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Abstract

Iron deficiency (ID) is the most common micronutrient deficiency in the
world, with consequences of ID and ID anemia (IDA) in young children
including behavioral and cognitive deficits. In turn, lead exposure is
one of the most common environmental toxicants affecting children.
Elevated blood lead levels (BLLs) in young children are also associated
with behavioral and cognitive deficits. The metabolic and physiological
connections between iron and lead, including a common route of entry
into the body and similar neural targets, suggest a considerable overlap
in their effects on functional outcomes. Very few studies have examined
the existence of increased susceptibility to lead neurotoxicity in children
with ID, but there is evidence that ID and BLL are independently
associated with cognition and behavior. Children’s susceptibility to both
ID and elevated BLLs will likely depend on the timing and severity of
both exposures, something that should be investigated systematically.
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INTRODUCTION

The idea that nutritional and heavy metals may
interact in some way, either at the point of
absorption or at the point of action on tissues
and organs, is not new. Ruff & Bijur (105)
proposed an elegant model for how nutritional
deficiencies and lead exposure may interact to
produce behavioral deficits. Iron and lead in
particular have been studied together because
both are divalent metals absorbed by the same
intestinal mechanism, both lead exposure and

Kordas

iron deficiency occur disproportionately in
disadvantaged populations, and both result
in potentially irreversible cognitive and be-
havioral deficits in children. In addition, iron
deficiency and elevated blood lead levels often
coincide in children with periods of intensive
brain development, which act like windows
of heightened vulnerability to environmental
insults (95). Studies specifically examining the
interactive effects of iron deficiency and lead
exposure on cognition are limited, leaving
open the question of whether iron-deficient
individuals, particularly children, are more sus-
ceptible to the neurotoxic effects of lead. This
review summarizes and discusses the literature
connecting iron and lead to cognition and
behavior, evaluates the strength of the con-
clusions that can be reached based on existing
studies, and proposes future research direc-
tions. In discussing human studies, the focus is
mainly on pediatric literature because children
are more likely to develop iron deficiency and
suffer disproportionately from lead exposure.
The prenatal period is also discussed as a time
of increased vulnerability to iron deficiency,
lead toxicity, and lead-iron interactions.

CO-OCCURRENCE OF IRON
DEFICIENCY AND LEAD
EXPOSURE: THE EXTENT
OF THE PROBLEM

Iron deficiency (ID) is the most common mi-
cronutrient deficiency in the world. An esti-
mated 24.8% of the world’s population, or
1.62 billion people, suffer from anemia, with
25.7% (1.1 billion) and 42.8% of (367 million)
of the affected persons living in medium- and
low-income countries, respectively (77). A large
proportion of that anemia is due to ID, which in
developing countries is ~2.5 times more preva-
lent than anemia (72). This suggests that in the
developing world alone, 1.5 billion people have
ID, in particular women of reproductive age
and children. But ID is present in industrial-
ized countries as well (19).

Children are also vulnerable to the ef-
fects of lead exposure. Although no global
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prevalence data exist on environmental lead
exposure, individual country reports [for exam-
ple, (85)] and recent commentaries (97, 123) in-
dicate thatitis a common problem, particularly
in low- to middle-income countries. There,
mining, smelting, battery recycling (123), and
electronic waste (138) are important sources of
lead. Lead paint and dust are the major deter-
minants of elevated blood lead levels (BLLs) in
industrialized countries (109).

In addition to the geographic overlap
between ID and lead exposure, several authors
have reported on the associations between low
iron intake or status and elevated BLLs in
children (for review, see 61). Additional recent
evidence (50, 81, 86, 92, 94, 99) indicates
that anemia or ID is related to higher BLLs.
Polymorphisms in the hemochromatosis gene
(HFE), which are related to increased iron
absorption, have also been associated with
higher BLLs in young children (46). One study
in particular suggests that ID may predispose
children to elevated BLLs. Wright et al. (135)
examined BLLs in iron-deficient and -replete
children at two consecutive lead screening
visits and found that children who were ID
at first visit were four times more likely to
have BLL >10 pg/dl at second visit than were
iron-replete children. It is also noteworthy that
higher serum ferritin (SF) concentrations were
related to higher urinary lead concentrations
in children receiving chelation therapy (75).
Thus, whereas poor iron status may result in
higher lead absorption, better iron status may
promote lead excretion. Further studies should
examine the influence of iron status and intake
on the body’s ability to eliminate lead.

