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The Relationship between Early Childhood Blood Lead
Levels and Performance on End-of-Grade Tests
Marie Lynn Miranda,' Dohyeong Kim,' M. Alicia Overstreet Galeano,' Christopher J. Paul,! Andrew P. Hul,!

and S. Philip Morgan®

'Nicholas School of the Environment and Earth Sciences, Duke University, Durham, North Carolina, USA; ‘Sociology Department, Duke

University, Durham, North Carolina, US

BACKGROUND: Childhood lead poisoning
remains a critical environmental health concern.
Low-evel lead exposure has been linked to
decreased performance on standardized 1Q tests for
school-aged children.

OBJECTIVE: In this study we sought to
determine whether blood lead levels in early
childhood are related to educational achievement in
early elementary school as measured by
performance on endof -grade (EOG) testing.

METHODS: Educational testing data for 4th-
grade students from the 2000-2004 North
Carolina Education Research Data Center were
linked to blood lead surveillance data for seven
counties in North Carolina and then analyzed
using exploratory and multivariate statistical
methods.

RESULTS: The discernible impact of blood lead
levels on EOG testing is demonstrated for early
childhood blood lead levels as low as 2 pa/dL. A
blood lead level of 5 ug/dL is associated with a
decline in EOG reading (and mathematics) scores
that is roughly equal to 15% (14%) of the
interquartile rance, and this impact is very
sgnificant in comparison with the effects of
covariates typically considered profoundly
influential  on educational outcomes. Early
childhood lead exposures appear to have more
impact on performance on the reading than on the
mathematics portions of the tests.

CONCLUSIONS: Our emphasis on population-
level analyses of children who are roughly the

same age linked to previous (rather than
contemporaneous) blood lead levels using
achievement (rather than aptitude) outcome

complements the important work in this area by
previous researchers. Our results suggest that the
relationship between blood lead levels and
cognitive outcomes are robust across outcome
measures and at low levels of lead exposure.

KEY WORDS: disparities, lead levels, school
performance. Environ Health Perspect
115:1242-1247 (2007). doi:10.1289/ehp.9994
available via http:/dx.doi.org/ [Online 27 April
2007]

Although much progress has been made,
childhood lead poisoning remains a critical
environmental health concern. Since the late
1970s, mounting research demonstrates that
lead causes irreversible, asymptomatic effects
far below levels previously considered safe.
Thus, the Centers for Disease Control and
Prevention (CDC) lowered incrementally its
intervention threshold for lead levels consid-
ered dangerous in children by 88% from 60
to 10 pg/dL over the last 40 years (CDC
20006). The 2003-2004 National Health and
Nutrition Examination Survey (NHANES)
survey data reveal blood lead levels at or
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above the CDC blood lead action level of
10 pg/dL in 2.3% of 1- to 5-year-olds in the
United States, with children tested having an
overall geometric mean blood lead level of
2.1 pg/dL (National Center for Health
Statistics 2006). These data indicate that >
500,000 children < 6 years of age currently
experience blood lead levels at or above the
CDC blood lead action level of 10 pg/dL
(U.S. Census Bureau 2002).

Low-level lead exposure, including prena-
tal exposure, has been linked to decreased per-
formance on standardized I1Q tests for
school-age children (Bellinger et al. 1992;
Canfield et al. 2003; Chiodo et al. 2004;
Dietrich et al. 1993; Schnaas et al. 20006;

Tong et al. 1996). A meta-analysis conducted
by Schwartz (1994) estimated that a 10-pg/dL
increase in blood lead causes a 2.6-point
decrease in 1Q level. Dudek and Merecz
(1997) observed a statistically significant rela-
tionship between blood lead and IQ in a
population of 380 children with an average
blood lead level of 10.2 pug/dL. The analysis
finds that the most severe declines occur in
children with blood lead levels between 5
and 10 pg/dL. Not only is there a
correlation between blood lead levels and a
decrease in 1Q, but the slope of the IQ-lead
regression is steeper at the lowest levels
(Lanphear et al. 2005; Needleman and
Landrigan 2004; Schnaas et al. 2000;
Schwartz 1993). Needleman and Landrigan
(2004) state that this indicates that significant
damage occurs at the lowest levels of
exposure.

Another study examining repeated blood
lead levels in children followed from < 1 to 5
years of age detected steeper declines in cog-
nitive abilities in children whose maximum
blood lead level never reached 10 ng/dL
(Canfield et al. 2003). Linear modeling incor-
porating the full range of data indicates a
0.46-point decrease in 1Q for every 1ug/dL
rise in blood lead level (Canfield et al. 2003).
However, linear modeling restricted to blood
lead levels < 10 ug/dL indicates a 1.37-point

decrease in 1Q for every 1-ug/dL rise in blood
lead level (Canfield et al. 2003). Nonlinear
modeling indicated a 7.4-point decrease in
1Q as lifetime average blood lead levels rise
from 1 to 10 pg/dL and a 2.5-point decrease
in IQ as lifetime average blood lead levels rise

from 10 pg/dL to 30 pg/dL (Canficld et al.
2003). Although the shifts in I1Q are relatively
small, the shifts are both important on a pop-
ulation scale and could be an indicator for
other adverse neurologic effects in the indi-
vidual (Rogan and Ware 2003).

Thus, research suggests that significant
adverse health effects occur at blood lead
levels below the current CDC blood lead
action level, leading several researchers to call
for its lowering. Learning and behavioral
deficits may occur at blood lead levels < 5
pg/dL (Canfield et al. 2003; Chiodo et al.
2004; Lanphear et al. 2000; Schnaas et al.
2000). Meta-analysis and reviews suggest
that any level of exposure is potentially
detrimental (Gatsonis and Needleman
1992; Lanphear et al. 2005; Schwartz 1993,
1994). In a recent review article, Gilbert
and Weiss (2006) called for reducing the
CDC blood lead action level to 2 pg/dL.

Linking blood lead surveillance data with
end-of-grade testing data for several counties
in North Carolina, this study explores the
potential relationship between early child-
hood lead exposure and educational achieve-
ment in elementary school. The objective of
the current study is to determine whether
blood lead levels in early childhood are
related to educational achievement in eatly
elementary  school as measured by
performance of end-of-grade testing. In
undertaking this study, we linked two large
databases generated by two different offices
of the State of North Carolina in the same
populations but at different time periods.
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Methods

Study area. Our study focuses on seven coun-
ties in the Piedmont region of North
Carolina (Figure 1). By assessing adjacent
counties jointly, we account in part for
migration patterns across counties in North
Carolina and thus capture more children in
the linking process.

Data. Key data for this study include
blood lead surveillance data from the state
registry maintained by the North Carolina
Childhood Lead Poisoning Prevention
Program of the Children’s Environmental
Health Branch, North Carolina Department
of Environment and Natural Resources in
Raleigh, North Carolina (2004), and educa-
tional testing data from the North Carolina
Education Research Data Center (NCERDC)
of Duke University, in Durham, North
Carolina (2006). Methods for receiving, stor-
ing, linking, analyzing, and presenting results
related to this study were all governed by a
research protocol approved by the Duke
University Institutional Review Board.

The blood lead surveillance data include
child name, birth date, test date, blood lead
level, type of test (venous or capillary), and
home address. The North Carolina State
Laboratory for Public Health (Raleigh, NC)
conducted 90% of the lead analyses of the
blood samples. The limit of detection for lead
in blood as analyzed by the State Laboratory
is 1 pg/dL, but all children whose blood lead
levels are below the level of detection are
assigned a value of 1 pug/dL in the state data-
base. Blood lead levels are stored in the state
database as integer values only. Most of the
samples were sent to the State Laboratory
from private providers, indicating that the
samples were collected by trained health care
professionals. Thus we can be confident in
the consistency of blood lead sample collec-
tion across samples. We used blood lead
screening data from 1995-1998. During this
period, North Carolina estimates that it
screened between 21.9 and 30.4 percent of
children 1 and 2 years of age (North Carolina
Childhood Lead Poisoning Prevention
Program 2004). In theory, all children whose
parents responded “yes” or “don’t know” to
any of the three questions on the CDC Lead
Risk Assessment Questionnaire (CDC 1997)
should have been screened for lead, but it is
difficult to ascertain true practice at the time.

Children in grades 3—8 are tested in read-
ing and mathematics in North Carolina at the
end of the school year. These assessments are

“curriculum-based multiple-choice achieve-
ment tests...specifically aligned to the North
Carolina Standard Conrse of Study” (North
Carolina Public Schools 2004). The Reading
End of Grade (EOG) test consists of multiple
choice questions that cover @) cognition, &)
interpretation, ¢) critical stance, and d)
connections  (North  Carolina  Public
Schools Accountability Services Division
20006). The Mathematics EOG consists of
multiple choice questions that cover 2) num-
ber sense, numeration, and numerical opera-
tions; b) spatial sense, measurement, and

geometry; ¢) patterns, relationships, and
functions; and ) data, probability, and
statistics (North Carolina Public Schools
2004).

