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In New Orleans a strong inverse association was previously identified between community soil lead and
4th grade school performance. This study extends the association to zinc, cadmium, nickel, manganese,
copper, chromium, cobalt, and vanadium in community soil and their comparative effects on 4th grade
school performance. Adjusting for poverty, food security, racial composition, and teacher-student ratios,
regression results show that soil metals variously reduce and compress student scores. Soil metals
account for 22%—24% while food insecurity accounts for 29%—37% of variation in school performance. The
impact on grade point averages were Ni > Co > Mn > Cu ~Cr ~ Cd > Zn > Pb, but metals are mixtures in
soils. The quantities of soil metal mixtures vary widely across the city with the largest totals in the inner
city and smallest totals in the outer city. School grade point averages are lowest where the soil metal
mixtures and food insecurity are highest.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Children are particularly sensitive to chemical exposures in the
environment (Landrigan and Goldman, 2011), and children living in
cities such as Baltimore and New Orleans are simultaneously
exposed to varying amounts of lead (Pb) and other metals from soil
depending on residential location (Mielke and Reagan, 1998; Mielke
et al.,, 1983, 2000, 2011a). Previous research on New Orleans found
an inverse relationship between student achievement on stan-
dardized tests at attendance district elementary schools and quan-
tities of multiple soil metals in the catchment area of each school
(Mielke et al., 2005a; Mielke PW and Berry, 2007). Further research
which included children’s blood Pb aggregated by school district
showed a strong inverse association between blood Pb and student
achievement on standardized tests and supports other research on
Pb neurotoxicity (Zahran et al., 2009). Many studies show that
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the accumulation of Pb in neighborhood soils significantly predicts
child blood Pb and likelihoods of exceeding medically meaningful
thresholds (Mielke et al., 2007; Zahran et al., 2010, 2011).

The primary objective of this study is to empirically extend
Zahran et al.’s (2009) analysis of student performance on Louisiana
Educational Assessment Program (LEAP) tests in various subject
areas to a suite of metals in the soil including Pb, Zn, Cd, Ni, Mn, Cu,
Cr, Co, and V, by: 1) integrating crucial school-level information
like racial composition, food insecurity, student poverty, and
teacher—student ratios to control for confounding effects;
2) analyzing student performance by indices of ordinal variation
(IoV) and consensus (I0C) to address how soil metal accumulation
may compress the distribution of test scores; and 3) calculating the
contribution of soil metals to school test scores by a variance
decomposition technique.

Our analysis is organized into three parts. First, we detail our
research design, including dataset construction, measurement
of variables, school characteristics and analytic strategy. Second,
we report descriptive, geographic, correlation, regression, and
principal components analyses. Third, with conditional elasticities
of student test scores by subject area vs. soil metal quantities, we
comment on policy implications related to high-stakes testing and
collateral benefits of soil metal remediation.
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2. Methods
2.1. Dependent variables

LEAP is publically available data that is part of Louisiana’s criterion-referenced
testing program, measuring student mastery of state education standards
(Louisiana Department of Education, 2012). LEAP tests are administered to 4th and
8th grade students, measuring achievement in the four subject areas of science,
mathematics, English language arts, and social studies. Student test scores are
graded categorically as: advanced (a), proficient (p), basic (b), approaching basic (ab),
and unsatisfactory (u).

LEAP scores for 119 elementary schools in metropolitan New Orleans provide
the raw data for evaluating the impact of soil metal exposure on student achieve-
ment, adjusting for school-level characteristics. Frequency data by achievement
category for each elementary school are converted to a school grade point average
(GPA) by:

GPA (2.1)

_ Sng +4np +3n, + 2ngp + 1ny
N N

where ng, np, np, ngp, and n, denote the number of 4th grade students classified as
advanced, proficient, basic, approaching basic, and unsatisfactory, respectively, and
N = ng + np + np + ngp + Ny. Our school-level GPA variable ranges from 1 to 5. By
subject area, GPAs are highest for English and Language Arts (u = 2.264, ¢ = 0.469),
followed by Social Studies (1 = 2.131, ¢ = 0.501), Science (u = 2.129, ¢ = 0.502), and
Mathematics (¢ = 2.101, ¢ = 0.502), with all mean values falling between basic and
approaching basic achievement levels.

