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Abstract Using data from the National Health and Nutrition
Examination Survey for the period 2003–2012, the objective
of this study was to evaluate trends in blood lead levels (BLL)
among children aged 1–5 and 6–11 years and smoker and
nonsmoker adolescents aged 12–19 years. Regression models
with log10 transformed values of BLLs as dependent variable
were fitted to evaluate how gender, race/ethnicity, smoking,
and exposure to secondhand smoke at home affect BLLs.
Irrespective of age, gender, and race/ethnicity, BLLs declined
over the study period (p≤0.01). Overall, adjusted BLLs de-
clined by 0.00114 μg/dL for every 2 years. Children aged 1–
5 years had about 50% higher BLLs than smoker adolescents,
about 75 % higher BLLs than nonsmoker adolescents, and
about 45 % higher BLLs than children aged 6–11 years.
While overall, children aged 1–5 years with BLL≥5 μg/dL
made up 3.24 %, 7.8 % non-Hispanic Black children aged 1–
5 years had BLL≥5 μg/dL. Males were found to have higher
adjusted BLLs than females, and non-Hispanic Blacks were
found to have higher adjusted BLLs than non-Hispanic
Whites. Higher poverty income ratio was associated with low-
er adjusted BLLs (β=−0.02916, p<0.01). Children living in
owner-occupied homes had lower adjusted BLLs than chil-
dren living in renter-occupied homes. BLLs increased with
increase in number of smokers smoking inside the home

(β=0.02496, p=0.02). In conclusion, while BLLs have de-
clined for all age groups, genders, and races/ethnicities, cer-
tain races/ethnicities like non-Hispanic Blacks continue to
have substantially higher BLLs than non-Hispanic Whites.
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Introduction

Lead is a heavy, low-melting, bluish-gray metal that occurs
naturally in the earth’s crust at about 15–20 mg/kg (http://
www.atsdr.cdc.gov/toxprofiles/tp13.pdf, p. 1, 19). Lead and
its alloys are commonly found in pipes, storage batteries,
weights, shots and ammunitions, cable covers, and sheets
used to shield from radiation, and lead compounds are used
as a pigment in paints, dyes, and ceramic glazes and caulk
(http://www.atsdr.cdc.gov/toxprofiles/tp13.pdf, p. 1–2). Lead
is released into the air during burning of coal, oil, or waste,
and before its use was banned in gasoline, most of the lead
released into the US environment came from vehicle exhaust.
Rain removes lead from the air and its particles fall to land or
into surface water (http://www.atsdr.cdc.gov/toxprofiles/tp13.
pdf, p. 2–3). Some lead compounds are changed into other
forms of lead by sunlight, air, and water.

Exposure to lead from house dust (Bi et al., 2015,
Swaddiwudhipong et al., 2014), street dust (Han et al.,
2015), and roof dust (Yu et al., 2015) has also been reported.
Babies and children can swallow and breathe lead in dirt, dust,
or sand while they lie on the floor or ground, and they can
swallow nonfood items such as paint chips which may contain
a large amount of lead (http://www.atsdr.cdc.gov/toxprofiles/
tp13.pdf, p. 9–10). Children can swallow lead-contaminated
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dirt from their hands and toys in normal hand-to-mouth activ-
ities (http://www.atsdr.cdc.gov/toxprofiles/tp13.pdf, p. 363).

People who live near hazardous waste sites and those who
work in lead smeltering and refining industries; brass/bronze
foundries; rubber products and plastics industries; soldering,
steel welding, and cutting operations; battery manufacturing
plants; and lead compound manufacturing industries may be
exposed to lead and chemicals that contain lead by breathing
air, drinking water, eating foods, or swallowing dust or dirt
that contain lead (http://www.atsdr.cdc.gov/toxprofiles/tp13.
pdf, p. 4). Other routes of exposure to lead include drinking
water in houses that contain lead pipes and eating foods
contained in improperly glazed pottery or ceramic dishes
and from leaded-crystal glassware (http://www.atsdr.cdc.gov/
toxprofiles/tp13.pdf, p. 4). Breathing in and swallowing
airborne dust and dirt are associated with exposure to lead.
At home, children may be exposed to lead if they use certain
types of home remedy medications that contain lead. Health
care costs attributable to lead poisoning have been estimated
to be $43.4 billion (Landrigan et al., 2002). Based on the
analysis of National Health and Nutrition Examination
(NHANES) III data among those aged ≥40 years, there was
a suggestion that higher blood lead levels (BLLs) may be
associated with increased cancer mortality (van Bemmel et
al., 2011). Cheung (2013) used data from NHANES III and
reported a positive association between BLLs and all cause, all
cancer, and lung cancer mortality among adults. According to
Bellinger (2008), no level of lead appears to be safe and even
the currently defined low levels of exposure among children
are associated with neurodevelopmental deficits.

Having reviewed data from 19 surveys in general
population and 12 studies in occupationally exposed groups,
Nawrot et al. (2002) concluded that a twofold increase in
BLLs was associated with a 1.0-mmHg rise in systolic
blood pressure and a 0.6-mmHg rise in diastolic blood
pressure. Navas-Acien et al. (2007) found sufficient ev-
idence to conclude a causal relationship between BLLs
and hypertension.

Among adults aged ≥18 years, increasing blood lead levels
were found to be associated (p=0.014) with increased preva-
lence of elevated serum alanine aminotransferase used as a
biomarker for nonalcoholic fatty liver disease (Cave et al.,
2010). Trzeciakowski et al. (2014) used a somewhat compli-
cated statistical methodology to show a negative relationship
between serum lead and renal function. Luo and Hendryx
(2014), based on data from NHANES 2007–2010, reported
BLLs and cadmium levels to be a disrupter of thyroid
function. Kresovich et al. (2015) used data from NHANES
for the period 1999–2004 for adult males and found blood
lead levels to be positively associated with the levels of tes-
tosterone and sex-hormone-binding globulin.

Hu et al. (2014) used NHANES data for the period 2005–
2010 for participants aged 20–59 years and reported a dose-

response-like relationship between BLLs and substance use,
risky sexual behaviors, self-reported sexually transmitted
disease, and biologically confirmed herpes simplex virus
type 2. Min et al. (2012) suggested an association between
BLLs and balance and vestibular dysfunction in adults aged
≥40 years. Blood lead concentration was associated with de-
creased walking speed in females aged ≥50 years (Ji et al.,
2013). In a pilot study of 47 healthy subjects aged 55–67 years,
an analysis adjusted for age, education, and smoking status
found higher bone lead values with increased memory impair-
ment (van Wijngaarden et al., 2009). Past occupational expo-
sure to lead was found to be associated with a progressive
decline in cognitive function (Schwartz et al., 2000).
Behavior and mental development of children aged 2–4 years
were found to be adversely affected by lead poisoning (Hou et
al., 2013). As compared to healthy children, children with lead
poisoning had higher levels of abnormal behaviors like social
withdrawal, depression, atypical body movements, aggres-
sions, and destruction (Hou et al., 2013).