The NCERDC maintains a database with
records of all EOG test results statewide for
tests from the 1995-1996 school year to the
present (North Carolina Education Research
Data Center 20006). This database includes
identifying information such as name and
birth date. Additionally, the database contains
data on demographics and socioeconomics,
testing conditions such as modifications,
computer use, English proficiency, and school

Figure 1. Study counties in North Carolina.

Table 1. Arithmetic mean blood lead levels (BLL; pg/dL) among 4th-grade children whose screening data

linked with education data.

Reading data set Mathematics data set

Variable Mean BLL Sample size Mean BLL Sample
Race
White 3.7 3,853 3.70 3,861
Black 5.19 4,750 5.19 4,766
Household income
Not enrolled in free/reduced-price lunch program  3.91 5,194 3.90 5,201
Enrolled in free/reduced-price lunch program 5.47 3,409 5.47 3,426
Parental education
Completed graduate school 3.57 244 3.57 245
Completed college 3.61 1,309 3.60 1,312
Some post-high school education 4,03 2,779 4.04 2,780
Completed high school 4.99 3,572 4.99 3,584
Some high school education 6.19 699 6.16 706
Overall 4.52 8,603 4.53 8,627
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Figure 2. Distribution of blood lead levels among white and black children.
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district. These data can also be linked longitu-
dinally for all years each child has taken EOG
tests in North Carolina.

Children who were screened for lead
between the ages of 0 and 5 years from 1995
through 1998 in seven study counties (36,070

records for 35,815 children) were linked to
their records in the 4th-grade EOG testing
data in age-corresponding years. The early
childhood environmental data (blood lead
levels) were linked to elementary school edu-
cational outcome data (EOG test results)
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Figure 3. 4th-grade mean Reading EOG test results stratified by blood lead levels.
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Fiaure 4. Percent of students failing 4th-arade Reading EOG.
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Table 2. Results of multivariate regression models for 4th-grade Reading EOG score data (n= 8,603).

Model 2: Model 3:

Model 1: dummy of BLL5-9 dummy for

linear BLL and dummy of BLL ~ each BLL
Response variable Coefficient ~ p>t  Coefficient p>t Coefficient  p>t
BLL (continuous, linear term) -0.20 0.00
Dummy for BLL 5-9 pg/dL -1.01 0.00
Dummy for BLL = 2 ua/dL -0.70 0.05
Dummy for BLL = 3 ug/dL -1.16 0.00
Dummy for BLL = 4 ua/dL -1.77 0.00
Dummy for BLL = 5 pg/dL -1.75 0.00
Dummy for BLL = 6 ug/dL -2.33 0.00
Dummy for BLL = 7 ua/dL -2.68 0.00
Dummy for BLL = 8 ug/dL -2.66 0.00
Dummy for BLL = 9 ua/dL -149 0.02
Dummy for BLL ~ 10 pg/dL -1.75 0.00 -2.92 0.00
Male (1 for male; 0 for female) -143 0.00 -1.44 0.00 -1.41 0.00
Black (1 for black: 0 for white) -4.59 0.00 -4.58 0.00 -4.46 0.00
Uses computer every day at home -2.26 0.00 -2.24 0.00 -2.20 0.00
Enrolled in free or reduced-price lunch program -2.03 0.00 -2.04 0.00 -197 0.00
Parents with some hiah school education -2.18 0.00 -2.21 0.00 =217 0.00
Parents with some post-high school education 2.74 0.00 2.75 0.00 2.71 0.00
Parents completed college 4.73 0.00 4.74 0.00 4.67 0.00
Parents completed graduate school 749 0.00 7.51 0.00 7.45 0.00
Age when child was screened for lead -0.81 0.00 -0.81 0.00 -0.83 0.00
Charter school -3.66 0.00 -3.68 0.00 -3.65 0.00
Alamance-Burlington school system -1.34 0.00 -1.36 0.00 -1.35 0.00
Chatham County school system -1.74 0.00 -1.76 0.00 -1.66 0.00
Durham County school system -1.23 0.00 -1.26 0.00 -1.26 0.00
Granville County school system -1.69 0.00 -1.74 0.00 -1.66 0.00
Chapel Hill-Carrboro school system 1.26 0.03 117 0.04 1.13 0.05
Orange County school system -0.76 0.07 -0.76 0.07 -0.71 0.09
Person County school system 0.67 0.08 0.63 0.10 0.74 0.05
Constant 258.09 0.00 257.67 0.00 258.74 0.00
Adjusted R2 0.34 0.34 0.34
AlC 6.81 6.81 65.81
Root MSE 7.29 7.29 7.28

BLL, blood lead level. The mean 4th-grade Reading EOG score for this sample is 251.4, the median 252, and the SD 9.0. The

interquartile range was 13.
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using 16 different combinations of social
security number, date of birth, county federal
information processing standards code, and
first and last name. The linking schemas were
designed to ensure accuracy while trying to
achieve the highest number of linked records
possible. Records that were linked were given
a code for the particular type of linking
method used, which enabled each method to
be reviewed for the number of accurate
matches that it provided. Each of the linking
methods used educational data from 2000 to
2004, which allowed individuals to poten-
tially be linked from the blood lead surveil-
lance data to multiple end-of-grade tests from
the educational data. Our process linked
42.2% of screened children to at least one
EOG record. The percent linked for each
county ranges from 24.4% for Orange
County to 44.9% for Alamance County.

Assessing educational achievement based
on standardized testing data is especially
problematic for children for whom English is
a second language. Thus we restricted our
analysis to students who self-reported race as
either white or black and who did not report
any limited English proficiency. In so doing,
we decreased our linked sample size by
roughly 8%. We conducted all analyses on
4th-grade scores, both reading and mathemat-
ics. The final linked data set for 4th-grade
reading and mathematics results contained
8,603 and 8,627 observations, respectively.
Table 1 provides average blood lead levels for
subgroups within the final linked data sets. As
expected, migration or movement among
these counties is significant, and roughly
6.7% of children were tested for blood lead
levels in one county but sat for their end-of-
grade testing in another county.

We employed both descriptive and multi-
variate statistical methods in our analysis,
including Mantel-Haenzel chisquare tests to
check equality of distributions of the black and
white subsamples, and three different multi-
variate models to regress the EOG scores on a
seties of covariates. All models controlled for
the following covariates as listed in the EOG
test data: sex and race as standard demogtraphic
variables; participation in the free or reduced-
price lunch program as a measure of
socioeconomic status; parental education as a
proxy for parental IQ and as a measure of
socioeconomic status; daily computer use as a
measure of  stimulation the home
environment; and whether the school is a
charter school, which in North Carolina is
typically a measure of lower socio-economic
status of the enrolled children as a group. We
included a covariate for age at which the
blood lead screen occurred (taken from the
blood lead screening data) to control for age-
dependent effects of lead exposure. We also
incorporated dummy variables for each of the
school systems. The three models differed

in
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only by how the blood lead level variables are
constructed in the model—as a continuous
variable or multiple dummy variables. The
models are compared via several test statistics
such as adjusted R, Akaike Information
Criterion (AIC), and root mean squared error
(MSE). All analyses were conducted using
STATA 9.2 (StataCorp., College Station, TX).

Results

We began our descriptive analysis by examin-
ing patterns in the linked data. For space rea-
sons, we present here only the descriptive
statistics for 4th-grade reading results. The
4th-grade mathematics results follow strik-
ingly similar patterns. The multivariate analy-
ses presented below include both 4th-grade
reading and mathematics.

Figure 2 shows the distribution of children
across blood lead levels and race categories.
Of the total linked children for 4th-grade
reading, 44.8% are white and 55.2% are black.
Compared with black children, white children
are overrepresented in the lower blood lead
level categories (blood lead level, 1 to 3) and

underrepresented in the higher blood lead level

categories (blood lead level, 4 to = 10). This
blood lead level cut point at 3 holds for the
4th-grade mathematics scores as well.

Figure 2 thus demonstrates a distribution
for black children that is shifted to the right
and is characterized by higher variance
compared with white children. These sample
distributions are statistically different from
each other. Construction of a dissimilarity
index indicates that 25% of the members of
one group would need to be reassigned blood
lead levels for the two groups to show
equivalent blood lead level distributions. The
Mantel- Haenszel chi-square test for equality
of distribution shows the two sample

distributions to be statistically significantly
different from each other (p < 0.0001).

Figure 3 shows the mean reading scores by
race and blood lead levels for all linked
students in the 4th-grade reading data set,
disaggregated by race. This graphic shows a
clear negative relationship between test scores
and blood lead levels: Higher blood lead levels
are associated with lower test scores, with
some erratic behavior at blood lead levels of 9
pg/dL, likely due to the small sample size at
this higher blood lead level.

At the lower end of the achievement scale,
Figure 4 also demonstrates a dose—response
effect between blood lead levels and failure on
the end-of-grade test. Subgroups of children
with lower blood lead levels in early childhood
have lower failure rates on both the
mathematics and reading end-of-grade tests
(data shown only for 4thgrade reading data

set); subgroups with higher blood lead levels in

early childhood have higher failure rates.

