Curtin School of Population Health

The Influence of Prenatal Alcohol and Tobacco Exposures
on Offspring Mental Health and Substance Use Outcomes

Bereket Duko Adema

This thesis is presented for the Degree of
Doctor of Philosophy
of
Curtin University

May, 2022

HFODUD LR E

RU

7R WKH EH W RI P NQRZOHGJH DQG EHOLHI WKL WKH L FRQWDLQ QR PDWHULDO SUHYLR O S EOL KHG
E DQ RWKHU SHU RQ H FHSW ZKHUH G H DFNQRZOHGJPHQW KD EHHQ PDGH 7KH FRQWHQW RI WKL
WKH L L WKH UH OW RI ZRUN , KDYH FDUULHG R W LQFH WKH FRPPHQFHPHQW RI P KLJKHU GHJUHH E
UH HDUFK FDQGLGDW UH DQG LQFO GH QR PDWHULDO ZKLFK KD EHHQ DFFHSWHG IRU WKH DZDUG RI DQ
RWKHU GHJUHH RU GLSORPD LQ DQ

QLYHU LW

, KDYH FOHDUO H SODLQHG WKH FRQWULE WLRQ PDGH E RWKHU WR FR D WKRUHG UH HDUFK ZRUN WKDW ,
KDYH LQFRUSRUDWHG LQWR P WKH L , KDYH DO R FOHDUO

WDWHG WKH FRQWULE WLRQ RI RWKHU WR P

WKH L D D ZKROH LQFO GLQJ W G GH LJQ WDWL WLFDO DQDO L WHFKQLFDO SURFHG UH I QGLQJ
DQG DQ RWKHU RULJLQDO W GLH LQFO GHG LQ WKL WKH L

ii

Abstract
Epidemiological studies suggest that offspring exposed to maternal prenatal alcohol and tobacco use are at increased risk of developing a wide range of mental
health and substance use problems. However, previous epidemiological studies examining such associations have several limitations and have produced conflicting
results. The purpose of the current work is to examine the prospective associations between prenatal alcohol and tobacco exposures and offspring mental health
and substance use outcomes. The overall scope of this PhD project is to provide
up to date epidemiological evidence necessary for strengthening preventive and
intervention strategies aimed at reducing the burden of mental health and substance use problems in adolescents and young adults. The specific aims of this
thesis were to:
1. Systematically review previous epidemiological studies on the associations
between prenatal alcohol and tobacco exposures and offspring mental health
and substance use outcomes.
2. Examine the associations between prenatal alcohol and tobacco exposures
and the risks of mental health problems in their offspring.
3. Investigate the risk of subsequent substance use in offspring exposed to
maternal prenatal alcohol and tobacco use.
To address the specific aims of this thesis, various data sources and statistical
modelling approaches were followed. Data sources included several electronic
databases and the use of birth cohort data extracted from the Raine Study;
iii

a multi-generational birth cohort study based in Western Australia.

Statis-

tical modelling used included meta-analysis, log-binomial regression, negativebinomial regression, multinomial logistic regression, negative control analysis and
also computing E-values. The findings from a systematic review suggested that
maternal prenatal alcohol exposure was associated with offspring subsequent alcohol use. Similarly, the findings from the two meta-analyses suggested that
offspring exposed to maternal prenatal tobacco smoking are at increased risk
of depressive and bipolar disorders, tobacco smoking initiation, lifetime tobacco
smoking, current tobacco smoking and tobacco dependence and independently of
maternal postnatal tobacco smoking, sociodemographic and other potential confounders. After adjusting for a wide range of confounders, findings from the Raine
Study show that elevated risks of depressive symptoms in offspring exposed to
prenatal alcohol and tobacco use compared to those non-exposed by age 17 years.
Similarly, the risks of conduct disorder and anxiety symptoms were 50% higher
for offspring exposed to prenatal tobacco use compared to those non-exposed by
age 14 and 20 years, respectively. However, there was insufficient statistical evidence to establish associations between prenatal alcohol exposure and the risk of
anxiety symptoms in young adulthood; and paternal prenatal tobacco smoking
and offspring conduct disorder symptoms. Adolescents exposed to maternal prenatal alcohol and tobacco use were at increased risks for harmful alcohol use and
tobacco smoking during late adolescence, respectively. Similarly, offspring exposed to prenatal alcohol and tobacco use were at increased risk for cannabis use
during late adolescence by age 17 years. Moreover, there were suggestions of doseresponse associations. The work presented in this thesis contributes a number of
substantive findings to the existing body of evidence associated to early life determinants of mental health and substance use outcomes for adolescents and young
adults. Taken together with the current body of knowledge, it is clear that there
is sufficient evidence of harm observed in this thesis to warrant the precautionary
principle, that there is no known safe level of exposure to alcohol and tobacco
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during pregnancy and that such exposure should be minimized, if not avoided.
Future studies need to consider control for genetic predisposition and shared unmeasured factors, which may be achieved via Mendellian Randomization or via
the use of sibling comparisons as such designs may potentially elucidate pathways
that are independent of genetic, environmental and social determinants.
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Chapter 1: Thesis roadmap

1

Chapter 1: Thesis roadmap
1.1 Aim and scope
The overall aim of this PhD project was to examine the associations between prenatal alcohol
and tobacco exposures and offspring mental health and substance use outcomes. Offspring
mental health adverse outcomes of interest were mood disorders, depressive, anxiety and
conduct disorder symptoms during adolescence and young adulthood. Offspring substance use
related outcomes of interest were alcohol, tobacco, and cannabis use during late adolescence.

1.2 Approach to address the aim
This thesis comprises a series of interlinked studies (Figure 1) that address each research
question and are presented as separate chapters based on their theme. A number of mental
health and substance use outcomes was incorporated into the literature review (Chapter 2), of
which mood disorders, depression, anxiety and conduct disorder symptoms, alcohol, tobacco
and cannabis use emerged as outcomes of primary interest for this project. Following the
literature review (Chapter 2), this thesis provides an overview of the study designs, measures,
data sources and statistical analysis employed (Chapter 3). In subsequent sections,
comprehensive systematic reviews and meta-analyses as well as primary studies on the
associations between prenatal alcohol and tobacco exposures and offspring mental health and
substance use outcomes are presented. All primary studies were conducted in Western
Australia (WA) using a large prospective population-based cohort of pregnancy and childbirth
(the Raine Study) (Chapter 4-8), following various analytic approaches. Finally, the findings
from this thesis are compared with the existing epidemiological evidence of associations
between prenatal alcohol and tobacco exposures and offspring mental health and substance use
outcomes (Chapter 9). Chapter 9 also includes conclusions, the strengths and limitations of this
project, public health implications and proposed directions for future studies.

1.3 Structure of the thesis
This thesis has been divided into nine chapters, including this introduction. Each chapter
contains one or more studies detailing the literature review, methods, results and discussion
and conclusion. A brief overview of each chapter is provided below:
Chapter 2: Literature review
This chapter reviews rates of maternal alcohol and tobacco consumption during pregnancy,
burden of mental health and substance use problems among adolescents and young adults, and
provides a comprehensive overview on the associations between prenatal alcohol and tobacco
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exposures and mental health and substance use outcomes in their offspring. A brief of
methodological limitations and gaps identified in the existing evidence is also presented in this
chapter.
Chapter 3: Methodology
This chapter presents a detailed description of the study design, methods, measures, datasets,
and statistical approaches employed to address the specific aims of this project. Further, this
chapter also provides brief summary of statistical approaches followed to achieve the aims of
the primary studies of this PhD project.
Chapter 4: Prenatal alcohol and tobacco exposures and offspring depressive and anxiety
outcomes
This chapter contains one systematic review and meta-analysis, and two primary studies that
have been published in: Social Psychiatry and Psychiatric Epidemiology; Journal of Affective
Disorders; and Psychiatry Research (3 papers), respectively. Offspring exposed to maternal
prenatal tobacco use may have increased risk of mood disorders, however, mixed results have
been reported. Therefore, we designed a systematic review and meta-analysis to examine the
magnitude and consistency of associations reported between prenatal tobacco exposure and the
risk of mood disorders in offspring. Further, in previous epidemiological studies, conventional
statistical approaches have been used to examine the association between prenatal alcohol and
tobacco exposures and the risk of depressive and anxiety symptoms in offspring. Such methods
can be highly affected by confounding bias and do not allow identification of which risk factors
contributed to the effects reported by previous studies. To deal with these issues, sequential
models were used to estimate the association between prenatal alcohol and tobacco exposures
and the risk of depressive and anxiety symptoms in offspring.
Chapter 5: Prenatal tobacco exposure and offspring conduct disorder symptoms
This chapter contains a primary study published in the Journal of Psychiatric Research.
Existing epidemiological studies examining the association between prenatal tobacco exposure
and risk of conduct disorder symptoms in offspring have been inconclusive. Therefore, further
investigations of maternal and paternal tobacco smoking during pregnancy may give vital clues
to the etiological basis for conduct disorder symptoms. I hypothesise that if maternal tobacco
smoking during pregnancy, but not paternal tobacco smoking, is linked to an increased risk of
conduct disorder symptoms in offspring, this may provide support for a prenatal pathway.
Conversely, if maternal and paternal tobacco smoking during pregnancy are both associated
with an increased risk of this disorder, this would suggest the influence of environmental and/or
lifestyle factors or unmeasured confounding. Therefore, sequential statistical models along
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with a negative control analysis were used to examine the association between prenatal tobacco
exposure and the risk of conduct disorder symptoms in offspring.
Chapter 6: Prenatal alcohol exposure and offspring subsequent alcohol use
Similar to chapter four, this chapter also contains one systematic review and one primary study
(2 papers), both published in the Drug and Alcohol Dependence journal. The first study of this
chapter systematically reviews the literature on the association between prenatal alcohol
exposure and offspring subsequent alcohol use. Based on the findings from that systematic
review, the second study of this chapter has compared the effects of pre-pregnancy and postpregnancy maternal alcohol exposures on offspring subsequent alcohol use with prenatal
alcohol exposure.
Chapter 7: Prenatal tobacco exposure and offspring subsequent tobacco use
This chapter presents one systematic review and one primary study (2 papers) that have been
published in Drug and Alcohol Dependence and Addictive Behaviours journals, respectively.
The first section of this chapter provides a comprehensive systematic review and meta-analysis
on the association between prenatal tobacco exposure and offspring subsequent tobacco
smoking initiation, lifetime, and current tobacco smoking, as well as tobacco dependence in
adolescence and young adulthood. Following on from this study, the second section of chapter
7 comprises a study that compares the effects of paternal and maternal prenatal tobacco
exposures on adolescents’ subsequent tobacco smoking using a negative control analysis. A
practicable statistical approach to reporting results in the presence of unmeasured and residual
confounding, such as computing E-values, was used in this study to strengthen the robustness
of the findings.
Chapter 8: Prenatal alcohol and tobacco exposures and Offspring cannabis use.
This chapter provides a primary study that has been published in the Neurotoxicology and
Teratology journal. Examination of the association between prenatal and offspring addictive
substances has been limited to alcohol and tobacco although the same biological pathways
potentially apply to offspring cannabis use. Further, to my knowledge, there is no previous
study that has examined the link between prenatal alcohol exposure and cannabis use in
adolescence. The same statistical approach of computing E-values was also adopted in this
study to assess the presence of unmeasured and/or potential confounding.
Chapter 9: Overall discussion and conclusion
This chapter provides an overall summary and consolidates the main findings from each study
incorporated into this thesis. It also presents the strengths and limitations and compares the
findings of this thesis with the existing evidence and recommends possible intervention
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strategies. This chapter also provides potential mechanisms, public health implications of the
findings and direction for future similar epidemiological studies.

Systematic review and
meta-analysis (paper 1)
Offspring
mental
Primary study (paper 2)

health

Primary studies (paper 3 and 4)

outcomes

Systematic review (paper 5)

Offspring

Maternal
prenatal
exposure
(alcohol,

substance
use
Primary study (papers 6)

(alcohol,

tobacco)

tobacco,
Systematic review and

cannabis)

meta-analysis (papers 7)

outcomes

Primary study (paper 8)

Primary study (paper 9)

Note: paper 1, 2 and 3 are included in chapter four; paper 4 is included in chapter five; paper 5 and 6 are included in chapter six; paper 7 and 8 are included in
chapter seven and, paper 9 is included in chapter eight.

Figure 1. Schematic representation and interconnection of papers (publications) included in the thesis.
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Chapter 2: Literature review
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Chapter 2: Literature review
This chapter provides a comprehensive literature review on the associations between prenatal
alcohol and tobacco exposures and offspring mental health and substance use outcomes. This
chapter includes five sections: 1) an overview on maternal alcohol and tobacco use during
pregnancy; 2) mental health and substance use problems among adolescents; 3) evidence
regarding associations between prenatal alcohol and tobacco exposures and offspring mental
health and substance use outcomes; 4) gaps identified in the literature; and, 5) the role of
potential confounders.

2.1 Overview of maternal alcohol and tobacco use during pregnancy
Consumption of alcohol and tobacco during pregnancy is prevalent (1). A systematic review
and meta-analysis conducted in 2017 estimated that the global prevalence of maternal alcohol
use during pregnancy to be 9.8%, with the highest reported prevalence in Ireland, UK,
Denmark, Belarus and Russia, ranging from 36.5% to 60.4% (2). Similarly, reports from the
Australian Institute of Health and Welfare (AIHW) in 2017 showed that 35% of women aged
14-49 years drank alcohol during pregnancy in 2016, although 49% of these women reported
they were unaware of being pregnant for a part of their pregnancy (3). Of these women,
approximately 16% drank alcohol at least 2-4 times a month during pregnancy, 97% consumed
one to two standard drinks and 1.4% had consumed six or more standard drinks on a single
occasion during prenatal period (3). According to the National Health and Medical Research
Council (NHMRC) guidelines of 2009 (4), one standard drink in Australia contains 10 grams
of alcohol.
The global prevalence of maternal tobacco smoking during pregnancy was found to be 1.7%
(5), with an estimated prevalence of 8.1% in Europe, 5.9% in the Americas and 1.2% in
Southeast Asia and 1.2% in the Western Pacific region (5). Evidence from that global study
also suggested that approximately 52·9% of women who smoked daily also continued to smoke
daily during pregnancy.

In Australia, estimates from the AIHW in 2017 revealed that

approximately 11% of women who gave birth in 2014 smoked tobacco in the first 20 weeks of
pregnancy, with 8% smoking after 20 weeks of pregnancy (3).

2.2 The burden of mental health problems in adolescents and young adults
Mental health problems are still included in the top ten causes of disease burden globally with
no evidence of reduction in global burden since 1990 (6), and result in significant impact on
physical health, social and, economic consequences. Mental health problems comprise a wide
spectrum of severe and less severe disorders (7). Although mental health and behavioural
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problems are common in all age groups, particular conditions such as conduct disorder,
depressive and anxiety symptoms (8) frequently start to appear during adolescence and may
proceed to young adulthood and even beyond (9-12). Estimates from the WHO also suggested
that mental health problems account for 16% of the global burden of disease and injury in
adolescents (13).The pooled prevalence of mental health problems in children and adolescents
in 2015 was estimated to be 13.4% globally (8). Similarly, the results of the Australian Child
and Adolescent Survey of Mental Health and Wellbeing suggested that approximately 14%
children and adolescents had a mental health problem in the previous 12 months of the survey
date (14).
Conduct disorder (CD) is one of the most common behavioural problems and is characterized
by repetitive and persistent patterns of behaviours whereby affected children and adolescents
can manifest aggression against people or animals, destroy properties or commit other serious
violations of societal norms (15, 16). A recent systematic review and meta-analysis that
synthesized the results of 50 primary studies conducted in 35 countries incorporating 186,056
children and adolescents reported that the global prevalence of conduct disorder was 8% (17).
In Australia, approximately 2.5% of children and adolescents reportedly have CD (18).
Conduct disorder is an antecedent to a range of social difficulties, poor interpersonal
relationships, poor academic attainment, even suicidal ideation and attempt (16, 19-23).
Further, evidence from epidemiological studies also suggests that approximately 40% of boys
and 25% of girls with CD may eventually develop antisocial personality disorder in adulthood
(24).
Children and adolescents with depressive symptoms can experience mood disturbance or
irritability, lack of interest or pleasure in nearly all activities, feeling of guilt, excessing crying,
rrestlessness, social isolation and low self-esteem (25) and this in turn can lead to impairments
in social and academic skills (25), substance use disorders (26) and even suicide (25, 27).
Similarly, adolescents and young adults suffering from anxiety symptoms can experience
excessive and uncontrollable fear and worry, panic attacks, cold flushes, and restlessness or
feeling tense, avoiding perceived threats and obsessive thinking (28). Evidence also suggests
that adolescents who experience depression are more likely to develop depressive disorders
during adulthood when compared to adolescents without depression (29). A recent systematic
review and meta-analysis that included the results of 29 primary studies incorporating 80,879
children and adolescents showed that the pooled global prevalence of depression and anxiety
were 25.2% and 20.5%, respectively (30). Further, reports from the Global Burden of Diseases
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2019 study indicated that anxiety disorder is responsible for about 28.68 million disabilityadjusted life years (DALYs) in adolescents and young adults (31).

2.3 The burden of substance use problems in adolescents
Substance use problems contribute to several adverse outcomes for the health, social and
economic productivity of the young populations (32). Alcohol, tobacco, and cannabis
(marijuana) are the most common substances often initiated during adolescence. They are
closely linked to increased morbidity and mortality and represent a significant public health
concern. Estimates from the recent Global Burden of Disease study showed that alcohol use
contributes 5.1% to the global burden of disease and contributes to approximately 1 in 10
deaths of people aged 15-49 years (33). The AIHW in 2016 reported that 42% of youths
exceeded the alcohol single occasion risk guidelines and 15.3% of youths consumed greater
than 11 standard drinks on one occasion, and 28.2% have experimented with illicit drugs in
Australia (34).
The global prevalence of tobacco smoking during adolescence was reported to be 19.3% (35).
Reports from the AIHW showed that in 2015 tobacco smoking contributed 13.3% to deaths
and illnesses in Australia (34), suggesting more than one in every seven deaths is due to tobacco
use. Recent estimates from the Australian Secondary Students’ Alcohol and Drug (ASSAD)
survey of 2017 (36) also indicated that from 33% of adolescents who reported current tobacco
smoking approximately 22% smoked tobacco daily.
It has been estimated that approximately 35% of adolescents aged 14 years and over have used
cannabis during their lifetime in Australia (3), with the mean age for first-time cannabis use
being 17 years. Reports from the ASSAD in 2017 showed that 8% of adolescents aged 12-17
years reported current cannabis use, making cannabis the most commonly consumed illicit drug
in this age group (36). Substance use problems are considered as one of the most common
determinants of morbidity among adolescents and young adults and demonstrated in one of the
following ways: suicide; accidental injury; and violence (37).

2.4 Prenatal alcohol exposure and offspring mental health and substance use
outcomes

It remains unclear whether maternal prenatal alcohol exposure could result in offspring mental
health problems. A few existing epidemiological studies have linked prenatal alcohol exposure
to offspring mental health problems, with conflicting results including detrimental, protective,
and null effects (38-40). A population-based retrospective cohort study using the data from the
Avon Longitudinal Study of Parents and Children (ALSPAC) in the UK (n=14,062) found a
17% greater likelihood of depression in offspring exposed to any prenatal alcohol use at the
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age of 18 years (Adjusted odds ratio (AOR) =1.17, 95% CI:1.02-1.34) (38). An additional study
conducted using the same cohort (ALSPAC) with participants aged 4 and 8 years observed
gender-specific associations, such that maternal alcohol consumption during pregnancy was
associated with internalizing behaviors such as depression and anxiety in girls only (40). The
authors acknowledged the lack of statistical evidence for dose-response associations and call
for additional investigations to confirm their observations. A retrospective population-based
cohort study by Robinson et al, showed that offspring born to mothers who reported alcohol
consumption during pregnancy were less likely to develop internalizing behaviors when
compared to those exposed to occasional prenatal alcohol use and non-exposed (39). However,
that study combined ‘abstainers’ with ‘occasional prenatal alcohol use’ as a reference control
group as well as using parent report from the Child Behavior Checklist (CBCL) to measure
outcomes in offspring. Nonetheless, multi-informant approaches have been recommended in
the assessment of young children’s CBCL syndromes (41).
Prenatal alcohol exposure has also been associated with offspring conduct disorder (42). This
observation is strongly supported by a Mendelian Randomization (MR) study (43). Mendelian
Randomization is a powerful study design that uses genetic variation as a natural experiment
to assess the link between modifiable health risks and offspring outcomes (43). In that study,
offspring (n=3544) exposed to moderate amounts of alcohol consumption during the prenatal
period was associated with persistent conduct disorder in offspring (AOR = 1.29, 95%CI: 1.041.60). Moreover, a study that synthesized the results of nine observational studies reported an
increased odds of developing conduct disorder in offspring exposed to prenatal alcohol use
(AOR=2.11, 95%CI: 1.42-3.15) (44). That study also indicated the necessity of additional
epidemiological studies to address important unresolved issues such as confounding by socioenvironmental factors, postnatal parental substance use and maternal mental health and
behavioural problems.
Whether or not prenatal alcohol exposure influence offspring future substance use is unclear.
Longitudinal studies examining the associations between prenatal alcohol exposure and
offspring alcohol and cannabis use during adolescence are scarce. Evidence from those few
and geographically limited epidemiological studies suggests that offspring exposed to prenatal
alcohol use are at increased risk of alcohol use when compared to non-exposed (45-47). For
instance, a longitudinal prospective cohort study conducted among 2,555 offspring exposed to
prenatal alcohol use in Queensland, Australia found a greater likelihood of alcohol use disorder
in offspring exposed to early pregnancy alcohol exposure (AOR = 2.95, 95% CI: 1.62-5.36)
(47). In that study, 25% of offspring fulfilled the clinical criteria for a diagnosis of alcohol use
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disorder. However, a study based on the ALSPAC observed insufficient statistical evidence for
associations between prenatal alcohol exposure and offspring alcohol initiation after
controlling for parental demographic covariates and confounders (48). A prospective cohort
study from the US suggested a 2.56-fold increased risk of drug use disorders in offspring
exposed to prenatal alcohol use (49). Further, a retrospective cohort study (n=5922) from the
German Health Interview and Examination Survey for Children and Adolescents (the KiGGS
study) observed gender-specific associations, such that low to moderate maternal prenatal
alcohol use was linked with illicit drug use in adolescent females only (50). However, these
two studies have reported illicit drug use as a single outcome (combining all illicit drug use) in
offspring exposed to maternal prenatal alcohol use.

2.5 Prenatal tobacco exposure and offspring mental health and substance use
outcomes

The immediate adverse effects of prenatal tobacco exposure on offspring such as preterm birth
(51), small for gestational age (52) and low birth weight (53, 54) are well documented.
However, epidemiological evidence regarding adverse mental health and substance use
outcomes in offspring exposed to prenatal tobacco use is less clear. It has been proposed that
direct and indirect effects of tobacco on the developing brain may result in unfavourable
consequences in offspring (55, 56), while others suggest the detrimental effect might be due to
maternal mental illness, use of other substances, adverse pregnancy outcomes and other socioeconomic confounders (57, 58). However, findings from in vivo studies suggest that deficits in
synaptic neurochemistry resulting from prenatal nicotine exposure may prompt alterations in
neural cell replication (59), which in turn may lead to shortfalls in behavioural self-regulation
(57). Therefore, prenatal tobacco exposure could result in irreversible modifications to synaptic
capacity of fetal brain and sensitized fetus to subsequent impacts of tobacco (56).
Epidemiological studies on humans have reported mixed results. A longitudinal study that
combined data from the ALSPAC cohort in the UK, Pelotas birth cohort in Brazil and the
HUNT study in Norway with study participants aged 18, 30 and 32 years, respectively,
observed a 20% increased likelihood of depression in offspring exposed to prenatal tobacco
use (AOR = 1.20, 95% CI:1.08-1.34) (60). Similarly, a population-based retrospective cohort
study from Brazil reported a 48% greater risk of depression in offspring exposed to parental
tobacco use at the age of 18 years (61). Additional longitudinal studies conducted in Denmark
(62) and the Netherlands (63) reported that offspring exposed to prenatal tobacco exposure are
at increased risk of experiencing symptoms of anxiety in childhood and young adulthood,
respectively. Some epidemiological studies observed conflicting results. A study examining
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internalising behaviours, such as depression and anxiety among younger (N= 3,714) and older
(N= 3,841) children that were exposed to prenatal tobacco use has observed virtually similar
rates of internalising behaviours in both exposed and non-exposed offspring (64). Similarly, a
study from the Netherlands (N=2230) has reported null association between maternal smoking
in pregnancy and offspring internalising behaviours (AOR=1.33, 95% CI:0.70–2.55) (65). In
contrast, an additional study from the Netherlands has reported gender specific associations
(66). In that study, boys exposed to maternal prenatal tobacco exposure have scored higher on
anxiety-depression sub scales of CBCL compared to exposed girls. Nonetheless, in a
retrospective cohort study conducted in the US prenatal tobacco exposure was associated with
lower risk of mood disorder in boys (AOR=0.42, 95% CI: 0.17, 0.98) (54).
Offspring exposed to maternal prenatal tobacco use may have an increased risk of CD
compared to non-exposed offspring (67-69). An epidemiological study that combined the data
of two birth cohorts, the Brazilian Pelotas and the ALSPAC, found an increased risk of CD in
offspring exposed to maternal prenatal tobacco use after adjusting for socioeconomic positions,
parental psychopathology and paternal smoking during pregnancy (69). However, there is also
evidence of null associations between prenatal tobacco exposure and an increased risk of CD
in offspring (53, 70-72).
Epidemiological evidence also suggests a prospective association between maternal prenatal
tobacco exposure and subsequent offspring tobacco and cannabis smoking (73-76). For
instance, a prospective cohort study from Sweden observed a 2-fold-increased risk of tobacco
smoking in offspring exposed to prenatal tobacco use when compared to non-exposed
(AOR=2.04, 95%CI:1.32-3.16) (77). Nonetheless, some epidemiological studies found null
associations (65, 75, 78-81). A retrospective cohort study from the US observed an increased
risk of tobacco dependence in offspring exposed to maternal prenatal tobacco use but found
insufficient statistical evidence for current and lifetime tobacco smoking in offspring (79).
Additional studies also observed similar outcomes (80, 81).

2.6 The role of confounders
Confounders may explain an observed relationship between prenatal alcohol and tobacco
exposures and offspring mental health and substance use outcomes (82). Specific potential
confounders are discussed below. The association between maternal prenatal alcohol and
tobacco exposures and offspring mental health outcomes may be confounded by genetic or
biological factors, adverse pregnancy outcomes, socio-demographic and economic and other
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factors. Figure 2 sets out the conceptual framework of the association between prenatal alcohol
and tobacco exposures and offspring mental health and substance use outcomes.
2.6.1

Parental mental health problems (genetic predisposition)

Several studies have found an elevated risk of depression, anxiety and conduct disorder
symptoms in offspring of mothers with mental health problems. A systematic review and metaanalysis that synthesized the results of 191 primary studies found that maternal perinatal
depression and anxiety were associated with a wide range of mental health and behavioral
problems (83). This is also supported by findings of a meta-analysis that suggested a 32%
increased likelihood of developing mental health problems in offspring of parents with mental
health problems (84). Evidence has also shown that maternal history of depression and
maternal anxiety symptoms might be related with offspring behavioral and anxiety symptoms,
respectively (85-87).
2.6.2

Adverse pregnancy and birth outcomes (mediators)

Numerous epidemiological studies examined the association between adverse pregnancy and
birth outcomes such as preeclampsia, preterm birth and low birthweight, and risk of mental
health and substance use outcomes in offspring. A population-based study of 5231 motheroffspring pairs from ALSPAC study observed a 2.43-fold increased risk of anxiety disorders
(88) and a 2.3-fold increased risk of depression (89) in adolescents of mothers with
hypertensive disorders of pregnancy (HDP). Further, according to findings from the recent
systematic review and meta-analysis, any form of HDP such as preeclampsia or gestational
hypertension predicts approximately 1.5-fold increased risk of behavioural and severe mental
illness in offspring (90). Furthermore, an additional systematic review and meta-analysis has
estimated the risk of psychiatric diagnoses among preterm born and low birthweight
adolescents and young adults (91). In that study, the odds of being diagnosed with any
psychiatric illness increased approximately by 4-fold (AOR=3.66, 95% CI:2.57-5.21) and
anxiety or depressive disorder increased by approximately 3-fold (AOR=2.86, 95% CI:1.734.73) in persons born preterm or with low birthweight.
2.6.3

Socio-demographic factors

Parental socio-demographic and economic factors may influence the link between prenatal
alcohol and tobacco exposures and offspring mental health and substance use outcomes
included maternal educational status, age, family income, marital status, ethnicity, and others.
Findings from epidemiological studies suggested that lower educational attainment and
socioeconomic status including family income have been often reported by pregnant women
who smoke tobacco during pregnancy compared to non-smoking pregnant women (66, 92-96).
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These in turn have been associated with mental health and substance use problems in offspring
(97, 98). Further, epidemiological studies also indicated that there is an association between
advanced parental age and mental health problems in offspring. A systematic review and metaanalysis that synthesised the results of twenty-seven primary studies have reported an
association between advanced parental age and behavioural problems in offspring (99).
2.6.4

Parental postnatal substance use and other factors

Postnatal environmental risk factors might play a significant role in the occurrence of mental
health and substance use problems in adolescents. Evidence from longitudinal studies
suggested that adolescents exposed to postnatal parental tobacco smoking may develop adverse
mental health outcomes (97, 100). Similarly, substance use during adolescence may be largely
affected by parental substance use (101). For instance, finding from a population-based cohort
study suggested that offspring exposed to prenatal tobacco use are more likely to be exposed
to maternal postnatal tobacco smoking in childhood if their mothers continued to smoke after
the pregnancy (102) and may initiate tobacco smoking later in life by emulating their parents’
smoking behaviour. Similarly, adolescents living with mothers drinking alcohol are at
increased risks of developing problematic alcohol use in adolescence (103). Moreover, parity,
familial alcohol dependence and prenatal stressful life events have also been associated with
an increased risk of mental health problems in offspring (104-106).

2.7 Gaps identified in the existing literature
There are a few studies on prenatal alcohol and tobacco exposures and offspring mental health
and substance use outcomes and as discussed in the preceding sections, the findings of these
studies are conflicting. Further, there are also methodological differences in assessing mental
health outcomes. Notably, prospective cohort studies examined the association between
prenatal alcohol (39), and tobacco exposures (107) and the risk of behavioural problems in
offspring reported only externalising and internalising behaviours total scores while not
showing subscale scores of individual mental health problems such as conduct disorders,
depression and anxiety, making replications of results more problematic. There are also
disparities in study designs. Some previous studies may have over-estimated the risk due to
selection bias as introduced by selection of clinical participants (54, 108, 109), suggesting the
necessity of additional population-based studies that allow examinations of mental health and
substance use problems in adolescents and young adults who represent a wide range of prenatal
alcohol and tobacco exposures (110). Furthermore, the exposure status may be underestimated
because of recall bias, measured several years after pregnancy and hinder the identification of
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risks in terms of gestation as the assessment is done retrospectively. Most of existing studies
focused exclusively on first trimester prenatal alcohol and tobacco exposures. Nonetheless, it
has been believed that the timing of such exposures are critically important to identify risks in
terms of gestational age at exposure (111). Furthermore, there was incomplete adjustment for
immediate pregnancy outcomes such as preeclampsia, preterm birth and low birthweight,
mental health status of parents, parental postnatal substance use and child previous mental
health problems. Moreover, some of existing epidemiological studies used relatively small
sample sizes. Small sample size could reduce the power of the study and result in less precise
estimate.

2.8 Significance of this study
Globally, there are a few studies that have investigated the association between prenatal alcohol
and tobacco exposures and offspring mental health and substance use outcomes. Adolescents
exposed to prenatal alcohol and tobacco use may have an increased risk of mental health and
substance use problems compared to non-exposed. Existing epidemiological studies suggest
that the risk of developing mental health and substance use problems in offspring considerably
differ by type of prenatal exposure (e.g. alcohol, tobacco, etc). Further, some studies have
produced less precise estimates due to lack of statistical power from the small sample size. To
address gaps in literature, more longitudinal studies with relatively larger sample sizes, which
are warranted to produce more precise estimates and to improve the generalizability of the
findings. This project used online available resources and existing data from a population-based
prospective cohort study (the Raine Study) which allows comprehensive adjustment for
confounders in testing the hypotheses. This project makes an important contribution to the
sparse literature on effects of prenatal alcohol and tobacco exposures on offspring mental health
and substance use outcomes during adolescence and young adulthood. Moreover, this project
examined the association between prenatal alcohol and tobacco exposures and offspring mental
health and substance use outcomes and formulated recommendations and directions for clinical
practice and future research.

2.9 Aims and hypothesis
2.9.1

Aim of this thesis

The main aim of this thesis was to examine the associations between prenatal alcohol and
tobacco exposures and offspring mental health and substance use outcomes.
2.9.2

Specific aims of this thesis

The specific aims of this thesis were to:
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1. Systematically review previous epidemiological research on the associations between
prenatal alcohol and tobacco exposures and offspring mental health and substance use
outcomes.
2. Test associations between maternal prenatal alcohol and tobacco exposures and the risk
of depressive symptoms in adolescent offspring.
3. Examine the association between prenatal alcohol and tobacco exposures and the risk of
anxiety symptoms in young adulthood.
4. Investigate the association between maternal prenatal tobacco smoking and conduct
disorder symptoms in adolescent offspring.
5. Estimate the risk of subsequent substance use in offspring exposed to maternal prenatal
alcohol and tobacco use.
2.9.3

Hypothesis

I hypothesized that after controlling for a wide range of confounders, maternal prenatal alcohol
and tobacco exposures will still be associated with a greater risk of mental health and substance
use outcomes in offspring.
Confounding

•
•

Socio-demographic
and other factors
•

Age

•

Education

•

Ethnicity (race)

•

Marital status

•

Family income

•

Pregnancy plan

•

Stressful life
events

•

Parity

•

Partner Smoking

•
•
Maternal
Prenatal
Alcohol,
Tobacco
exposure

Maternal mental
health problems
during pregnancy
Family history of
psychiatric and
behavioural
problems
Paternal mental
health problems
Parental postnatal
substance use

Mediators

•
•
•

Substance use
outcomes
• Alcohol
• Tobacco
• Cannabis

Child age and
sex

during pregnancy
•

Low birthweight
Preterm birth
Preeclampsia

Offspring
Mental health
outcomes
• Depression
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• Conduct
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symptoms

Familial substance
use

Figure 1. Overview of proposed pathways of prenatal alcohol and tobacco exposures and offspring mental health and
substance use outcomes
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Chapter 3: Methodology
This chapter provides a concise summary of study design, participants, measures used and data
sources. Subsequent chapters include a more comprehensive description of methods that have
been followed to answer the specific research questions addressed in this project.

1.1 Overview of data source, study design, and population
To address the specific aims of this thesis, several electronic databases, and the Raine Study
were used as potential data sources. More specifically, the electronic databases such as
MEDLINE/PubMed, SCOPUS, PsycINFO and EMBASE were used as data sources for 3
systematic reviews and with 2 including meta-analyses. Data for primary studies were obtained
from the Raine Study (Table 1). The Raine study is an ongoing prospective multigenerational
cohort of pregnancy, childhood, adolescence, and adulthood (1, 2). The Raine Study is a wellknown prospective cohort with extensive data collection on prenatal and environmental
exposures and biological factors that can impact the health, development, and wellbeing of
offspring. More comprehensive descriptions of the Raine Study have been published elsewhere
(3) and also available at the study website (https://rainestudy.org.au/ ). Between 1989 and 1991,
a total of 2730 pregnant women attending King Edward Memorial Hospital and nearby private
clinics in Perth and expecting to give birth at the hospital and intending to remain in Western
Australia were recruited between 16-20 weeks of gestation (3). From August 1989 to April
1992, these pregnancies resulted in a total of 2868 live births including 138 multiple
pregnancies. This figure represents 94% of the initial recruitment sample (n=2900) (Figure 1).
In this thesis we drew datasets regarding the perinatal and life course environmental exposures,
and psychological and risky behavioural outcomes of participants. Perinatal and life course
environmental exposures dataset included socio-demographic and economic variables,
obstetric related variables, preeclampsia, and pregnancy adverse outcomes. Psychological
datasets included maternal and child mental health, such as depression, anxiety and conduct
disorder symptoms. In addition, the dataset included maternal use of alcohol and tobacco as
well as alcohol, tobacco and cannabis use in adolescents. Offspring behavioural and mental
health outcomes were assessed at age 14, 17 and 20 years. Alcohol, tobacco, and cannabis use
were assessed at age of 17 years. This study was approved by the Human Research Ethics
Committees (HREC) of the University of Western Australia. Written informed consent was
obtained from each study participant at enrolment and at each subsequent assessment after the
details of the procedures had been fully described. Pregnant women and their children are
referred to as Generation 1(Gen1) and 2 (Gen2) of the Raine Study, respectively.
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Initial Recruitment - 2900 mothers

Fetus and mothers Enrolled - 2968

18 weeks - 2968

37 Excluded (30-miscarriages + 7
termination of pregnancy)

34 weeks - 2931

63 Excluded (36-withdrawn before
birth + 27- stillborn)

Live births - 2868

-

-

357 children remain part of cohort
but declined to participate in the
current cohort
207 children lost, continue trying
to locate
412 children withdrawn from
cohort, no further contact
32 Children deceased

-

1 (37) deaths
38 (518) withdrawn from cohort
840 lost to follow-up

-

4 (41) deaths
47 (565) withdrawn from cohort
1029 lost to follow-up

-

Year 14 (Eligible -2424 and
Participated -1860)

-

Year 17 (Eligible -2352 and
Participated -1726)

Year 20 (Eligible -2262 and
Participated -1234)
Source from Straker et al (1)
Figure 1. Showing the characteristics of study participants at each follow-up from birth to 20 years.
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3.2 Measures
3.2.1

Measure for prenatal alcohol and tobacco exposures (Gen1)

At 18 and 34 weeks of gestations, pregnant mothers self-reported the number of spirits, glasses
of wine, cans or 375-ml bottles of low to full strength beer consumed during the first three
months of pregnancy and they were currently drinking, respectively. These data converted into
a continuous variable indicating the total number of standard drinks of alcohol consumed per
week. Based on the National Health and Medical Research Council (NHMRC) guidelines of
2009, one standard drink in Australia constitutes 10 grams of absolute alcohol (4), which is
approximately equal to 285 mL of full strength beer (4.8% alcohol), 425 mL of low strength
beer (2.7% alcohol), 375mL of mid strength beer (3.5% alcohol), 100 mL of champagne (12%
alcohol), 330 mL of spirits (40% alcohol), 275 mL bottle of ready-to-drink beverage (5%
alcohol) and 100 mL of wine (red - 13% alcohol, and white – 11.5% alcohol). There has been
no widely accepted standard on the amount of alcohol that represent light to heavy drinking
during prenatal period. As a result, we used NHMRC guidelines of 2009 (4) and several other
studies were used as a reference to categorize prenatal alcohol exposure.
At same time points in pregnancy, pregnant mothers also reported the numbers of cigarettes
they had smoked per day during the first and third trimesters of pregnancy. These data were
used to categorize pregnant mothers as either non-smokers or smokers. Further, a study was
conducted by Stick et al. to validate self-reports of prenatal tobacco exposure (5). In that study,
cotinine was measured in serum from 238 pregnant mothers who reported cigarette smoking
during the first three months of pregnancy (6). Cotinine is a biomarker of nicotine which
accumulates in the body as a result of tobacco smoke exposure (7). Unlike nicotine, cotinine
remains in the body system for several days (8), suggesting measuring cotinine is much better
when compared to measuring nicotine. Evidence from that validation study (5) showed strong
agreement between maternal self-reported prenatal tobacco exposure and measured serum
cotinine concentration.
3.2.2

Measure for outcomes

As detailed below, well-accepted, standardized, and validated measurement tools were used to
ascertain adverse mental health and substance use outcomes in children and young adults such
as depression, anxiety, conduct disorder symptoms and alcohol, tobacco, and cannabis use.
Depressive symptoms at age of 17 years were measured using the Beck Depression Inventory
for Youth (BDI-Y). The BDI-Y has been shown to be a reliable and valid tool to measure
depressive symptoms (9) as described in the Diagnostic and Statistical Manual of Mental
Disorders, 4th Edition, (DSM-IV-TR) for diagnoses of major depressive disorders in children
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and adolescents (10). The BDI-Y incorporates 20 Likert scale items relating to depressed
moods that have been experienced over the past 2 weeks. Its raw scores are transformed into
summary scores (0 to 60) with higher scores suggesting a greater degree of depressive
symptoms. In this study, summary scores were dichotomized as ‘depressed’ or ‘not depressed’
using the recommended cut-off score points (normal ≤13; mild-severe depression ≥14) (9).
Experiencing symptoms of anxiety in young adults at the age of 20 years was ascertained by a
short form of the Depression Anxiety Stress Scale (DASS 21). DASS is a 42-item scale
designed by the University of New South Wales to measure depression, anxiety and stress (11,
12). The DASS-21 score was multiplied by two to obtain the normal DASS-42 score. This
scale consists of 21 items, of which seven items measure anxiety symptoms, which were
answered based on four-point frequency scales suggesting the severity of the specific
symptoms (13, 14). It has shown high internal consistency for the anxiety subscale (Cronbach’s
alpha=0.76) (11, 12) in different settings (15, 16). In our study, participants were considered
to be experiencing symptoms of anxiety according to the recommended severity thresholds,
which is a DASS score of 8 and above (11, 12). Conduct Disorder symptoms at age of 14 years
were measured using the Diagnostic Statistical Manual of Mental Disorders (DSM) oriented
scales of the Child Behavioral Checklist (CBCL) (17). It has been reported that the DSMoriented CBCL scales provide significantly better agreement with clinical DSM diagnoses than
the syndrome scales (17). Furthermore, a previous epidemiological study that tested the
diagnostic accuracy of DSM oriented CBCL scales in diagnosing conduct disorder found that
such scales better differentiated between cases and non-cases of CD than conventional CBCL
scales (18).
Alcohol, tobacco, and cannabis use at 17 years of age were measured by using a self-reported
questionnaire developed by the Raine Study to capture risky behaviours in adolescents.
Adolescents were asked, “Have you ever drunk six or more alcoholic drinks at one time or
drunk so much alcohol that you vomited?” We grouped adolescents who responded “yes, more
than once” to above question as ‘harmful alcohol users’ whereas those reported “never” or
“only once” were used as a reference control group. This classification has been used in a
previous study to categorize “harmful” and “non-harmful alcohol use” in the same cohort (19).
We were also guided by the current NHMRC guidelines that recommend “healthy men and
women should drink no more than ten standard drinks per week and no more than four standard
drinks on any one day”(20). Nevertheless, it should be noted that the current guidelines
recommend no alcohol use by those aged under 18 years. Adolescents were also asked to report
whether or not they had smoked tobacco in the past four weeks. We grouped adolescents who
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replied “yes” to above question as ‘current tobacco users’ whereas those reported “no” or
“never smoked” were used as a reference control group. This categorization has been used in
a previous study that used the same cohort data (19). Current tobacco use was reported as
tobacco smoking in this thesis. Cannabis use at 17 years of age was measured by using a selfreported questionnaire developed to capture risky behaviours in adolescents. Adolescents were
asked, “How often do you use cannabis (marijuana) for non-medical purposes?” We grouped
adolescents who responded daily, weekly and monthly use to the above question as ‘current
cannabis users’ whereas those reported ‘never’ and ‘once over one year ago’ were categorized
as non-current cannabis users/abstainers. A previous study from the same cohort has used a
similar classification to categorize cannabis use in adolescents at age of 17 years (19). Current
cannabis use was reported as cannabis use in this thesis. Further to examine whether the
associations between prenatal alcohol and tobacco exposures and offspring cannabis use differ
when the way cannabis use differed in the sensitivity analysis, cannabis use was defined as
non-users/abstainers, lifetime users (cannabis use once over one year ago) and current users
(daily/weekly/monthly use).
3.2.3 Measure for confounders and covariates
In this thesis, the decision to include all potential confounders and relevant covariates in the
multivariable regression models was guided by the following criteria. First, variables that fulfill
confounding variable criteria, affect the association between prenatal alcohol and tobacco
exposures and offspring mental health and substance use outcomes. Second, variables that are
available in our dataset (Figure 4). Moreover, all other variables which were identified in
previous studies and available in our dataset were considered as covariates and confounders
(Figure 5).

Confounding
variables

Offspring
mental health
and substance
use outcomes

Prenatal
alcohol and
tobacco
exposures

Figure 2. Schematic presentation of the relationship between exposures, confounders, and outcomes.
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3.2.3.1 Parental mental health problems
Parental mental health problems that are found to be associated with prenatal alcohol and
tobacco exposures and offspring mental health and substance use problems were included in
sequential models. These mental health problems included maternal depressive and anxiety
symptoms, maternal history of mental health problems during pregnancy and paternal
emotional problems. Maternal depressive and anxiety symptoms (Gen1) were ascertained by
Depression Anxiety Stress Scale (DASS 42) at 14 years of follow-up. This scale is a 42-items
questionnaire often used to depict depression, anxiety and stress symptoms in adults. The
internal consistency was reported be excellent for depression ( .89) and anxiety (.76) subscales
(11, 12). We grouped mothers who scored > 10 and > 8 as having clinically significant
depressive and anxiety symptoms, respectively using the recommended conventional severity
thresholds. Maternal self-reported history of maternal mental health problems assessed during
pregnancy was also included in this study. Paternal lifetime history of emotional problems was
assessed (yes/no) at the 13 years follow-up phase using a self-reported item.
3.2.3.2 Adverse pregnancy and birth outcomes
Adverse pregnancy and birth outcomes such as preeclampsia (yes/no), low birthweight and
preterm birth were also included in the multivariable regression models. Low birthweight
operationalized as a birthweight of less than 2,500g and preterm birth as birth before 37
completed weeks (Figure 3).
3.2.3.3 Childhood sleep and existing mental health problems
Findings from epidemiological studies reported that maternal prenatal tobacco smoking was
associated with an increased risk of sleep problems in offspring (21), which in turn results in
mental health problems such as anxiety in offspring (22). Therefore, we included childhood
sleep problems (Gen2) in our study. Childhood sleep problems, anxious/depressed behaviors
and aggressive behaviors at the age of 10 years was measured using the child behavioural
checklist (CBCL).
3.2.3.4 Sociodemographic and other factors
The risk factors that influence the decision to consume alcohol and tobacco during pregnancy
were also included in this study. The variables related to maternal sociodemographic position
were obtained from baseline questionnaires completed by pregnant mothers at 18 weeks of
gestation. These were: maternal education, ethnicity, maternal age during pregnancy, marital
status, pre-pregnancy substance use, paternal smoking status during the mother’s pregnancy
(yes/no) and family income. Non-pathological factors included pregnancy plan, sex of child
and parity.
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3.2.3.5 Parental substance use
Data were also available on paternal tobacco smoking during partner’s pregnancy, maternal
postnatal alcohol, and tobacco use. At 18 weeks of pregnancy, mothers of study participants
were reported the average number of cigarettes their partners (fathers of the study adolescents
and young adults) had smoked per day during their pregnancy. Paternal tobacco smoking
during partners’ pregnancy was used as a proxy for environmental tobacco smoke exposure.
Maternal postnatal tobacco (yes/no) were assessed at 14 and 16 years of follow-up. Mothers of
study participants were also reported the average number of standard drinks of alcohol
consumed per week at 14 and 16 years of follow-ups.

3.3 Data analysis
Bivariate and multivariate log-binomial, negative binomial, and multinomial logit models were
used to examine the associations between prenatal alcohol and tobacco exposures and offspring
mental health and substance use outcomes. The inverse variance weighted random effect metaanalysis models were also used to combine studies included in the meta-analyses. To better
examine the role of covariates and confounders in the association between exposures and
outcomes, covariates and confounders have been included as adjustment variables in sequential
models. Relative risks (RR) were used for measures of association and P-value < 0.05 was set
for statistical significance. Negative binomial regression was used to estimate the risk as
incidence rate ratios (IRR) of CD symptoms in offspring. All statistical analyses were
conducted in the Comprehensive Meta-Analysis 3.0 (CMA) and Stata 16.1. Moreover, we
employed multivariate imputation by chained equation using the STATA “mice” command to
minimize the possibility of bias due to attrition, drawing data on sociodemographic factors
collected at 18-weeks of gestation. In the multivariate imputation, 50 cycles of regression
switching were used to generate 50 imputed datasets. The potential explanatory variables
(except predictors and outcome variables) along with auxiliary variables predictive of
incomplete variables were included in the regression model and imputed, and analyses were
repeated for each imputation before being combined. The resulting Monte Carlo errors (<5%)
of the standard error, suggested 50 imputed datasets were sufficient. Such approach results
unbiased estimates and provides more validity than ad hoc approaches to missing data. Further,
the use of available data, preserving sample size and statistical power with standard statistical
software are additional advantages of such approach. However, the validity of the multiple
imputation results will be questionable if there is an incompatibility between the imputation
model and the analysis model, or if the imputation model is less general than the analysis
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model. More comprehensive descriptions of statistical approaches and additional sensitivity
analyses were explained in respective chapters.

problems

• Maternal
depressive
symptoms
• Maternal
anxiety and
stress
symptoms
• Paternal
emotional
problems
• Maternal
postnatal
tobacco
smoking
• Maternal
postnatal
alcohol
drinking

Measured at 10year follow-up

Measured at 14- and
16-years follow-ups

• Parental age
• Educational
status
• Marital
status
• Ethnicity

• Anxious/

• Paternal

depressed

smoking

• Family

• Child sex

Income

• Maternal

• Pregnancy

• Preterm

plan

birth

history

of

mental

• Parity

problems

• Preeclampsia

Measured during pregnancy

behaviours
• Aggressive
behaviours
• Sleep

• Birthweight
Measured at
childbirth

Figure 4. List of all relevant variables that are included in this study (outcomes of interest were not shown here)
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Table 1. Summary of exposure variables, offspring outcomes, data sources and analysis of
studies included in the thesis.
Study full title

Data
source/s

Outcome
variables

Data analysis Published at

Prenatal tobacco use and the risk of 4
mood disorders in offspring: a
systematic review and metaanalysis
Prenatal alcohol and tobacco use 4
and the risk of depression in
offspring at age of 17 years:
findings from the Raine Study.
Prenatal Tobacco and Alcohol 4
Exposures and the Risk of Anxiety
Symptoms in Young Adulthood: a
Population-Based cohort study

PubMed,
PsycINFO,
EMBASE,
SCOPUS
The Raine
Study

Mood
disorders

Random effect Social Psychiatry
meta-analysis
and Psychiatric
Epidemiology

Depressive
symptoms

Log-binomial
regression

The Raine Anxiety
Log-binomial
Study
symptoms
regression
in
young
adults

Psychiatry
research

Prenatal tobacco exposure and the 5
risk of conduct disorder symptoms
in offspring at the age of 14 years:
Findings from the Raine Study.
Prenatal alcohol exposure and 6
offspring subsequent alcohol use: a
systematic review

The Raine Conduct
Study
disorder
symptoms

Negativebinomial
regression

Journal
psychiatric
research

PubMed,
PsycINFO,
EMBASE,
SCOPUS
The Raine
Study

Alcohol use

Narrative data
synthesis

Drug and
Alcohol
Dependence

Harmful
alcohol use

Log-binomial
regression

Drug and
Alcohol
Dependence

7

PubMed,
PsycINFO,
EMBASE,
SCOPUS

Tobacco
smoking
(several
outcomes)

Random effect
meta-analysis

Drug and
Alcohol
Dependence

7

The Raine
Study

Tobacco
smoking

Addictive
Behaviors

8

The Raine
Study

Cannabis
use

Log-binomial
regression
(negative
control)
Log-binomial
regression,
multinomial
logit models

Associations of prenatal alcohol
exposure and offspring harmful
alcohol use: findings from the
Raine Study.
Prenatal Tobacco Exposure and the
Risk of Tobacco Smoking and
Dependence in Offspring: a
Systematic Review and MetaAnalysis.
Prenatal exposure to maternal, but
not paternal, tobacco smoking is
associated with smoking in
adolescence.
Prenatal alcohol and tobacco
exposures and the risk of cannabis
use in offspring: Findings from a
population-based cohort study

Chapter
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Chapter 4: Prenatal alcohol and tobacco exposures and offspring depression
and anxiety
This chapter included three papers that examined the association between prenatal alcohol and
tobacco exposures and the risk of mood disorders, depressive and anxiety symptoms in their
offspring during childhood, adolescence, and young adulthood. The first paper examined the
risk of mood disorders such as depressive and bipolar disorders in offspring exposed to prenatal
tobacco using a systematic review and meta-analysis of published studies on the topic. The
second paper tested the association between maternal prenatal alcohol and tobacco exposures
and the risk of depressive symptoms in late adolescence using data from the Raine Study. The
third paper examined the prospective association between maternal prenatal alcohol and
tobacco exposures and the risk of experiencing symptoms of anxiety in young adults, which is
also based on the data from the Raine Study. All papers included in this chapter have been
published in the Social Psychiatry and Psychiatric Epidemiology; Journal of affective
disorders, and Psychiatry Research. All studies included in this chapter addressed the following
research objectives: to systematically review previous epidemiological research on the
associations between prenatal tobacco exposures and offspring mental health outcomes; test
associations between maternal prenatal alcohol and tobacco exposures and the risk of
depressive symptoms in adolescents at the age of 17 years; and examine the association
between prenatal alcohol and tobacco exposures and the risk of experiencing anxiety symptoms
in young adulthood.
Paper 1: Duko B, Ayano G, Pereira G, Betts K, Alati R. Prenatal tobacco use and the risk of
mood disorders in offspring: a systematic review and meta-analysis. Social Psychiatry and
Psychiatric Epidemiology. 2020;55(12):1549-62.
Paper 2: Duko B, Pereira G, Betts K, Tait RJ, Newnham J, Alati R. Prenatal alcohol and
tobacco use and the risk of depression in offspring at age of 17 years: findings from the Raine
Study. Journal of Affective Disorders. 2021; 279:426-33.
Paper 3: Duko B, Pereira G, Tait RJ, Newnham J, Betts K, Alati R. Prenatal Tobacco and
Alcohol Exposures and the Risk of Anxiety Symptoms in Young Adulthood: a PopulationBased Cohort Study. Psychiatry Research 2022; 310:114466.
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Study purpose: Although it is plausible that offspring born to mothers using tobacco during
pregnancy may have increased risk of mood disorders, epidemiological studies have reported
mixed results including null, detrimental, and protective effects. This systematic review and
meta-analysis was conducted to examine the magnitude and consistency of associations
reported between prenatal tobacco use and mood disorders in offspring.
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Abstract
Purpose It is plausible that offspring born to mothers using tobacco during pregnancy may have increased risk of mood
disorders (depression and bipolar disorders); however, mixed results have been reported. We conducted a systematic review
and meta-analysis to investigate the magnitude and consistency of associations reported between prenatal tobacco use and
mood disorders in offspring.
Methods We systematically searched EMBASE, SCOPUS, PubMed and Psych-INFO for studies on mood disorders and
prenatal tobacco use. Methodological quality of studies was assessed with the revised Newcastle–Ottawa Scale. We estimated pooled relative risk (RR) with inverse variance weighted random-effects meta-analysis. We performed leave-one-out
analyses, and stratified analyses by a subgroup (depression and bipolar disorder). Potential publication bias was assessed
by inspection of the funnel plot and Egger’s test for regression asymmetry. This study protocol was prospectively registered
in PROSPERO (CRD42017060037).
Results Eight cohort and two case–control studies were included in the final meta-analysis. We found an increased pooled
relative risk of mood disorders in offspring exposed to maternal prenatal tobacco use RRs 1.43 (95% CI 1.27–1.60) compared
to no prenatal tobacco use. Similarly, the pooled relative risks of bipolar and depressive disorders in offspring were 1.44,
(95% CI 1.15–1.80) and 1.44, (95% CI 1.21–1.71), respectively. Moreover, the pooled estimated risk of mood disorders was
not significantly attenuated in the studies that reported sibling comparison results [RR = 1.21 (95% CI 1.04–1.41)].
Conclusion Taken together, there was strong evidence for a small (RR < 2) association between prenatal tobacco use and
mood disorders in offspring.
Keywords Mood disorders · Bipolar disorder · Depression · Offspring · Prenatal · Tobacco · Systematic review · Metaanalysis

Introduction
Mood disorders, also known as affective disorders, are a group
of mental health disorders consisting of bipolar and major
depressive disorders [1, 2] which can impair the psycho-social
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functioning of individuals and significantly affect their quality
of life [3]. A 6% lifetime prevalence of depression has been
reported globally [4] and the global mental health survey conducted across 11 countries in America, Europe and Asia using
the World Health Organization Composite International Diagnostic Interview (WHO-CIDI) version 3.0 reported a 2.4% lifetime prevalence of bipolar disorders [5].
Observational studies and randomized controlled trials have
been unable to confirm the causes of mood spectrum disorders
[6]. However, it has been hypothesized that the imbalances of
certain neurotransmitters which are important regulators of
the bodily functions [7], genetic factors [5] and environmental
factors [1] can significantly contribute to mood disorders. In
addition, it has been reported that maternal lifestyle behaviors
during pregnancy may result in mental and behavioral problems in offspring via early programming of the developing
brain [8].
Tobacco use during pregnancy is one of such behaviours,
which may increase risk of mood or other mental disorders
through direct pathways [9, 10]. For example, tobacco modulates nicotinic acetylcholine receptors in the brain and results
in alterations in the neurodevelopmental trajectory of widespread pathways [9]. Further, a systematic review conducted
to test the association between smoking and depressive disorders revealed adverse associations in more than a third of the
included studies [11]. However, the level to which observed
offspring mental health problems constitute a direct effect of
exposure of tobacco remains unclear [12–14].
Tobacco is a commonly used legal drug during pregnancy
[15] with epidemiological studies indicating this exposure may
increase the risk of bipolar [16–18] and depressive disorders
[19–22] in offspring. However, additional studies have produced inconsistent findings. For example, no association was
found with internalizing behaviours, namely depression and
withdrawal, among children in one study [23], while another
study found a higher risk of depression only among prenatally
exposed boys but no increased risk in females [24]. There is
also suggestion of associations in the opposite direction. For
instance, a retrospective cohort study conducted in the USA
found that prenatal tobacco exposure was linked with lower
risk of mood disorders [25]. Variability in assessment methods
of mental health outcomes may explain these inconsistencies.
Therefore, we conducted a systematic review and meta-analysis to assess the magnitude and consistency of associations
reported between prenatal tobacco use and mood disorders in
offspring.

