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Abstract

Objective: To investigate the strength and reproducibility of the teratogenic impact of prenatal
tobacco exposure (PTE) on child physical health and neurodevelopmental outcomes, in the context
of intersecting sociodemographic and other prenatal correlates, and to see if early postnatal health
mediates PTE associations with childhood outcomes.

Methods: Among 9-10-year-olds (N = 8,803) in the Adolescent Brain Cognitive Development®
Study, linear mixed-effect models tested PTE associations with birth and childhood outcomes

of physical health, cognitive performance, and brain structure, controlling for confounding
sociodemographic and prenatal health correlates. A mediation analysis tested the extent to which
health at birth explained the associations between PTE and childhood outcomes.

Results: PTE was reported by 12% of mothers (8% [n=738] pre-knowledge of pregnancy only,
and 4% [n=361] pre- and post-knowledge of pregnancy). PTE was highest for children with risk
for passive smoke exposure. Overall, children with any PTE had shorter breastfeeding durations
than those without PTE, and PTE following knowledge of pregnancy was associated with being
small for gestational age having lower birth weight, and obesity and lower cortical volume and
surface area in childhood. Among children from high parent education households, any PTE was
related to lower cognitive performance, which was partially mediated by duration of breastfeeding.

Conclusions: PTE was linked to poorer health indicators at birth and neurodevelopmental
outcomes at age 9-10 years in a large community cohort, independent of sociodemographic
factors. Efficacious interventions for smoking-cessation during pregnancy are still needed and
should incorporate support for breastfeeding to promote healthier development.

Correspondence concerning this article can be addressed to Marybel R. Gonzalez, PhD, University of California, San Diego, 9500
Gilman Dr., MC 0955, La Jolla, Ca 92093. mag223@health.ucsd.edu.
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Introduction

In pregnancy, tobacco exposure continues to occur at higher rates than any other substance
exposure, making prenatal tobacco exposure (PTE) among the top three preventable
teratogens in our country (Forray, 2016). In 2016, 7% of pregnant women in the U.S.
reported cigarette smoking post-recognition of pregnancy (Drake et al., 2018). PTE exposes
the developing fetus to more than 7,000 chemicals, including nicotine and other known
carcinogens (Holbrook, 2016). PTE even at moderate levels, is associated with adverse
postnatal outcomes (Difranza et al., 2004; EI Marroun et al., 2014; Olds et al., 1994;
Sexton, 2011; U.S. Department of Health and Human Services, 2014, 2020). While,
deleterious effects of PTE on physical and neurodevelopmental outcomes have been
reported, the underlying mechanisms by which PTE may influence postnatal outcomes are
less understood. For instance, PTE may alter neural mechanisms during fetal development,
including altered fetal blood flow and protein metabolism (Zhou et al., 2014). PTE may
also influence later postnatal development through its initial effect on health at birth, early
postnatal factors (i.e., birthweight and breastfeeding), and postnatal exposure, although

this has been less investigated. Further, PTE occurs in context of other intersecting socio-
ecological and prenatal health factors which may also pose adversity to development (i.e.,
socioeconomic status and parental psychopathology), and thus these potential confounders
must be considered in testing associations of PTE with childhood health (Gilman, Breslau, et
al., 2008; Kodl & Wakschlag, 2004). While PTE is likely to occur concomitantly with other
substances during pregnancy (Alberg et al., 2014; U.S. Department of Health and Human
Services, 2014, 2020), use of cannabis during pregnancy has typically occurred via similar
forms of ingestion as PTE, i.e., smoked (Schauer et al., 2016).

Children with PTE have increased risk for poorer physical health at birth, i.e., lower
birthweight, and small for gestational age (birthweight < 10t percentile for gestational
age) (Chiolero et al., 2005; Lamm et al., 2020; Mitchell et al., 2007; Tong et al., 2017)

and elevated rates of obesity (Chen et al., 2006) and asthma (Gilliland et al., 2001) later

in childhood. PTE has also been linked to negative effects on breastfeeding, including

high levels of nicotine in breastmilk, decreased breastmilk volume, and shorter duration of
breastfeeding (for a review see Napierala et al., 2016). In turn, physical health indicators

at birth have also been related to childhood health outcomes, including cognition during
childhood (Zhou et al., 2014). Physical health in the early postnatal period (e.g., birthweight,
small for gestational age, and breastfeeding) are health indicators most proximal to tobacco
exposure during the prenatal period, and thus, it is important to consider how these

early postnatal health indicators influence associations between PTE and later childhood
outcomes.
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PTE has been associated with poorer postnatal neurodevelopment, including decreased
cognitive performance in school aged children (Cornelius et al., 2001; Cornelius & Day,
2009; Ernst et al., 2001; for a review see Huizink & Mulder, 2006) and lower total brain
volumes among children with PTE relative to youth with no exposure (EI Marroun et al.,
2014, 2016). However, while some studies have demonstrated associations of PTE with
cognitive performance in childhood after controlling for potential confounders, including
socioeconomic status (SES; i.e., maternal education; Cornelius et al., 2001; Moore et al.,
2020), some studies have reported undetectable effects of PTE on measures of cognitive
functioning after accounting for SES and maternal intelligence (Baghurst et al., 1992; Batty
et al., 2006; Breslau et al., 2005; Fergusson & Lloyd, 1991; Gilman, Gardener, et al., 2008;
Huijbregts et al., 2006; R. & Stanton, 1994). Such findings suggest that the association
between PTE and cognition was confounded by closely linked factors such as SES in

the samples examined in these studies. These mixed and limited findings warrant further
investigation to the detectable effects of PTE on cognitive performance and brain structure
during childhood and possible mediating roles of indicators of health at birth.