In addition to modeling school GPA, variation in student performance by indices
of ordinal variation (IOV) and consensus (IOC) were estimated. In the analyses that
follow, we test whether, controlling for potential confounding variables, soil metal
accumulation increases consensus in student performance of standardized tests.
Indices of ordinal variation and consensus allow one to describe the dispersion in test
scores while preserving the ordinal structure of the data. Insofar as soil metals
meaningfully impact school test performance, the dispersion in scores across cate-
gories of achievement ought to tighten. The IOV statistics assesses observed varia-
tion in ordinal data against theoretically maximum variation. Specifically, for c fixed,
mutually exclusive, and ordered categories from 1 to ¢ with frequencies nj,..., c,
where

N = in,», (22)

i=1

the index of ordinal variation is given by

10V = V/Vimax (2.3)
where
V= Zninj(j - l), (24)

i<j

the sum is over all pairs of i and j across categories of performance such that
1<i<j<cand

NZ
Vmax = (€ — 1)7 (2.5)
if N is even, or

N2 -1
Vimax = (€ — 1)% (2.6)
if N is odd (Berry and Mielke, 1992). The complement of IOV is the index of ordinal

consensus (I0C), given by

I0C = 1-10V. (2.7)

I0C scores among sampled elementary schools by subject area are highest in
Science (u = 0.590, ¢ = 0.061), followed by Social Studies (x = 0.566, ¢ = 0.058),
Mathematics (¢ = 0.536, ¢ = 0.078), and English (1« = 0.529, ¢ = 0.046). For analytic
economy, we focus analysis on student test performance in science. GPAs across
subject areas are highly correlated: English vs. Science (r = 0.953); English vs.
mathematics (r = 0.960); English vs. social studies (r = 0. 954); science vs. mathe-
matics (r = 0.963); science vs. social studies (r = 0.988); and mathematics vs. social
studies (r = 0.959). Variance partitioning results are reported for all subject areas in
Table 5. Full results for all subject areas are available from the primary author on
request.

2.2. Independent variables
2.2.1. Soil metals

The soil metal dataset was assembled from samples collected on the top 2.5 cm of
the soil surface within residential neighborhoods of metropolitan New Orleans. W;

where possible, 19 samples per census tract were collected, extracted and analyzed
as described previously (see Mielke et al., 2005b for thorough description of meth-
odology). Census tracts are a sensible geo-statistical unit for approximating neigh-
borhood soil metal conditions given their relative uniformity in population size in
New Orleans. Overall, the soil survey resulted in 5467 surface samples collected from
286 census tracts (Mielke et al., 2005b). The extraction procedure involved a room
temperature leachate method using 1 M nitric acid (HNOs3), which correlates well for
soil Pb with total and bioavailability methods (Mielke et al., 1983; U.S. EPA, 1996; Wu
et al,, 2010). Neighborhood (census tract) soil metal data are expressed in mg/kg of
Pb, Zn, Cd, Ni, Mn, Cu, Cr, Co, or V. In the statistical models that follow, each metal is
analyzed independently and then analyzed as a single index derived by principal
component analysis (PCA). Mathematically, PCA identifies eigenvectors (the scores)
and corresponding eigenvalues (the loadings) of the variance-covariance matrix. Our
summary soil measure has a sizable eigenvalue (./ = 6.488), and high proportion of
explained variance (0.721), indicating that soil metals cohere on a single dimension.
Descriptive statistics for these metals are presented for census tracts matched with
117 schools used in this study (see Table 1).

2.2.2. School characteristics

Three school-level variables are used in regression analyses to predict school
GPA and 10C: (1) student—teacher ratio, (2) students eligible for a free or discounted
lunch (referred to as food insecure), and (3) a Herfindahl index of school racial
composition (Hirschman, 1964). School-level data are from the National Center for
Education Statistics (U.S. Department of Education, 2012). Student—teacher ratio is
measured as the number of students divided by the number of full-time teachers.
For elementary schools examined, student—teacher ratios range from 9.09 to 25.85.
Percent food insecure is measured as the number of students qualifying for a free or
discounted lunch divided by student body size, multiplied by 100. Students are
entitled to a free lunch if household income is at or below 130 percent of Social
Security Administration poverty levels, and eligible for a discounted lunch if
household income is between 130 and at or below 185 percent of poverty levels.
Students are enrolled automatically in the National School Lunch Program (NSLP) if
they are homeless, a runaway, a migrant child, or enrolled in Head Start on the basis
of low-income criteria (U.S. Department of Agriculture, 2012). In our sample of
elementary schools, the percentage of food insecure students ranges from 25.16 to
97.10 (1 = 0.536, ¢ = 0.078). The racial composition of a student body is measured by
the Herfindahl index,

H =

i

N
s, (2.8)
-1
where s; is the proportional share of racial group i in an elementary school and N is
the number of racial groups (Hirschman, 1964). A maximum value of H = 1 indicates
a perfectly racially homogeneous school. The minimum value of H, attained when
racial groups are of equal number, depends on the number of racial groups in
a school (n), and is equal to 1/n. This racial homogeneity operation is to test claims in
education science about the social and pedagogic benefits of racial diversity in
elementary schools (U.S. Commission on Civil Rights, 2006). Of the 117 district
schools examined, 90 are 50% + minority population and 72 schools are
80% -+ minority population. All school-level information corresponds with the date
of LEAP testing.

