 
metabolism, dendritic growth and arborization, and 
synapse formation [11, 22–25]. Again, changes persist 
past puberty despite iron repletion at weaning. The hip-
pocampus is involved in recognition memory and other 
important cognitive and emotional functions through 
a variety of networks. In the gestation/lactation rodent 
model that avoids marked growth restriction [9, 10], 
pronounced changes in striatal neurometabolites were 
recently observed [26]. The striatum is part of the basal 
ganglia; striatal networks relate to higher-order cogni-
tive and emotional processes (executive functions), 
motivated behavior, positive affect, and reward-related 
processing (see review [27]), as well as motor function-
ing. Thus, striatal alterations, like hippocampal ones, 
are likely to have many manifestations, given their role 
in widely distributed networks.

New studies also show short- and long-term iron-
deficiency effects on gene and protein profiles [28–30]. 
From over 300 genes that differed in iron-deficient 
animals at weaning, 12 were selected for verification 
by real-time polymerase chain reaction; 6 were up-
regulated on microarray studies and 6 were down-
regulated [29]. In contrast, all five genes that differed 
in adulthood were down-regulated; these genes affect 
cytoskeletal stability and synaptic function and thus 
could have broad effects.

The earliest studies of iron deficiency in the rat 
implicated the dopamine neurotransmitter system in 
the basal ganglia, especially the D2 receptor (see reviews 
[7, 14]). More recent studies show that transporters for 
dopamine, serotonin, and norepinephrine, dopamine 
levels, and D1 receptors are also affected (see reviews 
[14, 21], also [31–37]). Such changes were observed 

FIG. 1. Conceptual framework for brain and behavior effects of early iron deficiency
Source: Reprinted with permission from Lozoff and Georgieff [3].
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even before reduced brain iron was detectable in the 
new, more moderate iron-deficiency model [10]. Iron 
repletion to adulthood did not correct all the changes 
[9]. Early iron deficiency also reduces the neuronal 
surface protein Thy1 [30, 38]. 

Behavioral alterations in iron-deficient rats are con-
sistent with the CNS effects [39] (see reviews [7, 14, 
21]). During development, a number of sensorimotor 
reflexes are delayed [10]. Forelimb placing tasks and 
grooming sequences—both dependent on striatal 
dopamine—are also delayed or disrupted, with altera-
tions persisting into adulthood [9]. Other persistent 
consequences that are observed when iron deficiency 
occurs during gestation and lactation include less 
exploration, more hesitancy, and poorer spatial learn-
ing (thought to reflect hippocampal dysfunction) 
[8, 9, 39, 40]. 

The inability of iron repletion beginning at weaning 
to reverse changes in the brain in gestation/lactation 
rodent models points to the importance of earlier 
intervention for iron deficiency. A limited number of 
studies examined iron repletion around the rat equiva-
lent of human birth. They also show long-lasting brain–
behavior differences in rodent models with severe iron 
deficiency [16, 23, 25, 41], but the effects in the more 
moderate brain iron-deficiency model are unknown. 
However, studies with iron repletion even earlier, 
corresponding to the third trimester in the human, 
suggest complete correction of regional and total brain 
iron [42, 43] and neurotransmitter function [42], but 
not dendritic organization in the hippocampus [43]. 
These studies indicate that the ability of iron repletion 
to correct brain iron deficits and some brain –behavior 
effects depends on timing. 

Developmental alterations in infants with 
iron-deficiency anemia

Global outcomes

Most human research has focused on children under 
2 years of age because of the peak prevalence in this 
period. Despite a recent increase in research (see 
reviews [3, 44–46]), studies often differ in design, 
infant age, or measures. Fifteen studies, conducted in 
countries around the world, assessed overall function-
ing in otherwise healthy full-term infants in the 6- to 
24-month age range [47–62]. By design, children with 
prematurity, malnutrition, illness, etc., were excluded. 
Poorer cognitive, motor, and/or social–emotional func-
tioning was observed while infants were iron-deficient 
in all but one study. Standardized cognitive develop-
ment test scores of iron-deficient anemic infants aver-
aged 6 to 15 points lower than infants with better iron 
status (effect sizes, 0.5 to 1.3 SD) [53–58, 62]. Language 
was also affected [48, 53, 54, 63]. Among 12 studies that 