Social Psychiatry and Psychiatric Epidemiology (2020) 55:1549–1562

Methods
Research design
This systematic review and meta-analysis followed the
standards of quality for reporting a Meta-analysis Of Observational Studies in Epidemiology (MOOSE) [26, 27] and the
Preferred Reporting Items for Systematic review and MetaAnalysis guidelines (PRISMA) [28]. The literature search
strategy, study selection, data extraction, and synthesis were
compiled with a pre-defined protocol which was prospectively registered in the International Prospective Register
of Systematic Reviews (PROSPERO) with the registration
number of CRD42017060037 (https://www.crd.york.ac.uk/
prospero/display_record.php?RecordID=146976).

Literature search strategy
We systematically searched the following electronic databases with no language and date limits: EMBASE, SCOPUS,
PubMed and Psych-INFO. An extensive search of these
databases was conducted in August 2019. The search terms
and keywords were: “(cigarette use OR cigarette smoking
OR cigarette exposure OR tobacco use OR tobacco exposure
OR nicotine use OR nicotine exposure OR substance use
OR substance exposure) AND (prenatal OR antenatal OR
pregnancy OR maternal) AND (offspring OR adolescents
OR youths OR young OR child OR childhood OR young
adults) AND (mental disorders OR internalizing behaviours
OR depression OR bipolar disorder OR mood disorders OR
depressive disorders OR severe mental illness OR hypomania OR mania OR mental illness OR mental disorder OR
psychiatric disorders OR psychiatric morbidity)”.

Eligibility criteria
The following inclusion criteria were set to include the
studies in this systematic review and meta-analysis: (1)
case–control or cohort studies, (2) the exposure of interest was prenatal tobacco use, (3) the outcome of interest
was mood disorders, namely bipolar and major depressive
disorders, (4) measured outcomes using odds ratio (OR) or
relative risk (RR) estimates with 95% confidence intervals
(CIs) or data to calculate these were reported. We were
interested in offspring outcomes, namely depression and
bipolar disorders, rather than a group of behavioral problems such as internalizing behaviours (anxious/depressed/
withdrawal). Case reports, editorials, comments, abstracts
of meeting or conferences, letters and studies conducted
on animals were excluded from the review.
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Data extraction
Two reviewers (BD and GA) independently conducted an
electronic database searching and screening of titles as well
as abstracts. The data extraction was performed based on
the standardized data extraction form. Data were extracted
systematically from each study: the first author name, year
of publication, study characteristics including study design,
measurement of bipolar or depressive disorder, trimester in
which smoking initiated, country in which the study was
conducted, confounders, point estimates of risk such as odds
ratios (OR) or relative risk (RR) with 95% Confidence Intervals (CI) in accordance with the PRISMA guidelines [28].
Any sources of mental health outcomes, either self-report
or maternal report or clinical report, were included in the
review. Reviewer conflicts and issues raised during data
extraction were resolved by discussion.

exposure and account for heterogeneity across the studies
[31]. We performed a subgroup and sensitivity analysis
to identify the potential source of heterogeneity. We further conducted an additional analysis for those studies that
reported sibling comparison results. We stratified analyses
by outcomes (depression and bipolar disorders). To identify
studies that were influential on the pooled estimate, we ran
a leave-one-out sensitivity analysis, whereby one study was
removed at a time and the pooled estimate was re-estimated
on the remaining studies [32]. The magnitude of statistical
heterogeneity between studies was evaluated using the Qand I2-statistic [30]. The scores of 25%, 50% and 75% were
considered to refer low, moderate and high heterogeneity
between studies, respectively [33]. Potential publication bias
was assessed by inspection of the funnel plot and Egger’s
test for regression asymmetry [34].

Study quality

Results

The methodological quality of all selected studies was
assessed using the revised Newcastle–Ottawa Scale (NOS)
[29]. The quality assessment was done by two independent
reviewers (BD and GA). NOS is a scale which is recommended for the quality assessment of observational studies such as cohort and case–control studies. It uses three
standard grading categories such as high quality (scored
7–9), moderate quality (scored 4–6), and low quality (scored
0–3). These points were calculated using the following items
namely: group selection (four items), comparability between
the groups (one item), and outcome and exposure assessment (three items). Based on the scale, a maximum of one
star could be given for each item in the group selection,
outcome and exposure assessment categories as well as a
maximum of two stars could be given for comparability.
Conflicting scores among two reviewers were resolved by
consensus and discussion.

Study selection

Data synthesis and analysis
A meta-analysis was conducted using a Comprehensive
Meta-Analysis (CMA) software version 3.0 [30]. All studies
that reported an effect size were included in the meta-analysis. If multiple estimates were presented in the studies, RR
were reported in this review. Only three studies conducted
a separate analysis for the effects of moderate (< 10 cigarettes per day) and high tobacco smoking (≥ 10 cigarettes
per day) during pregnancy on offspring mood disorders.
We have included the estimates of high prenatal tobacco
use of these studies in our pooled analysis to ensure sufficient exposure contrast. We have combined the included
studies using inverse variance weighted random-effect
meta-analysis model to estimate the association between

A total of 3987 articles were identified by our initial literature search. Seventeen additional studies were obtained via
a manual search from the reference lists of other studies. Of
these, 585 were duplicates, depression and bipolar disorders
were not measured as an outcome in 12 studies, in 10 studies
depression was as assessed as an internalizing behaviours,
and 3380 studies were found not to be related to the subject
from title and abstract review. A total of 39 articles were
retrieved for further screening and resulting in a total of 10
studies for a meta-analysis (Fig. 1).

Characteristics of included studies
The studies included in the systematic review and metaanalysis were published between September 2000 [35] and
October 2017 [36, 37]. Among the included studies, four
studies were conducted in the USA [18, 25, 35, 37], one in
Sweden [16], two in Finland [20, 38], one in Denmark [39],
one in Brazil [22] and one study was based in the UK and
combined the data of the four birth cohorts including Avon
Longitudinal Study of Parents and Children (ALSPAC, UK),
Nord-Trondelag Health Study (HUNT, Norway), the Pelotas 1982 birth cohort (Brazil) and Swedish Sibling Health
Cohort (Sweden) [36]. Eight were cohort studies [16, 18, 20,
22, 25, 35, 36, 39] and two were nested case–control studies
[37, 38]. Three studies reported the additional sibling analysis results. Four studies assessed the risk of bipolar disorder
in offspring exposed to prenatal tobacco use [16, 18, 37,
38] while seven studies assessed the risk of depression [20,
22, 25, 35–37, 39]. Four studies adjusted for maternal alcohol use during pregnancy. Five studies recruited the study
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Fig. 1  PRISMA flowchart of
review search

Identifications

Records identified through
data base searches (n=3987)

Additional records identified

EMBASE=715

through other sources (n=17)

PubMed=1128
SCOPUS=1654
Psych Info= 490

Screening

Records after duplicates removed (n=585)

Records

screened

Eligibility

(n=3419)

Records excluded (3380)
Title review=2696
Abstract review=684

Full text articles assessed
for eligibility (n=39)

Full

text

articles

excluded

(n=29)
12 Not offspring depression or
bipolar disorder as an outcome

Included

10 Depression was assessed as
Full

text

included

in

qualitative and quantitative

internalizing behaviors
7 Full text duplicates

analysis (n=10)
Cohort (8)
Case-control (2)

participants from clinical setting, whereas five studies from
population-based registers. The sample size of the included
studies ranges from 77 to approximately 1,312,516 participants (Table 1).

Outcome measures
Out of 10 studies included in the systematic review, three
studies used the International Classification of Diseases and
Related Health Problems, 10th edition (ICD-10) manual
[20, 38, 39], one study used both ICD-9 and 10 [16], two
studies used the fourth revised version of the Diagnostic
and Statistical Manual of Mental Disorders (DSM IV-TR)
[18, 37], two studies used the Schedule for Affective Disorders and Schizophrenia (SADS) [25, 35], one study used

the Mini-International Psychiatric Interview (MINI) [22]
and one study based in UK and combined the data of four
birth cohorts used the Clinical Interview Schedule-Revised
(CIS-R) (ALSPAC), Hospital Anxiety and Depression Scale
(HADS) (HUNT) and Mini-International Psychiatric Interview (MINI) (Pelotas) [36] to screen and diagnose mood
disorders in offspring.
The studies included in the review have screened or diagnosed mood disorders namely depression and bipolar disorders in offspring at different follow-up periods. For example,
bipolar disorder was diagnosed in offspring between ages
10 and 30 years [16, 18, 37, 38]. Depressive disorder was
screened and diagnosed in offspring at age ranges from 8
to 41 years [20, 22, 25, 35–37, 39]. For instance, a study
conducted in the USA assessed depression in offspring at
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Country

Sweden

USA

Finland

First author, year

Quinn et al., 2017

Talati et al., 2013

Chudal et al., 2015

Prenatal tobacco
exposure assessed
at

This study analyzed 1st trimester
a population
register data
via birth cohort
of 1,680,219
individuals born
in Sweden from
January 1, 1983
to December 31,
2001
This is a cohort of Any time during
pregnancy
the Child Health
and Development
Study with live
offspring that
were enrolled at
Kaiser Permanente Medical
Care Plan, Northern California
Region from 1959
to 1966 (n = 214)
A nested case–con- 2nd trimester
trol study derived
from all singleton
live births in
Finland between
January 1st 1987
and December 31st 1998
(Finnish Prenatal
study of Bipolar
Disorders)
(Cases = 724, Controls = 1419)

Study characteristics

1.14 (0.88–1.49)
International
Offspring born
Classification
between 1987
of Diseases, 9th
and 1988 were
Revision, and
treated and
diagnosed at 2008 International Statistical Classificaand the mean
tion of Diseases
age offspring at
and Related
diagnosis of cases
Health Problems,
was 17.4 years
10th Revision

Bipolar disorder

2.01 (1.48–2.53)

Cohort follow-up
1959–1966

Bipolar disorder

Lifetime psychopathology
such as; anxiety, emotional
problems, psychoneuroses, hypochondriasis,
neurasthenia, alcoholism,
drug addiction or habituation, mental deficiency, or
mental disorders. Lifetime
diagnoses of schizophrenia
or other psychotic disorders,
affective disorder, and postpartum depression.
Maternal age, maternal education, maternal psychiatry
history, paternal psychiatry
history

Offspring sex, parity,
1.19 (1.12–1.25)
maternal and paternal age
(High prenatal
at childbirth, education,
tobacco use)
maternal and paternal
1.34 (1.26–1.43)
hospitalization for severe
(Moderate prenatal
mental illness: substance
tobacco use)
use disorders and suicidal
behavior, any criminal conviction and nationality

International
Classification
of Diseases, 9th
Revision, and
International Statistical Classification of Diseases
and Related
Health Problems,
10th Revision
Diagnostic and Statistical Manual of
Mental Disorders,
Fourth Edition,
Text Revision
(DSM-IV-TR)

Adjusted for

Adjusted OR/RR
(95% CI)

Outcome ascertained by

Included offspring with
age ≥ 12 years

Outcome assessed
in offspring at/
follow-up period

Bipolar disorder

Outcome in offspring

Table 1  Characteristics of studies included in the current systematic review and meta-analysis
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Finland

USA

Ekblad et al., 2010

Hill et al., 2000

Brazil

USA

Talati et al., 2017

Menezes et al.,
2013

Country

First author, year

Table 1  (continued)
Prenatal tobacco
exposure assessed
at
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Any time during
A birth cohort
pregnancy
study of Pelotas
with 5249 participants

This study followed Any time during
pregnancy
a 3-generation
cohort of offspring of families
with and without
major depressive
disorder over six
assessment waves
spanning up to
30 years (n = 238)
1st trimester
This study used
the data from a
Finnish Medical
Birth Register
and included
the 1987–1989
birth cohorts.
(n = 175,869)
Any time during
A longitudinal
pregnancy
prospective study
of 150 children/
adolescents age
8–18 years

Study characteristics

Included offspring
with the ages of
8–18 years

Depression

Included offspring
at 18 years of
follow-up

Included offspring
with age between
18 and 26 years

Depression

Outcome ascertained by

Offspring age at last interview, risk status, sex,
maternal psychiatric illness,
familial history for depression

1.34 (0.77–2.31)

Family income at birth,
planned pregnancy, partner
support of pregnancy, alcohol
use during pregnancy, type
of delivery, partner’s
smoking during pregnancy
and mother’s Strengths and
Difficulties Questionnaire
(SRQ) at age 11 years old

Familial risk, prenatal alcohol
use, other substance use

Child’s sex, gestational age,
1.65 (1.54–1.76)
birth weight, and 5-min
(High prenatal
Apgar score and maternal
tobacco use)
age, parity, and psychiatric
1.93 (1.78–2.10)
diagnosis before the child’s
(Moderate prenatal
birth
tobacco use)

Adjusted for

Adjusted OR/RR
(95% CI)

Schedule for Affec- 3.43 (1.06–11.09)
tive Disorders
and Schizophrenia for SchoolAged Children
(K-SADS)
Mini-International 2.11 (1.31–3.40)
Neuropsychiatric (High prenatal
tobacco use)
Interview (MINI)
1.38 (1.03–1.84)
(Moderate prenatal
tobacco use)

International Statistical Classification of Diseases
and Related
Health Problems,
10th Revision

Semi-structured
The mean
follow-up age was schedule for
Affective disor27.7 years
ders and schizophrenia (SADS)life time version
for adults or the
child version for
ages 6–17 years

Outcome assessed
in offspring at/
follow-up period

Mood disorder

Depression

Outcome in offspring
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Biederman et al.,
2017

Meier et al., 2017

UK

At 2nd and 3rd
This study was
trimesters in
based in UK and
ALSPAC,
combined the
Trimester is not
data of four birth
clear in HUNT,
cohorts: Avon
Anytime during
Longitudinal
pregnancy in
Study of Parents
Pelotas 1982, At
and Children
1st trimester in
(ALSPAC, UK),
Swedish Sibling
Nord-Trondelag
Health Cohort
Health Study
(HUNT, Norway),
the Pelotas 1982
birth cohort and
Swedish Sibling
Health Cohort
1st trimester
Denmark This study used
data from a record
linkage of six
Danish
population-based
registries (nationwide cohort) of
957,635 individuals born in
Denmark between
1991 and 2007
1st trimester
USA
A case–control
family study of
children, recruited
male and female
age between 6
and 17 years
(Exposed = 96,
Nonexposed = 400)

Prenatal tobacco
exposure assessed
at

Taylor et al., 2017

Study characteristics

Country

Table 1  (continued)

First author, year

Age, sex, maternal age,
partner social class, maternal education, maternal
antenatal depression and
anxiety, paternal depression and anxiety during
pregnancy, parity, housing
tenure, crowding, household income, assets index,
partner smoking

Calendar year of birth,
gender, parity, parental age
at time of birth, parental
income, parental education,
and parental psychiatric
history

Maternal age, race/ethnicity,
Attention deficit hyperactivity disorder (ADHD) in offspring, parental antisocial
personality and maladaptive
parenting

Clinical Interview 1.20 (1.08–1.34)
Schedule—
Revised (CIS-R)
(ALSPAC), Hospital Anxiety and
Depression Scale
(HADS) (HUNT)
and Mini-International Psychiatric
Interview (MINI)
(Pelotas 1982).

1.29 (1.22–1.36)
International StaThey followed
tistical Classificaoffspring born
between 1991 and tion of Diseases
and Related
2007 from the
Health Problems,
5th year birthday
10th Revision
until offspring
develop depression

The study recruited Diagnostic and Sta- 1.71 (1.02–2.87)
tistical Manual of 1.56 (0.87–2.81)
offspring aged
Mental Disorders,
6–17 years
Third and Fourth
Edition, Text
Revision (DSMIV-TR)

Depression

Depression
Bipolar disorder

Adjusted for

Included offspring
at 18 years
in ALSPAC,
30 years in
the Pelotas,
32.4 ± 8.6 years
in HUNT, Not
specified in
Swedish Sibling
Health Cohort

Adjusted OR/RR
(95% CI)

Depression

Outcome ascertained by

Outcome assessed
in offspring at/
follow-up period

Outcome in offspring
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age of 8–18 years [35]; whereas, the mean follow-up age of
offspring in another similar study in the same country was
27.7 years [25] (Table 1).

Quality assessment of included studies
The revised Newcastle–Ottawa scale (NOS) was used to
evaluate the quality of the included studies and the points
were given based on the following criteria: Selection process
(0–4 points), the comparability of the cohorts (0–2 points)
and the identification of the exposures and the outcomes of
research participants (0–3 points). The NOS score of ≥ 7 of
9 was considered of high quality in this review. Based on the
averages of the scores given by two independent reviewers,
all of the included studies scored ≥ 7 of 9 points (Supplementary file 1).

Prenatal tobacco exposure and risk of mood
disorders
There was significant heterogeneity among the included
studies (I2 = 81.22%; Q = 52.24; P value < 0.01), justifying
our use of a random effect model. Prenatal tobacco use
was associated with risk of mood disorders in offspring
with a pooled adjusted RR of 1.43, (95% CI 1.27–1.60)
(Fig. 2). Based on the stratification of the analysis by the
Fig. 2  Forest plot depicting
the risk of mood disorders in
offspring exposed to prenatal
tobacco use: a meta-analysis

Study name

type of outcomes in offspring, the pooled RR in offspring
with bipolar disorder and depression was 1.44 (95% CI
1.15–1.80) and 1.44 (95% CI 1.21–1.71), respectively.
We observed significant heterogeneity in bipolar disorder (I 2 = 70.72%; Q = 10.25; P value = 0.02) as well
as in depressive disorder (I 2 = 86.03%; Q = 42.96; P
value < 0.01).

Confounding variables in multivariable models
Apart from the studies conducted in Brazil [22] and in the
USA [37], all other studies fully or partially adjusted for
maternal psychiatric history, paternal psychiatric history,
maternal lifetime psychopathology, parental psychiatric history and maternal mental illness before or during pregnancy.
The majority of the studies adjusted for the following variables in common: maternal education, age, maternal race,
parity, gestational age, offspring age and sex, family income,
partner social class, partner support and planned pregnancy.
Four studies adjusted for prenatal alcohol use whereas only
one study adjusted for other prenatal substance use including alcohol. Further, one study [37] adjusted for Attention
Deficit Hyperactivity Disorder (ADHD) in offspring, parental antisocial personality and maladaptive parenting style
(Table 1).

Statistics for each study

Risk ratio and 95% CI

Risk Lower Upper
ratio limit limit p-Value

Relative
weight

Quinn et al, 2017

1.33

1.25

1.42

0.00

16.28

Talati et al, 2013

2.00

1.53

2.61

0.00

8.77

Chudal et al, 2015

1.14

0.87

1.48

0.34

8.92

Talati et al, 2017

1.31

0.76

2.27

0.33

3.42

Ekblad et al, 2010

1.83

1.64

2.04

0.00

14.82

Hill et al, 2000

2.99

0.93

9.68

0.07

0.89

Menezes et al, 2013

1.44

1.10

1.89

0.01

8.70

Taylor et al, 2017

1.19

1.06

1.32

0.00

14.85

Meier et al, 2017

1.27

1.20

1.34

0.00

16.50

Biederman et al, 2017

1.64

0.98

2.75

0.06

3.76

Biederman et al, 2017 (2)

1.54

0.86

2.77

0.15

3.08

1.43

1.27

1.60

0.00
0.1 0.2 0.5 1 2
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Publication bias
In the overall meta-analysis of the risk of mood disorders
among offspring exposed to prenatal tobacco use, both visual inspection of the funnel plot (symmetric) and Egger’s
regression test provided no evidence of potential publication bias (B = 1.155, SE = 1.026, P = 0.289) (Fig. 3). Similarly, Egger’s test was not statistically significant for both
subgroups: B = 1.196, SE = 2.864, P = 0.748 and B = 1.388,
SE = 1.959, P = 0.518 for bipolar and depressive disorders,
respectively.

Subgroup and sensitivity analysis
Associations did not substantially change by the specific
outcome of interest (bipolar and depression), the study setting, adjustment for prenatal alcohol use, socio-economic
positions and reported dose-response effects of prenatal
tobacco use. We performed an outcome specific analysis
using the type of outcomes in offspring. The risk of bipolar disorder RR = 1.44 (95% CI 1.15–1.80) was similar
when compared to depressive disorder RR = 1.44 (95%
CI 1.21–1.71). However, the risk of mood disorders was

Funnel Plot of Standard Error by Log risk ratio
0.0

0.1

Standard Error

0.2

0.3

Discussion

0.4

Main findings

0.5

0.6
-2.0

greater in the studies that recruited the study participants
from a clinical setting RR = 1.55 (95% CI 1.33–1.81) when
compared to those recruited from population-based registers RR = 1.21 (95% CI 1.10–1.33). Similarly, the risk
of mood disorders was greater in the studies that did not
adjust for the residual confounding by socio-economic
positions such as maternal age, education, parental income
and social class RR = 1.80 (95% CI 1.47–2.20) when
compared to those adjusted for socio-economic positions
RR = 1.36 (95% CI 1.20–1.53). The risk of mood disorders
was not significantly differed when studies included the
adjustment for the confounding effect of prenatal alcohol exposure. For example, the risk of mood disorders in
offspring exposed to prenatal tobacco use was RR = 1.57
(95% CI 1.23–1.99) and RR = 1.36 (95% CI 1.14–1.63)
in the subgroup analysis of studies that adjusted or not
adjusted for prenatal alcohol use, respectively. Further,
to identify the possible effects of mood disorders in offspring, we also applied the analysis to studies that reported
dose-related effects of prenatal tobacco use. We observed a
greater risk of mood disorders in offspring exposed to high
prenatal tobacco use RR = 1.54 (95% CI 1.46–1.62) when
compared to moderate prenatal tobacco use RR = 1.36
(95% CI 1.30–1.42) (Table 2). The risk of mood disorders was not significantly attenuated when we limit the
analysis to the studies that reported sibling comparison
results. The relative risk of mood disorders in offspring
exposed to prenatal tobacco use was RR = 1.21 (95% CI
1.04–1.41) in the studies that reported sibling comparison
results. Moreover, the pooled estimated RR varied between
1.33 (95% CI 1.22–1.43) and 1.47 (95% CI 1.27–1.70)
after removal of a single study at a time, which indicated
that the findings were not influenced substantially by any
single study (Supplementary file 2).

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

Log risk ratio
Fig. 3  Funnel plot for publication bias of the meta-analysis for prenatal tobacco exposure and risk of mood disorders in offspring

This systematic review and meta-analysis explored the
risk of mood disorders in offspring exposed to prenatal
tobacco use reported by eight cohort studies and two
nested case–control studies. We found some evidence for
a small association (RR < 2) with mood disorders in offspring. We also noted that exposure to higher levels of
prenatal tobacco use was associated with an increased risk
of mood disorders in offspring when compared to moderate exposure. For all studies, outcomes in offspring were
prospectively collected and measured using well-accepted
standardized and validated screening and diagnostic tools.
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Table 2  Subgroup and sensitivity analysis of the included studies
Subgroups

No. of
studies

RR

95% CI

Heterogeneity within the studies (I2, Q
and P value)
Q value

I2 (%)

P value

Type of outcomes in offspring
Bipolar
4
1.44
1.15–1.80
10.25
70.72
0.02
Depression
6
1.44
1.21–1.71
42.96
86.03
< 0.01
Studies adjusted for any maternal psychiatric history and lifetime psychopathology
Yes
7
1.41
1.24–1.61
52.17
86.58
< 0.01
No
3
1.49
1.19–1.86
0.207
0.00
0.90
Studies adjusted for socio-economic positions such as maternal age, education, social class and parental income
Yes
6
1.36
1.20–1.53
41.95
88.08
< 0.01
No
4
1.80
1.47–2.20
2.95
0.00
0.56
Studies adjusted for maternal alcohol use during pregnancy
Yes
4
1.57
1.23–1.99
10.27
70.79
0.016
No
6
1.36
1.14–1.63
42.26
88.17
< 0.01
Studies reported dose-related effects of prenatal tobacco use
High (> 10 cigarettes/day)
3
1.54
1.46–1.62
48.89
95.909
< 0.01
Moderate (≤ 10 cigarettes/day)
3
1.36
1.30–1.42
54.92
96.358
< 0.01
Study participants recruitment
Recruited from clinical setting
4
1.55
1.33–1.81
46.63
86.85
< 0.01
Recruited from community setting
6
1.21
1.10–1.33
2.02
0.00
0.56
Studies reported sibling comparison results
Yes
3
1.21
1.04–1.41
5.18
65.31
0.05

Possible biological mechanisms
Although the mechanisms underlying the association
between prenatal tobacco use and mood disorders in offspring are not yet confirmed, a number of plausible mechanisms have been proposed [9, 10, 40–44]. One suggested
mechanism is that the deleterious effects of the many hazardous compounds present in tobacco smoke can cross the
placenta, affect the developing brain and alter neurodevelopmental trajectories [10, 40–43]. This pathway is characterized by excessive stimulation of serotonergic and dopaminergic receptors and the corresponding over-stimulation
during pregnancy may alter sensitivity [9, 44] leading to
impaired neural growth and circuit formation [9]. Thus, nicotine may directly interact with neural circuits linked with
mood regulation [45] and contribute to mood disorders in
offspring.
Exposure to prenatal tobacco use may also be linked with
epigenetic changes in the offspring [46–48], in which modifications impact DNA expression through the chromatin
remodelling and DNA methylation [49], without altering
DNA sequences [50]. The epigenetic changes associated
with prenatal tobacco use may include epigenetic regulation
of genes involved in the hypothalamic–pituitary–adrenocortical axis (HPA) [47]. This over-stimulation of the axis is
often seen in persons with mood disorders [51] has been

Heterogeneity
between groups (P
value)

< 0.01

< 0.01

< 0.01

< 0.001

< 0.001

< 0.001

N/A

suggested as a possible explanation for the causal pathway
of prenatal tobacco exposure [52]. This is also supported
by animal models, which showed that prenatal exposure to
nicotine can induce HPA-axis hypersensitivity in offspring
rats through the intrauterine programming of up-regulation
of hippocampal GAD67 [53] and this may result in depression-like behavior in adolescent female rats that exposed to
prenatal nicotine use [54].

Potential for confounding
The risk of mood disorders in offspring exposed to prenatal
tobacco use may be due to a range of confounding, namely
psychiatric problems in mothers and families [55–57].
For example, in the Avon Longitudinal Study of Parents
and Children (ALPAC), the association between prenatal
tobacco use and child psychological problems at the age of
4 years disappeared after adjusting for maternal and paternal psychopathology along with other covariates, suggesting
that the association was due to confounding influences not
prenatal tobacco exposure [58]. Similarly, a study assessing
the risk of bipolar disorder in offspring exposed to prenatal tobacco use found a risk association in an unadjusted
model [OR 1.41 (95% CI 1.12–1.79)], whereas reported no
evidence for an association after adjusting for maternal psychiatric history [38]. In contrast, in a population-based study
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that adjusted for maternal and parental history of severe
mental illness [16], the risk of bipolar disorder was largely
attenuated but the association remained significant. Further,
a population-based longitudinal study of Finnish reported
the increased risk association between prenatal tobacco use
and depression in offspring even after adjusting for maternal
psychiatric diagnoses before child birth [20]. Similarly, a
study that assessed prenatal tobacco use and bipolar disorder
in offspring showed an increased risk of bipolar disorder
in offspring after adjusting for potential confounders, such
as; lifetime psychopathology, diagnoses of schizophrenia or
other psychotic disorders, affective disorder, and postpartum
depression [18]. This is also supported by epidemiological evidence from sibling analysis, for example [39]. In our
meta-analysis, the pooled estimated risk of mood disorders
was not significantly attenuated in the studies that reported
sibling comparison results [RR = 1.21 (95% CI 1.04–1.41)].
Moreover, these findings are supported by reports that mothers could pass liability genes to offspring that may translate
to associations between prenatal tobacco use and offspring
behaviors [59].
We noted that all studies included in the review except
studies from the UK [36] and Brazil [22] did not use paternal
smoking as a robustness analyses to demonstrate the maternal effect resulted from a biological mechanism. One UKbased study that combined data from ALSPAC, HUNT, and
the Pelotas 1982 birth cohort reported no association for
paternal prenatal tobacco use and offspring depression [36].
Further, this finding was corroborated by another study [22].
Epidemiologic evidence also suggested that children born
to mothers smoking during pregnancy are more likely to
be exposed to second-hand smoke in childhood and may
develop adverse outcomes [60, 61]. The environmental, individual and familial factors which predispose children to postbirth tobacco smoke have been associated with increased
risk of neurobehavioral disorders in offspring [11, 61, 62].
For example, a systematic review and meta-analysis conducted to test the association between smoking and resultant depressive disorders found adverse associations, through
which tobacco smoking was linked with later depressive
disorders in more than a third of the included studies [11].
This finding is complimented by evidence suggesting that
prolonged exposure to tobacco use or smoke may increase
the individual vulnerability to have depression in later life
[63, 64]. Therefore, considering these factors in the analysis
may enable to differentiate the effects of in utero exposure to
tobacco smoke from second-hand or passive smoking during
pregnancy that have influenced the expression of childhood
behavioral problems [65, 66].
Furthermore, more comprehensive adjusting for residual
confounding by socio-economic positions may statistically correct the estimate of the effects of prenatal tobacco
use on offspring adverse mental health and behavioural

outcomes [58]. Some of the studies included in the current
meta-analysis accounted for a range of residual confounding by socio-economic position that may influence the link
between prenatal tobacco use and risk of mood disorders
in offspring [16, 20, 22, 36, 38, 39]. Evidence from epidemiologic studies have shown that women who use tobacco
during pregnancy have lower educational attainment and
socioeconomic status including family income compared
to non-smoking pregnant women [24, 67–71]. These have
also been found to be associated with internalizing behaviors
such as depression in offspring [41, 60]. For instance, in a
study that combined data of four birth cohorts, both prenatal tobacco use and depression in offspring were associated
with lower maternal education and social class [36]. This is
also corroborated by a population-based cohort study testing
associations between maternal smoking during pregnancy
and internalizing behaviours where a risk association is
found in unadjusted analysis [OR 1.60 (95% CI 1.60–2.10)];
whereas, no association is seen after adjustment for parental
educational attainment and family income [OR 1.22 (95%
CI 0.90–1.63)] [72], suggesting parental socioeconomic
positions accounted for the greater risk of internalizing
behaviours in offspring [24]. In our meta-analysis, we also
found a similar pattern in which the risk of mood disorder
in offspring was moderately attenuated in the studies that
adjusted for socio-economic position explaining some part
of the reported association between prenatal tobacco use and
mood disorders in offspring.

Differences among the studies included
in the meta‑analysis
Although we found an association between prenatal tobacco
use and mood disorders in offspring, it should be noted that
the variations between the included studies led to a moderate level of heterogeneity in this meta-analysis. The type
of mood disorders in offspring, the adjustment for prenatal
alcohol use, outcomes measured at different time points and
with different assessment methods, residual confounding by
socio-economic positions, the setting as well as the level
of prenatal tobacco exposure may have contributed to variability in the risk of mood disorders in offspring exposed to
prenatal tobacco use. Nevertheless, the pooled RR estimate
remained similar after the removal of a single study at a time
in our leave-one-out sensitivity analysis, which indicated
that the findings were not influenced substantially by any
single study. Further, the subgroup analysis and sensitivity
analysis appeared to support the robustness of our findings.

Strength and limitations
This systematic review and meta-analysis has the following strengths: we have used a predefined search strategy

13

50

1560

and data extraction protocol, as well as the methodological
quality of the included studies, was checked by two independent reviewers. By doing so, we have minimized possible reviewer bias. We conducted subgroup and sensitivity analysis as well as leave-one-out-sensitivity analysis to
identify the small study effect and the risk of heterogeneity. Further, we also conducted an additional analysis for
those studies that reported sibling comparison results. In
addition, the outcomes in offspring were measured using
the standard and validated screening and diagnostic tools
such as the ICD 9/10, DSM IV, SADS, MINI, CIS-R and
HADS that provided well-validated assessments of mood
disorders in offspring. However, the following limitations
should be taken into consideration while interpreting these
results. First, we did not analyze gender-, age- and study
design-specific effect estimates due to a lack of sufficient and
consistent data from the included studies. Second, the confounding effect of lifetime maternal mental health problems
or mental health problems during pregnancy was not consistently adjusted in the included studies. Third, only three
studies reported the effects of moderate and high tobacco
smoking during pregnancy on offspring mood disorders and
this might reduce the precision of the estimate. Fourth, in
some studies, the follow-up period may be too short to find
validated and diagnosed mood disorders and this may be
contributed to underreporting due to a later manifestation
of the outcome. Fifth, the prenatal tobacco exposure periods varied and for some studies the time of exposure during
pregnancy that was investigated was not reported. Further,
majority of the included studies had no information about
smoking cessation. The consequence of this is that there will
be a fraction of women who might have been classified as
non-smokers but stopped smoking when they became aware
of their pregnancy usually around mid-first trimester, or they
were classified as smokers yet did not smoke after becoming
aware of their pregnancy.

Conclusion
Although the etiology of mood disorders has not been established, this systematic review and meta-analysis provided
some evidence for a small (RR < 2) association between prenatal tobacco use and mood disorders in offspring. However,
it should be noted that the sparsity of studies on the topic
and the potential for bias limits more conclusive inference.
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Study purpose: Evidence from epidemiological studies indicated that prenatal alcohol and
tobacco exposures may increase the risk of internalizing behaviors in offspring. However,
additional epidemiological studies have produced inconsistent results. Variability in
assessment methods of internalizing behaviors and incomplete adjustment for potential
confounders may explain these conflicting results. Further, those available studies had not
examined specific sub-types of internalizing behaviors such as depressive symptoms but rather
relied on aggregated internalizing and externalizing behaviors. Moreover, there has been a
dearth of studies that have examined the association between prenatal alcohol and tobacco
exposures and depression in adolescent offspring. Therefore, this study aimed to fill a gap in
the literature by examining the prospective associations between prenatal alcohol and tobacco
exposures and the risk of depressive symptoms in adolescent offspring using large prospective
cohort in Western Australia.
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ABSTRACT
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Background: Prenatal alcohol and tobacco exposures have been associated with adverse mental health consequences in offspring. The objective of this study was to test the associations between maternal prenatal alcohol
and tobacco exposures and depressive symptoms in the offspring, adjusting for a wide range of potential confounders.
Methods: We used data from 1168 mother-offspring pairs from the Raine Study based in Perth, Western
Australia. Depressive symptoms at age 17 years were measured using the Beck Depression Inventory for Youth
(BDI-Y). Associations between prenatal alcohol and tobacco use and the risk of depressive symptoms in offspring
were estimated by risk ratios (RR) derived with multivariable log-binomial regression.
Results: Among offspring who were assessed for depressive symptoms, 5% were born to mothers who consumed
six or more standard drinks of alcohol per week during pregnancy and 20% were exposed to prenatal tobacco.
After adjustment for confounders, depressive symptoms at the age of 17 years remained associated with maternal
alcohol use of six or more standard drinks per week [RR 1.59 (95% CI: 1.11-2.26)] and any tobacco use [RR 1.36
(95% CI: 1.05-1.79)] during the first trimester of pregnancy.
Conclusion: Offspring exposed to prenatal alcohol and tobacco use had greater risks of depressive symptoms
compared with unexposed offspring, suggesting early screening and prevention of these exposures could possibly
reduce depressive symptoms in offspring.

1. Introduction
Depression is one of the most common mental health problems
occurring among adolescents (Polanczyk, Salum et al. 2015) but often
left undiagnosed (Thapar, Collishaw et al. 2012). Generally, the clinical
features of depression are similar in both adolescents and adults
(Lewinsohn, Pettit et al. 2003). However, epidemiological evidence
indicates that the prevalence of unrecognized depression in adolescents
is much higher than adults (Leaf, Alegria et al. 1996). Adolescents with
depression can experience mood disturbance or irritability, loss of interest or pleasure in nearly all activities, feeling of guilt or fatigue, low
self-esteem (Sadock BJ, Sadock VA et al. 2015) and this in turn can lead
to poor concentration and impairments in social and academic skills
(Sadock BJ, Sadock VA et al. 2015), substance use disorders (KeenanMiller, Hammen et al. 2007), other mental health problems and even

⁎

suicide (APA 2000, Sadock BJ, Sadock VA et al. 2015). Thus, identifying potential risk factors of depression is critical to direct preventive
strategies in addressing adolescent and adult adverse mental health
outcomes (Davey and McGorry 2019).
Although the precise causal mechanisms for depression remain
elusive, several risk factors have been associated with its progression
(James and Alcott 2007). Imbalances of certain neurotransmitters
(Thase 2009), genetic factors (Merikangas, Jin et al. 2011) and environmental factors (Sadock BJ, Sadock VA et al. 2015) are some of
those risk factors which may increase the risk of depression in offspring.
Other studies suggest that in utero exposure to stressful life events
(Lau and Eley 2008) and family history of depression
(Loechner, Sfärlea et al. 2019) are robust risk factors that contribute to
the development of depression in offspring.
Modifiable in utero exposures include prenatal alcohol and tobacco
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use (Hill, Lowers et al. 2000, Slotkin, Tate et al. 2006). Findings from
epidemiological studies indicated that prenatal alcohol and tobacco
exposure may increase the risk of depression in offspring
(Hill, Lowers et al. 2000, Ekblad, Gissler et al. 2010,
Menezes, Murray et al. 2013) but previous studies have reported conflicting results (Sayal, Heron et al. 2007, Robinson, Oddy et al. 2010,
Dolan, Geels et al. 2016, Talati, Wickramaratne et al. 2017). A population-based retrospective cohort study investigated the association
between prenatal tobacco exposure and behavioral problems in adolescence (Monshouwer, Huizink et al. 2011). This study reported no
association for internalizing behaviors among children exposed to maternal tobacco (> 10 cigarettes/day) at any time during pregnancy. In
contrast, a retrospective cohort study conducted in the USA found that
exposure to maternal tobacco use at any time during pregnancy (yes/
no) was linked with a lower risk of mood disorders
(Talati, Wickramaratne et al. 2017). Further, a population-based cohort
study of 9086 offspring born to mothers using alcohol (<1 glass per
week) in the first trimester of pregnancy reported gender-specific associations, such that prenatal alcohol use was linked with internalizing
behaviors in girls only (Sayal, Heron et al. 2007).
Variability in assessment methods of depression may explain these
conflicting results. Some prospective cohort studies that have investigated the effects of prenatal alcohol and tobacco exposure on risk
of mental health outcomes assessed only total scores of externalizing
and internalizing rather than subscale scores of individual mental
health problems such as depressive symptoms (Roza, Verhulst et al.
2009, Robinson, Oddy et al. 2010). Furthermore, some previous studies
may have over-estimated risk due to bias introduced by selection of
hospitalized participants, recall bias from retrospective exposure assessment years after pregnancy; and from incomplete adjustment for
immediate pregnancy outcomes such as preterm birth and low birthweight (Menezes, Murray et al. 2013), mental health status in parents
(Roza, Verhulst et al. 2009, Dolan, Geels et al. 2016) and child postnatal exposure to tobacco smoke (Meier, Plessen et al. 2017). Finally,
there has been a paucity of studies have investigated the association
between prenatal alcohol and tobacco use and depression in offspring.
Therefore, the aim of this study was to test the associations between
alcohol and tobacco use during pregnancy and depressive symptoms in
offspring from a large prospective cohort.

Beck Depression Inventory for Youth (BDI-Y). The BDI-Y has been
shown to be a reliable and valid tool to measure depressive symptoms
(Beck et al., 2001), as described in the Diagnostic and Statistical Manual
of Mental Disorders, 4th Edition, (DSM-IV-TR) for diagnoses of major
depressive disorders in children and adolescents (APA 2000). The BDI-Y
incorporates 20 Likert scale items relating to depressed moods that
have been experienced over the past 2 weeks. Its raw scores are
transformed into summary scores (0 to 60) with higher scores suggesting a greater degree of depressive symptoms. In this study, summary scores were dichotomized as ‘depressed’ or ‘not depressed’ using
the recommended cut-off score points (normal ≤13; mild-severe depression ≥14) (Beck et al., 2001).

2. Methods

2.2.3. Confounding Variables
The confounding variables for adjustment in our analyses included
factors that have been reported to have an association with both the
exposures (prenatal alcohol and tobacco use) and the risk of depressive
symptoms in adolescents; marital status, maternal education, family
income and ethnicity (McLaughlin, Costello et al. 2012, Reiss 2013),
maternal age (Aitken, Hewitt et al. 2016), parity (Lahti, Eriksson et al.
2014), pre-term birth (Pyhälä, Wolford et al. 2017), maternal depression or depressive symptoms (Loechner, Sfärlea et al. 2019), low
birthweight (Nomura, Wickramaratne et al. 2007, De Mola, De França
et al. 2014), planned pregnancy (Menezes, Murray et al. 2013) and
paternal smoking during pregnancy. Maternal sociodemographic indicators were obtained from prenatal questionnaires completed by
mothers during pregnancy at 18 weeks of gestation: maternal education
(schooling up to 12 years, trade certificate / apprenticeship, professional registration/ college diploma and university degree), ethnicity
(Caucasian and non-Caucasian), maternal age at conception, marital
status (married, never married, de-facto and widowed/divorced/separated), paternal smoking status during the mother's pregnancy (yes/no)
and family income (low income < $24,000 per annum (pa) and moderate to high income > $24,000 pa). Planned pregnancy (yes/no),
parity (nulliparous or multiparous) and maternal history of mental
health problems at conception (yes/no) were obtained from questionnaires also administered to mothers during pregnancy. Preterm
birth (<37 weeks of gestation) (yes/no), sex of a child (male/female),
and birth weight (low-birth weight (< 2.5 kg), normal birth-weight

2.2.2. Exposure: Prenatal alcohol and tobacco use
At 18 and 34 weeks of gestations, pregnant mothers reported the
number of nips of spirits, glasses of wine, cans or 375-ml bottles of low
to full strength beer consumed during the first three months of pregnancy and they were currently drinking respectively. We converted
these data into a continuous variable showing the total number of
standard drinks of alcohol consumed per week. Based on the National
Health and Medical Research Council (NHMRC) guidelines of 2009, one
standard drink constitutes 10 grams of absolute alcohol
(NHMRC 2009). There has been no universally accepted standard on
the levels of alcohol that represent light to heavy drinking during
pregnancy. As a result, we used NHMRC guidelines of 2009 as a reference to categorize prenatal alcohol use. Subsequently, prenatal alcohol use was defined as non-use, light use (1-2 standard drinks/week),
moderate use (3-5 standard drinks/week) and heavy use (≥ 6 standard
drinks/week) during the first and third trimesters of pregnancy. Similarly, maternal self-reported data on prenatal tobacco use (at 18 and 34
weeks) was used to categorize pregnant mothers as either non-smoker
or smoker. Based on previous studies (Menezes, Hallal et al. 2007,
Menezes, Murray et al. 2013) and to further investigate dose-response
associations, we further defined prenatal tobacco use as “non-smoker”(reference group), “<15 cigarettes/day” and ≥ 15 cigarettes/day.
Self-reported maternal smoking status during the first three months of
pregnancy showed strong agreement with measured serum cotinine
level on a random sample of 238 pregnant mothers tested in the Raine
study (Stick, Burton et al. 1996).

2.1. Study design and participants
This study used data from the Raine Study, a prospective multigenerational observational study. The Raine Study began with 2730
pregnant mothers (generation 1) who were recruited between 16-20
weeks of pregnancy visiting King Edward Memorial Hospital (KEMH) in
Perth, Western Australia. These pregnancies resulted in births to 2868
children between August 1989 and April 1992. We excluded 138 children with multiple gestation. The final study cohort consisted of those
who completed the mental health assessment at age of 17 years (generation 2) (n=1168). The Raine Study data collection, recruitment and
enrolment
procedures
have
been
published
elsewhere
(Newnham, Evans et al. 1993, Dontje, Eastwood et al. 2019). Human
research ethical approval for the study was gained from the Human
Research Ethics Committees (HREC) of the Princess Margaret Hospital
for Children and King Edward Memorial Hospital in Western Australia.
At each follow-up assessment, written informed consent was gained
from each study participants after the nature of the procedures had
been fully explained.
2.2. Measures
2.2.1. Outcome: Depressive symptoms at age of 17 years
Depressive symptoms at age of 17 years were measured using the
427
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(2.5-3.99 kg) and high-birth weight (>4.0 kg)) were obtained from the
birth and neonatal database. Pregnant mothers also reported postnatal
tobacco smoking (yes/no) at 13 years of follow-up. Mothers were also
assessed for depressive symptoms at 13 years follow-up using the Depression Anxiety Stress Scales (DASS). The DASS is a 42-item scale
designed to measure symptoms of depression, anxiety and stress. The
internal consistency for the total scale is .93 (sub-scale; depression .89)
(Akin and Citin, 2007). The scale was dichotomized as depressed (≤ 9)
or not depressed (normal ≥ 10) using the recommended conventional
severity thresholds.

Table 1
Characteristics of mothers and children with complete data on depressive
symptoms compared with those with incomplete data at the age of 17 years.
Variables included in the
model
Maternal age at
conception
< 20 years
20-25 years
25-30 years
30-35 years
≥ 35 years
Marital status
Married
Never married
Defacto
Separate/divorce/widow
Ethnicity
Caucasian
Non-Caucasian
Family income at
conception
≤ 24,000 AUD
> 24,000 AUD
Parity
Nulliparous
Multiparous
Current pregnancy
Planned
Not planned
Previous history of
maternal mental
illness
Yes
No
Preterm birth
Yes
No
Birthweight
Low birth weight (<
2.5K.G)
Normal birthweight (2.5
-3.99K.G)
High birthweight (≥
4.0K.G)
Child's sex
Male
Female
Maternal depression at 13
years of follow-up
Depressed
Normal
Maternal prenatal
tobacco use (at first
trimester)
Non-smoker
< 15 cigarettes/day
≥ 15 cigarettes/day
Maternal prenatal
tobacco use (at third
trimester)
Non-smoker
< 15 cigarettes/day
≥ 15 cigarettes/day
Paternal smoking during
pregnancy
Smoker
Non-smoker
Maternal prenatal alcohol
use (at first trimester)
Non-use
1-2 standard drinks/week
3-5 standard drinks/week
≥ 6 standard drinks/
week

2.3. Statistical analyses
2.3.1. Main analysis
Associations between prenatal alcohol and tobacco use and the risk
of depressive symptoms in offspring were tested using univariate logbinomial regression models, computing risk ratios (RR) with STATA
16.0 (StataCorp 2019). To further explore which risk factors contributed to the effects reported by previous studies, we fitted multivariate log-binomial regression models to separately estimate changes
in estimated effects attributable to varying extent of adjustment. Firstly,
we produced unadjusted estimates. Next, we adjusted for sociodemographic and non-pathologic risk factors (maternal age at conception, marital status, maternal education, and ethnicity, family income at
conception, parity, planned pregnancy, and sex of child; Model 1). Then
we adjusted for both sociodemographic and non-pathologic risk factors
and predisposition to psychiatric conditions (maternal history of mental
illness at conception, maternal depressive symptoms and maternal
smoking at 13 years of follow-up; Model 2). To this model, we separately added adjustment for adverse pregnancy outcomes (preterm
birth and birth weight; Model 3) and paternal smoking status during
pregnancy as a negative control exposure (Model 4). In the final model,
we adjusted for all of these risk factors (Model 5). We conducted an
additional sensitivity analysis by limiting our analysis to offspring exposed to third trimester (at 34 weeks) prenatal alcohol and tobacco use.
2.3.2. Bias and missing data
We employed multivariate imputation by chained equation using
the STATA “mice” command to minimize the possibility of bias due to
attrition (Sterne, White et al. 2009), drawing data on sociodemographic
factors collected at 18 weeks of gestation. In the multivariate imputation, 50 cycles of regression switching were used to generate 50 imputed datasets. The potential explanatory variables along with auxiliary
variables predictive of incomplete variables were included in the regression model and imputed, and analyses were repeated for each imputation before being combined. The resulting Monte Carlo errors
(<5%) of the standard error, suggested 50 imputed datasets were
sufficient.
3. Results
3.1. Characteristics of pregnant mothers and children
Among mothers included in the analysis, 49.1% were nulliparous,
56.2% planned their pregnancy, 20% smoked tobacco and 5% consumed six or more standard drinks of alcohol per week within the first
three months of pregnancy. The prevalence of maternal depressive
symptoms assessed at 13 years of follow-up was 10.7%. Further, in
comparison to those mothers with complete data, mothers of offspring
who were excluded due to lost to follow-up were more likely to be
married, younger during conception, non-Caucasians and more likely to
report low income per annum, and less likely to report history of mental
health problems during conception. Fathers of offspring with missing
data were more likely to be tobacco smokers during pregnancy
(Table 1). Moreover, mother of offspring with depressive symptoms at
the age of 17 years were more likely to report divorce or separation, low

Completed data on
depression (n=1168)
n
%

Missed/lost followup (n=1700)
N
%

*p-value

0.489
70
209
341
353
195

5.99
17.89
29.19
30.23
16.70

214
409
522
380
175

12.59
24.06
30.71
22.35
10.29

833
114
167
32

72.69
9.95
14.57
2.79

975
252
362
69

58.81
15.20
21.83
4.16

1034
112

90.23
9.77

1439
219

86.79
13.21

427
719

37.26
62.74

894
764

53.92
46.08

561
581

49.12
50.88

784
881

47.09
52.91

644
502

56.20
43.80

866
792

52.23
47.77

28
1118

6.21
93.79

38
1620

2.29
97.71

74
1071

6.46
93.64

143
1515

8.62
91.38

86

7.37

166

9.82

973

83.38

1377

81.43

108

9.25

148

8.75

580
588

49.66
50.34

874
826

51.41
48.59

116
967

10.71
89.29

70
630

10.00
90.00

918
132
96

80.01
11.5
8.5

1130
304
224

68.15
18.3
13.5

889
152
48

81.6
14.0
4.4

1016
313
131

69.6
21.4
9.0

367
779

32.02
67.98

771
887

46.50
53.50
0.045

580
408
103
55

50.61
35.60
8.99
4.80

945
462
132
119

57.00
27.86
7.96
7.18

0.361

0.723
0.149

0.057
0.063
0.128

0.674
0.462

0.08
0.09

0.02

0.04

0.069

0.045

(continued on next page)

428

57

Journal of Affective Disorders 279 (2021) 426–433

B. Duko, et al.

Analyses repeated using the imputed dataset resulted in similar estimates (Supplementary file 2 for Table 2). However, we found insufficient evidence for associations between prenatal alcohol and tobacco use and depressive symptoms in offspring when we limit our
analysis to offspring exposed to maternal alcohol and tobacco use
during the third trimester (34 weeks) of pregnancy (Supplementary file
3 for Table 2). Moreover, the interaction test revealed no interaction
between both predictor variables (p-value=0.26), suggesting either
prenatal alcohol or tobacco exposure is independently associated with
depressive symptoms in the offspring.

Table 1 (continued)
Variables included in the
model
Maternal prenatal alcohol
use (at third
trimester)
Non-use
1-2 standard drinks/week
3-5 standard drinks/week
≥ 6 standard drinks/
week

Completed data on
depression (n=1168)
n
%

Missed/lost followup (n=1700)
N
%

*p-value

0.529
650
291
60
33

62.8
28.2
5.8
3.2

972
292
69
49

70.3
21.1
5.0
3.5

0.529

4. Discussion

*p-values corresponds to Pearson's chi-square test.

4.1. Prenatal alcohol use and risk of depressive symptoms in offspring

family income per annum, alcohol and tobacco use during pregnancy
when compared to mothers of offspring without depressive symptoms
(Supplementary file 1 for Table 1).
Of the 1168 offspring who were assessed for depressive symptoms at
age of 17 years, 50.3% were females, 7.4% were of low birthweight and
6.5% were born pre-term. The mean age ( ± SD) of pregnant mothers at
conception was 28.1 ( ± 5.9) years.

We prospectively investigated the associations between maternal
prenatal alcohol use and the risk of depressive symptoms in offspring at
age 17 years. Although the amount of alcohol consumed by mothers
during the first three months of pregnancy increased the risks of depressive symptoms in offspring, we only observed statistically significant associations in offspring exposed to maternal alcohol use of six
or more standard drinks per week during the first three months of
pregnancy. These associations persisted after controlling for a wide
range of risk factors and potential confounders. Although we found
insufficient statistical evidence for increased risks of depressive symptoms in offspring exposed to less maternal alcohol consumption during
the first trimester of pregnancy, the dose-response pattern we found
prevents us from assuming that there is safe level of alcohol consumption during pregnancy.
The finding of this study was consistent with evidence from several
studies. A study of data from 14,062 mother-offspring pairs in the Avon
Longitudinal
Study
of
Children
and
Parents
(ALSPAC)
(Easey, Timpson et al. 2020) reported that offspring born to mothers
consumed any alcohol during the first three months of pregnancy were
more likely to report greater symptoms of depression. Furthermore, a
prospective cohort study that investigated the relationship between
episodic heavy or binge alcohol use during the prenatal period (≥4
drinks per day) and adverse mental health outcomes in 4610 offspring
at age of 11 years also observed dose-response associations
(Sayal, Heron et al. 2014), whereas low to moderate levels of prenatal
alcohol exposure were not associated with offspring mental health
problems. In contrast, a few previous studies have produced conflicting

3.2. Association between prenatal alcohol and tobacco use and the risk of
depressive symptoms in offspring
Prevalence of depressive symptoms among offspring at age of 17
years was 23.3%. Univariate analysis revealed that offspring born to
mothers using six or more standard drinks of alcohol during pregnancy
the first three months of pregnancy were 1.43 times more likely to have
depressive symptoms at age of 17 years when compared to those who
did not drink (RR = 1.43; 95% (1.01-2.16)). Similarly, offspring exposed to prenatal tobacco use (any use) were 1.38 times more likely to
have depressive symptoms at age of 17 years when compared to those
unexposed (RR = 1.38; 95% (1.09-1.74)) (Table 2). The risks of depressive symptoms in offspring increased in magnitude and precision
with increasing exposure to prenatal tobacco use (Supplementary file 1
for Table 2). We found relative risks (RR) of 1.43 (95% CI: 1.04-1.96)
and 1.50 (95% CI: 1.07-2.12) for offspring exposed to prenatal tobacco
use of < 15 cigarettes/day and ≥15 cigarettes/day respectively. The
above estimates were not sensitive to control for sociodemographic,
predisposition to maternal mental health status, adverse pregnancy
outcomes as mediators, or paternal smoking during pregnancy.

