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Lead

David C. Bellinger, PhD, MSc

ABSTRACT. Children differ from adults in the relative
importance of lead sources and pathways, lead metabo-
lism, and the toxicities expressed. The central nervous
system effects of lead on children seem not to be revers-
ible. Periods of enhanced vulnerability within childhood
have not consistently been identified. The period of
greatest vulnerability might be endpoint specific, per-
haps accounting for the failure to identify a coherent
“behavioral signature” for lead toxicity. The bases for the
substantial individual variability in vulnerability to lead
are uncertain, although they might include genetic poly-
morphisms and contextual factors. The current Centers
for Disease Control and Prevention screening guideline
of 10 �g/dL is a risk management tool and should not be
interpreted as a threshold for toxicity. No threshold has
been identified, and some data are consistent with effects
well below 10. Historically, most studies have concen-
trated on neurocognitive effects of lead, but higher ex-
posures have recently been associated with morbidities
such as antisocial behavior and delinquency. Studies of
lead toxicity in experimental animal models are critical to
the interpretation of nonexperimental human studies,
particularly in addressing the likelihood that associa-
tions observed in the latter studies can be attributed to
residual confounding. Animal models are also helpful in
investigating the behavioral and neurobiological mecha-
nisms of the functional deficits observed in lead-exposed
humans. Studies of adults who have been exposed to
lead are of limited use in understanding childhood lead
toxicity because developmental and acquired lead expo-
sure differ in terms of the maturity of the organs affected,
the presumed mechanisms of toxicity, and the forms in
which toxicities are expressed. Pediatrics 2004;113:1016–
1022; lead toxicity, children, toxicology, epidemiology.

ABBREVIATION. CDC, Centers for Disease Control and Preven-
tion.

Although children are viewed as the most vul-
nerable segment of the population with re-
gard to lead poisoning, recognition of lead as

an adult toxicant preceded by thousands of years the
first description of childhood lead poisoning.1 For
millennia, exposure to lead was primarily via occu-
pation, but the introduction of leaded paint for resi-
dential use in the 19th century brought large
amounts of this metal within easy reach of children.2

The later use of lead as a gasoline additive, begun in
the 1920s and lasting into the 1990s in the United
States,3 contributed further to the contamination of
environmental media with which children have inti-
mate daily commerce, including air, dusts, and soils.

DIFFERENCES BETWEEN CHILDREN AND ADULTS
IN LEAD SOURCES, METABOLISM, AND

TOXICITIES
Children and adults differ somewhat in the rela-

tive importance of different lead exposure sources
and pathways, in aspects of lead metabolism, and in
the specific ways in which toxicities are expressed.
To a greater extent than adults, young children nor-
mally explore their environment via hand-to-mouth
activity, behaviors that are likely to increase the lead
intake of a child who lives in an environment with
hazards such as leaded paint in poor repair or ele-
vated levels of lead in house dust or yard soils.4,5 The
average fractional gastrointestinal absorption of lead
is much greater in infants and young children than in
adults,6 and absorption is increased in the presence
of nutritional deficiencies that are more common in
children than in adults (eg, iron, calcium).7,8

In both children and adults, lead toxicity can be
expressed as derangements of function in many or-
gan systems. Although lead causes central nervous
system abnormalities in adults,9–11 peripheral neu-
ropathies tend to be more prominent. In the devel-
oping nervous system, in contrast, central effects are
more prominent than peripheral effects.12 Moreover,
peripheral nervous system effects in adults tend to
reverse after cessation of exposure,13,14 whereas the
central effects in children seem not to do so,15–18

perhaps because lead perturbs the complex processes
by which synaptic connections are selected and mod-
ified.19 Even pharmacotherapy, at least succimer ad-
ministered to young children who present with
blood lead levels of 20 to 44 �g/dL, does not seem to
reduce or reverse cognitive injury.20 An important
exception to these generalizations is that neurobe-
havioral deficits associated with modest elevations of
prenatal lead levels, if ever present, seem largely to
attenuate by the time children reach school age.21

CRITICAL WINDOWS OF VULNERABILITY AND
INTERINDIVIDUAL DIFFERENCES IN

SUSCEPTIBILITY
It is difficult to identify discrete windows of en-

hanced developmental vulnerability to lead expo-
sure. The intraindividual stability of blood lead level
over time is substantial, particularly in lead-rich en-
vironments such as the inner city or areas around
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lead smelters, where many of the major epidemio-
logic studies have been conducted.22,23 In addition,
under many exposure scenarios, the half-life of lead
in blood is greater in children than in adults.5,24

When blood lead levels do vary over time, age at
exposure and magnitude of exposure are often
highly confounded, with blood lead level peaking in
the age range of 1 to 3 years.25 This is probably
because this period encompasses both the onset of
independent ambulation and the time when a child’s
oral exploration of the environment is greatest. As a
result, if a study were to find that blood lead level
measured at age 2 is most predictive of some critical
neurocognitive outcome at school age, then it would
be difficult to ascertain whether this reflects a special
vulnerability of the central nervous sytem at age 2 or
that blood lead levels tend to be highest during this
period. Some studies support the former hypothe-
sis,26 whereas others have found that school-age neu-
rocognitive outcomes are most strongly related to
recent or concurrent blood lead levels.22,27 The find-
ings of yet other studies fail to provide evidence for
the existence of any critical periods of vulnerability.28

