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Abstract

Previous studies on in utero exposure to maternal environmental tobacco smoke (ETS) or maternal
active smoking and Autism Spectrum Disorder (ASD) have not been entirely consistent, and no
studies have examined in utero cotinine concentrations as an exposure classification method. We
measured cotinine in stored second trimester maternal serum for 498 ASD cases and 499 controls
born in California in 2011-2012. We also obtained self-reported maternal cigarette smoking
during and immediately prior to pregnancy, as well as covariate data, from birth records. Using
unconditional logistic regression, we found no association between log10 cotinine concentrations
and odds for developing ASD among children of non-smokers (aOR: 0.93 [95% CI: 0.69, 1.25]
per ng/ml), which represents exposure to ETS, though there may be a possible interaction with
race. We found no association between cotinine-defined smoking (=3.08 ng/ml vs. <3.08 ng/ml)
(adjusted odds ratio [aOR]: 0.73 (95% confidence interval [95% CI]: 0.35, 1.54)) or self-reported
smoking (aOR: 1.64 [95% CI: 0.65, 4.16]) and ASD. In one of the few studies of ETS and the first
with measured cotinine, our results indicate no overall relationship between in utero exposure to
tobacco smoke from maternal ETS exposure or active smoking, and development of ASD.

Lay Summary:

This study found that women who smoke or are exposed to tobacco smoke during pregnancy
are not more likely to have children with Autism Spectrum Disorder (ASD). This is the first
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ASD study to measure a chemical in the mother’s blood during pregnancy to identify exposure to
tobacco smoke.
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INTRODUCTION

The causes of increasing Autism Spectrum Disorder (ASD) prevalence are still largely
undetermined and are important to elucidate. Factors contributing to the development

of ASD appear to be many and varied, and while several genetic components have

been identified (Vorstman et al., 2017), environmental exposures may have a substantial
impact (Bolte et al., 2019; Lyall et al., 2017). In utero exposures are considered to be
particularly relevant as prenatal neurodevelopment impacts later neurological disease, and
the fetus is susceptible to the mother’s environment (Miguel et al., 2019). Several prenatal
environmental exposures have been associated with later development of ASD (Ornoy et al.,
2015).

Environmental tobacco smoke (ETS) exposure, also called secondhand smoke or passive
smoking, is the inhalation of smoke from either the tip of a lit cigarette or of another
person’s exhaled smoke. Its constituents overlap those of active smoking, though not entirely
(Scherer et al., 1992), and exposure during pregnancy has been associated with a variety
of adverse cardiovascular, respiratory, and obstetric health outcomes for mother and child
(Gould et al., 2020). ETS exposure may be related to ASD: two case—control studies
found increased odds of ASD associated with prenatal self-reported ETS (Liu et al., 2015;
Zhang et al., 2010). ETS is an understudied component of total tobacco smoke exposure
(Jung et al., 2017), and there are no reliable self-reporting methods. The gold standard
method of assessing both ETS and active tobacco smoke exposure is via quantification of
cotinine, a biomarker for nicotine exposure (Benowitz, 1996). To our knowledge, only one
study has reported on cotinine in relation to ASD: cotinine measured in the urine of 320
Korean elementary school children was positively associated with ASD diagnosis, Autism
Spectrum Screening Questionnaire (ASSQ) score, and relevant subscales of the Behavioral
Assessment System for Children, second edition (BASC-2) (Kim et al., 2018). This study,
however, was unable to measure prenatal cotinine.

Maternal cigarette smoking during pregnancy has been associated with children’s
neurodevelopmental impairments, including ADHD (Huizink & Mulder, 2006), though
literature on ASD risk is somewhat conflicting. Recent meta-analyses on smoking and
ASD (Jung et al., 2017; Wang et al., 2017), examining 22 and 9 studies respectively, found
null results overall associated with self-reported smoking, as did several individual studies
(Bilder et al., 2009; Burstyn et al., 2010; Caramaschi et al., 2018; Dodds et al., 2011; Lee
etal., 2012; Lei et al., 2015; Maimburg & Veth, 2006; Mandic-Maravic et al., 2019; Nilsen
et al., 2013). Positive associations were found in a few national registries (Hultman et al.,
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2002; Nilsen et al., 2013; Tran et al., 2013) and smaller case—control studies (Duan et al.,
2014; Jiang et al., 2016; Mrozek-Budzyn et al., 2013; Saunders et al., 2019).