In this study, we leverage the availability of a comprehensive array of developmental
measures on a large and typically developing cohort of 8,803 children 9-10 years of age

to test retrospective report of PTE in association with health at birth, postnatal physical
health, cognitive performance and brain structure. We investigated the strengths of the
associations of PTE with developmental measures when controlling for sociodemographic,
perinatal health and psychosocial risk factors. We hypothesized that in the large and diverse
ABCD study sample, there would be detectable associations of PTE with poorer postnatal
outcomes, independent of potential confounders. In addition, we hypothesized that birth
health outcomes would mediate PTE and neurodevelopmental associations. We report the
relative effect sizes of the associations of PTE with postnatal outcomes in a large sample of
typically developing 9-to-10-year-olds.

This retrospective study used data collected for N = 8,803 children 9-10 years of age, born
between 2005 and 2009, participating in the baseline visit for the longitudinal ABCD Study.
The ABCD 2.0.1 data release was obtained from the NIMH Data Archive ABCD Collection
(10.15154/1504041) with baseline data for a total of N = 11,875 children 9 — 10 years old.
Brain and youth physical health and behavioral data were collected during the ABCD study
baseline visit. At baseline, caregivers provided retrospective report of prenatal tobacco and
other substance exposure, as well as perinatal health. The ABCD study recruitment approach
and protocol have been described in detail previously (Barch et al., 2018; Garavan et al.,
2018; Hagler et al., 2019; Luciana et al., 2018). Data were analyzed using R, version 4.0.0
(R Development Core Team, 2018).

ABCD used an epidemiologically informed recruitment strategy based on gender, race and
ethnicity, and SES, to recruit a diverse sample similar to the American Community Survey
(Garavan et al., 2018). Participants were recruited across 22 sites and followed at 21 sites
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(https://abcdstudy.org/study-sites/). Written informed consent from all parents and assent
from all children was obtained to participate and the research study was approved by a
centralized institutional review board at the University of California, San Diego. Participants
with non-missing PTE data and non-missing demographic, behavioral, and brain imaging
data were included in the analysis. Demographic characteristics are shown in Table 1.

Prenatal Tobacco Exposure

Covariates

History of prenatal substance exposure was collected retrospectively via caregiver report

at the baseline visit via the ABCD Developmental Questionnaire (Barch et al., 2018).
Prenatal substance exposure was retrospectively reported by the child’s caregiver 9-10
years post birth, and were asked about maternal use of tobacco, cannabis, and other
substances (i.e., alcohol, cocaine/crack, heroin/opioids, methamphetamine, and other drugs
used recreationally) during pregnancy. Caregivers responded to two questions to assess
prenatal substance exposure: (1) whether use occurred before maternal knowledge of
pregnancy and (2) whether use occurred after maternal knowledge of pregnancy. The PTE
categorical variable was coded into three levels to describe prenatal tobacco exposure: no
exposure (n = 7,704), PTE pre-knowledge of pregnancy (n = 738), and PTE post-knowledge
of pregnancy (n = 361).

All covariates were chosen a priori based on previous studies investigating maternal prenatal
tobacco use in association with developmental outcomes, for which important confounders
were identified in the areas of sociodemographic factors (i.e., parental education, household
income, race/ethnicity), perinatal health factors (i.e., prenatal health conditions, how far
along in pregnancy recognition and gestational age), concomitant prenatal use of other
substances, and psychosocial factors-- including parental mental health and risk for second-
hand smoke exposure (Alberg et al., 2014; Gilman, Gardener, et al., 2008; Kodl &
Wiakschlag, 2004; U.S. Department of Health and Human Services, 2014, 2020)

Sociodemographic—Parent report for participant age in years, sex at birth, race and
ethnicity (i.e., White, Hispanic/Latinx or Latino/a, Black, Asian, and Other), household
income and parental educational attainment were assessed via the Parent Demographic
Questionnaire (Barch et al., 2018). Household income was coded into three categorical
brackets for SES levels, i.e., low household income (< $50K), mid household income ($50K
—100K), and high household income (> $100K). Highest parent education was coded into
five categories: (1) less than a high school (HS) diploma, (2) HS diploma or a general
education diploma (GED), (3) some college, (4) bachelor’s degree, or (5) post graduate
degree (including master degrees, professional degrees, and doctorates).

Perinatal Health—In the ABCD study Developmental History Questionnaire (Barch et
al., 2018), parents retrospectively reported how far along the pregnancy was upon knowing
of the pregnancy (in weeks). Gestational age was reported as the number of weeks in
pregnancy at the time of the child’s birth (up to 40+ weeks). We calculated the total number
of endorsed prenatal conditions during pregnancy, including heavy bleeding, preeclampsia,
gall bladder problems, persistent proteinuria, rubella, severe anemia, urinary infections,

Health Psychol. Author manuscript; available in PMC 2024 December 01.


https://abcdstudy.org/study-sites/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gonzalez et al.

Page 5

diabetes, high blood pressure, placenta complications, accidental injury, and a category of
other medical conditions during pregnancy.

Prenatal Cannabis and Other Substance Exposure—Potential concomitant prenatal
exposure to cannabis and other substances were considered by defining two categorical
variables, one coding prenatal cannabis exposure and another for all other prenatal substance
exposure. Both variables for prenatal cannabis and other prenatal substance exposure were
each coded with three levels: (1) whether there was no exposure; (2) whether exposure
occurred pre-knowledge; (3) whether exposure occurred post-knowledge of pregnancy.
Other prenatal substance exposures queried whether alcohol, cocaine/crack, heroin/opioids,
methamphetamine, or other drugs were used recreationally during pregnancy (Barch et al.,
2018).

Psychosocial Factors—The Adult Self Report (ASR; Achenbach, 2009) completed by
the study caregiver during the baseline visit was used to capture behavioral dimensions

of parent psychopathology. The total problems ASR syndrome scale t-score was used,
encompassing endorsement across dimensions of internalizing problems (e.g., anxiety

and depression) and externalizing problems (e.g., aggressive behaviors and rule-breaking
behavior), which is normed for each gender in ages 18-35 and 36-59 based on national
probability samples. In addition, a binary measure (yes/no) for risk for postnatal passive
smoke exposure was obtained from the ABCD screening questionnaire which inquired
whether anyone living in the household with the child smoked cigarettes.