2.3. Empirical strategy

School GPA and 10C scores in the subject area of science are modeled, controlling
for potential confounding variables, as a function of metal accumulation in
elementary school community soils by ordinary least squares (OLS) regression.
Marginal effects or elasticities of student performance for both GPA and IOC scores
are calculated with control variables fixed at their sample means, deriving the
expected percent decline in achievement outcomes in science. The model for the
school GPA (y) and I0C (y) in school i is specified as:

Vi = Bo+ 6151 +Baxa +€ (2.9)

where, Sy is the soil metal content of neighborhood soil, x2 is a vector of school-level
characteristics and e is a residual (with assumed Gaussian structure).

We also use a variance partitioning procedure to determine the relative
importance of predictors in explaining variation in school-level test performance.
Relative importance is determined by averaging semi-partials obtained for each
predictor across all p! orderings (Zahran et al., 2012). We detail the logic of our
variance decomposition procedure as follows:

For the squared multiple correlation coefficient for p predictors, R3 23 p» the pth
squared semi-partial correlation coefficient is given by

2 w2 2
5123 p-1 = Ro123.p ~RG123. p-1- (2.10)

Additionally, thxv123.v,p can be defined in terms of squared semi-partial correla-
tion coefficients as
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Table 1
Descriptive statistics for each of the soil metals sampled. Median metal values are expressed in mg/kg units.
Percentile Lead Manganese Nickel Cadmium Zinc Copper Chromium Cobalt Vanadium Multiple
(Pb) (Mn) (Ni) (Cd) (Zn) (Cu) (Cr) (Co) (V) metal
1 6 72 2.6 0.3 23 4.6 0.1 13 1.0 127
2 8 73 3.0 0.4 27 4.8 0.4 13 14 131
3 12 74 3.9 0.5 33 52 0.8 14 23 155
4 14 79 43 0.5 38 54 0.9 14 24 168
5 15 81 4.7 0.8 40 54 1.0 1.6 24 178
6 17 81 49 1.1 42 5.6 1.0 2.0 2.5 179
7 18 81 49 1.1 51 6.3 1.0 24 2.6 182
8 19 81 5.1 1.1 52 6.9 1.0 2.7 2.7 188
9 20 82 5.2 1.2 53 71 1.0 2.8 2.7 192
10 21 85 52 1.2 55 7.1 1.0 29 2.8 200
20 34 103 6.1 14 69 9.4 1.2 33 31 225
30 46 116 6.8 1.7 84 114 14 3.5 33 289
40 69 126 7.4 2.0 122 153 1.7 39 3.7 376
50 82 134 8.1 2.6 176 194 2.0 42 41 442
60 197 139 9.0 2.8 226 215 2.6 4.9 4.4 632
70 278 150 9.6 3.2 287 27.0 29 53 4.7 761
80 490 165 10.0 3.6 368 326 35 5.8 52 1065
90 689 185 11.2 4.4 454 38.0 4.0 6.2 6.0 1344
91 724 185 114 44 467 39.0 4.1 6.3 6.0 1375
92 758 186 11.8 4.4 473 39.6 41 6.3 6.1 1393
93 780 188 119 44 498 399 42 6.4 6.2 1408
94 795 189 12.0 4.5 532 40.3 4.3 6.4 6.2 1615
95 796 197 12.0 4.7 602 40.8 4.7 6.5 6.3 1757
96 857 200 121 48 658 424 48 6.8 6.4 1767
97 1052 210 125 4.8 785 44.5 54 6.8 6.7 1838
98 1102 218 129 5.0 828 49.9 6.0 6.9 7.0 1889
99 1158 227 135 5.2 865 52.8 6.6 7.0 7.7 2205
Mean 238 135 8.2 2.6 221 209 23 4.4 4.2 637
Std. Dev. 280 36 23 1.2 181 119 1.3 14 1.2 477
N 117 117 117 117 117 117 117 117 117 117
122 collected by the Louisiana Childhood Lead Poisoning Prevention Program (LACLPPP),
R(2)123 P E Z Z Vij (211) as part of the childhood blood-lead surveillance system (CBLSS) (Louisiana CBLSS,
i=1j=1 2004; Louisiana Lead Poisoning Prevention Program Rules, 2008). Soil Pb to blood
where Pb to student test performance is the presumed general casual sequence (Zahran
et al.,, 2009). Regression results show a strong positive association between soil Pb
p-1 and blood Pb (adjusted R?> = 0.724). Median blood Pb in children is highest in
(j— 1 ) elementary school communities with the highest observed amounts of soil Pb.
Vi = 1 Z rg(i‘ ) (2.12) Neighborhood soil Pb quantities are also strongly associated with the other soil

