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ABSTRACT
INTRODUCTION While prior studies suggest links between secondhand smoke (SHS) 
exposure and developmental impairment, evidence linking objective biomarkers of 
SHS exposure to learning disability (LD) in children remains limited. This study 
investigates the association between serum cotinine – a validated biomarker of 
SHS exposure – and the higher likelihood of LD in US children.
METHODS This secondary analysis utilized cross-sectional data from the National 
Health and Nutrition Examination Survey (NHANES) 1999–2002, including 
2573 children aged 4–15 years. Multivariable logistic regression models were 
implemented to evaluate the association between serum cotinine and parent-
reported LD diagnoses. The dose-dependent relationship between cotinine and 
LD was analyzed using smooth curve fitting. Subgroup analyses were evaluated 
to assess robustness.
RESULTS Multivariable logistic regression analysis revealed that each unit increase in 
log-transformed cotinine was associated with a 1.81-fold increase in the odds of LD 
(AOR=1.81; 95% CI: 1.21–2.70, p<0.01). Children in the highest cotinine quartile 
exhibited 2.38-fold higher odds of LD compared to those in the lowest quartile 
(AOR=2.38; 95% CI: 1.23–4.58, p=0.01). Dose-response analysis revealed a linear 
relationship between log cotinine and LD (p for nonlinearity=0.20). Subgroup 
analyses further confirmed the stability of these results (p for interaction >0.05).
CONCLUSIONS The findings indicate a significant association between serum cotinine 
and an increased likelihood of LD in US children. The dose-dependent and linear 
nature of this relationship advocate for stricter smoke-free policies and targeted 
educational campaigns to reduce potential neurodevelopmental harms in children.
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INTRODUCTION
Learning disability (LD), characterized by difficulties in reading, writing, 
reasoning, or mathematical skills, affects approximately 5–15% of school-aged 
children worldwide, posing significant challenges to academic achievement and 
psychosocial well-being1. While genetic and perinatal factors are well-established 
contributors, emerging evidence suggests that environmental neurotoxicants, such 
as tobacco smoke, may disrupt neurodevelopmental processes2-4. Secondhand 
smoke (SHS) exposure, a modifiable risk factor, contains >7000 chemicals, 
including nicotine, which crosses the blood-brain barrier and may interfere with 
synaptic plasticity, neurotransmitter regulation, and cortical development5,6. 
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Children are one of the most highly exposed 
populations7. Cross-country survey data show that the 
estimated national prevalence of household exposure 
to SHS among children aged >15 years ranged from 
4.5% in Panama to 79.0% in Indonesia8. Due to their 
size- and age-specific behaviors and activity patterns, 
they are particularly vulnerable to cumulative SHS 
exposure and its related effects8,9. Despite this, studies 
investigating tobacco-specific biomarkers and LD 
remain limited, particularly in pediatric populations 
where critical neurodevelopmental windows heighten 
susceptibility to environmental exposures.

Cotinine, the primary metabolite of nicotine, serves 
as a validated biomarker for quantifying tobacco 
smoke exposure, and offers advantages over self-
reported data by minimizing misclassification and 
recall bias10-14. Although prior studies have linked 
prenatal or childhood SHS exposure to cognitive 
deficits, attention problems, and behavioral disorders, 
findings on LD risk are inconsistent15-18. For instance, 
studies report mixed associations between cotinine 
levels and specific LD subtypes, potentially due to 
heterogeneous diagnostic criteria, small sample sizes, 
or inadequate adjustment for confounders such as 
socioeconomic status, lead exposure, or maternal 
education level19. Furthermore, few studies have 
explored dose-response relationships or stratified 
analyses, despite evidence suggesting that neurotoxic 
effects of nicotine may vary across developmental 
stages15.

To address these gaps, this study analyzed data 
from the National Health and Nutrition Examination 
Survey (NHANES), a nationally representative dataset 
with rigorous biospecimen collection and standardized 
cognitive assessments. By analyzing serum cotinine 
levels in children aged 4–15 years, we aim to: 1) 
evaluate the association between SHS exposure and 
parent-reported LD diagnoses; 2) assess potential 
influences of age, sex, and socioeconomic factors; and 
3) quantify the dose-response relationship.

