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BACKGROUND: No safe level of lead in blood has been identified. Blood lead testing is required for children on Medicaid, but it is at the discretion of
providers and parents for others. Elevated blood lead levels (EBLLs) cannot be identified in children who are not tested.

OBJECTIVES: The aims of this research were to identify determinants of lead testing and EBLLs among North Carolina children and estimate the num-
ber of additional children with EBLLs among those not tested.

METHODS: We linked geocoded North Carolina birth certificates from 2011-2016 to 2010 U.S. Census data and North Carolina blood lead test results
from 2011-2018. We estimated the probability of being screened for lead and created inverse probability (IP) of testing weights. We evaluated the
risk of an EBLL of >3 pg/dL at <30 months of age, conditional on characteristics at birth, using generalized linear models and then applied IP
weights to account for missing blood lead results among unscreened children. We estimated the number of additional children with EBLLs of all
North Carolina children using the IP-weighted population and bootstrapping to produce 95% credible intervals (CrlI).

RESULTS: Mothers of the 63.5% of children (402,002 of 633,159) linked to a blood lead test result were disproportionately young, Hispanic, Black,
American Indian, or on Medicaid. In full models, maternal age <20 y [riskratio (RR) =1.10; 95% confidence interval (CI): 1.13, 1.20] or smoking
(RR=1.14; 95% CI: 1.12, 1.17); proximity to a major roadway (RR=1.10; 95% CI: 1.05, 1.15); proximity to a lead-releasing Toxics Release
Inventory site (RR=1.08; 95% CI: 1.03, 1.14) or a National Emissions Inventory site (RR=1.11; 95% CI: 1.07, 1.14); and living in neighborhoods
with more housing built before 1950 (RR=1.10; 95% CI: 1.05, 1.14) or before 1940 (RR=1.18; 95% CI: 1.11, 1.25) or more vacant housing
(RR=1.14; 95% CI: 1.11, 1.17) were associated with an increased risk of EBLL, whereas overlap with a public water service system was associated
with a decreased risk of EBLL (RR=0.85; 95% CI: 0.83, 0.87). Children of Black mothers were no more likely than children of White mothers to
have EBLLs (RR=0.98; 95% CI: 0.96, 1.01). Complete blood lead screening in 2011-2018 may have identified an additional 17,543 (95% Crl:
17,462, 17,650) children with EBLLs >3 pg/dL.

DiscussION: Our results indicate that current North Carolina lead screening strategies fail to identify over 30% (17,543 of 57,398) of children with subclin-
ical lead poisoning and that accounting for characteristics at birth alters the conclusions about racial disparities in children’s EBLLs. https://doi.org/

10.1289/EHP10335

Introduction
Lead is an established toxicant that adversely impacts human
health." Removing lead from gasoline, banning lead in consumer
paint, and adding limits on lead in public drinking water in the
United States in the 1970s, 1980s, and 1990s were accompanied
by dramatic declines in children’s lead exposure. Lead expo-
sure remains a problem for U.S. children,” and no safe level of
lead has been identified for children.! Lead continues to be used
in some industries® and is extremely stable in soil, which serves
as a sink for both historic and contemporary lead deposition.6
The key to protecting children from lead is identifying and miti-
gating lead hazards before children are exposed.7 State programs
for protection from lead exposure, however, rely on identifying
children with high concentrations of lead in their blood and then
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conducting investigations to determine and remove lead exposure
sources. Within these systems, two additional major barriers exist
to protecting children. First, children must have their blood lead
level (BLL) measured, ideally before 3 years of age.8 However, not
every child receives a blood lead test, and those who do are not ran-
domly sampled. Although some health services (e.g., immuniza-
tions, screening for autism spectrum disorder) are recommended
for all children at regular intervals,” lead exposure screening and
blood lead testing are recommended only for children “at risk of
lead exposure.”® This includes all children covered by Medicaid at
12 and 24 months of age; those between 24 and 72 months of age
who have not previously been tested must receive a test as well.'”
However, 35-60% of children on Medicaid are not tested for
lead.""~'3 Some clinicians use screening questionnaires to identify
children at risk of lead exposure who should receive blood lead
testinf%, but these are of limited predictive utility.'* A few stud-
ies'> have found substantial variation in whether clinicians
choose to test children’s blood for lead and have shown that this de-
cision is a function of physicians’ knowledge, practice setting,
patient demographics, and financial incentives. Second, investiga-
tions to identify possible sources of lead exposure are only trig-
gered if a child’s BLL is above an “action level,” usually the U.S.
Centers for Disease Control and Prevention (CDC) reference
value.'® This reference level was recently lowered in October 2021
to 3.5 pg/dL, down from the level of 5 pg/dL, which was imple-
mented in 2012."° Estimates suggest that 500,000 children in the
United States have a BLL >5 pg/dL and that 12 million additional
children have a BLL between 1 and 5 pg/dL,>*° levels at which

130(6) June 2022


https://orcid.org/0000-0002-3543-1623
https://doi.org/10.1289/EHP10335
https://doi.org/10.1289/EHP10335
https://orcid.org/0000-0002-3543-1623
mailto:kamai@usc.edu
https://doi.org/10.1289/EHP10335
http://ehp.niehs.nih.gov/accessibility/
mailto:ehpsubmissions@niehs.nih.gov
https://doi.org/10.1289/EHP10335

lead still can cause harm.®?° These children may be chronically
exposed to low levels of lead with no intervention, resulting in both
irreversible and intergenerational health effects.*'-*

Studies of childhood lead exposure are frequently missing
outcome data for children who were never tested. Analyses that
condition on testing (i.e., analyses restricted to children who
received a blood lead test) may suffer selection bias,? and corre-
lations between explanatory variables and children’s BLLs may
be induced by restricting to the subsample of tested children. To
our knowledge, no study has considered how restricting analyses
to children tested for lead could bias estimates of association
between sources of lead exposure and children’s BLLs. Further,
only a single study, conducted in Pennsylvania, has evaluated
individual-level maternal and infant predictors of receiving a
blood lead test.* Here, by leveraging the digitization of all birth
certificates for the state of North Carolina in the period 2011-
2016 and linking them to records of all available children’s blood
lead testing results for the period 2011-2018, we investigated the
determinants of who gets lead tested, who gets lead tested early
in life (i.e., <30 months of age), and who is found to have ele-
vated BLLs (EBLLs) among all children born and residing in
North Carolina in the years 2011-2018. Further, using inverse
probability (IP) of testing weights to reduce the potential impact
of selection bias into lead screening and testing programs, we
estimated the number of children born in North Carolina in
2011-2016 who have EBLLs but currently remain untested.

Methods
Study Setting

North Carolina is the ninth most 2populous state in the United
States, with 10.5 million residents, 3 20% of whom live in rural
areas.”’® North Carolina has a long history of occupational lead
exposure incidents,”” recent adult and children’s lead exposure
concerns,zg_30 and a variety of documented environmental sour-
ces of lead.*'—*

Cohort Definition

We defined a birth cohort of children who were born and reside in
North Carolina from birth certificate records from 1 January 2011
through 1 July 2016 provided by the North Carolina State Center
for Health Statistics (NC SCHS) using the following procedure: Of
the 662,234 live births that received a North Carolina birth certifi-
cate during this time period, 15,882 were excluded because the
state of residence at birth reported was not North Carolina. We geo-
coded the remaining residential addresses provided on the birth
certificate using the Geocode Addresses tool within ArcMap, using
Esri Business Analyst 2017 Address Locator [StreetMap Premium
for ArcGIS North America HERE 2016 (release 3; Esri)]. An addi-
tional 13,193 (2.0% of births to in-state residents) could not be geo-
coded to address points, street addresses, or street names, leaving a
final cohort of 633,159 children.

Lead Testing

The primary outcomes for this study were the receipt of at least one
blood lead test before 30 months of age and, among those tested,
the highest BLL reported in childhood. The North Carolina
Childhood Lead Poisoning Prevention Program (NCCLPPP) col-
lects the results of all blood lead tests conducted in children in
North Carolina.>®> We linked records of blood lead tests conducted
in North Carolina from 2011 to 2018 for children born in 2011 or
later (n=958,194 test result records), with the geocoded birth
certificate cohort using deterministic matching of components
included in both data sets: child’s first, middle, and last names;
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child’s date of birth; and residential address information. Prior to
linkage, we removed all spaces and special characters from name
variables. We defined full name match as either: a) exact match
on both i) first name or concatenated first and middle names and
ii) last name or concatenated last name and suffix (birth certificate
only), or b) exact match on the concatenated first, middle, and
last names (or last name and suffix, for birth certificates only).
We defined our fuzzy name match using the soundex, compged,
and spedis functions in SAS (version 9.4; SAS Institute, Inc.) or
by matching on at least one part of a multipart name (e.g.,
Martinez-Garcia matching to Martinez or Garcia). We defined a
partial date of birth match as matching on at least two of day,
month, or year. We conducted linkage in steps, the first of which
required a full name match, full date of birth match, and match on
all location information (approximate address, city, county, and
ZIP code). At each step, we loosened one piece of the matching
requirements. The final step required only a fuzzy name match
and a partial date of birth match. At every step, we randomly
selected 50 linked pairs to manually evaluate the quality of the
linkage. If any pairs appeared to be erroneously linked, the link-
age rule was refined (e.g., using more conservative values for
compged and spedis functions, adding more location informa-
tion) or discarded.