included a standardized assessment of motor develop-
ment [48, 50, 51, 53–59, 61, 62], 9 observed that infants 
with iron-deficiency anemia received lower motor test 
scores, averaging 9 to 15 points lower (effect sizes, 0.7 
to 1.1 SD) [48, 50, 53–55, 57–59, 62]. Furthermore, a 
population study in the UK found that a hemoglobin 
level less than 95 g/L at 8 months predicted poorer 
locomotor development at 18 months [64]. Virtually 
every study that examined social–emotional behavior 
found differences in iron-deficient anemic infants 
(e.g., more wary, hesitant, solemn, unhappy, closer 
to their mothers, less social interaction, etc.) [49, 50, 
65–69]. Recent studies of infants at risk for stunting 
also reported poorer pretreatment motor development 
in those with iron-deficiency anemia [70, 71].

Neurophysiologic and neurocognitive outcomes

Though consistently observed, global outcomes give 
little indication about the specific CNS processes 
affected by iron-deficiency anemia in infancy. Only a 
few studies have assessed neurophysiologic function-
ing. Compared with nonanemic infants, those with 
iron-deficiency anemia show slower neural transmis-
sion (using auditory brainstem responses) [72, 73], 
altered rapid eye movement density in active sleep [74], 
poorer recognition memory with ERPs (event-related 
potentials) [75], and altered electroencephalographic 
frontal asymmetry [76]. Spontaneous motor activity, 
assessed actigraphically, showed differences between 
home and laboratory [77, 78], suggesting that iron-de-
ficient anemic infants respond differently to context — 
with reduced motor activity associated with the stress 
or unfamiliarity of the laboratory [77, 78]. Only one 
neurophysiology study did not find differences [79].

Duration, severity, and timing

Issues of the duration, severity, and timing of iron 
deficiency have received little systematic study in infant 
studies, partly because separating them is difficult; i.e., 
infants who become iron-deficient earlier are also more 
likely to be so longer and more severely. The only direct 
data about duration in the human infant come from a 
small early study in Chile [54]. The few infants with 
iron-deficiency anemia at both 9 and 12 months had 
lower cognitive and motor scores at 12 months than 
those with iron-deficiency anemia at 12 months only. 
Other evidence is indirect. In an early small study of 
6- to 24-month-olds in Guatemala [47], cognitive score 
differences were markedly lower only among the oldest 
infants [48]. Long-lasting differences in a Costa Rica 
cohort [80, 81], up to young adulthood (see below [82, 
83]), may also relate to chronicity, since infants were 
identified at 12 to 23 months and are likely to have been 
iron deficient for some time [53]. Only a few infant 
studies have assessed severity. One early study reported 
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lower global cognitive test scores and behavioral dif-
ferences in nonanemic iron-deficient infants [49], but 
two others did not observe lower scores unless iron 
deficiency was severe enough to produce anemia [53, 
54]. Other studies reported poorer outcome only with 
even more severe iron deficiency [47, 63]. For instance, 
in a Zanzibar study of young children (6 to 59 months) 
at high risk for malnutrition, motor benefits of iron 
supplementation were observed only in those with 
initial hemoglobin levels less than 90 g/L, but language 
benefits were observed regardless of hemoglobin level 
[63]. However, a recent study shows that effects of iron 
deficiency even without anemia can be detected with 
more sensitive brain–behavior measures: there were 
linear effects of iron status on specific neurocognitive, 
motor, social–emotional, and sensory system outcomes 
[60, 76, 84]. With regard to timing, poorer outcome has 
been observed with iron-deficiency anemia in every 
age period assessed to date. Although the study designs 
and samples do not permit identification of differential 
effects depending on timing, effects of iron deficiency 
are likely to differ based on the time course of brain 
and behavioral development. Differing response to iron 
therapy seems to indicate that this is the case.