INTESTINAL ABSORPTION
OF IRON AND LEAD:
COMMON PATHWAYS

One reason children are so vulnerable to lead
exposure is that they absorb and retain propor-
tionately more lead than adults. For example,
the mean lead absorption in young infants was
determined to be ~26% but could reach over
40% athigherlevels of dietary lead intake (139).
In turn, up to 32% of the absorbed lead could be

retained by infants (139). Lead has no biological
function in the human body. Therefore, itis un-
likely thata specific transporter exists for its ab-
sorption. The apical divalent metal transporter-
1 (DMT1) is one of the mechanisms thought to
participate in the absorption of lead in the small
intestine. The DMT1 is also the principal iron
transporter, and its expression is increased in
the state of iron deficiency and decreased once
body iron stores are normalized (34). It is this
up-regulation in deficiency that may be respon-
sible for higher lead uptake by intestinal cells (9)
and may explain higher lead levels in individuals
with ID. In vitro studies show that the DMT1
transports lead (2, 3) but that iron can inhibit
this transport (3), possibly because the DMT1
has higher affinity for iron (36). In contrast, lead
does not appear to inhibit iron absorption (2).
However, some authors question the contribu-
tion of the DMTT1 to lead toxicity (36). In one
study, knocking out the DMT1 in Caco-2 cells
did not substantially alter lead uptake, suggest-
ing that other mechanisms, possibly a calcium
transporter, may also be involved in intestinal
lead absorption (2, 10). On the basolateral side,
calcium rather than iron transporters may be
lead’s preferred exit strategy out of the absorp-
tive cell and into circulation (9).

LEAD IS THOUGHT
TO CAUSE ANEMIA

In circulation, some lead is found in plasma
(115), but most is associated with red blood
cells, bound to cell membrane and proteins
(119) or plasma proteins. High lead levels are
associated with anemia. At least in adults this
anemia may be unaccompanied by ID, suggest-
ing that high lead exposure could cause anemia
(66). The etiology of lead-induced anemia is
unclear but may be multifactorial. Lead dis-
rupts heme synthesis in the bone marrow. The
second step in this process is the condensation
of §-aminolevulinic acid to porphobilinogen by
the enzyme d-aminolevulinic acid dehydratase
(ALAD). Lead reversibly inhibits ALAD
function, causing d-aminolevulinic acid to ac-
cumulate and be excreted in urine (122). Lower
heme production may also result. Lead acts
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on additional enzymes in the heme-synthesis
pathway: coproporphyrinogen oxidase and
ferrochelatase (71). Ferrochelatase inserts iron
into the protoporphyrin ring, thus completing
the production of heme. As a consequence of
inhibiting ferrochelatase, elevated BLLs are
associated with increased blood zinc protopor-
phyrin (ZPP) or free erythrocyte protopor-
phyrin (FEP) (23, 136). In children with ID, this
increase occurred at lower BLLs (17, 74), sug-
gesting that ID may modify the impact of lead
toxicity on heme synthesis (90). However, it is
difficult to separate the effects of ID and BLL
on FEP/ZPP. The observed elevation could be
due to ID alone, especially when BLLs are low.

In evaluating the evidence on the relation-
ship between lead and anemia, it is important
to consider that most studies on the inhibi-
tion of heme synthesis were conducted in adults
with occupational exposures that produce BLLs
higher than those expected in the general pe-
diatric population. In addition, it appears un-
likely that reduced heme synthesis is alone re-
sponsible for the lower hemoglobin (Hb) levels
observed in lead-exposed individuals (32). Lead
has been shown to interfere with transferrin ex-
pression (4), which could reduce the supply of
iron to tissues (however, there is no evidence
of elevated serum transferrin receptor, sTTR,
levels). Lead was also associated with reduc-
tions in erythropoietin (EPO) levels in adults
(43, 108) and children (65) and an impaired
EPO response to anemia in adult men (88). In
a study of nonanemic children, BLL was pos-
itively associated with EPO at younger ages,
interpreted as an increased EPO production to
maintain a normal Hb level and a sign of red
blood cell destruction (32, 42). Finally, lead re-
duces red blood cell life span (71). All these ef-
fects may potentially lead to lower red blood cell
regeneration (40).

IRON SUPPLEMENTATION TO
LOWER BLOOD LEAD LEVELS

Although iron status is associated with BLL,
and ID may predispose children toward ele-
vated BLLs, only a handful of studies have
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tested the effects of supplemental iron on chil-
dren’s BLLs. One study compared the response
to a low-dose (2 mg) or high-dose (200 mg) of
iron given daily for four months to 11 pairs of
preschool children (1). Of the seven pairs com-
pleting the study, children receiving the higher
dose experienced more of an increase in BLLs
than did children in the low-dose group. Ruff
et al. (106) conducted a trial of edetate calcium
disodium (EDTA) treatment, in which children
with elevated BLLs received iron if they had
ID. After 6 months, there was no difference
in the amount of decline in BLLs between ID
and iron-sufficient children. In another study,
165 Costa Rican infants (13-24 months old)
were randomized by anemia status to intra-
muscular iron, oral iron, or oral placebo for
one week (133). Subsequently, iron-sufficient
children were given placebo for three months,
while all others received oral iron. Nonanemic
infants who began the study with depleted iron
stores showed the most marked decline in lead
levels together with improved iron status. The
iron-sufficient group, which received placebo,
had an increase in BLLs together with a de-
crease in SF (133).

