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BACKGROUND: Few studies provide data directly relevant to the question of whether blood lead
concentrations < 10 pg/dL adversely affect children’s cognitive function.

OBJECTIVE: We examined the association between blood lead concentrations assessed throughout
early childhood and children’s IQ at 6 years of age.

METHODS: Children were followed from 6 months to 6 years of age, with determination of blood
lead concentrations at 6, 12, 18, and 24 months, and 3, 4, 5, and 6 years of age. At 6 years of age,
intelligence was assessed in 194 children using the Wechsler Preschool and Primary Scale of
Intelligence—Revised. We used general linear and semiparametic models to estimate and test the
association between blood lead concentration and IQ.

REsuULTS: After adjustment for maternal IQ, HOME scale scores, and other potential confounding
factors, lifetime average blood lead concentration (mean = 7.2 pg/dL; median = 6.2 pg/dL) was
inversely associated with Full-Scale IQ (p = 0.006) and Performance IQ scores (p = 0.002).
Compared with children who had lifetime average blood lead concentrations < 5 pg/dL, children
with lifetime average concentrations between 5 and 9.9 pg/dL scored 4.9 points lower on Full-Scale
IQ (91.3 vs. 86.4, p = 0.03). Nonlinear modeling of the peak blood lead concentration revealed an
inverse association (p = 0.003) between peak blood lead levels and Full-Scale IQ down to
2.1 pg/dL, the lowest observed peak blood lead concentration in our study.

CONCLUSIONS: Evidence from this cohort indicates that children’s intellectual functioning at
6 years of age is impaired by blood lead concentrations well below 10 pg/dL, the Centers for
Disease Control and Prevention definition of an elevated blood lead level.

KEY WORDS: cohort, electrothermal atomic absorption spectrometry, GAM, HOME, 1Q, LOESS,
Rochester, WPPSI-R. Environ Health Perspect 116:243-248 (2008). doi:10.1289/ehp.10424
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Cohort studies of children during the 1980s in
North America, Europe, and Australia docu-
mented that blood lead concentrations of at
least 10 pg/dL are inversely associated with cog-
nitive test scores in children (Needleman and
Gatsonis 1990; Pocock et al. 1994; Schwartz
1994). These findings led to the 1991 revision
of the Centers for Disease Control and
Prevention’s (CDC) definition of an elevated
blood lead concentration, which was lowered
from 25 to 10 pg/dL (CDC 1991).
Accumulating evidence since 1991 sug-
gests that children’s intellectual ability is
adversely affected at blood lead concentrations
< 10 pg/dL (Bellinger and Needleman 2003;
Canfield et al. 2003a, 2004; Chiodo et al.
2004; Lanphear et al. 2000, 2005; Schnaas
et al. 2006; Schwartz 1994; Surkan et al. 2007;
Tellez-Rojo et al. 2006). To examine some of
this evidence in detail, a working group
(Weitzman et al. 2004) was convened by the
CDQC, and the fifth revision of the CDC’s
Preventing Lead Poisoning in Young Children
was issued in 2005 (CDC 2005b). The work-
ing group concluded that the “overall weight
of evidence supports an inverse association
between blood lead levels < 10 pg/dL and the
cognitive function of children,” with the caveat

that the available data were limited by the
small number of “directly relevant cohort
studies”—studies that include multiple meas-
ures of lead exposure throughout early life and
key covariate information to reduce the poten-
tial for residual confounding (CDC 2005b).
Despite the conclusions reached by the work-
ing group, the CDC definition of an elevated
blood lead level was not lowered at that time
(CDC 2005b).

This report, based on a prospective study
that includes eight measures of children’s
blood lead concentrations from 6 months to
6 years of age and that includes measures of
key potential confounders in the lead—1Q
relation, meets the criteria for a study that is
directly relevant to assess questions of possible
cognitive effects of lead exposure at blood
lead concentrations < 10 pg/dL.

Methods

Sample selection. Children participating in
the current study were born between July
1994 and January 1995 and were recruited at
24-30 months of age from a previous trial of
276 children enrolled first at 6 months of age
(Lanphear et al. 1999). Children and their

families were eligible for the dust-control trial
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if they lived in Rochester, New York, had no
plans to relocate in the next 3 months, and
the children were between 5 and 7 months of
age at the time of the baseline visit. For the
current study of lead exposure and cognitive
functioning, we excluded low birth weight
(< 2,500 g) and preterm (< 37 weeks of gesta-
tion) infants, two children with Down
syndrome, and one child whose primary lan-
guage was not English, resulting in 242 chil-
dren eligible for the current study. At 6 years
of age, 194 children (80%) participated; chil-
dren and parents not participating either
moved or could not be located, declined par-
ticipation or repeatedly missed appointments,
or the child had died before this assessment.
The Institutional Review Board at the
University of Rochester Medical Center
approved the study, and all parents or
guardians provided written informed consent.

Collection and analysis of blood samples.
Venous blood samples were collected when
children were 6, 12, 18, and 24 months of
age during the dust-control study, and at 36,
48, 60, and 72 months of age during the cur-
rent study of cognitive functioning. All col-
lection tubes and needles that were used for
specimen collection were provided by the
analyzing laboratory, where they were pre-
checked by lot number to ensure the absence
of any background lead contamination (i.e.,
< 0.5 pg/dL). All analytical measurements for
blood lead were carried out in the Wadsworth
Center’s Lead Poisoning and Trace Elements
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Laboratory (Albany, NY), using a well-
established method based on electrothermal
atomic absorption spectrometry (ETAAS)
(Parsons and Slavin 1993). The Wadsworth
Center’s Lead Poisoning and Trace Elements
Laboratory is the New York State reference
laboratory for this assay and is responsible for
operating the New York State Proficiency
Testing Program for Blood Lead. It is also a
reference laboratory for the blood lead profi-
ciency testing programs operated by the states
of Wisconsin and Pennsylvania.

The analytic procedure for lead determina-
tion was as follows: Whole blood was diluted
1:9 with phosphate modifier, and a 12-pL
aliquot was injected into a Model 4100ZL
atomic absorption spectrometer equipped with
a transverse-heated graphite atomizer (THGA)
and a longitudinal Zeeman-effect background
correction system (PerkinElmer Life and
Analytical Sciences, Shelton, CT). The THGA
instrument was calibrated daily before each
run with aqueous lead standards traceable to
the National Institute of Standards and
Technology (NIST, Gaithersburg, MD).
Three concentrations of New York State
Department of Health (Albany, NY) blood-
based reference materials (including one
< 10 pg/dL) were analyzed before, during, and
after each analytical run as part of the labora-
tory’s internal quality assurance program
(Parsons et al. 2001). Additional quality assur-
ance validation was obtained through periodic
analysis of NIST Standard Reference Material
955a/b Lead in Bovine Blood. The ETAAS
analytical method has also been cross-validated
against a method based on inductively coupled
plasma mass spectrometry (Palmer et al.
2006). All specimens were analyzed in dupli-
cate (independent aliquots), with three furnace
injections per analysis. An average lead con-
centration was calculated across injections for
each aliquot by the spectrometer, and the two
aliquot means were averaged to derive the lead
concentration used in analyses. The method
detection limit is estimated at 1.0 pg/dL and
the limit of quantitation is approximately
3 pg/dL, based on the International Union of
Pure and Applied Chemistry harmonized defi-
nitions. Repeatability—the day-to-day preci-
sion expressed as a standard deviation—ranged
from 0.1 to 0.3 pg/dL at blood lead concentra-
tions < 10 pg/dL based on duplicate measure-
ments over 5 days, whereas it was < 2% above
20 pg/dL. Child’s iron status at 6 years of age
was measured by serum transferrin saturation
at Rochester General Hospital laboratories.

