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Abstract
Iron-deficiency anemia (IDA) continues to be the most common single nutrient deficiency in the
world. Infants are at particular risk due to rapid growth and limited dietary sources of iron. An
estimated 20–25% of the world’s infants have IDA, with at least as many having iron deficiency
without anemia. High prevalence is found primarily in developing countries, but also among poor,
minority, and immigrant groups in developed ones. Infants with IDA test lower in mental and
motor development assessments and show affective differences. After iron therapy, follow-up
studies point to long-lasting differences in several domains. Neurofunctional studies showed
slower neural transmission in the auditory system despite 1 year of iron therapy in IDA infants;
they still had slower transmission in both the auditory and visual systems at preschool age.
Different motor activity patterning in all sleep-waking states and several differences in sleep states
organization were reported. Persistant sleep and neurofunctional effects could contribute to
reduced potential for optimal behavioral and cognitive outcomes in children with a history of IDA.
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INTRODUCTION
Iron deficiency is the single most common and highly preventable nutritional deficiency in
the world. It is prevalent in most of the developing world and it is probably the only
micronutrient deficiency of public health significance in industrialized countries. It is also a
major cause of anemia in infancy, childhood and pregnancy affecting more than 2000
million persons worldwide (1,2). 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 (3). The peak period for IDA is 6 to 24
months and infancy also is considered the age range of highest vulnerability for the central
nervous system (CNS). This age range corresponds to the latter part of the brain growth
spurt and the development of fundamental mental and motor processes. Poor, minority,
immigrant and international adoptee infants and toddlers in developed countries are also at
increased risk for iron deficiency, with or without anemia (4–6).
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There is a consistent body of evidence indicating that iron deficiency anemia (IDA) can no
longer be considered simply a hematologic alteration, since there are significant broader
systemic effects. Several studies have indicated that IDA alters the behavior of infants in
cognitive, motor and socioemotional domains interfering with an optimal development (4,5).

Over the past 15 years, the Sleep and Functional Neurobiology Laboratory of the Institute of
Nutrition and Food Technology (INTA), University of Chile, as part of a collaborative NIH
project with The Center for Human Growth and Development of the University of Michigan
in Ann Arbor (7) has been collecting evidence that IDA infants do not follow the normal
neuromaturational pattern (8–13). Neurofunctional development has been assessed using
electrophysiological methods. Depending on subjects developmental stage throughout the
follow-up (infancy, pre-school, prepubescence), assessments consisted of auditory evoked
potentials in response to stimuli of graded intensity, visual contrast sensitivity acuity and
evoked responses based on pattern reversal, event-related potentials (cognitive potentials),
polysomnographic recordings including EEG, cardiac, respiratory, and motor patterns,
neuroendocrine profile, and 24-h actigraphic recordings performed at home. Group
comparisons (IDA vs. non-anemic controls) have been performed after controlling for
demographic characteristics (anthropometric, socioeconomic, maternal characteristics, and
home microenvironment). Any background characteristic that was even weakly associated
with the variable studied was considered as a covariate in the corresponding analyses. The
corresponding research protocols have been approved by the Institutional Review Boards of
the University of Michigan Medical Center, Ann Arbor, of INTA, University of Chile,
Santiago, and of the Office of Protection from Research Risks, NIH. Parental signed
informed consents and child assents have been obtained.

Developmental remarks
The developmental processes of experience and activity-dependent development signify
how signaling at the molecular level influences both individual cells as well as
interconnected neural networks which subserve complex brain functions. Activation of
specific neuronal populations or networks can lead to adaptive or maladaptive pruning and
remodeling of the brain’s neuronal circuits depending on the dynamic synaptogenesis/
apoptosis balance that is established during critical periods of development. (14,15).
Adverse conditions, IDA in infancy in this case, could alter the ongoing processes of
synaptogenesis and apoptosis thus changing neuronal circuits relative to the stage of
maturation. Considering that remodeling of neuronal connectivity is ultimately required for
the expression of complex neurobehaviors of sleep, cognition, emotion and social skills at
older ages (16), altered remodeling may contribute to neurocognitive and neurobehavioral
deficits.