Indian schoolchildren (n = 186) with ID
but mild or no anemia were randomized to re-
ceive an iron-fortified rice meal or a control
meal once a day for 16 weeks (140). Iron forti-
fication resulted in a significant decrease in the
number of children with BLLs >10 pg/dl com-
pared to the control group. In another school-
based study, 602 Mexican children aged 6-
8 years were randomized to receive iron, zinc,
both iron and zinc, or a placebo daily for
6 months (100). Although it improved iron sta-
tus, iron (alone or with zinc) treatment did not
produce greater declines in BLLs compared to
the placebo (100).

These results suggest that iron supplemen-
tation may have limited use in lowering BLLs
in children. However, the designs of some stud-
ies limit the conclusions that can be drawn:
Two were nonrandomized (1, 106), and the
third appears to be randomized only in the first
phase of treatment (133). The two randomized
trials yielded opposite findings, with the study
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from India supporting the existence of iron-
lead interactions in the intestine. Both enrolled
schoolchildren, so age is not the likely expla-
nation for observed differences. The notable
difference was the extent of ID, with 10% and
~70% being deficient in Mexico (100) and In-
dia (140), respectively. Lead exposure and ele-
vation of BLL will occur in children whether
they are iron deficient or not. But if ID predis-
poses children to elevated BLLs, then it is pos-
sible that iron supplementation will be more ef-
fective in lowering BLLs in those children who
had ID to begin with. This has important im-
plications for the use of nutritional interven-
tions, as well as the functional outcomes in ID
lead-exposed children, most notably for their
cognition and behavior.

EFFECTS OF IRON DEFICIENCY
ON COGNITION AND BEHAVIOR

The effects of iron deficiency on cognitive and
behavioral development of children have been
reviewed extensively (41, 67, 76). Investigators
have documented that in infants and toddlers,
ID with anemia (IDA) affects performance on
tests of mental, motor, and language devel-
opment, whereas in schoolchildren, cognitive
deficits and lower school achievement are also
observed. IDA is associated with slower neu-
ral processing, which may explain some of the
above findings (67). As discussed by Lozoff
(67), the timing, duration, and severity of ID
in children is crucial in determining the types
of deficits that will be manifested and how easily
they can be corrected. In terms of behavior, in-
fants with IDA tend to stay closer to their care-
givers, are more irritable, and vocalize less in
unfamiliar environments (70). Infants who re-
ceived iron and zinc supplements scored better
on measures of arousal, positive affect, energy,
initiative, and social engagement (7). In older
children, ID has been associated with behav-
ior problems in some studies (20, 55, 87). Iron
supplementation of schoolchildren resulted in
a decrease in parental ratings of behavior prob-
lems (112). However, more studies are needed

to establish a clear link between ID and behav-
ior in older children.

EFFECTS OF LEAD EXPOSURE
ON COGNITION AND BEHAVIOR

The effects of lead exposure on children’s de-
velopment and cognition have also been re-
viewed (16, 64). Most recent work has focused
on the effects of low-level lead exposure, show-
ing deficits at BLLs below 10 pg/dl on 1Q (15,
54,63, 120)and measures of attention and visual
spatial abilities (56). Higher BLLs or bone lead
levels are also associated with a range of exter-
nalizing behaviors (59), from hyperactivity, im-
pulsivity, and attention deficit hyperactivity dis-
order (ADHD) (84), to aggression, delinquency
in schoolchildren (82), and higher arrest rates in
young adults (134). In tandem with findings on
1Q, there is now evidence that BLLs well below
10 pg/dl are associated with behavior problems

@®).

IRON AND LEAD IN THE BRAIN:
UPTAKE AND POTENTIAL
OVERLAP IN MECHANISMS

The cognitive and behavioral deficits of ID and
lead exposure have their bases in the effects of
these two insults on brain structure and func-
tion. Toarrive in the brain, iron is initially taken
up by capillary endothelial cells through trans-
ferrin receptors (T1Rs) (80). It is transported to
astrocytes and neurons through various mech-
anisms, including DMT1 (80), and to oligo-
dendrocytes via ferritin and transferrin (121).
In turn, lead may cross the blood brain barrier
(BBB) in several ways, including calcium chan-
nels and nonenergy-dependent passage of lead-
ion complexes (137). There is also evidence of
increased BBB permeability to lead (118), possi-
bly through decreased expression of tight junc-
tion proteins (129). In developing animals, this
resulted in increased lead and lower iron lev-
els in brain tissues (129). Thus, maturing BBB
in young children could be particularly perme-
able as a result of lead exposure. However, iron
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supplementation appears to protect the BBB
against lead-induced damage (129).