Assessment of intelligence. Children were
administered the Wechsler Preschool and
Primary Scale of Intelligence, Revised,
(WPPSI-R) during their 6-year visit at the
Rochester General Hospital in Rochester by an
examiner trained in pediatric neurobehavioral
testing (Brandt and van Gorp 1999). The
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WPPSI-R was chosen because it provides a
thorough sampling of abilities for children with
lower than average IQ test scores (Sattler 2001).
Children were administered five subtests requir-
ing visual-spatial skills (Object Assembly,
Geometric Design, Block Design, Mazes, and
Picture Completion) and five subtests requiring
verbal skills (Information, Comprehension,
Arithmetic, Vocabulary, and Similarities).
Combining the scores for all 10 subtests yields
the Full-Scale 1Q, a global measure of intelli-
gence. Combining the scores for the five
visual-spatial subtests yields a Performance 1Q;
the five verbal subtests yield a Verbal 1Q.
Ninety-two percent of children with complete
data were tested between 72 and 75 months of
age (range, 72-80 months), and 156 children
(90%) completed all 10 Performance and
Verbal IQ subtests. We calculated prorated 1Q
scores for the remaining 18 children who com-
pleted 8 or 9 of the 10 subtests (Sattler 2001;
Wechsler 1989). The same examiner conducted
all assessments and was unaware of each child’s
blood lead concentration.

Blood lead measures. We constructed four
exposure variables from the eight blood lead
measures: ) lifetime average blood lead con-
centration, computed by dividing the total area
under each child’s age-by-blood-lead curve by
66 (72 months — 6 months); ) concurrent
blood lead concentration, the blood lead con-
centration measured on the day of cognitive
testing at 6 years of age; ¢) infancy average
blood lead concentration (area under the
child’s age-by-blood-lead curve from 6 to
24 months); and 4) peak blood lead concentra-
tion, the child’s highest measured blood lead
concentration from 6 months through 6 years
of age. We used conditional means regression
to impute 131 missing age-specific blood lead
measures (9% of a total of 1,392) before con-
struction of the lead exposure variables.

Covariate measures. At each semiannual
visit, a parent or guardian was interviewed to
obtain information about their child’s medical
history and demographic information about
the respondent, child, and his or her family.
Birth records provided data on perinatal fac-
tors including parity, birth weight, and gesta-
tional age at birth. The Home Observation for
Measurement of the Environment Inventory
(HOME) (Caldwell and Bradley 1984) was
administered in the child’s home when the
child was 24 months of age, and the HOME-
Short Form (HOME-SF) (Center for Human
Resource Research 1992) was completed by
the child’s parent or guardian during the inter-
view at 6 years of age. The HOME-SF has
been used with minor modifications in large-
scale U.S. longitudinal assessments with good
concurrent and predictive validity of vocabu-
lary and achievement test scores (Baker et al.
1993; Bradley et al. 2001). Maternal IQ was
assessed during the child’s visit at 3 years of

age using the Stanford-Binet IV screening bat-
tery (Thorndike et al. 1986).

Statistical analyses. Linear analyses. We
estimated the association between each lead
exposure measure (lifetime average, concurrent,
infancy average, and peak) and each WPPSI-R
IQ score (Full-Scale, Performance, and Verbal
1Q). Blood lead was modeled categorically to
reduce the influence of outlying blood lead val-
ues and to demonstrate differences in mean IQ
across blood lead groups. Categories were
defined as < 5 pg/dL (reference), 5.0-9.9
pg/dL, and = 10 pg/dL for lifetime average,
concurrent, and infancy average blood lead
concentration. Because of the greater range of
values for peak blood lead, concentrations = 10
pg/dL were divided further into two categories:
10.0-14.9 pg/dL and = 15.0 pg/dL. These nat-
ural categories were chosen for their potential
relevance to decision making in clinical and
health policy settings and to ensure adequate
numbers of subjects in each category. We pre-
specified a general linear model that included
the same predictors of child IQ that had been
selected « priori and used in a previous report
from this cohort (Canfield et al. 2003a; Jusko
et al. 2005). In addition to blood lead as a clas-
sification factor, the regression model included
classification factors for yearly family income
measured when the child was 6 years of age
(< $10,000, $10,000-24,999, $25,000-50,999,
or = $51,000); child’s sex; mother’s highest
reported level of education during the
66-month follow-up (< 12 years, 12 years, or
> 12 years), race (self-identified as white or
nonwhite), and prenatal smoking (yes/no); and
covariates birth weight, transferrin saturation,
mother’s IQ, and the HOME-SF total score at
6 years of age. The same model was used for all
analyses regardless of the dependent variable.
Prespecified contrasts for differences in adjacent
blood lead groups were estimated and tested to
describe the incremental change in IQ across
blood lead categories. We also specified a model
identical to the primary model except that the
categorized blood lead variable was regarded as
quantitative. The 1-degree-of-freedom test of
this variable can be regarded as a test of trend
and is presented for each of the 12 blood
lead-IQ combinations (4 blood lead measures
x 3 IQ measures). Statistical analyses were con-
ducted using SAS software (version 9.1; SAS
Institute Inc., Cary, NC), and all statistical tests
were two-sided, with a p-value < 0.05 indicat-
ing statistical significance.

Nonlinear analysis. Because of our previous
research indicating a nonlinear dose-response
relation and confirmation of this in the analy-
ses in which lead measures are modeled cate-
gorically, we conducted a secondary analysis
of peak blood lead levels in relation to
Full-Scale IQ. This analysis also makes full use
of the quantitative nature of the measured lead
concentrations. We modeled peak blood lead as
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the exposure of interest because analysis of this
variable helps answer the public health question
of setting a maximum allowable blood lead
concentration for developing children.

We estimated the dose—response relation
using a generalized additive model (GAM),
employing a locally weighted scatterplot
smooth (LOESS) on the quantitative peak
blood lead variable. This model was imple-
mented in SAS version 9.1 (SAS Institute Inc.)
using the GAM procedure, specifying a LOESS
smoother with 2 degrees of freedom. This semi-
parametic GAM model allowed us to adjust
parametrically for the same covariates used in
the linear analyses and at the same time esti-
mate the association between peak blood lead
concentrations and IQ nonparametically. We
truncated the top 3% of peak blood lead values
(five values between 33.6 and 45.7 pg/dL) to
ensure that the shape of the dose-response rela-
tion was not influenced by outlying values.

Results

Sample characteristics. Of the 194 children
and families participating when the child was
6 years of age, 174 had complete information
on all explanatory variables and are included
in the results described below. Table 1 com-
pares characteristics of children and their fam-
ilies with complete data (7 = 174), those with
missing covariate information (7 = 20), and
those not participating at 6 years (7 = 48).
Except for maternal IQ, characteristics among
the three groups were similar.

Blood lead concentrations. Distributions of
each blood lead measure are given in Figure 1.

The figure indicates that for no fewer than
75% of children, the lifetime average, concur-
rent, and infancy average blood lead measures
were < 10 pg/dL, and the median blood lead
concentration for all lead exposure variables
was < 10 pg/dL. Specifically, lifetime average
blood lead had a mean of 7.2 pg/dL (median,
6.2 pg/dL; range, 1.4-27.1 pg/dL), with
77% of children averaging < 10 pg/dL through
6 years of age. At the 6-year assessment,
concurrent blood lead concentrations aver-
aged 5.0 pg/dL (median, 4.0 pg/dL; range,
1.1-23.7 pg/dL) and 92% of children
had measured blood lead concentrations
< 10 pg/dL. Infancy average blood lead had a
mean of 7.1 pg/dL (median, 6.5 pg/dL; range,
0.7-28.7 pg/dL), with 81% of children averag-
ing < 10 pg/dL for that period. Children’s peak
blood lead concentration averaged 11.4 pg/dL
(median, 9.4 pg/dL), and ranged from 2.1 to
45.7 pg/dL. Fifty-five percent of children never
had a measured blood lead concentration
= 10 pg/dL from 6 to 72 months of age.
Intelligence test results. The mean (+ SD)
Full-Scale IQ score at 6 years of age was
85 + 14 (range, 55-146), consistent with pre-
vious IQ assessments in this cohort (Canfield
et al. 2003a). Full-Scale IQ scores at 6 years of
age were correlated with maternal IQ scores
(r=10.52, p < 0.001), and with the children’s
own scores on the Stanford-Binet IV, previ-
ously administered at 3 and 5 years of age
(Canfield et al. 2003a) (= 0.74, p < 0.001;
and 7= 0.82, p < 0.001, respectively), at mag-
nitudes consistent with the standardization
samples for these instruments (Sattler 2001).

Table 1. Characteristics of children, mothers, and families when the child was 6 years of age.

