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Abstract

The negative health effects of cigarette smoking during
pregnancy (SDP) on the foetus are well known. Despite pre-
vious reports of poor cognitive performance in offspring
exposed to SDP, few studies specifically consider language
outcomes according to maternal smoking. In this study, we
systematically review the literature to assess the relationships
between SDP and child language. Of the 14 studies reviewed,
13 (93%) reported significant associations between maternal
smoking or exposure and language outcomes. Despite this
consistent association, only 8 of the 13 studies reporting asso-
ciations (62%) concluded direct relationships between expo-
sure and outcome. The remaining studies suggested that the
relationship between smoking and language could be
explained by factors such as maternal IQ, socioeconomic sta-
tus (SES) and parental age. Future studies should apply careful
study designs allowing for confounding factors across child,
parental, environmental and genetic influences. Our review
suggests that smoking cessation is likely to positively affect

child language outcomes.

Highlights
e Does maternal smoking during or exposure to smoking
during pregnancy affect the language outcomes in

exposed offspring?
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o A systematic review of the literature highlighted consis-
tent negative effects of smoking or smoke exposure dur-
ing pregnancy on language outcomes.

e Exposure to SDP is associated with language. Mothers
must be educated regarding the effects of tobacco

smoking on language outcomes.

KEYWORDS
exposure, language, maternal, prenatal, smoke

1 | INTRODUCTION

A variety of evidence shows that smoking while pregnant can lead to adverse effects on the mother and foetus
(Nuffield Trust, 2019). This evidence has led to widespread medical and societal sanctions against tobacco smoking
during pregnancy (SDP) that correlate with a reduction in women who smoke at the time of delivery; in England
in 2019-2020, 10.4% of pregnant women smoked at the point of delivery compared to 14.2% ten years earlier
(2009-1010) (Nuffield Trust, 2019). More recently, the emergence of new tobacco products, including electronic
cigarettes and hookah, has become common among youth and women of reproductive age women with the poten-
tial to increase rates of infants born exposed to nicotine or tobacco (Bowker et al., 2021).

A recent study predicted that the prevalence of smoking in England is projected to decrease to 10.8% by 2022,
down from 14.4% in 2018 (Song, Elwell-Sutton, & Naughton, 2020). However, significant differences have been
reported across socioeconomic groups (Song, Elwell-Sutton, Naughton, & Gentry, 2020) whereby individuals from
lower socioeconomic backgrounds are more likely to smoke.

Nicotine is the major reinforcing component of tobacco smoke. Nicotine is an alkaloid naturally found in the
nightshade family of plants, including the tobacco plant and primary exposure to this chemical is through active or
passive smoking (Fagerstrom, 2014). In the brain, nicotine binds nicotinic acetylcholine receptors (hnAChR) activating
the reward system and exerts its action in the brain through a4p2* nAChR (*denotes possible assembly with other
nicotinic subunits) (Tapper et al., 2004).

The various negative effects of smoking have been long established and well reported. Smoking not only impacts
the individual but also others in proximity. Maternal smoking and exposure to cigarette smoke during pregnancy
remain a substantial health concern. It is estimated that 1.7% of pregnant women worldwide and 8.1% of pregnant
women in Europe smoke (Lange et al., 2018). The effects of maternal smoking on new-born children are also of con-
cern as studies have shown that infants nursed by smoking mothers have detectable amounts of nicotine and cotin-
ine (the primary metabolite of nicotine) in their serum and urine (Luck & Nau, 1985). In addition, longer
breastfeeding duration has been linked to more favourable outcomes on cognitive development (Kim & Choi, 2020)
which may hence encourage more mothers, despite their smoking status, to breastfeed.

Maternal SDP has well-established and direct negative effects on birth outcomes including low birth weight and
preterm birth (Salihu & Wilson, 2007), both of which are markers of foetal health and are associated with neurologi-
cal and psychiatric outcomes (Hack et al., 2005). Prenatal and early nicotine exposure is further associated with nega-
tive perinatal health including respiratory and ear infections, asthma, reduced cognitive function and behavioural
difficulties (DiFranza et al., 2004) which may have serious health implications. In terms of neurodevelopmental disor-
ders, in utero smoke exposure is primarily associated with an increased risk of Attention Deficit Hyperactivity Disor-
der (ADHD) (odds ratio [OR] = 2.39) (Langley et al., 2005), (pooled risk ratio [RR] = 1.58) (He et al., 2020) and
Conduct Disorder (OR = 2.06) (Ruisch et al., 2018) and has been reported to increase the risk of schizophrenia by
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29% (Hunter et al., 2020). Smoking is associated with some subtypes of Autistic Spectrum Disorders (ASD) such as
Pervasive Developmental Disorder (PDD) (Tran et al., 2013) and ASD-not otherwise specified, (Kalkbrenner
et al., 2012), although these findings were not supported by meta-analyses (Jung et al., 2017; Rosen et al., 2015;
Tang et al., 2015). Interestingly, a single study has reported that the genetic risk of dyslexia modulates the perfor-
mance of memory in interaction with maternal SDP, although this was only true for variation within a single candi-
date gene of five studied by this group, DYX1C1 (Mascheretti et al., 2013; Mascheretti et al., 2015). Furthermore,
smoking was not identified as an independent risk factor in another study of environmental contributors to dyslexia
by the same group (Mascheretti et al., 2013) or by systematic reviews of risk factors in dyslexia (Becker et al., 2017
Mascheretti et al., 2018).

There are many mechanisms by which exposure to tobacco, containing many thousands of chemicals, may influ-
ence cognitive development. Smoking reduces foetal blood flow and oxygen levels and nicotine has been found to be a
teratogen in animals in whom it crosses the placenta and stimulates foetal cholinergic neurons affecting neuronal
migration, synaptogenesis and apoptosis (Dwyer et al., 2008). Additionally, nicotine and other chemicals present in
tobacco smoke can affect critical cellular processes such as protein synthesis and enzyme activity (Dempsey &
Benowitz, 2001; Jauniaux et al., 2001). Nonetheless, it has been highlighted that the ascertainment of a direct causal
relationship between SDP and offspring outcomes, such as ADHD or conduct problems requires careful study design
(Rice et al., 2018) in terms of phenotype (Clifford et al., 2012) and exposure (Jung et al., 2017) measurement as well as
the avoidance of confounding factors that are associated with both exposure and outcome. In particular, inherited fac-
tors, maternal 1Q and socioeconomic status have all been shown to increase the likelihood of starting to smoke
(Agrawal et al., 2008; Hiscock et al., 2012; Reid et al., 2010) and may act as confounders as these factors are also asso-
ciated with an increased risk of neurodevelopmental disorder (Batty et al., 2006; Ozmert et al., 2005; Thapar
et al., 2009). Fifty years ago, the smoking prevalence for all education groups was consistent, with nearly 40% of
degree level educated individuals and approximately 45% of individuals in all other education groups smoking.
Recently, this has decreased to 6.5% of degree level and 23.1% of individuals with a high school education (secondary
school) or less in the US (Drope et al., 2018). The latter pinpoints the importance of education and SES as a confounder
when considering smoking but many other confounders exist and, importantly, can have bidirectional effects. As such
studies that do not adjust for confounder factors can overestimate the association between smoking and cognition
(Batty et al., 2006). In particular, shared genes, environments and behaviours can all influence language and SDP.

There are well-established ages by which most linguistic developmental milestones are expected to be achieved.
Active vocabulary begins to develop in the second year. Indeed, after the first year of life, word comprehension
increases rapidly and a child's ability to understand language largely surpasses their ability to produce it (Fenson
et al., 2000). The time when children begin school, at around 6 years, is considered vital for their cognitive develop-
ment. Introduction to teaching alters the linguistic input to which a child is exposed (Riva et al., 2000) and by the age
of 6 children have a well-developed vocabulary that is vast and have complete phonological production ability
(Hoff, 2009). In addition from early childhood (6 years) to puberty (around 12 years), strategies for generating and
integrating information emerge, including more sophisticated use of language through the use of more complex sen-
tences and grammar (Rosselli et al., 2014) Considering the above, the ages of 2 to 12 years appears particularly rele-
vant regarding language trajectories.

