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PREFACE

This publication-based cumulative dissertation includes two previously published papers.

The first publication, "Association of Maternal Smoking During Pregnancy With
Neurophysiological and ADHD-Related Outcomes in School-Aged Children" (section 2.1 of
the dissertation), of which | am the sole first author, was published in the International
Journal of Environmental Research and Public Health (impact factor: 4.614) in 2022. For
this original research, | contributed 80% of the conceptual design, 90% of the literature
research, and 100% of the data analysis and interpretation of results. | also contributed 90%
of drafting and revising the manuscript. | was not involved in ethics approval or data
collection for this study. The data were obtained as part of a large longitudinal cohort study,

with all analyses and results originating from my own work.

The second publication, "Long-Term Impact of Maternal Prenatal Smoking on EEG Brain
Activity and Internalizing/Externalizing Problem Symptoms in Young Adults” (section 2.2 of
the dissertation), of which | am the sole first author, was published in Addictive Behaviors
(impact factor: 3.7) in 2024. For this research, | contributed 80% of the conceptual design,
100% to data analysis, 90% each to the literature research and interpretation of results, and
90% to the drafting of the manuscript. The data were again obtained from a longitudinal

cohort study, and | was not involved in the ethics application for the study.

Detailed information on my contributions can also be found in the attached form below.
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INTRODUCTION

1 INTRODUCTION

Early stages of prenatal development are critical period for the child’s development,
involving the foundation for both physical and psychological health throughout life.
While genetic factors play a foundational role, prenatal exposures such as maternal
tobacco smoking and alcohol consumption have been consistently associated with
adverse neurodevelopmental and behavioral outcomes in offspring (M. Ekblad et al.,
2015; Hackshaw et al., 2011). These exposures can disrupt key developmental
processes, particularly in the brain, which undergoes rapid growth and differentiation
during gestation but also contribute to long-term behavioral and cognitive outcomes.
Therefore, exploring risk factors for later cognitive, emotional, and behavioral
challenge difficulties requires an understanding of how prenatal exposures impact child
and adolescent development (Abraham et al., 2017; Button et al., 2007).

The following chapter will provide an overview of how prenatal exposures, particularly
maternal tobacco smoking, act as significant risk factors influencing child and
adolescent development. Particular focus will be on neurodevelopmental changes
which can be affected by early exposures as well as pathways through which behaviors

of the mother during pregnancy can influence the developmental process.
1.1. DEVELOPMENT ACROSS THE EARLY LIFE SPAN

A vast range of biological, psychological, and environmental factors impact the
complex process of child and adolescent development (Dahl, 2004; Miller et al., 2011,
Shiner & Caspi, 2003). From the earliest stages of prenatal life all the way through
adolescence, individuals progress through rapid changes that set the groundwork for
future health, behavior, and mental well-being (Dorn et al., 2019). These changes are
guided by genetic predispositions and shaped by the family environment, cultural

norms, and socioeconomic contexts (Dodge & Pettit, 2003; Maggi et al., 2010).

During infancy, children acquire fundamental abilites such as basic motor
coordination, language comprehension, and problem-solving (Keen, 2011; Siregar &
Lubis, 2023). As they enter middle childhood, these initial skills are refined further by
increasingly complex academic challenges and peer relationships (Siregar & Lubis,

2023). By the time adolescence begins, hormonal shifts related to puberty come into
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INTRODUCTION

play, intertwining with questions of personal identity, greater independence, and
changing social expectations (Pfeifer & Allen, 2021). Meanwhile, the ongoing
maturation of the adolescent brain contributes to both the potential for high-level

reasoning and the tendency toward more impulsive decision-making (Dahl, 2004).

Recognizing how these developmental stages interact with genetic, family, and cultural
factors is key to supporting positive outcomes. It sheds light on the risks that might
disrupt healthy development — such as continuous stress, inadequate social support,
or harmful environmental exposures — as well as on the resources that strengthen
resilience (Walsh, 2016). In the pages that follow, this chapter will outline the major
developmental transitions from prenatal life through adolescence, exploring how
immediate surroundings, genetic factors, and broader social forces collectively shape

both short-term well-being and the path toward adulthood.

1.1.1. From the Prenatal Phase to Childhood, Adolescence, and Young
Adulthood

Neurodevelopment is a continuous, dynamic process that begins well before birth and
extends into the early years of adulthood. During this prenatal period, the foundation
for the nervous system is laid down as neurons are generated, migrate to their
appropriate locations, and establish rudimentary connections (Gibb & Kovalchuk,
2018; ten Donkelaar et al., 2023). During this stage, the fetus is particularly sensitive
to a variety of influences, such as maternal health, nutritional intake, and exposure to
environmental risk factors (Gibb & Kovalchuk, 2018). These prenatal experiences can

have lasting effects on cognitive, emotional, and behavioral outcomes.

Following birth, the brain undergoes notable structural and functional changes. Infancy
and early childhood are marked by rapid synaptogenesis — when neurons establish a
vast network of connections — followed by a period of synaptic pruning, which refines
these connections based on a child’s experiences and environment (ten Donkelaar et
al., 2023). Myelination, or the formation of a protective sheath around nerve fibers,
further enhances the efficiency of neural communication. These maturational
processes allow young children to develop foundational skills in language, motor

coordination, and social interaction at a remarkable pace.

During middle childhood, ongoing neurodevelopment supports increasingly complex

cognitive tasks, such as problem-solving and logical reasoning. During this phase, the
14



INTRODUCTION

interplay of genetic predispositions, family dynamics, and cultural context becomes
even more pronounced, influencing not only cognitive growth but also emotional
regulation and social behavior. By adolescence, hormonal changes linked to puberty
interact with shifts in neural architecture — particularly in regions responsible for
decision-making and impulse control — contributing to both the exploration and
vulnerabilites common to the teenage years (Sturman & Moghaddam, 2011).
Research suggests that the adolescent brain’s heightened plasticity allows for rapid
skill acquisition and adaptability, but it can also magnify the impact of stress or

maladaptive behaviors.

Although some areas of the brain appear largely mature by the end of adolescence,
certain regions, particularly in the frontal cortex, continue to refine their connectivity
into early adulthood (Arain et al., 2013). These ongoing changes affect higher-order
functions such as planning, self-regulation, and long-term goal setting. Recognizing
this extended timeline underscores the importance of supportive environments and
interventions that cater to the evolving capacities of children and adolescents as they

transition into adulthood.

In the subsequent subsections, each major developmental phase — ranging from
prenatal and perinatal periods (1.1.1.1) to childhood (1.1.1.2) and adolescence
(1.1.1.3) — will be explored in detail in order to demonstrate how early foundations
and later environmental experiences intertwine to shape cognitive development, social

behavior, and overall mental health.
1.1.1.1. The Prenatal Phase as a Foundation for Development

The importance of the prenatal and perinatal stages of development are extremely
complex. Prenatal development is a sequential process that consists of highly defined
stages through which the growth and differentiation of cells, tissues, and organ
systems takes place (Blackburn, 2007). This highly ordered process from conception
to birth is approximately nine months long. For instance, period consists of three
trimesters, each characterized by important developmental milestones and
vulnerabilities (ANEF et al., 2019; Hack & Glanc, 2023). The first trimester is often seen
as the most critical phase, as it encompasses the embryonic period (weeks 1-8) during
which organogenesis occurs (Blackburn, 2007; Connolly & Valsiner, 2002). Key

milestones include the development of the neural tube (precursor to the central
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nervous system), the heart (which begins beating by week 4), and the initial formation
of limbs and facial features. The zygote's cells divide, implant in the uterine lining, and
acquire the necessary components to sustain life during the first trimester (Connolly &
Valsiner, 2002). The brain and spinal cord, as well as the infant's primary organs, grow
during the five weeks that the baby is known as an embryo (3 to 9 weeks). Around the
third week of pregnancy, the neural plate forms and folds into the neural tube, marking
the beginning of the earliest stage of neurodevelopment. The brain and spinal cord are
derived from this tube. The brain's building blocks, billions of neurons, are created
during an intense phase of neuronal proliferation that lasts from the second to the fifth
month of pregnancy (Kostovi¢ et al., 2021; ten Donkelaar et al., 2023). With the help
of radial glial cells' structural framework and chemical cues, these neurons move to
particular areas. Six weeks after fertilization, brain waves can be captured. By week
eight, the kidneys are functioning and the liver is producing blood. Additionally, the
muscles, digestive tract, backbone, and ribs start to form. This period also sees the
formation of several exterior bodily structures, including the face, arms, hands, fingers,

legs, feet, and toes (Karaca, 2022).

During the second trimester, rapid fetal growth and functional maturation dominate.
The infant is referred now to as a fetus at nine weeks (Karaca, 2022). This stage is
mostly referred to as the finishing and growing phase. The muscles, organs, brain, and
spinal cord start to cooperate and arrange themselves (Tan & Lewandowski, 2019).
The brain undergoes a surge of neuronal proliferation and migration, establishing the
basic architecture of the cerebral cortex (Kostovi¢ et al., 2021). The fetus may move
and behave because of these connections. At this point, an ultrasound may reveal
mouth opening, thumb sucking, arm and hand motions, and kicking. With the exception
of the immune system, every bodily system in the fetus is functioning by 12 weeks (Tan
& Lewandowski, 2019).

The third trimester focuses on preparing the fetus for independent life. The fetus's
growing size and functional development are the main goals of development
throughout this trimester. The brain keeps expanding. The cerebral cortex, frequently
referred to as the brain's thinking region, enlarges. The grooves and convolutions (folds
and wrinkles) characteristic of an adult brain start to deepen at this stage of brain
development. Because of this, the brain may grow in size and volume without the skull

growing larger (Kostovi¢ et al., 2021). The brain undergoes extensive synaptogenesis
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and myelination, processes critical for sensory processing, motor coordination, and
cognitive function. Beginning in the second trimester, synaptogenesis — the process
by which neurons develop synaptic connections — peaks in the third trimester. Neural
networks that process information through motor, sensory, and cognitive processes
are built on these connections (Kostovic et al., 2021). Concurrently, the third trimester
marks the start of myelination, a process that improves signal transmission by coating
axons with a fatty sheath. This process continues after birth. Supporting these activities
requires adequate maternal consumption of important fatty acids, such as omega-3s
(Li et al., 2016). With increasing synapse density and electrical activity, the brain starts
to establish functional networks at the end of the second and third trimesters (Kostovi¢
et al., 2021). For example, the embryonic brain begins to exhibit basic electrical
oscillation patterns, which are necessary for the integration of senses and motor skills.
These early networks can be upset by environmental variables including stress,
exposure to toxins, and maternal health, which may have an impact on later emotional
control and cognitive development. Epigenetically, neurodevelopment is also
controlled by processes such as histone modification and DNA methylation
(Podobinska et al., 2017). Neurodevelopment is also regulated epigenetically, through
mechanisms like DNA methylation and histone modification (Dall’Aglio et al., 2018).
These processes influence gene expression without altering the DNA sequence,
allowing the fetal brain to adapt to environmental inputs. However, adverse exposures
such as maternal tobacco smoking or malnutrition can induce maladaptive epigenetic
changes, potentially predisposing offspring to neuropsychiatric disorders and altered

Stress responses.

Prenatal development occurs within a complex interplay of genetic, epigenetic, and
environmental factors. While the tightly regulated sequence of growth generally leads
to healthy outcomes, the developing fetus is particularly vulnerable to disruptions

during critical periods of organogenesis and functional maturation.
1.1.1.2. Neurodevelopment in Childhood: Brain Maturation and Cognitive Growth

Neurodevelopment is a dynamic process that extends beyond the prenatal period,
continuing through childhood, adolescence, and into adulthood. This process leads to
rapid changes in brain morphology, connectivity, and function that are also influenced

by genetic, epigenetic, and environmental factors.
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During the early childhood, brain is marked by fast synaptogenesis, i.e., the formation
of new connections between the neurons at a much faster rate. This "synaptic bloom"
is necessary for sensory processing, motor regulation and for the development of
supporting cognitive and affective abilities. Studies utilizing advanced neuroimaging
techniques, such as magnetic resonance imaging (MRI), have revealed significant
growth of brain volume between the first few years of life and specifically, in brain
regions that underlie sensory and motor processes (Rivkin, 2000; Vo Van et al., 2022).
These changes support the brain’s remarkable capacity for neuroplasticity during this

period, enabling adaptation to environmental stimuli and new learning experiences.

As the child matures, the phase of synaptogenesis transitions to synaptic pruning,
where redundant or underutilized connections are selectively eliminated (Abbott &
Burkitt, 2023). This process enhances the efficiency of neural networks, allowing for
more specialized and streamlined brain activity. Synaptic pruning is particularly
pronounced in the prefrontal cortex, the region responsible for executive functions such
as attention, planning, and decision-making (Sakurai & Gamo, 2019). The balance
between synapse formation and pruning is crucial for healthy neurodevelopment;
disruptions in this process, such as those caused by early adversity or trauma, have
been linked to long-term cognitive and emotional difficulties (Malave et al., 2022;
Zonuzirad, 2024).

During childhood, the brain undergoes increasing functional specialization. Regions
responsible for specific tasks, such as language (Broca’s and Wernicke’s areas),
memory (hippocampus), and problem-solving (prefrontal cortex), become more distinct
and interconnected (Zonuzirad, 2024). This period also sees a rise in myelination, the
process by which axons are coated with a protective myelin sheath. Myelination
improves the speed and efficiency of neural transmission, allowing for more
coordinated and complex cognitive processes (Nickel & Gu, 2018). The maturation of
white matter pathways, such as the corpus callosum, is particularly important for
integrating information across hemispheres, contributing to higher-order cognitive

functions like reasoning and abstract thinking (Paul, 2011).

Neurodevelopment in childhood is not a uniform process; different brain regions
mature at different rates. For example, primary sensory and motor areas develop
earlier, while association areas responsible for complex thought and emotion mature

later (Zonuzirad, 2024). This sequential pattern reflects the brain's prioritization of
18
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immediate survival and learning needs in early childhood, followed by the refinement
of higher cognitive functions as the child grows older.

The childhood brain is highly plastic, making it particularly sensitive to environmental
inputs. Positive experiences, such as a secure attachment with caregivers, access to
education, and a stimulating environment, can enhance neural development and foster
resilience. Conversely, adverse exposures — such as chronic stress, malnutrition, or
exposure to environmental toxins — can disrupt neurodevelopmental trajectories.
These effects are mediated by epigenetic mechanisms, including DNA methylation and
histone modification, which alter gene expression in response to environmental factors
(Ogunjobi et al., 2024). For example, studies have shown that chronic stress during
childhood can dysregulate the hypothalamic-pituitary-adrenal (HPA) axis, leading to
long-term changes in brain regions such as the amygdala and prefrontal cortex, which
are involved in emotion regulation and executive function (Raymond et al., 2018).
Neurodevelopmental disorders, such as attention-deficit/hyperactivity disorder (ADHD)
and autism spectrum disorder (ASD), often emerge during early childhood, reflecting
disruptions in typical brain maturation processes. Research suggests that atypical
patterns of synaptogenesis, pruning, or myelination may underlie these disorders,
leading to difficulties in attention, social communication, or emotional regulation (Dow-
Edwards et al., 2019; Marsh et al., 2008).

1.1.1.3. Neurodevelopment in Adolescence: Changes in Brain Function and

Structure

During adolescence, the brain continues to mature through extensive synaptic pruning
and myelination processes. Adolescence marks a second critical phase of
neurodevelopment, driven by hormonal, social, and cognitive changes. This period is
characterized by the extensive pruning of synaptic connections and the continued
myelination of axons, both of which enhance the brain's processing efficiency. MRI
studies have shown that gray matter volume, reflecting synaptic density, peaks during
early adolescence before declining as pruning occurs. Meanwhile, white matter
volume, associated with myelinated axons, increases steadily, supporting faster and
more efficient neural communication (Nave, 2010). The prefrontal cortex undergoes
substantial maturation during adolescence, playing a key role in executive functions
such as decision-making, impulse control, and emotional regulation. However, its

development lags behind that of the limbic system, which processes emotions and
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rewards, contributing to the heightened risk-taking behaviors often observed during
this stage (Romer et al., 2017). Functional MRI (fMRI) studies have demonstrated that
the connectivity between the prefrontal cortex and other brain regions strengthens
during adolescence, supporting the integration of higher-order cognitive functions
(Sakurai & Gamo, 2019). Adolescence is also a sensitive period for social and
emotional learning. Neural networks involved in social cognition, including the medial
prefrontal cortex and superior temporal sulcus, become more specialized, enabling
adolescents to navigate increasingly complex social environments. However, this
heightened plasticity also makes the adolescent brain vulnerable to environmental
stressors, such as substance abuse or chronic stress, which can disrupt

developmental trajectories and increase the risk of neuropsychiatric disorders.

During the transition to adulthood, brain development slows down, but significant
changes still occur, particularly in the areas of cognition and memory. Functional
plasticity remains intact, but the brain becomes less malleable compared to childhood
and adolescence. In adulthood, neurodevelopment continues at a slower pace, with a
focus on maintaining and optimizing brain function rather than rapid growth or
reorganization. Functional plasticity remains a hallmark of adult neurodevelopment,
allowing the brain to adapt to new learning and experiences, albeit less robustly than
during childhood or adolescence. Research has shown that adult cognitive processes
become more efficient due to increased network integration and functional
specialization. For example, studies using EEG and MRI techniques have
demonstrated that adult brains exhibit refined neural pathways that support complex
cognitive abilities, such as abstract reasoning and problem-solving (Mustafa & Rashid,
2023; Yen et al., 2023). These changes reflect the brain's ability to streamline activity
in established networks while maintaining flexibility for learning. Nevertheless, the adult
brain is not immune to decline. Aging is associated with volume reductions in the
prefrontal cortex and hippocampus, areas critical for memory and executive function.
These changes can contribute to age-related cognitive decline (Persson et al., 2006).
However, neuroplasticity persists, enabling adults to form new synaptic connections
and adapt to environmental challenges, albeit at a slower rate compared to earlier
stages. Cognitive enrichment through activities like learning, physical exercise, and

social engagement has been shown to mitigate some of these age-related declines.
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In addition to these general trajectories of brain development, it is important to consider
a complex interplay of genetic factors, early environmental exposures, and ongoing
maturation. Genetic factors influence baseline developmental trajectories, while
epigenetic processes such as DNA methylation and histone modification mediate the
interaction between genes and the environment. These epigenetic mechanisms enable
the brain to adapt dynamically to environmental conditions, ensuring developmental
flexibility. Adverse environmental exposures, such as maternal stress, malnutrition, or
toxin exposure during pregnancy, can disrupt these processes, leading to maladaptive
epigenetic changes. Such alterations may predispose individuals to neuropsychiatric
disorders, cognitive impairments, or altered stress responses later in life. Conversely,
positive environmental inputs, such as enriched learning environments or secure

attachments, can promote resilience and optimize developmental outcomes.

1.1.2. Behavioral Development from Infancy through Childhood, Adolescence,
and Young Adulthood

Behavioral development in childhood involves a complex interplay of biological
predispositions, early family relationships, cultural norms, and broader social contexts
(Cicchetti, 2016; Little, 2017). Even in the first months of life, infants begin to display
individual differences in temperament, such as how easily they are calmed or how
intensely they react to stimuli (Thomas et al., 2017; Trevarthen, 1993). As these infants
grow into toddlers, interactions with parents and caregivers become increasingly
important in shaping emotional expression and self-regulation. For example,
caregivers who respond consistently and sensitively to a child’s signals often reinforce

positive social and emotional outcomes (Trevarthen, 1993).

One key area of concern in childhood behavioral development is the emergence of
externalizing problems, which include behaviors like aggression, defiance, and
hyperactivity (Kimonis et al., 2019). These outwardly directed behaviors not only strain
relationships in settings such as home and school but also raise the risk of continued
difficulties later in life (Kimonis et al., 2019). Although genetic factors can predispose
certain children to externalizing tendencies, stressful environments — characterized
by harsh discipline, parental conflict, or economic adversity — can heighten the
likelihood of persistent behavior problems (Burt, 2022). Conversely, research shows

that stable routines, clear expectations, and supportive adult—child relationships can
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mitigate or even prevent the progression of early behavioral challenges (Burt, 2022;
Kimonis et al., 2019).

