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INTRODUCTION

Autism spectrum disorder (ASD) is a developmental con-

Abstract

Maternal exposure to tobacco smoke during pregnancy is a common and persis-
tent exposure linked to adverse neurodevelopmental outcomes in the offspring.
However, previous studies provide mixed evidence regarding the relationship
between prenatal smoking and offspring autism. This study used cotinine level, a
biomarker for nicotine, to investigate the relationship between prenatal smoking
and autism. The authors conducted a population-based case—control study nested
in a national cohort of all births in Finland from 1987 to 2005. Cases diagnosed
with childhood autism (ICD-10/9 code F84.0/299.0) through 2007 were identified
using data from linked national registers. Each case was matched with a control
on date of birth (430 days), sex, and place of birth (N = 962 pairs). Maternal
serum cotinine levels were prospectively measured in first- to early second-
trimester serum samples archived in a national biobank using a quantitative
immunoassay. Data were analyzed using conditional logistic regression. Prenatal
maternal levels of serum cotinine were not associated with the odds of autism,
whether cotinine was classified continuously, by deciles, or using previously
defined categories corresponding to probable maternal smoking status. After
adjusting for maternal age, paternal age, previous births, and any history of
parental psychiatric disorder, the odds ratio for categorical high versus low cotin-
ine, using a 3-level exposure variable, was 0.98 (95% CI = 0.76, 1.26; p = 0.88).
In conclusion, this national birth cohort-based study does not provide evidence
for an association between maternal cotinine, a biomarker of maternal smoking,
and risk of autism.
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modifications (Joubert et al., 2016). Women can be
exposed to tobacco smoke both directly, through mater-
nal smoking, or indirectly, through environmental

dition involving impaired social interaction and commu-
nication, restricted interests, and repetitive behaviors,
which is believed to result from a combination of genetic
and prenatal environmental factors (Lyall et al., 2017).
Maternal exposure to tobacco smoke during pregnancy
may adversely affect the fetus through pathways includ-
ing low-birth weight and reduced brain growth
(Herrmann et al, 2008), and through epigenetic

© 2021 International Society for Autism Research and Wiley Periodicals LLC.

tobacco smoke (ETS). Despite decades of tobacco con-
trol policies, both remain common and persistent expo-
sures (Ekblad et al., 2014; Oberg et al., 2011). In Finland,
the prevalence of smoking during early pregnancy was
around 15% in 2015, and 36% among women under age
25 (Rumrich et al., 2019).

Maternal prenatal smoking has been consistently
linked to neurodevelopmental outcomes including
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externalizing behaviors, attention deficit and hyperactiv-
ity disorder (ADHD), and cognitive performance
(reviewed in [Herrmann et al., 2008]). Recent reports
have also linked maternal pregnancy exposure to ETS
with offspring neurodevelopment. Maternal self-reported
exposure to ETS was associated with decreased mental
development index (MDI) scores on the Bayley Scales of
Infant Development and increased risk of developmental
delay at 6 months (Lee et al., 2011). Cotinine is the pri-
mary metabolite of nicotine, and the most widely used
biomarker for tobacco smoke exposure (Torres
et al., 2018). When maternal urine cotinine concentra-
tions were used to quantify pregnancy exposure to ETS,
an inverse association was observed with the MDI at age
24 months (Lee et al., 2019). Another study measuring
maternal saliva cotinine showed that decreased language
function at age one, and language, cognitive, and motor
function at age 2 (Polanska et al., 2017) were associated
with higher cotinine levels.

A number of previous studies have examined the
association between maternal prenatal smoking and
ASD. Some of these investigations (Hultman et al., 2002;
Larsson et al., 2009; Ronald et al., 2010; von Ehrenstein
et al., 2020) provide evidence for an association between
maternal smoking and increased risk of autism or autism
related traits in the offspring, though others do not
(Bilder et al., 2009; Burstyn et al., 2010; Dodds
et al.,, 2011; Haglund & Kaillén, 2011; Kalkbrenner
et al., 2012, 2020; Larsson et al., 2005; Lee et al., 2012;
Maimburg & Veth, 2006; Nilsen et al., 2013; Visser
et al., 2013). One previous study from Finland found an
association of maternal self-reported smoking during
pregnancy with PDD-NOS specifically but not with
childhood autism or all ASD combined (Tran
et al., 2013).