p71>
and./={1,...,p} is a subset of 1,..., p containing a combination of j—1 predictor
indices. Thus, R(21.123.,.p is decomposable into p(2P~1) squared semi-partial correla-
tion coefficients. The relative importance or contribution to explained variance of
predictor i, i =1, ...p, is given by

(i}

=

1
G==->V (2.13)
Pj:1
And, since
5 P
Rois.p = .G (2.14)
i=1

the G; values constitute exhaustive partitions of R%_123___p.

2.4. Soil metal exposure assumption in the absence of complete bio-marker
information

The association between soil Pb and blood Pb is well-described for the children
of New Orleans (Mielke et al., 1997, 2007, 2011a; Zahran et al., 2009, 2011), however,
because households migrate and student populations transfer schools the question
of student exposure to neighborhood soil metals must be addressed. Residential
tenure data from the 2000 Population and Housing Census facilitates approximation
of chronic exposure to soil metals. Item PCT49 measures the fraction of local pop-
ulation residing in the same home or parish in 2000 as they did in 1995. In Orleans
Parish, data show that census tract populations are relatively stable, with 85.42
percent of population having the exact same address or residing in the same parish
from 1995 to 2000.

We also spatially match children’s blood Pb (ug/dL) data with observed soil Pb
(mg/kg) data in this study. The blood Pb data of children less than 6 years old was

metals examined in this study (Mielke et al., 2000). Like Pb, the other soil metals
examined probably enter the body through dust inhalation and hand-to-mouth
contact, and we assume that unobserved body burdens of Zn, Cd, Ni, Mn, Cu, Cr,
Co, and V can be inferred from their measurement in neighborhood soils. This study
assumes that children’s exposure routes for Pb are also similar for the multiple
metals included in this study. Together, the residential tenure behavior and blood Pb
data allow us to reasonably test the effect of the accumulation of various soil metals
within elementary school communities on student standardized test performance,
adjusting for school-level characteristics.

3. Results

Table 2 reports frequency statistics on student achievement by
subject area for sampled elementary schools in New Orleans versus
Louisiana students statewide. The results show that elementary
school students in New Orleans underperform elementary school
students statewide during the same period. In the subject area of
science, 36.5 percent of students in our New Orleans sample have
unsatisfactory achievement — a figure double the level observed
statewide (18.3 percent). In subject areas of mathematics and social
studies, the percentage of students in New Orleans scoring unsat-
isfactory is 44.9 and 42.3 percent respectively. Together with
students falling into the approaching basic category of achievement,
the fraction of sampled student population lacking fundamental
knowledge and skills required to advance to the next level of
schooling approaches two-thirds as defined by the state. Analyses
below aim to explain observed levels of underachievement as
a function of metal accumulation in soil.
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Table 2
Student achievement by subject for New Orleans vs. Louisiana statewide.

Science Mathematics English language Social studies
Achievement Statewide N N. Orleans N Statewide N N. Orleans N Statewide N N. Orleans N Statewide N N. Orleans N
(%) (%) (%) (%) (%) (%) (%) (%)
Advanced 638 (1.13) 36 (0.44) 1003 (1.74) 77 (0.94) 797 (1.38) 82 (1.00) 495 (0.88) 111 (1.36)
Proficient 6157 (10.90) 414 (5.06) 4473 (7.77) 495 (6.04) 8451 (14.67) 707 (8.62) 5702 (10.10) 470 (5.75)
Basic 22,336 (39.56) 2201 (26.91) 18,164 (31.54) 2190 (26.74) 22,385 (38.85) 2480 (30.25) 23,779 (42.13) 2375 (29.06)
Approaching 17,000 (30.11) 2541 (31.07) 13,764 (23.90) 1748 (21.34) 13,857 (24.05) 2097 (25.58) 12,994 (23.02) 1848 (22.61)
basic
Unsatisfactory 10,334 (18.30) 2986 (36.51) 20,180 (35.04) 3680 (44.93) 12,122 (21.04) 2833 (34.55) 13,472 (23.87) 3458 (42.30)
Total 56,465 (100.00) 8178 (100.00) 57,584 (100.00) 8190 (100.00) 57,612 (100.00) 8199 (100.00) 56,442 (100.00) 8174 (100.00)
Grade point 247 2.02 217 1.97 2,51 2.16 241 2.05