Within the realm of externalizing behaviors, Attention-Deficit/Hyperactivity Disorder
(ADHD) warrants particular attention. Children with ADHD commonly exhibit sustained
inattention, impulsivity, and often hyperactive behavior that may interfere with daily
functioning at school or home (Efron, 2019; Saylor & Amann, 2016). While studies of
twins and adoption samples demonstrate a substantial genetic component,
environmental exposures — ranging from prenatal tobacco use to inconsistent
parenting — can further influence the severity and presentation of ADHD symptoms
(Tistarelli et al., 2020). Teachers and parents frequently notice the signs once
academic or social demands become more challenging, as children struggle to stay
focused in class or control impulses during peer interactions (Efron, 2019). Collectively,
these findings highlight how early environmental influences, familial factors, and
individual dispositions can shape a child’s behavioral trajectory (Tistarelli et al., 2020).
Yet, behavior does not emerge in isolation; it is closely linked to the maturation of
neural systems. In the next section will be explored how ongoing brain development
and behavioral patterns continually interact, shedding further light on the dynamic

processes that guide children’s growth into adolescence and beyond.

1.1.3. Interaction between Neurodevelopment and Behavioral Development

from Infancy to Young Adulthood

Children’s behavioral patterns emerge in tandem with the development of the brain,
creating a dynamic loop in which biology and experience continuously shape one
another (Dow-Edwards et al., 2019). From infancy through adolescence, the
maturation of neural circuits underpins key abilities, such as attention, emotion
regulation, and self-control (Nigg, 2017). At the same time, the child’s environment —
family relationships, peer interactions, and educational settings — can either support
or hinder these underlying neural processes (Osher et al., 2021).

Research shows that responsive caregiving and predictable routines can help children
develop secure emotional bonds (Julian et al.,, 2017). These positive experiences
boost the growth of brain regions linked to stress regulation and executive function
(Julian et al., 2017; O’'Connor, 2017). Conversely, prolonged exposure to chaos or

conflict may alter neural pathways in ways that contribute to externalizing behaviors,
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such as aggression or impulsivity (Puiu et al., 2018). Children who face these
circumstances often struggle to adapt, especially when the demands of social or

academic life become more complex (McKernan & Lucas-Thompson, 2018).

Neuroimaging studies provide concrete evidence for this interplay. For example,
atypical patterns of neural activity have been associated with externalizing behavior
and attentional challenges (Sonuga-Barke et al., 2016). Other work suggests that
children’s individual differences in neural development can influence how they respond
to their environment, highlighting the role of both genetic and epigenetic factors
(Gartstein & Skinner, 2018; Tooley et al., 2021). Findings from prior studies further
illustrate that variations in brain activity are linked to behavioral measures in areas such
as ADHD symptomatology and internalizing or externalizing problem behaviors (Barch
et al., 2021).

During childhood and adolescence, the brain exhibits a notable capacity for change,
allowing well-designed interventions to reinforce adaptive pathways and alleviate
potential risks (Mastorci et al., 2024; Osher et al., 2021). At the same time, external
forces — including family context, socioeconomic factors, and broader societal
pressures — can interact with neurodevelopment in ways that either foster resilience
or heighten susceptibility to difficulties in cognition, emotion, or behavior (Osher et al.,
2021). Recognizing these intricate connections underscores the importance of

examining the earliest possible influences on a child’s developmental trajectory.

In the following chapters, the discussion shifts toward environmental exposures during
the prenatal period. It will be explored how various prenatal risk factors, including
tobacco exposure, may set the stage for both neurodevelopmental processes and

subsequent behavioral patterns.
1.2. ENVIRONMENTAL EXPOSURES DURING THE PRENATAL PERIOD

The prenatal environment significantly influences lifelong health and development,
where early exposures can potentially show enduring consequences on behavior,
cognition, and mental health. These influences can include maternal health behaviors,
such as tobacco smoking, alcohol consumption, and drug use, as well as
socioeconomic factors, maternal stress, and exposure to environmental toxins. In the

following chapter, the specific effects of maternal tobacco exposure will be explored
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on neurodevelopment and behavior, particularly how these early exposures relate to
children's/adolescents’ development.

1.2.1. Overview of Prenatal Exposures and Their Impact on Child Development

Numerous epidemiological studies have investigated the connections between
unfavorable prenatal circumstances and heightened susceptibility to illnesses, health
issues, and psychological consequences in later life. Smoking during pregnancy is one
of the leading causes for adverse pregnancy outcomes (Crume, 2019). Maternal
cigarette smoking is a common and potentially hazardous environmental exposure
during pregnancy, with over 4,000 chemicals in cigarette smoke, including
benzo(a)pyrene, nicotine, and carbon monoxide, and over 40 of these chemicals being
known carcinogens (Thielen et al., 2008; Wang, 2024). Nicotine crosses the placenta,
and fetal concentrations of nicotine can be 15% higher than maternal concentrations
(Lambers & Clark, 1996). Therefore, prenatal cigarette smoking is associated with
increased risk for spontaneous abortion, preterm delivery, respiratory disease, immune
system difficulties, and cancer later in life. Placental complications, including
alterations to the development and function of the placenta, are also linked to prenatal
exposure to cigarette smoke. Additionally, carbon monoxide reduces oxygen
availability to the fetus, potentially leading to hypoxia, which is further associated with
lower birth weights, cognitive delays, and increased susceptibility to behavioral
disorders (Kleinman, 2020).

Globally, there are wide regional variations in the prevalence of mother smoking during
pregnancy; industrialized countries and some low- and middle-income countries tend
to have greater rates. Around one in ten pregnant women worldwide smoke, according
to estimates from the World Health Organization (WHO), with significant regional and
national variations. Prenatal smoking rates have typically decreased over the previous
few decades in high-income nations including the US, Canada, and portions of Europe.
This may be because tobacco control laws have been put into place, smoking
cessation programs have been successful, and people are more aware of the health
consequences. However, there are still notable regional variations throughout Europe.
For example, due to cultural norms, a lack of tools for quitting smoking, and a high
frequency of smoking in general, Eastern European nations like Serbia and Bulgaria
report maternal smoking rates during pregnancy reaching 25%. On the other hand,

because of their strong public health campaigns and more stringent tobacco laws,
24



INTRODUCTION

Northern and Western European nations like Iceland, Sweden, and Norway often have
substantially lower rates, frequently below 10%. Figure 1 illustrates data from a cross-
sectional study involving pregnant women and new mothers across 15 European
countries (Smedberg et al., 2014). It highlights regional differences in the extent of
smoking during pregnancy, categorizing smokers by daily cigarette consumption.
Notably, a higher proportion of heavy smokers (=11 cigarettes per day) was observed
in Eastern Europe (47.7%), compared to Northern (21.6%) and Western Europe
(30.7%). A recent large-scale study involving 21,472 pregnancies (Voutilainen et al.,
2024) further underscores the impact of smoking on pregnancy outcomes. It found that
while 74% of women ceased smoking during pregnancy, approximately 20% of

pregnancies were still exposed to maternal tobacco smoking.

The descriptive review (Banderali et al., 2015) highlights how prenatal tobacco
exposure impacts both short-term and long-term health outcomes. On physiological
level, prenatal tobacco exposure has been linked to an increased risk of bronchitis,
asthma, wheezing, airway hyperresponsiveness, and lung impairment (Cheraghi &
Salvi, 2009). According to a recent systematic review and meta-analysis (Burke et al.,
2012), tobacco smoking during pregnancy is linked to a higher risk of wheeze and
asthma in children and adolescents up to the age of 18, with the largest influence on
asthma incidence in children under the age of two. There is increasing concern that
perinatal exposure to harmful chemicals, such as those from maternal tobacco
smoking, may contribute to the rising prevalence of obesity and metabolic disorders
(Ino, 2010; Leary et al., 2006). A meta-analysis of 17 studies found that children of
mothers who smoked during pregnancy faced a higher risk of obesity by around age 9
compared to children of non-smoking mothers (Ino, 2010). According to Leary et al.,
(2006) smoking by the mother at any point during pregnancy has been linked to
increased total fat mass (assessed by Dual-energy X-ray absorptiometry) in the kids
at a mean age of 9.9 years.

25



INTRODUCTION

160 Extent of Smoking During Pregnancy by Region in Europe
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Figure 1 Extent of smoking during pregnancy by region in Europe.

Note: Total N=770; Western Europe includes Austria, France, Italy, Switzerland, the Netherlands, United
Kingdom; Northern Europe includes Finland, Iceland, Norway, Sweden; Eastern Europe includes
Croatia, Poland, Russia, Serbia, Slovenia; created using data from (Smedberg et al., 2014)

Despite the advice to abstain throughout pregnancy, alcohol exposure occurs during
many pregnancies. Among women of reproductive age, alcohol has been and
continues to be the most often used drug. Globally, the prevalence of alcohol use
during pregnancy is estimated to be approximately 9.8% (95% CI = 8.9-11.1) (Popova
et al., 2017). Specifically, according to a systematic review and meta-analysis by
Popova et al. (2017), the five countries with the highest estimated prevalence of alcohol
use during pregnancy were: Ireland (60.4%, 95% CI:. 42.8-76.8), Belarus (46.6%,
42.4-50.7), Denmark (45.8%, 30.9-61.2), United Kingdom (41.3%, 32.9-49.7), Russia
(36.5%, 18.7-56.4). Compared to other regions of the world, these nations have
noticeably greater rates of alcohol consumption during pregnancy. On the other hand,
the WHO Eastern Mediterranean Region (EMR), which includes Oman, Saudi Arabia,
the United Arab Emirates, Qatar, and Kuwait, had the lowest prevalence (around 0%).
Prior large cohort study (Lees et al., 2020) explored the effects of prenatal alcohol
exposure on various outcomes in children. This study involved over 9,700 children
aged 9-10, with approximately 25.9% reporting prenatal alcohol exposure. Key findings
indicated that even low levels of prenatal alcohol exposure were associated with higher
risks for psychological and behavioral problems in children, including attention deficits,
impulsivity, and greater likelihood of psychopathology. Additionally, the study
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highlighted differences in brain structure, with children exposed to alcohol showing
increased cerebral and regional brain volumes as well as larger surface areas in certain
brain regions compared to unexposed children. The effects of prenatal alcohol
consumption on newborn mental development, as measured by the Mental
Development Index (MDI), were investigated through a meta-analytic analysis (Testa
et al., 2003) in the field of neurobehavioral repercussions. Ten studies examined the
effects of three levels of average daily exposure during pregnancy: less than one drink
per day, one to one and a half drinks per day, and two or more drinks per day. Only
four studies indicated low consumption, compared to five that reported moderate
usage. The meta-analysis's authors discovered that among children aged 12 to 13
months, all three intake levels were linked to noticeably reduced MDI scores.
Significant adverse effects were evident even at the lowest level of exposure, and

increasing exposure was linked to bigger impairments.

llicit substance exposure during pregnancy, including cocaine and opiates, can also
have a significant impact on development. Exposure to cocaine interferes with the
prenatal oxygen flow, resulting in neurobehavioral abnormalities. According to Patrick
et al. (2012), neonatal abstinence syndrome (NAS), which is prevalent in infants
exposed to opioids, frequently leads to extended hospital admissions and
developmental problems. Fetal brain development can be disrupted by maternal
malnutrition, which includes shortages in folate, iron, and critical fatty acids. Folate
deficiency is strongly linked to neural tube defects, while insufficient omega-3 fatty
acids are associated with impaired neurogenesis and cognitive function in offspring
(Smithers et al., 2008). On the other hand, obesity and metabolic diseases in the
progeny have been linked to excessive prenatal weight increase. Maternal stress and
anxiety during pregnancy can affect the developing fetus via alterations in the
hypothalamic-pituitary-adrenal (HPA) axis, leading to elevated cortisol levels in utero.
This dysregulation has been linked to increased risk for anxiety, depression, and
behavioral disorders in childhood (O’Donnell et al., 2017). Stress-related epigenetic
modifications, such as changes in DNA methylation of glucocorticoid receptor genes,
may mediate these long-term effects. By altering the hypothalamic-pituitary-adrenal
(HPA) axis, maternal stress and anxiety during pregnancy can have an impact on the
growing fetus and raise cortisol levels in utero. A higher risk of anxiety, depression,
and behavioral disorders in children has been associated with this dysregulation
(O'Donnell et al., 2017). These long-term effects could be mediated by stress-related
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epigenetic changes, such as variations in the DNA methylation of glucocorticoid

receptor genes.

1.2.2. Prenatal Tobacco Exposure as a Distinct Risk Factor for Childhood and

Adolescent Development

Previous chapter has demonstrated that prenatal tobacco has a negative impact on
the health of the offspring, like preterm birth, fetal growth restriction, low birth weight.
Additionally, prenatal tobacco exposure can modulate fetal brain development and
function. Here maternal tobacco smoking has long been associated with adverse
neurodevelopmental outcomes in children, including cognitive impairments, behavioral
disorders, and delayed developmental milestones. The following chapter will
demonstrate key findings from research studies on the neurodevelopmental effects of

prenatal tobacco exposure.

Nicotinic acetylcholine receptors (nAChRS), are also ligand-activated neurotransmitter
receptors, and play essential role in both the central and peripheral nervous systems.
From the research on animal studies, it has been shown that thenAChR is functioning
early in fetal development, at the time the neural tube is being formed (Atluri et al.,
2001). The most significant physiological feature of nicotine from the perspective of
nervous system development is its capacity to activate the nAChR and set off
neurodevelopmental processes that are typically attributed to acetylcholine's effect.
Acetylcholine has been shown to play a very active part in brain development in animal
models, where it is in charge of the proliferation, maturation, and differentiation of
several brain cell types (Role & Berg, 1996). Nicotine exposure influences the intensity
and timing of brain cell development and the programming of neurodevelopmental
events on a cellular level. Therefore, the ordered mechanisms by which neurons
multiply and differentiate into functional neuronal cells are changed when the timing of
these events is perturbed. Nicotinic AChRs are present in the human brain and spinal
cord from the first trimester in and play important role throughout early brain
development (Hellstrém-Lindahl et al., 1998). Chronic in utero nicotine exposure has
been shown to disrupt neuronal architecture, alter nAChR expression, and affect the
functionality of various neurotransmitter systems. Nicotine's activation of nAChRs can
prematurely trigger developmental processes, such as cholinergic signaling, which
drives neurons to shift from replication to differentiation. This prenatal exposure has

been associated with apoptotic cell death and reduced cell size in several brain
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regions. Additionally, nicotine's influence on nAChRs disrupts the proper development
of critical neurotransmitter systems, including dopamine (DA), norepinephrine (NE),
and serotonin (5-HT). These disruptions can lead to long-term changes in
neurobehavioral outcomes, such as locomotor hyperactivity, depressive behaviors,
and altered sensitivity to nicotine and other stimulants. Consequently, prenatal nicotine
exposure significantly impacts neuroanatomy, nAChR function, and neurotransmitter
systems, resulting in lasting effects on neurobehavioral trajectories. It has been
demonstrated that nicotine exposure during pregnancy alters the differentiation and

replication of brain cells, affecting to changes in brain structure.

Most previous studies examining the impact of maternal smoking during pregnancy
(MSDP) on brain structure and function have been conducted using animal models.
Findings from these studies show a strong link between prenatal nicotine exposure
and an increase in nicotinic acetylcholine receptors (NAChRSs) across various brain
regions as early as the first trimester. This upregulation of nAChRs inhibits DNA
synthesis, disrupting brain cell replication and differentiation (Slotkin, 1998). Prenatal
nicotine exposure has also been linked to imbalances in cholinergic,
catecholaminergic, serotonergic, and other neurotransmitter systems. Building on
these findings, the following section will explore how advanced imaging techniques,
such as magnetic resonance imaging (MRI), have been used to study the brain
development of children exposed to maternal smoking (Zou et al., 2022). Prior review
study (Bublitz & Stroud, 2012) highlighted significant effects of maternal smoking
during pregnancy on offspring brain structure and function. Structural imaging has
linked tobacco exposure to reduced brain volumes in areas like the frontal lobe, lateral
ventricular system, cerebellum, cortical gray matter, and corpus callosum. Adolescents
exposed to MSDP also showed cortical thinning in frontal, temporal, and parietal
regions, along with altered white matter microstructure, which have been tied to
cognitive impairments, auditory issues, social difficulties, and ADHD. Functional
studies associate prenatal tobacco exposure with increased auditory brainstem
response (ABR) rates in infants, which may disrupt auditory processing and
speech/language development. Adolescent fMRI studies revealed inefficient activation
of brain regions like the temporal lobe, hippocampus, and cerebellum during tasks
involving attention, memory, and response inhibition. Additionally, maternal smoking
appeared to amplify the effects of adolescent smoking on temporal lobe activation.
However, structural findings did not show additive effects of prenatal and current
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smoking exposure on white matter microstructure. Despite these findings, limitations
in the existing research point to areas for improvement. The literature is small, with
overlapping samples across studies, and most rely on retrospective maternal reports
without biochemical verification of smoking exposure. Few studies assessed dose-
response relationships or fully accounted for socioeconomic status, a significant
confounding factor (Holz et al., 2014; Lees et al., 2020). There are also gaps in the
timeline of research. Studies focus on fetal/infant stages or adolescence, leaving a
critical lack of data on the impact of maternal smoking during early and middle
childhood — a period when cognitive, attention, and behavioral deficits often emerge.
Moreover, existing research focuses mainly on cognitive, auditory, and attention tasks,
overlooking other outcomes like externalizing behaviors and emotional regulation,

which are tied to altered brain regions like the amygdala and orbitofrontal cortex.

In contrast to the relatively robust body of literature utilizing MRI and fMRI to examine
the effects of maternal smoking during pregnancy (MSDP), there has been far less
research employing electroencephalography (EEG) to study neurodevelopmental
outcomes in tobacco-exposed children. EEG is one of the most widely used and cost-
effective neuroimaging techniques for noninvasive brain research, offering high
temporal resolution and the ability to capture real-time neural activity. Its advantages
make it especially valuable for studying functional brain dynamics in younger
populations, including infants and children, where tolerance for longer imaging
protocols like MRI may be limited. Despite its potential, studies using EEG to
investigate the effects of prenatal tobacco exposure remain sparse. Existing findings
suggest that MSDP is associated with altered neural oscillatory patterns, including
atypical activity in key frequency bands that underpin cognitive and behavioral
functioning. For example, prenatal tobacco exposure was associated with decreased
EEG power in higher-frequency bands (beta and gamma), particularly in cases of
continuous exposure throughout pregnancy (Pini et al.,, 2024). The Safe Passage
Study (Shuffrey et al., 2020) explored how prenatal tobacco exposure (PTE) affects
newborn brain activity using EEG during active sleep. The results showed that PTE
impacted higher-frequency brain waves, specifically beta and gamma frequencies, in
the right-central and right-parietal regions. Infants whose mothers smoked at low levels
or quit during pregnancy had increased beta and gamma power compared to
unexposed infants. However, infants exposed to moderate or high levels of continuous
smoking had reduced beta and gamma power compared to both unexposed infants
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and those whose mothers smoked less or quit. Quitting smoking during pregnancy did
not completely normalize EEG activity, but it was linked to better outcomes compared
to continued moderate or heavy smoking. These findings suggest a dose-dependent
effect of PTE on newborn brain development and highlight the benefits of smoking

cessation during pregnancy in reducing harm to the baby’s brain activity.
Prenatal tobacco exposure and behavioral development

Maternal smoking not only impacts physiological processes but also profoundly
influences behavioral and psychological outcomes in offspring. The interplay between
prenatal exposure to harmful substances like nicotine and postnatal environmental
factors can shape a child’s developmental trajectory, influencing cognitive, emotional,
and behavioral domains. Numerous studies highlight how maternal smoking during
pregnancy contributes to harmful consequences, including heightened susceptibility to
attention deficits, impulsivity, and emotional regulation difficulties (Cornelius et al.,
2012; Holz et al., 2014; Huijbregts et al., 2007).

A number of studies have suggested that maternal tobacco smoking exposure during
pregnancy contributes to the attention-deficit/hyperactivity disorder (ADHD) of the fetus
(Han et al., 2015; Lin et al., 2021; Minatoya et al., 2019; Tiesler & Heinrich, 2014). As
described in previous chapters smoking is known to affect physiological processes that
may increase hazards related to the genesis of ADHD, a childhood-onset
neurodevelopmental condition, it is physiologically probable. The key characteristics of
(ADHD) are inattention and/or hyperactivity symptoms that interfere with
developmentally appropriate functioning and last for at least six months in a variety of
contexts (Wolraich et al., 2019). Although the exact origins of ADHD are still unknown,
environmental and genetic factors have been demonstrated (Cortese, 2012; Franke et
al., 2012; Swanson et al., 2007; Thapar et al., 2013). It should be mentioned that the
results are not consistent, since correlations between case-control and epidemiologic
samples that account for potentially confounding factors have been shown, supporting
a dose-dependent relationship in which risk rises as cigarette consumption increases.
Dong et al. (2018) conducted an extensive meta-analysis that included data from 27
eligible original articles with a total of 3076173 subjects and found that prenatal
exposure to maternal smoking during pregnancy or smoking cessation during first

trimester was significantly associated with childhood ADHD. Higher maternal smoking

31



INTRODUCTION

levels were linked to a higher incidence of ADHD, according to the analysis's dose-
dependent pattern (Dong et al., 2018).