A shortcoming of these studies is potential exposure
misclassification due to reliance on maternal self-report
of smoking during pregnancy, which may misclassify
over 25% of the mothers who use tobacco in pregnancy
as non-users (Ashford et al., 2017). Additionally, self-
reported smoking status does not account for ETS expo-
sure or provide an accurate assessment of dose. While the
overall estimates from meta-analyses have not shown sig-
nificant associations between maternal smoking and
ASD (Jung et al., 2017, Rosen et al., 2015; Tang
et al., 2015), such summary measures may mask impor-
tant heterogeneity, that is, by geographic population or
study methodology (Jung et al., 2017). While one recent
study that used Mendelian randomization and an epige-
netic score as biological proxy measures for exposure to
maternal smoking did not find sufficient evidence to sup-
port an association with ASD (Caramaschi et al., 2018),
studies using direct biomarkers for maternal exposure to
tobacco smoke are lacking. To address this gap, we
examined the association between the levels of cotinine
measured in prenatal maternal serum samples and diag-
nosed autism in a population-based sample of cases and

matched controls in a national birth cohort from
Finland.

METHODS AND MATERIALS
Identification of subjects

Subjects with autism and matched controls were identi-
fied through the Finnish Prenatal Study of Autism
(FIPS-A), a nested case—control study based on a
national birth cohort in Finland from 1987 to 2005, and
described previously (Lampi et al., 2011). Childhood
autism (International Classification of Diseases [ICD]-
10/9 code F84.0/299.0) cases diagnosed through 2007
(age at the end of follow-up, range: 2-20) were identified
through record linkage of the Finnish Medical Birth Reg-
istry (FMBR) with the Finnish Hospital and Outpatient
Discharge Registry (FHDR). Finnish registry diagnoses
of childhood autism have been validated using the
Autism Diagnostic Interview-Revised, with high specific-
ity (96%; Lampi et al., 2011). Controls from the FMBR
without ASDs (ICD-10/9 codes F84/299) or severe/
profound intellectual disability (ICD-10/9 codes F72,
F73/318.1, 318.2) were matched 4:1 with the cases on the
date of birth (£30 days), place of birth, and sex. One con-
trol per case was selected randomly for serologic analysis.
Of 1131 cases initially identified with childhood autism,
the present study included the 962 subjects with autism
and 962 matched controls with sufficient archived serum
available for the analysis of cotinine (see below).

Cotinine

Cotinine levels were measured from specimens of mater-
nal serum drawn during the first and early second trimes-
ters of pregnancy for prenatal screening purposes and
subsequently stored at minus 25°C in a biorepository in
Oulu, Finland (the Finnish Maternity Cohort, FMC).
These samples are obtained from 98% of pregnant
women in Finland beginning in 1983. The cotinine levels
in the archived maternal serum samples from selected
cases and controls were measured using a commercially
available quantitative immunoassay kit (OraSure Tech-
nologies, Bethlehem, Pa.; sensitivity = 96-97%, specific-
ity = 99-100%). Intra- and inter-assay variation are 3.5—
6.2% and 6.0-9.6%, respectively. The limit of detection
was 0.08 ng/ml, sufficiently sensitive to detect most levels
falling within the range of environmental tobacco expo-
sure (estimated at 0.015 to 14.6 ng/ml [Torres
et al., 2018]). Researchers conducting cotinine measure-
ments were blinded to case/control status.