Each birth linked to at least one lead test was assigned a binary
variable to indicate that the child had received a blood lead test.
Results of blood lead tests are reported in micrograms per deciliter.
Prior to 1 July 2017, all results reported to the NCCLPPP with deci-
mal places were rounded. On or after 1 July 2017, all results
reported with decimal places were truncated (rounded down) to the
integer. NCCLPPP normalized results below the limit of detection
(LOD) to 1 pg/dL. Because laboratory and point-of-care instru-
ments used to measure children’s BLLs vary in their limits of
detection, at least one common instrument has an LOD of
3.3 pg/ dL,*-7 and the CDC has recently lowered its children’s
blood lead reference level to 3.5 pg/ dL," we primarily dichotom-
ized BLLs as <3 pg/dL (reference) or >3 pg/dL.

Study Covariates

We included the following maternal demographic and clinical
characteristics reported on birth certificates as potential covariates:
year of birth, sex assigned at birth, birth weight, preterm birth (<37
completed weeks gestation), plurality, method of delivery (vaginal
or caesarean), parity, number of older children, maternal age at
delivery, maternal highest education completed, maternal marital
status, maternal race, maternal Hispanic ethnicity, maternal place
of birth, maternal reported number of prenatal care visits, maternal
weight gain during pregnancy, maternal self-reported smoking,
maternal diabetes during and prior to pregnancy, primary form of
payment (e.g., private insurance, Medicaid), and maternal receipt
of Special Supplemental Nutrition Program for Women, Infants,
and Children (WIC) benefits during pregnancy. These characteris-
tics are typically self-reported by the parent(s) and may result in
WIC and Medicaid enrollment being underreported (V. DiBona,
personal communication).

The 2011-2016 North Carolina birth certificate data provided
by the State Center for Health Statistics classified maternal race
using bridged-race methodology per the National Center for
Health Statistics categories38 into the following options: American
Indian or Alaska Native (9,142, 1.4%), Black or African American
(160,600, 24.3%), Chinese (3,110, 0.47%), Filipino (1,973,
0.30%), Japanese (542, 0.08%), Native Hawaiian (87, 0.01%),
other Asian (21,137, 3.2%), other non-White (77,450, 11.7%), or
White (388,193, 58.6%). This methodology assigns mixed-race
individuals to a single racial category.’ It is unknown whether
maternal race on each birth certificate is self-reported or reported
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by a family member, clinician present at delivery, or someone else.
We used race as a social construct in our models, not as a biologic
or etiologic factor but, rather, as a proxy for differences between
racial groups arising from historical and structural racism.**** We
chose to collapse Asian Indian, Chinese, Japanese, Native
Hawaiian, Filipino, and other Asian into a single Asian and Pacific
Islander (AAPI) category given both the small numbers and
expected greater similarities in lived experiences compared with
mothers of other racial groups.

We linked publicly available data sources with geocoded resi-
dential addresses at birth [using ArcMap (version 10.7; Esri)] to
describe the physical and social environment of the cohort. We pri-
marily used data from 2010 to preserve temporality and ensure that
predictive variables were assessed prior to the outcome of lead test-
ing for all children. We assigned addresses with values of the 2010
U.S. Census and 2006-2010 5-y American Community Survey
(ACS) block group and tract and included population-level meas-
ures of income, poverty, race, ethnicity, education, and housing
characteristics (complete list in Table S1). We evaluated both tract-
and block group-level measures to identify those with the strongest
predictive values. All census and ACS variables were categorized
into quintiles after assignment to births. We also created a binary
variable to indicate whether addresses were within a census-
designated urbanized area, defined as densely populated areas of
>50,000 people, including dense suburban development.*?
Although newly built dense suburban areas do not have the same
historic lead contamination as older cities**—such as emissions
from vehicles using leaded gasoline or paint in housing built before
1978—both are included in the definition of metropolitan statisti-
cal areas, resulting in systematically different eligibility for and
allocation of federal funds to these areas than to less densely popu-
lated communities.*’ Moreover, we used additional covariates (see
below) to account for many historic sources of environmental lead.

More than 2 million people in North Carolina rely on wells
for drinking water,“’47 and there is recent evidence that BLLs of
children who use private wells are 20% higher than those of chil-
dren served by community water systems in Wake County, North
Carolina.®' Drinking water from private wells is not regulated
under the Safe Drinking Water Act, and in North Carolina, only
newly permitted wells are required to be tested for contaminants;
moreover, there is no comprehensive database or characterization
of households in North Carolina that rely on private wells.*® To
address this potential source of lead exposure, we used a publicly
available geographic information system data set of the boun-
daries of public water systems in North Carolina developed by
the North Carolina Center for Geographic Information and
Analysis.***° These data were mapped first using system boun-
daries in 2004-2006 and then projected for the year 2010 based
on water system owners’ expected future boundaries.>® One
polygon (“Nash County 1 & 2”) from the 2004-2006 map was
not included in the area of the projected map and was merged
with the projected 2010 boundaries polygons. We categorized
water system service area sizes using Safe Drinking Water
Act’! cutoffs: large (>50,000), medium (10,001-50,000), small
(3,301-10,000), very small (<£3,300) people. We spatially
linked births to both sets of boundaries and assigned them the
water system to which they were linked, using projected 2010
boundaries in our primary analyses given that we expected
these areas to more closely reflect the water systems during the
study period (2010-2018). However, we used the mapped
2004-2006 boundaries in our sensitivity analyses. We created
a binary variable to describe whether a residential address at
birth was within 100 m of a major roadway—defined as an
interstate or principal arterial—using spatial data from the
North Carolina Department of Transportation.”>
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Finally, we linked births to Toxics Release Inventory (TRI)
sites that released lead or lead compounds and National Emissions
Inventory (NEI) stationary point sources that emitted lead. The
TRIis a mandatory U.S. Environmental Protection Agency (EPA)
program that requires industrial facilities employing > 10 full time
employees to report environmental releases of toxic chemicals.™
These reports have been released annually since 1988 (which
reported on releases in 1987). The NEI is an estimate of emissions
of air pollutants regulated by the U.S. EPA, released every 3 y be-
ginning in 2008.>* Stationary point sources in the NEI include air-
ports, industrial facilities, and power plants. All TRI reports and
NEI reports for lead or lead compound releases or emissions in
North Carolina and neighboring states were downloaded from the
Envirofacts database online™ and the NEI website,*® respectively.
The coordinates of the facilities provided in the reports were geo-
coded in ArcMap, and we selected those within 2 km of the North
Carolina border. Lead is extremely environmentally stable in soil,
so releases from decades prior can still contribute to today’s soil
lead content.® Because of the wide variability in reported levels of
lead released or emitted since the inceptions of the TRI and NEI
programs, we categorized reported TRI releases and NEI emis-
sions below the median (<9.4 kg lead released for TRI reports in
1987-2008; <0.13 kg emitted for NEI reports in 2008-2017) as
being low lead and those at or above the median as being high lead.
For our main analyses, births were spatially linked to TRI and NEI
sites within 2 km and reporting releases or emissions in the 5 y
prior to and including the year of birth. For example, for births in
2014, the exposure time period of interest was 2009-2014, so
births in 2014 were linked to all TRI and NEI sites within 2 km that
reported releasing or emitting lead at any point in 2009-2014. We
chose to use releases and emissions in the previous 5 y for a variety
of reasons: because reporting did not appear consistent year to year
(with facilities missing emissions reports for some years); because
the NEI was released only every 3 y; and to balance both recent and
legacy lead pollution. Proximity to these sites was further catego-
rized as 0—1 or 1-2 km, and births >2 km from any sites were used
as the referent. If there were multiple TRI or NEI reports filed at
one or more sites within 2 km of a residence, we used the highest
amount of lead reported under each program during the exposure
time period of interest and within each category of proximity.
Alternative exposure definitions were explored in our sensitivity
analyses, described below.

Statistical Methods

We linked individual and neighborhood characteristics of children
with birth certificates to blood lead test results and compared them
with children without a corresponding blood lead test result to
determine the probability of the following outcomes: a) receiving a
blood lead test at any age, b) receiving at least one blood lead test
by 30 months of age, or c¢) receiving a blood lead test at both 1 year
of age (6—18 months) and 2 years of age (18-30 months).

We assessed the probability of receiving at least one blood
lead test at <30 months of age (conditional on maternal, clinical,
and neighborhood characteristics at birth) using logistic regres-
sion models. We examined potential covariates in bivariate mod-
els to estimate the association between each covariate and the
probability of receiving a blood lead test at <30 months of age.
We then added covariates significant in bivariate models at
o< 0.20 one at a time to a multipredictor logistic model in de-
scending order of beta estimate. Because we had minimal missing
data, we conducted complete case analyses. We retained varia-
bles if their addition improved the fit of the model [assessed using
the c-index value (equivalent to the area under the receiver opera-
tor curve) and Akaike information criterion (AIC)] and did not
result in model convergence problems. We further evaluated
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Table 1. Descriptive characteristics [n (%)] of geocoded North Carolina births 2011-2016, stratified by linkage to lead testing in North Carolina, 2011-2018.

