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Attention deficit hyperactivity disorder
(ADHD) is one of the most common child-
hood disorders, with an estimated prevalence
ranging from 3 to 8% [American Psychiatric
Association (APA) 1994; Costello et al. 2003;
Lesesne et al. 2003; Olfson et al. 2003; Pastor
and Reuben 2002; Rowland et al. 2002;
Wolraich et al. 1996]. Children who have
ADHD are at increased risk for conduct dis-
order, antisocial behavior, and drug abuse
later in life (Costello et al. 2003; Mannuzza
1993). Moreover, the costs associated with
their medical care and education are substan-
tial (Leibson et al. 2001). Although the mech-
anisms for the development of ADHD remain
unclear, both genetic and environmental fac-
tors have been implicated (Ernst et al. 2001). 

Numerous studies have found a significant
association between prenatal environmental
tobacco smoke (ETS) exposure and ADHD or
ADHD-related behaviors, even after control-
ling for postnatal ETS exposures and familial
psychopathology (Day et al. 2000; Fergusson
et al 1993b; Kotimaa et al. 2003; Leech et al.
1999; Mick et al. 2002a; Milberger et al. 1996,
1998; Thapar et al. 2003; Wasserman et al.
2001; Williams et al. 1998). In case–control
studies, investigators have found a 2- to 4-fold
increased risk for ADHD associated with pre-
natal ETS exposure (Mick et al. 2002a;
Milberger et al. 1996, 1998). In contrast, the

relationship between postnatal ETS exposure
and children’s behavior problems has not been
fully elucidated (Day et al. 2000; Fergusson
et al 1993b; Weitzman et al. 1992; Williams
et al. 1998). Moreover, the attributable frac-
tion of childhood ADHD due to ETS expo-
sure is unknown. 

Environmental lead exposure, measured in
blood or dentin, has been associated with
higher rates of inattention and impulsivity
(Bellinger et al. 1994; Fergusson et al. 1993a;
Needleman et al. 1979; Wasserman et al.
1998, 2001). Although lead exposure is often
cited as a risk factor for ADHD, existing stud-
ies examining the association of lead exposure
with a diagnosis of ADHD, which were lim-
ited by small sample size, are inconclusive
(David et al. 1972; Gittleman and Eskenazi
1983). Moreover, many of the studies examin-
ing the association of lead exposure with inat-
tention or impulsivity involved children who
had higher blood lead levels than the levels
seen in contemporary children, and thus may
not be directly relevant to children with lower
levels of lead exposure (Bellinger et al. 1994;
Needleman et al. 1979; Fergusson et al. 1993a;
Wasserman et al. 1998, 2001). Although sev-
eral recent studies have linked lead to IQ
deficits at blood lead levels < 10 µg/dL
(Bellinger and Needleman 2003; Canfield
et al. 2003; Lanphear et al. 2005)—the current

action level set by the Centers for Disease
Control and Prevention (CDC)—it remains
unclear whether blood lead levels < 10 µg/dL
are also associated with behavioral problems in
children (CDC 2005b). 

Studies investigating the effect of environ-
mental exposures on neurobehavioral out-
comes have been complicated by evidence
from both animal and human studies that
toxicants may have differing effects in male
and female subjects (Burns et al. 1999; Ernst
2001; McCartney 1999; O’Callaghan et al.
1992; Ribary and Lichtensteiger 1989; Ris
et al. 2004; Weissman et al. 1999). The
prevalence of ADHD is three times greater
among males than among females (Costello
et al. 2003; Lesesne et al. 2003; Olfson et al.
2003; Pastor and Reuben 2002). Some stud-
ies have documented varying behavioral
effects of prenatal ETS exposure in males and
females (Fergusson et al. 1998; Weissman
et al. 1999), whereas other studies have not
(Mick et al. 2002a; Milberger et al. 1996,
1998; Orlebeke et al. 1999). Studies of lead
exposure’s effects have been similarly compli-
cated: There is some evidence that males are
at increased risk for externalizing behaviors
(Burns et al. 1999) and attentional problems
(Ris et al. 2004) from lead exposure, but the
results are not entirely consistent. 

The purpose of this study was to explore
the relationship between exposure to ETS and
environmental lead with ADHD using a large
nationally representative sample of children.
We also explored whether sex modifies the
relationships between these neurotoxicants
and ADHD. Finally we provide estimates of
population attributable fraction of prenatal
ETS exposure and lead exposure for ADHD
in U.S. children. 

Address correspondence to B.P. Lanphear, Mail
location 7035, 2800 Winslow Ave., Cincinnati OH
45206 USA. Telephone: (513) 636-3778. Fax: (513)
636-4402. E-mail: bruce.lanphear@cchmc.org

This research was supported by grants from the
National Institute of Child Health and Human
Development HD40362 (R.S.K.), HD41141
(R.S.K.), National Research Service Award
1T32PE10027 (T.F.), National Institutes of Health
and U.S. Environmental Protection Agency PO1-
ES11261 (B.P.L.).

The authors declare they have no competing
financial interests.

Received 1 July 2006; accepted 18 September 2006.

Exposures to Environmental Toxicants and Attention Deficit Hyperactivity
Disorder in U.S. Children

Joe M. Braun,1 Robert S. Kahn,2,3 Tanya Froehlich,3,4 Peggy Auinger,5 and Bruce P. Lanphear 2,3

1College of Nursing, University of Wisconsin-Milwaukee, Milwaukee, Wisconsin, USA; 2Division of General and Community Pediatrics,
Department of Pediatrics, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio, USA; 3Cincinnati Children’s Environmental
Health Center, Department of Pediatrics, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio, USA; 4Division of
Developmental Behavioral Pediatrics, Department of Pediatrics, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio, USA;
5Department of Pediatrics, University of Rochester School of Medicine, Rochester, New York, USA

OBJECTIVE: The purpose of this study was to examine the association of exposures to tobacco
smoke and environmental lead with attention deficit hyperactivity disorder (ADHD). 

