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Abstract

Genetics, environment, and their interactions impact autism spectrum disorder etiology. Smoking is a suspected autism
spectrum disorder risk factor due to biological plausibility and high prevalence. Using two large epidemiological samples,
we examined whether autism spectrum disorder was associated with prenatal paternal smoking in a Discovery sample
(N = 10,245) and an independent Replication sample (N = 29,773). Paternal smoking was retrospectively assessed
with questionnaires. Likelihood of having autism spectrum disorder was estimated with the Autism Spectrum Screening
Questionnaire at three levels: low (<10), intermediate (10—14), and high (=15). Ordinal regression was used to examine
the relationship between prenatal paternal smoking and likelihood of having autism spectrum disorder, adjusting for
confounders. A total of 36.5% of Discovery sample fathers and 63.3% of Replication sample fathers smoked during
the pregnancy period; 7% of the Replication sample smoker fathers smoked during the pre-conception period but quit
during pregnancy period. Discovery sample prenatal paternal smoking significantly increased the likelihood of having
autism spectrum disorder in their offspring (adjusted odds ratio=1.27). This was confirmed in the Replication sample
with adjusted odds ratio of |.15 among smoking pre-conception period + pregnancy period fathers; 14.4% and 11.1%
increased high likelihood of autism spectrum disorder was attributable to prenatal paternal smoking in Discovery
sample and Replication sample, respectively. Smoking prevention, especially in pregnancy planning, may decrease autism
spectrum disorder risk in offspring.

Lay abstract

What is Already Known about This Subject: Genetics, (including de novo mutations), environmental factors
(including toxic exposures), and their interactions impact autism spectrum disorder etiology. Paternal smoking is a
candidate risk for autism spectrum disorder due to biological plausibility, high prevalence, and potential intervention.
What This Study Adds: This original study and its replication confirms that paternal factors can substantially contribute
to autism spectrum disorder risk for their offspring. It specifically indicates that paternal smoking both before and during
pregnancy contributes significantly to autism spectrum disorder risk.
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Implications for practice, research, or policy: Smoking prevention, especially in pregnancy planning, may decrease

autism spectrum disorder risk in offspring.
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Introduction

Autism spectrum disorder (ASD), an early-onset neurode-
velopmental disorder (NDD) with prevalence of 1.6%—
3.0% worldwide, is characterized by pervasive impairment
in social communication and the presence of restricted and
repetitive  behaviors/interests  (Christensen,  2018;
Fombonne, 2009; Kim et al., 2011; Maenner et al., 2014;
Zablotsky et al., 2015). Epidemiological and genomic
analyses demonstrate substantial etiologic contributions
from additive genetic factors (Gaugler et al., 2014; Tick
etal., 2016), with the remainder likely explained by a com-
bination of non-additive genetic factors, environmental
factors, and interactions, including gene—environment
interactions (GxE) (Gaugler et al., 2014).

The pre- and perinatal period appears to be a critical
nexus of risk for the genesis of ASD (Lyall et al., 2014;
Willsey et al., 2013). Studies have reported associations
between ASD and maternal prenatal exposure to some
medications, toxins, and intrapartum rubella infection,
suggesting that exposure to exogenous agents during criti-
cal developmental periods contribute to ASD susceptibil-
ity (Bescoby-Chambers et al., 2001; Chess, 1971; Ingram
et al., 2000; L. C. Lee et al., 2008; Moore et al., 2000;
Rodier et al., 1996, 1997; Stromland et al., 1994; G.
Williams et al., 2001; K. Williams et al., 2008).