average

Fig. 1 is a map showing the school science GPA (graduated
symbols) in the context of soil accumulation of multiple metals of
New Orleans. We observe the appearance of a spatial correspon-
dence (higher GPA with lower soil metal accumulation) supporting
the main hypothesis that variation in school performance on
standardized tests is partially explained by the accumulation of
multiple metals in elementary school communities.

Ten models representing each of the metals are reported in
Table 3 of the least squares regression models predicting school
GPA in science. Coefficients are expressed as marginal effects,
equivalent to dlog(y)/olog(x;). Models 1-9 analyze each metal
separately. Model 10 shows the relationship between-school GPA in
science and a summary component of all metals present in
elementary school community soils since soil metal quantities are
highly inter-correlated. Our summary estimate of soil metal burden
is derived by principal component analysis (PCA). Mathematically,
PCA identifies eigenvectors and corresponding eigenvalues of the
variance-covariance matrix. Our metal component has an eigen-
value score of 6.49, with high proportion of explained variance
(0.725).

Adjusting for school characteristics, models in Table 3 show that
all soil metals are significantly negatively associated with school
GPA in science (where p < 0.05). Specifically, we find that a per-
cent increase in elementary school soil metal quantity decreases
school GPA in science by a range of 0.32 (Pb) to 0.148 (Co) percent.

®
® o
.‘ ®
° L >
L] °
® o
LA
] [ ]
[ ]
° ®
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km
5 ] 5 10

As observed in Model 10, a percent increase in our summary
measure of soil metal accumulation results in 0.061 percent
decrease in school GPA. As expected, schools with high fractions of
students with food insecurity have significantly lower standardized
test scores, where 0dlog(GPA)/dlog(Lunch) = —0.365 to —0.401.
Similarly, school GPA in science is negatively correlated with racial
composition. Finally, across all models, student—teacher ratio
appears to have an effect on school GPA indistinguishable from
chance. Overall, the percentage of variance explained across models
is R? = 0.710 to 0.742.

Next, we trace the effects of metal regressors through selected
points in the sample space, while fixing school characteristics at
(estimation sample) means. Fig. 2 shows 10 graphs. On the x-axis,
we plot percentile values for metal quantities. On the y-axis, we
plot the elasticity of school GPA in science with respect to metal
exposure values. The graphs show variation in marginal effects or
elasticities over a range of regressor values. These plots allow one to
visualize percentage loss in school-level GPA in the subject area of
science for a percent increase (see Table 1) in observed metal
content in elementary school community soils. In every plot we
observe downward sloping dose—response curves.

In Table 4, we report least squares regression models predict-
ing school I0C in science test scores. Recall our I0C measure
describes the extent to which student test scores within an
elementary school statistically converge. As with Table 3,

. School Science GPA
« 1.39-171
e 1.72-2.00
e 203-236
® 236-268
® 270-3.00
Soil Metal Factor

-4.32--284
-2.84--1.36

Fig. 1. The spatial distribution of neighborhood soil metal factors and school science GPA.
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Table 3
Marginal effects of elementary school community soil metal accumulation on school GPA in science scores.
Variable Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10
lead manganese nickel cadmium zinc copper chromium cobalt vanadium multiple
(Pb) (Mn) (Ni) (Cd) (Zn) (Cu) (Cr) (Co) V) metal
Metal —0.032*** —0.106"** —0.140"** —0.097*** —0.056*** —0.107*** —0.092*** —0.148"** —0.096** —0.061***
(0.011) (0.051) (0.047) (0.030) (0.018) (0.025) (0.026) (0.042) (0.045) (0.019)
Race —0.360"** —0.381*** —0.364*** —0.347*** —0.337*** —0.306"** —0.335"** —0.356*** —0.377*** —0.340"**
(0.053) (0.053) (0.052) (0.053) (0.055) (0.054) (0.053) (0.051) (0.053) (0.054)
Food in —0.401*** —0.387*** —0.387*** —0.377** —0.393*** —0.372** —0.378*** —0.365"** —0.393*** —0.394***
security (0.066) (0.068) (0.066) (0.066) (0.066) (0.064) (0.065) (0.066) (0.067) (0.066)
S/T Ratio -0.121 —0.148* -0.152* —0.148* —0.142* -0.162** -0.161** -0.151* —0.144* -0.133*
(0.080) (0.082) (0.080) (0.079) (0.079) (0.077) (0.079) (0.079) (0.082) (0.079)
N 117 117 117 117 117 117 117 117 117 117
F 71.62 68.53 72.22 73.83 73.05 80.33 75.66 75.05 68.61 77.95
R? 0.719 0.710 0.721 0.725 0.723 0.742 0.730 0.728 0.710 0.736

