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Abstract

Objective: To explore the associations between prenatal exposure to tobacco and neurocognitive 

development, in the absence of prematurity or low birth weight.

Study design: We followed mother-child pairs within Healthy Start through 6 years of age. 

Children were born at ≥37 weeks of gestation with birth weight ≥2500 g. Parents completed the 

Third Edition Ages and Stages Questionnaire (ASQ-3; n=246) and children completed a subset of 

the National Institutes of Health (NIH) Toolbox Cognition Battery (n=200). ASQ-3 domains were 

dichotomized as fail/monitor and pass. Maternal urinary cotinine was measured at ~27 weeks 

gestation. Separate logistic regression models estimated associations between prenatal exposure to 

tobacco (cotinine below vs. above the limit of detection) and the ASQ-3 domains. Separate linear 

regression models estimated associations between prenatal exposure to tobacco and fully corrected 

T-scores for inhibitory control, cognitive flexibility and receptive language, as assessed by the NIH 

Toolbox. A priori covariates included sex, maternal age, maternal education, daily caloric intake 

during pregnancy, race/ethnicity, household income, maternal psychiatric disorders, and, in 

secondary models, postnatal exposure to tobacco.
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Results: Compared with unexposed offspring, exposed offspring were more likely to receive a 

fail/monitor score for fine motor skills (OR: 3.9, 95% CI: 1.5, 10.3) and reduced inhibitory control 

(B: −3.0, 95% CI: −6.1, −0.7). After adjusting for postnatal exposure, only the association with 

fine motor skills persisted.

Conclusions: Pre- and postnatal exposures to tobacco may influence neurocognitive 

development, in the absence of preterm delivery or low birth weight. Increased developmental 

screening may be warranted for exposed children.
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Although tobacco use in the United States has declined, approximately 7% of women 

actively smoke during pregnancy2 and 25% are exposed to secondhand smoke.3 This is 

concerning because prenatal exposure to tobacco has been linked to impaired neurocognitive 

development in offspring. Children born to mothers who smoked during pregnancy are less 

likely to meet age appropriate developmental milestones and may have delays in fine or 

gross motor function.4-8 Additionally, exposed offspring may exhibit impaired cognitive 

abilities in focused attention and response inhibition.9-15 These findings also have been 

shown in animal models.16

Prenatal exposure to tobacco is a well-established risk factor for preterm delivery and low 

birth weight.17, 18 As children born preterm or at a low birth weight are at greater risk for 

cognitive and motor impairment,19, 20 these studies may confound risks of prematurity and 

low birth weight with the risks of tobacco exposure. To date, only one published study 

restricted their analyses to offspring with normal birth histories.21

Women who smoke during pregnancy, even those who attempt to quit, often smoke in the 

postpartum period.22 Continued exposure to tobacco during early childhood may influence 

childhood neurocognitive development.20 However, it is unclear whether the association 

between prenatal exposure to tobacco and neurocognitive development is independent of 

postnatal exposure to tobacco.

Finally, there is a need to evaluate the relationship between prenatal exposure to tobacco and 

offspring neurocognitive development using an objective measure of tobacco exposure. Self-

report of smoking during pregnancy may result in exposure misclassification.23 Cotinine, the 

major metabolite of nicotine,24 is a more accurate indicator of exposure and may reduce 

exposure misclassification.

In this analysis, we explored the association between prenatal exposure to tobacco 

(measured by maternal urinary cotinine at 27 weeks’ gestation) and offspring neurocognitive 

development at age 54 months among mother-child pairs enrolled in the longitudinal 

Healthy Start study. We hypothesized that prenatal exposure to tobacco would be associated 

with cognitive and motor impairment in early childhood, in the absence of preterm delivery 

or low birth weight and independent of exposure to secondhand smoke in early childhood.
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Methods

The Healthy Start study enrolled 1,410 women ≥16 years of age and before 24 weeks of 

gestation with singleton pregnancies from the obstetrics clinics at the University of Colorado 

Hospital from 2010-14. Participants completed 2 research visits during pregnancy (median 

17 and 27 weeks of gestation), and another at delivery (median 1 day post-delivery). Women 

were not eligible to participate in the Healthy Start study if they had a previous stillbirth or 

preterm birth at <25 weeks of gestation or had pre-existing diabetes, asthma, cancer, or 

psychiatric illness.

