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Abstract

Background: Persistent disparities in academic performance may result from a confluence of 

adverse exposures accruing disproportionately to specific subpopulations.

Objective: Our overarching objective was to investigate how multiple exposures experienced 

over time affect early childhood educational outcomes. We were specifically interested in whether 

there were: (1) racial/ethnic disparities in prevalence of adverse exposures; (2) racial/ethnic 

disparities in associations observed between adverse exposures and early childhood educational 

outcomes; and (3) interactions between exposures, suggesting that one exposure augments 

susceptibility to adverse effects of another exposure.

Methods: We link geocoded North Carolina birth data for non-Hispanic white (NHW) and non-

Hispanic black (NHB) children to blood lead surveillance data and 4th grade end-of-grade (EOG) 

standardized test scores (n = 65,151). We construct a local, spatial index of racial isolation (RI) of 

NHB at the block group level. We fit race-stratified multi-level models of reading and mathematics 

EOG scores regressed on birthweight percentile for gestational age, blood lead level, maternal 

smoking, economic disadvantage, and RI, adjusting for maternal- and child-level covariates and 

median household income.
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Results: There were marked racial/ethnic disparities in prevalence of adverse exposures. 

Specifically, NHB children were more likely than NHW children to be economically 

disadvantaged (80% vs. 40%), live in block groups with the highest quintile of RI (46% vs. 5%), 

have higher blood lead levels (4.6 vs. 3.7 μg/dL), and lower birthweight percentile for gestational 

age (mean: 39th percentile vs. 51st percentile). NHB children were less likely to have mothers who 

reported smoking during pregnancy (11% and 22%). We observed associations between key 

adverse exposures and reading and math EOG scores in 4th grade. Higher birthweight percentile 

for gestational age was associated with higher EOG scores, while economic disadvantage, 

maternal smoking, and elevated blood lead levels were associated with lower EOG scores. 

Associations observed for NHB and NHW children were generally not statistically different from 

one another, with the exception of neighborhood RI. NHB children residing in block groups in the 

highest RI quintile had reading and math scores 1.54 (0.74, 2.34) and 1.12 (0.38, 1.87) points 

lower, respectively, compared to those in the lowest RI quintile; statistically significant decrements 

in EOG scores associated with RI were not observed for NHW children. We did not find evidence 

of multiplicative interactions between exposures for NHB or NHW children.

Discussion: Key adverse host, environmental, and social exposures accrue disproportionately to 

NHB children. Decrements in test scores associated with key adverse exposures were often but not 

always larger for NHB children, but were not significantly different from those estimated for 

NHW children. While we did not observe interactive effects, NHB children on average experience 

more deleterious combined exposures, resulting in larger decrements to test scores compared to 

NHW children.
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INTRODUCTION

Despite considerable attention, racial/ethnic disparities in academic performance and overall 

educational attainment have persisted for decades (1). The “achievement gap” becomes 

apparent in early childhood and persists or widens with time, resulting in lower high school 

and college graduation rates among children belonging to racial/ethnic minority groups, 

particularly non-Hispanic blacks (NHB) (2). These disparities may shadow children 

throughout their lives, because early childhood academic outcomes are predictive of overall 

educational attainment (2), which is associated with health and wellbeing later in life (3). 

Disparities in academic performance among young children represent systemic, avoidable 

differences in early childhood academic achievement, as well as key targets for early 

intervention.

As with other disparities in health and development, the achievement gap most likely results 

from a confluence of forces, acting over time, that accrue disproportionately to specific 

subpopulations. In previous work, Miranda et al (2009) proposed a framework for 

understanding health disparities (Figure 1), in which environmental, social, and host factors 

form three sides of an integrated triangle (4). Health disparities arise when the forces exerted 

by the triangle’s sides are asymmetric for different population groups. Here, we use the 

heuristic presented in Figure 1 to consider how host, environmental, and social exposures 
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may affect racial/ethnic disparities in early childhood academic performance. We examine 

the pregnancy outcome birthweight-for-gestational age (host); early childhood lead exposure 

and maternal smoking during pregnancy (environmental); and measures of family-level 

socioeconomic status (SES) and neighborhood-level racial segregation (social). For each 

host, environmental and social exposure, we briefly summarize evidence of racial/ethnic 

disparities in the exposure and associations with cognitive development.

Host factors: Pregnancy outcomes

One of the most persistent disparities in American health status is the pronounced difference 

in pregnancy outcomes between NHB and non-Hispanic white (NHW) women (5) (6) (7). 

Birthweight-for-gestational age is an indirect measure of fetal growth and an indicator of 

newborn health (7-9). Poor pregnancy outcomes, including low birthweight for gestational 

age, even within the normal ranges, are associated with decrements in cognitive 

development measures, including poorer performance on standardized tests (10, 11).

Environmental factors: Lead level and maternal smoking

A recent review of blood lead levels among children under 6 years of age concluded that, on 

average, NHB children had higher blood lead levels than NHW children and were more 

likely to have elevated blood lead levels (≥5 μg/dL) (12). Lead exposure in young children, 

even at low levels, is linked with learning deficits and lower scores on intelligence and 

standardized tests (13-21). Evidence suggests that the negative impacts of childhood lead 

exposure persist into adulthood, affecting intelligence and socioeconomic status (22).

Research also suggests that maternal smoking during pregnancy is associated with health 

and developmental issues in offspring. Children born to mothers who smoked during 

pregnancy are at increased risk of stillbirth (23), asthma and wheezing (24), diagnosis with 

attention-deficit/hyperactivity disorder (25) and impairments in cognitive development (26, 

27), measured by intelligence quotient (28, 29) and standardized test scores (30).

Social factors: Family poverty and neighborhood racial residential segregation

In 2013, approximately 20% of children in the US lived in poverty. The percentage of 

Hispanic, NHW, and Asian children living in poverty declined between 2010 and 2013, 

while the percentage in poverty (38%) among NHB children held steady (31). As a result, 

NHB children were nearly four times as likely as NHW children to be living in poverty in 

2013. Although poverty represents only one measure of a child or family’s social 

environment, children living in poverty fare poorly across a variety of academic measures, 

including lower scores on standardized tests, poorer grades in school, and lower educational 

attainment (32, 33).

In addition to family-level measures of social context, a growing number of studies find that 

neighborhood contextual factors affect children’s health and development (34). Low 

neighborhood SES is consistently associated with worse developmental outcomes in 

children (34), but there is less evidence for how other aspects of the neighborhood 

environment relate to child development. In particular, racial residential segregation (RRS) 

has been posited to be a fundamental cause of health disparities. Through the disinvestment 
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of educational resources and employment opportunities and the concomitant concentration 

of multiple disadvantages, segregation fosters residential environments inimical to health 

and wellbeing (35).