Table 2
Association between prenatal alcohol and tobacco use (first trimester) and depressive symptoms in offspring at the age of 17 years.
Predictor Variables

Risk Ratio (95%CI)
Unadjusted

Prenatal alcohol use (first trimester)

Non-use
≤ 2 standard drinks/week
3-5 standard drinks/ week
≥ 6 standard drinks/week
Non-smoker
Smoker (any)
< 15 cigs/day
≥ 15 cigs/day

Prenatal tobacco use (first trimester)

Adjusted for
Model 1

Model 2

Model 3

Model 4

Model 5

Reference
1.01(0.80-1.27)
1.15(0.81-1.64)
1.43(1.01-2.16)
Reference
1.38 (1.09–1.74)
1.27(1.01-1.72)
1.51(1.11-2.06)

Reference
1.04(0.83-1.30)
1.10(0.77-1.57)
1.56(1.14-2.12)
Reference
1.38(1.09-1.73)
1.33(1.01-1.75)
1.46(1.09-1.96)

Reference
1.02(0.81-1.30)
1.12(0.78-1.62)
1.55(1.09-2.21)
Reference
1.40(1.08-1.81)
1.52(1.10-2.08)
1.62(1.19-2.23)

Reference
1.03(0.82-1.31)
1.14(0.78-1.66)
1.59(1.14-2.22)
Reference
1.40(1.08-1.81)
1.50(1.10-2.04)
1.60(1.17-2.20)

Reference
1.03(0.82-1.30)
1.11(0.78-1.59)
1.46(1.02-2.12)
Reference
1.37(1.05-1.79)
1.33(1.01-1.65)
1.45(1.05-1.90)

Reference
1.04(0.82-1.32)
1.16(0.80-1.68)
1.59(1.11-2.26)
Reference
1.36(1.05-1.79)
1.43(1.04-1.96)
1.50(1.07-2.12)

Key: Model 1: maternal age at conception, education, marital status, ethnicity (race), family income at conception, parity, planned pregnancy, and sex of child.
Model 2: maternal age at conception, education, marital status, ethnicity (race), family income at conception, parity, planned pregnancy, sex of child, history of
maternal psychiatric disorder during conception and maternal depression and smoking at 13 years of follow-up.
Model 3: maternal age at conception, education, marital status, ethnicity (race), family income at conception, parity, planned pregnancy, sex of child, history of
maternal psychiatric disorder during conception, maternal depression and smoking at 13 years of follow-up, preterm birth, and birth weight.
Model 4: maternal age at conception, education, marital status, ethnicity (race), family income at conception, parity, planned pregnancy, sex of child, history of
maternal psychiatric disorder during conception, maternal depression and smoking at 13 years of follow-up, and paternal smoking status during pregnancy.
Model 5: maternal age at conception, education, marital status, ethnicity (race), family income at conception, parity, planned pregnancy, sex of child, history of
maternal psychiatric disorder during conception, maternal depression and smoking at 13 years of follow-up, preterm birth, birth weight, and paternal smoking status
during pregnancy.
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results (Barr, Bookstein et al. 2006, Robinson, Oddy et al. 2010). A
study examined the association between prenatal alcohol use and the
risk of internalizing and externalizing behavioral problems in offspring
at age of 2, 5, 8, 10, and 14 years (Robinson, Oddy et al. 2010). This
study reported that offspring exposed to maternal alcohol use of six or
more standard drinks during the first three months of pregnancy were
less likely to develop internalizing behavioral problems when compared
to non-exposed and occasional use. However, this study combined ‘nonprenatal alcohol use’ with ‘occasional prenatal alcohol use’ as a reference control group as well as used parent report of Child Behavior
Checklist (CBCL) to ascertain outcomes in offspring. Conversely, parent
reporting of CBCL showed low correlation compared to child ratings
(Konold, Walthall et al. 2004). Moreover, epidemiological evidence also
suggests that depressive symptoms in offspring might be more observable than externalizing behaviors in late adolescence
(Zahn–Waxler, Klimes–Dougan et al. 2000).
We did not observe an association between maternal alcohol use at
34 weeks of gestation and depressive symptoms in offspring. Our
finding is consistent with the existing literature showing differences
between trimesters for associations between maternal prenatal alcohol
use and internalizing behaviours in offspring, with the risk of mental
health problems in offspring was not increased when the authors limited the analysis to the third trimester of pregnancy alcohol exposure
(O'Leary, Nassar et al. 2010), suggesting how prenatal alcohol exposure
may affect the developing foetus at different trimesters of pregnancy.
Prenatal exposure to alcohol may increase the risk of depressive
symptoms in offspring through different physiological mechanisms.
Alcohol exposure in pregnancy may result in dose-dependent constriction of blood vessels in the placenta which in turn may increase blood
pressure and lower placenta weight (Jones, Leichter et al. 1981,
Burd, Roberts et al. 2007). Increased placental vasoconstriction may
result in placental and fetal hypoxia (Shamshirsaz, Paidas et al. 2012).
Reports from previous studies suggested that prenatal hypoxia may
results in some impairments in dopamine pathways which can persist to
adulthood (Chen, Herrera-Marschitz et al. 1997). These physiological
alterations may significantly affect the function of dopamine neurotransmitter (Dunlop and Nemeroff 2007) and contribute to the development of depressive symptoms in offspring.
Evidence from animal studies suggested that prenatal alcohol exposure may be linked to mood and behavioral disturbances in offspring
(O'Connor 2014, Brancato, Castelli et al. 2018). A study that administered 5.8 g/kg of ethanol (alcohol) to pregnant mice during preimplantation phase reported significant growth retardation and physical malformations in nearly all viable embryos (Padmanabhan and
Hameed 1988), suggesting teratogenic effects of alcohol exposure
during the preimplantation period. Another study found that for female
rats, heavy prenatal alcohol exposure during pregnancy induced affective (depressive) phenotypes in both mothers and their offspring
(Brancato, Castelli et al. 2018).

previous studies (Ashford, van Lier et al. 2008, Robinson, McLean et al.
2010, Moylan, Gustavson et al. 2015, Biederman, Martelon et al. 2017),
but not all (Batstra, Hadders-Algra et al. 2003, Chudal, Brown et al.
2015, Talati, Wickramaratne et al. 2017). A study from the USA examined the association between prenatal tobacco use and psychopathology in offspring with a mean follow-up of 27.7 years
(Talati, Wickramaratne et al. 2017). The USA based study reported
small associations in the opposite direction, suggesting male offspring
born to mothers smoking 10 or more cigarettes/day during pregnancy
are protected from mood disorders or are less likely to develop mood
disorders. However, the study had a very small sample size (n=238).
Further, a study from the Dutch birth cohort including a total of 1186
singleton births aged between 5.5 and 11 years assessed the associations between prenatal tobacco use and behavioral problems in offspring (Batstra, Hadders-Algra et al. 2003). This study reported no associations between prenatal tobacco use (any time during pregnancy)
and internalizing behaviors in offspring. This lack of association may be
due to using parent and teacher reported data to ascertain outcomes in
offspring. This is also complemented by a study that investigated the
measurement structure of the Child Behavior Checklist (CBCL) and reported low correlations between parent and teacher ratings of behavioral problems in children (Konold, Walthall et al. 2004).
The mechanism underlying the association between prenatal tobacco use and the risk of depressive symptoms in offspring remain
unclear. However, a number of plausible physiological mechanisms
have been suggested. One suggested mechanism involves the hazardous
effects of over 4000 chemical ingredients present in tobacco smoke
(Blood-Siegfried and Rende 2010). Such chemicals as carbon monoxide,
aldehydes and nicotine can cross the placenta and blood-brain barrier
and consequently result in a deleterious influence on fetal brain development (Rose 2006). This can minimize the neuronal area in numerous regions of the hippocampus (a complex brain structure with
major role of learning and memory), and prompt permanent modifications to the brain cell structure, which persist into young adulthood
(Roy and Sabherwal 1998). Furthermore, evidence from in vivo studies
has suggested that prenatal tobacco exposure may affect the function of
dopamine and serotonin (Muneoka, Ogawa et al. 1997,
Muneoka, Ogawa et al. 2001, Cowen and Browning 2015), neurotransmitters that have been robustly linked to behavioral and mental
health problems in humans.
Epidemiological evidence also suggests that exposure to tobacco
smoking in the prenatal period may be associated with epigenetic
changes in the offspring (Knopik, Maccani et al. 2012,
Stroud, Papandonatos et al. 2014, Richmond, Simpkin et al. 2015). For
example, a study that examined epigenome-wide methylation in cord
blood of newborns exposed to prenatal tobacco smoking collected from
the Norwegian Mother and Child Cohort Study, identified methylated
cytosine–phosphate–guanine
(CpGs)
in
the
offspring
(Joubert, Haberg et al. 2012). This is also corroborated by evidence
from a recent study that investigated the effects of prenatal tobacco use
on DNA methylation among adolescents participating in 17-year followup of the Raine Study (Rauschert, Melton et al. 2019). This study reported that prenatal tobacco exposure prompted permanent changes to
DNA methylation in the adolescent offspring, which are not significantly modified by paternal smoking during pregnancy and maternal postnatal smoking. The epigenetic changes in DNA methylation
may result in over-stimulation of the hypothalamic-pituitary-adrenocortical axis (HPA) (Stroud, Papandonatos et al. 2014). The corresponding over-stimulation of the axis induces intrauterine programming of up-regulation of hippocampal GAD67 (He, Lu et al. 2017) and
may result in depressive symptoms in offspring (Zhang, Fan et al.
2019).
Postnatal environmental risk factors may play an important role in
the progression of depressive symptoms in the adolescents. For example, findings from epidemiological studies proposed that adolescents
may be exposed to postnatal parental tobacco use and develop adverse

4.2. Prenatal tobacco use and risk of depressive symptoms in offspring
Our results also indicated that the risk of depressive symptoms was
50% higher for offspring born to mothers who smoked tobacco during
pregnancy the first trimester of pregnancy than for those whose mothers did not smoke during pregnancy. Again, these associations persisted after controlling for a wide range of potential risk factors and
confounders. These findings indicated that the observed adverse association between smoking tobacco during pregnancy and risk of depressive symptoms in their offspring was independent of sociodemographic variation, predisposition to depression and paternal
smoking during pregnancy. Moreover, the association did not appear to
be mediated by the effects of smoking on adverse pregnancy outcomes.
Similar to prenatal alcohol exposure, we found a null association for
late pregnancy (at 34 weeks) exposure to tobacco.
The finding of this study was consistent with evidence from some
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mental health outcomes (Knopik 2009, Kabir, Connolly et al. 2011).
Most recently, a study of data from 37,505 adolescents aged 12−15
years from 2003–2008 Global School-Based Student Health Survey that
included 22 low- and middle-income countries reported that exposure
to second-hand tobacco smoking increased the prevalence of depressive
symptoms from 23.0% to 28.9% (Jacob, Smith et al. 2020). However,
the effects of prenatal tobacco use on offspring depressive symptoms
remained significant when we further adjusted the models for postnatal
maternal tobacco use at 13 years of follow-up.
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4.3. Strengths and limitations of the study
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This study has the following strengths. Prenatal alcohol and tobacco
exposures and the risk of depressive symptoms in offspring were prospectively collected and measured using well-accepted standardized
and validated screening tools. Depressive symptoms in offspring were
measured using the BDI‐Y, a valid and reliable tool which is aligned
with the DSM-IV manual to diagnose major depressive disorders in
adolescents. Serum cotinine levels were previously measured in a
random sample of 238 of the pregnant mothers and there was strong
agreement with self-reported maternal smoking status during pregnancy (Stick, Burton et al. 1996). A wide range of confounders were
included in the prenatal period with a relatively large sample size. Our
study also had the following limitations. Although not all pregnant
mothers who smoked and drank alcohol engage in illicit drug use, such
illicit drug use would be correlated with smoking and alcohol consumption but unfortunately we did not have these data to include in the
adjusted models. Loss to follow-up in this study was relatively high,
although can be expected for such a long period of follow-up of the
cohort and this may have introduced bias. However, the patterns of
prenatal alcohol and tobacco use did not differ between those lost to
follow-up and those retained in the study. This suggests that attrition is
unlikely to have introduced substantial bias. Nonetheless, we employed
multivariate imputation with chained equations to minimize bias and
found similar results after imputation. Although we were not able to
adjust specifically for maternal and paternal mental health problems
during pregnancy, but we were able to control for previous maternal
mental health problems during pregnancy and maternal depressive
symptoms at 13 year follow-up of the cohort as proxies for offspring
predisposition to psychiatric conditions. Moreover, we did not adjust
for adolescents’ risk factors for mental health problems such as substance use, in that we assumed that further adjustment for risk factors
which are not confounders may inflate the variance of the estimate and
produce less precise estimates (Greenland, Daniel et al. 2016).
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Study purpose: Existing epidemiological studies have linked prenatal tobacco and alcohol
exposures with internalizing behaviours in children and adolescents with inconsistent findings,
suggesting the necessity of well-balanced longitudinal studies with relatively larger sample size
to produce more precise estimates. Moreover, to our knowledge, there is no previous study that
has investigated the associations between prenatal alcohol exposure and the risk of anxiety
symptoms in young adulthood. Therefore, this study was conducted to fill this gap in literature
by testing the prospective associations between prenatal alcohol and tobacco exposures and the
risk of experiencing symptoms of anxiety in young adulthood using relatively large sample
size.
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Background: Epidemiological studies have linked prenatal tobacco and alcohol exposures to internalizing be
haviours in children and adolescents with inconsistent findings. Dearth of epidemiological studies have inves
tigated the associations with the risk of experiencing symptoms of anxiety in young adulthood.
Methods: Study participants (N = 1190) were from the Raine Study, a population-based prospective birth cohort
based in Perth, Western Australia. Data on prenatal tobacco and alcohol exposures were available for the first and
third trimesters of pregnancy. Experiencing symptoms of anxiety in young adulthood at age 20 years was
measured by a short form of the Depression Anxiety Stress Scale (DASS 21). Relative risk (RR) of experiencing
symptoms of anxiety in young adulthood for prenatal tobacco and alcohol exposures were estimated with log
binomial regression.
Results: After adjusting for potential confounders, we observed increased risks of experiencing symptoms of
anxiety in young adults exposed to prenatal tobacco in the first trimester [RR = 1.52, 95% CI: 1.12–2.06, p-value
< 0.01] and third trimester [RR = 1.53, 95% CI: 1.10–2.13, p-value = 0.02]. However, we found insufficient
statistical evidence for an association between first trimester [RR = 1.01, 95% CI: 0.76–1.22, p-value = 0.90] and
third trimester [RR = 1.03, 95% CI: 0.80–1.34, p-value = 0.91] prenatal exposure to alcohol and the risk of
experiencing symptoms of anxiety in young adults. There was a dose response association between prenatal
tobacco exposure and increasing anxiety symptoms in offspring.
Conclusion: The findings of this study suggest that an association between prenatal tobacco exposure and risk of
anxiety symptoms remains apparent into young adulthood.

1. Background
Anxiety disorder is one the most commonly diagnosed mental health
problems in young adults (Yang et al., 2021). Recent estimates from the
Global Burden of Diseases 2019 study suggest that anxiety disorder is
responsible for about 28.68 million disability-adjusted life years
(DALYs) in adolescents and young adults (Vos et al., 2020). Young adults
suffering from anxiety disorder can experience excessive and uncon
trollable fear and worry, panic attacks, cold flushes, and restlessness or
feeling tense, avoiding perceived threats and obsessive thinking (Craske
et al., 2009). A number of studies have reported that anxiety disorder is
also a major predictor of personal and social difficulties (Sareen et al.,

2005; Stroud et al., 2014), lack of interest in learning and poor academic
performance in exams (Vitasari et al., 2010), increased risk of substance
use disorders (Smith and Book, 2008) and suicidal ideation and attempt
(Nepon et al., 2010). Rigorously identifying early-life presumptive risk
factors of this disorder is therefore critically important to direct early
preventive strategies and alleviate such burden later in life.
Although the exact cause of anxiety disorder is not fully understood,
it has been speculated that a mixture of biological, genetic, psycholog
ical, social and environmental factors are believed to contribute to
anxiety symptoms, which can progress to anxiety disorder (Michael
et al., 2007; Beesdo et al., 2010; Munir and T, 2021). Evidence from
epidemiological studies that support the elements of the developmental
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origin of health and disease hypothesis suggests that the majority of
these risk factors could appear in early life (Tierney and Nelson, 2009),
which in turn lead to the elevated risk of diseases and disorders (Barker,
2007).
Prenatal tobacco and alcohol exposures feature prominently among
such factors, which are antecedent to several mental health and
behavioural problems in offspring later in life (Easey et al., 2019; Duko
et al., 2020; Duko Pereira et al., 2021). Epidemiological evidence sug
gests that offspring exposed to prenatal tobacco may have an elevated
risk of internalizing behaviours compared to non-exposed offspring
(Ashford et al., 2008; Moylan et al., 2015; Moylan et al., 2015; Duko
et al., 2020). Similarly, findings from in vivo studies provide evidence
that prenatal exposure to alcohol (ethanol) could result in anxiety like
behaviours in offspring at various ages (Kleiber et al., 2011; Brocardo
et al., 2012; Cullen et al., 2013). Studies on human have however re
ported inconsistence results (Sayal et al., 2007; Robinson et al., 2010;
Day et al., 2013; Niclasen et al., 2014; Silva et al., 2015; Ichikawa et al.,
2018; Duko et al., 2021). For example, a systematic review that exam
ined the link between prenatal alcohol exposure and offspring anx
iety/depression in 13 studies did not find sufficient evidence to support
such associations (Easey et al., 2019). Supporting these explanations, a
meta-analysis that tested the association between prenatal alcohol
exposure and offspring mental health problems also presented incon
clusive evidence and suggested the necessity of further studies to rule
out the possibility of confounding (Flak et al., 2014).
Inconsistent results across previous studies may be due to variability
in the way anxiety symptoms have been measured in the studies. Most
longitudinal studies that have tested the association between prenatal
tobacco and alcohol exposures and offspring anxiety symptoms reported
results for associations with a total score for internalizing behaviours,
without presenting the subscale scores of individual mental health
problems such as anxiety symptoms (Roza et al., 2009; Robinson et al.,
2010), making the replication of findings more problematic. Further,
evidence suggests that socioeconomic positions can influence the initi
ation and continued use of tobacco and alcohol during pregnancy (Bobo
and Husten, 2000; Gilman et al., 2008; Wendell, 2013), suggesting that
prenatal tobacco and alcohol exposures are more likely to be affected by
similar socio-economic confounding. Moreover, to our knowledge, there
is no study that has examined the associations between prenatal tobacco
and alcohol exposures and the risk of anxiety symptoms in young
adulthood. The aim of this study was to estimate the association between
prenatal tobacco and alcohol exposures and the risk of experiencing
symptoms of anxiety in young adulthood.

classify mothers as either non-smokers or smokers during pregnancy.
Cotinine, a metabolite of nicotine, is considered as a gold standard
(biomarker) for evaluation of tobacco smoking or exposure to tobacco
smoke (Moran, 2012). A validation study was conducted by Stick et al.,
to validate self-reports of prenatal tobacco exposure (Stick et al., 1996).
In that study, cotinine was measured in serum from 238 pregnant
mothers who self-reported tobacco smoking during the first three
months of pregnancy. Results of that study suggested good agreement
between self-reported prenatal tobacco exposure and measured serum
cotinine concentration. To further test dose-related responses of prena
tal tobacco exposure: ‘light/moderate exposure’ was defined as prenatal
tobacco exposure of 1–9 cigarettes per day whereas ‘heavy exposure’
was defined as ≥ 10 cigarettes per day during pregnancy (Ashford et al.,
2008; Duko et al., 2021). At the same time point in pregnancy, mothers
also reported an average of the total number of standard drinks of
alcohol consumed per week during the first and third trimesters of
pregnancy. Based on the National Health and Medical Research Council
guidelines of 2009 (NHMRC, 2009), one standard drink in Australia
constitutes 10 gs of absolute alcohol. Subsequently, we defined prenatal
alcohol exposure as: non-drinker (category 1), up to three standard
drinks of alcohol per week (category 2); and four or more standard
drinks of alcohol per week (category 3) separately for the first and third
trimesters of pregnancy. The same categorization was applied in our
previous study that tested the link between maternal prenatal alcohol
exposure and harmful alcohol use in adolescent offspring (Duko et al.,
2020).
2.3. Outcome: anxiety symptoms in young adults (Gen2)

2. Methods

Experiencing symptoms of anxiety in young adults at the age of 20
years was measured by a short form of the Depression Anxiety Stress
Scale (DASS 21). DASS is a 42-item scale designed by the University of
New South Wales to measure depression, anxiety and stress (Lovibond
and Lovibond, 1993; Akin and Citin, 2007). DASS-21 score was multi
plied by two in order to obtain the normal DASS-42 score. This scale
consists of 21 items, of which seven items measure anxiety symptoms,
which were answered based on four-point frequency scales suggesting
the severity of the specific symptoms (Tully et al., 2009; Le et al., 2017).
It has shown fairly high internal consistency for the anxiety subscale
(Cronbach’s alpha = 0.76) (Lovibond and Lovibond, 1993; Akin and
Citin, 2007) in different settings (Szabó, 2010; Lee et al., 2019). In our
study, participants were considered to be experiencing symptoms of
anxiety according to the recommended severity thresholds, which is a
DASS score of 8 and above (Lovibond and Lovibond, 1993; Akin and
Citin, 2007).

2.1. Study design and participants

2.4. Confounding and mediating factors

Participants were from the Raine Study, a multi-generational pro
spective cohort of 2730 pregnant women (Gen1) and their offspring
(Gen2) (Newnham et al., 1993; Straker et al., 2017). These women
received antenatal care at King Edward Memorial Hospital and nearby
private clinics in Perth, Western Australia between 1989 and 1992, and
delivered a total of 2868 live-births including 138 multiple births.
Complete data were available for 1190 mother-offspring pairs at 20
years of follow-up. This study was approved by the Human Research
Ethics Committees of the University of Western Australia. Written
informed consent was gained from the study participants at enrolment
and each follow-up assessment after the details of the study procedures
had been fully described.

Measures at baseline consisted of maternal socioeconomic positions:
maternal age (< 20 years, 20–24.99 years, 25–29.99 years, 30–34.99
years and ≥ 35 years); marital status (married, never married, de-facto
and widowed/divorced/separated); maternal educational attainment
(schooling up to 12 years, trade certificate / apprenticeship, professional
registration/ college diploma and university degree); ethnicity (Cauca
sian and non-Caucasian); average annual family income (low income ≤
AUD $24,000 and moderate to high income > AUD $24,000), paternal
tobacco smoking during partner’s pregnancy (yes/no) and sex of child
(male/female). We also included immediate adverse pregnancy and
birth outcomes such as hypertensive disorder of pregnancy/preeclampsia (yes/no); birth weight (low-birth weight (< 2.5 kg), normal
birth-weight (2.5–3.99 kg) and high-birth weight (≥4.0 kg)) and pre
term birth (<37 weeks of gestation) (yes/no). Evidence from some
emerging studies suggests that prenatal tobacco exposure was associated
with an increased risk of sleep problems in offspring (O’Callaghan et al.,
2019), which in turn results in anxiety symptoms in offspring (McMakin
and Alfano, 2015). Offspring sleep problem at the age of 10 years was

2.2. Exposure: prenatal tobacco and alcohol exposures (Gen1)
At 18 and 34 weeks of pregnancy, mothers were asked to report the
total number of cigarettes they had smoked per day during the first and
third trimesters of pregnancy, respectively. We used these data to
2
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measured using the child behavioural checklist (CBCL) (Achenbach and
Rescorla, 2001). Studies have also shown that maternal anxiety symp
toms might be associated with offspring anxiety symptoms (Rees et al.,
2019). Mothers of the study participants were also assessed for symp
toms of anxiety at 16 years of follow-up using DASS-42 (Lovibond and
Lovibond, 1993; Akin and Citin, 2007). Further, mothers also reported
their postnatal tobacco smoking status at 14 years of follow-up (yes/no).

(Tan et al., 2018). Missing data was imputed using the “mice” STATA
command (Royston, 2005; Sterne et al., 2009) and produced fifty
imputed datasets. All covariates and mediators along with auxiliary
variables used in the final model were included in the imputation model
and analyses were repeated.

2.5. Statistical analysis

3.1. Characteristics of study participants

Associations between prenatal tobacco and alcohol exposures and
the risk of experiencing symptoms of anxiety in young adults were
examined by generalized linear models (GLM) fitted using log binomial
regression to estimate relative risks (RRs). We added different risk fac
tors sequentially as adjustment variables in separate models to explore
the role of potential confounders and mediators. We added prenatal
tobacco and alcohol exposures separately to unadjusted models. We
adjusted these models by maternal age at conception, education, marital
status, race and family income, paternal prenatal tobacco smoking
during partner’s pregnancy and child sex (Model 1). Next, we added preeclampsia, birthweight, and preterm birth to Model 1 to remove their
potential mediating effects (Model 2). We separately added an indicator
for offspring sleep problems at 10 years of follow-up, maternal postnatal
tobacco smoking at the age of 14 years and maternal anxiety symptoms
at 16 years of follow-up to Model 1 to further remove their effects
(Model 3). Model 4 was adjusted for all confounders and mediators. We
repeated all analyses removing the first trimester prenatal tobacco and
alcohol exposures from the models and replacing them with third
trimester prenatal tobacco and alcohol exposures to determine risks in
terms of gestational periods. As a sensitivity analysis, we used multiple
imputations using chained equations to account for the missing data

The prevalence of maternal tobacco smoking and alcohol drinking
during the first trimester of pregnancy were 27.0% and 45.6% respec
tively. In comparison to non-smoker pregnant mothers, mothers who
smoked tobacco during the first trimester of pregnancy were more likely
to be never married or living in a de-facto relationship, report low
annual family income, have low educational attainment, report post
natal tobacco smoking at 14 years of follow-up and anxiety symptoms at
16 years of follow-up as well as have partners who were tobacco smokers
during their pregnancy. In contrast, mothers who reported alcohol use
during the first trimester of pregnancy were more likely to be married,
report moderate or high annual income, relatively higher educational
attainment/level and were less likely to experience symptoms of anxiety
at 16 years of follow-up (Table 1).
Out of the 304 offspring who reported experiencing symptoms of
anxiety at 20 years of follow-up; 26% had been exposed to preeclampsia, 6% had been born preterm, 7.4% were of low birthweight,
27.3% were exposed to the first trimester prenatal tobacco use and 24%
were exposed to maternal postnatal tobacco smoking at 14 years of
follow-up (Table 2).

3. Results

Table 1
Characteristics of mothers and offspring comparing by exposure to the first trimester prenatal tobacco and alcohol use at baseline.
Variables included in the model

First trimester prenatal tobacco
Non-exposed (n
= 2048)

Maternal age at baseline

Marital status

Annual family income
Mothers’ Education status at baseline

Mothers’ ethnicity
Paternal tobacco smoking during pregnancy
Pre-eclampsia
Preterm birth
Birthweight
Offspring sleep problem at 10 years
Maternal anxiety symptoms at 16 years of follow-up
Maternal tobacco smoking at 14 years of follow-up

< 20 years
20–25 years
25–30 years
30–35 years
≥ 35 years
Married
Never married
Defacto
Separate/divorce/widow
≤ 24,000 AUD
> 24,000 AUD
Schooling Up to year 12
Trade certificate/ apprenticeship
Professional registration/College Diploma
University degree
Caucasian
Non-Caucasian
Non-smoker
Smoker
No
Yes
No
Yes
Low birth weight
Normal birthweight
High birthweight
No
Yes
No anxiety symptom
Anxiety symptoms
Non-smoker
Smoker

3

66

First trimester prenatal alcohol

Exposed
(756)

Non-exposed (n
= 1525)

Exposed (n =
1279)

n

%

n

%

n

%

n

%

154
387
637
563
307
1509
183
303
53
840
1208
1108
204
361
375
1772
276
1435
613
1479
565
1899
148
132
1701
212
1487
49
992
109
1229
133

7.5
18.9
31.1
27.5
15.0
73.7
8.9
14.8
2.6
41.0
59.0
56.1
10.0
17.6
18.3
86.5
13.5
70.0
30.0
72.4
27.6
92.8
7.2
6.4
83.2
10.4
96.8
3.2
90.0
10.0
90.2
9.8

125
216
211
146
58
299
183
226
48
481
275
575
42
87
52
701
55
231
525
599
155
689
69
79
627
44
417
24
242
42
272
118

16.5
28.5
28.0
19.3
7.7
39.5
24.2
30.0
6.3
63.6
36.4
76.0
5.6
11.5
6.9
92.7
7.3
30.5
69.5
79.4
20.6
90.9
9.1
10.5
83.6
5.9
94.6
5.4
85.5
14.5
69.8
30.2

178
363
464
354
166
1028
174
275
48
765
760
957
116
224
228
1268
257
910
615
1120
403
1393
132
125
1252
143
988
40
602
92
711
191

11.7
23.8
30.4
23.2
10.9
67.4
11.4
18.2
3.1
50.1
49.9
62.8
7.6
14.7
15.0
83.1
16.9
60.0
40.0
73.5
26.5
91.3
8.7
8.2
82.4
9.4
96.1
3.9
86.7
13.3
78.8
21.2

101
240
384
355
199
780
192
254
53
556
723
726
130
224
199
1205
74
756
523
958
317
1193
85
86
1076
113
916
33
632
59
636
214

7.9
18.8
30.0
27.8
15.6
61.0
15.0
20.0
4.0
43.5
56.5
56.8
10.2
17.5
15.6
94.2
5.8
59.1
40.9
75.1
24.9
93.3
6.7
6.7
84.4
8.9
96.5
3.5
91.5
8.5
74.8
25.2
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adjustment of this model for pre-eclampsia, preterm birth and birth
weight to remove their mediation role produced very slight attenuation
in the estimates for first trimester [RR = 1.45, 95% CI: 1.15–1.83] and
third trimester [RR = 1.43, 95% CI: 1.12–1.84] prenatal tobacco expo
sures (Model 2). We did not observe substantial changes after full
adjustment (Model 4).
We observed that the risk of experiencing symptoms of anxiety in
young adulthood increased with the level of exposure to prenatal to
bacco and alcohol use. Notably, we observed increased relative risks
(RR) of 1.50 (95% CI: 1.05–2.17) and 1.60 (95% CI: 1.07–2.42) for
offspring exposed to < 10 cigarettes/day and ≥10 cigarettes/day in the
first trimester of pregnancy respectively. We also noted slight increment
in point estimates (RR) in offspring exposed to prenatal alcohol use of
four or more drinks per week during the first and third trimesters of
pregnancy but found insufficient evidence for associations. Moreover,
the results remained essentially unchanged after we repeated the anal
ysis after full adjustment with the imputed dataset (Supplementary file
1).

Table 2
Characteristics of mothers and offspring comparing the major covariates among
offspring with and without anxiety symptoms at the age of 20 years.
Variables included in the model

Offspring anxiety symptoms
None

Maternal age at baseline

Marital status

Mothers’ ethnicity
Annual family income at
conception
Mothers’ education status
at baseline

Pre-eclampsia
Preterm birth
Birthweight
Child sex
Offspring childhood sleep
problem at 10 years of
follow-up
Maternal prenatal
tobacco use (1st
trimester)
Maternal prenatal
tobacco use (3rd
trimester)
Maternal prenatal alcohol
use (1st trimester)
Maternal prenatal alcohol
use (3rd trimester)
Maternal postnatal
tobacco smoking at 14
years of follow-up
Maternal anxiety
symptoms at 16 years of
follow-up

Yes

n

%

n

%

< 20 years
20–25 years
25–30 years
30–35 years
≥ 35 years
Married
Never married
Defacto
Separate/divorce/
widow
Caucasian
Non-Caucasian
≤ 24,000 AUD
> 24,000 AUD
Schooling Up to year
12
Trade certificate/
apprenticeship
Professional
registration/College
Diploma
University degree
No
Yes
No
Yes
Low birth weight
Normal birthweight
High birthweight
Male
Female
Non-sleep problem
Sleep problem

50
155
280
270
154
672
76
114
24

5.4
17.1
30.8
29.7
17.0
75.8
8.6
12.9
2.7

17
58
77
102
57
211
27
57
9

5.5
18.6
24.8
32.8
18.3
69.4
8.8
18.8
3.0

796
90
304
582
432

89.8
10.2
34.3
65.7
48.8

268
36
119
185
168

88.2
11.8
39.1
60.9
55.3

105

11.9

27

8.8

164

18.5

48

15.8

185
667
216
816
69
78
750
80
452
457
821
24

20.8
75.5
24.5
92.2
7.8
8.6
82.6
8.8
49.7
50.3
97.2
2.8

61
223
80
286
18
23
265
21
117
194
274
7

20.1
74.0
26.0
94.1
5.9
7.4
85.8
6.8
37.6
62.4
97.5
2.5

Non-smoker
Smoker

736
150

83.0
17.0

221
83

72.7
27.3

Non-smoker
Smoker

707
126

85.0
15.0

215
70

75.4
24.6

Non-drinker
Drinker
Non-drinker
Drinker
Non-smoker
Smoker

450
436
484
302
661
146

50.8
49.2
61.6
38.4
82.0
18.0

145
159
159
115
202
64

47.7
51.3
58.0
42.0
76.0
24.0

Normal
Anxiety symptoms

761
43

94.7
5.3

237
27

89.8
10.2

4. Discussion
This study prospectively examined the association between prenatal
tobacco and alcohol exposures and the risk of experiencing symptoms of
anxiety in young adulthood at the age of 20 years using a populationbased birth cohort in Australia. To our knowledge, this is the first lon
gitudinal study to investigate the associations between prenatal tobacco
and alcohol exposures and risk of anxiety symptoms in young adults.
Our results suggest that young adults of mothers who reported tobacco
smoking during the first and third trimesters of pregnancy were at a
greater risk for experiencing symptoms of anxiety at the age of 20 years.
We observed that the risk of experiencing symptoms of anxiety was 50%
higher for those exposed compared to non-exposed. These results were
robust to statistical adjustment after sequentially adjusting for potential
confounders and were independent of pathways involving preeclampsia,
low birthweight, and preterm birth. A dose-response association was
also observed between prenatal tobacco exposure and the risk of expe
riencing symptoms of anxiety in young adults. This explanation was
further substantiated by the greater relative risk for those exposed to
prenatal tobacco smoking of more than 10 cigarettes per day compared
to those exposed to fewer cigarettes during pregnancy. In contrast, we
found insufficient statistical evidence for associations between prenatal
alcohol exposure in the first and third trimester and the risk of experi
encing symptoms of anxiety in young adults.
Our findings are consistent with the results of several studies that
reported association between prenatal tobacco exposure and risk of
internalizing behaviours such as anxiety symptoms in children and ad
olescents (Indredavik et al., 2007; Ashford et al., 2008; Ekblad et al.,
2010; Robinson et al., 2010; Moylan et al., 2015). A population-based
prospective cohort study from the Netherlands examined the associa
tion between prenatal tobacco exposure and internalizing behaviour in
children aged 5 to 18 years (n = 400) and observed an association with
internalizing behaviours after controlling for maternal socioeconomic
status and mental health problems, child social and attention problems
as well as existing externalizing behaviour (Ashford et al., 2008). This
was also corroborated by observations from a large longitudinal study of
175,869 young adults from the Finnish medical birth register that re
ported an increased risk of being diagnosed with any psychiatric dis
order including anxiety disorder in offspring exposed to prenatal
tobacco use (Ekblad et al., 2010). In supporting our findings, that study
also observed dose-response relationship in which the risk of being
diagnosed with any psychiatric disorder increased with the level of
exposure to maternal prenatal tobacco smoking. Nonetheless, some
studies found null associations (Höök et al., 2006; Brion et al., 2010). For
instance, a prospective study that combined the data of two birth cohorts
namely the Avon Longitudinal Study of Parents and Children and Bra
zilian Pelotas study reported insufficient statistical evidence for

3.2. Association between prenatal tobacco and alcohol exposures and the
risk of anxiety symptoms in young adulthood
We observed higher risk of experiencing symptoms of anxiety in the
unadjusted analysis in young adult offspring exposed to prenatal to
bacco use during the first trimester [RR = 1.54, 95% CI: 1.25–1.90] and
third trimester of pregnancy [RR 1.53, 95% CI: 1.23–1.91]. In contrast,
we observed insufficient statistical evidence for an association between
the first trimester [RR = 1.10, 95% CI: 0.90–1.33] and third trimester
[RR = 1.12, 95% CI: 0.91–1.37] prenatal alcohol exposure and the risk
of experiencing symptoms of anxiety in young adulthood (Table 3).
After adjusting for maternal age at conception, education, marital
status, race, family income, child sex and paternal prenatal tobacco
smoking, the association between the first trimester and third trimester
prenatal tobacco exposure and risk of experiencing symptoms of anxiety
in offspring remained virtually unchanged (Model 1). Further statistical
4
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Table 3
Associations between prenatal tobacco and alcohol exposures and offspring anxiety symptoms at age of 20 years (n = 1190).
Prenatal exposures

Relative Risk (95%CI)
Unadjusted

First trimester prenatal tobacco
Any tobacco exposure
1.54 (1.25–1.90)
1–9 Cigarettes /day
1.53 (1.18–1.98)
> 10 Cigarettes/day
1.56 (1.17–2.07)
Third trimester prenatal tobacco
Any tobacco exposure
1.53 (1.23–1.91)
1–9 Cigarettes/day
1.47 (1.09–1.99)
> 10 Cigarettes/day
1.57 (1.20–2.10)
First trimester prenatal alcohol
Any alcohol exposure
1.10 (0.90–1.33)
≤ 3 standard drinks/week
1.04 (0.77–1.39)
> 4 standard drinks/week
1.12 (0.91–1.38)
Third trimester prenatal alcohol
Any alcohol exposure
1.12 (0.91–1.37)
≤ 3 standard drinks/week
1.10 (0.88–1.38)
> 4 standard drinks/week
1.14 (0.82–1.60)

P-value for Model 4

Model 1

Model 2

Model 3

Model 4

1.47 (1.17–1.84)
1.46 (1.13–1.95)
1.49 (1.08–1.98)

1.45 (1.15–1.83)
1.46 (1.10–1.94)
1.46 (1.07–2.00)

1.49 (1.10–2.03)
1.46 (1.02–2.11)
1.59 (1.06–2.40)

1.52 (1.12–2.06)
1.50 (1.05–2.17)
1.60 (1.07–2.42)

< 0.01
.01
.03

1.42 (1.10–1.81)
1.42 (1.04–1.94)
1.43 (1.04–1.97)

1.43 (1.12–1.84)
1.42 (1.04–1.95)
1.48 (1.08–2.04)

1.49 (1.07–2.08)
1.46 (1.01–2.18)
1.56 (1.03–2.36)

1.53 (1.10–2.13)
1.46 (1.02–2.12)
1.62 (1.10–2.38)

.02
.03
.01

1.07 (0.88–1.30)
1.00 (0.72–1.29)
1.12 (0.90–1.38)

1.07 (0.88–1.30)
1.01 (0.70–1.27)
1.12 (0.91–1.39)

1.01 (0.79–1.23)
1.00 (0.55–1.17)
1.04 (0.81–1.33)

1.01 (0.76–1.22)
1.00 (0.54–1.15)
1.04 (0.81–1.35)

.90
.81
.15

1.11 (0.89–1.38)
1.02 (0.73–1.44)
1.15 (0.91–1.44)

1.09 (0.88–1.35)
1.00 (0.71–1.42)
1.13 (0.89–1.42)

1.06 (0.82–1.36)
1.00 (0.98–1.45)
1.08 (0.83–1.42)

1.03 (0.80–1.34)
1.01 (0.68–1.47)
1.08 (0.83–1.40)

.91
.50
.10

Foot note: non-users were used as a reference control for all above categories.
NB: Analyses were run separately by trimester but reported together for ease of presentation.
Model 1: maternal age at conception, education, marital status, race, family income and paternal prenatal smoking.
Model 2: added pre-eclampsia, preterm birth, birthweight to Model 1.
Model 3: separately added offspring sleep problem at 10 years of follow-up, maternal postnatal tobacco smoking at 14 years follow-up and anxiety symptoms at 16
years of follow-up to Model 1.
Model 4 (fully adjusted model): included maternal age at conception, education, marital status, family income, maternal race, paternal prenatal tobacco smoking,
pre-eclampsia, preterm birth, birthweight and maternal postnatal tobacco smoking at 14 years follow-up and anxiety symptoms at 16 years of follow-up.

tobacco exposure and the risk of anxiety symptoms in offspring are not
fully understood, several putative mechanisms have been suggested.
One proposed mechanism is that prenatal exposure to tobacco smoke
may result in DNA methylation and dysregulated expression of micro
RNA (Knopik et al., 2012; Stroud et al., 2014; Richmond et al., 2015).
Most recently, a prospective longitudinal study that examined the link
between maternal prenatal tobacco smoking and DNA methylation in
adolescent offspring reported irreversible changes in DNA methylation,
which were not sensitive to control for maternal postnatal tobacco
smoking and paternal tobacco smoking during pregnancy (Rauschert
et al., 2019). The corresponding modifications in DNA methylation may
result in over-stimulation of the hypothalamic-pituitary-adrenal (HPA)
axis via intrauterine programming of up-regulation of the hippocampus,
a brain structure embedded deep into the temporal lobe (He et al.,
2017). Such alterations in the HPA axis have been linked to the onset of
anxiety symptoms in childhood that endure into adulthood (Faravelli
et al., 2012; Tafet and Nemeroff, 2020).
Another possible explanation is that prenatal exposure to tobacco
smoke affects placental vasculature (Pintican et al., 2019) and places
expectant mothers and their fetuses at increased risk of hypertensive
disorders of pregnancy (Roberts and Escudero, 2012), low birth weight
(Agrawal et al., 2010; Talati et al., 2017), preterm birth (Kyrklund-
Blomberg et al., 2005) and small for gestational age outcomes (Mitchell
et al., 2002), which in turn may result in several mental health problems
in offspring via mediating the effects of prenatal tobacco exposure
(Ernst et al., 2001; Herrmann et al., 2008; Dachew et al., 2020). This
hypothesized pathway has been further supported by the results of a
meta-analysis that summarized the findings of six prospective cohort
studies from five different countries (Pyhälä et al., 2017). In that
meta-analysis, preterm born adults with very low birth weight were
more likely to experience mental health problems such as anxiety.
Although we noted slight attenuation in the risk estimates after con
trolling for the mediating role of low birthweight, preterm birth and
preeclampsia, the association remained evident, suggesting that an in
direct pathway does not completely explain the associations observed in
our study.
It is also possible that the association we observed between prenatal
tobacco exposure and the risk of experiencing symptoms of anxiety in
the offspring may be explained by several factors such as maternal

association between prenatal tobacco smoking and internalizing prob
lems in preschool children at 4 years of age after adjusting for maternal
socioeconomic status, parental psychopathology and alcohol consump
tion (Brion et al., 2010). Similarly, in the Generation R study from the
Netherlands the association between maternal smoking during preg
nancy and offspring internalizing behaviours disappeared after adjust
ing for family income, parental education level and psychopathology
and child gender (Roza et al., 2009). These lack of evidence for associ
ations in the aforementioned studies may reflect varying offspring ages
of assessment and variations in the included confounders. Most notably,
evidence from epidemiological studies showed that anxiety symptoms
are more noticeable as the age of children and adolescent increases
(Zahn-Waxler et al., 2000) and this may potentially limit the capacity of
such studies to find associations among younger children with follow-up
that ends prior to young adulthood.
We observed insufficient statistical evidence for an association be
tween prenatal alcohol exposure and the risk of experiencing symptoms
of anxiety in young adults, which is consistent with the results from
several previous studies that have produced mixed results (Kelly et al.,
2013; Skogerbø et al., 2013; Niclasen et al., 2014; Lund et al., 2019). A
study of data from 37,315 mother-children pairs in the Danish National
Birth Cohort found that children born to mothers who consumed five or
more alcohol units during the first trimester (AOR = 0.93, 95%
CI:0.84–1.03) and third trimester (AOR = 0.86, 95% CI:0.51–1.57) of
pregnancy were less likely to report emotional/anxiety symptoms
(Niclasen et al., 2014). Furthermore, in a large sibling comparison study
that used data from the Norwegian Mother and Child Cohort (MoBa), the
association between prenatal alcohol exposure and offspring anxious as
well as emotional behavioural problems at the age of five years dis
appeared after sibling control (Lund et al., 2019). Although we found
insufficient statistical evidence for an association between prenatal
alcohol exposure and offspring anxiety symptoms in our study; slight
increments in risk estimates (RR) in offspring exposed to higher levels of
alcohol during the first and third trimesters of pregnancy limits us from
concluding that there is safe level of alcohol consumption during the
prenatal period in relation to future anxiety symptoms in offspring. It is
also plausible that the effects of prenatal alcohol exposure have longer
latency, thereby requiring further follow-up to observe associations.
Although the mechanisms explaining the link between prenatal
5
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anxiety symptoms and postnatal tobacco smoking as well as child sleep
problems. A large number of epidemiological studies have documented
that the risks of developing anxiety disorders are substantially greater in
the close relatives of affected probands when compared to healthy
controls (Hettema et al., 2001; Hettema et al., 2005; Shimada-Sugimoto
et al., 2015; Gottschalk and Domschke, 2017). Most notably, close rel
atives of probands with anxiety disorders are at four to six-fold increased
risk for anxiety disorders when compared to healthy controls (Hettema
et al., 2001). Nonetheless, the genetic liability to anxiety disorders
ranged from 30–40% (Hettema et al., 2005), suggesting that other
presumptive risk factors such as prenatal tobacco smoking may explain
the remaining proportion. Further, prenatal tobacco smoking was also
associated with an increased risk of sleep problems in offspring during
childhood (Stone et al., 2010; O’Callaghan et al., 2019) and this in turn
may lead to anxiety disorders in adulthood (Gregory et al., 2005;
McMakin and Alfano, 2015). In support of this explanation, we also
noted some attenuation in the strength of observed associations after
controlling for maternal anxiety symptoms measured at 16 years of
follow-up, suggesting predisposition to maternal anxiety symptoms may
explain some part of the associations reported in our study.
The association between prenatal tobacco exposure and the risk of
experiencing symptoms of anxiety may be due to confounding by
maternal and family socio-economic positions such as maternal age,
education and family income (Muhajarine et al., 1997; Al-Sahab et al.,
2010). Evidence from epidemiological studies has indicated that
mothers who reported tobacco smoking during pregnancy were likely to
have lower family income and educational attainment compared to
non-smoking pregnant mothers (Heaman and Chalmers, 2005; Al-Sahab
et al., 2010). These have been associated with mental health problems in
offspring (Maughan et al., 2004; Quinn et al., 2017; Duko et al., 2020).
Moreover, in a recent meta-analysis, the association between prenatal
tobacco smoking and offspring mood disorders was moderately attenu
ated in the included studies that controlled for such socio-economic risk
factors (Duko et al., 2020). In contrast, we observed negligible differ
ences in risk estimates after adjusting for maternal covariates such as
maternal age, education, and family income.
Major strengths of this study include: the prospective measures of
prenatal alcohol and tobacco exposures; the use of relatively larger
sample size; the use of a standardized, well-accepted and validated
measurement tool to assess anxiety symptoms in offspring; compre
hensive inclusion of a number of confounding and mediating risk factors
in our sequential statistical models; validation of self-reported prenatal
tobacco exposure status with biomarker of tobacco smoke; and the
additional estimation of risks by gestational period of exposure. None
theless, the findings of this study should be viewed considering several
caveats. Data on second trimester prenatal tobacco and alcohol exposure
were not available and these would have allowed us to produce esti
mates for whole pregnancy exposure. A proportion of the study partic
ipants were lost to follow-up, although this can be expected from such a
long-term prospective longitudinal study, and this may have introduced
bias. However, the results remained essentially unchanged after we
repeated the analysis with the imputed dataset. We were not able to
control for maternal and paternal psychiatric disorders during preg
nancy, but we adjusted for maternal anxiety symptoms measured at 16
years follow-up as proxies for offspring predisposition to anxiety
symptoms. Finally, future studies could consider control for genetic
predisposition, which may be achieved via Mendellian Randomization
studies or via the use of sibling comparisons as such designs may
potentially elucidate pathways that are independent of genetic and other
environmental risk factors.
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Study Purpose: Epidemiological studies have linked prenatal tobacco exposure to offspring
conduct disorder symptoms but with inconsistent findings. Further examination of maternal
and paternal tobacco smoking during pregnancy may give vital clues to the etiological basis
for conduct disorder symptoms. If maternal tobacco smoking during pregnancy, but not
paternal tobacco smoking, is linked to an increased risk of conduct disorder symptoms in
offspring, this observation may provide support for a biological pathway. Conversely, if
maternal and paternal tobacco smoking during pregnancy are both associated with an increased
risk of this disorder, this would suggest the influence of environmental and/or lifestyle factors
or unmeasured confounding. Therefore, the present study focused on examining the association
between maternal prenatal tobacco smoking and conduct disorder symptoms in offspring using
paternal prenatal tobacco smoking as a proxy for environmental tobacco smoke exposure.
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Background: Emerging epidemiological evidence suggests that offspring born to mothers who smoked tobacco
during pregnancy may have elevated risk of developing conduct disorder (CD) symptoms. We examined asso
ciations between maternal and paternal tobacco smoking during pregnancy and CD symptoms in offspring at the
age of 14 years.
Methods: We obtained data from the Raine Study, a multi-generational cohort study based in Western Australia.
DSM-oriented scale of the Child Behavior Checklist (CBCL) was used to measure CD symptoms in offspring.
Negative binomial regression was used to estimate the rate ratio (risks) (RR) of CD symptoms in offspring. We
also produced the E-values to investigate the extent of unmeasured confounding. Paternal smoking during
pregnancy was used as a proxy for environmental tobacco smoke exposure.
Results: Complete data were available for 1747 mother-offspring and 1711 father-offspring pairs. After adjusting
for potential confounders, we found elevated risks (rates) of CD symptoms in offspring born to mothers smoking
tobacco during the first trimester [RR 1.52 (95 % CI: 1.24–1.87)], third trimester [RR 1.36 (95 % CI: 1.09–1.69)]
and during both trimesters of pregnancy [RR 1.50 (95 % CI: 1.19–1.90)]. The rates of CD symptoms in offspring
increased with the level of exposure to maternal smoking during pregnancy. However, we noted insufficient
statistical evidence for an association between paternal smoking during pregnancy and CD symptoms in
offspring.
Conclusion: The associations we found for maternal but not paternal smoking may suggest a biological mecha
nism for intrauterine tobacco exposure on the risk of CD symptoms in offspring. Early interventions assisting
pregnant mothers to quit tobacco smoking, or avoid smoking initiation, have potential to contribute health
benefits to both mothers and their offspring.

1. Background
Conduct disorder (CD) is one of the most common behavioural
problems that is diagnosed in children and adolescents under the age of
18 years (APA 2013). It is characterized by repetitive and persistent
pattern of behaviours whereby affected individuals can manifest
aggression against people or animals, destroy properties or other serious
violations of societal norms (APA 2013; Erskine et al., 2013). It has been
reported that CD is an antecedent to academic under-achievement, poor
interpersonal relationships, sexually transmitted infections, and a range
of social difficulties, mental health problems, substance abuse and

addiction, as well as suicidal ideation and suicide attempt (Loeber et al.,
2000; Biederman et al., 2008; APA 2013; Wei et al., 2016; Fairchild
2018; Lin et al., 2020). Further, existing evidence suggests that
approximately 40 % of boys and 25 % of girls with CD may eventually
develop antisocial personality disorder in adulthood (Black 2015). Thus,
identifying early-life presumptive risk factors of CD is critically impor
tant to propose appropriate primary prevention and intervention stra
tegies for adolescents that are prone to this disorder.
Although the exact cause of CD remains unclear, it has been proposed
that a combination of genetic, biological, environmental, social and
psychological factors play a significant role in its development (Slotkin
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2004; Martin et al., 2007; APA 2013; Blair et al., 2014). Amongst other
factors, early factors occurring during the prenatal environment, may
result in mental health and behavioural problems in offspring by
exerting programming influences on the brain of the fetus (Kim et al.,
2015). Maternal prenatal tobacco exposure is one such adversity, with
an estimated prevalence of 20–30 % (Lamy and Thibaut 2010), is
believed to increase risk of CD in offspring (Gatzke-Kopp and Beau
chaine 2007).
Epidemiological evidence from prospective longitudinal studies
suggests that offspring exposed to prenatal tobacco may have an
increased risk of CD compared to non-exposed offspring (Maughan et al.,
2004; Brion et al., 2010; Palmer et al., 2016). A study based on two birth
cohorts, the Brazilian Pelotas and the Avon Longitudinal Study of Par
ents and Children (ALSPAC), reported an increased risk of CD in
offspring exposed to prenatal tobacco after controlling for socioeco
nomic positions, parental psychopathology as well as adjusting for
paternal smoking during pregnancy (Brion et al., 2010). Also, a
meta-analysis conducted in 2018 showed an increased risk of CD in
offspring exposed to prenatal tobacco use (Ruisch et al., 2018). On the
other hand, there is also evidence of no associations between exposure to
maternal tobacco use during pregnancy and greater risk of CD in

offspring (Silberg et al., 2003; Maughan et al., 2004; D’Onofrio et al.,
2008; Agrawal et al., 2010).
These conflicting results across previous studies may be due to
variability in the extent to which risk factors have been controlled. For
instance, lower socioeconomic position, race, maternal education and
age during conception (Mathews 2001; Bowes et al., 2013), preterm
birth and low birthweight (Nomura et al., 2007; Johnson and Marlow
2011), maternal mental health problems such as depression and anxiety
(Dagher and Shenassa 2012; Pooler et al., 2013; Cui et al., 2020),
maternal alcohol use during pregnancy (Larkby et al., 2011) and post
natal tobacco smoking (Hutchinson et al., 2010) have been associated
with maternal prenatal tobacco exposure and offspring conduct disor
der, suggesting studies that did not control for these factors may have
produced biased results.
Moreover, an investigation of maternal and paternal smoking during
pregnancy may give some evidence to clarify the etiological basis for CD.
If maternal smoking during pregnancy but not paternal smoking is
linked with an increased risk of CD in offspring, this may provide more
support for a pathway via in utero exposure. However, if exposure to
both maternal and paternal tobacco is linked with an increased risk of
CD, it may indicate either (i) a role of both in utero exposure and

Fig. 1. Showing study participants of the current study at each follow-up from birth to 14 years.
2
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environmental tobacco smoke exposure or (ii) the presence of unmea
sured confounding. Therefore, the present study focused on investi
gating the association between maternal tobacco smoking during
pregnancy and CD symptoms in offspring using paternal tobacco
smoking during partners’ pregnancy as a proxy for environmental to
bacco smoke exposure. We hypothesized that maternal smoking during
pregnancy will be associated with an increased risk of conduct disorder
symptoms in offspring at the age of 14 years after adjusting for available
confounders.

better differentiated between cases and non-cases of CD (Hudziak et al.,
2004). In this study, CD symptom scores were appeared to be skewed in
the distribution (mean = 1.66 and variance = 8.83).
2.4. Confounders
We adjusted for confounders that were identified in previous studies
and available in our dataset. These include maternal socioeconomic
positions such as marital status, age, maternal and paternal education,
family income, ethnicity (race), parity (Murray and Farrington 2010;
Shaw and Shelleby 2014; Zondervan-Zwijnenburg et al., 2020), preterm
birth and low birthweight (Langley et al., 2007; Lærum et al., 2019),
maternal alcohol use during pregnancy (Ruisch et al., 2018) and
parental mental health problems (Fergusson and Lynskey 1993).
Maternal, paternal and child early life covariates that were measured at
baseline include maternal and paternal age during pregnancy of the
study child, marital status, educational level, family income at concep
tion, ethnicity (race), parity, maternal alcohol use during pregnancy,
hypertension/pre-eclampsia (yes/no), sex of child, preterm birth and
low birthweight. Mothers of the study participants were asked to report
any history of mental health problems during pregnancy (yes/no).
Further, they were also assessed for depressive and anxiety symptoms at
14 years of follow-up using the ‘Depression Anxiety Stress Scales
(DASS).’ The DASS is a validated 42-item screening scale constructed to
assess symptoms of depression, anxiety and stress (Akin and Citin,
2007). In the current study, mothers of study participants were classified
as suffering symptoms of depression and anxiety under the recom
mended conventional severity thresholds (DASS scores >10 and > 8)
respectively (Lovibond and Lovibond 1995). Additionally, paternal
lifetime history of emotional/mental health problems was measured at
14 years of follow-up as well.

