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Abstract

The prenatal substance exposure has persisting effects on neurocognitive dys-

function from fetuses to children and adolescents. Among various neurocognitive

functions, many studies focused on reward processing and impulsivity as they

are key functions related to many psychiatric disorders. However, there were

some limitations: previous studies had a relatively small sample size and the ef-

fects of prenatal polysubstance exposure were rarely investigated, even though

many individuals with substance use disorders are polysubstance users. Also,

the moderation effects of demographic and postnatal environmental factors were

not considered in many previous studies. Here, the current study aimed 1) to

replicate or further investigate the effects of prenatal exposure to each of the

two most commonly used drugs (nicotine and alcohol) in a large sample, 2) to

examine the effects of prenatal polysubstance exposure on reward processing

and impulsivity, and 3) to investigate the influence of demographic and post-

natal factors on the outcomes of prenatal drug exposure. For the goal, we used

the behavioral and neuroimaging measures of reward processing and impulsivity

from the Adolescent Brain Cognitive Development study in the US (N=10,161).

We found that prenatal nicotine exposure was associated with hyperactivation

in the inhibitory region, inferior frontal gyrus (IFG) during response inhibi-

tion. Also, we found a significant interaction effect of nicotine and alcohol on

hyperactivation in ACC and IFG during response inhibition, which might in-

dicate additive or synergistic effects of nicotine and alcohol. Lastly, we found

an alteration in reward processing in the ethnically minor group and alteration

in inhibitory function in children given birth from old mothers. Overall, the
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results suggest that there is a need to pay close attention to the complex effects

of prenatal polysubstance exposure and its interaction with demographic and

postnatal factors.

Keywords: prenatal exposure to substance, polysubstance, reward processing

and impulsivity

Student Number: 2018-21640
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1

Introduction

1.1 Substance use disorder

Substance abuse is a serious social problem. According to the National Sur-

vey of Drug Use and Health from the U.S. 2017, 51.7% of citizens aged 12

or older reported tobacco use in the past month and 17.9% reported alcohol

use. Also, the Korea National Health and Nutrition Examination Survey (KN-

HANES) 2018 reported 22.4% of citizens aged older than 19 are currently a

smoker and have smoked more than 100 cigarettes during their lifetime. Also,

60.6% have drunk alcohol more than once a month in the last year. The annual

social cost of tobacco, alcohol, and illicit drug abuse in the U.S. is larger than

$740 billion. Besides, the death related to drug overdose has increased almost

every year since 1999 and it reached more than 67,300 death in 2018.

Substance use disorder (SUD) is a psychiatric disease where patients repet-

itively use addictive substances without control, despite its negative outcome.

According to DSM-5, the symptoms of SUD include uncontrollable use of sub-
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stances in terms of dosage and duration, craving for substances, and inability

to maintain daily lives due to substances.

There are common stages of SUD; intoxication, tolerance/withdrawal, and

preoccupation (Koob & Volkow, 2016). In the intoxication stage, substance

activates the mesocorticolimbic dopamine pathway, where dopaminergic neu-

rons projects from substantia nigra (SN)/ ventral tegmental area (VTA) to

the striatum and the frontal lobe (Björklund & Dunnett, 2007). The release of

dopamine in this pathway is related to hedonic experience. Hence, the activa-

tion of the dopamine pathway works as a positive reinforcement for repetitive

drug-taking (Pierce & Kumaresan, 2006). Chronic drug users become to need

a larger amount of drugs to reach the same degree of hedonic experience. This

phenomenon is called tolerance and it occurs mainly due to the desensitization

of the receptors that the drug of abuse binds to (Koob & Volkow, 2016). At the

same time, if chronic users stop taking the drug, they experience unpleasant

symptoms such as negative affect, anxiety, fatigue, and so on. This is called

withdrawal symptoms. It happens because the function of the mesocorticol-

imbic dopamine pathway is downregulated after chronic drug use and is not

properly activated anymore by natural reward (Koob & Volkow, 2016). Also,

the stress system is activated during withdrawal, involving increased activa-

tion of corticotropin-releasing factor, norepinephrine, and dynorphin in basal

ganglia (Koob, 2008). Therefore, abusers are preoccupied with the drug to re-

solve this negative state. The craving for drugs is the main characteristic of the

preoccupation stage (Koob & Volkow, 2016).

Among many addictive substances, this paper focused on nicotine and al-

cohol, the most widely used ones. This section introduced the basic knowledge

about nicotine and alcohol and its effects on neurocognitive functions, such

as reward processing and impulsivity, which were commonly suggested as key
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functions related to substance use disorders.

As for reward processing, the current section mainly reviewed the findings

on brain activation in the ventral striatum (VS) in the Monetary incentive

delay (MID) task (See Method for a detailed explanation of the task). For

impulsivity, the current section covers two dimensions of impulsivity, action

impulsivity, and choice impulsivity, which were measured by the stop-signal

task (SST) and delay discounting task (DDT) respectively (See Method 3 for a

detailed explanation of the task). For the SST, brain activation in inferior frontal

gyrus (IFG) and anterior cingulate cortex (ACC) during response inhibition and

stop-signal reaction time (SSRT) were included. The longer SSRT is generally

interpreted as higher impulsivity.

1.1.1 Nicotine

Nicotine has a long history that tobacco has been cultivated by people in

Mesoamerica dating back to 1400–1000 BC (Kaag, 2005). Nicotine is absorbed

mainly by the lung and it reaches the brain in eight seconds. Then, it provides

to some reinforcing effects, such as mild euphoria, increased energy, reduced

stress and pain, and improved cognitive functions.

Nicotine dependence also involves three stages. In the intoxication stage,

nicotine is positively reinforced by the action of nicotine at the cellular level,

which binds to nicotinic acetylcholine receptors (nAChRs) and facilitates the

activation of the mesocorticolimbic dopamine system (Koob & Volkow, 2016).

It also reduces pain by interacting with endogenous opioids and through the

suppression of inflammatory actions (Kishioka et al., 2014). In the withdrawal

stage, patients show high irritability, displeasure, and high craving. This is re-

lated to the elevation of the reward threshold, which might be led by alteration

in nAChRs function, decreased dopamine activity, and alterations in dopamine-
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glutamate and dopamine-GABA interactions (Koob et al., 2014). Lastly, in the

preoccupation stage, many patients relapse and nAChRs and corticotropin-

releasing factor(CRF) play important roles. The blockade of nAChRs blocked

cue-induced reinstatement and the blockade of CRF blocked stress-induced re-

instatement (Koob et al., 2014).

Reward processing and impulsivity As for reward processing, one liter-

ature reviewed the anticipatory VS activation in the MID task, focusing on

addicted populations. They included studies done with adults aged more than

18, addicted or at-risk populations, and traditional MID task versions (Balodis

& Potenza, 2015). Here, one previous study found a diminished activation of

the left VS, ACC, and right superior frontal gyrus during reward anticipation

in the modified MID task (Rose et al., 2013).

For impulsivity, one previous study reported less activation of dorsal ACC

in the nicotine dependence group compared to healthy control during successful

inhibition in SST. The SSRT was not different between the two groups (Ruiter

et al., 2012). Another study found no difference in brain activation during suc-

cessful inhibition between nicotine dependents and healthy controls but found

a negative association between the severity of dependence and activation of

brain areas including ACC and IFG. This indicates a diminished activation in

inhibitory related areas is associated with nicotine dependence. The study also

could not find group differences in SSRT but find a negative association between

SSRT and brain activation in areas including IFG, which implies faster stop re-

sponse involves an increase in brain areas for inhibitory function (Galván et al.,

2011). In the meantime, a meta-analysis reported greater delay discounting re-

lated to nicotine dependence and its severity (Amlung et al., 2017; MacKillop

et al., 2011).
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1.1.2 Alcohol

Alcohol also has been used for a very long time. As beer containers of 8000

BCE were discovered, it has been at least 10,000 for humans drinking alcoholic

drinks (Patrick, 1952). Drinking alcohol disinhibits behavior and reduces anxi-

ety in low blood alcohol concentration (BAC) (Cui & Koob, 2017). Therefore,

it works as social lubricants or self-medication. Alcohol is absorbed within 30

to 60 minutes mainly through small intestine and stomach (Paton, 2005).