Children with Children with Not participating
complete data incomplete data at 6 years
Characteristic (n=174) (n=20)2 (n=48)
Children
Female sex (%) 50 45 62
Birth weight (g) 3,301 +422 3,460 + 439 3,293 + 497
Weeks of gestation 395+1.2 39.8+0.7 395+1.3
Full-scale 1Q 85.4+14.4 84.8+126 —
Lifetime average blood lead (pg/dL) 72+41 6.2+40 6.6+28
Concurrent blood lead (pg/dL) 50+33 41+31 —
Infancy average (pg/dL) 71+£39 6.8+4.0 6.8+38
Peak blood lead (ug/dL) 14+73 11.4+91 10.2+5.7
Transferrin saturation (%) 20.7+86 16.1+6.3 —
Mothers
Age at delivery (years) 248+66 252+55 244+53
Number of prenatal visits 112442 105+4.4 99+34
Smoked during pregnancy (%) 24 26 26
Nonwhite race (%) 74 50 67
1Q* 816+126 939+£125 842+98
Education (years) 123+19 123+20 —
Household income [US$ (%)]
<10,000 28 28 —
10,000 — 24,999 45 22 —
25,000 - 50,999 21 28 —
=51,000 6 22 —
HOME-SF total score 11.3+25 1M1.7+27 —

Data are presented as mean + SD unless otherwise indicated. Mean differences across groups tested with chi-square,
analysis of variance, and Kruskal-Wallis tests respectively, for categorical, interval, and ordinal variables.
aData missing for some characteristics and some study participants. *p < 0.05 for comparison between children with

complete data (n=174) and children with incomplete data (n = 20).
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Blood lead concentrations and IQ.
Lifetime average blood lead concentration.
After covariate adjustment, lifetime average
blood lead concentration was inversely associ-
ated with Full-Scale (p = 0.006 for trend) and
Performance IQ (p = 0.002 for trend) and
marginally associated with Verbal IQ (p = 0.11
for trend) (Figure 2). Compared with children
who had lifetime average blood lead concentra-
tions < 5 pg/dL, children with lifetime average
blood lead concentrations between 5 and 9.9
pg/dL scored 4.9 points lower on Full-Scale IQ
(91.3 vs. 86.4, p = 0.03) and 4.9 points lower
on Performance 1Q (92.3 vs. 87.4, p = 0.03)
(Figure 2). Mean Full-Scale IQ scores were 2.3
points lower among children with lifetime
average blood lead concentrations = 10 pg/dL
than children with lifetime average blood lead
concentrations between 5 and 9.9 pg/dL, but
this difference was not significant (86.4 vs.
84.1, p=0.34). A similar pattern was noted for
Performance IQ (87.4 vs. 83.7, p=0.13).

Concurrent blood lead concentration. A
dose-response relation also was observed
between concurrent blood lead concentrations
and Full-Scale and Performance IQ (p = 0.03
and p = 0.004 for trend, respectively), but not
with Verbal IQ (p = 0.28 for trend) after
adjustment (Figure 3). The estimated Full-
Scale 1Q for children with concurrent blood
lead concentrations between 5 and 9.9 pg/dL
was 3.7 points lower than for children with
concurrent blood lead concentrations < 5 pg/dL
(89.6 vs. 85.9, p = 0.10), and 3.2 points
higher than estimated for children with con-
current blood lead concentrations = 10 pg/dL
(85.9 vs. 82.7, p = 0.37). For Performance 1Q,
children with concurrent blood lead concen-
trations between 5 and 9.9 pg/dL scored an
average of 5.5 points lower than children with
concurrent blood lead concentrations < 5 pg/dL
(91.0 vs. 85.4, p = 0.01), but the estimated
Performance 1Q for children with concurrent
blood lead concentrations = 10 pg/dL was
only 2.7 points lower than children with con-
current blood lead concentrations between

5and 9.9 pg/dL (85.4 vs. 82.7, p = 0.45).
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Figure 1. Distributions of blood lead concentrations
(n=174). In each box plot, the median value is indi-
cated by the center horizontal line and the 25th and
75th percentiles are indicated by the lower and
upper horizontal lines, respectively. The vertical
lines represent the 5th and 95th percentiles.
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Infancy average blood lead concentration.
Adjusted Full-Scale and Performance IQ scores
were associated with infancy average blood lead
concentrations (p = 0.05 and 0.02 for trend,
respectively) (Figure 4). However, there was no
significant association of Verbal 1Q with
infancy average blood lead (p = 0.34 for trend).
Consistent with results from the lifetime aver-
age and concurrent blood lead measures, a
dose-response function was observed, with
larger Full-Scale and Performance IQ decre-
ments occurring between blood lead categories
< 5 pg/dL and 5-9.9 pg/dL than between
blood lead categories 5-9.9 pg/dL and
= 10 pg/dL (Figure 4). Notably, children with
infancy average blood lead concentrations
between 5 and 9.9 pg/dL scored 5.2 points
lower on Full-Scale IQ (91.1 vs. 85.9, p = 0.02)
and 5.4 points lower on Performance IQ (92.2
vs. 86.7, p = 0.01) than did children with
infancy average blood lead concentrations
<5 pg/dL.

Peak blood lead concentrations. Both Full-
Scale and Performance 1Q exhibited a
dose—response relation with peak blood lead
concentration. Again, lower IQ scores were
associated with higher peak blood lead concen-
trations (p = 0.03 and p = 0.02 for trend,
respectively). Verbal 1Q exhibited a less consis-
tent trend with peak blood lead concentration
(p=0.19 for trend) (Figure 5). Comparing esti-
mated Full-Scale IQ across the four peak blood
lead categories, the difference between blood
lead category 1 and 2 was 5.6 IQ points (93.9
vs. 88.3, p=0.09), but only a 2.3-point IQ dif-
ference was observed comparing groups 2 and 3
(88.3 vs. 85.9, p = 0.33), and an even smaller
difference was observed comparing groups 3

Mean I1Q score

Full-Scale 1Q
(p-trend = 0.006)

Verbal 1Q
(p-trend =0.11)

Performance 1Q
(p-trend = 0.002)
Figure 2. Differences in Full-Scale, Performance,
and Verbal 1Q associated with increasing lifetime
average blood lead concentrations (n = 174). Mean
1Q levels are adjusted for child’s sex, birth weight,
and transferrin saturation; mother’s race, 1Q, and
education level; HOME-SF total score, family
income, and maternal prenatal smoking. Error bars
represent 95% confidence intervals. White bars rep-
resent the mean 1Q of children with blood lead con-
centrations < 5 pg/dL (n = 64), the blue bars
represent the mean 1Q of children with blood lead
concentrations 5-9.9 pg/dL (n = 70), and the black
bars represent the mean |Q of children with blood
lead concentrations = 10 pg/dL (n = 40). Values
above the brackets represent the mean difference
in 1Q for adjacent groups and associated p-values.
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and 4 (85.9 vs. 85.2, p = 0.79). A similar
pattern was observed for Performance 1Q.

Peak blood lead concentration and 1Q:
Nonlinear function. A plot of the nonlinear
relation between peak blood lead and Full-Scale
1Q is shown in Figure 6. An inverse association
(p = 0.003) between the child’s maximum
(peak) blood lead concentration and Full-Scale
1Q was apparent down to 2.1 pg/dL, the lowest
measured peak concentration in our sample.
Further, the slope of the blood lead-IQ relation
was steeper at lower than at higher levels of
exposure. For instance, IQ decreased by
approximately 1.2, 0.32, and 0.15 points per
1-pg/dL increase in peak blood lead over the
range of 2.1-10 pg/dL, 10-20 pg/dL, and
20-30 pg/dL, respectively.