METHODS
Research design and data acquisition
The present secondary dataset analysis employed 
data from the 1999–2002  National Health and 
Nutrition Examination Survey (NHANES), a 
nationally representative survey of the US civilian 

non-institutionalized population conducted by the 
Centers for Disease Control and Prevention (CDC)20. 
The survey, initiated in the early 1960s and conducted 
annually since 1999, samples approximately 5000 
participants from diverse geographical regions. The 
study period was selected because these survey cycles 
included assessments of LD in children aged 4–15 
years. This study included a total of 2573 participants 
from the NHANES conducted between 1999 and 
2002. Initially, 21004 participants were identified. 
Among these, a subset of 5644 individuals aged 
4–15 years were surveyed with questions about LD. 
We then excluded: 1) 12 participants with missing 
responses to the LD diagnostic question, ‘Has a 
representative from a school or a health professional 
ever told you/your spouse that she/he had a learning 
disability?’; 2) 1831 participants with serum cotinine 
levels below the detection threshold (0.05 ng/mL); 
3) 1129 participants with missing cotinine values; 
and 4) 99 participants with cotinine levels >10 ng/
mL (indicative of active smoking). These exclusions 
yielded a final analytical sample of 2573 participants. 
Figure 1 presents a flow chart of the study participants, 
illustrating the inclusion and exclusion criteria. 

Assessment of serum cotinine and LD outcomes
Serum cotinine was measured by an isotope 
dilution-high performance liquid chromatography/
atmospheric pressure chemical ionization tandem 
mass spectrometry. A child was considered to have 
cotinine-measured exposure if they had a detectable 
serum cotinine level of ≥0.05 ng/mL, consistent 
with previous analyses7,21,22. LD was defined based 
on parental or guardian reports of their child’s LD 
diagnosis.

Variables
Covariates including age, sex, race/ethnicity, birth 
weight, blood lead levels, family PIR (poverty 
income ratio), parental education level, NICU 
admission status, maternal age at delivery, and 
daycare/preschool attendance were accounted for 
in the analysis. Covariate categorization followed 
NHANES protocols20. Race/ethnicity was self-
reported and categorized into four groups: Mexican 
American, non-Hispanic White, non-Hispanic Black, 
and Other. Birth weight was converted to grams for 
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analytical consistency, with the variable classified 
as <2500 g (low birth weight) and ≥2500 g. Parental 
education level was classified as more than high 
school, high school, and less than high school. Family 
PIR was categorized as: ≥4, <4 to ≥2, <2 to ≥1, and <1. 
Blood lead levels (µmol/L) were divided into tertiles: 
tertile 1 (≤1.1), tertile 2 (>1.1 to ≤1.9), and tertile 3 
(>1.9).

Statistical analysis
Data analysis utilized R (http://www.r-project.org) 
and EmpowerStats (http://www.empowerstats.
com) for statistical modeling and sensitivity testing. 
Sample weights were applied per NCHS guidelines 
to ensure national representativeness. The dependent 
variable was LD, and the independent variable was 
serum cotinine. Serum cotinine levels were log 
transformed to achieve normal distribution. Missing 
covariate values were represented using dummy 
variables. Variables based on previous studies 
were incorporated as potential confounders23-25. 
Three hierarchical logistic regression models were 
developed: Model 1 included no adjusted covariates; 

Model 2 was adjusted for age, sex, and race/ethnicity; 
and Model 3 included all covariates in Table 1. The 
dose-response relationship between cotinine levels 
and LD was evaluated using generalized additive 
model and smoothing curve fittings. Further subgroup 
analyses and interaction tests were carried out to 
identify potential risk factors that could influence the 
association between cotinine levels and LD. A p<0.05 
(two-sided) was considered statistically significant.

RESULTS
Baseline characteristics
The demographic and clinical characteristics of 
the participants, stratified by quartiles (Q1–Q4) of 
log-transformed cotinine levels, are presented in 
Table 1. The prevalence of LD rose significantly 
across quartiles, from 7.41% in Q1 to 18.35% in 
Q4 (p<0.01). Compared with children in the lower 
cotinine groups, those in the highest quartile (Q4) 
were more likely to have low birth weight, lower 
parental education level and family income, a higher 
proportion of maternal age ≤18 years at delivery, 
and elevated blood lead levels. The proportion 

Figure 1. Flow chart of participant selection
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Flow chart of participants. 

Participants of NHANES 1999-2002 
aged 4-15 years (n=5644) 

Excluded participants with 
cotinine <0.05 (n=1831) or 
cotinine >10 ng/mL (n=99) 

Included for analysis (N=2573) 

Excluded participants missing responses to 
the question, ‘Has a representative from a 
school or a health professional ever told 

{you/SP} that s/he had a learning 
disability?’ (n=12) 

Participants of NHANES 1999-2002 
(n=21004) 

Excluded participants missing 
cotinine (n=1129) 
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of participants admitted to the NICU exhibited 
a borderline significant upward trend across quartiles, 
from 8.90% in Q1 to 15.08% in Q4 (p=0.07). 

Association between cotinine and LD
The association between cotinine levels and LD was 
examined using logistic regression models (Table 2). 