An inverse association between BLLs and/or urinary lead
levels and bone mineral density (BMD) has been investigated
by several authors. An inverse association between BLLs and
total hip BMD among non-Hispanic White males aged
≥50 years was reported by Campbell and Auinger (2007).
Postmenopausal females have been found to be more suscep-
tible to high BLLs and low BMD as compared with premen-
opausal females (Lee and Kim, 2012). In a Chinese study of
males and females aged ≥27 years (Chen et al., 2014), low
BMD was found to be associated with blood lead levels
≥10 μg/dL both in males and females.

Lead and mercury can easily cross the placenta and accu-
mulate in fetal tissues (Iyengar and Rapp, 2001) and as such
have the potential to affect birth outcomes. In a study of new-
borns conducted in Nepal (Parajuli et al. 2014), cord BLLs
were found to be inverse ly associa ted with the
neurodevelopment of newborns, suggesting prenatal exposure
to lead may induce retardation. Wells et al. (2014) used data
from NHANES 2005–2006 for children aged 2–12 years and
found an 11.1 % increase in immunoglobulin E and a 4.9 %
increase in eosinophils for a 1-μg/dL increase in blood levels,
and associations were stronger among children who lived with
smokers. In a study among low-income predominantly
African-American children in Saginaw, MI (Smith and
Nriagu, 2011) under the age of 12 years, elevated blood lead
levels (≥10 μg/dL) were over five times more likely to be
found among asthmatic than nonasthmatic children. The
Centers for Disease Control and Prevention (CDC) (2013),
based on NHANES data for 1999–2010, reported 2.6 % chil-
dren aged 1–5 years have blood lead levels ≥5 μg/dL.

Prenatal exposure to even very low BLLs was found to
enhance sensitization to common aeroallergens at the age of
5 years (Jedrychowski et al., 2011). Prenatal exposure to very
low BLLs (<5 μg/dL) as measured in cord blood was found to

Environ Sci Pollut Res (2016) 23:7880–7889 7881

http://www.atsdr.cdc.gov/toxprofiles/tp13.pdf


be negatively associated with the cognitive function
(Jedrychowski et al., 2009a) at the age of 3 years in boys
(p<0.01) but not in girls (p=0.43), suggesting that there
may be no threshold for lead toxicity among children. In ad-
dition, statistically significant negative associations between
cord BLLs and scores on the Bayley Mental Development
Index were also found at the ages of 12, 24, and 36 months
(Jedrychowski et al., 2009b) and average deficit in cognitive
development over 3 years was also statistically significant. In
a retrospective study of 262 mother-infant pairs, Jelliffe-
Pawlowski et al. (2006) reported females with a maximum
BLL of ≥10 μg/dL have a threefold risk of having a preterm
birth and a more than fourfold risk of giving birth to an infant
small for gestational age when compared with females with a
maximum pregnancy BLL of <10 μg/dL. They (Jelliffe-
Pawlowski et al., 2006) also found a negative association be-
tween second trimester maximum BLLs ≥10 μg/dL and dura-
tion of gestation. In a retrospective cohort study of 43,288
mother-infant pairs in upstate New York, Zhu et al. (2010)
reported a negative association between birth weight and ma-
ternal BLLs but BLLs were not found to be related to preterm
or small for gestational age delivery.

There have been a few studies that have reported data on
BLLs using NHANES. The results from some of these studies
are described below. Dixon et al. (2009) analyzed NHANES
data for the years 1999–2004 for children aged 1–5 years and
concluded (i) BLLs were affected by the levels of lead in the
floor and the surface type and condition of the floor, (ii) non-
Hispanic Black (NHB) children had higher BLLs than non-
HispanicWhite children (NHW), (iii) children born inMexico
had higher BLLs than children born in the USA, (iii) houses
built before 1940 were associated with higher BLLs, (iv) chil-
dren living in houses where someone smoked had higher
BLLs than when no one smoked inside the house, and (v)
the odds of NHB children having BLLs >5 μg/dL and
>10 μg/dL were more than twice that of NHW children.
Richter et al. (2013) used data from NHANES for the years
1999–2008 for those aged ≥3 years and concluded (i) youths
aged 3–18 years with exposure to secondhand smoke (SHS)
had higher BLLs than youths without exposure to SHS, (ii)
BLLs among adults aged ≥19 years were in the order
smokers> nonsmokers with exposure to SHS>nonsmokers
without exposure to SHS, (iii) people living below the poverty
level and in houses built in 1949 or earlier and born outside of
the USA had relatively higher BLLs, and (iv) there was a
decreasing trend in BLLs over the period covered by the
study. Richter et al. (2013) presented some of their results
for those aged 3–18 years labeled as Byouth^ and for those
aged ≥19 years labeled as Badults.^ In the opinion of this
author, grouping all those under the age of 19 years is not
appropriate because of the lifestyle changes associated with
various ages in this group that can affect exposure to lead and
as such BLLs. Children aged under 5 years remain at home

under the protection of their parents, and being very low to the
ground, they are likely to have much higher levels of exposure
to lead-contaminated dust and floors than other children.
Children at the age of 6 years start going to school Bfull time^
on a regular basis and as such are likely to be exposed to
relatively lower levels of lead at home but may also be ex-
posed to lead in the outdoor environment, for example, school
buildings and the playground. Once these children turn
12 years of age, they spend more and more time out of the
home in middle and high schools and engage in other personal
and recreational activities like driving, going to movies, and
sports. Consequently, the level of exposure to lead for adoles-
cents aged 12–19 years is likely to be at a level substantially
different than that of children aged <6 and 6–11 years. Richter
et al. (2013) arbitrarily defined no exposure to SHS as being
equivalent to serum cotinine levels <0.035 ng/mL, low expo-
sure to SHS as having serum cotinine levels between 0.035
and 0.256 ng/mL, and high exposure to SHS as having serum
cotinine levels between 0.256 and 10 ng/mL. In addition,
since data on serum cotinine were not available for children
under the age of 3 years, these children were excluded from
the study. While decreasing trends over time in BLLs have
been previously reported among children (Jones et al., 2009),
it is essential that any adverse deviation from these decreasing
trends be monitored not only among children but also among
adolescents and adults since elevated BLLs affect all ages. In
brief, the objective of this study is to study trends in BLLs of
children aged 1–11 years and adolescents aged 12–19 years
over the period 2003–2012. In addition, the impact of race/
ethnicity, gender, age, exposure to secondhand some
(SHS), and other relevant factors that may affect BLLs
will be studied. The data from NHANES for the years
2003–2012 were selected for this purpose. It should be
noted that this study will be limited to children and
adolescents. Resources permitting, results of a separate
study will be reported for adults.

