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Abstract

Evidence supports no link between maternal smoking in pregnancy and autism spectrum disorder 

(autism) overall. To address remaining questions about the unexplained heterogeneity between 

study results and the possibility of risk for specific autism sub-phenotypes, we conducted a whole-

population cohort study in Denmark. We followed births 1991 – 2011 (1,294,906 persons, 

including 993,301 siblings in 728,271 families), from 1 year of age until an autism diagnosis 

(13,547), death, emigration, or December 31, 2012. Autism, with and without attention deficit 

hyperactivity disorder (ADHD) and with and without intellectual disability (ID) were based on 

ICD-8 and ICD-10 codes from Danish national health registers, including 3,319 autism+ADHD, 

10,228 autism-no ADHD, 2,205 autism+ID, and 11,342 autism-no ID. We estimated hazard ratios 

(HR) and 95% confidence intervals (95% CI) between any maternal smoking (from birth records) 

and autism (or sub-phenotypes) using survival models with robust standard errors, stratifying by 

birth year and adjusting for child sex, parity, and parental age, education, income, and psychiatric 

history. To additionally address confounding using family designs, we constructed a maternal 
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cluster model (adjusting for the smoking proportion within the family), and a stratified sibling 

model. Associations with maternal smoking and autism were elevated in conventional analyses 

(HR of 1.17 [1.13–1.22]) but attenuated in the maternal cluster (0.98 [0.88–1.09]) and sibling 

(0.86[0.64–1.15]) models. Similarly, risks of autism sub-phenotypes with maternal smoking were 

attenuated in the family-based models. Together these results support that smoking in pregnancy is 

not linked with autism or select autism comorbid sub-phenotypes after accounting for familial 

confounding.

Lay Summary:

Smoking during pregnancy has many harmful impacts, which may include harming the baby’s 

developing brain. However, in a study of thousands of families in Denmark, it does not appear that 

smoking in pregnancy leads to autism or autism in combination with intellectual problems or 

attention deficits, once you account for the way smoking patterns and developmental disabilities 

run in families.
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Introduction

It is widely accepted that exposure to maternal smoking during pregnancy has deleterious 

effects on health outcomes in children, including stillbirth (Flenady et al., 2011), lowered 

birth weight (Jaddoe et al., 2008), and obesity (Gorog et al., 2011). In utero tobacco 

exposures have also been linked to neurodevelopmental disorders, including cognitive 

decrements and externalizing disorders such as attention deficit disorders (Obel et al., 2009; 

Thapar et al., 2003; Zhu et al., 2014). Animal and human studies have suggested that 

maternal smoking can disrupt neurodevelopment via effects on maturing neurotransmitter 

systems and brain architecture, and constituents of tobacco smoke exhibit a wide range of 

oxidative stress and other toxicities that may negatively impact development (Slotkin, 2004; 

Soothill, Morafa, Ayida, & Rodeck, 1996). Despite these findings, debates continue with 

regard to whether observed associations between maternal smoking and neurodevelopmental 

disorders are causal (D’Onofrio, Lahey, Turkheimer, & Lichtenstein, 2013; Langley, Heron, 

Smith, & Thapar, 2012; Skoglund, Chen, D’Onofrio, Lichtenstein, & Larsson, 2014; Thapar 

& Rutter, 2009).

This difficulty in establishing a causal link is in part because maternal smoking is known to 

be associated with numerous social and social-class related factors (teenage motherhood, 

lower maternal education, increased single motherhood) that influence childhood outcomes 

(Ellingson, Rickert, Lichtenstein, Långström, & D’Onofrio, 2012; Gilman, Gardener, & 

Buka, 2008; Rai et al., 2012). In addition, genes associated with the likelihood of women 

smoking in pregnancy may also affect childhood outcomes through maternal-child genetic 

inheritance (Agrawal et al., 2008; Chang, Lichtenstein, & Larsson, 2012). Thus, studies 

utilizing quasi-experimental designs (such as siblings with discordant exposures) have been 

Kalkbrenner et al. Page 2

Autism Res. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



undertaken in an attempt to control for unmeasured genetic and demographic confounding 

(D’Onofrio et al., 2013; Knopik, 2009). These studies have generally demonstrated 

attenuation of previously observed maternal smoking-neurodevelopment associations 

(Gustavson et al., 2017; S. M. Meier et al., 2017; Sandra M. Meier, Mors, & Parner, 2017; 

Obel et al., 2009; Skoglund et al., 2014).