The DMTT1 specifically has been shown
to transport lead in astrocytes, but another,
unidentified, mechanism has a higher affinity
for lead in these cells (18). In addition, at a
neutral pH likely found in the brain, iron did
not block lead uptake by astrocytes, and the up-
regulation of DMT1 did not enhance lead up-
take. This suggests that the DMT1 may not be
biologically relevant to lead neurotoxicity. Fur-
thermore, a competitive interaction between
iron and lead transport into neural cells, or at
least the astrocytes, may be limited. Although
iron supplementation has been shown to reduce
brain tissue lead levels, the antagonism could
be occurring at the level of intestinal absorp-
tion (129). One implication of these findings
is that whereas ID is associated with increased
intestinal lead absorption, it may not increase
lead transport to neural tissues. Nevertheless,
the possibility of interactions at the level of up-
take into brain tissues should be investigated
further.

Numerous studies have examined the effects
of ID and lead on neural anatomy and physi-
ology, but an exhaustive review is beyond the
scope of this article. Instead, the evidence is
briefly summarized, with a focus on myelina-
tion and dopamine neurotransmission because
considerable work has been done in these do-
mains for both metals. Iron maintains oligo-
dendrocyte function and participates in myelin
production, with the time of highest iron up-
take coinciding with peak myelination (see 121
for review). ID is associated with a reduction in
myelin components including proteins, lipids,
and cholesterol (121). In turn, glial cells are
thought to protect neurons by sequestering lead
and thus become targets for lead-related injury
(26). Lead affects the development of oligo-
dendrocytes from precursor cells (26) and dis-
rupts myelin morphology, resulting in irregular
and loose sheaths, and membrane fluidity (25).
Myelin proteins and phosopholipids are gen-
erally unaffected (25), but glycoprotein levels
are reduced (24) in mature oligodendrocytes.
In humans, childhood lead exposure was asso-
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ciated with increased disorganization of white
matter fibers and lower levels of myelination in
adulthood (12). Both ID and lead exposure have
been associated with altered nerve conduction,
which may at least partly be explained by dis-
rupted myelination (98, 103).

Tron deficiency and lead exposure are also
associated with impaired neurotransmission.
One example is the dopaminergic system.
Changes in the function of dopamine neurons
are relevant to cognition and behavior because
dopamine is involved in regulating several cen-
tral nervous system processes including motor
activity, mood, motivation, reward, and atten-
tion (53). ID affects dopamine neurotransmis-
sion (5) through reduced number and func-
tion of receptors, particularly the D, (31, 33),
and transporters (30) in ways that may be ir-
reversible. Depending on the timing of 1D,
dopamine metabolism and dependent behav-
iors may not be completely restored by iron
supplementation (5). The D; is also vulnerable
to the effects of lead in a region-specific and
developmentally specific manner (37), while
dopamine synthesis and release may be im-
paired as well (21). There is evidence that lead
disrupts the mesocorticolimbic dopaminergic
system (37), implicating it in reinforcement
and reward processes and impulsivity (11, 22).
Lead-induced changes in dopamine levels have
also been related to hyperactivity (73).

ID and lead exposure are associated with
other alterations in neural physiology (for re-
view, see 5, 64, 69, 109, and 124). But the
examples of disruptions in myelination and
dopamine neurotransmission demonstrate con-
siderable anatomic and physiological overlap
in the effects of two apparently unrelated in-
sults. The effects of combined ID and lead ex-
posure on neural cell morphology or physiol-
ogy have not been studied in animal models
or in vitro. Such studies are critical to the un-
derstanding of the consequences of combined
ID and lead exposure because both conditions
produce differential effects on neural function
depending on the stage of development when
exposure occurs. Nevertheless, the findings of
individual insults in myelination and dopamine
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neurotransmission suggest that effect modifica-
tion is plausible if ID and lead exposure occur in
the same individual. Thus, acknowledging that
the link between neural insults and behavioral
alterations is not direct and may be influenced
by myriad factors, especially in humans, it is
reasonable to expect some interactions between
ID and elevated BLLs at the level of behav-
ior and cognition in children exposed to both
conditions.