In the current study, we use a systematic review design to investigate the relationship between maternal
smoking or smoke exposure and childhood language development. In a previous study of 1102 children, Tomblin and
colleagues reported that maternal and paternal SDP were associated with an increased risk of developmental lan-
guage disorder (DLD) (Tomblin et al., 1997; Tomblin et al., 1998). However, in line with the studies described above,
this association disappeared when parental education was included in their model. This leads to the conclusion that
parental smoking is not independently associated with DLD (Tomblin et al., 1998). Eicher and colleagues found that
children exposed to prenatal nicotine performed 4.8%-5.4% worse on language tasks (Nonword repetition and ver-
bal comprehension) at age 8 than children without smoke exposure (Eicher et al., 2013). They further reported that

language performance was dosage-sensitive with regard to the level of prenatal exposure, as was the risk of language
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impairment (LI) (exposure <17 mg/day nicotine LI OR = 1.25, exposure >17 mg/day, LI OR = 3.84). However they
did not compare the number of cigarettes smoked or tar: nicotine ratio (Eicher et al., 2013). Social class and sex were
included as covariates in these analyses but neither maternal education or IQ were directly controlled for (Eicher
et al., 2013). Another study considering overall risk factors for LI has highlighted the importance of various risk fac-
tors such as very low birth weight (OR = 2.2), low 5 min Apgar score (OR = 2.0), lower maternal education
(OR = 1.3-1.6), being an unmarried mother (OR = 1.4), and later stage of commencement of prenatal care
(OR = 1.2-1.3) in the risk of the development of LI (Stanton-Chapman et al., 2002) This study, however, did not con-
clude tobacco use to be a major risk factor for development of LI (OR = 1.0) (Stanton-Chapman et al., 2002).
Although other studies may include language and communication as part of their consideration of cognition or
neurodevelopment, there are few which focus primarily on language development or disorder in relation to smoking.
Studies have demonstrated discrepancies in language development compared to other cognitive abilities and indeed
other communication abilities. A study of early communication development in toddlers highlighted differing devel-
opmental patterns in their levels of social, speech, and symbolic skills (Maatta et al., 2012). Considering smoking's
links to cognition and the fact that smoking has been shown to impair synaptic maturation in the auditory brainstem
which in turn may affect auditory processing (Baumann & Koch, 2017) it is important to consider language in a
smoking context. In addition, the critical role of language in the overall development of the child highlights it is vital
to robustly examine the association between smoking and language development. In this systematic review, we aim

to examine published studies, which consider language outcomes after prenatal exposure to nicotine.

2 | METHODS
21 | Sources

A systematic review of journal articles published between the years 2000 and 2020 was conducted. Web Of Science
(https://clarivate.com/webofsciencegroup/solutions/web-of-science/) and Pubmed (https://pubmed.ncbi.nlm.nih.
gov/) were searched using comprehensive search strategies as detailed below. The reference lists of identified arti-
cles were also searched to identify additional relevant references. Data collection was completed between February
and March 2021.

2.2 | Search strategy

(((((rchild*]) AND ((((((((((((((Develop*]) OR ([Language])) OR ([languages*])) OR ([Language™])) OR ([Language[MeSH
Terms]])) OR ([Neuro*])) OR ([Vocab*])) OR ([Grammar])) OR ([Attention deficit hyperactivity disorder])) OR ([Atten-
tion deficit hyperactivity disorder[MeSH Terms]])) OR ([Autis*])) OR ([Dyslex*])) OR ([Dysprax*])) OR ([Speech])) OR
([Speech[MeSH Terms]])))) AND (((((([Nicotin*]) OR ([Cigar*])) OR ([tobacco products])) OR ([Tobacco products[MeSH
Terms]])) OR ([tobacco])) OR ([tobacco[MeSH Terms]]))) AND ((((((((([Parent*]) AND ([Smok*]))) OR ((([Matern*])
AND ([Smok*])))) OR ((([Passive]) AND ([Smok*])))) OR ((([secondhand]) AND ([Smok*])))) OR (((secondhand) AND
(smok™)))) OR ((([household]) AND ([Smok*])))) OR ((([household*]) AND ([Smok*])))))) AND ((((((((([prenatal*]) OR ([pre-
natal])) OR ([pregnan*])) OR ([uterus])) OR ([utero])) OR ([uterus[MeSH Terms]])) OR ([Mother])) OR ([mothers])) OR
([mum])) OR ([Mothers[MeSH Terms]])))) AND ([Expos*]).

The same search terms were used in the Web Of Science, with the exception of the inclusion of MeSH terms as
this is not available on this platform. Filters applied to both were that these studies must have been conducted in the
last 20 years, the study must be in English, and outcomes should be articles or letters. In Web Of Science, no mea-
sures were included at the search stage to exclude animal studies as there was no clear option in its search engine

but any animal studies were excluded at further stages.
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The search was limited to studies conducted from the year 2000 to 2020 to make the search more manageable.
The search terms included neurodevelopmental disorders such as ADHD and ASD due to the fact that language
development is usually relevant to these conditions. In order to draw conclusions and make comparisons between
papers, only studies that specifically discussed language outcomes were included in the final analyses.

Papers yielded from these searches were examined in two stages. The first considered only information in the
title and abstract and acted as a broad screen to exclude non-relevant results. A second stage considered more
detailed information from the full text and screened for in-depth details of the study design. The same inclusion and
exclusion criteria were employed across both stages, as detailed below.

Inclusion criteria:

1. Human study population.

2. Examined prenatal exposure to smoking or nicotine.

3. Study includes an assessment of nicotine measures obtained during pregnancy and up to 6 months of age
(to help ensure better memory of events).

4. Study considered specific measures of language as an outcome (this did not need to be the primary focus of the
study).

Exclusion criteria:
Paper not in English.

Paper was a review, systematic review, opinion piece or meta-analysis.
Language outcomes were tested before 2 or after 12 years.

LN

Study considered only an neurodevelopmental disorder or broad cognition (no specific measures of language

were considered).

u

Paper focused upon prenatal drug use or factors other than nicotine exposure.
6. Study participants were selected to have a certain disorder.
7. Paper could not be accessed.

2.3 | Study selection and data extraction

Two authors independently screened titles and abstracts for all search results. Discordant decisions were
resolved by further assessment of paper content and discussion between the authors. All papers which met the
inclusion criteria above were catalogued in detail noting the size of the study population, ascertainment criteria,
how nicotine was measured, age of children considered in the analyses, outcome measurements, and the con-
founders identified. Quality assessments of the studies were conducted according to the Kuyper, (1991) check-
list (Table S1). At this stage, further studies were excluded if the language outcome was not verbal, if the age of
the child's language assessment did not fall into the range above, if the exposure did not specifically consider
maternal SDP or exposure or if they did not meet the quality criteria. Where multiple studies in the final list used
the same cohort, one study was selected on the basis of the relevance of the outcomes studied and the

sample size.

3 | RESULTS

Initial literature searches yielded 1376 studies from the Web Of Science and 911 articles from PubMed (Figure 1).

After title and abstract review, 420 studies were taken forward for a full review. Of these, 134 were found to be
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Records identified from Records identified from
PubMed Web Of Science
(n=911) (n=1376)

A4

Records after title and R
, Duplicate papers
abstract screening »
(n=420) n=134
Records after duplicates Studies excluded
removed >
(n=286) (n=238)
- l Studies excluded after
Studies checked as a result of .
. . Full text articles screened language papers
citation tracing
(n=24, 0 rel 4 (n=72) screened
n=24, 0 relevan (n=55)
Records reviewed for Studies excluded after
eligibility > quality appraisal
(n=17) (n=3)
Y
Records included
(n=14)

FIGURE 1 Flow chart of the study screening process. See text for details of inclusion and exclusion criteria at
each stage.

duplicate studies that were deposited in both PubMed and Web Of Science. After removing duplicate studies,
286 papers were examined in greater detail. The study exposure and outcome measurements were evaluated for
their relevance to the aims of this systematic review (consideration of child language and nicotine exposure during
pregnancy). This screening led to the exclusion of a further 238 studies and the addition of 24 further papers identi-
fied from citation tracing, leaving 72 papers that were then taken forward for an in-depth full-text review. At this
stage, full study design and outcomes were recorded and studies, which met our full inclusionary criteria (as detailed
in methods; primarily a measurement of a verbal language outcome between the ages of 2 and 12 years, relation of
this outcome to maternal tobacco SDP or exposure) were retained leaving 17 articles. Additional reviews were per-
formed to ensure that the studies met high-quality research (as defined by Kuyper, 1991) and to confirm that no one
cohort was represented twice. These additional screens led to the exclusion of three further studies, leaving
14 papers, which were then taken forward to the systematic review (Tables 1 and S1). All papers were independently
screened by two authors at each screening stage. Classification concordance was 85% across all stages. A summary
of study findings is shown in Figure 2.