Cotinine was examined as a continuous and as a cate-
gorical measure. Given the skewed distribution of cotin-
ine levels, the continuous variable was natural log-
transformed before analysis. Maternal cotinine was
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categorized as a three-level variable: reference
(<20 ng/ml), moderate exposure (20-50 ng/ml), and
heavy exposure (>50 ng/ml). These cut-off points were
recommended by the cotinine immunoassay kit and have
also been used in previous studies based on the Finnish
Maternity Cohort serum bank (Niemeld et al., 2016).
Finally, to further explore potential non-linear relation-
ships or evidence for association within the lower end of
the range of exposure, maternal cotinine was categorized
by deciles of the control distribution.

Covariates

Covariates were included in the analyses in order to
address potential confounding, mediation, and to exam-
ine potential heterogeneity of associations. Information
on maternal age, parity, occupational-based socioeco-
nomic status, and self-reported smoking during preg-
nancy; paternal age; and infant gestational age and birth
weight were obtained from the FMBR. Maternal and
paternal history of psychiatric diagnoses were obtained
from the FHDR and treated dichotomously, based on
either parent being positive for any of the following
according to the ICD codes listed in the register: schizo-
phrenia/ schizotypal/delusional disorders, affective disor-
ders, pervasive developmental disorders, neurotic/
personality disorders/other nonpsychotic disorders, or
alcohol/drug addiction/abuse. Subject diagnoses of intel-
lectual disability (ID) and ADHD were determined using
the FHDR. ICD codes used for the classification of
maternal and paternal history of psychiatric diagnoses
and for subject diagnoses of ID and ADHD are given in
Table 1. The gestational age at the blood draw was
obtained from the FMC.

Statistical analysis

The frequencies or means and standard deviations of
each characteristic shown in Table 1 were calculated for
cases and controls and compared using chi-squared or ¢-
tests; comparisons were also made by cotinine category
among the controls using chi-squared tests or ANOVA.
Conditional logistic regression of matched case—control
pairs was used to determine the association of maternal
cotinine levels with autism. Initial models were
unadjusted. To address potential confounding, subse-
quent models were adjusted for covariates associated
with autism and cotinine category (p < 0.1) and not in
potential causal pathways (maternal age, paternal age,
previous births, and any history of parental psychiatric
disorder). A sensitivity analysis further adjusted for all
covariates initially considered as potential confounders
(those noted above, plus maternal socioeconomic status
and gestational age at blood draw) among those observa-
tions with information available. Infant gestational age

and birthweight were considered potential mediators and
added to adjusted models separately.

Additional analyses were conducted to assess the sen-
sitivity of the findings to specific analytic decisions. These
included: (1) restricting analyses to observations with at
least 5 years of follow-up (birth years 2002 and earlier);
(2) using a lower cut-point (<10 ng/ml) to define the ref-
erence group for the categorical cotinine variable; (3) due
to the high percentage of missing data for maternal socio-
economic status (SES), an analysis was conducted
restricted to observations with information available for
this variable; (4) an unconditional logistic regression
model, additionally adjusting for subject sex, birth year,
and hospital district (proxy for place of birth, which was
not available in the analytic data set); (5) omitting the
adjustment for parental psychiatric disorder as a basis for
comparison with the parental psychiatric disorder
adjusted model; (6) to incorporate information on mater-
nal self-report of smoking during pregnancy, we exam-
ined the association of maternal self-reported (yes/no)
smoking during pregnancy, and of a combined (high
cotinine or maternal self-reported smoking vs. moderate
cotinine and no maternal self-reported smoking vs. low
cotinine and no maternal self-reported smoking) categori-
cal variable, with autism case—control status; (7) to allow
for different relationships between maternal cotinine level
and autism within ranges typical of exposure through the
environmental versus smoking, we fit an adjusted model
including linear terms for the natural log of cotinine with
a spline at 15 ng/ml (Torres et al., 2018). Values below
the limit of detection were set to one-half the limit, and a
dichotomous indicator was included to test the impact of
falling below versus above this limit.