Child Early Postnatal Health

In the ABCD Developmental Questionnaire (Barch et al., 2018), information about perinatal
health was assessed via parent report. Birth weight (pounds transformed to kilograms), and
duration of months the child was breastfed were collected via parent report using the ABCD
Developmental History Questionnaire. A categorical variable for small for gestational age
(SGA) was calculated using the 2013 Fenton growth charts (Fenton & Kim, 2013) to
classify children with SGA if their birth weight was lower than expected for the reported
number of gestational weeks at birth based on standardized norms.

Childhood Physical Health

Body mass index (BMI) percentiles were calculated based on biological sex at birth and age
using the Center for Disease Control (CDC) BMI percentile SAS program, a growth chart
calculator based on a nationally representative reference population of children (Centers for
Disease Control and Prevention (CDC), 2016). A categorical variable defined obesity as
BMI percentiles greater than 95%. The number of asthma attacks in the recent year for the
child was obtained via parent report using the ABCD Medical History Questionnaire (Barch
etal., 2018).

Childhood Neurodevelopmental Outcomes

Cognition—The NIH Toolbox© Cognition Battery was administered as part of the baseline
protocol (Luciana et al., 2018). Participants completed seven cognitive tasks in the areas
of reading, vocabulary, working memory, processing speed, cognitive flexibility, episodic
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memory, and attention/inhibition. Cognitive performance was examined using the total
composite t-scores, which provide an overall score for performance across all domains that
is standardized for demographic factors, i.e., gender and race/ethnicity.

Brain Structure—The ABCD imaging protocol, acquisition and preprocessing procedures
have been described previously (Hagler et al., 2019). Each ABCD site applied a
standardized MRI protocol that included a T1 weighted scan. All imaging data was
processed using FreeSurfer pipelines and procedures implemented by the ABCD Data
Informatics and Resource Center. Quality control procedures are described in Hagler et

al. 2019. Briefly, sSMRI data was corrected for distortions and motion. Structural MRI data
was manually reviewed by trained technicians pre and post undergoing processing pipelines
to evaluate the integrity of the images in five artifact categories: intensity inhomogeneity,
underestimation of white matter, pial overestimation, and magnetic susceptibility. An overall
quality control (QC) score of 1 indicated the structural imaging data was usable, and a score
of 0 indicated severe artifacts and were excluded. We investigated measures for whole-brain
morphometry: total cortical volume (mm3), total cortical surface area (mm?2), and mean
cortical thickness (mm).

Statistical Analysis

Covariates—All covariates were entered simultaneously as independent variables into an
ordinal logistic regression model to report the independent association of each covariate
with PTE. We fitted ordinal logistic regression models using cumulative link models

from the “ordinal” package, with PTE as the dependent variable, and all covariates

for sociodemographic, perinatal health, prenatal cannabis and other substance exposure

as independent variables. The adjusted odd ratios (AORS), i.e., independent association,
between each covariate and the odds of PTE were reported.

PTE associations with postnatal developmental measures—Linear mixed-effect
models were fitted using the “gamm4” package for each continuous dependent measure
predicted by PTE (no exposure, PTE pre-knowledge or PTE post-knowledge of pregnancy).
For binomial dependent variables, mixed-effect logistic regressions were fitted using the
“gamm4” binomial (logit) function using only singletons, with a random effect for site,

to allow for model convergence. Standard betas for continuous outcome variables and
AORs for binomial outcome variables, and their corresponding 95% confidence intervals,
were evaluated to assess the strength of the association between PTE and each dependent
outcome. For each outcome variable, we tested three contrasts for PTE (post-knowledge
VS. no exposure, pre-knowledge vs. no exposure, and post-knowledge vs. pre-knowledge

of pregnancy), while including all demographic covariates of age, sex, race/ethnicity, SES
(household income and parental education), gestational age, parent psychopathology, and
risk for passive smoke exposure, and random intercepts of study site for behavioral measures
or scanner identification (ID) for brain imaging measures, and family ID, as recommended
for mixed-effect models to control for between-site/scanner and within-family correlations
in the ABCD dataset (Dick et al., 2021).

Health Psychol. Author manuscript; available in PMC 2024 December 01.
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SES Moderators—Given previously reported associations of SES (i.e., household income
and parental education) on cognitive performance, including in the same cohort studied here,
(Gonzalez et al., 2020), we tested the moderating role of SES on the associations between
PTE and NIH total cognitive performance scores.

Early Postnatal Physical Health Mediators—PTE has been reported to have
deleterious effects on early postnatal health (i.e., lower birth weight, small for gestational
age, and shorter breastfeeding durations), while these early postnatal health indicators have
also been shown to influence later outcomes in childhood (Chiolero et al., 2005; Horta
etal., 2015; Lamm et al., 2020; Napierala et al., 2016; Shenkin et al., 2004; Yan et al.,
2014). It is unknown to what extent PTE influences outcomes later in childhood through
its initial effects on physical health at birth. Thus, birth health measures of birthweight,
SGA, and breastfeeding were tested as potential mediators of possible associations of

PTE with childhood outcomes (i.e., obesity, asthma, cognition and brain structure). While
retrospective studies cannot prove causality, mediation analyses were utilized to identify
potential important factors to be investigated in epidemiological prospective longitudinal
studies. Mediation models were tested using the “mediation” R-package, controlling for all
covariates, with site or scanner 1D as a fixed effect, and random effect for family group

ID, with PTE recoded to create binary exposure contrasts. Mediation effects were estimated
using bootstrapping with quasi-Bayesian approximation (n = 1000 simulations).