Characteristics at birth

North Carolina

Tested for lead at
0-30 months of age

Cases: BLL >3 pg/dL at
0-30 months of age

Total live births
Child sex assigned at birth”

633,159

402,002 (64)

39,855 (10)"

Female 309,818 (49) 196,947 (49) 18,613 (47)
Male 323,329 (51) 205,053 (51) 21,242 (53)
Missing 12 2 —
Prenatal care visits”
<10 141,067 (22) 90,721 (23) 9,682 (24)
>10 487,586 (78) 308,343 (77) 29,869 (75)
Missing 4,506 2,938 304
Payment (insurance) at delivery”*
Medicaid 277,906 (44) 212,319 (53) 25,531 (64)
Private 280,289 (44) 144,459 (36) 10,431 (26)
Self-pay 45,509 (7) 34,129 (9) 3,102 (8)
Other 28,817 (5) 10,964 (3) 773 (2)
Missing 638 131 18
Older children”®
None 258,252 (41) 164,768 (41) 16,622 (42)
1 203,753 (32) 125,746 (31) 11,789 (30)
>2 171,027 (27) 111,424 (28) 11,438 (29)
Missing 127 64 6
Reported smoking before or during pregnancy”*
Any 85,047 (13) 59,559 (15) 8,050 (20)
None 547,981 (87) 342,391 (85) 31,802 (80)
Missing 131 52 3
Maternal age at delivery (y)”¢
<20 74,184 (12) 55,582 (14) 7,227 (18)
21-25 163,999 (26) 112,743 (28) 12,636 (32)
26-30 182,754 (29) 112,606 (28) 10,219 (26)
31-35 144,125 (23) 82,103 (20) 6,558 (17)
>35 68,086 (11) 38,961 (10) 3,213 (8)
Missing 11 7 2
Maternal marital status®*
Married 376,316 (59) 207,666 (52) 17,781 (45)
Unmarried 256,657 (41) 194,227 (48) 22,059 (55)
Missing 186 109 15
Maternal education at delivery”®
Less than HS 105,525 (17) 81,354 (20) 9,924 (25)
HS graduate 141,022 (22) 101,262 (25) 11,686 (29)
Some college or associate’s degree 199,684 (32) 128,985 (32) 12,028 (30)
Bachelor’s degree or more 185,844 (29) 89,662 (22) 6,158 (16)
Missing 1,084 739 59
wIC”®
Reported on birth certificate 298,832 (47) 227,693 (57) 26,116 (66)
None 333,121 (53) 173,624 (43) 13,670 (34)
Missing 1,206 685 69
Maternal Hispanic ethnicity”
Hispanic 95,447 (15) 71,194 (18) 5,775 (15)
Non-Hispanic 537,410 (85) 330,675 (82) 34,061 (86)
Missing 302 133 19
Maternal race”*
American Indian 8,446 (1) 6,459 (2) 873 (2)
Asian and Pacific Islander 25,864 (4) 12,325 (3) 1,332 (3)
Black 154,067 (24) 107,908 (27) 11,923 (30)
White 369,536 (58) 216,196 (54) 20,926 (53)
Other non-White 75,246 (12) 59,114 (15) 4,801 (12)
Mother’s state of birth®<
North Carolina 286,676 (46) 205,358 (51) 23,108 (58)
Other U.S. states and territories 233,692 (37) 119,967 (30) 10,078 (25)
Remainder of world 109,087 (17) 74,834 (19) 6,537 (16)
Missing 3,704 1,843 132
Year of birth®¢
2011 115,276 (18) 73,116 (18) 10,934 (27)
2012 114,744 (18) 73,480 (18) 7,571 (19)
2013 114,154 (18) 71,347 (18) 6,281 (16)
2014 116,190 (18) 71,642 (18) 6,339 (16)
2015 116,197 (18) 74,878 (19) 6,184 (16)
2016 56,598 (9) 37,539 (9) 2,546 (6)
Environmental Health Perspectives 067002-4 130(6) June 2022



Table 1. (Continued.)

Characteristics at birth

North Carolina

Tested for lead at
0-30 months of age

Cases: BLL >3 pg/dL at
0-30 months of age

Environmental characteristics
Residence in urbanized area

Yes 387,548 (61) 227,216 (57) 19,714 (49)
No 245,611 (39) 174,786 (43) 20,141 (51)
Distance from major roadway”
Within 100 m 23,316 (4) 16,029 (4) 1,799 (5)
>100 m 609,843 (96) 385,973 (96) 38,056 (95)
Estimated 2010 public water system service population size>
>50,000 321,736 (51) 190,524 (47) 16,839 (42)
10,001-50,000 130,574 (21) 87,093 (22) 8,800 (22)
3,301-10,000 52,069 (8) 37,316 (9) 3,911 (10)
<3,300 26,247 (4) 19,339 (5) 2,398 (6)
Not on public water 102,533 (16) 67,730 (17) 7,907 (20)
Within 2 km of TRI or NEI site emitting/releasing lead in past 5 y*°
TRI sites 68,291 (11) 45,346 (11) 4,959 (12)
Low lead (<median) 40,868 (6) 27,314 (7) 2,738 (7)
High lead (>median) 27,423 (4) 18,032 (4) 2,221 (6)
None 564,868 (89) 356,656 (89) 34,896 (88)
NEI sites 165,217 (26) 111,926 (28) 12,290 (31)
Low lead (<median) 89,692 (14) 60,556 (15) 6,163 (15)
High lead (>median) 75,525 (12) 51,370 (13) 6,127 (15)
None 467,942 (74) 290,076 (72) 27,565 (69)

Note: —, not applicable; BLL, blood lead level; HS, high school; NEI, National Emissions Inventory; TRI, Toxics Release Inventory; WIC, Special Supplemental Nutrition Program

for Women, Infants, and Children.
“Percentage of children tested at <30 months of age.

hSlalistically significant difference in distribution between BLL >3 pg/dL and BLL <3 pg/dL at 0-30 months of age at p <0.05 using chi-square testing.
“Statistically significant difference in distribution between tested and not tested at 0-30 months of age at p < 0.05 using chi-square testing.

model prediction validity by estimating model parameters using
births in even months and applying those parameters to births in
odd months.

We used the predicted probability of testing produced from
this model to create IP of testing weights to reduce potential for
selection bias in lead testing. These weights were applied to the
tested children to approximate the distribution of covariates in
the total cohort and to derive the expected number and character-
istics of children with elevated blood lead (defined as >3 pg/dL)
in the total cohort, accounting for the missing data on blood lead
results for those children for whom test results are not available.
We further calculated the number and characteristics of children
who were missed by lead screening and did not receive a blood
lead test result by subtracting these estimates from the number of
actual children in the cohort with blood lead results at each cova-
riate and test outcome level. We repeated this process in 500
bootstrapped samples (with replacement) to produce a 95% credi-
ble interval (Crl) for these estimates.

The estimated risk of receiving an elevated (>3 pg/dL) blood
lead test result at <30 months of age, conditional on maternal, clin-
ical, and neighborhood characteristics at birth, was assessed using
generalized linear models with robust error measurements to
account for births with the same residential address at birth.
Initially, all covariates were examined in bivariate regression mod-
els. As with the earlier models, covariates were added stepwise to a
multipredictor model and retained if their addition improved the fit
of the model (assessed using assessed using the c-index value and
AIC). If the addition of a new predictor changed the statistical sig-
nificance (o0=0.05) of a previously added predictor, a step was
added to determine whether removing the first predictor affected
model fit. We also evaluated interactions between measures of
housing age and housing value. Models were additionally adjusted
for season, using the month the lead test was conducted [winter
(referent): December, January, February; spring: March, April,
May; summer: June, July, August; fall: September, October,
November]. The type of blood used (venous vs. capillary), the loca-
tion of testing (point of care vs. laboratory), year of test, and age at
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testing in months were explored as potential explanatory variables.
The final models were selected to maximize the adjusted model c-
statistic and minimize AIC for best model fit. We evaluated model
prediction validity by estimating model parameters using births in
even months and applying those parameters to births in odd
months. Finally, we applied IP of testing weights to all models to
account for the missingness of blood lead results among children
never tested for lead.

Sensitivity Analyses

We conducted sensitivity analyses to evaluate the robustness of
the results. To evaluate the sensitivity of the results to the expo-
sure definition, the threshold distance to a TRI or NEI site was
reduced to 1 km, the exposure time period was both restricted to
1 y prior to the year of birth and expanded to the entire reporting
period, and indicators of proximity to TRI and NEI sites were
combined into a single variable for point sources of environmen-
tal lead. To look at the tails of the lead release and emissions dis-
tributions, we additionally evaluated very high lead sites as those
emitting or releasing above the 90th percentile of lead in North
Carolina (>2,762kg lead released for TRI reports,53 >18.5kg
lead emitted for NEI reports®®) and very low lead sites as those in
the 10th percentile of lead released or emitted in North Carolina
(<0.0064 kg lead released for TRI reports,”® <0.0036kg lead
emitted for NEI reportSSG). In assessing which residences were
close to a major roadway, we excluded roadways built in the year
2000, given that lead was fully removed from automotive gaso-
line by 1996, making newer roadways a less important source of
lead exposure. To account for residential and demographic char-
acteristics changing between birth and lead testing, models of
BLLs were restricted to children at the same address at both birth
and testing, as well as restricted to children within the same ZIP
code at both birth and testing. We additionally excluded children
born in two counties that contain the two largest U.S. military
bases in North Carolina®’ (Fort Bragg in Cumberland County and
Camp Lejeune in Onslow County) due to the possibility that
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Table 2. Selected U.S. Census characteristics [median (IQR)] of geocoded North Carolina births 2011-2016, stratified by linkage to lead testing in North

Carolina, 2011-2018.