2. Methods
2.1. Study design and participants
We used data from the Raine Study, which is an ongoing populationbased prospective cohort of pregnancy, childhood, adolescence and
adulthood (Newnham et al., 1993; Straker et al., 2017). Between 1989
and 1992, a total of 2730 pregnant women (Gen1) visiting King Edward
Memorial Hospital (KEMH) and nearby private clinics in Perth, Western
Australia were recruited between 16 and 20 weeks of pregnancy and had
2868 live-born. Complete data were available for 1747 mother-offspring
(Gen 1-Gen 2) and 1711 father-offspring pairs (Fig. 1). This study was
approved by the Human Research Ethics Committees (HREC) of the
University of Western Australia. Written informed consent was obtained
from each study participant at enrollment and at each subsequent
assessment after the details of the procedures had been fully described.
2.2. Exposure: prenatal tobacco exposure (Gen1)
At 18 and 34 weeks of gestation, pregnant mothers self-reported the
number of cigarettes they had smoked per day during the first and the
third trimesters of pregnancy respectively. We used this data to cate
gorize pregnant mothers as either non-smoker or smoker. In order to
validate questionnaire responses on cigarette-smoke exposure, cotinine
was measured in serum from 238 pregnant mothers who reported
cigarette smoking during the first three months of pregnancy (Sharma
et al., 2019). Cotinine is a predominant metabolite (biomarker) of
nicotine which accumulates in the body as a result of tobacco exposure
(Moran 2012). Epidemiological evidence from the validation study
(Stick et al., 1996) revealed strong agreement between maternal
self-reported prenatal tobacco exposure and measured serum cotinine
concentration. To further explore dose-related effects of prenatal to
bacco exposure, ‘light/moderate exposure’ was defined as prenatal to
bacco exposure of 1–9 cigarettes per day whereas ‘heavy exposure’ was
defined as ≥ 10 cigarettes per day during pregnancy (Gaysina et al.,
2013). To further estimate risks in terms of gestational age at exposure,
we have produced the following categories; ‘no exposure throughout
pregnancy’, ‘first trimester (Trim-1) exposure’, ‘third trimester (Trim-3)
exposure’ and, ‘both first and third trimesters (Trim-1 and 3) exposures’.
At 18 weeks of pregnancy, pregnant mothers also reported that the
average number of cigarettes their partners (fathers of the study ado
lescents) had smoked per day during their pregnancy. These data have
been used to categorize partners of pregnant mothers as either
non-smoker or smoker. Paternal prenatal tobacco exposure was used as a
proxy for environmental tobacco smoke exposure.

2.5. Statistical analysis
To account for over dispersion, negative binomial regression was
used to estimate unadjusted and adjusted rate ratios (RR) and 95 %
confidence interval (CI) for the associations between prenatal tobacco
exposure and risk of CD symptoms in offspring with STATA 16.0 (Sta
taCorp 2019). To facilitate comparison with previous studies and to
better investigate the role of potential confounders, risk factors were
sequentially added as adjustment variables in separate models. First, we
included maternal and paternal prenatal tobacco exposure individually.
Next, we mutually-adjusted these two models of maternal and paternal
prenatal tobacco exposure for one another. We then estimated the dif
ference in estimates after fitting the models with all variables. Model 1
was adjusted by maternal and paternal education, maternal age during
pregnancy,
race
(ethnicity),
family
income,
parity,
hypertension/pre-eclampsia (yes/no), maternal alcohol use during the
first and third trimesters of pregnancy and sex of child. Then, we added
birthweight and preterm birth (mediators) to Model 1 (Model 2). Evi
dence suggests that offspring of parents with mental health and sub
stance use problems are at increased risk for a conduct disorder
symptoms. To further explore this, we separately added history of
maternal mental health problems during pregnancy, maternal depres
sive and anxiety symptoms and paternal history of emotional problems
(anxiety and depression) at 14 years follow-up to Model 1(Model 3).
Model 4 was fully adjusted for all covariates. We repeated analysis
excluding first trimester prenatal tobacco exposure from the models and
adding third trimester prenatal tobacco exposure to estimate risks in
terms of gestational age. We conducted a sensitivity analysis to calculate
the E-values to test the potential effect of unmeasured confounding
(Haneuse et al., 2019). The E-value is the minimum strength of associ
ation on the risk-ratio estimate the extent of an unmeasured confounder
possibly will require to have with both the exposure and outcome to
fully explain away or nullify the reported associations based on
measured confounders (VanderWeele and Ding 2017; Linden et al.,

2.3. Outcome: conduct disorder symptoms (Gen2)
Conduct Disorder symptoms at age of 14 years were measured using
the Diagnostic Statistical Manual of Mental Disorders (DSM) oriented
scales of the Child Behavioural Checklist (CBCL) (Achenbach et al.,
2003). It has been reported that the DSM-oriented CBCL scales would
provide significantly better agreement with clinical DSM diagnoses than
the syndrome scales (Achenbach et al., 2003). Furthermore, a previous
epidemiological study that tested the diagnostic accuracy of DSM ori
ented CBCL scales in diagnosing conduct disorder found that such scales
3
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2020). As a sensitivity analysis, missing data was imputed with multiple
imputation by chained equations using the “mice” STATA command
(Royston 2005; Sterne et al., 2009) and produced 50 imputed datasets.

Table 1
Characteristics of mothers and children included in the analysis (at
baseline).
Variables included in the model

3. Results

Ethnicity (race)

3.1. Characteristics of study participants

Mothers’ Education level at
conception

The mean age (±SD) of the pregnant women (mothers) during
conception was 28.07 (± = 5.92). The prevalence of maternal smoking
during the first and third trimesters of pregnancy was 27.0 % and 25.3 %
respectively. Paternal tobacco smoking during partners’ pregnancy was
reported by 47.0 % of fathers. Of total pregnant mothers, 48.0 % were
nulliparous, 64.5 were married, 6.2 % were consuming six or more
standard drinks of alcohol per week within the first three months of
pregnancy and 41.2 % reported an average annual family income of
≤24,000 A$ (Table 1). Of the total offspring, 50.7 % were females, 7.7 %
were born pre-term (<37 weeks) and 8.8 % were of low birthweight
(<2.5 K.G). At 14 years of follow-up, 10.4 % of mothers reported
depressive symptoms whereas 2.1 % of fathers reported emotional
problems.

Fathers’ Education level at
conception

Mothers’ age at conception

3.2. Association between prenatal tobacco exposure and CD symptoms in
offspring

Parity

We found the increased rates of CD symptoms in the univariate
analysis among offspring born to mothers smoking tobacco during the
first trimester [RR 1.84 (95 % CI: 1.52–2.22)], third trimester [RR 1.67
(95 % CI: 1.35–2.03)] and during both trimesters of pregnancy [RR 1.79
(95 % CI: 1.45–2.21)]. Similarly, paternal smoking during partner’s
pregnancy was associated with an increased risk of CD symptoms in
offspring at the age of 14 years [RR 1.56 (95 % CI: 1.34–1.87)] (Table 2).
These estimates were slightly attenuated when we mutually-adjusted for
maternal and paternal smoking during pregnancy but remained statis
tically significant for the first trimester [RR 1.65 (95 % CI: 1.35–2.01)],
third trimester [RR 1.47 (95 % CI: 1.18–1.82)] and both trimesters of
pregnancy [RR 1.58 (95 % CI: 1.26–1.98)] as well as paternal smoking
during partner’s pregnancy [RR 1.35(95 % CI: 1.12–1.64)]. Further
statistical adjustment of this model by maternal and paternal education,
maternal age during pregnancy, race, family income, parity, maternal
alcohol use during the first and third trimesters of pregnancy and sex of
child did not substantially change the estimates for first trimester [RR
1.51 (95 % CI: 1.23–1.85)], third trimester [RR 1.41 (95 % CI:
1.13–1.75)] and both trimesters of pregnancy exposure [RR 1.52 (95 %
CI: 1.21–1.91)] but we noted insufficient statistical evidence for an as
sociation between paternal smoking and CD symptoms in offspring [RR
1.18 (95 % CI: 0.87–1.40)](Model 1). In the fully adjusted model (Model
4), the estimates did not substantially change. Further, we observed the
increased rates of CD symptoms in offspring with increasing exposure to
maternal tobacco smoking in the first, third and during both trimesters
of pregnancy. For example, we found the increased rates (RR) of 1.41
(95 % CI: 1.04–1.89) and 2.00(95 % CI: 1.35–2.96) for offspring born to
mothers smoking < 9 cigarettes/day and ≥10 cigarettes/day respec
tively during both trimesters of pregnancy. Moreover, we repeated
analysis using the imputed dataset and results remained unchanged
(Supplementary file 1 for Table 2).

Family income at conception
Marital status

Previous history of maternal
mental illness
Hypertension/preeclampsia
Child’s sex
Preterm birth
Birthweight

Maternal prenatal alcohol
use (at first trimester)

Maternal prenatal alcohol
use (at third trimester)

Maternal prenatal tobacco
exposure (at first
trimester)
Maternal prenatal tobacco
exposure (at third
trimester)
Paternal prenatal tobacco
exposure at 1st and 3rd
trimester
Maternal depressive
symptoms at 14 years of
follow-up

3.3. Sensitivity analysis (E-values)
We also run a sensitivity analysis to produce the E-values to test the
potential effect of unmeasured confounding for fully adjusted model
(Model 4). It has been suggested that for rate-ratio (RR) measures of nonnegative continuous outcomes, the respective E-values for point esti
mates and confidence interval can be obtained by replacing the risk ratio
with the rate ratio in the E-value formula (VanderWeele and Ding 2017;
Linden et al., 2020). Based on this assumption, statistical evidence from

Caucasian
Non-Caucasian
Schooling Up to 12
years
Trade certificate/
apprenticeship
Professional
registration/College
Diploma
University degree
Schooling Up to 12
years
Trade certificate/
apprenticeship
Professional
registration/College
Diploma
University degree
<20 years
20–24.99 years
25–29.99 years
30–34.99 years
≥35 years
Nulliparous
Multiparous
≤24,000 AUD
>24,000 AUD
Married
Single
Defacto
Separate/divorce/
widow
Yes
No
Yes
No
Male
Female
Yes
No
Low birth weight
(<2.5 K.G)
Normal birthweight
(2.5–3.99 K.G)
High birthweight
(≥4.0 K.G)
Non-use
1-2 standard drinks/
week
3-5 standard drinks/
week
≥6 standard drinks/
week
Non-use
1-2 standard drinks/
week
3-5 standard drinks/
week
≥6 standard drinks/
week
Non-smoker
1-9 cigarettes/day
≥10 cigarettes/day
Non-smoker
1-9 cigarettes/day
≥10 cigarettes/day
Non-smoker
1-9 cigarettes/day
≥10 cigarettes/day
Depressed
Non-depressed

Frequency
(n)

Percent
(%)

2473
331
1683

88.3
11.7
60.0

246

8.8

448

16.0

427
767

15.2
33.6

667

29.3

355

15.6

491
284
618
863
733
370
1342
1462
1155
1649
1808
366
529
101

21.5
9.9
21.6
30.1
25.6
12.9
47.9
52.1
41.2
58.8
64.5
13.1
18.9
3.6

66
2738
720
2078
1454
1414
217
2586
252

2.4
97.7
25.7
74.3
50.7
49.3
7.7
92.3
8.8

2350

82.2

256

8.9

1525
870

54.4
31.0

235

8.4

174

6.2

1622
583

67.1
24.1

129

5.3

82

3.4

2048
436
320
1905
325
319
1450
417
870
186
1597

73.0
15.6
11.4
74.7
12.8
12.5
52.9
15.2
31.8
10.4
89.6

(continued on next page)
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reduce CD symptoms in offspring. There is already strong evidence for a
range of adverse outcomes from exposure to prenatal tobacco smoke in
utero (Office on Smoking and Health (US), 2006; Duko et al., 2020) and
during childhood. The association with adolescent CD provides further
impetus for targeting cessation and support programs during the child
bearing years.
The finding of this study was consistent with the results from pro
spective longitudinal studies that have reported an increased risk of CD
symptoms in offspring born to mothers who smoked tobacco during
pregnancy (Maughan et al., 2004; Brion et al., 2010; Palmer et al., 2016;
Ruisch et al., 2018). A study using data from the Brazilian Pelotas and
the ALSPAC study from the UK found that maternal tobacco smoking
during pregnancy was associated with a 1.82-fold and a 1.24-fold
increased odds of externalizing/CD symptoms in offspring respectively
after controlling for potential confounders including parental psycho
pathology (Brion et al., 2010). Consistent with our finding, that study
also presented insufficient evidence for an association between paternal
smoking during partner’s pregnancy and offspring CD symptoms in both
cohorts. This was also corroborated by evidence from a recent system
atic review and meta-analysis that found a similar result (AOR = 2.06
(95 % CI: 1.67–2.54)) (Ruisch et al., 2018). It is also worth noting that
other studies did not produce similar findings (Silberg et al., 2003;
Maughan et al., 2004; D’Onofrio et al., 2008; Agrawal et al., 2010). A
study from the US reported insufficient evidence for an increased risk of
CD symptoms in offspring exposed to maternal smoking during preg
nancy (Agrawal et al., 2010). However, that study assessed maternal
tobacco smoking using a retrospective method, which could have
introduced exposure misclassification due to recall bias, thereby
contributing to less precise estimates.
Several putative mechanisms have been suggested to elucidate the
link between prenatal tobacco exposure and CD symptoms in offspring.
One suggested mechanism involves the neurotoxic effects of the chem
ical compounds found in tobacco smoke (Slikker et al., 2005). These

Table 1 (continued )
Variables included in the model
Maternal anxiety symptoms
at 14 years of follow-up
Paternal emotional
problems at 14 years of
follow-up

Anxiety symptoms
Non-anxiety symptoms
Emotional problems
No emotional problems

Frequency
(n)

Percent
(%)

124
1659
38
1761

6.9
93.1
2.1
97.9

our E-values suggested that the risk ratio (rate ratio) of the relationship
between an unmeasured confounder and (i) maternal tobacco smoking
during pregnancy (both trimesters) and CD symptoms in offspring would
need to be at least 3.50 for each association to explain away or nullify
the associations we found in this study (Table 3).
4. Discussion
This study prospectively tested the association between prenatal
tobacco exposure and the risk of CD symptoms in offspring at the age of
14 years. We found that offspring exposed to maternal tobacco smoking
during the first trimester, third trimester and both trimesters of preg
nancy were at increased risk for CD symptoms when compared to nonexposed, with higher rates of CD symptoms observed with increasing
levels of exposure, suggestive of a dose-response relationship. This
interpretation was strengthened by the greater RR for those smoking
more than 10 cigarettes per day compared to those smoking fewer cig
arettes. Moreover, these estimates were robust to control for potential
confounders. Paternal tobacco smoking during partner’s pregnancy had
no notable effect on CD symptoms in offspring, suggesting that maternal
tobacco smoking during pregnancy may have in utero effects on offspring
CD symptoms.
If the findings of this study are confirmed, it is possible that early
screening and prevention of maternal prenatal tobacco smoking could

Table 2
Association between prenatal tobacco exposure and conduct disorder symptoms in offspring at the age of 14 years.
Prenatal tobacco exposure

Rate Ratios (95%CI)
Unadjusted

Maternal smoking at first trimester

Non-smoker
Smoker (any)

≥10 Cigs/
day
Smoker (any)

Reference
1.84
(1.52–2.22)
1.74
(1.38–2.20)
1.97
(1.50–2.60)
1.67
(1.35–2.03)
1.40
(1.07–1.83)
1.94
(1.48–2.56)
1.79(1.45–2.21)

1-9 Cigs/day

1.66(1.26–2.20)

≥10 Cigs/
day
Smoker (any)

2.22(1.50–3.30)

1-9 Cigs/day

a

Maternal smoking at third trimester

≥10 Cigs/
day
Smoker (any)
1-9 Cigs/day

Maternal smoking at first and third
trimesters

Paternal smoking

1.56
(1.34–1.87)

Adjusted for
Each other

Model 1

Model 2

Model 3

Model 4

Reference
1.65
(1.35–2.01)
1.58
(1.24–2.00)
1.76
(1.33–2.33)
1.47
(1.18–1.82)
1.33
(1.04–1.70)
1.87
(1.29–2.71)
1.58
(1.26–1.98)
1.45
(1.08–1.94)
2.06
(1.38–3.08)
1.35
(1.12–1.64)

Reference
1.51
(1.23–1.85)
1.41
(1.10–1.80)
1.66
(1.25–2.21)
1.41
(1.13–1.75)
1.28
(1.01–1.64)
1.75
(1.22–2.53)
1.52
(1.21–1.91)
1.41
(1.04–1.89)
2.00
(1.35–2.96)
1.18
(0.87–1.40)

Reference
1.50
(1.21–1.84)
1.40
(1.09–1.78)
1.66
(1.25–2.20)
1.37
(1.10–1.71)
1.25
(1.01–1.60)
1.72
(1.20–2.48)
1.48
(1.18–1.87)
1.36
(1.01–1.84)
1.95
(1.32–2.90)
1.14
(0.84–1.39)

Reference
1.53
(1.25–1.88)
1.43
(1.12–1.83)
1.68
(1.27–2.23)
1.38
(1.12–1.73)
1.24
(1.00–1.59)
1.79
(1.25–2.57)
1.54
(1.22–1.93)
1.37
(1.01–1.86)
2.08
(1.40–3.07)
1.13
(0.86–1.38)

Reference
1.52
(1.24–1.87)
1.41
(1.10–1.81)
1.68
(1.26–2.22)
1.36
(1.09–1.69)
1.22
(1.01–1.56)
1.76
(1.22–2.53)
1.50
(1.19–1.90)
1.33
(1.03–1.87)
2.04
(1.38–3.01)
1.03
(0.82–1.37)

a

Analyses were run separately by trimester but demonstrated together for ease of presentation.
Key:Each other: paternal and maternal prenatal tobacco exposure.
Model 1: maternal age at conception, education, marital status, annual family income, parity, ethnicity (race), and maternal alcohol use during pregnancy (first and
third trimester), Hypertension/pre-eclampsia (yes/no) and sex of child.
Model 2: added preterm birth and low birthweight to model 1.
Model 3: Separately added history of maternal psychiatric disorder during conception, maternal depression, and anxiety at 13 years of follow-up and paternal history
of emotional problems (anxiety and depression) at 13 years of follow-up.
Model 4: Adjusted for all risk factors.
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but did not appear to affect the reported associations.
The current study has several strengths, including the prospective
measures of maternal tobacco smoking during first and third trimesters
of pregnancy; the use of prospective longitudinal study with a relatively
large sample size; validation of self-reported maternal tobacco smoking
status with biomarkers of tobacco smoking (e.g. cotinine); use of a
standardized and widely used measurement scale (DSM-oriented) to
measure offspring outcomes; comprehensive statistical adjustment for
potential maternal and paternal early life covariates; examination of the
mediating roles of preterm birth and low birthweight in the association
between exposure and outcome; comparison of maternal and paternal
tobacco smoking during pregnancy; additional analysis to identify risks
in terms of gestational age; and the calculation of E-values to explore the
potential effect of unmeasured confounding. However, the following
limitations should be kept in mind when interpreting the results of this
study. This study did not have data on second trimester maternal
smoking during pregnancy or prior history of parental arrests. We were
not able to control for parental mental health diagnosis and parental
externalizing behavioural problems, but we were able to adjust for
lifetime history of maternal mental health problems that was assessed
during pregnancy, maternal depressive and anxiety symptoms as well as
paternal emotional problems at 14 years follow-up as proxies for
offspring predisposition to behavioural disorders.
Finally, the associations that we have reported may not necessarily
reflect maternal tobacco smoking during pregnancy. Future studies
could consider pre-conception exposure, and genetic predisposition to
smoking using Mendellian Randomization. The pertinent remaining
question is whether CD symptoms in offspring can be minimized by
maternal smoking cessation during pregnancy, or avoidance of smoking
take-up. Taken together with the current body of knowledge on prenatal
tobacco smoking and CD symptoms, our findings provide support for
such a future study.

Table 3
Sensitivity analysis (E-values) for the association between maternal prenatal
tobacco exposure and the risk of CD symptoms in offspring for fully adjusted
Model.
Maternal Prenatal tobacco
exposure

Rate Ratio
(RRs) (95 %
CI)

E-value
For Point
Estimate

For
Confidence
Interval

Maternal prenatal
tobacco exposure
at first trimester

1.52
(1.24–1.87)
1.41
(1.10–1.81)
1.68
(1.26–2.22)
1.36
(1.09–1.69)
1.22
(1.01–1.56)
1.76
(1.22–2.53)
1.50
(1.19–1.90)
1.33
(1.03–1.87)
2.04
(1.38–3.01)

2.41

1.79

2.17

1.43

2.75

1.83

2.06

1.40

1.74

1.11

2.92

1.74

2.37

1.67

1.99

1.21

3.50

2.10

Maternal prenatal
tobacco exposure
at third trimester

Maternal prenatal
tobacco exposure
at both
trimesters

Smoker
(any)
1-9 Cigs/
day
≥10
Cigs/day
Smoker
(any)
1-9 Cigs/
day
≥10
Cigs/day
Smoker
(any)
1-9 Cigs/
day
≥10
Cigs/day

Note: Analyses were run separately by trimester but demonstrated together for
ease of presentation.

chemicals can easily cross the placenta (Pastrakuljic et al., 1998) and the
levels of these chemicals in amniotic fluid and fetal serum found to be
higher than corresponding maternal serum concentrations (Luck and
Nau 1984). This may results in activation of nicotinic acetylcholine re
ceptors (nAChRs) in the early periods of fetal brain development (Atluri
et al., 2001) and contribute to apoptosis and mitotic abnormalities
(Wickström 2007), which in turn may contribute to dysregulation in
neurodevelopment via disruption of the intensity or timing of neuro
trophic actions (Navarro et al., 1989) and thereby result in mental and
behavioural disorders in offspring (Ernst et al., 2001; Duko et al., 2021).
Prenatal exposure to tobacco smoke may be linked with epigenetic
modifications in offspring (Knopik et al., 2012; Richmond et al., 2015).
A study of 800 mother-offspring pairs in the ALSPAC found an associ
ation between maternal smoking during pregnancy and offspring DNA
methylation as well as a dose-dependent association with respect to
duration and intensity of smoking (Richmond et al., 2015). Similarly, a
recent finding from the Raine cohort showed that maternal tobacco
smoking during pregnancy prompted irreversible changes in DNA
methylation in offspring that was independent of paternal tobacco
smoking during pregnancy, adolescent tobacco smoking and maternal
postnatal tobacco smoking (Rauschert et al., 2019). DNA methylation in
offspring
may
result
in
dysregulation
of
the
hypothalamic-pituitary-adrenocortical axis (HPA) (Lee and Sawa 2014).
A preponderance of studies have reported that such alterations in HPA
axis regulation have been associated with behavioural disorders,
including CD in offspring (Ruttle et al., 2011; Platje et al., 2013; Fair
child et al., 2018).
Parental mental health problems are important contributors in the
development of CD symptoms in offspring. For example, a study of data
from 2674 adult female and male twins from the ‘Children of Twins’
(COT) in the US found an association between parental depression and
an increased risk of CD symptoms in children and adolescents (Silberg
et al., 2010). Further, a study that used data from the World Mental
Health Surveys included 51,507 participants from ten high income, six
upper-middle income and six low/lower-middle income countries also
produced similar results (McLaughlin et al., 2012). Similarly, we also
found that further adjustment for history of maternal mental health
problems during conception, maternal and paternal mental health
problems at 13 years of follow-up slightly attenuated observed estimates

5. Conclusion
Our findings suggest that offspring exposed to maternal tobacco
smoking during the first, third and both trimesters of pregnancy were
associated with increased rates of CD symptoms when compared to
unexposed offspring. However, we found insufficient statistical evidence
for an association between paternal smoking during pregnancy and CD
symptoms in offspring. Early screening and interventions assisting
pregnant mothers to quit tobacco smoking, or avoid smoking take-up,
have potential to contribute health benefits for both mothers and their
offspring.
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Chapter 6: Prenatal alcohol exposure and offspring subsequent alcohol use
This chapter included two papers that comprehensively tested the association between prenatal
alcohol exposure and offspring subsequent alcohol use during childhood, adolescence, and
young adulthood. The first paper systematically reviewed the literature on the association
between prenatal alcohol exposure and subsequent alcohol use in the offspring. Based on the
findings from that systematic review, the second paper included in this chapter has compared
the effects of pre-pregnancy and post-pregnancy maternal alcohol exposures on offspring
subsequent alcohol use with prenatal alcohol exposure using progressive models. These studies
addressed the following research objectives: to systematically review previous epidemiological
research on the associations between prenatal alcohol exposure and offspring subsequent
alcohol use; and to examine the associations between maternal prenatal alcohol exposure and
offspring subsequent alcohol use using population-based cohort study.
Paper 1: Duko B, Pereira G, Tait RJ, Newnham J, Bedaso A, Betts K, Alati R. Prenatal alcohol
exposure and offspring subsequent alcohol use: a systematic review. Drug and Alcohol
Dependence
Paper 2: Duko B, Pereira G, Betts K, Tait RJ, Newnham J, Alati R. Associations of prenatal
alcohol exposure and offspring harmful alcohol use: findings from the Raine Study. Drug and
Alcohol Dependence. 2020; 217:108305.
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6.1 Prenatal alcohol exposure and offspring subsequent alcohol use: a systematic review

Published manuscript and formal citation
Duko B, Pereira G, Tait RJ, Bedaso A, Betts K, Alati R. Prenatal alcohol exposure and
offspring subsequent alcohol use: a systematic review. Drug and Alcohol Dependence. 2022;
232:109324
Supplementary material associated with this article can be found, in the online version, at
https://doi.org/10.1016/j.drugalcdep.2022.109324.
Study purpose: Epidemiological studies examining the association between prenatal alcohol
exposure and offspring subsequent alcohol use have produced inconsistent results. Therefore,
summarizing the findings of those studies are imperative to avail epidemiological evidence
more accessible to decision makers. Moreover, the association between maternal prenatal
alcohol exposure and offspring subsequent alcohol use has not be systematically reviewed to
date. To fill this gap in literature, this systematic review was performed to examine the
association between prenatal alcohol exposure and offspring subsequent alcohol use. This is
the first comprehensive systematic review that has investigated the prospective association
between prenatal alcohol exposure and offspring subsequent alcohol use.
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Background: Prenatal alcohol exposure has been found to be associated with adverse physical and mental health
outcomes in postnatal life, but the evidence is equivocal as to whether such exposure increases the risk of
subsequent alcohol use in the offspring. We systematically reviewed the literature on the association between
prenatal alcohol exposure and subsequent alcohol use in the offspring.
Methods: Relevant primary studies were identified via systematic search of PubMed/Medline, SCOPUS, EMBASE
and Psych-INFO databases. Articles were also retrieved by reviewing reference lists of the identified studies.
Literature searches did not have language and date limits but were restricted to human studies. The revised
Newcastle-Ottawa Scale was used to evaluate the methodological quality of the studies included in this review.
The protocol of this study was prospectively registered in the PROSPERO.
Results: Twelve observational studies, published between 1998 and 2020, were included in the final review. Eight
studies (66.7%) reported an increased risk of alcohol use or increased level of alcohol drinking, two studies
(16.7%) reported an increased risk of alcohol use disorder and one study (8.3%) reported an increased odds of
alcohol sipping in offspring exposed to maternal prenatal alcohol use compared to non-exposed. However, one
study (8.3%) reported insufficient statistical evidence for an association between prenatal alcohol exposure and
offspring subsequent alcohol use. However, it should be noted that the large amount of variability across studies
included in this review may limit more conclusive inference.
Conclusion: The findings of this review suggest a positive link between prenatal alcohol exposure and offspring’s
subsequent alcohol use. However, further mechanistic studies that allow stronger causal inference are warranted
to further elucidate specific causal pathways.

1. Introduction

injury (Weil et al., 2018), unplanned and unwanted pregnancy (Connery
et al., 2014), different types of criminal behaviours (Felson and Staff,
2010), prevalent sexual transmitted infections such as HIV, hepatitis C
and others (Wilson et al., 2014; Scott-Sheldon et al., 2016), poor aca
demic achievement (El Ansari et al., 2013, Tembo et al., 2017), several
mental health problems (Kuria et al., 2012; Tembo et al., 2017) and even
suicidal ideation and attempt (Darvishi et al., 2020), making it an
alarming global public health concern. An early detection of the

Alcohol use disorder is one of the leading modifiable causes of global
disease burden and disability. Estimates from the Global Burden of
Disease (GBD) study suggested that 2.8 million deaths and 6.0% of the
total disability adjusted life years (DALYs) among men and 1.6% among
women were attributable to alcohol use disorder (Griswold et al., 2018).
Alcohol use disorder has been consistently linked to physical trauma and
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modifiable determinants of alcohol use disorder is therefore paramount
to guide prevention and intervention efforts and better address this
public health problem.
The precise causes of alcohol use disorder remain unclear. Epide
miological evidence from genetic sensitive examinations found an
approximately three-to four-fold increased risk of alcohol use disorder in
offspring of those with alcohol use disorder (Edenberg and Foroud,
2013). Similarly, a meta-analysis that synthesized the results of twelve
twin and five adoption studies found that the heritability of alcohol use
disorder was as high as 50%, suggesting the remaining proportion may
be accounted by early-life environmental and developmental factors
such as the prenatal environment (Verhulst et al., 2015). Maternal
prenatal alcohol exposure is one such modifiable risk factor with an
estimated prevalence of 9.8% globally, with the highest reported prev
alence in Ireland, UK, Denmark, Belarus and Russia, which ranged from
60.4% to 36.5% (Popova et al., 2017).
Evidence from several longitudinal studies suggest that offspring
exposed to prenatal alcohol use may have increased risk of harmful
alcohol use (Duko et al., 2020), alcohol use disorder (Alati et al., 2006;
O’Brien and Hill, 2014), alcohol use problems (Baer et al., 2003),
persistence of alcohol drinking (Cornelius et al., 2016), alcohol use
(Pfinder et al., 2014), increased levels of alcohol drinking (Goldschmidt
et al., 2019) and alcohol sipping (Lees et al., 2020) in offspring
compared to non-exposed. Nonetheless, additional studies presented
inconsistent results (Goldschmidt et al., 2019; Zaso et al., 2021). A study
of data from 608 mother-offspring pairs in the Maternal Health Practices
and Child Development (MHPCD) project found that young adults
exposed to prenatal alcohol use were more likely to report two or more
symptoms of alcohol use disorder at 22 years of age, but not alcohol use
disorder (Goldschmidt et al., 2019). Further, a study based on the Avon
Longitudinal Study of Parents and Children (ALSPAC) found insufficient
evidence for association between prenatal alcohol exposure and
offspring alcohol initiation after adjusting for parental demographic
covariates and confounders (Zaso et al., 2021).
Heterogeneity across studies in the ascertainment of prenatal alcohol
exposure, offspring subsequent alcohol use and the level of control for
potential confounders and covariates may underpin these conflicting
results. To date, two theoretical and narrative reviews have been con
ducted to examine the effects of prenatal substance use on offspring
subsequent substance consumption (Spear and Molina, 2005; Dodge
et al., 2019). Of these reviews, the first review exclusively focuses on the
in vivo studies whereas the second review gives the general overview of
the effects of prenatal substance use on offspring subsequent substance
use (Dodge et al., 2019). To our knowledge, however, there is no
comprehensive systematic review on the subject. More specific,
comprehensive and up to date systematic reviews are warranted as such
reviews are based on the results of systematic literature searches,
whereby minimize selection bias (Jahan et al., 2016). We, therefore,
conducted this systematic review to examine the association between
prenatal alcohol exposure and offspring subsequent alcohol use.

2.2. Data sources and literature searches
Systematic searches in PubMed/Medline, SCOPUS, EMBASE and
Psych-INFO were conducted to identify relevant studies which examined
the association between prenatal alcohol exposure and offspring sub
sequent alcohol use. Literature searches did not have language and date
limits but were restricted to human studies. The search terms and key
words were: “(alcohol use OR alcohol drinking OR alcohol exposure OR
alcohol consumption OR substance use OR substance exposure) AND
(prenatal OR antenatal OR maternal OR pregnancy OR gestational OR in
utero) AND (offspring OR adolescents OR youths OR young OR child OR
childhood OR young adults) AND (alcohol use OR alcohol sipping OR
alcohol initiation OR alcohol dependence OR alcohol use disorder OR
level of drinking OR persistent drinking OR harmful alcohol use OR
alcohol use)”. Articles were also retrieved by reviewing reference lists of
the identified studies and other reviews.
2.3. Eligibility criteria
All relevant studies were included in this systematic review based on
the following inclusion criteria: 1) the exposure of interest was maternal
prenatal alcohol use, 2) the outcome of interest was offspring subse
quent alcohol use (including alcohol sipping, alcohol initiation, alcohol
use disorder, alcohol consumption or level of alcohol drinking), 3)
studies were conducted using case-control, cohort, case-cohort, nested
case control or cross-sectional designs. Non-peer reviewed articles, ed
itorials, case reports, commentaries, letters, and conference proceedings
were excluded from the review. Screening of study eligibility was con
ducted by two independent reviewers.
2.4. Data extraction
Two independent reviewers (BD and AB) extracted the first author
name, year of publication, country in which the study was conducted,
study characteristics such as study design, sample size, maternal alcohol
use quantification, offspring outcome and age of assessment, tools used
to ascertain outcomes in offspring, confounders and covariates included
in the fully adjusted model, point estimates such as odds ratio (OR) or
relative risk (RR) with 95% Confidence Intervals (CI) in accordance with
the PRISMA guidelines (Moher et al., 2015). Any sources of alcohol use
outcomes in offspring either self-report or maternal report or clinical
report was included in the review. Reviewer conflicts and issues raised
during data screening and extraction were resolved by discussion.
2.5. Study quality
The methodological quality of each study was checked using the
revised Newcastle-Ottawa Scale (NOS) (Wells et al., 2017). Additionally,
a modified version of the NOS was used to check the methodological
quality of cross-sectional studies included in this review (Modesti et al.,
2016). To minimize possible reviewer bias, two independent reviewers
conducted the methodological quality assessment. The NOS uses three
standard grading categories: high quality (scored 7–9), moderate quality
(scored 4–6), and low quality (scored 0–3). These scores were derived
from the cumulative sum of the following broad perspectives: selection
of the study groups (four items); comparability between the groups (one
item); ascertainment of outcome and exposure variables (three items).
With exception of comparability between the groups, a maximum of one
point could be given to all broad perspectives. Contrasting scores be
tween two reviewers were resolved by through discussion.

2. Methods
2.1. Study design
This systematic review followed the methodological framework
suggested by the Preferred Reporting Items for Systematic review and
Meta-Analysis guidelines (PRISMA) (Moher et al., 2015; Page et al.,
2021). The literature search strategy, relevant study selection, data
extraction and results were guided by a pre-defined study protocol,
which was prospectively registered in the PROSPERO with the regis
tration number-CRD42021279084 (https://www.crd.york.ac.uk/pro
spero/export_details_pdf.php).

2.6. Rationale for not conducting meta-analysis
There has been no universally accepted standard on the definition of
low, moderate, heavy or binge alcohol drinking during the prenatal
period, making comparison between the studies more complex. Further,
2
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studies included in this review differed vastly in the way they have
categorized or classified prenatal alcohol exposure. Moreover, there
were also substantial differences between studies in defining Standard
Drinks which varied from 8 to 20 g of pure alcohol according to their
respective country’s alcohol use guidelines. The decision not to under
take a meta-analysis was based on the extent of such heterogeneity be
tween studies.
2.7. Data synthesis
As we have noted in the aforementioned section, we conducted a
narrative data synthesis as the studies included in this review differed
vastly in the way they have categorized or classified prenatal alcohol
exposure and offspring outcomes. The data synthesis was guided by the
methods described on the Conduct of Narrative Synthesis in Systematic
Reviews (Popay et al., 2006). For the studies that reported multiple
estimates, the estimate (RR/OR/COR and 95%CI) with the most exten
sive adjustment were used to check the direction of association between
the exposure and outcome. In the studies that did not report effect es
timates, we have used p-values of respective studies to declare statistical
significance (p-value < 0.05) for an association. For studies that re
ported risk estimates in terms of gestational week (categorised as
trimester 1, trimester 2 and trimester 3) but not for whole pregnancy
period, the estimates for the first trimester (trimester 1) prenatal alcohol
exposure were considered for this review as mounting body of evidence
suggests that some developmental periods (e.g. first trimester) are
particularly responsive to the teratogenic effects of prenatal alcohol
exposure (Wallén et al., 2021).
Fig. 1. PRISMA flowchart of review search.

3. Results

sample size of the studies included in this review ranged between 209
and 10,119 study participants (Table 1).

3.1. Study selection
Our initial literature search retrieved a total of 3732 records. After
removing duplicates, 2837 records were retained for titles and abstracts
screening. A total of 2796 articles were excluded at titles and abstracts
screening stage as they did not appear to be related to the topic. We
conducted final review on 12 studies after excluding 29 full-text articles
due to the following reasons: 25 studies did not report alcohol use as an
outcome in the offspring; three studies were duplicates; and one was a
review study (Fig. 1).

3.3. Prenatal alcohol exposure
All of the studies included in this review used a categorical measure
to ascertain prenatal alcohol exposure. Of these, three studies used a
binary exposure (yes/no) to ascertain maternal prenatal alcohol expo
sure (O’Brien and Hill, 2014; Pfinder et al., 2014; Lynch et al., 2017).
The remaining nine studies used varying level of categorizations to
define low/moderate and high/binge maternal alcohol exposure during
the prenatal period, which limited the ability to undertake a
meta-analysis. Of twelve studies, three studies reported risk estimates
for the first and third trimesters of pregnancy (Goldschmidt et al., 2019;
Duko et al., 2020; Zaso et al., 2021), two studies reported for early
(before six months) and late pregnancy exposures (Alati et al., 2006;
Alati et al., 2008), two studies reported for mid-pregnancy exposure
(Baer et al., 1998; Baer et al., 2003), one study reported for first and
second trimesters of pregnancy exposures (Cornelius et al., 2016), one
study reported for early pregnancy and whole pregnancy exposures
(Lees et al., 2020) and three studies reported for whole pregnancy pre
natal alcohol exposure (O’Brien and Hill, 2014; Pfinder et al., 2014;
Lynch et al., 2017) (Table 1).

3.2. Characteristics of included studies
The primary studies included in this systematic review were pub
lished between 1998 and 2020. Of studies included in the systematic
review; three studies were conducted in Australia (Alati et al., 2006;
Alati et al., 2008; Duko et al., 2020), seven in the US (Baer et al., 1998;
Baer et al., 2003; O’Brien and Hill, 2014; Cornelius et al., 2016; Lynch
et al., 2017; Goldschmidt et al., 2019; Lees et al., 2020), one in UK (Zaso
et al., 2021) and one in Germany (Pfinder et al., 2014). Two studies were
based on the Mater-University of Queensland Study of Pregnancy
(MUSP) cohort (Alati et al., 2006; Alati et al., 2008), two studies were
based on the Seattle Prospective Longitudinal Study on Alcohol and
Pregnancy (SPLP) (Baer et al., 1998; Baer et al., 2003) and another two
studies were based on the Maternal Health Practices and Child Devel
opment (MHPCD) project (Cornelius et al., 2016; Goldschmidt et al.,
2019) but measured varying offspring outcomes at different ages. One
study each was based on the Western Australian pregnancy birth cohort
(the Raine Study) (Duko et al., 2020), the Avon Longitudinal Study of
Parents and Children (ALSPAC) (Zaso et al., 2021), the Germany Health
Interview and Examination Survey for Children and Adolescent (the
KiGGS study) (Pfinder et al., 2014) and the Adolescent Brain Cognitive
Development Study (the ABCD study) (Lees et al., 2020). All studies
included in this review were from high-income countries. Ten studies
used cohort designs whereas two studies used cross-sectional data. The

3.4. Offspring subsequent alcohol use
Out of twelve studies, three used the fourth revised version of the
Diagnostic and Statistical Manual of Mental Disorders (DSM IV-TR)
(Alati et al., 2006; O’Brien and Hill, 2014; Goldschmidt et al., 2019),
one used the 25-items Alcohol Dependence Scale (Baer et al., 2003), one
study used Alcohol Use Disorders Identification Test (Zaso et al., 2021),
one study used both laboratory test results and self-reports of alcohol use
(Lynch et al., 2017) and, six used self-reported questionnaires designed
by the respective studies to ascertain subsequent alcohol use in
offspring. Studies included in this review examined subsequent alcohol
3
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Table 1
Summary of studies included in this systematic review.
First Author/
year

Country

Study design

Sample
size

Prenatal
alcohol use
defined as

Prenatal
alcohol use
assessed at

Outcome in
offspring (name
of outcome, age,
and
measurement
scale)

Covariates and
confounders
considered in the
final model

Adjusted odds
ratio (AOR)
/Relative risk
(RR)/ Rate
ratio (IRR) or
equivalent

Summary of
findings

Duko 2020

Australia

Prospective
cohort (the
Raine Study)

1200

Categorical:
non-drinkers,
< 4 standard
units/week,
> 4 standard
units/week

1st and 3rd
trimesters

Harmful alcohol
use at 17 years
of age in
offspring
ascertained by
self-reported
questionnaire

1.86 (1.16 −
2.96) for > 4
standard
units/week

Offspring
exposed to
maternal prenatal
alcohol use of
four or more
standard drinks of
alcohol in the first
and third
trimesters are at
increased risk of
harmful alcohol
use.

Lees 2020

US

Crosssectional (the
ABCD study

10,119

Early
pregnancy and
throughout
pregnancy

Preadolescent
alcohol sipping
at 9–10.9 years
ascertained by
self-reported
questionnaire

AOR: 1.7:
95% CI
(1.4–2.0),
p < 0.001 for
heavier-level
use during
pregnancy

This study
suggested that
prenatal alcohol
use could play an
important role in
alcohol sipping
among offspring
by ages 9–10
years.

Zaso 2020

UK

Prospective
cohort
(ALSPAC)

2640

Categorical:
Exposed: lowlevel alcohol
use during early
pregnancy
(~0 − 7 weeks),
Heavier-level
use during early
pregnancy
(~0 − 7 weeks)
Heavy drinking
(>4 U.K. units
in a drinking
day)

Maternal age at
conception,
education, marital
status, race, family
income, planned
pregnancy, low
birthweight,
preterm birth, sex
of child, maternal
and paternal
smoking during
pregnancy,
maternal
depressive, anxiety
and stress
symptoms at 13
years of follow-up,
offspring
aggressive
behaviours at 10
years and anxious/
depressed
behaviours at 16
years of follow-up,
maternal alcohol
and tobacco use at
16 years of followup.
Sex, age, race,
parental
education, marital
status, and income

At 18 weeks
and 32 weeks
of pregnancy

Adolescent
alcohol use at
age of 17 years
ascertained by
AUDIT

Adolescent: sex
and childhood
stressful
eventsMother:
social class,
depression history,
drinking during
childhood,
smoking and
marijuana
useMothers
partner: social
class, depression
history, drinking in
pregnancy,
smoking and
marijuana use

(IRR: 1.00,
95%CI
[0.93,1.08]
for prenatal
heavy
drinking
exposure

Goldschmidt
2019

US

Prospective
cohort (the
MHPCD)

608

Categorical:
Exposed: ADV
≥ 1, Nonexposed: ADV
<1

1st and 3rd
trimesters

Increased level
of alcohol
drinking in
offspring at 22
years
ascertained by
DSM IV

Race, gender,
employment,
family history of
alcohol problems
and stressful life
events

1.84
[1.17–2.88]
for ADV ≥ 1
alcohol
drinking
volume (ADV)

Adolescents who
were prenatally
exposed to heavy
drinking
appeared to be
less protected by
later alcohol
initiation than
those who were
not exposed in
utero. Prenatal
heavy drinking
exposure
moderated
associations of
the age of alcohol
initiation with
alcohol quantity
and heavy
drinking
frequency but not
adolescent
alcohol frequency
or AUDIT score.
Maternal prenatal
alcohol use of ≥ 1
drinks/day in the
first trimester was
associated with
increased levels
of alcohol

(continued on next page)

4

89

B. Duko et al.

Drug and Alcohol Dependence 232 (2022) 109324

Table 1 (continued )
First Author/
year

Country

Study design

Sample
size

Lynch 2017

US

Prospective
cohort

182

Cornelius
2016

US

Prospective
cohort study
(the MHPCD)

917

O’Brien 2014

US

Retrospective
cohort study

209

Pfinder 2013

Germany

Cross sectional
study (the
KiGGS study)

Alati 2008

Australia

Alati 2006

Australia

Prenatal
alcohol use
defined as

Prenatal
alcohol use
assessed at

Outcome in
offspring (name
of outcome, age,
and
measurement
scale)

Covariates and
confounders
considered in the
final model

Adjusted odds
ratio (AOR)
/Relative risk
(RR)/ Rate
ratio (IRR) or
equivalent

Prenatal
alcohol
exposure (who
drank at least
one ounce of
absolute
alcohol per
week or no
prenatal
alcohol
exposure
Categorical:
Exposed: > 1
alcoholic
drinks/week,
Non-exposed:
< 1 drinks/
week
Prenatal
alcohol
exposure or no
prenatal
alcohol
exposure

Whole
pregnancy

Alcohol use in
offspring
ascertained by
both laboratory
test results and
self-reports of
alcohol use

Adult’s report of
negative life stress,
adult educational
level achieved,
gender and other
prenatal exposures
(tobacco,
marijuana, and
cocaine)

Effect size not
reported

First and
second
trimesters

Adolescent
alcohol use at 16
years of age
ascertained by
self-reported
questionnaire

Cumulative
odds ratio:
1.70,
P < 0.010

Whole
pregnancy

Alcohol use
disorders in
offspring
ascertained by
DSM IV

5922

Prenatal
alcohol
exposure or no
prenatal
alcohol
exposure

Whole
pregnancy

Adolescent
alcohol intake
between 11 and
17 years
ascertained by
self-reported
questionnaire

Race, maternal
age, parental
strictness,
childhood
maltreatment
exposure, exposure
to violence
Socio-economic
status, gender,
prenatal cigarette
exposure, and
prenatal exposure
to other drugs
(cigarette
(nicotine),
marijuana)
Gender, age,
ethnicity, socioeconomic status,
quality of life
within the family,
parental smoking,
school failure,
friends who smoke
and maternal
smoking during
pregnancy

Prospective
cohort study
(MUSP)

5115

Categorical:
> 3 glasses
during
pregnancy

Maternal
alcohol use in
early
pregnancy
(since become
pregnant) and
Maternal
alcohol use in
late pregnancy
(in the last 3
month)

Child’s Alcohol
use at 14 years
of age
ascertained by
self-reported
questionnaire

Child’s behaviour
at age 5, drinking
before pregnancy
and at age 5.

2.74
(1.70–4.22)
for > 3
glasses/
occasion
(early
pregnancy)

Prospective
cohort study
(MUSP)

2138

Categorical:
Exposed: > 3
glasses

Early
pregnancy
(before 6
months) and

Alcohol use
disorder at 21
years (early and
late onset) in

Sex, smoking over
time, birth weight,
gestational age,
maternal

2.95
(1.62–5.36)
for > 3
glasses/

Effect size not
reported

AOR: 2.18
(1.53, 3.10),
p < 0.001

Summary of
findings

drinking in
offspring.
Maternal prenatal
alcohol use of ≥ 1
drinks/day in the
first and third
trimesters was
linked to two or
more symptoms
of Alcohol Use
Disorder.
Young adults
exposed to
prenatal alcohol
use but not
cognitively
affected, had
more alcohol use
problem.

Prenatal alcohol
exposure
predicted the
level of alcohol
drinking among
the adolescent
offspring.
Prenatal alcohol
exposure was
significantly
associated with
offspring alcoholuse disorders.

The findings this
study suggested
that low to
moderate levels
of maternal
alcohol
consumption
during pregnancy
were a risk factor
for adolescent
alcohol intake,
with stronger
associations in
females.
Offspring born to
mothers who
consumed > 3
glasses of alcohol
during pregnancy
were at increased
risk of reporting
drinking of > 3
glasses when
compared with
those whose
mothers reported
no drinking or
drinking up to 2
glasses.
Prenatal alcohol
exposure (early
pregnancy) was
associated with

(continued on next page)
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Table 1 (continued )
First Author/
year

Country

Study design

Sample
size

Prenatal
alcohol use
defined as

Prenatal
alcohol use
assessed at

Outcome in
offspring (name
of outcome, age,
and
measurement
scale)

Covariates and
confounders
considered in the
final model

Adjusted odds
ratio (AOR)
/Relative risk
(RR)/ Rate
ratio (IRR) or
equivalent

Summary of
findings

late pregnancy
(after 6
months)

offspring
ascertained by
DSM IV

occasion
(early
pregnancy)

the risk of
developing earlyonset and late
onset alcohol use
disorders at age
21 years.

Alcohol use
problems at 21
years in
offspring
ascertained by
25 item-Alcohol
Dependence
Scale
Adolescent
alcohol use at
14–16 years
ascertained by
self-reported
questionnaire

education, age,
and marital status
at the antenatal
visit, maternal
anxiety at the 5year follow-up and
maternal
depression and
child behaviour at
the 14-year followup
Family history
alcohol problems,
gender, nicotine
exposure, other
prenatal
exposures, and
postnatal parental
use of drugs.
Family history,
parity, prenatal
nicotine, age at the
exam, self-esteem,
parenting style
control, parenting
style effectiveness

Effect size not
reported.

Prenatal alcohol
exposure was
related with
offspring alcohol
use problems at
the age of 21
years.

Effect size not
reported.

Prenatal alcohol
exposure was
identified as one
of risk factor for
adolescent’s
alcohol
involvement and
alcohol-related
problem.