In the sample analyzed (N = 8,803), 738 (8%) of children experienced PTE prior to
maternal knowledge of pregnancy only, while 361 (4%) experienced PTE both prior

to and after maternal knowledge of pregnancy. Descriptive statistics for all covariates
and measures by PTE patterns (no exposure, PTE pre-knowledge, and PTE pre + post-
knowledge of pregnancy) are shown in Table 1. A comparison of sample characteristics
between the sample analyzed (n = 8,803 with complete data for PTE) and the sample
excluded due to missing data (n = 3,072) showed modest differences such that missing
data was higher among lower-income and parental education households, non-White and
Hispanic participants, and participants with missing data showed one week earlier pregnancy
knowledge on average, slightly greater percentage of prenatal exposure to cannabis and
other substances throughout pregnancy, modestly higher parental psychopathology and
greater percentage of participants with risk for passive smoke exposure compared to the
sample analyzed (Supplementary Table 1).

Sociodemographic factors, perinatal factors, and psychosocial factors were entered
simultaneous in association with PTE to determine the adjusted odds of PTE. AOR values
and 95% confidence intervals are shown in Figure 1. Children in households with mid-
($50K /year-100K/ year) and low-incomes (<$50K/year) were 1.78-2.32 times more likely
to have PTE compared to high income households (>$100K/ year), with greater risk for
the lowest income families. Children whose parents had 4 years of college or less were
1.38 to 4.79 times more likely to have PTE than children of parents with a post-graduate

Health Psychol. Author manuscript; available in PMC 2024 December 01.
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education, with risk highest among those with the lowest parental educational attainment.
Children with a Hispanic ethnicity or Black race were 41-43% less likely to have PTE than
non-Hispanic White children. Maternal endorsement of cannabis or other prenatal substance
exposure after pregnancy recognition were 4 times more likely to have used tobacco during
pregnancy. Children with risk for passive smoke exposure were 8 times more likely to have
PTE. Odds of PTE were not associated with child age, sex, gestational age, number of
prenatal conditions, and parent psychopathology (ASR).

PTE in association with Postnatal Birth and Physical Health

Children with PTE post-knowledge of pregnancy showed significantly lower birthweight
compared to children with no-exposure, and also compared to children with PTE with only
pre-knowledge of pregnancy (all p < -0.25 0.09, all p < 0.001; Figure 2A & 3), with no
significant differences for PTE pre-knowledge compared to no exposure (p = 0.90; Figure
2A). Children with PTE post-knowledge of pregnancy were 1.8 times more likely to be
considered small for gestational age (SGA; p = 0.003; Figure 2B), with no significant
differences between other exposures (all p = 0.08; Figure 2B). Breastfeeding duration was
significantly shorter for each PTE contrast (pre-knowledge vs. no exposure, post-knowledge
vs. no exposure, and pre-knowledge vs. post-knowledge), suggesting breastfeeding duration
decreased incrementally with PTE (all B < —0.13, all p < 0.03; Figure 2A and 3).

PTE in association with Childhood Physical Health

Children with PTE through post-knowledge of pregnancy had 1.5 greater odds of obesity
(BMI > 95%) compared to none or lesser exposure (Figure 2B; all p < 0.03), with no
significant differences between PTE pre-knowledge compared to no exposure (Figure 2B).
There were no significant associations of PTE with asthma, as reported as the nhumber of
attacks in the recent year (all p = 0.05).

PTE in association with Childhood Neurodevelopment

Continued PTE post-knowledge of pregnancy, compared to no exposure, was associated
with smaller total cortical volume and total cortical surface area, after adjusting for all
potential confounders (all p < -0.12, all p < 0.03; Figure 2A and 3). We did not observe
significant associations between any of the PTE contrasts with mean cortical thickness,

or behavioral measures of attention problems, somatic complaints, anxiety/depression, and
withdrawn/depression, (all |g| < 0.05, all p = 0.48; Figure 2A) or asthma (all AOR <

1.5, all p = 0.05; Figure 2B). The full model coefficients for all covariates are shown

in Supplementary Table 2 and for all PTE contrasts on developmental outcomes in
Supplementary Table 3.

While there was no significant association between PTE and cognition alone, there was an
interaction of parental educational attainment by PTE on cognition scores for both exposure
pre-knowledge (p= —1.65, [-2.54, —0.76], p = 0.003) and PTE post-knowledge of pregnancy
(B=—2.94, [-3.27, —0.23], p = 0.02) compared to no PTE. Upon follow-up analyses for
groups stratified by parental educational attainment, among n =5,076 children with higher
parental education (4-year degree or higher), any PTE, i.e., pre-knowledge (p= —1.41, [-245,
-0.36], p < 0.008) and post-knowledge (B=-2.94, [-4.88, —1.00], p = 0.003) of pregnancy

Health Psychol. Author manuscript; available in PMC 2024 December 01.
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was associated with lower cognition scores (Figure 3e). However, PTE was not significantly
associated with cognition scores among children with lower parental educational attainment
(n = 2,989; pre-knowledge exposure: p= 0.71, [-0.2, 1.62], p = 0.12; post-knowledge
exposure: p=—0.13, [-1.32, 1.05], p = 0.82). There were no significant interactions between
household income and PTE on cognition scores (all |B| < 1.83, all p > 0.08)

Mediating Role of Early Postnatal Health

Breastfeeding partially mediated the association between PTE and cognitive performance

in all exposure comparisons (see Table 2). In post-hoc analyses, within both exposures pre-
knowledge and post-knowledge of pregnancy, children who were breastfed showed higher
cognitive scores than children who were never breastfed (p < 0.001; Supplementary Table

4). Exposure to longer durations of PTE (post-knowledge) was related to obesity, compared
to none or lesser exposure (pre-knowledge), and this relationship was partially mediated by
all three early postnatal health indicators (Table 2b), such that PTE, through a decrease

in birthweight, shorter breastfeeding duration, and SGA at birth, was associated with

greater odds of obesity. Duration of breastfeeding partially mediated all neurodevelopmental
childhood outcomes (i.e., total cortical area, total volume, and cognition) specifically in
children with longer duration of PTE (post-knowledge of pregnancy) compared to children
with lesser PTE (none or exposure pre-knowledge; Supplementary Table 3). Similarly,
birthweight partially mediated total volume and cognition differences in children with longer
duration of PTE compared to less severe PTE, suggesting the effect of PTE on postnatal
brain structure via birthweight and breastfeeding may be evident only among longer duration
of PTE (post-knowledge) contrasted with less severe PTE.