Discussion

The findings of this study are directly relevant
to the question of whether blood lead concen-
trations < 10 pg/dL adversely affect children’s
cognitive functioning: Blood lead was measured
on up to eight occasions during infancy and
early childhood; the lifetime average blood lead
concentration was 7.2 pg/dL, and more than
half of the children never had a measured blood
lead concentration of = 10 pg/dL; we gathered
extensive information about influences other
than lead exposure that are known to affect
intellectual development; and we assessed intel-
ligence at an age when IQ is measured reliably
and is a strong predictor of intelligence during
adolescence and adulthood. The results show
that childhood blood lead concentrations are
inversely related to IQ scores, whether lead
exposure is measured by lifetime and infancy
average measures, maximal (peak) exposure, or

110
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8 95 ’—",7:—057
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é 85
80
75
Full-Scale 1Q Performance |Q Verbal 1Q
(p-trend = 0.03) (p-trend = 0.004) (p-trend = 0.28)

Figure 3. Differences in Full-Scale, Performance,
and Verbal |Q associated with increasing concur-
rent blood lead concentrations (n = 174). Mean 1Q
levels are adjusted for child’s sex, birth weight, and
transferrin saturation; mother’s race, 1Q, and educa-
tion level, HOME-SF total score, family income, and
maternal prenatal smoking. Error bars represent
95% confidence intervals. White bars represent the
mean 1Q of children with blood lead concentrations
<5 pg/dL (n=107), the blue bars represent the mean
1Q of children with blood lead concentrations 5-9.9
ug/dL (n=53), and the black bar represent the mean
1Q of children with blood lead concentrations = 10
pg/dL (n = 14). Values above the brackets represent
the mean difference in 1Q for adjacent groups and
associated p-values.

on the same day the IQ test is administered.
This pattern of findings is most apparent for
the Full-Scale and the Performance IQ scores.
In particular, children with blood lead concen-
trations in the 5-9.9 pg/dL range had signifi-
cantly lower IQ scores than children who had
blood lead concentrations < 5 pg/dL. Further,
additional nonlinear analysis of peak exposure
throughout early childhood indicated that
blood lead levels as low as about 2 pg/dL may
be associated with declines in Full-Scale 1Q.
These findings also add to the body of evi-
dence that the effect of blood lead on child
intellectual development is larger for equal
increments of lead < 10 pg/dL than it is at
higher levels.

The analytic approach in this study
allowed for direct comparisons between chil-
dren with blood lead concentrations < 5 pg/dL
with those who had levels > 5 pg/dL but still
below the CDC definition of an elevated blood
lead level (i.e., 5-9.9 pg/dL). The declines in
1Q observed with this approach reinforce the
conclusions of previous findings from this
cohort (Canfield et al. 2003a, 2003b, 2004;
Lanphear et al. 2005) that children are
adversely affected by blood lead concentrations
< 10 pg/dL. Findings from the current investi-
gation also extend the previous findings by
demonstrating that the low-level associations
reported at 3 and 5 years of age are not specific
to a particular IQ test. Whereas the Stanford-
Binet IV test was administered at 3 and 5 years
of age, the WPPSI-R was used in the current
investigation. Moreover, these results also indi-
cate that the potentially adverse cognitive
effects of blood lead concentrations < 10 pg/dL
persist to 6 years of age—an age when 1Q is
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Figure 4. Differences in Full-Scale, Performance,
and Verbal 1Q associated with increasing infancy
average blood lead concentrations (n = 174). Mean
1Q levels are adjusted for child’s sex, birth weight,
and transferrin saturation; mother's race, 1Q, and
education level; HOME-SF total score, family
income, and maternal prenatal smoking. Error bars
represent 95% confidence intervals. White bars rep-
resent the mean 1Q of children with blood lead con-
centrations < 5 pg/dL (n = 62), the blue bars
represent the mean 1Q of children with blood lead
concentrations 5-9.9 pg/dL (n = 79), and the black
bars represent the mean 1Q of children with blood
lead concentrations = 10 pg/dL (n = 33). Values
above the brackets represent the mean difference
in 1Q for adjacent groups and associated p-values.
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measured more reliably and is a stronger
predictor of future achievement than when
measured at earlier ages.

A second pattern in our data is that
Performance 1Q is more strongly associated
with blood lead levels than is Verbal IQ. This
result is consistent with the findings from other
cohort studies. In particular, considering the 15
relevant cognitive assessments of children from
3-13 years of age in these studies, 11 find blood
lead levels associated with poorer performance
on Performance IQ or related tests of
visual-spatial or visual-motor functioning
(Bellinger et al. 1991; Dietrich et al. 1991,
1992, 1993; Factor-Litvak et al. 1999;
McMichael et al. 1988; Stiles and Bellinger
1993; Tong et al. 1996; Wasserman et al.
1997). For three of the four remaining studies,
one or more key subtests on the Performance
scale (i.e., block design, picture completion,
mazes) were significantly associated with chil-
dren’s blood lead concentrations, although the
overall subscale score was not (Baghurst et al.
1992; Stiles and Bellinger 1993; Tong et al.
1996). In one notable exception, no association
with lead exposure was found when children
from the Boston cohort were examined with a
neuropsychological test designed specifically to
evaluate visual-perceptual and visual-motor
skills in children (Stiles and Bellinger 1993). It
appears that verbal abilities become somewhat
more sensitive indicators only during middle
and later childhood. This runs counter to the
fact that tests of verbal abilities tend to show
slightly greater test—retest reliability than
visual-spatial tests (Sattler 2001).

This study is limited in its ability to
describe fully the blood lead-IQ relation at
concentrations > 10 pg/dL, and thus the esti-
mated mean IQ for children in the = 10 pg/dL
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(p-trend = 0.19)

Performance 1Q
(p-trend = 0.02)

Figure 5. Differences in Full-Scale, Performance, and
Verbal 1Q associated with increasing peak blood
lead concentrations (n = 174). Mean 1Q levels are
adjusted for child’s sex, birth weight, and transferrin
saturation; mother’s race, 1Q, and education level;
HOME-SF total score, family income, and maternal
prenatal smoking. Error bars represent 95% confi-
dence intervals. The bars represent the mean 1Q of
children with blood lead concentrations < 5 pg/dL (n
=17, white); 5-9.9 pg/dL (n = 79; blue); 10-14.9 pg/dL
(n=41; black); and = 15 pg/dL (n = 37; gray). Values
above the brackets represent the mean difference in
1Q for adjacent groups and associated p-values.

groups may be imprecise. In addition, because
prenatal maternal blood and umbilical cord
blood specimens were unavailable, we were
unable to assess the potential impact of prena-
tal exposures. Though recent evidence suggests
an association between 77 utero exposures and
neurodevelopment (Hu et al. 2006; Schnaas
et al. 2000), at least two studies reporting on
both pre- and postnatal lead concentrations
nevertheless demonstrate that postnatal lead
concentrations are associated with adverse
neurodevelopmental outcomes, independent of
prenatal lead levels (Schnaas et al. 2006;
Wasserman et al. 2000).

The observational design of this study
makes it necessarily vulnerable to potential
misclassification and residual confounding. To
reduce the possibility of misclassification of
exposure, blood lead was assessed up to eight
times during infancy and early childhood.
Compared with cross-sectional studies in
which blood lead concentrations are assessed
at only one time point, multiple lead determi-
nations provide a more complete representa-
tion of children’s exposure to lead, particularly
during the period of 18-36 months of age
when blood lead levels are typically highest
and most variable. To reduce the potential for
residual confounding (Bellinger 2004a), sev-
eral additional covariate measures were exam-
ined in secondary analyses. In addition to the
covariates included in the primary analysis
reported here, we also considered breast-feed-
ing, the HOME scale score at 24 months of
age, and other measures of the child-rearing
environment (crowding in the home, and
household income after accounting for addi-
tional government subsidies and housing
expenses). Some of these covariates were con-
sidered as potential confounders instead of or
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in addition to variables in the « priori model,
but their inclusion did not change the esti-
mated mean 1Qs by > 5%. As a further step to
reduce the potential for residual confounding,
we examined some covariates in polynomial
form and by splines. These methods also did
not materially affect our results.