On behavioral level, significant long-term effects of prenatal cigarette smoke exposure
on the behavior problems and smoking behavior were shown by 22-year-old offspring
(Cornelius et al., 2012). The results demonstrated that prenatally tobacco exposed
young adults had significantly higher scores on the externalizing, internalizing,
aggression, and somatic scales (measured with ASR questionnaire) and were more
likely to have a history of arrests (Cornelius et al., 2012). Maternal smoking during
pregnancy has been also linked to the development of severe antisocial behaviors in
offspring, including aggression and conduct disorders (Wakschlag et al., 2002). The
comprehensive review explored the potential links between prenatal tobacco exposure
and these behavioral outcomes. The authors highlight how prenatal smoking may
disrupt fetal brain development by altering neurotransmitter systems and neural
pathways critical for emotional regulation and impulse control and therefore increase
the risk for severe behavioral problems in children. Furthermore, the study underscores
the potential for interaction between biological vulnerabilities and environmental
factors. For example, children exposed to tobacco in utero may be more sensitive to
adverse postnatal environments, such as high-stress households or inconsistent
parenting. As the result of those adverse environments, children might develop
antisocial tendencies. It should be noted that these behaviors are not solely attributable
to prenatal exposure; genetic predispositions and socioeconomic factors likely play a
role (Wakschlag et al., 2002).

However, recent evidence challenges the assumption of a direct causal relationship
between prenatal smoking and ADHD (Thapar et al., 2009). In order to distinguish
between genetic and environmental factors, Thapar et al. (2009) conducted a novel
design that compared mother-child pairs that were genetically related and unrelated.
The results suggest that hereditary factors, rather than the direct biological
consequences of smoking, are primarily responsible for the observed link between
prenatal smoking and ADHD symptoms. Specifically, maternal smoking was more
significantly associated with ADHD symptoms among genetically related pairings. This
suggests that the association may be explained by shared genetic predispositions

between mother and child. This perspective emphasizes how complicated the etiology
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of ADHD is and how future studies and public health initiatives must take genetic-

environment interactions into account.

Similarly, another prior study (Thapar et al., 2003) explored the link between maternal
smoking during pregnancy and ADHD symptoms in children, considering both genetic
and environmental influences. The researchers examined whether the observed
association between prenatal smoking and ADHD symptoms is a direct causal
relationship or the result of shared familial and genetic factors. Maternal smoking
during pregnancy was consistently associated with higher levels of ADHD symptoms
in children. However, the study highlighted the complexity of disentangling direct
causal effects from confounding variables, such as shared genetic predispositions and
environmental influences. A comparison of children exposed to prenatal smoking and
unexposed siblings in the same family showed that the association between maternal
smoking and ADHD symptoms weakened when familial factors were controlled. This
suggests that genetic or familial environmental factors might play a significant role in

the observed relationship.
1.3.HYPOTHESES

The primary aim of this dissertation is to examine the long-term effects of prenatal
tobacco exposure on neurophysiological and behavioral outcomes in childhood and
young adulthood. Specifically, this research investigates how prenatal tobacco
exposure influences brain activity (as measured by EEG) and ADHD-related

behaviors.

1.3.1. Prenatal Tobacco Exposure Leads to Alterations in Brain Development
in Children

It has been demonstrated that prenatal tobacco exposure has influence on
neurodevelopment, with evidence suggesting alterations in brain activity, especially in
regions involved in cognitive functions such as attention, memory, and emotional
regulation. The neurophysiological effects of prenatal smoking have been frequently
associated with changes in EEG frequency bands, particularly in the slower
frequencies such as delta and theta waves. While theta waves are linked to working
memory, emotional control, and cognitive flexibility, delta waves are linked to deep
sleep, memory consolidation, and concentration. Based on previous literature, we

assume that individuals who were exposed to tobacco prenatally will demonstrate
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different brain activity patterns, particularly in the delta and theta frequency bands, in

comparison to individuals with no prenatal tobacco exposure.

1.3.2. Prenatal Tobacco Exposure Associated with Behavioral Problems in
Childhood and Adolescence

Numerous studies (Minatoya et al., 2019; Tiesler & Heinrich, 2014, Y et al., 2020) have
demonstrated a strong association between prenatal tobacco exposure and the
development of behavioral problems in childhood and adolescence, including
externalizing behaviors such as attention problems, impulsivity, hyperactivity, and
delinquency. Given the previous findings, we hypothesize that prenatal exposure to
tobacco will predict higher levels of ADHD-related symptoms in children. In particular,
individuals who were prenatally exposed to tobacco are expected to report higher
levels of attention problems and hyperactivity, compared to individuals with no prenatal
tobacco exposure. These findings would further support the notion that prenatal
tobacco exposure has enduring effects on behavioral regulation and could increase

the risk for developing antisocial or disruptive behaviors in adulthood.

1.3.3. Moderating Effects of Familial Factors on Prenatal Tobacco Exposure
and Behavioral Outcomes

Research has consistently shown that behavioral outcomes in children and young
adults are influenced not only by prenatal exposures but also by genetic
predispositions and environmental factors such as maternal mental health and the
child’s own behavior (Thapar et al., 2003). The presence of maternal psychopathology
(e.g., depression, anxiety, or substance use) during pregnancy has been shown to
moderate the effects of prenatal exposures on child development, and substance use
during adolescence and adulthood can amplify these vulnerabilities. Therefore, we
hypothesize that the behavioral outcomes of prenatal tobacco exposure will be
moderated by familial factors, particularly maternal psychopathology and the child’s

substance use.

The relationship between prenatal tobacco exposure and externalizing behaviors is
expected to be stronger in individuals with a history of maternal psychopathology and
in those with higher levels of substance use during young adulthood. This moderation
effect would suggest that the combination of prenatal tobacco exposure and these
familial and behavioral factors results in compounded risks for behavioral difficulties in

young adulthood.
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1.3.4. Dose-Dependent Relationship between Prenatal Tobacco Exposure and
Neurophysiological and Behavioral Outcomes

Given that the amount of tobacco smoked during pregnancy can vary considerably, we
hypothesize that there will be a dose-dependent effect, such that greater levels of
maternal smoking during pregnancy will lead to more pronounced alterations in brain
activity and more severe behavioral outcomes. Previous research has indicated that
higher levels of prenatal tobacco exposure are associated with greater
neurodevelopmental risks, including cognitive and behavioral deficits. Therefore, we
predict that individuals exposed to higher amounts of tobacco (e.g., more than five
cigarettes per day) during pregnancy will exhibit more substantial disruptions in EEG
patterns (particularly in delta and theta bands) and will report higher levels of

externalizing behaviors.

1.3.5. Mediation of Brain Activity in the Relationship between Prenatal Tobacco

Exposure and ADHD-Related Behaviors

Given that prenatal tobacco exposure has been linked to alterations in brain activity, it
is hypothesized that brain activity might mediate the relationship between prenatal
tobacco exposure and ADHD-related behaviors. Previous research has demonstrated
that brain activity in specific frequency bands (delta and theta) is associated with ADHD
symptoms such as hyperactivity and impulsivity (Aldemir et al., 2018; Saad et al.,
2018). This mediation effect would suggest that changes in brain activity due to
prenatal smoking could be a mechanism through which prenatal exposure influences
ADHD-related behaviors in childhood. This hypothesis connects brain activity with
behavioral outcomes while considering the mediation effect, adding insights to the
investigation of how prenatal tobacco exposure impacts both neurophysiological and

behavioral development.
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2.1 STUDY 1: Association of Maternal Smoking during Pregnancy with
Neurophysiological and ADHD-Related Outcomes in School-Aged Children
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2.1.1 Abstract

Objective: Data of a longitudinal cohort study were analyzed to explore the association
between prenatal tobacco exposure with the electroencephalographical (EEG) power
spectrum in healthy, school-aged children and whether this relates to attention deficit
hyperactivity disorder (ADHD)-related symptoms of impulsivity, attention deficit and
hyperactivity in the offspring.

Methods: Maternal smoking was assessed with a self-report questionnaire, and in
children (aged 6.7 to 9.9 years), resting state EEG activity was measured during eyes
open and eyes closed conditions, and ADHD symptoms with the behavioral difficulties
questionnaire. Group comparisons (exposed vs. non-exposed) and generalized
additive mixed model analyses were performed using the amount of exposure were
applied to test whether prenatal tobacco exposure was associated with brain activity
and ADHD symptoms (impulsivity, attention deficit and hyperactivity). Factors of child’s
sex, child’s age, maternal age, and maternal smoking habit before pregnancy, alcohol
consumption during pregnancy, gestation age and maternal psychopathology were

considered as covariates.

Results: We found significant effects of maternal smoking during pregnancy on EEG
delta and theta frequency bands in central and posterior regions and on hyperactivity
in children, where tobacco exposure compared to non-exposed children showed higher
brain activities in both frequency bands as well as higher hyperactivity scores. While
the effects on brain activity were independent of the considered covariates, but related
to the amount tobacco exposure, effects on hyperactivity significantly depended on
maternal age and alcohol consumption during pregnancy, but not on the amount of

exposure.

Conclusion: While smoking during pregnancy affects resting-state brain activity in
children, when it comes to ADHD-related behavior, socio-demographic confounding
factors like alcohol consumption and age of the mother come into play.

Keywords: EEG, maternal smoking, pregnancy, ADHD, hyperactivity, resting-state

brain activity
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2.1.2 Introduction

Pregnancy is a period that is vital for the physiological and psychological development
of a child. Health-related risk behaviors of the mother during this period can therefore
have highly relevant consequences for the child (Banderali et al., 2015; Rogers, 2019).
A growing body of literature over the past decades provides evidence that specifically
maternal smoking during pregnancy results in an increased risk for adverse
neurodevelopmental and health outcomes during childhood and adolescence (e.g.,
Modabbernia et al., 2021; Orleans et al., 2000).

Tobacco smoke contains thousands of known toxic components including nicotine and
carbon monoxide, which, in pregnancy, do not only affect the mother, but can also
induce early-life changes at the level of enzymes, hormones. As well as on expression
of genes, micro RNAs, and proteins in the child (Braun et al., 2020). Prenatal smoking
leads to deleterious effects on cognitive (Clifford et al., 2012) and neurobehavioral
developmental processes (Laucht & Schmidt, 2004) during childhood, including
externalizing behaviors of oppositional defiant problems, hyperactivity, inattention
(Melchior et al., 2015), and impairments in intellectual functioning associated with
auditory processing, reading, and language development (Weitzman et al., 2002). In
this respect, several review articles (Dong et al., 2018; Neuman et al., 2007) have also
described an association between maternal smoking and diagnoses of mental
disorders, pointing to higher rates of conduct disorder and ADHD in prenatally tobacco
exposed compared to non-exposed children (D’Onofrio et al., 2008; Sciberras et al.,
2017; Tarver et al.,, 2014). Nevertheless, some studies suggest that exposure to
maternal cigarette smoking in pregnancy might only be indirectly linked to ADHD
symptoms, and rather reflect an interaction with factors related to socioenvironmental
load like family-related ones of parental psychopathology, including an additional
involvement of genetic factors in case of parental ADHD (Thapar et al., 2009). Another
study of Langley et al. (2012) compared risks of maternal smoking during pregnancy
with those of paternal smoking during pregnancy on offspring ADHD and demonstrated
that ADHD symptoms were significantly associated with exposure to both maternal and
paternal smoking during pregnancy, also when paternal smoking was examined in the
absence of maternal smoking, associations remained significant. While a significant

risk of prenatal tobacco exposure on lower birth weight remain also when controlling
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for genetic or household-level factors, for ADHD those control factors co-determine the

exposure-related effects.

It is also important to note that prior studies found prenatal smoking exposure to affect
brain growth. For instance, prenatal tobacco exposure was associated with a volume
decrease in cortical areas such as regional thinning of the superior frontal, superior
parietal, lateral occipital, and precentral cortices (Derauf et al., 2012; El Marroun et al.,
2014), and in white matter (Paus et al., 2008), as well as in subcortical regions such
as the amygdala, cerebellum, and the corpus callosum of the newborn brain (M. Ekblad
et al., 2015). Those structural changes were also observed to be accompanied by
functional and behavioral alterations, for instance changes in the cerebellum were
found to relate to emotional, impulse control, and attentional processes (M. Ekblad et
al., 2010).

Importantly, those early changes in the brain and alterations in behavior and
psychopathology might persist into adolescence and adulthood. For example, Holz et
al. (2014) showed that maternal smoking is associated with changes in brain regions
related to behavioral response inhibition, together with ADHD symptomatology. The
results of the study indicated an inverse relationship between inferior frontal gyrus
activity and ADHD symptoms in prenatally tobacco exposed children. Besides fMRI,
some studies on maternal smoking during pregnancy also used
electroencephalography (EEG) as a measure of brain functions. Due to its non-
invasive nature and high millisecond temporal resolution EEG represents a specifically
valid measure not only with respect to brain development (Baillet et al., 2001; Brown
& Jernigan, 2012), but also as an indicator of behavioral control (Bridwell et al., 2018).
The few available data on EEG and maternal smoking during pregnancy stem from
investigations in the neonatal period. In a prospective cohort study, Shuffrey et al.
(2020) found significantly increased right-central beta (19-24 Hz), low gamma (28-36
Hz) and increased right-parietal low gamma (28-36 Hz) and high gamma (37-45 Hz)
EEG power in prenatally tobacco exposed neonates compared to non-exposed infants.
Such negative effects of fetal exposure to parental tobacco smoking might further
cumulate negatively with smoking during lactation and with second-hand smoking
exposure (Banderali et al., 2015). Investigations of the influence of prenatal smoking
on electrical brain activity, assessed with EEG, in the offspring are therefore limited so

far, and did not investigate effects into childhood.
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Nevertheless, previous studies indicate associations between behavioral symptoms of
ADHD with EEG power spectra (Barry et al., 2009; Karakas, 2022; Machado et al.,
2015). School aged children diagnosed with ADHD show increases in theta activity
and the theta/beta ratio, increased frontal delta, reduced global alpha and frontal beta
activity during an eyes-closed resting condition (Clarke et al., 2011) compared to
healthy controls. Frontal theta activity correlated with inattention, the theta/beta ratio
correlated with hyperactivity-impulsivity. Similarly, the results of the study of
Rodriguez-Martinez et al. (2020) observe an increase in delta power and decreased

beta power in children and adolescents with ADHD compared to control subjects.

In the present study, we aimed to a) examine the influence of prenatal smoking on
EEG brain activity in school-aged children taking into consideration the amount of
smoked cigarettes during pregnancy and b) analyze its relations to ADHD-associated
behaviors. For ADHD, particularly higher rates in hyperactive and impulsive behavior
might be related to prenatal smoking as indicated by earlier work (Tarver et al., 2014).
Moreover, ADHD is also characterized by functional changes in brain regions that were
found to be affected by prenatal tobacco exposure in the newborn brain, including
reduced delta power in fronto-central and parietal regions (Shuffrey et al., 2020). So,
we hypothesize main changes in these brain regions in our adolescent sample as well.
Because of previous findings (Langley et al., 2008, 2012; Thapar et al., 2009), maternal
psychopathology and alcohol consumption during pregnancy as well as child’s sex,
child’s age, maternal age, and maternal smoking habit before pregnancy, and
gestation age were included in the analysis as additional cofounds in order to
investigate the true risk effect of prenatal tobacco exposure.

2.1.3 Methods

We used data from the longitudinal Franconian Maternal Health Evaluation Studies
(FRAMES, Erlangen, Bavaria, Germany; see Reulbach et al., 2009) and the follow-up
Franconian Cognition and Emotion Studies (FRANCES, Erlangen, Bavaria, Germany;
see Eichler et al., 2017). The FRAMES data were obtained in the years 2005 till 2007
and the total sample on the baseline assessments consisted of 1,100 pregnant women
older than 18 years. Perinatal maternal health data were collected at the Department
of Obstetrics and Gynecology (Hein et al., 2014; Reulbach et al., 2009). From the
baseline sample, 618 women were contacted again via telephone for participation in

the follow up FRANCES assessments, from whom 253 families agreed to participate
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(41%). These assessments took place at the Department of Child and Adolescent
Mental Health in Erlangen, Germany, where parents filled out the questionnaires and
children were tested for cognitive abilities and EEG measurements were performed.
Inclusion and exclusion criteria were pre-determined by the project and were checked
prior to study enrolment. For participation in the study women had to be aged = 18
years with at least 30 full weeks of gestational age. The studies are consistent with the
Declaration of Helsinki and were approved by the Local Ethics Committee of the
University Hospital Erlangen (no. 4596). Before participation, all subjects received

detailed information about the study and gave their written informed consent.
2.1.3.1 Data acquisition
2.1.3.2 Assessment of maternal smoking

Maternal smoking was assessed with a retrospective self-report screening
guestionnaire that involved questions about the frequency and the amount of cigarettes
woman weekly smoked during each of the three trimesters. Moreover, women were
asked about their smoking behavior before pregnancy as well as during lactation. In
addition, information about passive smoking were collected, with items on the quantity

of weekly smoked cigarettes of the father at home (during pregnancy).
2.1.3.3 Assessment and pre-processing of resting-state EEG activity

Participants completed 2.5 min of eyes-open and 2.5 min of eyes-closed resting-state
EEG. During the eyes open resting-state, participants fixated on a point in front of
them and were encouraged to minimize ocular and other movements. EEG activity
was recorded from 25 sites (10—-20 system plus additional midline electrodes and
mastoid electrodes; recording reference: Fcz, ground electrode: CP2), with standard
electrode caps with sintered Ag/AgCl electrodes (Easycap, Herrsching, Germany). The
raw EEG data were inspected, pre-processed, and analyzed offline using BrainVision
Analyzer (Version 2.2.0). Filter bandwidth was set to 0.016-120 Hz; the sampling

frequency was 500 Hz. The resistance of the electrodes was kept below 20 kQ.

For pre-processing, the following steps were applied: downsampling to 250 Hz,
filtering; removal of artifacts (i.e. eye blinking, heart beating, muscles etc. or due to
loose/broken electrode) using rejection techniques, like filtering, in order to enable

more sensitive and reliable analyses: low pass filtering was set up to 0.1 Hz (the basic
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cortical rhythms that underlie higher brain functions); high pass filtering to 70 Hz. In
order to attenuate artifacts caused be external devices, like electrical power supply of
devices in the recording room, we used a notch filter of around 50 Hz. After artifact
rejection, frequency analysis was performed in order to explore the EEG data gathered
during the two resting state conditions “eyes open” and “eyes closed”. Ocular (blinks
and saccades) and any other remaining artifacts like muscular or cardiac effects were
isolated and rejected by independent component analysis (ICA) on continuous data.
Components for rejection were selected manually. Using a Hanning window with 10%
taper length, fast Fourier transformations were conducted with non-overlapping 2.048
s epochs of corrected data. By using a built-in algorithm in Brain Vision Analyzer, Fast
Fourier Transform (FFT) has been applied to transform the time-domain EEG epochs
into equivalent frequency-domain epochs. Afterwards, the obtained FFT values of
delta, theta, alpha, and beta were extracted using the FFT band export option. After
artifact detection and rejection, the averaged data consisted of 74% of good segments
by eyes open resting-state condition and 68% of good segments by eyes closed
condition (Kaiser et al., 2021).

Finally, we averaged the participants’ data individually across the epochs for each
electrode site and for the frequency bands (delta, theta, alpha, beta) and the mean
absolute power was computed, and exported in the form of text files. Participants were
only included if their EEG data contained at least 50% of artifact-free segments. The
recorded activity was divided into 3 regions using an average value for each region.
The posterior region represented averaged activity in electrodes T5, P3, O1, P2, T6,
P4, O2; the frontal region averaged activity from Fpl, Fp2, F3, F7, FCz, Fz, F4, F8,
and the average of T3, C3, Cz, T4 and C4 electrodes was used as indicator of the
central area. For both resting-state conditions, “eyes open” and “eyes closed”, the
absolute power was obtained for four frequency bands: theta (0.5-3.5 Hz), delta (3.5-
7.5 Hz), alpha (7.5-12.5 Hz) and beta (12.5-30 Hz).