Another reason that it is difficult to identify a
single critical period of heightened vulnerability to
lead toxicity is that there might be many such peri-
ods, depending on the particular endpoint of inter-
est. Using primate models, Rice29,30 demonstrated
that the timing of developmental lead exposure af-
fected the nature and the severity of deficit on a
variety of tasks (spatial discrimination reversal, non-
spatial discrimination reversal, and a fixed-interval
response operant task). In contrast, performance on a
spatial delayed alternation task was not affected by
age at exposure.31 Morgan et al32 observed different
expressions of attentional dysfunction in rats de-
pending on the timing of lead exposure. It seems
eminently plausible that this fundamental principle
of toxicology applies to children as well, although
the evidence is meager. This is likely to be attribut-
able, in no small measure, to the absence in most
human epidemiologic studies of sufficiently detailed
exposure data that capture, at least, features such as
timing, duration, and dose. If the specific effects of
lead do differ according to exposure scenario, then
this lacunae in exposure data would account, at least
in part, for the general lack of success in discerning a
coherent “behavioral signature” of lead exposure in
children.33 This suggests, however, that we should
not necessarily expect strict consistency across stud-
ies in the patterns of neurocognitive impairment as-
sociated with lead.33,34

An individual’s vulnerability to neurodevelop-
mental injury is also likely to vary according to host
characteristics that are, at present, largely unknown.
Individuals differ widely in the blood lead level at
which signs of clinical intoxication appear, with
some individuals seeming well at a blood lead level
that in others results in encephalopathy or even
death. Plots of “subclinical” blood lead level and
endpoints such as covariate-adjusted IQ reveal tre-
mendous scatter of observations around the regres-
sion lines (eg,35), with low R2 values associated with
the regressions, suggesting that children are variable

in their responses to lower levels of exposure, as
well. An important implication is that children with
the same blood lead level should not be considered
to be at equivalent developmental risk.

The potential sources of individual variability in
lead-associated neurodevelopmental risk are legion,
although none has been confirmed with even a mod-
est degree of certainty. One type of explanation fo-
cuses on toxicokinetic and toxicodynamic factors. It
is assumed that blood lead level, the biomarker of
internal dose that is most often used, is a valid index
of the biologically effective dose at the brain, the
critical target organ for neurotoxicity. The many in-
tervening steps that link the internal dose and the
response in the brain, however, provide many op-
portunities for interindividual differences in sensitiv-
ity to arise.36 Certain genetic polymorphisms in-
volved in lead metabolism are thought to affect
individual vulnerability, including those for the vi-
tamin D receptor11 and for lead-binding red blood
cell proteins such as amino levulinic acid dehy-
dratase.37,38 Supportive evidence is sparse, howev-
er.39 Gender differences have been reported in the
immunotoxicity of gestational lead exposure in
rats.40 In humans, gender differences in neurotoxic-
ity have been reported,41–45 although in some stud-
ies, it is male individuals who seem to be more
vulnerable, whereas in others it is female individu-
als. Co-exposure to other toxicants is another candi-
date explanation for individual differences in suscep-
tibility, although greater attention has been paid to
the potential of co-exposures to be confounders than
to be effect modifiers. In a rodent model, the effect of
lead on mortality, spatial learning, and the N-meth-
yl-D-aspartate receptors differed depending on
whether pups were exposed to lead alone or in com-
bination with magnesium and zinc.46 Finally, char-
acteristics of a child’s rearing environment might
influence the toxicity of a given lead dose.47 Lead
seems to be similar to other biological risks, such as
low birth weight, in that children from environments
that offer fewer developmental resources and sup-
ports express deficits at a lower blood lead level than
do children from more optimal environments45,48

and show less recovery after exposure.43

FUNCTIONAL FORM OF THE DOSE–EFFECT
RELATIONSHIP: A THRESHOLD?

A threshold value below which lead has no ap-
parent adverse developmental effect has not been
identified. The 1991 Centers for Disease Control and
Prevention (CDC) statement on childhood lead poi-
soning49 set 10 �g/dL as the screening action guide-
line. Although this blood lead level was intended to
serve as a risk guidance and management tool at the
community level, it has been widely—and incorrect-
ly—imbued with biological significance for the indi-
vidual child. Indeed, it often seems to be interpreted
as a threshold, such that a level �10 �g/dL is viewed
as “safe” and a higher level as “toxic.” The truth is
unlikely to be so simple, however. No single number
can be cited as a threshold, divorced from a context
that specifies factors such as the endpoint of interest,
the age at exposure and at assessment, the duration
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of blood lead elevation, and characteristics of the
child’s rearing environment. Although few data
were available at the time on putative effects below
10 �g/dL, the 1991 CDC statement stated that ad-
verse effects are likely to occur in this range (p. 9).
This should not be surprising given that even after 2
decades of steady decline in population blood lead
levels,50 the mean still lies between 151 and 252 orders
of magnitude greater than estimates of natural back-
ground levels in humans. It strains credulity to con-
clude that the threshold for neurotoxicity lies within
the narrow and, in an evolutionary sense, still quite
elevated range of present-day blood lead levels. Data
reported since the 1991 CDC statement support this
position. Among children in the Boston prospective
study, for whom the mean blood lead level at age 2
years was 7 �g/dL (90th percentile, 13 �g/dL), a
significant inverse association was found between
blood lead level and both IQ and academic achieve-
ment at 10 years of age.26 No point of inflection in
this relationship was identified when nonparametric
regression models were fitted, and the data were
most consistent with a linear (ie, nonthreshold)
model extending to the lowest blood lead levels rep-
resented in the cohort (�1 �g/dL).53 In the Third
National Health and Nutrition Examination Survey
sample, among 4853 6- to 16-year-old children, cur-
rent blood lead was inversely associated with 4 mea-
sures of cognitive function, even when the sample
was restricted to children with blood lead levels �5
�g/dL.54 Blood lead histories of the children were
not available, however, so it is possible that their
levels had been much higher at younger ages and
that it was those levels that were responsible for the
later performance deficits of the children with higher
concurrent blood lead levels. Moreover, measures of
key potential confounders such as parent IQ and
home environment were not available, although
strong confounding by these factors within such a
narrow range of blood lead levels is unlikely. These
limitations were addressed in the study of Canfield
et al.55 In the subgroup of 101 children whose blood
lead levels were �10 �g/dL at 6, 12, 18, 24, 36, 48,
and 60 months of age, significant covariate-adjusted
associations were observed between blood lead level
and IQ at ages 3 and 5. Chiodo et al56 also reported
significant inverse associations between neuropsy-
chological function and blood lead levels �10 �g/
dL. In the Canfield et al55 study, moreover, the slope
of the association was greater in the subgroup of
children whose peak blood lead was �10 �g/dL
than it was in the complete study sample that in-
cluded children whose peak blood lead levels ex-
ceeded 10 �g/dL. Reanalyses of the Boston prospec-
tive study57 suggested the same pattern. Collectively,
these new studies provide compelling evidence that
10 �g/dL should not be viewed as a threshold. The
precise shape of the dose–effect relationship in the
lower portion of the exposure range remains uncer-
tain, however. Although the data are consistent with
the slope being steeper below 10 �g/dL than above
10 �g/dL, a convincing mechanism has not been
proposed.