Table 1. Baseline characteristics of the study participants by quartiles of log cotinine (ng/mL), NHANES 
1999–2002 (survey-weighted data)*

Characteristics Quartile 1 
(<0.11) 

(N=616)

Quartile 2 
(≥0.11 to <0.31)

(N=670)

Quartile 3  
(≥0.31 to <0.92)

(N=641)

Quartile 4 
 (≥0.92)
(N=646)

p

Age (years) 9.61 (9.22–10.01) 9.39 (8.93–9.85) 9.80 (9.38–10.22) 9.34 (9.06–9.62) 0.37

Sex         0.38

Male 49.16 (42.63–55.72) 53.26 (47.29–59.14) 54.79 (48.95–60.51) 48.90 (43.66–54.17)  

Female 50.84 (44.28–57.37) 46.74 (40.86–52.71) 45.21 (39.49–51.05) 51.10 (45.83–56.34)  

Race/ethnicity         <0.01

Mexican American 16.71 (11.82–23.09) 12.91 (8.73–18.68) 9.74 (7.06–13.29) 4.13 (2.64–6.42)  

Non-Hispanic White 52.95 (43.94–61.77) 51.58 (42.55 –60.50) 50.58 (43.16–57.98) 67.26 (58.49–74.97)  

Non-Hispanic Black 17.13 (12.14–23.63) 20.52 (15.73–26.31) 26.76 (19.92–34.92) 20.69 (14.66–28.37)  

Other 13.21 (8.17–20.65) 14.99 (9.11–23.69) 12.93 (7.50–21.37) 7.92 (4.29–14.17)  

Maternal age (years)  

>18 91.45 (87.46–94.25) 87.22 (83.22–90.38) 87.28 (83.31–90.42) 81.08 (70.92–88.27) 0.01

≤18 8.55 (5.75–12.54) 12.78 (9.62–16.78) 12.72 (9.58–16.69) 18.92 (11.73–29.08)

LD

Yes 7.41 (4.89–11.08) 10.09 (6.32–15.73) 16.31 (12.58–20.88) 18.35 (15.13–22.07) <0.01

No 92.59 (88.92–95.11) 89.91 (84.27–93.68) 83.69 (79.12–87.42) 81.65 (77.93–84.87)

Low birth weight

Yes 4.91 (3.20–7.48) 8.00 (5.57–11.36) 9.16 (6.69–12.42) 14.05 (8.58–22.18) <0.01

No 95.09 (92.52–96.80) 92.00 (88.64–94.43) 90.84 (87.58–93.31) 85.95 (77.82–91.42)

Parental education level

High school or lower 27.66 (21.90–34.26) 24.56 (19.44–30.51) 32.26 (26.70–38.37) 41.14 (35.61–46.91) <0.01

High school 24.22 (18.44–31.13) 37.19 (30.51–44.41) 37.04 (30.18–44.46) 35.63 (30.07–41.60)

High school or higher 48.12 (41.37–54.95) 38.25 (32.25–44.63) 30.70 (23.90–38.45) 23.23 (17.19–30.61)

NICU admission

Yes 8.90 (6.24–12.56) 13.43 (9.75–18.20) 12.76 (9.64–16.72) 15.08 (11.90–18.93) 0.07

No 91.10 (87.44–93.76) 86.57 (81.80–90.25) 87.24 (83.28–90.36) 84.92 (81.07–88.10)

Daycare/preschool 
attendance

Yes 71.41 (64.72–77.28) 70.43 (64.99–75.35) 72.09 (65.36–77.94) 68.95 (62.48–74.75) 0.85

No 28.59 (22.72–35.28) 29.57 (24.65–35.01) 27.91 (22.06–34.64) 31.05 (25.25–37.52)

Family PIR

≥4 21.46 (16.51–27.40) 14.78 (10.32–20.71) 6.52 (4.22–9.93) 4.45 (2.16–8.95) <0.01

≥2 to <4 31.57 (24.29–39.87) 24.32 (19.23–30.27) 23.31 (18.26–29.25) 20.38 (14.97–27.12)

≥1 to <2 24.89 (19.64–31.00) 33.44 (25.72–42.17) 31.59 (25.26–38.68) 32.84 (23.22–44.16)

<1 22.08 (16.37–29.10) 27.46 (21.47–34.38) 38.58 (30.84–46.95) 42.32 (33.40–51.78)

Blood lead level (μg/dL) 1.58 (1.46–1.69) 1.72 (1.59–1.86) 1.98 (1.79–2.16) 2.12 (1.92–2.31) <0.01

*Data presented for continuous variables are survey-weighted mean (95% CI); p-values were by survey-weighted linear regression. Data presented for categorical variables are 
survey-weighted percentage (95% CI); p-values were by survey-weighted chi-squared test. PIR: poverty income ratio. LD: learning disability. NICU: neonatal intensive care unit.
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In the unadjusted model (Model 1), each unit increase 
in log cotinine was associated with a 2.00-fold increase 
in the odds of LD (95% CI: 1.59–2.52, p<0.01). After 
adjusting for age, sex, and race/ethnicity (Model 2), 
the adjusted odds ratio (AOR) increased to 2.09 (95% 
CI: 1.58–2.77, p<0.01). Further adjustment for birth 

weight, parental education level, NICU admission, 
daycare or preschool attendance, family PIR, maternal 
age at delivery, and blood lead level (Model 3) yielded 
an AOR of 1.81 (95% CI: 1.21–2.70, p<0.01). When 
serum cotinine levels were analyzed by quartiles, 
children in the highest quartile (Q4) exhibited 