NEUROFUNCTIONAL EFFECTS OF IDA IN INFANCY
Sleep

Why study sleep in IDA infants? The quality and amount of sleep are increasingly
recognized as important factors in human development, with concomitant effects on
affective behavior and cognitive performance (17–19). The organization of sleep depends on
various mechanisms involving both neural and humoral processes, several of which are
affected by iron deficiency. Since iron deficiency in human infants is most prevalent during
the latter part of the brain growth spurt, the normal development of sleep patterns could be
particularly affected. Sleep development includes an increase in non-rapid eye movement
(NREM) sleep during the first months of life in association with a decrease in rapid eye
movement (REM) sleep -which are also called quiet sleep (QS) and active sleep (AS),
respectively- (20). In addition, by 3–4 months of age the NREM sleep stages (1, 2, and 3–4
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or slow-wave sleep) are already established. In this context, the sleep spindle is one of the
most characteristic EEG patterns during sleep and a hallmark of NREM sleep stage 2
appearance with a known anatomic generator (21). Sleep spindles are defined as discrete
bursts of relatively sinusoidal 12–14 Hz waves, which become clearly distinguishable during
QS between 4 and 9 weeks post-term age (22,23). Sleep spindles reach adult-like mature
patterns at about 3 months, and their activity is maximal between 3 and 6 months (22,23).
Spindles have been postulated to be a marker of normal brain functional development and
integrity, and their absence or abnormality strongly suggests cerebral dysfunction or
pathology. Indeed, deviations from normal maturational patterns have been observed among
infant groups with conditions that put them at high risk for poorer health and development
(22,23). Thus, maturational patterns of sleep spindles provide a useful noninvasive tool for
investigating CNS functioning and integrity during early human development.

At the age of 6 months IDA infants showed altered sleep spindle patterns (11). Both NREM
stage 2 and SWS were characterized by reduced spindle index, longer inter-spindle interval,
and lower spindle frequency compared to non-anemic controls, without affecting spindle
duration (Fig. 1). Differences between groups could not be attributed to differences in the
total amount of NREM sleep stages, since they were similar in both groups.

Sleep spindles do more than reflect network properties. They appear to provide necessary
conditions for the plastic modifications underlying memory formation (24,25). Although the
functions of sleep remain largely unknown, one of the most exciting hypotheses is that sleep
contributes importantly to processes of memory and brain plasticity (for review see ref.
26,27). At present, NREM sleep stages have become a major focus of attention. In short, a
currently utilized model that explains the process in which this sleep state is involved in
memory consolidation considers that the hippocampus acts as a temporary storage facility
for new memories, which are then transferred to the neocortex during NREM sleep (28). In
the model, acetylcholine acts a feedback loop inhibitor inside the hippocampus during REM
sleep and wakefulness. The activity during the high cholinergic wakefulness period is
believed to provide an environment which allows for the encoding within the hippocampus
of new declarative memories. The low cholinergic environment during NREM sleep is
thought to then allow these memories to be transferred from the temporary storage of the
hippocampus to their permanent storage environment in the neocortex and for memory
consolidation (29).

There is evidence that the spindles are markers for ability to learn certain kinds of tasks even
during a daytime nap (30). The role of sleep in learning and memory has been shown by
studies at the behavioral, systems, cellular, and molecular levels, including the modulation
during sleep of cerebral protein synthesis and expression of genes involved in neuronal
plasticity (26). However, research to date continues to be fragmentary and has been
conducted almost exclusively in adults (human or animal). Large amounts of sleep in
infancy suggest that sleep may play a role in brain maturation (20,31), and sleep state
organization and especially quiet sleep-NREM sleep in early infancy correlate with
measures of cognitive functioning and attention in later childhood and early adolescence
(32). Yet the relationships between sleep spindles and learning have not been characterized
in infants and young children. If the connections between sleep spindles and learning also
apply in infancy, it is possible that the altered patterns of sleep spindles in IDA infants
restrict their cognitive and memory-related abilities and contribute to the poorer
developmental outcome that is consistently observed (4,5).

Sleep/wake patterns and motor activity organization
To our knowledge, our studies were the first to use objective quantitative methods to assess
spontaneous motor activity in the laboratory and also at home for long recording periods in
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infants with IDA (9,10). They showed that 6-month-old IDA infants napped longer during
the day and were more restless during sleep, with increased time awake and decreased time
in QS at night. Furthermore, despite improvements in iron status after iron supplementation,
differences in sleep patterns were not completely corrected.