DISCUSSION

Within the large and diverse ABCD study cohort (N = 8,803), we investigated associations
of PTE with postnatal outcomes in typically developing school-aged children 9 —10 years
of age. We found that endorsement in the ABCD cohort of any PTE was 12%. PTE was
associated with several postnatal measures, including lower birth weight, SGA, shorter
duration of breastfeeding, higher odds of childhood obesity, and lower total cortical volume
and surface area. Parental educational attainment moderated the association between PTE
and cognitive performance, such that any PTE attenuated the benefit of higher parental
education on cognitive performance. In this study, we present associations of PTE with
developmental outcomes when controlling for other factors that could influence the
associations with PTE, including sociodemographic factors, perinatal health, concomitant
prenatal exposure to other substances, parent psychopathology, and risk for passive smoke
exposure. Our findings suggest that the observed associations of PTE on developmental
measures at birth and age 9-10 years are detectable, even after adjusting for potential
confounders.

Importantly, given the diversity of the ABCD cohort, we took an intersectional approach to
contextualize sociodemographic correlations with PTE, which considers how categorization
of populations into social identities (i.e., SES or race or ethnicity) characterize lived
experiences and are tied to social structures and systemic inequities (Else-Quest & Hyde,
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2016). Thus, we examined all potential covariates of PTE simultaneously to determine
adjusted odds ratios and interpret the unique odds of each correlate with PTE in context
of intersecting identities (e.g., SES, race, ethnicity, and prenatal health profiles). Our
analyses revealed youth who self-identified as Hispanic or Black were much less likely
to have PTE compared to Whites, while lower SES households (lower household income
and lower parental educational attainment) were more likely to have PTE, compared to
children in higher SES households. This suggests that lower SES was an indicator of
increased odds for PTE, while race or ethnicity were not indicators of increased odds.
Maternal endorsement of prenatal exposure to other substances and endorsement of risk
for postnatal second-hand smoke exposure showed the highest increased odds for PTE
among all covariates. Other covariates, including parent psychopathology and concomitant
other prenatal substance exposure have only recently been considered in associations of
PTE and postnatal development, with even fewer studies accounting for risk for postnatal
second-hand smoke exposure (Gilman, Gardener, et al., 2008; Lambe et al., 2006).

Previous studies demonstrate that PTE is associated with poorer physical health at birth,
specifically lower birthweight and SGA with extended PTE (U.S. Department of Health

and Human Services, 2020), and shorter durations of breastfeeding (Napierala et al., 2016),
and here, we extended these findings to a non-clinical sample of children, representing
national patterns of average PTE. Low birthweight has been linked to lower cognitive
performance, most strongly among children in low SES households (Torche & Echevarria,
2011). In concordance with previous studies, PTE throughout both pre- and post-knowledge
of pregnancy was associated with lower birth weight and greater odds of SGA, with no
significant differences in birth weight or SGA for those with PTE pre-knowledge only
compared to non-exposed children, suggesting cessation of smoking during pregnancy may
eliminate risk for lower birth weight and SGA outcomes (U.S. Department of Health and
Human Services, 2020). Studies show longer durations of breastfeeding can promote healthy
physical and cognitive development (Anderson et al., 1999; Horwood & Fergusson, 1998;
Kramer et al., 2008). Although there are likely to be many factors influencing breastfeeding
patterns (Ladomenou et al., 2007), we found PTE was associated with shorter breastfeeding
durations, even when controlling for other confounding factors, including prematurity and
parental educational attainment. Further, breastfeeding mediated 11% of the association of
PTE with cognitive performance in the higher SES sample, where an association of PTE
was detectable. Differences in total cognition scores between patterns of PTE were less clear
among children with reported lower parental education.

A few studies had suggested the effect of PTE on cognitive performance was no longer
detectable when accounting for SES (i.e., maternal education), however, these studies did
not test whether the association of PTE with cognitive outcomes differed between SES
brackets (Breslau et al., 2005; Kafouri et al., 2009). Given that parental education is also
found to be related to cognitive performance in the same cohort (Gonzalez et al., 2020),

it is plausible that the associations of PTE are not distinguishable from the associations of
lower SES on cognitive performance. In post-hoc analyses, children in high SES contexts
who were breastfed showed higher cognitive scores compared to children who were never
breastfed, even among children with PTE, suggesting that even for children with PTE,
breastfeeding may still be a promotive factor for cognitive outcomes.
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PTE throughout post-knowledge of pregnancy was associated with differences in children’s
brain structure, i.e., lower total cortical volume and surface area in children exposed
throughout pregnancy compared to children with no PTE, consistent with previous findings
in substantially smaller cohorts (EI Marroun et al., 2014, 2016; Gautam et al., 2015).

Given the age group of the sample studied here (9-10 years of age), it is plausible that

PTE associations with lower cortical volume and surface area map onto stable maturational
differences in brain structure, or alternatively, to differences in the phase of maturation.
During early childhood, cortical surface area shows curvilinear maturational trajectories
that are regionally-specific, such that surface area generally increases during childhood

and peaks in the pre-adolescent period, and thereafter decreasing for regional surface area
(Jernigan et al., 2016; Wierenga et al., 2014). PTE was associated with lower cortical area
and volume through shorter durations of breastfeeding when contrasting a longer duration of
PTE, compared to no-exposure and lesser PTE. Similarly, PTE was related to cortical area
via birthweight only among children with longer duration of PTE compared to no-exposure
and lesser PTE. These findings suggest that for longer durations of PTE, birthweight could
be a proximal measure of the severity of PTE while a shorter duration of breastfeeding,
contributes to poorer childhood health outcomes. Similar to the 2020 Surgeon General’s
report on Smoking Cessation, where causal links between PTE and outcomes are now
accepted given large accumulation of observational evidence, our findings cannot conclude
a causal link between PTE and these measure of early postnatal health, and should be
investigated by future longitudinal studies using prospective designs. Future studies should
examine how the pattern of PTE associations with brain structure change or remain stable
during later developmental stages in adolescence.