Alcoholism involves three stages like other SUDs. In the intoxication stage,

the alcohol elicits sedative or anti-stress effects which involove the enhancement

of inhibitory GABAergic neurotransmission and inhibition of excitatory gluta-

mate neurotransmission. Meanwhile, it also activates a dopaminergic system

in VTA as the psychostimulants do, which has positive reinforcement effects

(Koob & Volkow, 2016). However, it is noteworthy that it does not mean that

alcohol binds to a specific receptor. Alcohol molecule is too small to have bind-

ing energy to receptors. It rather interacts with some neuronal elements in the

molecular level (Rao et al., 2015). In the withdrawal stage, abstinence of alcohol

elicits the withdrawal symptom of hyper-excitability, such as tremor, increased

heart rate, blood pressure, and body temperature. Psychologically, irritability,

anxiety, and depression are shown in this stage. The tolerance to alcohol entails

heightened metabolism of alcohol and the requirement of higher dosage to be

intoxicated. The tolerance stage is related to serotonin and glutamate system

as blockade of these systems blocks acute and chronic tolerance (Koob et al.,

2014). For withdrawal symptoms, decreased neurotransmitter function in the

VS and amygdala and decreased extracellular dopamine levels in the nucleus

accumbens area play important roles (Ma & Zhu, 2014). Lastly, in the preoc-

cupation and anticipation stage, abstinence from alcohol involves the state of
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anxiety, which is related to increased CRF activity (Valdez et al., 2003).

Reward processing and impulsivity As for reward processing, the pre-

vious studies found alcohol-dependent subjects showed decreased activation of

the VS during anticipating a reward in the MID task (Beck et al., 2009; Wrase

et al., 2007). The subjects did not have any other type of substance use disorder.

For impulsivity, one previous study reported no group difference in SSRT

between alcohol dependence and healthy control but alcohol dependence group

showed less activation of the left dorsal lateral prefrontal cortex during response

inhibition. However, this study did not control nicotine dependence and not

reported the number of subjects with nicotine dependence and their severity.

Therefore this result may be confounded by the administration of nicotine (Li et

al., 2009). In the meantime, a meta-analysis reported greater delay discounting

related to alcohol dependence and its severity (Amlung et al., 2017; MacKillop

et al., 2011).

1.1.3 Nicotine and alcohol

There are three possible outcomes from a combination of drugs; additive,

synergistic, and antagonistic. The additive outcome means the simple addition

of the effects of each drug when taken independently. The synergistic outcome

means a larger effect than the additive outcome. Lastly, the antagonistic out-

come refers to a smaller effect than the additive outcome (Greco & Parsons,

1995).

The co-use of nicotine and alcohol are common. The people with alcohol

dependence consume twice more cigarettes compared to the general population

(Falk et al., 2006). This high comorbidity might be linked to genetic, epigenetic

influence, or specific pharmacokinetic interactions or counteracting mechanisms
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but still more investigation is warranted (Hurley et al., 2012).

Although some studies reported the effects of the combination of nicotine

and alcohol on the alteration of the cholinergic system (Ribeiro-Carvalho et al.,

2009), the effects of drugs mainly converge in the mesocorticolimbic dopamine

system (Doyon et al., 2013). Each increases the dopaminergic neuronal firing

(Foddai et al., 2003; Gessa et al., 1985; Mameli-Engvall et al., 2006; Schilström

et al., 2003). Together, they have an additive effect on enhancing dopamine

release in the nucleus accumbens area (Tizabi et al., 2007).

In psycho-behavioral findings, nicotine and alcohol had an impact on the

anxiety-related behavior of mice during withdrawal (Abreu-Villaça et al., 2007).

Meanwhile, in one human study, alcohol and nicotine showed additive effects

in some physiological measures such as increased heart rate, but nicotine also

showed an antagonistic effect on slowed perceptual processing led by alcohol

(PERKINS, 1997).

Reward processing and impulsivity Regarding reward processing, two

previous studies investigated the difference in neural response of VS during a

modified MID task in alcohol dependents who were in an alcoholism treatment

program. However, all subjects were also regular smokers. They showed no

neural differences while anticipating reward compared to the healthy control

group. One important thing is that it should be carefully interpreted as they

also met diagnostic criteria for current or lifetime abuse of other drugs such as

cocaine (Bjork et al., 2008; Bjork et al., 2011).

As for impulsivity, no previous study on the relationship between the com-

bination of nicotine and alcohol on SST and DDT were found.
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1.2 The maternal substance use

Maternal substance use during pregnancy is a long-lasting challenge for pub-

lic health. Approximately 10% of pregnant women reported smoking cigarettes,

4.3% having binge alcohol use in the U.S. in 2016 (National Survey on Drug

Use and Health, 2016). Therefore, many researchers have paid their attention to

the consequences of prenatal substance exposure on offspring and they found

persisting effects on the neurological development of fetuses to children and

adolescents. For example, many studies reported the increased vulnerability to

psychiatric disorders including substance use disorder (Delaney-Black et al.,

2011; Fisher et al., 2011; Richardson et al., 2013). Also, neurocognitive dys-

functions were associated with prenatal substance exposure in both animals

and humans, from the molecular level to the brain system level.

The substance reaches to fetus across the placental barrier. The fetus can

be affected by drugs in two ways; acute toxicity and teratogenic effects. The

fetus is exposed to acute toxicity when the mother has a high dose of substances

in the blood. The teratogenic effects refer to developmental damage caused by

teratogens such as substances or viruses. Each organ has a different period of

maximum teratogenic vulnerability but most of them are in between the first

trimester. The brain is the most sensitive during 15-60 days after fertilization

(Koob et al., 2014; Meyer & Quenzer, 2005).

This section introduced previous findings of various outcomes of prenatal

exposure to nicotine and alcohol. Also, their effects on neurocognitive functions,

reward processing, and impulsivity, were reviewed. As for reward processing, the

current section mainly reviews two topics, first, dopaminergic reward system,

and second, brain activation in the VS in the MID task. For impulsivity, the

current section covers two dimensions of impulsivity, action impulsivity, and
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choice impulsivity, which were measured by the SST and DDT respectively. For

the SST, IFG, and ACC during response inhibition and SSRT were the focuses.

Besides, for the action impulsivity of animals, diverse tasks were also included,

which can be interpreted as measuring response inhibition but the tasks for

hyperactivity rather than inhibition were not covered.

1.2.1 Nicotine

Nicotine exposure in utero was associated with many neurobehavioral mal-

functions, supported by both animal and human studies. In rat studies, height-

ened locomotor activity and cognitive impairment such as attention and mem-

ory deficits are reported. In human studies, low birth weight, spontaneous abor-

tion, sudden infant death syndrome, and impairment in motor, sensory, and

cognitive ability were observed in newborns and infants exposed to nicotine. In

childhood, prenatal nicotine exposure was related to an increase in externaliz-

ing behavioral problems, deficits in sustained attention, response inhibition, and

memory. In adolescence, they were more vulnerable to certain psychiatric con-

ditions such as attention-deficit/hyperactivity disorder (ADHD) and conduct

disorder (ERNST et al., 2001).

Reward Processing Prenatal exposure to nicotine impacts dopamine sys-

tem and reward processing. In animal studies, it is suggested that nicotine up-

regulates the nicotine acetylcholine receptor in the brain of the fetus. As acetyl-

choline plays a critical role in the prenatal development of neurons in substantia

nigra, where the neurons project to the striatum (Dwyer et al., 2009), prenatal

exposure to nicotine may result in alteration in the mesolimbic dopaminergic

pathway. Also, prenatal nicotine led to a lower level of dopamine release in the

ventral striatum in response to nicotine in adolescent rats, which indicates a
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modification of substance-specific reward function (Gold et al., 2009). A recent

study examined the influence of prenatal nicotine on dopaminergic and non-

dopaminergic neurons in the ventral tegmental area and it reported alterations

in the intracellular signaling pathway specific to dopaminergic neurons (Keller

et al., 2019), which also implicates the influence of nicotine on fetuses.