Although this descriptive evidence is
consistent with claims of a causal
relationship between blood lead levels and
test performance, alternative interpretations
are plausible and can be addressed using
multivariate analysis. For instance, given the
higher blood lead level for children of
lower socioeconomic status (as measured
by free/reduced-price lunch and low
patental education), perhaps these factors
are responsible for the observed association
of blood lead levels and test scores.

Thus we used multivariate analysis to
control for the covariates noted in
“Methods.” The referent group is defined
as white female students, enrolled in the
Wake County School System, who do not
participate in the free or reduced-price
lunch program, who do not use a computer
daily, and whose parents graduated

high school.

To explore the functional form of the
association between the lead variable and
test scores, we compare three alternative
specifications. The 6 analyses (3 models X

2 data sets) are presented in Tables 2 and 3.
In all models, the coefficients on the
covariates are of the expected sign. The
coefficient on the age at which the blood
screen occurred is negative and highly
significant, indicating that a higher blood).

Table 3. Results of multivariate regression models for 4th-grade Mathematics EOG score data (n = 8,627).

lead level at a later age has a stronger
depressive effect on test performance. This
likely results from the fact that children who
have high blood lead levels at 4 or 5 years of
age typically would have had even higher blood
lead levels at 2 or 3 years of age, given that the
latter is typically considered the age of peak
exposure (Canfield et al. 2003; CDC 1997;
Dietrich et al. 2001).

The first model represents blood lead level
as a continuous variable: We constrain the
effect of a one-unit increase in blood lead level
to be identical over the full range of observed
scores. The coefficient on blood lead level is
negative and statistically significant for 4th-
grade reading and 4th-grade mathematics (both
p < 0.0001). This effect and others discussed
below are net of all control variables shown in
the table.

The second model includes two dummy
variables: one that is set equal to 1 if the blood
lead level is 5-9 ug/dL; and one that is set
equal to 1 if the blood lead level is > 10 pg/dL.
The coefficient on the dummy variable for a
blood lead level of 5-9 pg/dL is negative and
significant in both the reading and mathematics
models (both p < 0.0001). In addition, the
coefficient on the dummy variable for a blood
lead level of 10 ng/dL is negative and
significant in both the reading and mathematics

Model 2: Model 3:

Model 1: dummy of BLL5-9 dummy for

linear BLL and dummy of BLL~ 10 each BLL
Response variable Coefficien p>t Coefficient p>t Coefficien p>t
BLL (continuous, linear term) -0.16 0.00
Dummy for BLL 5-9 ug/dL -1.05 0.00
Dummy for BLL =2 pa/dL =-).71 0.03
Dummy for BLL = 3 pg/dL -).99 0.00
Dummy for BLL = 4 pa/dL -1.53 0.00
Dummy for BLL =5 pa/dL -1.68 0.00
Dummy for BLL = 6 pg/dL -2.13 0.00
Dummy for BLL =7 pg/dL —2.64 0.00
Dummy for BLL = 8 ua/dL -2.35 0.00
Dummy for BLL =9 pa/dL -1.99 0.00
Dummy for BLL ~ 10 ug/dL -1.03 0.00 -2.07 0.00
Male (1 for male; 0 for female) 0.10 0.46 0.09 0.51 )12 0.41
Black (1 for black: 0 for white) -4.53 0.00 -4.50 0.00 -4.40 0.00
Uses computer every day at home -1.80 0.00 -1.78 0.00 -1.74 0.00
Enrolled in free or reduced-price lunch program -1.57 0.00 -1.57 0.00 -1.51 0.00
Parents with some high school education -1.85 0.00 -1.87 0.00 -1.83 0.00
Parents with some post-high school education 2.38 0.00 2.39 0.00 2.35 0.00
Parents completed college 3.93 0.00 3.92 0.00 3.86 0.00
Parents completed araduate school 5.50 0.00 5.52 0.00 5.46 0.00
Age when child was screened for lead -0.87 0.00 -0.88 0.00 -).90 0.00
Charter school -4.35 0.00 -4.37 0.00 -4.33 0.00
Alamance-Burlington school system -049 0.06 -0.51 0.05 -).51 0.05
Chatham County school svstem 240 0.00 -2.41 0.00 -2.32 0.00
Durham County school system -1.10 0.00 -1.14 0.00 -1.15 0.00
Granville County school system -1.84 0.00 -1.89 0.00 -1.82 0.00
Chapel Hill-Carrboro school system -1.11 0.04 -1.20 0.03 -1.23 0.02
Orange County school system -0.65 0.07 -0.65 0.07 -).61 0.09
Person County school system 0.29 0.40 0.25 0.48 1.34 0.33
Constant 263.70 0.00 263.42 0.00 264.37 0.00
Adjusted R 0.35 0.35 0.35
AlC 8.57 8.57 3.57
Root MSE 6.47 6.47 6.45

BLL, blood lead level. The mean 4th-grade Reading EOG score for this sample is 257.8, the
median 258, and the SD 8.0. The interquartile range was 11.
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models (again, p < 0.000 1). In analysis not
shown here, we also estimated a model that
used a single dummy variable for blood lead
level ~5 pg/dL and a separate model with a
single dummy variable for blood lead level ~
10 pg/dL. The results in Tables 2 and 3, in
comparison with other models not shown
here, indicate that if one is going to conceptu-
alize the association by a threshold value, then
~ 5 ug/dL captures much mote of the varia-
tion in these data than does the CDC blood
lead action level of ~10 pg/dL.

The third model enters a dummy variable
for each blood lead level (2, 3, 4, ... 9, ~ 10
pg/dL). The last dummy variable combines all
blood lead levels ~10 ug/dL, and the referent
group is a blood lead level of 1 ug/dL. This
scoring is the most flexible and allows a dis-
tinct estimate at each blood lead level score.

For the 4th-grade reading analysis, the
coefficient on the dummy variable for a blood
lead level of 2 pg/dL is negative and margin-
ally significant at p = 0.05. The coefficients on
the dummy variables for blood lead levels of
3-8 and 10 pg/dL are consistently negative
and statistically significant, and generally
increase in absolute magnitude as the blood
lead levels increase (all p < 0.000 1). The coef-
ficient on the dummy variable for a blood
lead level of 9 pg/dL is also negative but sig-
nificant only at the p = 0.02 level, likely due
to the small sample size in this grouping. The
results for the 4th-grade mathematics analysis
follow a very similar pattern to those of the
reading analysis, although the coefficient on
the dummy variable for a blood lead level of 2
pg/dL is significant at the p = 0.03 level, and
the coefficient on the dummy variable for a
blood lead level of 9 ug/dL is significant at
the » < 0.0001 level.

Model 3 results demonstrate a strong
dose—response effect between early childhood
lead exposure and performance on elementary
school achievement tests. These results indi-
cate clearly that early childhood lead exposure
has a statistically significant and negative
impact on school performance at levels well
below the current CDC blood lead action
level. These results are consistent with the
observed association between blood lead levels
and elementary school achievement scores
demonstrated in both the descriptive analysis
and regression models 1-2. All three models
indicate, net of a set of control variables, that
higher blood lead levels are associated with
lower test scores. The least constrained model
(model 3) reveals a general decline in test
scores with rising blood lead levels. Model 1
constrains this decline to be uniform across all
blood lead levels. With our data, we cannot
reject the latter in favor of the former; any
divergence from a linear decline could be
attributed to sampling variability. Model 2
can be aligned with the following question:
Once we take account of high blood lead lev-
els (i.e., ~ 10 pg/dL) is additional variation in
blood lead levels important? Results clearly
indicate that blood lead levels of 5-10 pg/dL
are consequential for test scores. We conclude
from these various representations that early
childhood blood lead levels reduce test scores
and that this effect is clear even at levels < 10
and even < 5 pg/dL.

Given the statistical measures of model fit
provided in Tables 2 and 3 (adjusted R, AIC,
and root MSE), all three models show ade-
quate and substantially similar model fit.
Figures 5 and 6 graphically summarize the
results of models 1 and 3 for the 4th-grade
reading and mathematics analyses graphically.

These figures aptly demonstrate that test
scotes decline as eatly childhood blood lead
levels increase. Because model 3 allows a dis-
tinct estimate at each blood lead level score, it
is useful to compare it directly with model 1,
which constrains the effect of a one-unit
increase in blood lead level to be uniform
across observed scores. Figures 5 and 6 show
that the decline in both reading and mathe-
matics scores is steeper at lower blood lead
levels than at higher blood lead levels.

Conclusions

As perhaps is best seen in Figures 5 and 6,
using a variety of modeling approaches, blood
lead levels in early childhood ate related to
educational achievement in early elementary
school as measured by performance on end-
of-grade testing. According to 2003-2004
NHANES data, 50% of children 1-5 years
old nationwide ate estimated to have blood
lead levels of ~3 pg/dL (National Center for
Health Statistics 2006). Thus as many as half
the children in the United States are experi-
encing negative effects associated with lead
exposure—a significantly higher proportion
than the 2.3% estimated using the CDC’s
current blood lead action level of 10 ng/dL.

In addition, early childhood lead exposures
appear to have more impact on performance
on the reading than on the mathematics por-
tions of the EOG, although the differences
may not be statistically significant. This
differential  impact on reading versus
mathematics is consistent with previous
studies (Fulton et al. 1987; Lanphear et al.
2000).