IRON, LEAD, AND
COGNITION/BEHAVIOR

In thinking about the cognitive and behavioral
effects of combined ID and elevated BLLs, it
is important to outline the types of studies that
have been conducted. They generally fall into
two categories: (#) studies of environmentally
exposed children in whom iron status was de-
termined as a potential confounder/effect mod-
ifier and (b) studies of iron-deficient children in
whom lead status was determined as a potential
confounder/effect modifier. Most available evi-
dence onID, lead, and cognition is derived from
the former, although a recent review recom-
mends that environmental exposures, includ-
ing lead, be considered in studies investigating
the effects of nutritional deficiencies on child
development (128). To date, few authors have
specifically attempted to answer the question
of whether children with ID are more suscepti-
ble to the neurotoxic effects of lead or whether
the provision of iron to lead-exposed children
could successfully improve their cognition or
behavior.

The following is a review of the available evi-
dence on the combined effects of iron status and
lead exposure on child cognition and behavior
based on 26 publications from 19 different stud-
ies (Table 1). These include cross-sectional (8,
14, 44, 48, 49, 52, 57, 58, 62, 78, 89, 104, 116,
125) and longitudinal (15, 54, 59, 91, 96, 106,
107, 113, 130-132) evaluations of children of
varying ages.

Only five publications specifically discussed
ID by BLL interactions, with two reporting
some effect modifications (57, 107) and three

not finding any (106, 130, 132). Ruff et al.
(107) examined the six-month change in BLL
and the Bayley Scales of Infant Development
mental development index (MDI) in 18- to 30-
month-olds who were treated with (z) EDTA,
(&) 6 mg/kg/d iron, or (¢) both EDTA and iron,
or who were not treated at all. Treatment was
not randomized, EDTA was given based on
a lead mobilization test (MLT), and iron was
given only to children with ID (48%). BLL and
SF were not associated with mental develop-
ment; there was no BLL x ID interaction. How-
ever, a six-month change in BLL was associated
with better MDI scores in children who were
iron replete but not iron deficient at the study
outset, possibly because early ID may be asso-
ciated with cognitive deficits that are not eas-
ily corrected (107). In another study, Kordas et
al. (57) studied sleep patterns (n = 550) and
classroom behavior (n = 168) of 6- to 7-year-
old Mexican children. Those children who had
both BLLs >10 pg/dl and mild anemia had a
later bedtime but experienced fewer episodes
of night waking. Additional tests for interac-
tions revealed that children with anemia spent
less time on-task and more time actively off-
task in the classroom than did children with el-
evated BLL or with combined anemia and el-
evated BLL. Finally, BLL but not anemia was
associated with shorter sleep duration and more
passive off-task behaviors.

Of the three studies that found no interac-
tions, Wasserman et al. (130) assessed the MDI
of 24-month-old children in relation to BLLs
and Hb that were measured prospectively from
birth. There were no BLL-by-anemia interac-
tions, but the 24-month BLL and the 18-month
Hb were independently associated with MDI.
Wolf et al. (132) also used the Bayley Scales of
Infant Development to assess 184 infants ages
12 to 23 months and found that whereas IDA
was clearly associated with poorer outcomes,
BLL was not. There was no interaction be-
tween BLL and IDA. The same children were
retested at 5 years of age with similar results. Fi-
nally, Ruff et al. (106) gave EDTA, iron, both,
or neither to 13- to 87-month-old children
(n = 154) and tested their cognitive outcomes
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at baseline and after six months of treatment.
EDTA treatment was based on results of an
MLT, whereas iron was given to children with
ID. Baseline SF but not BLL was positively cor-
related with cognitive scores, and there were no
interactions. A reduction in BLL was associated
with higher cognitive scores, but there was no
interaction with change in SF levels.

Nineteen publications did not test BLL-
iron status interactions, but 14 did discuss the
independent contributions of BLL and iron
status to cognitive performance or behavior,
as described below. Certain studies found sig-
nificant relationships with lead but not iron.
Padich et al. (89) found that cumulative lead
exposure (but not iron status) was associated
with less movement in 18-month-olds but not
with on-task or active exploration of toys during
cognitive testing. In 332 Yugoslavian children,
BLL was negatively associated with the Gen-
eral Cognitive Index of the McCarthy Scales of
Children’s Abilities (MSCA) but Hb was not
consistently related to any MSCA scores (131).
Similarly, ID was not associated with behav-
ior ratings of 72 young children exposed to
lead (78). Lanphear et al. (62) and Calder6n
et al. (14) also did not find a relationship be-
tween iron status and cognitive outcomes in
lead-exposed children.

