
Secondhand Tobacco Smoke: A Source of Lead Exposure
in US Children and Adolescents
Andria Apostolou, PhD, MPH, Esther Garcia-Esquinas, MD, MPH, Jeffrey J. Fadrowski, MD, MHS, Pat McLain, RN, DrPH, MPH,
Virginia M. Weaver, MD, MPH, and Ana Navas-Acien, MD, PhD

Secondhand tobacco smoke (SHS) remains a
major source of indoor air pollution world-
wide,1---3 causing major health effects in children,
including sudden infant death syndrome, lower
respiratory tract infections, reduced lung growth,1

and behavioral problems.4---6 In the United States,
around 1 in 5 children aged 3 to 11 years live
with at least1 individual who smokes.1,7 Globally,
the burden of SHS exposure during childhood
is even higher.3,8 Lead, a major neurocognitive
and kidney toxicant for children at relatively
low levels,9 is a tobacco constituent that is
measured in mainstream smoke (exhaled by the
smoker) and sidestream smoke (from the burning
cigarette), including the gas phase.10---13 During
the period1988 to1994, US children exposed to
SHS showed increased blood lead levels.14

National and local childhood lead poisoning
preventionprograms identify and followchildren
at risk for elevated blood lead levels (‡10 lg/dL)
by collecting data on age of housing, occupancy
status (rental or owner occupied), dwelling type,
lead paint hazards (including lead in paint, dust,
and soil), drinking water source, and industrial
point sources near the home.15---17 Information
on SHS, a potentially preventable source of lead
exposure, is generally not considered.

Our goal was to evaluate the relationship
between SHS exposure (identified by the
number of smokers at home and by levels of
serum cotinine, a biomarker of recent tobacco
smoke exposure that integrates active and
passive exposure, including exposure in the
home, vehicles, and public places) and blood
lead levels in US children aged 3 to 19 years
who participated in the National Health and
Nutrition Examination Survey (NHANES;
1999---2004). NHANES measured lead dust
concentrations in the windows and floors of the
homes of children aged 3 to 5 years. Because
SHS may increase levels of home lead dust,18

we evaluated the potential mediation of lead dust
concentrations in the association between SHS
and blood lead levels in children aged 3 to 5.

METHODS

NHANES (1999---2004) conducted health
and nutrition measurements in nationally rep-
resentative samples of about 5000 people in
each year of the survey.19 The participation rate
for children aged 1 to 19 years completing the
questionnaire and physical and laboratory ex-
aminations was 85.3%.

We restricted the sample to 10553 chil-
dren and adolescents aged 3 to 19 years for
whom blood lead determinations were avail-
able. Children younger than 3 years were
excluded because they were not eligible for
serum cotinine testing. To ensure that the
sample contained nonsmokers only, we ex-
cluded 389 participants with missing serum
cotinine data, 873 participants reporting to be
nonsmokers but with serum cotinine levels
of 10 micrograms per liter or higher (indica-
tive of active smoking),20 346 participants who
reported smoking at least once per day in the last
month, and 1295 participants who reported
having ever smoked but with missing informa-
tion on active smoking for the last month. We

also excluded 820 participants missing other
variables of interest, leaving 6830 participants
for our study. Study participants were similar to
overall NHANES (1999---2004) participants aged
3 to 19 years in terms of sociodemographic
characteristics (age, gender, race/ethnicity, edu-
cation of reference person in household; data not
shown).

For the analysis based on lead dust samples,
we further restricted the sample to 791 chil-
dren aged 3 to 5 years because this is the only
NHANES population for whom concentrations
of window and floor lead dust are available.