Materials and methods

Data for the years 2003–2010 from NHANES on those aged
≤19 years from files on demographics, body measure, blood
lead, serum cotinine, family smoking questionnaire, and hous-
ing characteristics were downloaded and match merged.
NHANES uses a complex, stratified, multistage, probability
sampling designed as representative of the civilian, noninsti-
tutionalized US population based on age, gender, and race/
ethnicity (http://www.nchs/nchs/nhanes.htm). Sampling
weights are created in NHANES to account for the complex
survey design, including oversampling, survey nonresponse,
and post-stratification. All those aged <12 years were
considered nonsmokers. Adolescents were defined as
nonsmokers if their serum cotinine levels were below 10 ng/
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mL and smokers if their serum cotinine levels were ≥10 ng/
mL. This classification scheme to define smokers and non-
smokers has previously been used by Jain (2013a), among
others. Same laboratory methods were used to measure blood
lead throughout the study period of 2003–2012 and are pro-
vided elsewhere (http://wwwn.cdc.gov/Nchs/Nhanes/2011-
2012 /PbCd_G.htm#Descr ip t ion_of_Labora tory_
Methodology). For blood lead (Pb), concentrations were
found to be at or above the limit of detection (LOD) for at
least 97.5 % of samples irrespective of age, gender, race/eth-
nicity, and smoking status (Supplementary Table S1).
Traditionally, at least for the data reported from NHANES,
when concentrations are below the LOD, they are imputed
as LOD÷√2 before proceeding to analyze data. This approach
has been used by Jain (2013a) among other authors, and there-
fore, in this study, I adopted this approach.

All analyses were done using SAS version 9.3 (http://
www.sas.com, SAS, Cary, NC, USA). All analyses used
appropriate sampling weights and information on
sampling design such as stratification and clustering as
provided in NHANES data files. The dependent variable
in the regression model was the log10 transformed values
of Pb measured in nanograms per deciliter. While
NHANES provides data for BLLs in micrograms per
deciliter, to avoid working with small values which may
result in unstable and unreliable estimates of statistical
parameters like slopes, BLLs were converted into
nanograms per deciliter. For the purpose of this study,
four age-smoking categories were created, namely children
aged 1–5 years (Y15), children aged 6–11 years (Y611),
nonsmoker adolescents aged 12–19 years (Y1219NSM),
and smoker adolescents aged 12–19 years (Y1219SM). In
the regression model, the categorical independent variables
used were age-smoking categor ies (Y15, Y611,
Y1219NSM, and Y1219SM), gender (male, female), race/
ethnicity (non-Hispanic White (NHW), non-Hispanic
Black (NHB), Mexican American (MA), and other unclas-
sified races/ethnicities (OTH)), exposure to secondhand
smoke (yes, no), housing living arrangements (owned
(OWN), renting (RENT)), and other arrangements like liv-
ing with someone else (OA)), and continuous independent
variables used were number of smokers smoking inside the
home, number of cigarettes smoked inside the home every
day, number of rooms in the house, poverty to income
ratio (PIR), and NHANES survey year in two-year groups
coded as 3 (for 2003–2004) through 7 (for 2011–2012) to
adjust for changes in BLLs over time. It should be noted that
the NHANES survey year was used as a continuous ordinal
variable, not as a categorical variable. First-order interaction
terms between gender and race/ethnicity, race/ethnicity and
housing arrangements, and race/ethnicity and exposure to
SHS were considered but were retained in the final models
only if they were statistically significant at α=0.05.

A total of 16,373 participants were available for analysis.
Detailed sample sizes by age-smoking categories, gender, and
race/ethnicity are given in Table 1. However, actual sample
sizes used for regression models were smaller because of
missing values for one or more independent variables like
PIR, etc. Sample sizes used in regression model are presented
as Supplementary Table S2. Briefly, total sample size used in
regression models for those aged 1–5 years was 4182, and for
those aged 6–11 years, it was 4775. The sample size for non-
smoker adolescents was 6256, and for smoker adolescents, it
was 870.

Results

Time trends

Irrespective of age-smoking category, gender, and race/ethnic-
ity, BLLs decreased over the study period of 2003–2012
(p≤ 0.02) and for each survey period from 2003–2004 to
2011–2012; unadjusted geometric means (UGM) for BLLs
for every gender and race/ethnicity category were in the order
Y15>Y611>Y1219SM>Y1219NSM (Table 2). For exam-
ple, for 2003–2004, the UGMs for BLLs for Y15 were almost
double of what they were for Y1219NSM (1.76 vs. 0.92 μg/
dL, Table 2).

Overall variability in unadjusted BLLs by age smoking,
gender, and race/ethnicity

For the study period of 2003–2012, for both males and fe-
males and every racial/ethnic group, Y15 had statistically sig-
nificantly higher UGMs for BLL (Table 3) than Y611
(p<0.01), Y1219NSM (p<0.01), and Y1219SM (p<0.01).
For NHB, UGMs for BLL for Y15 were about 80 % higher
than those for Y1219NSM (1.89 vs. 1.05 μg/dL). Also, irre-
spective of gender and race/ethnicity, Y611 had statistically
significantly higher UGMs for BLL (p<0.01, Table 3) than
Y1219NSM. In addition, Y611 also had statistically signifi-
cantly higher UGMs for BLL than Y1219SM for females and
NHB (p<0.01, Table 3). Finally, Y1219SM had statistically
significantly higher UGMs for BLL than Y1219NSM
(p<0.01, Table 3).

Categorical distribution of BLLs

As compared with other age-smoking categories, Y15 had the
highest BLLs between 5 and 9.9 μg/dL and above ≥10 μg/dL
irrespective of gender and race/ethnicities (Table 4). For NHB,
the differences were particularly noteworthy. For NHB, per-
cent BLLs ≥5 μg/dL for Y15 was 7.8 % as compared to 2.69,
0.75, and 0.40 % for Y611, Y1219NSM, and Y1219SM,
respectively.
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Multivariate analysis—adjusted blood lead levels

The only interaction term that was found to be statistically
significant at α = 0.05 was between race/ethnicity and

residential living arrangement. R2 for the regression model
was 32.5 %.

Males had statistically significantly higher adjusted geo-
metric mean (AGM) BLLs than females (p<0.01, Table 5).