A recent published study based on parental reports of infants’ sleep and nap durations also
showed that IDA infants are characterized by shorter sleep duration and more frequent night
waking (33). The results from a study of the relationship between sleep and cognitive
development in infancy (34) could be relevant to sleep patterns observed in IDA infants.
Higher motor activity during sleep and more episodes of waking were negatively correlated
with both mental and psychomotor developmental indices in 10-month-old infants. Indeed,
sleep patterns could impact cognition, behavior, and emotions in infants and young children,
manifested through irritability, hyperactivity, short attention span, and low tolerance to
frustration (17–19).

Our findings of higher motor activity appeared to be in conflict with the prevailing concept
about the effects of IDA on motor activity, specifically decreased activity. Based on the
complex iron-dopamine relationship that appears to be a main factor in restless legs
syndrome (RLS) pathogenesis (35), we speculated that the phenomena observed in our
studies might share similar underlying mechanisms with those responsible for RLS and/or
periodic leg movement disorder of sleep (PLMs) seen later in life (36–38). Finally, due to
the observation of differences between home and laboratory spontaneous motor activity in
IDA infants (9,10), we suggested that they respond differently to context, with reduced
motor activity associated with the stress or unfamiliarity of the laboratory (9,10).

Auditory pathway functioning
Noninvasive neurophysiologic methods can provide information of the functional integrity
of the central nervous system. For instance, dramatic decreases in latencies in auditory and
visual evoked potentials in infancy are often used to index the overall intactness and
maturation of the central nervous system. Progressively shorter latencies until adult levels
are achieved are thought to reflect the increasing speed of transmission through sensory
pathways. Increased myelination of the auditory and optic nerves and at the intracerebral
level is considered to be largely responsible (8).

Auditory brainstem responses (ABRs) represent the progressive activation of different levels
of the auditory pathway: wave I is generated peripherally in the auditory nerve, wave III
reflects the firing of axons exiting the cochlear nuclear complex, and wave V is an action
potential generated by axons from the lateral lemniscus (8). We reported the use of ABRs to
determine the effects of early IDA on the functional development of the auditory system (8).
Six-month-old IDA infants tended to show longer latencies than controls, indicating slower
transmission through the brainstem portion of the auditory pathway. Differences became
pronounced at 12 and 18 months, despite iron therapy. Since iron is required for the
functioning of several neurotransmission systems, myelination, and neuronal metabolic
activity, different processes may relate to these ABR abnormalities. However, the findings
of differences in latency but not amplitude and more effects on the central (vs. peripheral)
portion of the auditory pathway appeared to be strong support for the hypothesis that
impaired myelination was the explanation for the findings (8). This interpretation relied on
basic research showing that: a) iron is intimately involved in oligodendrocyte function and
the associated production and maintenance of myelin, and b) the rapid decrease in ABR
latencies in infancy is primarily due to myelination.
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In summary, infants with IDA showed alterations in auditory pathway functioning, sleep
patterns and motor activity organization, with some differences persisting despite timely
correction of anemia with carefully supervised iron therapy (8–11).

EVIDENCE FROM ANIMAL MODELS
Identifying specific mechanism(s) for effects of early IDA has depended on animal models.
Rodent models provide convincing evidence of altered metabolism and neurotransmission in
different brain structures, disrupted myelination process (4,39) and recent studies show
altered gene and protein profiles (40,41). Short- and long-term differences are found when
iron deficiency is induced during gestation, lactation or weaning (4,39). Early IDA directly
affects oligodendrocytes, the glial cells in the CNS that produce myelin. Since
myelinogenesis and iron uptake are at their peak during the early postnatal period, its
deficiencies would result in an altered function of many systems. At the long run, alterations
in myelin lipids and proteins remain despite iron repletion, affecting myelin content and
compaction (42).