Standard errors are in parentheses. Null hypothesis test of coefficient equal zero, ***p < 0.01, **p < 0.05, *p < 0.1.

coefficients are expressed as marginal effects, indicating expected
percent change in school IOC by percent change in a regressor.
We find that all metals but vanadium significantly
increase school ordinal consensus in student test scores, where
dlog(GPA)/olog(Metal) = 0.013 to 0.075. The accumulation of
metals in soil therefore not only decrease school GPA, but appear
to compress the variation in student test scores in science.

Combining marginal effects from Tables 3 and 4, Fig. 3 shows the
relative impact of individual metals on school test performance.
Note that V is not included because its impact on school GPA cannot
be differentiated from chance alone. On the vertical axis, the
marginal effect of each soil metal on school GPA is graphed. On the
horizontal axis, the marginal effect of each metal on within-school
consensus of student test scores is plotted. The graph shows that all
metals examined are associated with decreased test scores and
a tightening of variation in the distribution of scores across cate-
gories of achievement. Metals in the bottom right hand corner have
the largest joint impact.

As stated previously the metals occur as mixtures in soils. Model
10 shown in Tables 3 and 4 is the most reasonable in the context of
the reality of soil metals in the city. By decomposition of Model 10
R?, using the procedure of Zahran et al. (2012) detailed in Section

Elasticity of School GPA in Science vs. Soil Metal

2.4, Table 5 reports the fraction of explained variance in school
performance attributable to each test variable. We partition models
using our summary measure of soil metal composition derived by
PCA. Our results indicate that 23.48% of explained variation in
school GPA in science is caused by soil metal accumulation, a value
that is 4 times larger than student-teacher ratio. The same obser-
vation holds for school GPA in mathematics, English, and social
studies. We also find that soil metal composition accounts for
28.97% of explained variance in school I0C. As shown in Table 5,
only school racial composition is a more important predictor of
within-school distribution of test scores.

4. Discussion and conclusions
4.1. Limitations

An important limitation of the study is that biomarkers for
metals are unavailable except for children’s blood Pb exposure
response. In addition, questions about measured school effects
need resolutions that are beyond the scope of this study (Levine
and Painter, 2008; Weiss, 1983). While our results are robust to
controls and consistent with previous research, more research is

T T
0 20 40

T T T
60 80 100

Neighborhood Soil Metal (mg/kg) at Various Percentile Values

A

Pb Mn
—— n Cu

*

Ni \%
Cr —9%—— Co

Cd

Fig. 2. Conditional elasticities of school GPA in science vs. each soil metal accumulated in the neighborhoods of elementary school.
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Table 4
Marginal effects of elementary school community soil metal accumulation on school ordinal consensus in science scores.
Variable Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10
lead manganese nickel cadmium zinc (Zn) copper chromium cobalt (Co) vanadium multiple
(Pb) (Mn) (Ni) (Cd) (Cu) (Cr) V) metal
Metal 0.013** 0.060** 0.075*** 0.034** 0.027*** 0.044*** 0.045*** 0.063*** 0.042 0.027***
(0.007) (0.029) (0.027) (0.017) (0.010) (0.015) (0.015) (0.025) (0.026) (0.011)
Race 0.154*** 0.157*** 0.149*** 0.153*** 0.139*** 0.132%** 0.137*** 0.152*** 0.160*** 0.143***
(0.031) (0.030) (0.030) (0.031) (0.032) (0.032) (0.031) (0.030) (0.031) (0.031)
Food 0.129*** 0.121*** 0.121%** 0.121%** 0.125*** 0.117*** 0.118*** 0.114*** 0.125*** 0.126"**
insecurity (0.038) (0.038) (0.038) (0.039) (0.038) (0.038) (0.038) (0.038) (0.039) (0.038)
ST —0.052 —0.037 —0.036 —0.042 —0.042 —0.035 —0.033 —0.039 —0.042* —0.047
Ratio (0.046) (0.047) (0.046) (0.046) (0.046) (0.046) (0.046) (0.046) (0.047) (0.079)
N 117 117 117 117 117 117 117 117 117 117
F 28.65 28.71 30.44 28.56 30.06 30.95 31.22 29.78 27.93 29.69
R? 0.506 0.506 0.521 0.505 0.518 0.528 0.527 0.515 0.499 0.515

Standard errors are in parentheses. Null hypothesis test of coefficient equal zero, ***p < 0.01, **p < 0.05, *p < 0.1.

required to detail the pathways of exposure and neurotoxic effects
of various mixtures of metals as well as other toxic substances such
as organic compounds.