Mother-child pairs were eligible for the current analysis if they had exposure (urinary 

cotinine) and developmental outcome data. Mother-child pairs were excluded if born at <37 

weeks of gestation or the offspring was low birth weight (<2500 g). The Healthy Start study 

protocol was approved by the Colorado Multiple Institutional Review Board. All women 

provided written informed consent before the first study visit. The Healthy Start study was 

registered as an observational study to explore the fuel-mediated programming of neonatal 

adiposity (), but has expanded its scope to explore how exposures in early life influence 

childhood growth and development.

Cotinine was measured in a sub-sample of women with stored urine samples collected at 

approximately 27 weeks of gestation. Cotinine was measured via solid phase competitive 

ELISA, with a sensitivity of 1 ng/mL (Calbiotech Cotinine ELISA CO096D). The limit of 

detection was 0.05 ng/mL. Urinary cotinine was categorized as: no exposure (<limit of 

detection), exposure to secondhand smoke (≥limit of detection to 550 ng/mL; the established 

cut point for active smoking25), and active smoking (≥550 ng/mL). As only 15 mothers were 

classified as active smokers during pregnancy, prenatal exposure to tobacco was defined as 

maternal urinary cotinine levels >limit of detection (indicating active and secondhand 

smokers).

Development was assessed at 48, 54 or 60 months using the Ages and Stages Questionnaire, 

Third Edition (ASQ-3)26,27 The ASQ-3 assesses fine motor, gross motor, communication, 

problem-solving, and personal/social developmental domains. Scores for each domain were 

categorized as either “Fail”, “Monitor”, or “Pass”, based on the cut-offs provided in the 

ASQ-3 User’s Guide.26 Very few children received a failing score (n= 9 for fine motor, n=7 

for gross motor, n=1 for communication, n=3 for problem-solving, and n=5 for personal/

social skills). Therefore, the ASQ-3 domains were dichotomized as “Fail/Monitor” and 

“Pass.”

The National Institutes of Health (NIH) Toolbox Cognition Battery is a series of tests 

designed to measure executive function across the lifespan (ages 3 to 85 years).28 Three tests 

in the Cognition Battery were relevant for our study population: the Flanker test (inhibitory 

control),28 the Dimensional Change Card Sort test (DCCS, cognitive flexibility),29 and the 

Picture Vocabulary test (receptive language). During the in-person research visit, children 

completed the tests on a tablet computer while a trained professional research assistant 

supervised. Raw scores were based on accuracy and response time (Flanker and DCCS) or 
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accuracy (Picture Vocabulary). Fully-corrected T-scores were utilized,30 with a normative 

mean fully-corrected T-score is 50 for all tests and a standard deviation (SD) of 10.30

Mothers were asked to report the number of adults in the household (including themselves) 

who were regular smokers when their child was 5, 18, and 54 months of age. Responses to 

this question ranged from 0-6. We dichotomized these data into no household smokers 

versus any household smokers (≥ 1 household smoker at 5, 18, or 54 months of age). This 

variable was used as the indicator for postnatal exposure to tobacco.

Covariates were offspring sex, birth weight, and gestational age (obtained from medical 

records). Maternal race/ethnicity, maternal education, and annual household income were 

self-reported. Although maternal psychiatric illness was part of the initial exclusion criteria, 

some women did not self-report a condition or were diagnosed after recruitment into our 

study. Therefore, we obtained information about maternal psychiatric disorders (non-

specified) via medical records. Maternal daily caloric intake was measured using the 

Automated Self-Administered 24-hour Dietary Recall (ASA24), an online platform 

developed and hosted by the National Cancer Institute (ASA24-Beta and ASA24-2011, 

Bethesda, Maryland). The duration of exclusive breastfeeding was ascertained via 

questionnaire at age 5 months and was dichotomized as <5 months and >5 months.

Statistical analyses:

Logistic regression models were used to estimate associations between prenatal cotinine 

categories (no exposure vs any exposure) and the 5 dichotomized domains of the ASQ-3 as 

separate outcomes. Our base models adjusted for covariates that are related to both 

childhood development and maternal smoking during pregnancy (listed in Table I [available 

at www.jpeds.com]),31,32 as well as maternal psychiatric disorder (yes, no), and maternal 

daily caloric intake during pregnancy (kCal). In addition to these covariates, our secondary 

models also adjusted for postnatal exposure to tobacco (none, any).