Autism spectrum disorder (autism) is a neurodevelopmental disorder that may plausibly be 

influenced by maternal smoking in pregnancy. Studies of this potential link have reported 

risk (Hultman, Sparén, & Cnattingius, 2002; Visser et al., 2012), null (Lee et al., 2011; Tran 

et al., 2013), and even borderline protective associations (Burstyn, Sithole, & Zwaigenbaum, 

2010; Kalkbrenner et al., 2012). When combined in three meta-analyses (each with a 

slightly different set of included primary studies), overall risk estimates of maternal smoking 

in pregnancy were null, with pooled odds ratios and 95% confidence intervals of: 1.02 (0.93, 

1.12) (Rosen, Lee, Lee, Yang, & Burstyn, 2015), 1.02 (0.93, 1.13) (Tang, Wang, Gong, & 

Wang, 2015), and 1.16 (0.97, 1.40) (Jung, Lee, McKee, & Picciotto, 2017). The 

heterogeneity between results of each individual study was determined to be high, and while 

partly explained by controlling for social class confounding and the quality of the studies, 

additional sources of heterogeneity remained unaccounted for (Jung et al., 2017; Rosen et 

al., 2015; Tang et al., 2015). Importantly, these analyses were not able to assess whether 

impacts of maternal smoking may differ among case subgroups. Studies of autism etiology 

are known to be complicated by evidence that autism represents a spectrum of phenotypes 

(e.g. with varying levels of severity and co-occurring conditions) that may result from 

distinct causal pathways. For example, the possibility remains that maternal smoking may 

exert risk for autism without co-occurring intellectual disability, and this hypothesis has 

some data support (Kalkbrenner et al., 2012; Kalkbrenner, Schmidt, & Penlesky, 2014; Lee 

et al., 2011). Differences in risk between maternal smoking and autism co-occurring with 

attention deficit hyperactivity disorder (ADHD) has not previously been explored. 

Furthermore, publications of maternal smoking and autism have not accounted for shared 

inheritance or psychiatric liability, via family-based or other designs.

A greater understanding of the role of maternal smoking in autism is relevant because this 

exposure is potentially preventable and has biologic relevance and suspected links with other 

neurodevelopmental disorders. We examined whether maternal smoking in pregnancy 

increased the risk of diagnosis with autism in a large, whole-population cohort study. Our 

design included the features identified as important in a prior meta-analyses: prenatal 

reporting of tobacco use and control for social class and psychiatric history (Rosen et al., 

2015). To more fully account for family-clustered confounders and shared inheritance, we 

have additionally conducted sibling-based analyses. Furthermore, we have explored whether 

risk differs by autism with and without other co-occurring neurodevelopmental disorders.

Methods

Data sources

This whole-population cohort study was conducted using linked data from the Danish Civil 

Registration System (Pedersen, 2011), the Danish Psychiatric Central Register (Mors, Perto, 

& Mortensen, 2011), the Danish National Hospital Registry (Lynge, Sandegaard, & Rebolj, 
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2011), the Danish Medical Birth Register (Bliddal, Broe, Pottegård, Olsen, & Langhoff-

Roos, 2018) (Knudsen & Olsen, 1998), the Danish Education Registers (Jensen & 

Rasmussen, 2011), and the Registers on Personal Income and Transfer Payments 

(Baadsgaard & Quitzau, 2011). Registry linkage is accurate because all residents of 