4.2. Neurotoxicity of metals

Neurotoxicity has been underscored for several metals including
Pb, Cd, Mn and Zn with regard to their impact on children (Koger
et al., 2005; Schettler, 2001). Given the prominence of Pb, Cd, and
Zn in New Orleans, as indicated in Table 1, these three elements
need further emphasis. The urban contamination (Mielke et al.,
2011b) and neurotoxic effect of Pb on children’s learning and
behavior (Olympio et al.,, 2009) have been reviewed. Exposure
during childhood has multiple long-term health implications that
extend into adulthood (Bellinger, 2011), including neuroanatomical
effects that undermine learning and self-control (Cecil et al., 2008,
2011; Mielke and Zahran, 2012; Wright et al., 2008). Zinc is an
essential element; it is necessary for normal brain function, but
studies indicate that excessive Zn is linked with several neurode-
generative diseases (Konoha et al., 2006). A major environmental
source of Zn is dust from tire wear and soil Zn is abundant and
closely correlated to the quantity of Pb in urban environments
(Councell et al., 2004; Mielke et al., 1983, 2000, 2005b). The
neurotoxic effect of Cd has been empirically identified in multiple
studies (Méndez-Armenta and Rios, 2007). Soil Cd is readily
absorbed by vegetables from contaminated soils (Schettler, 2001).
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Fig. 3. Marginal effects of the suite of metals on school GPA and 10C in science LEAP
scores. Vanadium is excluded because its marginal effect on school I0C is indistin-
guishable from chance.

In studies of young children developmental effects include neuro-
logical outcomes such as hyperactivity and decreased verbal and
general 1Q. Manganese is also an essential element, however
studies note the possibility of emergence of increasing Mn neuro-
toxicity, especially to the neonate given the accumulation of
methylcyclopentadienyl manganese tricarbonyl (MMT) which is an
additive to gasoline and a replacement for tetraethyl Pb (Erikson
et al., 2007; Mielke et al., 2002). Research has further indicated
a synergistic neurotoxic effect between the combination of Pb and
Mn (Henn et al., 2012) and this finding brings into question the
public health wisdom of MMT in fuels (Walsh, 2007).

4.3. Margin of safety

From a toxicological perspective a safety factor must be included
to provide a margin of error from toxic effects to the most sensitive
population. Children are members of the most sensitive population
because of their rapid growth rates and hand-to-mouth behavior
(Landrigan and Goldman, 2011). An important characteristic of
metal dusts in soils is that they become re-suspended during dry
periods associated with late summer and early fall and during long
droughts (Laidlaw et al., 2005, 2012). Generally a safety factor of at
least 10 is applied when ingestion is involved such as in food quality
and clinical trials (US DHHS, 2005; US EPA, 2002). The plots in Fig. 3
provide useful information for consideration about meaningful soil
metal regulatory standards. The uppermost plot in Fig. 3 graphs the
impact of various quantities of soil Pb on GPA. Note that the slope of
GPA loss steepens at the 60th percentile corresponding to about
200 mg/kg (see Table 1), a value of half the Environmental
Protection Agency’s (EPA) soil Pb hazard standard of 400 mg/kg for
bare soil in children’s play areas. In essence, the addition of
a margin of safety means that a standard for soil Pb should be
20 mg/kg to protect the most sensitive population from Pb expo-
sure. This value is just above the modern background soil Pb of
16 mg/kg as reported by the USGS, and all cities have low metal
soils available nearby for remedial action (Gustavsson et al., 2001).

4.4. School characteristics, standardized test results, and soil metal
mixtures

Our analysis shows that standardized test outcomes are signif-
icantly related to soil metal conditions of the environment,
controlling for important school characteristics such as poverty,
racial composition, and teacher-student ratios. By regressing
school-level GPA on soil metal quantities, all metals appear to
significantly decrease test scores in all subject areas. Decomposi-
tion of R? reveals about a quarter of explained variation in school-
level GPA is attributable to metal accumulation in elementary
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Table 5
Variable contribution to explained variance in school GPA and IOC by subject.