Table 1 Unweighted sample
sizes by age, gender, race/
ethnicity, and smoking status.
Data from National Health and
Nutrition Examination Survey
2003–2012

Age group with smoking status

1–5 years 6–11 years 12–19 years,
nonsmokers

12–19 years,
smokers

N % N % N % N %

Total 4244 100.0 4858 100.0 6376 100.0 895 100.0

Males 2190 51.6 2437 50.2 3214 50.4 595 66.5

Females 2054 48.4 2421 49.8 3162 49.6 300 33.5

Non-Hispanic Whites 1190 28.0 1298 26.7 1625 25.5 357 39.9

Non-Hispanic Blacks 1105 26.0 1341 27.6 1956 30.7 277 30.9

Mexican Americans 1258 29.6 1417 29.2 1883 29.5 153 17.1

Other races/ethnicities 691 16.3 802 16.5 912 14.3 108 12.1

Table 2 Unadjusted geometric means (UGM) with 95% confidence intervals in micrograms per deciliter for blood lead by age, gender, race/ethnicity,
smoking status, and survey year with regression slope (β) for time trends. Data from National Health and Nutrition Examination Survey 2003–2012

Age group UGM with 95 % confidence intervals in μg/dL β ptrends

2003–2004 2005–2006 2007–2008 2009–2010 2011–2012

Total 1–5 years 1.76 (1.61–1.93) 1.46 (1.37–1.56) 1.51 (1.38–1.65) 1.17 (1.09–1.25) 0.97 (0.88–1.07) −0.061 <0.01

6–11 years 1.25 (1.13–1.38) 1.02 (0.95–1.1) 0.99 (0.92–1.06) 0.84 (0.79–0.88) 0.68 (0.63–0.74) −0.061 <0.01

12–19 years, nonsmokers 0.92 (0.85–1) 0.77 (0.73–0.82) 0.78 (0.72–0.84) 0.66 (0.62–0.7) 0.54 (0.5–0.58) −0.055 <0.01

12–19 years, smokers 1.07 (0.97–1.18) 0.96 (0.87–1.06) 0.95 (0.86–1.05) 0.88 (0.79–0.98) 0.72 (0.62–0.84) −0.037 <0.01

Males 1–5 years 1.75 (1.6–1.93) 1.47 (1.35–1.6) 1.54 (1.4–1.68) 1.17 (1.06–1.29) 1.03 (0.9–1.17) −0.056 <0.01

6–11 years 1.29 (1.15–1.45) 1.03 (0.95–1.12) 0.99 (0.92–1.08) 0.88 (0.82–0.95) 0.72 (0.66–0.79) −0.057 <0.01

12–19 years, nonsmokers 1.07 (0.98–1.16) 0.91 (0.84–0.99) 0.91 (0.83–1) 0.78 (0.73–0.83) 0.62 (0.57–0.67) −0.055 <0.01

12–19 years, smokers 1.32 (1.17–1.48) 1.1 (0.98–1.22) 1.05 (0.96–1.15) 0.94 (0.83–1.06) 0.8 (0.63–1.01) −0.049 <0.01

Females 1–5 years 1.77 (1.57–2.01) 1.46 (1.36–1.56) 1.48 (1.33–1.66) 1.17 (1.1–1.25) 0.91 (0.84–0.99) −0.067 <0.01

6–11 years 1.2 (1.09–1.33) 1.01 (0.94–1.1) 0.98 (0.91–1.06) 0.79 (0.74–0.85) 0.64 (0.58–0.71) −0.065 <0.01

12–19 years, nonsmokers 0.8 (0.73–0.87) 0.65 (0.61–0.7) 0.67 (0.61–0.72) 0.56 (0.53–0.6) 0.47 (0.42–0.51) −0.053 <0.01

12–19 years, smokers 0.83 (0.7–0.97) 0.8 (0.71–0.9) 0.73 (0.62–0.87) 0.76 (0.65–0.88) 0.6 (0.52–0.71) −0.029 0.01

Non-Hispanic Whites 1–5 years 1.56 (1.43–1.7) 1.34 (1.24–1.44) 1.42 (1.23–1.64) 1.1 (0.98–1.23) 0.93 (0.78–1.12) −0.052 <0.01

6–11 years 1.08 (1–1.16) 0.94 (0.85–1.04) 0.91 (0.83–1) 0.77 (0.7–0.85) 0.62 (0.55–0.71) −0.056 <0.01

12–19 years, nonsmokers 0.83 (0.77–0.9) 0.72 (0.66–0.78) 0.73 (0.66–0.81) 0.6 (0.55–0.67) 0.52 (0.47–0.58) −0.048 <0.01

12–19 years, smokers 0.97 (0.85–1.1) 0.9 (0.79–1.04) 0.91 (0.82–1.02) 0.87 (0.74–1.01) 0.68 (0.57–0.83) −0.03 0.01

Non-Hispanic Blacks 1–5 years 2.73 (2.24–3.34) 2.12 (1.87–2.4) 1.94 (1.71–2.2) 1.59 (1.42–1.77) 1.29 (1.11–1.51) −0.078 <0.01

6–11 years 1.89 (1.6–2.24) 1.35 (1.2–1.53) 1.31 (1.17–1.47) 1.15 (1–1.34) 0.9 (0.78–1.03) −0.073 <0.01

12–19 years, nonsmokers 1.17 (1.03–1.32) 0.88 (0.77–1) 0.89 (0.8–0.99) 0.76 (0.69–0.83) 0.57 (0.55–0.6) −0.069 <0.01

12–19 years, smokers 1.37 (1.22–1.53) 1.11 (0.95–1.3) 1.13 (0.94–1.35) 1.01 (0.81–1.27) 0.77 (0.73–0.82) −0.054 <0.01

Mexican Americans 1–5 years 1.77 (1.6–1.96) 1.39 (1.25–1.53) 1.46 (1.28–1.67) 1.13 (1.03–1.23) 0.91 (0.78–1.05) −0.067 <0.01

6–11 years 1.45 (1.33–1.57) 1.05 (0.92–1.19) 1.01 (0.87–1.16) 0.86 (0.76–0.97) 0.65 (0.58–0.72) −0.079 <0.01

12–19 years, nonsmokers 1.07 (1–1.16) 0.87 (0.75–1.01) 0.78 (0.65–0.93) 0.69 (0.61–0.77) 0.5 (0.46–0.55) −0.077 <0.01

12–19 years, smokers 1.53 (1.25–1.88) 1.04 (0.92–1.18) 0.91 (0.54–1.52) 0.78 (0.6–1.01) 0.92 (0.61–1.37) −0.057 0.02

Other races/ethnicities 1–5 years 1.78 (1.49–2.14) 1.6 (1.39–1.83) 1.49 (1.34–1.65) 1.11 (0.97–1.27) 0.88 (0.78–0.99) −0.078 <0.01

6–11 years 1.16 (0.96–1.4) 1.08 (0.92–1.26) 1.04 (0.94–1.16) 0.82 (0.75–0.89) 0.73 (0.65–0.82) −0.053 <0.01

12–19 years, nonsmokers 1.04 (0.91–1.19) 0.88 (0.75–1.02) 0.89 (0.78–1.01) 0.77 (0.68–0.87) 0.58 (0.51–0.66) −0.059 <0.01

12–19 years, smokers 1.45 (1.14–1.85) 1.12 (0.82–1.53) 1.11 (0.95–1.29) 0.86 (0.7–1.05) 0.75 (0.65–0.86) −0.067 <0.01
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NHW had statistically significantly lower AGMs for BLL
than NHB (p=0.03, Table 5) by about 15 %. Y15 had statis-
tically significantly higher AGMs for BLL than Y611,
Y1219NSM as well as Y1219SM (p≤0.02). Y15 had more
than 50% higher AGMs thanY1219SM (1.46 vs. 0.94μg/dL,
Table 5). Lower BLLs were observed when the home was
owned as compared to rented (p=0.02, Table 5). However,
when interaction between race/ethnicity and residential living
arrangement was taken into account, only for NHB, MA, and
OTH, living in an owned home was associated with lower
BLLs than renting a home (p≤0.01, Fig. 1) or having other
living arrangements (p≤0.02, Fig. 1), and renting a home was
associated with higher BLLs than having other living arrange-
ments (p≤0.02, Fig. 1).