We found that PTE after knowledge of pregnancy, compared to no PTE, was associated
with obesity at age 9 — 10 years, even after controlling for important potential confounders,
including SES. These findings are consistent with previous studies reporting increased odds
of childhood obesity with PTE (Chen et al., 2006; Gilman, Gardener, et al., 2008). This
finding does not apply to PTE prior to pregnancy recognition, suggesting that cessation of
smoking in pregnancy may reduce or eliminate risk for childhood obesity. The prevalence of
childhood obesity has increased in recent decades and is related to lower physical activity
and improper nutrition, increasing risk for cardiovascular disease later in adulthood (Franks
etal., 2010). We found the effect of PTE on obesity was partially mediated by a shorter
duration of breastfeeding, decreased birthweight, and SGA at birth, suggesting PTE may
influence childhood obesity through mechanisms related to health in the early postnatal
period (Zhou et al., 2014). In contrast to previous findings, we did not find a significant
association of PTE with asthma (episodes within the year), although it is plausible PTE may
be associated with severity of asthma measured over longer periods of childhood (Gilliland
et al., 2001; Zhou et al., 2014).

While the effect sizes for model comparisons were small, and of unknown relevance to daily
functioning and development, our findings suggest that supporting mothers, and those close
to them who also smoke tobacco, in reducing or stopping tobacco use during pregnancy,
relative to no PTE, may be associated with overall healthier outcomes in children. While our
findings suggest that a decrease in breastfeeding for children with PTE in high SES contexts
may negatively influence cognitive outcomes, it is unknown to what extent other factors due
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to parenting styles associated with breastfeeding may contribute as well (e.g., attachment
parenting style; Ladomenou et al., 2007). Importantly, given that the sample studied here
was representative of a non-clinical community sample, with data not missing at random,
the observed adverse associations of PTE on development may be conservative estimates
of the potential harmful effects of PTE on developmental outcomes in children. Further
investigations of how combined prenatal substance exposures that commonly occur with
PTE, such as cannabis and alcohol, are needed to better capture the impact on development.

Conclusion

Understanding the complex relationship between PTE and developmental outcomes is
difficult given that it may be associated with other socioeconomic, perinatal, and
psychosocial risk factors. Here, we report PTE associations with physical health and
neurodevelopmental measures, statistically independent of relevant potential confounders.
Supporting women to stop smoking in pregnancy may have positive implications for

their child’s health at birth and later in childhood, including increased likelihood of
establishing breastfeeding, which in turn may influence better cognitive outcomes at age
9-10 years. Given that tobacco use patterns are highly correlated among couples, plus
potential passive perinatal tobacco exposure resulting from the partner’s tobacco use,
interventions should focus on smoking cessation during pregnancy and postnatal periods for
the entire household, and not solely on the pregnant and/or nursing mother (Bottorff et al.,
2005). Future studies are needed to investigate whether the associations between PTE and
developmental outcomes measured here are consistent throughout adolescence or change
with developmental periods.
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Predictors

Child Age

Child - Female vs. Male

Child Race/Ethnicity

Hispanic

Black

Asian

Other/Mixed

Household Income

< 50K

50K - <100K

Parental Education

< HS Diploma

HS Diploma/GED

Some College

Bachelor

Gestational Age of Child at Birth
Maternal No. Prenatal Conditions
Prenatal Cannabis Preknowing
Prenatal Cannabis Postknowing
Other Prenatal Substance Preknowing
Other Prenatal Substance Postknowing
Parent Adult Self Report (ASR)
Risk for Passive Smoke Exposure

AOR (95% CI)
1.01 (1, 1.02)
1.01 (0.87, 1.17)

0.57 (0.46, 0.71)
0.59 (0.47, 0.74)
0.67 (0.27, 1.65)
1.28 (1.01, 1.62)

2.32 (1.81,2.97)
1.78 (1.43,2.21)

479 (3.21,7.15)
3.51 (2.54, 4.84)
2.77 (2.16, 3.56)
1.38 (1.07, 1.76)
0.99 (0.95, 1.02)
1.02 (0.96, 1.09)
3.12 (2.43, 4.01)
3.78 (2.62, 5.44)

3.2(2.71,3.77)
431 (2.78, 6.68)
1.02 (1.01, 1.03)
7.99 (6.84, 9.33)

p-value
0.01
0.926

<0.001
<0.001
0.383
0.042

<0.001
<0.001

<0.001
<0.001
<0.001
0.012
0.39
0.507
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

AOR (95% Cl)
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Note. Reference levels for categorical variables were as follows: White (Race/Ethnicity); 100K (Household Income);
Professional Degree — Masters Degree and Above (Parental Education).

Figure 1.

Adjusted odds ratio (AOR) and 95% confidence intervals (ClI) for each covariate in relation

to prenatal tobacco exposure.
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A Postknowledge vs. No Exposure H Preknowledge vs. No Exposure || Postknowledge vs. Preknowledge
Breastfeeding (Months) = = —e—
Birth weight (kg) S —e— [——
Total Cortical Volume —e— —e-— —e—..
Surface Area —e— E —9—
Mean Thickness ——e—— —e—— __e__
Cognition —e—-— —e— _e.._
-0.25 0.(.)0 0.25 -0.25 OA(.)O 0.25 -0.25 0.(.)0 0.25

Standard Betas (95% Cl)

B Postknowlt.edge vs. No Exposure Preknowle.dge vs. No Exposure | Postknowle.dge vs. Preknowledge
Asthma -—e— —e— ._e_
BMI>95% —e— —6— —_—
Small for Gestational Age (SGA) ——————r -—e— ._e_
0 1 2 3 0 3 0 1 2 3

1 2
AOR (95% Cl)

Figure 2.
Associations of prenatal tobacco exposure (PTE) during pregnancy with physical health,

psychological and behavioral problems, NIH total cognition, whole-brain structure
measures. Shown are (A) standard betas and 95% confidence intervals (95% CI) for linear
mixed-effect models and (B) adjusted odd ratios (AOR) and 95% CI for logistic regression
models.