Effects of iron therapy

Many of the above studies included assessments before 
and immediately after iron therapy. Early reports of 
improvement after 7 to 10 days [49, 85] have not been 
replicated. Of studies with a full course of iron treat-
ment (3 to 6 months), seven used standardized tests 
and are sufficiently similar for comparison [53–59]. In 
four of them, lower developmental test scores persisted 
in iron-deficient anemic infants after treatment [53, 54, 
56, 58], whereas they improved in three studies [55, 57, 
59]. Although the reasons for the differing results have 
not been identified, pretreatment scores were much 
lower in iron-deficient anemic infants in the studies 
that showed improvement than in studies that did not. 
With respect to neurophysiologic outcomes, a study in 
Chile found differences in auditory system transmis-
sion, activity, and sleep state organization, even after 
a full year of iron treatment [72, 74, 77, 78]. Thus, the 
majority of studies find that developmental deficits are 
not corrected with iron therapy in infancy. 

In contrast, the few available studies of older pre-
schoolers (2 to 6 years) consistently show improve-
ments with iron treatment. Although again differing 
in design, measures, and/or child age, studies in India, 
Greece, the United States, Guatemala, and Indonesia 
generally show poorer performance in those with 
iron-deficiency anemia, with differences in activ-
ity and cognitive function that improve with iron 
therapy [86–90]. Several of these studies had strong 
designs (randomized, placebo-controlled trials). Stud-

ies of school-aged children, adolescents, and adults 
also indicate cognitive and work performance effects 
of iron deficiency, with or without anemia, that gen-
erally improve following iron therapy (reviewed in 
[14, 44]) [91]. Thus, it appears that treatment for iron 
deficiency occurring after infancy is generally effective 
in reversing behavioral effects. Findings of persisting 
differences with iron-deficiency anemia in infancy 
suggest that iron deficiency may have different and/or 
less reversible effects when it occurs during the brain 
growth spurt.

Long-term outcome

Global outcomes

Nine studies—from Costa Rica, Israel, France, the 
United States, and Yugoslavia—assessed overall devel-
opmental outcomes years after iron-deficiency anemia 
in infancy. There have been five follow-ups at pre-
school age (< 6 years) [92–96], three at school age (6 
to 10 years) [97–99], and one in adolescence [81, 83]. 
Although the studies varied with respect to the detail 
in which iron status was determined and the results 
reported, all show long-term effects. Children who 
had iron-deficiency anemia, anemia presumably due 
to iron deficiency, or other evidence of chronic, severe 
iron deficiency in infancy do worse on tests of overall 
mental, motor, and social–emotional functioning, 
despite iron therapy. A recent meta-analysis estimated 
the long-term effects on IQ to be a decrease of 1.73 
points for each 10 g/L decrease in hemoglobin [1].

One of these studies was population based, including 
all children born in an entire county in Florida in the 
targeted time period [98]. Anemia in infancy, based on 
hemoglobin screening in the WIC (Women, Infant, and 
Children) program, was associated with special educa-
tion placement at 10 years, based on the criteria used 
by the Florida Department of Education for mild or 
moderate mental retardation. Although this study was 
limited in that hemoglobin was the sole measure of iron 
status, it is exceptional in relating anemia in infancy 
(presumably due to iron deficiency) to increased risk 
of mental retardation or special education placement 
among school-aged children in an entire population 
(N = 3,771). After a basic set of background charac-
teristics was controlled for, the risk of placement in 
special education increased by 1.28 for each unit lower 
in hemoglobin at entry into the WIC program.

The sole follow-up into adolescence, of Costa Rican 
children born at term and free of health problems other 
than iron deficiency, showed twice as much grade 
repetition by 11 to 14 years and more anxiety/depres-
sion, social problems, and inattention reported by both 
parents and teachers [81]. Longitudinal analyses (hier-
archical linear modeling), controlled for background 
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factors, showed no catch-up in motor scores through 
early adolescence (last time of motor assessment) [100] 
and a widening gap for cognitive scores through 19 
years of age [83]. The widening gap in cognitive scores 
was particularly marked for formerly iron-deficient 
children from families of lower socioeconomic status: 
the difference increased from 10 points in infancy to 
25 points in young adulthood (fig. 2) [83].