Prenatal nicotine exposure has been shown to have teratogenic effects on developing animal
brains through irregular cell differentiation and proliferation, mitotic arrest, and decreased
numbers of neural cells (Shea & Steiner, 2008; Slotkin, 2008). Nicotine is largely thought
to act on the fetal brain through nicotinic acetylcholine receptors (Dwyer et al., 2009).
Additionally, higher plasma levels of heavy metals, also found in cigarette smoke, have
been associated with higher risk for having ASD (Ashraf, 2012; Qin et al., 2018). Prenatal
exposure to tobacco smoke may also lead to epigenetic modifications (Banik et al., 2017;
Ladd-Acosta et al., 2016), including changes associated with neurological functioning in
adolescents (Toledo-Rodriguez et al., 2010). Maternal smoking may also indirectly affect
prenatal brain development through placental vasoconstriction, reduced umbilical supply,
and hypoxia (Pauly & Slotkin, 2008; Shea & Steiner, 2008). Intrapartum hypoxia has been
associated with higher risk of developing ASD (Kolevzon et al., 2007).

This is the first study to use a biomarker to further elucidate the potential relationship
between prenatal exposure to ETS or active smoking and risk for developing ASD. Taking
advantage of an existing case—control study of ASD, we added measurement of cotinine
using a sensitive assay in banked prenatal maternal serum samples for mother—child pairs.

METHODS

Study population

The study population was a subset of a parent study on the association between
polyunsaturated fatty acids and ASD (Lyall et al., 2021). Participants for this study

were drawn from children born in 2011-2012 whose mothers had serum banked through
participation in California’s Prenatal Screening (PNS) Program. The PNS Program offers
blood screening tests to all pregnant women between 15 and 20 weeks gestation in order to
detect certain congenital abnormalities (Cunningham & Tompkinson, 1999). The California
Biobank Program banks PNS specimens from women residing in Fresno, Madera, Kings,
Tulare, Kern, Orange, and San Diego counties. ASD cases were identified through the
California Department of Developmental Services (DDS), which provides support services
to Californian children with developmental disabilities. DDS serves an estimated 75-80%
of Californian children with ASD, encompassing the more severe cases (Croen et al.,

2002). Children were defined as cases if they had a DDS record of provided services for
ASD at the time of data linkage (February 2017, mean child age at linkage: 5.24 years).
Diagnosis of ASD within DDS has been previously validated (Windham et al., 2011).
Controls were selected from birth certificate data of children who did not link to DDS client
data. California birth certificate data was linked to data from DDS and PNS Program records
after excluding infant deaths. Covariate data was obtained primarily from birth records, as
well as PNS records. From these linked data sets, 500 cases were randomly selected and
frequency matched to 501 controls on birth year, birth month, and sex. Only singleton births
were sampled. As four serum samples were unable to be analyzed, the final study sample
included 498 cases and 499 controls.
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Maternal serum samples from the California PNS Program (Cunningham & Tompkinson,
1999) were retrieved from the California Department of Public Health’s Biobank Program.
Samples were collected in serum separator tubes, refrigerated upon receipt at the Newborn
and Prenatal Screening Testing Laboratories, and frozen at —20°C within 14-30 days for
Biobank storage. All samples analyzed in the current study went through a previous freeze/
thaw cycle for analysis in our parent study and were immediately frozen to -80°C upon
receipt at our laboratory until they could be thawed and analyzed for the current study. At
the time of sample collection, participants signed consent forms that specified their sample
may be used for legitimate research purposes with appropriate Institutional Review Board
approval unless they chose to opt out.