Denmark, including immigrants, have a unique personal identification number that is used in 

all national registers. The Danish Civil Registration System includes information to gender, 

date of birth, parental information and vital status (continuously updated) of all persons 

living in Denmark (Pedersen, Gøtzsche, Møller, & Mortensen, 2006). The Danish 

Psychiatric Central Register includes data on all people admitted to a psychiatric hospital for 

assessment, treatment, or both, since 1970 and people who had appointments with 

psychiatric outpatient services from 1995 onwards (Mors et al., 2011). In the Danish 

National Hospital Registry all inpatient treatments at non-psychiatric facilities are recorded 

from 1977 onwards, whereas outpatient and emergency room contacts are also recorded 

from 1995 onwards (Andersen, Madsen, Jørgensen, Mellemkjoer, & Olsen, 1999). 

Diagnoses are based on the International Classification of Diseases, eighth version (ICD-8) 

(before 1994), and tenth revision (ICD-10) (1994 onwards). The Danish Medical Birth 

Registry provides data on antenatal and delivery care services and health of newborns 

(Knudsen & Olsen, 1998). The Danish Education Registers contain individual-level 

information on educational enrolment status, completed levels of education, and exams 

(Jensen & Rasmussen, 2011). The Income Statistics Register includes information on 

salaries, entrepreneurial income, taxes, public transfer payments, capital income, private 

pension contributions, and payouts (Baadsgaard & Quitzau, 2011).

Study population

We identified all persons born in Denmark between Jan 1, 1991 and December 31, 2011 

with complete linkage available for both parents (N=1,499,191). After the exclusion of 

persons with missing values on maternal smoking status (N=136,887), death, emigration or 

diagnosis of autism before 1 year of age or before 1992 (N=67,398), the study population 

included 1,294,906 persons covering 993,301 siblings nested within 728,271 families. 

Individuals were followed from the age of 1 until the diagnosis of interest, death, emigration, 

or December 31, 2012, whichever occurred first. The study was approved by the Danish 

Data Protection Agency. The investigators were blind to the identity of participants, and as 

the study did not result in any contact with the participants, no written informed consent was 

required.

Psychiatric Diagnoses

We identified all persons diagnosed with autism spectrum disorders (ICD-8 codes: 299.00, 

299.01, 299.02 and 299.03; ICD-10 codes: F84.0, F84.1, F84.5, F84.8, and F84.9). We 

identified parental history of any psychiatric diagnosis (F00-F99) prior to the child’s birth 

and reported co-occurring attention deficit hyperactivity disorder (ADHD) (ICD-8 codes: 

308.01; ICD-10 codes: F90) and intellectual disability (ID) (ICD-8 codes: 310.00 – 315.01; 

ICD-10 codes: F70 - F79.99) in persons with autism.
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Maternal Smoking in Pregnancy

Information on maternal smoking in pregnancy was available from 1991 onward, as reported 

at the first antenatal visit derived from the Danish Medical Birth Register. All women are 

asked by the midwife at their first antenatal visit whether they had ever smoked in the 

present pregnancy. For analyses, we focused on a dichotomous variable, comparing women 

who ever smoked in pregnancy (at the first visit to the midwife stated that they were current 

smokers or reported to have stopped smoking during the first trimester at the beginning of 

the second trimester) versus women who at the visit to the midwife stated that they had 

never smoked in the present pregnancy. We combined information on stopping smoking in 

pregnancy with current smokers because of evidence that self-report of quitting smoking in 

pregnancy is unreliable (England et al., 2007).