Characteristics™”

Tested for lead at
0-30 months of age

Cases: BLL >3 pg/dL at

North Carolina 0-30 months of age

Block group population size
Block group population density (per mile?)
Tract population born in North Carolina (%)
Tract households with >1 child (%)
Block group population (%)
Asian, non-Hispanic
Black, non-Hispanic
White, non-Hispanic
Hispanic or Latino, any race
Block group population >25 years of age with less than HS education (%)
Block group households earning <$20,000 (%)
Block group housing units (%)
Renter-occupied
Vacant
Built pre-1950
Built pre-1940
Tract median value of owner-occupied housing units

$136,100 ($75,300)

1,809 (1,159) 1,739 (1,092) 1,663 (1,049)

943 (2,152) 804 (2,108) 641 (1,984)
58 (27) 62 (24) 67 (21)
35 (12) 34 (11) 34 (10)

1) 12) 12)
17 (29) 19 31) 20 (35)
65 (41) 64 (45) 63 (47)

7(9) 7(10) 6 (10)
15 (17) 17 (17) 19 (17)
18 (18) 20 (19) 23 (20)
30 (32) 30 (31) 31 31)

9 (6) 10 (6) 11(7)

5(12) 6 (13) 9 (16)

2(7) 3(8) 4(11)

$128,900 ($68,100) $119,100 (362,800)

Note: BLL, blood lead level; HS, high school; IQR, interquartile range.

“Statistically significant difference in distribution between BLL >3 pg/dL and BLL <3 pg/dL at 0-30 months of age at p < 0.05.
bStatistically significant difference in distribution between tested and not tested at 0-30 months of age at p < 0.03.

many children born on military bases may not continue to reside
there later in childhood. Finally, analyses were repeated using the
more conservative definition of elevated blood lead, >5 pg/dL,
and using blood lead test results at any age in childhood.

All models were run in SAS (version 9.4; SAS Institute Inc.).
This study was approved by the institutional review board at the
University of North Carolina at Chapel Hill. Informed consent
was waived because no subjects were contacted and only the
study team had access to the data.

Results

Blood Lead Testing

Overall, 419,001 (66.2%) of the geocoded 2011-2016 North
Carolina birth certificates were linked to at least one of 861,870
(89.9%) of the children’s lead tests conducted in North Carolina
and reported to the NCCLPPP in 2011-2018, irrespective of age
at time of testing. One third (33.8%) of children born in North
Carolina in this period had no report of blood lead testing linked
to their birth record. Ten percent of lead test reports could not be
linked to a birth certificate because North Carolina’s population
has grown rapidly since 2010 as a result of in-migration,58 we
expect most of the unlinked reports belonged to children born out
of state. Nearly all of the linked tests (402,002; 95.9%) were for
children <30 months of age, making the probability of receiving
a lead test by 30 months of age only slightly lower (64%) than
the overall probability of testing at any age in this cohort. Less
than one-third of children born in North Carolina were tested for
lead at both 1 and 2 years of age (n=199,707, 31.5%).

Birth certificates of children who were linked to a lead test
result were more likely to report the following maternal character-
istics at delivery: <25years of age at delivery (42% vs. 38%);
unmarried (48% vs. 41%); mother born in North Carolina (51% vs.
45%); covered by Medicaid (53% vs. 44%); receiving WIC benefits
(57% vs. 47%); Hispanic ethnicity (18% vs. 15%), American Indian
2% vs. 1%), Black (27% vs. 24%), or other non-White race (15%
vs. 12%); and less than college education (45% vs. 39%) (Table 1).
Compared with the birth cohort, residential addresses at birth of the
children tested for lead were more likely be in less-urban, sparsely
populated neighborhoods, with higher proportions of people born
in North Carolina and have more adults with less than a high school
education, more children and families living in poverty, more
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vacant housing, more older housing stock (built before 1950 and
1940), lower median home value, lower proportions of Asian
neighbors, and higher proportions of Black and African American
neighbors (Table 2).

The final logistic regression model of the probability of receiv-
ing a blood lead screening test at <30 months of age included the
following covariates: county of birth; year of birth; payment at
delivery (Medicaid, private insurance, self-pay, other), maternal
race (American Indian, AAPI, Black, White, other non-White);
whether the mother had reported receiving WIC during pregnancy
(yes/no), the number of previous live births still living (none, 1,
>2); maternal marital status (married or unmarried); maternal loca-
tion of birth (North Carolina, other U.S. states and territories, or
international); maternal prenatal care (indicator for >10 prenatal
care visits); percentage of tract population born in North Carolina
(quintile); percentage of block group population <18 years of age
(quintile); block group population density per square mile (quintile);
percentage of block group population with less than high school
education (quintile); percentage of block group housing that is
renter-occupied (quintile); percentage of block group population
White alone, not Hispanic or Latino (quintile); percentage of block
group Hispanic or Latino (quintile); and 2010 estimated public
water system service area size (>50,000 people, 10,001-50,000
people, 3,301-10,000 people, <3,300 people, not on public water)
(see Table S2 for beta estimates and standard errors). The c-statistic
of the final model was 0.750, indicating moderately good predictive
value. The IP of testing weights among those with lead test results
ranged from 1.02 to 8.87 (mean = 1.56). Applying model parame-
ters estimated using births from odd months to births in even months
predicted lead testing with 72% accuracy, with a positive predictive
value of 0.75 and a negative predictive value of 0.66.

BLLs

Among the 402,002 children that received a blood lead test at <30
months of age, 41,839 (10.4%) received a maximum test result of
3 pg/dL or higher, while 10,677 (2.66%) received a maximum test
result of 5 pg/dL or higher, the CDC reference level at the time
most of these tests were conducted. Just under 2,000 children
(1,892, 0.47%) received a maximum test result of 10 pg/dL or
higher, the CDC reference level until 2012.

Risk of BLL 23 ug/dL. In bivariate models, many predictors
were strongly correlated with the risk of receiving a blood lead
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Table 3. Predictors at birth [RR (95% CI)] of risk of BLL >3 pg/dL among children who received a blood lead test at <30 months of age.

Characteristics at birth

Bivariate, unweighted

Bivariate, IP-weighted
to total population

Full model, IP weighted
to total population”

Child female sex at birth (Ref = male)
Payment (insurance) at delivery (Ref = Private or other)
Medicaid
Self-pay
Reported smoking before or during pregnancy (Ref = none)
Maternal age at delivery (y)
<20
21-25
26-30 (Ref)
31-35
>35
Maternal Hispanic ethnicity (Ref =non-Hispanic)
Maternal race (Ref = White)
American Indian
Asian and Pacific Islander
Black
Other non-White
Mother’s state of birth (Ref = North Carolina)
Other U.S. states and territories
Remainder of world
Year of birth
2011
2012
2013 (Ref)
2014
2015
2016
Environmental characteristics
Residence in urbanized area (Ref =no)
Within 100 m of major roadway (Ref >100 m)
Public water system (Ref = not on public water)
Within 2 km of TRI or NEI site emitting/releasing lead in past 5 y (Ref >2 km)
TRI sites
Low lead (<median)
High lead (>median)
NEI sites
Low lead (<median)
High lead (>median)
Selected U.S. Census characteristics, categorized in quintiles
Population born in state [Q (%)]
1
2
3 (Ref)
4
5
Vacant housing [Q (%)]
1

2
3 (Ref)
4

5
Housing built before 1940 [Q (%)]
1
2
3 (Ref)
4
5
Housing built before 1950 [Q (%)]
1
2

3 (Ref)
4

5
Selected interactions (Ref = Q3 median home value, Q3 housing built before 1940)
Q1 housing built before 1940 (least), Q1 median home value (lowest)
Q1 housing built before 1940 (least), Q5 median home value (highest)
Q5 housing built before 1940 (most), Q1 median home value (lowest)
Q5 housing built before 1940 (most), Q5 median home value (highest)
Age at test (months, continuous)
Laboratory test vs. point-of-care test

0.91 (0.90, 0.93)

1.67 (1.63, 1.70)
126 (1.21, 1.31)
1.46 (1.42, 1.49)

1.43 (1.39, 1.47)
1.24 (1.20, 1.27)

0.88 (0.85, 0.91)
0.91 (0.87, 0.94)
0.79 (0.77, 0.81)

1.40 (1.31, 1.49)
1.12 (1.06, 1.18)
1.14 (1.12, 1.17)
0.84 (0.81, 0.87)

0.75 (0.73, 0.76)
0.78 (0.76, 0.80)

1.70 (1.65, 1.75)
1.17 (1.13, 1.21)
1.01 (0.97, 1.04)
0.94 (0.91, 0.97)
0.77 (0.74, 0.81)

0.75 (0.74, 0.77)
1.14 (1.09, 1.19)
0.81 (0.80, 0.83)

1.02 (0.99, 1.06)
1.26 (1.21, 1.32)

1.07 (1.04, 1.10)
1.26 (1.22, 1.29)

0.74 (0.71, 0.77)
0.84 (0.82, 0.87)

1.30 (1.26, 1.33)
1.39(1.35, 1.43)