100 pl of sample was used for cotinine measurement. Samples were spiked with an
isotope labeled internal standard, then precipitated and deconjugated with formic acid.
After solid phase extraction, samples were dried and reconstituted with methanol. Liquid
chromatography—mass spectrometry with positive electron spray ionization and multiple
reaction monitoring was used to quantify cotinine concentrations. The limit of detection
(LOD) was 0.015 ng/ml.

Samples were analyzed in eight batches, each containing cases and controls. During sample
testing laboratorians were blind to case status. Due to variation in calibration curves and
distributions across batches, final cotinine concentrations were determined based on analytic
methods to harmonize the batches. As part of method validation, we analyzed 10 samples
that were previously analyzed by the Centers for Disease Control and Prevention and found
the concentrations determined by the two labs were highly correlated (R? = 0.998). For
quality control we analyzed spiked samples and found the coefficient of variance for our
determined concentrations to be <20% for low level samples (0.1 ng/ml) and <15% for
medium (1 ng/ml) and high (10 ng/ml) level samples. As part of method validation, we
analyzed 10 samples that were previously analyzed by the Centers for Disease Control and
Prevention and found the concentrations determined by the two labs were highly correlated
(RZ = 0.998). For quality control we analyzed spiked samples and found the coefficient of
variance for our determined concentrations to be <20% for low level samples (0.1 ng/ml)
and <15% for medium (1 ng/ml) and high (10 ng/ml) level samples.

Statistical methods

Concentrations detected below the LOD were assigned the value of LOD/V2, which equals
0.011 ng/ml. We classified mothers as cotinine-defined smokers and cotinine-defined non-
smokers dichotomizing cotinine concentrations into below 3.08 ng/ml (including values
below the LOD) versus 3.08 ng/ml or above, respectively, based on cut-points from a
prior study (Benowitz et al., 2009). The nadir of the bimodal cotinine distribution in this
study population fell between 2.28 and 6.03 ng/ml. To examine ETS exposure among non-
smokers, we analyzed cotinine concentrations as a continuous variable as well as defined
quartiles of concentrations below 3.08, but above the LOD, to be compared with values
below the LOD. We further categorized the cotinine-defined smokers into “heavy smokers
(above 50th percentile cotinine value for smokers in the study population [35 ng/ml]) and
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“light smokers” groups (at or below 50th percentile). We obtained self-reported maternal
smoking status from birth certificates; mothers were asked how many cigarettes they smoked
in each trimester, as well as during the 3 months before becoming pregnant. Mothers were
defined as self-reported smokers if they indicated smoking cigarettes during any of the
assessed time periods.

We used cotinine-defined smoking as the gold-standard to evaluate the sensitivity,
specificity, positive predictive value, and negative predictive value of self-reported smoking
on birth records among our sample. To evaluate associations with ETS exposure, we
examined the defined non-smokers only and conducted unconditional logistic regression
with continuous log10 cotinine as well as with quartiles of cotinine concentrations between
the LOD and 3.08 ng/ml relative to those below LOD. We also conducted unconditional
logistic regression to assess the relationship between ASD and cotinine-defined smoking
relative to non-smoking and relative to those below the LOD; cotinine-defined heavy

and light smoking relative to non-smokers; and self-reported smoking status relative to
self-reported non-smoking status. The continuous analysis was not conducted across all
participants because the chemical exposures from ETS are somewhat different than those
from smoking (Scherer et al., 1992). Cotinine below 3.08 ng/ml was neither normally

nor log-normally distributed but was log10 transformed in continuous models for ease of
interpretability due to its skewed distribution. We found no evidence for non-linearity in the
relationship between cotinine and ASD. Crude regressions controlled only for matching
factors (birth year, birth month, and sex) and adjusted models additionally controlled

for the following as determined using a Directed Acyclic Graph: maternal age, maternal
education, maternal race/ethnicity, and health insurance type (public vs. private) as a proxy
for socioeconomic status (SES). We explored possible interactive effects by child sex and
maternal race/ethnicity by including interaction terms for these variables in adjusted models.
Due to low numbers of participants in some race/ethnicity groups, we recategorized this
variable into: Non-Hispanic white; Hispanic; and Non-Hispanic Asian, Black, and Other.