Health Psychol. Author manuscript; available in PMC 2024 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gonzalez et al.

Page 19

6
60
k=] &
=
7 o
9 40 :;
] Lod
» 3
= -
s Gt
= g
20 I
o
No Exposure Exposed Exposed No Exposure Exposed Exposed
Prenatal Tobacco Exposure Prenatal Tobacco Exposure
8x10°°
___24x10"®
<
— E
E 7x10°° ;
E 3
2 <
s 8 s
o @© 2.0x10
= 5
§ 6x10 17 R
5 8
o =
-_— (=3
s o
|9 5x10"® B 16x10°
o g
= &
2 2
&
4x10°°
1.2x10'®

1209

NIH Toolbox Total Cognition Score
@ 3
g 8

3
<}

No Exposure Exposed Exposed

Prenatal Tobacco Exposure

No Exposure

Figure 3.

Exposed Preknowledge Exposed Postknowledge
Prenatal Tobacco Exposure

No Exposure Exposed Preknt ge Exposed
Prenatal Tobacco Exposure

Parental Education
=+ <4-year Degree
~ 4-year Degree/+

Distribution of individual outcomes by exposure groups for PTE for continuous postnatal
outcomes of (a) duration of breastfeeding, (b) birthweight, (c) total cortical volume, (d) total
cortical surface area, (e) the interaction of PTE by parental educational attainment on NIH
Toolbox total cognition scores; the means and 95% confidence intervals (black squares) and
the dashed line corresponding to the mean of the non-exposed group.
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Table 1.

ABCD study sample characteristics by levels of prenatal tobacco exposure during pregnancy.

PTE Pre-knowledge of

PTE Post-knowledge of

Page 20

No Exposure  pregnancy pregnancy Overall
(N=7,704)  (N=738) (N = 361) (N =8,803)

Sociodemographic Variables
Age, mean (SD), years 118.88 (7.47)  119.35(7.51) 119.45 (7.59) 118.94 (7.48)
Females, n (%) 3699 (48.0) 356 (48.2) 178 (49.3) 4233 (48.1)
Household Income, n (%)

<50K 1921 (24.9) 331 (44.9) 227 (62.9) 2479 (28.2)

50K — 100K 2147 (27.9) 240 (32.5) 98 (27.1) 2485 (28.2)

>100K 3636 (47.2) 167 (22.6) 36 (10.0) 3839 (43.6)
Parental Education, n (%)

Less than HS Diploma 260 (3.4) 42 (5.7) 29 (8.0) 331 (3.8)

HS Diploma/GED 537 (7.0) 83 (11.2) 87 (24.1) 707 (8.0)

Some College 1724 (22.4) 348 (47.2) 174 (48.2) 2246 (25.5)

Bachelor 2158 (28.0) 143 (19.4) 55 (15.2) 2356 (26.8)

Post Graduate Degree 3025 (39.3) 122 (16.5) 16 (4.4) 3163 (35.9)
Race-Ethnicity, n (%)

White 4416 (57.3) 344 (46.6) 188 (52.1) 4948 (56.2)

Hispanic 1513 (19.6) 156 (21.1) 44 (12.2) 1713 (19.5)

Black 928 (12.0) 130 (17.6) 79 (21.9) 1137 (12.9)

Asian 143 (1.9) 5(0.7) 1(0.3) 149 (1.7)

Other/Mixed 704 (9.1) 103 (14.0) 49 (13.6) 856 (9.7)
How far along — pregnancy knowledge (weeks), 6.68 (6.56) 8.16 (7.37) 9.42 (9.02) 6.92 (6.78)
mean (SD)
Maternal Age at Child’s Birth, mean (SD), years 30.04 (5.99) 26.85 (5.80) 26.34 (5.54) 29.62 (6.06)
Gestational Age, mean (SD), weeks 39.07 (2.19)  38.94(2.28) 38.90 (2.18) 39.05 (2.20)
No. Prenatal Conditions, mean (SD) 0.67 (1.05) 0.85 (1.16) 0.95 (1.13) 0.70 (1.07)
Prenatal Cannabis, n (%)

No-exposure 7503 (97.4) 567 (76.8) 271 (75.1) 8341 (94.8)

Pre-knowledge 147 (1.9) 135 (18.3) 42 (11.6) 324 (3.7)

Post-knowledge 54 (0.7) 36 (4.9) 48 (13.3) 138 (1.6)
Prenatal Other Substance, n (%)

No-exposure 5872 (76.2) 319 (43.2) 220 (60.9) 6411 (72.8)

Pre-knowledge 1682 (21.8) 409 (55.4) 112 (31.0) 2203 (25.0)

Post-knowledge 150 (1.9) 10 (1.4) 29 (8.0) 189 (2.1)
Parent Psychopathology (ASR), mean (SD) 42.17 (9.81) 46.83 (10.77) 49.38 (10.99) 42.86 (10.12)
Passive Smoke Exposure, n (%) 1021 (13.3) 433 (58.7) 306 (84.8) 1760 (20.0)
Child Early Postnatal Health
Small for Gestational Age 2 n (%) 1734 (18.1) 180 (19.1) 151 (27.4) 2065 (18.6)
Birthweight, mean (SD), kg 3.19 (0.66) 3.18 (0.63) 2.95 (0.67) 3.18 (0.66)
Months Breastfed, mean (SD) 8.52 (8.46) 5.38 (7.26) 3.27 (6.15) 8.04 (8.38)
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No Exposure
(N =7,704)
Childhood Physical Health
Obesity (BMI > 95%) 2, n (%) 1558 (15.7)
Asthma 4 n (%) 1634 (16.4)
Childhood Neur odevelopment
NIH Total Cognition, mean (SD) 87.20 (8.86)
Brain Structure, mean (SD)
Mean Cortical Thickness (mm) 2.78 (0.10)
Total Cortical Surface Area (mm?) 187047.62
(17879.80)
Total Cortical Volume (mm3) 599682.64
(56669.42)