Neurocognitive and neurophysiologic outcomes

More brain-based long-term outcomes are available 
only for the follow-up studies in Costa Rica and Chile. 
Both used the brain–behavior framework shown in 
figure 1. In the follow-up at 4 years in Chile, formerly 
iron-deficient anemic children showed longer latencies 
on auditory and visual evoked potentials than children 
who were nonanemic in infancy [101]. The magnitude 
of the effects was large—1 to 1.2 SD. The findings 
indicate long-lasting alterations in neurotransmission 
in two sensory systems that are essential for learning 
from the physical and social environment. Both the 
auditory and the visual systems are rapidly myelinat-
ing in infancy, and long-lasting differences in sensory 
evoked potentials are consistent with the persisting 
myelin deficits that have been documented in rodent 
models of early iron deficiency. Overnight polysomno-
graphic recordings showed many sleep-wake cycle dif-
ferences between formerly iron-deficient anemic and 
nonanemic children [102]. These findings indicate that 

iron-deficiency anemia can alter key components of the 
internal temporal order within the 24-hour cycle.

In both Chile and Costa Rica, children with iron-de-
ficiency anemia or other indications of chronic, severe 
iron deficiency in infancy had poorer performance 
on tests of some specific cognitive functions. For the 
Costa Rica sample at 11 to 14 years, poorer perform-
ance was observed for tachistoscopic threshold, spatial 
memory, and selective attention [81]. At 5 and 10 years 
in the Chile follow-up and 19 years in the Costa Rica 
follow-up, formerly iron-deficient children did worse 
on executive function tasks, particularly those that 
require inhibition and planning [82, 103]. These tasks 
involve prefrontal-striatal networks where dopamine 
is the primary neurotransmitter. There were also long-
lasting alterations in response patterns of prolactin 
(basal prolactin is regulated by dopamine), suggesting 
long-lasting effects on pituitary dopamine function 
and/or stress responses [104].

Thus, studies from countries around the world have 
yielded generally consistent results regarding long-
term outcome. On average, children who had iron-
deficiency anemia, chronic severe iron deficiency, or 
anemia presumably due to iron deficiency in infancy 
continue to perform less well than peers who had good 
iron status in infancy. As a group, they do worse on 
tests of overall cognitive, motor, and social–emotional 
functioning and on specific neurocognitive tests at 
preschool age, at school age, and during adolescence. 
Neurophysiological differences are observed through 
the preschool period, and the 10-year follow-up of the 
Chile sample suggests that differences still persist. Iron 
deficiency typically occurs in disadvantaged environ-
ments, but the findings from the several follow-up 
studies have been statistically significant after control 
for background factors in a wide variety of settings. 

Randomized, controlled trials of iron 
supplementation in human infants

A comprehensive 2001 review of studies on the behav-
ioral and developmental effects of iron deficiency [44] 
and a 2003 Cochrane review [105] concurred that the 
association between iron-deficiency anemia in infancy 
and poorer behavioral and developmental outcomes 
was strong, but that causal connections needed to 
be proven by further randomized, controlled trials. 
Since then, new randomized supplementation trials 
have further supported a causal role for lack of iron in 
poorer behavioral and developmental outcomes in the 
first 2 years of life. In contrast to studies of therapeutic 
iron for iron-deficiency anemia, supplementation 
trials in populations at risk for iron deficiency—with 
random assignment to supplemental iron or placebo 
regardless of initial iron status—show quite consistent 
benefits, especially in the motor and social–emotional 

FIG. 2. Cognitive composite scores over time, comparing 
infant iron status groups within middle and low socioeco-
nomic status (SES) families in Costa Rica. Iron status group 
and SES level each affected initial scores (p values < .01). 
Change over time differed only for the chronic-iron-defi-
ciency group in low-SES families (p < .05). Each participant 
is represented once: good iron status (N = 67) compared 
with chronic iron deficiency (N = 20) in middle-SES families 
and good iron status (N = 65) compared with chronic iron 
deficiency (N = 33) in low-SES families. Symbols are placed 
at the average age for each assessment
Source: Reprinted with permission from Lozoff et al. [83].
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domains. There are 11 such studies, 5 involving healthy 
full-term infants [106–110] and 6 involving infants 
at risk for stunting and numerous infectious diseases 
[63, 111–115]. The design of these studies is the most 
powerful way to address the issue that iron deficiency 
typically goes together with environmental disadvan-
tage in humans. Randomized, controlled trials thus 
provide the strongest basis for causal inferences in 
human studies. Smaller effect sizes are meaningful in 
supplementation trials, relative to effect sizes in studies 
of iron-deficient or iron-deficient and anemic infants, 
given the unselected nature of the samples.