2.1.3.4 Assessment of ADHD-related behavioral difficulties

For behavioral difficulties, we regressed to the German screening instrument Parent-
assessment ADHD (DISPYPS-Il, Fremdbeurteilungsbogen ADHS, FBB-ADHD,
Breuer & Dopfner, 2008), a 20 items questionnaire that captures the following three

dimensions: inattention, impulsivity, and hyperactivity. It includes an assessment of the
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severity and perceived burden of each dimension and the sum of all dimensions
represents the total score of ADHD.

2.1.3.5 Statistical Analysis

Statistical analyses were performed using SPSS 27.0 (IBM SPSS Statistics, IBM
Corporation, Armonk, NY) and R using “mgcv” package (Version 1.8-28; Wood, 2004,
2011). In the first step, we performed analyses for the sample characteristics with
respect to smoking-exposed vs. non-exposed children, including correlations between
our outcome variables (EEG power spectrum and ADHD-related symptoms). For the
main hypotheses, we then examined a) the effects of prenatal smoking as a
dichotomous variable (prenatally tobacco exposed vs. unexposed) on EEG power
spectrum and FBB-ADHD scales of impulsivity, attention deficit, and hyperactivity, and
b) in the children who experienced prenatal tobacco exposure, we explored linear and
nonlinear associations between the estimated averaged amount of weekly smoked
cigarettes of the mother during pregnancy and brain frequencies as well as ADHD-
relates outcomes. We used a series of generalized additive mixed models (GAMMS)
(Baayen et al., 2017; C. Chen, 2000), adjusting for fixed and random effects (spline
models) (C. Chen, 2000). Here, 1.5% winsorization was applied to convert extreme
outliers. This approach follows prior studies on the effects of prenatal alcohol exposure
on psychological, behavioral, and neurodevelopmental outcomes in children (e.g.,
Lees et al., 2020). For all analyses, we run covariate-unadjusted and -adjusted models,
using for the adjusted models the following covariates: child’s sex, maternal age,
maternal psychopathology, maternal smoking before pregnancy, maternal alcohol
drinking during pregnancy and week of pregnancy at birth.

2.1.4 Results

The FRANCES cohort included 248 parents and children each. For our data analyses,
we only used full datasets, which resulted in a final sample of N = 142 parents and
children each, with mothers aged 19 to 41 (M = 32.68, SD = 4.32), fathers aged 23 to
52 (M =35.25, SD =5.50) and children aged 6 to 9 years (M =7.73, SD = .67). Subject
characteristics are described as frequency, mean and standard deviation (see Table
1). None of the children had a history of clinically significant developmental or
intellectual disorders or clinically significant somatic abnormalities. The information on

parental psychopathology was obtained with trained psychologists. According to
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maternal responses, 34 mothers reported the presence of at least one psychiatric
diagnosis.

Table 1 Sample characteristics with children divided into two groups of tobacco non-
exposed and prenatal tobacco exposed children

Children With
Prenatal
Tobacco Unexposed Tobacco
Children Exposure
Characteristic (n=116) (n=26)
Youth Variables
n % n % p
Sex 434
male 59 50.9 11 42.3
female 57 49.1 15 57.7
Prenatal alcohol 562
exposure
No 95 81.9 20 76.9
Yes 21 18.1 6 23.1
Mean SD Mean SD p
Age (years) 7.72 0.65 7.76 0.74 781
Gestational age 39.41 1.33 39.23 1.45 .533
Birth weight 3453.91 494.28 3370.77  520.34 446
Intelligence quotient* 104.23 10.25 104.31 7.18 972
Parent Variables
Age at giving birth 32.86 4.12 31.88 5.15 .299
n % n % p
Marital status .068
married 113 97.4 23 88.5
single parent 3 2.6 3 11.5
Maternal .536
Psychopathology
No 68 58.6 17 65.4
Yes 29 25.0 5 19.2
Unknown 19 16.4 4 15.3
Paternal 461
Psychopathology
No 92 79.3 20 76.9
Yes 12 10.3 2 7.7
Unknown 12 8.3 4 15.3

Note: *intelligence quotient was assessed with Intelligence and Development Scales
(IDS) test battery (Grob, Meyer, 2013)

For the mean values of the maternal smoking behavior and the amount of weekly
smoked cigarettes for active and passive smoking (for illustration see Table 2), we

found that, in total, 26 women smoked during pregnancy and 101 women were in the
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non-smoker group. Thereby, 35 women from the non-smoker group reported passive
smoking during pregnancy. For the main data analyses, we used the mean value of
three obtained values from each trimester with respect to the averaged quantity of

cigarettes smoked per week during pregnancy.

Table 2 Detailed information on maternal smoking behavior

Smoked Did not Did not Passive
smoke answer smoking
n (%) n (%) n (%) n (%)
[Min, Max] [Min, Max]
M (SD) M (SD)
Before 40 (28.2) 100 (70.4) 2(1.4) 33 (32.4)
pregnancy [2,300] [3, 210]
25.21 (50.72) 102.39 (57.44)
1.Trimester 26 (18.3) 102 (71.8) 14 (9.9) 40 (34.5)
[2,140] [4, 210]
5.25(19.28) 98.16 (57.09)
2.Trimester 24 (16.9) 104 (73.2) 14 (9.9) 37 (31.4)
[2, 140] [4,210]
5.07 (19.25) 99.05 (56.39)
3.Trimester 24 (16.9) 104 (73.2) 14 (9.9) 35 (29.7)
[2, 140] [4, 210]
4.83 (19.01) 99.00 (56.48)
During 26 (18.3) 101 (63.6) 15 (10.6) 35 (30.2)
pregnancy [2, 140] [4, 210]
5.09 (19.23) 100.51 (55.27)
2.1.4.1 Effects of prenatal tobacco-exposure on brain activity

Exposure vs. non-exposure. For the covariate-unadjusted models, we found significant
effects of maternal smoking during pregnancy on delta central, posterior and overall in
frontal, posterior and overall theta as well as on frontal, central and overall alpha brain
activity in eyes closed resting-state condition (see Tables S3 in the supplement). Here,
the prenatally exposed group obtained significantly higher brain activity. In eyes open
resting-state condition significant effect were shown in frontal, central, posterior and
overall theta as well as in central alpha (see Tables S3 in the supplement) brain activity,
with prenatally tobacco-exposed children compared to non-exposed children also
showing significantly higher brain activity in these areas. When adjusting for the

covariates (child’s sex, child’s age, maternal age; maternal psychopathology; maternal
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smoking before pregnancy; maternal alcohol drinking, week of pregnancy at birth), the
effects for the delta and theta frequency bands in both eyes open and eyes closed
conditions remained significant (see forest plot in Figure 2; for effects of included

covariates see Table S5 in the supplement).

Linear and non-linear associations. For the covariate-unadjusted models, we found
both linear and nonlinear associations were observed between the estimated averaged
amount of weekly smoked cigarettes during pregnancy and brain activity, with linear
associations for delta central and nonlinear associations for theta posterior, theta
central, theta overall, and delta posterior. These associations remained significant

when adjusting for covariates (see spline models in Figure 3).
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Figure 2. Association of prenatal tobacco exposure (exposed vs. non-exposed) with

EEG activity among school aged children
Note: adjusted for covariates: child’s sex, child’s age, maternal age; maternal psychopathology;
maternal smoking before pregnancy; maternal alcohol drinking, week of pregnancy at birth.
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Figure 3 Spline models demonstrating a significant relationship between the estimated
number of smoked cigarettes of the mother during pregnancy and offspring brain

activity (delta and theta frequency bands)

Note: adjusted for covariates: child’s sex, child’s age, maternal age, maternal psychopathology,
maternal smoking before pregnancy, maternal alcohol drinking, week of preghancy at birth.

2.1.4.2 Effects of prenatal tobacco-exposure on ADHD

Exposure vs. non-exposure. For the unadjusted models, we observed a significant
effect of maternal smoking during pregnancy on hyperactivity scores of the children
where prenatally exposed children (M = 5.33, SD = 1.45) showed higher rates on
hyperactivity compared to prenatally unexposed (M = 4.75, SD = 2.28) children (see
Table S3 in the supplement). No significant effects were observed for impulsivity and
attention deficits. When adjusting for the covariates, the effect on hyperactivity did not
survive (see Table S4 in the supplement).
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Linear and non-linear associations. For both covariate-adjusted and -unadjusted
models, we did not observe any significant associations between the estimated

number of smoked cigarettes of the mother and ADHD-related symptoms.

2.1.4.3 Interaction of prenatal tobacco exposure, brain activity and ADHD

symptoms

With respect to associations between the outcome variables, brain activity and ADHD-
related symptoms, in eyes open condition, we found significant partial correlations
between impulsivity and frontal (r = .21, p < .05), central (r = .22, p < .05) alpha brain
activity, central (r = .31, p < .05), frontal (r = .20, p < .05), posterior (r = .20, p < .05),
overall delta (r = .32, p <.05) frequency power and frontal (r = .21, p < .05) theta brain
activity. Hyperactivity and the total ADHD-score were significantly associated with
frontal (r = .25, p < .01; r = .22, p <.01), central (r = .33, p < .01; r = .31, p < .01),
posterior (r =.23,p <.01;r=.21, p <.01) and overall (r=.34,p <.01;r=.30, p <.01)
delta brain activity. No significant correlation was observed between attention deficit
and any of the frequencies in eyes open condition. In eyes closed condition significant
correlations were observed between central delta frequency power and impulsivity (r
= .22, p < .05), hyperactivity (r =.22, p < .05), and the total ADHD-score (r = .20, p <
.05). Posterior delta frequency power was also significantly associated with the total
ADHD-score (r=.21, p < .05). As for the eyes open condition, no significant correlation
was observed between attention deficit and any of the frequencies in eyes closed

condition (see Figure S1 in the supplement).

Since brain activity in alpha, delta and theta frequencies were positively associated
with ADHD-related symptoms (hyperactivity, impulsivity, total ADHD-score), mediation
analysis was performed in order to test whether brain activity mediated associations
between prenatal maternal smoking and behavioral outcomes (FBB-ADHD scales) in
covariate-adjusted models. Here, differential mediation was observed, where prenatal
smoking was significantly associated with brain activity (alpha, delta and theta
frequencies) and brain activity (alpha and delta frequencies) was significantly
associated with impulsivity. Whereas, brain activity did not mediate the relationship
between prenatal smoking and ADHD-related behavior (see Tables S6-S11 in the

supplement).
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2.1.5 Discussion

In the present study, we aimed to investigate the influence of prenatal smoking on a)
EEG brain activity, b) ADHD-related symptoms in school-aged children and c) their
interaction, taking into account the amount of smoked cigarettes during pregnancy, as
well as considering potential confounding factors including child’s sex, child’s age,
maternal age, maternal psychopathology, maternal smoking before pregnancy,

maternal alcohol drinking, week of pregnancy at birth.

Previous studies have shown that maternal smoking during pregnancy is a major
prenatal risk factor for child development: excessive prenatal tobacco exposure was
related to adverse behavioral outcomes, including hyperactivity and impulsivity, to
deficits in cognitive abilities, such as auditory and visual attention performance
accuracy, and to changes in the brain's structure, such as a significant reduction in
cortical gray matter, in young children (Albers et al., 2018; Dong et al., 2018; Rivkin et
al., 2008). With respect to changes in the brain, the majority of these studies has so
far focused either on fetal structural and functional brain development or on brain
correlates in newborn (Bridwell et al., 2018; Havlicek et al., 1977; Loffe et al., 1984),
mainly using MRI (Holz et al., 2014; Jacobsen et al.,, 2007; Rivkin et al., 2008).
Moreover, studies were so far partly restricted by relatively small sample sizes
(Havlicek et al., 1977, Loffe et al., 1984; Shuffrey et al., 2020), and proximal risk factors
like socio-demographical characteristics may have co-determined or masked effects
(e.g., Cornelius & Day, 2009).

Capitalizing on EEG, behavioral and clinical data, with socio-demographical relation,
like maternal psychopathology, from a larger sample of mothers and their children, we
found significant changes in resting-state EEG as a response to prenatal tobacco, with
increased delta and theta brain activity in resting-state EEG in school aged exposed
compared to non-exposed children. Brain activity in these frequency bands was also
significantly related to the amount of cigarettes smoked. This is in line with previous
studies that reported an association between prenatal tobacco exposure and changes
in the brain of newborn and young children. In our study, we also see that these effects
are independent of potential confounding covariates - both the covariate-unadjusted
and -adjusted models were significant. This adds information to the previous literature
highlighting that there might be some single specific effects that are rather independent

of proximal risk factors. However, we then also looked at the effects of prenatal
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maternal smoking on behavior and clinical symptoms. For ADHD-related symptoms,
effects of prenatal maternal smoking were only significant in the unadjusted models
with including potential confounding factors, when controlling for covariates, the effects
did not remain significant. This indicates the need to take into account proximal risk
factors particularly when it comes to effects of prenatal tobacco exposure on behavior
and clinical symptoms. Some previous studies have also made this point, highlighting
that association of ADHD with prenatal tobacco exposure symptoms might not be
directly affected, but might rather covary with intra-household related factors (Langley
et al., 2012). Rice et al (2018) stated that the negative causal link between maternal
smoking and physiological characteristics such as child birth weight seems to be a
rather direct effects (Rice et al., 2018), consistent across various study designs
(Abraham et al., 2017; Langley et al., 2012), however, when it comes to children's
psychopathology a broader set of risk factors including socioeconomic status (e.g.,
income conditions), parental psychopathology, maternal stress (Rice et al., 2018) and
maternal age (Gustavson et al., 2017) come into play. This has also been indicated by
data from a large prospective birth cohort study that the association between prenatal
tobacco exposure and offspring ADHD was significantly related to confounding factors

and did not reflect causal intrauterine effects (Moylan et al., 2015).

These and our findings raise several questions for future studies, for example whether
or to which degree these are divergent pathways, and at which point during
development factors might strongly interact. Associations between prenatal smoking
exposure during pregnancy and behavior problems might not be simply direct or causal
(see e.g., Langley et al., 2012).

In the present study, we also observed significant partial correlations between
impulsivity and hyperactivity and frontal alpha (for impulsivity only) as well as frontal,
central, posterior and overall delta frequencies (also for the total ADHD-score). Such
association shave also been reported previously, for example increased alpha and
theta activity (Kitsune et al., 2015; Machado et al., 2015; Tye et al., 2014) as well as
increased delta activity (Kitsune et al., 2015) has been found in children and ADHD
diagnosis compared to typically developing children. This underlines not only brain-
behavior interactions, but those may contribute, together with socio-demographic and

psychosocial, to a rather complex developmental pathway of prenatal tobacco
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exposure. Since the present study involved typically developing children without ADHD
diagnosis, this might have an effect even at lower rates of ADHD symptoms.

The present study needs to be seen in the light of some limitations. First, we assessed
smoking behavior during pregnancy retrospectively with a self-report questionnaire.
This could have resulted in a bias, for example in that parents might underreport
smoking during pregnancy due to social desirability. Second, the ADHD-scores in our
sample were rather low. While on the one hand one could argue that this may dampen
the generalizability of the findings, on the other hand, we could provide add on insights
into a low-risk sample, which are also interesting with respect to brain-related

associations.

In summary, to the best of our knowledge, this is one of the first studies that examined
effects of maternal smoking during pregnancy on brain activity assessed with EEG and
behavioral and While smoking during pregnancy affects resting-state brain activity in
children, independent of socio-demographic factors and thus indicating rather long-
lasting effects on brain development, for effects on ADHD-related behavior, socio-
demographic confounding factors such as maternal alcohol consumption and age of
the mother significantly come into play. Future should investigate effects of maternal
smoking on oscillatory power in offspring at frequent intervals in order to characterize
the developmental changes to disorder specificity in EEG profiles and also consider
different ADHD symptom scores and ADHD diagnosis longitudinally as well as more

deeply disentangle and integrate socio-demographic and cultural circumstances.
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2.2 STUDY 2: Long-Term Impact of Maternal Prenatal Smoking on EEG Brain
Activity and Internalizing/Externalizing Problem Symptoms in Young Adults

Published as: Janson K, Holz NE, Kaiser A, Aggensteiner P, Baumeister S, Brandeis
D, Banaschewski T, Nees F; IMAC-Mind Consortium. Long-term impact of maternal
prenatal smoking on EEG brain activity and internalizing/externalizing problem
symptoms in young adults. Addict Behav. 2024 Sep 23;160:108175. doi:
10.1016/j.addbeh.2024.108175. Epub ahead of print. PMID: 39341184.
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2.2.1 Abstract

Objective: The objective of this study was to investigate the impact of smoking during
pregnancy on the development of the child. While previous research has established
its detrimental effects during early childhood, understanding potential long-term
consequences into adulthood remains limited. This study specifically aimed to explore
the influence of prenatal smoking exposure on brain activity and whether internalizing
and externalizing symptoms are influenced by prenatal smoking exposure in a cohort

of young adults.

Methods: Utilizing data from 176 participants (mean age M=24.68, SD=0.49) and their
mothers enrolled in a longitudinal risk study (MARS), we employed Generalized
Additive Mixed Models (GAMMS) to analyze electroencephalography (EEG) power at
rest and behavioral outcomes derived from the Young Adult-Self-Report (YASR)
scales. Both covariate-unadjusted and -adjusted models were used, taking into
account participant variables such as sex and age, as well as maternal factors like
psychopathology and alcohol consumption, in addition to smoking and alcohol intake

by the participants themselves.

Results: The study revealed a significant impact of prenatal smoking on delta and theta
band power, indicating decreased slower brain activity in prenatally exposed
individuals compared to unexposed counterparts. Additionally, individuals exposed to
prenatal smoking exhibited significantly higher levels of externalizing behavior. While
this association was strongly influenced by maternal psychopathology, the child's
gender, and the child's own substance use, the effect on delta power band remained
after adjusting for covariates.

Conclusion: The findings suggest that prenatal smoking exposure may have enduring
effects on brain activity patterns in young adulthood. Conversely, the influence on
externalizing behaviors depended on familial factors (maternal psychopathology) and
the lifestyle of the individual (substance use).

Keywords: prenatal smoking, EEG, brain development, externalizing behavior,

internalizing behavior
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2.2.2 Introduction

The prenatal period represents a critical developmental phase where various risk
factors, including maternal health-related behavior, can significantly impact the
physiological, cognitive, behavioral, psychological, and neurobiological development
of the offspring (Abraham et al., 2017; Button et al., 2007; M. Ekblad et al., 2015, 2017,
Hackshaw et al., 2011). Notably, maternal smoking emerges as a key factor in this
context (M. O. Ekblad et al., 2023; Y et al., 2020). Maternal smoking has been
associated with the development of mental disorders and related behaviors in offspring
(M. O. Ekblad et al., 2019; Froggatt et al., 2020; Liu et al., 2010). For instance, Dolan
et al.,, (2016) explored the potential causal effects of maternal smoking on the
behavioral patterns of 3-year-old twins and found a significant impact on externalizing
behavior problems, including aggression, overactive behavior, and withdrawn
behavior. Beyond early childhood, studies consistently demonstrate an association
between prenatal tobacco exposure and higher rates of conduct disorder as well as
attention deficit hyperactivity disorder among children (Dong et al., 2018; Neuman et
al., 2007).

This association has been supported by a longitudinal birth cohort study (Brannigan et
al., 2022), which investigated the links between maternal smoking, maternal stress
during pregnancy, and offspring psychiatric disorders during development. The results
indicated an increased risk of offspring mental disorders, including mood, anxiety, and
psychotic disorders due to smoking during pregnancy. Additionally, genetic factors,
such as parental psychopathology, and socioenvironmental factors, including negative
parenting behavior such as permissiveness, punishment or emotional overreaction and
levels of emotional support or disciplinary approaches, may contribute to these effects
(Langley et al., 2007; Mufioz-Silva et al., 2017).