TABLE 1 Fourteen studies are included in the systematic review (method details).

Author
(year)

MacArthur
etal.
(2001)

Huijbregts
etal.
(2006)

Julvez
etal.
(2007)

Alati et al.
(2008)

Gilman
etal.
(2008)

Hsieh et al.

(2008)

Heinonen
etal.
(2011)

Title (PMID)

Effects at age 9 of maternal smoking
in pregnancy: experimental &
observational findings
(11213007).

Interrelations between maternal
smoking during pregnancy, birth
weight & sociodemographic
factors in the prediction of early
cognitive abilities (28360824).

Maternal smoking habits & cognitive
development of children at age
4 years in a population-based
cohort (17550944).

Intrauterine exposure to alcohol &
tobacco use and childhood 1Q:
Findings from a parental-offspring
comparisonwithin ALSPAC
(18670372).

Maternal smoking during pregnancy
& children's cognitive & physical
development: a causal risk factor?
(18653646).

CYP1A1 lle462Val & GSTT1 modify
the effect of cord blood cotinine
on neurodevelopment at 2 years
of age (18577398).

Longitudinal study of smoking
cessation before pregnancy &
children's cognitive abilities at
56 months of age (21397413).

Sample ascertainment and size

n = 1218. American population cohort
ascertained for RCT of smoking. Recruited
from antenatal clinics.

n = 1544. Canadian prospective birth cohort
(Québec Longitudinal Study of Children's
Development).

n = 420. Spanish prospective birth cohort.
Recruited all women presenting for antenatal
care over a 12-month period.

n = 4332. UK prospective birth cohort (Avon
Longitudinal Study of Parents & Children -
ALSPAC).

n = 35,566. American prospective birth cohort
study (the Collaborative Perinatal Project -
CPP).

n = 145. Taiwanese prospective birth cohort
(Taiwan Birth Panel Study).

n = 973. Finnish prospective birth cohort (Arvo
Ylpp6 Longitudinal Study - AYLS).

How was smoking assessed
(classification groups)?

Maternal questionnaire post-delivery.
(non-smokers, stopped by 6 weeks,
stopped 7-16 weeks, stopped
>17 weeks, persistent smokers).

Maternal questionnaire, 5 months
after birth (hon-smokers, 1-9, 210
cigarettes/day).

The maternal repeated questionnaire,
3rd trimester to 4 years. (non-
smoker, pregnancy smoker (>1
cigarette in pregnancy), post-natal
(but not pregnancy) smoker).

Mother & partner repeated
questionnaire, 1st trimester (non-
smoker, 1-9 cigarettes/day, 10-19
cigarettes/day, 20+ cigarettes/day)

Maternal repeated questionnaire, 1st
trimester to birth (non-smoker, 1-9
cigarettes/day, 10-19 cigarettes/
day, 20+ cigarettes/day).

Cord blood cotinine levels at delivery.
(unexposed (<0.16 ng/mL), exposed
(0.16-14 ng/mL).

Mother & partner questionnaire at
birth (non-smokers, pre-pregnancy
(1-10 cigarettes/day), pre-
pregnancy (>10 cigarettes/day),
persistent smoker).

Outcome variables

Clinical assessment of VIQ* at 9-11 years
(mean = 9.4 years) - British Ability Scales
(BAS).

Clinical assessment of vocabulary at 3.5 years -
Peabody Picture Vocabulary Test (PPVT).

Clinical assessment of VIQ at 4 years -
McCarthy Scales of Children's Abilities
(MCSA, Spanish-adaptation).

Clinical assessment of VIQ at 8 years -
Wechsler Intelligence Scale for Children
(WISC), abbreviated.

Clinical assessment of VIQ at 7 years -
Wechsler Intelligence Scale for Children
(WISC), abbreviated.

Clinical assessment of developmental indices at
2 years - Comprehensive Developmental
Inventory for Infants & Toddlers (CDIIT),
language scale.

Clinical assessment of vocabulary & receptive
comprehension at 56 months - Verbal
competence test (Finnish) & Logopadischer
Sprachverstandnis Test (LSVT).

(Continues)
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TABLE 1

Author
(year)

Eriksen
etal.
(2012)

Hernandez-
Martinez
etal
(2017)

Mohamed
etal.
(2018)

Polanska
etal.
(2017)

Lee et al.
(2019)

Neumann
etal
(2019)

Moore
etal.
(2020)

(Continued)

Title (PMID)

Effects of tobacco smoking in
pregnancy on offspring
intelligence at the Age of 5
(23316364)

Effects of prenatal nicotine
exposure on infant language
development: A cohort follow
up study (27465062).

Early life second-hand smoke
exposure assessed by hair nicotine
biomarker may reduce children's
neurodevelopment at 2 years of
age (28803192).

Environmental tobacco smoke
exposure duringpregnancy & child
neurodevelopment (28714930).

Exposure to prenatal second-hand
smoke and early
neurodevelopment: MOCEH
study (30894196)

A longitudinal study of antenatal &
perinatal risk factors in early
childhood cognition: Evidence
from Growing Up in New Zealand
(30974313).

Prenatal exposure to tobacco &
offspring neurocognitive
development in the healthy start
study (31759580)

Sample ascertainment and size

n = 1782. Danish prospective birth cohort
(Lifestyle During Pregnancy Study, subset of
Danish National Birth Cohort).

n = 92. Prenatal sample recruited for a single-
site study of the effects of prenatal smoke
exposure on cognition at Sant Joan University
Hospital in Reus (Spain). Women recruited at
<11 weeks of singleton pregnancy with no
complications.

n = 107. Malaysian prenatal sample from a
single hospital site for a study on maternal-
infant adiposity. Women were recruited in
the second trimester with no complications.

n = 292. Polish prospective birth cohort
(REPRO-PL).

n = 352. South Korean prospective cohort
(Korean multicentre birth cohort study,
Mothers & Children Environmental Health,
MOCEH).

n = 4587. New Zealand prospective birth
cohort (Growing Up in New Zealand Study).

n = 246. American prenatal sample from a single
hospital site for a study on neonatal adiposity
(Healthy Start Study). Women were recruited
at <24 weeks of pregnancy with no
complications.

How was smoking assessed
(classification groups)?

Maternal questionnaire, 17 gestational
weeks (non-smokers, 1-9
cigarettes/day, 210 cigarettes/day).

Maternal repeated questionnaire,
trimesters 1,2,3 (non-smokers,
smokers, exposed to second-hand
smoke).

Direct measure of nicotine levels in
maternal hair samples 1-5 days
after delivery (quantitative).

Direct measure of maternal cotinine
from saliva, 1st, 2nd & 3rd
trimesters. The maternal
questionnaire of home smoke
exposure.

Direct measure of maternal cotinine
from urine 12-20 gestational
weeks (cotinine levels below the
median (<1.9 ng/mL) or above
median (>1.9 ng/mL)).

Maternal questionnaire, before
pregnancy & 3rd trimester (smoker,
non-smoker pre-pregnancy).

Direct measure of maternal cotinine
from urine, 27 gestational weeks
(non-smoker (below limit of
detection), smoker (cotinine
detected)).

Outcome variables

Clinical assessment of VIQ at 5-years - Danish
abbreviated version of the Wechsler Primary
& Preschool Scales of Intelligence Revised
(WPPSI-R).

Clinical assessment of language & vocabulary at
30 months - Bayley Scales of Infant
Development (BSID-Il), MacArthur Bates
Communicative Development Inventory &
Peabody Picture Vocabulary Test (Spanish
adaptation, PPVT-III).

Parental questionnaire of language at 2 years -
communication scale of Ages & Stages
Questionnaire (ASQ-3, translated Malay
version).

Clinical assessment of language at 2 years -
Bayley Scales of Infant & Toddler
Development (BSD-III, language scale).

Clinical assessment of language at 2 years -
Mental Development Index (MDI) of Korean
version of Bayley Scale of Infant
Development Il (K-BSID-II).

Clinical assessment of vocabulary at age
4.5 years - Peabody Picture Vocabulary Test
(PPVT-INN).