Statistical Analyses

We used Cox proportional survival analysis to estimate the magnitude of the associations 

between maternal smoking in pregnancy and offspring autism. All models calculated Hazard 

Ratios (HRs) for time to autism diagnosis across different lengths of follow-up across the 

cohort, and used robust standard errors for the 95% confidence intervals (CIs) to account for 

familial clustering. All statistical analyses were conducted in SAS software version 9.3 (SAS 

Institute, Cary, NC, USA). We included all persons regardless of missing data, by treating 

missing education as its own category (3–4%, see Table 1) and by assuming that other 

missing data reflected absence; assuming parity of 1 (< 0.01%) and low/no income (< 0.03% 

for maternal and < 0.35% paternal).

We used three different modeling approaches to account for confounding influences: 1) a 

conventional adjusted model to estimate risk at the population level including terms such as 

parental education and psychiatric history, 2) a maternal cluster model adjusting for the 

family mean of maternal smoking in pregnancy, and 3) a discordant sibling model. We 

assumed that the family-based models would produce more valid estimates than the 

conventional, population-level model, because of the ability to account for unmeasured 

confounding at the family level. We included two common types of family-based models in 

case results were sensitive to approach.

In the conventional adjusted model, to account for temporal trends, we stratified the 

proportional hazards model by year of birth. We additionally included terms for sex, parity 

(1, 2, 3, 4, or ≥ 5), and both maternal and paternal variables for: age at childbirth (≤20, 20–

25, 25–30, 30–35, ≥ 35 years), psychiatric history (yes or no), highest education at time of 

birth (unknown, elementary school, secondary school, tertiary education, and university), 

and income at time of birth (annual brutto income in quintiles).

For the maternal cluster model, we followed the suggestion of Begg & Parides in their 

model number 3, using a between and within-type model to disentangle familial and 

individual level effects of maternal smoking, treating the between-family measure as a 

confounder of the within-family measure of interest (Begg & Parides, 2003). To do so we 

further adjusted models for the familial mean exposure to maternal smoking and centered 

the individual smoking variable by subtracting the family mean. We included families with 
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one person (offspring) as recommended because they contribute to the between-family 

estimates which are adjustment terms in our design (Begg & Parides, 2003). Because we 

treated maternal smoking as a dichotomous variable, the family mean is the proportion of 

siblings in the family for whom the mother smoked in pregnancy. In families consisting of 

one offspring, the individual deviation from the family mean will be 0. Since the individual 

measurement is replaced by its deviation from the familial-level mean, this new version of 

the individual smoking variable represents how much larger, or smaller, the individual 

measurement is compared to the proportion of siblings within the family who were exposed 

to maternal smoking in pregnancy. We interpreted the parameter on the individual smoking 

variable (the within family effect), assuming that adjusting for the between-family effect 

removed unmeasured confounding shared by siblings (Begg & Parides, 2003; Sjölander, 

Frisell, & Oberg, 2012).

For the discordant sibling model we applied stratified Cox regression models with a separate 

stratum for each set of maternal siblings, akin to conditional logistic regression, restricted to 

sets of maternal siblings nested in nuclear families (993,301 persons from 426,665 families), 

excluding persons without siblings in the datasets (N=301,605). Sibling comparisons adjust 

for all unmeasured factors that are constant within the nuclear family. The stratified Cox 

regression models using sibling data were adjusted for the same covariates as in the 

conventional models. To assess whether any differences in results were due to limiting the 

sample to sibling sets, we also performed the conventional analysis and maternal cluster 

model among the multiple-child families (restricted cohort).

We conducted exploratory analysis of autism sub-phenotypes using the same modelling 

approaches but with different dependent variables. We defined the sub-phenotypes as 

persons with autism with and without co-occurring attention deficit/hyperactivity disorder 

(ADHD) or intellectual disabilities.

Results

Of the 1,294,906 persons included in the study cohort, we censored 27,916 (2.2%) due to 

emigration (25,255) or loss to follow-up (496) or the competing risk of death (2,165). 