Linear regression models estimated associations between the prenatal cotinine categories 

and fully corrected T-scores for inhibitory control (Flanker task), cognitive flexibility 

(DCCS), and receptive language (Picture Vocabulary test) as separate outcomes. The fully 

corrected T-scores adjust for age, sex, race/ethnicity, and maternal education. Base models 

adjusted for maternal age, annual household income, non-specified maternal psychiatric 

disorder (yes, no), and maternal daily caloric intake during pregnancy (kCal). In addition to 

these covariates, our secondary models also adjusted for postnatal exposure to tobacco 

(none, any).

We calculated adjusted odds ratios (ORs) or means and beta coefficients with corresponding 

95% confidence intervals (CIs) for each separate model. An alpha level of 0.05 was used to 

determine statistical significance. All analyses were performed using Stata, version 14 

(StataCorp LP).

Secondary analyses explored the association between prenatal exposure to tobacco and 

ASQ-3 categories at 18 months of age. We also repeated our base model analyses among 

those with ASQ-3 results at 18 and 54 months of age (n=133).
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Results

Healthy Start initially enrolled 1,410 participants (Figure; available at www.jpeds.com). Of 

these, 689 did not have cotinine measured in stored urinary samples collected during 

pregnancy and 19 were missing information on maternal psychiatric disorders. An additional 

55 participants were excluded due to birth before 37 weeks (n=30) or a birth weight < 2500 

g (n=25). Of the eligible sample (n=647), 401 did not complete the ASQ-3 at ~54 months of 

age; the ASQ-3 is valid through 66 months of age and some children were no longer eligible 

when they attended the visit. Therefore, the final analytic sample for the ASQ-3 analyses 

was 246. Of the eligible sample (n=647), 447 did not complete the NIH Toolbox Cognition 

Battery because this assessment was introduced later during the study. Therefore, the final 

analytic sample for the NIH Toolbox analyses was 200.

There were no differences in maternal age, race/ethnicity, education, or offspring sex 

between the entire cohort (n=1,410) and the ASQ-3 sample (n=246) (Table 1). Women 

whose children completed the NIH Toolbox Cognition Battery were more likely to be non-

Hispanic White, to have an annual household income >$70,000, and to have at least some 

college education. Maternal age or offspring sex did not differ between participants from the 

entire cohort (n=1,410) and the NIH toolbox sample (n=200).

Characteristics of the analytic sample are summarized in Table 2. Based on maternal urinary 

cotinine, a majority of the women were classified as having no exposure (n=181, 74%). 

Women with any exposure to tobacco during pregnancy were younger than those with no 

exposure (p<0.01). Non-exposed women were more likely to be non-Hispanic white 

(p<0.01), to have an annual household income above $70,000 (p<0.01), and to have attended 

college (p<0.01). Offspring born to exposed women had a lower birth weight than offspring 

born to non-exposed women (p=0.02). There was a statistically significant difference in the 

duration of exclusive breastfeeding among exposed and non-exposed women. Half of the 

non-exposed women exclusively breastfed their infants ≥5 months, whereas only 25% of the 

exposed women did so. Exposed and non-exposed participants did not differ in maternal 

daily caloric intake during pregnancy (P = .07), offspring sex (p=0.46), gestational age 

(among term births) (p=0.32), child age at NIH Toolbox Cognition Battery assessment 

(p=0.46), child age at ASQ-3 assessment (p=0.38), or the ASQ-3 version completed 

(p=0.14).

NIH Toolbox Cognition Battery and ASQ-3:

Response inhibition (Flanker) was lower among children with an ASQ-3 fail/monitor score 

for fine motor (Table 3 [available at www.jpeds.com]; p=0.02), gross motor (p=0.03), 

personal-social (p=0.02), and problem-solving skills (p=0.02). There were no differences in 

response inhibition across the categories of the ASQ-3 communication domain (p=0.28). 

There were no differences in cognitive flexibility (DCCS) or receptive language (Picture 

Vocabulary) across the five ASQ-3 domains.

Table 4 presents the association between prenatal exposure to tobacco and the ASQ-3 

domains. Compared with non-exposed offspring, exposed offspring had 3.9 times the odds 

of a fail/monitor score for fine motor skills (95% CI: 1.5, 10.3). The association between 
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prenatal exposure to tobacco and fine motor skills remained statistically significant after 

adjusting for postnatal exposure to tobacco (adjusted OR: 3.3, 95% CI: 1.1, 10.2). No 

significant associations were observed between prenatal exposure to tobacco and the other 

ASQ-3 domains (gross motor, personal-social, communication, or problem solving skills).