Despite prominent conceptualizations of RRS as a key mechanism through which racial/

ethnic disparities in health and development are rooted and reinforced (36, 37), few, if any, 

studies have examined relationships between RRS and child developmental outcomes. Thus, 

RRS remains an understudied but potentially important determinant of disparities in child 

development. Furthermore, failing to account for differences in environmental and social 

exposures resulting from RRS may lead to erroneous conclusions about the etiology of racial 

disparities in child development. That is, racial/ethnic differences in developmental 

outcomes that result from differential place-based exposures could be wrongly attributed to 

individual-level race.

Effects of multiple disadvantages on educational outcomes

To investigate how exposure to host, environmental, and social factors affects educational 

outcomes, we link three individual-level, geocoded datasets: statewide detailed birth records 

in North Carolina (NC), blood lead surveillance data, and 4th grade end-of-grade (EOG) test 

scores in reading and mathematics. We fit race-stratified multi-level models of EOG test 

scores regressed on birthweight percentile for gestational age, blood lead level, maternal 

smoking, family-level poverty, and a local, spatial measure of neighborhood (block group) 

racial isolation (RI), one dimension of RRS.

METHODS

Data sources

The analysis dataset for this study was created by linking three administrative databases for 

the State of North Carolina: Detailed Birth Records (NCDBR), blood lead surveillance data, 

and EOG educational testing data.

Detailed birth records.—The NCDBR were obtained from the North Carolina State 

Center for Health Statistics, Vital Statistics department. The NCDBR provides data on all 

documented live births occurring in NC, including information on maternal demographics, 

maternal and infant health, and maternal obstetrics history. In validation studies, birth 

certificate data have been shown to be accurate, particularly for demographic and birth 

outcome variables (38, 39).

Blood lead surveillance data.—Blood lead surveillance data were obtained from the 

state registry maintained by the Childhood Lead Poisoning Prevention Program of the 

Children’s Environmental Health Unit, Department of Health and Human Services in 

Raleigh, NC. 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 analyses of the 

blood samples. The limit of detection for lead in blood as analyzed by the State Laboratory 

is 1 μg/dL, but all children with blood lead level below the level of detection are assigned a 
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value of 1 μg/dL in the state database. Blood lead levels are stored in the state database as 

integer values. Most of the samples were sent to the State Laboratory from private providers, 

indicating that the samples were collected by trained health care professionals. We used 

blood lead screening data from 1995-2005. 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 (40) should have been screened for lead, but it is difficult to ascertain true 

practice at the time. Using these dates for the blood lead screening data allows a long 

enough window to link these same children to their EOG scores.

End-of-grade standardized testing data.—Educational testing data were obtained 

from the North Carolina Education Research Data Center (NCERDC) at Duke University in 

Durham, NC. North Carolina children in grades 3–8 are tested in reading and mathematics at 

the end of the school year. These assessments are “curriculum-based multiple-choice 

achievement tests…specifically aligned to the North Carolina Standard Course of Study”
(41). The Reading EOG test consists of multiple choice questions that cover: cognition; 

interpretation; critical stance; and connections (42). The Mathematics EOG consists of 

multiple choice questions that cover: number sense, numeration, and numerical operations; 

spatial sense, measurement, and geometry; patterns, relationships, and functions; and data, 

probability, and statistics (41).

The NCERDC maintains a database with records of all EOG test results statewide for tests 

from the 1995–1996 school year to the present. This database includes identifying 

information such as name and birth date. Additionally, the database contains data on 

demographics and socioeconomics, school and school district, and characteristics such as 

computer use in the home and English proficiency. These data can also be linked 

longitudinally for all years each child has taken EOG tests in North Carolina.

Methods for receiving, storing, linking, analyzing, and presenting results related to this study 

were all governed by a research protocol approved by the University of Notre Dame and 

Rice University Institutional Review Boards.

Linking datasets

Records were linked through an iterative deterministic process employing various 

combinations of identifying variables (first and last name, date of birth, and county of 

residence) and requirements on the stringency of the match strength. This process allowed 

for records to be linked despite misspellings, typos, and abbreviations. County of residence 

was only included in the first linkage iteration to allow for residential mobility. The linking 

schemas were designed to ensure accuracy while trying to achieve the highest number of 

linked records possible.

Using the NCDBR, we considered births occurring between 1997-1999 (initial n=325,610). 

We restricted NCDBR records in which mothers were between the ages of 15 and 44 years 

(excluded 1,142 NCDBR records), of NHB, NHW, or Hispanic race/ethnicity (excluded 

11,795 records) and had no more than three previous live births (excluded 8,605 records). 

Children were singleton births (excluded 8,858 records) with no congenital anomalies 

(excluded 3,159 records) who weighed at least 400 g (excluded 362 records) at birth and had 
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a gestational age at delivery between 24 and 42 weeks (excluded 883 records). Of 290,806 

unique children born in North Carolina between 1 January 1997 and 31 December 1999 that 

met these criteria, 239,926 (82.5%) were geocoded to a parcel, building, or street, enabling 

them to be assigned to a 2000 census block group. Of the geocoded births, 125,508 (52.3%) 

were successfully matched to a 4th grade reading and math test score in 2008-2010 

(encompassing three academic years: 2007/2008, 2008/2009, and 2009/2010). Most children 

in 4th grade between 2008-2010 would have been born between 1997-1999. Of the 125,508 

children with birth and education records, 72,695 (57.9%) were linked with at least one lead 

test result between the ages of 9 months and 5 years.

Study sample

Of the 72,695 children linked across NCDBR (1997-1999), lead screening (1995-2005), and 

education datasets (2008-2010), and geocoded at time of birth, we restricted to children born 

to self-reported NHW and NHB mothers (excluded 5,994 records) because of small cell 

numbers in the Hispanic category. We also restricted to children who did not have limited 

English proficiency, as it can be complicated to interpret test scores among young children 

for whom English is their second language (excluded 940 records). We removed 603 records 

with missing values for key covariates (e.g., child sex; maternal educational attainment, age, 

marital status; and whether and how often the child used a computer at home). We removed 

7 records with blood lead test results >80 μg/dL as likely outliers. Our final dataset included 

65,151 children.