Prior studies examining relationships between perinatal
risks and ASD have reported inconsistent findings between
increased ASD risks and prenatal maternal factors, includ-
ing complicated birth histories (Bilder et al., 2009; Burstyn
et al., 2010; Cheslack-Postava et al., 2011; Dodds et al.,
2011; Glasson et al., 2004; Hultman et al., 2002, 2010; H.
J. Larsson et al., 2005; L. C. Lee et al., 2008; Mann et al.,
2010; Schendel & Bhasin, 2008, K. Williams et al., 2008)
as well as maternal smoking and alcohol exposure (Eliasen
etal.,2010; B. K. Lee etal., 2012; Singer et al., 2017; Tran
et al., 2013). Inconsistent findings are likely the result of
methodological shortcomings, including small, clinical
samples with phenotype heterogeneity, and confounding
by comorbidity, including intellectual disability (ID). A
recent meta-analysis, examining over 60 perinatal and
neonatal risk factors, suggested that the following
increased ASD risk: abnormal presentation, umbilical-
cord complications, fetal distress, birth injury or trauma,
multiple birth, maternal hemorrhage, summer birth, low
birth weight, small for gestational age, congenital malfor-
mation, low 5-min Apgar score, feeding difficulties,
meconium aspiration, neonatal anemia, ABO or Rh incom-
patibility, and hyperbilirubinemia (Gardener et al., 2011);
another meta-analysis with 15 studies suggested no

association between maternal smoking exposure and ASD
(Rosen et al., 2015).

In prior studies, the majority of perinatal risks were lim-
ited to maternal exposures. With increased paternal age as
an identified risk for ASD (Hultman et al., 2011), paternal
perinatal exposures may increase ASD risk. ASD risk
attributable to prenatal paternal smoking is of particular
interest due to (1) biological plausibility through cumula-
tive toxicity to the male germline (Linschooten et al.,
2013) and secondary exposure to toxins (Clifford et al.,
2012); (2) high smoking prevalence (43% in Korea and
15.1% in the United States) (Jamal et al., 2016; Korean
Statistical Information Service [KOSIS], 2010); (3) high-
est prevalence of male smoking, 20-39years, overlaps
with peak age for reproduction (Li et al., 2011); (4) avail-
ability of animal models (Esakky & Moley, 2016; Nixon
et al., 2015); (5) relatively accurate retrospective recall of
exposure (Krall et al., 1989); and (6) availability of inter-
ventions for smoking cessation yielding other health ben-
efits (Hopkins et al., 2001; Public Health Service Guideline
Update Panel Liaisons and Staff, 2008).

The adverse impact of perinatal paternal smoking on
fetal and newborn health has been reported (e.g. low birth
weight, prematurity, heart defects, and childhood cancer),
but little is known about its impact on ASD risk (Ahluwalia
et al., 1997; Budi et al., 2015; Duan et al., 2014; Forest &
Priest, 2016; Ion et al., 2015; Kaur, 2014; M. Larsson et al.,
2009; K. M. Lee et al., 2009; Newman et al., 2010, Thacher
etal., 2014, Windham et al., 2000; Zhang et al., 2010). Four
studies have examined paternal smoking effects, including
secondhand smoking on offspring ASD risk (Table 1). The
small number of subjects and lack of control for known
confounders (e.g. maternal smoking and parental age)
make it difficult to arrive at conclusions.

We attempted to overcome these shortcomings by using
an internal replication design, with two large, community
cohorts to (1) test the hypothesis that paternal prenatal
smoking increases likelihood for offspring with having
ASD, in a “Discovery sample (DS)” and (2) use a
“Replication sample (RS)” to confirm the initial findings
while determining whether the timing of paternal smoking
timing modifies the risk.

Method

Participants

DS and RS were two independent, epidemiologically
ascertained cohorts of school-aged children. DS partici-
pants are from a Simons Foundation Autism Research
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Discovery Sample

15,981 Target population in 13 cities in Korea

}

12,447 distribute survey questionnaire

10,503 response ASSQ (84.4%)

Exclusion
141 > 5 missing items of ASSQ
117 Missing age, gender

10,245 included final analysis (82.3%)

Replication Sample

49,570 Target population in Cheonan city

}

42,746 distribute survey questionnaire

|

30,552 response ASSQ (71.5%)
Exclusion

510 > 5 missing items of ASSQ
269 Missing age, gender

29,773 included final analysis (69.7%)

Figure |. Sample ascertainment in discovery and replication samples.

features. Each item is rated from O to 2, (total score =
0-54). The ability of the ASSQ to distinguish ASD from
other diagnoses is well-established for European and
Korean children (Ehlers et al., 1999; Mattila et al., 2007;
Yim, 2012) and assessing the environmental effects on
ASD (Lyall et al., 2014). ASSQ scores in the upper 5th
percentile (=15) defined children as “screen positive”;
this definition demonstrated optimal agreement with the
best estimate diagnoses of ASD in Korean children (Kim
et al., 2011). We categorized ASSQ scores into three
groups for an ASD diagnosis: (1) “High likelihood” score
= 15 (=5th percentile); (2) “Intermediate likelihood”
score 10-14 (10th—6th percentile); and (3) “Low likeli-
hood” score < 10 (<10th percentile).