Although these studies suggested the effect of nicotine exposure on the

dopamine reward system during pregnancy, it is uncertain how these molec-

ular or cellular level alterations translate into neuro-behavioral outcomes in

humans. In this regard, one human study investigated VS response to reward

cue, in adolescents whose mother smoked at least one cigarette a day during

pregnancy. It found that the prenatally exposed group showed a weaker ventral

striatal response during reward anticipation compared to the matching control

group, but no difference was found during reward receipt (Müller et al., 2013).

This result indicates that the prenatal nicotine influenced the reward function

in human brain as well.

Impulsivity Prenatal nicotine exposure has been associated with heightened

action impulsivity. For example, the rats prenatally exposed to nicotine showed

a higher frequency of anticipation response in the 5-choice serial reaction time

test (5-CSRTT) (Schneider et al., 2011). In 5-CSRTT, the rats were trained

to receive food by nose-poking into one of five holes when the hole was il-

luminated. The anticipatory response refers to a nose-poking response during

intertrial intervals. As it is a failure to inhibit responses between trials, it is com-

monly interpreted as an index of impulsive action. Besides, during the SST, the

prenatal nicotine exposed rats committed more errors and exhibited more pre-

mature behavior (Bryden et al., 2016). Here premature behavior was counted

when the rats left nose-port where they were trained to wait inside it before the
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beginning of every trial. While these results supported heightened action im-

pulsivity, there was a lack of evidence that prenatal exposure to nicotine leads

to impulsive choice in rats as there was no significant difference was found in

the performance of the DDT between exposed group and non-exposed group

(Schneider et al., 2011).

Unlike the results from animal studies, human studies provided less consis-

tent picture. In the SST, while inhibiting already potentiated go-action, one

study found weaker responses in ACC and IFG in young adults who were ex-

posed to nicotine in utero (Holz et al., 2014), whereas two studies found greater

responses in ACC and IFG (Bennett et al., 2009; Longo et al., 2013). In the

mean time, the studies reported no difference in SSRT. Regarding choice im-

pulsivity, no previous studies were found. These results pointed out the neural

alteration of inhibitory function but the directionality is still ambiguous.

1.2.2 Alcohol

The most well-known outcome of prenatal exposure to alcohol is the fe-

tal alcohol spectrum disorders (FASD) According to centers for disease con-

trol and prevention, the prevalence is 0.2 to 2 cases per 1000 live births. The

small molecules of alcohol quickly pass through the placenta and reach the fe-

tus. The damaged fetus later has low birth weight, intellectual disability, facial

dysmorphology, neurodevelopmental abnormalities, and delays, which are the

symptoms of FASD. Many factors interact in this process, for example, the

frequency and quantity of maternal drinking, fetal developmental stage, etc.

Although there are some reports that low to moderate alcohol intake has no

significant relationship with FASD, the threshold of the allowable amount of al-

cohol is uncertain and the mechanism of FASD is still vague. There was also a

study suggesting that mild, moderate, and binge drinking during pregnancy al-
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tered many neuropsychological functions such as attention, cognition, language,

executive function, and memory which are not necessarily equal to FASD (Flak

et al., 2013). Therefore, there is no safe amount of drinks for pregnant women.

Reward Processing Many previous studies found an impact on the dopamine

reward system followed by prenatal exposure to alcohol. For example, one study

suggested that prenatal ethanol exposure leads to decreased excitability in

dopamine neurons in the VTA (J. Wang et al., 2006). Also, it is reported that

prenatal ethanol is related to a reduction in dendritic length and branching in

the nucleus accumbens area, the subregion of VS where many dopamine neurons

populate (Rice et al., 2012). One recent study further reported a reduction in

the size of the dopamine neuron cell body in VTA and suggested the underlying

mechanism of the reduction as neuroinflammation through microglia (Aghaie

et al., 2020). Not only rats but also monkeys exhibited abnormal activities in

striatal dopamine neurons (Valenzuela et al., 2012). In summary, animal studies

support the effects of prenatal alcohol exposure on the dopamine system.

In human research, no previous study, which dealt with the reward process-

ing of the prenatally alcohol-exposed sample, was found.

Impulsivity Similar to nicotine, prenatal exposure to alcohol also has been

associated with heightened action impulsivity. In animal research, the prenatally

exposed rats showed more frequent water drinking behavior in the Electro-Foot

Shock Aversive Water Drinking Test (EFSDT) (Kim et al., 2013). In the task,

the rats receive an electric shock whenever they lick the water for more than

5 seconds. Therefore, water drinking behavior is a lack of response inhibition

even under punishment and is interpreted as action impulsivity. In another

study, the more frequent premature behavior in 2-CRSTT, a modified version
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of 5-CRSTT, was reported for prenatally ethanol exposed rats (R. Wang et al.,

2020). Although the other study reported a contradictory result regarding 5-

CRSTT (Olguin et al., 2020), the overall rat studies support the relationship

between alcohol exposure and increased action impulsivity. As for choice im-

pulsivity, however, one study reported no significant group difference in DDT

(Pupe et al., 2011). Plus, the other study reported the opposite result from

expectation, where fetal alcohol-exposed rats chose large delayed rewards more

frequently than control did (Bañuelos et al., 2012).

In the most recent human research, the prenatally exposed group showed

decreased activation in brain regions including IFG and ACC during successful

inhibition (Kodali et al., 2017). However, the other studies reported increased

activation in regions of ACC and frontal areas during inhibition (Fryer et al.,

2007; O’Brien et al., 2013; Ware et al., 2015) but it is noteworthy that the stud-

ies looked into the neural response during all inhibition trial, rather than suc-

cessful inhibition trials. Meanwhile, all of these studies reported no significant

group differences in task behavioral performance, SSRT. As for delay discount-

ing, no reference was found. To sum up, although there was some inconsistency

in the detailed results, both animal and human studies found heightened im-

pulsivity and abnormal neural activation patterns in the fetal alcohol-exposed

group.

1.2.3 Nicotine and alcohol

Little is known about the interaction effect of prenatally exposed nicotine

and alcohol. In rat studies, one study found a mild alteration in maternal behav-

ior, such as less frequent touch/sniff compared to controls. It also reported lower

oxytocin levels in VTA and medial preoptic areas (McMurray et al., 2008). An-

other research experimented with a rat model on the effects of full gestational
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exposure to nicotine and alcohol simultaneously. It found no difference in many

physical indices such as birth weights, eye-opening age, or weight gain but found

increased nicotine self-administration. In a human study, one study reported a

synergistic effect of nicotine and alcohol on preterm labor, low birth weight,

and growth restriction (Odendaal et al., 2009).

The interaction of alcohol and nicotine on neurocognitive functions such as

reward processing and response inhibition has not been studied to the best of

our knowledge.

1.2.4 Effects of demographic and postnatal environment

The effect of prenatal exposure to alcohol and tobacco can be moderated by

diverse factors such as gender, ethnicity, maternal age, maternal mental health,

postnatal family environment, etc. However, little is known about the mod-

eration effects. One study reported gender-specific effects of prenatal alcohol

exposure on child mental health which was measured by Strengths and Diffi-

culties Questionnaire (SDQ) (Sayal et al., 2007). The authors found that low

levels of alcohol exposure in utero were associated with mental health problems

(high SDQ score) in girls. Another study also reported a decrease in auditory

and visual attention performance accuracy specifically in prenatally nicotine

exposed women. However, careful interpretation is warranted as the subjects

were also smokers.

The factors other than gender was also considered in some previous stud-

ies. One research examined the effects of maternal characteristics. It found old

maternal age, severe alcohol-related psychosocial and physical problems of the

mother, and less optimal cognitive stimulation to child moderated reduction

in IQ related to prenatal alcohol exposure (Jacobson et al., 2004). The other

study reported the mediation effect of emotional connection between child and
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mother on the relationship between prenatal alcohol exposure and child depres-

sion symptoms (O’Connor & Paley, 2006).

However, little is known about the environmental influence on neurocogni-

tive outcomes of prenatal exposure to nicotine and alcohol. In this regard, the

current study examined the different effects of prenatal drug exposure between

groups divided by gender, race and ethnicity, early life stress, maternal age, and

maternal mental health.