METHODS: Data were obtained from the National Health and Nutrition Examination Survey
1999–2002. Prenatal and postnatal tobacco exposure was based on parent report; lead exposure was
measured using blood lead concentration. ADHD was defined as having current stimulant medica-
tion use and parent report of ADHD diagnosed by a doctor or health professional. 

RESULTS: Of 4,704 children 4–15 years of age, 4.2% were reported to have ADHD and stimulant
medication use, equivalent to 1.8 million children in the United States. In multivariable analysis,
prenatal tobacco exposure [odds ratio (OR) = 2.5; 95% confidence interval (CI), 1.2–5.2] and
higher blood lead concentration (first vs. fifth quintile, OR = 4.1; 95% CI, 1.2–14.0) were signifi-
cantly associated with ADHD. Postnatal tobacco smoke exposure was not associated with ADHD
(OR = 0.6; 95% CI, 0.3–1.3; p = 0.22). If causally linked, these data suggest that prenatal tobacco
exposure accounts for 270,000 excess cases of ADHD, and lead exposure accounts for 290,000
excess cases of ADHD in U.S. children. 

CONCLUSIONS: We conclude that exposure to prenatal tobacco and environmental lead are risk factors
for ADHD in U.S. children. 
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Methods
Data source. The data for this analysis came
from the National Health and Nutrition
Examination Survey (NHANES), conducted
from 1999 to 2002. The NHANES is a cross-
sectional household survey of the noninstitu-
tionalized civilian population. NHANES
used a complex, multistage probability sam-
pling design, with oversampling of children
(< 5 years of age), Mexican Americans, and
non-Hispanic blacks (CDC 2002a). Details
regarding interviews, examination procedures,
and sample collection have been described
elsewhere (CDC 2002b).

Assessment of ADHD and exposures to
environmental toxicants. The primary depen-
dent variables that we used to assess ADHD
status were parent report of a diagnosis of
ADHD and stimulant medication use. Parent-
reported ADHD was based on the parent or
guardian’s response to the question “Has a
doctor or health professional ever told you that
your child had attention deficit disorder?” To
improve the specificity of the diagnosis of par-
ent-reported ADHD, we used parent-reported
ADHD and stimulant medication use as the
main outcome. Stimulant medication use was
based on National Drug Codes 03700, 17900,
39500, and 82000 (CDC 2005a). These codes
correspond to amphetamine aspartate/amphet-
amine sulfate/dextroamphetamine aspartate/
dextroamphetamine sulfate, dextroampheta-
mine sulfate, methylphenidate hydrochloride,
and unspecified ADHD medication, respec-
tively. Children who had only stimulant med-
ication use or parent report of ADHD were
excluded from the primary analysis. Secondary
analyses investigated report of ADHD diagno-
sis and ADHD medication use as separate out-
comes to confirm the validity of our primary
analysis results. 

We used parent report to measure
children’s exposure to tobacco products.
Measurement of prenatal ETS exposure con-
sisted of the question “Did the child’s biologi-
cal mother smoke at any time while she was
pregnant with him/her?” No information on
the quantity or brand of cigarettes smoked
during pregnancy was collected. We assessed
postnatal ETS exposure using parent-reported
exposure to household ETS by asking “Does
anyone who lives here smoke cigarettes, cig-
ars, or pipes anywhere inside this home?” In a
secondary analysis, we explored using the
child’s serum cotinine concentration, a
metabolite of nicotine, as a biomarker of ETS
exposure (Bernert et al 2000). All children
with cotinine values < 0.05 ng/mL were
imputed from the left tail of the log-normal
distribution using Cohen’s method (Cohen
1959). We focused primarily on reported
presence of a smoker in the home as the inde-
pendent variable because serum cotinine
values were missing for 921 children.

We determined blood lead concentration
by graphite furnace atomic absorption spec-
trophotometry (Miller et al. 1987; Parsons
and Slavin 1993). The limit of detection was
reported to be 0.3 µg/dL: 48 children had
blood lead levels below this threshold.
Nondetectable values were given values of 0.2
(0.3 divided by √2).

Covariates. We examined multiple covari-
ates and potential confounders for the associa-
tion of prenatal ETS exposure and lead
exposure with ADHD. Demographic variables
included the child’s age, sex, race, and socio-
economic status [as measured by poverty-to-
income ratio (PIR)]. PIR is the ratio of family
income to the poverty threshold for the year of
the interview. Children with PIR values < 1 are
considered to be living below the poverty level.
Health insurance coverage was also included as
a covariate. In addition, a review of the litera-
ture suggested that preschool attendance, low
birth weight, and ferritin levels (an indicator of
iron status) should be considered potential
confounders because of their prior docu-
mented associations with child behavioral
problems and environmental toxicants
[Knopik et al. 2005; Kordas et al. 2004; Mick
2002b; National Institute of Child Health and
Human Development (NICHD) 2003; St.
Sauver et al. 2004; Wasserman et al. 2001].
Child’s birth weight and admission to a neona-
tal intensive care unit (NICU) were included
as markers of perinatal distress.

Statistical analysis. We used logistic regres-
sion analysis with a binary outcome of ADHD
to identify predictors of ADHD. Variables
found to be associated with ADHD based on
chi-square (p < 0.2) in bivariable analyses were
included in the logistic regression analyses.
Postnatal ETS exposure was forced into all
multivariable models. Because NICU admis-
sion and birth weight may be acting as inter-
vening variables on the pathway from prenatal
ETS exposure to ADHD, we included these
two variables in secondary analyses to examine
whether their inclusion altered our findings
(Kiely 1991). We also examined the relation-
ship of lead exposure and ADHD at blood lead
levels ≤ 5 µg/dL in secondary analyses. 