Strong evidence also exists for iron deficiency impact upon cell metabolism and
morphology, in particular, for the hippocampal formation. There is a decrease in neuronal
metabolism, dendritic growth and arborization, and synapse formation, which is not
recovered by iron repletion (4,43). Pioneer studies assessing the effect of iron deficiency on
neurotransmission systems in rats showed reduced number of dopamine (DA) D2 receptors
(4,44). More recent studies (see 4,5,44) indicate that transporters for DA, serotonin, and
norepinephrine are compromised as well, even before reduced brain iron is detected (45,46).
Until now, the DA system is the only one studied in depth, and the basal ganglia is the
region most consistently altered by iron deficiency. Changes in striatal neurometabolites as
well as altered DA function have been shown in recent studies (47). Given their role in a
variety of distributed networks, basal ganglia/striatal alterations are likely to have several
manifestations (see 4,5). For instance, lasting behavioral effects in rats with a history of IDA
in infancy are still observed in both motor and sensory functions in adulthood. Recent
nonhuman primate studies showed that lack of iron even without anemia results in
differences in the emotional domain (48). These data further support the hypothesis that iron
deficiency in infancy leads to a persistent alteration of DA and corticostriatal function.

LASTING IDA EFFECTS IN CHILDHOOD
Sleep patterns

To our knowledge, no other human or non-human primate studies have evaluated the lasting
effects of early IDA on sleep organization. The only related aspect studied has been
spontaneous motor activity (47), without assessing sleep-wake patterns or long-term effects
on sleep-related issues. We found that 4-year-old children who had IDA in infancy showed
altered sleep organization throughout the night, despite adequate iron therapy in infancy
(13). The pattern of REM sleep episode duration in controls showed the expected
lengthening with advancing thirds of the night, whereas former IDA children did not (Fig.
2). Compared to controls, the duration of their REM sleep episodes was longer in the first
third and shorter in the last third of the night. The timing of REM sleep episodes also
differed between groups. Former IDA children showed a higher number of REM sleep
episodes, significant in the first third and a suggestive tendency in the third, whereas they
showed fewer REM sleep episodes in the second third. In addition, the first sleep cycle in
former IDA children differed markedly relative to controls: the latency to the first REM
sleep episode was shorter, the episode tended to be longer, and the episodes of NREM2 and
SWS were shorter. Differences in the patterning of sleep organization did not relate to
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differences in the total amount of sleep stages, since their percentages for the whole night
was similar in both groups.

The altered REM sleep features in formerly IDA children might be an expression of a slower
developmental profile (20,31). They might also be relevant to the increase in symptoms of
anxiety and depression reported in young adolescents who had chronic, severe iron
deficiency in infancy (49). Our findings of shorter latency and prolonged duration of the first
episode, with absence of progressive lengthening of episodes duration with advancing sleep
period, are reminiscent of REM sleep patterns often observed in depressive patients (50).

Neurosensory systems
The framework of impaired myelination also led us to postulate that neurosensory systems
other than the auditory one would be affected as well by early IDA. The visual system was
particularly interesting in this respect, as it also matures dramatically in infancy. Visual
evoked potentials (VEPs) represent the brain’s electrical activity for a defined time after a
visual stimulus. The decrease in latency of the major VEP component (wave P100) in early
childhood is a well-recognized indicator of functional maturation of the visual pathway,
primarily involving myelination of the optic nerve (12) but also multiple synapses at other
levels between the retina and the primary visual cortex. More precisely, the generation of
wave P100 localizes in the lateral extrastriate cortex (area 18), with corresponding
activations in areas V3, V3a, and adjacent middle occipital gyrus (12).

Both ABR and VEP latencies were consistently longer in former IDA children at 4 years
relative to nonanemic controls (Fig. 3), with differential effects on the more central portion
of the auditory pathway (11). Differences in amplitudes were not statistically significant.
Moreover, differences at 4 years were noted regardless of the age in infancy at which IDA
had been detected (6, 12 or 18 months) and despite iron treatment that corrected anemia in
infancy. The magnitude of effects on latencies was generally large – approximately 1 SD,
the same magnitude observed for ABRs in infancy (8). These findings provided the first
evidence that effects of IDA in infancy on pathway transmission in both the visual and
auditory systems can be long-lasting (12).

Neurocognitive outcome
The hippocampus is involved in recognition memory and other important cognitive and
emotional functions through a variety of networks. Recent evidence indicates that the
hippocampus is particularly vulnerable to developmental iron deficiency, with lasting
changes in both gene expression (51) and related cognitive deficits (52). Previous reports
have already indicated that the hippocampus appears to be especially sensitive to iron
deficiency (53,54). The hippocampus has unique regulatory demands for iron, and its
concentration correlates positively with hematocrit and hemoglobin (55), which is not the
case for other brain regions (55). These results are in line with those showing that IDA
infants are characterized by poor recognition memory assessed by eventrelated potentials
(56) and preliminary results from our follow-up suggesting that differences are persistent.