Potential confounders. Based on a review of the literature,
potential confounders were selected to include parental
age at pregnancy, maternal smoking and drinking during
pregnancy, and family history of psychiatric disorders
(Durkin et al., 2008; Modabbernia et al., 2017; Ornoy
etal., 2015; Singer et al., 2017). These potential confound-
ers were included in our final analyses.

Demographic covariates. Childrens’ age, gender, and paren-
tal demographic characteristics (education and marital sta-
tus) were included in our final analyses.

Statistical analysis. The Pearson’s chi square test was used for
comparing categorical demographic variables between the
ASD likelihood groups. While the ASSQ’s skewed distribu-
tion does not meet the assumption for linear regression, it
met the proportional odds assumptions for ordinal logistic
regression, which was used to examine the relationship

between paternal smoking and the incremental increase in
likelihood of having ASD in their offspring (“low,” “inter-
mediate,” and “high” likelihood). Potential confounders and
demographic covariates were controlled in a multivariable
model. In order to avoid the use of inaccurate assumptions
for missing data imputations, we used “no response” as data
points for missing responses in predictor variables in multi-
variable regression.

In a subsample from the RS (N = 4660: PCP only =
439, PCP + PP = 3675, unknown timing = 546) which
completed additional items about the duration and number
of cigarettes smoked, one-way analysis of variance
(ANOVA) was performed to determine whether the pack-
years of smoking by the time of pregnancy (a proxy for
smoking exposure dose) was associated with smoking ces-
sation during pregnancy.

In addition, the attributional risk fraction (ARF) was
computed to examine the proportion of offspring at high
likelihood of having ASD attributable to paternal smoking
in the study population.

All analyses were conducted using STATA (version
13.0); there is no community involvement in this study.

Results

Study subjects

In the DS and RS, males accounted for 51.5% and 49.2%
of participants, respectively, while the mean ages were
9.61 (=1.69) and 9.19 (*1.74) years, respectively. In the
DS, 6.9% were at intermediate and 4.3% at high likelihood
of having ASD. In the RS, 7.2% were at intermediate and
5.3% at high likelihood of having ASD (Supplementary
Table 2).
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Parental smoking

Of the 35.0% of DS fathers who smoked during pregnancy,
88% had children at low likelihood for ASD, 7% had chil-
dren at intermediate likelihood, and 5% had children at
high likelihood for ASD (Supplementary Table 2). Among
RS fathers, 56.3% smoked before and during pregnancy
(PCP + PP). Of these, 87% of their children were at low
likelihood for ASD, 8% of their children were at interme-
diate likelihood, and 5% had children at high ASD likeli-
hood. It was also noted that 7.0% of RS fathers smoked
only during the pre-conceptual period (PCP only); for this
group, 90% of offspring were at low likelihood of having
ASD while 6% of the children were at intermediate likeli-
hood and 4% were at high ASD likelihood.

A total of 53.1% of RS fathers were current smokers,
and 75.7% had a smoking history. In comparison, preva-
lence of current smoking and smoking history in the gen-
eral population of Korean males are 43% and 69%,
respectively. In the RS, age-specific prevalence of current
smokers was 62% and 80.4% had past smoking histories
<29years old. In 30- to 39-year-old males, the current
smoking rate was 50.5% and 74.5% smoked in the past.
For those over 40years old, 47.2% were current smokers
and 73.0% smoked in the past. Similar smoking patterns
have been reported for males in the general Korean popu-
lation: for 20- to 29-year-olds, 53.5% currently smoke,
63% previously smoked; for 30- to 39-year-olds 54% cur-
rently smoke and 73% previously smoke; and, for those
over 40years of age, 48% currently smoke and 75%
smoked previously. In the RS, when compared with fathers
who smoked but stopped smoking during pregnancy (PCP
only), those who continued smoking during the pregnancy
period (PCP + PP) had significantly higher levels of expo-
sure to smoking, as measured in pack-years in the sub-
group analysis (Supplementary Table 1). By the time of
conception, the average pack-years were 7.71 £ 6.04 in
the PCP + PP group, 6.65 * 6.02 in the PCP group, and
5.03 = 5.17 in the unknown timing group (p =
1.04e-22).

