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Abstract

Many times in the history of lead toxicology the
view has prevailed that ,,the problem” has been solved,
and that exposure to lead is no longer a major public
health concern. Each time, additional research has
demonstrated the prematurity of this judgment. In the
last decade, an extraordinary number of new studies
have illustrated that ,,the problem” remains, and that
it has dimensions never before considered. Children’s
intelligence has traditionally been considered to be the
most sensitive endpoint and used as the basis for risk
assessment and standard setting. For IQ, the dose-effect
relationship appears to be supra-linear, with greater
deficits per ug/L increment below than above 100 ug/L.
Recent studies have found that greater lead exposure in
early childhood is also associated with a wide variety
of other outcomes, with some associations evident at
biomarker levels comparable to those at which IQ
deficits are observed. Among these endpoints are poorer
academic achievement, ADHD, conduct disorder, and
antisocial behavior. In animals, early life lead exposure
has been implicated in neurodegenerative disorders later
in life, perhaps via epigenetic mechanisms. Studies
employing neuroimaging modalities such as volumetric,
diffusion tensor, and functional MRI are providing
insights into the neural bases of the cognitive impair-
ments associated with greater lead exposure. Several
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recent risk assessments (e.g., EFSA, JECFA) have con-
cluded that research has yet to identify a threshold level
below which lead can be considered ,,safe”.
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Streszczenie

Wiele razy w historii toksykologii otowiu przewazat
poglad, ze problem ten zostat rozwigzany a ekspozycja
na otéw nie jest juz powaznym zagadnieniem zdrowia
publicznego. Za kazdym razem dalsze dodatkowe bada-
nia wykazywaly, ze taki poglad jest przedwczesny.
W ostatniej dekadzie nadzwyczajnie duza liczba nowych
badan ukazata, Ze ,,problem” pozostaje i ze jego roz-
miary sg tak szerokie jak nigdy przedtem tego nie spo-
dziewano sie. Inteligencja dzieci tradycjonalnie byta
uwazana za najbardziej czuly koncowy wskaznik i byta
uzywana jako podstawa dla oceny ryzyka i ustalania
standardow. Dla IQ zwigzek dawka—skutek okazat si¢
by¢ supra-linearnym z wigkszymi deficytami przez
zwigkszenie ug/L otowiu ponizej anizeli powyzej steze-
nia 100 ug/L w krwi. Ostatnie badania wykazaty, ze
wieksza ekspozycja na oléw we wczesnym okresie dzie-
cinstwa jest rowniez zwigzana z szerokg réznorodnoscig
wystepowania innych nastepstw, ktore sg skojarzone
ewidentnie na poziomie biomarkeréw poréwnywalnie
do tych, przy ktorych obserwuje si¢ deficyty IQ
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W3srod tych koncowych nastepstw wymienia sie gor-
szg zdolnos¢ do uczenia sie na poziomie akademickim,
ADHD, zaburzenia zachowania i zachowania antyspo-
teczne U zwierzat wczesna ekspozycja w wieku rozwo-
jowym ma zwigzek z wystegpowaniem choréb neuro-
degeneracyjnych w pdézniejszym okresie zycia, by¢ moze
na drodze mechanizméw epigenetycznych. Badania
z uzyciem metod obrazowania uktadu nerwowego jak
wolumetryczny tensor dyfuzyjny i czynnosciowe MRI
dostarczajg wgladu w neurologiczne podstawy uszko-

dzenia poznawczego zwigzanego z wiekszg ekspozycijq
na otéw. Liczne ostatnie oceny ryzyka (np. EFSA, JEC-
FA) swiadcza, ze badania naukowe jeszcze nie zdotaly
zidentyfikowac takiego progowego poziomu otowiu
w krwi, ponizej ktérego mozna by uwazac, ze jest on
bezpieczny dla zdrowia.