0.75 (0.73, 0.78)
0.94 (0.91, 0.97)
1.14 (1.10, 1.17)
1.31 (1.28, 1.35)

0.78 (0.76, 0.80)
0.90 (0.86, 0.93)
1.15 (1.12, 1.19)
1.36 (1.31, 1.40)

0.77 (0.74, 0.80)
0.87 (0.84, 0.90)
1.18 (1.14, 1.22)
1.40 (1.36, 1.44)

1.08 (1.08, 1.08)
1.15 (1.12, 1.18)

0.92 (0.90, 0.94)

1.74 (1.70, 1.78)
1.32 (1.27, 1.37)
1.50 (1.46, 1.54)

1.49 (1.45, 1.54)
1.26 (1.23, 1.30)

0.87 (0.85, 0.90)
0.91 (0.87, 0.94)
0.83 (0.81, 0.86)

1.49 (1.39, 1.59)
1.20 (1.13, 1.28)
1.19 (1.16, 1.21)
0.90 (0.88, 0.93)

0.70 (0.69, 0.72)
0.81 (0.78, 0.83)

1.70 (1.65, 1.75)
1.17 (1.13, 1.21)
1.02 (0.98, 1.05)
0.96 (0.93, 1.00)
0.79 (0.75, 0.83)

0.73 (0.72, 0.75)
1.18 (1.12, 1.24)
0.80 (0.78, 0.82)

1.06 (1.02, 1.10)
1.26 (1.21, 1.33)

1.10 (1.07, 1.13)
1.27 (1.23, 1.31)

0.73 (0.70, 0.76)
0.83 (0.80, 0.86)
1.31 (1.28, 1.35)
1.41 (1.37, 1.45)

0.74 (0.71, 0.77)
0.93 (0.89, 0.96)
1.15 (1.12, 1.19)
1.33(1.29, 1.37)

0.77 (0.74, 0.79)
0.88 (0.85, 0.92)
1.17 (1.13, 1.21)
138 (1.33, 1.42)

0.77 (0.74, 0.80)
0.87 (0.84, 0.90)
1.21 (1.17, 1.25)
1.42 (1.38, 1.47)

1.08 (1.08, 1.08)
1.14 (1.11, 1.17)

0.93 (0.91, 0.95)

1.35 (1.32, 1.39)
1.30 (1.24, 1.36)
1.14 (1.12, 1.17)

1.16 (1.13, 1.20)
1.07 (1.05, 1.10)

0.97 (0.93, 1.00)
1.01 (0.97, 1.05)
0.81 (0.76, 0.87)

1.10 (1.03, 1.17)
1.33 (1.24, 1.42)
0.98 (0.96, 1.01)
0.92 (0.86, 0.99)

0.92 (0.90, 0.95)
1.10 (1.05, 1.15)

1.35 (1.24, 1.48)
1.10 (1.04, 1.16)
0.89 (0.84, 0.94)
0.89 (0.81, 0.97)
0.81 (0.71, 0.91)

0.94 (0.92, 0.97)
1.10 (1.05, 1.15)
0.85(0.83, 0.87)

1.04 (1.00, 1.08)
1.08 (1.03, 1.14)

1.09 (1.06, 1.12)
1.11 (1.07, 1.14)

0.89 (0.86, 0.94)
0.94 (0.90, 0.97)
1.14 (1.10, 1.17)
1.15 (1.11, 1.18)

0.96 (0.92, 1.00)
1.01 (0.98, 1.04)

1.05 (1.02, 1.09)
1.14 (1.11, 1.17)

0.91 (0.86, 0.97)
0.98 (0.92, 1.04)

1.05 (0.99, 1.12)
1.18 (1.11, 1.25)

1.00 (0.95, 1.05)
1.02 (0.98, 1.06)

1.03 (1.00, 1.07)
1.10 (1.05, 1.14)

1.12 (1.04, 1.20)
1.07 (0.99, 1.14)
0.95 (0.90, 1.01)
1.06 (0.97, 1.17)
1.08 (1.08, 1.08)
1.11(1.08, 1.13)
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Table 3. (Continued.)

Characteristics at birth

Bivariate, unweighted

Bivariate, IP-weighted

to total population

Full model, IP weighted

to total population”

Season (Ref = winter)

Fall 1.25 (1.21, 1.28) 1.22 (1.19, 1.26) 1.12 (1.08, 1.15)
Spring 1.09 (1.06, 1.12) 1.08 (1.04, 1.11) 1.09 (1.06, 1.12)
Summer 1.27 (1.24, 1.30) 1.25(1.21, 1.28) 1.19 (1.16, 1.23)
Year of test
2011 1.38 (1.13, 1.69) 1.44 (1.16, 1.79) 2.12 (1.68, 2.68)
2012 1.31 (1.27, 1.36) 1.32 (1.28, 1.37) 1.41 (1.29, 1.54)
2013 1.08 (1.05, 1.12) 1.10 (1.06, 1.14) 1.03 (0.98, 1.09)
2014 (Ref) — — —
2015 0.86 (0.83, 0.89) 0.86 (0.83, 0.89) 1.00 (0.95, 1.06)
2016 0.95 (0.92, 0.98) 0.99 (0.96, 1.03) 1.19 (1.09, 1.31)
2017 0.82 (0.79, 0.86) 0.85 (0.81, 0.88) 0.98 (0.87, 1.11)
2018 1.77 (1.68, 1.88) 1.81 (1.70, 1.92) 1.18 (1.00, 1.39)
Note: CI calculated using robust standard errors to account for tested children living at the same address. —, not applicable; BLL, blood lead level; CI, confidence interval; IP, inverse

probability; Q, quintile; NEI, National Emissions Inventory; Ref, reference; RR, risk ratio, TRI, Toxics Release Inventory.

“Full model included all variables listed in this table.

test result >3 pg/dL (Table 3). Weighting the tested subpopula-
tion so that it was comparable (with respect to covariates) to the
overall cohort of live North Carolina births generally strength-
ened these correlations. The final multipredictor model of the risk
of receiving a blood lead test result >3 pg/dL included birth cer-
tificate variables (year of birth, sex, insurance, maternal race,
maternal Hispanic ethnicity, maternal age, maternal smoking,
and maternal state of birth), environmental factors (residential
proximity to TRI and NEI sites and major roadways, access to a
public water system), neighborhood characteristics (proportion of
the population born in North Carolina, proportion of housing
built before 1950 and before 1940, proportion of vacant housing,
whether the residence was in an urbanized area), information
reported on test results (season of test, age at testing, specimen
type), and an interaction term between housing built before 1940
and median home value (Table 3).

In covariate-adjusted models, a number of variables were posi-
tively associated with having a BLL >3 pg/dL (Table 3). Children
born in 2011 [risk ratio (RR) = 1.35; 95% confidence interval (CI):
1.24, 1.48 compared with 2013], and whose birth certificates
reported young maternal age (RR=1.16; 95% CI: 1.13, 1.20 for
those <20 years of age compared with those 26-30 years of age),
maternal smoking (RR=1.14; 95% CI: 1.12, 1.17), a mother born
outside the United States (RR = 1.10; 95% CI: 1.05, 1.15 compared
with born in North Carolina), AAPI or American Indian race
(RR=1.33;95%CI: 1.24,1.42 and RR =1.10; 95% CI: 1.03, 1.17,
respectively, compared with White race), or non-Hispanic ethnic-
ity (RR=0.81; 95% CI: 0.76, 0.87 for Hispanic compared with
non-Hispanic ethnicity) had higher risk of elevated blood lead
results. Although in IP-weighted bivariate models, children of
Black mothers had 1.19 times the risk of receiving a blood lead test
result >3 pg/dL compared with children of White mothers, in full
models with all covariates there was no difference in risk between
the two groups. Residential addresses that were within 2 km of a
lead-releasing TRI or NEI facility, within 100 m of a major road-
way, not on a public water service system, and in neighborhoods
with older or vacant housing were also associated with higher odds
of elevated blood lead results. We also found that addresses in cen-
sus tracts with the fewest homes built before 1940 but the lowest
home values were more likely to be linked to an elevated blood
lead test result. The area under the receiver operator curve of the
final predictive model was 0.698, indicating it had moderate pre-
dictive utility. Applying model parameters estimated using births
from odd months to births in even months predicted lead testing
with 90% accuracy, with a positive predictive value of 0.43 and a
negative predictive value of 0.90.
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Several sensitivity analyses were conducted to evaluate the robust-
ness of these results to alternative specifications (Tables S3-S4).
Restricting children to those residing at the same address or within the
same city, ZIP code, or county at birth and at testing, and modeling the
risk of BLLs >3 pg/dL at any age, did not alter our conclusions
(Table S3). Similarly, excluding children born in counties with the two
largest U.S. military bases in the state did not change the results
(Table S3). Alternative definitions of residential proximity to
lead-emitting or -releasing sites altered risk estimates (Table S4).
Restricting sites to those within 1 km of residence at birth nulli-
fied the risk associated with proximity to TRI sites but did not sub-
stantially alter NEI estimates. Restricting sites to those releasing
or emitting lead within 1 y of birth slightly strengthened results for
TRI sites, whereas expanding the exposure definition to all sites
ever reported releasing or emitting lead within 2 km of residential
address at birth nullified associations between EBLLs and TRI sites
but did not substantially change associations with NEI sites.