Science Mathematics English Social studies

GPA 10C GPA 10C GPA 10C GPA 10C
Soil metal 0.1727 (23.48) 0.1527 (28.97) 0.1512 (21.72) 0.1670 (30.12) 0.1411 (21.72) 0.1028 (33.74) 0.1704 (24.33) 0.1209 (40.13)
Race 0.2956 (40.18) 0.2222 (42.16) 0.2266 (37.62) 0.2406 (43.39) 0.2444 (37.62) 0.1170 (38.38) 0.2962 (42.28) 0.1204 (39.95)
Food 0.2264 (30.78) 0.1448 (27.47) 0.2305 (37.43) 0.1360 (24.52) 0.2432 (37.43) 0.0555 (18.20) 0.2033 (29.02) 0.0491 (16.30)

insecurity

S/T Ratio 0.0410 (5.57) 0.0074 (1.40) 0.0419 (3.24) 0.0109 (1.97) 0.0210 (3.24) 0.0295 (9.68) 0.0307 (4.38) 0.0109 (3.62)
Total R? 0.7357 (100) 0.5271 (100) 0.6502 (100) 0.5544 (100) 0.6498 (100) 0.3047 (100) 0.7006 (100) 0.3013 (100)

Note: Percentage of R? attributable to each variable is reported in parentheses.

school neighborhoods. Additional analysis shows that except for
vanadium, metals function to compress the distribution of test
scores within schools in metropolitan New Orleans. Specifically, an
increase in soil metal quantity increases ordinal consensus of test
scores within schools. Partitioning R? shows that soil metal accu-
mulation accounts for about a third of explained variance in
between-school variation in I0C scores.

4.5. Food insecurity

Our regression results in Table 5 also show that food insecurity,
as measured by the percentage of children receiving a free or
subsidized lunch, is an important predictor of school performance
on standardized tests. While the statistical procedures used in this
manuscript were designed to partition explained variance, assign-
ing each variable an independent contribution to variation in
school GPA, it should be noted that schools in neighborhoods with
high soil metal accumulation are disproportionately minority and
home to higher fractions of children who qualify for food subsidy.
The correlation between multiple metal accumulation in neigh-
borhood soil and the percentage of children receiving free or
subsidized lunch is r = 0.419, p < 0.001. Furthermore, while race
alone accounts for 40% of explained variance, soil metal plus food
insecurity accounts for 54% of explained variance in science
achievement (see Table 5). This finding is similar for all of the topics
included in LEAP. Children in underperforming schools are signifi-
cantly more likely to suffer from both soil metal exposure and food
insecurity.

4.6. Public policy, Economic costs, and collateral benefits

The benefit goal of any investment in education (public,
nonprofit, and/or private) is increased student achievement,
measured by such indices as the school GPA measure presented by
this paper. Smaller pupil-per-teacher ratios have been a traditional
means to achieve this goal, with greater instructor time and
attention per pupil presumably leading to better learning
outcomes. This study suggests that along with reducing food
insecurity, investment in soil metal remediation, such as providing
a clean soil cover on children’s early life play areas, may offer
relevant benefits (Copeland, 2012; Mielke et al., 2011c, 2011d).

Given the potential similarity of desired benefit outcomes by
traditional teacher investment and novel remediation strategies,
the key question becomes one of comparative costs relative to
benefits. It is in this realm that the remediation strategy demon-
strates its potential cost-effectiveness. Remediation strategies can
provide long-term achievement improvements for cohorts of
disadvantaged children with a single upfront investment. In
contrast, more traditional strategies imply a stream of costs over
time to provide beneficial smaller pupil-teacher ratios for each
successive student cohort, which could be summarized in a single
present discounted value. While future investments will be

appropriately discounted in such a calculation, the cost stream
suggests that the traditional approach may in fact be relatively
expensive when compared to a one-shot soil metal remediation
strategy.

The high human costs of soil metal exposure are compounded in
the context of standardized testing accountability. Schools that fail
to reach adequate yearly progress face strict sanctions including
reallocation of Title 1 funds, closure, and termination of faculty and
staff. High-stakes testing may be procedurally neutral, with student
mastery of state content standards expected of all elementary
schools. However, our results suggest that grafting such a proce-
durally neutral system on a city with profoundly uneven soil metal
accumulation may be unreasonable. Reducing Pb exposure among
children remains a major focus of U.S. policy. This study indicates
that reducing Pb through soil remediation within the city has
collateral benefits for reducing exposure to other neurotoxic metals
accumulated jointly in the soil.
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