Baer 2003

US

Prospective
cohort study
(SPLS)

419

Categorical:
> 5 drinks per
occasion

Mid pregnancy

Baer 1998

US

Prospective
cohort study
(SPLS)

439

Categorical:
> 5 drinks per
occasion

Mid pregnancy

Foot note:
ABCD: Adolescent Brain Cognitive Development Study
ADV: Alcohol Drinking Volume
DSM IV: Diagnostic and Statistical Manual of Mental Disorders, fourth edition
KiGGS: Germany Health Interview and Examination Survey for Children and Adolescent
MHPCD: Maternal Health Practices and Child Development
MUSP: Mater-University of Queensland Study of Pregnancy
SPLS: Seattle Prospective Longitudinal Study on Alcohol and Pregnancy

use in offspring at age between 9 and 38 years. Mixed adverse outcome
measure was reported in the included studies. Most notably, offspring
alcohol use adverse outcome were reported as alcohol use disorder in
two studies (Alati et al., 2006; O’Brien and Hill, 2014), harmful alcohol
use (Duko et al., 2020), alcohol use problems (Baer et al., 2003; Lynch
et al., 2017), persistence of alcohol drinking (Cornelius et al., 2016),
alcohol use (Pfinder et al., 2014), increased levels of alcohol drinking
(Goldschmidt et al., 2019), alcohol sipping (Lees et al., 2020) and
alcohol use initiation (Zaso et al., 2021) in offspring exposed to prenatal
alcohol use (Table 1).

included in the current systematic review. Of these, eleven studies
(91.7%) reported an increased risk of alcohol use disorder or increased
level of alcohol drinking or alcohol sipping in offspring exposed to
prenatal alcohol use. More specifically, two studies reported an
increased risk of alcohol use disorder, eight studies reported an
increased risk of harmful alcohol use or increased level of alcohol
drinking or early alcohol initiation, and one study reported an increased
odds of alcohol sipping, with outcomes assessed between age 9 and 38
years in offspring exposed to prenatal alcohol use. However, one study
(8.3%) found insufficient statistical evidence for an association between
prenatal alcohol exposure and offspring subsequent alcohol early initi
ation. However, it should be noted that the large amount of variability
across studies included in this review may limit more conclusive
inference.
In the Raine Study, prenatal alcohol exposure increased the risk of
harmful alcohol use in 17 years old adolescents. After adjusting for
several confounders and covariates, offspring exposed to four or more
standard drinks of alcohol per week during the first and third trimesters
of pregnancy had a 1.86-fold increased risk of consuming alcohol at
harmful levels (Duko et al., 2020). In the MHPCD cohort, prenatal
alcohol exposure to one or more drinks of alcohol per day predicted
persistent alcohol drinking in offspring at 16 years of age (Cornelius
et al., 2016). In that study, the observed association was not mediated by
offspring childhood externalizing problems. An additional study from
the same cohort also observed similar findings such that prenatal alcohol
exposure during the first and third trimesters has been associated with
two or more symptoms of alcohol use disorders in offspring at the age of

3.5. Quality assessment of included studies
The methodological quality of the included studies was checked by
the revised version Newcastle-Ottawa scale. The NOS parameters such
as selection process including the identification of the exposure, the
comparability of the cohorts and ascertainment of outcomes were used
to give points to each study. Based on the NOS scoring guide, a study
considered to be followed high methodological quality when it got a
total score of > 7 of 9. Subsequently, all of the studies included in this
review were rated as high quality based on the averages provided by two
independent reviewers (Supplementary file 1 and 2).
3.6. Summary of results
A total of twelve primary studies examining the association between
prenatal alcohol exposure and offspring subsequent alcohol use were
6
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22 years (Goldschmidt et al., 2019). In the MUSP cohort, prenatal
alcohol consumption of three or more glasses a few times per month
during early periods of pregnancy was associated with approximately a
3-fold increased risk of early and late-onset alcohol use disorders in
offspring at 13–17 and 18–21 years of age, respectively (Alati et al.,
2006). In another study from the same cohort that adjusted for pre-and
post-pregnancy alcohol exposures, offspring born to mothers who re
ported alcohol consumption of three or more glasses during the prenatal
period were 2.7 times more likely to report consumption of three or
more alcoholic drinks at the age of 14 years (Alati et al., 2008). In the
SPLP, maternal alcohol consumption of five or more standard drinks
during mid-pregnancy has been associated with a composite measure of
alcohol-related problems in offspring at age 14 years after controlling for
family history of alcohol problems, parental postnatal alcohol use and
other environmental potential confounders (Baer et al., 1998). An
additional epidemiological study from the same cohort, prenatal alcohol
exposure of five or more drinks during mid pregnancy predicted
offspring alcohol drinking problems at the age of 21 years after adjusting
for available covariates and confounders (Baer et al., 2003). In that
study, the amount and frequency of alcohol drinking in young adults
were not linked to maternal alcohol exposure during pregnancy. In the
ABCD study, offspring exposed to any maternal alcohol use during early
pregnancy were 1.7 times more likely to report alcohol sipping by ages
9–10 years (Lees et al., 2020). Similarly, in the KiGGS study, the odds of
drinking alcohol in children and adolescents exposed to prenatal alcohol
use increased approximately by 2-fold at ages between 11 and 17 years
when compared to unexposed (Pfinder et al., 2014). In the prospective
longitudinal study by O’Brien and Hill, prenatal alcohol exposure pre
dicted alcohol use disorders in offspring at the mean age of 22.5 (+ 6.5)
years (O’Brien and Hill, 2014). Similarly, an additional study from the
US observed that young adults born to mothers who reported drinking at
least one ounce of absolute alcohol per week during pregnancy had more
alcohol use problems when compared to unexposed (Lynch et al., 2017).
Nonetheless, a study of data from 2640 mothers-adolescents pairs in the
ALSPAC observed that prenatal alcohol use of four or more units on
more than 3–4 days during 18 or 32 weeks of pregnancy was not linked
with offspring early alcohol initiation at 17 years of age after adjusting
for several confounders including parental socio-demographic and
mental health confounders (Zaso et al., 2021).

least into young adulthood (Carmichael Olson et al., 2001). This is also
complimented by evidence from in vivo studies that suggest gestational
exposure to ethanol could increase the propensity of offspring to
consume more ethanol later in life (Spear and Molina, 2005). Similarly,
an interventional study that administered 2.0 g/kg/day of ethanol
(alcohol) to pregnant rats during gestational days 17–20 observed a
two-fold increase in alcohol intake in those adolescent offspring that had
been exposed to ethanol during gestation (Fabio et al., 2013). Additional
epidemiological studies also observed similar results (Brancato et al.,
2016; Brancato et al., 2018). In human studies such experimentation
would not be ethical, so additional mechanistic studies are required to
provide some clues on how alcohol exposure during prenatal period may
impact subsequent alcohol use in the offspring. Mendelian randomiza
tion and negative control analysis feature prominently among such
alternative studies, which can allow stronger causal inference. Mende
lian randomization (MR) utilizes genetic variation as a natural experi
ment to examine the causal association between modifiable risk factors
and adverse health outcomes in longitudinal data (Davies et al., 2018).
Nonetheless, epidemiological evidence suggests that MR is not generally
suitable approach in examining the association between prenatal
alcohol exposure and behavioural outcomes in offspring as genetic
variants currently identified for alcohol use suffered from weak instru
ment bias (Easey et al., 2019). Negative control analysis is an alternative
approach that can be used as evidence to support inference as to whether
a causal effect of the exposure on the outcome is present (Lipsitch et al.,
2010; Sanderson et al., 2018; Easey et al., 2019). When examining the
association between maternal prenatal alcohol exposure and offspring
behavioural outcomes, maternal pre-and post-pregnancy alcohol expo
sures (Eilertsen et al., 2017; Duko et al., 2020) and paternal prenatal
alcohol exposure (Easey et al., 2019) can be used as a negative control as
such exposures are more likely to be affected by similar confounding,
suggesting if an association with offspring alcohol use is found, it will be
more likely due to maternal prenatal alcohol use.
An alternative explanation suggests that children and young adults
may consume alcohol by emulating the behaviour of their parents
(Haugland et al., 2021). A large study of 28,047 adults from the Nor
wegian Counties Public Health Survey reported that parental alcohol use
problems modestly increased the odds of consuming alcohol in offspring
(Haugland et al., 2021). To support this explanation, a meta-analysis
that synthesized the results of seven prospective longitudinal studies
also found that the odds of risky alcohol use increases approximately by
two-folds in adolescents whose parents facilitated alcohol use by
providing sips or tastes (Sharmin et al., 2017). Similarly, in this review
studies that included parental (at least maternal) alcohol drinking dur
ing childhood in their fully adjusted model, also observed a moderate
attenuation in the effect estimates, suggesting that postnatal environ
ments such as this may also explain some portion of the association
noted in this study.
Epidemiological studies also speculated that parental and offspring
mental health problems may predispose individuals to consume alcohol
(Weissman et al., 2006; Wu et al., 2006; Lamis et al., 2012). In a
population-based prospective study from the US, maternal depressive
symptoms measured before the onset of child adverse outcomes,
significantly predicted an earlier age of alcohol use onset in offspring
(Lamis et al., 2012). Similarly, in a longitudinal study of 1119 children
aged between 10 and 13 years from the Boricua Youth Study in the US,
early life depressive symptoms subsequently predicted an earlier onset
of alcohol use after controlling for a number of confounders including
parental psychopathology (Wu et al., 2006). In our review, some studies
that considered such factors in their statistical models also reported
slight attenuation in the risk estimates (Duko et al., 2020), suggesting
parental and child mental health conditions might have some role in the
observed associations.
Epidemiological evidence suggests that prenatal alcohol exposure
has been associated with offspring behavioural and mental health
problems (Easey et al., 2019; Duko et al., 2021). These behavioural and

4. Discussion
This systematic review was conducted to investigate the association
between maternal prenatal alcohol exposure and offspring subsequent
alcohol use, by appraising available literature on the topic and
describing their findings. The findings of this review suggest that pre
natal alcohol exposure was associated with an increased risk of offspring
subsequent alcohol use. These associations were observed for different
types of subsequent alcohol use by offspring. With exception of a study
by Zaso et al. (Zaso et al., 2021), the remaining of primary studies
included in this review showed the detrimental effect of prenatal alcohol
exposure on offspring subsequent alcohol use. There were also reports of
dose-response associations. Therefore, the findings of this study provide
further impetus for targeting interventions to stop drinking alcohol
during pregnancy with several guidelines suggesting that there is no
known safe amount and time during pregnancy to drink alcohol (Lim
et al., 2019).
The precise mechanisms underpinning the association between pre
natal alcohol exposure and offspring subsequent alcohol use remain
uncertain. However, several putative mechanisms have been extensively
replicated. One proposed mechanism explaining such association in
volves the teratogenic effect of ethanol that can readily cross both the
placenta and fetal blood brain barrier (Singh et al., 2007) whereby it
affects the morphology and function of the developing fetal brain (Lebel
et al., 2011). This in turn hinders development of the central nervous
system and results in a number of potential disabilities that persist at
7
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mental health problems in childhood and adolescence are believed to be
linked to substance use problems in young adulthood (Wu et al., 2006;
Crum et al., 2008), suggesting that the association between prenatal
alcohol exposure and offspring subsequent alcohol use is possibly
mediated by mental health and behavioural problems in offspring
(Dodge et al., 2019).
There are several caveats that should be considered when inter
preting and generalizing the findings of this review. First, the associa
tions observed in this review may not necessarily reflect the effects of
prenatal alcohol exposure as such associations are substantially
confounded by the maternal genome and behaviour. Most notably, there
are some maternal genes that have been linked to the metabolism of
alcohol during pregnancy have also been linked to adverse outcomes in
offspring (Jacobson et al., 2006; Zuccolo et al., 2013). The presence of
variants of alcohol dehydrogenase (ADH1B), linked with faster and
efficient alcohol clearance may give some protection against hazardous
effects of prenatal alcohol exposure (Zuccolo et al., 2013; Dodge et al.,
2014). This implies that women with varying alcohol-related genotypes
may have offspring with varying degrees of the disorder irrespective of
the amount of alcohol consumed. Second, all studies included in this
review are observational, such that their estimates may be affected by
unmeasured confounders. Although well-designed and balanced obser
vational studies could permit researchers to examine the effects of
exposure on outcome when randomisation is not feasible, residual
confounding remains a potential limitation for all studies. A practicable
approach to reporting results in the presence of unmeasured and resid
ual confounding is to either conduct a quantitative bias analysis (Lash
et al., 2014) or compute E-values, which examine the extent of un
measured confounding needed to explain away observed associations
(VanderWeele and Ding, 2017; Linden et al., 2020). None of studies
included in this review conducted a quantitative bias analysis or
computed E-values. Third, the studies included in this review used
varying definitions of low, moderate, heavy or binge prenatal alcohol
exposure, making comparisons between studies problematic. We
believe, to minimize such heterogeneity of prenatal alcohol definition,
future studies need to report alcohol consumption levels in grams per
week (g/week). Variability was also observed across the included
studies regarding the timepoint at which prenatal alcohol exposure
occurred (first, second or/and third trimester or all). Thus, it can be
difficult to conclude from the evidence of this review at which stage of
gestation maternal alcohol use has the greatest effect on offspring sub
sequent alcohol use. Fourth, measures of covariates and potential con
founders varied widely across the included studies. These would have
allowed us to compare and contrast the difference in estimates after
inclusion or removal of covariates and confounders. Fifth, in some
studies the length of the follow up period may have been too short to
observe valid alcohol use outcome in offspring and this may be
contributed to underreporting. In contrast, it is possible that an extended
period of follow-up into adulthood may have resulted in such a high rate
of alcohol consumption that analyses would have been of reduced
power.
In summary, we noted evidence of positive association between
prenatal alcohol exposure and offspring subsequent alcohol use. The
findings of this study help to address a gap in the literature by system
atically and comprehensively reviewing and describing the results of the
existing epidemiological studies on the effects of prenatal alcohol
exposure on offspring subsequent alcohol use aged 9–38 years. How
ever, it should be noted that the epidemiological studies included in this
review can suggest association between exposure and outcome but do
not necessarily show evidence of causality on their own. Therefore,
further studies that utilize sophisticated statistical approach are war
ranted to elucidate specific causal pathways.
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Study purpose: The association between prenatal alcohol exposure and offspring subsequent
alcohol use is highly correlated with some of the same risk factors commonly linked with
adolescent alcohol use. This makes it problematic to identify the effects of pre-pregnancy,
prenatal and post-natal maternal alcohol use on offspring subsequent alcohol use. Moreover,
whether risk factors for harmful alcohol use can be traced back to the prenatal period is still
unclear. As a result, the comparison of the effects of pre-pregnancy, prenatal and post-natal
maternal alcohol use on offspring subsequent alcohol use may give some evidence to clarify
the etiological basis for harmful alcohol use during adolescence. Therefore, the aim of this
study was to examine whether prenatal exposures to alcohol in early and late pregnancy are
independently associated with offspring harmful alcohol use at the age of 17 years using
maternal pre-pregnancy and post-natal alcohol use as a negative control for intrauterine
exposure.
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Background: Epidemiological evidence suggests offspring exposed to prenatal alcohol are at increased risk of
alcohol use disorders in adulthood. The evidence on the risk of developing harmful alcohol use in adolescence is
less clear.
Methods: We used data from the Raine Study, a multi-generational birth cohort study, to examine the association
between prenatal alcohol exposure and the risk of harmful alcohol use in offspring at the age of 17 years. Log
binomial regression was used to estimate the relative risks (RRs) of harmful alcohol use in offspring exposed to
maternal alcohol use in the first (early) and third (late) trimesters of pregnancy. Maternal pre-pregnancy alcohol
use was used as a negative control for intrauterine exposure for comparison.
Results: Complete data were available for 1200 mother-offspring pairs. After adjustment for potential con
founders, we found increased RRs of harmful alcohol use in offspring born to mothers who consumed four or
more standard drinks of alcohol per week during the first trimester [RR 1.45(95% CI: 1.08− 1.93)], third
trimester [RR 1.34 (95% CI: 1.04–1.72)] and during both trimesters of pregnancy [RR 1.86 (95% CI:
1.16− 2.96)]. Maternal pre-pregnancy alcohol use was not associated with an increased risk of harmful alcohol
use in offspring [RR 1.15 (95% CI: 0.89− 1.48)].
Conclusion: Observed associations for maternal prenatal alcohol exposure but not maternal pre-pregnancy
alcohol use suggests a biological mechanism for intrauterine alcohol exposure on the risk of harmful alcohol
use in the offspring.

1. Introduction
Harmful alcohol use is a major risk factor for a range of adverse
outcomes across the life course. Reports from the recent Global Burden
of Disease study suggested that harmful alcohol use contributes 5.1% to
the global burden of disease and contributes to approximately 1 in 10
deaths of people aged 15–49 years (Griswold et al., 2018). Harmful
alcohol use typically start in adolescence. For example, estimates from
the Australian Institute of Health and Welfare (Australian Institute of
Health and Welfare (AIHW, 2017) indicate that 9.1% of boys and 6.8%
of girls aged between 12 and 17 years consume alcohol that exceeds the
National Health and Medical Research Council (NHMRC) single occa
sion guidelines. Furthermore, harmful alcohol use during adolescence

can be related to physical health problems such as injury (Hadland et al.,
2017), unplanned pregnancy (Chapman and Wu, 2013), increased risk
of contracting infectious diseases such as HIV, hepatitis C or others
(Dembo et al., 2009), criminal involvement (Racz et al., 2015), mental
health problems (Saban and Flisher, 2010; Mangerud et al., 2014) and
suicide (Keyes et al., 2015). Therefore, rigorously identifying modifiable
risk factors linked to harmful alcohol use is critically important to guide
primary prevention and intervention strategies and alleviate hazardous
consequences later in life (Onrust et al., 2016; Stockings et al., 2016).
Whether risk factors for harmful alcohol use can be traced back to the
prenatal period is unclear. Prospective longitudinal studies examining
the associations between prenatal alcohol exposure and the risk of
harmful alcohol use in adolescents are scarce. Evidence from the
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of full strength beer (4.8% alc), 375 mL of mid strength beer (3.5% alc),
425 mL of low strength beer (2.7% alc), 100 mL of wine (red - 13% alc,
and white – 11.5% alc), 100 mL of champagne (12% alc), 330 mL of
spirits (40% alc) and 275 mL bottle of ready-to-drink beverage (5%
alcohol). There has been no universally accepted standard on the levels
of alcohol that represent safe use during pregnancy. Based on this
assumption and to further explore dose-response associations, we
defined prenatal alcohol exposure as non-use (category 1), < 3 standard
drinks of alcohol per week (category 2) and > 4 standard drinks of
alcohol per week (category 3) during the first and third trimesters of
pregnancy. To further elucidate and compare the timing of those ex
posures, we produced the following mutually exclusive categories; no
exposure throughout pregnancy, first trimester (Trim-1) exposure only,
third trimester (Trim-3) exposure only and, both first and third tri
mesters (Trim-1 and 3) exposures. Pregnant mothers also reported an
average of the total number of standard drinks of alcohol consumed per
week before becoming pregnant. We used the same category of prenatal
alcohol exposure to define maternal pre-pregnancy alcohol use for
comparison purposes. We used maternal pre-pregnancy alcohol use as a
negative control for intrauterine exposure, in that we assumed that
maternal pre-pregnancy alcohol use is likely to be influenced by similar
unmeasured risk factors of prenatal alcohol use but not expected to have
direct causal effect on offspring harmful alcohol use.

available studies suggests that offspring prenatally exposed to alcohol
may have increased risk of alcohol use disorders when compared to nonexposed offspring (Alati et al., 2006, 2008; O’Brien and Hill, 2014;
Goldschmidt et al., 2019). A prospective cohort study from Australia
reported that offspring of mothers who consumed three or more drinks
of alcohol per occasion during early pregnancy had approximately
three-fold higher risks of developing alcohol use disorders at the age of
21 years when compared to offspring who were exposed to lighter
consumption (Alati et al., 2006). Findings from the Maternal Health
Practices and Child Development (MHPCD) study in the US showed that
offspring exposed to prenatal alcohol were more likely to report
increased levels of alcohol use at the age of 22 years (Goldschmidt et al.,
2019). Similarly, the Seattle Prospective Longitudinal Study also re
ported a significant association between prenatal alcohol exposure and
offspring problematic alcohol use at the age of 21 years (Baer et al.,
2003).
Few studies have accounted for important risk factors such as low
socio-economic position (Barr et al., 2006), parental mental health
problems (Alati et al., 2006, 2008), maternal postnatal alcohol use (Alati
et al., 2008), preterm birth and offspring birthweight (Alati et al., 2006,
2008), and existing mental health problems in offspring (Alati et al.,
2006; Fergusson et al., 2007; Alati et al., 2008; Cornelius et al., 2016). In
addition, the majority of existing studies have focused on ascertainment
of alcohol use in young adults, with few studies on alcohol use in
adolescence when harmful behavioral patterns are initiated. Finally, a
paucity of studies has separated prenatal from postnatal exposure (Alati
et al., 2008) or presented results for maternal pre-pregnancy alcohol use.
Moreover, the majority of previous studies have focused exclusively
on prenatal exposure to alcohol in early pregnancy. Nonetheless, it has
been proposed that the timing of those exposures are very important to
identify risks in terms of gestational age at exposure (Kesmodel, 2001).
The aim of this study was to test whether prenatal exposures to alcohol
in early (the first trimester) and late (third trimester) (Generation 1) are
independently associated with offspring harmful alcohol use at the age
of 17 years (Generation 2) using maternal pre-pregnancy alcohol use as
a negative control for intrauterine exposure.

2.2.2. Ascertainment of outcome: Harmful alcohol use at the age of 17
years
Harmful alcohol use at 17 years of age (Generation 2) was assessed
by using a self-reported questionnaire designed to depict risky behaviors
in adolescents. Adolescents were asked, “Have you ever drunk six or
more alcoholic drinks at one time or drunk so much alcohol that you
vomited?” We grouped adolescents who responded “yes, more than
once” to above question as ‘harmful alcohol users’ whereas those re
ported “never” or “only once” were used as a reference control group.
This classification has been used in a previous study to categorize
“harmful” and “non-harmful alcohol use” in the same cohort (Moore
et al., 2014). We were also guided by the current NHMRC guidelines that
recommend “healthy men and women should drink no more than ten
standard drinks per week and no more than four standard drinks on any
one day”(NHMRC, 2020).

2. Methods
2.1. Study design and participants

2.2.3. Assessment of confounders
Confounders may explain an observed relationship between prenatal
alcohol exposure and offspring harmful alcohol use (Murray and Dug
gan, 2010). Potential early life covariates included maternal age at
conception (<20, 20–25, 25–29, 30–34, ≥35), maternal education
(schooling up to 12 years, trade certificate / apprenticeship, professional
registration/ college diploma and university degree), family income
during pregnancy (low income < $24,000 per annum (pa) and moderate
to high income >$24,000 pa), marital status (married, never married,
de-facto and widowed/divorced/separated), ethnicity (Caucasian and
non-Caucasian), planned pregnancy (yes/no) and paternal and maternal
smoking (yes/no) during pregnancy were measured at the baseline.
Childhood related factors such as child sex (male/female), preterm birth
(<37 weeks), birthweight (<2.5 kg and > 2.5 kg) were extracted from
birth registrations. Maternal depressive, anxiety and stress symptoms at
13 years follow-up were measured using a short form of ‘Depression
Anxiety Stress Scale (DASS)’. The subscales for depression, anxiety and
stress correspond to the diagnostic categories for mood disorders, panic
disorder and generalized anxiety disorder respectively (Brown et al.,
1997). This scale has excellent internal consistency for depression
(range = .91–.97), anxiety (range = .81–.92) and stress (range =
.88–.95) (Lovibond and Lovibond, 1995). In this study, mothers were
considered to be experiencing symptoms of depression, anxiety and
stress when recording a score of >10, > 8 and > 8 respectively (Lovi
bond and Lovibond, 1995). Harmful alcohol use in adolescents have
been associated with postnatal exposures to family members’ substance

Data were obtained from the Raine Study, a multigenerational pro
spective study based in Perth, Australia. A total of 2730 pregnant
mothers living in Western Australia and attending antenatal care be
tween 16–20 weeks of gestation at King Edward Memorial Hospital
(KEMH) and a nearby private clinic between 1989 and 1991 were
enrolled. These pregnancies resulted in 2868 live births between August
1989 and April 1992. Complete data were available for 1200 motheroffspring pairs. The Raine Study participants’ recruitment, enrolment,
data collection and measurement strategies have been published in
detail elsewhere (Newnham et al., 1993; Straker et al., 2017). Ethical
approval for this study was gained from the Human Research Ethics
Committees of the Princess Margaret Hospital for Children and King
Edward Memorial Hospital in Western Australia. All parents and
offspring gave written informed consent after the nature of the pro
cedures had been fully explained.
2.2. Measures
2.2.1. Ascertainment of exposure: Prenatal alcohol exposure
At 18 and 34 weeks of gestation, pregnant mothers (Generation 1)
reported an estimate of the total number of standard drinks of alcohol
consumed per week during the first three months of pregnancy (early)
and the total number of standard drinks they were currently drinking
(late) respectively. Based on the NHMRC guidelines of 2009 (NHMRC,
2009), one Australian standard drink is equal to approximately 285 mL
2
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use (Lee, Brook et al., 2016) and the existing mental health problems in
adolescents (Bandiera et al., 2016; Pedrelli et al., 2016; Lechner et al.,
2017). At 16 years of follow-up, postnatal maternal alcohol (non-use, <
3 standard drinks of alcohol per week and > 4 standard drinks of alcohol
per week) and tobacco use (yes/no) were assessed. The self-reported
existing mental health problems in adolescents included anxious/de
pressed and aggressive behavioral problems. These behaviors were
assessed using the Child Behavior Checklist (CBCL4-18). The CBCL is an
assessment tool which is aligned to the Diagnostic and Statistical Manual
of Mental Disorders, fourth edition, text revision (DSM IV) (Achenbach,
1999). This scale uses three-point Likert scale: not true, somewhat true
and very true. The raw scores were changed into summary scores for
classifying the behavioral and mental health problems of adolescents
(Tearne et al., 2015). This scale has been applied in various studies
across the world with good internal reliability, sensitivity of 83% and
specificity of 67 % for a diagnosis of mental illness in the clinical setting
(Zubrick et al., 1997; Tearne et al., 2015).

10% were born to mothers who consumed four or more standard drinks
of alcohol per week during the first three months of pregnancy (Table 1).
3.2. Association between prenatal alcohol exposure and the risk of
harmful alcohol use in offspring
We found the increased risks of harmful alcohol use in the unad
justed model among offspring born to mothers who consumed four or
more standard drinks of alcohol per week during the first trimester [RR
1.50 (95% CI: 1.21− 1.86)], third trimester [RR 1.41 (95% CI:
1.14− 1.74)] and during both trimesters of pregnancy [RR 1.84 (95% CI:
1.31− 2.60)]. We found insufficient statistical evidence for an increased
risk of harmful alcohol use in offspring born to mothers who consumed
three or less standard drinks of alcohol per week during the first and
third trimesters of pregnancy (Table 2). Maternal pre-pregnancy alcohol
consumption of four or more standard drinks per week was associated
with an increased risk of harmful alcohol use in the offspring at the age
of 17 years. The estimates were slightly attenuated when we adjusted for
Model 1. Similarly, further adjustment of Model 1 by maternal depres
sive, anxiety and stress symptoms at 13 years of follow-up, offspring
aggressive behaviors at 10 years and anxious/depressed behaviors at 16
years slightly attenuated the estimates for the first trimester and, third
trimester exposures but slightly strengthened for the first and third
(both) trimesters alcohol exposures and for maternal pre-pregnancy
alcohol use (Model 2). In the fully adjusted model (Model 4), the esti
mates did not substantially change except for a slight attenuation in the
exposure to both first and third trimesters [RR 1.86 (95% CI:
1.16− 2.96)]. In contrast, we observed a null association between
maternal pre-pregnancy alcohol use and risk of harmful alcohol use in
offspring [RR 1.15 (95% CI: 0.89− 1.48)]. The inclusion or removal of
control variable in/from all sequential models produced no substantial
difference in estimates. When we repeated all analyses using the
imputed data, results remained unchanged (Supplementary file 1).

2.3. Statistical analysis
We used log-binomial regression models to estimate the effects of
prenatal alcohol exposure on the risks of harmful alcohol use in offspring
with STATA 16.1 (StataCorp, 2019). These models computed relative
risks (RRs) as a measure of risk for harmful alcohol use. We separately
fitted models with varying levels of adjustment. Model 1 was adjusted
for maternal, paternal and child potential early life covariates such as
maternal age at conception, education, marital status, race, family in
come, planned pregnancy, preterm birth, low birthweight, and sex of
child, maternal and paternal smoking during pregnancy. Model 2 further
adjusted by maternal depressive, anxiety and stress symptoms at 13
years of follow-up and child previous aggressive and existing anx
ious/depressed behavioral problems at 10 and 16 years of follow-up
respectively. To further elucidate whether harmful alcohol drinking
behavior is passed from mother to child through normalizing the
behavior of alcohol drinking or smoking irrespective of prenatal expo
sures to alcohol, we separately added postnatal maternal alcohol and
tobacco use at 16 years of follow-up to Model 1 (Model 3). In Model 4,
we fully adjusted for all risk factors. We repeated analysis excluding
early prenatal alcohol exposure from the models and adding late preg
nancy exposure to alcohol to assess whether early and late prenatal
exposures had significant impact on the overall analysis and identify of
risks in terms of gestational age. We then used maternal pre-pregnancy
alcohol use as a negative control for intrauterine exposure comparison.
Next, we estimated the difference in estimates after fitting the models
with all variables including the control variables. Moreover, to minimize
the possibility of bias due to study participants’ attrition, we ran
multivariate imputation (Sterne et al., 2009) by chained equation using
the STATA “mice” command to estimate imputed values for the missing
datasets and repeated the analysis on the imputed datasets. Fifty cycles
of regression switching were used and these generated 50 imputed
datasets. All potential explanatory variables along with auxiliary vari
ables used in the progressive regression models were included and
imputed, and the analyses were repeated.

4. Discussion
We prospectively examined the association between prenatal alcohol
exposure and the risk of harmful alcohol use in offspring at the age of 17
years. We found that offspring exposed to maternal alcohol use of four or
more standard drinks per week during the first and third trimesters of
pregnancy had an increased risk of harmful alcohol use at 17 years of
age. These associations were not sensitive to varying levels of adjust
ment for potential confounders. We observed insufficient statistical ev
idence for an increased risk of harmful alcohol use in offspring exposed
to less maternal alcohol consumption during the first and third tri
mesters of pregnancy. However, the risk of harmful alcohol use in
offspring increased in magnitude and precision with increasing exposure
to maternal alcohol use during pregnancy, suggesting that there is no
safe level of prenatal alcohol use. Comparing maternal pre-pregnancy
alcohol use and prenatal alcohol exposure, we observed stronger asso
ciations for intrauterine alcohol exposure and harmful alcohol use in
offspring.
Whilst so far there are no studies that examined the risk of harmful
alcohol use in adolescent offspring exposed to maternal prenatal alcohol
using the methods we followed, there are a few studies that investigated
this association in young and older adults (Baer et al., 2003; Alati et al.,
2006, 2008; Goldschmidt et al., 2019). For example, a study using data
from the ‘Mater-University of Queensland Study of Pregnancy’ (MUSP)
found that early prenatal exposure to three or more alcoholic drinks per
occasion increased the risks of Alcohol Use Disorders (AUD) in the
offspring at the age of 21 years (Alati et al., 2006). The estimates of this
study did not change substantially after adjusting for maternal age,
education, and marital status during conception, sex, gestational age,
birth weight, and maternal anxiety at 5 years of follow-up and maternal
depression and child behavior at 14-years of follow-up as well as
excluding subjects with fathers or siblings with alcohol-related

3. Results
3.1. Characteristics of study participants
A total of 1200 pregnant women along with their offspring were
included the final analysis. Out of 1200 pregnant mothers, 72.4% were
married, 90% were Caucasian, 56.2% planned their pregnancy and
37.2% had family income <24,000 AUD pa. At 13 years of follow-up,
approximately 10.5%, 5.2% and 26.9% of pregnant mothers reported
mild to severe form of depressive, anxiety and stress symptoms respec
tively. Among offspring (n = 1200) included in the analysis, 50.3% were
females, 7.3% were of low birthweight, 6.5% were born preterm and
3
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Table 1
Characteristics of mothers and children with complete data on harmful alcohol
use at the age 17 years of follow-up.

Variables included in the model

Maternal education

Maternal age at conception

Marital status

Ethnicity (race)
Family income at
conception
Planned pregnancy
Preterm birth (<37 weeks)
Birthweight
Sex of child
Maternal prenatal tobacco
use
Paternal smoking during
pregnancy
Maternal alcohol use in the
first trimester only

Maternal alcohol use in the
third trimester only

Maternal alcohol use in the
first and third trimesters

Maternal pre-pregnancy
alcohol use

Schooling Up to 12 years
Trade certificate/
apprenticeship
Professional
registration/College
Diploma
University degree
< 20 years
20− 24.99 years
25− 29.99 years
30− 34.99 years
> 35 years
Married
Never married
Defacto
Separate/divorce/
widow
Caucasian
Non-Caucasian
< 24,000 AUD
> 24,000 AUD
Yes
No
Yes
No
Low birth weight (< 2.5
K.G)
Normal birthweight (>
2.5 K.G)
Male
Female
Smoker
Non-smoker
Smoker
Non-smoker
Non-use
< 3 standard drinks/
week
> 4 standard drinks/
week
Non-use
< 3 standard drinks/
week
> 4 standard drinks/
week
Non-use
< 3 standard drinks/
week
> 4 standard drinks/
week
Non-use
< 3 standard drinks/
week
> 4 standard drinks/
week
Depressed
Non-depressed
Anxious
Non-anxious
Stressed
Non-stressed
16 years of follow-up (n =

Maternal depression at 13
years of follow-up
Maternal anxiety at 13
years of follow-up
Maternal stress at 13 years
of follow-up
Child anxious/depressed at
1200)
Child aggressive behavior at 10 years of follow-up (n =
1156)
Maternal smoking at 16
Smoker
years of follow-up
Non-smoker
Non-use

Completed
data on
harmful
alcohol use (n
= 1200)
n

%

519

43.3

230

19.2

218

18.2

233
73
218
358
368
206
869
123
176

19.4
6.0
17.8
29.4
30.0
16.8
72.4
10.3
14.7

32

2.6

1079
121
447
753
675
525
78
1121

90.0
10.0
37.2
62.8
56.2
43.8
6.5
93.5

87

7.3

1113

92.7

596
604
235
965
381
819
607

49.7
50.3
19.6
80.4
31.8
68.2
50.6

473

39.4

120

10.0

678

59.8

332

29.2

124

11

462

65.0

218

30.8

30

4.2

275

23.0

576

48.0

349

29.0

118
1014
58
1074
304
827

10.5
89.5
5.2
94.8
26.9
73.1

1200

Variables included in the model
Pvalue*
Maternal alcohol use at 16
years of follow-up
*

0.7

0.06

0.4

0.02
0.8
0.65
0.25
0.90
0.8
0.08
0.07

<0.01

<0.01

<0.01

0.04

0.45
0.71
0.43

0.08
18.0
82.0
34.5

< 3 standard drinks/
week
> 4 standard drinks/
week

Completed
data on
harmful
alcohol use (n
= 1200)
n

%

614

56.6

98

8.90

Pvalue*

p-values corresponds to Pearson’s chi-square test.

problems. This is also corroborated by the results from the Seattle pro
spective cohort study that found the risk of alcohol dependence was
higher at the age of 21 years in offspring exposed to maternal prenatal
alcohol use compared to non-exposed (Baer et al., 2003). Most recently,
a prospective cohort study that examined levels of alcohol consumption
in young adults that were exposed to early and late pregnancy alcohol
found a two to three-fold increased risks of alcohol drinking respectively
(Goldschmidt et al., 2019). Consistently with these studies, our study
suggests that in utero exposure to alcohol should be considered within
the matrix of potential determinants for harmful alcohol use.
The mechanisms explaining the association between prenatal alcohol
exposure and offspring harmful alcohol use remain elusive. However,
several mechanisms have been proposed. The developmental origins hy
pothesis proposes that adaptation by the developing fetus to deleterious
prenatal exposures could result in alterations in preterm brain
morphology and function (Gluckman et al., 2010). Elements of this
hypothesis have been supported by findings from studies that have re
ported modifications in fetal brain structure and function being associ
ated with mental health and behavioral problems (Koob and Le Moal,
1997; Drevets et al., 2008). Maternal alcohol use during pregnancy is
one such exposure that may contribute to behavioral problems in
offspring (Kim et al., 2015).
Several studies have reported that the increased risks of alcohol use
disorders were observed in close relatives of alcoholic probands when
compared to healthy controls (Merikangas et al., 1998; Jacob et al.,
2003; Edenberg and Foroud, 2013). Findings from genetic studies sug
gested that three-to four-fold increased risks of alcohol use disorders
have been documented in children of those with alcohol use disorders
(Edenberg and Foroud, 2013). Reports from twin and adoption studies
also showed that 50% of the variability in alcoholism liability is linked
with genetic predisposition (Verhulst et al., 2015), suggesting other risk
factors may explain the remaining contribution. Although we were not
able to measure genetic contributions, maternal pre-pregnancy and
postnatal alcohol use were dealt out in our sequential models, but they
did not appear to change the observed associations.
The effects of prenatal alcohol exposure during the first and third
trimesters of pregnancy on the increased risk of harmful alcohol use in
offspring have been consistently reported in animal studies. For
instance, epidemiological data from animal studies suggest that prenatal
exposure to alcohol may cause embryological changes resulting in
neurobehavioral impairment and increase alcohol preference in exposed
offspring (Shea et al., 2012). Further, evidence from a review of
experimental studies suggested that the offspring of animals exposed to
alcohol during the prenatal period demonstrated a greater propensity
for alcohol and consumed much more alcohol than unexposed offspring
(Spear and Molina, 2005). Complementing this view, a study adminis
tered 2.0 g/kg of ethanol (alcohol) to rats between 17 and 20 gestational
days reported a two-fold increase in alcohol intake in offspring exposed
to prenatal alcohol (Fabio et al., 2013). Most recently, a study from Italy
found that the offspring of rats exposed to binge alcohol drinking during
pregnancy were more susceptible to alcohol consumption during
adolescence, further suggesting an epigenetic mechanism (Brancato
et al., 2018). Replications of these findings in human studies could

0.22

1156
209
953
376

Table 1 (continued )

0.22
0.01
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Table 2
Association between prenatal alcohol exposure and the risk of harmful alcohol use in offspring at the age of 17 years.
Risk ratios (RR) (95% CI) (harmful alcohol use)

Predictor and control variables

Alcohol use in the first trimester (exclusive)
Alcohol use in the third trimester (exclusive)
Alcohol use in the first and third trimesters
Pre-pregnancy alcohol use

Non-use
< 3 standard drinks/week
> 4 standard drinks/week
Non-use
< 3 standard drinks/week
> 4 standard drinks/week
Non-use
< 3 standard drinks/week
> 4 standard drinks/week
Non-use
< 3 standard drinks/week
> 4 standard drinks/week

Unadjusted

Model 1

Model 2

Model 3

Reference
1.24(1.06−
1.50(1.21−
Reference
1.31(1.11−
1.41(1.14−
Reference
1.43(1.17−
1.84(1.31−
Reference
1.14(0.92−
1.34(1.09−

Reference
1.23(1.03−
1.45(1.11−
Reference
1.29(1.08−
1.38(1.10−
Reference
1.49(1.15−
1.95(1.27−
Reference
1.13(0.91−
1.28(1.03−

Reference
1.19(0.98−
1.40(1.07−
Reference
1.22(1.01−
1.37(1.09−
Reference
1.34(1.02−
2.02(1.33−
Reference
1.09(0.88−
1.32(1.05−

Reference
1.24(1.02−
1.44(1.08−
Reference
1.22(1.00−
1.33(1.04−
Reference
1.39(1.04−
1.86(1.17−
Reference
1.10(0.88−
1.18(0.92−

1.45)
1.86)
1.54)
1.74)
1.75)
2.60)
1.38)
1.65)

1.48)
1.88)
1.54)
1.73)
1.93)
3.01)
1.38)
1.59)

1.43)
1.83)
1.47)
1.73)
1.76)
3.08)
1.36)
1.65)

Model 4
1.51)
1.90)
1.49)
1.70)
1.84)
2.96)
1.37)
1.50)

Reference
1.21(0.98−
1.45(1.08−
Reference
1.19(0.97−
1.34(1.05−
Reference
1.32(0.98−
1.86(1.16−
Reference
1.03(0.82−
1.15(0.89−

1.48)
1.93)
1.45)
1.72)
1.76)
2.96)
1.29)
1.48)

Keys:
Model 1: adjusted for maternal age at conception, education, marital status, race, family income, and planned pregnancy, low birthweight, preterm birth, sex of child,
maternal and paternal smoking during pregnancy.
Model 2: added maternal depressive, anxiety and stress symptoms at 13 years of follow-up, offspring aggressive behaviors at 10 years and anxious/depressed behaviors
at 16 years of follow-up to Model 1.
Model 3: separately added maternal alcohol and tobacco use at 16 years of follow-up to Model 1.
Model 4: adjusted for all risk factors (all models).

provide additional evidence for the role of prenatal alcohol exposure in
the development of harmful alcohol use in offspring.
An alternative hypothesis suggests that harmful alcohol use during
adolescence may be largely influenced by parental alcohol drinking and
other substance use (Richmond-Rakerd et al., 2014). This is also sup
ported by findings from social learning theories that suggest children
living with drinking parents may use alcohol because they observe
frequent use by their parents over time (Eiden et al., 2009; Yule et al.,
2013). For example, a prospective longitudinal study from Australia
found that adolescents living with mothers drinking a much higher
amount of alcohol occasionally and at irregular intervals were at the
increased risks of developing problematic alcohol use in adolescence
(Homel and Warren, 2019). This is also supported in our study, where
further adjustment for postnatal maternal alcohol use slightly attenu
ated our observed risk estimates.
The strengths of this study include: the use of data from the large
prospective cohort study, comprehensive assessment of prenatal envi
ronments and childhood psychopathology, relatively large sample size
that enabled the generalizability of the results to other similar pop
ulations and reliable measures of the prenatal exposures and outcomes
in offspring and adjusting for a wide range of potential confounders.
Additionally, results from the negative control exposure of maternal prepregnancy alcohol use strengthen our analysis and give some support
that the associations we found may be causal. We also conducted
sensitivity analysis to identify risks in terms of gestational age. Evidence
suggest that mothers who reported alcohol use during pregnancy are
more likely to drink alcohol after childbirth. Indeed, we were able to
control the effects of maternal postnatal alcohol and tobacco use at 16
years of follow up which further strengthen the robustness of our find
ings. Furthermore, we were able to include offspring mental health and
behavioral problems separately in sequential models, but they did not
affect our risk estimates.
This study also has some limitations. (1) The measure used to assess
harmful alcohol use in offspring was questionnaires prepared specif
ically for the Raine study and thus not widely used measures. (2) The
lack of a single well-accepted criterion to categorize maternal prenatal
alcohol use may limit the ability to compare results between studies. (3)
We did not have data on the second trimester prenatal alcohol exposure.
(4) The quantity of alcohol consumed by pregnant mothers was
measured using ‘standard drink’. Although the World Health Organi
zation (WHO) and Australian NHMRC guidelines set a similar criterion
to define a ‘standard drink’, different countries have been using mixed
methods to quantify alcohol consumption. Therefore, this should be

taken into consideration while interpreting the findings of this study. (5)
Due to the longitudinal nature of the study, there was relatively high
attrition. Previous studies that used the Raine Study data reported se
lective attrition among socially disadvantaged families (Whitehouse
et al., 2010). Selective attrition of socially disadvantaged families from
the follow up may have resulted in less precise estimates. Nonetheless,
epidemiological evidence from a similar prospective longitudinal study
suggested that selective attrition did not appear to invalidate regression
models to predict behavioral disorders (Wolke et al., 2009).
5. Conclusion
The results of this study suggest that maternal prenatal alcohol
exposure of four or more standard drinks during the first and third tri
mesters of pregnancy is associated with an increased risk of harmful
alcohol use in offspring at the age of 17 years. The findings of this study
add to mounting evidence to guide primary prevention and intervention
during the prenatal period. Therefore, adopting precautionary princi
ples that suggest women to avoid or minimize alcohol consumption
when they are trying to become pregnant may potentially alleviate such
hazardous consequences later in their offspring.
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Chapter 7: Prenatal tobacco exposure and offspring subsequent tobacco use
This chapter incorporated two papers that examined the prospective association between
prenatal tobacco exposure and offspring subsequent tobacco use. The first section of this
chapter provided the first systematic review and meta-analysis on the prospective association
between prenatal tobacco exposure and offspring subsequent tobacco smoking initiation or
experimentation, lifetime, and current tobacco smoking as well as tobacco dependence during
adolescence and young adulthood. The second study of this chapter has compared the effects
of paternal and maternal prenatal tobacco exposures on offspring subsequent tobacco smoking
during adolescence using a negative control analysis in progressive models. These studies
addressed the following research objectives: to systematically review previous epidemiological
research on the associations between prenatal tobacco exposure and offspring subsequent
tobacco use; and examine the associations between maternal prenatal tobacco exposure and
offspring subsequent tobacco smoking using population-based cohort study.

Paper 1: Duko B, Pereira G, Tait RJ, Nyadanu SD, Betts K, Alati R. Prenatal Tobacco
Exposure and the Risk of Tobacco Smoking and Dependence in Offspring: a Systematic
Review and Meta-Analysis. Drug and Alcohol Dependence. 2021; 227:108993.
Paper 2: Duko B, Pereira G, Betts K, Tait RJ, Newnham J, Alati R. Prenatal exposure to
maternal, but not paternal, tobacco smoking is associated with smoking in adolescence.
Addictive Behaviours. 2021; 117:106871.
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7.1 Prenatal Tobacco Exposure and the Risk of Tobacco Smoking and Dependence in
Offspring: a Systematic Review and Meta-analysis
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Supplementary material associated with this article can be found, in the online version, at
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Study purpose: Methodological variation in the ascertainment of prenatal tobacco smoking
status and tobacco smoking/dependence in offspring as well as the level of adjustment for
confounding may explain contrasting results reported by previous epidemiological studies. To
fill this gap in literature, this systematic review and meta-analysis was conducted to identify
the magnitude and consistency of associations reported between maternal prenatal tobacco
smoking and subsequent tobacco smoking/dependence in offspring. Moreover, this is the first
comprehensive systematic review and meta-analysis, that has examined the association
between prenatal tobacco exposure and offspring subsequent tobacco smoking and dependence
using twenty-six cohort and one case-control study.
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Background: There is some compelling, though not comprehensive, epidemiological evidence which suggests an
association between prenatal tobacco exposure and tobacco smoking/dependence in offspring. We conducted a
systematic review and meta-analysis to identify the magnitude and consistency of associations reported between
prenatal tobacco exposure and subsequent tobacco smoking/dependence in offspring.
Methods: Using the PRISMA guideline, we systematically searched PubMed, SCOPUS, EMBASE and Psych-INFO
to identify relevant studies. The methodological quality of all identified studies was checked by the NewcastleOttawa Scale. Inverse variance weighted random effects meta-analysis was used to estimate pooled risk ratio
(RR) and 95 % confidence intervals (CI). We stratified outcomes by tobacco smoking initiation, lifetime tobacco
smoking, current tobacco smoking and tobacco dependence. We further performed subgroup and leave-one-out
sensitivity analyses. The protocol of this review was registered in the PROSPERO.
Results: Twenty-six cohort and one case-control study were included in the final meta-analysis. We found
elevated pooled risks of tobacco smoking initiation [RR = 2.08, (95 % CI: 1.18–3.68)], ever tobacco smoking
[RR = 1.21, (95 % CI: 1.05–1.38)], current tobacco smoking [RR = 1.70, (95 % CI: 1.48–1.95)] and tobacco
dependence [RR = 1.50, (95 % CI: 1.31–1.73)] in offspring exposed to maternal prenatal tobacco use compared
to non-exposed. We also noted higher risk estimate of current tobacco smoking in offspring exposed to heavy
prenatal tobacco smoking [RR = 1.68, (95 % CI: 1.26–2.23)] when compared to prenatal exposure to lighter
tobacco use [RR = 1.39, (95 % CI: 1.09–1.78)]. There was no association observed between paternal smoking
during pregnancy and tobacco smoking in offspring.
Conclusion: Offspring exposed to maternal prenatal tobacco smoking are at an increased risk of tobacco smoking/
dependence, indicating that tobacco smoking cessation during gestation may be imperative to reduce these risks
in offspring.

1. Introduction
Tobacco smoking remains a major global public health concern. It is
the second leading modifiable cause of morbidity and mortality and has
claimed over 5 million lives every year since 1990 globally (GBD, 2016).
Recent reports from the World Health Organization (WHO) in 2020
suggest that there are still 1.3 billion current tobacco smokers across 195
countries, and this figure is projected to rise to over 1.6 billion by the
year 2025 (Organazation, 2020). Despite noticeable decline in trends of

global tobacco smoking since 2000 (WHO, 2019), progress in meeting
the worldwide goal set by countries and territories to cut tobacco
smoking by 30 % by 2025 remains off track (WHO, 2011).
Although the precise underlying causes of tobacco smoking/depen
dence are not well understood, evidence from epidemiological studies
suggests that a combination of individual socioeconomic factors such as
age, education, occupation and income (Pust, Mohnen et al. 2008; Kim,
Ko et al. 2012; Fernando, Wimaladasa et al. 2019), parents’ and friends’
tobacco smoking status (de Vries et al., 2003), adverse childhood
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use OR ever tobacco use OR daily tobacco use OR tobacco smoking OR
current tobacco smoking OR tobacco consumption OR tobacco depen
dence OR nicotine dependence))”.

experiences (Alcalá, von Ehrenstein et al. 2016) and environmental to
bacco smoke exposure(Leonardi-Bee, Jere et al. 2011) can significantly
contribute to tobacco smoking initiation/dependence. Further, it has
been proposed that influences and parental behaviours during the pre
natal period may also result in adverse outcomes in offspring via
in-utero programming of the developing brain (Kim, Bale et al. 2015).
Maternal prenatal tobacco smoking is one such behaviour. It is
widespread, with an estimated prevalence of 8.1 % in Europe, 5.9 % in
the Americas and 1.2 % in Southeast Asia and 1.2 % in the Western
Pacific region (Lange, Probst et al. 2018). A number of epidemiological
studies have suggested that maternal prenatal tobacco smoking might
prompt a predisposition in offspring to initiate tobacco smoking and
even tobacco dependence later in life (Cornelius, Leech et al. 2000;
Rydell, Cnattingius et al. 2012; Duko, Pereira et al. 2021). On the other
hand, other studies have found no evidence of such associations (Buka,
Shenassa et al. 2003; Porath and Fried, 2005; Menezes, Gonçalves et al.
2006; Menezes, Hallal et al. 2007; Monshouwer, Huizink et al. 2011;
Rydell, Magnusson et al. 2014). For example, a retrospective cohort
study of 1248 mothers from the US reported an association between
tobacco dependence in offspring exposed to prenatal tobacco smoking
but showed insufficient statistical evidence for current and lifetime to
bacco smoking in offspring (Buka, Shenassa et al. 2003). Further, a large
prospective longitudinal study of 4453 adolescents from the 1993 Pe
lotas cohort in Brazil reported an association with lifetime tobacco
smoking (Menezes, Gonçalves et al. 2006). However, another prospec
tive longitudinal study of the 1982 hospital-born children (N = 2718) in
Pelotas in Brazil reported insufficient statistical evidence for association
between maternal prenatal tobacco smoking and offspring current to
bacco smoking (Menezes, Hallal et al. 2007). Methodological variation
in the ascertainment of prenatal tobacco smoking status and tobacco
smoking/dependence in offspring as well as the level of adjustment for
confounding may explain these contrasting results. Nonetheless, the
effect of prenatal tobacco smoking on the risk of tobacco smoking uptake
in offspring has not be systematically reviewed and quantified to date.
Therefore, we conducted a systematic review and meta-analysis to
investigate the magnitude and consistency of associations reported be
tween prenatal tobacco smoking and tobacco smoking initiation, life
time and current tobacco smoking as well as tobacco dependence in
offspring.

2.3. Eligibility criteria
Studies were included in this systematic review and meta-analysis
based on the following inclusion criteria: (1) studies conducted using
observational study design (case-control, cohort design, case-cohort and
nested case control), (2) the exposure of interest was prenatal tobacco
smoking, (3) the outcome of interest was tobacco smoking initiation/
experimentation, lifetime/ever tobacco smoking, current tobacco
smoking and tobacco dependence, (4) measured outcomes using odds
ratio (OR), risk ratio or relative risk (RR) estimates with 95 % confidence
intervals (CIs) or reported data to calculate these. Studies conducted on
animals, case reports, commentaries, editorials, letters, non-peer
reviewed articles, abstracts of meeting or conferences were excluded
from the review.
2.4. Data extraction
Two reviewers independently conducted data extraction based on
the standardized data extraction form. The following data were extrac
ted systematically from studies included in the final analysis: first au
thor’s name with year of publication, study design, country in which the
study was carried out, fully adjusted confounders, odds ratios (OR) or
risk ratio or relative risk (RR) with 95 % Confidence Intervals (CI),
ascertainment of prenatal tobacco smoking and offspring tobacco
smoking or dependence in accordance with the PRISMA guidelines
(Moher, Shamseer et al. 2015). Any sources of tobacco smoking either
self-report or clinical report was included in the review.
2.5. Study quality
The methodological quality of all selected studies was checked by
two independent reviewers (BD and SDN) using the Newcastle-Ottawa
Scale (NOS) (Wells et al., 2017). This scale has been widely used for
quality appraisal of case-control and cohort studies included in a sys
tematic review and/or meta-analyses. It has three standard scoring
categories such as high quality (scored 7–9), moderate quality (scored
4–6), and low quality (scored 0–3). These scoring categories were
judged based on the following broad perspectives: (1) selection of the
study groups (four items); (2) comparability between the groups (one
item); (3) ascertainment of outcome and exposure variables (three
items). As recommended by the scale, for each item in group selection,
ascertainment of outcome and outcome categories, a maximum of one
star could be given. However, a maximum of two stars could be given for
comparability. Conflicting scores between two reviewers were resolved
by via discussion.

2. Methods
2.1. Research design
We followed the Preferred Reporting Items for Systematic review and
Meta-analysis (PRISMA) guidelines to conduct this systematic review
and meta-analysis (Moher, Shamseer et al. 2015). The literature search
strategy, identification of the relevant studies, data extraction and
analysis were compiled in accordance with a pre-defined protocol. The
protocol of this review was prospectively registered in the International
Prospective Register of Systematic Reviews (PROSPERO) with the
registration number of CRD42020192555.

2.6. Data synthesis and analysis
A meta-analysis was carried out using a Comprehensive MetaAnalysis (CMA) software version 3.0 (Borenstein et al., 2005). All
studies that presented an effect size (OR/RR) or data to calculate these
were included in the final meta-analysis. For the studies that produced
multiple estimates, the estimate (RR/OR) with the most extensive
adjustment were reported in this review. For the studies that reported
multiple outcomes, each outcome was reported separately in this re
view. For seven studies that presented risk estimates in terms of gesta
tional week (categorised as trimester 1, trimester 2 and trimester 3) but
not for whole pregnancy period, the estimates for the first trimester
(trimester 1) prenatal tobacco exposure were included in the final
analysis. Further, only seven studies employed a separate analysis for
the effects of light/moderate (< 1–9 cigarettes per day) and heavy to
bacco smoking (>10 cigarettes per day) during pregnancy on offspring

2.2. Data sources and literature searches
We systematically searched the following electronic databases:
PubMed, EMBASE, SCOPUS and Psych-INFO to identify studies that
reported the association between prenatal tobacco smoking and
offspring tobacco smoking/dependence. Literature searches did not
have language and date limits. The search terms and keywords were:
“((cigarette use OR cigarette smoking OR cigarette exposure OR tobacco
use OR tobacco exposure OR tobacco smoking) AND (prenatal OR
antenatal OR pregnancy OR maternal OR gestational) AND (offspring
OR adolescents OR youths OR young OR child OR childhood OR young
adults OR adults) AND (nicotine experimentation OR nicotine initiation
OR tobacco experimentation OR tobacco initiation OR lifetime tobacco
2
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subsequent tobacco smoking. We, therefore, included the estimates of
heavy tobacco smoking during pregnancy in our pooled analysis to
ensure sufficient exposure contrast. To further explore which offspring
outcomes were specifically linked to maternal prenatal tobacco expo
sure, we stratified meta-analyses by respective study outcomes such as
tobacco smoking initiation (experimentation), lifetime (ever) tobacco
smoking, current tobacco smoking and tobacco dependence. We used
the inverse variance weighted random effect meta-analysis models to
combine studies included in this review to estimate the link between
exposure and outcome as well as to account for heterogeneity across the
studies (Borenstein, Hedges et al. 2010). We also conducted a subgroup
and sensitivity analysis to explore the potential source of heterogeneity.
To identify studies that were highly influential on the pooled estimate,
we employed a leave-one-out sensitivity analysis, whereby one study
was removed at a time and meta-analysis repeated (Patsopoulos,
Evangelou et al. 2008). Cochrane’s Q-and I2-test were used to detect the
magnitude of statistical heterogeneity between studies (30). The scores
of 25 %, 50 % and 75 % were considered to refer low, moderate and high
heterogeneity between studies respectively (Higgins, Thompson et al.
2003). Potential publication bias was assessed by inspection of the
funnel plot and Egger’s test for regression asymmetry (Egger, Davey
Smith et al. 1997).

3. Results
3.1. Study selection
Our systematic electronic literature search retrieved a total of 7705
articles initially, of which 6075 were excluded after title and abstract
review as these articles were found not to be related to the subject. A
total of 49 articles were screened at full-text review stage and of these,
27 articles met our pre-defined criteria were included in the final metaanalysis (Fig. 1).
3.2. Characteristics of included studies
Studies included in this systematic review and meta-analysis were
published between 1994 (Kandel, Wu et al. 1994) and 2021 (Duko,
Pereira et al. 2021; Shenassa, Rogers et al. 2021). These studies were
conducted in nine countries: twelve studies were conducted in the US
(Kandel, Wu et al. 1994; Cornelius, Leech et al. 2000; Buka, Shenassa
et al. 2003; Cornelius, Leech et al. 2005; Agrawal, Scherrer et al. 2010;
Cornelius, Goldschmidt et al. 2012; Weden and Miles, 2012; Shenassa,
Papandonatos et al. 2015; Biederman, Martelon et al. 2017; De Genna,
Goldschmidt et al. 2017; Ncube and Mueller, 2017; Shenassa, Rogers
et al. 2021), two in the UK (Roberts, Munafò et al. 2005; Taylor, Howe
et al. 2014), four in Australia (Al Mamun et al., 2006; O’Callaghan et al.,
2006, 2009; Duko, Pereira et al. 2021), three in Sweden (Rydell,

Fig. 1. PRISMA flowchart of review search.
3
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Cnattingius et al. 2012; Rydell, Magnusson et al. 2014; Rydell, Granath
et al. 2016), two in Brazil (Menezes, Gonçalves et al. 2006; Menezes,
Hallal et al. 2007), one in Netherlands (Monshouwer, Huizink et al.
2011), one in Canada (Porath and Fried, 2005), one in Finland (Niemelä,
Räisänen et al. 2017) and one in Germany (Lieb, Schreier et al. 2003).
Twenty-six were cohort studies whereas one study was a case-control
study. Out of these, eighteen studies investigated current tobacco
smoking, eight investigated tobacco dependence, seven studies investi
gated lifetime (ever) tobacco smoking and four studies investigated to
bacco smoking initiation/experimentation as outcomes in offspring.
Five studies reported the association between paternal prenatal tobacco
smoking and the risk of tobacco smoking in offspring (Menezes, Hallal
et al. 2007; Rydell, Cnattingius et al. 2012; Taylor, Howe et al. 2014;
Niemelä, Räisänen et al. 2017; Duko, Pereira et al. 2021) (Table 1). The
sample size of the studies included in this systematic review and
meta-analysis ranged from 152 to 64,112 study participants (Supple
mentary file 1).

different confounders. Maternal education, age and family income were
commonly adjusted in most studies included in the review (Table 1).
Eleven studies adjusted for maternal alcohol use during pregnancy. Nine
studies controlled for paternal mental health problems whereas seven
studies adjusted for existing child mental health and behavioural
problems such as internalizing and externalizing behaviours. Further,
maternal postnatal tobacco smoking was adjusted in fifteen studies
(Supplementary file 3).
3.7. Publication bias
Epidemiological evidence suggests that any investigator should
employ a suitable approach to evaluate publication bias such as Egger’s
regression or symmetry of funnel plots whenever there are at least 10
studies combined in a meta-analysis. These methods are not very reli
able when combining less than 10 studies in a meta-analysis. Based on
this, we have evaluated publication bias for studies that reported current
tobacco smoking only (n = 18), as other outcomes were reported in less
than 10 studies. Both visual inspection of the funnel plot (symmetric)
and Egger’s regression test indicated no evidence of potential publica
tion bias (B=-0.30, SE = 0.58, P = 0.61, 2-tailed) (Fig. 7).

3.3. Outcome measures
Of twenty-seven studies included in this systematic review, five
studies used the third or the fourth revised version of the Diagnostic and
Statistical Manual of Mental Disorders (DSM IV-TR), two studies used
the Composite International Diagnostic Interview (CIDI), two studies
used Fagerstrom Test for Nicotine Dependence (FTND), one study used
Cigarette Dependence Scale (CDS-12), one study used Health Behaviour
Questionnaire (HBQ), one study used the Drug History Questionnaire
(DHQ) and sixteen studies used self-reported questionnaire to ascertain
tobacco smoking/dependence as an outcome in offspring. The studies
included in the review assessed tobacco smoking/dependence outcomes
in offspring at different follow-up times (Table 1).