The importance of these findings should be
evaluated in the context of current levels of lead
exposure common in children today. Primarily
because of the elimination of lead as an additive
to paint and gasoline, blood lead levels among
children have declined greatly over the last three
decades: The prevalence of an elevated blood
lead concentration (= 10 pg/dL) among all chil-
dren in the United States between 1 and 5 years
of age declined from 77.8% in 1976-1980 to
just 1.6% in 1999-2002 (CDC 2005a). It can
be fairly asked, then: What is the relevance of
our finding that lifetime blood lead levels
between 5 and 10 pg/dL are associated with a
4.9-point decline in 1Q? NHANES (National
Health and Nutrition Examination Study) data
from 1988-1994 indicate that approximately
26% of children 1-5 years of age had blood
lead concentrations between 5 and 10 pg/dL
(Bernard and McGeehin 2003). Though this
number probably overestimates the prevalence
today (because of continuing declines in lead
exposure), the proportion of children with
blood lead levels of at least 5 pg/dL but
< 10 pg/dL in some economic, ethnic minority,
and geographic subpopulations is likely to be
much greater (Bernard and McGeehin 2003).
For example, between 1988 and 1994, 1- to
5-year-old children living below the NHANES
poverty income ratio were 60% more likely to
have a blood lead concentration between 5 and
10 pg/dL compared with children living above
the poverty income ratio. From those same
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Figure 6. Full-Scale 1Q as a function of peak blood lead concentration from 6 months to 6 years (n = 169), with
95% confidence intervals. The individual points represent the unadjusted peak blood lead concentrations

and Full-Scale WPPSI-R IQ scores.
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data, Bernard and McGeehin (2003) estimated
that non-Hispanic black and Mexican-
American children were 3.3 and 2.4 times more
likely to have a blood lead concentration
between 5 and 10 pg/dL, compared with non-
Hispanic white children In addition, 1- to
5-year-olds living in the northeast were
5.8 times more likely to have a blood lead con-
centration between 5 and 10 pg/dL compared
with children living in the western United
States (Bernard and McGeehin 2003).
Important decisions about school place-
ment, aptitude for college work, and opportu-
nities for training and advancement in the
workplace are often based on an individual’s
performance in relation to arbitrary cutoff
scores on 1Q-like tests (Bellinger 2004b).
Thus, a small decline in an IQ-like score can
have a profound impact for individuals that
earn scores slightly below an arbitrary cutoff.
Indeed, a difference of only a few points on
an aptitude test prevents many otherwise eli-
gible students from having an opportunity to
pursue higher education. As has been noted
by others (Bellinger 2004b; Gilbert and Weiss
2006; Needleman et al. 1982), the impor-
tance of a small decline in IQ also can be
gauged by taking a societal perspective. For
example, a five-point downward shift in IQ
results in a disproportionate (57%) increase in
the number of children in a population with
IQ scores in the extremely low range (< 70)
(Gilbert and Weiss 2006). An IQ test score of
70 is a commonly used criterion for designat-
ing a child as having mild mental retardation
and is a major consideration in whether or
not a child should be placed in a special edu-
cation program, resulting in an approximate
doubling of the cost for his or her education.
Similarly, a five-point shift in the average IQ
of a population would lead to a 40% reduc-
tion in the number of children who score in
the very superior range (IQ > 130). An IQ
score of 130 is often a requirement for access
to public school-based programs for gifted
and talented children (Winner 1997). Thus,
when viewed from the perspective of the indi-
vidual and society as a whole, a small effect of
lead on IQ can be very costly. The current
study estimates that effects of this magnitude
may be caused by an increase in blood lead
concentrations from < 5 up to 10 pg/dL.
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Abstract

Clear adverse effects of blood lead levels >10 pg/dL have been documented in children. Given that the majority of US children have levels
below 10 pg/dL, clarification of adverse effects below this cutoff value is needed. Our study evaluated the associations between blood lead levels
<10 pg/dL and a broad spectrum of children’s cognitive abilities. Data were analyzed from 534 children aged 610, enrolled in the New England
Children’s Amalgam Trial (NECAT) from the urban area of Boston, Massachusetts and rural Farmington, Maine. Adjusting for covariates (age,
race, socioeconomic status, and primary caregiver 1Q), children with 5-10 pg/dL had 5.0 (S.D. 2.3) points lower IQ scores compared to children
with blood lead levels of 1-2 pg/dL (p = 0.03). Verbal IQ was more negatively affected than performance IQ, with the most prominent decrement
occurring in children’s vocabulary. Wechsler Individual Achievement Test scores were strongly negatively associated with blood lead levels of
5-10 pg/dL. In adjusted analyses, children with levels of 5-10 pg/dL scored 7.8 (S.D. 2.4) and 6.9 (S.D. 2.2) points lower on reading and math
composite scores, respectively, compared to children with levels of 1-2 pg/dL (p < 0.01). Finally, levels of 5-10 wg/dL were associated with
decreased attention and working memory. Other than associations of lead exposure with achievement, which even persisted after adjustment for
child IQ, the most pronounced deficits were in the areas of spatial attention and executive function. Overall, our analyses support prior research that
children’s blood levels <10 pg/dL are related to compromised cognition and highlight that these may especially be related to academic
achievement.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Lead; Children; Cognition

1. Introduction

It is well known that high levels of lead exposure can result
in adverse neurocognitive and behavioral consequences in
children (Juberg et al., 1997; Schwartz, 1994; Wakefield, 2002).
However, given the pervasiveness of high lead levels before
regulatory measures were taken, opportunities to study low lead
levels in the US have been limited until recently. Due to
increasing evidence of cognitive effects at lower exposures, the
Centers for Disease Control’s (CDC) guidelines regarding the
lowest adverse level of lead have continued to shift downward,
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E-mail address: SMcKinlay @neriscience.com (S. McKinlay).

0161-813X/$ — see front matter © 2007 Elsevier Inc. All rights reserved.
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resulting in a redefinition of an “‘elevated” blood lead level four
times since the early 1970s (Koller et al., 2004). Although the
CDC'’s current definition is 10 pg/dL, lead levels below 10 g/
dL have recently been associated with neurocognitive deficits
in children (Canfield et al., 2003; Lanphear et al., 2000; Tellez-
Rojo et al., 2006) and no “‘safe’’ level has yet been established
(Wigle and Lanphear, 2005).

Determination of the lowest lead level that poses a threat to
children has also been a subject of intense political debate
(Ferber, 2002; Gilbert and Weiss, 2006; Juberg et al., 1997). The
debate has been complicated by the finding that the impact of
increased exposure at lower levels of lead might be greater than
the proportional impact at higher levels (i.e., the dose—response
curve is non-linear). That is, the effects of an increase in blood
lead concentration of 1 pg/dL on IQ are greater in children with
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blood lead levels <10 pg/dL compared to the effects in children
with blood lead levels >10 pg/dL (Lanphear et al., 2005).

National data from the Third National Health and Nutrition
Examination Survey (NHANES III) indicates that the majority
of children exposed to lead in the US have blood lead levels
below 10 pg/dL (Brody et al., 1994), and levels continue to
decrease (CDC, 2005). The purpose of this study is to assess the
associations between blood lead levels <10 pg/dL and a broad
spectrum of children’s neurocognitive abilities.

2. Methods

Data used in this study were originally gathered for the New
England Children’s Amalgam Trial (NECAT) (Bellinger et al.,
2006), the aim of which was to assess the effect of amalgam
dental fillings on children’s neurodevelopment. NECAT
recruited a cohort of 6- to 10-year-old children from the urban
area of Boston, Massachusetts and rural Farmington, Maine.
Children were eligible if they were English-speaking, had no
prior or existing amalgam restorations, had two or more
posterior teeth with dental caries, and, by parent report, had no
physician-diagnosed psychological, behavioral, neurological
immunosuppressive, or renal disease. Of 598 children found to
be eligible, parental consent and child assent were obtained for
the 534 who participated (291 from Boston, 243 from Maine).
The institutional review boards of all participating sites
approved this study.

At baseline (before placement of amalgam fillings), children
were given an extensive battery of neuropsychological tests
including tests of memory, learning, visual-motor ability,
reading, reaction time, and IQ (see Children’s Amalgam Trial,
2003 for details). At this same time, sociodemographic
information was collected from parents/guardians and blood
lead level was measured.

2.1. Blood lead determination

Blood samples were obtained at baseline from 515 of the 534
children. Three of the 515 children had a blood lead level
>10 pg/dL (range 11-13 pg/dL) and were excluded from this
analysis.

Blood lead level was measured at the Clinical Chemistry
Laboratory at Rochester General Hospital in Rochester, New
York by an electrothermal process using an atomic absorption
spectrometer with Zeeman background correction. Analysis
was done on single samples using a Perkin-Elmer AA 600
atomic absorption spectrometer. A monthly quality check was
done by WSLH PT (Wisconsin) and by the state in Albany.
Blood samples, blood-based quality control materials and
aqueous standards were diluted 1:9 with a matrix modifier
solution containing nitric acid, Triton X-100 and ammonium
dihydrogen phosphate.