The estimated effects are mean effects—
averages of the adverse effects across children.
These shifts will affect a substantial number
of children at any given test threshold. For
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Figure 6. Comparing model results for 4th-grade Mathematics scores.
Based on a referent individual who was screened at 2 years of age and
is a white female, living in Wake County, parents with a high school
education, not enrolled in the school lunch program, and who does

Figure 5. Comparing model results for 4th-grade Reading score. Based on a
referent individual who was screened at 2 years of age and is a white female,

not use a computer every day. Baseline score is 262.6.
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example, at the low end of the distribution, the impact of
lead on EOG test results is sufficient to ensure that some
students, who would otherwise have passed the test, will
fail. This in turn has implications for retention in grade.
In addition, at the high end of the distribution, the
impact of lead on EOG test results will essentially block
some students from gaining access to the enriched
resources provided through advanced and intellectually
gifted (AIG) programs. As is true for many states, the use
of EOG scores to determine placement into AIG
programs is ubiquitous in North Carolina. These two
phenomena are especially troubling given that we know
that low-income and minority children are systematically
exposed to more lead in North Carolina and nationally.

It is also notable that the size of the coefficients on
the lead variables is very meaningful compared with other
covariates that we typically think of as profoundly
influential on educational outcomes. For example, in
model 3, in the 4th-grade reading analysis, a blood lead
level of 3 pg/dL has an impact roughly equal to 59% of
the impact of participating in the free or reduced-price
lunch program (the classic poverty indicator in school
data). A blood lead level of 4 pg/dL has an impact
roughly equal to 90% of the impact of participating in the
free or reduced-price lunch program, and a blood lead
level of = 6 pg/dL has a greater impact. In addition, the
size of the coefficients, which may seem small compared
with the constants (~ 250-2065), are in fact quite
substantial in context. For example, across North
Carolina in 2003—2004, the interquartile range for 4th-
grade reading EOG test scores spanned 12 points, and
the interquartile range for 4th-grade mathematics EOG
test scores spanned 10 points. Thus a blood lead level of
5 nug/dL is associated with a decline in EOG reading
(mathematics) scores that is roughly equal to 15% (14%)
of the interquartile range.

This study has several limitations. First, previous
cohort studies have shown that direct measures of
parental IQ) and quality of the home environment are
important explanators of test performance in children
(Bacharach and Baumeister 1998). Our study was limited
in that we could incorporate only indirect measures of
parental IQ via parental education [see Neisser et al.
(1996) for a justification of this proxy] and poverty
measures (free or reduced-price lunch program and
charter school) to substitute for quality of the home
environment. To the extent that lead exposure may be
correlated with parental 1Q or the home environment, by
relying on these proxies we may be overestimating the
effects of early childhood lead exposure on end-of-grade
test performance. Our study does, however, rely on a
substantially larger sample size than many previous
studies. Second, the children
screened for lead are not randomly drawn from the
population, raising concerns of selectivity bias. We are in
the process of obtaining the data that would allow us to
diagnose and directly address any issues of selectivity
bias.

Despite its limitations, this study enriches
the existing literature on the link between early child-
hood lead exposure and cognitive outcomes. Our
emphasis on a population level analysis of children who
are roughly the same age linked to previous (rather than
contemporaneous) blood lead levels using achievement
(rather than aptitude) outcome complements the

important work in this area by previous researchers
(Canfield et al. 2003; Fulton et al. 1987; Lanphear et
al. 2000, 2005; Schwartz 1994). Our results suggest
that the relationship between lead levels and cognitive
outcomes are robust across outcome measures and at
low levels of lead exposure.

In conducting this analysis, we noted that
a higher proportion of black children had higher
blood lead levels. Thus, in future analyses we plan to
explore whether this differential exposure to lead in
early childhood might explain part of the so-called
achievement gap. We are also interested in following
the same children through their elementary, middle
school, and high school years to assess the persistence
of the effects we note here.
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ABSTRACT

Extensive research shows that blacks, those of low socioeconomic status, and other disadvantaged groups
continue to exhibit poorer school performance compared with middle and upper-class whites in the United
States' educational system. Environmental exposures may contribute to the observed achievement gap. In
particular, childhood lead exposure has been linked to a number of adverse cognitive outcomes. In previous
work, we demonstrated a relationship between early childhood lead exposure and end-of-grade (EOG) test
scores on alimited dataset. In this analysis, datafrom the North Carolina Childhood Lead Poisoning Prevention
Program surveillance registry were linked to educational outcomes available through the North Carolina
Education Research Data Center for al 100 countiesin NC. Our objectives were to confirm the earlier study
resultsin alarger population-level database, determine whether there are differences in the impact of lead
across the EOG distribution, and elucidate the impact of cumulative childhood social and environmental stress
on educational outcomes. Multivariate and quantile regression techniques were employed. We find that early
childhood lead exposure is associated with lower performance on reading EOG test scoresin a clear dose-
response pattern, with the effects increasingly more pronounced in moving from the high end to the low end of
the test score distribution. Parental educational attainment and family poverty status also affect EOG test
scores, in asimilar dose-response fashion, with the effects again most pronounced at the low end of the

EOG test score distribution. The effects of environmental and social stressors (especially as they stretch out the
lower tail of the EOG distribution) demonstrate the particular vulnerabilities of socioeconomically and
environmentally disadvantaged children. Given the higher average lead exposure experienced by African
American children in the United States, lead doesin fact explain part of the achievement gap.




1. Introduction

Extensive research shows that blacks, those of low socioeconomic status, and other disadvantaged groups
continue to exhibit poorer school performance compared with middle and upper-class whites in the United
States’ educational system (Gamoran, 2001; Hallinan, 1988; Hedges and Nowell, 1999; Jencks and Phillips,
2000; Kao and Thompson, 2003; Walters, 2000). Blacks score lower on tests than whites, starting in childhood
and continuing throughout their education. Although this gap has narrowed in the last three decades, on most
standardized tests, median black scores are below 75 percent of whites (Jencks and Phillips, 2000).
Environmental exposures may contribute to the etiology of the achievement gap. Childhood lead exposure has
been linked to a number of adverse cognitive outcomes, including reduced performance on standardized
intelligence quotient (1Q) tests (Schnaas et ., 2006; Canfield et a., 2003; Tong et a., 1996; Bellinger et dl.,
1992; Dietrich et al., 1993; Lanphear et al., 2005; Schwartz, 1993), decreased performance on cognitive
functioning tests (Lanphear et a., 2000), adverse neuropsychological outcomes (Ris et a., 2004),
neurobehavioral deficits (Chiodo et a.,2004), poorer end-of-grade (EOG) test scores (Mirandaet al., 2007), and
classroom attention deficit and behavioral problems (Fergusson et al., 1988; Hatzakis et a., 1985; Needleman et
al., 1979; Silvaet a., 1988; Thomson et a., 1989; Yule et a., 1984; Braun et al., 2006). Socioeconomic status
(measured as occupation, income, education, wealth (Conley, 2001; Orr, 2003; Mayer, 1997; Brooks-Gunn and
Duncan, 1997) or home ownership (Mayer,1997; Green and White, 1997; Aaronson, 2000; Hill and Duncan,
1987)) is positively correlated with many measures of educational attainment, including children’sreading levels
(Department of Education, 2002), placement in high-achievement curricular tracks (Dougherty, 1996), not
dropping out of high school (Alexander et a., 1997), college matriculation directly from high school (Baker
and Velez, 1996), elite college attendance (Baker and Velez, 1996), and college graduation (Baker and Velez,
1996). In previouswork (Mirandaet al., 2007), we linked lead surveillance datato EOG testing data for seven
North Carolina counties. We showed that: (1) African American children in these seven counties are routinely
exposed to more lead; and (2) blood lead levelsin early childhood are negatively correl ated with educational
achievement in early elementary school, as measured by performance on EOG testing. This association holds at
blood lead levels as low as 2mg/dL (Mirandaet al., 2007).

This paper extends our previous work, and the literature more generally, in three distinct ways. First, we
extended the analysisto all 100 countiesin NC, which made the constituent school systems and housing stock,
aswdl asthelocal demographics, much more varied. In addition, this larger study area solved some of the small
cell number problems noted in the 2007 paper (Miranda et al., 2007). Second, traditional multivariate regression
analysis only examines what is happening at the means of distributions. In contrast, we employ quantile
regression analysis to elucidate what is happening across the entire distribution (i.e., the technique

shows how the coefficients on the explanatory variables change depending on location along the EOG test score
distribution). Thus the technique can answer questions like, ** Does |ead exposure have a bigger or smaller effect

on EOG scores at the bottom tail of the distribution compared to the top tail?’ Thisis especialy important
when thinking about the tails of EOG scores, which are particularly relevant to educational policy/outcomes.

Third, we examined the joint and cumulative effect of social and environmental stressors, again using quantile
regression analysis. Thisanalysis alows us to consider how combined effects of social and environmental stress
might compound in certain subpopulations.