Parental questionnaire of language at 4.5-years
- communication scale of Ages & Stages
(ASQ-3). Clinical assessment of receptive
vocabulary at 4.5 years - picture vocabulary
(NIH Toolbox).

AT TIM T szs0e
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Lee etal (2019) | 30894196 Language 2 yrs

Neumann et al
(2019)
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FIGURE 2 Summary of broad study findings.

3.1 | Study findings

The 14 studies included in this review considered 11 different population nationalities: American, Spanish,
Taiwanese, UK, Finnish, Canadian, Polish, Malaysian, South Korean, New Zealand, and Danish populations (Table 1).
The combined number of participants across the 14 studies was 51,656, with the smallest study comprising 92 partic-
ipants and the largest comprising 35,566.

Of the 14 studies included in this review, 13 (93%) reported negative associations between maternal pre-
pregnancy smoking, smoking during pregnancy or exposure to smoke and childhood language outcomes (Alati
et al., 2008; Eriksen et al., 2012; Gilman et al., 2008; Heinonen et al., 2011; Hernandez-Martinez et al., 2017; Hsieh
et al., 2008; Huijbregts et al., 2006; Julvez et al., 2007; Lee et al., 2019; MacArthur et al, 2001; Mohamed
et al., 2018; Neumann et al., 2019; Polanska et al., 2017) (Figure 2, Table 2). Differences in study design and
reporting methods make it difficult to directly compare effects between studies but six of the fourteen studies
reviewed (43%) report highly significant effects (Alati et al, 2008; Gilman et al., 2008; Hernandez-Martinez
et al.,, 2017; Hsieh et al., 2008; Huijbregts et al., 2006; MacArthur et al., 2001) (p < 0.001) and seven found marginal
effects (0.001 < p < 0.05) (Eriksen et al., 2012; Heinonen et al., 2011; Julvez et al., 2007; Lee et al., 2019; Mohamed
et al.,, 2018; Neumann et al., 2019; Polanska et al., 2017) (Figure 2, Table 2). Although most studies found consistent
associations, their conclusions differed; five concluded that the effects of smoking on child language could be
explained by indirect effects, primarily socioeconomic in nature (Alati et al., 2008; Eriksen et al., 2012; Gilman
et al., 2008; Huijbregts et al., 2006; MacArthur et al., 2001) (Figure 2, Table 2). The other eight studies reported a

direct effect of nicotine levels on child language (Heinonen et al., 2011; Hernandez-Martinez et al., 2017; Hsieh



TABLE 2 Fourteen studies were included in a systematic review (results summary).

Author
(year)

MacArthur
etal.
(2001)

Huijbregts
etal
(2006)

Julvez
etal.
(2007)

Alati et al.
(2008)

Gilman
etal.
(2008)

Title (PMID)

Effects at age 9 of maternal smoking in
pregnancy: experimental &
observational findings (11213007).

Interrelations between maternal smoking
during pregnancy, birth weight &
sociodemographic factors in the
prediction of early cognitive abilities
(28360824).

Maternal smoking habits & cognitive
development of children at age 4 years
in a population-based cohort
(17550944).

Intrauterine exposure to alcohol &
tobacco use and childhood IQ: Findings
from a parental-offspring comparison
within ALSPAC (18670372).

Maternal smoking during pregnancy &
children's cognitive & physical
development: a causal risk factor?
(18653646).

p-value (effect size, where
given)?

p < 0.001
(Max VIQ change = —-3.7)

p <0.001 (p + SE = —-0.17
+0.034)

p=0.03 (p=—-0.59, 95%
Cl=-1.11 to —0.07)

p < 0.001 (Mean VIQ
change = —2.63, 95%
Cl=-3.42to —1.84)

p < 0.001 (Max VIQ
change = -0.77, 95%
Cl=-1.12to -041,
adjusted model)

Study conclusion

Significant association between
maternal smoking and VIQ
(persistent vs. stopped-
smokers). The effect was
indirect.

Significant association between
maternal smoking and
vocabulary. Effect was indirect

Marginal association between
maternal smoking and VIQ.
The effect was direct.

Significant association between
maternal and paternal smoking
and VIQ Effect was indirect.

Significant association between
maternal smoking and VIQ
Effect was indirect.

Confounders and effects

Parental factors (Mother's educational level and
age), birth factors (birthweight, birth-length,
head circumference, breastfeeding) and family/
home factors (parity, home location, maternal
employment) were independent predictors of
VIQ. Association to smoking was accounted for
by these variables.

Parental factors (maternal education), birth
factors (birthweight, gestation, sex) and family/
home factors (family income) were
independent predictors of vocabulary.
Association to smoking was accounted for by
maternal education and birth weight.

Parental factors (maternal education) and family/
home factors (social class) were independent
predictors of VIQ. Association to smoking
remained after adjusting for these effects.

Parental factors (Parental education), child factors
(sex) and family/home factors (social class,
parity, home ownership and house crowding)
were independent predictors of VIQ.
Association to smoking was accounted for by
parental education.

Parental factors (Mother's educational level,
parental age, marital status, parental mental
health) and family/home factors (social class,
parity, maternal employment) were
independent predictors of VIQ. Association to
smoking remained after adjusting for these
variables.
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TABLE 2

Author
(year)

Hsieh et al.
(2008)

Heinonen
etal.
(2011)

Eriksen
etal.
(2012)

Hernandez-
Martinez
etal.
(2017)

Mohamed
etal.
(2018)

Polanska
etal.
(2017)

(Continued)

Title (PMID)

CYP1A1 lle462Val & GSTT1 modify the
effect of cord blood cotinine on
neurodevelopment at 2 years of age
(18577398).

Longitudinal study of smoking cessation
before pregnancy & children's cognitive
abilities at 56 months of age
(21397413).

Effects of tobacco smoking in pregnancy
on offspring intelligence at the age of 5
(23316364)

Effects of prenatal nicotine exposure on
infant languagedevelopment: A cohort
follow up study (27465062).

Early life second-hand smoke exposure
assessed by hair nicotine biomarker
may reduce children's
neurodevelopment at 2 years of age
(28803192).

Environmental tobacco smoke exposure
duringpregnancy & child
neurodevelopment (28714930).

p-value (effect size, where
given)?

p < 0.0001 (B
+ SE = —10.15 + 2.24)

p<0.05(p=-12.83,95%
Cl =-21.30to —4.35,
pre-pregnancy smoking)

p < 0.05 (max VIQ
change = —2.5, 95%
Cl=—-4.7 to —0.4)

p = 0.001 (mean Language
Development Age
change = —1.24)

p =0.025 (p = —1.920)

p =0.009 (B = —5.19,
adjusted model)

Study conclusion

Significant association between
maternal cotinine levels and
language. Effect was direct

Marginal association between
smoking >10 cigarettes/day
before pregnancy and
language comprehension.
Effect was direct.

Significant association between
smoking >10 cigarettes/day
and VIQ Effect was indirect.

Significant association between
smoking and language
development. Effect was direct

Marginal association between
hair cotinine level and
communication. Effect was
direct.

Marginal association between
maternal cotinine levels in 1st
and 2nd trimester and
language development. Effect
was direct.

Confounders and effects

Parental factors (maternal education and
ethnicity) and family/home factors (income)
were independent predictors of language.
Association to smoking remained after
adjusting for these effects.

Parental factors (Parental education), birth factors
(sex) and family/home factors (social class,
parity, home ownership and house crowding)
were independent predictors of
comprehension. Association to smoking
remained after accounting for these variables.

Parental factors (parental education, maternal 1Q,
maternal age, maternal BMI), family factors
(parity, smoke in house, parental marital status,
home environment) were associated with child
outcomes. Association to smoking was
accounted for by these variables.

Parental factors (maternal age) and family/home
factors (social class) were independent
predictors of language. Association to smoking
remained after accounting for these variables.

Parental factors (parental education), child factors
(sex) and family factors (household income)
were independently associated with the
communication. Association to smoking
remained after adjusting for these variables.

Models were adjusted for parental factors
(maternal 1Q, maternal age, alcohol
consumption), family factors (SES, parental
marital status and parity) and birth factors
(gestation, pregnancy complications,
breastfeeding). Association to smoking
remained after accounting for these variables.