Table 2. Multivariate analysis by quartiles of log cotinine logistic regression model, NHANES 1999–2002, 
(survey-weighted data)

 Variables Model 1
OR (95% CI) p

Model 2
AOR (95% CI) p

Model 3
AOR (95% CI) p

Log cotinine (ng/mL) 2.00 (1.59–2.52) <0.01 2.09 (1.58–2.77) <0.01 1.81 (1.21–2.70) <0.01

Q1 (<0.11) ®  1  1  1

Q2 (≥0.11 to <0.31) 1.40 (0.72–2.75) 0.33 1.42 (0.72–2.82) 0.33 1.38 (0.51–3.72) 0.40

Q3 (≥0.31 to <0.92) 2.43 (1.54–3.84) <0.01 2.34 (1.47–3.73) <0.01 2.16 (1.15–4.08) 0.02

Q4 (≥0.92) 2.81 (1.91–4.12) <0.01 2.91 (1.92–4.41) <0.01 2.38 (1.23–4.58) 0.01

p for trend <0.01 <0.01 <0.01

Model 1: no covariates were adjusted. AOR: adjusted odds ratio. Model 2: adjusted for age, sex, and race/ethnicity. Model 3: adjusted as for Model 2 plus birth weight, parental 
education level, NICU admission, daycare or preschool attendance, family poverty income ratio, maternal age at delivery, and blood lead level. The p-values for trend were 
calculated by treating log cotinine quartiles (Q1–Q4) as an ordinal variable. ® Reference category. 

Figure 2. Relationship between cotinine and LD. The red line represents the relationship between log-
transformed cotinine and LD, while the blue line represents the 95% confidence interval. Age, sex, race/
ethnicity, birth weight, parental education level, NICU admission, day care or preschool attendance, family 
PIR, maternal age at delivery, blood lead level, were adjusted

https://doi.org/10.18332/tid/205840
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Table 3. Stratified logistic regression analysis of the association between cotinine and LD according to 
subgroup, NHANES 1999–2002 (survey-weighted data)

Subgroups Total
n

AOR (95%CI) p p for interaction

Age (years) 0.60

4–7 673 1.58 (0.78–3.22) 0.17

8–11 759 1.90 (0.98–3.69) 0.05

12–15 1141 2.10 (1.48–2.97) 0.01

Sex 0.85

Male 1267 1.71 (1.15–2.53) 0.01

Female 1306 1.83 (1.10–3.03) 0.05

Race/ethnicity 0.24

Mexican American 695 3.05 (1.71–5.43) 0.03

Non-Hispanic White 573 2.20 (1.18–4.11) 0.02

Non-Hispanic Black 1092 1.55 (0.93–2.58) 0.08

Other 213 0.92 (0.34–2.46) 0.87

Low birth weight 0.19

Yes 254 5.25 (1.19–23.11) 0.03

No 2190 1.64 (1.08–2.50) 0.02

Parental education level 0.36

High school or lower 1091 2.14 (1.20–3.81) 0.01

High school 700 1.98 (0.84–4.64) 0.15

High school or higher 703 1.99 (1.08–3.65) 0.03

NICU admission 0.43

Yes 284 3.38 (0.85–13.43) 0.07

No 2267 1.78 (1.29–2.45) 0.01

Daycare/preschool attendance 0.80

Yes 1710 1.56 (1.10–2.20) 0.03

No 861 2.17 (1.49–3.17) <0.01

Maternal age (years) 0.87

≤18 409 2.51 (1.18–5.33) 0.02

>18 2129 1.81 (1.21–2.69) <0.01

Family PIR

≥4 193 2.47 (0.19–32.00) 0.40 0.84

≥2 to <4 498 1.38 (0.64–2.95) 0.37

≥1 to <2 756 2.09 (1.15–3.80) 0.02

<1 1126 2.06 (1.33–3.16) <0.01

Blood lead level (μmol/L) 0.52

Tertile 1 (≤1.1) 820 1.45 (0.87–2.42) 0.23

Tertile 2 (<1.1 to ≤1.9) 844 1.84 (1.14–2.96) 0.05

Tertile 3 (>1.9) 907 2.24 (1.33–3.78) 0.04

AOR: adjusted odds ratio; adjusted for age, sex, race/ethnicity, birth weight, parental education level, NICU admission, daycare or preschool attendance, family poverty income 
ratio (PIR), maternal age at delivery, blood lead level, excluding the stratification variable.
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significantly higher odds of LD compared to those in 
the lowest quartile (Q1), with an AOR of 2.38 (95% 
CI: 1.23–4.58, p=0.01) in the fully adjusted model.