Insights from this paper provide early signals for identifying children who are particularly at risk for poor
performance in school, as well as other longer term adverse developmental outcomes. Early identification of
such children alows health care providers and child advocates to play a pivota role in educating parents and
connecting children at risk with relevant resources in atimely manner.

2. Methods
This research was conducted under the auspices of the Children’s Environmental Health Initiative at Duke
University according to a research protocol approved by the university’s Institutional Review Board.



The North Carolina Education Research Data Center (NCERDC) maintains a database with records of all EOG
test results for al public school systemsin the state for tests from the 1995-1996 school year to present. After
establishing a data sharing agreement, researchers can access identifying information such as name, birth date,
and test scores, as well as data on parental education, race, ethnicity, participation in the free or reduced lunch
program, English proficiency, testing condition modifications, and school district. These data can be linked
longitudinally for all years each child has taken EOG testsin NC. The North Carolina EOG reading test is
designed to measure students' mastery of the content outlined in the North Carolina English Language Arts
Standard Course of Study (NC Department of Public Instruction, 2008). Because states typically develop their
own curricula and associated EOG exams, the North Carolinatesting data cannot be directly compared to testing
outcomes for children residing in other states.

The North Carolina Childhood Lead Poisoning Prevention Program (NCCL PPP) maintains a state registry of
blood lead surveillance data. Through a negotiated confidentiality agreement, the Children’s Environmental
Hedlth Initiative has access to individual blood lead screening data from 1995 to present. The North Carolina
Childhood Lead Poisoning Prevention Program (NCCLPPP) maintains a state registry of blood lead
surveillance data. Through a negotiated confidentiality agreement, the Children’s Environmental Health Initiative
has access to individual blood lead screening data from 1995 to present. The NCCLPPP blood lead surveillance
datainclude child name, birth date, race, ethnicity, test date, blood lead level (BLL), and home address. A
description of the laboratory protocols followed by the NC State Laboratory of Public Health can be found in
Mirandaet al. (2007). For children with duplicate screens, we retained entries with the highest blood lead level,
which is consistent with Lanphear et al. (1998) and several studies by Mirandaet a. (2002, 2007) and Kim et al.
(2008).

To construct our integrated database, children who were screened for lead between the ages of 9-36 months from
1995 through 1999 in the 100 NC counties (318,068 records for 263,403 children) were linked to recordsin the
EOG testing datain age corresponding years (2001-2005). Our process linked 38.8% of screened children to at
least one EOG record. Preliminary analysis was restricted to students who self-reported race as either white or
black and who did not report limited English proficiency. We conducted al analyses on 4th-grade reading scores.
Thefinal linked dataset for 4th-grade reading results contained 57,678 observations.

We used two methods to analyze the relationship between social factors and blood lead levels and EOG test
scores. We employed multivariate linear regression with EOG test scores as the response variable. The
explanatory/predictor variables include child’ s race, child’s sex, parental education, whether or not the child is
enrolled in the free and reduced lunch program, whether the school is a charter school (in NC, thisistypically an
indicator of lower socioeconomic status of the enrolled children), and early childhood lead exposure, as well as
dummy variables for each school system in the state. Early childhood lead exposure was modeled using dummy
variables for each blood lead level. A blood lead level (BLL) of Img/dL served as the referent group, resulting in
nine dummy variables (BLL = 2mg/dL, BLL =3, ..., BLL =9, BLL >10mg/dL). Models that use a series of
dummy variables for blood lead levels have been shown to fit better than models that use alinear function of lead
exposure (Miranda et al., 2007). The child’s age at screening for lead was controlled for using two dummy
variables (screened between 18 and 27 months, and between 27 and 36 months), with the referent group of being
screened between 9 and 18 months.

The linear regression assumes that the distributions of EOG test scores at different socia or environmental
‘“‘exposures’’ have the same shapes but different means. This may not be the case. For example, poverty or lead
exposure may have a greater or lesser impact on those students who tend to be at one end or the other of the EOG
test score distribution. Thus, we employed a second method of analysis, quantile regression (K oenker, 2005;
Feudtner et a., 2006; Lal et a., 2003), which enabled us to examine distributional differences.

Quantile regressions predict conditional percentiles of an outcome variable from a set of explanatory variables
(e.g. what isthe 10th percentile of EOG test scores conditioned on early childhood lead exposure levels). (Carey
et a., 1998).



It resultsin an equation for predicting conditional percentiles of interest rather than conditional means. Quantile
regression has previously been used in the pediatric literature to assess the risk of chronic lung disease in small for
gestational age infants (Lal et al., 2003), to assess how distance from home when death occurs is changing for children
over time (Feudtner et al., 2006), and to describe the history of somatic growth in HIV-infected children (Carey et d.,
1998).

We included the same explanatory variables in the quantile regression as were used in the linear regression. We
predicted the conditional percentiles of the EOG test score distributions at every 5th percentile until the 95th percentile
(i.e, 5th, 10th, 15th, .. ., 95th). This approximates the entire distribution of EOG scores. This enabled us to examine
how entire distributions of EOG test scores change with lead exposure, as well as with parental educational attainment
and family poverty status, without assuming only a shift in means.

3. Results

Table 1 provides summary statistics on subgroups within the final linked dataset for 4th-grade reading test scores. Of
the total linked children: 43.1% were black (56.9% are white); 52.9% enrolled in the free or reduced lunch program;
8.1% had parents who did not complete high school; 45.3% had parents who compl eted high

school; and 46.6% had parents who had more than high school education (college, graduate school, etc.). Blood lead
levels for the linked children ranged from 1 to 16mg/dL, with the mean and median levels of 4.8 and 4mg/dL,
respectively. The interquartile range was 3, with the 25th and 75th percentiles equal to 3 and 6mg/dL, respectively.
Average EOG test scores were lower for children enrolled in the free or reduced lunch program, children whose
parents had lower levels of education, and children who were exposed to more lead. Black children were
overrepresented in the *‘riskier’” end of each of these variables.

Table 2 presents the results of the multivariate linear regression for reading EOG test scores, controlling for the
covariatesin Table 1 and individual school system variability. The referent group is defined as white, femal e students,
enrolled in the Wake County School System, who do not participate in the free or reduced lunch

program, whose parents graduated high school, and who have a blood lead level equal to one. The coefficients of all
the covariates are of the expected signs. We tested for interaction between blood |ead levels and parental education or
enrollment status in the free and reduced lunch program, but no significant interactions were

Table1
Summary statistics on subgroups in the final linked 4"-grade reading dataset for 100 countiesin N.C. (N=57 ,678)

Table 2
RBesults al multivariate linear regression Tor 40h-grade reading EOG score data (N = 57678)0
Response variable: #th-grade reading BEOG soore” Coel. P 5% conlidence interval
Crummy Tor BLL equal to 2 g L 0.30 0.4 (—0.538, —0O1)
Dummy for BLL equal to 3 e fdl 046 .00 (—0.73, —019)
Crurrumy For BLL esgual o 4 g L 0.52 000 (—0.79, —024)
Crurmumy For BLL esgqual to 5 g L 0.ED 000 (—1.0B, —0.51)
Crarmumy Tor BLL esgual to & g L 0:4aa 000 (—1.29, —06B)
Crarmumy For BLL esgual to 7 g L 1.07 000 (—1.40, —0.74)
Drummy Tor BLL equal to 8 pug L 1.35 .o (—1L.73, —097)
DCrumimy Tor BLL equal o 9 pug L 120 .o (—LEd, —075)
Dummy for BLL equal to 10 peidl or hig her 1.75 0.on (—209, -141)
Srreensd Tor lead between 18 and 27 months of age 0.36 0.61 (—0.10, 017 )
Srreensd Tor l=ad between 27 and 36 months ol age 0.61 0.0 (—0.78, —043)
Black (1 Tor Black; O For white] 155 .00 (—371. —3.40)
Male (1 Tor male; O Tor Female) 1.50 .00 (—1LG2, - L38)
Enralled in Tree or reduesd unch program 209 .o (—224, —1.94)
Parents with some high school education 2.78 000 (—3.01. —255}
Parents with some post-high school education 2.00 000 (1.84 215)
Parents completed college 494 000 (4.75 5.12)
Parents completed graduate school 712 000 (6.77, 7.47 )
Charter schools 258 .00 (—3.06, —210]
Constant 25503 .00 (25467, 255.39)
 The individual school system level dummy variables (N = 1T14) are not presenlsd.