(Continues)
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TABLE 2 (Continued)

p-value (effect size, where

Author
(year) Title (PMID) given)? Study conclusion Confounders and effects
Lee et al. Exposure to prenatal second-hand smoke p=0.04(=—273,95% Association between urinary Parental factors (maternal education, maternal
(2019) and early neurodevelopment: MOCEH Cl = -5.32to —0.15, cotinine and language age), birth factors (birthweight, breastfeeding),
study (30894196) adjusted model) development. Effect was family factors (home location) and genetic
direct. factors (polymorphisms in GSTM1/GSTT1
genes) were associated with development.
Association to smoking remained even after
accounting for these variables.

Neumann A longitudinal study of antenatal & p < 0.05 (OR language below Marginal association between Parental factors (maternal anxiety/depression and
etal. perinatal risk factors in early childhood expected = 1.28 (95% smoking pre-pregnancy and maternal diet) were independently associated
(2019) cognition: Evidence from Growing Up Cl = 1.04-1.57, adjusted receptive language. Effect was with vocabulary outcomes. Association to

in New Zealand (30974313). model, pre-pregnancy direct. smoking remained even after accounting for
smoking). these variables.

Moore Prenatal exposure to tobacco & offspring p=0.83,0R = 1.8 (95% No association between smoking Parental factors (maternal education, maternal
etal. neurocognitive development in the Cl = —3.0 to 6.6, adjusted and receptive vocabulary or age, maternal ethnicity), birth factors
(2020) healthy start study (31759580) model) communication difficulties. (birthweight and breastfeeding) and family

factors (family income) were associated with

language outcomes.

2Effect sizes are reported with non-smokers as the baseline. In many papers, multiple comparison groups (e.g., different smoking levels) and different outcomes were considered. In these
studies, the maximum effect is reported. Effect sizes will not be comparable across studies. All effects reported are for unadjusted baseline models unless stated. See each individual

paper for details of measures, models and effects.
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et al., 2008; Julvez et al., 2007; Lee et al., 2019; Mohamed et al., 2018; Neumann et al., 2019; Polanska et al., 2017)
which remained significant even after correcting for possible socioeconomic confounders (Figure 2, Table 2).

Seven (50%) investigations (Alati et al., 2008; Eriksen et al., 2012; Gilman et al., 2008; Heinonen et al., 2011; Lee
et al., 2019; Mohamed et al., 2018; Polanska et al., 2017) explored the relationship between nicotine dosage and lan-
guage and six of these reported stronger effects in groups who smoked heavily during pregnancy (Alati et al., 2008;
Eriksen et al., 2012; Heinonen et al., 2011; Lee et al., 2019; Mohamed et al., 2018; Polanska et al., 2017). Similarly,
six studies (43%) categorized language outcomes in relation to the point of nicotine exposure (Heinonen et al., 2011;
Huijbregts et al., 2006; Julvez et al., 2007; MacArthur et al., 2001; Mohamed et al., 2018; Polanska et al., 2017) and
four of these (67%) found that smoking before or during early pregnancy had the biggest effects on the outcome
(Heinonen et al., 2011; Julvez et al., 2007; Mohamed et al., 2018; Polanska et al., 2017).

Only one study (7.1%) failed to find significant association between prenatal smoke exposure and language
(Moore et al, 2020). This investigation included 246 individuals and considered prenatal cotinine levels
(no exposure, n = 181 vs. exposure n = 65) in relation to dichotomised communication scores and a continuous mea-
sure of receptive vocabulary. Analyses were adjusted for possible confounders including maternal age, sex, race,
annual household income, non-specified maternal psychiatric disorder and maternal daily caloric intake during preg-
nancy. They reported that children who were exposed to nicotine prenatally had a decreased inhibitory control and
poor fine motor skills, however, no significant differences were found in terms of the language-specific outcomes

mentioned above.

3.2 | Study design

The majority of the studies included in this review (11 of 14, 79%) were prospective birth cohort investigations,
where mothers were recruited during pregnancy from multiple sites (Alati et al., 2008; Eriksen et al., 2012; Gilman
et al., 2008; Heinonen et al., 2011; Hsieh et al., 2008; Huijbregts et al., 2006; Julvez et al., 2007; Lee et al., 2019;
MacArthur et al., 2001; Neumann et al., 2019; Polanska et al., 2017) (Table 1). These population studies did not apply
ascertainment criteria regarding maternal smoking and, instead, these data were collected as part of a broad investi-
gative battery. Only one sample set was specifically ascertained to investigate the effects of smoking on cognition
(Hernandez-Martinez et al., 2017). Two additional studies (Mohamed et al., 2018; Moore et al., 2020) also
ascertained targeted sample sets, focussing on the effects of prenatal smoking on infant adiposity, although they also
collected information regarding language development. These three targeted studies tended to have smaller sample
sizes (mean n = 148, range 92-246) than the population-based studies (mean n = 4655, range = 145-35,566) but
did not differ in their analytical approaches, which primarily relied upon regression modelling and included covariates

for possible confounder effects.

3.3 | Nicotine exposure

The selection criteria applied within this systematic review specified that information regarding nicotine exposure
had to be collected from mothers within 6 months of birth (see methods). However, the exact time-point of data
acquisition differed between studies (Figure 2, Table 1). Five studies (36%) collected exposure data at a single time-
point during pregnancy, three (21%) in the second trimester (14-26 weeks gestation) (Alati et al., 2008; Eriksen
et al,, 2012; Lee et al., 2019) and two (14%) in the third trimester (27-40 weeks gestation) (Moore et al., 2020;
Neumann et al., 2019). Five further studies (36%) collected this information post-delivery; four within a week of
delivery (Heinonen et al., 2011; Hsieh et al., 2008; MacArthur et al., 2001; Mohamed et al., 2018) and one study five
months after birth (Huijbregts et al., 2006). The remaining four studies (29%) took repeated measures throughout
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pregnancy in the first, second, and third trimesters (Gilman et al., 2008; Hernandez-Martinez et al., 2017; Polanska
et al., 2017) and every year up to 4 years postnatally (Julvez et al., 2007).

Nine of the 14 studies (64%) used parental questionnaires to assess nicotine exposure (Alati et al., 2008; Eriksen
et al., 2012; Gilman et al., 2008; Heinonen et al., 2011; Hernandez-Martinez et al., 2017; Huijbregts et al., 2006;
Julvez et al., 2007; MacArthur et al., 2001; Neumann et al., 2019) while 5 (36%) used direct measurement of cotin-
ine; a metabolite of nicotine (Hsieh et al., 2008; Lee et al., 2019; Mohamed et al., 2018; Moore et al., 2020; Polanska
et al., 2017) (Figure 2, Table 1). Direct measures can provide a more accurate measurement of exposure and allow
exposure to be treated as a continuous variable enabling the investigation of possible dosage effects. Although in
reality, only three studies (21%) performed a continuous regression (Lee et al., 2019; Mohamed et al., 2018; Polanska
et al., 2017). Direct measurements were made using urine (Lee et al., 2019; Moore et al., 2020) or saliva samples at
prenatal visits (Polanska et al., 2017), cord blood (Hsieh et al., 2008) or hair samples (Mohamed et al., 2018). Direct
measurement is more expensive and time-consuming and this is therefore reflected in the sample sizes; studies
which employed questionnaires tended to be larger than those with cotinine measurement (mean n = 5612,
range = 92-35,566, compared to mean n = 228, range = 107-352 respectively). With the exception of Moore
et al. (2020), all studies that employed cotinine measurements concluded that there was a direct effect between nic-
otine exposure and language outcomes, although these conclusions were always based upon results of marginal sig-
nificance (p > 0.001) (Hsieh et al., 2008; Lee et al., 2019; Mohamed et al., 2018; Polanska et al., 2017). In contrast,
studies that employed questionnaires reported both significant and marginal results with direct and indirect effects,
regardless of the time point collected.

Six studies (43%) sub-categorized smokers in terms of the number of cigarettes smoked daily (Alati et al., 2008;
Eriksen et al., 2012; Gilman et al., 2008; Heinonen et al., 2011) or by quantitative cotinine levels (Lee et al., 2019;
Polanska et al., 2017). Five studies (36%) also considered the time point of exposure (prenatal, postnatal, or persis-
tent) (Heinonen et al, 2011; Julvez et al., 2007; MacArthur et al., 2001; Mohamed et al., 2018; Polanska
et al, 2017). The remaining five studies (36%) employed a binary consideration (smokers vs. non-smokers)
(Hernandez-Martinez et al., 2017; Hsieh et al., 2008; Huijbregts et al., 2006; Moore et al., 2020; Neumann
et al., 2019). No obvious differences were observed in the findings across these studies in terms of the direction of
effects or significance levels.