Among children 4–15 years of age, 5,171
were available for analysis. We found that chil-
dren who did not have routine access to health
care were unlikely to be treated with stimulant
medications; therefore, we excluded these chil-
dren from the main analysis (n = 458).
Regression diagnostics were conducted to iden-
tify influential observations and collinearity.
Influential observations were excluded from
analyses to examine whether their inclusion
altered the results (n = 9). The exclusion of
these outliers did not significantly influence the
estimates of prenatal ETS exposure or environ-
mental lead exposure. After excluding outliers
and children without routine access to health

care, 4,704 children were available for bivariate
analyses; of those children, 3,879 had complete
data available for multivariate analyses.

After developing a multivariable main
effects model, we tested for an interaction
between sex and prenatal ETS exposure, and
between sex and blood lead concentration. For
prenatal ETS exposure, we first analyzed the
complete sample and modeled the potential
interaction using a variable with four cate-
gories: unexposed females (reference category),
exposed females, unexposed males, and
exposed males (Rothman 2002). We also
tested whether a formal sex-by-exposure inter-
action term was statistically significant for
blood lead concentration and prenatal
ETS exposure. We calculated population-
attributable fraction (PAF) for risk factors
independently associated with ADHD using
Miettinen’s formula (Hanley 2001). Because
these independent risk factors are not mutually
exclusive of other risk factors, we also estimated
the PAF of children having either environ-
mental lead and prenatal ETS exposures. 

Analyses were performed using the
SUDAAN statistical package to account for the
multistage, complex sampling design (Research
Triangle Institute 2004). Sample weights
were applied according to the National
Center for Health Statistics guidelines (CDC
2004) to produce accurate national estimates,
adjusting for the oversampling of minorities
and young children. 

This study was approved by the National
Center for Health Statistics Institutional
Review Board, Cincinnati Children’s Hospital
Medical Center Institutional Review Board,
and the University of Milwaukee College of
Nursing Institutional Review Board. Consent
was obtained from all participants.

Results

Of the 4,704 eligible children 4–15 years of
age, 344 (8.2%) had only parent-reported
ADHD and 154 (4.3%) reported stimulant
medication use, equivalent to 3.8 million and
2.0 million U.S. children and adolescents,
respectively. Of the 4,704 children, 135
(4.2% weighted percent) had parent report of
both ADHD and stimulant medication use,
equivalent to 1.8 million children in the
United States. (Table 1). In bivariate analyses,
we found a significant association between
parent-reported ADHD and stimulant med-
ication use with prenatal ETS exposure (p =
0.023), preschool attendance (p = 0.003),
male sex (p < 0.001), increasing age in years
(p < 0.001), and health insurance coverage
(p < 0.001) (Table 1). Non-Hispanic white
children were more likely than other racial
groups to report ADHD (p = 0.001). 

In multivariable analysis, prenatal ETS
exposure and blood lead concentration were
significant predictors of ADHD (Table 2).
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The adjusted odds ratio (AOR) for prenatal
ETS exposure was 2.5 [95% confidence inter-
val (CI), 1.2–5.2]. We also found a significant
dose–response relationship between lead expo-
sure and ADHD (Figure 1). Compared with
children in the lowest quintile of blood lead
concentration, children with blood lead levels
in the fifth quintile (AOR = 4.1; 95% CI,
1.2–14.0) were at significantly higher risk for
ADHD. The risk of ADHD was also signifi-
cantly associated with male sex (AOR = 3.7;
95% CI, 2.1–6.6). Mexican-American and
non-Hispanic black children had lower risks
for reported ADHD diagnosis and stimulant
medication use (AOR = 0.3; 95% CI, 0.1–0.7
and AOR = 0.5; 95% CI, 0.3–0.8, respec-
tively) compared with non-Hispanic white
children. Postnatal ETS exposure, as measured
by the presence of a smoker in the home, was
not a significant predictor of ADHD status in
adjusted models (AOR = 0.6; 95% CI,
0.3–1.3; p = 0.224). The risk for ADHD was
significantly associated with preschool atten-
dance (AOR = 2.4; 95% CI, 1.1–5.1).

Next, we tested for interactions between sex
and prenatal exposure to ETS, sex and blood
lead concentration, and prenatal exposure to
ETS and blood lead concentration. We did not
find a significant interaction between prenatal
ETS exposure and sex using a formal inter-
action term (p = 0.141). Compared with
unexposed females, females who were pre-
natally exposed to ETS were at a 4.6-fold
higher risk for ADHD compared with
unexposed females (OR = 4.6; 95% CI,
1.7–12.4), whereas exposed males were at an
almost significant 2-fold higher risk for
ADHD than unexposed males (OR = 2.1;
95% CI, 0.9–4.7; p = 0.073) (Figure 2). There
was not a significant interaction between blood
lead levels by sex (p = 0.242) or blood lead
levels by maternal smoking (p = 0.837). 

We conducted secondary analyses to
examine the effects of lead exposure at blood
lead levels < 5 µg/dL and to test the stability of
our results. When the sample was restricted to
children with concurrent blood lead concen-
trations ≤ 5 µg/dL, there was still a significant
association between higher blood lead levels
and ADHD. Compared with children in the
lowest quintile (nondetectable to 0.7 µg/dL),
children with blood lead levels in the highest
quintile (2.0–5 µg/dL) had a 4.5-fold (95%
CI, 1.3–15.3) higher risk for ADHD. 

When birth weight and NICU were added
to the primary model, the adjusted OR for
prenatal ETS exposure and the fifth quintile of
blood lead levels did not change, remaining at
2.2 (95% CI, 1.0–5.1; p = 0.055) and 4.5
(95% CI, 1.3–15.6; p = 0.019), respectively.
Consistent with postnatal ETS exposure meas-
ured by parent report, postnatal ETS exposure
using serum cotinine was not associated with
ADHD (AOR = 0.99; 95% CI, 0.97–1.00;

p = 0.092). Using the same multivariable
model, we found that when the ADHD out-
come was defined simply by parent report or
by stimulant medication use, rather than the
combination of the two, the AOR of maternal
smoking and blood lead level did not differ
appreciably. Finally, there was no substantive
change in the relationship of either prenatal
ETS exposure or blood lead concentration
when we included children without routine
access to health care in the model. 