1.3 Objectives and hypotheses

There were some limitations in previous studies. 1) The previous studies on

prenatal substance exposure had a relatively small sample size, mostly under

50 people. Also, there appeared to be some inconsistency in findings. 2) The

effects of prenatal polysubstance exposure did not get much attention although

many people use multiple substances at the same time in a naturalistic setting.

3) Little is known about the influence of demographic, maternal, and postnatal

environmental factors on the effects of prenatal drug exposure, especially on

neurocognitive functions.

Therefore, the current research focused on three goals, 1) to replicate or

further investigate the effects of the mono substance in utero in the large sample

of more than 10,000, 2) to examine the interaction effects of polysubstance in

utero, and 3) to investigate the influence of demographic and postnatal factors

on the effects of prenatal drug exposure.

As for the first goal, we expect that the prenatally nicotine exposed group

would show a weaker response in the VS during reward anticipation in the MID

task. Also, in the SST, there would be no behavioral difference in SSRT and the

neural results would be rather exploratory as previous research reported mixed
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results. Whereas, there might be hypoactivation of inhibitory brain area during

successful inhibition if the effects of prenatal nicotine exposure are in line with

findings from nicotine dependence group. As for choice impulsivity, there would

be no difference between groups. For alcohol, it is hard to make expectations for

the reward processing domain due to a dearth of evidence. However, there might

be weaker activation in VS if it follows the results of alcohol dependence. Also,

there would be lower activation in IFG and ACC during successful inhibition

in the SST with no task behavioral difference. Also, no difference in DDT is

expected. Regarding the second goal, there might be additive, synergistic, or

antagonistic effects of nicotine and alcohol. However, it is difficult to expect the

neuro-behavioral outcomes even though we have some prior knowledge of the

effects of mono substance exposure on neurocognitive functions. For the third

goal, as mediation of demographic or postnatal environmental factors on the

outcome of prenatal substance exposure on neurocognitive functions has not

been reported, it is hard to suggest a firm hypothesis.
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2

Methods

2.1 Participants

The ABCD study This study analyzed data from the Adolescent Brain Cog-

nitive Development (ABCD) Study. The ABCD Study is a 10-year longitudinal

study following more than 10 thousand children’s development, which was ini-

tiated in 2018 (Volkow et al., 2018). It is led by the National Institute of Health

in the U.S. and 21 study sites over the country collaborate to collect data. All

participants were aged 9 to 10 in 2018 and they were selected to represent the

whole population of the U.S. in terms of demographic characteristics such as

gender, ethnicity, socioeconomic status, and residential district (Garavan et al.,

2018).

The main goal of this study is to identify the normal and abnormal de-

velopmental tract of the human brain. To achieve this goal, many measures

are being collected, comprehensively. There are mainly seven domains, physical

health, mental health, neurocognition, brain imaging, substance use, culture
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& environment, and biospecimens. To measure physical health, they include

anthropometrics, exercise, pubertal development, screen time, medical history,

sleep pattern, and developmental history. For mental health, they conduct clin-

ical interviews and surveys to parents and children. For neurocognition, they

include many cognitive tasks like verbal learning task or flanker task. For brain

imaging, they scan structural MRI, diffusion-weighted MRI, and functional MRI

with tasks. Besides, they collect the data of substance use and cultural or en-

vironmental interaction of children. For biospecimens, they collect hair, baby

teeth, blood, etc.

The current study In the current study, a total of 10,161 children from the

ABCD study was analyzed. Among them, 973 were exposed to nicotine in utero

at least once during pregnancy. 2,074 of them were exposed to alcohol in utero

at least once during pregnancy. In those children, 460 were exposed to nicotine

and alcohol (see Figure 3.2).

The different number of children were excluded for each step of analysis

since the number of missing values varied depending on what measures were

used in at each step of analysis. The detailed sample sizes for each analysis

were reported in the tables in the Appendix. Furthermore, especially for fMRI

analysis, children with low imaging quality and task performance were excluded

from the analysis, following the exclusion criterion suggested by the ABCD Data

Analysis and Informatics Center (DAIC) (Hagler et al., 2019). Also, the fMRI

data obtained from Phillips scanners were excluded based on the announcement

by the ABCD study group on errors in post-processing.
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2.2 Measurement

2.2.1 Demographic information

For demographic information, sex, race, interviewed age, parental educa-

tion, household income, parent marriage, brain volume, data acquisition site,

and children’s lifetime drug use were included (see Figure 3.1). The sex was

a binary variable, female or male. The race was a categorical variable, white,

black, Hispanic, Asian, and others. The age was a continuous variable from 108

to 131 months. Parental education was also categorized into 21 groups, ranging

from never attended/ kindergarten only to doctoral degree. The household in-

come was categorized into 10 groups, ranging from less than $5,000 to $200,000

and greater. The parent marriage was a categorical variable, married, widowed,

divorced, separated, never married, and living with a partner. The brain vol-

ume was a continuous variable of ASEG atlas ROI intracranial volume, where

the unit was mm3. There were 21 different study sites, which were categorical

variables. The children’s lifetime drug use was reported if there is at least one

child used a certain drug. 17 drugs are included. Lastly, The MRI machine used

for neuroimaging was included. There were three; GE medical systems, Philips

medical systems, and Siemens. These demographic variables were used as co-

variates in later analysis of multiple regression to remove confounding effects

on the outcome.

2.2.2 Prenatal exposure to substance

The mothers answered a retrospective survey on the developmental history

of their children and it included questionnaires about maternal substance use

during pregnancy. It separated the pregnancy period as before and after know-

ing pregnancy and collected substance use information for each period. There
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were alcohol, tobacco, marijuana, cocaine/crack, heroin/morphine, and oxycon-

tin. However, in the current paper, only alcohol and tobacco were included for

analysis as they are more widely used substances compared to others. The sur-

vey asked about the daily frequency of tobacco and, for alcohol, it asked about

the average drinks per week, maximum drinks in one sitting, and the number

of drinks needed to feel the effects of alcohol. Yet only the average drinks per

week were considered in this paper to make the measurement units comparable

between substances. Finally, the current paper made a composite score for each

substance by weighting 5.5/38 on the answers before knowing pregnancy and

32.5/38 on the answers after knowing pregnancy, respectively. This was based

on a report that the average timing of pregnancy awareness is 5.5 weeks out of

the total 38 weeks in the U.S. (Branum & Ahrens, 2017).

2.2.3 Reward processing

Monetary incentive delay task The current study included the MID task

in the ABCD study to distinguish the neurocognitive function of reward pro-

cessing (Casey et al., 2018). Every trial of the task follows the same sequence.

First, a cue is displayed, which is one of the five cues - Win 0.2 $, Win 5 $,

Lose 0.2 $, Lose 5 $, 0 $ (2000 ms). Then, there is an anticipation phase where

participants wait until the fixation screen ends (1500–4000 ms). The researchers

assume that the participants anticipate reward in the phase. After the fixation

screen is removed and a target screen appears, the participants should press

a button as quickly as possible to receive the reward or avoid the loss where

the amount can be expected by the cue displayed at the beginning of the trial

(1500-1850 ms). This is the feedback phase. The task consists of 2 runs, each

with 50 trials. 10 trials for every 5 types of trials were added up to 50 trials.

By scanning the brain, the task disentangles the neural activities of anticipa-
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tion and feedback phase separately. The VS has been a robust neural correlate

of this task (Knutson et al., 2000). Therefore, bilateral accumbens areas, which

are subregions of VS were included in the analysis as regions of interest (ROI).

Also, two contrasts, anticipation of reward versus neutral, and reward positive

versus neutral feedback were used.

2.2.4 Impulsivity

UPPS-P UPPS (urgency, perseverance, premeditation, and sensation seek-

ing) is an impulsivity scale (Cyders et al., 2007; Whiteside et al., 2005). Here, a

modified version from the ABCD study was used. The study group developed a

short version of UPPS-P for children while considering translation to the adult

version for the longitudinal study design (Barch et al., 2018). It contains 20

items and has 5 sub-scales; negative urgency, lack of premeditation, lack of per-

severance, sensation-seeking, and positive urgency. The children responded on

a Likert scale (4 = Not at all like me; 3 = Not like me; 2 = Somewhat like me;

1 = Very much like me) and the total score ranged from 20 to 60. The total

score was included in the analysis.