Multivariate analysis—association of blood lead levels
with continuous independent variables

Number of rooms in the house did not affect BLLs (p=0.08,
Table 6). The same was true for the number of cigarettes
smoked inside the home every day (p = 0.28, Table 6).
Increase in number of smokers smoking inside the home
was positively associated with increased BLLs (p= 0.02,

Table 6). Poverty income ratio was negatively associated with
BLLs (p<0.01, Table 6). Adjusted BLLs decreased over time
(p=0.02).

Discussion

Based on the review of the existing literature, this is the first
time that BLLs for younger children aged 1–5 years are being
compared with those of older children aged 6–11 years and
both nonsmoker and smoker adolescents in a nationally rep-
resentative sample. There was strong evidence to conclude
that children aged 1–5 years had higher BLLs than not only
children aged 6–11 (p < 0.01) but also both nonsmoker
(p = 0.01) and smoker (p = 0.01, Table 5) adolescents.
Children aged 1–5 years had about 50 % higher BLLs than
smoker adolescents, about 75% higher BLLs than nonsmoker
adolescents, and about 45 % higher BLLs than older children
aged 6–11 years (Table 5). It may be that younger children
aged 1–5 years had a higher level of exposure to Pb than both
older children and adolescents or the metabolism of Pb may
accelerate with age. Children aged 1–5 years do spend rela-
tively more time at home than children aged 6–11 years since

Table 3 Unadjusted geometric means in micrograms per deciliter with 95 % confidence intervals for blood lead by age, gender, race/ethnicity, and
smoking status for years 2003–2012. Data from National Health and Nutrition Examination Survey

Age group with smoking status Statistically significant differences

1–5 years (Y15) 6–11 years (Y611) 12–19 years,
nonsmokers
(Y1219NSM)

12–19 years,
smokers
(Y1219SM)

Total 1.36 (1.31–1.42) 0.94 (0.9–0.97) 0.72 (0.69–0.74) 0.92 (0.88–0.97) Y15 >Y611 (p< 0.01), Y15>Y1219NSM
(p < 0.01), Y15 >Y1219SM (p< 0.01),
Y611 >Y1219NSM (p< 0.01), Y1219SM>
Y1219NSM (p< 0.01)

Males 1.38 (1.32–1.44) 0.97 (0.93–1.01) 0.84 (0.81–0.87) 1.04 (0.98–1.1) Y15 >Y611 (p< 0.01), Y15>Y1219NSM
(p < 0.01), Y15 >Y1219SM (p< 0.01),
Y611 >Y1219NSM (p< 0.01), Y1219SM>
Y1219NSM (p< 0.01)

Females 1.34 (1.28–1.41) 0.9 (0.87–0.94) 0.61 (0.59–0.64) 0.75 (0.7–0.81) Y15 >Y611 >Y1219SM>Y1219NSM
(p < 0.01)

Non-Hispanic Whites 1.28 (1.21–1.35) 0.86 (0.81–0.9) 0.67 (0.64–0.7) 0.88 (0.82–0.94) Y15 >Y611 (p< 0.01), Y15>Y1219NSM
(p < 0.01), Y15 >Y1219SM (p< 0.01),
Y611 >Y1219NSM (p< 0.01), Y1219SM>
Y1219NSM (p< 0.01)

Non-Hispanic Blacks 1.89 (1.75–2.04) 1.29 (1.19–1.4) 0.83 (0.78–0.88) 1.05 (0.97–1.15) Y15 >Y611 >Y1219SM>Y1219NSM
(p < 0.01)

Mexican Americans 1.3 (1.22–1.38) 0.95 (0.89–1.02) 0.74 (0.69–0.79) 1.02 (0.87–1.2) Y15 >Y611 (p< 0.01), Y15>Y1219NSM
(p < 0.01), Y15 >Y1219SM (p< 0.01),
Y611 >Y1219NSM (p< 0.01), Y1219SM>
Y1219NSM (p< 0.01)

Other races/ethnicities 1.3 (1.22–1.38) 0.93 (0.88–0.99) 0.78 (0.74–0.84) 1.03 (0.91–1.16) Y15 >Y611 (p< 0.01), Y15>Y1219NSM
(p < 0.01), Y15 >Y1219SM (p< 0.01),
Y611 >Y1219NSM (p< 0.01), Y1219SM>
Y1219NSM (p< 0.01)
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Table 4 Percent distribution of blood lead levels by age, race/ethnicity, and smoking status. Data from National Health and Nutrition Examination
Survey 2003–2012

Blood lead level Age and smoking status

1–5 years 6–11 years 12–19 years, nonsmokers 12–19 years, smokers

Total <5 μg/dL 96.86 (96.04 to 97.68) 99.22 (98.85 to 99.59) 99.42 (99.2 to 99.64) 99.65 (99.34 to 99.96)

5–9.9 μg/dL 2.35 (1.77 to 2.92) 0.7 (0.37 to 1.04) 0.5 (0.29 to 0.7) 0.21 (−0.01 to 0.44)

≥10 μg/dL 0.79 (0.38 to 1.2) 0.07 (−0.02 to 0.17) 0.08 (−0.02 to 0.19) 0.14 (−0.14 to 0.42)

Males <5 μg/dL 96.83 (95.83 to 97.83) 99.14 (98.67 to 99.61) 99.15 (98.76 to 99.54) 99.45 (98.95 to 99.94)

5–9.9 μg/dL 2.56 (1.8 to 3.32) 0.81 (0.35 to 1.27) 0.8 (0.42 to 1.18) 0.33 (−0.02 to 0.69)

≥10 μg/dL 0.61 (0.2 to 1.02) 0.05 (−0.05 to 0.15) 0.05 (0 to 0.1) 0.22 (−0.22 to 0.66)

Females <5 μg/dL 96.89 (96.04 to 97.74) 99.31 (98.96 to 99.65) 99.69 (99.51 to 99.88) 100 (100 to 100)

5–9.9 μg/dL 2.12 (1.53 to 2.71) 0.59 (0.28 to 0.9) 0.2 (0.06 to 0.33) 0 (0 to 0)