Stowa kluczowe: otéw, neurotoksycznos¢, dzieci,
epidemiologia

Knowledge that lead is neurotoxic, especially to
children, is more than a century old, yet remarkable
advances in our understanding of the scope of its
adverse effects continue to be made. Although great
success has been achieved in reducing population
exposures, recent research has identified surprising
new dimensions of lead’s toxicities. This commen-
tary focuses specifically on lead neurotoxicity in
children, broadly surveying epidemiologic literature
from the past decade. Recent studies on lead’s renal,
cardiovascular, adult central nervous system, and
reproductive effects are reviewed elsewhere [1].

The list of the aspects of brain function and deve-
lopment that are impaired as a result of lead expo-
sure, and the mechanisms by which these impair-
ments occur, is impressive. The latter include apop-
tosis and excitotoxicity, reduced energy production
in the mitochondria, reduced oxygen transport due
to interference with heme synthesis, increased oxi-
dative stress, alteration of first, second, and third
messenger systems, and alteration of patterns of
gene expression and transcription [2]. In rodents
exposed to environmentally-relevant levels of lead
exposure, neurogenesis is reduced in the hippocam-
pus, neurons that are born are less likely to survive,
and those that do survive tend to have aberrant
morphology [3]. In imaging studies of young adults
for whom detailed histories of early life blood lead
levels are available, greater early lead exposure is
associated with reduced volumes in several brain
regions [4, 5]. Reduced fractional anisotrophy and
other changes in the white matter suggest altered
myelination and reduced axonal integrity [6]. Lead-
associated changes in brain metabolism are sugges-
ted by studies that found reduced levels of N-acetyl
aspartate, creatine and phosphocreatine, glycerol-
phosphocholine and phosphocholines in several
regions of grey and white matter [7]. Yuan et al.
[8] reported significant lead-associated changes in
activation patterns in the left frontal cortex and left
middle temporal gyrus on a verb generation task.

These changes in neuronal structure and function
are accompanied by persistent impairments at the

level of behavior. In a pooled analysis of 7 interna-
tional prospective studies, involving 1,333 children,
concurrent blood lead level was inversely related to
covariate-adjusted IQ in childhood, with a supra-
linear form providing the best fit to the data [9].
Specifically, the reduction in IQ per ug/dL in blood
lead level was greater at blood lead levels below 100
ug/L than it was at levels greater than 100. Although
an explanation for this somewhat surprising finding
has not been identified, it has since been found in
several other studies [10, 11]. The IQ deficits appear
to be long-lasting. A follow-up study of a cohort
enrolled at birth showed that childhood blood lead
level is a significant predictor of IQ at age 30 years
[12].

While the lead-related deficits in IQ might be
considered to be modest in magnitude, deficits are
also apparent in outcomes that have clear implica-
tions for children’s well-being. For example, Surkan
et al. [13] found that children with a blood lead
level of 50-100 ug/L scored significantly worse than
children with a blood lead level of 10-20 ug/L on
tests of reading and mathematics, even when the
comparisons were adjusted for the children’s Full-
Scale 1Q scores. This finding suggests that even
among children with similar Full-Scale 1Q scores,
those with a higher blood lead level find academic
tasks more challenging. Such a discrepancy between
aptitude (i.e., IQ) and ability (i.e., academic achie-
vement) is a hallmark sign of a specific learning
disability. Furthermore, children with greater lead
exposure achieve reduced levels of success in mee-
ting the goals set for learning in school. Miranda
et al. [14] found, in a study involving 8,600 4th
graders in the U.S., that the percentage of children
who failed an end-of-grade reading test was mono-
tonically related to blood lead level, with the asso-
ciation apparent down to a blood lead level of 10
ug/L. This finding was replicated in an even larger
study of more than 56,000 children [15], and, fur-
thermore, showed that the impact of lead was stron-
ger among children who had other risk factors for
neurodevelopmental impairment.
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It has been known for decades that greater lead
exposure is associated with behaviors that suggest
attentional deficits, including increased distractibi-
lity, poorer persistence, greater disorganization, and
inability to follow directions. This observation has
been explored in several recent studies that exami-
ned the association between blood lead level and
Attention Deficit Hyperactivity Disorder (ADHD).
Using the data of NHANES 1999-2002, Braun et
al. [16] found that the odds ratio for parent-reported
ADHD among children with a blood lead level grea-
ter than 20 ug/L was 4, using children with a blood
lead level below 8 ug/L as the reference group. The
odds ratios for children with a blood lead level of
11-13 or 14-20 were approximately 2 and 3, res-
pectively, suggesting a roughly linear dose-response
relationship. The finding of an increased risk of
ADHD among children with greater lead exposure
has also been reported in other studies from the
US. [17, 18], and in studies from Korea [19], Roma-
nia [20], and China [21].