Covariate-adjusted models were also fit after stratify-
ing by co-morbid intellectual disability and ADHD in the
cases and by subject sex. The magnitudes of the odds
ratios were then compared between strata using tests of
interaction for estimates obtained from independent sam-
ples such as population subgroups (Altman &
Bland, 2003). In order to obtain stratum-specific esti-
mates of the association of autism with maternal cotinine
levels by parental history of psychiatric disorder and tests
of interaction between these two variables on the multi-
plicative scale, maternal cotinine X parental psychiatric
history product terms were added to adjusted models,
which included all observations. All analyses were con-
ducted using SAS statistical software (SAS Version 9.4;
SAS Institute, Inc., Cary, NC). The study was approved
by the Ministry of Social Affairs and Health of Finland
and by the Institutional Review Board of the New York
State Psychiatric Institute.

RESULTS

The study sample was comprised of 79% males and 21%
females. The characteristics of the autism cases and the
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TABLE 1 Characteristics of subjects with childhood autism and matched controls, among Finnish births between 1987 and 2005

Cases Controls

N =962 n=962
Characteristic Mean SD Mean SD p-Value®
Maternal age 30.16 (5.37) 29.20 (5.30) <0.0001
Paternal age” 32.95 (6.46) 31.61 (6.06) <0.0001
Gestational week of blood draw® 11.04 (3.61) 10.83 (3.37) 0.21

n % n % p-Value®
Maternal parity > = 1° 637 (66.4) 552 (57.7) <0.0001
Maternal smoking during pregnancy (self-report)® 160 (17.4) 155 (16.6) 0.66
Maternal SES®
Upper white collar 110 (14.1) 117 (15.4) 0.90
Lower white collar 354 (45.4) 343 (45.3)
Blue collar 169 (21.7) 161 (21.2)
Others 146 (18.7) 137 (18.1)
Parental history of psychiatric disorders® 246 (25.6) 187 (19.4) 0.001
Gestational age <37 weeks® 57 (6.0) 42 4.4) 0.12
Birth weight <2500g" 45 4.7 22 2.3) 0.004
Intellectual disability® 274 (28.5) 3 0.3) <0.0001
ADHD* 53 (5.5) 10 (1.0) <0.0001

Abbreviation: ADHD, attention deficit and hyperactivity disorder.

#p-Values from chi-squared tests (categorical variables) or t-tests (continuous variables). Fisher’s exact test was used for categorical variables with cell counts <5.
®Information was missing for paternal age (n = 22), gestational week of blood draw (7 = 103), maternal parity (n = 8), maternal self-reported smoking during pregnancy

(n = 69), maternal SES (n = 387), gestational age (n = 10), and birth weight (n = 6).

‘ICD-10 codes F10-F19, F20-F25, F28-F29, F30-F34, F38-F39, F40-F45; F48; F50-53; F55; F59-66; F68-69, F84, F99.
9ICD-10/9 codes F70/317, F71/318.0, F72/318.1, F73/318.2, F78 (no ICD-9 code), and F79/319.

°ICD-10/9 codes F90/314.

matched controls are presented in Table 1. Relative to
controls, subjects with autism were born to older mothers
and fathers, were significantly more likely to be non-first-
born, to have a parental history of psychiatric disorder,
and to be born at low birthweight. Twenty-eight-point
5% of autism cases had co-morbid intellectual disability,
and 5.5% had ADHD diagnoses versus 0.3 and 1.0%
among controls, respectively. The mean gestational age
at the blood draw was similar for cases (11.0 weeks,
SD = 3.6) and for controls (10.8 weeks,
SD =34;p=0.21).

Among the controls, parental history of psychiatric
disorders, lower maternal SES, and gestational
age <37 weeks were associated with maternal cotinine
exposure (see Table S1). Mean maternal and paternal
ages were highest among the reference group, and lowest
among those with moderate maternal cotinine levels.
Few (3.7%) mothers from the reference cotinine category
reported smoking during pregnancy, while 65.2% of those
from the moderate cotinine group, and 74.7% of those
from the high cotinine group did so.