NONCOGNITIVE EFFECTS OF LEAD:
BROADENING OUTCOME ASSESSMENTS

BEYOND IQ
The neurocognitive effects of pediatric lead toxic-

ity have garnered the greatest attention from both
researchers and regulators, perhaps for reasons of
ease of measurement by the former and ease of in-
terpretation by the latter. Indeed, enough studies
provide data on endpoints such as IQ to make meta-
analyses feasible,21,58–60 with all such efforts reach-
ing similar conclusions, viz, that an IQ decline of 1 to
5 points is associated with a 10-�g/dL increase in
blood lead (eg, from 10 to 20 �g/dL). Many studies
have identified distractibility, poor organizational
skills, and hyperactivity as possible reasons for the
reduced global cognitive function of more highly
exposed children.61–66

Recently, the range of outcomes examined in rela-
tion to childhood lead exposure has been expanded,
building on older reports of serious behavioral pa-
thologies in case series of children with subencepha-
lopathic lead poisoning. In 1 of these early reports,
Byers and Lord67 noted that poor school progress
among children who were previously treated for
lead poisoning was attributable not only to their
cognitive deficits but also to their aggression and
explosive tempers. Within the past decade, several
studies have suggested that even “subclinical” lead
exposure is a risk factor for antisocial, delinquent
behaviors. For example, a history of childhood lead
poisoning was the strongest predictor of adult crim-
inality among male individuals in the Philadelphia
subsample of the Collaborative Perinatal Project.68

Needleman et al69 found that male adolescents with
increased bone lead levels self-reported more delin-
quent acts and were rated by both their parents and
teachers as having scores that exceeded clinical cut-
offs on the Attention, Aggression, and Delinquent
Behavior scales of the Child Behavior Checklist. Fur-
thermore, between ages 7 and 12, the behaviors of
boys with higher bone lead levels deteriorated more
than did the behaviors of boys with lower bone lead
levels. Among adolescents in the Cincinnati Lead
Study, the frequencies of self-reported delinquent
and antisocial behaviors were significantly associ-
ated with both prenatal and early postnatal blood
lead levels.70 In a case-control study, adjudicated
delinquents had significantly higher bone lead levels
than did community control youths and were 4 times
more likely to have a bone lead level at the 80th
percentile of the distribution (approximately the de-
tection limit).71 Finally, in a set of historical analyses,
Nevin72 reported striking, provocative concordances
between temporal trends in the amount of lead used
commercially and in violent crime and unwed preg-
nancies. Although such ecologic analyses provide a
weak basis for causal inference, they do suggest hy-
potheses that should be evaluated in settings in
which information is available on exposure, out-
come, and potential confounders at the individual
rather than the community level. Much work re-
mains to be done to clarify the potential contribu-
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tions of lead, as well as other environmental pollut-
ants, to child psychiatric morbidity.73,74

UTILITY OF ANIMAL STUDIES
Because studies of children’s environmental lead

exposure must necessarily be observational rather
than experimental (apart from randomized clinical
trials comparing alternative treatment modalities),
much of the controversy surrounding their interpre-
tation has focused on the possibility that residual
confounding, rather than lead toxicity itself, explains
the associations between higher body burdens and
reduced function. Such discussions are difficult to
conclude to everyone’s satisfaction because there is
no logical conclusion to the line of argument that
posits a succession of unmeasured factors that might
be responsible for creating such spurious associa-
tions. Moreover, errors in model specification can
result in bias toward the null hypothesis in the esti-
mate of lead’s neurotoxicity, if statistical adjustments
are made for factors that are in the causal pathway
between lead and poor outcome. For this reason,
animal behavioral models of lead toxicity, in which
the possibility of confounding (in either direction) is
reduced by random assignment to exposure groups
and by active control of relevant (known) genetic
and environmental factors, are crucial elements of
the total database to which regulators can and
should appeal in setting exposure standards. The
inference that low-level lead exposure causes human
behavioral morbidity becomes more plausible when
behavioral changes are also observed after lead is
administered to animals under experimental condi-
tions. Indeed, the striking similarities between the
general pattern of behavioral abnormalities in lead-
exposed animals and in “free range” lead-exposed
children provides support, albeit indirect, for the
inference that the relationships observed in humans
are causal.33,75