Risk of BLL =5 pg/dL. Applying the same predictors to
model the risk of a blood lead test >5 pg/dL altered the results
(Table S5). Compared with children of White mothers (as reported
on the birth certificate), children of AAPI mothers were 1.6 times
more likely (95% CI: 1.42, 1.82) to be linked to a blood lead test
result >5 pg/dL, whereas children of Black mothers were less
likely to be linked to a blood lead test result >5 pg/dL. We
observed stronger associations for maternal smoking and neigh-
borhoods with high proportions of housing built before 1950, but
reduced or null associations with residential proximity to TRI and
NET sites.

EBLLs missed by lead surveillance. When IP of testing
weights were applied to the children tested for lead, the reweighted
population included an estimated 57,398 children (9.2%) with a
BLL >3 pg/dL, 14,522 (2.3%) children with a BLL >5 pg/dL,
and 2,520 children (0.4%) with a BLL >10 pg/dL. By subtracting
the number of true elevated blood lead tests from those in the
weighted population, we estimate that in our study population,
between 2011-2018, 17,543 additional children had BLLs
>3 ng/dL who were never tested for lead (95% Crl: 17,462,
17,650; 7.9% of those not tested), including 4,457 with BLLs
>5 pg/dL (95% Crl: 4,435, 4,482; 2.0% of those not tested)
(Table 4, Figure 1; Table S6). Equivalently, current lead testing
strategies in North Carolina appear to miss ~30% of children
with EBLLs (regardless of whether >3 or >5 pg/DL is used as
the threshold). Moreover, children with characteristics at birth
associated with the highest relative risks for EBLLs in childhood
frequently contribute the fewest cases. For example, self-
reported Medicaid status during pregnancy was associated with
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Table 4. Descriptive characteristics of estimated additional untested children in the weighted population.

Estimated number of additional

All additional projected children with EBLL
untested children [n (% of row)]
Characteristics at birth [n (% of all untested children)] >3 pg/dL >5 pg/dL
Total 221,644 (100%) 17,543 (17,462, 17,650)* 4,457 (4,435, 4,482)"
(7.9%) (2.0%)
Child sex assigned at birth
Female 108,288 (49) 8,293 (7.7) 2,100 (1.9)
Male 113,427 (51) 9,250 (8.2) 2,357 (2.1)
Number of prenatal visits
<10 50,769 (23) 4,360 (8.6) 1,123 (2.2)
>10 169,340 (76) 13,053 (7.7) 3,297 (1.9)
Missing 1,605 (1) 130 36
Insurance at delivery
Medicaid 67,531 (30) 7,515 (11) 1,866 (2.8)
Private 127,485 (57) 8,184 (6.4) 2,086 (1.6)
Self-pay 10,914 (4.9) 935 (8.6) 252 (2.3)
Other 15,914 (7.2) 926 (5.8) 259 (1.6)
Missing —131 (0.06) — —
Older children
None 88,376 (40) 7,024 (7.9) 1,821 (2.1)
1 74,719 (34) 5,650 (7.6) 1,419 (1.9)
>2 58,684 (26) 4,876 (8.3) 1,218 (2.1)
Missing —64 (0.03) -6 -2
Reported smoking before or during pregnancy
None 197,150 (89) 14,722 (7.5) 3,728 (1.9)
Any 24,546 (11) 2,818 (11) 728 (3.0)
Missing 19 (0.01) 3 —
Maternal age at delivery (y)
<20 17,658 (8) 2,020 (11) 466 (2.6)
21-25 48,421 (22) 4,610 (9.5) 1,152 (2.4)
26-30 67,987 (31) 5,069 (7.5) 1,321 (1.9)
31-35 59,144 (27) 3,887 (6.6) 1,023 (1.7)
>35 28,503 (13) 1,957 (6.9) 495 (1.7)
Missing 2 (0.00) 1 —
Maternal marital status
Married 157,300 (71) 11,098 (7.1) 2,906 (1.8)
Unmarried 64,523 (29) 6,460 (10) 1,552 (2.4)
Missing —-109 (0.05) —-15 -2
Maternal education at delivery
Less than HS 24,568 (11) 2,788 (11) 709 (2.9)
HS graduate 39,749 (18) 3,933 (9.9) 966 (2.4)
Some college or associate’s degree 71,777 (32) 5,558 (7.7) 1,360 (1.9)
Bachelor’s degree or higher 85,306 (38) 5,239 (6.1) 1,414 (1.7)
Missing 315 (0.14) 24 8
WIC
Yes 69,833 (31) 7,279 (10) 1,789 (2.6)
No 151,493 (68) 10,230 (6.8) 2,665 (1.8)
Missing 389 (0.18) 34 3
Maternal Hispanic ethnicity
Hispanic 23,313 (11) 1,643 (7.0) 420 (1.8)
Non-Hispanic 198,283 (89) 15,886 (8.0) 4,031 (2.0)
Missing 119 (0.05) 15 5
Maternal race
American Indian 1,950 (0.9) 224 (11) 47 (2.4)
Asian and Pacific Islander 11,971 (5.4) 1,235 (10) 394 (3.3)
Black 46,539 (21) 4,142 (8.9) 922 (2.0)
White 146,066 (66) 10,854 (7.4) 2,815 (1.9)
Other non-White 15,189 (6.9) 1,088 (7.2) 277 (1.8)
Mother’s state of birth
North Carolina 80,992 (37) 7,634 (9.4) 1,869 (2.3)
Other U.S. states and territories 110,180 (50) 7,294 (6.6) 1,868 (1.7)
Remainder of world 32,385 (15) 2,747 (8.5) 757 (2.3)
Missing —1,843 (0.83) —132 =37
Year of birth
2011 39,961 (18) 4,629 (12) 1,065 (2.7)
2012 39,457 (18) 3,160 (8.0) 740 (1.9)
2013 40,863 (18) 2,815 (6.9) 709 (1.7)
2014 42,755 (19) 3,090 (7.2) 887 (2.1)
2015 39,895 (18) 2,788 (7.0) 768 (1.9)
2016 18,783 (8.5) 1,061 (5.6) 287 (1.5)
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Table 4. (Continued.)

All additional projected
untested children

Estimated number of additional
children with EBLL
[ (% of row)]

Characteristics at birth [n (% of all untested children)] >3 pg/dL >5 pg/dL
Environmental characteristics
Residence in urbanized area
Yes 150,115 (68) 10,600 (7.1) 2,700 (1.8)
No 71,599 (32) 6,943 (9.7) 1,757 (2.5)
Distance from major roadway
Within 100 m 7,433 (3.5) 724 (9.7) 182 (2.4)
>100 m 214,282 (97) 16,819 (7.8) 4,275 (2.0)
Estimated 2010 public water system service population size
<3,300 7,088 (3.2) 725 (10) 183 (2.6)
3,301-10,000 14,624 (6.6) 1,301 (8.9) 314 (2.1)
10,001-50,000 42,647 (19) 3,618 (8.5) 988 (2.3)
>50,000 123,716 (56) 8,607 (7.0) 2,143 (1.7)
Not on public water 33,639 (15) 3,292 (9.8) 828 (2.5)
Within 2 km of TRI or NEI site emitting/releasing lead in past 5 y
TRI sites
Low lead 13,636 (6.2) 1,190 (8.7) 309 (2.3)
High lead 8,400 (3.8) 810 (9.6) 192 (2.3)
NET sites
Low lead 28,872 (13) 2,501 (8.7) 653 (2.3)
High lead 23,780 (11) 2,268 (9.5) 544 (2.3)
Selected U.S. Census characteristics, categorized in quintiles
Block group population [Q (%)]
1 38,041 (17) 3,776 (9.9) 984 (2.6)
2 40,458 (18) 3,504 (8.7) 904 (2.2)
3 43,444 (20) 3,503 (8.1) 882 (2.0)
4 46,959 (21) 3,435 (7.3) 838 (1.8)
5 52,812 (24) 3,324 (6.3) 849 (1.6)
Tract group population born in state [Q (%)]
1 68,915 (31) 4,164 (6.0) 1,177 (1.7)
2 49,781 (22) 3,282 (6.6) 825 (1.7)
3 39,148 (18) 3,093 (7.9) 755 (1.9)
4 34,216 (15) 3,629 (11) 855 (2.5)
5 29,659 (13) 3,375 (11) 847 (2.9)
Block group population Asian [Q (%)]
1 31,543 (14) 3,586 (11) 878 (2.8)
2 38,576 (17) 3,553 (9.2) 882 (2.3)
3 45,929 (21) 3,519 (7.7) 911 (2.0)
4 51,771 (23) 3,302 (6.4) 804 (1.6)
5 53,897 (24) 3,583 (6.6) 982 (1.8)
Block group population Black [Q (%)]
1 41,713 (19) 3,448 (8.3) 871 (2.1)
2 49,640 (22) 3,401 (6.9) 918 (1.8)
3 49,248 (22) 3,744 (7.6) 934 (1.9)
4 45,485 (22) 3,673 (8.1) 974 (2.1)
5 35,629 (16) 3,276 (9.2) 759 (2.1)
Block group population Hispanic or Latino [Q (%)]
1 38,290 (17) 3,505 (9.2) 847 (2.2)
2 47,737 (22) 3,698 (7.7) 988 (2.1)
3 49,806 (22) 3,732 (7.5) 984 (2.0)
4 47,954 (22) 3,697 (7.7) 954 (2.0)
5 37,930 (17) 2,911 (7.7) 684 (1.8)
Block group population White [Q (%)]
1 35,415 (16) 3,133 (8.8) 736 (2.1)
2 44,309 (20) 3,719 (8.4) 998 (2.3)
3 49,825 (22) 3,656 (7.3) 941 (1.9)
4 49,842 (22) 3,578 (7.2) 932 (1.9)
5 42,325 (19) 3,458 (8.2) 850 (2.0)
Population >25 years of age who have not completed HS [Q (%)]
1 63,875 (29) 3,982 (6.2) 1,113 (1.7)
2 50,572 (23) 3,544 (7.0) 860 (1.7)
3 40,968 (18) 3,310 (8.1) 834 (2.0)
4 35,566 (16) 3,415 (9.6) 828 (2.3)
5 30,740 (14) 3,292 (11) 822 (2.7)
Block group housing units vacant [Q (%)]
1 57,353 (26) 3,454 (6.0) 878 (1.5)
2 47,191 (21) 3,445 (7.3) 832 (1.8)
3 42,765 (19) 3,369 (7.9) 858 (2.0)
4 38,256 (17) 3,496 (9.1) 893 (2.3)
5 36,164 (16) 3,780 (10) 996 (2.8)
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Table 4. (Continued.)