The PAF for prenatal ETS exposure for
both males and females was 18.4% (95% CI,
5.1–24.8%), corresponding to 270,000 cases
of ADHD in children 4–15 years of age
(Table 3). Although there was a significant
dose–response relationship between lead expo-
sure and ADHD, we estimated the population
attributable fraction only for children who had
blood lead levels in the fifth quintiles of blood
lead concentration. Our estimates indicate
that 21.1% (95% CI, 4.6–25.9%) of ADHD
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Table 1. Prevalence of stimulant medication use and parent-reported ADHD among children 4–15 years of
age in NHANES 1999–2002 according to demographic and medical factors. 

Weighted percent of parent-reported ADHD 
Variable Sample size (n) with prescription stimulant use (95% CI) p-Valuea

Total 4,704 4.2 (3.3–5.3)
Age (years) < 0.001

4–6 1,018 1.0 (0.4–2.4)
7–9 1,003 4.8 (3.3–7.0)
10–12 1,182 6.5 (4.5–9.2)
13–15 1,501 4.5 (2.4–8.2)

Sex < 0.001
Male 2,264 6.6 (5.1–8.5)
Female 2,440 1.8 (1.2–2.9)

Race 0.001
Mexican American 1,519 1.0 (0.6–1.9)
Other Hispanic 218 3.1 (1.4–6.8)
Non-Hispanic white 1,293 5.5 (4.1–7.2)
Non-Hispanic black 1,493 3.1 (2.2–4.4)
Other, including multiracial 181 1.1 (0.3–4.1)

PIR 0.639
1st quartile (0–1.04) 1,434 5.7 (3.6–8.9)
2nd quartile (1.05–2.08) 1,121 3.6 (2.3–5.3)
3rd quartile (2.09–3.73) 916 4.5 (2.6–7.7)
4th quartile (3.74–5.0) 789 3.8 (2.7–5.5)

Prenatal ETS exposure 0.023
No 4,014 3.4 (2.6–4.5)
Yes 616 7.3 (4.8–11.2)

Smoker in the home 0.210
No 3,669 3.9 (3.0–4.9)
Yes 980 5.6 (3.5–9.1)

Lead quintiles (µg/dL) 0.190
1st quintile (ND–0.7) 679 2.1 (0.9–4.7)
2nd quintile (0.8–1.0) 795 3.4 (1.4–7.7)
3rd quintile (1.1–1.3) 857 5.0 (3.6–6.9)
4th quintile (1.4–2.0) 745 4.7 (3.1–6.9)
5th quintile (≥ 2.0) 995 5.2 (2.9–8.9)

NICU 0.504
No 4,129 4.0 (3.2–5.1)
Yes 532 4.9 (2.9–8.2)

Attended preschool 0.003
No 1,518 2.4 (1.3–4.5)
Yes 3,178 4.8 (3.8–6.1)

Covered by health insurance < 0.001
No 630 0.2 (0.1–0.9)
Yes 4,011 4.7 (3.7–6.0)

Ferritin (ng/mL) 0.107
1st quartile (< 20) 965 2.7 (1.3–5.5)
2nd quartile (20–29) 1,073 3.7 (2.5–5.5)
3rd quartile (30–42) 955 3.8 (2.1–6.9)
4th quartile (> 42) 1,017 7.7 (5.2–11.3)

Birth weight 0.905
≥ 2,500 g 4,258 4.2 (3.3–5.4)
< 2,500 g 393 4.0 (1.7–9.1)

Cotinine tertiles (imputed) (ng/mL) 0.322
1st tertile (< 0.028) 1,288 3.4 (2.4–4.9)
2nd tertile (0.028–0.259) 1,348 4.5 (2.7–7.6)
3rd tertile (> 0.260) 1,183 5.8 (3.7–9.1)

ND, Not detectable.
aOverall p-value for the variable. 



cases among children 4–15 years of age were
attributable to having a blood lead
> 2.0 µg/dL. This corresponds to 290,000
excess cases of ADHD among U.S. children
4–15 years of age (Table 3). Finally, we calcu-
lated the PAF for having either prenatal ETS
exposure or blood lead concentration > 2.0
µg/dL to account for children who had both
exposures. Our estimates indicate that 32.2%
(95% CI, 4.2–41.3%) of ADHD cases among
children 4–15 years of age were attributable to
having either prenatal ETS exposure or blood
lead > 2.0 µg/dL, which corresponds to
480,000 excess cases of ADHD among U.S.
children 4–15 years of age. 

Discussion

Overall, 4.2% of children surveyed had par-
ent-reported ADHD and were taking stimu-
lant medication, equivalent to approximately
1.8 million U.S. children in the 4- to 15-year-
old population. This rate is consistent with
previous estimates of ADHD prevalence,
which have ranged from 3 to 8% (APA 1994;
Lesesne et al. 2003; Olfson 2003; Pastor and
Reuben 2002). Our analysis confirms prior
studies linking prenatal ETS exposure with
ADHD and, for the first time, demonstrates a
significant dose–response relationship between
childhood lead exposure and ADHD. In con-
trast, we did not find a significant association
between postnatal ETS exposure and ADHD. 

In this sample, the overall adjusted risk for
ADHD was 2.5-fold higher for children
exposed prenatally to ETS, which is consistent
with previous case–control studies (Mick et al.
2002a; Milberger et al. 1996, 1998). Previous
studies using large cohorts have reported a 1.5-
to 2.0-fold increase in risk for behavior prob-
lems among children whose mothers smoked
during pregnancy, but they did not specifically
examine ADHD status (Fergusson et al.
1993b; Weitzman et al. 1992; Williams et al.
1998). Using a large national sample, we con-
firmed that prenatal ETS exposure was a strong
risk factor for ADHD, especially for females. 