The characteristics of the final analysis dataset (n=65,151) differed from those of the initial 

births dataset consisting of 325,610 unique children born between 1997 and 1999; a 

comparison of the initial and final datasets is provided in the Supplemental Material (SM), 

Table S1. Compared to mothers in the initial dataset, mothers in the final dataset were more 

likely to be smokers (15% vs. 18%), less likely to be college graduates (23% vs 16%), and 

more likely to be unmarried at time of birth (32% vs 43%). Compared to children in the 

initial dataset, children in the final dataset had lower mean birthweight percentile for 

gestational age (48 vs. 47). The racial composition of the initial and final datasets differed: 

initially, 63% of mothers were NHW, 25% were NHB, and 7% were Hispanic, compared to 

a racial composition of 63% NHW and 37% NHB in the final dataset (Hispanics were 

removed due small cell numbers). The mean block-group level RI was 0.24 and 0.26 in the 

initial and final datasets, respectively.

Racial isolation

Because we are particularly interested in disparate outcomes for NHB, we calculated the RI 

index for NHB at the block group level based on 2000 Census data using a previously 

derived local, spatial measure of RI (43), which was in turn derived from the global spatial 

isolation index developed by Reardon and O’Sullivan (44). Using 2000 Census data on 

racial composition, we calculated block group-level RI scores by accounting for the 

population composition in the index block group along with adjacent block groups. The 

index ranges from 0 to 1, where index values close to 0 indicate that NHB in that 

“neighborhood environment” (i.e., the index block group and adjacent block groups) were 

living with nearly all non-NHB, and index values close 1 indicate that NHB in that 
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neighborhood environment were living with nearly all NHB. We summarize the index in the 

Supplemental Material. Each child in the final study sample was assigned a RI index value 

based on the block group of maternal residence obtained from the NCDBR.

Statistical analysis

We used continuous reading and mathematics EOG test scores as dependent variables. The 

host exposure of interest was birthweight percentile for gestational age. Birthweight 

percentile for gestational age serves as a measure of fetal growth and was determined by 

comparing the birthweight for each birth in our study population with a national sex-specific 

reference distribution (45).

Environmental exposures included blood lead level and maternal smoking status during 

pregnancy. Blood lead level was categorized into one of four categories: 1, 2-4, 5-9, and 10+ 

μg/dL. Maternal smoking status was a binary variable (1=reported smoking during 

pregnancy).

Social exposures of interest were RI calculated at the block group level and whether the 

student was economically disadvantaged, available at the individual student level and 

indicated by participation in the free/reduced price lunch program (binary variable, 

1=participation in the program). Eligibility for the free/reduced-price lunch program, which 

is administered by the US Department of Agriculture, is based on family income: in the 

2016-2017 school year, to qualify for free/reduced price lunch, the maximum income for a 

household of four was $31,590 and $44,955, respectively (46). Racial isolation was 

categorized by quintile (higher quintiles indicate greater block group-level racial isolation 

[segregation] of non-Hispanics blacks).

Preliminary analysis revealed differential covariate distributions by race group (Table 1). To 

accommodate racial heterogeneity, we fit adjusted race-stratified models of EOG test scores 

regressed on exposures of interest, separately by subject matter. In addition to host, 

environmental, and social exposures of interest, adjusted models controlled for potentially 

confounding maternal and child-level factors. Maternal characteristics collected at the time 

of delivery included age in years, categorized as 15–19, 20–24, 25–29 (reference level), 30–

34, 35–39, and 40–44; educational attainment, categorized as less than high school (<12th 

grade), completed high school (12th grade; reference level), and completed college (≥16 

years of education); and marital status. We adjusted for child male sex, daily computer use at 

home, and age at which the blood lead screen occurred to control for age-dependent effects 

of lead exposure.

Additionally, we included median household income at the block group level as a measure of 

neighborhood-level SES. Individuals from higher-poverty neighborhoods fare worse than 

those residing in low poverty neighborhoods with respect to a range of outcomes relating to 

health (47), education (48), and SES, with recent research providing strong evidence of 

causal effects of childhood neighborhood poverty levels and income as an adult (49). School 

and school district ID were included as random effects to account for potential unobserved 

heterogeneity in school and district-level quality and socioeconomic context.
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To investigate whether the relationship between EOG test score and birthweight percentile 

for gestational age differed by blood lead level, we considered a model specification that 

included an interaction term between birthweight percentile for gestational age and blood 

lead level. We also considered a second specification that included an interaction term 

between blood lead level and neighborhood RI. All analyses were conducted in R, version 

3.6.2 (50).

RESULTS

Sample characteristics

The mean birthweight percentile for gestational age was 51 (sd=29) for NHW children 

compared with 39 (sd=27) for NHB children (Table 1). The mean blood lead level among 

NHB children (4.60 μg/dL) was higher than that for NHW children (3.66 μg/dL), and 41% 

of NHB children had blood lead levels ≥ 5 μg/dL, compared to 25% of NHW children. 

Among NHB children, 45% lived in the highest RI quintile (neighborhoods that are mostly 

NHB), compared to 5% of NHW children; 2% of NHB children lived in the lowest RI 

quintile (neighborhoods that are mostly non-NHB), compared to 31% of NHW children. 

Compared with NHW children, NHB children had lower mean scores in reading (difference 

~ 6.6) and mathematics (difference ~ 6.4). The interquartile range for reading scores was 12 

points for both NHB and NHW; for math, the interquartile range was 11 points for NHW 

children and 10 for NHB children.

Distribution of exposures

To provide a sense of the geographic distribution of key exposures, we map host, 

environmental, and social exposures for NHW and NHB children at the Census block group 

level. Figure 2 shows the proportion of infants that were born small for gestational age 

(<10th percentile birthweight for gestational age); Figure 3 maps the proportion of mothers 

who reported smoking during pregnancy (Figure 3, Panel A) and the proportion of children 

with blood lead levels ≥ 5 μg/dL (Figure 3, Panel B); and Figure 4 maps the proportion of 

children who are economically disadvantaged (Figure 4, Panel A) and RI of NHB (Figure 4, 

Panel B). Each figure includes a histogram showing the distribution of the variable in the 

NHB and NHW study population, as well.

Multiple exposures

Using individual-level information on key exposures, we identified the most common 

exposure combinations, considering individual-level economic disadvantage (indicated by 

receipt of free or reduced price lunch), maternal smoking during pregnancy, small-for-

gestational age at birth (≤10th percentile birthweight for gestational age), and a blood lead 

level ≥ 5 μg/dL, the CDC reference threshold (51) (Table S2). For both NHB and NHW, the 

most common single exposure was economic disadvantage (80.3% and 39.8%, respectively), 

followed by elevated lead exposure (41.1% and 25.5% with blood lead levels ≥ 5 μg/dL, 

respectively). The most common exposure combinations were economic disadvantage and 

elevated lead levels, a combination experienced by 35.0% of NHB children and 12.9% of 

NHW children.
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In contrast to other exposures, RI of NHB is measured at the block group (neighborhood) 

level, rather than the individual level, and does not have a specific threshold value to 

distinguish between “exposed” versus “unexposed” children. However, key individual-level 

adverse exposures were often more common in children residing in block groups belonging 

to the highest RI quintiles. To illustrate, the proportion of the study population experiencing 

economic disadvantage is shown by RI quintile for NHB and NHW children in Figure 5. 