Among preventive trials with healthy full-term 
infants in the 6- to 24-month range, only a large study 
in Chile (N = 1,657) showed benefits of iron supple-
mentation on cognitive functioning [107]. Infants who 
received supplemental iron between 6 and 12 months 
had shorter looking times on a visual recognition 
memory task, suggesting better high-speed informa-
tion processing on a measure that predicts later IQ. 
Regarding motor function, a preventive trial in Canada 
showed higher motor scores at 9 and/or 12 months in 
the group that received prophylactic iron [106], and 
the Chile study found that infants who received iron 
crawled somewhat earlier and more were rated as less 
tremulous [107]. Two of the three trials that assessed 
the affective domain in healthy term infants reported 
differences as well. Infants who received prophylactic 
iron received better personal/social scores in a British 
study [108]. In the Chile study, more of the group that 
received supplemental iron showed positive affect, 
interacted socially, checked their mother’s response, 
could be soothed by words or objects, and protested 
when interesting toys were taken away [107]. This 
study is noteworthy in that infants had iron-deficiency 
anemia for only a short time: with blood testing before 
and after the supplementation period, iron-deficiency 
anemia could not have lasted more than 6 months. A 
small randomized, controlled trial involving breastfed 
infants in Canada showed a benefit of even earlier iron 
supplementation. Infants who received iron between 1 
and 6 months had better grating visual acuity and motor 
scores at 12 months than those receiving placebo [110].

In addition to the Chile study, there are five other 
large, recent supplementation trials in developing 
countries. They involved infants at risk for stunting and 
infectious diseases in Zanzibar, Indonesia, Bangladesh, 
and India [63, 112–115], often assessing iron with or 
without other micronutrients. Sample sizes ranged 
from around 220 to 440 in Bangladesh and India to 
350 to 650 in Zanzibar and Indonesia. All supplemen-
tation trials in developing countries showed benefits 
of iron for motor development, and three of four that 
assessed the social–emotional domain showed benefits 
as well [107, 113, 114]. The magnitude of effects at the 
conclusion of the trials ranged from 0.27 to 0.39 SD 
for motor outcomes and 0.30 to 0.41 SD for social–

emotional ones [46]. (A small earlier study in Papua 
New Guinea suggested an effect of iron on fixation 
time, a cognitive outcome, but only in infants without 
malarial parasitemia [111].) No long-term follow-ups 
have been reported. 

There is also one randomized, controlled trial of 
food iron fortification that included a developmental 
outcome [116]. In a sample of over 250 South African 
infants, those randomly assigned to receive micronu-
trient-fortified maize-meal porridge between 6 and 12 
months improved in motor development more than 
infants assigned to receive unfortified porridge. The 
effect size for improved motor outcome, based on 
parental report of gross motor milestones, was 0.34 SD, 
very similar to that observed with iron supplements. 

Several of the above supplementation trials were not 
included in a recent meta-analysis [45] and might have 
changed the finding of no effect of iron in infancy if 
the meta-analysis had included them and separated 
supplementation from treatment trials. These new 
supplementation trials provide increasing evidence that 
lack of iron causes poorer behavior and development in 
infants. The trials also suggest that effects can be pre-
vented and/or reversed with iron interventions before 
iron deficiency becomes chronic and severe [46].