Dose-response relationship between cotinine 
and LD
Smooth curve fitting was used to assess the dose-
response relationship between cotinine and LD. 
Multivariable-adjusted smooth curve fitting revealed 
a linear association between log cotinine and LD (p 
for nonlinearity = 0.20; Figure 2).

Subgroup analysis
Subgroup analyses explored the association between 
serum cotinine and LD across demographic and 
clinical factors (Table 3). Participants aged 12–15 
years exhibited an AOR of 2.10 (95% CI: 1.48–
2.97, p=0.01). Males had an AOR of 1.71 (95% CI: 
1.15–2.53, p=0.01), and females showed an AOR 
of 1.83 (95% CI: 1.10–3.03, p=0.05). Regarding 
race/ethnicity, Mexican Americans participants 
demonstrated the highest AOR (OR=3.05; 95% CI: 
1.71–5.43, p=0.03). Low birth weight (<2500 g) 
was associated with an elevated AOR of 5.25 (95% 
CI: 1.19–23.11, p=0.03). Children with parents 
who had less than a high school education had an 
AOR of 2.14 (95% CI: 1.20–3.81, p=0.01). NICU 
admission was linked to an AOR of 3.38 (95% CI: 
0.85–13.43, p=0.07), whereas non-attendance at 
daycare/preschool corresponded to an AOR of 2.17 
(95% CI: 1.49–3.17, p<0.01). Maternal age ≤18 years 
at delivery was associated with an AOR of 2.51 (95% 
CI: 1.18–5.33, p=0.02). A family PIR <2 yielded AORs 
of 2.09 (<2 to ≥1) and 2.06 (<1). The highest tertile 
of blood lead levels (tertile 3) showed an AOR of 2.24 
(95% CI: 1.33–3.78, p=0.04). The interaction tests 
revealed no significant effect modification across all 
stratified subgroups (p for interaction >0.05).

DISCUSSION
The findings of this cross-sectional study utilizing 
NHANES data demonstrate a significant positive 
association between serum cotinine – a biomarker of 
secondhand smoke (SHS) exposure – and an increased 
likelihood of learning disability (LD) in US children 
aged 4–15 years. After full adjustment for covariates, 
every 1-unit increase in log-transformed cotinine was 

associated with a 1.81-fold increase in the odds of LD. 
Children in the highest cotinine quartile exhibited 
2.38-fold higher odds of LD compared to those in 
the lowest quartile. Dose-response analysis revealed 
a linear relationship between log cotinine and LD 
(p for nonlinearity = 0.20). Subgroup analyses further 
confirmed the stability of these results.

Our results align with existing evidence linking 
SHS to adverse neurocognitive outcomes, though 
prior studies have predominantly focused on prenatal 
or direct maternal smoking26-29. The observed 
association between postnatal SHS exposure and LD 
underscores the potential vulnerability of school-
aged children to environmental neurotoxicants. This 
relationship is biologically plausible, as experimental 
models demonstrate that nicotine and its metabolites 
disrupt synaptic plasticity, impair cholinergic 
signaling, and induce oxidative stress in developing 
neural circuits29-32.

Subgroup analyses revealed that the association 
between serum cotinine and LD strengthened 
progressively with age, suggesting a potential 
cumulative effect of exposure. These findings 
underscore the importance of early intervention; 
targeted strategies to identify and mitigate children’s 
exposure to hazardous substances could reduce the 
risk of LD development. The subgroup with a birth 
weight <2500 g exhibited the strongest association 
across different birth weight groups. This result 
supports previous research indicating that low birth 
weight may negatively impact neurodevelopment, 
thereby increasing susceptibility to LD33. Notably, 
our stratified analyses further revealed stronger 
associations in those with lower socioeconomic 
status, suggesting demographic subgroups that may 
require targeted interventions. Families with lower 
socioeconomic status are disproportionately exposed 
to household smoking and often face limited access 
to educational resources, creating a syndemic effect 
on neurodevelopment34,35.

Strengths and limitations
Several methodological strengths enhance the 
validity of these findings. The use of serum 
cotinine – a quantitative, objective biomarker 
– minimizes misclassification and recall bias 
inherent in self-reported smoke exposure. The 
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nationally representative NHANES sample ensures 
generalizability to the US pediatric population, 
while the inclusion of covariates such as lead levels, 
socioeconomic status and nutritional factors addresses 
key environmental confounders.