" The mean 4th-grade reading BOG score for Chis sample is 2509, the median 252, and the standard deviation 85 The interquartile range was 12,



Tahle 2
Results ol multivariate linesar regression Tor S0h-grade reading EOG score data (N= 57678
B B B

Response variable: 4th-grade reading EOG soore” Coef. p =i 95% conflidence intenval
Drummy for BLL equal to 2 gL 0.30 004 (—0.58. —0u01)
Durmmy for BLL equal to 3 pgfdl 046 0,00 (—0L73, —0.19)
Doy for BLL equal o 4 e L 052 .00 (—0.79, —0324)
Doy for BLL equal to 5 pe L 0En 0.on (—1.08, —0.51)
Drurmmy far BLL equal to 6 pe L 089 0.on (—1.29, —0EE8)
Drurmmy for BLL egqual to 7 e L 1.07 .00 (— .40, -074)
DCrmmy for BLL equal to 8 pg L 135 0.on [

Dy for BLL equal to 8 pe L 1.20 .00

Dy for BLL equal to 10 pgidl or higher 1.75 .00

Screened Tor kead between 18 and 27 months ol age 0.36 0.61

Screened for lead between 27 and 36 months ol age 0.61 0,00

Black (1 Tor black; O Dor white) 355 0.on

Male (1 Tor male; O For Female) 1.50 .00

Enrolled in Iree or reduced inch program 209 0,00

Parents with some high school education 2.78 000

Parents with some post-high school education 2.00 0,00

Parents completed college 4494 0.on

Parents completed graduate school 7.12 .00 i

Charter schools 258 0.on (—3.06, —210)
Constant 255.03 0.no (23467, 255.39)

* The individoal school system level dummy variables (N = 114) are not presented.
U The mean #th-grade reading EOG score [or this sample is 2519, the median 252, and the standard deviation 8.5, The interguartile rangs was 12,

Table 2
Results of multivariate linear regression for 4M-grade reading EOG score data (N=57,678)

not significant. Therefore, to simplify interpretations, we did not include the interactions in the final model.

The coefficients of the indicator variables for each blood lead level are consistently negative and statistically
significant (all p <.0001). They generally increase in absolute magnitude as blood lead levelsincrease. Thus, these
results demonstrate a strong and statistically significant dose-response effect between early childhood lead
exposure and performance on elementary school achievement tests (i.e., the higher the early childhood lead
exposure, the lower the EOG test scores for the child).

Table 2 also demonstrates a strong and statistically significant dose-response effect between parental educational
attainment and performance on elementary school achievement tests (i.e., the more education completed by the
parent, the higher the EOG test scores for the child). Parental educational attainment may be serving as a proxy for
family socioeconomic status or parental 1Q (or some combination of the two) (Mueller et a., 2001; Davis-Kean,
2005). The coefficient on participation in the free or reduced lunch program is negative and significant as expected.

While the linear regression results provide interesting and important insights, they focus on study subjects at the
mean of the EOG distribution curves. We are interested in both the top and bottom tails of the distribution: location
on the top tail determines placement into advanced and intellectually gifted programs, and

location on the bottom tail determines grade advancement and class placement. To understand how the
environmental and social stressors are affecting subjects/population located on different portions of the EOG curve,
we employed quantile regression. Similar to the linear regression model, interaction effects among key

explanatory variables were also tested in the quantile regression models, but were not found to be significant. Fig. 1
displays three box and whiskers plots summarizing the results from the quantile regression.

Thefirst panel of Fig. 1 displays the distributions of EOG scores for children at five different blood lead levels. All
five boxes are based on children not enrolled in free/reduced lunch and whose parents completed high school. EOG
scores generally decrease as blood lead levelsincrease. For all quantiles, the effects of increasing blood lead level
from 1mg/dL to any blood lead level greater than 3 mg/dL are statistically significant (p <.05). Thedistributions
for children with relatively high lead exposure are more spread out than those for children with relatively low lead
exposure (e.g., the difference between the 95th and 5th percentilesis 24.6 for children with ablood lead level of
10mg/dL or higher, and is 23.1 for children with ablood |ead level of 1mg/dL).



Most of this additional spread occurs on the low end of the EOG distribution. For example, when going from a
blood lead level of 1-10+ mg/dL, the 5th percentile drops about 2.3 points whereas the 95th percentile drops only
0.8 points. Lead exposure stretches out the lower tail of the test score distribution by more than it moves the
middle portion or upper tail of the distribution. This differential effect is statistically significant (p = .04). Thus,
lead effects may be even more potent in populations at the lower performance regions of the EOG curve.

The second panel of Fig. 1 displays the distributions of EOG scores for children with differing parental education.
All five boxes are based on children not enrolled in free/reduced lunch and who have a BLL = 1mg/dL. EOG

scores tend to decrease with lower parental educational attainment. For all quantiles, the

effects of decreasing education level from any education level more than high school education to the level of less
than high school education are statistically significant (p < .05). The distributions for parents with comparatively
low educational attainment are more spread out than those for parents with higher educational attainment (e.g., the
difference between the 95th and 5th percentiles is 23.4 when parents have lessthan high

school education and is 20.7 when parents have graduate education). Akin to the effects of lead exposure, most of
this additional spread occurs on the low end of the EOG distribution. Thereisan 8.0 point gap in the 95th
percentile scores between parents who have less than high school education and parents who have graduate
education, whereas the gap is 10.7 pointsin the 5th percentile scores. This differential effect is statistically
significant (p < .00001).

Fig. 1, inthelast panel, displays the distributions of EOG scores for children enrolled or not enrolled in the free
and reduced lunch program. Both boxes are based on children whose parents have a high school degree only and
who haveaBLL = 1mg/dL. EOG scores tend to be lower for children enrolled in the free and reduced lunch
program (p < .05). The 95th percentile values for the two groups differ by 1.7 points, whereas the 5th percentile
values differ by 2.6 points. This differential effect is statistically significant (p = .0002).
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The negative effects shown in Fig. 1 are for each variable holding the other variables constant. Some children are
subject to multiple risk factors that would affect test performance. Thisisillustrated in Fig. 2, which compares the
percentiles of test scores for children who have “*lower risk’’ values on all three variables (parents who have
completed college, not enrolled in lunch program, and BLL = 1mg/dL) with the percentiles of test scores for
children who have comparatively ‘*higher risk’’ values on all three variables parents who have only completed
high school, enrolled in lunch program, and BLL = 5mg/dL). For example, the 5th percentile of

test scores for children in the **higher risk’’” group is about 10 points lower than the 5th percentile of test scores for
children in the lower risk’” group (shown in the first bar in Fig. 2).

Fig. 2 revedsthat parental education differences account for the largest part of the test score decrement at any
percentile (58-65% of total decrement), and that the lunch program and lead exposure account for 25—-28% and 7—
16% of the total test score decrement, respectively. Of course, as lead exposure increases, the proportion

of the test score drop accounted for by lead exposure increases. Fig. 2 also highlights the trend seen in Fig. 1:
deficits in these variables impact low percentiles of the test score distribution more than they impact high
percentiles. Again, the combination of risk factors has a greater impact on the population at the lower end of the
EOG distribution.

4. Discussion

Exposure to lead does not just shift the EOG score distribution to the left. Rather, it shifts the distribution to the
left, pushesit down (i.e., introduces more variability), and stretches out the lower tail. Additiona social factors,
like low parental educational attainment or family poverty, can a so shift the curve further to the left and stretch out
the lower tail even more. Thus, children who experience these cumulating deficits are especialy disadvantaged
when they enter the school system. Given the higher average lead exposure experienced by African American
children in the United States, |ead does in fact explain part of the achievement gap.

In addition, as important as the lower tail of the distribution is, shifts at the upper tail are of concern aswell. The
use of EOG scores for placement into advanced and intellectually gifted (AIG) programsis ubiquitousin NC, and
across the United States. Thus, at the high end of the distribution, even low level lead exposure can push some
children out of the score range that would make them eligible for these special programs. To the extent that low
income and minority children are systematically exposed to more lead (U.S. GAO, 1999; Center for Disease
Control and Prevention, 2005), then AI1G programs become less economically and racially diverse (Gootman and
Gebeloff, 2008).

Study limitations include the fact that not all children are screened for lead and, even among those who are
screened for lead, not al can be linked to EOG test scores. In addition, we do not have measures of childhood iron
deficiency, which tends to increase lead uptake and has been linked to poorer neurodevelopmenta outcomes.
Measures of the quality of the home environment, including the availability of age-appropriate print materials,
would also strengthen the analysis.

In future research, we hope to: include more years of EOG datain order to improve data linkage between the two
administrative datasets; link our current data back the NC Vital Statistics detailed birth record data to provide
another set of data relevant to child development; follow the same children over time, using subsequent
performance on later-grade EOGs, to determine the persistence of the effects found here; and undertake sibling
studies to look at differential impacts within the same family. We also hope to include additiona environmental
EXPOSUres.

These results have meaningful implications for policymakers and researchers alike. First, roughly 26% of children
aged 1-5 in the United States are estimated to have blood lead levels greater than or equal to 2mg/dL, but <1% of
children aged 1-5 have blood lead levels above the current Centers for Disease Control and Prevention (CDC)
blood lead action level of 10mg/dL (National Center for Health Statistics, 2008). Policymakers and researchers can
play asignificant role in lobbying the CDC scientific advisory group on lead to lower its current blood lead action
level. Second, results from childhood blood lead tests, which are typically provided to the pediatrician of record,



serve as avery early signal that certain children would benefit substantially from early reading enrichment
programs, including programs that simply engage parentsin reading to their children. The efficacy of such
enrichment activitiesis supported by recent animal model research that indicates that enriched environments can
ameliorate the neurobehavioral and neurochemical toxicity associated with early lead exposure (Schneider et d.,
2001; Guilarte and Toscano, 2003). In addition, Bellinger and Rappaport (2002) outline strategies for evaluation
and follow-up of lead-exposed children. Third, policymakers and researchers have an important role to play in
hel ping school systems both define and understand eligibility criteriafor access to special educational resources
— at both the low and high end of the distribution.