In DS, compared to 4.49% of non-smoking fathers,
7.08% of smoking fathers had family psychiatric histories
(p < 0.001). Similarly, more smoking fathers (0.59%) had
paternal psychiatric histories than non-smoking fathers
(0.30%, p < 0.001) in DS (Table 2). In the RS, 5.24% of
PCP + PP smokers, 4.77% of PCP-only smoker fathers,
and 4.80% of non-smoking fathers had family psychiatric
histories (p = 0.127). In addition, 1.84% of PCP + PP
smoker fathers, 1.53% of PCP-only smoker fathers, and
1.19% of non-smoking fathers had previous psychiatric
diagnoses histories in RS (p = 0.011).

Frequencies of maternal smoking during pregnancy
were low in both the DS and RS groups: in the DS,
0.25% overall and in the RS 0.3% for PCP only and
0.2% for PP + P.

Association between paternal smoking and
offspring likelihood of having ASD

In the DS, paternal smoking during pregnancy was associ-
ated with a higher likelihood to have offspring with ASD:
crude odds ratio (OR)=1.21 (95% CI: 1.06—1.39). The sig-
nificant association was held in the subsequent model
adjusting other confounders and demographic covariates,
with adjusted OR (aOR)= 1.27 (95% CI: 1.10-1.47, p =
0.001) (Table 3). This finding was replicated in the RS:
crude OR of offspring having higher likelihood for ASD =
1.26 (95% CI: 1.16-1.38, p < 0.001) and the aOR = 1.15
(95% CI: 1.05-1.25, p = 0.003) among fathers who
smoked during the PCP + PP. ARFs of paternal smoking
during pregnancy for likelihoods of having offspring with
ASD in DS and RS were 14.4% and 11.1%, respectively
(Supplementary Method 1).

Analyses were repeated with two additional missing
data methods (complete-case analyses and chained multi-
ple imputation analyses), and the results remained identi-
cal (Supplementary Method 2).

Discussion

Male smoking is associated with many adverse health con-
sequences, including adverse reproductive outcomes.
However, the impact of paternal smoking on the risk for
having offspring with ASD has not been systematically
studied. Compared to earlier research examining small
numbers of children in case—control study designs (Budi
et al., 2015; Duan et al., 2014; Zhang et al., 2010), our
study included 40,000 community-ascertained children,
using a two-step, internal replication design. Our results
demonstrate that prenatal paternal smoking is associated
with a modestly increased risk (OR = 1.15, CI: 1.05-1.26,
p = 0.003) for having offspring at high likelihood for
ASD. When combined with the high prevalence of pater-
nal smoking, modest increases in risk may contribute
meaningfully to increased ASD prevalence. Based on our
findings, we estimate that, in our DS, 14.4% of children at
high likelihood of having ASD are attributable to prenatal
paternal smoking; similarly, in the RS, 11.1% of high like-
lihood of having ASD is due to prenatal paternal
smoking.

Initial associations between prenatal paternal smoking
and offspring likelihood of having ASD in the DS were
confirmed in the RS. These findings have public health
implications because smoking is a common and modifia-
ble risk factor.

The observed association between prenatal paternal
smoking and offspring likelihood to have ASD may shed
light on potential biological mechanisms underlying the
genesis of ASD, if, indeed, the observed association reflects
a causal effect, even though it has not been established in
the current study. While there are many possibilities, our
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findings suggest three possible mechanisms: (1) paternal
smoking is a marker for unmeasured inherited genetic risk
for ASD; (2) de novo mutations generated by prenatal
paternal smoking lead to germline disruptions which con-
tribute to development of ASD; and (3) direct toxic effects
via maternal exposure to secondhand smoke during preg-
nancy may underlie ASD etiology.