However, the study’s cross-sectional design limits 
causal interpretation, as the temporality between 
cotinine levels and LD diagnosis remains uncertain. 
Moreover, reverse causation, wherein children 
with LD are more likely to reside in environments 
with higher smoking rates, cannot be ruled out. 
Additionally, the binary classification of LD based 
on caregiver reports (‘Has a representative from a 
school or a health professional ever told you/your 
spouse that she/he had a learning disability?’) 
may lack the precision of clinical or academic 
assessments, potentially underestimating subtle 
cognitive deficits. Furthermore, despite adjusting 
for key covariates, residual confounding may persist 
due to unmeasured factors, such as dietary habits, 
environmental pollutants, or genetic predispositions. 
Finally, since the study population comprised only 
US children, the findings may not generalize to other 
countries with differing smoking prevalence, cultural 
practices, or healthcare systems.

CONCLUSIONS
This study demonstrates that serum cotinine 
is independently associated with LD in school-
aged children. The results reinforce the need 
for pediatricians to screen for tobacco smoke 
exposure during developmental assessments and 
for policymakers to prioritize SHS reduction as a 
modifiable determinant of educational inequities. 
Mitigating environmental neurotoxicant exposure 
may serve as a critical strategy for improving 
neurodevelopmental outcomes in vulnerable pediatric 
cohorts.

REFERENCES
1.	 American Psychiatric Association. Diagnostic and Statistical 

Manual of Mental Disorders: DSM-5™. 5th ed. American 
Psychiatric Association; 2013:612-613. doi:10.1176/appi.
books.9780890425596

2.	 Gillberg C, Soderstrom H. Learning disability. Lancet. 
2003;362(9386):811-821. doi:10.1016/S0140-
6736(03)14275-4

3.	 Doi M, Usui N, Shimada S. Prenatal environment and 

neurodevelopmental disorders. Front Endocrinol (Lausanne). 
2022;13:860110. doi:10.3389/fendo.2022.860110

4.	 Lagae L. Learning disabilities: definitions, epidemiology, 
diagnosis, and intervention strategies. Pediatr Clin North 
Am. 2008;55(6):1259-vii. doi:10.1016/j.pcl.2008.08.001

5.	 Castro EM, Lotfipour S, Leslie FM. Nicotine on the 
developing brain. Pharmacol Res. 2023;190:106716. 
doi:10.1016/j.phrs.2023.106716

6.	 Leslie FM. Unique, long-term effects of nicotine on adolescent 
brain. Pharmacol Biochem Behav. 2020;197:173010. 
doi:10.1016/j.pbb.2020.173010

7.	 Vital signs: nonsmokers’ exposure to secondhand smoke — 
United States, 1999-2008. MMWR Morbidity and Mortality 
Weekly Report. 2010;59(35):1141-1146. Accessed June 2, 
2025. https://www.cdc.gov/mmwr/pdf/wk/mm5935.pdf

8.	 Mbulo L, Palipudi KM, Andes L, et al. Secondhand smoke 
exposure at home among one billion children in 21 
countries: findings from the Global Adult Tobacco Survey 
(GATS). Tob Control. 2016;25(e2):e95-e100. doi:10.1136/
tobaccocontrol-2015-052693

9.	 Merianos AL, Mahabee-Gittens EM, Stone TM, et al. 
Distinguishing exposure to secondhand and thirdhand 
tobacco smoke among U.S. children using machine 
learning: NHANES 2013-2016. Environ Sci Technol. 
2023;57(5):2042-2053. doi:10.1021/acs.est.2c08121

10.	 Benowitz NL. Cotinine as a biomarker of environmental 
tobacco smoke exposure. Epidemiol Rev. 1996;18(2):188-
204. doi:10.1093/oxfordjournals.epirev.a017925

11.	 Baltar VT, Xun WW, Chuang SC, et al. Smoking, secondhand 
smoke, and cotinine levels in a subset of EPIC cohort. 
Cancer Epidemiol Biomarkers Prev. 2011;20(5):869-875. 
doi:10.1158/1055-9965.EPI-10-1235

12.	 Sourander A, Sucksdorff M, Chudal R, et al. Prenatal 
cotinine levels and ADHD among offspring. Pediatrics. 
2019;143(3):e20183144. doi:10.1542/peds.2018-3144

13.	 Connor Gorber S, Schofield-Hurwitz S, Hardt J, Levasseur 
G, Tremblay M. The accuracy of self-reported smoking: a 
systematic review of the relationship between self-reported 
and cotinine-assessed smoking status. Nicotine Tob Res. 
2009;11(1):12-24. doi:10.1093/ntr/ntn010

14.	 Agaku IT, King BA. Validation of self-reported smokeless 
tobacco use by measurement of serum cotinine concentration 
among US adults. Am J Epidemiol. 2014;180(7):749-754. 
doi:10.1093/aje/kwu182