3.8. Subgroup and sensitivity analysis
Associations between maternal prenatal tobacco smoking and
offspring current tobacco smoking or tobacco dependence did not sub
stantially change by adjustment for mental health/behavioural prob
lems in offspring, parental mental health problems, maternal alcohol or
other drug use during pregnancy, socio-economic positions such as
maternal age, educational level and family annual income, maternal
postnatal tobacco smoking (Table 2).
Not surprisingly, effect estimates for current tobacco smoking in
offspring were more elevated in studies that did not adjust for existing
mental health or behavioural problems in offspring [RR = 1.82, (95 %
CI: 1.26− 2.61)] when compared to those that adjusted for these con
founders [RR = 1.55, (95 % CI: 1.31− 1.84)]. Similarly, the risk of to
bacco dependence was slightly greater in the studies that did not control
for the existing mental health or behavioural problems in offspring
[RR = 1.61, (95 % CI: 1.35− 1.91)] when compared to those adjusted for
these risk factors [RR = 1.45, (95 % CI: 1.12− 1.87)]. However, the risk
of current tobacco smoking in offspring was not greater in the studies
that did not adjust for any parental mental health problems that existed
before the onset of offspring smoking behaviour [RR = 1.52, (95 % CI:
1.23− 1.88)] compared to those adjusted [RR = 1.73, (95 % CI:
1.42− 2.10)]. We also conducted a subgroup sensitivity analysis by
limiting our analysis to the studies that included maternal alcohol and/
or other drug use during pregnancy in the final model. The risk of
developing current tobacco smoking behaviour in offspring were
slightly higher in the studies that controlled for the effect of maternal
alcohol and/or other drug use during pregnancy [RR = 1.83, (95 % CI:
1.51− 2.23)] when compared to those studies that did not control for
these risk factors [RR = 1.49, (95 % CI: 1.23− 1.81)]. We also noted
similar pattern in the studies that reported tobacco dependence as an
outcome in offspring whereby the risk estimate substantially increased
in the studies that adjusted for maternal alcohol and/or other drug use
during pregnancy [RR = 1.92, (95 % CI: 1.29− 2.86)].
The risk of current tobacco smoking and dependence in offspring did
not substantially differ between those that did and did not adjust for
maternal age, educational level and annual family income. For example,
the risk of current tobacco smoking in offspring exposed to maternal
tobacco smoking during pregnancy was RR = 1.52 (95 % CI: 1.25− 1.85)
and RR = 1.68 (95 % CI: 1.30− 2.17) in the subgroup analysis of studies
that adjusted and did not adjust for annual family income respectively.
We further conducted a sensitivity analysis restricting the analysis to the
studies that have adjusted for maternal postnatal tobacco smoking and
we found that an increased risk of current tobacco smoking in offspring

3.4. Quality assessment of included studies
Based on the revised Newcastle-Ottawa scale (NOS), nine studies
scored 9, fourteen studies scored 8 and four studies scored 7. According
to this scale rating, if a study or an article gets the NOS score of six or
greater, it can be considered as a high-quality research output with low
risk of bias (Supplementary file 2).
3.5. Prenatal tobacco smoking and risk of tobacco smoking and
dependence
Maternal prenatal tobacco smoking was associated with the
increased risk of current tobacco smoking in offspring with a pooled
adjusted risk (RR) of 1.70, (95 % CI: 1.48–1.95)] (Fig. 2), risk of tobacco
dependence [RR = 1.50, (95 % CI: 1.31–1.73)] (Fig. 3), lifetime (ever)
tobacco smoking [RR = 1.21, (95 % CI: 1.05–1.38)] (Fig. 4), and to
bacco smoking initiation (experimentation) [RR = 2.08, (95 %
CI:1.18–3.68) (Fig. 5). We noted considerable heterogeneity between
studies in associations with current tobacco smoking (I2 = 75.24 %;
Q = 68.66; P-value < 0.001), tobacco smoking initiation/experimenta
tion (I2 = 73.45 %; Q = 11.30; P-value = 0.01) and lifetime tobacco
smoking (I2 = 56.58 %; Q = 13.82; P-value = 0.03) and low heteroge
neity between studies in association with tobacco dependence
(I2 = 29.44 %; Q = 9.92; P-value< 0.001), as offspring outcomes.
However, we found insufficient statistical evidence for an association
between paternal (partner) tobacco smoking during pregnancy and to
bacco smoking in offspring [RR = 1.39, (95 % CI: 0.93–2.08)]
(I2 = 92.43 %; Q = 52.86; P-value< 0.001) (Fig. 6).
3.6. Confounding variables in multivariable models
Confounders may influence/change the association between prena
tal tobacco exposure and offspring tobacco smoking/dependence
behaviour. Studies included in this review fully or partially adjusted for
4
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Australia

Brazil

Australia

US

O’Callaghan
2006

Menezes 2007

O’Callaghan
2009

Agrawal 2010

UK

Roberts 2005

Brazil

Canada

Porath 2005

Menezes 2006

Germany

Lieb 2003

Australia

US

Buka 2003

Mamun 2006

US

Cornelius
2000

US

US

Kandel 1994

Cornelius
2005

Country

First author,
year

Tobacco dependence
Regular tobacco
smoking

Prospective cohort (MUSP)

Current tobacco use
(female)

Current tobacco use
(male)

Current tobacco
smoking

Lifetime tobacco use

Early onset and smoked
regularly

Retrospective cohort (study offspringof-twins)

Retrospective cohort

Prospective cohort (MUSP)

Retrospective Cohort

Prospective cohort (MUSP)

Late onset and smoked
regularly

Ever tobacco use

Current tobacco
smoking

Retrospective Cohort (National Child
Development Study and the 1970
British Birth Survey Cohorts)
Retrospective cohort

Tobacco smoking
initiation
Daily tobacco use

Current tobacco
smoking

Tobacco dependence

Ever tobacco smoking

Current tobacco
smoking

Tobacco dependence

Tobacco smoking
experimentation

Persistent tobacco
smoking

Outcome in offspring

Prospective cohort (Ottawa Prenatal
Prospective Study Cohort)

Prospective cohort

Retrospective cohort (National
Collaborative Perinatal Project)

Retrospective cohort

Retrospective cohort

Study design/ Characteristics

Table 1
Summary of studies included in the current systematic review and meta-analysis.

4541

Self-reported
questionnaire/14
years

Lifetime version of
CIDI-Auto/ 21 years

1342

2546

2718

4453

Self-reported
questionnaire/10− 12
years

Self-reported
questionnaire/15
years

2984

567

6714

152

938

1248

589

192

Sample
size

Self-reported
questionnaire/ 21
years

Health Behaviour
Questionnaire/14
years

Self-reported
questionnaire/ 16 and
30/33 years

DSM IV
Self-reported
questionnaire/14− 24
year
Drug History
Questionnaire/16− 21
years

DSM-III criteria/29
years (mean age)

Self-reported
questionnaire/19
years
Self-reported
questionnaire/10− 14
years

Outcome ascertained
by/Years

1.74(1.18− 2.58)

1.45 (1.12− 1.87)

1.14(0.86− 1.50) (PTE < 15
cigs/day) 1.25(0.81− 1.91)
(PTE > 15 cigs/day)
1.73(0.90− 3.33) (PTE < 15
cigs/day) 2.53(0.99− 6.48)
(PTE > 15 cigs/day)

0.8(0.5− 1.2) for 1st and 1.5
(0.97-3.5) for 3rd trimester PTE

1.79(1.27− 2.53)

2.46 (1.78− 3.40)

2.00 (1.57− 2.53)

1.02(1.00− 1.03)

1.05(0.90− 1.24) at 30/33 years

1.41(0.65− 3.06)
0.97(0.85− 1.12) at 16 years

2.16 (1.06− 4.39)

2.08 (1.37–3.15)

1.6 (1.2–2.1) (PTE > 20 cigs/
day)
1.2 (0.9− 1.6) (PTE > 20 cigs/
day)
0.8 (0.5− 1.3) (PTE > 20 cigs/
day)
2.71 (1.46–5.03)

5.50(1.96− 14.40)

1.1(0.3− 3.5) (boy) and 4.6
(1.2− 17.2) (female)

Adjusted Risk Ratio (95 %CI)

(continued on next page)

Age, maternal education, breastfeeding, parent-child
communication, behavioural and internalizing problems
Birth weight, Preterm birth, Remediation, Conduct
problems, ADHD, Low scholastic achievement, Maternal

Maternal skin colour, marital status, family income,
maternal and paternal education, maternal age, paternal
alcohol related problems, postnatal maternal smoking and
paternal tobacco smoking in child’s infancy

Maternal alcohol use during pregnancy, maternal age at time
of pregnancy, and family income and average parental
education
Offspring sex, birth cohort, maternal age at offspring birth,
paternal social class at offspring birth, maternal smoking at
16-year follow-up, and paternal smoking at 16-year followup
Sociodemographic factors, prenatal alcohol and marijuana
exposures, maternal and child psychological characteristics,
mother’s tobacco, alcohol and marijuana use at the 14-year,
peers tobacco smoking
Age, sex, SES (family income, maternal education),
depression, dyadic adjustment, alcohol consumption,
number of children in the family at 5-years follow-up,
breastfeeding, child internalizing, externalizing behaviours
and social attention and thought problems
Adolescents sex, living with/without the biological father,
relationship with mother, being beaten by the parents,
family conflict, maternal postnatal smoking, bad influences
on the adolescent, participation in fights, history of
attempting to run away from home and experience with
alcoholic beverages.
Maternal education, marital status, gross family income,
mother and partner ever arrested, No. of children in
household, maternal depression, maternal and tobacco use,
child internalizing behaviour, child aggression

Sex and age of children.

Maternal age at pregnancy, family socioeconomic status at
time of pregnancy, maternal race/ethnicity, offspring
gender, and offspring age at time of interview

Prenatal alcohol and marijuana use, current tobacco and
other substance use, demographic characteristics, SES and
psychological status, child characteristics including
measures of behaviour, IQ, achievement, temperament and
alcohol use

Maternal age, education, prenatal alcohol exposure,
maternal postnatal tobacco and other drug use.

Adjusted for
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Sweden

UK

Finland

US

US

Sweden

US

US

Taylor 2014

Niemela 2015

Shenassa 2015

Ncube 2016

Rydell 2016

Biederman
2017

De Genna
2018

US

Cornelius
2012

Rydell 2013

Netherlands

Monshouwer
2011

Sweden

US

Weden 2010

Rydell 2012

Country

First author,
year
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Tobacco dependence

6

113
Prospective cohort

Case control

Prospective cohort (Swedish Sibling
Health Cohort)

Population-based cohort study

Tobacco dependence

Lifetime tobacco use

Tobacco dependence

Prenatal tobacco
smoking

Ever tobacco smoking

Tobacco dependence

Daily tobacco smoking

Prospective cohort (Northern Finland
Birth Cohort 1986 (NFBC86)
The Providence and Boston sites of the
Collaborative Perinatal Project
(1959–1966)

late-onset-regular
smoker
late-onset-regular
smoker
Tobacco initiation

Lifetime tobacco use

496

784

DSM-III criteria/18
years and above
Fagerstrom Test for
Nicotine Dependence/
16 years

193

64,112

1783

4462

Self-reported
questionnaire/15− 16
years
CIDI/40 years
Self-reported
questionnaire
Self-reported
questionnaire
Cigarette Dependence
Scale (CDS-12)

6484

1.81(1.02–3.19) for 1st
trimester exposure 1.81
(1.04–3.16) for 3rd (PTE > 10
cigs/day)

1.16 (1.1− 2.3)

1.55 (0.92− 2.60)

1.78 (1.72− 1.84)

1.07 (0.91− 1.26)

1.25 (1.07− 1.46)

1.8(1.3− 2.5)

1.23 (0.97, 1.57)

2.27(1.64− 3.15)

1.49(1.17− 1.90)

1.16 (0.79− 1.70)

1.61(1.23− 2.12)
1.22 (0.80− 1.86)

902
983

1.45(1.05− 2.01)

2.05(1.16− 3.65) for 3rd TRIM
(PTE > 10 cigs/day)

1.46(0.95–2.25) (prenatal
tobacco use of 1− 10 cigarettes/
day)
1.56 (0.88–2.78) (prenatal
tobacco use of 10+ cigarettes/
day)
1.70(1.10− 2.63) for 1st TRIM
2.22(1.39− 3.55) for 2nd TRIM
1.68(1.16− 2.63) for 3rd TRIM
(PTE > 10 cigs/day)

2.12 (1.14− 3.94)

1.66 (1.28− 2.16)

2.75 (2.03− 3.73)

Adjusted Risk Ratio (95 %CI)

897

608

2230

5809

Sample
size

Self-reported
questionnaire/14− 16
years

Self-reported
questionnaire/ 18− 27
years

Self-reported
questionnaire/17
years

Fagerstrom Test for
Nicotine Dependence/
22 years

Current tobacco
smoking

Lifetime experience of
symptoms of nicotine
dependence
Tobacco consumption
Daily tobacco use

Self-reported
questionnaire/22
years

Current tobacco
smoking

Self-reported
questionnaire/14− 25
years

Self-reported
questionnaire/12− 32
years

Outcome ascertained
by/Years

Self-reported
questionnaire/ 11.5
years (average age)

Early experimenters

Early onset current
smokers
Late onset current
smokers

Outcome in offspring

Prospective cohort (ALSPAC)

Retrospective cohort (Populationbased medical birth registries)

Prospective cohort (BROMS
(Children’s Smoking and
Environment in Stockholm County)
cohort)

Retrospective cohort

Population-based prospective cohort
(TRIALS study)

Population-based longitudinal study
(Children and Young Adults of the
National Longitudinal Survey of
Youth 1979 cohort (NLSY79-CYA))

Study design/ Characteristics

(continued on next page)

Race, prenatal exposure to alcohol and marijuana, maternal
education, child age, maternal postnatal nicotine
dependence and sex

The year the daughter delivered, her marital status and
educational attainment, and the mothers’ race/ethnicity
Birth order, sibling order and birth year, previous quit
attempts or time to relapses
Maternal age, race/ethnicity, Attention deficit hyperactivity
disorder in offspring, parental antisocial personality,
maladaptive parenting, mental health problem in offspring

Race/ethnicity, offspring sex and age, mother’s age at
pregnancy, gravida and family socioeconomic index.

Gender, family structure, parental educational level,
dwelling, family structure, paternal smoking during
pregnancy, maternal and paternal smoking at offspring age
15− 16 years

Sex, maternal age, parity, maternal educational attainment,
crowding and housing tenure, partner smoking

Parents psychiatric morbidity, parents’ postnatal tobacco
use, socioeconomic characteristics and characteristics of
upbringing

Parental postnatal tobacco use during the index child’s age of
11–14 years (any v. none) and for parents with college
education (none, one or both)

Gender, race, age at the time of the assessment, prenatal
exposure to alcohol and marijuana, and maternal variables
including education, SES, depression and hostility.

Maternal alcohol use during pregnancy, age mother at
childbirth and socioeconomic status, parental history of
internalizing and externalizing problems and paternal
smoking

drinking during pregnancy, Maternal Heavy Smoking,
Maternal Current smoking, Maternal Drug Use, Maternal
Alcohol Dependence; Maternal ADHD and Maternal CD
problems, Paternal Lifetime Nicotine Dependence, Paternal
Current Smoking (PCUR) and Paternal conduct disorder
Age at baseline, age at first smoking assessment, gender, and
race/ethnicity), maternal age at child’s birth, and
educational attainment and marital status when the child
was aged 14 years, and breastfed, prenatal care, and a score
of the mother’s endorsement in 1980 of 12 adolescent
delinquency behaviours from the NLSY79-modified SelfReported Delinquency Interview

Adjusted for
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Maternal age at conception, marital status, race, family
income, low birthweight, preterm birth, maternal and
paternal education, sex of child, and maternal alcohol use
during pregnancy, maternal depressive and anxiety
symptoms at 13 years of follow-up and offspring co-existing
internalizing behavioural problems, postnatal maternal
tobacco use at 13 years
Gravida, age, gender, marital status, education, household
income, and depression

in the studies that did not include this risk factor in their final model
[RR = 1.84, (95 % CI: 1.41− 2.39)]. However, no substantial difference
was detected in the studies that reported tobacco dependence as an
outcome.
Further, to identify dose-related effects of prenatal tobacco smoking
on offspring current tobacco smoking behaviour, we also conducted a
sensitivity analysis restricting analysis to studies that reported a doseeffect relationship. Risk estimates were elevated for current tobacco
smoking in offspring exposed to heavy prenatal tobacco smoking (> 10
cigarettes/day during pregnancy) [RR = 1.68, (95 % CI: 1.26–2.23)]
when compared to light or moderate prenatal tobacco smoking (1–9
cigarettes/day during pregnancy) [RR = 1.39, (95 % CI: 1.09–1.78)].
Moreover, the pooled estimated risk ratio for current tobacco smoking in
offspring varied between 1.64 (95 % CI: 1.43–1.88) and 1.78 (95 % CI:
1.60–1.98) and for tobacco dependence in offspring varied between 1.42
(95 % CI: 1.26–1.56) and 1.59 (95 % CI: 1.39–1.84) in our leave-one-out
sensitivity analysis, suggesting estimates were not substantially affected
by individual studies (Supplementary file 4 and 5).

Life Interview of
Smoking Trajectories
Questionnaire

1692

1.15(0.91− 1.44)

This systematic review and meta-analysis examined the risk of to
bacco smoking initiation, lifetime tobacco smoking, current tobacco
smoking and tobacco dependence in offspring exposed to maternal to
bacco smoking during pregnancy reported in twenty-six cohort studies
and one case control study. We found evidence of associations with all
relevant outcomes. Further, there were suggestions of dose-response
associations as risk estimates were more elevated amongst offspring
exposed to heavy maternal prenatal tobacco smoking when compared to
offspring exposed to lessen amounts of tobacco in pregnancy. We found
insufficient evidence for an association between paternal/partner to
bacco smoking during pregnancy and tobacco smoking in offspring.
Associations reported in this study did not substantially change by
adjustment for mental health/behavioural problems in offspring,
parental mental health problems, maternal alcohol or other drug use
during pregnancy, maternal postnatal tobacco smoking and socioeconomic positions such as maternal age, educational level, and fam
ily annual income. These findings indicate that cessation of tobacco use
during prenatal period may have potential benefit to the mothers and
their offspring.
While a precise mechanism explaining the reported associations
between prenatal tobacco exposure and tobacco smoking/dependence
in offspring is not well understood, a number of direct and indirect
mechanisms have been suggested (Ernst, Moolchan et al. 2001). One
proposed direct mechanism linking prenatal tobacco exposure and to
bacco smoking/dependence in offspring is that the addictive and
neurotoxic effects of the hazardous compounds found in tobacco smoke
that can readily cross the placenta (Hyman, 2005). These chemicals,
most importantly nicotine, in turn bind to nicotinic cholinergic receptors
and result in irreversible deficits in cholinergic activity by pre-empting
the natural roles of these receptors (Slotkin, 2008). These may facilitate
the release of a number of neurotransmitters in the mesolimbic area, the
corpus striatum, the frontal cortex and in the shell of the nucleus
accumbens of the brain (Benowitz, 2009). The nucleus accumbens, a
primary site mediating reward behaviour, found in the rostral and
ventral forebrain, is believed to be directly involved in drug-induced
reward (Salgado and Kaplitt, 2015). The aforementioned release of
neurotransmitters, most importantly dopamine, in these parts of the
brain signal a pleasurable experience (Nestler, 2005). Further, epide
miological evidence from a review of in vivo studies has suggested that
prenatal exposure to tobacco was linked with morphological and
neurochemical alternations of the parts of the brain regulating the
reward system and reward-driven behaviours in offspring (Malanga and
Kosofsky, 2003), supporting the elements of hypothesis that relate
prenatal tobacco smoking with offspring subsequent brain vulnerability
to nicotine addiction that endures into adulthood (Slotkin, 2008).

US
Shenassa 2021

Key: ALSPAC: Avon Longitudinal Study of Parents and Children.
CIDI: COMPOSITE INTERNATIONAL DIAGNOSTIC INTERVIEW.
DSM: Diagnostic and Statistical Manual of Mental Disorders.
MUSP: Mater-University of Queensland Study of Pregnancy.
TRIALS: Tracking Adolescents’ Individual Lives Survey.

Ever tobacco smoking

Australia
Duko 2021

Prospective cohort study

Country

Prospective cohort study (the Raine
Study)

Current tobacco
smoking

Self-reported
questionnaire/ 17
years

1210

1.50(1.13− 1.97) for 1st
trimester

4. Discussion

First author,
year
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Study design/ Characteristics

Outcome in offspring

Outcome ascertained
by/Years

Sample
size

Adjusted Risk Ratio (95 %CI)

Adjusted for
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Fig. 2. The risk of current tobacco smoking in offspring exposed to maternal prenatal tobacco smoking.

Alternatively, a proposed indirect mechanism is that maternal tobacco
smoking during pregnancy may restrict placental blood flow and placing
the fetus at the increased risks for low birthweight, preterm birth and
small for gestational age (Shah and Bracken, 2000; Ko, Tsai et al. 2014),
which in turn may lead to mental health and behavioural problems in
offspring via mediating the effects of prenatal tobacco smoking (Ernst,
Moolchan et al. 2001; Herrmann, King et al. 2008). This pathway is
corroborated by observation from a longitudinal study from the US
(N = 1342) that suggested maternal prenatal tobacco smoking was
linked with decreasing birthweight and also with the increased risk of
Attention Deficit Hyperactivity Disorder (ADHD) and regular tobacco
smoking in offspring (Agrawal, Scherrer et al. 2010). Furthermore, re
ports from additional epidemiological studies also revealed increased
rates of mental health and behavioural problems among preterm
(Johnson and Marlow, 2011; Nosarti, Reichenberg et al. 2012) and low
birthweight children (Mathewson, Chow et al. 2017).
Epidemiological evidence also suggests that prenatal exposure to
maternal tobacco smoking may be linked with epigenetic changes of
DNA methylation in offspring (Gao, Jia et al. 2015; Joehanes, Just Allan
et al. 2016; Richmond, Suderman et al. 2018; Rauschert, Melton et al.
2019; Wiklund, Karhunen et al. 2019). To support this explanation, a
meta-analysis synthesized the results of 16 cohort studies that reported
genome-wide DNA methylation in offspring exposed to prenatal tobacco
smoking identified more than 6000 differentially methylated CpGs sites
in the cord blood of newborns (Joehanes, Just Allan et al. 2016).
Furthermore, emerging evidence suggesting that some of such changes
in DNA methylation may persist from childhood to adulthood

(Richmond, Simpkin et al. 2015; Richmond, Suderman et al. 2018;
Wiklund, Karhunen et al. 2019). The corresponding changes in DNA
methylation profiles of the genome are believed to be responsible for the
alterations in hypothalamus–pituitary–adrenal axis (HPA-axis) (Bick,
Naumova et al. 2012). Moreover, in a population-based longitudinal
study from Sweden, cortisol concentration, a biomarker for the activa
tion of HPA axis, was prospectively linked with tobacco smoking in
adolescents (Raffetti, Landgren et al. 2021).
Further epidemiological evidence has suggested that offspring born
to mothers smoking tobacco during pregnancy are more likely to be
exposed to postnatal tobacco smoke in childhood if their mothers
continued to smoke after the pregnancy (De Genna, Goldschmidt et al.
2016) and may initiate tobacco smoking later in life by emulating their
parents’ smoking behaviour. This is further strengthened by evidence
from a systematic review and meta-analysis that synthesized the results
of 56 studies linking environmental tobacco exposure to tobacco
smoking uptake in childhood and adolescence (Leonardi-Bee, Jere et al.
2011). In that study, the odds of tobacco smoking increased two-fold in
children and adolescents exposed to maternal postnatal tobacco smok
ing. In our subgroup meta-analysis, the risk of current tobacco smoking
was 84 % and 44 % higher for offspring exposed to prenatal tobacco
smoking compared to non-exposed before and after adjusting for post
natal maternal tobacco smoking respectively, suggesting that the 40 %
additional increase in risk of tobacco smoking in offspring may be due to
exposure to maternal postnatal tobacco smoking.
Offspring existing mental health and, behavioural problems and
parental mental health difficulties may predispose individuals to smoke
8
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Fig. 3. The risk of tobacco dependence in offspring exposed to maternal prenatal tobacco smoking.

tobacco (Bilgi, Aksoy et al. 2017; Fluharty, Taylor et al. 2017; Kerr,
Dalrymple et al. 2018; Duko, Ayano et al. 2020). For example, a
school-based randomized controlled intervention trial (N = 477) of
children at age 10 and 11 years reported a mediating role of Attention
Deficit Hyperactivity Disorder (ADHD) symptoms on early-onset
experimentation with smoking in late childhood (Huizink, van Lier
et al. 2009). A large population-based longitudinal study using data
from the US Children and Young Adults of the National Longitudinal
Survey of Youth 1979 cohort (N = 5027) tested whether the association
between maternal tobacco smoking before, during and after pregnancy
and offspring tobacco smoking behaviour was mediated by child
behavioural problems in middle childhood (Miles and Weden, 2012). In
that study, although the odds of tobacco smoking in offspring exposed to
prenatal tobacco smoking increased irrespective of whether mothers
quit tobacco smoking after birth, child behavioural problems that
occurred before the onset of offspring tobacco smoking appeared to
partially mediate the association. Further, evidence from a systematic
review that examined the results of 148 studies that investigated the
associations of mental health problems between tobacco smoking re
ported that baseline depression/anxiety was linked with later tobacco
smoking behaviour in more than half of the included studies (Fluharty,
Taylor et al. 2017). Similarly, in our meta-analysis, the risk of tobacco
smoking/dependence was slightly greater in the studies that did not
adjust for the existing mental health or behavioural problems in
offspring and any parental mental health problems.
Another possibility is that the association between prenatal tobacco
smoking and subsequent tobacco smoking/dependence in offspring may
be confounded by maternal and family socio-economic positions (Brion,
Victora et al. 2010). Some of socio-demographic and economic factors

that may affect the association between prenatal tobacco smoking and
tobacco smoking/dependence in offspring such as maternal education,
age and family income were commonly adjusted in the majority of
studies included in the review. Epidemiological evidence has suggested
that mothers who smoked tobacco during pregnancy were more likely to
have lower educational attainment and family income compared to
non-smoking pregnant mothers (Muhajarine, D’Arcy et al. 1997; Hea
man and Chalmers, 2005; Nagahawatte and Goldenberg, 2008). These
have been found to be linked with offspring tobacco smoking behaviour
(Porath and Fried, 2005; Taylor, Howe et al. 2014). For example, in
Ottawa Prenatal Prospective cohort Study, prenatal tobacco smoking
and daily tobacco smoking in offspring were associated with maternal
age, lower annual family income and lower educational attainment
(Porath and Fried, 2005). Similarly, in our meta-analysis, the risk of
current tobacco smoking and dependence in offspring slightly attenu
ated in the studies that included maternal age, educational level and
annual family income in the final model, suggesting maternal
socio-economic positions may have some role in the observed
associations.
Moreover, comparison of paternal prenatal tobacco smoking on
offspring smoking behaviour can be used to examine whether observed
associations are due to confounding by heritable predisposition to
addictive behaviours or likely to be casual. To explore this, we have
conducted a sensitive analysis by restricting our analysis to those studies
that reported estimates for paternal (partner) tobacco smoking in
pregnancy (N = 5 studies) and observed insufficient statistical evidence
for an association, suggesting some support for the possibility that the
observations we have observed for maternal prenatal tobacco smoking
may be causal.
9
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Fig. 4. The risk of lifetime (ever) tobacco smoking in offspring exposed to maternal prenatal tobacco smoking.

Fig. 5. The risk of tobacco smoking initiation/experimentation in offspring exposed to maternal prenatal tobacco smoking.
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Fig. 6. The risk of tobacco smoking in offspring exposed to paternal tobacco smoking during pregnancy.

Fig. 7. Funnel plot showing no evidence of publication bias of studies that reported current tobacco smoking (n = 18).
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Table 2
Subgroup and sensitivity analysis of studies included in the current meta-analysis (current tobacco smoking and tobacco dependence in offspring).
Covariate Control

Mental health/ Behavioural problems in
offspring
Parental mental health problems
Maternal alcohol and other drug use during
pregnancy

Maternal age and educational level

Family income

Maternal postnatal tobacco smoking

Types of outcome in
offspring
Current tobacco smoking
Tobacco dependence
Current tobacco smoking
Current tobacco smoking
Tobacco dependence
Current tobacco smoking
Tobacco dependence
Current tobacco smoking
Tobacco dependence
Current tobacco smoking
Tobacco dependence

Covariate
Adjustment

Number of studies that
reported (n)

Pooled Risk Ratio
(RR)

95 % Confidence
Interval

Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No

5
13
3
5
8
10
8
10
4
4
11
7
5
3
9
9
3
5
7
11
3
5

1.55
1.82
1.45
1.61
1.73
1.52
1.83
1.49
1.92
1.50
1.67
1.48
1.56
1.54
1.52
1.68
1.60
1.54
1.44
1.84
1.53
1.56

1.31−
1.26−
1.12−
1.35−
1.42−
1.23−
1.51−
1.23−
1.29−
1.28−
1.39−
1.13−
1.31−
1.20−
1.25−
1.30−
1.21−
1.29−
1.22−
1.41−
1.16−
1.32−

1.84
2.61
1.87
1.91
2.10
1.88
2.23
1.81
2.86
1.76
2.01
1.93
1.87
1.97
1.85
2.17
2.12
1.82
1.70
2.39
2.03
1.85

5. Conclusion

The strengths of this study include: the inclusion of multiple adverse
outcomes to further explore which offspring outcomes were specifically
linked to maternal prenatal smoking; the assessment of outcomes in
offspring were based on standard and well-accepted screening tools;
comparison of maternal and paternal prenatal tobacco smoking and, the
methodological quality of studies included in the review was checked by
two independent reviewers using NOS. By doing so, we have reduced
possible reviewer bias. We further conducted an additional sensitivity
analysis to test dose-response associations. However, several caveats
should be considered when interpreting and generalizing the findings of
this study. As expected, when synthesizing data from observational
studies with varying samples and methodologies, we observed consid
erable heterogeneity between studies in associations with all adverse
outcomes. However, we employed subgroup and leave-one-outsensitivity analysis to further explore source of heterogeneity and
identify highly influential studies on the pooled estimate, respectively.
Moreover, results were robust to both subgroup and leave-one-out
sensitivity analyses. Further, some important studies may have been
excluded if the studies did not report the required estimates (e.g. OR/
RR, or data to calculate these) for this meta-analysis. We also noted that
the level of adjustment for confounders was inconsistent in the studies
included in the review. Nevertheless, we found associations in the
studies that comprehensively adjusted for confounders as well as for
studies that did not fully adjust. Whilst we observed associations be
tween prenatal tobacco smoking and subsequent tobacco smoking/
dependence in offspring, the possibilities of unmeasured or residual
confounding need to be considered. Although self-report of tobacco
smoking status has been found to be a valid assessment measure(Patrick,
Cheadle et al. 1994), prenatal tobacco smoking is likely to be
under-reported by pregnant mothers (Shipton, Tappin et al. 2009). This
in turn would serve to attenuate any associations with offspring tobacco
smoking/dependence. Further, whether associations observed in this
study are casual remains unclear as the analysis of this review was
merely on observational studies that may be subject to reverse causality
and would likely result in less precise estimates of associations. We did
not analyse gender and age specific effect estimates due to a lack of
sufficient and consistent data from the included studies. Lastly, of 27
studies included in the review, only seven studies reported the
dose-response associations for current tobacco smoking, and this might
have reduced the precision of the estimate.

Our findings demonstrated that offspring born to mothers smoking
tobacco during pregnancy are at increased risk for tobacco smoking
initiation, lifetime tobacco smoking, current tobacco smoking and to
bacco dependence independently of maternal postnatal tobacco smok
ing, paternal tobacco smoking during pregnancy and sociodemographic
confounders. Therefore, tobacco smoking cessation during prenatal
period is imperative and may potentially reduce such outcomes in
offspring. Further genetically sensitive designs may be warranted to gain
more insight into the true effect of associations reported by this study.
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Bilgi, B., Aksoy, U.M., Şahmelikoğlu Onur, Ö., Maner, A.F., 2017. Attention-Deficit/
Hyperactivity disorder and nicotine dependence in adults. Noro Psikiyatr. Ars. 54
(4), 322–327.
Borenstein, M., Hedges, L., Higgins, J., Rothstein, H., 2005. Comprehensive MetaAnalysis Version 2. Biostat, Englewood, NJ, pp. 104.
Borenstein, M., Hedges, L.V., Higgins, J.P., Rothstein, H.R., 2010. A basic introduction to
fixed-effect and random-effects models for meta-analysis. Res. Synth. Methods 1 (2),
97–111.
Brion, M.J., Victora, C., Matijasevich, A., Horta, B., Anselmi, L., Steer, C., Menezes, A.M.,
Lawlor, D.A., Davey Smith, G., 2010. Maternal smoking and child psychological
problems: disentangling causal and noncausal effects. Pediatrics 126 (1), e57–65.
Buka, S.L., Shenassa, E.D., Niaura, R., 2003. Elevated risk of tobacco dependence among
offspring of mothers who smoked during pregnancy: a 30-year prospective study.
Am. J. Psychiatry 160 (11), 1978–1984.
Cornelius, M.D., Leech, S.L., Goldschmidt, L., Day, N.L., 2000. Prenatal tobacco
exposure: is it a risk factor for early tobacco experimentation? Nicotine Tob. Res. 2
(1), 45–52.
Cornelius, M.D., Leech, S.L., Goldschmidt, L., Day, N.L., 2005. Is prenatal tobacco
exposure a risk factor for early adolescent smoking? A follow-up study. Neurotoxicol.
Teratol. 27 (4), 667–676.
Cornelius, M.D., Goldschmidt, L., Day, N.L., 2012. Prenatal cigarette smoking: long-term
effects on young adult behavior problems and smoking behavior. Neurotoxicol.
Teratol. 34 (6), 554–559.
De Genna, N.M., Goldschmidt, L., Day, N.L., Cornelius, M.D., 2016. Prenatal and
postnatal maternal trajectories of cigarette use predict adolescent cigarette use.
Nicotine Tob. Res. 18 (5), 988–992.
De Genna, N.M., Goldschmidt, L., Day, N.L., Cornelius, M.D., 2017. Prenatal tobacco
exposure, maternal postnatal nicotine dependence and adolescent risk for nicotine
dependence: birth cohort study. Neurotoxicol. Teratol. 61, 128–132.
de Vries, H., Engels, R., Kremers, S., Wetzels, J., Mudde, A., 2003. Parents’ and friends’
smoking status as predictors of smoking onset: findings from six European countries.
Health Educ. Res. 18 (5), 627–636.
Duko, B., Ayano, G., Pereira, G., Betts, K., Alati, R., 2020. Prenatal tobacco use and the
risk of mood disorders in offspring: a systematic review and meta-analysis. Soc.
Psychiatry Psychiatr. Epidemiol. 55 (12), 1549–1562.
Duko, B., Pereira, G., Betts, K., Tait, R.J., Newnham, J., Alati, R., 2021. Prenatal exposure
to maternal, but not paternal, tobacco smoking is associated with smoking in
adolescence. Addict. Behav. 117, 106871.
Egger, M., Davey Smith, G., Schneider, M., Minder, C., 1997. Bias in meta-analysis
detected by a simple, graphical test. Bmj 315 (7109), 629–634.
Ernst, M., Moolchan, E.T., Robinson, M.L., 2001. Behavioral and neural consequences of
prenatal exposure to nicotine. J. Am. Acad. Child Adolesc. Psychiatry 40 (6),
630–641.
Fernando, H.N., Wimaladasa, I.T.P., Sathkoralage, A.N., Ariyadasa, A.N., Udeni, C.,
Galgamuwa, L.S., Herath, P., Kumarasinghe, N., 2019. Socioeconomic factors
associated with tobacco smoking among adult males in Sri Lanka. BMC Public Health
19 (1), 778.
Fluharty, M., Taylor, A.E., Grabski, M., Munafò, M.R., 2017. The association of cigarette
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Study purpose: Evidence suggests that offspring born to mothers using tobacco during
pregnancy may have increased risk of tobacco use when compared to mothers who did not.
However, it is uncertain whether the association is due to the intrauterine or shared
environmental exposures. In this case, comparing the association between maternal and
paternal prenatal tobacco exposure with offspring tobacco smoking may give us some evidence
to clarify the etiological basis for adolescent tobacco smoking. Maternal and paternal prenatal
tobacco exposures are more likely affected by similar socio-economic confounders, suggesting
that if prenatal factors are involved in the causal pathway to adolescent smoking, then the
association will be more strongly seen with maternal prenatal tobacco use and not with paternal
use at the time of the pregnancy. Therefore, the aim of this study was to examine the association
between maternal prenatal tobacco exposure and tobacco smoking in offspring using paternal
prenatal tobacco exposure as a negative control for intrauterine exposure comparison.
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Background: Mounting epidemiological evidence suggests an association between prenatal tobacco exposure and
an increased risk of tobacco smoking in offspring. However, it is uncertain whether the association is due to the
intrauterine or shared environmental exposures.
Methods: Study participants were from the Raine Study, a prospective birth cohort study based in Perth, Western
Australia (N = 2730). Tobacco smoking in adolescents, at age 17 years, was measured using a self-reported
questionnaire. Log-binomial regression was used to estimate the relative risks (RRs) of tobacco smoking in
offspring exposed to maternal prenatal tobacco use during the first and third trimesters of pregnancy. We have
also calculated the E-values to investigate the potential effect of unmeasured confounding. Paternal smoking
during pregnancy was used as a negative control for comparison.
Results: A total of 1210 mothers-offspring pairs were included in the final analysis. After controlling for potential
confounders, we found increased risks of tobacco smoking in offspring exposed to maternal prenatal tobacco use
during the first trimester [RR 1.50 (95% CI: 1.13–1.97)] (E-value for point estimate = 2.37) and during both
trimesters of pregnancy [RR 1.41 (95% CI: 1.03–1.89)] (E-value for point estimate = 2.17). However, we found
insufficient statistical evidence for an association between paternal smoking during pregnancy and risk of to
bacco smoking in offspring [RR 1.18 (95% CI: 0.84–1.67)].
Conclusion: Maternal prenatal tobacco exposure was associated with an increased risk of tobacco smoking in
offspring at the age of 17 years. Tobacco smoking cessation at the early stages of gestation may reduce the risk of
tobacco smoking in the next generation.

1. Introduction
Tobacco smoking is a public health challenge that is often initiated
before the age of 18 years. Reports from the Australian Institute of
Health and Welfare (AIHW) in 2015 showed that tobacco smoking
contributed 13.3% to deaths and illnesses in Australia (AIHW, 2019),
suggesting more than one in every seven deaths is due to tobacco use.
Further, estimates from the Australian Secondary Students’ Alcohol and
Drug (ASSAD) survey of 2017 (Guerin & White, 2018) indicated that
from 33% of adolescents who reported current tobacco smoking
approximately 22% smoked tobacco daily. Thus, efforts aimed at iden
tifying potential risk factors of adolescent tobacco smoking have public

health and clinical significance.
The precursors of adolescent tobacco smoking are multifactorial
(Thorgeirsson et al., 2010; Mays et al., 2014; Lochbuehler et al., 2016;
Terracciano and Costa, 2004; Fluharty et al., 2017; Hitchman et al.,
2014; Balfour, 2004). Epidemiological studies postulate that a combi
nation of genetic (Thorgeirsson et al., 2010), family and nonfamily
environmental factors (Mays et al., 2014; Lochbuehler et al., 2016;
Iakunchykova et al., 2015), personality traits (Terracciano & Costa,
2004), existing mental health problems (Fluharty, Taylor, Grabski, &
Munafò, 2017) and low socioeconomic positions (Hitchman et al., 2014)
may play a significant role in their progression. Most importantly, in
utero exposure to tobacco smoking may modify dopaminergic
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projections in the brain and change the response of this system to the
effects of tobacco later in life (Balfour, 2004).
Whether determinants of adolescent tobacco smoking can be traced
back to the prenatal period is less understood. Epidemiological data
from existing longitudinal studies suggest that offspring exposed to
prenatal tobacco may have an increased risk of tobacco smoking
compared to non-exposed (Cornelius et al., 2012; Al Mamun et al., 2006;
O’Callaghan et al., 2009; Biederman et al., 2017). For example, a study
of data from 4462 mother-offspring pairs in the Northern Finland Birth
Cohort (NFBC) indicated that the risk of tobacco smoking in offspring
exposed to maternal prenatal tobacco use increases approximately by
two folds (Niemelä et al., 2017). Further, evidence from the Ottawa
Prenatal Prospective Study (OPPS) also suggested that tobacco smoking
in offspring was significantly associated with prenatal tobacco use
(Porath & Fried, 2005). Nonetheless, additional studies have reported
no associations for maternal prenatal tobacco exposure (Buka et al.,
2003; Roberts et al., 2005), while others suggested gender specific as
sociations (Kandel et al., 1994; Oncken et al., 2004). For instance, a
retrospective cohort study from the US that included two separate co
horts has shown gender specific risk associations, such that prenatal
tobacco exposure was associated with tobacco smoking in girls only
(Kandel, Wu, & Davies, 1994).
Methodological variations in handling potential confounders are
more likely to delineate these conflicting results. For instance; maternal
educational attainment, low socio-economic positions, maternal mental
health problems, prenatal alcohol and postnatal tobacco use, and
existing mental health problems in offspring (Cnattingius, 2004; Hui
zink, 2009; Wakschlag et al., 2002; Cornelius et al., 1995, 2007; O’Brien
and Hill, 2014), have also been associated with offspring tobacco
smoking. Incomplete statistical adjustment of these variables and
retrospective recalls of prenatal tobacco exposure, prone to bias, may
produce less precise estimates.
Alternative methods such as negative control analysis may produce
evidence to support inference as to whether an effect of the prenatal
exposure on the outcome is present (Sanderson et al., 2018; Lipsitch
et al., 2010). In this case, this can be done by comparing the association
between maternal and paternal prenatal tobacco use with offspring to
bacco smoking. Maternal and paternal prenatal tobacco exposures are
more likely affected by similar socio-economic confounders, suggesting
that if prenatal factors are involved in the causal pathway to adolescent
smoking, then the association will be more strongly seen with maternal
prenatal tobacco use and not with paternal use at the time of the preg
nancy. This method of using a negative control has been used to test the
association between prenatal tobacco exposure and the risk of tobacco
smoking in adolescent offspring (Niemelä et al., 2017). However, rep
lications of these findings could provide additional evidence for the role
of prenatal tobacco exposure in the development of subsequent tobacco
smoking in the next generation. Furthermore, most previous studies did
not differentiate trimester-specific effects, which is critically important
to propose appropriate intervention strategies (Miller, 2006). Therefore,
the aim of this study was to examine the association between maternal
prenatal tobacco exposure (Raine Study Generation 1) and tobacco
smoking in offspring (Raine Study Generation 2) using paternal prenatal
tobacco exposure as a negative control for intrauterine exposure
comparison.

mothers who received antenatal care at King Edward Memorial Hospital
(KEMH) and a nearby private clinic in Perth between 1989 and 1991
were recruited to the study. Out of 2,868 live births, 138 mothers with
multiple gestation were excluded. The final study cohort (generation 2)
consisted of those who completed substance use assessment at age of 17
years (n = 1210). Ethical approval for this study was gained from the
Human Research Ethics Committees (HREC) of the University of West
ern Australia (RA/4/20/5722). At each follow-up assessment, written
informed consent was gained from each study participant after the de
tails of the procedures had been fully described.

2. Methods and data

3.3. Assessment of confounders

2.1. Study design and participants

Confounders may explain observed associations between prenatal
tobacco exposure and offspring tobacco smoking (Murray & Duggan,
2010). Maternal, paternal and children’s potential confounders
included; marital status, maternal and paternal educational level, age at
child birth, ethnicity (race), family income at conception, maternal
prenatal alcohol use and sex of child. We also included immediate
adverse pregnancy outcomes such as preterm birth and low birthweight.
At 13 years of follow-up, mothers rated their symptoms of depression

3. Measures
3.1. Ascertainment of exposure: Prenatal tobacco use (Generation 1)
At 18 and 34 weeks of gestations, pregnant mothers reported the
number of cigarettes smoked per day during the first three months of
pregnancy (first trimester) and they were currently (third trimester)
smoking, respectively. We used this data to categorize pregnant mothers
as either non-smoker or smoker. At 18 weeks of gestations, cotinine (a
biomarker for exposure to tobacco smoke) was measured in serum from
238 pregnant mothers to validate self-reported maternal prenatal to
bacco exposure because serum cotinine concentrations in body fluids
could accurately demonstrate nicotine consumption (Sharma, Sane,
Anand, Marimutthu, & Benegal, 2019). Evidence from a validation study
showed good agreement between self-reported prenatal tobacco expo
sure and measured serum cotinine concentration (Stick, Burton, Gurrin,
Sly, & LeSouëf, 1996). To further explore the timing of maternal pre
natal tobacco exposure, we have produced the following categories; no
exposure throughout pregnancy, first trimester (Trim-1) exposure, third
trimester (Trim-3) exposure and, both first and third trimesters (Trim-1
and 3) exposures. The study did not have data on prenatal tobacco
exposure during the second trimester of pregnancy. At the same time
point in pregnancy (at 18 weeks of gestation), pregnant mothers also
reported the smoking status of their partners (fathers of the study par
ticipants) during their pregnancy. We used these data to categorize fa
thers of the study child as either non-smoker or smoker. We used
paternal prenatal tobacco exposure as a negative control for intrauterine
exposure, in that we assumed that paternal prenatal tobacco exposure is
likely to be affected by similar measured and unmeasured risk factors of
maternal prenatal tobacco use but not expected to have direct prenatal
causal effect on offspring tobacco smoking.
3.2. Ascertainment of outcome: Tobacco smoking at the age of 17 years
(Generation 2)
Tobacco smoking at the age of 17 years was assessed by using a selfreported questionnaire to measure adolescents’ smoking habits in the
past four weeks. Adolescents were asked to report whether or not they
had smoked tobacco in the past four weeks. We grouped adolescents
who replied “yes” to above question as ‘current tobacco users’ whereas
those reported “no” or “never smoked” were used as a reference control
group. This categorization has been used in a previous study that used
the same cohort data (Moore et al., 2014). Current tobacco use was
reported as tobacco smoking in this study.

The current study is based on the data of the first and second gen
erations of the Raine Study, a prospective multigenerational observa
tional study of 2730 pregnant mothers (Generation 1) and their
offspring (Generation 2). The Raine Study participant’s recruitment,
data collection and follow up strategies have been described in detail
elsewhere (Straker et al.,0000 ; Newnham et al., 1993). Pregnant
2

124

B. Duko et al.

Addictive Behaviors 117 (2021) 106871

and anxiety using a short form of the Depression Anxiety Stress Scales
(DASS) (Lovibond & Lovibond, 1995). We used these data to categorize
pregnant mothers as depressed/non-depressed and anxious/nonanxious using the recommended cut-off scores of ≥ 10 and ≥ 8 respec
tively (Lovibond & Lovibond, 1995). Tobacco smoking in adolescents
has been associated with parental postnatal tobacco smoking (Wellman
et al., 2016) and mental health problems in adolescents (Bandiera et al.,
2016; Lechner et al., 2017). Mothers reported their postnatal smoking
status (yes/no) at 13 years of follow-up. Adolescent internalizing
behavioural problems such as withdrawn, somatic complaints, anxious/
depressed were assessed at 16 years of follow-up using Youth Self Report
(YSR/11–18) with cut-off of T-score ≥ 60 (Achenbach, 1999).

birthweight, and 28% were born to mothers smoking tobacco during the
first trimester of pregnancy whereas 25.7% were exposed to third
trimester prenatal tobacco use only. Further, 25.6% were exposed to
postnatal tobacco smoke at 13 years of follow-up (Table 1).
4.2. Association between prenatal tobacco exposure and tobacco smoking
in offspring
We found an increased risk of tobacco smoking in the unadjusted
model among offspring exposed to maternal prenatal tobacco use during
the first trimester [RR 1.58 (95% CI: 1.25–2.00)], third trimester [RR
1.56 (95% CI: 1.22–2.00)] and during both trimesters of pregnancy [RR
1.65 (95% CI: 1.28–2.13)]. Similarly, paternal tobacco use during
partner’s pregnancy was associated with an increased risk of tobacco use
in offspring at the age of 17 years [RR 1.38 (95% CI: 1.10–1.72)]
(Table 2). When we adjusted for Model 1, the estimates for the first
trimester, third trimester and both trimesters were slightly attenuated.
However, we found insufficient statistical evidence for an association
between paternal tobacco use during partner’s pregnancy and risk of
tobacco smoking in offspring [RR 1.21 (95% CI: 0.96–1.53)] (P-value >
0.05). In the fully adjusted model (Model 4), the estimates did not
substantially change for the first trimester maternal prenatal tobacco
exposure [RR 1.50 (95% CI: 1.13–1.97)] but slight attenuation for both
trimesters exposure [RR 1.41 (95% CI: 1.03–1.89)]. Statistical evidence
from our sensitivity analysis (E-value) suggested that the relative risk of
the association between an unmeasured confounder and (i) maternal
prenatal tobacco exposure and (ii) tobacco smoking in offspring would
need to be at least 2.37 for each association to explain away or nullify
the associations observed in our study (Model 4) (Table 3). In contrast,
we found insufficient statistical evidence for an association between
third trimester maternal prenatal tobacco exposure and offspring to
bacco smoking [RR 1.20 (95% CI: 0.93–1.51)]. Moreover, we did not
find any statistical evidence suggesting substantial difference in esti
mates when we included or removed a control variable in/from all
sequential models (Table 3). We observed similar results when we
repeated analysis using the imputed data (Table 2 and Supplementary
file 2).

3.4. Statistical analysis
We used log-binomial regression models to examine the prospective
associations between prenatal tobacco exposure and the risk of tobacco
smoking in offspring at the age of 17 years with STATA 16.0 (StataCorp.,
2019). These models estimated relative risks (RRs) as a measure of as
sociation. To investigate whether the associations between prenatal to
bacco exposure and offspring tobacco smoking persist when different
risk factors are taken into consideration, we used progressive models to
separately predict changes in estimated effects. Model 1 was adjusted by
maternal and child covariates; marital status, maternal age at concep
tion, race, family income, low birthweight, preterm birth, sex of child,
maternal and paternal education, and maternal alcohol use during
pregnancy. Then we added maternal depressive and anxiety symptoms
at 13 years of follow-up and offspring co-existing internalizing behav
ioural problems to Model 1(Model 2). Adolescents may learn tobacco
smoking from their parents through normalizing the behaviour of to
bacco smoking irrespective of whether tobacco use occurred during or
after pregnancy. To explore this, we separately added postnatal
maternal tobacco smoking at 13 years of follow-up to model 1(Model 3).
Model 4 was adjusted for all covariates. We repeated analysis excluding
early prenatal tobacco exposure from the models and adding late
pregnancy exposure to tobacco (at 34 weeks) to investigate whether
early and late prenatal exposures had significant impact on the overall
analysis and identify risks in terms of gestational age. We then used
paternal tobacco smoking during partner’s pregnancy as a negative
control for intrauterine exposure. Next, we estimated the difference in
estimates after fitting the models with all variables including the control
variables. We also conducted an additional sensitivity analysis to
calculate the E-value, is a continues measure of an association, to
investigate the potential effect of unmeasured confounding (Haneuse,
VanderWeele, & Arterburn, 2019). Its lowest possible value is 1 (E-value
= 1), suggesting no unmeasured confounding is needed to explain away
the observed association whereas the higher E-value suggests the
stronger the confounder associations must to be explain away the effect
(Haneuse et al., 2019; VanderWeele TJ, Ding P, M M. Technical Con
siderations in the Use of the E-value“ Harvard University Biostatistics
Working Paper Series Working Paper 215., 2018). Moreover, for the
purpose of accounting for the possibilities of bias due to study partici
pants attrition, we employed multiple imputations by chained equation
using the “mice” STATA command (Sterne et al., 2009; Royston, 2005).
We used 50 cycles of regression switching and generated 50 imputed
datasets and repeated all analyses using the imputed datasets.

5. Discussion
This study examined prospectively the association between maternal
prenatal tobacco exposure and the risk of tobacco smoking in offspring
at the age of 17 years using paternal tobacco smoking during partner’s
pregnancy as a negative control exposure. We observed that offspring
exposed to maternal prenatal tobacco exposure during the first trimester
and during both trimesters of pregnancy had the increased risks of to
bacco smoking at the age of 17 years. However, we noted insufficient
statistical evidence for an increased risk of tobacco smoking in offspring
exposed to third trimester trimester maternal tobacco use only. Varying
level of statistical adjustment for potential confounders including a
negative control did not alter the observed associations, suggesting the
robustness of our findings.
The results of this study support the findings of the existing studies
that reported the increased risk of tobacco smoking or dependence in
offspring exposed to maternal prenatal tobacco use (De Genna et al.,
2017; Al Mamun et al., 2006; O’Callaghan et al., 2009; Biederman et al.,
2017; Niemelä et al., 2017). A study of data from 2984 mother-offspring
pairs in the ‘Mater-University of Queensland Study of Pregnancy’ indi
cated that offspring exposed to maternal prenatal tobacco use were 2.11
times more likely to start tobacco smoking after 14 years of age when
compared to non-exposed (RR 2.11 (95% CI 1.68–2.66) (12). Likewise,
in a prospective longitudinal study from the Northern Finland prenatal
exposure to maternal tobacco predicted the risk of tobacco smoking in
offspring at age 15–16 years (Niemelä et al., 2017). The estimates of this
study did not substantially change after adjusting for other paternal and
parental smoking behaviours. Nonetheless, a few previous studies have

4. Results
4.1. Characteristics of study participants
Mothers of offspring with tobacco smoking at the age of 17 years
were more likely to be younger, report low family income per annum,
alcohol and tobacco use during pregnancy when compared to mothers of
offspring who did not smoke tobacco. Out of 254 (21%) offspring who
reported tobacco smoking, 45.6% were males, 7.3% were of low
3
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Table 1
Characteristics of mothers and children included in the final analysis based on
offspring tobacco smoking at the age 17 years of follow-up.
Variables included in the model

Tobacco smoking at 17 years
(n = 1210)
Use

Marital status

Maternal
Educational level

Paternal
Educational level

Mothers’ age at
child birth

Mothers’ Ethnicity
(race)
Family income
during
pregnancy
Maternal alcohol
use during 1st
trimester
Maternal alcohol
use during 3rd
trimester
Preterm birth (<37
weeks)
Birthweight

Sex of child
Maternal tobacco
use (1st
trimester)
Maternal tobacco
use (3rd
trimester)
Paternal tobacco
use (During
partner’s
pregnancy)
Maternal
depression at 13
years of followup
Maternal anxiety at
13 years of
follow-up
Offspring
Internalizing

Table 1 (continued )
Variables included in the model

Pvalue

Tobacco smoking at 17 years
(n = 1210)
Use

Non-use

behaviors at 16
years of followup
Maternal postnatal
tobacco use at 13
years of followup

n

%

n

%

Married
Never married
Defacto
Separate/divorce/
widow
Schooling Up to
12 years
Trade certificate/
apprenticeship
Professional
registration/
College Diploma
University degree
Schooling Up to
12 years
Trade certificate/
apprenticeship
Professional
registration/
College Diploma
University degree
<20 years
20–24.99 years
25–29.99 years
30–34.99 years
>35 years
Caucasian
Non-Caucasian
<24,000 AUD
>24,000 AUD

168
41
39
6

66.1
16.1
15.4
2.4

707
83
139
27

74.0
8.6
14.6
2.8

0.04

116

45.7

409

42.8

0.05

52

20.5

178

18.6

52

20.5

168

17.6

34
57

13.4
27.1

201
238

21.0
28.3

60

28.6

230

27.3

44

21.0

149

17.7

49
20
47
76
81
35
234
20
119
135

23.3
7.7
18.2
29.3
31.3
13.5
92
8.0
46.7
53.3

225
56
171
285
289
173
855
101
333
623

26.7
5.7
17.5
29.3
29.7
17.8
89.4
10.6
34.8
65.2

Non-use
1–3 Standard
drinks/week
≥4 Standard
drinks/week
Non-use
1–3 Standard
drinks/week
≥4 Standard
drinks/week
No
Yes
Low birth weight
(<2.5 K.G)
Normal
birthweight (≥2.5
K.G)
Male
Female
Non-smoker
Smoker

111
110

43.7
43.3

500
368

52.3
38.5

33

13.0

88

9.2

138
78

57.0
32.2

544
259

60.3
28.7

26

10.8

98

11.0

243
11
19

9.6
4.4
7.3

887
68
72

93.0
7.0
7.4

240

93.3

901

92.6

118
141
183
71

45.6
54.4
72.0
28.0

495
479
789
167

50.8
49.2
82.5
17.5

0.13

Non-smoker
Smoker

180
62

74.3
25.7

757
62

92.4
7.6

<0.01

Non-smoker
Smoker

154
100

60.6
39.4

669
287

70.0
30.0

0.04

Non-depressed
Depressed

210
26

89.0
11.0

812
93

89.7
10.3

0.74

No-anxiety
symptoms
Anxiety symptoms
Non-internalizing
behaviors

228

96.6

855

94.5

0.18

8
193

3.4
75.4

50
835

5.5
86.3

0.03

Pvalue

Non-use

n

%

n

%

Internalizing
behaviors

63

24.6

133

13.7

Non-smoker
Smoker

177
61

74.4
25.6

764
144

84
16

0.02

presented contrasting results. For example, a retrospective cohort study
from the USA reported that prenatal tobacco exposure was associated
with tobacco smoking in girls only (Kandel et al., 1994). However, the
findings of that study were based on a relatively a small sample size (N
= 797) and were likely to suffer from recall bias. In contrast, we did not
find evidence for gender differences in the association between prenatal
tobacco exposure and tobacco smoking in offspring.
The mechanisms underlying the association between maternal pre
natal tobacco exposure and tobacco smoking in offspring are not well
understood. However, several putative mechanisms have been sug
gested. One proposed mechanism includes the neurotoxic and addictive
effects of the chemical ingredients present in tobacco smoke (Hyman,
2005). These chemicals can cross the placenta and consequently act on
nicotinic acetylcholine receptors (nAChR), ‘a membrane protein that
binds to the acetylcholine (Ach) neurotransmitter’ and starts to exist in
the brain of fetus as early as the first trimester (Pauly and Slotkin, 2008).
The corresponding stimulation of these receptors at early stages of
development could lead to apoptotic or mitotic abnormalities
(Wickström, 2007). This in turn may affect the natural reward system of
the brain (Balfour, 2004) and increase the propensity of the exposed
adolescents for tobacco smoking. Similarly, an increased level of plasma
testosterone has been reported in the offspring of mice and sheep
exposed to maternal prenatal tobacco use and this alteration has been
suggested to elevate offspring preference to smoke tobacco (Smith,
Cloak, Poland, Torday, & Ross, 2003).
Epidemiological evidence also suggests that existing mental health
problems may predispose adolescents to smoke tobacco (Fluharty et al.,
2017; Slomp et al., 2019). A systematic review conducted in 2015
examined the longitudinal association between tobacco smoking and
mental health problems in 148 studies from different countries (Fluharty
et al., 2017). For the majority of studies included in the review,
depressive and anxiety disorders predicted later smoking behavior. In
contrast, results from a study conducted in the USA suggested that the
association between prenatal tobacco exposure and electronic cigarette
use in offspring was not mediated by adolescents’ current mental health
problems (De Genna, Richardson, Goldschmidt, Day, & Cornelius,
2018). Consistent with the findings of that study, the association that we
observed between maternal prenatal tobacco exposure and subsequent
tobacco smoking in offspring remained consistent and statistically sig
nificant when we further adjusted for these disorders.
An alternative hypothesis suggests that adolescents may smoke to
bacco by emulating the behaviour of their parents smoking behaviour
(Wellman et al., 2016; Leonardi-Bee et al., 2011). For example, a sys
tematic review and meta-analysis conducted in 2010 to synthesize the
results of 58 studies linking parental smoking to child subsequent to
bacco smoking reported that the odds of adolescents’ tobacco smoking
increase approximately by two-fold if at least one parent or family
member smoke tobacco (Leonardi-Bee, Jere, & Britton, 2011). In
contrast, a result of a longitudinal study in the USA (N = 784) did not
suggest an association between maternal postnatal tobacco dependence
and offspring tobacco dependence after adjusting for prenatal tobacco
exposure (De Genna, Goldschmidt, Day, & Cornelius, 2017).
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Table 2
Association between maternal and paternal prenatal tobacco exposure and risk of tobacco smoking in offspring at the age of 17 years.
Predictor and control variables

Relative risks (RRs) (95% CI) (tobacco smoking)
Unadjusted

Model 1

Model 2

Model 3

Model 4

Maternal prenatal tobacco use (1st trimester)
Maternal prenatal tobacco use (3rd trimester)
Maternal prenatal tobacco use (both trimesters)
Paternal smoking during pregnancy

1.58 (1.25–2.00)
1.56 (1.22–2.00)
1.65 (1.28–2.13)
1.38 (1.10–1.72)

1.34 (1.05–1.73)
1.31 (1.01–1.72)
1.38 (1.04–1.82)
1.21 (0.96–1.53)

1.50 (1.16–1.93)
1.26 (0.94–1.69)
1.41 (1.04–1.89)
1.20 (0.95–1.52)

1.42 (1.07–1.88)
1.28 (0.90–1.26)
1.44 (1.04–1.98)
1.21 (0.94–1.55)

1.50 (1.13–1.97)
1.20 (0.93–1.51)
1.41 (1.03–1.89)
1.18 (0.84–1.67)

Keys: Non-smoker was used as a reference group in all models.
Model 1: maternal age at conception, marital status, race, family income, low birthweight, preterm birth, maternal and paternal education, sex of child, and maternal
alcohol use during pregnancy.
Model 2: added maternal depressive and anxiety symptoms at 13 years of follow-up and offspring co-existing internalizing behavioral problems to Model 1.
Model 3: separately added postnatal maternal tobacco use at 13 years of follow-up to model 1.
Model 4: adjusted for all risk factors.

parents may have resulted in less precise estimates. However, a previous
study that evaluated the potential bias due to recruitment and loss of
participants suggested that the Raine Study had no evidence of signifi
cant perinatal selection bias (Whitehouse et al., 2010).