Secondhand Smoke Exposure

We assessed SHS exposure using self-
reported data from the home questionnaire
(number of smokers at home) and serum
cotinine levels. The National Center for Envi-
ronmental Health, Centers for Disease Control
and Prevention (CDC) measured serum cotin-
ine by means of an isotope-dilution high-per-
formance liquid chromatography/atmospheric
pressure chemical ionization tandem mass
spectrometry.21,22 The limit of detection for
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serum cotinine was 0.05 micrograms per liter for
NHANES (1999---2000) and the first phase of
NHANES (2001---2002), and 0.015 micrograms
per liter for the second phase of NHANES
(2001---2002) and for NHANES (2003---
2004).21,22 In our study sample, serum cotinine
levels were below the limit of detection for
40.1% of participants in NHANES (1999---2000),
23.4% of participants in NHANES (2001---
2002), and 16.4% of participants in NHANES
(2003---2004). Serum cotinine levels below the
limit of detection were replaced by limit of
detection divided by the square root of 2. The
interassay coefficients of variation ranged from
3.3% to 9.0%.21,22

Blood Lead Measures

The National Center for Environmental
Health measured blood lead levels following
standardized protocols, including confirmation
that collection and storage materials were not
contaminated with lead. Lead in whole blood was
measured by means of graphite furnace atomic
absorption spectrometry in NHANES (1999---
2002) and inductively coupled plasma mass
spectrometry in NHANES (2003---2004).23---25

The limit of detection for both methods was 0.3
microgram per deciliter. For those participants
(<1%) whose blood lead levels were below the
limit of detection, blood lead levels were replaced
by limit of detection divided by the square root
of 2.26 The interassay coefficients of variation
ranged from1.3% to 7.0%.23---25

Lead Dust Measures

NHANES (1999---2004) collected wipe
samples from the floor and sill area of a win-
dow located in the room where the children
spent the most time. After transfer of the
sample into a beaker for partial digestion,
NHANES determined the lead content of the
digestate with a flame-atomic absorption
spectrometer (Perkin-Elmer, Waltham, MA)
for window samples and a graphite furnace
atomic absorption spectrometer (Perkin-
Elmer, Waltham, MA) for floor samples.27

NHANES reanalyzed floor samples with lead
levels 5 micrograms per square foot or greater
by flame-atomic absorption spectrometer.

Other Variables

Questionnaire information included age,
gender, race/ethnicity (non-Hispanic White,

non-Hispanic Black, Mexican American,
other), country of birth (United States, Mexico,
other), education of the household reference
person (<high school, high school or equiva-
lent, >high school), family socioeconomic
status, and the year the family house was built
(by self-report). NHANES (1999---2004)
established family socioeconomic status by
categorizing the poverty-to-income ratio (PIR;
the ratio of the family’s income to its appro-
priate poverty threshold as defined by the US
Census Bureau) as low (£1.30), medium
(1.31---3.50), or high (>3.50) according to
government food assistance programs.28

We categorized the year in which the family
house was built by risk of lead paint as
follows: before 1950 (highest risk), 1950
to 1978, after 1978 (year in which lead paint
was banned in the United States), and un-
known.

NHANES (1999---2004) measured height
and weight during the physical examinations.
We calculated percentiles of body mass index
(BMI; defined as weight in kilograms divided
by height in meters squared) on the basis of
the CDC’s BMI-for-age sex-specific growth
charts.29 We categorized BMI percentiles of 85
to 94 and of 95 or higher as overweight and
obese, respectively.

Statistical Analysis

We performed statistical analyses with Stata
version11.0 (StataCorp LP, College Station, TX)
using the survey command to account for
the complex sampling design and weights in
NHANES. Serum cotinine and blood lead
levels were right skewed and log transformed
to achieve normality in the statistical analyses.
To evaluate the potential contribution of SHS
exposure to increased blood lead levels, we
estimated the ratio (with 95% confidence in-
tervals [CI]) of the geometric mean of blood
lead levels (dependent variable) by SHS expo-
sure (serum cotinine quartiles or number of
smokers at home as separate independent
variables) using linear regression models on
log-transformed blood lead levels. We ob-
tained the ratios of the geometric means (with
95% CIs) by exponentiating the coefficients
and standard errors from the linear regression
models on log-transformed blood lead levels.