Prenatal iron deficiency

Maternal iron status during pregnancy was unknown 
in the studies of infants and toddlers described above. 
It is thus unclear whether the observed effects are due 
to iron deficiency postnatally or both pre- and postna-
tally. Recent research strongly suggests that fetal and 
neonatal iron deficiency adversely affects developing 
brain–behavior systems. During fetal development, 
iron is prioritized to red cells at the expense of other 
tissues, including the brain [117]. When iron supply 
does not meet iron demand, the brain is at risk even 
though the infant may not be anemic. The most 
common etiology of reduced iron supply to the fetus 
is maternal iron deficiency. Overall, 56% of pregnant 
women in developing countries are anemic, with half of 
cases attributed to iron deficiency [118, 119]. Previous 
thinking that infants are protected from maternal iron 
deficiency is no longer accepted [120, 121]. A number 
of studies have shown that iron-deficiency anemia 
during pregnancy, especially if severe, constitutes a 
significant threat to fetal iron stores (see review [120]), 
placing both the fetal and the neonatal brain at risk. 
Neonates born to such mothers have lower mean fer-
ritin concentrations (reflecting fetal iron storage pools) 
and may have iron-deficiency anemia if the mother is 
severely anemic [120, 122]. In preanemic iron-deficient 
pregnant women, low ferritin concentrations also cor-
relate with lower cord serum ferritin concentrations 
[123]. Thus, infants born with a low ferritin concen-



S566 B. Lozoff

tration appear to have a reduced fetal iron endowment 
and are therefore at risk for earlier onset of postnatal 
iron deficiency that can affect brain development. 

Perinatal iron deficiency is beginning to receive 
more attention in human developmental studies. In 
the sole study of premature infants, a variety of reflexes 
were less mature in those with iron-deficiency anemia 
[124]. Two studies related perinatal iron deficiency 
to newborn temperament-like behaviors in full-term 
infants. One reported higher levels of irritability in 
infants of mothers with iron-deficiency anemia [125]. 
In the other, poorer iron status at birth (cord blood 
ferritin and hemoglobin) correlated with higher levels 
of negative emotionality and lower levels of alertness 
and soothability [126]. Another study found that 
infants of mothers with iron-deficiency anemia in 
the peripartum period had lower scores for hand-eye 
movement at 10 weeks and locomotion at 9 months 
[127]. A longitudinal study found that lower cord fer-
ritin levels predicted poorer behavior and development 
at 5 years, specifically, poorer auditory comprehension 
of language, fine motor skills, and tractability (indexing 
self-regulation) [96]. In addition, maternal anemia in 
pregnancy accounted statistically for 14% of mental 
retardation in black children in the US Collaborative 
Perinatal Project, which involved over 35,700 children 
followed from the prenatal period to 7 years [128].

Some groups of newborns are at risk for iron defi-
ciency because of increased fetal iron demand, rather 
than maternal iron deficiency [117]. The most common 
reason for increased demand is chronic fetal hypoxia 
that results in increased iron utilization for compensa-
tory red cell production. This commonly occurs with 
intrauterine growth restriction (IUGR) and maternal 
diabetes mellitus (gestational or pregestational). IUGR 
complicates up to 30% of pregnancies worldwide and 
approximately 5% of pregnancies in the United States 
[117]. In developing countries, maternal undernutri-
tion is the most common contributing factor, whereas 
in developed countries, maternal hypertension is the 
leading cause. Glucose intolerance is found in 5% 
to 10% of pregnancies in the United States [117]. In 
both conditions, neonatal brain iron concentration is 
reduced by 33% to 40% on autopsy [129, 130]. Cord 
serum ferritin concentrations are below the 5th per-
centile in 50% of live-born IUGR newborns [123]. 
Cord serum ferritin concentrations are abnormal in up 
to 65% of live-born infants of diabetic mothers, with 
25% having values low enough (< 35 µg/L) to suggest 
prenatal brain iron deficiency [117, 131].

Considerable research documents that both IUGR 
infants and those born to diabetic mothers are develop-
mentally at risk in the short and long term [132–134]. 
Research on their brain function is much more limited. 
Hippocampal integrity has been assessed in infants of 
diabetic mothers by neuroimaging using event-related 
potentials (ERPs). In keeping with effects of prenatal 

iron deficiency on the hippocampus in rodent models, 
infants of diabetic mothers had poorer recognition 
memory, as measured by ERPs and/or behavioral tests 
as newborns and at 8 and 12 to 36 months [135–137]. 
The effects were mostly in those infants with low cord 
ferritin levels [136, 137].