We also conducted sensitivity analyses excluding the 66 case children with co-occurring
intellectual disabilities (ID), defined as DDS records of a composite score under 70

on standardized cognitive and functional tests. In addition, we conducted a post hoc
computation of the minimum and maximum detectable odds ratios associated with logged
cotinine exposure in the ETS range with our sample size, using an alpha value of 0.05 and
setting power at 0.80.

Demographic characteristics of participants can be found in Table 1. Compared to control
parents, case parents tended to be older, nulliparous or primiparous, covered by public
health insurance, and more likely to have a high school degree or some college. Twelve
case mothers (2%) and 10 control mothers (2%) reported smoking any cigarettes during
pregnancy or the 3 months prior. The race/ethnicity composition of our sample is
representative of the racial/ethnic makeup of all births in the sampled counties during
2011-2012. Of the 515 children whose mothers identified as Hispanic, 410 (80%) of
their mothers identified with Mexican heritage, 28 (5%) identified with Central or South
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American heritage, and the remaining 77 identified with another Hispanic heritage. Of the
156 children whose mothers identified as Asian, 47 (30%) of their mothers identified with
Vietnamese heritage, 34 (22%) identified with Filipino heritage, 19 (12%) identified with
Indian heritage, 15 (10%) identified with Chinese heritage, and the remaining 41 identified
with another Asian heritage. The distribution of cotinine concentrations can be found in
Table 2. Among both cases and controls, 19% of participants had concentrations of cotinine
below the LOD and 77% had concentrations in the ETS range (LOD-3.08 ng/ml). Among
children of cotinine-defined smokers (4%), cases had higher cotinine values than controls
(case median: 53.9 ng/ml, control median: 35.0 ng/ml), though medians were similar among
children of cotinine-defined nonsmokers (case median: 0.050 ng/ml, control median: 0.053
ng/ml). See Table S1 for cotinine distributions by race/ethnicity. Black controls had the
highest median of cotinine concentrations (0.399 ng/ml), followed by controls (0.129 ng/ml)
and cases (0.119 ng/ml) from the Other race/ethnic group, while cases in the Asian group
had the lowest concentrations (0.047 ng/ml) followed by Asian controls (0.052 ng/ml)

and Hispanic cases (0.052 ng/ml). Self-reported smoking had a sensitivity of 27% and a
specificity of 99% relative to cotinine-defined smoking. The positive and negative predictive
values were 45% and 97% respectively.

Cotinine was not associated with odds of having ASD in crude or adjusted regression
models (Table 3). In Model 1, no association was seen between continuous log10 cotinine
and ASD (aOR: 0.93 [95% CI: 0.69, 1.25] per ng/ml) for children of cotinine-defined
non-smokers, representing ETS. Quartiles of cotinine between the LOD and 3.08 ng/ml,
also representing ETS, were not associated with ASD in Model 2, and effect estimates
decreased with increasing concentration. Children of cotinine-defined smokers did not have
elevated odds of ASD compared to only those with cotinine below the LOD in Model 2
(aOR: 0.76 [95% CI: 0.34, 1.68]) or compared to those of cotinine-defined non-smokers in
Model 3 (adjusted odds ratio [aOR]: 0.73 (95% Confidence Interval [CI]: 0.35, 1.54)). No
association was seen with light or heavy smoker groups compared to nonsmokers in Model
4, though the effect estimates suggest a difference between the two smoker groups (light
smokers: aOR: 0.38 (95% ClI: 0.12, 1.17); heavy smokers: aOR: 1.25 (95% CI: 0.46, 3.45)).
Self-identification as a smoker anytime during pregnancy or the 3 months prior to becoming
pregnant was also not associated with odds of children having ASD in Model 5 (aOR: 1.64
[95% CI: 0.65, 4.16]).

Models including interaction terms showed no evidence for interaction of any smoke
exposure variable with child sex (Table S2). Table 4 shows odds ratios calculated from
maternal race interaction terms. Cotinine-defined smoking in the Non-Hispanic Asian,
Black, and Other group was associated with lower odds of children having ASD compared
to non-smokers (aOR compared to non-smokers: 0.25 [95% CI: 0.06, 0.97], p-value for
interaction: 0.06), while no associations were seen in other groups (Hispanic OR: 0.96 [95%
Cl: 0.19, 4.98]; Non-Hispanic white OR: 1.27 [95% ClI: 0.43, 3.80]). Similar results were
seen when compared to mothers with undetectable cotinine as the referent group.