The converse is true, as well, in that sometimes the
results of animal studies suggest that an association
observed in humans might not reflect a causal influ-
ence. For instance, analyses of the Second National
Health and Nutrition Examination Survey data set
suggested that very modest elevations in current
blood lead level, well within the range of community
exposures, were associated with increased hearing
threshold in children.76,77 Although some studies of
animal models provide limited evidence of a modest
effect at high blood lead levels,78 the results of a
recent study in 31 rhesus monkeys with blood lead
levels of 35 to 40 �g/dL for the first 2 postnatal years
cast doubt on the validity of the conclusion that
low-level lead exposure causes hearing deficits in
children. In this study, no lead-associated effects
were detected on any level of auditory processing
using tympanometry (middle ear function), oto-
acoustic emissions (cochlear function), or auditory
brainstem-evoked potentials (auditory nerve, brain-
stem pathways).79 This might explain why recent
studies of 2 cohorts of Ecuadorian children with
substantially elevated blood lead levels (means of 40
and 52 �g/dL) failed to find a significant association
between blood lead level and hearing threshold.80,81

One reason that animal models of lead toxicity are
so useful in understanding childhood lead toxicity is
the deep level of analysis that they allow in the effort
to identify the behavioral mechanism(s) of functional
deficit. The assessments included in most human
epidemiologic studies tend to be global or apical
tests of cognition and achievement rather than exper-
imental, laboratory tests. One reason for this is that
exposure-associated decrements on such tests are
more highly valued by risk analysts and regulators
as bases for exposure standards. Although poor
performance on global tests is often strongly predic-
tive of adaptive difficulties in school or the work-
place,82 the mere fact of poor performance provides
relatively little insight into the reasons for it, ie, about
the underlying “behavioral lesion.” For example, in
many studies, higher lead levels are associated with
reduced scores on a design-copying task. A child
might perform poorly on such a task for many rea-
sons, however, including poor visual-perceptual
skills, poor fine motor control, metacognitive or or-
ganizational deficits, poor impulse control, anxiety,
or a depressed mood. In a diagnostic clinical evalu-
ation, the relative merits of these various hypotheses
can be explored using a test battery tailored to the
child’s presentation and modified on the basis of the
tester’s observations as the evaluation proceeds. In a
field epidemiologic study, an investigator might
have 1-time access to a child for perhaps 3 hours,
needing to administer a fixed battery to all children
to ensure comparability of the data and the circum-
stances of its collection. Under such constraints, dis-
section of a behavioral deficit by means of a detailed
process analysis is not feasible, and an exposure-
associated decrement in performance on apical tests
tends to be “explained,” inappropriately, in terms of
a deficit in a complex construct such as “attention” or
“memory.” Limited efforts to deconstruct such
global constructs have been conducted in lead-ex-
posed children. Application of an assessment battery
based on a neuropsychological model of attention83

revealed that elevated dentine lead levels were asso-
ciated with deficits in 2 of the 4 elements of attention
in this model: the ability to select a focus and carry
out operations on it, and the ability to shift focus in
a flexible and adaptive manner.39 The continuous
accessibility of experimental animals makes them an
ideal resource for explicating the bases for the global
deficits observed in human subjects. They are liter-
ally a captive audience from whom cooperation and
consent for repeated testing is not required and who
do not need to miss work or school to participate.
Fine-grained process analyses of the behaviors of
lead-exposed primates, for instance, are consistent
across, laboratories and with the limited human data
available,39 in identifying several specific aspects of
the global construct “attention” that are sensitive to
lead: a tendency to be distracted by irrelevant stim-
uli, to respond in a perseverative manner, an inabil-
ity to inhibit inappropriate responses, difficulty
changing response strategies when reinforcement
contingencies shift, and difficulty abstracting general
rules (ie, “learning how to learn”).33 No substantial
obstacles stand in the way of efforts to administer to
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children batteries that would allow similarly fine-
grained dissection of behavior, and investigators are
currently working toward this goal.84,85

Animal models are also better suited than human
studies to the task of testing limits to evaluate the
effects of lead on the ability to weather “periods of
behavioral transition,”86 as well as to identify factors
that exacerbate or reduce lead toxicity (ie, effect
modification). In the laboratory, one can “program”
life histories to explore the impact of different factors
on the severity and nature of lead-associated deficits
and to see whether the point at which and the way in
which an animal’s behavior breaks down over time
or under stress are affected by previous lead expo-
sure. Animal models can also be helpful in probing
the nature and bases of individual differences in
sensitivity to lead toxicity.29

Animal models are of relatively little help, how-
ever, in evaluating lead’s effects on the ability to
manipulate symbolic or abstract systems, such as
reading or mathematics, that have no compelling
nonhuman analogues. In addition, studies of lead’s
effects on behavioral systems that tend to be species
specific (eg, communication, affect, reproduction, so-
cial behaviors) are less relevant to understanding
childhood lead toxicity than are nonhuman models
of systems with strong cross-species parallels in the
morphology of behavior, such as problem solving
and learning.87