15.	 Ou XX, Wang X, Zhan XL, et al. The associations of 
secondhand smoke exposure with neurodevelopmental 
disorders and critical time window identification: a 
systematic review and meta-analysis. Sci Total Environ. 
2024;913:169649. doi:10.1016/j.scitotenv.2023.169649

16.	 Batstra L, Hadders-Algra M, Neeleman J. Effect of antenatal 
exposure to maternal smoking on behavioural problems and 
academic achievement in childhood: prospective evidence 
from a Dutch birth cohort. Early Hum Dev. 2003;75(1-
2):21-33. doi:10.1016/j.earlhumdev.2003.09.001

17.	 Jacobsen LK, Slotkin TA, Westerveld M, Mencl WE, 

https://doi.org/10.18332/tid/205840
http://doi.org/10.1176/appi.books.9780890425596
http://doi.org/10.1176/appi.books.9780890425596
http://doi.org/10.1016/S0140-6736(03)14275-4
http://doi.org/10.1016/S0140-6736(03)14275-4
http://doi.org/10.3389/fendo.2022.860110
http://doi.org/10.1016/j.pcl.2008.08.001
http://doi.org/10.1016/j.phrs.2023.106716
http://doi.org/10.1016/j.pbb.2020.173010
https://www.cdc.gov/mmwr/pdf/wk/mm5935.pdf
http://doi.org/10.1136/tobaccocontrol-2015-052693
http://doi.org/10.1136/tobaccocontrol-2015-052693
http://doi.org/10.1021/acs.est.2c08121
http://doi.org/10.1093/oxfordjournals.epirev.a017925
http://doi.org/10.1158/1055-9965.EPI-10-1235
http://doi.org/10.1542/peds.2018-3144
http://doi.org/10.1093/ntr/ntn010
http://doi.org/10.1093/aje/kwu182
http://doi.org/10.1016/j.scitotenv.2023.169649
http://doi.org/10.1016/j.earlhumdev.2003.09.001


Tobacco Induced Diseases 
Research Paper

Tob. Induc. Dis. 2025;23(July):99
https://doi.org/10.18332/tid/205840

9

Pugh KR. Visuospatial memory deficits emerging during 
nicotine withdrawal in adolescents with prenatal exposure 
to active maternal smoking. Neuropsychopharmacology. 
2006;31(7):1550-1561. doi:10.1038/sj.npp.1300981

18.	 Hartwell M, Bloom M, Elenwo C, et al. Association of 
prenatal substance exposure and the development of the 
amygdala, hippocampus, and parahippocampus. J Osteopath 
Med. 2024;124(11):499-508. doi:10.1515/jom-2023-0277

19.	 Khorasanchi Z, Bahrami A, Avan A, et al. Passive smoking 
is associated with cognitive and emotional impairment in 
adolescent girls. J Gen Psychol. 2019;146(1):68-78. doi:10
.1080/00221309.2018.1535485

20.	 National Health and Nutrition Examination Survey. U.S. 
Centers for Disease Control and Prevention. Accessed June 
2, 2025. http://cdc.gov/nchs/nhanes

21.	 Shastri SS, Talluri R, Shete S. Disparities in secondhand 
smoke exposure in the United States: National Health 
and Nutrition Examination Survey 2011-2018. JAMA 
Intern Med. 2021;181(1):134-137. doi:10.1001/
jamainternmed.2020.3975

22.	 Tsai J, Homa DM, Gentzke AS, et al. Exposure to Secondhand 
Smoke Among Nonsmokers - United States, 1988-2014. 
MMWR Morb Mortal Wkly Rep. 2018;67(48):1342-1346. 
doi:10.15585/mmwr.mm6748a3

23.	 Avchen RN, Scott KG, Mason CA. Birth weight and school-
age disabilities: a population-based study. Am J Epidemiol. 
2001;154(10):895-901. doi:10.1093/aje/154.10.895

24.	 Lanphear BP, Hornung R, Khoury J, et al. Low-level 
environmental lead exposure and children’s intellectual 
function: an international pooled analysis. Environ Health 
Perspect. 2005;113(7):894-899. doi:10.1289/ehp.7688

25.	 Anderko L, Braun J, Auinger P. Contribution of tobacco 
smoke exposure to learning disabilities. J Obstet Gynecol 
Neonatal Nurs. 2010;39(1):111-117. doi:10.1111/j.1552-
6909.2009.01093.x

26.	 Braun JM, Daniels JL, Poole C, et al. A prospective cohort 
study of biomarkers of prenatal tobacco smoke exposure: 
the correlation between serum and meconium and their 
association with infant birth weight. Environ Health. 
2010;9:53. doi:10.1186/1476-069X-9-53

27.	 Huang KH, Chou AK, Jeng SF, et al. The impacts of 
cord blood cotinine and Glutathione-S-Transferase gene 
polymorphisms on birth outcome. Pediatr Neonatol. 
2017;58(4):362-369. doi:10.1016/j.pedneo.2016.08.006