The size of each “pie” in Figure 5 is proportional to the percentage of the NHB population 

(top row) and NHW population (bottom row) residing in each RI quintile.

Very few NHB reside in the lowest RI quintile (RI quintile 1 – low racial isolation of NHB), 

while nearly one third of NHW children reside in this RI quintile. The majority of NHB 

children in this quintile experience economic disadvantage, which is not true of NHW 

children. Moving across the pie charts from left to right in the first row (corresponding to 

NHB children), a growing slice of each pie belongs to NHB children experiencing economic 

disadvantage. Nearly three-quarters (73.7%) of NHB children reside in the highest two RI 

quintiles; of those residing in these quintiles, the majority (82.6%) experience economic 

disadvantage. By comparison, 20.0% of NHW children reside in the highest two RI 

quintiles, and of these children, fewer than half experience economic disadvantage (44.9%).

In Figure 6, the size of each pie is proportional to the percentage of the population residing 

in each RI quintile. Examining the first row, NHB children in the highest two RI quintiles 

are more likely to have elevated blood lead test results (e.g., ≥5 μg/dL) compared to children 

residing in the lowest two RI quintiles (42.4% vs. 35.3%, respectively). Similarly, NHW 

children in the highest two RI quintiles are also more likely to have elevated blood lead 

levels compared to NHW children in the lowest two RI quintiles (30.4% vs 23.8%, 

respectively). However, in any given RI quintile, NHW children are less likely to have 

elevated blood lead levels than NHB children in the same quintile. Overall, 31.3% of NHB 

children in the study sample reside in the two highest RI quintiles and have lead levels ≥ 5 

μg/dL, compared to 6.1% of NHW children.

Statistical Analysis

Box plots of reading and mathematics EOG scores versus blood lead level suggest a negative 

relationship between EOG scores and blood lead levels among both NHB and NHW (SM, 

Figure S1). Plots of reading and math EOG scores versus birthweight percentile are 

suggestive of a positive relationship between EOG scores and birthweight percentile (SM, 

Figure S2).

Reading and math scores among children born to mothers who smoked during pregnancy 

suggest a negative relationship between prenatal smoking and EOG scores. Mean reading 

and math scores were 3.6 and 3.3 points lower, respectively, among children born to NHW 

mothers who reported smoking during pregnancy compared to children born to NHW 

mothers who did not report smoking during pregnancy (Table 2). Among children born to 

NHB mothers who reported smoking during pregnancy, reading and math scores were 1.5 

and 1.4 points lower, respectively, than scores of children born to mothers who did not report 

smoking during pregnancy.
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Results from four statistical models (test scores in 2 subjects × 2 race groups) with blood 

lead level as a categorical variable (1, 2-4, 5-9, ≥10 μg/dL) are presented in Tables 3 and 4. 

Results from equivalent models in which blood lead level was represented continuously are 

provided in the SM, Tables S3 and S4.

Reading scores—Birthweight percentile for gestational age was positively associated 

with reading scores among both NHW and NHB, indicating that children who weighed less 

at birth, controlling for length of pregnancy (including infants born within the term range, 

≥37 weeks), had lower test scores compared to their higher percentile counterparts born at 

the same gestational age. A one standard deviation increase in birthweight percentile (sd=29 

for NHW and sd=27 for NHB) was associated with an increase of 0.22 (95% confidence 

interval: 0.14, 0.31) and 0.25 (0.14, 0.35) points in reading scores among NHW and NHB, 

respectively (Table 3).

Higher lead levels were associated with worse reading test scores among both NHB and 

NHW, and decrements in reading scores associated with higher lead levels were larger for 

NHB than NHW. Specifically, NHW and NHB children with blood lead levels of 2-4 μg/dL 

had reading scores that were 0.55 (0.30, 0.81) and 0.57 (0.12, 1.02) points lower, 

respectively, compared to the reference group (blood lead level =1 μg/dL). For NHW and 

NHB children with blood lead levels of 5-9 μg/dL, reading scores were 0.79 (0.50, 1.08) and 

1.08 (0.62, 1.54) points lower. For context, the 1.08 decrement in reading scores represents 

9% of the interquartile range of 12. NHW and NHB children with blood lead levels ≥10 

μg/dL had reading scores that were 1.38 (0.74, 2.02) and 1.82 (1.16, 2.49) points lower, 

respectively, compared to the reference group. Over 40% of NHB children and 

approximately 25% of NHW children had blood lead levels ≥5 μg/dL.

Maternal smoking was associated with lower reading test scores among NHW, but not NHB. 

Specifically, NHW children whose mothers smoked during pregnancy had reading scores 

that were 0.63 (0.42, 0.85) points lower compared to those whose mothers did not smoke. 

The association between maternal smoking and reading test scores was not significant 

among NHB, perhaps related to the lower rates of smoking during pregnancy among NHB in 

this study population.

Among NHW, neighborhood RI was not associated with reading scores, which should not 

surprise us as RI is defined here relative to NHB. Among NHB, children in higher RI 

quintiles had larger decrements in reading scores, and the magnitude of the coefficients 

increases in a notable fashion. For example, NHB children born in a block group belonging 

to the highest RI quintile would have reading scores approximately 1.54 (0.74, 2.34) points 

lower than a child born in a block group belonging to the lowest RI quintile.

In addition to the results presented in Table 3, we also examined race-stratified adjusted 

models of reading EOG scores that included an interaction term between birthweight 

percentile for gestational age and blood lead level, and a second model that include an 

interaction term between blood lead level and neighborhood RI. Neither of the interaction 

terms were statistically significant, so we report results from the adjusted model without any 

interactions.
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Mathematics scores—A one standard deviation increase in birthweight percentile for 

gestational age was associated with an increase of 0.33 (0.25, 0.41) and 0.38 (0.28, 0.48) 

points in math EOG scores among NHW and NHB, respectively (Table 4).