Among the 1,294,906 persons followed from 1992 to 2012, 278,981 (21.5%) had a report of 

maternal smoking in pregnancy and 13,547 persons were diagnosed with autism during the 

12,973,139 person-years at risk. For 9% of persons, the mother started or stopped smoking 

across pregnancies (full detail in Supporting Information Table 1). The sample restricted to 

maternal sibling sets (59% of the familes) included 10,068 persons diagnosed with autism. 

Of these families, 48,297 families had siblings discordant for maternal smoking in 

pregnancy, among whom 582 families also had a child with an autism diagnosis.

Maternal smoking in pregnancy was more common among persons born in earlier birth 

years, to younger mothers and fathers, to parents with psychiatric illness and with lower 

income and education (Table 1). Persons with autism were more likely to be male, firstborn, 

and born in earlier years. Their parents were not substantially older than the population as a 

whole, but they were more likely to have psychiatric illness and lower income, and were less 

likely to have a university degree.
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The risk of autism diagnosis was null in unadjusted models but elevated with maternal 

smoking in conventional adjusted models, with hazard ratios (HR) and 95% confidence 

limits of 1.17 (1.13–1.22) in the entire cohort (Table 2). The negative confounding removed 

was largely attributable to birth year, as expected given increasing autism diagnoses 

alongside decreasing maternal smoking temporal trends (results not shown). Findings were 

almost identical for the restricted cohort (multi-child families), with null unadjusted results 

and elevated conventional adjusted results of: 1.19 (1.14–1.25), suggesting similar 

underlying smoking-autism risk across single and multiple-child families. This association 

was attenuated in the maternal cluster model after accounting for family maternal smoking: 

for all families: 0.98 (0.88–1.09) and the maternal-sibling cohort: 0.98 (0.87–1.09), and also 

in the discordant sibling model: 0.86 (0.64–1.15).

In the sub-phenotype analyses considering autism with or without a co-occurring diagnosis 

of ADHD, the population-level associations in the conventional adjusted models showed 

elevated risk with maternal smoking in pregnancy, and this association was stronger for 

autism+ADHD: 1.54 (1.40–1.68) compared to autism- no ADHD: 1.09 (1.03–1.16) (Table 3 

and Figure 1). All of the family-based estimates (maternal cluster and discordant sibling 

estimates) for autism+ADHD and autism-no ADHD were substantially attenuated and did 

not support a risk relationship.

Considering sub-phenotypes of autism defined by the presence or absence of a co-occurring 

ID diagnosis, the risk associated with maternal smoking was slightly higher for autism 

without co-occurring ID (autism- no ID) compared to autism with ID (autism+ID), across all 

models, although the majority of confidence limits included the null (Table 3 and Figure 1). 

Only in the conventional adjusted model was the risk elevated above sampling error for 

maternal smoking and autism- no ID: 1.22 (1.16–1.29). Similar to the associations 

evaluating all persons with autism, the associations in autism with or without ID were 

reduced in magnitude following adjustment in the maternal cluster models, and reduced 

more so in the discordant sibling model.

Discussion

We examined the association between maternal smoking in pregnancy and autism to clarify 

whether this exposure poses risk independent of family social class or other shared family 

factors, especially among autism sub-phenotypes. Our design included a large, whole-

population sample and information on maternal smoking well before the psychiatric 

diagnoses. Correlations between this self-report of maternal smoking and biomarkers of 

smoking-related methylation in an overlapping sample supports the validity of this measure 

(Hannon et al., 2018). While we excluded 9% of the original sample missing information on 

smoking status, these exclusions were largely due to a slow phase-in of smoking reporting in 

the early years of the study; in later years smoking information was 97% complete, see Table 

5 in (Bliddal et al., 2018). Advancing beyond previous studies, we used siblings nested 

within families to account for such unmeasured family factors using two statistical 

approaches and did not find maternal smoking to exert significant risk on autism.
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Autism represents a spectrum of phenotypes and it is hypothesized that specific causal 

influences may differ across the sub-phenotypes, for example only contributing to the risk 

for autism in combination with another neurodevelopmental disorder. We evaluated whether 

the impact of maternal smoking would differ when case groups were defined using 

information on co-occurring ADHD and ID. Autism susceptibility factors, generally, have 

been shown to differ for autism with and without comorbid intellectual disabilities (Polyak, 