In a prior study (Jansone et al., 2023), we examined the effects of prenatal maternal
smoking on ADHD symptoms and symptom-related behaviors. Here, we found no
significant effect of prenatal smoking when considering covariates such as maternal
age and psychopathology. However, while existing research has primarily focused on
maternal smoking effects on behavioral trajectories in children, there is a gap in
evidence for its impact on adulthood. Moreover, besides these findings on effects of
prenatal tobacco exposure and clinical symptoms and changes in symptom-relevant

behaviors, consequences of prenatal smoking have also been reported for
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neurodevelopmental changes in brain activity. Here, prior studies have mainly used
electroencephalography (EEG) to investigate the effects of maternal smoking during
pregnancy on brain activity patterns in children (Jansone et al., 2023; Shuffrey et al.,
2020). EEG is a non-invasive technigue that provides exceptional temporal resolution
in the millisecond range and is widely used for investigation of neurodevelopmental
patterns. So far, effects of maternal smoking on brain activity have been identified in
very early years, in newborns (Shuffrey et al., 2020). In a sample of 1739 newborns,
the authors showed that even low levels of tobacco exposure were associated with
changes in offspring brain development. Specifically, newborns with moderate or high
continuous tobacco exposure showed decreased 19-to 24-Hz right-central EEG power
compared to those with no tobacco exposure. Similar effects of maternal smoking
during pregnancy on brain development were also identified in children with increasing
age. Here, significant changes in resting-state EEG, with increased delta and theta
brain activity in school-aged children who were exposed to prenatal tobacco compared
to non-exposed children (Jansone et al., 2023). Importantly, these effects were found
to be independent of various covariates, including child's sex, age, of maternal factors
(age, smoking habit before pregnancy, and alcohol consumption during pregnancy,
gestation age, and psychopathology). Together, these studies underscore the impact
of cigarette smoking during pregnancy on child's neurodevelopmental patterns
assessed through EEG. Nevertheless, existing research has so far primarily focused
on investigating the immediate and early childhood consequences, and there is still a
substantial gap in understanding the potential long-lasting effects of maternal smoking
in adulthood for both neurodevelopmental patterns and clinical symptom relevant

behavior patterns.

Therefore, this study aims to explore the long-term consequences of maternal smoking
during pregnancy on brain activity and behavioral patterns (internalizing and
externalizing problem behaviors) during early adulthood. Using resting-state EEG data
from participants aged 24-27 years exposed to different levels of maternal smoking
during gestation, we seek to elucidate potential dose-dependent effects of maternal
smoking on brain function. Previous studies (e.g., Holz et al., 2014) have found
respective changes in inhibitory control and behavioral trajectory in adulthood with
respect to the amount of smoking exposure, including a specific effect for doses of
more than 5 cigarettes compared to less than 5 cigarettes per day. In our study, we
have also used this dose-dependent differentiation. Moreover, in the present study, we
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used the same variables as in our previous study Jansone et al. (2023) examining now
another sample with respect to age. This allows to link of our previous findings to those
from the current paper and through this also increase the understanding of potential
long-term effects, which then also strengthens the understanding of prenatal smoking

exposure on outcomes during adulthood.
2.2.3 Methods

For the present paper, we used data from the Mannheim Study of Children at Risk, a
continuous epidemiological cohort investigation focusing on the long-term effects of
early risk factors (for details, refer to (Esser & Schmidt, 2017; Holz et al., 2020; Laucht
et al., 1997). The MARS cohort underwent 11 assessment waves, at the ages of 3
months, 2 years, 4.5 years, 8 years, 11 years, 15 years, 19 years, 22 years, 23 years,
and 25 years. Each wave of MARS included detailed evaluations of developmental risk
factors, encompassing prenatal, perinatal, and psychosocial adversities. Data
collection involved a combination of standardized questionnaires, clinical interviews,
and direct behavioral assessments. The ethics committee of the University of
Heidelberg granted approval for the study, and written consent was acquired from all
participants after providing them with detailed information. The MARS cohort initially
comprised 384 children, representing the original sample. Resting state EEG data was
collected at the age of 25, and this assessment was used to explore the long-term
effects of maternal smoking during pregnancy on the children. For the analyses
presented in this paper, the sample consisted of 176 participants. These participants
were selected because complete data were available for both EEG assessments at
age 25 and the Youth Self-Report (YASR) questionnaire subscales, as well as for the

smoking behavior of mothers during pregnancy, and the included covariate variables.
2.2.3.1 Assessment and Pre-Processing of Resting-State EEG Activity

Participants were instructed to complete 2.5 minutes of eyes-open and 2.5 minutes of
eyes-closed resting-state EEG. During the eyes-open resting state, participants were
asked to fixate on a point in front of them and minimize both ocular and bodily
movements. EEG data were recorded using 60 Ag—AgCl electrodes placed on the
scalp according to the International 10—20 system (Brain Products GmbH), and
mastoid electrodes. To monitor ocular movements and eye blinks, electro-oculographic

(EOG) signals were simultaneously recorded using two surface electrodes. The raw
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EEG data underwent inspection and pre-processing using MNE Python (Gramfort et
al., 2014). A filter bandwidth of 0.00-250 Hz and a sampling frequency of 500 Hz were
employed. The electrode impedance was maintained below 20 kQ. The pre-processing
steps involved various procedures such as filtering and the removal of artifacts caused
by eye blinking, heartbeats, or muscle movements. Independent component analysis
(ICA) was utilized on the continuous data to isolate and reject components associated
with ocular movements (blinks and saccades) and any remaining artifacts, such as
muscular or cardiac effects. The selection of components for rejection was done
manually. Filtering with a low-pass filter of 0.1 Hz and a high-pass filter of 70 Hz to
capture the basic cortical rhythms underlying higher brain functions. Additionally, a
notch filter around 50 Hz was used to attenuate artifacts originating from external
devices such as the electrical power supply in the recording room. Following artifact
rejection, frequency analysis was conducted to explore the EEG data obtained during
the two resting state conditions: "eyes open” and "eyes closed." Fast Fourier
transformations were performed on the corrected data, and the FFT values of delta,
theta, alpha, and beta bands were extracted using the FFT band export option. After
the artifact detection and rejection process (Kaiser et al., 2021), the averaged eyes-
open resting-state condition yielded an average of 68.36% (SD = 26.63) good
segments, while the eyes-closed condition resulted in an average of 66.2% (SD =

27.96) good segments.

Finally, the participants' data were individually averaged across the epochs for each
electrode site and frequency band (delta, theta, alpha, beta). Only participants with
EEG data containing at least 50% artifact-free segments were included in the analysis.
The recorded EEG activity was divided into three regions based on the average values
of each region. The posterior region represented the averaged activity of electrodes
01, 02, Oz, POY9, PO10, PO1, PO2, OI1, OI2. The parietal region included P3, P4, P5,
P6, P7, P8, Pz, TP7, TP8, Iz. The frontal region encompassed F3, F4, F5, F6, F7, F8,
Fpl, Fp2, Fz, AFz, FT7, FT8, FT9, FT10. The central area was indicated by the
average of the C3, C4, Cz, CP1, CP2, CP3, CP4, CP5, CP6, FC1, FC2, FC5, FC6,
and FCz electrodes. For both resting-state conditions, "eyes open" and "eyes closed",
the absolute power was calculated for four frequency bands: theta (1-4 Hz), delta (4—
8 Hz), alpha (8—-13 Hz), and beta (13-30 Hz).
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2.2.3.2 Assessment of Emotional and Behavioral Symptoms

In the study, we utilized the Young Adult Self-Report (YASR; Achenbach, 1997)
guestionnaire to assess the emotional and behavioral problems of the participants. The
YASR questionnaire covers a wide range of symptoms and behaviors, allowing for a
comprehensive evaluation. The questionnaire includes problem scales that provide
scores for various domains, including withdrawal, somatic complaints, anxiety and
depression, social problems, thought problems, attention problems, delinquent
behavior, aggressive behavior, self-destructive behavior, and total problem behaviors
(T-scores). T-scores have a mean of 50 and a standard deviation of 10, enabling a
comparison of individual scores with population norms. T-scores below 50 indicate
fewer problems than the average population, scores around 50 indicate average levels,

and scores above 50 indicate more problems compared to the average population.
2.2.3.3 Assessment of Maternal Prenatal Smoking

Maternal smoking was evaluated three months after giving birth through a
standardized interview conducted with the mothers. The smoking amount was
assessed via interview, and the responses were categorized into the following groups:
non-smoker, 1-5 cigarettes per day, more than 5 cigarettes per day, and about 20
cigarettes per day. However, since there were no women in the mothers' group who
smoked about 20 cigarettes per day, this category was not used in the final analysis.
Among the 176 mothers who participated in the study, 118 (65.2%) were identified as
nonsmokers, while 15 (8.3%) reported smoking 1 to 5 cigarettes per day, and 43
(23.8%) reported smoking more than 5 cigarettes per day. The same question was
also asked by participants themselves at the age of 25 years. In the participants’ group,
only one person reported smoking about 20 cigarettes per day. To maintain
consistency in group sizes for the analyses, this individual was included in the group

of those smoking more than 5 cigarettes per day (see Table 1).
2.2.3.4 Statistical analyses

The statistical analyses were conducted using R software, specifically utilizing the
"mgcVv" package (Version 1.8-28) for generalized additive modeling. This approach
enabled the consideration of potential nonlinear effects of predictor variables on EEG
measures and a comprehensive set of YASR questionnaire subscales encompassing

various domains of behavioral and emotional problems. In all analyses, the false
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discovery rate was used to correct for multiple comparisons, and the adjusted p values
are reported. The analyses involved comparing sample characteristics among three
groups: non-smokers, mothers smoking 1 to 5 cigarettes per day, and mothers
smoking more than 5 cigarettes per day. The categorization of maternal smoking was
based on evidence suggesting differential effects of low and higher levels of prenatal
tobacco exposure on fetal development. Specifically, previous research (Holz et al.,
2014) has indicated that smoking more than 5 cigarettes per day is associated with
significantly higher risks of adverse fetal outcomes compared to lighter smoking (e.g.,
1-5 cigarettes per day). This classification aligns with findings in the literature
demonstrating that heavier smoking leads to markedly different and more severe
developmental impacts on the fetus (Sharma et al., 2008; Sun et al., 2023). The study
focused on investigating the effects of prenatal smoking on the EEG power spectrum
and the aforementioned YASR scales. To account for potential confounding factors,
generalized additive mixed models (GAMMSs) with fixed and random effects (spline
models) were employed. Covariate-unadjusted and -adjusted models were conducted,
considering covariates such as participant's sex, age, maternal psychopathology
(assessed through a question in the clinical interview with dichotomous self-rating),
maternal alcohol consumption during first three month after giving birth, week of
pregnancy at birth, as well as the smoking habits of participants and alcohol intake. In
the context of comparisons among the three groups, the non-smoker group served as
the reference. This means that the effects of smoking (1 to 5 cigarettes per day and
more than 5 cigarettes per day) were assessed in relation to the non-smoker group.
The coefficients associated with the smoking groups indicated the difference in the
outcome variables compared to the non-smoker group, providing insights into the
impact of different levels of maternal smoking on EEG power spectrum and
behavioral/emotional problems measured by YASR questionnaire subscales. It is
important to note that this analysis was conducted in accordance to the prior study by
Jansone et al. (2023), which focused on a school-age cohort of children from a different
study but with similar variables. The analyses in the present paper were conducted
using the same design, as in Jansone et al. (2023), including the same covariates and
outcomes, however now capitalizing on data from a different sample and different age
period. Conducting these parallel analyses on distinct samples strengthens the validity
and robustness of findings, and provides understanding of the long-term effects of

prenatal smoking across different developmental stages.
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2.2.4 Results

In our data analysis, the mothers' ages ranged from 18 to 41 years (M = 27.70, SD =
4.77) at the time of their child's birth, while the fathers' ages ranged from 19 to 48 years
(M =31.07, SD =5.77) at the child's birth. The children included in the study were aged
between 23 and 26 years (M = 24.68, SD = 0.49). Descriptive statistics such as
frequencies, means, and standard deviations for subject characteristics are presented
in Table 3. None of the children had a documented record of significant developmental
or intellectual disorders. In contrast, regarding maternal psychopathology, 24 (13.64%)

of the mothers acknowledged having been diagnosed with at least one psychiatric

condition.

Table 3 Sample characteristics with children divided into three groups of tobacco non-

exposed and prenatal tobacco exposed children

Unexposed 1-5 cigarettes/d  >5 cigarettes/d
Characteristic (n=118) (n=15) (n=43)
Youth Variables
n % n % n % p
Sex 235
male 56 47.5 7 46.7 14 32.6
female 62 52.5 8 53.3 29 67.4
Smoking habit .073
nonsmoker 99 83.1 12 80.0 27 62.8
1-5 cig./d 5 4.2 3 20.0 8 18.6
>5 cig./d 15 12.7 - - 8 18.6
Mean SD Mean SD M SD p
Age (years) 24.70 0.51 24.58 0.46 24.69 047 714
Gestational age 38.67 2.60 39.13 2.23 37.79 3.22 .129
Birth weight 3013.47 647.72 3156.67 683.81 2736.05 689.81 .032
Intelligence 105.84 15.37 106.90 8.17 99.61 1457 .050
guotient
Alcohol intake 54.96 5.23 56.40 4.88 54.53 5.01 .486
(AUDIT Score)
Parent
Variables
Age at giving 28.72 4.63 25.60 3.20 25.65 4.85 .000
birth
n % n % n % p
Maternal alcohol .769

consumption”
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never 26 22.0 5 33.3 11 25.6

rarely 83 70.4 6 53.4 27 62.8

frequently 9 7.6 2 13.3 5 11.6
Maternal .349
Psychopathology

No 105 89.0 12 80.0 35 81.4

Yes 13 11.0 3 20.0 8 18.6
Paternal .160
Psychopathology

No 112 96.6 11 84.6 31 93.9

Yes 4 3.4 2 154 2 6.1

Note: "alcohol consumption during first three month after giving birth

2.2.4.1 Effects of Prenatal Tobacco Exposure on Brain Activity

The results from the covariate unadjusted GAMMs revealed significant differences in
the EEG power spectrum between nonsmoking mothers and mothers who smoked
different quantities of cigarettes (see Tables 1, 2 in the Supplementary Materials). In
the delta frequency band, significant effects were observed in the frontal region, where
both categories of prenatal smoking habits (1-5 cigarettes/day and >5 cigarettes/day)
showed a decreased brain activity in exposed children. Similarly, for the theta
frequency band, significant effects were observed in the frontal region, where both

categories of prenatal smoking habits showed negative associations.

The results from the covariate adjusted GAMMs revealed same significant differences
in the EEG power spectrum between nonsmoking mothers and mothers who smoked
different quantities of cigarettes (see Table 4). Specifically, comparisons were made
between mothers who smoked 1-5 cigarettes per day and those who smoked more
than 5 cigarettes per day. In the delta frequency band, both the frontal and posterior
regions exhibited significant differences where the >5 cigarettes/day group
demonstrated negative coefficients, indicating a decreased brain activity in the
exposed groups compared to the non-exposed group (Figure 4). Additionally, marginal
significant differences were observed in the frontal theta and parietal delta, suggesting
a potential impact of cigarette consumption on decreased brain activity as well. In the
alpha frequency band, no significant differences were found across the different brain
regions. Similarly, in the beta frequency band, no significant differences were found

across the brain regions.
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Table 4 Results of covariate* adjusted GAMMs for EEG power spectrum during eyes
open (EO) condition in relation to prenatal smoking habits

1-5 cigarettes/day >5 cigarettes/day

Freguency band B SE p B SE ) R%(%) R’adj
Central -0.26 0.16 0.097 -0.24 0.10 0.024 275 0.20

£ Frontal -045 0.22 0.090 -0.34 0.15 0.025 289 0.21
A Parietal -0.38 0.22 0.090 -0.29 0.15 0.054 26.9 0.19
Posterior -042 025 0.089 -0.34 0.16 0.040 27.1 0.19

. Central -0.12 0.08 0.133 -0.06 0.05 0.270 26.9 0.19
5 Frontal -0.16 0.08 0.104 -0.09 0.05 0.194 304 0.23
= Parietal -0.18 0.12 0.127 -0.02 0.08 0.760 245 0.16
Posterior -0.22 0.14 0.127 -0.03 0.09 0.760 23.6 0.16

. Central -0.09 0.10 0.372 0.01 o0.07 0.875 18 0.10
< Frontal -0.08 0.06 0.272 -0.03 0.04 0575 237 0.16
< Parietal -0.24 0.21 0.271 0.09 0.14 0517 184 0.11
Posterior -0.31 028 0270 005 0219 0791 179 0.11
Central -0.03 0.03 0316 -0.02 0.02 0443 236 0.16

& Frontal -0.04 0.03 0.224 -0.02 0.02 0443 277 0.21
@ Parietal -0.07 0.05 0.224 -0.03 0.03 0.389 26 0.19

Posterior -0.10 0.06 0.224 -0.05 0.04 0.390 27.3 0.20
Note: *participant's sex, age, maternal psychopathology (assessed through an interview question with

dichotomous self-rating), maternal alcohol consumption during first three month after giving birth, week
of pregnancy at birth, smoking habits of participants and alcohol intake; B represents the regression
coefficient, SE represents the standard error, and p represents the p-value. R? and R?ad] represent the

variance explained and adjusted variance explained, respectively.

The results of covariate adjusted GAMMs for eyes closed condition in Table 5
represent the differences in the EEG Power Spectrum between mothers who smoked
different quantities of cigarettes (1-5 cigarettes per day and more than 5 cigarettes per
day) compared to non-smoking mothers. In the delta frequency band, in contrast to the
eyes open condition, there were no statistically significant differences in the central
region between the groups. Regarding the theta frequency band, there were also no
statistically significant differences between groups. Similarly, in the alpha and beta

frequency band, there were no statistically significant differences observed.
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Table 5 Results of Covariate* Adjusted GAMMSs for EEG Power Spectrum during eyes
closed (EC) condition in Relation to Prenatal Smoking Habits

1-5 cigarettes/day >5 cigarettes/day
Frequency band R2 R2
B SE p B SE p (%) adj
Central -0.16 0.13 0.184 -0.13 0.08 0.244 23.7 0.17
S Frontal -0.27 0.16 0.184 -0.10 0.11 0341 255 0.19
8 Parietal -0.28 0.18 0.275 -0.20 0.12 0.138 26.1 0.18
Posterior -0.28 0.21 0.178 -0.20 0.14 0.142 24 0.17
= Central -0.07 0.06 0.241 -0.05 0.04 0.211 26 0.18
5 Frontal -0.10 0.06 0.220 -0.06 0.04 0316 29.2 0.22
= Parietal -0.10 0.09 0.275 -0.06 0.06 0.323 25 0.17
Posterior -0.10 0.09 0.275 -0.07 0.06 0.813 254 0.18
o Central -0.04 0.07 0554 -0.00 0.04 0963 179 0.01
< Frontal -0.04 0.04 0543 -0.02 0.03 0.816 24 0.17
< Parietal -0.11 0.12 0.341 0.04 0.08 0619 16.7 0.09
Posterior -0.15 0.15 0.341 0.05 0.10 0.651 14.7 0.07
Central -0.02 0.02 0.395 -0.01 0.02 0.704 253 0.18
g Frontal -0.03 0.03 0.295 -0.01 0.02 0.704 29 0.22
o Parietal -0.04 0.04 0.294 -0.01 0.02 0631 247 0.18

Posterior -0.05 0.04 0294 -0.02 003 0.635 254 0.18
Note: *participant's sex, age, maternal psychopathology (assessed through an interview question with

dichotomous self-rating), maternal alcohol consumption during first three month after giving birth, week
of pregnancy at birth, smoking habits of participants and alcohol intake; B represents the regression
coefficient, SE represents the standard error, and p represents the p-value. R? and R2adj represent the

variance explained and adjusted variance explained, respectively.
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2.2.4.2 Effects of Prenatal Tobacco Exposure on Behavioral Patterns

The results of the YASR questionnaire were analyzed and presented in the form of T-
scores for each subscale. As could be seen in Figure 5, descriptive statistics revealed
distinct patterns of group differences in emotional and behavioral problems among
young adults based on their mothers' smoking habits, where maternal smoking was

associated with higher levels of emotional and behavioral problems in their young adult

children.
withdrawn Level of exposure 52.07(+/-3.99) e 52.40(+/-5.61) 52.81(+/-5.00)
x 1-5 cigarettes/d (n=15)
& =5 cigarettes/d (n=43)
Attention { @ unexposed (n=118) 51.47(+/-3.15) 51.65(+/-3.66) @-% 52.93(+/-4.32)
Delinguent 51.19(+/-2.72) & 51.47(+/-2.85) 51.60(+/-4.01)
L0y
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Figure 5 Descriptive statistics of the YASR subscales, M(+/-SD)

In the unadjusted models, significant group differences were found in relation to
maternal prenatal smoking and child’s externalizing behavior symptoms (see Table 3
in the Supplementary Materials). Here, only the group of prenatally exposed children
whose mothers smoked more than 5 cigarettes per day, significantly differed from non-
exposed children (B = 4.01, SE = 2.12, p = 0.045).