2.2. Neuropsychological outcome measures

We selected the Full-Scale IQ on the Wechsler Intelligence
Scale for Children -Third Edition (WISC-III) as our primary

outcome measure. This is an apical score that integrates a
child’s performance over a diversity of cognitive domains
and for which scores frequently have been found to be
inversely related to children’s lead burden. Secondary
outcomes included the Wechsler Individual Achievement Test
(WIAT), and a battery of additional neuropsychological tests
of memory, executive functions, fine motor skill, visual-motor
integration, attention. The tests in the battery included the
Wide Range Assessment of Visual Motor Ability (WRAVMA),
the Wide Range Assessment of Memory and Learning
(WRAML), the Stroop Color-Word Interference Test, the
Wisconsin Card Sorting Test (WCST), the Trail-Making Test, a
verbal cancellation task, tests of verbal fluency, finger tapping,
and reaction time. Quality of the neuropsychological assess-
ments was maintained by standardized training and certifica-
tion of all examiners in both the Boston and Maine sites.
Additionally, completed test protocols were rescored by a
second individual, with internal consistency checked by
computerized algorithms. Caregiver 1Q was measured at
baseline using the Kaufman-Brief Intelligence Test (K-BIT).
The Life Stress score was measured with the Parenting Stress
Index (PSI).

2.3. Statistical analyses

Analysis of covariance was used to model the association
between neuropsychological test scores and blood lead level,
adjusting for relevant covariates.

Bar graphs were created to show average 1Q and other test
scores versus blood lead by 1 wg/dL increments to provide a
sense of the shape of the dose-response relationships. After
examination of these graphs and available sample sizes,
we grouped blood lead into three categories: 1-2, 3—4, and 5-
10 pg/dL. Blood lead of 1-2 pg/dL was used as the reference
category.

We used a common set of covariates in the analyses
performed on the different cognitive outcomes. Using WISC-III
Full-Scale IQ as our primary outcome, we evaluated bivariate
associations, with linear regression or analysis of variance,
between thirteen sociodemographic variables and IQ: site
(Boston or Maine), age, gender, race (non-Hispanic White,
non-Hispanic Black, Hispanic, other), primary caregiver
education (<high school, high school, college+), socio-
economic status (calculated using the method of Green,
1970), marital status of the primary caregiver, birth order,
birthweight, parenting stress, maternal utilization of annual
health care, maternal utilization of prenatal care, and primary
caregiver 1Q. The reason for age adjustment was to take into
account the wide range of ages when blood lead was assessed.
Variables found to be significantly associated with 1Q in
bivariate analyses (p < 0.2) were included in a multivariate
analysis of covariance model. Variables then found statistically
significant (p < 0.2) in multivariate analysis were included as
covariates in all models for the association between 1Q/other
neuropsychological tests and blood lead level. Due to missing
data on primary caregiver IQ and birthweight, the sample size
was reduced from 512 to 389.
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Two sensitivity analyses were conducted by: (1) including
all covariates significant in bivariate analysis at the level of
<0.2 (N =385 due to missing data), and (2) omitting primary
caregiver IQ and birthweight, for which considerable data were
missing (N =512). All analyses were conducted using SAS
version 9.1 (SAS Institute Inc., Cary, NC).

Further analyses were carried out to determine if lead-
associated deficits were evident on the Wechsler Achievement
Test adjusting for child full-scale 1Q, along with the other
covariates (adult 1Q, age, socioeconomic status, race, and
birthweight).

3. Results

Because of missing data, in our analyses we used subsets of
the 534 children. Table 1 shows baseline characteristics of the

Table 1
Sample characteristics

samples of 512 and 389 children respectively. The 512 children
are those with non-missing WISC-III Full-Scale IQ and
baseline blood lead level <10 wg/dL, and the 385 children are
those for whom birthweight and baseline primary caregiver 1Q
were collected.

Children in the two samples were similar in terms of most
baseline characteristics. However, the sub-sample (N = 389)
included proportionally fewer children from the Boston site,
and children had a higher mean IQ.

Of the thirteen potential covariates, bivariate analyses
indicated that seven of them were significantly associated with
1Q: site, age, race, SES, marital status of the primary caregiver,
birthweight, and primary caregiver IQ (data not shown). Being
from Boston (vs. Maine), being of Black or Hispanic race
(versus non-Hispanic White), having an unmarried primary
caregiver, or having a caregiver with a high school education or

Children with 1Q
data and blood lead
<10 pg/dL (N =512)*

Children with 1Q data, primary
caregiver 1Q, birthweight, and
blood lead < 10 pg/dL (N = 389)°

Site (N%)
Boston
Maine

Age (mean, S.D., range)

Gender (N%)
Female

Race (N%)¢
Non-Hispanic White

272 (53.1%)
240 (46.9%)

8.0, (1.4), 6.0-11.5

277 (54.1%)
Male 235 (45.9%)

320 (62.5%)

159 (40.9%)
230 (59.1%)

7.9, (1.4), 6.0-11.5

204 (52.4%)
185 (47.6%)

289 (74.3%)

Non-Hispanic Black 89 (17.4%) 62 (15.9%)
Hispanic 37 (7.2%) 11 (2.8%)
Other 66 (12.9%) 27 (6.9%)

Household income (N%)
<$20,000
$20,001-$40,000
>$40,000

Education of primary caregiver (N%)

156 (31.3%)
213 (42.8%)
129 (25.9%)

102 (26.4%)
174 (45.0%)
111 (28.7%)

<High school 69 (13.7%) 39 (10.0%)
High school graduate 383 (76.1%) 313 (80.5%)
College graduate 51 (10.1%) 37 (9.5%)

Socioeconomic status (mean, S.D.)

Primary caregiver married (N%)

Birth order (mean, S.D., range)

Birthweight, grams (mean, S.D., range)

Life stress (mean, S.D.)¢

Maternal utilization of annual health care (yes) (N%)
Maternal utilization of prenatal care (yes) (N%)
Adult IQ (mean, S.D., range)

Child WISC-III® full scale IQ (mean, S.D., range)
Child blood lead level (ng/dL) (mean, S.D., range)

52.4, (6.7), 29.4-75.8
315 (63.0%)

1.6, (0.8), 1.0-5.0

3343, (542.3), 1600-4848
9.6, (9.2), 0-49

333 (73.2%)

441 (96.3%)

97.3, (12.8), 52-157
95.7, (13.5), 62141

2.3, (1.6), 1-10

52.9, (6.3), 30.6-75.8
243 (63.1%)

1.6, (0.8), 1.0-5.0

3368, (538.6), 1843-4848
9.8, (9.3), 049

281 (72.6%)

383 (98.5%)

97.4, (13.0), 52-157
97.5, (13.0), 62-141

2.2, (1.6), 1-10

% N =512 for site, age, gender, race, socioeconomic status, and Wechsler Intelligence Scale for Children-3rd Edition (WISC-III). N = 498 for income. N = 503 for
education. N = 500 for marital status. N = 504 for birth order. N = 455 for birthweight. N = 408 for adult IQ composite. N = 440 for family life stress. N =458 for

prenatal visit. N =455 for annual health care visit.

b N =389 for site, age, gender, race, education, socioeconomic status, birth order, birthweight, prenatal visit, WISC-III, and adult IQ composite. N = 387 for income
and annual health care visit. N = 385 for marital status. N = 381 for family life stress.

¢ Race was self-reported by the parents of the children.
4 This was part of the Parenting Stress Index.
¢ Wechsler Intelligence Scale for Children-3rd Edition.
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less (vs. a college education) were related to lower child 1Q
(WISC-III) (p < 0.001). Greater age, lower SES, lower
birthweight, and lower primary caregiver IQ were also related
to lower IQ scores in the children (p < 0.001). Of these eight
variables, five remained significant in multivariate analysis —
age, race, SES, primary caregiver 1Q, and birthweight — and
were included in all subsequent outcome models.

Fig. 1 shows plots of average Full Scale WISC-III IQ, WIAT
Reading Composite, WIAT Math Composite, and Wisconsin
Card Sorting perseveration errors versus blood lead level for the
389 children for whom primary caregiver 1Q scores were
available. All four outcomes tend to decrease with increasing
blood lead level.

Table 2 shows model results for Full-Scale WISC-III 1Q.
Compared to children with blood lead levels of 1-2 wg/dL,
children with levels of 3—4 pg/dL and 5-10 pg/dL had scores
that were 0.12 (p=0.94) and 6.0 (p =0.01) points lower,
respectively. Other covariates included in this multivariable
model, adult IQ, child age, SES, and race, were statistically
significant (p < 0.05) except for birthweight (p = 0.14).