A recent line of investigation involves the possible
relationship between increased early lead exposure
and aggression, including criminality. This is not
a new hypothesis as an early case series [22] raised
this possibility that one effect of lead poisoning is
»loss of the normal inhibitory function” and the
promotion of socially disruptive behaviors. Need-
leman et al. [23] reported that 11 year olds children
with higher bone lead levels were rated by both
their parents and teachers as more impaired on the
Aggression and Delinquency scales of the Child
Behavior Checklist. Needleman et al. [24] followed-
up this observation, comparing the bone lead levels
of adolescents who were adjudicated delinquents
to the levels of controls. Among both boys and girls,
the delinquents were significantly more likely than
the controls to have a detectable bone lead level.
Other studies reporting a link between delinquency
and lead exposure include Dietrich et al. [25], Stre-
tesky and Lynch [26, 27], Nevin [28, 29], Fergusson
et al. [30], Marcus et al. [31], and Olympio et al.,
[32]. Using data from NHANES 1999-2002, Braun
et al. [33] reported significantly increased adjusted
odds of meeting DSM-IV criteria for conduct disor-
der among 8-15 year old children with a concurrent
blood lead level greater than 8 ug/L. The strongest
epidemiological evidence for an association between
early life lead exposure and criminality, however,
comes from a prospective study conducted by
Wright et al. [34] on a group of 250 socio-econo-
mically-disadvantaged children, 19-24 years old, for
whom blood lead level was measured several times
between gestation and age 6 years. The median blo-
od lead level through age 5 was 123 ug/dL (range
60-263). The investigators obtained records, from

the county criminal justice system, of the number
of times the participants had been arrested since
age 18 years. A variety of blood lead indices were
developed, including prenatal, average childhood,
and 6-year blood lead level. Using the number of
arrests for violent offenses as the outcome, the cova-
riate-adjusted rate ratios associated with each 50
ug/L increase in blood lead level were 1.34 (95%
CI: 0.88-2.03), 1.30 (95% CI: 1.03-1.64), and 1.48
(95% CI: 1.1.5-1.89), respectively, for the three blo-
od lead indices. The reason that this study is per-
suasive is that the data on exposure and covariates
were collected decades before the data on outcome
were collected, eliminating the likelihood of selec-
tion bias and other biases that threaten the validity
of cross-sectional or retrospective analyses.

The plausibility of a role for childhood lead
exposure as a risk factor for aggression is supported
by experimental studies of rats, hamsters, cats, and
monkeys. In rhesus monkeys, Laughlin et al. [35]
showed that exposure to 1 mg of lead per kg per
day in the first year of life resulted in persistent
alterations in play behavior even after cessation of
lead exposure. These alterations included reductions
in rough-and-tumble play, and increases in self-sti-
mulation and fear grimacing. The authors noted
that these suggested, ,,...a pattern of inappropriate
social interactions which are unlikely to promote
social integration and reproductive success.” Moore
et al. [36] reported that lead-exposed monkeys
demonstrated an increased propensity for impulsive
responding, namely tactile defensiveness, expressed
as increased fear and withdrawal in response to
innocuous stimulation (i.e., stimulation of the face
and neck with a feather). Finally, Li et al. [37] found
that lead exposure reduced the amount of electrical
stimulation of the lateral hypothalamus required to
elicit predatory attack of an anesthetized rat in cats.
In this study, the amount of stimulation required
subsequently increased when lead exposure was
stopped, but fell when exposure was resumed.