PTE Pre-knowledge of

pregnancy
(N =738)

187 (19.3)

200 (20.5)

85.11 (9.15)

2.77 (0.10)

184752.62
(17495.82)

589179.97
(53639.62)

PTE Post-knowledge of

pregnancy
(N = 361)

174 (28.9)

147 (24.3)

82.89 (8.37)

2.77 (0.11)

182091.96
(18531.87)

580977.51
(58444.65)

Page 21

Overall
(N =8,803)

1919 (16.7)

1981 (17.2)

86.85 (8.92)

2.78 (0.10)

186658.91
(17907.62)

598061.74
(56668.89)

Abbreviations: standard deviation (SD); thousands (K); high school (HS); general education diploma (GED); Adult Self-report (ASR); kilograms
(kg); body-mass-index (BMI); millimeters (mm); millimeters squared (mm2); millimeters cubed (mm3).

aN = 5,869 sample of singleton children for logistic models with binomial dependent variables.
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Table 2.
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Results of testing early postnatal physical health measures as mediators of childhood health outcomes among
two contrasts, children with any PTE (pre + post-knowledge) compared to no exposure, and children with

longer duration of PTE (post-knowledge only) compared to lesser PTE (none-to-Pre-knowledge).

ANY PTE vs. No Exposure

Average 95 % CI
Average Indirect Proportion

DV n Total Effect  Direct Effect Effect LL UL Mediated (%)
Birthweight 8,118 -0.06 -0.06 -0.01  -0.02 0.00 0.14 NS
(p=0.05) (p=0.05) (p=0.17)
Total Cortical SGAP 5,440 -0.04 -0.03 -0.007  -0.02 0.00 0.10 NS
Area (p=0.33) (p=0.43) (p=10.38)
Breastfeeding 8,158 -0.13 -0.05 -0.01 -001 0.00 <0.001 NS
(months) (p=0.04) (p=0.18) (p=0.13)
Birthweight 8,118 -0.06 -0.06 -0.01 -001 0.00 <0.001 NS
(p=0.13) (p =10.08) (p =0.06)
Total Cortical SGAb 5440 -0.04 -0.12 -0.01 -001 0.00 0.08 NS
Area (p=0.27) (p =0.06) (p=0.34)
Breastfeeding 8,158 -0.13 -0.06 -0.01 -0.01 0.00 <0.001 NS
(months) (p =0.04) (p =0.08) (p =0.05)
Birthweight 5,357 -0.06 -1.32 -0.02  -0.06 0.02 0.41 NS
(p=0.05) (p=0.01) (p=0.40)
" SGAP 3,553 -1.30 -1.20 -0.03 -0.11 0.01 0.26 NS
Cognition 2 (p=0.03) (p=0.03) (p=0.26)
Breastfeeding 5,392 -1.80 -1.12 -0.15 -0.25 -0.07 <0.001 11%
(months) (p=0.14) (p=0.01) (p = 0.006)
Birthweight 5,851 0.01 0.01 -0.003  -0.01 0.00 0.02 NS
(p=0.55) (p =0.40) (p=0.55)
Obesity b SGAP 5851 0.01 0.01 -0.003 -0.003 0.00 0.04 NS
Y (p=047) (p=0.40) (p=050)
Breastfeeding 5,880 0.01 0.005 0.002 0.001 0.00 0.006 NS
(months) (p =0.60) (p=0.71) (p =0.60)

Longer Duration of PTE vs. Lesser Exposure (none-to-Pre-knowledge)
Average 95 % ClI
Aver age Indirect Proportion

DV n Total Effect  Direct Effect Effect LL UL Mediated (%)
Birthweight 8,118 -0.11 -0.07 -0.05 -0.07 -0.03 <0.001 39%
(p=0.03) (p=0.18) (p=0.03)
Total Cortical SGAb 5440 -0.13 -0.11 -0.01 -0.03 0.00 0.03 NS
Area (p=0.04) (p=0.07) (p=0.07)
Breastfeeding 8,158 -0.11 -0.10 -0.01 -0.014 0.00 <0.001 7%
(months) (p=0.02) (p=0.04) (p=0.02)
Birthweight 8,118 -0.10 -0.05 -0.04 -0.07 -0.02 <0.001 NS
(p=0.07) (p=0.30) (p=0.07)
SGAb 5440 -0.13 -0.12 -0.01  -0.03 0.00 0.04 NS
Total Volume (p=004) (p = 0.06) (p=0.07)
Breastfeeding 8,158 0.004 -0.11 -0.01 -0.012 -0.01 <0.001 8%
(months) (p <0.001) (p <0.001) (p <0.001)
- Birthweight 5,357 -1.95 -1.86 -0.09 -0.20 -0.01 0.01 4%
Cognition (p=10.032) (p=0.01) (p=0.03)
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SGAP 3,553 -1.80 -1.70 -0.07 -0.26 0.02 0.19 NS

(p=0.14) (p=0.16) (p=0.31)

Breastfeeding 5,392 -2.15 -1.98 -0.17 -0.33 -0.03 0.02 8%

(months) (p=0.02) (p=0.02) (p=0.04)

Birthweight 5,851 0.06 0.08 -0.01 -0.02 -0.01 <0.001 -18%

(p =0.001) (p =0.004) (p=0.01)

Obesity b SGAP 5851 _ 0.06 _ 0.07 -0.003 -0.01  0.00 0.008 _ -5%
(p=0.01) (p=0.01) (p=0.02)

Breastfeeding 5,880 0.004 0.05 0.004  0.001  0.00 0.008 %

(months) (p=0.01) (p =0.036) (p =0.036)

aModeIs tested in high SES sample due to SES X PTE interaction.

b . . - .
Models include only singletons (no siblings) to allow for logistic model convergence.
lower limit; UL: upper limit; NS: non-significant.
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SGA: small for gestational age; Cl: confidence interval; LL:
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