Higher lead levels were associated with lower math test scores. In NHW children with blood 

lead levels of 2-4 μg/dL, math scores were 0.39 (0.27, 0.42) points lower compared to NHW 

children in the reference group (blood lead level =1 μg/dL). Among NHB children with 

blood lead levels of 2-4 μg/dL, while the coefficient tended negative, math scores were not 

statistically significantly different from those in the reference group. However, NHW and 

NHB children with blood lead levels in the range of 5-9 μg/dL had math scores that were 

0.61 (0.34, 0.87) and 0.82 (0.40, 1.25) points lower, respectively, compared to the reference 

group. NHW and NHB children with blood lead levels ≥10 μg/dL had reading scores that 

were 1.13 (0.54, 1.71) and 1.05 (0.44, 1.66) points lower, respectively, compared to the 

reference group.

Among NHB, higher levels of RI were generally associated with larger decrements in 

mathematics scores. Non-Hispanic black children born in the highest quintile of RI had math 

scores 1.12 (0.38, 1.87) points lower compared to NHB children born in the lowest quintile 

of RI. For NHB, the relationship between RI and test scores exhibits an impact on test scores 

that increases with each quintile of racial isolation, with the second quintile trending 

negative (but not statistically significant) at −0.67 (−1.42, 0.87), the third quintile significant 

at −0.77 (−1.50, −0.032), the fourth quintile significant and still larger in magnitude at −0.91 

(−1.64, −0.17), and the fifth quintile having the largest impact at −1.12 (−1.87, −0.38).

We also examined race-stratified adjusted models of mathematics EOG scores that included 

an interaction term between birthweight percentile for gestational age and blood lead level, 

and a second model that include an interaction term between blood lead level and 

neighborhood RI. Neither interaction term was statistically significant, so we report results 

from the adjusted model without any interactions.

DISCUSSION

In a 2016 review article on neighborhood environments, Minh et al. cite a process called 

biological embedding (34), through which “social and environmental experiences in a child's 

early years are theorized to shape physiological changes that have lifelong protective or 

detrimental effects on children's learning, behavior, health and wellbeing.” The authors go 

on to emphasize the potential productiveness of “a research agenda using longitudinal 

population-based data linkages.”

While we are not positioned to evaluate physiological changes, we do successfully link 

children longitudinally across three administrative datasets (birth records, lead screening, 

and educational testing records), which we geographically reference based on children’s 

home addresses. We link the geographically referenced administrative data to multiple 

measures of social and environmental exposures via shared geography. The resulting spatial 

data architecture allows us to examine the concomitant effects of social, environmental, and 

host factors on educational testing outcomes.
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Although the coefficients on the key social and environmental variables may appear small, 

they are meaningful. The interquartile range (IQR) in reading EOG scores was 12 points for 

both NHB and NHW; for math, the IQR was 11 and 10 for NHB and NHW, respectively. For 

reading EOG scores, the coefficients associated with the highest category of lead exposure 

(blood lead level ≥ 10 μg/dL) were 15% and 12% of the IQR for NHB and NHW, 

respectively. The economic disadvantage coefficients were 19% and 22% of the IQR for 

NHB and NHW, respectively, and neighborhood RI was 13% and <1% of the IQR for NHB 

and NHW, respectively. The coefficients on birthweight percentile for gestational age and 

maternal smoking were, for both NHB and NHW, ≤5% of the IQR.

We also consider the magnitude of coefficients on the key host, social, and environmental 

exposures relative to that of maternal educational attainment (comparing children born to 

mothers without a high school degree versus those who completed high school), widely 

acknowledged to be an important predictor of academic performance (52). The magnitude of 

the coefficient for the highest level of lead exposure (NHB: −1.82 [−2.49, −1.16]; NHW: 

−1.38 [−2.02, −0.74]) was comparable to maternal educational attainment for NHB (−1.93 

[−2.20, −1.66]) and over half the size of maternal educational attainment for NHW (−2.44 

[−2.69, −2.20]). The coefficients on economic disadvantage, as measured by free/reduced 

lunch, (NHB: −2.23 [−2.52, −1.94]; NHW: −2.61 [−2.80, −2.41]) were larger than those of 

maternal educational attainment. Neighborhood RI of NHB in the highest quintile of RI 

(NHB: −1.54 [−2.34, −0.74]); NHW: 0.12 [−0.33, 0.56]) was comparable to the size of 

maternal educational attainment for NHB, but <5% of the maternal educational attainment 

coefficient for NHW. Coefficients on birthweight percentile for gestational age and smoking 

were about one tenth the size of the maternal educational attainment, with the exception of 

smoking among NHW (−0.63 [−0.85, −0.42]), which was one quarter the size of maternal 

educational attainment.

The relevance of multiple exposures may depend, in part, on whether the etiologic 

mechanisms of exposure are transient or irreversible. That is, it is not known whether the 

combined effects of host, environmental, and social exposures are additive, or if, for 

example, being in a low birthweight percentile for gestational age heightens susceptibility to 

adverse effects of lead exposure. Because the effects of birthweight percentile for gestational 

age, lead exposure, and neighborhood exposures are persistent (10, 22, 48), the cumulative 

effect of these combined exposures is of interest. Here, we did not observe evidence of 

interactions between birthweight percentile for gestational age and blood lead level, or 

neighborhood RI and blood lead level. Nonetheless, significant effects are observed for 

multiple host, social, and environmental exposures, and these exposures accrue 

disproportionately to NHB children.

For example, consider the exposures of economic disadvantage and neighborhood RI, and 

their associations with reading scores. Approximately 61% of NHB children in the study 

sample reside in block groups in the highest two RI quintiles and experience economic 

disadvantage; based on the estimated regression coefficients, this group of children are 

expected to have decrements in test scores ranging from approximately −3.38 to −3.77 

points. By comparison, only 9% of NHW children in the study sample experience this 

combination of exposures (i.e., residence in block groups belonging to the highest two RI 
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quintiles and economic disadvantage), and the estimated decrement in their test scores is 

−2.61 points. For lead, 31.3% of NHB children reside in the highest two RI quintiles and 

have lead levels ≥5 μg/dL, with an estimated decrement in test scores ranging from −2.23 to 

−3.36 points. This compares with a decrement ranging from −0.79 to −1.38 points for the 

6.10% of NHW with comparable exposure levels. Thus, even in the absence of interactive 

effects between adverse exposures, NHB children experience more deleterious combined 

exposures, resulting in larger decrements to test scores compared to NHW children.

Although standardized test scores in reading and mathematics are imperfect measures of 

intelligence or cognitive ability, EOG performance is associated with socioeconomic 

outcomes in the longer-term (53). Decrements in EOG scores associated with key exposures, 

such as lower birthweight percentile, higher blood lead level, or higher neighborhood RI 

may represent a decline of only one or two points, but individually or in combination with 

one another or other exposures, these decrements may have significant consequences. In 

particular, EOG performance is used to make decisions about children’s educational 

progress, as well as access to augmented resources.