Nonhuman primate models

New nonhuman primate models also point to the 
importance of prenatal iron deficiency. One established 
a model of purely prenatal versus purely postnatal iron 
deprivation in infant rhesus monkeys, experimentally 
induced by diet [138, 139]. Even without producing 
iron-deficiency anemia and despite an iron-sufficient 
diet postnatally, prenatal iron deprivation led to a 
behavioral syndrome of increased impulsivity and a 
decrease in the usual caution and/or withdrawal in 
novel situations. This pattern contrasted with postnatal 
iron deprivation, again without iron-deficiency anemia, 
which led to a behavioral syndrome more like that in 
iron-deficient anemic human infants and toddlers 
(e.g., hyperemotionality and tenseness) and cognitive 
delay. Since none of the monkeys had iron-deficiency 
anemia at any time, this study is also relevant to the 
issue of severity. It shows that iron deficiency without 
anemia—pre- or postnatally—can affect behavior in 
nonhuman primate infants. 

Monkey models also show that prenatal iron status 
strongly influences postnatal iron status. In the monkey 
model described above, lack of supplemental iron 
postnatally did not produce iron deficiency or iron-
deficiency anemia in infants with adequate prenatal 
iron nutrition [138, 139]. Another study, also in rhesus 
monkeys, assessed the iron status of infants born to 
monkey mothers that were either iron deficient or iron 
sufficient at conception, with half of each group pro-
vided with an iron-fortified diet throughout pregnancy. 
Infant iron status was related to maternal preconcep-
tion iron status, regardless of diet condition during 
pregnancy [140]. These results again draw attention 
to the importance of maternal iron status, potentially 
even before conception. There is a single related human 
study, which points to the same conclusion [141].

Summary and conclusions

Rodent models with experimental designs provide 
convincing evidence that early iron-deficiency anemia 
alters metabolism and neurotransmission in major 
brain structures, such as the basal ganglia and hip-
pocampus, and disrupts one brain-wide process—
myelination. New research also shows altered gene and 
protein profiles [30]. For all these systems, differences 
are found before and after iron repletion when iron 
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deficiency is induced during gestation and/or lactation 
(brain growth spurt). 

In the human, there is compelling evidence that 6- to 
24-month-old infants with iron-deficiency anemia are 
at risk for poorer cognitive, motor, social–emotional, 
and neurophysiological development in the short term. 
Iron-deficiency anemia in this age period is also con-
sistently associated with poorer long-term outcome. 
Iron therapy in infancy does not consistently improve 
developmental outcome. However, iron therapy for iron 
deficiency occurring after infancy typically reverses the 
observed effects. In contrast to inconsistent effects of 
iron therapy in iron-deficient anemic infants, recent 
large, randomized trials of iron supplementation in 
developing countries uniformly show benefits of iron, 
especially on motor development and social–emotional 
behavior. These results indicate that adverse effects 
can be prevented and/or reversed with iron earlier in 
development or before iron deficiency becomes severe 
or chronic. The issue of optimal timing of interven-
tion also pertains to prenatal iron deficiency. Poorer 
developmental outcome, especially neurocognitive and 
social–emotional, has been shown in recent studies of 

fetal/neonatal iron deficiency in human and nonhuman 
primate infants.

Taken together, the results emphasize the importance 
of protecting the developing brain from iron deficiency. 
Evidence has steadily accumulated that postnatal 
iron supplementation can reduce iron deficiency and 
iron-deficiency anemia and improve developmental 
outcome. New findings point to the need for more 
attention to the developmental effects of prenatal iron 
deficiency, especially given the high worldwide preva-
lence rates of both iron deficiency in pregnancy and 
IUGR and the increasing rates of diabetes in pregnancy 
with the global epidemic of obesity. Nonhuman primate 
models suggest that preventing fetal and neonatal iron 
deficiency by maternal iron supplementation can fur-
ther protect developing brain and behavior systems.
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