We performed the models with progressive
levels of adjustment for relevant determinants

of blood lead. First, we adjusted for gender, age,
race/ethnicity, country of birth, BMI percentile,
and survey year. Second, we further adjusted
for household education and PIR. Third, we
further adjusted for housing age (according
to the year the family house was built). We
conducted plots of model residuals to confirm
the adequacy of the models. We conducted
a test for trend in the association between
increasing cotinine and blood lead concentra-
tions by including cotinine medians corre-
sponding to each quartile as continuous vari-
ables. We conducted a test for trend in the
association between increasing number of
smokers at home by including 0, 1, and 2 as
continuous variables in the regression model.
We used stratified analysis by participant
characteristics (gender, age, race/ethnicity,
BMI, household education, household PIR, and
age of housing) to evaluate the consistency of
the findings across categories.

For children aged 3 to 5 years for whom
house dust samples were available (n=791),
we evaluated the multivariable adjusted ratio
of the geometric mean (with 95% CI) of blood
lead levels by measures of SHS exposure
before and after adjustment for window and
floor lead dust concentrations in the partici-
pant’s home.

RESULTS

Median blood lead levels were 1.1 micro-
grams per deciliter (interquartile range
[IQR]=0.8---1.7 lg/dL; Table 1). In univariate
and multivariate analyses, lead levels de-
creased with increasing age, education, and PIR
level and were higher in boys, in Black and
Mexican American children, in children born
outside of the United States, in children living
in houses built before 1950 or with year
unknown, and in homes with a higher num-
ber of smokers (Table 1; Appendix 1, avail-
able as a supplement to the online version
of this article at http://www.ajph.org).

Median serum cotinine levels were 0.07 mi-
crograms per deciliter (IQR=0.03---0.44 lg/L;
Table 1). Serum cotinine levels decreased
with increasing age, education, and PIR level,
and were higher in Black children, in children
born in the United States, in children who
were overweight or obese, and in children
living in houses built before 1950 or with year
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unknown. Serum cotinine levels markedly
increased with the number of smokers at home.

Secondhand Smoke and Blood

Lead Levels

Blood lead levels increased with increasing
serum cotinine levels and with an increasing
number of smokers at home (Tables 1 and 2).
After adjustment for personal and household
characteristics, participants in the highest se-
rum cotinine quartile had 28% higher blood
lead levels than did participants in the lowest
quartile (Table 2). After similar adjustment,
blood lead levels were 14% and 24% higher in
children who lived with 1 and with 2 or more
smokers, respectively, than they were in chil-
dren living with no smokers.

Across all participant characteristics studied,
blood lead levels were higher for participants
in the highest serum cotinine quartile (vs those
in the lowest quartile) and for participants living
with smokers at home (vs those without smokers
at home; Figure 1). Effect modification was
statistically significant (P<.05) for age, BMI, PIR,
and age of the house; younger age, lower BMI,
lower PIR, and unknown year of house con-
struction were related to stronger associations
between blood lead and serum cotinine. Those
characteristics were also associated with stron-
ger associations between living with a smoker
and blood lead levels, although effect modifica-
tion was statistically significant only for BMI
(P=.01).

Among 24 children with blood lead levels of
10 micrograms per deciliter or higher, 33%
lived with at least 1 smoker, and 8% lived with
3 or more smokers; among children with blood
lead levels below 10 micrograms per deciliter,
the respective figures were 20% and 1% (data
not shown). Among 195 children with blood
lead levels of 5 micrograms per deciliter or
higher, 37% lived with at least 1 smoker, and
5% lived with 3 or more smokers; among
children with blood lead levels below 5 mi-
crograms per deciliter, the respective figures
were 19% and 1% (data not shown).

Adjustment for Lead Dust

Median lead dust in the homes of children
aged 3 to 5 years was 4.9 micrograms per
square foot (IQR=2.2---18.7 lg/sq ft) in win-
dows and 0.46 micrograms per square foot
(IQR=0.24---0.93 lg/sq ft) in floors (Table 3).

Lead dust levels in windows and floors were
higher in the homes of children of Black race/
ethnicity, higher BMI, lower household

education, lower family PIR, older houses,
higher blood lead, higher serum cotinine, or
living with a smoker at home (Table 3).