Table 3 shows the association between blood level and each
of the neurocognitive outcomes, in models adjusted for
caregiver 1Q, child age, socioeconomic status, race, and
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Table 2

Dose-response model of WISC-III full-scale 1Q and blood lead (1-2, 3—4, and
5-10 pg/dL), adjusted for adult IQ, age, socioeconomic status, race and
birthweight

Variables Coefficient (S.E.) p-value
Lead level

3—4 pg/dL vs. 1-2 pg/dL —0.12 (1.62) 0.941

5-10 pg/dL vs. 1-2 pg/dL —6.04 (2.39) 0.012
Adult 1Q 0.13 (0.06) 0.018
Age —1.20 (0.44) 0.006
Socioeconomic status 0.36 (0.11) 0.002
Race

Black vs. White —5.14 (1.80) 0.005

Hispanic vs. White —3.12 (3.90) 0.424

Other vs. White —1.98 (2.46) 0.422
Birthweight 0.002 (0.001) 0.142

N =389. p-values <0.05 in bold.

birthweight. Children with blood lead levels of 5-10 w.g/dL had
deficits in all components of the WIAT. Compared to children
with levels of 1-2 pg/dL, they had mean scores that were 8.7
and 7.9 points lower on the Reading (p=0.001) and
Mathematics (p = 0.001) Composite scores. Their mean scores

(b) WIAT Reading Composite and Blood Lead N=389
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Fig. 1. (a—d) Relationships between selected neuropsychological tests and blood lead levels adjusted for age, adult I1Q, SES, race, and birthweight.
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Table 3
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Dose-response models of neuropsychological test scores and blood lead (1-2, 3—4, and 5-10 pg/dL), adjusted for adult IQ, age, socioeconomic status, race, and

birthweight with reference lead level 1-2 pg/dL

Neuropsychological test

Coefficient (S.E.)

Lead level 3—4 ng/dL p-value Lead level 5-10 pg/dL p-value
Wechsler Intelligence Scale for Children-3rd Edition
Full-scale 1Q —0.12 (1.62) 0.941 —6.04 (2.39) 0.012
Verbal 1Q —0.86 (1.66) 0.605 —5.95 (2.45) 0.016
Performance 1Q 0.05 (1.78) 0.978 —5.37 (2.63) 0.042
Subtest scores
Information —0.01 (0.37) 0.981 —1.16 (0.55) 0.035
Similarities 0.16 (0.42) 0.706 —1.19 (0.62) 0.054
Arithmetic 0.35 (0.37) 0.346 —0.63 (0.55) 0.258
Vocabulary —0.55 (0.38) 0.150 —1.43 (0.56) 0.011
Comprehension —0.19 (0.35) 0.593 —0.89 (0.52) 0.088
Digit span —0.72 (0.33) 0.031 —0.24 (0.50) 0.623
Picture completion —0.34 (0.37) 0.355 —1.17 (0.54) 0.031
Coding 0.03 (0.42) 0.937 —0.37 (0.62) 0.558
Picture arrangement —0.20 (0.49) 0.686 —0.79 (0.73) 0.279
Block design 0.08 (0.38) 0.839 —1.23 (0.57) 0.031
Object assembly 0.30 (0.40) 0.455 —0.55 (0.60) 0.366
Symbol search —0.19 (0.41) 0.651 —1.68 (0.60) 0.006
Mazes —0.14 (0.43) 0.741 —0.61 (0.63) 0.332
Wechsler Individual Achievement Test
Composites
Reading —1.01 (1.74) 0.564 —8.74 (2.57) 0.001
Mathematics 1.54 (1.61) 0.340 —17.92 (2.38) 0.001
Scales
Basic reading —0.88 (1.73) 0.612 —17.73 (2.55) 0.003
Reading comprehension —0.83 (1.65) 0.615 —8.52 (2.44) 0.001
Mathematics reasoning 0.96 (1.41) 0.497 —5.88 (2.09) 0.005
Numeric operations 1.53 (1.59) 0.336 —7.36 (2.35) 0.002
Listening comprehension —0.77 (1.66) 0.640 —7.90 (2.44) 0.001
Wide Range Assessment of Visual Motor Ability
Visual-motor composite —0.74 (1.66) 0.654 —5.37 (2.45) 0.029
Subtest scores
Drawing 0.08 (1.63) 0.962 —0.99 (2.40) 0.680
Matching 0.55 (1.69) 0.744 —17.98 (2.49) 0.002
Pegboard —2.20 (2.00) 0.272 —2.44 (2.95) 0.408
Wide Range Assessment of Memory and Learning
Indices
General memory index —0.69 (1.90) 0.718 —6.67 (2.79) 0.017
Visual memory index 0.01 (1.86) 0.995 —6.47 (2.75) 0.019
Verbal memory index —2.92 (1.81) 0.108 —5.74 (2.67) 0.032
Learning index 1.05 (1.97) 0.596 —3.41 (2.90) 0.239
Scales
Picture memory 0.48 (0.38) 0.209 —0.37 (0.56) 0.511
Design memory 0.23 (0.36) 0.530 —0.29 (0.54) 0.587
Verbal learning —0.20 (0.41) 0.616 —1.06 (0.60) 0.076
Story memory —0.21 (0.42) 0.624 —0.92 (0.62) 0.137
Finger windows —0.79 (0.40) 0.051 —1.98 (0.60) 0.001
Sound symbol 0.07 (0.36) 0.855 —0.23 (0.53) 0.661
Sentence memory —0.56 (0.34) 0.103 —1.17 (0.50) 0.021
Visual learning 0.55 (0.39) 0.159 —0.07 (0.57) 0.901
Number/letter memory —0.38 (0.32) 0.234 —0.61 (0.48) 0.201
Wisconsin Card Sorting Test
Perseveration errors® —1.65 (1.84) 0.370 —9.19 (2.74) 0.001
Number of categories achieved —0.29 (0.19) 0.129 —1.06 (0.29) 0.0003
Trials to the first category —3.76 (2.27) 0.098 4.93 (3.37) 0.144
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Table 3 (Continued)
Neuropsychological test Coefficient (S.E.)
Lead level 3—4 pg/dL p-value Lead level 5-10 pg/dL p-value
Reaction time
Mean reaction time on successful trials 0.02 (0.02) 0.169 0.05 (0.03) 0.066
Verbal cancellation
Ordered errors —1.33 (1.05) 0.208 1.62 (1.54) 0.293
Unordered errors —0.96 (1.08) 0.373 2.02 (1.58) 0.202
Stoop test
Color-word interference score —0.33 (0.80) 0.675 0.75 (1.22) 0.541
Trial-making test
Time to complete part A 2.13 (2.39) 0.372 5.54 (3.62) 0.127
Time to complete part B 3.84 (7.14) 0.591 6.09 (10.85) 0.575
Finger tapping
Mean of five trials with dominant hand 1.81 (0.89) 0.042 1.34 (1.33) 0.312
Mean of five trials with non-dominant hand 1.53 (0.73) 0.036 —0.37 (1.08) 0.733

Sample sizes for all variables ranged between N = 381-389, except perseveration errors and number of categories achieved (WCST) and time to complete part B
(Trial-making test) that ranged between N = 373-380, and the color-word inference score N = 312. p-values <0.05 in bold.

* A lower standardized score indicates more perseveration errors.

were 7.7 points lower on Basic Reading (p = 0.003), 8.5 points
on Reading Comprehension (p=0.001), 5.9 points on
Mathematics Reasoning (p = 0.005), 7.4 points on Numerical
Operations (p =0.002), and 7.9 points on Listening Compre-
hension (p = 0.001).