In aggregate, the recent evidence on lead-asso-
ciated neurological morbidity in children suggests
that early life exposure results in a cascade of effects,
involving deficits in IQ, executive function, impulse
control, and ability to delay gratification and dow-
nstream effects such as reduced academic achieve-
ment, increased likelihood of incomplete schooling,
disorders such as ADHD, conduct disorder, antiso-
cial behavior, and, perhaps, substance abuse.

The focus tends to be on developmental proces-
ses that are directly impacted by lead exposure, but
it is important to consider a more complex model
in which lead exposure is viewed as a predictor rat-
her than an outcome. In animal models, early lead
exposure limits the capacity to respond successfully
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to a later insult. For example, rats exposed to lead
in early life show a reduced capacity to recover
beam walking and proprioceptive limb placing skills
following the administration, in adulthood, of
a photochemically-induced ischemic stroke in the
hind limb parietal sensorimotor cortex [38].

Recent studies in rodents and non-human pri-
mates suggest that developmental exposure to lead
might be a risk factor for neurodegenerative disease
in adulthood. Animals exposed to lead only in early
life show elevations, in adulthood, of beta-amyloid
protein precursor (APP) mRNA, APP, and its amy-
loidogenic product, Abeta, in old age [39]. In mon-
keys, Abeta staining and amyloid plaques accumu-
late most striking in the frontal cortex [40]. In addi-
tion, DNA methylation is decreased and oxidative
damage to DNA is increased in lead-exposed ani-
mals, suggesting that an epigenetic process might
underlie these delayed effects.

An active but relatively undeveloped area of inves-
tigation concerns individual variation in suscepti-
bility to lead neurotoxicity. In several studies, effect
modification by socio-economic status (SES) has
been noted, with poorer children suffering dispro-
portionately from lead exposure [41]. Because SES
is a complex construct that encompasses a variety
of more proximal factors that can influence child
neurodevelopment, considerable effort has been
invested in identifying which component of SES,
or more likely, components, influence response to
lead exposure. Among the classes of components
likely to be important are health co-morbidities
(including exposure to other toxicants), genotype,
the rearing environment, stress, access to health
care, quality of schools, neighborhood characteris-
tics, and nutrition. Some of these components, or
aspects of them, have been investigated. For exam-
ple, two studies suggest that the adverse effects of
lead are greater if a child is co-exposed to higher
levels of manganese [42, 43]. The learning deficits
of lead-exposed rats are attenuated if they are raised
in an ,enriched” environment that includes expo-
sure to other rats, larger spaces, and more toys [44].
An enriched environment also normalizes aspects
of NMDA and BDNF gene expression in the hip-
pocampus. Animals raised by dams subjected both
to lead exposure and to stressful procedures show
greater learning deficits as well as altered patterns
of stress responsivity [45].

The evolution over the past forty years in the
level of lead exposure at which important adverse
effects appear continues unabated, and two recent
risk assessments concluded that a level of lead
exposure that is ,,safe” has yet to be identified [46,
47]. Although impressive reductions in population
exposures have occurred in many developed count-

ries as a result of interventions, lead exposure in
developing countries remains an important public
health problem. The World Health Organization
estimated that in 2000, less than 10% of the
world’s children had a blood lead level of 200 ug/L
or greater, but that 99% of them lived in develo-
ping countries and that nearly 1% of the global
burden of disease could be attributed to lead expo-
sure [48].
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