For children on the low end of the test score distribution, one or two points may mean 

missing the cut-off for progression to the next grade. In other work, grade retention is 

associated with lower high school graduation rates (54), indicating the potential for long-

term implications of poor school performance, even in early grades. For children at the high 

end of the test score distribution, one or two points may determine eligibility for advanced 

and intellectually gifted programs, which rely heavily on test scores to sort students. To the 

extent that the adverse exposures cumulate more in poor and minority communities, we are 

essentially shaping cultural perceptions of what gifted populations look like.

To the best of our knowledge, this is the first study to estimate associations between EOG 

test scores and RI, a formal measure of RRS. Racial segregation has been associated with 

health outcomes in children and adults, such as infant (55, 56) and adult mortality (57, 58) 

and cardiovascular health (59), and represents an understudied but potentially important 

determinant of disparities in child development. In this study sample, at time of birth, nearly 

half (45.5%) of NHB children resided in block groups belonging to the highest quintile of 

RI. A NHB child residing in a block group (at birth) belonging to the highest RI quintile is 

estimated to have a reading score approximately 1.54 points lower than a comparable child 

born in a block group belonging to the lowest RI quintile. For comparison, this is similar in 

magnitude to associations observed for a child born to a NHB mother who did not finish 

high school compared to a mother with a high school diploma or a child with a blood lead 

level ≥10 μg/dL compared to a child with a blood lead level = 1 μg/dL.

While formulated relative to NHB, and thus difficult to interpret in the NHW models, our 

local, spatial measure of RI adds an important contribution to the environmental health 

literature. Despite numerous policy measures and changing attitudes, on average, minorities 

in the United States still tend to reside in locally segregated neighborhoods. This work 

explicitly implicates RI in the educational performance of NHB children. We posit that this 

results from the accumulation of disadvantages that accrue to segregated neighborhoods. 

This methodological approach is meant to shift conversation from race, a non-modifiable 
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individual-level attribute, as a driver of outcomes to the experience of minorities in 

segregated communities (modifiable) as a driver of outcomes. This work thus broadens the 

conversation on policy interventions to support the full achievement of all children in the 

United States.

This study has several limitations. We identified associations between exposures and 

educational outcomes, but we cannot infer causality from these associations. We controlled 

for RI at time of birth but did not consider associations between EOG scores and 

neighborhood RI at other points in time (e.g., time of lead screening, EOG testing). 

However, a study of verbal ability in African American children in Chicago concluded that 

the effects of neighborhood on verbal ability in children were “not instantaneous, but rather 

manifested several years later” (48). This finding supports our use of neighborhood RI at 

birth, years prior to EOG testing. Relatedly, we did not consider how moving between 

neighborhoods may relate to test scores, either due to residential instability or through the 

conditions of the different neighborhoods a child lives in. Considering residential instability 

and neighborhood conditions at other points in the life course is an opportunity for future 

work. Another limitation relates to the study sample’s representativeness of North Carolina’s 

population. For example, the study sample excluded children born to mothers with a 

residential address at the time of the child’s birth that could not be found/matched in a 

reference address dataset. It is possible that the individuals removed from the analysis may 

systematically differ with respect to characteristics affecting exposure and/or outcomes (i.e., 

those without geocodable addresses may be a more transient, lower SES population), which 

may affect the generalizability of results. As described in the Methods section, the final 

analysis dataset differed from the initial dataset (NCDBR) with respect to maternal- and 

child-level demographic characteristics. We only used one lead test result for each child, as 

opposed to repeated measures over time. While it would be ideal to have multiple 

measurements of lead for each child, such repeated measures are not available through the 

state’s blood lead surveillance data, as very few children had multiple lead test results. 

Repeated measures of lead exposure are typically only available in small studies that follow 

children over time. Here we attempt to leverage the more population-level data that the 

state’s surveillance data provides. Moreover, single measures of blood lead levels have been 

used in previous studies of lead exposure and developmental outcomes (17, 18, 60, 61).

Furthermore, our findings may be biased as a result of unmeasured confounders, i.e., factors 

that relate to both a child’s performance on tests and the key exposures of interest. We 

attempted to mitigate potential bias by controlling for maternal- and child-level covariates, 

such as maternal education and computer usage, and included random effects at the school 

and school district levels. We did not consider potential for mediation relationships, but 

consider this a possible avenue for future research. Finally, the prenatal smoking variable 

obtained from the NCDBR is self-reported and may not accurately represent smoking 

prevalence during pregnancy. However, maternal smoking during pregnancy is likely to be 

underreported, which should bias the association between maternal smoking and EOG 

scores towards the null. It is also possible that the associations for maternal prenatal 

smoking estimated in this analysis reflect childhood exposure to tobacco smoke (62), 

particularly if women who reported smoking during pregnancy continue to smoke after 

giving birth.
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This study has important strengths as well. To the best of our knowledge, it is one of the first 

studies to examine both lead exposure and pregnancy outcomes with respect to standardized 

test scores and the first study to examine associations between neighborhood RI and 

standardized test scores. We consider RI as a social exposure, considering it as a possible 

proxy for the cumulation of social and environmental dis-amenities that accrue in 

predominantly minority communities.

Consideration of pregnancy outcomes is important, as research has demonstrated that 

outcomes such as low birthweight are associated with cognitive development (63), but most 

studies of lead and cognition do not have information about the child’s birth. Such studies 

are precluded from investigating, for example, whether adverse birth outcomes interact with 

lead exposure to negatively affect test scores. To the best of our knowledge, only one other 

study has considered the effect of lead exposure on 3rd grade standardized test scores while 

adjusting for adverse pregnancy outcomes (61). Evens et al (2015), concluded that lead 

exposure was associated with decrements in test scores, even after adjustment for individual-

level confounders, including birth outcomes. However, this study was based in an 

exclusively urban, predominantly NHB (64%) and Hispanic (28%) student population in 

Chicago, Illinois, and the analysis adjusted only for individual-level confounders, despite 

evidence linking neighborhood conditions – primarily measures of poverty – with childhood 

health and developmental outcomes (34, 64).

Our study is responsive to a recent call for the use of population-level databases linking data 

on place and childhood developmental outcomes to advance a research agenda that 

prioritizes policy-relevant questions about how, where, and for whom neighborhoods are 

important (34).

The relatively large sample size allowed us to evaluate associations between multiple 

exposures of interest and EOG test scores, separately among NHB and NHW; such an 

analysis would not be feasible in a dataset of a few hundred or even a few thousand children. 