Child lead levels of 5-10 pg/dL were related to between 5 and
6 points lower scores on the Full-Scale WISC-III (8= —6.0,
p =0.012), as well as on the Verbal and Performance IQ domains
(B=-6.0, p=0.016; B=—-5.3, p=0.04, respectively).With
regard to WISC-III subtests, compared to children with levels of
1-2 pg/dL, children with levels of 5-10 wg/dL performed on
average between 1.2 and 1.7 points lower on Information
(p =0.035), Similarities ( p = 0.054), Block Design (p = 0.031),
Vocabulary (p =0.011), Picture Completion (p =0.031), and
Symbol Search (p =0.006). Blood lead levels of 5-10 p.g/dL
were associated with a 5.4-point deficit on the Visual-Motor
Composite (p = 0.029) and an 8.0 point deficit on the Matching
subtest of the WRAVMA (p =0.002). Impairments on the
WRAML were evident on all memory subtests, with 6.7
(p=0.017), 6.5 (p=0.019), and 5.7 (p =0.032) mean point

Table 4

decreases on General Memory, Visual Memory, and Verbal
Memory indices respectively, in children with blood lead levels
5-10 pg/dL. Children having blood lead between 5-10 pwg/dL
was associated with an average 2.0 (p=0.001) and 1.2
(p=0.021) lower score on the WRAML Finger Windows and
Sentence Memory scales, respectively, compared to children in
the 1-2 pg/dL range. On the WCST, children with blood lead
levels of 5-10 pg/dL scored lower than children with levels of 1—-
2 pg/dL, making more perseveration errors (mean difference
—9.2, p =0.001, note: a lower standardized score indicates more
errors) and achieved fewer categories (mean difference 1.1,
p =0.0003). The remaining neurocognitive tests and/or sub-
scales were not significantly related to lead exposure in our
sample. The sensitivity analyses yielded similar results.

After adjustment for all covariates and children’s Full-Scale
IQ, performance on most scales of the Wechsler Individual
Achievement Test (WIAT) remained lower among children
with lead levels of 5-10 pg/dL (Table 4). However, the
magnitude of these associations was smaller but reached
statistical significance at the p < 0.05 level on all domains

Dose-response models of the Wechsler Individual Achievement Test scores and blood lead (1-2, 3—4, and 5-10 wg/dL), adjusted for child full scale IQ, adult IQ, age,
socioeconomic status, race and birthweight, with reference lead level 1-2 pg/dL, N =389

Coefficient (S.E.)

Lead level 3—4 ng/dL p-value Lead level 5-10 pg/dL p-value
‘Wechsler Individual Achievement Test
Composites
Reading —0.93 (1.46) 0.523 —5.20 (2.17) 0.017
Mathematics 1.62 (1.23) 0.189 —4.02 (1.83) 0.028
Scales
Basic reading —0.81 (1.49) 0.586 —4.42 (2.21) 0.047
Reading comprehension —0.75 (1.39) 0.590 —5.16 (2.07) 0.013
Mathematics reasoning 1.03 (1.06) 0.333 —2.40 (1.58) 0.130
Numeric operations 1.59 (1.37) 0.245 —4.32 (2.03) 0.034
Listening comprehension —0.70 (1.34) 0.601 —4.28 (2.00) 0.033
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except for Mathematics Reasoning. Compared to children with
blood lead levels of 1-2 wg/dL, those with 5-10 pg/dL scored
5.2 points lower on the reading composite section of the WIAT
(p=0.017) and 4.0 points lower on the mathematics composite
section (p =0.028). Blood lead levels of 5-10 pg/dL. were
associated with deficits of similar magnitude on Basic Reading,
Reading Comprehension, Numerical Operations, and Listening
Comprehension (8=-4.4, p=0.047, B=-5.2, p=0.013;
B=—43, p=0.034; —4.3, p =0.033, respectively).

4. Discussion

Among participants in the NECAT, children with blood lead
levels of 5-10 wg/dL had significantly lower scores on IQ,
achievement, attention, and working memory than did children
in the referent group, who had levels of 1-2 pg/dL. Children
with a blood lead level of 3—4 pg/dL differed from the referent
group on only a few of the many test scores analyzed. Our
overall findings are thus consistent with those of previous
studies showing deficits in neuropsychological status among
children exposed to low levels of lead (Environmental
Protection Agency, 2006). An important aspect of our findings
is that, at the time of neuropsychological assessment, all of the
children included in the analyses had a blood lead level below
10 pg/dL, the current screening guideline of the U.S. Centers
for Disease Control (CDC, 1991). Therefore, like those of
several recent studies, our findings suggest that it is
inappropriate to regard 10 pg/dL as a ‘“lowest observed
adverse effect’ level (Chiodo et al., 2004; Kordas et al., 2006;
Lanphear et al., 2000, 2005; Tellez-Rojo et al., 2006).

In some studies, a supralinear dose-effect relationship has
been observed, with the inverse slope being steeper at blood
lead levels <10 pg/dL than at levels >10 pg/dL (Kordas et al.,
2006; Lanphear et al., 2005; Tellez-Rojo et al., 2006). Our study
does not provide information on this point insofar as children
with blood lead levels >10 pg/dL were excluded from the
analyses. We did find, however, that the performance deficits
were greater among children with a blood lead level of 5-
10 pg/dL than among children with a level of 3—4 wg/dL.
Although the neurobiological basis of possible supralinearity
has not been identified such a form has been observed not only
in epidemiological studies of children but in animal models as
well. For example, biphasic functions have also been observed
in rats with regard to lead exposure and long-term potentiation
(Gilbert et al., 1999) and the release of GABA and glutamate in
the hippocampus (Lasley and Gilbert, 2002).

Higher blood lead levels were associated not just with lower
scores on tests of neuropsychological domains, but also with
lower scores on tests of academic achievement. On all subscales
of the WIAT, the mean scores of children with a blood lead level
of 5-10 pg/dL were approximately two standard deviations
lower than the mean scores of children with levels of 1-2 g/
dL. Inverse associations between blood lead level and reading
and arithmetic scores have been previously reported (Fergusson
et al., 1988, 1993, 1997; Lanphear et al., 2000; Needleman
et al., 1990). We showed, moreover, that these academic deficits
remained significant even after adjustment for children’s Full-

Scale 1IQ scores. This implies that the children’s academic
achievement was significantly lower than would be expected
based on their intelligence (i.e., an aptitude-achievement
discrepancy). This is frequently used as a criterion for
identifying children with a “learning disability,” and for
allocating school resources such as remedial assistance.

Because of the detailed neuropsychological test battery
administered at the baseline visits of the NECAT, we were able
to evaluate the children’s performance within specific domains
that might mediate the inverse associations between lead level
and apical test scores such as 1Q. It appeared to be within the
domain of executive functioning that the children with lead
levels of 5-10 pg/dL showed their most consistent deficits,
achieving significantly fewer categories and making more
perseverative errors on the WCST. These findings suggest that
working memory, cognitive flexibility, and ability to formulate,
test, and adapt hypotheses might contribute to impaired scores
on apical tests. Similar observations have been made in other
studies of lead-exposed children (Bellinger and Dietrich, 1994;
Evans et al., 1994; Stiles and Bellinger, 1993) and in studies
using animal models. Monkeys treated with lead from birth or
later (at 300 or 4000 days) had more perseverative errors on
discrimination (Rice, 1992) or delayed alteration tasks 6-9
years later (Rice and Gilbert, 1990). In one study using an
alternation task, some monkeys perseverated for as long as an
hour over the longest intervals between task acquisition and
performance (Rice and Karpinski, 1988).

The information we had regarding children’s lead exposure
history was limited to a single measurement made at the time of
enrollment in the NECAT. Therefore, we do not know what the
childrens’ levels of lead were in earlier years or whether they
had changed over time. Although the relatively short half-time
of lead in blood, and the resulting risk of exposure
misclassification, is often cited as a limitation of cross-
sectional studies such as ours, recent studies have shown that
concurrent blood lead level is often the exposure biomarker that
is most strongly associated with children’s neuropsychological
outcomes at school age (Lanphear et al., 2005).

We did not assess the quantity and quality of emotional and
cognitive stimulation using an instrument such as the Home
Observation for Measurement of the Environment Inventory.
However, life stress (from the Parenting Stress Index) was not
associated with child IQ in bivariate analyses. Also, we adjusted
for both socioeconomic status and caregiver 1Q, both of which
are moderately correlated with child stimulation and parenting
skills. The analyses pertain to baseline assessments conducted as
part of the Children’s Amalgam Trial, before any amalgam
restorations had been placed. Thus, none of the children had any
exposure to dental restorations, providing an assessment of the
effects of lead unconfounded by exposure to elemental mercury.

In summary, we found that blood lead levels of 5-10 pg/dL
in school-age children are associated with deficits in
intelligence, visual-spatial skills, executive function, and IQ-
adjusted academic achievement. These findings thus contribute
to the accumulating evidence that we have yet to identify a
threshold for lead-induced cognitive dysfunction in children,
and that 10 pg/dL is a level without biological significance.
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