To examine the first mechanism, family and paternal psy-
chiatric histories (as a marker for genetic risks for ASD)
(Robinson et al., 2014) were compared, based on paternal
smoking status in both DS and RS (Supplementary Table 1).
Family and paternal histories of psychiatric disorders were
more common for DS smoker fathers: 7.08% of smoking
fathers versus 4.49% of non-smoking fathers had family psy-
chiatric histories (p < .001), and 0.59% of smoking fathers
versus 0.30% of non-smoking fathers had paternal psychiat-
ric histories (p < .001). In the RS, there were no differences
in family psychiatric histories (5.24% of fathers who smoked
in PCP + PP; 4.77% for PCP only smokers; and 4.80% for
non-smoking fathers, p = 0.127). However, there were dif-
ferences noted in the fathers’ personal histories of psychiatric
disorder: 1.84% of PCP + PP smoker fathers; 1.53% of
PCP-only smoker fathers; and 1.19% of non-smoking fathers
(p = 0.011). To adjust for unmeasured inherited genetic risk
for ASD in smoking fathers, family psychiatric history that
included both maternal and paternal psychiatric histories was
included in our final model. Family history was a significant
factor for having a child at high likelihood of having ASD
(for DS: aORs = 1.52 [95% CI: 1.20-1.93], p = 0.001); for
RS aOR = 1.68 [95% CI: 1.47-1.92], p < .001. Prenatal
paternal smoking remained as a risk factor, independent of
parental psychiatric histories.

Paternal exposure to chemical substances is known to
affect spermatogenesis (Fabia & Thuy, 1974) in humans
and increase mutations in sperm in the mouse epididymis
(Nixon et al., 2015), due to the genesis of de novo muta-
tions in the sperm. Tobacco contains more than 7000
chemicals, many of which have been identified as systemic
mutagens in humans (DeMarini, 2004). Cigarette smoking
affects the genomic components of sperm and contributes
to developmental defects in offspring (Esakky & Moley,
2016). In rodent studies, cigarette smoking increases the
variability in copy number at a hypermutable genetic
locus, potentially through inducing mutations in sperm
DNA which are passed on to offspring; these permanent,
irreversible changes in the genetic composition of the off-
spring persist in subsequent generations (Yauk et al.,
2007). From human studies, male smokers frequently
demonstrate several anomalies in spermatogenesis, includ-
ing increased levels of oxidative DNA damage (Fraga
et al., 1996; Shen et al., 1997), sperm DNA strand breaks
(Potts et al., 1999), DNA adducts (Horak et al., 2003),
chromosomal abnormalities (Robbins et al., 1997; Rubes
et al., 1998), and decreased viability and fertility (Kunzle
et al., 2003).

For smoking-induced de novo mutations to occur in the
sperm and increase risk for offspring with ASD, it appears
most likely that paternal smoking exposure occurs prior to
conception; from the present study this includes the PCP
only and/or the PCP + PP groups. In the RS, this predic-
tion was partially supported by evidence for increased
risks of having offspring at high likelihood of having ASD
in the PCP + PP group. The PCP only group did not have
significant associations (p = 0.537); indeed, there seemed
to be a mild protective effect (aOR = 0.95 with 95% CI:
0.81-1.12), albeit statistically not significant; this unex-
pected finding in the PCP only group may be an artifact
due to the relatively small sample size (7% of the RS sam-
ple). Dose response in smoking exposure is also a possible
explanation for increasing ASD likelihood. At the time of
conception, smoking fathers who continue to smoke dur-
ing pregnancy (PCP + PP) had higher exposure to smok-
ing (7.71 pack-years), compared to 6.65 pack-years for the
smoking fathers who stopped smoking during pregnancy
(PCP only) (Supplementary Table 2, p < 0.001). This sug-
gests that PCP + PP exposure is a marker not only for
exposure timing, but also for the exposure dose. Ultimately,
sequencing DNA from nuclear families will be necessary
to demonstrate the presence of de novo mechanisms in
ASD risk.