≥10 μg/dL 0.99 (0.45 to 1.54) 0.1 (−0.07 to 0.27) 0.11 (−0.09 to 0.31) 0 (0 to 0)

Non-Hispanic Whites <5 μg/dL 97.59 (96.89 to 98.29) 99.49 (99.15 to 99.83) 99.73 (99.52 to 99.95) 99.65 (99.35 to 99.95)

5–9.9 μg/dL 1.58 (1.04 to 2.12) 0.39 (0.14 to 0.65) 0.27 (0.05 to 0.48) 0.15 (−0.15 to 0.45)

≥10 μg/dL 0.83 (0.48 to 1.18) 0.12 (−0.05 to 0.28) 0 (0 to 0) 0.2 (0.17 to 0.23)

Non-Hispanic Blacks <5 μg/dL 92.2 (89.33 to 95.07) 97.31 (95.51 to 99.11) 99.25 (98.82 to 99.68) 99.6 (99 to 100.19)

5–9.9 μg/dL 5.88 (3.8 to 7.96) 2.69 (0.89 to 4.49) 0.66 (0.24 to 1.08) 0.4 (−0.19 to 1)

≥10 μg/dL 1.92 (0.75 to 3.09) 0 (0 to 0) 0.09 (0.01 to 0.17) 0 (0 to 0)

Mexican Americans <5 μg/dL 98.18 (97.26 to 99.09) 99.53 (99.19 to 99.87) 98.95 (98.41 to 99.49) 99.15 (99.07 to 99.22)

5–9.9 μg/dL 1.76 (0.85 to 2.66) 0.41 (0.1 to 0.73) 0.92 (0.44 to 1.4) 0.85 (0.78 to 0.93)

≥10 μg/dL 0.07 (−0.07 to 0.21) 0.06 (−0.06 to 0.17) 0.13 (−0.02 to 0.28) 0 (0 to 0)

Other races/ethnicities <5 μg/dL 97.43 (95.98 to 98.87) 99.83 (99.58 to 100.07) 98.71 (97.58 to 99.85) 100 (100 to 100)

5–9.9 μg/dL 2.19 (0.82 to 3.55) 0.17 (−0.07 to 0.42) 0.89 (0.05 to 1.74) 0 (0 to 0)

≥10 μg/dL 0.39 (0 to 0.77) 0 (0 to 0) 0.39 (−0.38 to 1.16) 0 (0 to 0)

Table 5 Adjusted geometric
means with 95 % confidence
intervals for blood lead in
micrograms per deciliter by age,
race/ethnicity, exposure to
secondhand smoke (SHS),
smoking status, and residential
status. Data from National Health
and Nutrition Examination
Survey 2003–2012

AGM (95 % CI) Statistically significant differences

Gender

Male (M) 1.14 (0.91–1.43) M>F (p < 0.01)

Female (F) 0.95 (0.79–1.13)

Race/ethnicity

Non-Hispanic White (NHW) 0.96 (0.75–1.21) NHW<NHB (p= 0.03)

Non-Hispanic Black (NHB) 1.15 (1.03–1.28) NHB>OTH (p< 0.01)

Mexican American (MA) 1 (0.68–1.46)

Other races/ethnicities (OTH) 1.06 (0.98–1.15)

Age and smoking status

1–5 years (Y15) 1.46 (1.2–1.79) Y15 >Y611 >Y1219SM>
Y1219SM (p ≤ 0.02)

6–11 years (Y611) 1.04 (0.84–1.28)

12–19 years, nonsmokers (Y1219NSM) 0.82 (0.65–1.04)

12–19 years, smokers (Y1219SM) 0.94 (0.8–1.1)

Exposure to SHS

Not exposed to SHS (NoSHS) 1 (0.91–1.1)

Exposed to SHS (SHS) 1.08 (0.8–1.47)

Residential status

Owned (OWN) 1.02 (0.87–1.2) OWN<RENT (p = 0.02)

Renting (RENT) 1.07 (0.89–1.28)

Other arrangements (OA) 1.03 (0.79–1.33)
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the latter start going to primary school. But then, children aged
6–11 years may be exposed to Pb outside the home, for ex-
ample, at school, in the playground, and even in the absence of
lead in gasoline, while traveling in the school bus or private
transportation, possibly because of exposure to tobacco
smoke. Consequently, it is hard to make a definitive conclu-
sion that younger children are exposed to higher levels of Pb
than older children. As such, the possibility that younger chil-
dren excrete Pb more slowly than older children do cannot be
ruled out but more research will be needed in this area.

Adolescents who enter middle school and high school do
not spend much time at home, but a whole lot more time is
spent in the outside environment. This outside environment
provides them substantial opportunities to be exposed to Pb,
for example, when driving, traveling for pleasure,
participating in entertainment activities like shopping, and
joining clubs and sororities where there are ample
opportunities to engage in alcohol use and abuse and even
recreational drug use. But, in the absence of any exposure
data, it is not possible to make a statement that the sum total
of exposure to Pb for adolescents is any less or more than it is

for children. Consequently, the possibility that adolescents
may be excreting Pb faster than children cannot be ruled out.
Higher levels of BLLs among adolescent smokers when
compared with nonsmokers are in concordance with the
results for adults provided by Jain (2013b) and Hu et al.
(2014), among others.

A higher number of smokers inside the home was associ-
ated with higher adjusted BLLs (β=0.025, p=0.02, Table 6).
When the number of smokers inside the home was controlled
for, neither the number of cigarettes smoked in the home
(p=0.28, Table 6) nor the report of secondhand smoke was
associated with BLLs (p>0.05). These findings suggest that
the number of smokers inside the home is a more reliable
measure than either the number of cigarettes or the report of
exposure to SHS.

While overall, 3.14 % children aged 1–5 years had BLLs
≥5 μg/dL, 7.8 % NHB children aged 1–5 years had had BLLs
≥5 μg/dL. Overall, NHW had statistically significantly lower
BLLs than NHB which is in conformity with what has been
reported by other authors (Jain, 2013b, Hu et al., 2014, Richter
et al., 2013).

Living in an owned home vs. a rented home was found to
be associated with lower BLLs because a rented home is more
likely to be older with leaded paint still in use, with lead pipes
still carrying water into the house, and with greater likelihood
of coming in contact with lead-infected dirt and dust.
NHANES used to provide data on the age of the homes until
the 2005–2006 cycle but these data are no longer available,
and as such, the age of the residence could not be used as a
variable in regression models. As has also been reported by
Hu et al. (2014), the poverty income ratio used as a surrogate
measure of socioeconomic status was found to be inversely
associated with BLLs. This may be because low SES (and as
such, low poverty income ratio) is associated with living in a
rented house, older house, apartment building, and residential
area with a greater likelihood of providing exposure to Pb.