TABLE 1—Blood Lead and Serum Cotinine Concentrations in Children and Adolescents:

National Health and Nutrition Examination Survey, United States, 1999–2004

No.

(Weighted %)

Blood Lead,

lg/dL, Median (IQR)

Serum Cotinine,

lg/L, Median (IQR)

Total sample 6830 (100) 1.1 (0.8–1.7) 0.07 (0.03–0.44)

Age, y

3–5 1039 (16) 1.6 (1.1–2.5) 0.12 (0.04–0.63)

6–11 2407 (45) 1.3 (0.9–1.9) 0.08 (0.04–0.53)

12–14 1704 (20) 1.0 (0.7–1.4) 0.06 (0.03–0.32)

15–19 1680 (19) 0.9 (0.6–1.2) 0.05 (0.02–0.29)

Gender

Male 3353 (51) 1.3 (0.9–1.9) 0.08 (0.03–0.43)

Female 3477 (49) 1.0 (0.7–1.6) 0.07 (0.03–0.47)

Race/ethnicity

White 1795 (60) 1.0 (0.7–1.5) 0.07 (0.03–0.50)

Black 2151 (15) 1.6 (1.1–2.6) 0.27 (0.07–0.84)

Mexican American 2333 (13) 1.3 (0.9–2.0) 0.03 (0.02–0.11)

Other 551 (12) 1.2 (0.8–1.6) 0.05 (0.02–0.25)

Birth country

United States 6099 (94) 1.1 (0.8–1.7) 0.08 (0.03–0.47)

Mexico 496 (2) 1.8 (1.2–2.6) 0.03 (0.02–0.10)

Other 235 (4) 1.3 (0.9–2.2) 0.06 (0.03–0.21)

BMI percentile

< 85 4440 (68) 1.2 (0.8–1.8) 0.06 (0.03–0.39)

85–94 1103 (16) 1.1 (0.8–1.6) 0.09 (0.03–0.51)

‡ 95 1287 (16) 1.1 (0.8–1.6) 0.10 (0.03–0.71)

Educationa

< high school 2532 (22) 1.5 (1.0–2.3) 0.17 (0.04–1.00)

High school or equivalent 1672 (27) 1.2 (0.8–1.8) 0.15 (0.04–0.75)

> high school 2626 (51) 1.0 (0.7–1.5) 0.04 (0.02–0.18)

PIR

Low (£ 1.30) 3063 (34) 1.6 (1.0–2.4) 0.25 (0.05–1.08)

Medium (1.31–3.50) 2428 (37) 1.1 (0.8–1.6) 0.07 (0.03–0.40)

High (3.51–5.00) 1339 (29) 0.9 (0.7–1.3) 0.04 (0.01–0.10)

Year house built

Before 1950 945 (15) 1.3 (0.9–2.0) 0.13 (0.04–0.63)

1950–1978 1749 (26) 1.1 (0.8–1.5) 0.07 (0.03–0.40)

After 1978 2054 (40) 1.0 (0.7–1.4) 0.05 (0.02–0.27)

Unknown 2082 (19) 1.6 (1.0–2.6) 0.17 (0.04–0.78)

Blood lead level, lg/dL

£ 0.8 1780 (30) 0.7 (0.5–0.8) 0.04 (0.02–0.19)

0.9–1.1 1293 (21) 1.0 (0.9–1.1) 0.06 (0.02–0.33)

1.2–1.7 1691 (25) 1.4 (1.3–1.6) 0.11 (0.04–0.53)

‡ 1.8 2066 (24) 2.4 (2.0–3.3) 0.25 (0.05–1.05)

Continued
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Compared with a multivariate model ad-
justed for personal and household characteris-
tics (Table 4, model 1), models incorporating
further adjustment for lead dust concentra-
tions in windows and floors, added separately
(models 2 and 3) and jointly (model 4), did not
modify the association between measures of
SHS and blood lead levels. The ratios of blood
lead levels comparing the highest with the
lowest window and floor lead dust quartiles
were1.38 (95% CI=1.27,1.48) and1.34 (95%
CI=1.20,1.48), respectively, before adjustment
for cotinine level and number of smokers at
home and 1.33 (95% CI=1.23, 1.42) and 1.27
(95% CI=1.12, 1.43), respectively, after ad-
justment (data not shown).