Delay discounting task The delay discounting task measures choice impul-

sivity, where the choice of a small immediate reward is regarded as the index

of higher impulsiveness and a large prolonged reward is lower impulsiveness. In

the ABCD study, they used the cash choice task to measure the delay discount-

ing tendency of children. The children answered a single question, where they

were to choose between the two options; 75 dollars in 3 days (a small immediate

reward) or 115 dollars in 3 months (a large prolonged reward) (Wulfert et al.,

2002). The binary choice data were included in the analysis.
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Stop-signal task The ABCD study includes the SST, which measures action

impulsivity or response inhibition and its neural correlates (Casey et al., 2018).

Every trial of the task follows the same sequence. First, a leftward or rightward

arrow cue is displayed. It is a go-signal and the participants should press a

button as soon as possible when they encounter the cue. However, sometimes

(in one-sixth of whole trials) suddenly an upside arrow is displayed for 300 ms

after the go-signal. This is the stop-signal and the participants should withhold

their responses immediately when it appears. Also, the underlying algorithm

maintains 50% successful and 50% unsuccessful inhibition in stop-trials by ad-

justing the timing of stop-signal onset. The total length of a trial is 1000 ms.

There were 2 runs, including 180 trials each. One run has 150 go-trials and 30

stop-trials.

This task measures neural activation associated with response inhibition and

impulsivity. Also, as there are more go-trials, the researchers assume go-response

as already potentiated behavior and the longer reaction time of stop-response is

an index of impulsiveness. Therefore, the stop-signal reaction time (SSRT) was

included in the analysis. For neuroimaging, two contrasts of successful inhibition

phase, correct stop versus correct go, and correct stop versus incorrect stop were

included in the analysis. The ACC and IFG were selected as brain regions of

interests based on prior studies (Aron et al., 2004; Verbruggen & Logan, 2008).

2.2.5 Neuroimaging

In the current study, the tabulated MRI data provided by ABCD data re-

lease 2.0.1 was used for fMRI analysis. The data consists of beta values which

indicate the activation strength of each ROI in certain task conditions, in the

level of the individual subject. To estimate the values, the researchers first pre-

processed the fMRI data and extracted ROIs after brain parcellation. They
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used Desikan-Killiany Atlas and Aseg Atlas for parcellation of cortical and sub-

cortical areas (Desikan et al., 2006; Fischl et al., 2002). Then, they estimated

task-related ROI activation strength (beta coefficients) by fitting the general

linear model. The detailed information of the MRI data acquisition and pro-

cessing pipeline is elaborated in other papers (Casey et al., 2018; Hagler et al.,

2019).

2.2.6 Postnatal environment

Early life stress We combined items from multiple measures in the ABCD

study to make the Early Life Stress (ELS) Scale (see Appendix). The mea-

sure or surveys were answered by children or their parents. The scale included

the childhood stress exposure domains suggested by the ABCD study groups;

Abuse, Household Challenges, and Neglect (Hoffman et al., 2019). Abuse in-

cluded Emotional and Physical Abuse. Household Challenges included five sub-

scales, Mother Treated Violently, Household Substance Abuse, Mental Illness in

the Household, Parental Separation or Divorce, and Criminal Household Mem-

ber. Neglect had two subscales, Emotional and Physical Neglect. Each subscale

was standardized into a z-score and the main scale scores were calculated by

averaging the standardized subscale scores. The total score was calculated by

averaging subscale scores. We divided groups into two, one higher than 50 per-

centile ELS total score and the other lower than 50 percentile ELS total score.

The 50 percentile point was -0.083.

Maternal age at child birth We divided mothers into two groups. One had

older age when they gave birth to their children and the other had a younger

age. The cut-off age was 30, which was 50 percentile.
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Maternal mental health We included three mental conditions of biological

mothers. The first was depression. If the mothers have ever suffered from de-

pression, they were included in the depression 1 group and otherwise depression

0 group. To be more specific, the question asked whether they felt so low for a

period of at least two weeks that they hardly ate or slept or couldn’t work or

do whatever they usually do.

The next conditions were SUD related features of the biological mothers.

The mothers who have ever had at least one problem due to alcohol are cat-

egorized into SUD alcohol 1 group and otherwise alcohol 0 group. Here the

problem referred to marital separation or divorce, laid off or fired from work,

arrests or Driving under the influence (DUI), alcohol harmed their health, in an

alcohol treatment program, suspended or expelled from school 2 or more times,

isolated self from family, caused arguments or were drunk a lot.

The mothers who have ever had at least one problem due to drugs were

categorized into SUD drug 1 group and otherwise drug 0 group. The list of

problems was the same as alcohol’s.

2.3 Analysis

2.3.1 Effects of prenatal monosubstance

Self-reported or behavioral measures The purpose of this analysis was

to investigate the group difference between mono substance exposed and no

substance exposed group (independent variables) in UPPS-P, cash choice task,

and SSRT (dependent variables). Thus, the children exposed to prenatal poly-

substance were excluded. To examine the group difference, the effect of each

substance was coded as a binary variable; 1 if the children exposed to the sub-

stance at least once during pregnancy, 0 if not exposed to any substance at
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all. Each substance exposure effect for each dependent variable was tested in

separate regression models while controlling for demographic variables. Every

regression model was first compared with the model with only demographic vari-

ables to ensure that the prenatal exposure to a certain substance adds statisti-

cally significant amounts of explanation for the variance of dependent variables.

Therefore, only those models providing a bigger R2 value were reported. For the

cash choice task, the logistic linear regression model was fitted as it is a binary

variable. All linear regression models were fitted by the ordinary least square

method and the influential points were removed based on Cook’s distance. Also,

the multicollinearity between regressors was diagnosed by a variance inflation

factor (VIF) and we removed regressors with multicollinearity.

Neuroimaging Here, we examined the group difference between mono sub-

stance exposed and no substance exposed group (independent variables) on

neural activation of ROIs (dependent variables). Thus, the children exposed to

prenatal polysubstance were excluded and the independent variables of sub-

stance exposure were coded as binary. Only the models providing a bigger R2

values than control models were reported. The brain activation result was plot-

ted by Freeview and the color differentiated t-statistics of beta coefficients. The

beta coefficients were from the fitted group-level regression models and the t-

statistics was computed by student t-test on the beta coefficient with the null

hypothesis that the beta coefficient is zero. All group-level regression models

were fitted by the ordinary least square method and influential points were re-

moved based on Cook’s distance. Also, the multicollinearity between regressors

was diagnosed by a variance inflation factor (VIF) and we removed regressors

with multicollinearity.
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2.3.2 Effects of prenatal polysubstance

Self-reported or behavioral measures We investigated the effects of poly-

substance (independent variables) on UPPS-P, cash choice task, and SSRT (de-

pendent variables). First of all, the independent variables, substance exposure,

were continuous. They were all mean-centered and standardized with 1 standard

deviation. Then, the regression terms for main effects and interaction effects of

the exposure severity of substances were included in the models. The mod-

els also controlled for the demographic variables. Every regression model was

first compared with the control model only with demographic variables and the

models providing a bigger R2 values than the control model were reported. For

the cash choice task, the logistic linear regression model was fitted. All linear

regression models were fitted by the ordinary least square method and influen-

tial points were removed based on Cook’s distance. Also, the multicollinearity

between regressors was diagnosed by a variance inflation factor (VIF) and we

removed regressors with multicollinearity.

Neuroimaging The purpose of this analysis was to investigate the effects

of polysubstance (independent variables) on neural activation of ROIs (depen-

dent variables) at the group level. The independent variables were continuous

and they are first scaled. The regressors for main effects and interaction ef-

fects of polysubstance exposure were included in the models, while controlling

for demographic variables. Only the models providing a bigger R2 values than

control models were reported. The brain activation result was plotted in the

same manner as above. The interaction effects were also plotted by r package

called ’effects’, which displays the marginal effects with robust standard error

(MacKinnon et al, 1985). All group-level regression models were fitted by the

ordinary least square method and influential points were removed based on
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Cook’s distance. Also, the multicollinearity between regressors was diagnosed

by a variance inflation factor (VIF) and we removed regressors with multi-

collinearity.