PROMISING EXPLANATIONS OF LASTING NEUROFUNCTIONAL EFFECTS
The mechanisms by which IDA in infancy could result in neurofunctional changes in
childhood are still unknown. However, they may relate to brain processes in which iron
plays an important role. Long-lasting effects of iron deficiency on the developing dopamine
(DA) system are a promising example (4,5,44). Neuromodulation by the DA system plays
an important role in sleep regulation, including the modulation of REM sleep quality,
quantity, and timing (57–59). Furthermore, IDA alters DA neurotransmission in specific
areas of the brain, among which are those critically involved in sleep regulation (60,61). For
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instance, the basal ganglia become high in iron concentration and are more highly
interconnected with REM-regulatory structures in the mesopontine tegmentum than with
any other brain region (62,63). Some changes induced by early iron deficiency in the basal
ganglia are not corrected with iron supplementation (4,5,45).

The dynamic balance between neurotransmitter systems is another important consideration.
The ultradian alternance of NREM sleep/REM sleep appears to be controlled by a
permanent interacting balance between brainstem aminergic and cholinergic neuronal
discharges (60,61). Relevant to this issue are findings in recent iron deficiency studies in
rodent models showing alterations not only in the DA system but also central serotonin and
noradrenergic transporters and levels (39,45,46). Since only some of the changes were
reversible by iron supplementation at weaning (4,5), the resulting IDA-induced
neurotransmission imbalance could affect the fine-graded neural mechanisms involved in
the regulation of sleep states patterning. In addition, a recently described model involves
reciprocal inhibitory interactions between brainstem gamma-aminobutyric acid (GABA)-
ergic REM-off and REM-on populations as main components of the REM switch (64). Since
iron deficiency may also affect GABA-ergic transmission systems (43,44), the ongoing
balance between the GABA-ergic populations may be altered as well, contributing to the
altered transitions into and out of REM sleep observed in former IDA children.

Another consideration is iron’s role in normal myelination. Disruptions in iron processing,
storage, or availability affect myelin quantity, quality, composition and compaction, with
alterations that persist even if the iron content of the myelin achieves normal levels after iron
supplementation (42). The slower transmission in both auditory and visual sensory systems
and the slower reaction time in neurocognitive assessments likely arise from iron’s role in
myelination. It is reasonable to postulate that the effects of iron deficiency on myelination
might decrease the efficiency of neural signalling not only in sensory systems but also in
those involved in the circuits of sleep-wake patterns regulation.

CONCLUSION
Taken together, our results show that early IDA is associated with altered short- and long-
term neurofunctional development. They indicate that iron plays key roles in the normal
progression of several neurofunctional systems. In particular, through altered sleep patterns,
IDA appears to be associated with misadjustment of the internal temporal order within the
24-h cycle. We suggest that the disrupted temporal tuning that ensues may represent a
fundamental process that interferes with optimal brain functioning during sleep and
wakefulness in former IDA children.
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Figure 1.
Characteristics of sleep spindle patterns in 6-month-old iron-deficient anemic (IDA) and
nonanemic (Control) infants during NREM sleep stage 2 (NREM 2) and NREM sleep stages
3–4 or slow-wave sleep (SWS): (a) duration, (b) frequency, (c) inter-spindle interval and (d)
index Hz= Hertz or cycles/second Values are mean ± SE
*P <0.0001; †P <0.002; ‡P <0.009; **P <0.05; *†P <0.001
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Figure 2.
REM sleep episode duration for each third of the Total Sleep Time in 4-year-old former
iron-deficient anemic (Former IDA) and nonanemic controls (Control) children. Values are
means ± SD
*P <0.007; **P <0.0001
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Figure 3.
Evoked potential latencies in 4-year-old former iron-deficient anemic (Former IDA) and
nonanemic controls (Control) children: (a) Auditory brainstem evoked response at 85
decibels (dB) Wave I-V interpeak interval latency (or Central Conduction Time) in
milliseconds (ms), and (b) Visual evoked potential Wave P100 latency in milliseconds (ms).
Values are mean ± SE
*P <0.001
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