DISCUSSION

Living with 1 or more smokers and increas-
ing serum cotinine levels were associated
with elevated blood lead levels in a nationally
representative sample of nonsmoking US chil-
dren and adolescents from NHANES (1999---
2004). Blood lead levels increased steadily
with SHS measures after adjustment for socio-
demographic and household characteristics.
The association between SHS measures and

blood lead was somewhat stronger among
younger participants, maybe because they
spent more time in the home and were in closer
contact with their parents or other adults
compared with older children. Importantly,
among children aged 3 to 5 years, adjustment
for lead dust did not modify the magnitude of
the association between SHS and blood lead
levels, suggesting that the measures of SHS
exposure were not simply markers of living in
homes with high lead and that direct inhalation
could be a major exposure pathway. These

findings extend previous evidence that SHS
is an important source of lead in the general
population10,14,30 and suggest that current SHS
exposure levels affect lead levels in children.

Lead is an important environmental hazard
for children, particularly recognized for its
neurocognitive effects.31,32 Despite a dramatic
overall decline in lead levels in children and
young adults over the last few decades, inner-city
children and young adults of low socioeco-
nomic status continue to experience high lead
exposure. Established sources include lead

TABLE 1—Continued

Serum cotinine level, lg/L

£ 0.03 1538 (25) 0.9 (0.7–1.2) 0.01 (0.01–0.02)

0.031–0.074 1876 (25) 1.1 (0.8–1.7) 0.04 (0.04–0.05)

0.075–0.44 1804 (25) 1.3 (0.8–1.9) 0.17 (0.11–0.27)

‡ 0.441 1612 (25) 1.4 (1.0–2.3) 1.36 (0.77–2.37)

Smokers at home, no.

0 5484 (78) 1.1 (0.8–1.6) 0.04 (0.02–0.14)

1 929 (14) 1.4 (1.0–2.2) 0.34 (0.83–1.68)

‡ 2 417 (8) 1.5 (1.0–2.3) 0.96 (1.79–3.23)

Note. BMI = body mass index (defined as weight in kilograms divided by the square of height in meters); IQR = interquartile
range; PIR = poverty-to-income ratio (the ratio of the family’s income to its appropriate poverty threshold as defined by the US
Census Bureau).
aEducation of reference person in household.

TABLE 2—Blood Lead Levels in Children and Adolescents Aged 3–19 Years, by Secondhand Smoke Exposure Levels:

National Health and Nutrition Examination Survey, United States, 1999–2004

No.

(Weighted %)

Blood Lead Level, lg/dL,

Geometric Mean (95% CI)

Ratio of Geometric Mean (95% CI)

Model 1 Model 2 Model 3

Cotinine, lg/L

£ 0.03 (Ref) 1538 (25) 0.91 (0.86, 0.95) 1.00 1.00 1.00

0.031–0.074 1876 (25) 1.13 (1.08, 1.19) 1.10 (1.04, 1.16) 1.09 (1.03, 1.15) 1.08 (1.02, 1.15)

0.075–0.44 1804 (25) 1.31 (1.22, 1.40) 1.26 (1.21, 1.32) 1.19 (1.14, 1.24) 1.17 (1.12, 1.23)

‡ 0.441 1612 (25) 1.52 (1.41, 1.62) 1.47 (1.40, 1.55) 1.30 (1.23, 1.37) 1.28 (1.21, 1.35)

P for trenda < .001 < .001 < .001 < .001

Smokers at home, no.