Several studies found independent associa-
tions of BLL and iron status with children’s
cognition and behavior. Hb levels in 236 His-
panic preschool girls were inversely associated
with internalizing and externalizing behavior
ratings, including aggression and hyperactiv-
ity, whereas higher BLLs were associated with
increased aggression (52). In contrast, Braun
etal. (8) found that higher BLLs and higher SF
were associated with parent-reported ADHD in
a representative sample of U.S. children. This
was also true for BLL and Hb in 138 Karachi
schoolchildren (93). In 595 Mexican schoolchil-
dren, elevated BLL and low Hb were indepen-
dently associated with measures of receptive
vocabulary (58). Hubbs-Tait et al. (49) found
that SF, serum zinc, and BLL together were as-
sociated with several cognitive and behavioral
outcomes in 42 preschoolers enrolled in Head

Kordas

Start, but when analyzed separately, SF was sig-
nificantly associated with some of the outcomes
(verbal ability, anxiety in boys), whereas BLL
was associated with others (social competency,
sociability in girls). This group reported simi-
lar patterns of findings for sTfR and BLL (48).
Plusquellec et al. (91) also found separate as-
sociations of BLL and Hb with different cog-
nitive and behavioral measures, but in the case
of off-task latency (a measure of how quickly a
child looks away from a toy), both elevated BLL.
and higher Hb were associated with shorter la-
tency. In a sample of Peruvian schoolchildren
(n = 134) with a high prevalence of elevated
BLLs and moderate prevalence of iron defi-
ciency, BLLs (negatively) and several iron status
indicators (positively) were correlated with chil-
dren’s performance on general cognitive func-
tion tests. When modeled together, both BLLs
and red blood cell counts were associated with
test scores (125). Finally, Solon et al. (116) re-
ported an association among BLL, Hb, and
cognitive outcomes, particularly IQ, in 6- to
59-month-old children (n = 877).

One study examining the association be-
tween ID and cognition in children and ado-
lescents adjusted for BLLs but did not report
the relationship between lead status and cogni-
tion (44). Conversely, Shen etal. (113), Canfield
etal. (15), Jusko et al. (54), and Roy et al. (104)
used iron status indicators as covariates in their
statistical models but did not report on whether
iron status was associated with outcomes. In a
reanalysis of the data from the Rochester co-
hort, serum transferrin (Tf) saturation was not
a significant predictor of any of the cognitive
measures originally reported by Canfield or
Jusko and colleagues (T. Jusko, personal com-
munication). Finally, some studies assessed iron
status in lead-exposed children (or their moth-
ers in pregnancy) but did not include it in the
final regression models, indicating that it was
unassociated with BLL, specific outcomes, or
both (6, 29, 45, 79, 117).

The interaction between iron and lead was
also tested in iron supplementation studies. In
one, Mexican schoolchildren were given 30 mg
ferrous fumarate, either alone or with 30 mg
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zinc oxide for six months. A placebo-control
group was also included. At baseline, BLL was
negatively associated with teacher ratings of
oppositional, hyperactive, and ADHD-like be-
haviors as well as cognitive problems (59). Iron
supplementation did not improve behavioral
ratings overall but benefited those children who
had BLLs >10 pg/dl in terms of parental rat-
ings of cognitive problems and teacher ratings
of oppositional behaviors (59). However, there
were no consistent benefits of iron on children’s
cognitive outcomes (96). Three other studies
provided iron to children, but because in one
study all participants received iron at one time
point but different ages (131), and in the others
only ID children received iron (106, 107), it
is difficult to systematically evaluate the effects
of supplementation on cognition in those
children.

Based on the above evidence, it would be
difficult to conclude that ID or IDA increases
the susceptibility of children to the neurotoxic
effects of lead, mostly because there is such
scarcity of studies addressing this issue. In a few
cases, lead-exposed children with ID or anemia
were worse off in terms of cognitive or behav-
ioral outcomes than were non-ID or nonanemic
children. Another pattern of findings is worth
considering because it suggests that elevated
BLLs and ID may be independently associated
with poorer cognitive performance and behav-
ior of children. The independent associations
are indicative of additive effects, with children
who are both iron deficient and lead exposed
likely experiencing worse outcomes than chil-
dren who are iron deficient only or lead exposed
only. Moreover, in several studies, ID (or ane-
mia) and BLL were associated with different
cognitive and behavioral domains, suggesting
that insults may be more extensive in children
who are both lead exposed and iron deficient.
However, because ID and lead exposure occur
together and each is associated with cognitive
outcomes, itis possible that the above results are
due to confounding and incomplete covariate-
adjustment, rather than the independent effects
of ID and BLL on cognition. Also, because sev-
eral studies found an association with BLL but

not iron status (or the reverse), these relation-
ships should be investigated further in large,
well-designed studies.