UTILITY OF ADULT STUDIES
Studies conducted on adults are likely to be of

limited relevance in understanding lead toxicity in
children, particularly with regard to nervous system
effects. This organ continues to undergo substantial
changes well into the second decade of postnatal life,
involving the establishment of hemispheric domi-
nance, the completion of myelination (particularly in
the frontal lobes), synaptic pruning, and synaptic
reorganization. As a result, the impact of an acquired
brain lesion in an adult can differ dramatically from
the impact of a similar lesion incurred during devel-
opment.88 Even in the absence of an insult, the brain–
behavior relationships underlying complex cognitive
processes can differ substantially between adults and
children. For example, lesions that spare language in
proficient speakers can impair language acquisition,
suggesting that the neural substrate for language
processing is not as highly localized in children as in
adults.89 A functional magnetic resonance imaging
study of performance on a verbal fluency task iden-
tified the expected regions of activation in both chil-
dren and adults (left inferior frontal cortex, left mid-
dle frontal gyrus) but more widespread cortical
activation among children than in adults, particu-
larly in the right hemisphere (right inferior frontal
gyrus).90 This seems not to be attributable simply to
age-related differences in competence but to age-
related differences in functional neuroanatomy. In
another functional magnetic resonance imaging
study, comparing visual lexical processing in adults
and 7- to 10-year-olds, different patterns of activation
were found in children and adults, even when the 2
age groups were matched in terms of accuracy on the

task.91 This suggests that, to some extent, the specific
regions of the brain enlisted to solve a particular
problem change with age. Thus, it seems that the
adult and the developing child differ in so many
critical respects that few lessons about pediatric lead
neurotoxicity can be gleaned from studying adult
lead neurotoxicity.

CONCLUSION
Conceptually, excessive lead exposure in children

poses a relatively simple problem. We know where
the most important hazards are in the environments
of young children, the major pathways of exposure,
the range of effects (to a level of detail far greater
than for any other environmental pollutant), and at
least the general features of the dose–effect relation-
ships for the most intensively studied endpoints.
Studies continue to describe apparent effects that
were previously unknown, as well as show that
known effects can be detected at lower and lower
levels of exposure. Fortunately, even as these ad-
vances in knowledge were being achieved, children’s
exposures to lead were in dramatic decline, with the
mean blood lead level now barely �2 �g/dL.92 Al-
though much is known about the effects of lead on
brain chemistry and physiology, we nevertheless
lack a unifying model of the mechanisms of lead
neurotoxicity. It is not obvious, however, that addi-
tional evidence on the health effects of lead or the
mechanisms of its protean toxicities is needed to
motivate public health interventions to reduce chil-
dren’s lead exposure. In terms of housing and com-
munity interventions, apart from the obvious imme-
diate and long-term benefits of complete residential
lead abatement, if conducted properly, as a way to
reduce childhood exposures, we know relatively lit-
tle about other environmental, nutritional, or social
interventions that are effective (including cost-effec-
tive). Given the apparent absence of commitment at
a societal level to eradicate this entirely preventable
childhood disease even in the face of economic anal-
ysis that demonstrates it to be cost-effective,93 it
seems that the answer to the question posed 10 years
ago, “Lead toxicity in the 21st century: will we still be
treating it?”94 is, sadly, “Yes.”

REFERENCES
1. Gibson JL, Love W, Hardine D, Bancroft P, Turner AJ. Note on lead

poisoning as observed among children in Brisbane. In: Huxtable LR, ed.
Transactions of the Third Intercolonial Medical Congress of Australasia.
Sydney, Australia: Charles Potter; 1982:76–83

2. Markowitz G, Rosner D. “Cater to the children”: The role of the lead
industry in a public health tragedy, 1900–1955. Am J Public Health.
2000;90:36–46

3. Rosner D, Markowitz G. A ‘‘gift of God’? The public health controversy
over leaded gasoline during the 1920’s. Am J Public Health. 1985;75:
344–352

4. Calabrese EJ, Stanek EJ, James RC, Roberts SM. Soil ingestion: a concern
for acute toxicity in children. Environ Health Perspect. 1997;105:
1354–1358

5. Manton WI, Angle CR, Stanek KL, Reese YR, Kuehnemann TJ. Acqui-
sition and retention of lead by young children. Environ Res. 2000;82:
60–80

6. Ziegler EE, Edwards BB, Jensen RL, Mahaffey KR, Fomon SJ. Absorp-
tion and retention of lead by infants. Pediatr Res. 1978;12:29–34

7. Wright RO, Shannon MW, Wright RJ, Hu H. Association between iron

1020 LEAD

 by on May 10, 2005 www.pediatrics.orgDownloaded from 

http://www.pediatrics.org


deficiency and low-level lead poisoning in an urban primary care clinic.
Am J Public Health. 1999;89:1049–1053

8. Bradman A, Eskenazi B, Sutton P, Athanasoulis M, Goldman LR. Iron
deficiency associated with higher blood lead in children living in con-
taminated environments. Environ Health Perspect. 2001;109:1079–1084

9. Stollery BT. Reaction time changes in workers exposed to lead. Neuro-
toxicol Teratol. 1996;18:477–483

10. Muldoon SB, Cauley JA, Kuller LH, et al. Effects of blood lead levels on
cognitive function of older women. Neuroepidemiology. 1996;15:62–72

11. Schwartz BS, Stewart WF, Bolla KI, et al. Past adult lead exposure is
associated with longitudinal decline in cognitive function. Neurology.
2000;55:1144–1150

12. National Research Council. Measuring Lead Exposure in Infants, Children,
and Other Sensitive Populations. Washington, DC: National Academy
Press; 1993

13. Baker EL, White RF, Pothier LJ, et al. Occupational lead neurotoxicity:
improvement in behavioral effects after reduction of exposure. Br J Ind
Med. 1985;42:507–516

14. Yokoyama K, Araki S, Aono H. Reversibility of psychological perfor-
mance in subclinical lead absorption. Neurotoxicology. 1988;9:405–410

15. Needleman HL, Schell A, Bellinger D, Leviton A, Allred E. The long-
term effects of exposure to low doses of lead in childhood: an 11-year
follow-up report. N Engl J Med. 1990;322:83–88

16. White RF, Diamond R, Proctor S, Morey C, Hu H. Residual cognitive
deficits 50 years after lead poisoning during childhood. Br J Ind Med.
1993;50:613–622