One difficulty in considering nicotine exposure is the challenge of distinguishing between direct exposure and
environmental passive exposure (Jung et al., 2017). The use of maternal questionnaires considers only self-declared
cigarette consumption, that is, active exposure. Whilst the direct measurement of cotinine quantifies both active and
passive exposure levels, questionnaires were used to assess nicotine exposure in ten of the fourteen studies (71%)
included in this review (Alati et al., 2008; Eriksen et al., 2012; Gilman et al., 2008; Heinonen et al., 2011; Hernandez-
Martinez et al., 2017; Huijbregts et al., 2006; Julvez et al., 2007; MacArthur et al., 2001; Neumann et al., 2019;
Polanska et al., 2017). Six studies which employed questionnaires did attempt to address passive exposure through
the use of paternal or home environment data (Alati et al., 2008; Eriksen et al., 2012; Heinonen et al., 2011,
Hernandez-Martinez et al., 2017; Huijbregts et al., 2006; Julvez et al., 2007; Polanska et al., 2017). One study
(Hernandez-Martinez et al., 2017) reported non-significant effects of these environmental exposures while three
studies reported significant effects (Alati et al., 2008; Eriksen et al., 2012; Huijbregts et al., 2006). The other two
studies included these covariates in their models but did not report their significance.

3.4 | Language outcomes

Although all the studies in this review were screened and selected to consider child language development, the
methods of ascertaining language ability varied between studies, as did the age of child assessment (Table 1). Five of
the fourteen studies (36%) included in this review considered verbal 1Q (VIQ) as a measure of language ability (Alati
et al., 2008; Eriksen et al., 2012; Gilman et al., 2008; Julvez et al., 2007; MacArthur et al., 2001). The exact 1Q test



PEIXINHO ET AL WI LEY 15 of 26

varied between studies but each has overlapping subtests and represents direct clinical measures of language ability
across a range of developmental domains. MacArthur et al. (2001) employed the British Ability Scales (Elliot
et al., 1983) which includes subtests of word definitions and verbal similarities when children were 9-11 years (mean
age = 9.4 years), Julvez et al. (2007) used McCarthy's Scales of Children's Abilities which includes the assessment of
vocabulary, verbal memory, verbal fluency, and verbal similarities when children were 4 years (McCarthy, 1972). The
remaining three studies used an abbreviated version of the Wechsler Intelligence Scales for Children
(Wechsler, 1992, 2006), which considers verbal comprehension verbal reasoning, verbal memory, verbal fluency,
vocabulary, and verbal similarities. These measurements were taken at 5 years (Eriksen et al., 2012), 7 years (Gilman
et al., 2008) or 8 years of age (Alati et al., 2008).

Six other studies (43%) used broad assessment measures of language development at early ages, between 2 and
5 years of age (Hernandez-Martinez et al., 2017; Hsieh et al., 2008; Lee et al., 2019; Mohamed et al., 2018; Moore
et al., 2020; Polanska et al., 2017). Mohamed et al., (2018), and Moore et al., (2020) used the Ages and Stages Ques-
tionnaire (ASQ-3) which combines direct testing with parental questionnaires to assess language development and
considers both language production and understanding. Mohamed et al., (2018) applied this test to assess early com-
munication at 2 years of age, while Moore et al. (2020) used it to assess later communication at 4-5 years of age.
Polanska et al. (2017), Hernandez-Martinez et al., (2017), and Lee et al. (2019) used the Bayley Scales of Infant
Development (BSID) (Bayley, 1993; Park & Cho, 2006), a clinical assessment that can be used to capture develop-
ment across mental and motor scales in young children (0-42 months). The Mental Development Index (MDI) of the
Bayley Scales includes a specific scale of language development. While Hernandez-Martinez et al. (2017) and
Polanska et al. (2017) employed the more focused language scale at the age of 1 and 2 years (of which we used the
latter information). Lee et al. (2019) used the broader Mental Development Index at 2 years of age. Finally, Hsieh
et al. (2008), used the Comprehensive Developmental Inventory for Infants and Toddlers (CDIIT) (Wang et al., 1998)
at 2 years of age. This is a broad developmental battery, which consists of direct assessment across cognitive, emo-
tional and motor domains and includes a language subscale.

Vocabulary forms a subtest of many of the batteries used above and has long been considered as a proxy for
early language development. Five studies (36%) included in this review considered specific tasks of receptive vocabu-
lary as an outcome measure (Heinonen et al., 2011; Hernandez-Martinez et al., 2017; Huijbregts et al., 2006; Moore
et al., 2020; Neumann et al., 2019). In two studies (Huijbregts et al., 2006; Neumann et al., 2019) vocabulary was the
sole language outcome and was assessed with the Peabody Picture Vocabulary Test (PPVT) (Dunn et al., 1997,
Dunn & Dunn, 1981) at 42 months (Huijbregts et al., 2006) or 54 months (Neumann et al., 2019). Three further stud-
ies (23%) considered receptive vocabulary alongside additional language measures. Hernandez-Martinez et al.,
(2017) combined the PPVT (Campbell et al., 2001) with the MacArthur-Bates Communicative Development Inventor
(Lopez Ornat et al., 2005), which focuses on vocabulary production and comprehension as well as a gesture. Along-
side these two vocabulary tests, they also completed the BSID-II as described above. Each of these tasks was com-
pleted at different times across the ages of 6-30 months. Heinonen et al. (2011) included an alternative picture
naming test verbal competence test alongside a language comprehension task (following instructions) at 56 months.
Moore et al. (2020) used the picture vocabulary task from the NIH toolbox and combined this with the ASQ-3 index
described above at 48, 54 and 60 months of age.

Studies that employed VIQ as a language outcome measure (Alati et al., 2008; Eriksen et al., 2012; Gilman
et al, 2008; Julvez et al, 2007; MacArthur et al., 2001) generally considered an older age group (mean age
79 months, range 4 years to 11 years). In addition, these were more likely to report p-values <0.001 (Alati
et al., 2008; Gilman et al., 2008; MacArthur et al., 2001) and indirect effects (Alati et al., 2008; Eriksen et al., 2012;
Gilman et al., 2008; MacArthur et al., 2001) than studies of developmental language indices (Hernandez-Martinez
et al., 2017; Hsieh et al., 2008; Lee et al., 2019; Mohamed et al., 2018; Moore et al., 2020; Polanska et al., 2017) or
vocabulary (Heinonen et al., 2011; Hernandez-Martinez et al., 2017; Huijbregts et al., 2006; Moore et al., 2020;
Neumann et al., 2019); these generally involved testing at younger ages (mean age 34 months, range 2 to 5 years)
and were more likely to report marginal p-values (0.001 2 p < 0.05) (Heinonen et al., 2011; Hsieh et al., 2008; Lee
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et al., 2019; Mohamed et al., 2018; Neumann et al., 2019; Polanska et al., 2017) and direct effects (Heinonen
et al.,, 2011; Hernandez-Martinez et al., 2017; Hsieh et al., 2008; Lee et al., 2019; Mohamed et al., 2018; Neumann
et al., 2019; Polanska et al., 2017).

3.5 | Confounding effects

As outlined in the introduction, it has previously been argued that confounder effects, particularly maternal educa-
tion/1Q may lead to the inflation of association between smoking and child development (Batty et al., 2006; Tomblin
et al.,, 1998). Indeed, Stanton-Chapman (Stanton-Chapman et al., 2002) and colleagues have identified maternal edu-
cation as a significant risk factor for LI. All of the 14 studies in this systematic review included some consideration of
confounder effects by the inclusion of covariates within their models (Table 2). Some included covariates in their
baseline model, other tested specifically for the effects of possible confounders. Common confounder effects can be
split into child factors (including sex, ethnicity, health), birth factors (including prenatal and perinatal effects), family
factors (such as SES, diet and parity), parental factors (such as education, age, alcohol consumption and environmen-
tal smoke exposure) and test factors (such as assessment point or evaluator).