Comparisons of prenatal maternal cotinine levels
between autism cases and controls are shown in Table 2.
These levels were similar between cases and controls,
whether cotinine was considered continuously, categori-
cally, or by deciles. Neither unadjusted models nor

models adjusted for potential confounders showed evi-
dence for association between autism and maternal cotin-
ine levels. Results of sensitivity analysis (see above) are
shown in Table S2. Models also adjusted for maternal
SES and gestational age at blood draw did not show any
significant associations between maternal cotinine levels
and autism, with the exception of a protective effect for
log of cotinine (OR [95% CI] = 0.95 [0.90, 0.99];
p = 0.03); however, based on estimates for cotinine con-
sidered by deciles, there was no clear evidence for a dose—
response relationship. Further adjusting for preterm birth
and/or low birth weight had little impact on results (not
shown). Results were consistent, and did not show evi-
dence for an association between autism and maternal
cotinine, when restricting to subjects with at least 5 years
of follow-up, when excluding observations with missing
information for maternal SES, when omitting adjustment
for parental psychopathology, or when using uncondi-
tional logistic regression.

Results using alternative measures of exposure are
shown in Table S3. Self-reported maternal smoking was
not associated with autism in this sample (OR [95%
CI] = 1.02 [0.79, 1.32]; p = 0.88), nor was a measure that
combined evidence for maternal smoking based on both
measured cotinine and maternal self-report. Cotinine
exposure categories remained unassociated with autism
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TABLE 2 Association of maternal cotinine and childhood autism among Finnish births between 1987 and 2005

Cases Controls Unadjusted Adjusted®
Measure N =962 N =962 OR 95%CI p-Value OR 95%CI p-Value
Median IQR Median IQR

Cotinine level (ng/ml, 1.23 0.15,2.28 1.26 0.16, 2.26 1.00  (1.00,1.00) 0.44 1.00  (1.00,1.00) 0.89

continuous)
In(cotinine) 0.21 —1.93,0.82 0.23 —1.83,0.82 0.99 (0.96,1.03) 0.68 098 (0.94,1.02) 041
Categorical measure of n Y% n %

cotinine
Low (<20 ng/ml) 785 81.6% 785 81.6% 1.00 Ref - 1.00  Ref -
Moderate (2050 ng/ml) 16 1.7% 23 2.4% 0.69 (0.36,1.32) 0.26 0.73  (0.37,1.45) 037
Heavy (>50 ng/ml) 161 16.7% 154 16.0% 1.05 (0.82,1.33) 0.70 098 (0.76,1.26) 0.88
Deciles of cotinine n % n %
<10% (Ref: <0.07 ng/ml) 95 9.9% 96 10.0% 1.00  Ref - 1.00  Ref -
10-19% (0.07-0.11 ng/ml) 109 11.3% 96 10.0% 1.16 (0.75,1.78)  0.46 1.25 (0.80,1.95) 0.33
20-29% (0.11-0.64 ng/ml) 110 11.4% 96 10.0% 1.18  (0.76,1.83) 0.59 1.23  (0.78,1.94) 0.37
30-39% (0.64—1.11 ng/ml) 96 10.0% 97 10.1% 0.88 (0.54,1.42) 0.55 0.84 (0.50,1.39) 0.49
40-49% (1.11-1.26 ng/ml) 95 9.9% 96 10.0% 0.86 (0.53,1.41) 0.25 0.88 (0.52,1.47) 0.62
50-59% (1.26-1.45 ng/ml) 84 8.7% 96 10.0% 0.74 (0.45,1.23) 0.23 0.70  (0.41,1.18) 0.18
60-59% (1.45-1.83 ng/ml) 85 8.8% 97 10.1% 0.74 (0.45,1.21) 0.57 0.72  (0.43,1.21) 0.21
70%~79% (1.83-8.82 ng/ml) 95 9.9% 95 9.9% 0.87 (0.53,1.42) 0.39 0.89  (0.53,1.50) 0.67
80%—-89% (8.82-103 ng/ml) 82 8.5% 96 10.0% 0.83 (0.54,1.28) 0.92 0.88  (0.56,1.39)  0.58
>90% (>103 ng/ml) 111 11.5% 97 10.1% 1.02  (0.66,1.60) 0.50 093 (0.58,1.49) 0.77