Estimated number of additional

All additional projected children Wflth EBLL
untested children [n (% of row)]
Characteristics at birth [n (% of all untested children)] >3 pg/dL >5 pg/dL
Block group housing units built before 1940 [Q (%)]
1(0%) 97,310 (44) 6,316 (6.5) 1,591 (1.6)
2 36,281 (16) 2,639 (7.3) 675 (1.9)
3 31,548 (14) 2,596 (8.2) 613 (1.9)
4 28,607 (13) 2,784 (9.7) 693 (2.4)
5 27,976 (13) 3,208 (11) 885 (3.2)
Block group housing units built before 1950 [Q (%)]
1 64,973 (29) 4,093 (6.3) 1,031 (1.6)
2 47,318 (21) 3,239 (6.8) 825 (1.7)
3 (Ref) 40,502 (18) 3,102 (7.7) 735 (1.8)
4 34,596 (16) 3,321 (9.6) 848 (2.5)
5 34,333 (15) 3,788 (11) 1,018 (3.0)

Note: —, not applicable; EBLL, elevated blood lead level; HS, high school; NEI, National Emissions Inventory; Q, quintile; Ref, reference; TRI, Toxics Release Inventory; WIC,

Special Supplemental Nutrition Program for Women, Infants, and Children.
“95% credible interval.

1.35 times the risk of receiving an elevated blood lead test at
<30 months of age (95% CI: 1.32, 1.39) compared with children
of mothers covered by private insurance at delivery. We estimate
that there were 7,515 untested children with mothers on Medicaid
with BLLs >3 pg/dL, or 11% of untested children in this category.
However, we estimate that more children (8,184) covered by private

() <100 children
@3 100-1,000 children
@ 1,000-10,000 children
@B >10,000 children

() <20 children
@ 20-50 children
@B 51-200 children
@B >200 children

C

() <20 children
@ 20-50 children
@ 51-200 children

@B >200 children 2010 population of largest N.C. cities
« 70,000-150,000
N * 150,000-500,000
A 0 30 60 120 Miles

® >500,000

Figure 1. Estimated number of additional untested children in each North
Carolina county 2011-2018 (A) total and with (B) blood lead >3 pg/dL and
(C) blood lead >5 pg/dL at <30 months of age. The number of untested
children is the number of children not linked to a blood lead test at
<30 months of age. The estimated number of additional children with blood
lead >3 pg/dL and >5 pg/dL at <30 months of age was calculated by sub-
tracting the true number of children in the cohort with elevated blood lead
levels from the IP weighted population (Table S6). This figure was generated
in ArcMap (version 10.7; Esri). Note: IP, inverse probability.
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insurance with a BLL >3 pg/dL were never tested. Children cov-
ered by private insurance were less likely to have elevated blood
lead, but they constituted the majority of untested children.

Discussion

In this analysis, we linked birth certificate and blood lead testing
data with publicly available neighborhood and environmental data
to evaluate factors at birth related to blood lead testing and BLLs
among North Carolina children in 2011-2018. We found that most
children born in North Carolina between 2011-mid-2016 were
screened for lead and received a blood lead test at least one time by
2.5 years of age. However, tested children did not reflect the demo-
graphics of North Carolina. After reweighting the tested children
to represent the state as a whole, we identified several individual-
and neighborhood-level factors at birth that were predictive of ele-
vated blood lead in toddlers, including being covered by Medicaid,
smoking during pregnancy, young maternal age, maternal non-
Hispanic ethnicity, maternal AAPI race, maternal international
location of birth, living near a major roadway or industrial source
of lead emissions or releases, lack of access to a public water sys-
tem, and living in neighborhoods at the time of delivery with more
older and vacant housing. As a result of the gaps in lead screening,
we estimate that current estimates undercount the number of chil-
dren in North Carolina with EBLLs by ~ 30%.

Lead Testing

Prior studies of children in North Carolina reported that ~ 50% of
children 1 and 2 years of age were tested for lead, an overall finding
consistent with our results.*® In the early 1990s, children tested for
lead in North Carolina were disproportionately Black and residents
of rural counties compared with the state population.5 o

To our knowledge, only a single study has prospectively eval-
uated predictors of children’s lead testing in a population-based
cohort.** Chen et al. linked Pennsylvania birth certificates in 2015—
2016 to children’s blood lead surveillance data from 2015-2018.%*
Consistent with our findings here, they reported that mothers of
children reporting Medicaid at delivery or receipt of WIC benefits
during pregnancy had higher odds of receiving a lead test by 12 or
24 months of age, whereas children of AAPI mothers were less
likely to receive a lead test. They also reported that individual- and
neighborhood-level markers of poverty were associated with
increased odds of a BLL >5 pg/dL. However, these analyses did
not include potential environmental sources of lead exposure—
such as roadways, industrial sites, or drinking water source—and
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estimates of associations with EBLLs relied on complete case anal-
ysis and did not account for children who were not tested for lead.

A wealth of prior studies have evaluated associations between
individual- or neighborhood-level variables and children’s BLLs.
However, nearly every study that attempts to predict or explain
children’s BLLs is restricted to a samfle of children that have been
tested for lead, with few exceptions.2 6061 Children who are never
tested for lead are missing the key outcome—BLL—and are there-
fore not selected into these studies. Because the predictors of lead
testing are not well documented or understood, the structure of this
missing data, and the potential for selection bias by conditioning
on children with lead testing results, is not known. To our knowl-
edge, no previous study has considered how restricting analyses to
children tested for lead could bias associations between sources of
lead exposure and children’s BLLs and ultimately impact public
health policy.

Risk of EBLL

Prior research in North Carolina found that Black children and (in-
dependent of race) children living in rural areas were more likely to
have EBLLs than White children and children living in urban loca-
tions, respectively.’® More recently, North Carolina children’s
BLLs were found to be positively correlated with living in a census
block group that had a greater proportion of African American or
Hispanic population or population receiving public assistance,
warmer seasons of testing (particularly summer and fall), decreas-
ing household median income, and increasing age of housing.Gz’63
Across the country, the year a child’s home was built has been
among the most consistent predictors of elevated blood lead.®* The
percentage of housing in a neighborhood built before 1950 has also
been consistently and positively associated with both an individual
child’s BLL and the proportion of children in that neighborhood
with elevated blood lead.®>~"! Living in close proximity to indus-
tries with documented releases of lead into the environment, such
as TRI sites or airports, has also been associated with elevated
blood lead in children.”>%>7%7

Contrary to findings in other parts of the country, but in ac-
cordance with research in North Carolina,”® we found that chil-
dren living in more rural areas in North Carolina are more likely
to have EBLLs than those in urbanized parts of the state.
However, most of North Carolina’s population lives in urbanized
areas, and children in these neighborhoods are also currently less
likely to be tested for lead. Thus rural areas account for fewer
absolute cases (both observed and missed) of children with
EBLLs than urbanized areas. It is likely, however, that the risk of
lead exposure is not equally distributed among urban residents;
North Carolina’s cities are among the most economically and
racially segregated in the country.”” "

In the United States, exposure to both household and environ-
mental lead hazards is unevenly distributed; children who are
Black or who live in a household with low income or low educa-
tional attainment are more likely to be exposed to lead.”®®* These
patterns have been true at an ecologic level as well: Children living
in census tracts and block groups with higher proportions of resi-
dents living in poverty, vacant homes, or residents who are
African American, Latinx, or recently immigrated, have higher
BLLs than those in neighborhoods with greater wealth, newer
and owner-occupied housing, and more White and native-born
residents. 3266365708588 Given North Carolina’s history of dis-
proportionately siting toxic waste facilities in lower income com-
munities of color,*° it is not improbable that, without properly
accounting for these additional potential sources of lead exposure,
the predictive value of the racial and socioeconomic makeup of a
neighborhood may reflect that neighborhood’s proximity to sources
of environmental lead. When we account for the likelihood of
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receiving a blood lead test and for environmental sources of lead ex-
posure, we find that children of Black mothers are at no higher risk
than children of White mothers to have EBLLSs, and for children of
Hispanic women, the risk appears to be significantly lower. These
findings implicate the important role of environmental injustice in
persistent racial disparities in children’s BLLs.