One of the most interesting results suggest-
ing interactions comes from a study that did not
assess interactions directly. Plusquellec et al.
(91) reported that the look-away latency (time
to look away from a toy presented during cog-
nitive testing) was shorter in infants with higher
Hb and higher BLLs. This finding appears
paradoxical if look-away latency is thought of
as a measure of inattention. But if good iron
status is associated with faster information pro-
cessing (shorter looking time), whereas higher
BLLs are related to inattention (shorter look-
ing time) (91), then this finding makes sense and
is noteworthy because it suggests that iron and
lead do act on similar neural processes. Such
results also suggest that interactions are possi-
ble and should be investigated further in large,
well-designed studies.

IRON, LEAD, AND COGNITION:
ISSUES OF INTERPRETATION

In weighing the above evidence, it is essential
to consider the types of iron-status indicators
used in studies of iron, lead, and cognition be-
cause they directly affect study findings and in-
terpretation. Iron status in the above studies
was measured with a variety of indicators, in-
cluding Hb, serum ferritin, serum transferrin
saturation, and serum transferrin receptors. Ad-
ditional studies have been identified where the
relationship between lead, ZPP, and cognition
was evaluated, but these are not discussed be-
cause ZPP is an indicator of both elevated BLL
and ID, which limits the ability to separate the
contributions of each condition to elevated ZPP
levels.

Iron biology is complex, and several indica-
tors exist to describe iron status, from repletion
to severe deficiency resulting in anemia. ID oc-
curs in stages, with depletion of stores occur-
ring earliest, as indicated by low serum ferritin
levels (38). The second stage of ID is the re-
duction in the supply of iron for erythropoiesis
(38), which can be measured in serum by
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declining TT saturation and rising sTTR levels.
Finally, more severe or prolonged ID results in
anemia (low Hb). Some studies also use red cell
indices, including mean cell volume, to diag-
nose and distinguish between types of anemia
(38). Hb is the most commonly used iron status
indicator because it is relatively easy to measure
in field situations. But because it drops in late
stages of ID, itis nota sensitive marker. Itis also
nonspecific: Other factors, such as vitamin B12
and folic acid deficiency or helminth infections,
may cause anemia (38).

In general, the use of a single indicator of
iron status is not recommended because with-
out measuring at least two indicators, it is im-
possible to tell whether the individual has ID
only, anemia only, or both. This problem was
found in several studies investigating the rela-
tionship between iron status, lead, and cogni-
tion. Another difficulty in using single indica-
tors of iron status is that they may be affected by
inflammation, infection, and other factors (38).
To limit the possibility of misclassification due
to extraneous factors, fasting blood should be
collected (which may be a problem in young
children) or the timing of blood collection stan-
dardized across all participants. In addition, a
measure of an acute-phase protein such as C-
reactive protein is recommended to account for
inflammation or infection.

There is also a need to distinguish between
the types of questions that may be asked in rela-
tion to iron status. The question of whether ID
makes children more susceptible to the neuro-
toxic effects of lead is different from the ques-
tion of whether IDA increases such suscepti-
bility. This distinction is clearly drawn in the
iron-deficiency literature and should be made
when studying iron-lead interactions in young
children. The preponderance of evidence on
ID and cognition suggests that it is ID with
anemia that results in cognitive and behavioral
deficits in infants and toddlers (67; but see 68).
In older children, ID alone appears sufficient to
affect cognitive performance and achievement
(13, 44). There are various implications of this
differential effect of ID and IDA on cognitive
outcomes in lead-exposed children. One is that
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the age of exposure to combined ID and lead
is crucial and may determine the types of out-
comes that can be observed. Another implica-
tion is that in studying the combined insults
among young children, if only ID is assessed, no
interactions may be apparent. Thus, biomark-
ers of both early and late stages of iron defi-
ciency should be included.

A corollary question is, how extensive does
ID or IDA need to be in a population to find
statistical interactions or independent effects
of ID/IDA and BLL at any age group? Stud-
ies included here ranged widely in the preva-
lence of ID. Those studies that reported inter-
actions or independent associations of ID and
BLL on cognition/behavior had low-moderate
prevalence of anemia (48, 52, 57, 58, 78,91, 93,
116, 125) or high prevalence of ID/anemia (49,
106, 107). Of the studies that did not find in-
teractions or independent effects, one reported
moderate ID (132), whereas others did not re-
port the extent of ID (14, 62, 131). It appears
that even at low prevalence of anemia (~10%),
statistical interactions or independent effects of
iron status and BLL are observable, albeit not
guaranteed. This suggests that combined ID
and lead exposure pose an important problem
not only in developing country populations but
also in middle-income and developed countries,
where ID may be prevalent in young children.