0 (Ref) 5484 (78) 1.12 (1.08, 1.17) 1.00 1.00 1.00

1 929 (14) 1.46 (1.33, 1.61) 1.26 (1.18, 1.33) 1.16 (1.08, 1.23) 1.14 (1.07, 1.22)

‡ 2 417 (8) 1.56 (1.42, 1.72) 1.39 (1.32, 1.47) 1.25 (1.17, 1.33) 1.24 (1.16, 1.33)

P for trenda < .001 < .001 < .001 < .001

Note. CI = confidence interval. Model 1 was adjusted for gender; age (continuous); race (White, Black, Mexican American, other); birth country (United States, Mexico, other); body mass index (BMI;
defined as weight in kilograms divided by the square of height in meters) percentile; and survey year (1999–2000, 2001–2002, 2003–2004). Model 2 was further adjusted for household education
(< high school, high school or equivalent, > high school) and poverty-to-income ratio (PIR; the ratio of the family’s income to its appropriate poverty threshold as defined by the US Census Bureau
[£ 1.30, 1.31–3.50, 3.51–5.00]). Model 3 was further adjusted for year in which house was built (before 1950, 1950–1978, after 1978, unknown).
aP values for trend across cotinine categories were obtained by including cotinine medians corresponding to each quartile as continuous variables in the regression models. P values for trend across
categories of no. of smokers at home were obtained by including 0, 1, and 2 as continuous variables in the regression models.
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paint, dust and soil, industrial sources, and
recently, urban drinking water.33 SHS, on the
other hand, remains a relatively unrecognized
source of lead in the population. It is well-
established, however, that tobacco smoke con-
tains lead.10,13 Controlled experiments have
shown that the more puffs of smoke a smoker
produces, the higher the lead content in main-
stream and sidestream smoke, as measured in
both particulate matter and gas.13 Lead in the gas
phase is due to the formation of volatile com-
pounds such as tetramethyl lead and plumbane
in the burning zone of the cigarette13 and can be
readily inhaled. Tobacco smoke particles, more-
over, are relatively small1,10,34,35 and can be
more easily absorbed in the bronchiole-alveolar
region than can larger particles (e.g., dust parti-
cles or paint chips).36 Airway diameter, respira-
tory rates, time spent at home, and housing
characteristics such as size, ventilation, and
presence or absence of a home smoking ban are

possible contributors to the differences in the
magnitude of the association between SHS and
blood lead by age, BMI, and socioeconomic
status. Although information on home smoking
policy, ventilation, or size was not available, the
consistent findings regarding serum cotinine
levels and self-reported number of smokers in
the home support the conclusion that household
members who smoke represent a major source
of SHS exposure in US children.

In the context of the Healthy People 2010
initiative, the Environmental Protection
Agency, the CDC, and the US Department of
Housing and Urban Development have devel-
oped federal initiatives to eliminate the risk of
lead poisoning in US children.37 These efforts
focused mainly on controlling lead paint haz-
ards. Our findings, together with previous evi-
dence,10,14,30 indicate that lead prevention pro-
grams need to incorporate strategies to prevent
potential lead exposure from SHS, particularly

in children who live with smokers. Lead poison-
ing prevention programs should collect data on
the number of smokers living in the home, their
relationship with the child, and the number of
cigarettes smoked per day in the home, as well as
the presence and level of enforcement of smok-
ing bans at home (established by the family or
property owner), in motor vehicles, and in other
environments where children spend time with
adults who smoke. In homes with at least 1
smoker, lead prevention programs can borrow
strategies from SHS prevention programs, such
as explaining the health impacts of SHS38 and
the benefits of smoke-free homes and motor
vehicles39---42 and providing or referring to
smoking cessation counseling.43---45 In addition,
family physician and pediatrician visits should be
considered as opportunities for SHS preven-
tion,6,45---47 especially for children with clinical
symptoms related to SHS exposure or elevated
blood lead levels.

Note. BMI = body mass index (defined as weight in kilograms divided by the square of height in meters); CI = confidence interval; Mex = Mexican; PIR = poverty-to-income ratio. Ratios are adjusted for

gender, age, race, country of birth, BMI percentile, survey year, household education, poverty level (PIR; the ratio of the family’s income to its appropriate poverty threshold as defined by the US

Census Bureau), and year in which housing was built. Dots represent the ratios and horizontal lines represent the CIs. The P value is for the difference in the association between secondhand smoke

exposure (cotinine or smokers at home) and blood lead levels by participant subgroups (interaction).