17. Tong S, Baghurst PA, Sawyer MG, Burns J, McMichael AJ. Declining
blood lead levels and changes in cognitive functioning during
childhood: the Port Pirie Cohort Study. JAMA. 1998;280:1915–1919

18. Stokes L, Letz R, Gerr F, et al. Neurotoxicity in young adults 20 years
after childhood exposure to lead: The Bunker Hill experience. Occup
Environ Med. 1998;55:507–516

19. Johnston MV, Goldstein GW. Selective vulnerability of the developing
brain to lead. Curr Opin Neurol. 1998;11:689–693

20. Rogan WJ, Dietrich KN, Ware JH, et al. The effect of chelation therapy
with succimer on neuropsychological development in children exposed
to lead. N Engl J Med. 2001;344:1421–1426

21. Pocock S, Smith M, Baghurst PA. Environmental lead and children’s
intelligence: a systematic review of the epidemiological evidence. BMJ.
1994;309:1189–1197

22. Dietrich KN, Berger O, Succop P. Lead exposure and the motor devel-
opmental status of urban six-year-old children in the Cincinnati Pro-
spective Study. Pediatrics. 1993;91:301–307

23. McMichael AJ, Baghurst PA, Robertson EF, Vimpani GV, Wigg NR. The
Port Pirie cohort study: blood lead concentrations in early childhood.
Med J Aust. 1985;143:499–503

24. Succop PA, O’Flaherty EJ, Bornschein RL, et al. A kinetic model for
estimating changes in the concentration of lead in the blood of young
children. In: Lindberg SE, Hutchinson TC, eds. International Conference
on Heavy Metals in the Environment. Vol 2. Edinburgh: CEP Consultants,
Ltd; 1987:289–291

25. Brody DJ, Pirkle JL, Kramer RA, et al. Blood lead levels in the US
population. Phase 1 of the Third National Health and Nutrition Exam-
ination Survey (NHANES III, 1988 to 1991). JAMA. 1994;272:277–283

26. Bellinger DC, Stiles KM, Needleman HL. Low-level lead exposure,
intelligence and academic achievement: a long-term follow-up study.
Pediatrics. 1992;90:855–861

27. Tong S, Baghurst P, McMichael A, Sawyer M, Mudge J. Lifetime expo-
sure to environmental lead and children’s intelligence at 11–13 years:
the Port Pirie cohort study. BMJ. 1996;312:1569–1575

28. Wasserman GA, Liu X, Popovac D, et al. The Yugoslavia Prospective
Lead Study: contributions of prenatal and postnatal lead exposure to
early intelligence. Neurotoxicol Teratol. 2000;22:811–818

29. Rice DC. Lead-induced behavioral impairment on a spatial discrimina-
tion reversal task in monkeys exposed during different periods of
development. Toxicol Appl Pharmacol. 1990;106:327–333

30. Rice D. Lead exposure during different developmental periods pro-
duces different effects on FI performance in monkeys tested as juveniles
and adults. Neurotoxicology. 1992;13:757–770

31. Rice DC, Gilbert SG. Sensitive periods for lead-induced behavioral
impairment (nonspatial discrimination reversal) in monkeys. Toxicol
Appl Pharmacol. 1990;102:101–109

32. Morgan RE, Garavan H, Smith EG, Driscoll LL, Levitsky DA, Strupp BJ.
Early lead exposure produces lasting changes in sustained attention,
response initiation, and reactivity to errors. Neurotoxicol Teratol. 2001;
23:519–531

33. Bellinger D. Interpreting the literature on lead and child development:

the neglected role of the “experimental system.” Neurotoxicol Teratol.
1995;17:201–212

34. Rice D. Behavioral effects of lead: commonalities between experimental
and epidemiologic data. Environ Health Perspect. 1996;104(suppl 2):
337–351

35. Wasserman GA, Liu X, LoIacono NJ, et al. Lead exposure and intelli-
gence in 7-year-old children: the Yugoslavia Prospective Study. Environ
Health Perspect. 1997;105:956–962

36. Links JM, Schwartz BS, Simon D, Bandeen-Roche K, Stewart WF. Char-
acterization of toxicokinetics and toxicodynamics with linear systems
theory: application to lead-associated cognitive decline. Environ Health
Perspect. 2001;109:361–368

37. Smith C, Wang X, Hu H, Kelsey K. A polymorphism in the delta-
aminolevulinic acid dehydratase gene may modify the pharmacokinet-
ics and toxicity of lead. Environ Health Perspect. 1995;103:248–253

38. Schwartz BS, Lee BK, Lee GS, et al. Associations of blood lead, dimer-
captosuccinic acid-chelatable lead, and tibia lead with polymorphisms
in the vitamin D receptor and delta-aminolevulinic acid dehydratase
gene. Environ Health Perspect. 2000;108:949–954

39. Bellinger D, Hu H, Titlebaum L, Needleman HL. Attentional correlates
of dentin and bone lead levels in adolescents. Arch Environ Health.
1994;49:98–105

40. Bunn TL, Parsons PJ, Kao E, Dietert RR. Exposure to lead during critical
windows of embryonic development: differential immunotoxic out-
come based on stage of exposure and gender. Toxicol Sci. 2001;64:57–66

41. Dietrich KN, Krafft KM, Bornschein RL, et al. Low-level fetal lead
exposure effect on neurobehavioral development in early infancy. Pe-
diatrics. 1987;80:721–730

42. Pocock S, Ashby D, Smith MA. Lead exposure and children’s intellec-
tual performance. Int J Epidemiol. 1987;16:57–76

43. Bellinger D, Leviton A, Sloman J. Antecedents and correlates of im-
proved cognitive performance in children exposed in utero to low levels
of lead. Environ Health Perspect. 1990;89:5–11