Results were similar in sensitivity analyses excluding children with co-occurring ID (see
Table S3). Our post hoc power calculation indicated our study was powered to find odds
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ratios higher than 1.30 for continuous logged cotinine in the ETS range as statistically
significant, or lower than 0.77.
DISCUSSION

We found no association between in utero serum cotinine concentrations, examined in a
number of ways as a measure of exposure to ETS or active maternal smoking, and odds of
developing ASD. We further found no association between maternal self-reported smoking
during pregnancy and odds of children developing ASD, although the number of smokers
in our study was small. We found an interaction with race/ethnicity that suggests children
whose mothers identify as Non-Hispanic Asian, Black, or Other may have lower odds of
developing ASD associated with in utero cotinine concentrations than those of other race
groups.

We did not see associations with cotinine concentrations reflecting ETS exposure, nor did
we see a trend with higher levels, in contrast to two prior case—control studies which found
increased odds of ASD associated with prenatal, self-reported ETS exposure (Liu et al.,
2015; Zhang et al., 2010). The only prior study to have examined cotinine in relation to
ASD found a significant positive cross-sectional association between childhood cotinine
concentrations and diagnosis and performance on the ASSQ and BASC-2 (Kim et al., 2018).
These studies were conducted in China and Korea, which have a higher rate of smoking and
heavier smoking than the U.S. (Ng et al., 2014) and the Korean study reflects a different
time window of exposure.

Our null findings for maternal smoking are similar to results from many other studies and
meta-analyses (Bilder et al., 2009; Burstyn et al., 2010; Caramaschi et al., 2018; Dodds et
al., 2011; Jung et al., 2017; Lee et al., 2012; Lei et al., 2015; Maimburg & Veth, 2006;
Mandic-Maravic et al., 2019; Nilsen et al., 2013; Wang et al., 2017), but this is the first
study to confirm this by use of a tobacco biomarker. Of the prior studies reporting positive
findings (Duan et al., 2014; Hultman et al., 2002; Jiang et al., 2016; Mrozek-Budzyn et

al., 2013; Nilsen et al., 2013; Saunders et al., 2019; Tran et al., 2013), only one other

study controlled for SES (Tran et al., 2013). Smoking is differential across SES (Hiscock

et al., 2012) and thus a relationship between smoking and ASD in these studies may be an
indicator of a relationship between SES and ASD. We were able to indirectly control for
SES via insurance payment type and maternal education. Prior positive findings in literature
may also be confounded by familial patterns: a recent analysis of a Danish cohort showed a
positive association in adjusted models only between self-reported maternal smoking during
pregnhancy and ASD diagnosis that was completely attenuated once models controlled for
familial patterns of smoking and developmental disabilities (Kalkbrenner et al., 2020).

We did find an interaction with race/ethnicity, suggesting an inverse association of

maternal cotinine-defined smoking and ASD among children whose mothers identify as
Non-Hispanic Asian, Black, or Other, though with a very limited sample size. Although this
group is mostly comprised of Asian mothers in our study, the association may be driven by
the high cotinine concentration among Black controls relative to Black cases. Kalkbrenner et
al. (2012) found lower risk of ASD associated with maternal prenatal smoking among U.S.
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children of Non-Hispanic Black mothers. Because of our low sample size, we were unable
to create smaller categorizations for race/ethnicity, though each category is comprised of

a diverse set of people. In this study, of the 273 Hispanic children whose mothers were
born outside of the U.S., the highest proportion [247 (90%)] of those mothers were born

in Mexico. Of the 122 Asian children whose mothers were born outside of the U.S., the
highest proportions of those mothers were born in Vietnam (41 [34%]), the Philippines

(24 [20%]), India (15 [12%]), and South Korea (11 [9%]). Heterogeneity in exposure
effects could be due to differences in cotinine-containing products used across race/ethnic
groups, unmeasured co-exposures, or differences in confounding variables across or within
race/ethnic groups. People of different races may also metabolize cotinine at different rates
(Signorello et al., 2009). Given limited power discussed below, this finding should be
interpreted with caution and further explored in future studies.