It should be noted that there may be variability in BLLs by
individual ageswithin each age group, for example, 1–5 years.
It has been shown that 1–2-year-olds have higher BLLs than
3–5-year-olds, using NHANES data (Jones et al., 2009,
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Fig. 1 Adjusted geometric means with 95 % confidence intervals for
blood lead in micrograms per deciliter by race/ethnicity (NHW= non-
Hispanic White, NHB= non-Hispanic Black, MA=Mexican American,
OTH = other races/ethnicities) and residential living housing status
(Own= owned, Rent= renting,OA= other living arrangements like living
with someone else)

Table 6 Regression slopes with
associated standard errors and p
values for log10 transformed
values of blood lead measured in
nanograms per deciliter for
various continuous variables used
as independent variables. Data
from National Health and
Nutrition Examination Survey
2003–2012

Independent variable Regression slopes with p values Change in blood levels in ng/dL
per unit change

β SE p

No. of rooms in the house 0.00301 0.000907007 0.08 1.01

No. of cigarettes smoked inside
home every day

0.00043 0.000294002 0.28 1.00

No. of cigarette smokers smoking
inside home

0.02496 0.00379466 0.02 1.06

Poverty income ratio −0.02916 0.000427111 <0.01 −1.07
NHANES year −0.05632 0.007235729 0.02 −1.14
R2 32.50 %
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Wheeler, 2013). For NHANES 2007–2010, the unadjusted
geometric mean for 1–2-year-olds was reported to be 1.5
and 1.2 μg/dL for 3–5-year-olds. In a sub-analysis of the data
used for this study, the unadjusted geometric mean for 1–2-
year-olds was found to be 1.55 (1.49–1.62)μg/dL and 1.26
(1.20–1.32)μg/dL for 3–5-year-olds and the adjusted geomet-
ric means for those aged 1, 2, 3, 4, and 5 years were found to
be 1.70 (1.63–1.78), 1.59 (1.51–1.67), 1.43 (1.32–1.54), 1.39
(1.31–1.46), and 1.25 (1.18–1.32) μg/dL, respectively. Thus,
there may be a downward trend in BLLs for the age group 1–
5 years. Whether this age-based downward trend is due to a
downward trend in exposure to Pb or due to age-based meta-
bolic differences should be a subject for future study. Similar
trends within the age groups 6–11 and 12–19 may be possible
but, to the best of my knowledge, have not been studied.

In summary, (i) children aged 1–5 years had higher BLLs
than children aged 6–11 years and both smoker and nonsmok-
er adolescents aged 12–19 years, (ii) the percent non-Hispanic
Black children aged 1–5 years with BLL >5 μg/dL was 7.8 %,
(iii) adjusted levels of Pb declined over 2003–2012, (iv) BLLs
were negatively associated with poverty income ratio, and (v)
males had statistically significantly higher BLLs than females.

The limitations of this study should be carefully consid-
ered. This study was based on cross-sectional data. Neither
the magnitude nor the source of exposure to Pb was available.
The timing of the exposure was also not available. A relatively
long-term follow-up study (or maybe a short-term well-de-
signed study) that can keep track of the ongoing Pb exposure
and observed BLLs may better be able to evaluate the associ-
ation between Pb exposure and other relevant factors.

Acknowledgments No funds were provided to the author to conduct
this research. All data used in this research are available free of charge
from http://www.cdc.gov/nchs/nhanes.htm.

Compliance with ethical standards

Conflict of interest The author declares that he has no competing
interests.

References

Bellinger DC (2008) Very low lead exposures and children’s
neurodevelopment. Curr Opin Pediatr 20(2):172–177. doi:10.
1097/MOP.0b013e3282f4f97b

Bi X, Liu J, Han Z, Yang W (2015) Lead in Chinese villager house dust:
geographical variation and influencing factors. Environ Pollut 207:
183–189. doi:10.1016/j.envpo.2015.09.015

Campbell JR, Auinger P (2007) The association between blood lead
levels and osteoporosis among adults—results from the third
National Health and Nutrition Examination Survey (NHANES
III). Environ Health Perspect 115(7):1018–1022

Cave M, Appana S, Patel M, Falkner KC, McCain CJ, Brock G (2010)
Polychlorinated biphenyls, lead, mercury, are associated with liver
disease in American adults: NHANES 2003-2004. Environ Health
Perspect 118:1735–1742. doi:10.1289/ehp.1002720

CDC Centers for Disease Control and Prevention (2013) Blood lead
levels in children aged 1-5 years—United States, 1999-2010.
MMWR Morb Mortal Wkly Rep 62(13):245–248

CheungMR (2013) Blood lead concentration correlates with all cause, all
cancer and lung cancer mortality in adults: a population based study.
Asian Pac J Cancer Prev 14(5):3105–3108

Dixon SL, Gaitens JM, Jacobs DE, StraussW, Nagarja J, Pivetz T,Wilson
JW, Ashley PJ (2009) Exposure of US children to residential dust
lead, 1999-2204: II. The contribution of lead-contaminated dust to
children’s blood lead levels. Environ Health Perspects 117:468–474

Han L, Gao B, Wei X, Xu D, Gao L. (2015). Spatial distribution, health
risk assessment, and isotopic composition of lead contamination of
street dusts in different functional areas of Beijing, China. Environ
Sc Pollut Res Int. In press.

Hou S, Yuan L, Jin P, Ding B, Qin N, Li L, Liu X,Wu Z, Zhao G, DengY
(2013) A clinical study of the effects of lead poisoning on the intel-
ligence and neurobehavioral abilities of children. Theor Biol Med
Model 10:13. doi:10.1186/1742-4682-10-13

HuH, Scheidell J, Xu X, Coatsworth AM, KhanMR (2014) Associations
between blood lead level and substance use and sexually transmitted
infection risk among adults in the United States. Environ Res 135:
21–30. doi:10.11016/j.envres.05.037

Iyengar GV, Rapp A (2001) Human placenta as a ‘dual’ biomarker for
monitoring fetal and maternal environment with special reference to
potentially toxic trace elements. Part 3: toxic trace elements in pla-
centa and placenta as a biomarker for these elements. Sci Total
Environ 280:221–238

Jain RB (2013a) Effect of smoking and caffeine consumption on
polybrominated diphenyl ethers (PBDE) and polybrominated biphe-
nyls (PBB). J Toxicol Environ Health A 76:515–532

Jain RB (2013b) Effect of pregnancy on the levels of blood cadmium,
lead, and mercury for females aged 17-39 years old: data from
National Health and Nutrition Examination Survey 2003-2010. J
Toxicol Environ Health A 76:58, 69

JedrychowskiW, Perera F, Jankowski J,Mrozek-Budzyn D,Mroz E, Flak
E, Edwards S, Skarupa A, Lisowska-Miszczyk I (2009a) Gender
specific differences in neurodevelopmental effects of prenatal expo-
sure to very low-lead levels: the prospective cohort study in three-
year olds. Early Hum Dev 85(8):503–510. doi:10.1016/j.
earlhumdev.2009.04.006