Although the difference in risks by sex
was not statistically significant, these results
suggest that females may be more susceptible
to tobacco-associated ADHD. Females
exposed prenatally to ETS had a 4.6-fold
increased risk of ADHD compared with
unexposed females, whereas males exposed
prenatally to ETS were at a 2.1-fold increased
risk for ADHD compared with unexposed
males. When females are exposed prenatally
to ETS, their risk of ADHD becomes equiva-
lent to that of unexposed males. 

Postnatal ETS exposure was not associ-
ated with ADHD in this analysis. We used
parent report of household ETS and serum
cotinine, but neither was associated with par-
ent-reported ADHD. In previous research,
investigators found a significant association of

current tobacco consumption of the mother
and externalizing behavior problems in chil-
dren using continuous measures of behavior
(Day et al. 2000; Weitzman et al. 1992;
Williams et al 1998). It is possible that our
results differ because we used a dichotomous
outcome measure, thus limiting our sensitiv-
ity to detect an association between postnatal
ETS exposure and ADHD-related behavior
problems. Furthermore, the cross-sectional
measures of reported postnatal ETS exposure
and serum cotinine levels may have failed to
detect postnatal ETS exposure at critical times
in development that may be associated with
ADHD or ADHD-related behaviors.

We found a significant dose–response rela-
tionship of higher blood lead levels and
ADHD. Compared with the lowest quintile of
blood lead levels, children with blood lead lev-
els > 2.0 µg/dL were at a 4.1-fold increased
risk of ADHD. When we limited the analysis
to children with blood lead levels ≤ 5 µg/dL,
the association between increased blood lead
levels and ADHD remained. These results are
consistent with previous reports that have
found significant associations between blood
or dentin lead levels and behavior problems

Environmental toxicant exposures and ADHD
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Table 2. Logistic regression analysis for parent-reported attention deficit disorder among children 4–15
years of age, NHANES 1999–2002.a

AOR for parent-reported ADHD 
Variable with prescription stimulant use (95% CI) p-Value

Age (years) 1.1 (1.0–1.2) 0.016
Sex

Female Referent
Male 3.7 (2.1–6.6) < 0.001

Race
Non-Hispanic white Referent
Other Hispanic 0.5 (0.1–2.1) 0.322
Mexican American 0.3 (0.1–0.7) 0.005
Non-Hispanic black 0.5 (0.3–0.8) 0.012
Other, including multiracial 0.2 (0.03–1.2) 0.072

Prenatal ETS exposure
No Referent
Yes 2.5 (1.2–5.2) 0.020

Smoker in the home
No Referent
Yes 0.6 (0.3–1.3) 0.224

Lead quintiles (µg/dL)
1st quintile (ND–0.7) Referent
2nd quintile (0.8–1.0) 1.1 (0.4–3.4) 0.804
3rd quintile (1.1–1.3) 2.1 (0.7–6.8) 0.195
4th quintile (1.4–2.0) 2.7 (0.9–8.4) 0.086
5th quintile (> 2.0) 4.1 (1.2–14.0) 0.026

Preschool/child care attendance
No Referent
Yes 2.4 (1.1–5.1) 0.022

Covered by health insurance
No Referent
Yes 18.9 (3.7–97.4) 0.001

Ferritin (ng/mL) 1.006 (0.999–1.013) 0.089

ND, not detectable.
aModel adjusted for age, sex, race, prenatal ETS exposure, postnatal ETS exposure, blood lead levels, preschool or child
care attendance, health insurance coverage, and ferritin levels. 

Figure 1. AOR for ADHD among U.S. children,
NHANES 1999–2002, by blood lead concentration
(µg/dL). The model was adjusted for child’s age,
sex, race/ethnicity, preschool attendance, serum
ferritin, prenatal ETS exposure, smoker in the
household, and insurance status.
p-value for trend = 0.012.
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Figure 2. AOR for ADHD among U.S. children by
prenatal ETS exposure and sex. The risk for ADHD
among ETS-exposed children was greater in
females; females who were prenatally exposed to
tobacco were at 4.6-fold higher risk for ADHD com-
pared with unexposed females (OR = 4.6; 95% CI,
1.7–12.4), whereas exposed males were at 2-fold
higher risk for ADHD compared with unexposed
males (OR = 2.1; 95% CI, 0.9–4.7) (p = 0.141 for sex
by prenatal ETS exposure interaction). Model
adjusted for race/ethnicity, sex, age, blood lead
level, ferritin level, presence of a smoker in the
home, preschool attendance, and insurance status.
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(Bellinger et al. 1994; Fergusson et al. 1993a;
Sood et al. 2001; Wasserman et al. 1998,
2001). Our results further indicate that blood
lead levels below the CDC action level of 10
µg/dL are associated with an increased risk for
ADHD in children (CDC 2005b). This result
is consistent with previous studies that have
found cognitive deficits in children with blood
lead levels < 10 µg/dL (Canfield et al. 2003;
Lanphear et al. 2000, 2005). 

An interesting finding in this study was the
increased likelihood of ADHD for children
who attended preschool or child care.
Presumably, children who attend preschool or
child care are more likely to have problem
behaviors noted by staff, thus increasing their
chance for referral and diagnosis of ADHD by
a health professional. Results from the NICHD
child care study also suggest that children who
are more aggressive and disobedient are more
likely to be placed in child care at younger ages
and for longer periods of time (NICHD 2003).
Regardless of the reason for this finding, staff at
these facilities may play an important role in
identifying and referring children with behavior
problems for early intervention. 