2.3.3 Propensity score matching

The effects of the mono substance and polysubstance were further tested

with a newly sampled group by using propensity score matching (PSM). PSM is

a statistical way to sample a group, controlling for all the variables other than

one variable of interest. For mono substance analysis, the matching groups

were calculated for each substance and added up to be one group at the end.

For polysubstance analysis, we sampled one group with no substance exposed,

matching other variables to the group with children who have ever exposed to

substance prenatally. We used the MatchIt R package.

2.3.4 Effects of demographic and postnatal environment

To investigate the effects of demographic and postnatal environmental fac-

tors on the outcome of prenatal substance exposure, we repeated the analysis

for polysubstance after dividing the sample into subsamples, to be specific, with

or without ELS, old or young age of mothers, and with or without maternal

mental health issues. Thus, we could figure out whether two subsamples show

a distinctive pattern of relationships or not.
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3

Results

3.1 Demographic information

The total number of children was 10,161. The demographic information

included the number of children by sex, race, parental education, household

income, parent’s marital status, research site, children’s lifetime drug use, mean

brain volume size, and MRI machine used for scan (see details in Figure 3.1).

Also, the number of children exposed to prenatal nicotine and alcohol divided

by postnatal environmental factors are presented in Figure 3.2.

3.2 Effects of prenatal monosubstance

Reward processing There was no significant brain activation explained by

nicotine or alcohol during reward anticipation and receipt phase during MID

task. The result was also not significant in the PSM analysis.
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Figure 3.1: The demographic information.
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Figure 3.2: The prenatal drug exposure and postnatal environmental informa-

tion
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Impulsivity Both the alcohol and nicotine group had higher UPPS-P scores

compared to the not exposed group (alcohol β = 0.69, p < 0.005, R2
adjusted =

0.04; nicotine β = 0.98, p < 0.01, R2
adjusted = 0.04). The relationship between

UPPS-P score and nicotine but not alcohol was also supported by PSM analysis

(β = 1.57, p < 0.01, R2
adjusted = 0.008). There wasn’t any effect of prenatal

exposure to substance on cash choice task performance and stop-signal task

performance, SSRT.

For the fMRI data of the stop-signal task, the prenatally nicotine exposed

group showed heightened activation in the IFG during inhibition. To be specific,

bilateral pars opercularis and right pars triangularis, which are subregions of

IFG, were positively activated during correct stop versus correct go contrast

(right pars opercularis t = 2.72, p < 0.01; left pars opercularis t = 2.27, p <

0.05; right pars triangularis t = 2.32, p < 0.05) (Figure 3.3 A) and right pars

triagularis during correct stop versus incorrect stop (t = 2.27, p < 0.05) (Figure

3.3 B). However, there was no significant effects of the alcohol group. Among

these results, the association between activation in right pars opercularis and

nicotine was further supported by the PSM analysis (t = 2.25, p < 0.05).

3.3 Effects of prenatal polysubstance

Reward processing In reward processing, there was no significant main ef-

fect and interaction effect of prenatal exposure to substances.

Impulsivity The severity of prenatal exposure to alcohol was significant pre-

dictor of the UPPS-P score (β = 0.32, p < 0.05, R2
adjusted = 0.04). However,

there was no significant relationship between the degree of prenatal exposure

to nicotine and alcohol and other behavioral measurements such as the cash

choice task performance and the SSRT.
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For the fMRI analysis results, there was significant main effects of nicotine

and alcohol. In the contrast of correct stop versus correct go, nicotine was asso-

ciated with positive activation in multiple subregions of IFG such as bilateral

pars triangularis (right t = 2.29, p < 0.05; left t = 2.51, p < 0.05), and left pars

opercularis (t = 2.17, p < 0.05) in the SST (Figure 3.4 D). The activation of

right pars opercularis was negatively associated with prenatal exposure to alco-

hol (t = −2.23, p < 0.05). Among these results, the main effects of nicotine on

IFG were also significant in the PSM analysis (right pars triangularis t = 2.12,

p < 0.05; left pars triangularis t = 3.19, p < 0.005; left pars opercularis t = 3.18,

p < 0.005).

Besides, the interaction between nicotine and alcohol was a significant pre-

dictor of activation in IFG and ACC during inhibition. In the contrast of correct

stop versus correct go, bilateral caudal cingulate gyrus (right t = 2.26, p < 0.05;

left t = 4.58, p < 0.001), left pars orbitalis (t = 3.40, p < 0.005), and right pars

opercularis (t = 4.01, p < 0.001) were positively associated with nicotine and

alcohol interaction (Figure 3.4 A, B). Also, in correct stop versus incorrect stop,

the bilateral caudal ACC (left t = 4.92, p < 0.001; right t = 3.67, p < 0.001),

and left pars opercularis (t = 5.73, p < 0.001) activation increased as children

were exposed to both nicotine and tobacco more frequently (Figure 3.4 C).

3.4 Effects of demographic and postnatal environment

Sex In girls, the interaction of alcohol and tobacco was associated with right

caudal ACC in contrast of correct stop versus correct go during SST (t = 2.43,

p < 0.05). In boys, no significant neural activation but UPPS-P and amount of

alcohol exposure were positively related (β = 0.49, p < 0.05, R2
adjusted = 0.02).
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Race and ethnicity In white group, the interaction of alcohol and nicotine

was associated with left caudal ACC in contrast of correct stop versus correct

go during SST (t = 4.39, p < 0.001). In Hispanic group, UPPS-P score was

positively associated with alcohol exposure (β = 1.48, p < 0.01, R2
adjusted =

0.04) and negatively associated with alcohol and nicotine interaction (t = −0.21,

p < 0.01). Also, as in white group, the interaction of alcohol and nicotine was

associated with right caudal ACC in contrast of correct stop versus correct

go during SST (t = 2.56, p < 0.05). The group responding themselves other

than white, black, Hispanic and Asian showed a negative association between

the activation of left accumbens area during reward receipt phase of MID task

and tobacco (t = −2.08, p < 0.05) and interaction of tobacco and alcohol

(t = −2.95, p < 0.005).

Maternal age at birth For the children given birth by mothers younger

than 30, the interaction effects of nicotine and alcohol were observed in UPPS-

P score (β = 0.22, p < 0.005, R2
adjusted = 0.04). The negative association was

also found in the activation of bilateral rostral ACC in the constrast of correct

stop versus incorrect stop during SST (right t = −2.31, p < 0.05; left t = −2.13,

p < 0.05). However, alcohol showed positive association with aforementioned

impulsivity measures (UPPS-P β = 0.32, p < 0.01, R2
adjusted = 0.04; right

rostral ACC t = 2.48, p < 0.05; left rostral ACC t = 2.82, p < 0.01). Meanwhile,

there was also negative relationship between nicotine and alcohol interaction

and the activation of left accumbens area while anticipating reward during

MID task (t = −3.31, p < 0.005).

For the children given birth by mothers older than 30, the main effect of

alcohol showed negative relationship with multiple subregions of IFG during

response inhibition. In contrast of correct stop versus correct go, right pars
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opercularis (t = −2.09, p < 0.05), and, in contrast of correct stop versus incor-

rect stop, bilateral pars opercularis (right t = −2.19, p < 0.05; left t = −2.14,

p < 0.05), and right pars triangularis (t = −2.53, p < 0.05) had negative

relationships with the amount of alcohol exposure during pregnancy. In the

meantime, interaction of nicotine and alcohol had a positive association with

activation of the left caudal ACC during correct stop versus incorrect stop

(t = 5.19, p < 0.001).

Maternal mental health The children who have mothers with depression

symptoms had no significant relationship with prenatal drug exposure and neu-

rocognitive functions. The children who have mothers with no depression symp-

tom showed a positive association between UPPS-P score and alcohol exposure

(β = 0.49, p < 0.001, R2
adjusted = 0.04) and negative association between

UPPS-P score and nicotine and alcohol interaction (β = −0.047, p < 0.05,

R2
adjusted = 0.04). Also, there was positive association between interaction of

nicotine and alcohol with beta estimates of the left caudal ACC during correct

stop versus correct go condition (t = 4.26, p < 0.001).