Figure 2
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The negative effects shown in Fig. 1 are for each variable holding the other variables constant. Some children are
subject to multiple risk factors that would affect test performance. Thisisillustrated in Fig. 2, which compares the
percentiles of test scores for children who have *‘lower risk’” values on al three variables (parents who have
completed college, not enrolled in lunch program, and BLL = 1mg/dL) with the percentiles of test scores for
children who have comparatively ‘‘higher risk’” values on all three variables (parents who have only completed
high school, enrolled in lunch program, and BLL = 5mg/dL). For example, the 5th percentile of test scores for
childreninthe ‘*higher risk’” group is about 10 points lower than the 5th percentile of test scores for children in
the “‘lower risk’’ group (shown in thefirst bar in Fig. 2).

Fig. 2 revedsthat parental education differences account for the largest part of the test score decrement at any
percentile (58-65% of total decrement), and that the lunch program and lead exposure account for 25-28% and 7—
16% of the total test score decrement, respectively. Of course, as lead exposure increases, the proportion of the
test score drop accounted for by lead exposure increases. Fig. 2 also highlights the trend seen in Fig. 1: deficitsin
these variables impact low percentiles of the test score distribution more than they impact high percentiles.
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Abstract: The achievement gap continues to be an important educational issue, with disadvantaged groups
exhibiting poorer school performance. Recently, literature has shown that even very low levels of early lead
exposure affect cognitive and academic performance. Asindividuals at the lower end of the socioeconomic
spectrum are more likely to be exposed to lead, this exposure may be an important contributor to the
achievement gap. In this paper, we explore whether early childhood blood lead levels are associated with
membership in exceptionality designation groups. In addition, we examine the racial and socioeconomic
composition of these exceptional groups. Data from the North Carolina Childhood Lead Poisoning Prevention
Program surveillance registry were linked at the individual child level to educational outcomes available
through the North Carolina Education Research Data Center. Designation into exceptionality groups was
obtained from the end-of-grade (EOG) data. Both standard bivariate and multivariate anal yses were empl oyed.
Bivariate anayses indicate that blood lead levels and reading EOG scores differ by exceptionality,

aswell as by race and enrollment in free/reduced lunch. Logistic regression confirmed the relationship between
blood lead levels and likelihood of exceptionality. Contextual factors— enrollment in the free/reduced lunch
program, race, and parental education — are also significant with regard to exceptionality. This study
demonstrates that early childhood lead exposure significantly influences the likelihood of being designated
exceptional. These results provide additional evidence that early childhood lead exposureis a

significant explanator of the achievement gap.
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INTRODUCTION

The achievement gap persists as an important educational issue, in light of and in spite of the “No Child Left
Behind Act” from 2001. Disadvantaged groups continue to exhibit poorer school performance compared with
middle and upper-class whites in the United States' educational system (1,2). Blacks, on average, score lower
on tests than whites, with the trend starting in childhood and continuing throughout the educational process (3).
These relationships may be explained by family background effects (4). The influence of parental education on
child educational attainment has been shown repeatedly; yet, the disparity remains even after controlling for
parental education and income. Children’ s reading levels (5), placement inhigh-achievement curricular tracks
(6), not dropping out of high school (7), college matriculation directly from high school (8), elite college
attendance (8), and college graduation (8), are all positively correlated with socioeconomic status as measured



by occupation, income, education, wealth (3,9) or home ownership(9). Environmental exposures may represent
an important explanator of the achievement gap. For example, childhood lead exposure has been associated with
multiple adverse cognitive outcomes, including reduced performance on standardized intelligence quotient (1Q)
tests (10), decreased performance on cognitive functioning tests (11), adverse neuropsychological outcomes
(12), neurobehaviora deficits (13), and decreased end-of-grade (EOG) test scores (14). In addition, higher lead
levels have been associated with students beingmore inattentive, hyperactive, disorganized, and having problems
following directions (15). These children later exhibit lower high school graduation rates and greater
absenteeism (16). Higher lead levels have al so been associated with delinquent behavior and aggression (15).

Those at the lower end of the SES spectrum are more likely to be exposed to lead (17). Further, Singer and
colleagues found that lead exposure had additive effects on multiple outcomes, suggesting continued risk to poor
exposed children (18). These findings are particularly pertinent to the classification of exceptionality.

In this paper, we explore the relationship between school exceptionality designation and lead exposure. We are
specificaly interested in whether blood lead level s are associated with membership in exceptional status groups.
In addition, we examine the racial and socioeconomic composition of these exceptional groups.

METHODS

This study uses end-of-grade testing data for the State of North Carolinathat has been linked to childhood blood
lead surveillance data available from a statewide registry. We used the data to evaluate the impact of lead
exposure across types of exceptionality, as defined by the North Carolina Department of Public Instruction.

This research was conducted under the auspices of the Children’s Environmental Health Initiative at Duke
University, according to aresearch protocol approved by the university’ sinstitutional review board. In previous
work, we used the North Carolina end-of-grade and childhood blood |ead surveillance data to determine how
EOG distributions as awhol e shifted in response to lead exposure (19). That work found that |ead exposure
shifted the EOG distribution to the left and stretched out the lower tail. Using the same data, this analysis focuses
on children who carry an exceptionality designation. We repeat here the description of the data and the data
linkage process from the previous study. The North Carolina Childhood Lead Poisoning Prevention Program
(NCCLPPP) maintains a state registry of blood lead surveillance data. Through a

negotiated confidentiality agreement, the Children’s Environmental Health Initiative has access to individual
blood lead screening data from 1995 to present. The NCCLPPP blood lead surveillance data include child name,
birth date, race, ethnicity, test date, blood lead level (BLL), and home address. The North Carolina Education
Research Data Center (NCERDC) maintains a database with records of all EOG test results for all public school
systems in North Carolinafor tests from the 1995-1996 school year to present.

These data include name, birth date, and test scores, as well as data on parental education, race, ethnicity,
participation in the free or reduced lunch program, English proficiency, testing condition modifications, and
school district. North Carolina EOG testing data al so contain information indicating exceptionalities, such as
academically and intdlectually gifted, learning and behavioral disorders,

and physical impairments (hearing, speech-language, vision). All data can be linked longitudinally for al years
each child has taken EOG testsin North

Carolina.

To construct our integrated database, children who were screened for lead between the ages of 9-36 months from
1995 through 1999 in al 100 NC counties (318,068 records for 263,403 children) were linked to recordsin the
EOG testing data in age-corresponding year s (2001-2005). Our process linked 38.8% of screened children to at
least one EOG record. Analysis was restricted to students who self-reported race as either non-Hispanic white
(NHW) or non-Hispanic black (NHB) and who did not report limited English proficiency. We conducted



all analyses on 4th-grade scores, for both reading and mathematics. The final linked dataset for 4th-grade
reading and mathematics results contained 57,678 and 57,840 observations, respectively.

Table 1 provides summary statistics on subgroups within the final linked data set for fourth grade reading test
scores. Of the total linked children: 45.5% were black (55.5% are white); 52.9% were enrolled in the free or
reduced lunch program; 8.1% had parents who did not complete high school; 45.3% had parents who completed
high school; and 46.6% had parents who had more than high school education (some college, college degree,
graduate school). Because lead screening is not universal in North Carolinaand because we are only able to link
children who were screened for lead, the demographics of our sample are different from the population of
children in the North Carolina public school system. If data are l[imited to NHB and NHW students only (asis
donein this study), approximately 32% of the statewide sample is NHB, and approximately 68% is NHW. So
NHB are overrepresented in the dataset of total linked children.

Summary statistics for math scores are very similar. Exceptional designations are given to provide appropriate
education for every child in the public school system. These exceptional designations are intended to best serve
the student. There are fifteen exceptional designationsin North Carolina. From these, we constructed four
distinct groups based on exceptionality status. 1) those students with no exceptional status designated (not
designated, ND); 2) students designated exceptional due to their placement in advanced and intellectually gifted
programs (A1G); 3) students designated exceptional due to learning or behavioral classifications (Learning and
Behavioral Exceptional Designated, LBED); and 4) students designated exceptional for other reasons (i.e., not
AIlG and not learning or behavioral classifications — Exceptional Designated Other, EDO).

The LBED group contains children designated as behaviorally-emotionally handicapped, educable mentally
handicapped (mildly impaired in general intellectually functioning and his/her development reflects a reduced
rate of learning) (20), and specific learning disabled. The AIG group contains students who have been classified
as having superior intellectual development and are capable of high performance (20). The EDO group contains
students identified to have any other exceptiona designation, such as: visual, hearing, or speech impairments,
physical or health handicaps; autism; or trainable or severe mental handicaps.