Finally, the study sample represents a relatively diverse population of NHW and NHB 

children residing in communities with differing degrees of urbanicity, racial/ethnic 

composition, and wealth.

In this work, we find disparities in exposure. For example, NHW children are more likely to 

be exposed to maternal smoking compared to NHB children; and NHB children are more 

likely to be exposed to lead and at higher levels than NHW children. We also find disparities 
in effect. For example, high maternal educational attainment has a larger association with 

child testing outcomes for NHW compared to NHB; the impact of lead exposure in the same 

ranges is associated with a greater decrement in test scores among NHB children compared 

to NHW children; and statistically significant decrements in test scores are associated with 

neighborhood RI for NHB children but not NHW children.

Increasingly, scientific evidence indicates that adult health disparities are rooted in adverse 

exposures sustained in utero and during infancy and early childhood (65). Thus, to fully 

eradicate health disparities, we must consider not only those adverse exposures that occur in 

close temporal proximity to the outcome, but also the fundamental causes of disparities. 
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These may include socially and spatially patterned physical, environmental, and 

socioeconomic exposures occurring at different stages of the life course (66). Although 

evaluating the health effects of multiple adverse exposures sustained across space and time is 

a challenge, requiring longitudinal and spatial datasets, improved understanding of the 

cumulative effect of multiple adverse exposures, particularly those sustained in early life, 

will inform approaches to achieving health equity and fostering healthy communities.
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HIGHLIGHTS

• Key exposures accrue disproportionately to non-Hispanic Black (NHB) 

children

• Economic disadvantage in 4th grade was associated with lower 4th grade test 

scores

• Higher blood lead levels were associated with lower 4th grade test scores

• Neighborhood racial isolation at birth was associated with lower test scores 

for NHB children only

Bravo and Miranda Page 20

Environ Res. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Forces shaping health and developmental outcomes. Image reproduced with permission.
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Figure 2. 
Host exposure: Proportion of children born small-for-gestational age (<10th percentile of 

birthweight percentile for gestational age). The small for gestational age variable, which is 

derived from the detailed birth records, is shown based on the child’s block group of 

residence at time of birth.
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Figure 3. 
Environmental exposures: Proportion of children with mothers who reported smoking during 

pregnancy (Panel A); and proportion of children with blood lead level ≥5 μg/dL (Panel B). 

The maternal smoking during pregnancy variable, which is derived from the detailed birth 

records, is shown based on the child’s block group of residence at time of birth. The blood 

lead level variable, obtained from the blood lead screening data, is shown based on the 

child’s residence at time of lead screening. Approximately 10% of children in the final 

analysis dataset were missing residential address at time of lead screening. These children 

are not included in the proportion of children with lead levels ≥5 μg/dL.

Bravo and Miranda Page 23

Environ Res. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Social exposures: proportion of children who are economically disadvantaged (Panel A) and 

neighborhood racial isolation of NHB (Panel B). The economic disadvantage variable, 

obtained from the EOG dataset, is shown based on the child’s block group of residence in 

4th grade, at time of testing. Approximately 10% of children in the final analysis dataset 

were missing addresses at time of EOG testing. These children are not included in the 

proportion calculated for the economic disadvantage map. RI of NHB values are shown for 

all block groups with non-zero population in the neighborhood environment (i.e., the index 

block group and adjacent block groups).
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Figure 5. 
Individual-level economic disadvantage by race and neighborhood (block group) RI quintile
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Figure 6. 
Individual-level blood lead level by race and neighborhood (block group) RI quintile
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Table 1.

Summary statistics of North Carolina fourth graders from 2008–2010 linked to birth certificate data and blood 

lead screening records, by race/ethnicity

NHB
(n=24,197)

N (%)
a

NHW
(n=40,954)

N (%)
a p-value

b

Child characteristics

Reading EOG test score, mean (SD) 341.3 (8.5) 347.9 (9.1) <0.0001

Math EOG test score, mean (SD) 346.7 (7.8) 353.1 (8.4) <0.0001

Gestational age, weeks, mean (SD) 38.6 (2.3) 39.9 (1.9) <0.0001

Birthweight percentile for gestational age, mean (SD) 39.2 (27.4) 51.4 (28.6) <0.0001

Blood lead test result (μg/dL), mean (SD) 4.60 (3.15) 3.65 (2.50) <0.0001

Blood lead test result (μg/dL)

 1 1,387 (5.73) 4867 (11.9) <0.0001

 2-4 12,859 (53.1) 25,648 (62.6)

 5-9 8,954 (37.0) 9,692 (23.7)

 ≥10 997 (4.12) 747 (1.82)

Age at time of lead testing (years) 1.88 (1.22) 1.68 (1.21) <0.0001

Male sex 12,075 (50.0) 21,016 (51.3) 0.02

Computer use (1=daily use) 2,060 (8.51) 1,553 (3.79) <0.0001

Economically disadvantaged 19,434 (80.3) 16,314 (39.8) <0.0001

Maternal characteristics
c

Reported smoking during pregnancy 2,705 (11.2) 8,993 (22.0) <0.0001

Age at time of child’s birth (years)

 15-19 6,170 (25.5) 5,779 (14.1) <0.0001

 20-24 8,788 (36.3) 10,898 (26.6)

 25-29 4,935 (20.4) 12,066 (29.5)

 30-34 2,821 (11.7) 8,284 (20.2)

 35-39 1,264 (5.22) 3,403 (8.31)

 40-44 219 (0.91) 524 (1.28)

Educational attainment

 Less than high school 6,911 (28.6) 8,254 (20.2) <0.0001

 High school diploma 15,382 (63.6) 24,037 (59.7)

 College diploma or higher 1,904 (7.87) 8,663 (21.2)

Unmarried at time of birth 18,014 (74.4) 10,110 (24.7) <0.0001

Neighborhood characteristics

Mean racial isolation (Census 2000) 0.43 (0.23 0.16 (0.13) <0.0001

Racial isolation percentile based on block group of residence at time of birth (Census 2000)

 ≤20th percentile (lowest RI) 477 (1.97) 12,559 (30.7) <0.0001

 21-40th 2,014 (8.32) 11,020 (26.9)
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NHB
(n=24,197)

N (%)
a

NHW
(n=40,954)

N (%)
a p-value

b

 41-60th 3,885 (16.1) 9,153 (22.3)

 61-80th 6,819 (28.2) 6,200 (15.1)

 >80th (highest RI) 11,002 (45.5) 2,022 (4.94)

Median household income ($) 30,720 (12,403) 40,787 (13,539) <0.0001

a
The cell count and percent are presented except in the case of continuous test scores, blood lead test results, and birth outcomes, where the mean 

and standard deviation are given as indicated next to the variable name.

b
Chisquare test was used to test for differences by race group for categorical variables. ANOVA was used for continuous EOG test scores which 

were approximately normally distributed. For other continuous variables, the Kruskal–Wallis test was used to test for differences by race group.

c
Maternal variables are based on reported maternal characteristics at time of the child’s birth.
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Table 2.