44. McMichael AJ, Baghurst P, Vimpani G, Robertson E, Wiig N, Tong S-L.
Sociodemographic factors modifying the effect of environmental lead
on neuropsychological development in early childhood. Neurotoxicol
Teratol. 1992;14:321–327

45. Tong S, McMichael AJ, Baghurst PA. Interactions between environmen-
tal lead exposure and sociodemographic factors on cognitive develop-
ment. Arch Environ Health. 2000;55:330–335

46. Newman HM, Yang RSH, Magnusson KR. Effects of developmental
exposure to lead, magnesium and zinc mixtures on spatial learning and
expression of NMDA receptor subunit mRNA in Fischer 344 rats. Toxi-
col Lett. 2002;126:107–119

47. Bellinger D. Effect modification in epidemiological studies of low-level
neurotoxicant exposures and adverse health outcomes. Neurotoxicol
Teratol. 2000;22:133–140

48. Bellinger DC, Leviton A, Waternaux C, Needleman HL, Rabinowitz M.
low-level lead exposure, social class, and infant development. Neuro-
toxicol Teratol. 1988;10:497–503

49. US Centers for Disease Control. Preventing Lead Poisoning in Young
Children. Atlanta, GA: US CDC; 1991

50. Pirkle JL, Brody DJ, Gunter EW, et al. The decline in blood lead levels
in the United States. The National Health and Nutrition Examination
Survey (NHANES). JAMA. 1994;272:284–291

51. Mushak P. New directions in the toxicokinetics of human lead expo-
sure. Neurotoxicology. 1993;14:29–42

52. Flegal AR, Smith DR. Lead levels in preindustrial humans. N Engl J Med.
1992;326:1293–1294

53. Schwartz J. Low-level lead exposure and children’s IQ: a meta-analysis
and search for a threshold. Environ Res. 1994;65:42–55

54. Lanphear BP, Dietrich K, Auinger P, Cox C. Cognitive deficits associ-
ated with blood lead concentrations �10 �g/dL in US children and
adolescents. Public Health Rep. 2000;115:521–529

55. Canfield RC, Henderson CR, Cory-Slechta DA, Cox C, Jusko TA, Lan-
phear BP. Intellectual impairment in children with blood lead concen-
trations below 10 �g per deciliter. N Engl J Med. 2003;348:1517–1526

56. Chiodo LM., Jacobson SW, Jacobson JL. Neurodevelopmental effects of
postnatal lead exposure at very low levels. Neurotoxicol Teratol. 2004, in
press

57. Bellinger DC, Needleman HL. Intellectual impairment and blood lead
levels. N Engl J Med. 2003;349:500

58. Needleman HL, Gatsonis C. Low-level lead exposure and the IQ of
children. JAMA. 1990;263:673–678

59. Schwartz J. Beyond LOEL’s, p values, and vote counting: methods for
looking at the shapes and strengths of associations. Neurotoxicology.
1993;14:237–246

60. World Health Organization/International Programme on Chemical

SUPPLEMENT 1021

 by on May 10, 2005 www.pediatrics.orgDownloaded from 

http://www.pediatrics.org


Safety. Environmental Health Criteria 165. Inorganic Lead. Geneva,
Switzerland: World Health Organization; 1995

61. Needleman HL, Gunnoe C, Leviton A, et al. Deficits in psychologic and
classroom performance of children with elevated dentine lead levels.
N Engl J Med. 1979;300:689–695

62. Yule W, Urbanowicz M-A, Lansdown R, Millar I. Teachers’ ratings of
children’s behaviour in relation to blood lead levels. Br J Dev Psychol.
1984;2:295–305

63. Thomson GO, Raab GM, Hepburn WS, Hunter R, Fulton M, Laxen DP.
Blood-lead levels and children’s behaviour-results from the Edinburgh
lead study. J Child Psychol Psychiatry. 1989;30:515–528

64. Bellinger D, Leviton A, Allred E, Rabinowitz M. Pre- and postnatal lead
exposure and behavior problems in school-aged children. Environ Res.
1994;66:12–30

65. Wasserman G, Staghezza-Jaramillo B, Shrout P, Popovac D, Graziano J.
The effect of lead exposure on behavior problems in preschool children.
Am J Public Health. 1998;88:481–486

66. Burns J, Baghurst P, Sawyer M, McMichael A, Tong S. Lifetime low-
level exposure to environmental lead and children’s emotional and
behavioral development at ages 11–13 years: the Port Pirie Cohort
Study. Am J Epidemiol. 1999;149:740–749

67. Byers RK, Lord EE. Late effects of lead poisoning on mental develop-
ment. Am J Dis Child. 1943;66:471–494

68. Denno DW. Biology and Violence. New York, NY: Cambridge University
Press; 1990

69. Needleman HL, Riess JA, Tobin MJ, Biesecker GE, Greenhouse JB. Bone
lead levels and delinquent behavior. JAMA. 1996;275:363–369

70. Dietrich KN, Ris MD, Succop PA, Berger OG, Bornschein RL. Early
exposure to lead and juvenile delinquency. Neurotoxicol Teratol. 2001;23:
511–518

71. Needleman HL, McFarland C, Ness RB, Fineberg SE, Tobin MJ. Bone
lead levels in adjudicated delinquents: a case-control study. Neurotoxicol
Teratol. 2002;24:711–717

72. Nevin R. How lead exposure relates to temporal changes in IQ, violent
crime, and unwed pregnancy. Environ Res. 2000;83:1–22

73. Rice DC. Parallels between attention deficit hyperactivity disorder and
behavioral deficits produced by neurotoxic exposure in monkeys. En-
viron Health Perspect. 2000;108(suppl 3):405–408