This study has several limitations. First,
the cross-sectional nature of our data makes it
difficult to infer a causal relationship from our
observed associations. Second, although some
might argue that concurrent blood lead tests
are not an adequate biomarker of a child’s life-
time exposure, recent studies indicate that
concurrent blood lead level is a stronger pre-
dictor of lead-associated IQ decrements than
blood lead measured during early childhood
(Chen et al. 2005; Lanphear et al. 2005). Still,
the stronger association between neurodevel-
opment and concurrent lead exposure has
been observed only within cognitive domains
and not behavioral domains. Third, although
we were able to adjust for many important
covariates and potential confounders, we were
unable to adjust for others, such as maternal
alcohol use during pregnancy and parental
psychopathology. 

An additional limitation of our cross-sec-
tional data is susceptibility to recall bias.
Mothers of children with behavior problems
may be more likely to recall gestational intake
of potentially harmful substances, such as
tobacco, owing to a drive to identify a cause of

their child’s disorder. On the other hand,
mothers may fail to report tobacco use during
pregnancy due to guilt or social stigma (i.e.,
social desirability bias). The reliance of our
outcome variable on parent report is also a
potential limitation. Nevertheless, by combin-
ing parent report of ADHD with stimulant
medication use for our main outcome, we
maximized the likelihood that all children
counted as ADHD cases had been evaluated
and diagnosed by a medical professional. On
the other hand, these criteria required us to
limit our analyses to children with routine
access to health care services. Excluding chil-
dren without routine access to health care
enhances the specificity of the diagnosis of
ADHD, but it also likely underestimates the
total number of ADHD cases that are attrib-
utable to prenatal ETS exposure and environ-
mental lead exposure. 

Using a dichotomous measure of ADHD
is less preferable than the administration of a
DSM (Diagnostic and Statistical Manual of
Mental Disorders)-based ADHD diagnostic
instrument, which would offer increased speci-
ficity to detect behavior problems and specific
ADHD subtypes, as well as the possibility of
behavioral symptom counts. More continuous
measures of ADHD symptoms or of specific
underlying neurobehavioral domains may be
the most powerful way to detect lead and
tobacco effects, because ADHD may represent
the tail of a continuum of behavioral effects
produced by environmental chemical expo-
sures and other etiologic factors (Mercugliano
1999). However, due to the considerable time
and cost involved in the administration of
DSM-based diagnostic instruments, previous
national estimates of ADHD, such as the pre-
sent investigation, have relied on medication
use or parent report as measures of ADHD sta-
tus (APA 1994; Lesesne et al. 2003; Olfson
2003; Pastor and Reuben 2002).

This study confirms the previously
observed association of prenatal ETS exposure
and ADHD. We also found a significant
dose–response relationship between child-
hood lead exposure and ADHD. This analysis
indicates that 270,000 ADHD cases in chil-
dren 4–15 years of age are attributable to pre-
natal ETS exposure, and 290,000 cases of
ADHD among U.S. children 4–15 years of

age are attributable to environmental lead
exposure. The findings of this study under-
score the profound behavioral health impact
of these prevalent exposures, and highlight
the need to strengthen public health efforts to
reduce prenatal ETS exposure and childhood
lead exposure. 

REFERENCES

APA. 1994. Diagnostic and Statistical Manual of Mental
Disorders. 4th ed. Washington DC:American Psychiatric
Associations.

Bellinger D, Hu H, Titlebaum L, Needleman HL. 1994. Attentional
correlates of dentin and bone lead levels in adolescents.
Arch Environ Health 49(2):98–105.

Bellinger DC, Needleman HL. 2003. Intellectual impairment and
blood lead levels. N Engl J Med 349(5):500–502.

Bernert JT Jr, McGuffey JE, Morrison MA, Pirkle JL. 2000.
Comparison of serum and salivary cotinine measurements
by a sensitive high-performance liquid chromatography-
tandem mass spectrometry method as an indicator of expo-
sure to tobacco smoke among smokers and nonsmokers.
J Anal Toxicol 24(5):333–339.

Burns JM, Baghurst PA, Sawyer MG, McMichael AJ, Tong SL.
1999. Lifetime low-level exposure to environmental lead and
children’s emotional and behavioral development at ages
11–13 years. The Port Pirie Cohort Study. Am J Epidemiol
149(8):740–749.

Canfield RL, Henderson CR Jr, Cory-Slechta DA, Cox C, Jusko
TA, Lanphear BP. 2003. Intellectual impairment in children
with blood lead concentrations below 10 microgram per
deciliter. N Engl J Med 348(16):1517–1526.

CDC (Centers for Disease Control and Prevention). 2002a.
National Health and Nutrition Examination Survey Data.
Hyattsville, MD:National Center for Health Statistics.
Available: http://www.cdc.gov/nchs/about/major/nhanes/
datalink.htm [accessed 20 December 2004]. 

CDC (Centers for Disease Control and Prevention). 2002b.
National Health and Nutrition Examination Survey
Questionnaire (or Examination Protocol, or Laboratory
Protocol). Hyattsville, MD:National Center for Health
Statistics. Available: http://www.cdc.gov/nchs/about/
major/nhanes/nhanes01-02.htm [accessed 20 December
2004]. 

CDC (Centers for Disease Control and Prevention). 2004.
NHANES Analytic Guidelines: June 2004 Version.
Hyattsville, MD:National Centers for Health Statistics.
Available: http://www.cdc.gov/nchs/data/nhanes/
nhanes_general_guidelines_june_04.pdf [Accessed
20 December 2004]. 

CDC (Centers for Disease Control and Prevention). 2005a.
NHANES 2001–2002 Data Documentation: Prescription
Medication Subsection. Hyattsville, MD:National Centers
for Health Statistics. Available: http://www.cdc.gov/nchs/
data/nhanes/nhanes_01_02/rxq_rx_b_doc.pdf [accessed
20 December 2004].

CDC. 2005b. Preventing Lead Poisoning in Young Children.
Atlanta, GA:Centers for Disease Control and Prevention.