Table 5 presents the association between prenatal exposure to tobacco and fully corrected T-

scores for the NIH Toolbox assessments. Compared with non-exposed offspring, exposed 

offspring exhibited decreased inhibitory control on the Flanker test (adjusted beta 

coefficient: x2212; 3.0, 95% CI: −6.1, −0.7). This association was no longer statistically 

significant following adjustment for postnatal exposure to tobacco (adjusted beta coefficient: 

−2.5; 95% CI: −5.9, 1.0). No significant associations were observed between prenatal 

exposure to tobacco and cognitive flexibility (Dimensional Change Card Sort) or receptive 

language (Picture Vocabulary Test).

Secondary analyses: When we restricted our analyses to the subsample of children with 

ASQ-3 assessed at 18 and 54 months of age (n=133), we did not detect an association 

between prenatal exposure to tobacco and a fail/monitor score for fine motor skills at 18 

months of age (Table 6; available at www.jpeds.com). Consistent with our main analyses, no 

significant associations were observed between prenatal exposure to tobacco and the other 

ASQ-3 domains (gross motor, personal-social, communication, or problem solving skills) at 

age 18 months.

Discussion

Our results confirm earlier findings of less optimal neurocognitive development among 

children exposed to tobacco in utero. In addition, we provide evidence that early-life 

exposure to tobacco smoke is associated with less optimal fine motor development and 

reduced inhibitory control in children born at ≥37 weeks of gestation and birth weights 

≥2500 g.

Tobacco smoke is a complex mixture of over 5,000 chemicals and compounds.33 Although 

many of these individual constituents may contribute to neurocognitive delays, 

neuroimaging studies suggest that nicotine is especially toxic to the developing brain. 

Nicotine is a vasoconstrictor and reduces uterine blood flow to the placenta.34 This results in 

fetal hypoxia with sustained deprivation of nutrients and oxygen. Nicotine-induced fetal 

hypoxia may lead to significant changes in brain structures involved in learning and 

memory, such as decreased volume in the cortical areas35 and the amygdala.36 Additionally, 

nicotine may act as a neuro teratogen by over-stimulating nicotinic acetylcholine receptors.
37 These receptors are abundant in the cerebellum, which plays an important role in motor 

control and coordination,38 and the hippocampus, which is responsible for memory and 

learning.39 Nicotine exposure may contribute to damage of the nicotinic cholinergic system 

in the offspring cerebellum, resulting in subsequent motor dysfunction.38 Dysfunction of 

nicotinic acetylcholine receptors in the offspring hippocampus has been linked to cognitive 

deficits.39
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Consistent, positive associations between prenatal exposure to tobacco and delayed motor 

development have been described in the literature.4-8, 21 Most of these studies were 

conducted among preschool-aged children. Only three studies have examined these 

associations among toddlers.4, 6, 21 Contrary to our findings, Gusella and Fried4 reported 

weaker fine motor skills at age 13 months whereas Evlampidou et al reported weaker gross 

motor skills at age 18 months.6 These studies included infants born at <37 weeks of 

gestation or with a low birth weight, which may have contributed to the positive results. 

Among a population of children in Korea with normal birth histories, Lee et al failed to 

detect an association between prenatal exposure to tobacco and motor development at age 24 

months.21 Thus, the impact of prenatal exposure to tobacco on delayed motor development 

may not emerge until later in life among children who are not typically considered to be at 

risk for developmental delays.

Research has established an association between self-report of maternal active smoking 

during pregnancy and poorer offspring performance with inhibitory tasks at age 4-18 years.
9-15 Additionally, neuroimaging studies suggest that prenatal exposure to tobacco is 

associated with increased activation in brain regions related to response inhibition during a 

Flanker/NoGo task among adolescents40 and young adults.41, 42 Our data demonstrated that 

prenatal exposure to tobacco alone was associated with impaired inhibitory control, in the 

absence of low birth weight or preterm delivery. Consistent with our results, no clear 

relationships have been established for the association between self-report of maternal active 

smoking during pregnancy with receptive language43-45 or cognitive flexibility.14, 46

Our results may have implications for the impact of prenatal exposure to tobacco smoke on 

overall neurocognitive development. Fine motor skills are essential for early learning. A 

majority of classroom activities in kindergarten involve fine motor skills, such as coloring, 

copying, cutting, and drawing.47 Early-life fine motor function is often associated with later 

academic achievement, especially in mathematics.48 Furthermore, some studies, including 

data from the present study, have shown that fine motor coordination is associated with 

inhibitory control.49 Inhibitory control is an essential first step in solving complex problems. 