74. Bellinger DC. Future directions for neurobehavioral studies of environ-
mental neurotoxicants. Neurotoxicology. 2001;22:645–656

75. Davis JM, Otto DA, Weil DE, Grant LD. The comparative developmen-
tal neurotoxicity of lead in humans and animals. Neurotoxicol Teratol.
1990;12:215–229

76. Schwartz J, Otto D. Blood lead, hearing thresholds, and neurobehav-
ioral development in children and youth. Arch Environ Health. 1987;42:
153–160

77. Schwartz J, Otto D. Lead and minor hearing impairment. Arch Environ
Health. 1991;46:300–305

78. Rice DC. Effects of lifetime lead exposure in monkeys on detection of
pure tones. Fundam Appl Toxicol. 1997;36:112–118

79. Lasky RE, Luck ML, Torre P, Laughlin N. The effects of early lead
exposure on auditory function in rhesus monkeys. Neurotoxicol Teratol.
2001;23:639–649

80. Counter AS, Vahter M, Laurell G, Buchanan LH, Ortega F, Skerfving S.
High lead exposure and auditory sensory-neural function in Andean
children. Environ Health Perspect. 1997;105:522–526

81. Buchanan LH, Counter AS, Ortega F, Laurell G. Distortion product
oto-acoustic emissions in Andean children and adults with chronic lead
intoxication. Acta Otolaryngol. 1999;119:652–658

82. Neisser U, Boodoo H, Bouchard TJ, et al. Intelligence: knowns and
unknowns. Am Psychol. 1995;51:77–101

83. Mirsky A, Anthony B, Duncan C, Ahearn M, Kellam S. Analysis of the
elements of attention: a neuropsychological approach. Neuropsychol Rev.
1990;2:109–145

84. Paule MG, Chelonis JJ, Buffalo EA, Blake DJ, Casey PH. Operant test
battery performance in children: correlation with IQ. Neurotoxicol Tera-
tol. 1999;21:223–230

85. Chelonis JJ, Daniels-Shaw JL, Blake DJ, Paule MG. Developmental as-
pects of delayed matching-to-sample task performance in children.
Neurotoxicol Teratol. 2000;22:683–694

86. Cory-Slechta DA. Exposure duration modifies the effects of low level
lead on fixed-interval performance. Neurotoxicology. 1990;11:427–442

87. Paule MG, Adams J. Interspecies comparison of the evaluation of cog-
nitive developmental effects of neurotoxicants in primates. In: Chang
LW, ed. Principles of Neurotoxicology. New York, NY: Marcel Dekker;
1994:713–731

88. Bellinger DC. Perspectives on incorporating human neurobehavioral
endpoints in risk assessments. Risk Anal. 2002;22:487–498

89. Stiles J. Neural plasticity and cognitive development. Dev Neuropsychol.
2000;18:237–272

90. Gaillard WD, Hertz-Pannier L, Mott SH, Barnett AS, LeBihan D, Theo-
dore WH. Functional anatomy of cognitive development. fMRI of ver-
bal fluency in children and adults. Neurology. 2000;54:180–185

91. Schlagger BL, Brown TT, Lugar HM, Visscher KM, Miezin FM, Petersen
SE. Functional neuroanatomical differences between adults and school-
age children in the processing of simple words. Science. 2002;296:
1476–1479

92. Stephenson J. CDC report on environmental toxins: some progress,
some concerns. JAMA. 2003;289:1230–1233

93. Grosse SD, Matte TD, Schwartz J, Jackson RJ. Economic gains resulting
from the reduction in children’s exposure to lead in the United States.
Environ Health Perspect. 2002;110:563–569

94. Needleman HL, Jackson RJ. Lead toxicity in the 21st century: will we
still be treating it? Pediatrics. 1992;89:678–680

1022 LEAD

 by on May 10, 2005 www.pediatrics.orgDownloaded from 

http://www.pediatrics.org


DOI: 10.1542/peds.113.4.S1.1016 
 2004;113;1016-1022 Pediatrics

David C. Bellinger 
 Lead

This information is current as of May 10, 2005 

 & Services
Updated Information

 http://www.pediatrics.org/cgi/content/full/113/4/S1/1016
including high-resolution figures, can be found at: 

 References

 http://www.pediatrics.org/cgi/content/full/113/4/S1/1016#BIBL
at: 
This article cites 86 articles, 26 of which you can access for free

 Citations

 rticles
http://www.pediatrics.org/cgi/content/full/113/4/S1/1016#othera
This article has been cited by 1 HighWire-hosted articles: 

 Subspecialty Collections

 logy
http://www.pediatrics.org/cgi/collection/therapeutics_and_toxico

 Therapeutics & Toxicology
following collection(s): 
This article, along with others on similar topics, appears in the

 Permissions & Licensing

 http://www.pediatrics.org/misc/Permissions.shtml
tables) or in its entirety can be found online at: 
Information about reproducing this article in parts (figures,

 Reprints
 http://www.pediatrics.org/misc/reprints.shtml

Information about ordering reprints can be found online: 

 by on May 10, 2005 www.pediatrics.orgDownloaded from 

http://www.pediatrics.org/cgi/content/full/113/4/S1/1016
http://www.pediatrics.org/cgi/content/full/113/4/S1/1016#BIBL
http://www.pediatrics.org/cgi/content/full/113/4/S1/1016#otherarticles
http://www.pediatrics.org/cgi/collection/therapeutics_and_toxicology
http://www.pediatrics.org/misc/Permissions.shtml
http://www.pediatrics.org/misc/reprints.shtml
http://www.pediatrics.org