Chen A, Dietrich KN, Ware JH, Radcliffe J, Rogan WJ. 2005. IQ
and blood lead from 2 to 7 years of age: are the effects in
older children the residual of high blood lead concentra-
tions in 2-year-olds? Environ Health Perspect 113:597–601.

Cohen AC. 1959. Simplified estimators for the normal distribution
when samples are singly censored or truncated.
Technometrics 1(3):217–237.

Costello EJ, Mustillo S, Erkanli A, Keeler G, Angold A. 2003.
Prevalence and development of psychiatric disorders in
childhood and adolescence. Arch Gen Psychiatry
60(8):837–844.

David OJ, Clark J, Voeller K. 1972. Lead and hyperactivity.
Lancet 2:900–903.

Day NL, Richardson GA, Goldschmidt L, Cornelius MD. 2000.
Effects of prenatal tobacco exposure on preschoolers’
behavior. J Dev Behav Pediatr 21(3):80–88.

Ernst M, Moolchan ET, Robinson ML. 2001. Behavioral and neural
consequences of prenatal exposure to nicotine. J Am Acad
Child Adolesc Psychiatry 40(6):630–641.

Fergusson DM, Horwood LJ, Lynskey MT. 1993a. Early dentine
lead levels and subsequent cognitive and behavioral devel-
opment. J Child Psychol Psychiatry 34(2):215–227.

Braun et al.

1908 VOLUME 114 | NUMBER 12 | December 2006 • Environmental Health Perspectives

Table 3. Population-attributable fraction of prenatal tobacco exposure and environmental lead exposure
for parent-reported ADHD and stimulant medication use in children 4–15 years of age, NHANES
1999–2002.a

Characteristic Exposed (%) ORb Attributable percent (95% CI) Excess cases

Prenatal ETS exposure 30.7 2.5 18.4 (5.1–24.8) 270,000
Blood lead > 2.0 µg/dL 27.9 4.1 21.1 (4.7–25.9) 290,000
Prenatal ETS exposure or blood lead 46.2 3.3 32.2 (4.2–41.3) 480,000

concentration > 2.0 µg/dL
aThe risk factors are not mutually exclusive and the estimates of attributable risk are not additive. All ORs and attributable
risks are adjusted for variables shown in Table 2. bModel adjusted for age, sex, race, prenatal ETS exposure, postnatal
ETS exposure, blood lead levels, preschool or child care attendance, health insurance coverage, and ferritin levels.
Children without routine access to health care were excluded from the analysis. 



Environmental toxicant exposures and ADHD

Environmental Health Perspectives • VOLUME 114 | NUMBER 12 | December 2006 1909

Fergusson DM, Horwood J, Lynskey MT. 1993b. Maternal
smoking before and after pregnancy: effects on behavioral
outcomes in middle childhood. Pediatrics 92(6):815–822.

Fergusson DM, Woodward LJ, Horwood LJ. 1998. Maternal
smoking during pregnancy and psychiatric adjustment in
late adolescence. Arch Gen Psychiatry 55(8):721–727.

Gittleman R, Eskenazi B. 1983. Lead and hyperactivity revisited:
an investigation of non-disadvantaged children. Arch Gen
Psychiatry 40:827–833.

Hanley JA. 2001. A heuristic approach to the formulas for popu-
lation attributable fraction. J Epidemiol Community Health
55:508–514. 

Kiely JL. 1991. Some conceptual problems in multivariable analy-
ses in perinatal mortality. Paediatr Perinat Epidemiol
5:243–257.

Knopik VS, Sparrow EP, Madden PA, Bucholz KK, Hudziak JJ,
Reich W, et al. 2005. Contributions of parental alcoholism,
prenatal substance exposure, and genetic transmission to
child ADHD risk: a female twin study. Psychol Med
35(5):625–635.

Kordas K, Lopez P, Rosado JL, Garcia Vargas G, Alatorre Rico J,
Ronquillo D, et al. 2004. Blood lead, anemia, and short
stature are independently associated with cognitive perfor-
mance in Mexican school children. J Nutr 134(2):363–371.

Kotimaa AJ, Moilanen I, Taanila A, Ebeling H, Smalley SL,
McGough JJ, et al. 2003. Maternal smoking and hyperac-
tivity in 8-year-old children. J Am Acad Child Adolesc
Psychiatry 42(7):826–833.

Lanphear BP, Dietrich K, Auinger P, Cox C. 2000. Cognitive
deficits associated with blood lead concentrations < 10
microg/dL in US children and adolescents. Public Health
Rep 115(6):521–529.

Lanphear BP, Hornung R, Khoury J, Yolton K, Baghurst P,
Bellinger DC, et al. 2005. Low-level environmental lead
exposure and children’s intellectual function: an interna-
tional pooled analysis. Environ Health Perspect 113:894–899.

Leech SL, Richardson GA, Goldschmidt L, Day NL. 1999. Prenatal
substance exposure: Effects on attention and impulsivity of
6-year-olds. Neurotoxicol Teratol 21(2):109–118. 

Leibson CL, Katusic SK, Barbaresi WJ, Ransom J, O’Brien PC.
2001. Use and costs of medical care for children and ado-
lescents with and without attention-deficit/hyperactivity
disorder. JAMA 285(1):60–66.

Lesesne CA, Visser SN, White CP. 2003. Attention-deficit/hyper-
activity disorder in school-aged children: Association with
maternal mental health and use of health care resources.
Pediatrics 111(5):1232–1236. 

McCartney MA, Scinto PL, Wang SS, Altan S. 1999.
Developmental effects of phenytoin may differ depending
on sex of offspring. Neurotoxicol Teratol 21(2):119–128.

Mannuzza S, Klein RG, Bessler A, Malloy P, LaPadula M. 1993.

Adult outcome of hyperactive boys: Educational achieve-
ment, occupational rank and psychiatric status. Arch Gen
Psychiatry 50:565–576. 

Mercugliano M. 1999. What is attention-deficit/hyperactivity
disorder? Pediatr Clin N Am 46(5):831–843.