Kubina, & Girirajan, 2015; Robinson et al., 2014; Sanders et al., 2015). While we observed 

a larger magnitude of risk across all models for autism- no ID compared to autism+ID (a 

pattern that is consistent with the prior literature: (Kalkbrenner et al., 2012; Lee et al., 2011), 

our results after accounting for family factors do not support that maternal smoking in 

pregnancy is a prominent risk factor for either of these groups. Similarly, we found that 

maternal smoking in pregnancy did not exert risk on autism with or without co-occurring 

ADHD after accounting for shared family factors.

Whether variation in risk magnitude across autism sub-phenotypic groups reflects an 

influence of maternal smoking on a discrete aspect of nervous system development, only 

observable in a narrowly defined sub-phenotype, cannot be fully resolved in these data. Such 

patterns could also be influenced by sampling error or different degrees of residual 

confounding across these sub-phenotypes.

A strength of our approach is in the use of 3 statistical designs, each adjusting for 

confounding through a different strategy. Confounding bias may be especially large for 

studies of maternal smoking in pregnancy and child neurodevelopment. Genetic liability for 

both smoking behaviors and neurodevelopmental impairment are strong and may involve 

neurotransmitter systems, thereby potentially linking the mother’s smoking with her child’s 

neurodevelopment without involving the direct toxic impacts of tobacco constituents. Other 

non-genetic aspects of a family, such as education and parenting, may also link maternal 

smoking and impaired neurodevelopment. Family-based designs offer a strategy to account 

for these factors beyond the reliance on measurement and statistical adjustment. We note 

that the confounding removed by conventional adjustment (where adjusted estimates were 

higher) was in a different direction than the confounding removed in the discordant sibling 

and maternal cluster models (where adjusted estimates were attenuated), suggesting that 

these different models addressed different types of confounding structure. We show 

substantial attenuation of risk due to maternal smoking on neurodevelopment after 

accounting for presumed unmeasured confounding at the family level, and others have also 

shown this effect (Gustavson et al., 2017; S. M. Meier et al., 2017; Sandra M. Meier et al., 

2017; Obel et al., 2009; Skoglund et al., 2014).

Yet these sibling designs have some limitations, especially that results are largely driven by 

the families for whom the mother’s smoking behavior changed between pregnancies (26%; 

see Supporting Information Table 2). It is reasonable to imagine that this behavioral change 

may be accompanied by other changes. Discordant sibling analyses may inadvertently open 

the possibility for bias due to these hypothesized changes or other unshared factors across 

siblings (Frisell, Öberg, Kuja-Halkola, & Sjölander, 2012), factors which may be highly 

relevant in the development of autism (Schendel & Parner, 2016). Sibling designs may also 

incur bias by adjusting for shared mediators (Sjölander & Zetterqvist, 2017). Furthermore, 
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the sibling stratified results would be expected to have decreased precision compared to the 

maternal cluster (between-within) model, as has been empirically shown (Sjölander, 

Lichtenstein, Larsson, & Pawitan, 2013), and observed here. The maternal cluster model of 

Begg and Parides adjusts for the mean maternal smoking pattern among siblings, assuming 

that by so doing, the confounding influences driving smoking behavior for the mother are 

reduced, to allow the individual’s exposure to be separately statistically resolved (Begg & 

Parides, 2003). Results from these maternal cluster models preserved statistical precision but 

may exhibit additional biases, such as the possibility of induced bias from opening a back-

door confounding path from unmeasured non-shared confounders (Sjölander et al., 2012). 