In line with previous research, the most commonly identified significant confounder effects were SES and maternal
education/IQ. Twelve studies (86%) included maternal education/IQ in their analyses (Alati et al, 2008; Eriksen
et al., 2012; Heinonen et al., 2011; Hsieh et al., 2008; Huijbregts et al., 2006; Julvez et al., 2007; Lee et al., 2019;
MacArthur et al., 2001; Mohamed et al., 2018; Moore et al., 2020; Neumann et al., 2019; Polanska et al., 2017) and eight
of these (67%) (Alati et al., 2008; Eriksen et al., 2012; Hsieh et al., 2008; Huijbregts et al., 2006; Julvez et al., 2007; Lee
et al,, 2019; MacArthur et al., 2001; Moore et al., 2020) explicitly reported this to be a significant confounder, although it
did not explain all of the variance in all of these studies. Two studies (14%) (Heinonen et al., 2011; Mohamed et al., 2018)
reported this factor to be non-significant in their models. Twelve studies (86%) included indicators of SES such as home
location, ownership, income and employment, in their analyses (Alati et al., 2008; Gilman et al., 2008; Hernandez-
Martinez et al., 2017; Hsieh et al., 2008; Huijbregts et al., 2006; Julvez et al., 2007; Lee et al., 2019; MacArthur
et al,, 2001; Mohamed et al., 2018; Moore et al., 2020; Neumann et al., 2019; Polanska et al., 2017) and nine of these
(75%) reported it to be a significant confounder effect (Alati et al., 2008; Gilman et al., 2008; Hernandez-Martinez
et al., 2017; Hsieh et al., 2008; Julvez et al., 2007; Lee et al., 2019; MacArthur et al., 2001; Mohamed et al., 2018; Moore
et al.,, 2020). Only one study (8%) (Huijbregts et al., 2006) reported SES to have no effect.

Other commonly identified confounders included parental age (maternal and/or paternal) birth weight,
breastfeeding and environmental smoke exposure. Each of these factors was investigated in at least 8 of the
14 (57%) studies reviewed and was found to be significant by the majority.

Child sex is often considered as a confounding factor in studies of language development but was not reported
to act as such in this instance. Thirteen studies (93%) included sex as a covariate and only two of these reported it as
a significant confounder (Alati et al., 2008; Mohamed et al., 2018).

Other factors which were largely reported as non-significant were pregnancy complications (such as preeclamp-
sia and gestational diabetes), maternal alcohol consumption, maternal body mass index (BMI) and study-related fac-
tors. These factors were consistently reported as non-significant in terms of confounder effects, although most were
only included across a few of the studies reviewed (5 or less).

4 | CONCLUSIONS

Despite the vast literature regarding the effects of nicotine exposure on foetal health and child cognition, there is lit-
tle research regarding direct effects on language development. In this systematic review, we screened over 1000

papers focused on 14 papers that specifically considered language outcomes in relation to in-utero nicotine exposure.
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Thirteen of the 14 papers examined (93%) reported a negative association between maternal smoking or exposure
and language outcomes (Alati et al, 2008; Eriksen et al., 2012; Gilman et al., 2008; Heinonen et al., 2011;
Hernandez-Martinez et al., 2017; Hsieh et al., 2008; Huijbregts et al., 2006; Julvez et al., 2007; Lee et al., 2019;
MacArthur et al., 2001; Mohamed et al., 2018; Neumann et al., 2019; Polanska et al., 2017).

As with previous reports, there was some inconsistency regarding the nature of the relationship between mater-
nal smoking or exposure and language development; eight studies concluded that smoking directly impaired early
language (Heinonen et al., 2011; Hernandez-Martinez et al., 2017; Hsieh et al., 2008; Julvez et al., 2007; Lee
et al., 2019; Mohamed et al., 2018; Neumann et al., 2019; Polanska et al., 2017) while five concluded that the
observed effects could be explained by confounding factors (Alati et al., 2008; Eriksen et al., 2012; Gilman
et al., 2008; Huijbregts et al., 2006; MacArthur et al., 2001). These confounding factors varied between study
designs making it hard to make a conclusion about the direction of effects.

Various studies have highlighted a strong correlation between IQ and education (Barber, 2005; Matarazzo &
Herman, 1984; Ritchie et al., 2013). Commonly identified confounders included maternal 1Q/education (significant con-
founder in eight of twelve studies that considered this factor; (Alati et al., 2008; Eriksen et al., 2012; Hsieh et al., 2008;
Huijbregts et al., 2006; Julvez et al., 2007; Lee et al., 2019; MacArthur et al., 2001; Moore et al., 2020), SES (significant con-
founder in nine of twelve studies that considered this factor; (Alati et al., 2008; Gilman et al., 2008; Hernandez-Martinez
et al.,, 2017; Hsieh et al., 2008; Julvez et al., 2007; Lee et al., 2019; MacArthur et al., 2001; Mohamed et al., 2018; Moore
et al,, 2020) and parental age (significant confounder in six of ten studies that considered this factor; (Eriksen et al., 2012;
Gilman et al., 2008; Hernandez-Martinez et al,, 2017; Lee et al., 2019; MacArthur et al., 2001; Moore et al., 2020). Educa-
tional differences in smoking, with less-educated individuals being more likely to smoke, have been well documented in the
literature (Cutler & Lleras-Muney, 2010; de Walque, 2007; Drope et al., 2018; Jirges et al., 2011; Kenkel et al., 2006;
Maralani, 2013). Education is widely regarded as a driver of social progression and SES is often used as a proxy for educa-
tion (Reilly et al., 2010). It is widely established that education and 1Q, whilst different, are highly correlated at the behav-
ioural level. An early study found that those who completed 16 years or more of education had a higher mean 1Q
(FSIQ = 115.3) than those who completed 12 years (FSIQ = 100.1) (Matarazzo & Herman, 1984). Another study reported
that 1Q was higher in countries, which extended education as indexed by secondary school enrolment and conversely that
1Q was lower in countries with high levels of illiteracy (Barber, 2005). A more recent review has found that years of educa-
tion were positively associated with 1Q and that these associations continued into later life (Ritchie et al., 2013). Nonethe-
less, as previously discussed, it can be difficult to disentangle cause and effect within models that consider directly
measured behaviours (as happened to be the case for all studies included in our systematic review). Correlations do not indi-
cate causation and questions remain as to the direction of any causal effects, especially when those effects are trans-
generational in nature. The recent application of Mendelian randomisation methods in large population cohorts has shown
that the effects of cognitive ability upon smoking behaviour attenuate when educational attainment is introduced into the
model. This finding indicates that the effects of educational attainment drive the relationship between cognition and
smoking (Sanderson et al., 2019; Wells & Ostberg, 2021). However, an important limitation is noted for these findings in as
much as they do not allow for transgenerational effects where parental education may have an effect on child smoking sta-
tus that is not explained by the education level of the child (Sanderson et al., 2019). Importantly, the same dynastic effects
could be applied to language and smoking where individual genetics directly affects parental language ability which then has
an effect upon child language irrespective of smoking. Such complexities underline the need for careful study designs and
well-powered cohorts when considering these effects (D'Onofrio et al., 2014).

Individuals living in low SES areas often have a higher level of tobacco use (Laveist et al., 2007; Reid et al., 2010;
Zhang et al., 2013). SES, in turn, has been linked to reduced cognition (Ozmert et al., 2005; Sarsour et al., 2011;
Turkheimer et al., 2003) and lower academic achievement (Crosnoe et al., 2010; Marks, 2006). Similarly, maternal
education level is associated with the academic and language abilities of children (Hanscombe et al., 2012; Reilly
et al., 2010). None of these effects are linear and each involves many interacting factors making the complex rela-
tionships difficult to disentangle at the behavioural level (Batty et al., 2006; Puglisi et al., 2017).
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Birthweight and breastfeeding were also commonly identified as confounders across the studies in this review.
These two factors have also been previously related to child language and cognition (Hack et al., 1995; Kim &
Choi, 2020). Extremely low birth weight has negative impacts that span both childhood and adulthood and has been
described as a marker of the child's later neurological and psychiatric outcomes (Hack et al., 2005). Although smoking
during breast-feeding has not been directly linked to cognition (Gibson & Porter, 2020), nicotine has been shown to
transfer through breastmilk to the baby and also changes the composition and taste of milk (Napierala et al., 2016)
which can lead to earlier weaning and lower weight (Horta et al., 2001) both of which, in turn, are associated with
reductions in cognitive outcomes. These findings again highlight the complexity of these interacting effects and sug-
gest that further studies will be required to disentangle these relationships at the behavioural level.