Alternatively, significant findings in the PCP + PP, but
not in PCP only, may indicate that the direct toxic effect
via maternal exposure to secondhand smoke during preg-
nancy might play a role in increasing offspring ASD risk.
While the research findings are inconclusive (Rosen et al.,
2015), there is evidence to suggest a role for maternal
smoking during pregnancy and the development of other
NDDs such as attention deficit hyperactivity disorder, con-
duct/antisocial disorders, alcohol abuse, depressive disor-
der, anxiety, aggression, and cognitive impairment in their
offspring (Carter et al., 2008; Cornelius & Day, 2009;
Hsieh et al., 2010; Perera et al., 2007; Wakschlag et al.,
1997). Future studies designed to examine the independent
impact of timing (pre-conception, pregnancy, and postna-
tal periods) and dose of maternal and paternal, direct and
secondhand smoke exposures can help further understand
the role of smoking, and possibly other toxins, in the
underlying mechanisms for offspring ASD risk.

Our study has several strengths. First, our two-step,
internal replication provides greater confidence in the
observed associations between prenatal paternal smoking
and having offspring at high likelihood of having ASD.
Second, study subjects were drawn from epidemiologi-
cally ascertained, representative samples with greater than
70% response rates. Third, study subjects were assessed
using a dimensional instrument, ASSQ, with three incre-
mental likelihood categories. Such methods are likely to
reduce phenotype heterogeneity (Abrahams & Geschwind,
2008; Losh et al., 2008) and sampling bias including
missed ASD cases (Berkson, 2014). The observed associa-
tion between prenatal paternal smoking and having
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offspring at high likelihood for ASD persisted even after
the adjusting for potential confounders, such as maternal
smoking and drinking, and a family history of psychiatric
disorders (a proxy for genetic risk for ASD).

Limitations of our study include the retrospective col-
lection of prenatal paternal smoking data, ASD outcome
measurement by questionnaire only, missing data from
non-responders, and the potential impact of unmeasured
genetic risks. Especially, missing rates of maternal smok-
ing are high since mothers, the main primary caregivers,
were reluctant to reply to the smoking status for them-
selves. In this sense, maternal smoking was at higher odds
ratio for having children with likelihood of having ASD
than paternal smoking. Prenatal exposure data for parental
smoking were collected by questionnaire, retrospectively,
and the majority of questionnaires were completed by the
mothers. While the reliability and validity of the short-term
and long-term recall of perinatal events, as well as recall of
spouse smoking status are well-accepted in epidemiologic
research (Buka et al., 2004; Mejia et al., 2017; Sou et al.,
2006; Yawn et al., 1998), there is still potential for misclas-
sification of paternal smoking. Such misclassification is
likely to be random in a cohort study design, which might
have attenuated observed associations (Hennekens &
Mayre, 1987). ASD phenotypes were measured with a
27-item screening questionnaire, not by direct clinical
examination. While our prior Korean prevalence study
demonstrated that the ASSQ is an excellent screening
instrument with good positive predictive values for the best
estimate diagnoses of ASD (Kim et al., 2014), in our sam-
ples, the diagnoses of children at high and intermediate
likelihood of having ASD were not clinically validated.
Therefore, children without ASD could have been included
in the high and/or intermediate ASD likelihood groups; this
might diminish the magnitude of the observed associations.
While participation rates in both the DS and RS are >70%
at every stage, we do not have data on non-participants. It
is possible that unknown characteristics in the non-respond-
ents could have affected the observed relationships between
prenatal paternal smoking and having increased offspring
ASD likelihood. Finally, we attempted to account for
genetic risk by controlling for family psychiatric histories.
While psychiatric history is correlated with polygenetic
risks of NDDs, including ASD (Robinson et al., 2016), we
cannot rule out the potential impact of unmeasured genetic
risks on the observed associations.

Conclusion

Using two independent, large community samples of chil-
dren and their families, our study demonstrates that prena-
tal paternal smoking increases the risk for having a child at
high likelihood for ASD. While independent replication is
warranted, our findings add further support to the impor-
tance of education and intervention to reduce smoking.

This is especially crucial for individuals planning to have
children as the elimination of paternal smoking can reduce
the risk of having a child at high likelihood for ASD by as
much as 11%—-14%.
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