The children with mothers who have never had a problem related to alcohol

showed a negative relationship between activation of left accumbens area and

interaction of nicotine and alcohol during reward anticipation in MID task

(t = −4.36, p < 0.001). There was also positive relationship between activation

of left caudal ACC and interaction of tobacco and alcohol in correct stop vs

correct go in the SST (t = 2.04, p < 0.05) but this pattern was also observed

in the children with mothers who have had problems related to alcohol at least

once (t = 4.21, p < 0.001).

Both the children group with and without mothers who have had a problems

related to drugs showed positive relationship between activataion of left caudal

34



ACC and interaction of tobacco and alcohol (without t = 2.06, p < 0.05; with

t = 3.55, p < 0.001).

Early life stress The chlildren without experience of early life adversity

showed negative main effects of alcohol on activation of IFG in correct stop

versus incorrect stop condition in the SST (right pars opercularis t = −2.27,

p < 0.05; left pars opercularis t = −2.35, p < 0.05; right pars triagnularis

t = −2.92, p < 0.005; left pars opercularis t = −2.60, p < 0.01). However, the

interaction effects of nicotine and alcohol was positively associated with right

caudal ACC during action inhibition (correct stop versus correct go t = 2.55,

p < 0.05; correct stop versus incorrect stop t = 2.31, p < 0.05). The result

from the children with experience of early life adversity showed positive main

effects of nicotine on bilateral pars triangularis activation in correct stop versus

correct go contrast in the SST (right t = 2.07, p < 0.05; left t = 2.80, p < 0.01).

There was also a positive main effect of alcohol on right rostral ACC activation

during correct stop versus incorrect stop (t = 2.08, p < 0.05) and a positive

interaction effect on left pars opercularis during correct stop versus correct go

(t = 2.70, p < 0.01). In the meantime, there was also a negative association

between left rostral ACC and interaction of nicotine and alcohol during correct

stop versus incorrect stop (t = −2.10, p < 0.05).
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Figure 3.3: The brain activation of group exposed to only nicotine vs not ex-

posed in the stop-signal task. The IFG was hyper-activated in prenatally nico-

tine exposed group during correct stop vs correctt go contrast (A) and correct

stop vs incorrect stop contrast (B) (p < 0.05).
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Figure 3.4: The brain activation associated with the interaction between nico-

tine and a combination of nicotine and alcohol exposure in utero in the stop-

signal task. In the condition of correct stop versus correct go, the interaction

between nicotine and alcohol was positively associated with the activation in

ACC and IFG (A). The interaction plots of nicotine and alcohol in three re-

gions (B). The interaction plots of the other regions are in the Appendix. In the

condition of correct stop versus incorrect stop, the interaction between nicotine

and alcohol was positively associated with the activation in ACC and IFG (C).

In the condition of correct stop versus correct go, nicotine was positively asso-

ciated with the activation in IFG (D), where this result was replicated in the

PSM analysis.
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4

Discussion

4.1 Main findings

The present study mainly aims to 1) replicate or further investigate the

effects of the mono substance in utero in the large sample, 2) disentangle the

effects of polysubstance in utero systematically, and 3) investigate the influence

of demographic and postnatal factors on the outcomes of prenatal substance

exposure. As for the first objective, the hyperactivation in IFG during success-

ful responses inhibition was observed in children only exposed to tobacco at the

fetal stage. As for the second objective, the interaction between nicotine and

alcohol was turned out to be associated with hyperactivation in ACC and IFG,

and nicotine to be associated with hyperactivation in IFG during response in-

hibition. As for the third objective, we found an alteration in reward processing

(lowered activation of VS during reward anticipation) in the ethnic minority

group and alteration in inhibitory function (lowered activation of IFG during

successful inhibition) in children given birth from old mothers.
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4.2 Interpretation on findings

4.2.1 Effects of prenatal monosubstance

Nicotine As for reward processing, prenatal exposure to nicotine was ex-

pected to show weaker VS activation during reward anticipation based on a

previous study (Müller et al., 2013). However, no significant activation was

reported in the current study. One possible explanation is the failure of repli-

cation. The previous study with a relatively small sample size is likely to have

insufficient statistical power. Also, the age of participants in the previous study

was 13 to 15, which is a distinct developmental period from 9 to 10 as it is

the starting period of puberty in many people. The difference in developmental

stage might lead to a null finding in the current study.

As for impulsivity, the results were consistent with expectations that there

would be no difference in SSRT and DDT. However, the increased brain activa-

tion in IFG in the nicotine exposed group was not expected although it is in line

with the results from two previous studies (Bennett et al., 2009; Longo et al.,

2013). The two studies used different contrast not successful inhibition and the

subjects with nicotine dependence showed hypoactivation in inhibitory brain

areas. This result might indicate the potential elevation of inhibition function

led by prenatal nicotine exposure. Considering these results together with the

heightened self-reported impulsivity scale and no difference in DDT, fetal expo-

sure to nicotine might be differentially associated with self-reported impulsivity,

choice impulsivity, and action impulsivity.

These results were also supported by the PSM analysis results. It means

that the effect of nicotine on self-reported impulsivity and neural activation

related to action impulsivity was still significant after controlling for potential

confounding factors that might not be regressed out by multiple regression due
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to non-linearity.

Alcohol For reward processing, although the alteration in dopamine system

after prenatal alcohol exposure was reported in many studies, there was no sig-

nificant difference in VS activity during reward processing. This might indicate

that prenatal alcohol does not affect the reward processing of children.

Regarding impulsivity, the UPPS-P score was higher in the children who

were at least once exposed to alcohol in utero although it was not further

supported by the PSM analysis. There was no difference in DDT consistent

with previous rat studies. No difference in SSRT was also expected based on

prior results. However, it was not expected to observe no significant activation

in IFG and ACC considering previous results (Kodali et al., 2017). Although

this inconsistency might be come from a different age as mentioned above, it

is also likely that the sample of the previous study lacks representativeness of

population as only eight children were in the prenatally alcohol-exposed group.

4.2.2 Effects of prenatal polysubstance

To disentangle the effects of polysubstance systematically, multiple linear re-

gression models with main effects and interaction effects of nicotine and alcohol

were implemented. As for reward processing, there was no significant relation-

ship with prenatal substance exposure and neural activation while anticipating

or receiving the reward. It is noteworthy that there was no weaker VS activa-

tion in both mono substance analysis and polysubstance analysis. Even though

the previous study found weaker VS activation (Beck et al., 2009; Müller et al.,

2013; Rose et al., 2013; Wrase et al., 2007), the current finding implicates no

significant alterations in reward processing function in the large sample.

As for impulsivity, nicotine and combination of nicotine and alcohol were
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positively associated with hyperactivation of IFG during response inhibition.

This result supports the hypothesis that there are additive or synergistic effects

of two substances, which contributes to the greater activation of IFG. However,

the directionality was not expected as lower activation of IFG was associated

with slower SSRT in the SUD patients (Galván et al., 2011; Li et al., 2009; Ruiter

et al., 2012) and prenatally drug-exposed group in some studies (Holz et al.,

2014; Kodali et al., 2017). Furthermore, the PSM analysis only replicated the

effects of nicotine, not a combination of two drugs. It indicates the possibility

of non-linear confounding effects not eliminated by the statistical process of

multiple linear regression.

4.2.3 Effects of demographic and postnatal environment

As for gender and impulsivity, we found both male and female group was

associated with impulsivity. However, the male was more susceptible to alcohol

and female was more susceptible to the combination of two drugs. Also, the only

female brain was influenced by prenatal drug use. As for ethnicity, the results

of the white and Hispanic group was in line with results from the total sam-

ple. However, we could not find similar results in the black and Asian groups.

The size of Asians exposed to the prenatal drug was very small. However, the

black group was not and it might be needed to further examine whether there

are protective factors from prenatal drug exposure. The ethnic minority group,

not categorized into white, black, Hispanic, or Asian, might have vulnerability

to the effects of prenatal drug exposure on reward processing. They had less

activation of VS while receiving reward in MID task, which was found in SUD

patients (Beck et al., 2009; Müller et al., 2013; Rose et al., 2013; Wrase et al.,

2007). Regarding maternal age, we found that the children delivered from old

mother had decreased activation of IFG associated with alcohol exposure. The
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decreased activation of IFG was also found in much previous research inves-

tigating the effects of pre/postnatal drug exposure (Galván et al., 2011; Holz

et al., 2014; Kodali et al., 2017; Li et al., 2009; Ruiter et al., 2012). It might

indicate malfunctioning of response inhibitory brain area, especially susceptible

to prenatal alcohol exposure. For early life stress, the children located in less

than 50 percentile of ELS score mainly showed a negative relationship between

activation of IFG and alcohol. On the other hand, the children with more than

50 percentile ELS scores had a mainly positive relationship between nicotine ex-

posure and IFG/ACC. The result might suggest that ELS modulates the effects

of prenatal drug exposure to inhibitory brain function in different directions.