However, after including the covariates, significant factors such as maternal
psychopathology, gestation age, child’s gender and their own substance consume
emerged as influential factors and no significant group difference could be identified
(see Table 6).
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Table 6 Results of Covariate* GAMMs for YASR scales in Relation to Prenatal
Smoking Habits

1-5 cigarettes/day >5 cigarettes/day
YASR R2
Scales B SE p B SE p R2 adj
Anxious 1.14 0.60 0.606 0.34 059 0970 19.9 0.12
Withdrawn -1.13 141 0848 -0.36 093 0.702 10.7 0.03
Thought -0.57 107 0875 -002 0.71 0972 3.13 0.05
Attention 1.52 0.94 0.606 0.07 0.62 0.972 11.2 0.04
Delinquent 0.13 0.81 0.875 0.38 0.54 0474 19.7 0.13
Aggressive 0.23 0.84 0.875 0.32 0.58 0563 16.3 0.09

Internalizing 3.04 2.69 0.260 0.61 1.78 0.731 10.7 0.03
Externalizing 3.16 2.24 0.261 2.84 1.49 0.116 14.9 0.07
Note: *participant's sex, age, maternal psychopathology (assessed through an interview question with

dichotomous self-rating), maternal alcohol consumption during first three month after giving birth, week
of pregnancy at birth, smoking habits of participants and alcohol intake; B represents the regression
coefficient, SE represents the standard error, and p represents the p-value. R? and R?ad] represent the

variance explained and adjusted variance explained, respectively.

2.2.5 Discussion

This study investigated the long-term effects of maternal smoking during pregnancy on
brain activity and internalizing and externalizing behavior symptoms in young adults.
The research builds upon existing studies that focused on prenatal tobacco exposure
in infants and school-aged children. The present study explored potential dose-
dependent effects on both resting-state EEG power spectrum and YASR scales during
adulthood by comparing three groups — non-smoking mothers, those who smoked 1-5

cigarettes daily, and those who smoked more than 5 cigarettes daily.

The results showed an influence of smoking during pregnancy on the power bands of
delta and theta in the brain, suggesting reduced slower brain activity in individuals
exposed to prenatal smoking compared to those who were not exposed. However,
after accounting for covariates, this impact was persistent only in the delta power band.
Moreover, adults with prenatal smoking exposure demonstrated higher levels of
externalizing behavior. Although this link was strongly affected by factors such as
maternal psychopathology, the child's gender, and the child's substance use, the
influence on the delta power band persisted even after adjusting for these covariates.
Our findings are consistent with previous studies (Pini et al., 2024; Shuffrey et al.,
2020), and particularly our recent study in children (Jansone et al., 2023), which
identified significant effects in resting-state EEG power bands (delta and theta) as
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direct effects, independent of potential covariates such as child's sex, age, maternal
age, smoking habits before pregnancy, alcohol consumption during pregnancy,

gestation age, and psychopathology.

The prior study reported increased delta and theta brain activity in school-aged
participants prenatally exposed to tobacco. Similarly, we found significant differences
in delta and theta frequency bands between prenatally exposed and unexposed
children. However, unlike in school-aged children, this study observed decreased brain
activity in prenatally smoking exposed adults in the delta and theta (frontal) frequency
bands, suggesting developmental stage-dependent effects. These differences align
with prior research indicating a consistent decrease in delta and theta bands from
childhood to late adolescence (Mason et al., 2022; Zhong & Chen, 2020). The
persistence of delta power band alterations despite controlling for covariates
underscores the potential long-term neurophysiological impact of prenatal smoking.
Delta waves are typically associated with deep sleep and restorative processes
(Knyazev, 2012), and reduced activity in this band could indicate disruptions in these
functions, potentially leading to deficits in cognitive performance and emotional
regulation. It could therefore be related to cognitive processes such as attention,
memory, and executive function (Harmony, 2013), which are critical during
development (Thompson & Steinbeis, 2020) and also for several psychopathologies
including ADHD (Breteler et al., 2012), autism spectrum disorder (Coben et al., 2008)
and mood disorders (Armitage et al., 2001). Further investigation are needed to
elucidate the respective mechanisms and how these changes manifest in adulthood
using task-based assessments.

The second aim of the study was to explore the long-term effects of prenatal tobacco
exposure on behavioral patterns in adults. Behavioral assessments revealed
significant associations between prenatal smoking and increased externalizing
behavioral problems in prenatally tobacco exposed adults. However, after adjusting for
covariates, such as maternal psychopathology, and child's substance use, these
effects became non-significant. This suggests that maternal smoking during pregnancy
did not directly affect behavioral development, but that it might be driven by

psychosocial factors.

While factors like maternal psychopathology and additional risk behaviors may

contribute to behavioral problems, the study suggests that the influence of maternal
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smoking on brain activity has a more direct and lasting effect. The complex interplay
between genetic predisposition and environmental influences highlighted in prior
studies emphasizes the intricate relationship between prenatal environmental factors
and psychiatric vulnerability. This interplay is evident in neurodevelopmental disorders
such as ADHD, where maternal smoking in pregnancy might not be causally linked to
offspring ADHD, but rather influenced by shared inherited liability and genetic risk
variants for both nicotine dependence and ADHD (D’Onofrio et al., 2008; Thapar et al.,
2009).

Moreover, findings from sibling studies (D’Onofrio et al., 2003; Lambe et al., 2006)
further underscore the complexity of these relationships . Examining siblings
discordant for exposure to smoking in pregnancy suggests that maternal smoking in
pregnancy might be indexing unmeasured familial risk not captured by conventional
confounders. Siblings not exposed to smoking in pregnancy but from families where
the mother smoked in another pregnancy show increased attentional, behavioral, and
scholastic problems (D’Onofrio et al., 2003; Lambe et al., 2006). Therefore, when
considering results from all these designs collectively, a consistent pattern of findings
emerges, suggesting that the association between maternal smoking in pregnancy and
offspring ADHD, in contrast to offspring neurophysiological development, might not be
entirely causal. The shared inherited liability between maternal smoking in pregnancy
and offspring ADHD symptoms also raises the possibility that there are genetic risk

variants that confer susceptibility to both nicotine dependence and ADHD.

Recognizing certain limitations, such as sample size discrepancies and the absence
of paternal smoking data, future longitudinal studies with larger and diverse samples
are essential for further unraveling the complex relationships between maternal
smoking, brain activity, and behavioral development across different age groups.
Another limitation is related to the assessment of maternal psychopathology. In our
study, maternal psychopathology was evaluated using a binary "yes/no" classification
to control for the presence or absence of maternal psychopathology in general, rather
than specifying particular types of psychiatric disorders (see also Jansone et al., 2023).
Future research with a larger sample of children exposed to maternal smoking could
involve categorizing psychopathological conditions more precisely to further specify

the observed effects in relation to the presence of a mental diagnosis in the mother.
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Additionally, it is important to note that the smoking assessment did not capture the
exact number of cigarettes smoked. Instead, smoking habits were categorized into
groups (according to Holz et al., 2014). Although, we had clear hypotheses based on
the previous studies with respect to the present categorization, it still limits the
possibility of distinguishing further dose-dependent effects or of effects of smoking
exposure in general, independent of the dosage, compared to no-exposure at all. To
additionally examine potential general effects of smoking exposure versus non-
exposure, we conducted an add on analysis comparing two groups, those who were
exposed to maternal smoking (combining the groups of mothers who smoked 1-5
cigarettes daily, and those who smoked more than 5 cigarettes daily) versus those who
were not exposed to maternal smoking. The results of this two-group comparison are
presented in the supplementary materials (see Supplemental material, Tables S4-S9).
When comparing the two (prenatally tobacco exposed vs. unexposed) and three group
(group of non-smoking mothers, mothers who smoked 1-5 cigarettes daily, and those
who smoked more than 5 cigarettes daily) analyses, the unadjusted analyses of the
EEG power spectrum during the eyes open condition in the three-group approach
revealed significant differences in the delta and theta frequency bands, while the two-
group approach showed significant differences in the theta and alpha frequency bands.
Specifically, the exposed group exhibited lower theta and alpha power across various
brain regions compared to the unexposed group in the two-group analysis. After
adjusting for covariates, the significant differences in theta and alpha power observed
in the unadjusted models were no longer significant in both approaches, though the
significant effect in the delta band remained in the adjusted models in the three-group
approach. In the eyes closed condition, the three-group analysis revealed no
significant differences in the unadjusted or adjusted models, whereas the two-group
analysis showed significant differences in the theta and alpha frequency bands in the
unadjusted model, which also became insignificant after adjusting for covariates. For
the YASR subscales, the three-group analysis showed significant differences in
externalizing behavior in the unadjusted models, which became insignificant after
adjusting for covariates. In contrast, the two-group analysis revealed significant
differences in several factors, including anxious, withdrawn, thought, internalizing, and
externalizing behaviors in the unadjusted models, with these differences becoming
insignificant after adjusting for covariates. These findings suggest that there are both

specific and overlapping neural and behavioral correlates related to smoking exposure
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depending on the amount of exposure versus smoking exposure per se. With respect
to the dosage of smoking, current assessments often do not allow for a detailed
analysis of linear associations, instead using a cut-off approach as in the present study,
with up to 5 and over 5 cigarettes smoked per day. Given the patrtially different findings
when considering dosage information versus a “yes/no” smoking status, it might be
beneficial to integrate more fine-grained dosage information in future studies. Future
longitudinal studies with larger sample sizes could also integrate additional control
variables for developmental changes to better understand the dynamic interplay
between early exposures, such as maternal smoking, and various maternal factors
over the course of a child’s development. By examining developmental trajectories
over extended periods, researchers can identify how early life exposures interact with

maternal and environmental factors to influence long-term outcomes.

In conclusion, this study extends the perspective to longer term neurophysiological
effects of maternal smoking during pregnancy on brain activity and behavioral patterns
in young adults. The findings suggest that prenatal smoking exposure may have stable
effects on brain activity patterns in young adulthood. Conversely, the influence on
externalizing behaviors appears to be more strongly influenced by familial factors

(maternal psychopathology) and the lifestyle of the individual (substance use).

3 GENERAL DISCUSSION

This dissertation investigates the long-term effects of prenatal tobacco exposure on
both neurophysiological and behavioral outcomes in school age and young adulthood.
Drawing from the results of two studies, this work highlights the significant associations
between prenatal smoking and alterations in brain activity, specifically in the delta and
theta frequency bands of EEG, as well as increased externalizing behavioral problems.
These findings suggest that prenatal tobacco exposure is linked not only to immediate
neurodevelopmental disruptions but also to long-lasting changes in both brain function
and behavior, with complex interactions between genetic, familial, and environmental

factors.
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Neurophysiological Effects of Prenatal Tobacco Exposure

The results of the EEG analyses demonstrated persistent changes in the delta and
theta frequency bands in individuals prenatally exposed to tobacco, indicating a
reduction in slower brain activity. These findings are consistent with existing literature
that suggests prenatal tobacco exposure can have lasting effects on brain maturation,
particularly in regions associated with cognitive functions, emotional regulation, and
sleep. Specifically, the decrease in delta band activity observed in young adults aligns
with prior research that associates delta waves with restorative processes, such as
deep sleep, memory consolidation, and cognitive functioning. Disruptions in these
processes could have lasting effects on attention, memory, and emotional regulation,
which are crucial for development throughout life.

The decreased delta and theta power in adults with prenatal tobacco exposure
suggests that the effects of prenatal smoking extend beyond early childhood and may
reflect a persistent alteration in brain maturation. Interestingly, the second study found
increased delta and theta activity in early adulthood, suggesting that prenatal tobacco
exposure may initially speed up certain neural processes, which later result in a
depletion or stunting of neurodevelopmental progress in adulthood. This observation
emphasizes that the impacts of prenatal tobacco exposure are not necessarily linear
and may differ across developmental stages, with initial compensatory mechanisms

followed by long-term deficits.

Behavioral Effects and Moderation by Familial Factors

Beyond the neurophysiological changes, the present study also investigated the
behavioral consequences of prenatal tobacco exposure, particularly focusing on
internalizing and externalizing. The findings revealed that prenatal exposure to tobacco
was associated with increased externalizing behaviors, including attention problems
and delinquency. However, after adjusting for covariates such as maternal
psychopathology, substance use, and other familial factors, the direct effect of prenatal
tobacco exposure on behavioral outcomes became less pronounced. This suggests
that while prenatal smoking may play a role in shaping behavioral vulnerability, the
effect is likely mediated by a complex interplay of genetic predispositions and
environmental influences, including maternal mental health and the child’s own

substance use.
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The moderation of prenatal smoking’s impact on behavior by maternal
psychopathology is an important finding of this research. It aligns with the broader
literature suggesting that maternal mental health during pregnancy can significantly
influence offspring development, particularly in terms of behavioral regulation
(Gartstein & Skinner, 2018). The results underscore the importance of considering
prenatal exposures within the context of broader familial risk factors. Maternal
psychopathology, in particular, may increase the likelihood of behavioral problems in
children, not only through direct genetic transmission but also by influencing the
prenatal environment (e.g., stress, substance use), and may even interact with

prenatal tobacco exposure to produce compounded effects.

Moreover, the role of the child’s substance use in moderating these effects highlights
the ongoing interaction between prenatal influences and postnatal behaviors. It is well-
established that substance use in adolescence and young adulthood can exacerbate
pre-existing vulnerabilities, suggesting that individuals exposed to prenatal smoking
may be more susceptible to developing addictive behaviors or mood disorders later in
life. These findings point to the importance of early intervention and prevention
programs that address both prenatal and postnatal risk factors, particularly those

targeting substance use and mental health in vulnerable populations.

Dose-Dependent Effects of Prenatal Smoking and Methodological Considerations

One of the key methodological strengths of this dissertation was the use of a dose-
dependent approach to examine the effects of prenatal tobacco exposure. By
comparing individuals exposed to different quantities of maternal smoking (1-5
cigarettes/day vs. >5 cigarettes/day), we observed that higher levels of exposure were
associated with more pronounced alterations in brain activity, particularly in the delta
frequency band. This finding suggests that there may be a dose-response relationship
between prenatal smoking and neurophysiological outcomes, with heavier exposure

leading to more significant brain activity alterations.

However, the categorical nature of the smoking assessment — grouping participants
into only two categories based on daily cigarette consumption — limits our ability to
fully capture the range of exposure levels and potential linear dose-response effects.
Future studies should aim to include more refined measures of tobacco exposure,

including precise self-reports or biomarkers that can assess the exact quantity of
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smoking and its impact more accurately. A continuous measure of smoking exposure
could allow for a more nuanced understanding of the relationship between the degree

of exposure and long-term outcomes.
3.1 SUMMARY OF FINDINGS AND RELEVANCE

The studies in the present work provide critical insights into the long-term
neurodevelopmental and behavioral consequences of prenatal smoking exposure,
particularly with regard to neurophysiological markers and ADHD-related outcomes
across the lifespan. These findings underline the lasting impact of maternal smoking

on brain activity and behavioral patterns in children and young adults.

The first study focused on school-aged children, exploring how maternal smoking
during pregnancy affected EEG brain activity and ADHD-related symptoms. The
results revealed that children exposed to prenatal tobacco use exhibited significantly
higher brain activity in the delta and theta frequency bands compared to their non-
exposed peers. These changes in brain activity were independent of key covariates,
such as the child’s sex, age, and maternal psychopathology, suggesting that prenatal
exposure to smoking has a direct impact on resting-state brain function. Furthermore,
the study demonstrated that while prenatal smoking was associated with increased
hyperactivity, the degree of this symptomatology was modulated by other maternal
factors, including maternal age and alcohol consumption during pregnancy. This
highlights the complex interaction between genetic, environmental, and prenatal

factors in shaping neurodevelopment.

The second study expanded on the same cohort into young adulthood, further explored
the enduring effects of prenatal smoking exposure on brain activity and behavioral
outcomes. This research specifically examined the EEG power at rest and its
association with internalizing and externalizing problem symptoms. The results
indicated that young adults who had been prenatally exposed to smoking displayed
altered brain activity, particularly in the delta and theta frequency bands, consistent
with the findings observed in the school-aged sample. Notably, these brain activity
changes were linked to higher levels of externalizing behaviors, such as aggression
and impulsivity. However, these behavioral effects were strongly influenced by

maternal psychopathology, the child’s gender, and their own substance use, pointing
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to a complex, multi-layered interaction between prenatal exposures and later-life

behavioral outcomes.

Importantly, the study found that while prenatal smoking exposure had a measurable
effect on brain activity, the behavioral outcomes were more variable and depended on
familial factors, including the mental health status of the mother and lifestyle choices
made by the individual during their development. This suggests that while prenatal
smoking may set the stage for long-term neurophysiological changes, the full
expression of these effects is likely influenced by a range of social and environmental

factors.

Together, these studies underscore the importance of considering prenatal exposures
in the context of neurodevelopmental outcomes across the lifespan. The alterations in
brain activity observed in both school-aged children and young adults highlight how
early environmental factors, such as maternal smoking, can lead to lasting changes in
brain function. Furthermore, the variability in behavioral outcomes — particularly in
relation to ADHD-related symptoms and externalizing behaviors — points to the
significant role of socio-demographic and familial factors in mediating these effects.
These findings align with the growing body of research suggesting that prenatal
smoking is a critical risk factor for neurodevelopmental disorders, with implications for
early intervention and public health strategies aimed at reducing maternal tobacco

smoking rates during pregnancy.
3.2 LIMITATIONS

Despite the valuable contributions of this dissertation, several limitations should be
considered. First, while this study examines the effects of prenatal smoking on brain
activity and behavior, it does not capture the full complexity of prenatal environmental
exposures, including factors like maternal nutrition, stress, and alcohol use. Future
research should expand on these variables to provide a more comprehensive
understanding of the multifaceted prenatal environment and its influence on
neurodevelopment. One of the primary limitations in both studies is the difficulty in
establishing causality. Although prenatal smoking is associated with altered EEG
patterns and behavioral outcomes, the presence of confounding factors complicates
the interpretation of these relationships. For example, maternal psychopathology,

substance use, and other socio-demographic variables (such as maternal age and
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alcohol consumption) were found to influence the outcomes in both studies. This
suggests that while prenatal smoking may be a significant factor, the behavioral and
neurophysiological outcomes observed may also be shaped by these other variables,
making it challenging to isolate the specific contribution of smoking alone. Moreover,
the role of genetics in the observed outcomes remains unclear and warrants further
investigation. Another limitation is the homogeneity of the study samples. Both studies
focused on cohorts from longitudinal studies with specific inclusion criteria, which may
limit the generalizability of the findings to broader populations. The sample size in both
studies was relatively moderate (e.g., 176 participants in the second study), and the
participants were predominantly from specific geographical regions (Germany), which
may not represent the diversity of maternal smoking effects in different cultural or
socio-economic contexts. Additionally, the studies primarily focused on participants
with relatively similar backgrounds, which limits the ability to generalize the findings to

populations with more diverse socio-economic, ethnic, or genetic characteristics.

The reliance on self-reported measures, both in terms of maternal smoking habits and
participant behavior, poses another limitation. Self-reports are inherently susceptible
to recall bias and social desirability bias, where participants may underreport smoking
or other behaviors that they perceive as undesirable. This can lead to an
underestimation of the true extent of prenatal smoking exposure and its potential
effects on neurodevelopmental outcomes. While the studies controlled for some of
these biases by including a range of covariates, such as maternal psychopathology

and substance use, the potential for inaccuracies in reporting remains.

EEG is a powerful tool for assessing brain activity, but it also has limitations in its ability
to capture the full complexity of brain function. While the studies reported significant
differences in delta and theta band power in prenatally exposed individuals, EEG only
provides a snapshot of brain activity and cannot directly measure cognitive function or
higher-order brain processes such as executive function or attention. Thus, while EEG
changes are a useful marker for altered brain activity, they do not necessarily provide
a direct link to specific behavioral outcomes, such as ADHD symptoms or externalizing
behaviors. Future research could benefit from incorporating additional neuroimaging
techniques, such as fMRI or PET scans, to provide a more comprehensive
understanding of the neural mechanisms underlying these behavioral outcomes.