As children become capable of inhibiting responses to distractions, other executive functions 

(such as working memory and cognitive flexibility) can develop to allow them to negotiate 

increasingly complex problems.50 Furthermore, both fine motor skills and inhibitory control 

have been linked to fluid intelligence, or the ability to think logically and solve problems in 

novel situations.51

It is difficult to disentangle the interplay between pre- and postnatal exposure to tobacco in 

their relationship with offspring neurocognitive development. Pre- and postnatal exposures 

to tobacco may act synergistically to influence neurodevelopment. However, due to the low 

sample sizes within exposure subgroups, we were unable to specifically test for an 

interaction. In secondary analyses, we included postnatal exposure to tobacco as a covariate. 

After adjusting for postnatal exposure to tobacco, the association between prenatal exposure 

to tobacco and fine motor skills remained significant, but the association with inhibitory 

control was attenuated. Fine motor skills are well-established by preschool age whereas 

cognition continues to develop rapidly throughout adolescent.52 This suggest that pregnancy 

may be the most susceptible developmental period for offspring motor development whereas 
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postnatal exposures continue to influence offspring cognitive development. Prospective 

cohorts with sufficiently large subgroups of children with objective assessment of both 

prenatal and postnatal exposure to tobacco are needed to explore these questions more 

conclusively.

A strength of our approach was the use of a biomarker to objectively characterize prenatal 

exposure to tobacco. Compared with self-report of exposure during pregnancy, maternal 

urinary cotinine is more likely to capture prenatal exposure to tobacco. This was especially 

true for secondhand exposures, which are more likely to be under-reported than active 

smoking among pregnant women.23 However, cotinine cannot differentiate the source and 

type of exposure. In addition to tobacco products, nicotine exposure can arise from nicotine 

replacement therapy, as well as consumption of certain foods, such as tomatoes, potatoes, 

and black tea.53 Although cotinine is not tobacco-specific, cotinine tends to agree with 

tobacco-specific nitrosamines, such as 4-(Methylnitrosamino)-1-(3-Pyridyl)-1-Butanol 

(NNAL).54 Therefore, it is likely that the potential for exposure misclassification is low. The 

reduction in exposure measurement error may have provided a more accurate representation 

of the true association between prenatal exposure to tobacco and childhood neurocognitive 

development.

A limitation of our study is the diminished ability to establish causality, given the 

observational nature of this study. Another limitation is the relatively small number of 

participants with the ASQ-3 and NIH Toolbox assessments. Maternal smoking during 

pregnancy is associated with lower socioeconomic status, lower educational attainment, 

maternal psychopathology, malnutrition of the mother during pregnancy, and a shorter 

duration of breastfeeding. Although we adjusted for many of these covariates, it remains 

difficult to causally attribute the impaired developmental outcomes to smoking itself. Co-use 

of tobacco and other substances, cannabis, cocaine or opioids, during pregnancy is 

common55 and may contribute to neurocognitive delays through similar mechanisms.56 

However, these data were not available in the present study. Therefore, we cannot rule out 

the possibility of confounding by co-use of other substances during pregnancy.

Early-life exposure to tobacco continues to be an important public health concern. Although 

many women attempt to quit smoking during pregnancy, at least 1 in 3 children in the United 

States are exposed to some level of tobacco in utero.2, 57 After birth, exposure to tobacco 

becomes more prevalent. Parents who smoke during pregnancy continue to smoke after 

delivery.22 Among women who quit smoking during pregnancy, relapse in the early 

postpartum period is common.22 Furthermore, there is concern that the prevalence of this 

exposure may increase, as more youth, the future generation of parents, adopt the use of e-

cigarettes.58 The results of our study, coupled with recent trends in smoking prevalence and 

market shifts to different nicotine products, suggest that it is important to encourage parents 

to quit smoking and limit their children’s exposure to nicotine and tobacco during and after 

pregnancy.
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Figure 1. 
Flow of participants through the study.
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