An advantage of the current study is our ability to measure serum cotinine, allowing

us to evaluate exposure to ETS and cotinine-defined smoking. We found self-reported
smoking to have low sensitivity, though high specificity, for cotinine-defined smoking which
was also reported in a Canadian study (Burstyn et al., 2009). Further, underreporting

of smoking on birth certificates may be differential by demographic factors: mothers

with higher educational attainment may be less likely to report their prenatal smoking
(Vinikoor et al., 2010) and mothers with low birth weight infants may be less likely to
complete the field (Dietz et al., 1998). Assessing associations with a biomarker reduces
reliance both on participants” memories of their exposure and willingness to report smoking
truthfully. Additionally, our self-reported smoking was collected at birth and is thus not
subject to recall bias with respect to ASD. A disadvantage, however, is that cotinine

is a biomarker only of nicotine and may reflect exposures other than tobacco smoke,

such as nicotine patches. In addition, the cut-off of 3.08 ng/ml that we used to define

active smoking may not apply to each individual or race/ethnic group (Benowitz et al.,
2009), and therefore introduces potential exposure misclassification. Nicotine and cotinine
may also be metabolized differently across participants and may not consistently reflect
exposure. Additionally, tobacco smoke contains hundreds of compounds, including metals
and particulate matter, that may be more impactful than nicotine with regard to ASD;
cotinine can only function as an indirect measure of exposure to these compounds. Finally,
we only have one in utero measurement of cotinine which may not represent exposure across
the whole of pregnancy or all relevant prenatal critical windows.

There are several additional limitations to the current study. Our sample size did not provide
enough power to fully explore differences among race/ethnic groups, and we had very

few cotinine-defined or self-reported smokers. Though the main purpose of the study was
to evaluate associations with ETS exposure, we did capture fewer active smokers than
anticipated. Power calculations indicated our study was powered to find odds ratios higher
than 1.30 for continuous logged cotinine in the ETS range as statistically significant, which
captures the odds ratio of 1.89 found in Kim et al., 2018, the only other study to relate
cotinine to ASD, although cross-sectionally in childhood (Jung et al., 2017; Kim et al.,
2018). Future studies assessing active smoking should plan on larger sample sizes. While
we did not see evidence of differential association depending on ID status of cases, our
conclusions are limited by the small number of ASD cases with co-occurring ID. Future

Autism Res. Author manuscript; available in PMC 2023 December 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Berger et al.

Page 9

studies should explore relationships by ASD severity or symptom heterogeneity. DDS does
not usually provide services to children with milder forms of ASD and therefore our results
may only be generalizable to more severe cases. Additionally, lengthier follow-up may have
revealed that some of the children in the control group were later diagnosed with ASD

and became DDS clients, though this would be a very small number, unlikely to affect
results because developmental disabilities are relatively rare (Zablotsky et al., 2017). It is
also possible that control children may have moved out of California before being diagnosed
with ASD and would thus not be captured in DDS records, though again we expect this
number to be small. We were unable to assess parental mental health; both smoking during
pregnancy (Agrawal et al., 2010) and having children with ASD (Totsika et al., 2011) are
more likely among women who have mental health issues. Finally, while the methods for
linking birth record data to PNS and DDS data are standard methods used by the California
Department of Public Health’s Biobank and state-wide ASD surveillance, respectively,
there may be errors in the linkage process. Linkage methods used were conservative, with
nonlinks more likely than false links. As more than 90% of PNS records matched to a birth
record, linkage errors are unlikely to explain our observed results.

We found no overall association between in utero serum cotinine concentrations or self-
reported smoking during pregnancy and odds for children developing ASD, generally
confirming prior studies. This is the first study to examine prenatal cotinine as a marker
for maternal smoking or maternal ETS exposure in relation to ASD.
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