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Abstract

Infants who experience iron deficiency during the first 6–12 mo of life are likely to experience persistent effects of the

deficiency that alter functioning in adulthood. A lack of sufficient iron intake may significantly delay the development of the

central nervous system as a result of alterations in morphology, neurochemistry, and bioenergetics. Depending on the stage

of development at the time of iron deficiency, there may be an opportunity to reverse adverse effects, but the success of

repletion efforts appear to be time dependent. Publications in the past several years describe the emerging picture of the

consequences of iron deficiency in both human and animal studies. The mechanisms for iron accumulation in the brain and

perhaps redistribution are being understood. The data in human infants are consistent with altered myelination of white

matter, changes in monoamine metabolism in striatum, and functioning of the hippocampus. Rodent studies also show

effects of iron deficiency during gestation and lactation that persist into adulthood despite restoration of iron status at

weaning. These studies indicate that gestation and early lactation are likely critical periods when iron deficiency will result in

long-lasting damage. J. Nutr. 138: 2534–2536, 2008.

Introduction

New insights are emerging from recent and ongoing investiga-
tions into the role of iron in neurocognitive and neurobehavioral
development. The scope of this brief article is to present an over-
view of the current state of knowledge concerning the biology of
developmental iron deficiency. It also discusses existing animal
models and other databases that provide us some biological
underpinnings with regard to the human situation.

Biological basis of persistent effects

Iron requirements are most likely to exceed iron intake at 2 time
periods in the lifecycle: the first 6 to 18 mo of postnatal life and
then, for girls, during adolescence. Iron deficiency in y 1 of life
occurs at a time point of rapid neural development, and when
morphological, biochemical, and bioenergetic alterations may
all influence future functioning (1,2). The structures of the brain
can become abnormal because of iron deficiency either in utero
or in early postnatal life because iron is essential for proper
neurogenesis and differentiation of certain brain cells and brain
regions (3–5). The recent studies in rodents clearly identify the
hippocampus and striatum as 2 areas in which morphology is

altered. There is a decreased arborization of dendrites that de-
creases the number and complexity of interneuronal connec-
tions. A second morphological alteration is the location and
functioning of oligodendrocytes, the cells responsible for making
myelin. These cells are particularly sensitive to iron deprivation,
and their deficiency results in altered composition and amount
of myelin in white matter (6,7). These alterations appear to be
persistent and do not return to normal levels later in life. Studies
in rodents provide the supporting biological evidence pertinent
to the human studies from Chile, Costa Rica, and elsewhere
in which persistent effects of early iron deficiency are being
documented (8–11).

The second biological dimension suspected of being altered
by iron deficiency is neurochemistry and specifically the mono-
aminergic pathways (12–14). In both animal models and cell
culture experiments, there are reproducible findings that do-
pamine and norepinephrine metabolism are altered by iron
deficiency. Iron deficiency appears to alter the synthesis and
catabolism of the monoamines, and early repletion of iron
status after gestational iron deficiency only overcomes the
lasting effects (15,16). The evidence for alterations in dopamine
or norepinephrine in humans is limited. Oski et al. (17) showed
2 decades ago that urine of iron-deficient infants was particu-
larly high in norepinephrine and returned to normal with the
restoration of iron adequacy. Borel et al. (18) showed alterations
in plasma norepinephrine levels in iron-deficient women during
cold stress. Both dopamine and norepinephrine become impor-
tant potential biological explanations for human dysfunctions
in motor control, sleep cycles and activity, and learning and
memory (2). A number of the cognitive and behavioral tasks rely
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on adequate functioning of the nigrostriatal dopaminergic and
mesolimbic pathways as well as the noradrenergic projected
fields in the midbrain.

The third biological dimension being actively investigated is
the effect of iron deficiency on bioenergetics (4,19). The capacity
to utilize specialized nuclear magnetic resonance technology to
assess the ability of the brain to produce high-energy phosphate
compounds and the metabolism of substrates has been directed
to studies of metabolism in the hippocampus and striatum (4) of
iron-deficient rodent brain tissue (20). This new approach sug-
gests that fuel utilization in the iron-deficient brain is different
from that in control brains. The corollary with human fuel
utilization in brain has not been clarified yet, but it is important to
recall that the brain is 1 of the most oxidative organs of the body
and usually requires glucose as a fuel. It has been known for a
long time that iron deficiency alters glucose homeostasis (21), but
direct studies of humans with iron deficiency have still not been
conducted. It is also relevant to question how widespread these
effects of iron deficiency are on brain bioenergetics because only 2
brain regions have been examined. Because iron distribution in
the brain is heterogeneous and developmentally dependent, it is
likely some regions will be sensitive, whereas others may be
unaffected.