Finally, the studies did not extensively consider the potential influence of postnatal
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environmental factors on the observed outcomes. The participants were exposed to a
wide range of environmental influences after birth, such as parenting practices,
education, and peer relationships, all of which may have contributed to their behavioral
and neurophysiological development. Although the studies controlled for several
maternal and demographic variables, the cumulative effect of these postnatal factors
remains underexplored and could influence the observed results. Future studies could
benefit from a more holistic approach, considering not only prenatal exposures but also

the full range of environmental influences throughout the life course.
3.30UTLOOK

To build on the existing findings, further longitudinal studies should track individuals
over a more extended period, from early childhood into adulthood, to better understand
the full scope of the long-term effects of prenatal smoking. This approach would help
to pinpoint critical windows of vulnerability and provide a clearer picture of how early
neurophysiological changes, such as those observed in EEG patterns, correlate with
the emergence of behavioral problems like ADHD or anxiety in later stages of life.
Given the role of genetic predisposition in shaping the neurodevelopmental outcomes
of children exposed to prenatal smoking, future research should explore gene-
environment interactions in more detail. Research into specific genetic markers that
may influence how an individual responds to prenatal exposures could help identify
those at highest risk for developing neurodevelopmental disorders. For example, gene-
environment studies could investigate how maternal smoking interacts with genetic
variants related to dopamine regulation, which has been implicated in ADHD.
Understanding these interactions could lead to more personalized approaches to
prevention and treatment. The influence of socio-demographic factors, such as
maternal age, socioeconomic status, and postnatal environmental influences (e.g.,
parenting styles, education, and peer interactions), requires further exploration. While
these studies accounted for several covariates, a deeper investigation into how these
variables interact with prenatal exposures could reveal pathways for intervention.
Longitudinal data that also tracks postnatal development, such as caregiving
environments and school experiences, would be invaluable in understanding the

complex cascade of effects that prenatal smoking can have over the lifespan.
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3.4 CONCLUSIONS

The research conducted for the present work significantly contributes to the
understanding of the long-term impact of maternal smoking during pregnancy on both
neurophysiological and behavioral outcomes in offspring. The studies examined two
distinct developmental stages — school-aged children and young adults — highlighting
how prenatal smoking can shape brain activity and behavioral tendencies, such as

ADHD symptoms and externalizing behaviors, across the lifespan.

Key findings from these studies show that children exposed to maternal smoking
exhibit distinctive EEG patterns, with increased delta and theta brain activity in school
age, and with decreased delta and theta brain activity in early adulthood. Furthermore,
these neurophysiological alterations are not isolated; they interact with socio-
demographic factors, maternal psychopathology, and postnatal environments,
indicating that the outcomes are multifactorial and complex. These results align with
existing research, which also suggests that maternal smoking during pregnancy can
increase the risk for ADHD, cognitive deficits, and emotional dysregulation in offspring
(Biederman et al., 2006; Langley et al., 2012).

In addition to providing important clinical insights, these studies underscore the need
for preventive measures and early interventions targeting maternal smoking cessation
and support for children affected by prenatal smoking exposure. Although both studies
offer strong evidence of the long-term consequences of prenatal smoking, they also
highlight the complexity of these effects, shaped by a range of genetic, environmental,

and behavioral factors.

Ultimately, the findings presented here are a reminder of the importance of prenatal
care and the far-reaching impact that maternal health behaviors can have on child
development. While progress has been made in understanding these effects, ongoing
research is needed to refine our knowledge and develop effective strategies to prevent
and manage the neurodevelopmental consequences of maternal smoking. Addressing
this public health issue requires not only individual-focused interventions but also
systemic efforts aimed at reducing smoking during pregnancy, thus decreasing the

burden of related neurodevelopmental disorders.
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4 SUMMARY

4.1 SUMMARY

This dissertation investigates the profound impact of maternal prenatal smoking on
offspring neurodevelopment and behavioral outcomes, focusing on neurophysiological
markers and ADHD-related symptoms in children and young adults. The research
draws upon two studies that explore the effects of prenatal tobacco exposure on EEG
brain activity and behavior across different stages of development.

The dissertation begins by addressing the critical significance of prenatal development,
emphasizing the biological mechanisms at play during neurodevelopmental stages.
The vulnerability of the developing brain to environmental influences, particularly
tobacco exposure, is highlighted as a key area of concern. Maternal smoking during
pregnancy has been shown to interfere with typical brain development, leading to
lasting changes in brain activity that manifest in various cognitive and behavioral
symptoms, including attention deficits and emotional regulation problems. A key focus
of the research is the prenatal environment and the early-life risk factors that shape
development. Maternal tobacco smoking is identified as a significant prenatal risk
factor with long-lasting effects on offspring neurodevelopment. These effects are not
only biological but also behavioral, contributing to the development of
neurodevelopmental disorders such as ADHD, and externalizing behaviors such as
aggression and impulsivity. The dissertation further explores the complex causal role
of maternal prenatal smoking, with an emphasis on its contribution to behavioral
problems across the lifespan. The long-term impacts of prenatal smoking are
examined, showing how these early-life exposures influence neurophysiological and
behavioral outcomes well into adulthood. The studies reviewed here highlight the
persistent alterations in brain activity, particularly in the delta and theta frequency
bands, and how these changes are linked to ADHD-related symptoms and
externalizing behaviors. These findings underline the importance of early intervention
and the need for strategies that target maternal smoking cessation to mitigate these

risks.

Through its comprehensive analysis, this dissertation emphasizes the importance of

understanding the mechanisms through which prenatal tobacco exposure affects

neurodevelopment. By considering both biological and environmental factors, the
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research contributes valuable insights into how prenatal smoking leads to long-term

cognitive and behavioral consequences.
4.2 ZUSAMMENFASSUNG

Diese Dissertation untersucht die tiefgreifenden Auswirkungen des mdutterlichen
pranatalen Rauchens auf die neurodevelopmentale Entwicklung und die
Verhaltensweisen  des  Nachwuchses, mit einem  Schwerpunkt auf
neurophysiologischen Markern und ADHS-bezogenen Symptomen bei Kindern und
jungen Erwachsenen. Die Forschung basiert auf zwei Studien, die die Auswirkungen
der prénatalen Tabakexposition auf die EEG-Hirnaktivitat und das Verhalten in

verschiedenen Entwicklungsstadien untersuchen.

Die Dissertation beginnt mit der Thematisierung der kritischen Bedeutung der
pranatalen Entwicklung, wobei die biologischen Mechanismen, die wéahrend der
neurodevelopmentalen Stadien wirken, hervorgehoben werden. Die Verletzlichkeit des
sich entwickelnden Gehirns gegenuber Umwelteinflissen, insbesondere der
Tabakexposition, wird als zentrales Anliegen betont. Es wird gezeigt, dass das
mitterliche Rauchen wahrend der Schwangerschaft die typische Gehirnentwicklung
beeintrachtigen kann, was zu langfristigen Veranderungen der Hirnaktivitat fihrt. Diese
Veranderungen auf3ern sich in verschiedenen kognitiven und Verhaltenssymptomen,
darunter Aufmerksamkeitsdefizite und Probleme bei der emotionalen Regulation. Ein
zentraler Fokus der Forschung liegt auf der pranatalen Umgebung und den frithen
Risikofaktoren, die die Entwicklung pragen. Das miutterliche Tabakrauchen wird als
signifikanter pranataler Risikofaktor identifiziert, der langfristige Auswirkungen auf die
neurodevelopmentale Entwicklung des Nachwuchses hat. Diese Effekte sind nicht nur
biologischer, sondern auch verhaltensbezogener Natur und tragen zur Entwicklung
neurodevelopmentaler  Stérungen wie ADHS  sowie  externalisierenden

Verhaltensweisen wie Aggression und Impulsivitat bei.

Die Dissertation untersucht dartber hinaus die komplexe kausale Rolle des
mutterlichen pranatalen Rauchens und legt den Schwerpunkt auf dessen Beitrag zu
Verhaltensproblemen Uber die gesamte Lebensspanne hinweg. Die langfristigen
Auswirkungen des pranatalen Rauchens werden analysiert und zeigen, wie diese
frihkindlichen Expositionen neurophysiologische und verhaltensbezogene Ergebnisse

bis ins Erwachsenenalter beeinflussen. Die hier betrachteten Studien verdeutlichen die
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anhaltenden Veranderungen der Hirnaktivitat, insbesondere in den Delta- und Theta-
Frequenzbandern, und wie diese Veranderungen mit ADHS-bezogenen Symptomen
und externalisierenden Verhaltensweisen verknipft sind. Diese Ergebnisse
unterstreichen die Bedeutung friher Interventionen und die Notwendigkeit von
Strategien, die auf die Raucherentwdhnung von Muttern abzielen, um diese Risiken

Zu mindern.

Durch ihre umfassende Analyse betont diese Dissertation die Bedeutung des
Verstandnisses der Mechanismen, durch die pranatale Tabakexposition die
neurodevelopmentale Entwicklung beeinflusst. Indem sowohl biologische als auch
umweltbedingte Faktoren bertcksichtigt werden, liefert die Forschung wertvolle
Einblicke in die langfristigen kognitiven und verhaltensbezogenen Konsequenzen des

pranatalen Rauchens.
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6 SUPPLEMENTAL MATERIAL

6.1 SUPPLEMENT STUDY 1

Table S1: Sample characteristics in a study of prenatal tobacco exposure (N=142).

Children With
Prenatal
Unexposed Tobacco
Children Exposure
Characteristic Total (N=116) (N=26)
Youth Variables
N N % N % p
Sex 434
male 70 59 50.9 11 42.3
female 72 57 49.1 15 57.7
Prenatal alcohol .562
exposure
No 115 95 81.9 20 76.9
Yes 27 21 18.1 6 23.1
Mean Mean SD Mean SD p
Age (years) 7.73 7.72 0.65 7.76 0.74 781
Gestational age 39.38 39.41 1.33 39.23 1.45 .533
Birth weight 3438.01 3453.91 494.28 3370.77 520.34 .446

Intelligence quotient  104.25 104.23 10.25 10431 7.18 972
Parent Variables

Age at delivery 32.68 32.86 4.12 31.88 5.15 .299
N N % N % p

Marital status .068

married 136 113 97.4 23 88.5

single parent 6 3 2.6 3 115
Maternal .536
Psychopathology

No 85 68 58.6 17 65.4

Yes 34 29 25.0 5 19.2

Unknown 23 19 16.4 4 15.3
Paternal 461
Psychopathology

No 112 92 79.3 20 76.9

Yes 14 12 10.3 2 7.7

Unknown 16 12 8.3 4 15.3

Note *(IDS, intelligence quotient)
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Table S2: Brain activity descriptive characteristics for EEG resting-state conditions.

Overall Exposed Not exposed
N=142 n=26 n=116
Eyes Closed M SD M SD M SD p
Frontal 6,52 223 647 2,12 6,53 2,27 .906

8  Central 333 1,19 338 141 332 1,14 .804
8  Posterior 327 131 345 154 323 126 455
Overall 4,47 1,41 453 155 446 1,39 .809
Frontal 1,53 0,72 1,36 0,74 1,57 0,71 .200
£  Central 115 056 104 044 118 058 272
£  Posterior 1,31 068 127 072 132 067 .718
Overall 1,35 0,61 1,24 0,62 1,37 0,60 .330
Frontal 0,84 046 091 051 083 0,46 434
g_ Central 0,73 0,41 0,84 0,46 0,71 0,40 132
< Posterior 1,45 089 174 111 139 082 .066
Overall 1,03 0,54 1,19 0,63 1,00 0,51 153
Frontal 0,13 0,07 0,11 0,04 0,13 0,07 .014
g Central 0,08 0,04 0,07 003 0,09 005 .011
o0 Posterior 0,09 0,04 0,08 0,04 0,09 0,05 .399
Overall 0,10 0,05 0,09 0,03 0,10 0,05 .024
Overall Exposed Not exposed
N=142 n=26 n=116
Eyes open M SD M SD M SD p
Frontal 5,46 1,82 5,23 2,00 5,51 1,78 473
S  Central 346 092 358 1,20 344 085 561
2  Pposterior 345 118 355 156 343 108 .634
Overall 4,19 1,15 4,17 146 4,19 1,07 .950
Frontal 1,09 043 110 065 1,09 0,37 952
&  Central 091 038 091 047 091 036 .934
£  Posterior 0,88 038 087 044 089 037 841
Overall 0,97 0,36 0,96 0,49 0,97 0,33 .950
Frontal 0,46 0,21 049 0,23 046 0,21 520
&  Central 045 025 053 029 043 024 .099
S Posterior 052 041 063 053 050 038 162
Overall 0,48 0,27 055 0,32 0,47 0,25 .165
Frontal 0,16 0,08 0,14 0,05 0,17 0,09 .068
% Central 0,10 0,05 0,09 003 0,10 005 .019
0} Posterior 0,09 0,04 0,08 0,03 0,09 0,04 272

Overall 0,12 0,05 0,0 0,03 0,22 0,05 .069
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Table S3: Association of prenatal tobacco smoking of any severity with EEG brain
activity and FBB-ADHD scales among school-aged children, unadjusted for

covariates.
Eyes Closed B SE B B R2 F t p
Frontal .005 .004 .110 .012 169 1.30 .195
&  Central .004 .002 .178 .032 455 213 .035
8 Posterior .005 .002 .184 .034 4.87 2.21 .029
Overall .004 .002 .166 .028 394 198 .049
Frontal .002 .001 .175 .031 440 2.10 .038
£ central .001 .001 .111 012 173 131 .191
,E Posterior .002 .001 .192 .037 5.32 2.31 .023
Overall .002 .001 .181 .033 471 217 .032
Frontal .002 .001 .223 .050 7.25 2.69 .009
5_-;_ Central .001 .001 .172 .030 425 2.06 .041
< Posterior .002 .001 .118 .014 197 1.40 .163
Overall .002 .001 .178 .032 453 2.13 .035
Frontal .001 .000 .027 .001 .101 .317 .751
% Central .001 .000 -.006 .000 .005 -.072 .942
m Posterior .001 .000 .077 .006 .821 .906 .366
Overall .001 .000 .039 .002 .211 .460 .647
Eyes Open B SEB B R2 F t p
Frontal -.001 .003 -.015 .000 0.03 -0.18 .856
S Central .002 .001 .143 .020 2.88 1.70 .092
8 Posterior .003 .002 .142 .020 2.82 1.69 .094
Overall .002 .002 .073 .005 0.73 0.85 .394
Frontal .001 .001 .177 .031 448 2.12 .036
% Central .002 .001 .215 .046 6.70 2.59 .011
=  Posterior .002 .001 .213 .045 6.57 256 .011
Overall .001 .001 .220 .048 7.00 2.65 .009
Frontal .001 .000 .153 .023 3.03 1.82 .071
‘c:; Central .001 .000 .197 .039 557 236 .020
< Posterior .001 .001 .102 .010 145 1.20 .231
Overall .001 .000 .152 .023 325 180 .074
Frontal .001 .000 -.054 .003 040 -0.63 .529
g Central .001 .000 .025 .001 0.09 0.30 .766
m Posterior .001 .000 .059 .004 0.49 0.70 .485
Overall .001 .000 -.008 .000 0.01 -0.10 .922
FBB-ADHD B SEB B R2 F t p
Hyperactivity 1.26 472 219 .048 7.06 2.66 .009
Attention 131 .338 .033 .001 .150 .387 .699
deficit
Impulsivity .016 .463 .003 .000 .001 .034 .973
Total 387 .349 093 .009 123 1.11 .269
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Table S4: Association of prenatal tobacco smoking of any severity with FBB-ADHD

scales among school-aged children, adjusted for covariates.

FBB-ADHD B  Lower Upper RZ?(adjusted) p SE R*(%)
Cl Cl

Hyperactivity -003 -007 .001 .059 476 .004  .600

Attention .002 -.001 .004 -.024 599  .003 .940

deficit

Impulsivity 024 -.027 -.020 -.024 896 .004 .960

Total .000 -.004 .003 -.045 .876  .003 .950

Table S5: Significant associations between covariates included in GAMMs and

outcomes.
Brain Impulsivity Inattention Hyperactivity =~ ADHD-
activity FBB
(Total)
Higher scores = Greater problems
Maternal
measures
1 Age at birth + + +
1 Gestational age +/-
(week of
pregnancy at
birth)

Psychopathology +

Smoking before -
pregnancy

Alcohol - + +
consumption

during

pregnancy

Note. “+” = positive association, “-“ = negative association, “+/-“ = both positive and
negative associations were observed. If there is no + or -, no significant association
was observed in the GAMMs.
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Frequencies

6.2SUPPLEMENT STUDY 2

Posterior Delta EC
Posterior Delta EO {
Parietal Delta EC q
Parietal Delta EO
Frontal Delta EC
Frontal Delta EO q
Central Delta EC
Central Delta EO 4
Posterior Theta EC
Posterior Theta EO
Parietal Theta EC 4
Parietal Theta EO -
Frontal Theta EC 1
Frontal Theta EO
Central Theta EC |
Central Theta EO 4
Posterior Alpha EC |
Posterior Alpha EO
Parietal Alpha EC
Parietal Alpha EO -
Frontal Alpha EC
Frontal Alpha EO
Central Alpha EC |
Central Alpha EO
Posterior Beta EC -
Posterior Beta EO -
Parietal Beta EC
Parietal Beta EO {
Frontal Beta EC |
Frontal Beta EO
Central Beta EC |

Central Beta EO

156(4/-1.05) 1.79(4/-0.85) #--—-4--—e 2.06(4/-0.99)
118(4/-0.79) 133(+/-071) =--4--e 148(4/-083)
1.39(4/-0.93) 161(4/-0.77) #--—-4--—e 184(4/-0.89)
106(+/-0.72) 119(+/-0.64) %-¢--e 133(+/-0.74)
1.31(4/-0.87) 1.57(+/-0.79) #----- -¢-———-9 184(+/-0.90)
0.81(+/-0.57) 1.04(+/-0.63) #-—-$8 110(+/-0.66)
0.98(+/-0.66) 1.10(+/-0.54) #-$--—--9 129(+/-0.62)
0.71(+/-0.50) 0.80(+/-0.43) #$-9 0.90(+/-0.51)
0.75(+/-0.51) 1.02(+/-0.54) #----- 4 102(+/-054)
0.58(4/-0.37) 0.67(+/-0.34) n$9 072(4/-037)
0.66(+/-0.44) 0.90(+/-0.48) #-----—@ 0.90(+/-0.47)
0.51(+/-0.33) 0.61(+/-0.32) u-49 065(+/-0.34)
0.49(+/-0.31) 0.63(+/-0.31) %--$® 069(+/-0.34)
0.36(+/-0.23) 0.45(+/-0.23) w49 049(+/-0.27)
0.43(+/-0.29)  0.56(+/-0.29) #--4 0.59(+/-0.31)
0.34(+/-0.21) 0.40(+/-0.21) w4 0.43(+/-0.23)
1.23(4/-0.91) 1.55(+/-1.07) #---—----- e- 165(+/-1.06)

0.61(+/-0.50) 0.77(4/-0.58)
0.95(+/-0.71) 1.19(4/-0.78)
0.53(+/-0.44) 0.65(4/-0.44)
0.38(4/-0.28) 0.47(4/-0.25) LS
0.26(4/-0.20) 0.32(4/-0.186) »
0.51(+/-0.40)

059(+/-0.37) =ep 064

0.33(4/-0.29) 0.38(4/-0.24)

%9

u---¢p 0.82(+/-0.52)

132(4/-0.84)

®--o9 0.69(+/-0.43)
0.47(4/-0.25)

0.32(4/-0.18)

+/-0.39)

u® 0.39(+/-0.24)

0.36(+/-0.24) 0.44(+/-0.24) ®@ 046(4/-024)
0.24(+/-0.16) 0.30(+/-0.16) #® 030(+/-0.16)
0.31(+/-0.20) 0.38(+/-0.20) #9 039(+/-020)
0.22(+/-0.14) 0.26(+/-0.14) 9 026(+/-014)
0.20(+/-0.13) 0.24(+/-0.13) #9 025(+/-013)
0.15(+/-0.10) 0.19(+/-0.11) #®  019(+/-011)
0.20(+/-0.13) 0.23(+/-0.13) % 024(+/0.13) Level of exposure
x 1-5 cigarettes/d (n=15)
0.14(+/-0.10) 0.17(+/-0.09) ® 017(+/-0.10) & >5 cigarettes/d (n=43)
e unexposed (n=118)
-1 0 1 2 3
Mean Activity (V)

Figure S1. Brain activity descriptive characteristics for EEG resting-state conditions.
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Table S1. Results of GAMMSs for EEG Power Spectrum during eyes open (EO) condition in Relation to

Prenatal Smoking Habits unadjusted for covariates

1-5 cigarettes/day >5 cigarettes/day
Frequency band R2
B SE p B SE p R2 adj
Central -0.31 0.17 0.062 -0.19 0.11 0.075 321 0.02
< Frontal -0.53 0.24 0.028 - 0.15 0.089 3.73 0.03
D 0.265
O Pparietal -045 024 0.059 -0.23 0.15 0.131 284 0.02
Posterior -0.50 0.26 0.058 -0.28 0.17 0.106 3.00 0.02
= Central -0.16 0.08 0.057 -0.03 0.05 0516 214 0.01
7 Frontal -0.21 0.09 0.026 -0.06 0.06 0.283 3.09 0.02
= Parietal -0.24 0.13 0.058 0.00 0.08 0990 212 0.01
Posterior -0.28 0.15 0.062 -0.00 0.10 0.984 205 0.01
= Central -0.09 0.10 0.397 0.04 0.07 0537 0.76 -0.00
< Frontal -0.09 0.07 0.1917 -0.01 0.04 0938 100 -0.00
< Parietal -0.24 022 0271 013 014 0352 144 0.00
Posterior -0.32 029 0.264 010 019 058 1.04 -0.00
Central -0.04 003 023 -001 0.02 0825 0.81 -0.00
g Frontal -0.05 0.03 0.145 -0.01 0.03 0802 1.22 0.01
o Parietal -0.08 0.06 0.157 -0.01 0.04 0831 116 0.00

Posterior -0.10 0.07 0.142 -0.02 0.04 0.686 1.26 0.00
Note: B represents the regression coefficient, SE represents the standard error, and p represents the p-

value. R? and R2adj represent the variance explained and adjusted variance explained, respectively.