Existing studies have consistently suggested a small effect of biological sex on early language in favour of girls
but this is reported to be dependent on age as well as the language component assessed (Bouchard et al., 2009;
Simonsen et al., 2014; Thal et al., 2004). Conversely, it has been argued that there are more similarities than differ-
ences between genders regarding their language ability (Rhoda Kesler Unger, 2001). In this review, the biological sex
of the child was not found to be a significant confounder by the majority of the 13 studies that included it in their
adjustments. Our review identified a clear consensus that there is a dose-response effect of smoking on general
health. All seven studies that considered differing doses of smoking found a negative dose-response relationship
between prenatal smoking and language outcomes (Alati et al., 2008; Eriksen et al., 2012; Gilman et al., 2008;
Heinonen et al., 2011; Lee et al., 2019; Mohamed et al., 2018; Polanska et al., 2017). These findings reflect those in
the overall literature and are in line with those from animal and epidemiological studies (Hellstrom-Lindahl
et al., 1998; Huizink & Mulder, 2006; Levin & Simon, 1998; Linnet et al., 2003; Weitzman et al., 2002). Animal stud-
ies similarly show that the neuronal effects of smoking are more pronounced at earlier gestational periods (Slotkin
et al., 2015). The latter is reflected in the studies used in this systematic review in which four studies reported that
smoking before or during early pregnancy had the biggest effects on the outcome (Heinonen et al., 2011; Julvez
et al., 2007; Mohamed et al., 2018; Polanska et al., 2017).

Study design and sample size did not seem to affect the trends observed; one of the smallest studies in this
review was the only one that failed to find an association (Moore et al., 2020). It should be noted however, that sam-
ple sizes can affect the relative effect sizes associated with any given p-value. Where reported, we include both
effect size and p-value in Table 2. Perhaps unexpectedly, studies that employed direct measures of cotinine as a
proxy of nicotine exposure (Hsieh et al., 2008; Lee et al., 2019; Mohamed et al., 2018; Polanska et al., 2017) gener-
ally had less significant findings than those which relied upon questionnaires. Direct measurement of nicotine by
measurement of its major metabolite, cotinine, present in saliva, urine, or hair is often considered the “gold standard”
for smoking detection as inconsistencies have been reported between self-report and cotinine concentrations
(Britton et al., 2006). However, direct measurement methods also have limitations as cotinine only has a half-life of
approximately 19-24 hours (Benowitz et al., 1983), and can be produced by nicotine replacement therapies such as
nicotine patches, leading to false positives as the nicotine present in these is metabolized the same way. The reduced
association in studies that employed direct measurements may reflect shared confounder factors between question-
naire data, smoking and language which would act to conflate the association between the two latter factors falsely
increasing the association signal in studies, which rely upon questionnaire data. Conversely, it should also be noted
that we restricted our review to include only studies that assessed smoking within 6 months of birth. This restriction
was applied to maximize the reliability of smoking measures and hence the validity of our conclusions. Nonetheless,
it is not necessarily true that retrospective reports are less reliable than contemporaneous measurements. In particu-
lar, since many women try to give up smoking during pregnancy, their memory of smoking habits during this period
may show increased accuracy (Pickett et al., 2005). Studies show that the correlation between cotinine and contem-
poraneous reports is 70% (Petitti et al., 1981) and that retrospective reports are usually within 1%-3% of contempo-
raneous reports (Kenkel et al., 2003).

Just as exposure measurement may affect results, so may the choice of outcome measurement. In this review,

we observed that studies, which employ measures of verbal IQ at later developmental stages (Alati et al., 2008;
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Eriksen et al., 2012; Gilman et al., 2008; Julvez et al., 2007; MacArthur et al., 2001) reported stronger associations
than investigations that employed early language indices or vocabulary measures (Heinonen et al., 2011; Hernandez-
Martinez et al., 2017; Hsieh et al., 2008; Huijbregts et al., 2006; Lee et al., 2019; Mohamed et al., 2018; Moore
et al., 2020; Neumann et al., 2019; Polanska et al., 2017). These studies also tended to report indirect associations
that could be explained by confounder effects. There is debate in the literature as to the exact construct measured
by each of the tests employed. Tests of VIQ assess the ability to access and apply acquired knowledge of words,
including verbal concept formation, reasoning and expression rather than a specific construct of language itself
(Lange et al., 2018). The age at which these tests are performed will also affect performance with different strategies
typically applied to different age groups. Studies show that the heritability of intelligence increases over the life span
reflecting a “genetic amplification” by which children select differential environments which act to compound
genetic propensities (Plomin & Deary, 2015). This effect is also described in relation to language, where environmen-
tal factors account for a greater proportion of language variability earlier in development (Hayiou-Thomas
et al., 2012; Tosto et al., 2017). Thus it could be argued that the strengthened association in older children again rep-
resents a falsely inflated association due to shared genetic confounders. This hypothesis is supported by research on
ADHD where it has been suggested that genetically sensitive study designs, such as Mendelian randomisation,
should be employed in the testing of causal hypotheses about prenatal exposure and offspring outcome (Rice
et al., 2018; Thapar et al., 2009).

Finally, it should be noted that any systematic review is limited by its choice of search terms and papers
included in the final review stages. Whilst our search terms were optimized to return relevant papers, they do
not reflect the entire field. For example, we note that none of the 14 studies included in the final review stage
employed a quasi-experimental design. This point is of particular relevance when considering confounder
effects, which were noted as a primary influencing factor in our findings. All of the studies explored here
employed a post-hoc adjustment to allow for specific measured confounder effects. In contrast, quasi-
experimental methods allow for unmeasured confounders. Such studies indicate that associations between
smoking during pregnancy and child cognition and behaviour may be explained by confounding factors rather
than the direct effects of smoking (D'Onofrio et al., 2013). In particular, sibling comparison studies have shown
that the association between smoking and reading outcomes can be explained by shared genetic and environ-
mental factors (Ellingson et al., 2014; Micalizzi et al., 2021).

In conclusion, our systematic review finds consistent evidence for an association between maternal SDP or
exposure and reduced language performance at early ages. However, the review also highlighted the complexities of
the relationships within this process. Potential confounder factors include maternal 1Q/education, SES, parental age,
birth weight and breastfeeding and future studies should be carefully designed to account for these confounder
effects. We observed strengthened relationships between smoking and language at points, which suggest inflation
by study design rather than a true increase in association, again highlighting the need for careful study design
supporting previous conclusions in this area (Thapar et al., 2009) and the findings of more sensitive approaches
(D'Onofrio et al., 2013).

Despite systematic reviews upholding more robustly than other reviews, there are still limitations to be consid-
ered. Only studies in English and those with full text available were included meaning that potentially relevant stud-
ies may have been omitted. Additionally, despite the fact that efforts were made to carry out a broad and complete
search, the possibility remains that some may have been overlooked. Only two databases were searched in this
review and more could have been searched.

All of the studies included in our review used language measurements in population cohorts. Many of the studies
we included looked at language as a corollary of cognition rather than focusing upon language itself meaning that
outcomes differed between studies and none included clinical cohorts of language disorder. While it is possible that
the findings here may be relevant to language disorder, it is also possible that risk effects differ between typical lan-
guage development and language disorder. Previous studies (Eicher et al., 2013; Tomblin et al., 1997; Tomblin
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et al., 1998) have suggested a link between smoking and language disorder but our review does not allow us to com-
ment on the findings from this literature.

Future studies should aim to address weaknesses by considering careful study design which allows for con-
founding factors across child, parental, environmental and genetic influences. The network of effects underlying the
associations identified here is so complex that more detailed studies of interactions between factors will be required.
Such studies should extend beyond behavioural measurements and, if possible, include consideration of inherited
effects (Thapar et al., 2009). Genetic and epigenetic effects were not considered in any of the papers we reviewed
but, nonetheless can confer considerable risk for smoking, cognition and language and may interact with environ-
mental factors to mediate outcomes (Agrawal et al., 2008; Newbury et al., 2009).

To conclude, this systematic review suggests a specific association between exposure to SDP pregnancy and
language development. This may be used for the education of expectant mothers regarding the little-understood
effects of tobacco smoking, including nicotine exposure specifically on language outcomes. Smoking cessation may
help to optimize child outcomes in terms of language and would have positive effects on other aspects of child

development bearing in mind that the most nicotine replacement drug strategies are nicotine mimetics.
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