PREGNANCY: A PERIOD OF
HEIGHTENED VULNERABILITY
TO IRON DEFICIENCY AND
LEAD EXPOSURE

Because early ID and lead exposure appear
to produce lasting behavioral and cognitive
deficits, there is now considerable focus on the
prenatal period and the critical window it rep-
resents in brain development. There are no re-
ports on the effects of combined prenatal ID
and lead exposure on child development, al-
though ongoing prospective cohort studies are
poised to provide the lacking evidence. It is
nevertheless worthwhile to briefly address the
importance of the prenatal period as a time of
heightened vulnerability to the two insults.
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The placenta does not filter out lead
(60, 101). Consequently, cord BLLs correlate
highly with maternal BLLs (102). Maternal iron
status may impact not only the mother’s ab-
sorption of lead but also the placental transfer
of lead. Schell et al. (110) and Janjua et al. (51)
found an inverse association between maternal
iron intake during pregnancy and cord BLLs.
There is also evidence that the DMT1 expres-
sion is higher in the placentas of iron-deficient
animals (35).

Prenatal ID and lead exposure are each as-
sociated with poorer developmental outcomes.
Human neonates with lower iron status show
more negative emotionality and lower levels
of alertness and soothability (127), whereas
higher iron levels predict positive scores on in-
fant emotional reactivity and social attention
(126). Young infants of diabetic women have
impaired recognition memory (83, 114), which
is thought to result from prenatal ID (114).
Rhesus monkeys exposed to iron-deficient di-

SUMMARY POINTS

ets during the prenatal period show higher in-
cidence of exploratory behaviors and are less
fearful than controls (39). Gestational ID in an-
imal models results in alterations in monoamine
neurotransmitter metabolism and myelination,
among other effects (69). In turn, cord or ma-
ternal BLLs are associated with higher inter-
vals in brainstem auditory-evoked responses
(103), more frenetic movements, and higher
off-task duration in infants (91). Stage of preg-
nancy when lead exposure occurs may pro-
duce differential effects on infant development
(47, 111). In terms of neural effects, prena-
tal exposure may delay oligodendroglial devel-
opment, resulting in impaired myelin forma-
tion (27). Early exposure may also be more
detrimental to the function of the dopaminer-
gic system than postnatal exposure (28). This
evidence clearly indicates the need to inves-
tigate the combined short and long-term ef-
fects of maternal ID and lead exposure on child
development.

1. There is considerable geographic overlap between iron deficiency and lead exposure
in children. Among other mechanisms, lead uses the intestinal iron transporter, divalent
metal transporter-1 (DMT1), to gain entrance into the human body. Several studies have
shown an inverse association between iron status and blood lead levels. The increase in
DMTT1 expression that occurs in ID contributes to increased lead absorption.

2. Although no studies examine the combined effects of elevated blood lead levels and
iron deficiency on neural targets, the existing evidence suggests that lead exposure and
ID affect related neural tissues or neurotransmitter systems. Such overlap would make
interactions between ID and lead exposure on functional outcomes more plausible.

3. Very few studies have investigated whether children with ID are more susceptible to
the neurotoxic effects of lead exposure. Most evidence looks at independent associations
of ID and BLLs on child cognition and behavior. There is some indication that both
conditions are negatively and independently related to functional outcomes.

4. The existing pool of studies has not systematically addressed interactions or independent
effects of lead exposure and ID on child cognition or behavior. This is in part due to

the differences in ages at which exposure to lead, biomarkers of iron status, and outcome

measures are assessed. Some of the few studies that tested for statistical interactions were

either not designed adequately or underpowered to find interactions.
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FUTURE ISSUES

1.

Future studies need to address several mechanistic aspects of the interactions between
iron and lead, including any involvement of iron or iron transporters in shuttling lead into
neural tissues, the effects of combined ID and BLLs on neural anatomy and physiology,
as well as mechanisms and interactions at the level of placental transfer.

. Well-designed, large studies are needed to systematically examine the independent and

combined effects of ID and lead exposure on child cognition and behavior. These studies
need to take into account the age of children at the time of exposure to both insults,
the duration of exposure, as well as the prevalence and severity of iron deficiency in the
population. Thus, studies should consistently measure at least two markers of iron status
so that the extent of ID can be compared among different populations.

. The prenatal period is a time of heightened susceptibility to ID and lead exposure, and

each condition is associated with cognitive and behavioral deficits that appear to last
into the preschool or even school age. The effects of combined ID and lead exposure
during the prenatal period need to be studied together. Furthermore, at least for ID,
there is evidence that prenatal and postnatal ID produces differential behavioral effects.
Thus, future studies need to carefully document both conditions throughout the exposure
period to attempt to identify possible differential effects on functional outcomes. This
might require large longitudinal birth cohorts.
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