Table S2. Results of GAMMs for EEG Power Spectrum during eyes closed (EC) condition in Relation

to Prenatal Smoking Habits unadjusted for covariates

1-5 cigarettes/day >5 cigarettes/day

Frequency band R2

B SE p B SE p R2 adj

Central -0.18 0.13 0.177 -0.10 0.09 0.248 155 0.00

£ Frontal -0.28 0.18 0.114 -0.06 0.11 0595 148 0.00
A Parietal -0.27 0.20 0.169 -0.13 0.13 0.293 1.48 0.00
Posterior -0.30 0.22 0.172 -0.15 0.14 0284 148 0.00

= Central -0.09 0.06 0.122 -0.04 0.04 0.367 161 0.00
7 Frontal -0.13 0.07 0.070 -0.04 0.04 035 210 0.01
= Parietal -0.14 0.09 0.135 -0.04 0.06 0522 137 0.00
Posterior -0.14 0.10 0.157 -0.05 0.06 0457 130 0.00
= Central -0.04 007 0535 001 0.04 0.764 032 -0.01
< Frontal -0.05 0.05 0.250 -0.00 0.03 0910 0.77 -0.00
< Parietal -0.12 0.12 0323 005 0.08 0542 0.92 -0.00
Posterior -0.16 0.15 0.298 0.05 0.10 0.645 0.87 -0.00
Central -0.03 0.03 0.251 -0.00 0.02 0902 0.76 -0.00
& Frontal -0.04 0.03 0.216 000 0.02 0900 0.95 -0.00
@ Parietal -0.05 0.04 0.227 000 0.02 0981 0.87 -0.00

Posterior -0.06 0.04 0.205 -0.00 0.03 0917 0.93 -0.00

Note: B represents the regression coefficient, SE represents the standard error, and p represents the p-

value. R? and R2adj represent the variance explained and adjusted variance explained, respectively.
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Table S3. Results of Generalized Additive Mixed Models (GAMMSs) for YASR scales in Relation to

Prenatal Smoking Habits unadjusted for covariates

1-5 cigarettes/day

>5 cigarettes/day

YASR R2 adj
Scales B SE p B SE p R2 (%) (%)

Anxious 1.11 0.92 0.231 0.30 0.60 0.612 0.88 -0.00
Withdrawn -0.74 1.39 0597 -041 0.90 0651 0.24 -0.01
Thought -0.22 1.01 0825 0.13 0.66 0.837 0.06 -0.01
Attention 1.20 096 0.212 054 055 0325 0.71 0.00
Delinquent 0.27 0.85 0.749 041 055 0458 0.34 -0.01
Aggressive 0.64 0.84 0.447 0.74 0.55 0.180 1.20 0.00
Internalizing 3.21 2.67 0.228 0.77 1.73 0.228 0.87 0.00
Externalizing 4.01 221 0.072 291 1.44 0.045 3.50 2.39

Note: B represents the regression coefficient, SE represents the standard error, and p represents the p-

value. R? and R2adj represent the variance explained and adjusted variance explained, respectively.
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Correlation Heatmap (displayed only for significant p-values, below 0.05)

1.0
Central Delta (EC)
Frontal Delta (EC)
Parietal Delta (EC)
Posterior Delta (EC)
0.8
Central Alpha (EC) - 051
Frontal Alpha (EC) - 054 086
Parietal Alpha (EC) - 055 065
Posterior Alpha (EC) - 035 038
- 0.6
Frontal Beta (EC) - 022 028
Central Beta (EC) - 018 018
Parietal Beta (EC) - 021 022
Posterior Beta (EC) -
-0.4
Central Theta (EC) - 064 067
Frontal Theta (EC) - 055 064
Parietal Theta (EC) - 051 051
Posterior Theta (EC) - 049 041
-0.2
Withdrawn (T-Score) - 07l 029
Attention (T-Score) - 036 030
Delinquent (T-Scare) - 024 046
Thought (T-Score) - 028 022
0.0
Aggressive (T-Score) - 038 059
Anxious Depressed (T—Score} 058 056 017 020 041
Internalizing (T-Score) - 071 056 024 028 038
Externalizing (T-Score) - 029 030 046 022 059 027
| | | | | | | | | | | | | | | | | i | | | | | -0.2
e e v e e v v v e v S~ - - S - =
= - - - — - — — — — — — g g U g o 9 o u
[ ] m m (] [+ 1] (] o o el ] M m m ] w w w1 w w 2] (%] v
T ST ITEE55 888388828 EE
O 0 o0 o039 9 < < - = — . F F F F & 2 2 0 T o o
T EE 5% 5 5 5 £ 888 s g E 5 288 B =z ¥ £ £
5 £ g c £ £ g2 5285 5 £ 8 28833 % 8 EE
S g5 258283555 pgcee2EEggtie
o a o 0 & & § g8 & Fg 82 5 F 2 8 £
= = €3 <3 o g g
w £ X
L2 =
e
x
[ =
<

Figure S2. Correlation matrix for YASR scales and EEG Power

condition in the prenatally tobacco unexposed group.
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Correlation Heatmap (displayed only for significant p-values, below 0.05)
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Figure S3. Correlation matrix for YASR scales and EEG Power Spectrum

condition in the prenatally tobacco unexposed group.

113

1.0
0.8
- 0.6
018
027 017
018
018
- 04
020
- 0.2
038 . 029
056 030
024 046
028 022
0.0
038 059
041
038
027
-0.2

o
[
o
[¥)
9
[t
o
(=]

Agagressive (T-Score) - E
Internalizing (T-Score) -

Anxious Depressed (T-Score) -
Externali

during eyes open (EO)



SUPPLEMENTAL MATERIAL

Correlation Heatmap (displayed only for significant p-values, below 0.05)
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Figure S4. Correlation matrix for YASR scales and EEG Power Spectrum during eyes closed (EC)

condition in the prenatally tobacco exposed (1-5 cigarettes/day) group.
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Correlation Heatmap (displayed only for significant p-values, below 0.05)
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Figure S5. Correlation matrix for YASR scales and EEG Power Spectrum

condition in the prenatally tobacco exposed (1-5 cigarettes/day) group.
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Correlation Heatmap (displayed only for significant p-values, below 0.05)

Central Delta (EC) 4§ 88 091 092 044 | 050 04 077 053 065 070 Lo
Frontal Delta (EC) 4 & 094 (087 . 075 077 079
Parietal Delta (EC) 079 064 069 073
Posterior Delta (EC) 075 061 068 079 0o
Central Alpha (EC) - 068 067 061 060
Frontal Alpha (EC) 077
Parietal Alpha (EC)
Posterior Alpha (EC) .

Frontal Beta (EC)
Central Beta (EC) - 1 091 088
Parietal Beta (EC) - 093
Posterior Beta (EC) - H H _07
Central Theta (EC) - 077 . 079 075 068 076 064
Frontal Theta (EC) - 058 075 064 061 067 077 058

Parietal Theta (EC) - 065 077 069 068 061 069 061

Posterior Theta (EC) - 070 079 073 079 060 063 060

- 0.6
Withdrawn (T-Score) - 065 073
Attention (T-Score) -
Delinquent (T-Score) -
Thought (T-Score) - H 0.5
Aggressive (T-Score) -
Anxious Depressed (T-Score) -
Internalizing (T-Score) -
Externalizing (T-Score) - H 056 065 065 056 064 0.4
L e | L e e e e |
U U U U U uUuUuuUuYUuU Yy ygugyuguyuEgywyyww Y YW
Wow o @WoWw oW oW oW oW owow oW W W W W s g g8 o 6 6 6 o
- - 2 L E 2 - - 22 22 2 = 2 L2388 9 9 8 8 8 g
B . L R R . R
T ¢ 1 v & & &8 & & L @ o @ 2 @0 @ £ £ £ £ E E E £
S22 3 5 535 FEETF g 2203 20
T ® ® F B O® B B B & =] @ w N
E g cEEf£g§eseegsfEgegeEsgde g
o ¢ ¥ £ g ¢ 8 E @& 5 £ £ g £ & T g g2 2 ¢ & w©w ®
Srgg8fypgtosgegEEgeEEsFagc e
o 8 e = T 3 £ o 8 3
w £ X
= S e |
e
=
c
=y

Figure S6. Correlation matrix for YASR scales and EEG Power Spectrum during eyes closed (EC)

condition in the prenatally tobacco exposed (>5 cigarettes/day) group.
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Correlation Heatmap (displayed only for significant p-values, below 0.05)

1.0
Central Alpha (EO) 043 052 061 057 . as9

Frontal Alpha (EC) 038 072 074 068 068
Parietal Alpha (EC) 091 043 044 043
Posterior Alpha (EQ) - o071 041 040 046 0.4 040 | 045 0o
Central Beta (EO) EL 2 a0 [ 050
Frontal Beta (EO) 080
Parietal Beta (EQ) - o [n8s

Posterior Beta (EO) - 045 089 [ o6

Central Delta (EO) - 050
Frontal Delta (EQ)
Parietal Delta (EO) -
Posterior Delta (EQ) - —0.7
Central Theta (EO) - 061 072
Frontal Theta (EO) - 057 072
Parietal Theta (EO) . 0.68 043 063 075 063 062
Posterior Theta (EQ) - 058 088 046 | 050 066 073 065 072 - 0.6

Withdrawn (T-Score) - 065 073
Attention (T-Score) -
Delinquent (T-Score) - 068 057 [ET)

Thought (T-Score) - 0.5

Aggressive (T-Score) -
Anxious Depressed (T-Score) - 065

Internalizing (T-Score) - 073

Externalizing (T-Score) - 0.4

=]
o
&

=
=
o

L L e e e e
o o 8 O 00 OO OO O T 0o o0 ¥ PP PP yYET
O W o 9 O 4O 4 40 &L oW oW oW - W W I s 5 56 6 6 6 85 6
S e e - SR < T = - - T R - N B
£ g 22 EE S8 EEEE LR8G9 D B 0GB oD
= 5 &2 &5 2 2 8 8 3 3% 3 g g 2 v ok L E L EEELC
T T = = - - - . 82 00 F FFF g 22 97T o0
— = — v ® B 8 % % "R 5 = = = = = § > @ £ ¢
T T T 8 5 £ % ¢ fE E E &8 ® B B 5§ m 2 ¥ 2 F 2 "B N
S 8 2 B &8 T @ s s 2 2 B &8 B 5 5 3 @ 4 N N
£ £ @ S o £ Y B £ ¢ g5 £ e w & S T © v = =
c o c 88 @0 £ g £ § 2 & g 5 ¢ g B g g & ¥ g ®moom
e B g B VU % o 3 u':f“m“‘-mﬁfjj'—b—mn-Ec
U v a4 o £ v a o U % g 3§ £ F O o ¥ g g

& < a = a £ o & B
w E X
4 = 4
e
=
c
<

Figure S7. Correlation matrix for YASR scales and EEG Power Spectrum during eyes open (EO)

condition in the prenatally tobacco exposed (>5 cigarettes/day) group.
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Correlation Heatmap (displayed only for significant p-values, below 0.05)
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Figure S8. Correlation matrix for YASR scales and EEG Power Spectrum during eyes closed (EC)

condition in the total sample.
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Correlation Heatmap (displayed only for significant p-values, below 0.05)
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Figure S9. Correlation matrix for YASR scales and EEG Power Spectrum during eyes open (EO)
condition in the total sample.

119



SUPPLEMENTAL MATERIAL
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[
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Figure S10. Descriptive statistics M(+/-SD) of the YASR subscales for prenatally tobacco exposed
(n=55) and prenatally unexposed group (n=118).
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Figure S11. Brain activity descriptive characteristics M(+/-SD) of EEG resting-state conditions for

prenatally tobacco exposed (n=55) and prenatally unexposed group (n=118).

121



SUPPLEMENTAL MATERIAL

Table S4. Results of GAMMSs for EEG Power Spectrum during eyes open (EO) condition in Relation to

Prenatal Smoking Habits (prenatally exposed vs. prenatally unexposed) unadjusted for covariates

Exposed group

Frequency band B SE p R2 R2 ad]
Central -0.01 0.01 0.410 0.35 0.00
S Frontal -0.01 0.01 0.240 0.70 0.00
8 Parietal -0.01 0.01 0.181 0.91 0.00
Posterior -0.01 0.01 0.401 0.36 0.00

» Central -0.01 0.00 0.054 1.88 0.01
7 Frontal -0.02 0.01 0.040 2.13 0.02
= Parietal -0.01 0.00 0.006 3.83 0.03
Posterior -0.01 0.00 0.027 2.48 0.02
Central -0.01 0.00 0.109 0.76 0.01
g_ Frontal -0.01 0.01 0.045 1.31 0.02
< Parietal -0.01 0.00 0.036 2.03 0.01
Posterior 0.00 0.00 0.053 2.23 0.01
Central 0.00 0.00 0.057 1.83 0.01

g Frontal 0.00 0.00 0.520 0.21 0.00
m Parietal 0.00 0.00 0.206 0.82 0.00
Posterior 0.00 0.00 0.398 0.37 0.00

Note: B represents the regression coefficient, SE represents the standard error, and p represents the p-

value. R? and R2adj represent the variance explained and adjusted variance explained, respectively.

Table S5. Results of GAMMs for EEG Power Spectrum during eyes closed (EC) condition in Relation

to Prenatal Smoking Habits (prenatally exposed vs. prenatally unexposed) unadjusted for covariates

Exposed group

Frequency band B SE p R2 R2 ad]
Central 0.00 0.01 0.783 0.04 0.00
£ Frontal -0.01 0.01 0.418 0.34 0.00
8 Parietal 0.00 0.01 0.396 0.37 0.00
Posterior 0.00 0.01 0.925 0.00 -0.01
. Central -0.01 0.00 0.038 2.17 0.02
w5 Frontal -0.02 0.01 0.017 2.87 0.02
= Parietal -0.01 0.00 0.009 3.43 0.03
Posterior -0.01 0.00 0.053 1.90 0.01
s Central -0.01 0.00 0.139 1.11 0.01
< Frontal -0.01 0.01 0.051 1.93 0.01
< Parietal -0.01 0.00 0.046 2.02 0.02
Posterior -0.01 0.00 0.056 1.85 0.01
Central 0.00 0.00 0.077 1.58 0.01
g Frontal 0.00 0.00 0.628 0.08 0.00
m Parietal 0.00 0.00 0.303 0.54 0.00
Posterior 0.00 0.00 0.526 0.21 0.00

Note: B represents the regression coefficient, SE represents the standard error, and p represents the p-

value. R? and R2adj represent the variance explained and adjusted variance explained, respectively.
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Table S6. Results of GAMMs for YASR scales in Relation to Prenatal Smoking Habits (prenatally

exposed vs. prenatally unexposed) unadjusted for covariates

Exposed group

YASR Scales B SE p R2 (%) R2 adj (%)
Anxious 1.35 1.66 0.005 2.02 0.02
Withdrawn 1.28 0.49 0.006 2.41 0.02
Thought 1.12 0.56 0.047 1.28 0.01
Attention 0.55 0.56 0.329 0.31 0.00
Delinquent 0.72 0.59 0.224 0.48 0.00
Aggressive 0.89 0.49 0.069 1.07 0.01
Internalizing 1.40 0.47 0.003 2.86 0.03
Externalizing 3.58 1.30 0.006 2.41 0.02

Note: B represents the regression coefficient, SE represents the standard error, and p represents the p-

value. R? and R2adj represent the variance explained and adjusted variance explained, respectively.

Table S7. Results of GAMMs for EEG Power Spectrum during eyes open (EO) condition in Relation to

Prenatal Smoking Habits (prenatally exposed vs. prenatally unexposed) adjusted for covariates

Exposed group

Frequency band B SE p R2 R2 ad]
Central 0.00 0.01 0.903 41.10 0.33
£ Frontal -0.01 0.01 0.334 8.37 0.00
S Parietal 0.00 0.01 0.576 38.10 0.30
Posterior 0.00 0.01 0.820 46.40 0.40
Central -0.01 0.01 0.276 7.55 0.00

% Frontal -0.01 0.01 0.240 9.61 0.02
= Parietal -0.01 0.00 0.094 15.30 0.08
Posterior 0.00 0.00 0.265 28.90 0.20
Central -0.01 0.00 0.114 10.80 0.03
5_—;_ Frontal -0.01 0.01 0.068 17.30 0.10
< Parietal -0.01 0.00 0.058 12.50 0.04
Posterior -0.01 0.00 0.059 10.30 0.01
Central 0.00 0.00 0.893 9.67 0.03

g Frontal 0.00 0.00 0.819 5.59 -0.02
m Parietal 0.00 0.00 0.841 16.60 0.08
Posterior 0.00 0.00 0.970 13.30 0.05

Note: B represents the regression coefficient, SE represents the standard error, and p represents the p-

value. R? and R2adj represent the variance explained and adjusted variance explained, respectively.
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Table S8. Results of GAMMSs for EEG Power Spectrum during eyes closed (EC) condition in Relation

to Prenatal Smoking Habits (prenatally exposed vs. prenatally unexposed) adjusted for covariates*

Exposed group

Frequency band B SE p R2 R2 ad]
Central 0.00 0.01 0.428 15.60 0.09

& Frontal 0.00 0.01 0.906 15.70 0.09
8 Parietal 0.00 0.01 0.700 25.50 0.19
Posterior 0.00 0.01 0.361 21.40 0.15

© Central 0.00 0.00 0.423 17.50 0.11
w7 Frontal -0.01 0.01 0.289 18.60 0.12
= Parietal -0.01 0.00 0.095 23.20 0.17
Posterior 0.00 0.00 0.261 22.20 0.16

© Central -0.01 0.01 0.228 11.80 0.05
< Frontal -0.01 0.01 0.215 17.30 0.11
< Parietal -0.01 0.00 0.126 10.60 0.03
Posterior -0.01 0.00 0.089 8.21 0.00
Central 0.00 0.00 0.967 10.30 0.03

S Frontal 0.00 0.00 0.565 542 -0.02
r:qﬁ Parietal 0.00 0.00 0.969 9.59 0.03
Posterior 0.00 0.00 0.812 9.43 0.02

Note: *participant's sex, age, maternal psychopathology (assessed through an interview question with
dichotomous self-rating), maternal alcohol consumption during first three month after giving birth, week
of pregnancy at birth, smoking habits of participants and alcohol intake; B represents the regression

coefficient, SE represents the standard error, and p represents the p-value. R? and R2adj represent the

variance explained and adjusted variance explained, respectively.

Table S9. Results of GAMMs for YASR scales in Relation to Prenatal Smoking Habits (prenatally

exposed vs. prenatally unexposed) adjusted for covariates*

Exposed group

YASR Scales B SE p R2 (%) R2 adj (%)
Anxious 0.76 0.56 0.174 12.50 0.08
Withdrawn 0.58 0.69 0.488 9.26 0.04
Thought 0.44 0.63 0.481 11.30 0.07
Attention -0.58 0.62 0.344 20.50 0.16
Delinquent -0.97 0.58 0.096 23.80 0.20
Aggressive -0.26 0.52 0.616 14.70 0.10
Internalizing 0.84 0.51 0.102 15.10 0.11
Externalizing 1.75 1.50 0.245 10.40 0.06

Note: *participant's sex, age, maternal psychopathology (assessed through an interview question with
dichotomous self-rating), maternal alcohol consumption during first three month after giving birth, week
of pregnancy at birth, smoking habits of participants and alcohol intake; B represents the regression

coefficient, SE represents the standard error, and p represents the p-value. R? and R?ad] represent the

variance explained and adjusted variance explained, respectively.
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