These 3 aspects of brain biology impacted by iron deficiency
are likely not mutually exclusive events and are interactive in
terms of their impact on neural functioning and development. In
the next sections of this article, we examine the recent informa-
tion available in human, monkey, and rodent studies. These
studies have attempted to examine the connection among the
aforementioned biological alterations and developmental delays
and abnormalities when iron deficiency is present in early life.

Human studies of developmental iron deficiency

There are an increasing number of controlled clinical interven-
tion human trials of iron deficiency in y 1 of life and the conse-
quences of such deficiency; these trials have all been reviewed
recently (8,22–24). Many earlier human infancy studies used the
Bayley Scales of Infant Development as the primary dependent
variable, and only half of them were case-controlled intervention
trials. Some studies showed significant developmental delays
that were irreversible with iron therapy. Three studies showed
developmental delays that were mostly reversed with iron
therapy, and only a few of the trials evaluated both cognitive
and emotional or behavioral measures. Thus, there is a mixed
historical perspective (22). An important new step forward,
however, was the increased utilization of electrophysiology to
begin looking into biological systems (25).

Both visual and auditory evoked potential approaches are
being utilized and reveal some very powerful information (26).
Auditory brainstem responses (noninvasive) were tested at 6,
12, and 18 mo, and iron therapy was started at 6 mo in infants
known to have iron deficiency anemia. Response to the in-
tervention was tested in 85% of infants at 12 mo of age and in
71% of infants at 18 mo of age. The AEP studies showed slowed
nerve conduction velocity in iron-deficient infants that did not
improve even after several years of iron treatment (27). These
are important data in that they strongly suggest hypomyelina-
tion and/or alterations in neurotransmitters as a result of iron
deficiency in y 1 of life. These children were growing normally,
so it is unlikely other nutrient deficiencies may have been present
and undetected. The possibility does exist, however, that other
nutrient deficiencies may have been present at 6 mo of age and
were causally related to this persistent change in central con-
duction time.

In 2001, a team of researchers began applying more specific
questions to the problem of impact of early developmental iron
deficiency (2). That group felt that specific questions relative to
cognitive and behavioral development needed to be answered, so
a broad range of questions, but within highly specific domains,
were developed and applied to a study of inner-city African
American infants. The project was headed by Betsy Lozoff and
investigators from 5 university campuses and included studies in
human infants (28–30), monkeys (31–35), and rodents (4,16).
The human infant studies are just now being published with
results so far oriented toward the motor control and emotion-
ality domains. Gross overall motor control at 9 mo of age was
significantly lower in iron-deficient anemic infants than in
control (iron-sufficient) infants, and there was a linear effect that
included the nonanemic iron-deficient infants (30). This is an
important observation because earlier studies failed to find an
effect of iron deficiency, with anemia, on functioning. Iron
deficiency affected performance on the Peabody Developmental
Motor Scales, the Infant Neurological International Battery, the
motor quality factor of the Bayley Scales of Infant Development,
and a bimanual coordination toy retrieval task. This broad range
of motor development tasks indicates that fundamental motor
skill development, and the related ability to explore and interact
with the environment, were both negatively impacted by iron
deficiency in the first 6 mo of life.

The second set of results derived from this study had a focus
on social-emotional behavior (36). As with the motor control
studies, there was again a strong linear relation between severity
of iron deficiency and behaviors of infants at 9 mo of age. The
iron-deficient infants had less engagement with the interviewer
than iron-sufficient infants, were more shy, had less soothability,
and showed less positive affect. These results are highly con-
sistent with other studies that have examined emotionality and
behaviors in iron-deficient infants (2,32,36–39). These data are
also consistent with a study in South Africa in which maternal
iron status was also evaluated (38,40) and in which there was the
observation that mother-child interactions were altered by iron
deficiency.

This brief update is not exhaustive or inclusive of all the
important studies in progress around the world. Nonetheless,
it is possible to conclude that new insight into the biology of
early developmental iron deficiency strongly indicates irrevers-
ible changes in brain structure and function. The most important
issues to be defined in the animal models are the time and dose of
intervention to optimize success. In humans, this is also an issue
because the current animal model data identify a time point in
late gestation as being a time after which complete reversibility
may not be obtained. But developmental trajectories for brain
development are different in rodents and humans, so current
work also has a focus on postnatal time points as well. From
published data, it appears likely that an intervention needs to
occur in the first 6 mo of postnatal life, although that may well
depend on whether the infant was iron deficient in utero for a
period of time as well as during early postnatal life. As the results
of current studies continue to emerge, we will likely be able to
identify ‘‘critical periods’’ for different brain regions.

Other articles in this symposium include references (41–44).
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