Additionally, there is the possibility of inducing bias by adjusting for measured confounders 

that differ among siblings (e.g. birth year, parental age), as we have done (Sjölander et al., 

2012) (Frisell, Öberg, Kuja-Halkola, & Sjölander, 2012). An important feature of the 

maternal cluster model is that single-child families are included and contribute to parameters 

through adjustment for the family mean. Inclusion of all families may increase the 

generalizability of findings over a discordant sibling model that only includes multiple-child 

families. In our sample we do not see evidence for differences that would suggest problems 

with generalizability or bias due to including or excluding single-child families (Table 2 and 

Supporting Information Table 3).

Overall, these family-based designs bring strengths in accounting for unmeasured 

confounding that may be strong in these associations. Yet alternate explanations for the 

observed attenuation include inflated bias from measurement error, unmeasured 

confounding influences not shared by siblings, and the influence of a small proportion of the 

sample for whom smoking behavior changed between pregnancies.

Another strength included the ability to examine the possibility of maternal smoking risk 

differences by autism sub-phenotypes, a deficit which was noted in the recent meta-analysis 

of this question by Rosen et al (Rosen et al., 2015). Our study had the needed information on 

multiple psychiatric diagnoses and large number of persons with co-occurring diagnoses to 

enhance statistical precision even for the smallest of the sub-phenotype groups. Additional 

strengths include the large number of persons representing an entire-country birth cohort 

without attrition, and the prospective measures of smoking prior to birth and well before the 

autism diagnosis, a feature also found important to results in the Rosen et al. meta-analysis 

(Rosen et al., 2015).

Our study focused on direct maternal smoking in pregnancy and results cannot be 

generalized to other routes of tobacco exposure, which may exert different degrees of risk 

through different pathophysiological mechanisms or timing. For example, father’s tobacco 

use prior to conception is capable of causing de novo germ cell mutations (Beal, Yauk, & 

Marchetti, 2017), and de novo mutations have been linked to autism (Sanders et al., 2015). 

Another exposure not addressed here is second-hand tobacco exposure to the mother during 

pregnancy, which could exert risk via methylation changes (Christensen et al., 2017; 

Reynolds et al., 2017). In line with this hypothesis, the role of father’s smoking at the 

population level (a presumed proxy of second-hand tobacco exposure) was shown to modify 

the association with maternal smoking in pregnancy on autism risk in a meta-regression 

(Jung et al., 2017). Furthermore, we could not consider grandparent tobacco use. 
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Grandparent exposure may be biologically relevant because the gametes destined to become 

the offspring in this study were developing during the mother’s fetal development, and this 

hypothesis is supported by a report that maternal grandmother smoking, specifically, may 

increase autism risk (Golding et al., 2017). Our maternal cluster and discordant sibling 

designs control for maternal influences, and by doing so, may adjust for those exposures 

incurred when the mother was in utero. Lastly, these results cannot be extrapolated to 

second-hand smoke to the child postnatally.

In conclusion, these results suggest that maternal smoking in pregnancy is not a direct risk 

factor for autism independent of family-level factors. Nevertheless, maternal smoking in 

pregnancy exhibits a wealth of deleterious health impacts on the developing fetus and 

women should not be deterred from following existing public health and medical 

recommendations to not smoke in pregnancy (or any time).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hazard ratios and 95% confidence intervals of maternal smoking in pregnancy and autism 

spectrum disorder with and without co-occurring intellectual disabilities (ID) and attention 

deficit hyperactivity disorder (ADHD), arising from three statistical designs: a conventional 

proportional hazards model stratified by year of birth, and adjusting for sex, parity, maternal 

and paternal age at birth, maternal and paternal psychiatric family history, maternal and 

paternal income, maternal and paternal education; a maternal cluster model including all 

covariates from the conventional model with the addition of adjustment for the family mean 

of maternal smoking in pregnancy; a discordant sibling model including all covariates from 

the conventional model with the addition of stratification by maternal sibling sets.
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