Table 3
The risk of tobacco smoking in offspring exposed to maternal prenatal tobacco
use (First trimester) when a control variable included along with E-value.
Models

Model
1
Model
2
Model
3
Model
4

Relative risks
(RRs) (95% CI)

P-value for difference
between maternal
and paternal
associations

E-value
For Point
Estimate

For
Confidence
Interval

1.34
(1.05–1.73)
1.50
(1.16–1.93)
1.42
(1.07–1.88)
1.50
(1.13–1.97)

0.023

2.01

1.28

0.001

2.37

1.56

0.016

2.19

1.34

0.005

2.37

1.51

6. Conclusion
The findings of this study suggest that offspring exposed to maternal
prenatal tobacco exposure during the first trimester and during both
trimesters of pregnancy had the increased risks of tobacco smoking at
17 years of age using a negative control analysis. Tobacco smoking
cessation at the early stages of gestation may reduce the risk of tobacco
smoking in the next generation.
Author agreement
All authors have seen and approved the final version of the manu
script being submitted. Authors warrant that the article is the authors’
original work, hasn’t received prior publication and isn’t under
consideration for publication elsewhere.

Keys: Model 1: included maternal age at conception, marital status, race, family
income, low birthweight, preterm birth, maternal and paternal education, sex of
child, and maternal alcohol use during pregnancy.
Model 2: added maternal depressive and anxiety symptoms at 13 years of followup and offspring co-existing internalizing behavioural problems to Model 1.
Model 3: separately added postnatal maternal tobacco use at 13 years of followup to model 1.
Model 4: adjusted for all risk factors.
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Complementing this view, further statistical adjustment for postnatal
maternal tobacco use at 13 years of follow-up in our sequential models
did not change the observed risk estimates.
The strengths of this study include: the use of a prospective cohort
dataset with a relatively larger sample size that enabled the generaliz
ability of the results to other similar populations; comprehensive
adjustment of potential maternal and child confounders; and an addi
tional analysis to identify risks in terms of gestational age, sensitivity
analysis to calculate the E-values and validation of self-reported
maternal smoking status with biological markers of tobacco smoking
(e.g. serum cotinine levels). The findings from the negative control
exposure of paternal smoking during pregnancy strengthen our analysis
and provide some support that the associations we found may be causal.
Further, we were able to control for the effects of maternal postnatal
tobacco use at 13 years of follow up which further strengthen the
robustness of our findings. Moreover, we were also able to adjust for
offspring mental health problems in sequential models but they did not
appear to change the observed association.
A limitation of this study was the lack of a standard measure/scale to
assess tobacco smoking in offspring. However, our results are compa
rable to the majority of previous studies which have used similar mea
sures. Although we were able to control for the effects of maternal
postnatal tobacco exposure, we did not have data on non familial
environmental risk factors including peer influence. Therefore, this
should be taken into consideration while interpreting the findings of this
study. Similar to other longitudinal studies, selective attrition rates,
most notably reports of selective attrition among socially disadvantaged
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Study purpose: Existing epidemiological studies examining the association between prenatal
and offspring addictive substances have been limited to alcohol and tobacco although the same
biological pathways potentially apply to offspring cannabis use. Therefore, using the Western
Australian prospective cohorts of pregnancy, childhood, adolescence, and adulthood (the Raine
Study) data were used to address the following research objective: to examine the associations
between prenatal alcohol and tobacco exposures and the risk of cannabis use in offspring in
late adolescence.
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Background: There is a paucity of prospective longitudinal studies examining the associations between maternal
use of alcohol and tobacco during pregnancy and the risk of cannabis use in offspring. The aim of this study was
to examine the association between prenatal alcohol and tobacco exposures and offspring cannabis use.
Methods: Data were from the Raine Study, a longitudinal prospective birth cohort based in Western Australia.
Cannabis use at 17 years of age was measured with a self-reported questionnaire developed to capture risky
behaviors in adolescents. Associations between prenatal alcohol and tobacco exposures and the risk of cannabis
use in offspring were examined using log-binomial regression models, computing relative risk (RR). We also
computed the E-values (E) to estimate the extent of unmeasured confounding.
Results: After adjusting for potential confounders, we observed increased risks of cannabis use in offspring
exposed to first trimester prenatal alcohol use (RR = 1.38, 95% CI: 1.09–1.75; E = 2.10, CI:1.40) and tobacco use
(RR = 1.42, 95% CI: 1.08–1.86; E = 2.19, CI:1.37) as well as third trimester prenatal alcohol use (RR = 1.39,
95% CI: 1.09–1.79; E = 2.13, CI:1.40) and tobacco use (RR = 1.39, 95% CI: 1.09–1.79; E = 2.21, CI:1.34]. We
also noted dose-response associations in which risk estimates in offspring increased with the level of exposures to
prenatal alcohol and tobacco use.
Conclusion: These findings provide epidemiological evidence for effects of prenatal alcohol and tobacco exposures
on offspring cannabis use. Although these results should be confirmed by other studies, the present study adds to
the mounting evidence suggesting that women should be encouraged to abstain from alcohol and tobacco during
pregnancy.

1. Background
Cannabis is one of the most commonly consumed illicit drugs in
Australia. Estimates from the Australian Secondary School Students'
Alcohol and Drug survey of 2017 indicated that 8% of adolescents aged
12–17 years reported current cannabis use, making cannabis the most
commonly consumed illicit drug in this age group (Guerin and White,
2018). Cannabis use during adolescence has been linked to poor physical
health (Herbeck et al., 2013), impairments in neurocognitive perfor
mance (Jacobus and Tapert, 2014), poor academic performance and
increased school dropout (Volkow et al., 2014; Meier et al., 2015),
mental health problems (Meier et al., 2015; Gobbi et al., 2019), lower
life satisfaction (Lew et al., 2019) and even suicide (Gobbi et al., 2019;

Bolanis et al., 2020). Further, several epidemiological studies have also
demonstrated that cannabis use is an antecedent to the aforementioned
outcomes (Bagot et al., 2015; Meier et al., 2015; Gobbi et al., 2019;
Schmidt et al., 2020). Measures should therefore be taken to rigorously
identify early-life presumptive risk factors of cannabis use in
adolescence.
The precise causes for cannabis use are multifactorial (Hayatbakhsh
et al., 2009; Verweij et al., 2010; Tarter et al., 2014; Bogdan et al., 2016;
Courtney et al., 2017). Epidemiological studies hypothesize that the
interactions between biological (Agrawal and Lynskey, 2006; Verweij
et al., 2010), psychological, social, and environmental factors (Hay
atbakhsh et al., 2009; Verweij et al., 2010; Bogdan et al., 2016) may
contribute to habitual use. Most importantly, early-life adversities
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(Newnham et al., 1993; Straker et al., 2017). This study was approved by
the Human Research Ethics Committees (HREC) of the University of
Western Australia. Written informed consent was obtained from each
study participant at enrollment and at each follow-up assessment after
the details of the procedures had been fully explained.

originating during fetal development such as low socioeconomic posi
tions, parental substance use and mental health problems may increase
the risk of mental health and behavioural problems in offspring later in
life (Tarter et al., 2014; Smith et al., 2016; Koponen et al., 2020).
Maternal prenatal alcohol and tobacco exposures are amongst such
adversities. Reports from the Australian Institute of Health and Welfare
(AIHW) in 2017 showed that 35% of women drink alcohol during
pregnancy and 9.2% of women who gave birth smoked tobacco during
the first 20 weeks of pregnancy (AIHW, 2017).
There is a paucity of prospective longitudinal studies testing the
associations between prenatal alcohol and tobacco exposures and the
risk of cannabis use in offspring (Barr et al., 2006; O'Brien and Hill,
2014; Bennett and Lewis, 2020). Epidemiological evidence from the few
available longitudinal studies showed that offspring exposed to prenatal
alcohol use may have an increased risk of illicit drug use compared to
those non-exposed (Barr et al., 2006; O'Brien and Hill, 2014). A pro
spective cohort study from the US suggested a 2.56-fold increased risk of
drug use disorders in offspring exposed to prenatal alcohol use (Barr
et al., 2006). Further, a retrospective cohort study of 5922 motheroffspring pairs from the German Health Interview and Examination
Survey for Children and Adolescents (the KiGGS study) suggested
gender-specific associations, such that low to moderate maternal pre
natal alcohol use was associated with illicit drug use in adolescent fe
males only (Pfinder et al., 2014). Moreover, the aforementioned studies
have only reported illicit drug use as a single outcome (combining all
illicit drug use) in offspring exposed to maternal alcohol use during
pregnancy.
Although the association between prenatal tobacco exposure and
offspring tobacco smoking has been documented in numerous studies
(De Genna et al., 2017; Duko et al., 2021a), there is a paucity of studies
examining the association between prenatal tobacco exposure and risk
of cannabis use in offspring (Porath and Fried, 2005; Day et al., 2006;
Goldschmidt et al., 2012; De Genna et al., 2021). A study of data from
the Maternal Health Practices and Child Development Project (MHPCD)
observed an association between prenatal tobacco exposure and
cannabis use in offspring at the age of 16 years after controlling for
sociodemographic, environmental, prenatal alcohol and cannabis ex
posures, child and maternal psychological factors (Goldschmidt et al.,
2012). Nonetheless, another study from the MHPCD project did not
observe such an association for offspring at the age of 14 years (Day
et al., 2006). Similarly, the Ottawa Prenatal Prospective Study (OPPS)
presented insufficient statistical evidence for an association between
prenatal tobacco exposure and offspring regular cannabis use (Porath
and Fried, 2005). The lack of association in that study may be due to lack
of statistical power due to the small sample size (N = 152), with fewer
cases in the critical analysis, suggesting the necessity of populationbased prospective studies with larger sample sizes, which are war
ranted to produce more precise estimates and improve the generaliz
ability of results. The aim of our study was to estimate the associations
between prenatal alcohol and tobacco exposures (Gen1), and the risk of
cannabis use in offspring (Gen2). We hypothesized that such associa
tions can be observed in offspring in late adolescence.

2.2. Exposures: prenatal alcohol and tobacco exposures (Gen1)
At 18 weeks of pregnancy, mothers of the study adolescents reported
the average of the total number of standard drinks of alcohol consumed
per week during the first three months of pregnancy. They also provided
an average of the total number of standard drinks of alcohol they were
currently drinking at 34 weeks of pregnancy. According to the National
Health and Medical Research Council (NHMRC) guidelines of 2009
(NHMRC, 2009), one standard drink in Australia constitutes 10 g of
absolute alcohol, which is approximately equal to 285 mL of full
strength beer (4.8% alcohol), 425 mL of low strength beer (2.7%
alcohol), 375 mL of mid strength beer (3.5% alcohol), 100 mL of
champagne (12% alcohol), 330 mL of spirits (40% alcohol), 275 mL
bottle of ready-to-drink beverage (5% alcohol) and 100 mL of wine (red 13% alcohol, and white – 11.5% alcohol). We used these data to cate
gorize pregnant mothers as either non-drinkers (non-exposed) or
drinkers (exposed). To further examine dose-response associations, we
defined prenatal alcohol exposure as: non-drinker (category 1), up to
three standard drinks of alcohol per week (category 2); and four or more
standard drinks of alcohol per week (category 3) during the first and
third trimesters of pregnancy. The same categorization was applied in
our previous study that examined the association between prenatal
alcohol exposure and harmful alcohol use in offspring (Duko et al.,
2020). At the same time point, pregnant mothers also self-reported the
average number of cigarettes they had smoked per day during the first
and the third trimesters of pregnancy. In order to validate these selfreported responses on tobacco-smoke exposure, a validation study was
conducted by Stick et al. (1996). From that study, cotinine, a metabolite
of nicotine (Moran, 2012), was measured in serum from 238 pregnant
mothers who reported tobacco smoking during the first three months of
pregnancy. Evidence from that validation study suggested good agree
ment between self-reported maternal tobacco smoking during preg
nancy and measured serum cotinine concentration (Stick et al., 1996).
To ensure consistency with a previous study on this cohort (Duko et al.,
2021b), we recoded this variable into three categories: no prenatal to
bacco exposure (Category 1), less than 10 cigarettes/day (Category 2)
and 10 or more cigarettes per day (Category 3) during the first and third
trimesters of pregnancy.
2.3. Outcome: Cannabis use in offspring (Gen2)
Cannabis use at 17 years of age (Gen2) was measured by using a selfreported questionnaire developed to capture risky behaviors in adoles
cents. Adolescents were asked, “How often do you use cannabis (mari
juana) for non-medical purposes?” We grouped adolescents who
responded daily, weekly and monthly use to the above question as
‘current cannabis users’ whereas those reported ‘never’ and ‘once over
one year ago’ were categorized as non-current cannabis users/ab
stainers. A previous study from the same cohort has used a similar
classification to categorize cannabis use in adolescents at age 17 years
(Moore et al., 2014). Current cannabis use was reported as cannabis use
in this study.

2. Methods
2.1. Study design and participants
Study participants were offspring of mothers enrolled in the Raine
Study between 1989 and 1992. The Raine Study is a multigenerational
ongoing population-based prospective cohort, which recruited a total of
2730 pregnant women (Gen1) visiting King Edward Memorial Hospital
(KEMH) and nearby private clinics in Perth, Western Australia, between
16 and 20 weeks of pregnancy. These pregnancies resulted in a total of
2868 live-born offspring (Gen2). Complete data were available for 1065
mother-offspring pairs. Full details of the Raine Study participants'
recruitment and methodology have been published elsewhere

2.4. Confounders
We controlled for confounders available in this study and which have
been previously reported to have associations between prenatal alcohol
and tobacco exposures and the risk of cannabis (illicit drug) use in
offspring. The following early-life parental and child factors were
assessed at baseline: maternal educational level (schooling up to 12
2
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years, trade certificate / apprenticeship, professional registration/ col
lege diploma and university degree), maternal age during pregnancy (<
20 years, 20–25 years, 25–30 years, 30–35 years and > 35 years),
ethnicity (Caucasian and non-Caucasian), marital status (married, never
married, de-facto and widowed/divorced/separated), annual family
income (low income < AUD $24,000 and moderate to high income >
AUD $24,000), paternal tobacco smoking during partner's pregnancy
(yes/no), sex of child (male/female), preterm birth(<37 weeks of
gestation) (yes/no), birth weight (low-birth weight (< 2.5 kg), normal
birth-weight (2.5–3.99 kg) and high-birth weight (>4.0 kg)) and
maternal history of psychiatric disorder during pregnancy (yes/no).
Further, Depression Anxiety Stress Scale (DASS) was used to measure
maternal depressive symptoms at 14 years of follow-up (Akin and Citin,
2007). At 14 years of follow-up, mothers also self-reported their post
natal tobacco smoking status (yes/no). The total depressive symptoms
score of DASS was dichotomized as depressed (≤ 9) or not depressed
(normal ≥10) based on the recommended severity thresholds. A sys
tematic review and meta-analysis conducted in 2014 suggested an as
sociation between comorbid anxiety and depression and cannabis use
(Kedzior and Laeber, 2014). Similarly, during the middle and high
school years, aggressive behavior and cannabis use have been associated
with each other although a causal association has not been established
yet (Liu and Petras, 2017). Therefore, we have included existing
anxious/depressed and aggressive behavioural problems of adolescents
at the age of 14 years. These behaviors were ascertained by using parent
completed Child Behavior Checklist (CBCL4–18), the Diagnostic and
Statistical Manual of Mental Disorders, fourth edition, text revision (DSM IV)
oriented screening tool (Achenbach, 1999). In this study, the subscales
were dichotomized as anxious/depressed and aggressive behaviors
using the CBCL t-scores ≥70 (Achenbach, 1999).

an additional sensitivity analysis after re-categorizing offspring cannabis
use as non-users/abstainers, lifetime users (cannabis use once over one
year ago) and current users (daily/weekly/monthly use) to examine
whether the associations between prenatal alcohol and tobacco expo
sures and offspring cannabis use differ when the way cannabis use was
defined varies using multinomial logit models.
3. Results
3.1. Characteristics of study participants
Mothers whose offspring reported cannabis use at the age of 17 years
were more likely to be younger and unmarried, report low annual family
income, alcohol and tobacco use during the first and third trimesters of
pregnancy, divorce or separation and lower educational level when
compared to mothers of offspring that did not report cannabis use
(Table 1). Of the total offspring included in this study; 22.7% reported
cannabis use, 48.5% were exposed to prenatal alcohol use (39.1% in 3rd
trimester) and 18.7% were exposed to prenatal tobacco use during the
first trimester (17.0% in 3rd trimester), 4.2% reported elevated rates of
anxious/depressive symptoms whereas 3.5% reported elevated rates of
aggressive behavior at the age of 14 years.
3.2. Associations between prenatal alcohol and tobacco exposures and the
risk of cannabis use in offspring
Univariate analysis showed that offspring born to mothers drinking
any alcohol during the first trimester of pregnancy were 1.40 times more
likely to report cannabis use at the age of 17 years when compared to
offspring born to non-alcohol drinking mothers during pregnancy [RR =
1.40; 95% CI (1.12–1.75)]. Similarly, offspring exposed to prenatal to
bacco during the first trimester were 1.58 times more likely to report
cannabis use at age of 17 years when compared to those unexposed [RR
= 1.58; 95% CI (1.24–2.01)].)]. We also observed similar patterns for
third trimester pregnancy alcohol [RR = 1.39; 95% CI (1.09–1.79)] and
tobacco [RR = 1.40; 95% CI (1.07–1.93)] exposures (Table 2). When we
mutually adjusted for prenatal alcohol and tobacco exposures, the esti
mates for the first and third trimesters were slightly attenuated (Model
1). Further adjustment of Model 1 by maternal age at conception, edu
cation, marital status, annual family income, ethnicity (race), and
paternal tobacco smoking during partner's pregnancy and sex of child,
preterm birth and low birthweight did not substantially change the es
timate for the first trimester [RR = 1.37; 95% CI (1.10–1.71)] but
slightly strengthened the estimate for the third trimester prenatal
alcohol exposure [RR = 1.42; 95% CI (1.12–1.79)]. However, the risk
estimates were slightly attenuated for the first trimester [RR = 1.33;
95% (1.03–1.74)] and third trimester [RR = 1.41; 95% CI (1.07–1.86)]
prenatal tobacco exposure (Model 2). In the fully adjusted model
(Model 3), the estimates did not substantially change for the first [RR =
1.38; 95% CI (1.09–1.75)] and third trimesters [RR = 1.39; 95% CI
(1.09–1.75)] prenatal alcohol exposure but there was slight strength
ening in the estimates for the first [RR = 1.42; 95% CI (1.08–1.86)] and
third trimesters [RR = 1.43; 95% CI (1.07–1.93)] prenatal tobacco
exposure. Further, we have examined for sex-specific differences in as
sociations between prenatal alcohol and tobacco exposures and
offspring cannabis use in our preliminary analysis (χ2 test) and we did
not find sufficient evidence for sex-specific differences (p-value = 0.12).
The risk estimates for cannabis use in offspring increased in magni
tude and precision with increasing exposure to prenatal alcohol and
tobacco use (Table 2). We observed relative risks (RR) of 1.36 (95% CI:
1.06–1.74) and 1.46 (95% CI: 1.03–2.08) for offspring born to mothers
drinking up to three standard drinks of alcohol/week and four or more
standard drinks of alcohol per week during the first trimester of preg
nancy respectively. Similarly, there were also suggestions of doseresponse relationships as estimates were slightly greater in offspring
exposed to prenatal tobacco use of ≥10 cigarettes/day [RR = 1.43; 95%

2.5. Statistical analysis
Associations between prenatal alcohol and tobacco exposures and
the risk of cannabis use in offspring were examined using log-binomial
regression models, computing relative risks (RRs) as measure of asso
ciation with STATA 16.1. We added different risk factors as adjustment
variables in sequential models to better examine the role of potential
confounders. Firstly, we produced unadjusted estimates for both expo
sures. Next, we mutually-adjusted these two models of prenatal alcohol
and tobacco exposures for one another (Model 1). Model 2 was adjusted
by maternal age at conception, education, marital status, annual family
income, ethnicity (race), paternal tobacco smoking during partner's
pregnancy and sex of child, preterm birth, and low birthweight. Then,
we added maternal psychiatric disorder during pregnancy and maternal
depressive symptoms and postnatal tobacco smoking at 14 years of
follow-up and offspring anxious, depressed and aggressive behaviors at
14 years (Model 3). We repeated a similar analysis by removing the first
trimester prenatal alcohol and tobacco exposures from these models and
replacing them with the third trimester prenatal alcohol and tobacco
exposures to further estimate risks in terms of gestational age. Moreover,
as a sensitivity analysis, we conducted multiple imputations by chained
equations to account for missing data (Royston, 2005; Sterne et al., 2009)
and produced 50 imputed datasets. We also conducted an additional
sensitivity analysis to compute E-values (Haneuse et al., 2019). The Evalue is defined as the minimum strength of association on the risk-ratio
scale (VanderWeele and Ding, 2017; Linden et al., 2020) that an un
measured confounder possibly will require to have with prenatal alcohol
and tobacco exposures and offspring cannabis use to explain away or
nullify the reported associations based on measured confounders (Van
derWeele and Ding, 2017, Linden et al., 2020). The lowest possible Evalue is one. High values suggest considerable unmeasured confounding
would be required to explain or nullify away the reported association
whereas lower values indicate little unmeasured confounding would be
required to explain or nullify away the reported association (Vander
Weele and Ding, 2017, Linden et al., 2020). Finally, we also conducted
3
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Table 1
Characteristics of mothers and offspring for comparing the major covariates
amongst offspring using and not using cannabis at the age of 17 years.
Variables included in the model

Maternal age at
conception

Mothers' Education
status at
conception

Annual family
income at
conception
Marital status

Ethnicity/race
Preterm birth
Child's sex
Birthweight

Maternal prenatal
tobacco use (1st
trimester)
Maternal prenatal
tobacco use (3rd
trimester)
Maternal prenatal
alcohol use (1st
trimester)
Maternal prenatal
alcohol use (3rd
trimester)
Maternal history of
psychiatric
disorder during
pregnancy
Maternal
depression at 13
years of followup
Offspring anxious
and depressed
behavior at 14
years of followup
Offspring
aggressive
behavior at 14
years of followup

Cannabis use (n = 1065)

Table 2
Association between maternal prenatal alcohol and tobacco exposure and the
risk of cannabis use in offspring at the age of 17 years.

Pvalue

Prenatal
Exposures
(Predictor
variables)

0.186

Prenatal alcohol exposure at first trimester
Prenatal alcohol
1.40
1.36
exposure
(1.12–1.75)
(1.09–1.70)
Up to 3 standard
1.37
1.34
drinks/week
(1.08–1.73)
(1.06–1.70)
4 or more
1.53
1.43
standard
(1.08–2.18)
(1.03–2.04)
drinks/week
Prenatal alcohol exposure at third trimester
Prenatal alcohol
1.35
1.33
exposure
(1.07–1.70)
(1.05–1.66)
Up to 3 standard
1.16
1.10
drinks/week
(0.70–1.91)
(0.67–1.82)
4 or more
1.39
1.37
standard
(1.10–1.75)
(1.08–1.72)
drinks/week
Prenatal tobacco exposure at first trimester
Prenatal tobacco
1.58
1.50
exposure
(1.24–2.01)
(1.21–1.95)
1–9 Cigs/day
1.52
1.49
(1.12–2.06)
(1.10–2.02)
≥ 10 Cigs/day
1.67
1.58
(1.20–2.28)
(1.15–2.18)
Prenatal tobacco exposure at third trimester
Prenatal tobacco
1.63
1.58
exposure
(1.27–2.09)
(1.23–2.03)
1–9 Cigs/day
1.52
1.49
(1.06–2.17)
(1.04–2.13)
≥ 10 Cigs/day
1.72
1.70
(1.28–2.32)
(1.26–2.30)

Non-user

User

n

%

n

%

< 20 years
20–25 years
25–30 years
30–35 years
≥ 35 years
Schooling Up to
12 years
Trade certificate/
apprenticeship
Professional
registration/
College Diploma
University degree
≤ 24,000 AUD
> 24,000 AUD

41
141
257
245
153
323

4.9
16.8
30.7
29.3
18.3
39.2

20
49
67
72
38
112

8.1
20.0
27.2
29.3
15.4
46.1

167

20.4

44

18.1

152

18.5

44

18.1

180
274
548

21.9
33.3
66.7

43
111
132

17.7
45.7
54.3

Married
Never married
Defacto
Separate/divorce/
widow
Caucasian
Non-Caucasian
No
Yes
Male
Female
Low birth weight
(< 2.5 K.G)
Normal
birthweight
(2.5–3.99 K.G)
High birthweight
(> 4.0 K.G)
Non-smoker
Smoker

622
72
109
19

75.7
8.8
13.3
2.3

165
31
40
7

68.0
12.7
16.3
3.0

0.100

727
95
759
62
416
421
62

88.4
11.6
92.4
7.6
49.7
50.3
7.4

224
19
234
9
136
110
14

92.2
7.8
96.3
3.7
55.3
44.7
5.7

0.098

696

83.2

209

85.3

79

9.4

22

9.0

687
135

83.6
16.4

178
65

73.3
26.7

<
0.001

Non-smoker
Smoker

663
113

85.4
14.6

174
58

75.0
25.0

<
0.001

Non-drinker
Drinker

444
378

54.0
46.0

105
138

43.2
56.8

0.003

Non-drinker
Drinker

471
268

63.7
36.3

121
102

54.3
45.7

0.01

No psychiatric
disorder
Psychiatric
disorder
Non-depressed
Depressed

802

97.6

236

97.1

0.697

20

2.4

7

2.9

701
79

90.0
10.0

206
21

90.7
9.3

0.768

Non-anxious/
depressed
Anxious/
depressed

806

95.6

231

94.0

0.102

31

4.4

15

6.0

Non-aggressive
Aggressive

697
56

92.6
7.4

185
43

81.1
18.9

0.243

<
0.001

0.035
0.124
0.631

Relative risk (95%CI)
Unadjusted

Model 1

Model 2

Model 3

1.37
(1.10–1.71)
1.33
(1.05–1.68)
1.49
(1.06–2.11)

1.38
(1.09–1.75)
1.36
(1.06–1.74)
1.46
(1.03–2.08)

1.42
(1.12–1.79)
1.24
(0.75–2.07)
1.48
(1.17–1.87)

1.39
(1.09–1.79)
1.28
(0.70–2.12)
1.43
(1.11–1.84)

1.33
(1.03–1.74)
1.37
(1.01–1.88)
1.41
(1.01–1.95)

1.42
(1.08–1.86)
1.38
(1.01–1.94)
1.43
(1.02–2.01)

1.41
(1.07–1.86)
1.27
(0.89–1.84)
1.57
(1.16–2.14)

1.43
(1.07–1.93)
1.32
(0.90–1.95)
1.46
(1.03–2.07)

Foot note: none-users were used as a reference control for all above categories.
NB: Analyses were run separately by trimester but reported together for ease of
presentation.
Key:
Model 1: Mutually adjusted for prenatal tobacco and alcohol exposure.
Model 2: Adjusted for maternal age at conception, education, marital status,
annual family income, ethnicity (race), paternal tobacco smoking during preg
nancy and sex of child, preterm birth and low birthweight.
Model 3: Fully adjusted for maternal age at conception, education, marital
status, annual family income, ethnicity (race), paternal tobacco smoking during
pregnancy, sex of child, preterm birth, low birthweight, maternal psychiatric
disorder during pregnancy, and maternal depression and postnatal tobacco
smoking at 14 years of follow-up and offspring anxious, depressed and aggres
sive behavior at 14 years.

CI (1.02–2.01)] when compared to offspring exposed to <10 cigarettes/
day [RR = 1.38; 95% CI (1.01–1.94)] during the first trimester of
pregnancy. Further, the results from the sensitivity analysis after recategorizing adolescent cannabis use were similar to those from the
main analysis (Supplementary file 1). Moreover, analyses repeated
using the imputed dataset resulted in negligible difference with the
original estimates (Supplementary file 2).
3.3. Sensitivity analysis (E-values)

0.01

We computed an additional sensitivity analysis to produce the Evalues to examine the extent of confounding required to explain asso
ciations. E-values for the associations we observed in this study and their
lower confidence interval closest to the null are: first trimester prenatal
alcohol exposure [E-value = 2.10 (CI = 1.40)], third trimester prenatal
alcohol exposure [E-value =2.13 (CI = 1.40)], first trimester prenatal
tobacco exposure [E-value =2.19 (CI = 1.37)], and third trimester
prenatal tobacco exposure [E-value = 2.21 (CI = 1.34)] (Table 3). The
evidence from the E-values suggested that the association between an
unmeasured confounder (e.g. prenatal cannabis use, substance use

Key: p-value refers to chi-square test of association between offspring cannabis
use and other covariates.
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4.2. Prenatal alcohol exposure and risk of cannabis use in offspring

Table 3
Sensitivity analysis (E-values) for the association between prenatal alcohol and
tobacco exposures and the risk of cannabis use in offspring for fully adjusted
Model (Model 3).
Maternal Prenatal exposures

Prenatal
alcohol
exposure at
first trimester

Prenatal
alcohol
exposure at
third
trimester

Prenatal
tobacco
exposure at
first trimester
Prenatal
tobacco
exposure at
third
trimester

Any use (any
amount)
Up to 3
standard
drinks/week
4 or more
standard
drinks/week
Any use (any
amount)
Up to 3
standard
drinks/week
4 or more
standard
drinks/week
Smoker (any)
1–9 Cigs/day
≥ 10 Cigs/
day
Smoker (any)
1–9 Cigs/day
≥ 10 Cigs/
day

Relative Risks
(RR) (95% CI)

E-values
For Point
Estimate

For
Confidence
Interval

1.38
(1.09–1.75)
1.36
(1.06–1.74)

2.10

1.40

2.06

1.31

1.46
(1.03–2.08)

2.28

1.21

1.39
(1.09–1.79)
1.28
(0.70–2.12)

2.13

1.40

1.88

1.00

1.43
(1.11–1.84)

2.21

1.46

1.42
(1.08–1.86)
1.38
(1.01–1.94)
1.43
(1.02–2.01)
1.43
(1.07–1.93)
1.32
(0.90–1.95)
1.46
(1.03–2.07)

2.19

1.37

2.10

1.11

2.21

1.16

2.21

1.34

1.97

100

2.28

1.28

The findings of this study are consistent with the results of the few
available epidemiological studies that reported an association between
prenatal alcohol exposure and risk of illicit drug use in offspring (Barr
et al., 2006; O'Brien and Hill, 2014; Pfinder et al., 2014). A prospective
cohort study of young adults (N = 500) born to mothers who reported
prenatal alcohol use in the US observed an increased odds of substance
use disorders (alcohol and illicit drugs) [Adjusted odds ratio (AOR)
=2.56; 95% CI (1.45–4.32)] at the age of 25 years (Barr et al., 2006).
Similarly, a study of data from 5922 mother-offspring pairs in the KiGGS
study revealed that offspring exposed to prenatal alcohol use were 1.62
times more likely to report any illicit drug use at the age between 11 and
17 years [AOR = 1.62; 95% CI (1.23–2.14)] (Pfinder et al., 2014). This is
also corroborated by another prospective cohort study from the US that
reported an increased risk of illicit drug use disorder in offspring
exposed to prenatal alcohol use even after adjusting for familial history
of alcohol dependence (O'Brien and Hill, 2014).
The precise mechanism detailing the association between prenatal
alcohol exposure and the risk of cannabis use in offspring remains un
clear. However, a number of putative mechanisms have been suggested.
One possible explanation linking prenatal alcohol exposure and
offspring cannabis use may be related to the theory of developmental
origins of adult diseases that suggests a wide range of adult diseases
including mental and behavioural problems have their origins in pre
natal exposures (Barker et al., 2002; Alati et al., 2007). Evidence from a
non-human primate model suggests that prenatal alcohol exposure may
enhance arterial stiffness and alters vasodilator function in offspring
(Parkington et al., 2014) and this in turn results in poor placental
perfusion and oxygen supply (Lo et al., 2017). The corresponding poor in
utero conditions such as these may result in reprogramming of the
hypothalamic–pituitary–adrenal (HPA) axis that endures into adulthood
(Newby et al., 2015). This is also supported by the results from a study
based in the US that observed significantly higher cortisol concentra
tions, a biomarker for the activation of HPA axis, in children and ado
lescents exposed to prenatal alcohol use (McLachlan et al., 2016). The
dysregulation of the HPA axis may lead to altered neuroendocrine
functions such as hyper-responsiveness to stress (Weinberg et al., 2008)
and this in turn may increase the propensity of offspring to use substance
or illicit drugs (Kreek et al., 2005).

NB: Analyses were run separately by trimester but reported together for ease of
presentation.

disorders and other) and first trimester prenatal alcohol exposure and
risk of cannabis use in offspring would require a relative risk of at least
2.10 to nullify the observed association i.e. weaker confounding could
not do so. Similarly, an unmeasured confounder (e.g., prenatal cannabis
use, substance use disorders and other) for the association between first
trimester prenatal tobacco exposure and risk of cannabis use in offspring
would require a relative risk of at least 2.19 to nullify the observed as
sociation (Fig. 1). Again, weaker confounding could not do so. There
fore, moderate unmeasured confounders are needed to nullify the
reported link between exposure and outcome.

4.3. Prenatal tobacco exposure and risk of cannabis use in offspring
The results of this study add to a converging body of evidence on the
role of prenatal tobacco exposure as an early-life presumptive risk factor
for offspring cannabis use at the end of adolescence, even after adjusting
for other maternal and child covariates. Our finding is consistent with
the US based prospective cohort study on the 16-year follow-up of
children enrolled in the Maternal Health Practices and Child Develop
ment Project (MHPCD) that reported a prospective association between
prenatal tobacco exposure and the risk of cannabis use in offspring after
controlling for sociodemographic, environmental, prenatal alcohol and
cannabis exposures, child and maternal mental health problems (Gold
schmidt et al., 2012). Nonetheless, some studies have produced con
flicting results (Buka et al., 2003; Porath and Fried, 2005; Day et al.,
2006). For instance, another study from the MHPCD project did not
observe an association between prenatal tobacco exposure and cannabis
use in offspring at the age of 14 years after adjusting for home envi
ronment (Day et al., 2006). The discrepant findings may be due to
variability in offspring ages of assessment, such that cannabis use is
more pronounced as the age of adolescents increases and this may
hinder the statistical capacity of that study to observe similar behaviors
in younger adolescents. Further, the Ottawa Prenatal Prospective Study
(OPPS) did not find evidence for an association between prenatal to
bacco exposure and risk of cannabis use in offspring at ages of 16–21
years (Porath and Fried, 2005). The lack of evidence for an association in

4. Discussion
4.1. Main findings
We examined the association between prenatal alcohol and tobacco
exposures and the risk of cannabis use in offspring at the end of
adolescence using a prospective multigenerational birth cohort in
Western Australia. To the best of our knowledge, this is the first pro
spective cohort study to investigate the association between prenatal
alcohol exposure and offspring cannabis use in late adolescence. We
found statistical evidence for the associations between prenatal alcohol
and tobacco exposures and cannabis use in offspring at the age of 17
years after adjusting for a wide range of potential confounders. We also
observed dose-response associations, based on risk estimates that were
slightly elevated amongst offspring exposed to higher levels of prenatal
alcohol and tobacco use when compared to lower levels of prenatal
exposure. Therefore, these findings further increase the reasons for
avoiding alcohol (Bower et al., 2017) and tobacco during pregnancy to
reduce adverse outcomes in offspring.
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Fig. 1. (a-d): Plot showing the level of unmeasured confounding needed to nullify exposure –confounder and confounder-outcome association.
Each point along the curve defines a joint association between the two sensitivity parameters that could potentially explain away the estimated effect. (UC = un
measured confounder).

that study may be due to lack of statistical power as a result of very small
sample size (N = 152).
Prenatal exposure to tobacco may increase the risk of offspring
cannabis use via different proposed biological mechanisms (Ernst et al.,
2001). One proposed mechanism linking prenatal tobacco exposure to
offspring substance use is that the addictive, neurotoxic and carcino
genic effects of the thousands of hazardous chemicals found in tobacco
smoke that readily pass through the placenta to the fetus (Hyman,
2005). One of these chemicals, most importantly nicotine, disrupts the

function of the nicotinic acetylcholine receptor (nAChR), which is
believed to express in the fetal brain in the first trimester of pregnancy in
humans (Dwyer et al., 2009). The corresponding nicotine-induced
alternation of nAChR may result in a profound impact on the function
of the brain reward circuitries, thereby contributing to substance
dependence or addiction in offspring (Fowler et al., 2008). This is also
corroborated by evidence from in vivo study in which exposure to pre
natal nicotine induced modifications in the reward pathways in
adolescent male rats (Franke et al., 2008). This pathway is further
6
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strengthened by observation from a two-generational study of adoles
cents and their parents in Canada (Saguenay Youth Study) that sug
gested prenatal tobacco exposure appeared to interact with the α6
subunit of nAChR gene, which in turn influence substance/drug use in
adolescence (Lotfipour et al., 2010).

the first trimester prenatal tobacco exposure and offspring cannabis use.
In our opinion, unmeasured and residual confounding may explain
some, but not all of the reported association.

4.4. The role of genetic, environmental, and confounding factors

This study has a number of strengths: the prospective measures of
prenatal alcohol and tobacco exposures, outcomes and other covariates
included in this study; the use of population-based study design with a
relatively large sample size and the use of validated data on prenatal
tobacco exposure. Further, comprehensive statistical adjustment of
multiple covariates using sequential models, running multiple imputa
tions to test the impact of missing data on overall estimates, conducting
additional analysis to estimate the risks in terms of trimesters of preg
nancy (e.g. for 1st and 3rd trimester) and computing E-values to
examine the extent of unmeasured confounding required to explain as
sociations were the other strengths of our study. However, several ca
veats should be considered when interpreting and generalizing the
results of this study. This study did not collect data on second trimester
prenatal alcohol and tobacco exposures, and these would have allowed
us to estimate the risks for the whole of pregnancy exposure. We were
not able to control for adolescents' early cannabis use, which would have
enabled a test for the indirect pathway of prenatal alcohol and tobacco
exposures on offspring cannabis use at the age of 17 years as suggested
by some previous studies (De Genna et al., 2021). Although we were able
to control for paternal tobacco smoking during pregnancy and maternal
postnatal tobacco smoking, this study did not have data on prenatal drug
exposures such as cannabis, cocaine, heroin and others. Given this
limitation, more mechanistic studies are warranted to elucidate specific
causal links. Further, we were not able to control for maternal mental
health problems during pregnancy. However, we did adjust for selfreported history of maternal psychiatric disorder during conception
and maternal depressive symptoms at 14-year follow-up as proxies for
adolescents' predisposition to mental health and behavioural problems.

4.5. The strengths and limitations

The observations we observed in this study may be due to several
genetic factors shared by the parents and child (Degenhardt et al., 2001;
Lynskey et al., 2002). For example, a preponderance of epidemiological
studies reported that elevated risk of cannabis use disorder was observed
in close relatives of probands with cannabis use disorders when
compared to healthy controls (Merikangas et al., 2009; Johnson et al.,
2020). Evidence from a controlled family study from the US showed that
47% of the male spouses and 25% of the female spouses of probands
with cannabis use disorders reported cannabis use disorders (Mer
ikangas et al., 2009). Nonetheless, a large prospective longitudinal study
of 3176 young adults from the ‘Mater-University of Queensland Study of
Pregnancy’ (MUSP) found weak evidence to support this hypothesis
(Hayatbakhsh et al., 2007). The findings of that study suggest that
maternal tobacco smoking at 14 years of follow-up was associated with
an increased risk of offspring cannabis use at 21 years, independent of
maternal tobacco smoking at 5 years of follow-up, suggesting social
learning and environmental factors may explain some part of the
observed association rather than genetics. Although our study had no
capacity to examine the aforementioned genetic factors, maternal
postnatal tobacco smoking at 14 years of follow-up was included in our
progressive models, but it did not appear to change the associations
reported in this study.
The associations that we found between prenatal alcohol and to
bacco exposures and risk of cannabis use in offspring may be explained
by several confounders such as maternal and child mental health
problems. A study of 792 adolescents from the Raising Healthy Children
(RHC) project in the US (N = 792) suggested that offspring of parents
with clinically confirmed depressive disorder were five times more
likely to report illicit drug abuse and dependence when compared to
offspring of parents without depressive disorder (Cortes et al., 2009).
Similarly, emerging evidence suggests that during the middle and high
school years, aggressive behavioural problems and cannabis use are
associated with each other (Liu and Petras, 2017). This observation was
further strengthened by evidence from a systematic review and metaanalysis of 31 primary studies that reported associations between
cannabis use and comorbid anxiety and depression (Kedzior and Laeber,
2014). Most recently, in a prospective cohort study of 500 adolescents
who were exposed to prenatal tobacco and cannabis use, adolescents'
cannabis use and externalizing behavioural problems at 14 years of
follow-up have predicted combined use of cannabis and cigarettes at the
age of 22 years after adjusting for child sex, race and early tobacco use as
well as prenatal tobacco and cannabis exposures (De Genna et al., 2021).
We also observed slight attenuation in the risk estimates after including
existing anxious and depressed as well as aggressive behavioural prob
lems of adolescents measured at the age of 14 years in our sequential
models. Nonetheless, none of them appear to change the direction of
association, suggesting the direct effects of prenatal tobacco exposure on
offspring cannabis use.
Moreover, based on the evidence from the E-values, moderate un
measured confounders are needed to nullify the reported link between
exposures and outcome. However, we cannot rule out the possibility of
unmeasured confounding. To completely explain away the associations
observed in this study, such an unmeasured confounder would need to
be associated with prenatal alcohol and tobacco exposures and offspring
cannabis use at the level of the calculated E-values. More specifically,
this would require relative risks of at least 2.10 for the observed asso
ciations between the first trimester prenatal alcohol exposure and
offspring cannabis use; and 2.21 for the observed associations between

5. Conclusion
The findings of this study suggest that offspring exposed to prenatal
alcohol and tobacco use during the first and third trimesters were at
increased risk of cannabis use at the age of 17 years when compared to
unexposed offspring. Although a number of studies of offspring exposed
to prenatal alcohol and tobacco exposures have focused mainly on
subsequent offspring alcohol and tobacco use, the results of this study
add to the converging body of evidence that such adolescents should
also be monitored for the risk of cannabis use at the end of adolescence.
We identified that moderate amounts of unmeasured confounding
would need to explain away the observed associations. Therefore, our
findings need to be confirmed by other studies such as genetic sensitive
studies that can elucidate specific causal pathways independent of social
determinants. Nonetheless, this is additional strong evidence to support
the recommendation that women should be encouraged to abstain from
alcohol and tobacco during pregnancy.
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Chapter 9: General discussion and conclusion
9.1 Chapter overview
The prenatal period is a critical time of great vulnerability for the developing brain that can be
influenced by several health hazardous. Prenatal alcohol and tobacco exposures are some of
such modifiable risk factors, and have been suggested to impact on offspring adverse mental
health and substance use outcomes later in life (1-4). However, the findings of those few
available epidemiological studies are inconclusive and suggested the need for further
examinations. To address the gaps identified in the literature, various data sources and
statistical modelling approaches were followed. Data sources included several electronic
databases and the use of birth cohort data to attempt causal inference. Statistical modelling
included meta-analysis, log-binomial regression, negative-binomial regression, multinomial
logistic regression, negative control analysis and computing E-values. More comprehensive
discussion, conclusions, strengths, and limitations of the nine papers were incorporated into
the respective chapters of this thesis (chapter 4-8). Therefore, this chapter provides a brief
summary of the main findings, discussion, public health implications, strengths and limitations,
directions for future research and conclusion.

9.2 Main findings
9.2.1

Findings from the three systematic reviews and meta-analyses (three papers)

The first two systematic reviews and meta-analyses (SRMAs) included in this thesis examined
the associations between prenatal tobacco exposure and offspring mental health and substance
use outcomes. To my knowledge, these SRMAs are the first to examine the magnitude and
consistency of associations reported by previous epidemiological studies on the topics. The
results of these SRMAs showed increased pooled relative risks of depressive and bipolar
disorders, tobacco smoking initiation, lifetime tobacco smoking, current tobacco smoking and
tobacco dependence in offspring exposed to prenatal tobacco use compared to non-exposed
offspring. More specifically, there were suggestions of dose-response associations as risk
estimates were more elevated amongst offspring exposed to heavy maternal prenatal tobacco
smoking when compared to offspring exposed to lower levels of tobacco smoking in
pregnancy. Estimates did not substantially change after adjustment for a wide range of potential
confounders including previous mental health problems in offspring and parents, and postnatal
exposure to substance use and socio-economic position. Taken together, these results suggest
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that avoiding tobacco smoking during pregnancy should be a greater priority for intervention
to avoid adverse consequences that can be observed in adolescence and young adulthood.
A previous epidemiological study has indicated that more specific associations between
prenatal alcohol and tobacco exposures on offspring substance use during adolescence,
suggesting that prenatal alcohol exposure was associated with offspring alcohol use and
similarly prenatal tobacco exposure was linked with offspring tobacco smoking (5). Therefore,
an additional systematic review was also conducted to examine the association between
prenatal alcohol exposure and offspring alcohol use. This was also the first systematic review
on the topic. Existing studies on the topic are few and geographically limited to developed
countries. More than 90% of the studies included in this review reported an increased risk of
alcohol use disorder or increased level of alcohol drinking in offspring exposed to prenatal
alcohol use. The large variability across studies in the definitions of low, moderate, heavy or
binge-level prenatal alcohol exposure and the timepoint at which prenatal alcohol exposure
occurred (first, second or/and third trimester or all) may limit more conclusive inference, and
also limited the ability to undertake a meta-analysis.
9.2.2

Findings from the Raine Study (six papers)

This PhD project further examined the associations between prenatal alcohol and tobacco
exposures and the risk of conduct disorder, depressive and anxiety symptoms in adolescent and
young adult offspring using longitudinal prospective birth cohort data from the Raine Study.
Associations between prenatal alcohol and tobacco exposures and offspring subsequent
alcohol, tobacco and cannabis use in late adolescence were also examined. The risk of
depressive symptoms in adolescents exposed to maternal alcohol use of six or more standard
drinks of alcohol per week and any amount of tobacco smoking per day during the first three
months of pregnancy was approximately 50% higher when compared to those non-exposed.
We found insufficient statistical evidence for an increased risk of depressive symptoms in
offspring exposed to lower amount of maternal alcohol consumption during the first three
months of pregnancy. Similarly, while young adults exposed to prenatal tobacco use tend to
experience more symptoms of anxiety (as much as 50% greater than their non-exposed
counterparts), such outcomes were not observed for offspring exposed to prenatal alcohol use.
It is important to note that this finding could be either reflect the existence of no harmful effect,
or possibly more likely, that a harmful effect exists but was not observable within this particular
cohort. Consequently, this finding should be confirmed by additional studies as this is the first
prospective cohort study to investigate the association between prenatal alcohol exposure and
offspring anxiety symptoms in young adulthood (Chapter 4). Further, slightly increased risk
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estimates in offspring exposed to higher levels of maternal alcohol consumption during
pregnancy, limit us from concluding that there is a safe level of alcohol consumption during
the prenatal period in relation to future anxiety symptoms in offspring. Associations reported
in this thesis were independent of sociodemographic variation, predisposition to maternal and
paternal mental health problems and paternal smoking during pregnancy. Moreover,
associations did not appear to be mediated by the effects of prenatal alcohol and tobacco use
on adverse pregnancy and birth outcomes.
Previous longitudinal studies linking maternal prenatal tobacco smoking to offspring conduct
disorder symptoms have produced inconsistent findings. Therefore, investigating maternal and
paternal tobacco smoking during pregnancy may provide additional clarity as to the etiological
basis for conduct disorder symptoms. Such design would distinguish between shared or
socioeconomic status or environmental influences which are difficult to disentangle using
conventional statistical adjustment. If maternal tobacco smoking during pregnancy but not
paternal tobacco smoking is linked with an increased risk of conduct disorder symptoms in
offspring, this may provide more support for a pathway via in utero exposure. Such a study
was also included in this thesis. Specifically, the prospective association between maternal
prenatal tobacco smoking and conduct disorder symptoms in offspring was compared with
effects of paternal prenatal tobacco smoking on offspring outcome. The risk of conduct
disorder symptoms (CD) was 52% greater for adolescents exposed to prenatal tobacco use
when compared to those non-exposed. The higher rates of CD symptoms observed with
increasing levels of prenatal tobacco exposure pointed to a dose-response relationship, such
that those adolescents born to mothers smoking more than 10 cigarettes per day during
pregnancy had much higher point estimates of risk (RR) compared to those smoking fewer
cigarettes. Estimates were robust to controlling for potential confounders. Paternal tobacco
smoking during partner’s pregnancy had no notable effect on CD symptoms in offspring,
suggesting a biological effect of maternal tobacco smoking during pregnancy on offspring CD
symptoms (Chapter 5). These findings make a significant contribution to strengthening the
evidence base for an effect of maternal prenatal tobacco smoking on the risk of conduct
disorder symptoms in young adolescence.
In chapters 6-8, associations between prenatal alcohol and tobacco exposures and offspring
subsequent alcohol use, tobacco smoking and cannabis use at the age of 17 years were also
examined. Adolescents exposed to four or more standard drinks of alcohol per week during the
first and third trimesters of pregnancy had a 1.86-fold increased risk of consuming alcohol at
harmful levels when compared to those non-exposed. The risk of harmful alcohol use in
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offspring increased in magnitude with increasing exposure to maternal alcohol use during
pregnancy. No associations were observed between maternal pre-pregnancy and postnatal
alcohol use and offspring harmful alcohol use, indicating specificity to prenatal timing of
exposure. Similarly, adolescents exposed to prenatal tobacco use had an increased risk of
tobacco smoking at the age of 17 years when compared to those non-exposed offspring
(Chapter 7). Adjustment for potential confounders including a negative control exposure did
not alter the findings, while a non-significant association was observed between paternal
tobacco smoking during partner’s pregnancy and offspring tobacco smoking during
adolescence. These findings indicate that again, the associations are more likely to reflect true
effects of exposure via mothers’ tobacco smoking during pregnancy.
The risk of cannabis use was 38% and 42% higher for offspring exposed to prenatal alcohol
and tobacco use, respectively after adjusting for a wide range of potential confounders. Doseresponse associations were also observed, based on risk estimates that were slightly elevated
amongst offspring exposed to higher levels of prenatal alcohol and tobacco use when compared
to lower levels of prenatal exposure. Again, as this was the first study using prospectively
collected data to investigate the association between prenatal alcohol exposure and offspring
cannabis use in late adolescence, the findings of this thesis should be replicated in future studies
with better capacity to account for confounding and timing of the exposure (Chapter 8).