#Adjusted for maternal age, paternal age, previous births, and any history of parental psychiatric disorder.

when using a lower cut-off of <10 ng/ml to define the ref-
erence category. Natural log of the cotinine level was not
linearly associated with autism in either the range below
(OR [95% CI] = 1.08 [0.74, 1.58]; p = 0.71) or above
(OR [95% CIl = 091 [0.61, 1.34]; p = 0.62)
15 ng/ml. Stratifying by intellectual disability in the case,
subject sex, or parental history of psychiatric disorder
showed no statistical evidence for heterogeneity of the
autism-cotinine association across strata, and did not
show any associations of autism with cotinine in individ-
ual strata (Table 3). When we stratified by record of
ADHD diagnosis in the case, there was a borderline sig-
nificant association between heavy cotinine exposure and
autism with ADHD (adjusted OR [95% CI] = 4.5 [0.9—
24; p = 0.07]) but not autism without ADHD (adjusted
OR = 093 [0.72, 1.20]; p = 0.57, p-value for
interaction = 0.07).

DISCUSSION

In the largest study using prenatal cotinine levels to quantify
maternal nicotine exposure in relation to autism in a
population-based national sample, we did not observe evi-
dence for an association. Prenatal maternal levels of serum
cotinine were not associated with an increased odds of
autism, whether cotinine was classified continuously (with
or without the inclusion of a spline to differentiate ranges

typical of active versus environmental tobacco exposure),
by deciles, or wusing previously defined categories
corresponding to probable maternal smoking status. We
found marginal evidence for an association between high
maternal cotinine and autism diagnosis in the offspring,
when restricting the diagnosis to autism cases who had also
been diagnosed with ADHD; however, this should be inter-
preted cautiously given the limited size of the stratum.

The finding that prenatal maternal cotinine was not
associated with autism in the offspring is consistent
with a number of prior studies which also did not sup-
port an association between maternal prenatal smoking
and ASD. These included population-based cohorts
(Burstyn et al., 2010; Dodds et al., 2011; Haglund &
Killén, 2011; Kalkbrenner et al., 2012, 2020) and
case—control studies (Bilder et al., 2009; Larsson
et al., 2005; Lee et al., 2012; Maimburg & Vath, 2006),
clinically  based case—control studies (Visser
et al., 2013), prospective cohorts (Caramaschi
et al., 2018; Nilsen et al., 2013) and meta-analyses
(Jung et al., 2017; Rosen et al., 2015; Tang et al., 2015)
from a range of geographic locations in North America
and Europe. Except for one that used Mendelian ran-
domization and an epigenetic measure (Caramaschi
et al., 2018), however, these studies relied on self-
reported measures of maternal smoking for exposure
assessment. That our study arrived at similar results
instead using prenatal maternal cotinine as a
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TABLE 3 Association of maternal cotinine and childhood autism, stratified by the presence of intellectual disability (ID) or ADHD in the case,