Jedrychowski W, Perera FP, Jankowski J, Mrozek-Budzyn D, Mroz E,
Flak E, Edwards S, Skarupa A, Lisowska-Miszczyk I (2009b) Very
low prenatal exposure to lead and mental development of children in
infancy and early childhood: Krakow prospective cohort study.
Neuroepidemiology 32(4):270–278. doi:10.1159/000203075

Jedrychowski W, Perera F, Maugeri U, Miller RL, Rembiasz M, Flak E,
Mroz E, Majewska R, Zembala M (2011) Intrauterine exposure to
lead may enhance sensitization to common inhalant allergens in
early childhood: a prospective prebirth cohort study. Environ Res
111(1):119–124. doi:10.1016/j.envres.2010.11.002

Jelliffe-Pawlowski LL, Miles SQ, Courtney JG, Materna B, Charlton V
(2006) Effect of magnitude and timing of maternal pregnancy blood
lead (Pb) levels on birth outcomes. J Perinatol 26(3):154–162

Ji JS, Elbaz A, Weisskopf MG (2013) Association between blood lead
andwalking speed in the National Health andNutrition Examination
Survey (NHANES 1999-2002). Environ Health Perspect 121:711–
716

Jones RL, Homa DM, Meyer PA, Brody DJ, Caldwell KL, Pirkle JL,
BrownMJ (2009) Trends in blood lead levels and blood lead testing
among US children aged 1 to 5 years, 1998-2004. Pediatrics 123:
e376–e385. doi:10.1542/peds.2007-3608

7888 Environ Sci Pollut Res (2016) 23:7880–7889



Kresovich JK, Argos M, Turyk ME (2015) Associations of lead and
cadmium with sex hormones in adult males. Environ Res 142:25–
33. doi:10.1016/j.envres.2015.05.026

Landrigan PJ, Schechter CB, Lipton JM, Fahs MC, Schwartz J (2002)
Environmental pollutants and disease in American children: esti-
mates of morbidity, mortality, and costs for lead poisoning, asthma,
cancer, and developmental disabilities. Environ Health Perspect
110(7):721–728

Lee BK, Kim Y (2012) Association between bone mineral density and
blood lead level in menopausal women: analysis of 2008-2009
Korean National Health and Nutrition Examination Survey data.
Environ Res 115:59–65. doi:10.1016/j.envres.2012.03.010

Luo J, Hendryx M (2014) Relationship between blood cadmium, lead,
and serum thyroid measures in US adults—the National Health and
Nutrition Examination Survey (NHANES) 2007-2010. Int J
Environ Health Res 24(2):125–136. doi:10.1080/09603123.2013.
800962

Min K-B, Lee K-J, Park J-B, Min J-Y (2012) Lead and cadmium levels
and balance and vestibular dysfunction among adult participants in
the National Health and Nutrition Examination Survey (NHANES)
1999-2004. Environ Health Perspect 120:413–417

Navas-Acien A, Guallar E, Silbergeld EK, Rothenberg SJ (2007) Lead
exposure and cardiovascular disease—a systematic review. Environ
Health Perspect 115(3):472–482

Nawrot TS, Thijs L, Den Hond EM, Roels HA, Staessen JA (2002) An
epidemiological re-appraisal of the association between blood pres-
sure and blood lead: a meta-analysis. J Hum Hypertens 16(2):123–
131

Parajuli RP, Fujiwara T, Umezaki M, Watanabe C (2014) Association of
cord blood levels of lead, arsenic, and zincwith neurodevelopmental
indicators in newborns: a birth cohort study Chitwan Valley, Nepal.
Environ Res 121:45–51. doi:10.1016/j.envres.2012.10.010

Richter PA, Bishop EE, Wang J, Kaufman R (2013) Trends in tobacco
smoke exposure and blood lead levels among youths and adults in
the United States: the National Health and Nutrition and Nutrition

Examination Survey, 1999-2008. Prev Chronic Dis 10:1330056.
doi:10.5888/pcd10.130056

Schwartz BS, Stewart WF, Bolla KI, Simon PD, Bandeen-Roche K,
Gordon PB, Links JM, Todd AC (2000) Past adult lead exposure
is associated with longitudinal decline in cognitive function.
Neurology 55(8):1144–1150

Smith PP, Nriagu JO (2011) Lead poisoning and asthma among low-
income and African-American children in Saginaw, Michigan.
Environ Res 111:81–86

Swaddiwudhipong W, Kavinum S, Papwijitsil R, Tontiwattanasap W,
Khunyotying W, Umpan J, Boonthu MR, Kaewnate Y, Boonmee
S, Thongchub W, Rodsung T (2014) Personal and environmental
risk factors significantly associated with elevated levels in rural Thai
children. Southeast Asian J Trop Med Public Health 45:1492–1502

Trzeciakowski JP, Gardiner L, Parrish AR (2014) Effects of environmen-
tal levels of cadmium, lead and mercury on human renal function
evaluated by structure equation modeling. Toxicol Letts 228:34–41

Van Bemmel DM, Li Y, McLean J, M-h C, Dowling MF, Graubard B,
Rajaraman P (2011) Blood lead levels, ALAD gene polymorphisms,
and mortality. Epidemiology 22:273–278

Van Wijngaarden E, Campbell JR, Cory-Slechta DA (2009) Bone lead
levels are associated with measures of memory impairment in older
adults. Neurotox 30:572–580

Wells EM, Bonfield TL, Dearborn DG, Jackson LW (2014) The relation-
ship of blood lead with immunoglobulin E, eosinophils, and asthma
among children: NHANES 2005-2006. In J Hyg Environ Health
217:196–204. doi:10.1016/j.ijheh.2013.04.010

Wheeler W (2013) Blood lead levels in children aged 1-5 years in United
States 1999-2010. Morb Mort Weekly 62:245–248

Yu J, Yu H, Huang X. (2015). Mobilization and distribution of lead
originating from roof dust and wet deposition in a roof runoff sys-
tem. Environ Sci Pollut Res Int in press.

ZhuM, Fitzgerald EF, Gelberg KH, Lin S, Druschel CM (2010) Maternal
low-level lead exposure and fetal growth. Environ Health Perspect
118(10):1471–1475. doi:10.1289/ehp.0901561

Environ Sci Pollut Res (2016) 23:7880–7889 7889


	Trends and variability in blood lead concentrations among US children and adolescents
	Abstract
	Introduction
	Materials and methods
	Results
	Time trends
	Overall variability in unadjusted BLLs by age smoking, gender, and race/ethnicity
	Categorical distribution of BLLs
	Multivariate analysis—adjusted blood lead levels
	Multivariate analysis—association of blood lead levels with continuous independent variables

	Discussion
	References