FIGURE 1—Ratio of geometric mean of blood lead level, by children’s and adolescents’ secondhand smoke exposure and other characteristics:

National Health and Nutrition Examination Survey, United States, 1999–2004.
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Incorporating lead prevention and control as
an additional benefit of smoke-free programs
can also be a useful argument for implementing
tobacco control initiatives in the home envi-
ronment, particularly in disadvantaged com-
munities that are at increased risk of both lead
and SHS exposure. Recently, the Department
of Housing and Urban Development encour-
aged public authorities to implement smoke-
free policies in public housing units.48,49 As of
July 2010, at least171local housing authorities in
25 states have adopted smoke-free policies for
some or all of their housing,50 and there are
several community initiatives for smoke-free
multiunit housing across the country.51 Addi-
tional efforts, however, are urgently needed
because fewer than 40% of smokers’ homes in
the United States have smoke-free policies in
place.40 The stronger association between serum
cotinine and blood lead in children living in
housing of unknown age and in families with
lower education and income could be associated
with living in smaller rental units with poorer
ventilation than in other types of housing. Al-
though regulating smoking in private homes can
be challenging from a public policy perspec-
tive,49,52 banning smoking in environments
where young children spend time is consistent
with protecting their health and has been evalu-
ated as ethically acceptable.52,53

Strengths and Limitations

Strengths of our study include the large
sample size, the national representativeness of
the study sample, the high quality of the study
protocol and laboratory methods, and the
inclusion of children from different ethnicities
and socioeconomic statuses. To ensure that
only nonsmokers were evaluated, we applied
strict criteria that excluded participants who
acknowledged ever smoking or whose cotin-
ine levels were indicative of tobacco use, or
who had missing responses to the smoking
questions.

Several limitations, however, must also be
considered. First, this is a cross-sectional study.
Although reverse causality is unlikely, potential
confounding by common sources of exposure
or unmeasured socioeconomic factors remains
possible. The association between SHS mea-
sures and blood lead, however, persisted after
adjustment for measures of education and in-
come, age of housing, and lead dust levels.

TABLE 3—Lead Dust in the Homes of Children Aged 3–5 Years: National Health and Nutrition

Examination Survey, United States, 1999–2004

No. (Weighted %)

Lead Dust on Window,

lg/sq ft, Median (IQR)

Lead Dust on Floor,

lg/sq ft, Median (IQR)

Total sample 791 (100) 4.9 (2.2–18.7) 0.46 (0.24–0.93)

Gender

Male 421 (54) 4.6 (2.2–15.1) 0.45 (0.23–0.88)

Female 370 (46) 5.2 (2.2–20.8) 0.24 (0.46–0.95)

Race/ethnicity

White 225 (57) 4.3 (2.0–14.0) 0.41 (0.23–0.73)

Black 256 (16) 10.9 (3.1–41.3) 0.82 (0.38–1.74)

Mexican American 236 (15) 5.3 (2.4–26.1) 0.51 (0.27–1.05)

Other 74 (12) 3.8 (1.5–7.4) 0.38 (0.18–0.85)

Birth country

United States 763 (97) 5.0 (2.1–18.7) 0.46 (0.24–0.90)

Mexico 14 (1) 4.2 (2.2–23.8) 0.87 (0.29–3.40)

Other 14 (2) 3.6 (2.3–6.9) 0.38 (0.29–0.92)

BMI percentile

< 85 590 (78) 4.8 (2.1–16.5) 0.46 (0.24–0.94)

85–94 103 (12) 4.6 (2.0–21.0) 0.41 (0.22–0.90)

‡ 95 98 (10) 5.9 (2.4–22.2) 0.50 (0.21–0.99)

Educationa

< high school 281 (24) 7.5 (2.2–25.3) 0.67 (0.27–1.30)