28.	 Roza SJ, Verburg BO, Jaddoe VW, et al. Effects of maternal 
smoking in pregnancy on prenatal brain development. The 
Generation R Study. Eur J Neurosci. 2007;25(3):611-617. 
doi:10.1111/j.1460-9568.2007.05393.x

29.	 Bublitz MH, Stroud LR. Maternal smoking during 
pregnancy and offspring brain structure and function: 
review and agenda for future research. Nicotine Tob Res. 
2012;14(4):388-397. doi:10.1093/ntr/ntr191

30.	 Baler RD, Volkow ND, Fowler JS, Benveniste H. Is fetal brain 
monoamine oxidase inhibition the missing link between 
maternal smoking and conduct disorders? J Psychiatry 

Neurosci. 2008;33(3):187-195.
31.	 Slotkin TA. Fetal nicotine or cocaine exposure: Which one 

is worse? J Pharmacol Exp Ther. 1998;285(3):931-945. 
doi:10.1016/S0022-3565(24)37495-6

32.	 Ernst M, Moolchan ET, Robinson ML. Behavioral and 
neural consequences of prenatal exposure to nicotine. J 
Am Acad Child Adolesc Psychiatry. 2001;40(6):630-641. 
doi:10.1097/00004583-200106000-00007

33.	 Cortese M, Moster D, Wilcox AJ. Term birth weight 
and neurodevelopmental outcomes. Epidemiology. 
2021;32(4):583-590. doi:10.1097/EDE.0000000000001350

34.	 Jutte DP, Roos NP, Brownell MD, Briggs G, MacWilliam 
L, Roos LL. The ripples of adolescent motherhood: social, 
educational, and medical outcomes for children of teen and 
prior teen mothers. Acad Pediatr. 2010;10(5):293-301. 
doi:10.1016/j.acap.2010.06.008

35.	 Harding JF. Increases in maternal education and low-income 
children’s cognitive and behavioral outcomes. Dev Psychol. 
2015;51(5):583-599. doi:10.1037/a0038920

ACKNOWLEDGEMENTS
We would like to thank all the staff members of the NHANES study for 
their valuable contributions. The authors also thank Yi-er College for 
their contribution to the statistical support.

CONFLICTS OF INTEREST
The authors have completed and submitted the ICMJE Form for 
Disclosure of Potential Conflicts of Interest. The authors declare that 
they have no competing interests, financial or otherwise, related to 
the current work. All authors report that since the initial planning of 
the work, this work was supported by Medical Science and Technology 
Project of Zhejiang Province and the General scientific research project 
of Zhejiang Education Department.

FUNDING
The work was supported by Medical Science and Technology Project of 
Zhejiang Province (grant no. 2023KY476, 2021KY479) and the General 
scientific research project of Zhejiang Education Department (grant no. 
Y202146132).

ETHICAL APPROVAL AND INFORMED CONSENT
Ethical approval and informed consent were not required for this study, 
which was a secondary analysis of existing data.

DATA AVAILABILITY
The data supporting this research are available from the following 
source: http://cdc.gov/nchs/nhanes

AUTHORS’ CONTRIBUTIONS
BH: research concept and design, collection and/or assembly of data, 
data analysis and interpretation, writing of the manuscript. SH: data 
analysis and interpretation. JJ: collection and/or assembly of data. YD: 
critical revision and final approval of the manuscript. All authors read 
and approved the final version of the manuscript.

PROVENANCE AND PEER REVIEW
Not commissioned; externally peer reviewed.

https://doi.org/10.18332/tid/205840
http://doi.org/10.1038/sj.npp.1300981
http://doi.org/10.1515/jom-2023-0277
http://doi.org/10.1080/00221309.2018.1535485
http://doi.org/10.1080/00221309.2018.1535485
http://cdc.gov/nchs/nhanes
http://doi.org/10.1001/jamainternmed.2020.3975
http://doi.org/10.1001/jamainternmed.2020.3975
http://doi.org/10.15585/mmwr.mm6748a3
http://doi.org/10.1093/aje/154.10.895
http://doi.org/10.1289/ehp.7688
http://doi.org/10.1111/j.1552-6909.2009.01093.x
http://doi.org/10.1111/j.1552-6909.2009.01093.x
http://doi.org/10.1186/1476-069X-9-53
http://doi.org/10.1016/j.pedneo.2016.08.006
http://doi.org/10.1111/j.1460-9568.2007.05393.x
http://doi.org/10.1093/ntr/ntr191
http://doi.org/10.1016/S0022-3565(24)37495-6
http://doi.org/10.1097/00004583-200106000-00007
http://doi.org/10.1097/EDE.0000000000001350
http://doi.org/10.1016/j.acap.2010.06.008
http://doi.org/10.1037/a0038920
http://cdc.gov/nchs/nhanes