Although we evaluated an extensive array of individual- and
neighborhood-level predictors of lead testing and BLLs in North
Carolina children, there were a few potentially important factors
we could not evaluate, including the age of each child’s home.
Although other analyses have used county tax records to determine
the year a child’s home was built,"z’63 this information has not been
compiled by the state for most of the property parcels in North
Carolina.*” Instead, we examined the census block group propor-
tion of older housing in the child’s neighborhood. This measure
likely captures some of both the effect of a child’s housing age on
elevated blood lead risk, as well as the risk of living near older
houses, which may have deteriorating external lead paint that could
impact the exposure risk of both its occupants and their neighbors.
We could not examine the presence of a parent or family member
with an occupation or hobby with an elevated risk of lead exposure.
Although take-home lead exposure from work is a concern for North
Carolina children, documented instances of occupational lead expo-
sure are largely concentrated in Forsyth County, North Carolina.*

We used public water system service area maps developed in
2004-2006 to approximate children’s water source in our analyses.
However, homes that overlap with public maps of water system
service areas may not actually be served by these public utilities.”!
Moreover, this misclassification is not random. In Wake County,
which contains the second largest population of any North
Carolina county, block groups with increasing proportions of
Black residents have higher odds of being excluded from public
water systems.92

A key intent of this analysis was to identify factors at birth that
could predict higher risk of EBLLs in early childhood, as early
identification of risk factors could inform prevention efforts.
However, there are limits to this approach. If a family moves, the
neighborhood characteristics and proximity to sources of lead ex-
posure of a child’s address may change. To address this concern,
we restricted the study to children living at the same address or in
the same city, ZIP code, or county at testing as at birth in sensitivity
analyses, with similar results. However, because we do not have in-
formation on parental occupation or time the child spent in neigh-
borhoods other than that of their home address, we cannot account
for exposures that occurred beyond their home neighborhood, for
example, at a child care center, which may result in mismeasure-
ment of lead exposure. We chose to use neighborhood-level meas-
ures from 2010 to preserve temporality of predictive variables
prior to the outcome of lead testing for all children. However, these
data may more accurately describe the neighborhoods of children
born earlier in the cohort than those born more recently, whereas
contemporary measures may better reflect families” environments
and access to testing.

In addition, we noted that children born in 2011 were more
likely to have EBLLs than children born in later years. It is not
clear why this is the case. There were similar numbers and propor-
tions of children tested in 2011 as in other years. However, chil-
dren born in this year were among the first to be tested under the
most recent CDC reference value for children’s BLLs, lowered to
5 pg/dL in 20122394 Lowering this threshold expanded the popu-
lation of children who were required to receive follow up and lead
exposure investigations after blood lead testing and could have
resulted in more aggressive lead hazard removal and education
efforts, improving environmental conditions not just for the chil-
dren with elevated tests, but also for their communities.
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Lead Surveillance Strategy

The CDC reference value for children’s blood lead was established
based on the estimated distribution of BLLs in U.S. children
(~97.5th percentile), rather than a level of safety.94 BLLs under
the previous reference level of 5 pg/dL (the level during this study
period) are associated with behavioral problems, decreased cogni-
tion, and decreased kidney function.! Because there is no safe level
of lead exposure, any measurable blood lead is too high; the level
at which a child’s blood lead is elevated enough to require an inves-
tigation is a somewhat arbitrary cutoff. However, as Geoffrey Rose
wrote, “What is common is all right, we presume.”95

The current children’s lead exposure reduction strategy in the
United States follows a “high risk strategy,”” relying on screening
and targeted lead testing. If children who are at higher risk of being
exposed to lead can be identified earlier—at birth—preventing
such exposure may be more feasible, and public health systems
could implement both individual- and population-level policies to
reduce children’s lead exposure. Screening questionnaires used by
providers to decide whether or not to test a child’s blood for lead do
not reliably predict children’s lead exposure.'* Public health
researchers may be able to employ machine learning or complex
statistical methods to develop algorithms to better identify the
most children at the highest risk of an EBLL.%® However, the rela-
tively small RRs and moderate predictive utility of our model dem-
onstrate that targeting specific subpopulations for lead testing may
not be a sufficient strategy for identifying children exposed to lead.
Despite a testing approach meant to target the highest-risk chil-
dren, our results indicate that the nearly two-thirds of children born
in North Carolina who are tested for lead at <30 months of age are
at only slightly higher risk of elevated blood lead compared with
children never tested for lead. Moreover, the absolute number of
children with the characteristics at birth associated with the highest
relative risks for an EBLL in childhood is smaller than the number
of children with relatively low risk characteristics. For example,
our model indicates that children covered by Medicaid do have a
significantly higher risk of elevated blood lead than children not
covered by Medicaid, and targeted lead screening of these chil-
dren” has been effective in identifying vulnerable children with
EBLLs. However, only 42% of North Carolina’s children are
insured by Medicaid.”® We estimate that the absolute number of
children in North Carolina with elevated blood lead is greater among
those not covered by Medicaid than among those covered by
Medicaid. Similarly, we find that children born to mothers under 25
years of age at delivery are both more likely to receive a blood lead
test and at increased risk of elevated blood lead at <30 months of
age. Once again, however, we estimate that the absolute number of
children with BLLs >3 pg/dL, both tested and untested, is higher
among children born to mothers >25 years of age, reflecting that
targeted blood lead testing to children of younger mothers is insuffi-
cient. Moreover, the strata of characteristics at birth that include the
greatest numbers of children with EBLLs missed by lead testing are
those that are most common in our cohort. For example, we estimate
that 14,722 (83%) of these children were born to mothers who did
not report smoking during pregnancy. Children born to nonsmoking
mothers are also the vast majority (547,981, or 87%) of all children
in the cohort and 89% (197,150) of all untested children. Testing for
blood lead in all children of nonsmoking mothers could identify the
majority of these missed children, but it would no longer be a tar-
geted approach and would fly in the face of evidence that these chil-
dren are at significantly lower risk of elevated blood lead compared
with children of mothers who reported smoking during pregnancy.
Rather, our results suggest that encouraging clinicians to test the
blood of all children <3 years of age for lead and providing the
resources to do so, as well as adopting policies to expand blood lead
testing as a universal requirement, rather than testing only high-risk
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populations, would benefit thousands—*a large number of people at
a small risk may give rise to more cases of disease than the small
number who are at a high risk.”®> Such an expansion would align
with the North Carolina Division of Public Health’s recent move to
make free blood lead testing available to all pregnant women at local
health depar‘[ments.99

The relatively small proportion of children covered by
Medicaid missed by current blood lead surveillance speaks to
some success of targeted testing in North Carolina. Universal test-
ing must not come at the cost of reducing the effectiveness of lead
testing for this vulnerable population. Children covered by
Medicaid in North Carolina are disproportionately Black or
Hispanic,100 and because of historic and continued structural and
environmental racism, Black families are more likely to live near
industrial sources of lead pollution®>**!°! and less likely to have
the generational wealth that provides access to high quality hous-
ing and private health insurance. Apparent differences in risk of
EBLLs by maternal race are reduced or eliminated by accounting
for Medicaid status and sources of environmental lead, providing
contemporary evidence of these historic patterns. Moreover, lead
exposure is intergenerational; lead stored in a mother’s bones from
her earlier life exposures is remobilized during pregnancywz’103
and can be transferred to her fetus in utero and to her child via
breastfeeding,104’105 contributing to her child’s lead exposure.
Black children and women have consistently and historically had
higher BLLs than their White contemporaries,gl’l%’lm but Black
children are less likely to receive follow-up after an initial elevated
blood lead test,'®® thus interventions that do not increase screening
and reduce lead exposures for Black children and families will
result in persistent disparities. If universal children’s blood lead
testing is not immediately politically or financially feasible, deci-
sions regarding targeting children for testing must consider equity
and history so that historic environmental injustices are not pro-
longed and scarce resources may be devoted to children who are
multiply disadvantaged and burdened by lead exposure.

With lead, prevention of exposure is key. Reducing children’s
BLLs after lead exposure is not effective at improving neurologi-
cal outcomes, and the neurotoxic effects of lead may be irreversi-
ble.! Thus by far, the most effective method of reducing lead
exposure has been to implement systemic population-level poli-
cies, which has resulted in dramatic declines in children’s lead
exposure.z’3 However, lead continues to be used in some indus-
tries,5 is extremely stable in soil (which serves as a sink for both
historic and contemporary lead deposition),6 and lead can con-
taminate water when lead in service lines, solders, pipes, or fix-
tures corrodes.'® Thus lead exposure remains a problem for U.S.
children that requires population-level action.*!'*!"'!" Public
health workers may use neighborhood-level information to try to
predict whether a child will be exposed to lead (e.g., the propor-
tion of housing built before 1950), but the systems in place
largely rely on individual-level actions to address lead exposure
(e.g., removing chipping lead-based paint from a child’s home).
A true “population strategy”95 to not only reduce, but prevent,
children’s lead exposure would require both widespread lead test-
ing to identify exposed children and sources of exposure, but also
follow-up regulatory action to remove those sources of exposure.
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