9.3 Discussion of main findings
A few available epidemiological studies have shown significant associations between prenatal
alcohol and tobacco exposures and a number of mental health and substance use outcomes in
offspring. This thesis has further strengthened such evidence by testing prospective
associations between maternal prenatal alcohol and tobacco exposures and the risk of mood
disorders, depressive, anxiety and conduct disorder symptoms, as well as substance use in
offspring using meta-analytical approaches and a population-based birth cohort study.
Evidence from these analyses suggested increased risks of developing adverse mental health
and substance use outcomes in offspring exposed to prenatal alcohol and tobacco use. The
following sections separately discuss associations between prenatal alcohol and tobacco
exposures and specific mental health and substance use outcomes in offspring.
9.3.1

Prenatal alcohol exposure and offspring mental health and substance use
outcomes
Adolescents exposed to prenatal alcohol use had an increased risk of developing depressive
symptoms when compared to those non-exposed (Chapter 4). This is in line with the findings
of those few available epidemiological studies that reported similar observations (1, 6). For
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instance, Easey et al. tested the association between prenatal alcohol exposure and offspring
depression using the longitudinal data from 14,062 mother-offspring pairs in the Avon
Longitudinal Study of Children and Parents (ALSPAC) (6). In that study and, in line with our
findings, offspring exposed to prenatal alcohol use during the first trimester were more likely
to report depressive symptoms compared to those non-exposed. Other studies have produced
conflicting results (7, 8). A prospective cohort study examined the association between prenatal
alcohol use and the risk of internalizing behaviors in offspring suggested that offspring exposed
to maternal alcohol use of six or more standard drinks during the first three months of
pregnancy were less likely to develop internalizing behaviors including depression when
compared to those non-exposed and exposed to occasional alcohol use (8). However, that study
combined ‘abstainers’ with ‘occasional prenatal alcohol use’ as a reference control group as
well as using parent report from the Child Behavior Checklist (CBCL) to measure outcomes in
offspring, parental report of CBCL has been found to be a weak report, while child ratings from
the CBCL outweigh parental ratings in identifying childhood internalizing behaviors (9).
Moreover, multi-informant approaches have been recommended in the assessment of young
children’s CBCL syndromes (10). At the same time, however, non-significant association was
observed between prenatal alcohol exposure and the risk of experiencing symptoms of anxiety
in young adults, which is consistent with the results from several previous studies (11-14). In
support of these findings, a large prospective longitudinal study of more than thirty thousand
offspring from the Danish National Birth Cohort found that children exposed to prenatal
alcohol consumption of five or more alcohol units during the first and third trimesters were less
likely to report emotional/anxiety symptoms (11). An additional study also reported similar
findings (12). It is also plausible that the effects of prenatal alcohol exposure have longer
latency, thereby requiring further follow-up to observe associations.
The findings from this thesis also advance the existing body of evidence with regard to the risk
of harmful alcohol use in offspring exposed to prenatal alcohol use (Chapter 6). As mentioned
in the earlier section, after controlling for several confounders including paternal and maternal
prenatal tobacco exposures, adolescents exposed to four or more standard drinks of alcohol per
week during the first and third trimesters of pregnancy had a 1.86-fold increased risk (86%) of
consuming alcohol at harmful levels. These results are consistent with other epidemiological
studies (15-18). In addition to harmful alcohol use, the results of this thesis also suggested that
offspring exposed to prenatal alcohol use had an increased risk of cannabis use in late
adolescence. This finding is in line with the results of the few available epidemiological studies
that observed an association between prenatal alcohol exposure and risk of illicit drug use in
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offspring (5, 7, 19). Most notably, a US based prospective cohort study reported an increased
risk of illicit drug use in offspring exposed to prenatal alcohol use even after adjusting for
familial history of alcohol dependence (5). Therefore, avoiding alcohol consumption during
prenatal period is the safest option for mothers and children and this should be promoted via
public health interventions.
9.3.2

Prenatal tobacco exposure and offspring mental health and substance use
outcomes
The risk of depressive symptoms in offspring exposed to prenatal tobacco use was
approximately 50% higher when compared to those non-exposed. This association persisted
after adjusting for available confounders. These findings were consistent with evidence from
some previous studies (20-23), but not all (24-26). For instance, a US based prospective cohort
study found small associations in the opposite direction, suggesting male offspring born to
mothers smoking 10 or more cigarettes/day during pregnancy are protected from mood
disorders or are less likely to develop mood disorders (24). However, that study had a very
small sample size (n=238) and may therefore be sensitive to even small amounts of bias.
Increased risk of experiencing anxiety symptoms (as much as 50% greater) was also observed
in young adults of mothers who reported tobacco smoking during the first and third trimesters
of pregnancy compared to those non-exposed. A dose-response association was also observed
between prenatal tobacco exposure and the risk of experiencing symptoms of anxiety in young
adults. These findings are consistent with the results of a few studies that reported significant
associations between prenatal tobacco exposure and risk of internalizing behaviors such as
anxiety and emotional symptoms in children and adolescents (21, 22, 27-29). Nonetheless,
other studies found null associations (30, 31). For instance, a prospective study that combined
the data of two birth cohorts namely the Avon Longitudinal Study of Parents and Children and
Brazilian Pelotas study reported insufficient statistical evidence for association between
prenatal tobacco smoking and internalizing problems in preschool children at 4 years of age
after adjusting for maternal socioeconomic status, parental psychopathology and alcohol
consumption (31). This was an informative study, as it had both a very large sample size and
utilised two different birth cohorts conducted in two different parts of the world. However, the
children in both studies were very young. The lack of evidence for an association may reflect
varying offspring ages of assessment and variations in the included confounders. Most notably,
evidence from few available epidemiological studies demonstrated that anxiety symptoms are
more observable as the age of children and adolescent increases (32) and this may potentially
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limit the capacity of that study to observe associations among younger children with follow-up
ending prior to young adulthood.
The results presented in this thesis further advance the existing evidence by testing the
prospective association between maternal prenatal tobacco smoking and CD symptoms in
offspring using paternal prenatal tobacco smoking as a proxy for environmental tobacco smoke
exposure. The risk of developing conduct disorder symptoms was 52% higher for adolescents
exposed to maternal prenatal tobacco use. Paternal prenatal tobacco smoking had no notable
effect on CD symptoms in offspring, supporting the view that maternal prenatal tobacco use
may have in utero effects on offspring CD symptoms. The findings were consistent with some
studies (31, 33-35) but not all (36-39). For instance, a US based study observed insufficient
evidence for an increased risk of CD symptoms in offspring exposed to maternal tobacco
smoking during pregnancy (36). However, that study examined prenatal tobacco exposure
using a retrospective method, which could have introduced exposure misclassification due to
recall bias, thereby contributing to less precise estimates.
Similarly, we have also examined the prospective association between maternal prenatal
tobacco exposure and the risk of tobacco smoking in offspring using paternal tobacco smoking
during partner’s pregnancy as a negative control exposure. We noted that offspring born to
mothers who reported tobacco smoking during pregnancy had increased risks of tobacco
smoking at the age of 17 years. Varying level of statistical adjustment for potential confounders
including a negative control did not alter the observed associations. This observation supports
the findings of the existing epidemiological studies that suggested an increased risk of tobacco
smoking or dependence in offspring exposed to prenatal tobacco use (40-44). Nonetheless, a
few previous studies have produced conflicting results. For instance, a retrospective cohort
study from the US reported that prenatal tobacco exposure was associated with tobacco
smoking in girls only (45). However, the findings of that study were based on a relatively small
sample size (N=797). In contrast, we did not find statistical evidence for gender differences in
the association between prenatal tobacco exposure and tobacco smoking in offspring.
Similarly, the findings of this study revealed that adolescents exposed to prenatal tobacco use
had an increased risk of cannabis use when compared to those non-exposed. This finding was
consistent with findings from a US based cohort study that reported a prospective association
between prenatal tobacco exposure and the risk of cannabis use in offspring after controlling
for sociodemographic, environmental, prenatal alcohol and cannabis exposures, and child and
maternal mental health problems (46). Nonetheless, some studies have produced conflicting
results (47-49). For instance, a US based longitudinal
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study observed non-significant

association between prenatal tobacco exposure and cannabis use in offspring at the age of 14
years (47). The Ottawa Prenatal Prospective Study (OPPS) has also found a similar finding
(48). These seemingly conflicting findings may be due to variability in offspring ages of
assessment, such that cannabis use is more prevalent as the age of adolescents increases and
this may hinder the statistical capacity of specific studies to observe similar behaviours in
younger adolescents.
9.4 Potential mechanisms
The precise mechanisms explaining long-term effects of prenatal alcohol and tobacco
exposures on offspring mental health and substance use outcomes are difficult to ascertain due
to the confounding effects of several familial, epigenetic, genetic, developmental, and
environmental risk factors (50-52). Several mechanisms that may explain the associations
between prenatal alcohol and tobacco exposures and offspring mental health and substance use
outcomes have been explained in this thesis. Notable mechanisms are discussed below.
Epidemiological studies suggest that prenatal exposure to alcohol may result in doseresponsive constriction of blood vessels in the placenta which in turn may elevate blood
pressure and decrease placenta weight (53, 54). A recent systematic review has also highlighted
that prenatal tobacco exposure was associated with impaired placental vascularization (55),
which in turn influences birth weight (56). The placental vasoconstriction may result in
placental and fetal hypoxia (57). Epidemiological evidence suggests that prenatal hypoxia may
result in long-term impairments of the dopaminergic systems which can endures into adulthood
(58). The corresponding physiological alterations may significantly affect the function of
dopamine neurotransmitter (59) and contribute to the development of mental health and
substance use outcomes in offspring.
An indirect proposed mechanism detailing the associations reported in this thesis is that
prenatal alcohol and tobacco exposures may affect placental blood circulation, putting the fetus
at increased risk of preterm birth, low birthweight and small for gestational age (60-62); which
in turn may result in mental health and behavioural problems in offspring via such mediation
(63, 64). However, we did not find evidence of mediation via preeclampsia, preterm birth and
low birthweight.
One of the proposed direct mechanisms linking prenatal tobacco exposure and offspring mental
health and substance use outcomes is that the neurotoxic components that have an addictive
effect, and consists of thousands of hazardous compounds present in tobacco smoke that are
able to cross the placenta (65). This in turn can minimize the neuronal area in several regions
of the hippocampus, ‘a complex brain structure with main role of learning and memory’, and
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prompt irreversible modifications to the brain cell structure, which persists into young
adulthood and even beyond (66). Further, evidence from in vivo studies indicates that exposure
to prenatal tobacco smoking may impact the role of dopamine and serotonin (67-69), which
are neurotransmitters that have been linked to several mental health problems in humans.
Further, maternal prenatal tobacco exposure was linked with morphological and neurochemical
alternations of the parts of the brain regulating the reward system and reward-driven behaviours
in offspring (70), supporting the elements of the hypothesis that link maternal prenatal
substance exposures with offspring subsequent brain vulnerability to substance addiction that
endures into adulthood (71).
Evidence from in vivo studies suggested that prenatal exposure to alcohol (ethanol) and tobacco
(nicotine) may be associated with mood disturbance and depression-like behavior in rat
offspring (72-74). Additional in vivo studies have also reported that such exposures during
prenatal period may increase the propensity of exposed offspring to consume much alcohol and
nicotine compared to non- exposed (75, 76). For instance, a study that administered 5.8 g/kg
of ethanol (alcohol) to pregnant mice during preimplantation phase reported significant growth
retardation and physical malformations in nearly all viable embryos (77), suggesting
teratogenic effects of alcohol exposure during the preimplantation period. Similarly, offspring
of mice exposed to maternal prenatal nicotine demonstrated an increased nicotine preference
during adolescence compared to those non-exposed (76). In human studies such
experimentation would be unethical, however, our findings could provide additional evidence
for the role of prenatal alcohol and tobacco exposures in the development of mental health
substance use outcomes in offspring.
Genetic predisposition to maternal and paternal mental health problems may also play a
significant role in the development of mental health and substance use outcomes in offspring.
Several epidemiological studies have documented that the risks of developing mental health
and substance use problems are substantially higher in the close relatives of affected probands
when compared to health controls (78-81). To support this explanation, a meta-analysis
synthesized the results of six studies with a total of more than fifteen thousand mother-child
dyads found that the odds of developing depression in offspring of mothers with perinatal
depression increased approximately by 2-fold (80), which may be a predictor for offspring
alcohol use (81).Further, close relatives of probands with anxiety disorders are at four to sixfold increased risk for anxiety disorders when compared to healthy controls (78). Nonetheless,
the genetic liability to anxiety disorders ranged from 30–40% (78), suggesting that other
presumptive risk factors such as prenatal alcohol drinking and tobacco smoking may explain
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the remaining proportion. Such a hypothesis is compatible with findings from our study, where
further adjustment for previous maternal mental health problems during pregnancy, maternal
depressive and anxiety symptoms at 14-year follow-up as proxies for offspring predisposition
to psychiatric conditions slightly attenuated the risk estimates. Furthermore, estimates from
twin and adoption studies also suggested that 50% of the variability in alcoholism liability is
linked with genetic predisposition (82), suggesting other risk factors may explain the remaining
contribution. Although we were not able to measure genetic contributions, maternal prepregnancy and postnatal alcohol use were dealt out in our sequential models, but they did not
appear to change associations reported in this thesis.
Maternal prenatal alcohol and tobacco exposures have also been linked with dysregulated
expression of microRNA and altered DNA methylation in the offspring (83, 84). Differential
methylation of CpG-sites in related genes has been associated with the dysregulation of
hypothalamic-pituitary-adrenocortical (HPA) axis (85). The corresponding dysregulation of
HPA axis may result in various of form of psychiatric disorders such as mood disorders (86),
major depressive disorder (87), anxiety disorders (88), addiction (89) and others (90, 91) and
could be via epigenetic mechanisms. These observations are further supported by evidence
from in vivo studies, which reported that alcohol and nicotine exposures during gestation can
induce HPA axis-hypersensitivity in the exposed offspring of rodents (92, 93).
An alternative speculation may suggest substance use during adolescence may be largely
affected by parental behaviors (94, 95). This interpretation is supported by social learning
theories that propose adolescents living in an environment where alcohol is consumed may
drink alcohol because drinking by their parents or care givers that is sustained over a period of
time normalizes the behavior (96, 97). Most notably, a longitudinal study from Australia
reported that adolescents living with mothers consuming a higher amount of alcohol
occasionally and in irregular intervals were at increased odds of developing problematic
alcohol use in adolescence than mothers consumed no alcohol (98). Similarly, adolescents may
initiate tobacco smoking by emulating the behaviour of their parents’ smoking (99, 100). A
systematic review and meta-analysis that synthesized the results of 58 observational studies
linking parental tobacco smoking to child subsequent tobacco smoking observed that the odds
of adolescents’ tobacco smoking increase approximately by two-fold if at least one parent or
family member smoke tobacco (100). In our study, further adjustment for postnatal maternal
alcohol and tobacco use attenuated the strength of the association between prenatal alcohol and
tobacco exposures and offspring harmful alcohol use and tobacco smoking, respectively.
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Epidemiological evidence may also suggests that children exposed to parental tobacco smoking
when they were young children may develop adverse mental health problems later in life (101,
102). A study based in the US observed that postnatal tobacco smoke exposure was
significantly linked with mental health problems in offspring after adjusting for a number of
confounders (103). This is also supported by findings from a French study that examined the
effects of pre-and postnatal tobacco exposures on offspring mental health and behavioural
problems (104). In that study, the odds of developing internalizing behaviours was 72% and
38% greater for children exposed to pre- and postnatal maternal tobacco smoking, suggesting
that postnatal tobacco smoking results in a 34 percentage point elevation in odds of developing
internalizing behaviours compared to prenatal tobacco smoking. Similarly, a slight attenuation
in the risk estimates was also observed in all studies included in this thesis after adjusting for
postnatal maternal tobacco smoking.
Isolating whether prenatal alcohol and tobacco exposure contributes as a causes of offspring
mental health and substance use outcomes is difficult. Associations reported in this thesis may
be due to confounders such as maternal and familial socio-economic positions and parenting
style which are associated with prenatal tobacco smoking and alcohol drinking (105, 106). For
instance, maternal alcohol drinking and tobacco smoking during pregnancy may be associated
with certain parenting style (107). Such parenting styles could include relatively harsh
parenting that involves physical punishment, child maltreatment, rejection and over-protection
(107, 108), which in turn may result in mental health and behavioural problems in adolescents
(109), possibly by lowering self-esteem. Further, epidemiological studies have also suggested
that women smoking tobacco during pregnancy were more likely to report lower academic
level, income and social class (110-112). These in turn have been associated with mental health
and substance use problems in offspring (113, 114). This is also supported by a Dutch
population-based cohort study examining prospective associations between prenatal tobacco
smoking and offspring mental health problems where a significant association was found in
unadjusted analysis; whereas, insufficient statistical evidence was reported after adjustment for
parental educational attainment and family income (OR 1.22, 95% CI 0.90–1.63) (115),
suggesting parental socioeconomic positions accounted for the greater risk of mental health
problems in offspring (116). Several socio-economic factors that may influence the association
between prenatal alcohol and tobacco exposures and offspring mental health and substance use
outcomes such as maternal age, education, marital status, parity, and family income were
included as covariates in the analysis in the papers within this thesis, but such confounding did
not appear to fully explain the findings reported in this thesis.
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9.5 Public health implications of the findings
With the growing burden of mental health and substance use problems in adolescents and
young adults, the findings of this thesis have a number of public health implications. The
findings of this thesis demonstrate that prenatal alcohol and tobacco exposures were associated
with increased risks of mental health and substance use problems in the adolescent and young
adult cohorts investigated. The relative risks for most outcomes investigated, where higher in
magnitude in adolescents and young adults exposed to higher amounts of maternal prenatal
alcohol and tobacco use when compared to those with lower levels of prenatal exposure,
suggesting dose-response associations. The primary implications are presented in this section,
and mainly provide further empirical evidence to avoid alcohol and tobacco consumption
during pregnancy. These may help reduce the risk of adverse mental health and substance use
outcomes in subsequent generations. To mitigate the effects of prenatal alcohol and tobacco
exposures on adverse offspring outcomes, the interventions efforts need to target individuals
early, possibly from adolescence through young adulthood. Strengthening the existing schoolbased prevention programs for alcohol and tobacco use (e.g. social influence approach), which
are critically important to reduce such substance use later in young adulthood, when young
women become pregnant (117). It has been proposed that such intervention could potentially
increase knowledge about specific substances and also improve attitudes towards substance
use (118). Misinformation is also of concern. A study that retrieved information on
consumption of alcohol in relation to pregnancy and breastfeeding from the websites of 23
alcohol industry–funded bodies reported that these bodies contributed to misinformation and
thereby increase the rates of maternal alcohol consumption during pregnancy (119).
Consistency in policy advice related to alcohol consumption in pregnancy is also warranted.
Although several countries, including Australia, have revised policies detailing alcohol use in
the last few years, there is substantial variability in policy advice on alcohol consumption
during pregnancy (120, 121). Most notably, the WHO recommendation on alcohol use states
that ‘pregnant women should not drink’(121) while some countries state ‘not drinking alcohol
during pregnancy is the safest option’. Maternal alcohol consumption and tobacco smoking
(including exposure to passive smoke) should be frequently monitored during pregnancy with
additional social support provided to promote abstinence of alcohol and tobacco from the time
of pregnancy attempt for planned pregnancies, or from the time at which pregnancy is
recognised for other pregnancies. In Australia, approximately 56% of pregnant women reported
consuming alcohol while not knowing their pregnancy status (122). Nonetheless, a relatively
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large number of pregnant women (26%) continued consuming alcohol once they knew they
were pregnant. Similarly, the rates of tobacco smoking were slightly greater in the first 20
weeks of gestation (11%) compared to after 20 weeks of pregnancy (8%) (122). Strengthening
the accessibility and availability of nicotine replacement therapy (NRT) may help reduce
cravings and withdrawal symptoms when women quit tobacco smoking. Most notably,
evidence from the available epidemiological studies suggests that all forms of commercially
available NRTs could potentially increase the rate of quitting tobacco smoking by 50 to 70%
(123). Obstetric and public health programs could place greater emphasis on psychological and
educational interventions. For instance, evidence from several systematic reviews suggests that
psychological and educational interventions may decrease the propensity of pregnant women
to drink alcohol or increase abstinence from alcohol during pregnancy (124, 125). Further,
smoking cessation interventions are also recommended to avoid or reduce the rates of tobacco
smoking during pregnancy. In a Cochrane review that included a total of 102 randomised
controlled and 9 cluster-randomised trials; counselling, regular feedback and incentives are
found to be effective to assist pregnant women to quit tobacco smoking (126, 127). Moreover,
strengthening the efforts on early detection and interventions of mental health and substance
use problems in adolescents and young adults is also imperative. Most notably, well-designed
and technology-sensitive peer support prevention strategies such as ‘The Mind Your Mate
Study’ that can be easily available to individuals across different settings are also important
(128). Such peer support prevention strategy could potentially facilitate discussion around
mental health and reduce the impact of mental health and substance use problems in
adolescents and young adults (128).

9.6 General strengths and limitations
The three systematic reviews and meta-analyses incorporated into this thesis were the first to
provide up to date and summarised evidence on the magnitude and consistency of associations
reported between prenatal alcohol and tobacco exposures and the risk of subsequent alcohol
and tobacco use as well as mood disorders in offspring. As per the Preferred Reporting Items
for Systematic review and Meta-Analysis guidelines, all SRMAs included in this thesis were
prospectively registered in the international prospective register of systematic reviews
(PROSPERO). To minimize possible reviewer bias, predefined search strategies, data
extraction protocols and the methodological quality appraisal of studies included in those
SRMAs were performed by two independent reviewers. Further, subgroup and sensitivity
analyses including leave-one-out-sensitivity analysis were conducted to identify sources of
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heterogeneity. Offspring adverse outcomes such as depression, bipolar disorder, alcohol, and
tobacco subsequent use were ascertained using the standard and validated screening and
diagnostic tools including those using ICD 9/10 and DSM IV criteria. Moreover, our literature
searches did not have language and date limits.
The wide range of prenatal and postnatal measures and relatively large sample of the Raine
Study allowed the examination of specific directional hypotheses across an extended period of
follow-up. We were able to measure and adjust for a wide range of sociodemographic, child
and familial characteristics that could potentially confound the effects of prenatal alcohol and
tobacco exposures on offspring mental health and substance use outcomes. Prenatal alcohol
and tobacco exposures were prospectively measured during the first and third trimesters of
pregnancy, which confirm that ascertainment of exposure status was unaffected by
retrospective recall bias. Validation of self-reported maternal smoking status with biological
markers of tobacco smoking (e.g. serum cotinine levels) is also a study strength. Cotinine is
considered as gold standard biomarker of tobacco smoke exposure (129). The results from that
validation study revealed a strong agreement between reported and biological measured
smoking status (130). Similarly, offspring adverse outcomes such as conduct disorder,
depressive and anxiety symptoms as well as alcohol, tobacco and cannabis use during
adolescence and in young adulthood were prospectively collected and ascertained using wellaccepted standardized, validated and recommended screening tools (131-133). Adjustments for
the effects of paternal smoking during pregnancy, pre-pregnancy maternal alcohol use and
postnatal maternal alcohol and tobacco consumption on offspring adverse outcomes, further
strengthen the robustness of our findings and provide some support that the associations
observed may be causal. The examination of the role of mediators, the application of sequential
models, performing additional sensitivity analysis and including multiple imputations to
examine the impact of missing data on overall estimates are also strengths of this thesis.
Trimester-specific analyses to identify risks in terms of gestational age was also performed.
Moreover, one practicable quantitative approach to identifying the potential of whether the
results are attributable to confounding is by computing E-values, which was also applied in this
thesis (134, 135).
The following limitations should be considered when interpreting the findings of this thesis. In
the two meta-analyses, we did not analyse gender, age and study design specific effect
estimates due to lack of sufficient and consistent data from the included studies. In some of the
studies included in the meta-analysis on the association between prenatal tobacco exposure and
offspring mood disorders, the follow up period may have been too short to observe validated
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and diagnosed mood disorders. Epidemiological studies included in the systematic review of
the association between prenatal alcohol exposure and offspring subsequent alcohol use used
varying definitions of low, moderate, heavy or binge prenatal alcohol use, which limited the
ability to undertake a meta-analysis.
The primary studies based on the Raine cohort data did not include variables on paternal
alcohol consumption during partners’ pregnancy and second trimester prenatal alcohol and
tobacco exposures, these would have allowed for inclusion of another negative control
exposure and to produce estimates for whole pregnancy exposures, respectively. Loss to
follow-up in this thesis was relatively high, although can be expected for such a long period of
follow-up of the cohort and this may have introduced bias. However, the patterns of prenatal
alcohol and tobacco use did not differ between those lost to follow-up and those retained in the
study. This suggests that attrition is unlikely to have introduced substantial bias and it is
unlikely that the bias is directional. Further, a previous epidemiological study that examined
the potential bias that may come and go due to recruitment, selection, and loss of study
participants demonstrated that the Raine Study had no evidence of significant perinatal
selection bias namely recruitment and attrition bias (136). Similarly, we observed negligible
variation in the final estimates after repeating sensitivity analyses with multivariate imputation.
It is also important to note that due to the large number of statistical tests conducted, some
statistically significant associations will occur due to chance. This study was not able to adjust
for parental mental health diagnosis and parental externalizing behavioural problems as they
were not measured during follow periods. We tried to minimize this by adjusting for maternal
history of mental health problems during pregnancy, maternal postnatal depressive, anxiety
and stress symptoms as well as paternal emotional problems at 14 years of follow-up. Although
not all women who drink alcohol and smoke tobacco during pregnancy engage in consuming
illegal drugs, such use may be correlated with prenatal alcohol and tobacco consumption, but
we did not have these data to include in the adjusted models. Epidemiological studies suggest
that familial alcohol dependence (51), stressful life events during pregnancy (137), family
conflict, criminal behavior, child-rearing practice, neighborhood characteristics, adolescents’
peer influence and early substance initiation or experimentation may indirectly increase the
risk of mental health and substance use problems in adolescents and young adults (138-141).
However, the Raine Study did not include such data, which would have enabled a test for the
indirect pathway of prenatal alcohol and tobacco exposures on offspring adverse outcomes.
Although self-report of alcohol consumption has been widely accepted, maternal prenatal
alcohol exposure is likely to be under-reported by pregnant mothers due to perceived stigma
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associated with drinking during pregnancy or if women were not aware of their pregnancy
status until later stages of pregnancy. This may in turn have attenuated associations with
offspring mental health and substance use outcomes (6).

9.7 Direction for future research
This thesis addresses the paucity of research on the associations between prenatal alcohol and
tobacco exposures and offspring mental health and substance use outcomes by synthesizing the
results of existing studies (meta-analyses) and using longitudinal data from the Raine Study.
However, the associations observed in this thesis may not necessarily reflect the true effects of
prenatal alcohol and tobacco exposures on offspring adverse outcomes. Based on the research
conducted in this thesis, recommendations for future studies include: (1) the need to report
maternal and paternal alcohol consumption levels in grams per week (g/week) to improve the
synthesis of evidence and minimize the heterogeneity of prenatal alcohol definition; (2)
measurement of maternal prenatal alcohol and tobacco exposures for all trimesters as this helps
understand at which stage of pregnancy maternal alcohol and tobacco use has the greatest effect
on offspring subsequent mental health and substance use outcomes; (3) the need to consider
the mediating role of immediate pregnancy and birth outcomes such as preeclampsia, preterm
birth and low birthweight in the associations between prenatal alcohol and tobacco exposures
and offspring outcomes as this may help estimate the indirect effects of those prenatal
exposures on offspring adverse outcomes; (4) the need to consider laboratory tests (e.g. ethyl
glucuronide test) to identify and quantify prenatal alcohol consumption. These could
potentially minimize the need for pregnant women to recall the amount and frequency of their
alcohol drinking and tobacco smoking as well as perceived stigma linked with drinking alcohol
and smoking tobacco during prenatal the period (129, 142); (5) consideration of non-familial
environmental risk factors, peer pressure and other factors which can affect adolescents’
decision to initiate substance use; (6) the need to consider prenatal drug use such as cannabis
and others when estimating the effects of prenatal alcohol and tobacco exposures on offspring
adverse mental health and substance use outcomes; (7) consideration of statistical adjustment
for parental mental health problems, maternal stressful life events during pregnancy and
familial alcohol dependence as proxies for offspring predisposition to mental health and
substance use problems; and (8) consideration of pre-conception exposure, and genetic
predisposition to alcohol drinking and smoking possibly using Mendellian Randomization.
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9.8 Conclusion
The work presented in this thesis contributes a number of substantive findings to the existing
body of evidence associated to early life determinants of mental health and substance use
outcomes for adolescents and young adults. Findings from the systematic review suggested
that maternal prenatal alcohol exposure was associated with offspring subsequent alcohol use.
The findings from the two meta-analyses also suggested that offspring exposed to maternal
prenatal tobacco smoking are at increased risk of depressive and bipolar disorders, tobacco
smoking initiation, lifetime tobacco smoking, current tobacco smoking and tobacco
dependence and independently of maternal postnatal tobacco smoking, paternal tobacco
smoking during pregnancy and sociodemographic confounders. The findings from the primary
studies indicated that maternal prenatal alcohol and tobacco exposures were associated with
increased risks of different forms of mental health problems such as depressive, anxiety and
conduct disorder symptoms in adolescents and young adults. Further, the results also
demonstrated prospective associations between prenatal alcohol and tobacco exposures and
offspring subsequent substance use such as alcohol, tobacco and cannabis use during late
adolescence. Moreover, dose-response associations were also observed. However, there was
negligible evidence for associations between prenatal alcohol exposure and the risk of anxiety
symptoms in young adulthood; and paternal prenatal tobacco smoking and offspring conduct
disorder symptoms and tobacco smoking. The associations found in this thesis may not
necessarily reflect the true magnitude of effects of prenatal alcohol and tobacco exposures on
offspring adverse outcomes. However, taken together with the current body of knowledge, it
is clear that there is sufficient evidence of harm observed in this thesis to warrant the
precautionary principle, that there is no known safe level of exposure to alcohol and tobacco
during pregnancy and that such exposure should be minimized, if not eliminated.
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Supplementary file for chapter 4.1 (a): Quality assessment of the included studies based
on the Newcastle-Ottawa-Scale
Study
Name

Quinn et
al, 2017
Talati et al,
2013
Chudal et
al, 2015
Talati et al,
2017
Ekblad et
al, 2010
Hill et al,
2000
Menezes et
al, 2013
Taylor et
al, 2017
Meier et al,
2017
Biederman
et al, 2017
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of study (⋆)
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long enough
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⋆
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⋆
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⋆
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⋆
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⋆
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Supplementary file for chapter 4. 1 (b): Sensitivity analysis of relative risk for each study
being removed at a time (relative risk (RR) and 95% confidence interval) for prenatal tobacco
exposure and risk of mood disorders in offspring (leave-one-out sensitivity analysis)
Study excluded

RR

95%CI

Quinn et al, 2017

1.46

1.25-1.70

Talati et al, 2013

1.38

1.23-1.54

Chudal et al, 2015

1.46

1.29-1.64

Talati et al, 2017

1.43

1.27-1.61

Ekblad et al, 2010

1.33

1.22-1.43

Hill et al, 2000

1.42

1.26-1.59

Menezes et al, 2013

1.43

1.26-1.61

Taylor et al, 2017

1.47

1.29-1.67

Meier et al, 2017

1.47

1.27-1.70

Biederman et al, 2017

1.42

1.26-1.59

Key. The analysis is based on random effect model of meta-analysis
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Supplementary file 1 for chapter 4.2 (a): Characteristics of mothers and children for
comparing the major covariates between children with and without depressive symptoms at the
age of 17 years
Variables included in the model

Depression at age 17 years
(n=1,168)
Depressed
Non-depressed

< 20 years
20-25 years
25-30 years
30-35 years
> 35 years
Married
Never married
Defacto
Separate/divorce/widow
Caucasian
Non-Caucasian
< 24,000 AUD
> 24,000 AUD
Nulliparous
Multiparous
Not planned
Planned
No
Yes

n
15
51
69
85
52
192
31
37
11
243
28
111
160
119
152
132
139
261
10

%
5.5
18.8
25.3
31.2
19.2
70.8
11.4
13.7
4.1
90.0
10.0
41.0
59.0
44.0
56.0
48.7
51.3
96.3
3.7

n
55
158
272
268
143
641
83
130
21
791
84
316
559
442
433
370
505
857
18

%
6.0
17.6
30.4
30.0
16.0
73.3
9.5
14.9
2.4
90.4
9.6
36.1
63.9
50.5
49.5
42.3
57.7
98.0
2.0

No
Yes
Low birth weight (< 2.5K.G)
Normal birthweight (2.5 -3.

252
19
20
232

93.0
7.0
7.4
85.3

819
55
66
741

93.7
6.3
7.4
82.8

High birthweight (> 4.0K.G)

20

7.3

88

9.8

Male

87

32.0

493

55.0

Female

185

68.0

403

45.0

Maternal depression
at 13 years of followup

Non-depressed

214

87.3

753

89.9

Depressed

31

12.7

85

10.1

Prenatal tobacco use
(first trimester)

Non-smoker
< 15 cigarettes/day
> 15 cigarettes/day

202
37
32
99
172

74.5
13.7
11.8
36.5
63.5

716
95
64
268
607

81.8
10.9
7.3
30.6
69.4

Maternal age at
conception

Marital status

Ethnicity
Family income at
conception
Parity
Current pregnancy
Previous history of
maternal mental
illness
Preterm birth
Birthweight

99K.G)

Child’s sex

Paternal smoking
during pregnancy

Smoker
Non-smoker

174

P-value

0.489

0.361

0.723
0.149
0.057
0.063
0.128
0.674
0.462

0.08
0.264

0.009
0.069

Maternal prenatal
alcohol use (first
trimester)

Non-use
132 48.7 448
51.2
0.045
1-2 standard drinks/week
94
34.7 314
35.9
3-5 standard drinks/week
27
10.0 76
8.7
> 6 standard drinks/week
18
6.6
37
4.2
Key: P-value refers a chi-square test of association between offspring depressive symptoms
and categorical variables.

Unadjusted

Model 1

Model 2

Model 3

Model 4

Model 5

1.8
1.6

RELATIVE RISK (RR)

1.4
1.2
1
0.8
0.6
0.4
0.2
0
Non-use

<2
standard
drinks/wee
k

3-5
standard
drinks/
week

>6
standard
drinks/wee
k

Nonsmoker

Prenatal alcohol use

Smoker
(any)

< 15
cigs/day

> 15
cigs/day

Prenatal tobacco use

Unadjusted

1

1.01

1.15

1.43

1

1.38

1.27

1.51

Model 1

1

1.04

1.1

1.56

1

1.38

1.33

1.46

Model 2

1

1.02

1.12

1.55

1

1.4

1.52

1.62

Model 3

1

1.03

1.14

1.59

1

1.4

1.5

1.6

Model 4

1

1.03

1.11

1.46

1

1.37

1.33

1.45

Model 5

1

1.04

1.16

1.59

1

1.36

1.43

1.5

Supplementary file 2 for chapter 4.2 (b): depicting risks of depressive symptoms in offspring
increased in magnitude and precision with increasing exposure to prenatal tobacco use in progressive
models.
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Supplementary file 3 for chapter 4.2 (c): Association between prenatal alcohol and tobacco
use and depressive symptoms in offspring at age of 17 years using imputed data set.
Categorical Variables

Unadjusted
RR (95%CI)

Adjusted
RR (95% CI)

Prenatal tobacco use
(1st trimester)

Smoker

1.37(1.09–1.73)

1.37(1.04-1.79)

Non-smoker

Reference

Reference

Prenatal alcohol use
(1st trimester)

Non-use

Reference

Reference

< 2 standard drinks/week

1.02(0.81-1.29)

1.04(0.81-1.33)

3-5 standard drinks/week

1.15(0.81-1.65)

1.17(0.79-1.70)

> 6 standard drinks/week

1.43(1.02-2.15)

1.46(1.01-2.19)

Key: final model included; maternal age at conception, education, marital status, ethnicity (race), family income
at conception, parity, planned pregnancy, sex of child, history of maternal psychiatric disorder during conception,
maternal depression and smoking at 13 years of follow-up, preterm birth, birth weight, and paternal smoking
status during pregnancy.

Supplementary file 3 for chapter 4.2 (d). Association between prenatal alcohol and tobacco
use (at 34 weeks) and depressive symptoms in offspring at the age of 17 years
Predictor Variables

Risk Ratio (95%CI)
Unadjusted

Fully adjusted

Prenatal alcohol use

Non-use

Reference

Reference

(third trimester)

< 2 standard drinks/week

1.02(0.65-1.10)

1.01(0.65-1.12)

3-5 standard drinks/ week

1.02(0.53-1.82)

1.01(0.60-1.50)

> 6 standard drinks/week

1.15(0.75-1.75)

1.07(0.57-2.01)

Prenatal tobacco use

Non-smoker

Reference

Reference

(third trimester)

Smoker (any)

1.13 (0.88–1.47)

1.02(0.72-1.44)

< 15 cigs/day

1.01(0.69-1.32)

1.01(0.59-1.33)

> 15 cigs/day

1.70(1.17-2.45)

1.41(0.88-2.28)

Fully adjusted for: maternal age at conception, education, marital status, ethnicity (race), family
income at conception, parity, planned pregnancy, sex of child, history of maternal psychiatric disorder
during conception, maternal depression and smoking at 13 years of follow-up, preterm birth, birth
weight, and paternal smoking status during pregnancy.

Supplementary file 1 for chapter 4.3. Associations between prenatal tobacco and alcohol
exposures and the risk of experiencing symptoms of anxiety in young adults at the age of 20
years using imputed datasets (relative risks with 95% confidence intervals)
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Predictor Variables

RR (95% CI)
Unadjusted

Fully adjusted

Non-use

Reference

Reference

Prenatal tobacco exposure at first trimester

1.49 (1.24-1.80)

1.44 (1.14-1.82)

Prenatal tobacco exposure at third trimester

1.52 (1.25-1.85)

1.44 (1.12-1.87)

Prenatal alcohol exposure at first trimester

1.12 (0.81-1.53)

1.03 (0.67-1.57)

Prenatal alcohol exposure at third trimester

1.11 (0.91-1.36)

1.09 (0.89-1.35)

NB: Analyses were run separately by trimester but reported together for ease of presentation.
Fully adjusted model: included maternal age at conception, education, marital status, family income, maternal race, paternal
prenatal tobacco smoking, pre-eclampsia, preterm birth, birthweight and maternal postnatal tobacco smoking at 14 years
follow-up and anxiety symptoms at 16 years of follow-up

Supplementary file for chapter 5. Association between maternal and paternal prenatal tobacco
smoking and risk of CD symptoms in offspring at the age of 14 years using imputed datasets (rate ratios
with 95% confidence intervals)
Predictor Variables

RR (95% CI)
Unadjusted

Adjusted for Each Adjusted

for

other

covariates

Reference

Reference

Reference

1.73(1.36-2.18)

1.58(1.23-2.01)

1.37(1.08-1.73)

> 10 Cigs/day

1.95(1.48-2.55)

1.79(1.32-2.33)

1.47(1.12-1.93)

1-9 Cigs/day

1.43(1.10-1.87)

1.27(1.01-1.68)

1.18(1.01-1.50)

1.95(1.50-2.53)

1.72(1.31-2.27)

1.47(1.14-1.93)

Maternal
prenatal 1-9 Cigs/day
tobacco
smoking
during both trimesters > 10 Cigs/day
of pregnancy

1.66(1.26-2.20)

1.45(1.09-1.94)

1.28(1.01-1.69)

2.22(1.50-3.31)

2.06(1.38-3.09)

1.76(1.20-2.59)

Paternal

Reference

Reference

Reference

1.58(1.34-1.87)

1.33(1.10-1.62)

1.07(0.69-1.44)

Non-smoker
Maternal

prenatal 1-9 Cigs/day

tobacco smoking at 1

st

trimester

Maternal
prenatal
tobacco smoking at 3rd
> 10 Cigs/day
trimester

prenatal Non-smoker

tobacco smoking

Smoker
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all

Supplementary file 1 for chapter 6.1: Quality assessment of the included studies based on the
Newcastle-Ottawa-Scale (N=11)
Study
Name

Selection
Representa
tiveness of
exposed
cohort (⋆)

Selection
of
nonexposed
cohort
(⋆)

Ascertain
ment of
exposure
(⋆)

Duko 2020

*

*

*

Demonstra
tion that
outcome of
interest
was not
present at
start
of study
(⋆)
*

Goldschmi
dt 2019
Alati 2006

*

*

*

*

*

Alati 2008

*

*

Baer 1998

*

Baer 2003

Compar
ability
Compara
bility
(⋆⋆)

Outcome

Total
(9⋆)

Assess
ment of
outcom
e (⋆)

Followup long
enough
for
outcomes
to occur
(⋆)

Adequac
y of
followup of
cohorts
(⋆)

*

*

*

*

8

*

*

*

*

*

8

*

*

**

*

*

*

9

*

*

**

*

*

*

9

*

*

*

*

*

*

*

8

*

*

*

*

*

*

*

*

8

Cornelius
2016
Lees 2020

*

*

*

*

**

*

*

*

9

*

*

*

*

*

*

*

7

Zaso 2020

*

*

*

*

**

*

*

*

9

Pfinder
2013
O’Brien
2014

*

*

*

*

*

*

*

*

7

*

*

*

*

*

*

*

7

Supplementary file 2 for chapter 6.2: Association between prenatal alcohol exposure and the risk of
harmful alcohol use in offspring at the age of 17 years using imputed datasets.
Predictor and control Variables

Prenatal alcohol
use

Risk ratios (RR) (95% CI)
Unadjusted

Adjusted for all covariates

Non-use

Reference

Reference

< 3 standard drinks/week

1.24(1.21-1.27)

1.18(0.98-1.38)

> 4 standard drinks/ week

1.51(1.21-1.86)

1.44(1.17-1.79)

Key: fully adjusted models included; maternal age at conception, education, marital status, race,
family income, and planned pregnancy, low birthweight, preterm birth, sex of child, maternal and
paternal smoking during pregnancy, maternal depressive, anxiety and stress symptoms at 13 years of
follow-up, offspring aggressive behaviours at 10 years and anxious/depressed behaviours at 16 years
of follow-up, maternal alcohol and tobacco use at 16 years of follow-up.Supplementary file for
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Chapter 7.1: Showing the most comprehensive numbers of key confounders simultaneously
measured and adjusted in the studies included in this review (descending order).
First author, Country
year
Duko 2021
Australia

Agrawal 2010

US

Cornelius 2000 US

Mamun 2006

Australia

Menezes 2006

Brazil

O’Callaghan
2006

Australia

Weden 2010

US

Study design/
Measured and Adjusted
Characteristics
(covariates)
Prospective cohort study Maternal age at conception, marital status,
(the Raine Study)
race, family income, low birthweight,
preterm birth, maternal and paternal
education, sex of child, and maternal alcohol
use during pregnancy, maternal depressive
and anxiety symptoms at 13 years of followup and offspring co-existing internalizing
behavioral problems, postnatal maternal
tobacco use at 13 years
Retrospective
cohort Birth weight, Preterm birth, Remediation,
(study offspring-of-twins) Conduct problems, ADHD, Low scholastic
achievement, Maternal drinking during
pregnancy, Maternal Heavy Smoking,
Maternal Current smoking, Maternal Drug
Use, Maternal Alcohol Dependence;
Maternal ADHD and Maternal CD
problems, Paternal Lifetime Nicotine
Dependence, Paternal Current Smoking
(PCUR) and Paternal conduct disorder
Retrospective cohort
Prenatal alcohol and marijuana use, current
tobacco and other substance use,
demographic characteristics, SES and
psychological status, child characteristics
including measures of behavior, IQ,
achievement, temperament and alcohol use
Prospective
cohort Age, sex, SES (family income, maternal
(MUSP)
education), depression, dyadic adjustment,
alcohol consumption, number of children in
the family at 5-years follow-up,
breastfeeding,
child
internalizing,
externalizing behaviors and social attention
and thought problems
Retrospective Cohort
Adolescents sex, living with/without the
biological father, relationship with mother,
being beaten by the parents, family conflict,
maternal postnatal smoking, bad influences
on the adolescent, participation in fights,
history of attempting to run away from home
and experience with alcoholic beverages.
Prospective
cohort Maternal education, marital status, gross
(MUSP)
family income, mother and partner ever
arrested, No. of children in household,
maternal depression, maternal and tobacco
use, child internalizing behavior, child
aggression
Population-based
Age at baseline, age at first smoking
longitudinal
study assessment, gender, and race/ethnicity),
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(Children and Young
Adults of the National
Longitudinal Survey of
Youth
1979
cohort
(NLSY79-CYA))

Biederman
2017

US

Case control

Cornelius 2005 US

Retrospective cohort

Cornelius 2012 US

Retrospective cohort

Niemela 2015

Finland

Prospective
cohort
(Northern Finland Birth
Cohort 1986 (NFBC86)

Monshouwer
2011

Netherlands

Population-based
prospective
(TRIALS study)

Buka 2003

US

Retrospective
cohort
(National Collaborative
Perinatal Project)

Roberts 2005

UK

Rydell 2013

Sweden

Retrospective
Cohort
(National
Child
Development Study and
the 1970 British Birth
Survey Cohorts)
Retrospective
cohort
(Population-based
medical birth registries)

Porath 2005

Canada

Prospective
cohort
(Ottawa
Prenatal
Prospective Study Cohort)

Rydell 2012

Sweden

Prospective
cohort
(BROMS
(Children’s
Smoking
and
Environment
in
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cohort

maternal age at child’s birth, and educational
attainment and marital status when the child
was aged 14 years, and breastfed, prenatal
care, and a score of the mother’s
endorsement
in
1980
of
12
adolescent delinquency behaviors from the
NLSY79-modified
Self-Reported
Delinquency
Interview
Maternal age, race/ethnicity, Attention
deficit hyperactivity disorder in offspring,
parental antisocial personality, maladaptive
parenting, mental health problem in
offspring
Sociodemographic factors, prenatal alcohol
and marijuana exposures, maternal and child
psychological characteristics, mother's
tobacco, alcohol and marijuana use at the 14year, peers tobacco smoking
Gender, race, age at the time of the
assessment, prenatal exposure to alcohol and
marijuana, and maternal variables including
education, SES, depression and hostility.
Gender,
family
structure,
parental
educational level, dwelling, family structure,
paternal smoking during pregnancy,
maternal and paternal smoking at offspring
age 15-16 years
Maternal alcohol use during pregnancy, age
mother at childbirth and socioeconomic
status, parental history of internalizing and
externalizing problems and paternal
smoking
Maternal age at pregnancy, family
socioeconomic status at time of pregnancy,
maternal race/ethnicity, offspring gender,
and offspring age at time of interview
Offspring sex, birth cohort, maternal age at
offspring birth, paternal social class at
offspring birth, maternal smoking at 16-year
follow-up, and paternal smoking at 16-year
follow-up
Parents psychiatric morbidity, parents’
postnatal tobacco use, socioeconomic
characteristics, and characteristics of
upbringing
Maternal alcohol use during pregnancy,
maternal age at time of pregnancy, and
family income and average parental
education
Parental postnatal tobacco use during the
index child’s age of 11–14 years (any v.
none) and for parents with college education
(none, one or both)

O’Callaghan
2009

Australia

De Genna 2018 US

Shenassa 2015

US

Kandel 1994

US

Taylor 2014

UK

Ncube 2016

US

Shenassa 2021

US

Rydell 2016

Sweden

Lieb 2003

Germany

Stockholm
cohort)
Prospective
(MUSP)

County)

cohort Age, maternal education, breastfeeding,
parent-child communication, behavioral and
internalizing problems
Prospective cohort
Race, prenatal exposure to alcohol and
marijuana, maternal education, child age,
maternal postnatal nicotine dependence and
sex
The
Providence
and Race/ethnicity, offspring sex and age,
Boston sites of the mother’s age at pregnancy, gravida and
Collaborative
Perinatal family socioeconomic index.
Project (1959–1966)
Retrospective cohort
Maternal age, education, prenatal alcohol
exposure, maternal postnatal tobacco and
other drug use.
Prospective
cohort Sex, maternal age, parity, maternal
(ALSPAC)
educational attainment, crowding and
housing tenure, partner smoking
Population-based cohort The year the daughter delivered, her marital
study
status and educational attainment, and the
mothers’ race/ethnicity
Prospective cohort study
Gravida, age, gender, marital status,
education,
household
income,
and
depression
Prospective
cohort Birth order, sibling order and birth year,
(Swedish Sibling Health previous quit attempts or time to relapses
Cohort)
Prospective cohort
Sex and age of children.

181

Supplementary file 2 for Chapter 7.1: Quality assessment of the included studies based on the
Newcastle-Ottawa-Scale (N=27)
Study Name

Selection
Represen
tativenes
s of
exposed
cohort
(⋆)

Selection
of
nonexposed
cohort
(⋆)

Ascertain
ment of
exposure
(⋆)

O’Callaghan
2009
Monshouwe
r 2011
Rydell 2013

*

*

*

Demonstrati
on that
outcome of
interest was
not present
at start
of study (⋆)
*

*

*

*

*

*

Porath 2005

*

De Genna
2018
Duko 2021

Compara
bility
Comparabi
lity (⋆⋆)

Outcome

Total
(9⋆)

Assessm
ent of
outcome
(⋆)

Follow-up
long
enough for
outcomes
to occur
(⋆)

Adequacy of
follow-up of
cohorts
(⋆)

*

*

*

*

8

*

**

*

*

*

9

*

*

*

*

*

7

*

*

*

**

*

*

*

9

*

*

*

*

*

*

*

*

8

*

*

*

*

**

*

*

Mamun
2006
Cornelius
2005
Buka 2003

*

*

*

*

**

*

*

*

9

*

*

*

*

**

*

*

*

9

*

*

*

*

*

*

*

*

8

Biederman
2017***
Cornelius
2000
Cornelius
2012
Menezes
2007
Menezes
2006
Taylor 2014

*

*

*

*

*

*

*

7

*

*

*

*

**

*

*

*

9

*

*

*

*

**

*

*

*

9

*

*

*

*

*

*

*

*

8

*

*

*

*

*

*

*

*

8

*

*

*

*

**

*

*

*

9

O’Callaghan
2006
Kandel 1994

*

*

*

*

**

*

*

8

*

*

*

*

*

*

*

7

Agrawal
2010
Lieb R 2003

*

*

*

*

**

*

*

8

*

*

*

*

*

*

*

*

8

Rydell 2016

*

*

*

*

*

*

*

7

Niemela
2015
Roberts
2005
Rydell 2012

*

*

*

*

**

*

*

*

*

*

*

**

*

*

*

9

*

*

*

*

**

*

*

*

9

Shenassa
2015
Weden 2010

*

*

*

*

*

*

*

*

8

*

*

*

*

*

*

*

*

8
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8

8

Ncube 2016

*

*

*

*

*

*

*

*

8

Shenassa
2021

*

*

*

*

*

*

*

*

8

*** - we used case control study quality assessment part of NOS for this specific study.

Supplementary file 3 for Chapter 7.1: Leave-one-out sensitivity analysis. Pooled risk ratio
(95% confidence interval) for the association between prenatal tobacco exposure and risk of
current tobacco smoking in offspring after removal of each study one at a time.
Study excluded

Pooled Risk Ratio (RR)

95%CI

Kandel 1994

1.69

1.47-1.95

Buka 2003

1.68

1.45-1.94

Lieb 2003 (b)

1.74

1.51-2.01

Porath 2005

1.71

1.48-1.96

Roberts 2005

1.78

1.60-1.98

O’Callaghan 2006

1.70

1.48-1.96

Mamun 2006

1.65

1.44-1.91

Menezes 2007

1.70

1.48-1.96

Agrawal 2010

1.70

1.47-1.96

Weden 2010

1.64

1.43-1.88

Monshouwer 2011

1.70

1.48-1.96

Cornelius 2012

1.68

1.45-1.93

Rydell 2012 (b)

1.70

1.48-1.95

Rydell M 2013

1.73

1.50-1.99

Taylor 2014(a)

1.66

1.44-1.92

Niemeläl 2015

1.69

1.46-1.96

Ncube 2016

1.70

1.42-2.02

Duko 2021

1.71

1.48-1.98

Key. The analysis is based on random effect model of meta-analysis
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Supplementary file 4 for Chapter 7.1: Leave-one-out sensitivity analysis. Pooled risk ratio
(95% confidence interval) for the association between prenatal tobacco exposure and risk of
tobacco dependence in offspring after removal of each study one at a time.
Study excluded

Pooled Risk Ratio (RR)

95%CI

Buka 2003 (a)

1.51

1.28-1.78

Lieb 2003(a)

1.42

1.26-1.56

O’Callaghan 2009

1.55

1.30-1.85

Cornelius 2012 (b)

1.48

1.28-1.70

Rydelll 2012 (a)

1.54

1.30-1.82

Shenassa 2015(a)

1.59

1.39-1.84

Rydell 2016

1.52

1.30-1.78

De Genna 2018

1.50

1.29-1.74

Key. The analysis is based on random effect model of meta-analysis

Supplementary file 1 for Chapter 7.2: The risk of tobacco smoking in offspring exposed to
maternal prenatal tobacco use compared with paternal prenatal tobacco use.
Models
Relative risks (RRs) (95% CI)
P-value for difference between
Maternal

prenatal Paternal

tobacco

exposure tobacco

(Trim 1 exposure)

prenatal maternal and paternal associations
exposure When a control

(control variable)

When a control

variable included

variable removed

in the model

from the model

Unadjusted

1.58 (1.25-2.00)

1.38 (1.10-1.72)

0.003

0.001

Model 1

1.34 (1.05-1.73)

1.21 (0.96-1.53)

0.023

0.006

Model 2

1.50 (1.16-1.93)

1.20 (0.95-1.52)

0.001

0.001

Model 3

1.42 (1.07-1.88)

1.21 (0.94-1.55)

0.016

0.005

Model 4

1.50 (1.13-1.97)

1.18 (0.84-1.67)

0.005

0.020

Note:
Model 1: maternal age at conception, education, marital status, race, family income, low birthweight, preterm
birth, sex of child, and maternal alcohol use during pregnancy
Model 2: added maternal depressive and anxiety symptoms at 13 years of follow-up and offspring co-existing
internalizing behavioural problems to Model 1
Model 3: separately added postnatal maternal tobacco use at 13 years of follow-up to model 1.
Model 4: adjusted for all risk factors
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Supplementary file 1 for Chapter 8. Sensitivity analysis of association between maternal
prenatal alcohol and tobacco exposure and the risk of current and lifetime cannabis use in
offspring at the age of 17 years.
Reference category: non-exposed to prenatal alcohol and tobacco
Prenatal Exposures
(Predictor variables)

Relative Risk Ratio (RR)
Lifetime cannabis use
Unadjusted

Current cannabis use

Fully adjusted

Unadjusted

Fully adjusted

Prenatal alcohol exposure at 1.22(1.03-1.45)
first trimester

1.16(0.96-1.41)

1.23(1.06-1.42)

1.24(1.06-1.46)

Prenatal alcohol exposure at 1.49(1.03-2.15)
third trimester
Prenatal tobacco exposure
1.70(1.17-2.61)
at first trimester

1.17(0.80-2.58)

1.58(1.12-2.25)

1.46(1.08-1.98)

1.06(0.65-1.73)

1.85(1.32-2.61)

1.52(1.02-2.29)

Prenatal tobacco exposure
at third trimester

1.35(0.85-2.14)

2.01(1.32-3.05)

1.56(1.02-2.43)

2.01(1.31-3.09)

Fully adjusted model included: unadjusted model and maternal age at conception, education,
marital status, annual family income, ethnicity (race), paternal tobacco smoking during
pregnancy, sex of child, preterm birth, low birthweight, maternal psychiatric disorder during
pregnancy, and maternal depression and postnatal tobacco smoking at 14 years of follow-up
and offspring anxious, depressed and aggressive behavior at 14 years.
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Supplementary file 2 for Chapter 8. Associations between prenatal alcohol and tobacco
exposures and the risk of cannabis use in offspring at the age of 17 years using imputed datasets
(relative risks with 95% confidence intervals)
Predictor Variables

Non-use

RR (95% CI)
Unadjusted

Model 1

Model 2

Reference

Reference

Reference

1.36 (1.09-1.70)

1.39 (1.07-1.83)

1.32 (1.05-1.66)

1.38 (1.08-1.77)

1.54 (1.21-1.95)

1.40 (1.11-1.77)

1.60 (1.25-2.05)

1.45 (1.08-1.93)

Prenatal alcohol exposure at first 1.38 (1.05-1.32)
trimester
Prenatal alcohol exposure at third 1.33 (1.06-1.68)
trimester
Prenatal tobacco exposure at first 1.58 (1.24-2.01)
trimester
Prenatal tobacco exposure at 1.63 (1.27-2.09)
third trimester

NB: Analyses were run separately by trimester but reported together for ease of presentation.
Key:
Model 1: Mutually adjusted for prenatal tobacco and alcohol exposure.
Model 2: Fully adjusted for maternal age at conception, education, marital status, annual family
income, ethnicity (race), paternal tobacco smoking during pregnancy, sex of child, preterm
birth, low birthweight, maternal psychiatric disorder during conception, and maternal
depression and postnatal tobacco smoking at 14 years of follow-up and offspring anxious,
depressed and aggressive behavior at 14 years.
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