High school or equivalent 203 (25) 6.1 (2.4–16.6) 0.49 (0.23–0.90)

> high school 307 (51) 4.1 (2.0–14.1) 0.39 (0.22–0.67)

PIR

Low (£ 1.30) 431 (41) 6.9 (2.6–22.4) 0.60 (0.29–1.30)

Medium (1.31–3.50) 257 (37) 4.3 (2.0–16.5) 0.42 (0.23–0.81)

High (3.51–5.00) 103 (22) 3.8 (1.8–7.7) 0.35 (0.18–0.54)

Year house built

Before 1950 110 (16) 24.7 (4.3–100.7) 0.78 (0.43–1.70)

1950–1978 189 (22) 5.4 (2.1–16.9) 0.52 (0.27–0.99)

After 1978 220 (39) 2.9 (1.8–7.2) 0.28 (0.17–0.50)

Unknown 272 (23) 7.7 (2.5–28.5) 0.75 (0.36–1.41)

Child’s blood lead level, lg/dL

£ 0.8 72 (13) 2.8 (1.6–4.8) 0.28 (0.17–0.46)

0.9–1.1 98 (15) 2.4 (1.6–5.9) 0.35 (0.19–0.53)

1.2–1.7 184 (27) 4.6 (2.4–12.2) 0.39 (0.23–0.67)

‡ 1.8 437 (45) 8.9 (2.8–37.7) 0.70 (0.36–1.56)

Child’s serum cotinine level, lg/L

£ 0.03 133 (20) 2.9 (1.8–6.3) 0.33 (0.16–0.52)

0.031–0.074 189 (21) 3.3 (2.0–15.8) 0.50 (0.26–0.82)

0.075–0.44 236 (31) 5.4 (2.1–22.3) 0.45 (0.24–0.90)

‡ 0.441 233 (28) 7.9 (3.0–29.2) 0.66 (0.27–1.23)

Smoking at home

No 623 (79) 4.3 (2.0–13.1) 0.41 (0.23–0.80)

Yes 168 (21) 12.3 (3.0–34.9) 0.67 (0.28–1.24)

Note. BMI = body mass index (defined as weight in kilograms divided by the square of height in meters); IQR = interquartile
range; PIR = poverty-to-income ratio (the ratio of the family’s income to its appropriate poverty threshold as defined by the US
Census Bureau).
aEducation of reference person in household.
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Second, cotinine and lead were measured only
once, and the half-lives of both biomarkers
differ markedly (16 hours for serum cotinine54

and 30 days for blood lead55). The adequacy of
serum cotinine, however, as a marker of ongo-
ing SHS exposure is supported by the consistent
findings with both cotinine and self-reported
measures of exposure. Third, the lack of specific
information on smoking at home or number of
cigarettes smoked could have led to an under-
estimation of the association between SHS and
lead. Also, other sources and routes of lead, such
as oral intake from toys, were not included.
Finally, we could not evaluate the role of SHS
deposition in children younger than 3 years
because lead dust information was not available
for those children. The contribution of SHS
exposure to blood lead levels in younger children
is particularly important because they spend
more time in closer proximity to adults and at
home than do older children.

Conclusions

Our study provides support for SHS as
a modifiable source of lead exposure in US
children and adolescents and suggests that
direct inhalation could be a major exposure
pathway. These findings have important public
health implications for lead and SHS preven-
tion programs. First, lead prevention programs

should systematically evaluate smoking at
home and promote smoke-free environments
to reduce lead exposure. Second, smoke-free
legislation initiatives in public places, motor
vehicles, and other environments where chil-
dren are present could further prevent lead
exposure. Third, health care professionals
should evaluate potential SHS exposure and
provide recommendations to minimize expo-
sure as part of children’s medical care. Lead-
related health effects occur at levels well
below the CDC current action level for chil-
dren (10 lg/dL).56 Eliminating exposure to SHS
in children could thus result in lower lead
exposure and fewer adverse lead-related
health effects, including neurocognitive
effects.4,57,58
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