Table 2 provides summary statistics on each of the four exceptionality subgroups within the final linked data set
for fourth grade reading test scores, as well as separate equivalent statistics for NHW and NHB, as well as
children enrolled in the free or reduced lunch program. Results for math scores arevery similar. The
composition of these groups is noteworthy. NHB students are overrepresented in the LBED group and
underrepresented in the EDO group. Students enrolled in the free or reduced lunch program are also
overrepresented in the LBED group. In contrast, NHB children and those enrolled in the free/reduced lunch are
dramatically underrepresented in the A1G group.

To analyze the relationship between blood lead levels and exceptionality designations, we began by using simple
t-tests. These assess whether the average blood lead level differs for those with an exceptionality designation and
those without it. We aso used logistic regression to predict the presence of exceptionality from blood lead

levels.

RESULTS

Figure 1 shows the percentage of children with exceptionality designations (AIG, LBED, EDO) according to
blood lead levels. The figure shows a clear negative relationship between percentage of AIG children and blood
lead levels; i.e., higher blood lead levels are associated with lower proportion of AIG children, in aclear dose-
response fashion. The figure also demonstrates a dose-response effect between blood lead levels and percentage
of children designated LBED.



Higher blood lead levelsin early childhood are associated with membership in the LBED group. The EDO group
shows substantially less variation in blood lead levels. Both the LBED and EDO groups have higher percentages
of their members with higher blood |ead levels than does the AIG group.

Figures 2 and 3 show that within any of the four exceptionality groups, NHB children and those enrolled in the
free/reduced lunch have higher mean BLL. The higher mean blood lead levels for NHB children compared to
NHW children is statistically significant (p<.0001) for al four exceptionality groups (figure 2). Similarly,
children served by the free/reduced lunch program have significantly (p<.0001) higher mean BLL than those
students not served by the free/reduced lunch program (Figure 3). These students, then, are multiply
disadvantaged (by both poverty and environmental exposures) and may be more likely to accumulate further
decrements over time, thereby continuing the cycle of disadvantage.

A series of t-tests was performed (see table 3) to compare blood lead levels and EOG scores between the ND
groups and the LBED, EDO, and AIG groups. The ND students scored significantly higher (p<.0001) on their
reading EOG tests and had significantly lower (p<.0001) blood lead levels than the LBED and EDO groups.
Based on earlier research on the effects of lead exposure in early childhood, thisfinding is extremely important.
It is possible that these students may not have been placed in these exceptionality categories had they not been
exposed to lead during early childhood. The AIG students had the lowest blood |ead level of al the groups,
significantly lower than the ND students (p<.0001). Not surprisingly, their reading EOG scores were
significantly higher than the ND students (p<.0001).

While figures 1-3 and the t-tests provide interesting insights, the complicated question of how lead exposure
might affect membership in the exceptionality groups requires multivariate analysis. Using logistic regression,
we confirmed the rel ationship between blood lead levels and likelihood for exceptionality displayed in figure 1.
Weran three different logistic regressions that each used ND as the reference group (see table 4). The
regressions control for race, sex, enrollment in the free/reduced lunch program, parental education, charter
school status, and a separate dummy variable for each of the school systems in the state. In addition, a series of
dummy variables are entered for blood lead levels (BLL=2, 3, ...9, 10+) with ablood lead level of 1 set asthe
reference group.

Table 4 provides the odds ratios and 95% confidence intervals for the logistic regressions. When comparing
across NC, AlG, LBED, and EDO groups, aclear pattern emerges. At each blood lead level, going aslow asa
level of 2 ug/dL, blood lead reduces the likelihood that children will be designated as AlG.

In contrast, blood lead levels as low as 4 ug/dL significantly increase the likelihood that a child will be
designated LBED. Blood lead levels as low as 8 ug/dL significantly increase the likelihood that a child will be
designated EDO. Contextual factors are also significant with regard to exceptionality. Enrollment in the
free/reduced lunch program makesiit less likely that a child will be designated A1G and more likely that he/she
will be designated LBED or EDO. NHB race does not have an impact on the likelihood that a child will be
designated LBED. Importantly, when blood lead levels are removed from the model, NHB race becomes highly
significant in predicting LBED designation; this represents important evidence regarding how lead exposure
contributes to the achievement gap. NHB race decreases the likelihood that a child will be designated EDO or
AIG. Parental education significantly influencesthe likelihood of being designated LBED in a step-wise
function. Low parental educational attainment increases the likelihood, and high parental educational attainment
decreases the likelihood, of being designated LBED.

Theresults are very similar for EDO designation. In contrast, low parental educational attainment significantly
decreases the likelihood of being designated AlG, and high parental educational attainment significantly
increases the likelihood.



DISCUSSION

Earlier research has demonstrated that teachers’ expectations and students’ self-confidence are important to the
achievement process beyond socio-economic status (21). In an environment where children receive specia
services because of an exceptional classification, the downside is the process of labeling, lowering teacher
expectations and decreasing self-confidence. As one of the predictors of exceptiona classification is higher
blood lead levels, thisis a preventable negative cycle.

Our findings demonstrate the importance of recognizing the effect of even very low levels of lead exposurein
early childhood and the disparity in that exposure. When mean BLL is examined by race within the
exceptionality subgroups, black children have higher mean BLL than white children in all subgroups. Similarly,
when examined within subgroups, children enrolled in the free or reduced lunch program have higher mean BLL
than those not enrolleed in all exceptionality categories.

This study demonstrates that early childhood lead exposure significantly influences the likelihood of being
designated exceptional. In particular, our results suggest that even very low levels of early lead exposure
increase the likelihood of having a LBED exceptional designation. This represents another example of how lead
may be contributing to the achievement gap.

While we typically think of exceptionality as it pertains to children with disabilities or learning or behavioral
disorders, school systems dso use the term to designate placement into advanced and intellectually gifted
programs. Because EOG score are used ubiquitously in the United States to place students into AIG programs,
even low level lead exposure can push some children out of the score range that would make them eligible for
these special programs. To the extent that low income and minority children are systematically exposed to more
lead (22), then AIG programs become less economically and racially diverse (23).

Parts of our student population are in double jeopardy. The LBED exceptional children are predominantly low-
income and minority students who may aso have higher levels of early childhood lead exposure. Thus, early
childhood lead exposure, which we have previously shown is related to performance on EOG tests, also
significantly influences the likelihood that students will be designated exceptional. These results provide
additional evidence that early childhood lead exposure is a significant explanatory of the achievement gap.
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Table 1. Summary statistics on subgroups in the final linked fourth grade reading dataset

Avg. Proportion (%)
Variable Subcategory Reading overall | Black | White
EOG
Race White 2546 44 5
Black 2485 555
Household | Not enrolled in free/reduced lunch program 2553 47 1 212 66.8
Income Enrolled in free/reduced lunch program 249.0 52.9 78.8 33.2
Completed graduate school 260.1 3.5 0.9 54
Completed college 257.2 18.5 9.8 25.1
Parental 5 high school educati 252 246 | 237 | 252
Education ome post-hig sp ool education 527 4. 7 )
Completed high school 2498 45.3 55.5 37.7
Some high school education 246.5 8.1 10.1 6.6

Table 2. Summary statistics on exceptionality subgroups

Avg. Proportion (%)
i i i Free/Reduced
Exceptionality Category ReEacc)ilGng overall | Black | White reeLurt:c;.:ce

All students 250.5 100.0 44.5 55.5 54.6

ND 250.0 73.54 | 476 | 52.4 56.7

AlG 261.5 11.00 17.3 | 82.7 22.3

LBED 241.0 6.09 576 | 42.4 73.5

EDO 244.9 9.38 43.4 | 56.6 63.3




Table 4. Odds Ranes - Exceptuonal desionatio

ns versus not desienated (NDY)

Learmme and Exceplional Al
b hiavioral desienation
excepiional oihwer
desiznation [ EDCy)
(LBED)
BLL ol 2 NS NS Ba
82-94
BLL ol 3 NS s 2a
( 8i-1.00) (.83-04)
BLL ol 4 .16 NS g0
(1.04-1.30) (. 75-.85)
BLL ol 5 .24 NS 78
(1.11-1.39) (. 73-84)
BLL ol & .33 NS 76
(1.18-1.49) (.69-83)
BLL ol 7 .51 NS 71
(1.33-1.71) (.6d-T9)
BLL ol 8 | .50 .13 Wt
(1.31-1.73) (1.01-1.26) (.o0-T8)
BLL ol 9 | .49 .19 B3
(1.28-1.74) (1.04-1.35) (.33 T7)
BLL of 104 |.87 |.26 B3
(1.66-2.12) (1.14-1.39) (.58-T74)
Black Ny 71 34
(.08-T3) (.32-33)
Male 2.37 2.25 NS
(2.26-2.48) (2.17-2.33)
Free/Reduced .35 .47 5 8
lunch (1.28-1.42) (1.41-1.54) (.535-61)
Parental education 2.37 | 47 35
Some HS (2.25-2.51) (1.40-1.35) (.31-41)
Parental education 36 82 2.28
s (.52-59) (.78-83) (2.18-2.39)
Parvental cducation |9 a7 319
Some collepe (.17-.23) [ R7-00) (4.93-5.46)
Parental education 23 Ny 050
Post=C oll coe (.16=353) (8. 79-10.45)




Figure 1. Percentage of children wath exceptionality designanons
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