4.3 Limitations

There were some limitations to the current study. First of all, maternal sub-

stance use was self-reported. Considering social desirability bias, the possibility

of fabrication or reduction in response cannot be ruled out completely. Second,

the data lacks information of the absolute time point when the pregnancy was

known. Although the present study summed up the values with weights based

on the statistical report, there might be some deviance from true data. Also,

the data lacks information on the absolute value of dosage. Since the frequency

is only one index to assess the severity of substance abuse, the dosage informa-

tion is needed to further validate the results in the future. Lastly, R2 values of

many regression models were extremely small (see Appendix Figure3). Thus,

cautious interpretation is warranted.
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4.4 Implications and further directions

To the best of my knowledge, the current study is the first study that used

almost 10 thousand children to investigate the effects of prenatal substance

exposure on neurocognitive functions, considering the demographic and post-

natal influence at the same time. Also, when many previous studies focused on

examining the clean effect of the prenatal mono substance, the current study

took a different approach to examine the interaction effect of prenatal polysub-

stance to disentangle the complexity of it. To further scrutinize the effects of a

combination of substances, controlled experiments with the animal model are

needed, testing with various dosages and timing. Besides, the dynamic influ-

ence of prenatal substance exposure on different developmental phases should

be studied by longitudinal follow-up. Lastly, there’s the non-negligible influence

of children’s demographic factors, maternal factors, and postnatal environmen-

tal factors but it was not studied much. Thus, many future studies investigating

those factors are needed.
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Supplementary

58



Figure A.1: The Ealry Life Stress (ELS) scale.
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Figure A.2: The results of monosubstance analysis. UPPS-P total score and its

relationship with regression variables.
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Figure A.3: The results of mono substance analysis. The brain activation during

SST and its relationship with regression variables.
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Figure A.4: The results of mono substance analysis. The brain activation during

SST and its relationship with regression variables.
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Figure A.5: The results of the polysubstance analysis. UPPS-P total score and

its relationship with regression variables.
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Figure A.6: The results of the polysubstance analysis. The brain activation

during correct stop vs correct go in SST and its relationship with regression

variables.

64



Figure A.7: The results of the polysubstance analysis. The brain activation

during correct stop vs correct go in SST and its relationship with regression

variables.
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Figure A.8: The results of the polysubstance analysis. The brain activation

during correct stop vs correct go in SST and its relationship with regression

variables.
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Figure A.9: The results of the polysubstance analysis. The brain activation

during correct stop vs correct go in SST and its relationship with regression

variables.
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Figure A.10: The results of the polysubstance analysis. The brain activation

during correct stop vs incorrect stop in SST and its relationship with regression

variables.
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Figure A.11: The results of the polysubstance analysis. The brain activation

during correct stop vs incorrect stop in SST and its relationship with regression

variables.
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Figure A.12: The results of the polysubstance analysis. The brain activation

during correct stop vs incorrect stop in SST and its relationship with regression

variables.
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Figure A.13: The results of the polysubstance analysis. The interaction plots of

nicotine and alcohol.
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Figure A.14: The results of propensity score matching analysis.
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Figure A.15: The results of the analysis of the influence of the ELS. The group

included children who scored more than 50 percentile of the ELS scale.
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Figure A.16: The results of the analysis of the influence of the ELS. The group

included children who scored more than 50 percentile of the ELS scale.
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Figure A.17: The results of the analysis of the influence of the ELS. The group

included children who scored more than 50 percentile of the ELS scale.
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Figure A.18: The results of the analysis of the influence of the ELS. The group

included children who scored less than 50 percentile of the ELS scale.
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Figure A.19: The results of the analysis on the influence of the ELS. The group

included children who scored less than 50 percentile of the ELS scale.
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Figure A.20: The results of the analysis on the influence of the ELS. The group

included children who scored less than 50 percentile of the ELS scale.
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Figure A.21: The results of the analysis of the influence of race and ethnicity.
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Figure A.22: The results of the analysis of the influence of race and ethnicity.
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Figure A.23: The results of the analysis on the influence of age of mothers

when giving birth to the child. The group included mothers aged younger than

50 percentile of the range of ages.
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Figure A.24: The results of the analysis on the influence of age of mothers

when giving birth to the child. The group included mothers aged younger than

50 percentile of the range of ages.
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Figure A.25: The results of the analysis on the influence of age of mothers

when giving birth to the child. The group included mothers aged older than 50

percentile of the range of ages.
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Figure A.26: The results of the analysis on the influence of age of mothers

when giving birth to the child. The group included mothers aged older than 50

percentile of the range of ages.
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Figure A.27: The results of the analysis on the influence of mental health of

biological mothers. The group included mothers who have never had a problem

due to alcohol.
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Figure A.28: The results of the analysis on the influence of mental health of

biological mothers. The group included mothers who have had at least one

problem due to alcohol.
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Figure A.29: The results of the analysis on the influence of mental health of

biological mothers. The group included mothers who have never had a problem

due to drugs (drug 0). The group included mothers who have had at least one

problem due to drugs (drug 1).
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Figure A.30: The results of the analysis on the influence of mental health of

biological mothers. The group included mothers who have never suffered from

depression (depression 0). The group included mothers who have suffered from

depression (depression 1).
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국문초록

태내 약물 노출은 태아에서 아동, 청소년에 이르기까지 인지신경적 기능에 지

속적인영향을끼친다.기존연구들은많은인지신경기능들중다양한정신질환과

주요한 관련성을 보이는 보상 처리와 충동성에 주목해왔다. 그러나 기존 연구에는

다음과같은한계가있었다.먼저상대적으로적은수의표본을사용했고,일상에서

는많은약물중독자들이하나이상의약물을사용하고있는데에도불구하고다중

약물 사용이 태내 노출에 미치는 영향에 대한 연구는 드물었다. 또한, 인구통계학

적 요인이나 생후 환경적 요인이 태내 약물 노출의 영향에 어떻게 관여하는지에

대한 연구가 부족했다. 따라서 본 연구에서는 1) 대규모 표본을 사용해 가장 흔히

사용되는 니코틴과 알코올에 대한 노출 효과를 반복 검증 및 확장하고자 하며, 2)

태내 다중 약물의 보상 처리와 충동성에 대한 상호작용 효과를 검증하고, 3) 인구

통계학적 요인이나 생후 환경적 요인이 태내 약물 노출의 영향에 어떻게 관여하

는지 살펴보고자 한다. 이러한 목표를 위해 미국의 Adolescent Brain Cognitive

Development 연구에서 제공하는 보상 처리와 충동성에 대한 행동 및 뇌 영상 지

표를 사용하였다 (N = 10,161). 분석 결과, 태내 니코틴 노출은 반응 억제 동안

또 다른 억제 영역인 하전두회의 과잉 활성과 관련있었고 더불어 반응을 억제하

는 동안의 전대상회와 하전두회의 과잉 활성에 대해 니코틴과 알코올이 유의미한

상호작용 효과를 보였다. 이는 태내에서 니코틴과 알코올에 동시 노출되는 것이

가산 효과나 시너지 효과를 내고 있을 가능성을 시사한다. 마지막으로 소수 인종

집단과 나이 많은 어머니로 부터 태어난 자녀의 경우 보상 처리와 반응 억제 중에

서 유의미하게 다른 패턴이 나타났다. 종합해보면, 이러한 연구 결과는 태내 다중

약물 노출의 복잡한 효과와 환경적 요인과의 상호작용에 앞으로 더욱 주목해야할

필요성을 제기한다.

주요어: 태내 약물 노출, 다중 약물, 보상처리와 충동성
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