Average reading and mathematics End-of-Grade test scores in children of mothers that reported smoking 

during pregnancy

Reading EOG scores
Mean (standard deviation)

Mathematics EOG scores
Mean (standard deviation)

NHB mothers NHW mothers NHB mothers NHW mothers

Smokers 339.9 (8.4) 345.1 (8.8) 345.4 (7.5) 350.5 (8.0)

Non-smokers 341.4 (8.5) 348.7 (9.0) 346.8 (7.8) 353.8 (8.3)
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Table 3.

Reading EOG scores among 4th grade children

NHB NHW

Intercept 347.4 (346.4, 348.3) 349.9 (349.5, 350.4)

Child characteristics

Birthweight percentile for gestational age 0.25 (0.14, 0.35) 0.22 (0.14, 0.31)

Blood lead test result (μg/dL)

 1 Reference Reference

 2-4 −0.57 (−1.02, −0.12) −0.55 (−0.81, −0.30)

 5-9 −1.08 (−1.54, −0.62) −0.79 (−1.08, −0.50)

 ≥10 −1.82 (−2.49, −1.16) −1.38 (−2.02, −0.74)

Age at time of lead testing (linear, continuous term) −0.16 (−0.24, −0.073) −0.16 (−0.23, −0.091)

Male sex (1=male) −1.71 (−1.92, −1.51) −0.84 (−1.00, −0.68)

Computer use (1=daily) −3.07 (−3.43, −2.70) −2.59 (−3.02, −2.18)

Economically disadvantaged (1= yes) −2.23 (−2.52, −1.94) −2.61 (−2.80, −2.41)

Maternal characteristics

Reported smoking during pregnancy (1=smoker) −0.24 (−0.57, 0.10) −0.63 (−0.85, −0.42)

Age at birth (years)

 15-19 1.07 (0.72, 1.42) 0.72 (0.41, 1.03)

 20-24 0.11 (−0.18, 0.40) −0.41 (−0.64, −0.19)

 25-29 Reference Reference

 30-34 0.39 (0.018, 0.77) 0.54 (0.30, 0.77)

 35-39 0.58 (0.079, 1.08) 0.93 (0.61, 1.25)

 40-44 −0.33 (−1.43, 0.76) 0.83 (0.10, 1.55)

Educational attainment

 Less than high school −1.93 (−2.20, −1.66) −2.44 (−2.69, −2.20)

 High school diploma Reference Reference

 College diploma or higher 2.85 (2.43, 3.27) 4.09 (3.86, 4.32)

Unmarried at time of birth (1=unmarried) −0.84 (−1.12, −0.57) −0.49 (−0.71, −0.27)

Neighborhood characteristics

Racial isolation in block group of residence at time of birth (Census 2000)

 ≤20th percentile (lowest RI) Reference Reference

 21-40th −1.10 (−1.91, −0.28) 0.19 (−0.045, 0.42)

 41-60th −1.07 (−1.86, −0.28) 0.22 (−0.051, 0.49)

 61-80th −1.15 (−1.93, −0.36) −0.12 (−0.43, 0.19)

 >80th (highest RI) −1.54 (−2.34, −0.74) 0.12 (−0.33, 0.56)

Median household income (Census 2000) 0.42 (0.28, 0.57) 0.30 (0.19, 0.40)

The interquartile range for reading scores was 12 for both NHB and NHW.
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Table 4.

Mathematics EOG scores among 4th grade children

NHB NHW

Intercept 351.0 (350.1, 351.9) 353.9 (353.4, 354.4)

Child characteristics

Birthweight percentile for gestational age 0.37 (0.27, 0.47) 0.35 (0.27, 0.42)

Blood lead test result (μg/dL)

 1 Reference Reference

 2-4 −0.30 (−0.71, 0.12) −0.39 (−0.62, −0.15)

 5-9 −0.82 (−1.25, −0.40) −0.61 (−0.87, −0.34)

 ≥10 −1.05 (−1.66, −0.44) −1.13 (−1.71, −0.54)

Age at time of lead testing (linear, continuous term) −0.098 (−0.18, −0.019) −0.13 (−0.19, −0.070)

Male sex (1=male) −0.51 (−0.70, −0.32) 0.46 (0.32, 0.61)

Computer use (1=daily) −2.41 (−2.75, −2.01) −1.91 (−2.29, −1.53)

Economically disadvantaged (1= yes) −1.77 (−2.03, −1.50) −2.41 (−2.59, −2.23)

Maternal characteristics

Reported smoking during pregnancy (1=smoker) −0.24 (−0.55, 0.075) −0.47 (−0.67, −0.28)

Age at birth (years)

 15-19 1.01 (0.68, 1.33) 0.62 (0.34, 0.90)

 20-24 0.18 (−0.09, 0.44) −0.32 (−0.52, −0.11)

 25-29 Reference Reference

 30-34 0.31 (−0.035, 0.66) 0.40 (0.18, 0.61)

 35-39 0.22 (−0.25, 0.68) 0.59 (0.30, .88)

 40-44 0.031 (−0.98, 1.04) 0.50 (−0.16, 1.16)

Educational attainment

 Less than high school −1.879 (−2.04, −1.54) −2.28 (−2.50, −2.06)

 High school diploma Reference Reference

 College diploma or higher 2.80 (2.44, 3.32) 4.03 (3.81, 4.24)

Unmarried at time of birth (1=unmarried) −0.78 (−1.03, −0.52) −0.69 (−0.89, −0.49)

Neighborhood characteristics

Racial isolation in block group of residence at time of birth (Census 2000)

 ≤20th percentile (lowest RI) Reference Reference

 21-40th −0.67 (−1.42, 0.87) 0.29 (0.077, 0.51)

 41-60th −0.77 (−1.50, −0.03) 0.40 (0.15, 0.65)

 61-80th −0.91 (−1. 64, −0.17) 0.14 (−0.15, 0.43)

 >80th (highest RI) −1.12 (−1.87, −0.38) 0.074 (−0.33, 0.48)

Median household income (Census 2000) 0.39 (0.27, 0.54) 0.37 (0.28, 0.47)

The interquartile range for math scores was 11 and 10 for NHW and NHB children, respectively.
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