Mick E, Biederman J, Faraone SV, Sayer J, Kleinman S. 2002a.
Case control study of attention deficit disorder and mater-
nal smoking, alcohol use, and drug using during pregnancy.
J Am Acad Child Adolesc Psychiatry 41(4):378–384. 

Mick E, Biederman J, Prince J, Fischer MJ, Faraone SV. 2002b.
Impact of low birth weight on attention-deficit hyperactiv-
ity disorder. J Dev Behav Pediatr 2002 23(1):16–22. 

Milberger S, Biederman J, Faraone SV, Chen L, Jones J. 1996.
Is maternal smoking during pregnancy a risk factor for
attention deficit hyperactivity disorder in children? Am J
Psychiatry 153(9):1138–1142. 

Milberger S, Biederman J, Faraone SV, Jones J. 1998. Further
evidence of an association between maternal smoking dur-
ing pregnancy and attention deficit hyperactivity disorder:
findings from a high-risk sample of siblings. J Clin Child
Psychol 27(2):352–358. 

Miller DT, Paschal DC, Gunter EW, Stroud PE, D’Angelo J. 1987.
Determination of blood lead with electrothermal atomic
absorption using a L’vov platform and matrix modifier.
Analyst 112:1701–1704. 

NICHD (National Institute of Child Health and Human
Development Early Child Care Research Network). 2003.
Does amount of time spent in child care predict socio-emo-
tional adjustment during the transition to kindergarten?
Child Dev 74(4):976–1005. 

Needleman HL, Gunnoe C, Leviton A, Reed R, Peresie H,
Maher C, et al. 1979. Deficits in psychologic and classroom
performance of children with elevated dentine lead levels.
N Engl J Med 300(13):689–695.

O’Callaghan E, Gibson T, Colohan HA, Buckley P, Walshe DG,
Larkin C, et al. 1992. Risk of schizophrenia in adults born after
obstetric complications and their association with early onset
of illness: a controlled study. BMJ 305(6864):1256–1259.

Olfson M, Gameroff MJ, Marcus SC, Jensen PS. 2003. National
trends in the treatment of attention deficit hyperactivity
disorder. Am J Psychiatry 160(6):1071–1077.

Orlebeke JF, Knol DL, Verhulst FC. 1999. Child behavior problems
increased by maternal smoking during pregnancy. Arch
Environ Health 54(1):15–19.

Parsons PJ, Slavin W. 1993. A rapid Zeeman graphite furnace
atomic absorption spectrometric method for the determina-
tion of lead in blood. Spectrochimica Acta 48B(6/7):925–939. 

Pastor PN, Reuben CA. 2002. Attention deficit disorder and
learning disability: United States, 1997–98. National Center
for Health Statistics. Vital Health Stat 10(206):1–12.

Research Triangle Institute. 2004. SUDAAN Language Manual,

Release 9.0. Research Triangle Park, NC:Research Triangle
Institute.

Ribary U, Lichtensteiger W. 1989. Effects of acute and chronic
prenatal nicotine treatment on central catecholamine sys-
tems of male and female rat fetuses and offspring.
J Pharmacol Exp Ther 248(2):786–792.

Ris MD, Dietrich KN, Succop PA, Berger OG, Bornschein RL.
2004. Early exposure to lead and neuropsychological out-
come in adolescence. J Int Neuropsychol Soc 10(2):261–270.

Rothman KJ. 2002. Epidemiology: An Introduction. New
York:Oxford University Press.

Rowland AS, Umbach DM, Stallone L, Naftel AJ, Bohlig EM,
Sandler DP. 2002. Prevalence of medication treatment for
attention deficit-hyperactivity disorder among elementary
school children in Johnston County, North Carolina. Am J
Public Health 92(2):231–244. 

St Sauver JL, Barbaresi WJ, Katusic SK, Colligan RC, Weaver
AL, Jacobsen SJ. 2004. Early life risk factors for attention-
deficit/hyperactivity disorder: a population-based cohort
study. Mayo Clin Proc 79(9):1124–1131.

Sood B, Delaney-Black V, Covington C, Nordstrom-Klee B, Ager
J, Templin T, et al. 2001. Prenatal alcohol exposure and
childhood behavior at age 6 to 7 years. I. Dose-response
effect. Pediatrics 108(2):e34.

Thapar A, Fowler T, Rice F, Scourfield J, van den Bree M,
Thomas H, et al. 2003. Maternal smoking during pregnancy
and attention deficit hyperactivity disorder symptoms in
offspring. Am J Psychiatry 160(11):1985–1989.

Wasserman GA, Liu X, Pine D, Graziano JH. 2001. Contribution
of maternal smoking during pregnancy and lead exposure
to early child behavior problems. Neurotoxicol Teratol
23:13–21. 

Wasserman GA, Staghezza-Jaramillo B, Shrout P, Popovac D,
Graziano J. 1998. The effect of lead exposure on behavior
problems in preschool children. Am J Public Health
88(3):481–486. 

Weissman MM, Warner V, Wickramaratne PJ, Kandel DB. 1999.
Maternal smoking during pregnancy and psychopathology
in offspring followed to adulthood. J Am Acad Child Adolesc
Psychiatry 38(7):892–899.

Weitzman M, Gortmaker S, Sobol A. 1992. Maternal smoking and
behavior problems of children. Pediatrics 90(3):342–349.

Williams GM, O’Callaghan M, Najman JM, Bor W, Andersen MJ,
Richards D, et al. 1998. Maternal cigarette smoking and
child psychiatric morbidity: a longitudinal study. Pediatrics
102(1):e11.

Wolraich ML, Hannah JN, Pinnock TY, Baumgaertel A, Brown J.
1996. Comparison of diagnostic criteria for attention-deficit
hyperactivity disorder in a county-wide sample. J Am Acad
Child Adolesc Psychiatry 35(3):319–324.