among Finnish births between 1987 and 2005

OR* 95% CI p-Value OR* 95% CI p-Value p-Value for
With ID in the case (V= 274 cases, 274 controls) Without ID in the case (/N = 688 cases, 688 controls) interaction
Cotinine as continuous
In(cotinine) 0.95 (0.88, 1.03) 0.19 1.00 (0.95, 1.04) 0.85 0.24
Cotinine as categorical
Ref (<20 ng/ml) 1.00 Ref - 1.00 Ref -
Moderate (2050 ng/ml) 0.85 (0.23,3.14) 0.81 0.63 (0.28, 1.41) 0.26 0.37
Heavy (>50 ng/ml) 0.89 (0.56, 1.42) 0.63 1.03 (0.76, 1.39) 0.87 0.35
With ADHD in the case (N = 53 cases, 53 controls)  Without ADHD in the case (N = 909 cases, 909
controls)
Cotinine as continuous
In(cotinine) 1.19 (0.97, 1.46) 0.11 0.97 (0.93, 1.01) 0.19 0.07
Cotinine as categorical
Ref (<20 ng/ml) 1.00 Ref - 1.00 Ref -
Moderate (20-50 ng/ml) 1.68 (0.20, 13.85) 0.63 0.70 (0.34, 1.44) 0.33 0.30
Heavy (>50 ng/ml) 4.54 (0.87, 23.88) 0.07 0.93 (0.72, 1.20) 0.57 0.07
Male (N = 760 cases, 760 controls) Female (N = 202 cases, 202 controls)
Cotinine as continuous
In(cotinine) 0.97 (0.93,1.02) 0.25 1.03 (0.95,1.13) 0.48 0.21
Cotinine as categorical
Ref (<20 ng/ml) 1.00 Ref - 1.00 Ref -
Moderate (2050 ng/ml) 0.72 (0.34, 1.54) 0.40 1.03 (0.22, 4.88) 0.97 0.37
Heavy (>50 ng/ml) 0.96 (0.72, 1.27) 0.76 1.15 (0.65, 2.04) 0.63 0.34
With history of parental psychiatric disorder® No history of parental psychiatric disorder (N = 716
(N = 57 cases, 51 controls) cases, 775 controls)
Cotinine as continuous
In(cotinine) 0.94 (0.88, 1.02) 1.00 (0.95, 1.05) 0.90 0.22
Cotinine as categorical
Ref (<20 ng/ml) 1.00 Ref - 1.00 Ref -
Moderate (20-50 ng/ml) 1.13 (0.34,3.74) 0.85 0.58 (0.25, 1.37) 0.21 0.38
Heavy (>50 ng/ml) 0.76 (0.48, 1.20) 0.24 1.10 (0.81, 1.50) 0.55 0.20

#Adjusted for maternal age, paternal age, previous births, and any history of parental psychiatric disorder.
ICD-10 codes F10-F19, F20-F25, F28-F29, F30-F34, F38-F39, F40-F45; F48; F50-53; F55; F59-66; F68-69, F84, F99.

biomarker of nicotine exposure supports the findings
of these prior studies based on a measure with reduced
exposure misclassification. A recent California study
that examined prenatal cotinine levels in a population
with low smoking prevalence (<4%) did not find evi-
dence that these levels were associated with offspring
autism (Berger et al., 2021). This comports with our
findings of no association between maternal cotinine
levels and offspring autism within the range of levels
consistent with ETS exposure.

Conversely, some studies have demonstrated associa-
tions of prenatal smoking with offspring ASD, although
none used a biomarker of smoking. A recent birth cohort
study from California reported a statistically significant
association suggesting nearly a 60% increased odds of
autistic disorder with heavy maternal smoking (defined

as 20 or more cigarettes per day in any trimester of preg-
nancy, as recorded in the birth record; von Ehrenstein
et al., 2020). Based on 924 pairs, 28% of which were dis-
cordant, for comparison of the heavy cotinine exposure
versus reference groups, assuming alpha = 0.05 and a
two-sided test, our study had 96% power to detect an OR
of 1.6, thus this difference between findings cannot read-
ily be attributed to a relative lack of power by our study.
Explanations for the difference in findings may
include our ability to adjust for parental psychiatric dis-
orders. Given the elevated prevalence of smoking among
individuals with psychiatric disorders (Prochaska
et al, 2017) and the strong familial co-aggregation
between autism and other psychiatric illnesses (Jokiranta
et al., 2013), this represents an important potential con-
founder. A comparison of the OR estimates for high
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maternal cotinine from our primary adjusted model omit-
ting (aOR = 1.03) versus including (aOR = 0.98) adjust-
ment for parental psychiatric disorders suggests that
indeed this was a positive confounder; however, we note
that both ORs were close to 1.0 and the 95% CIs included
1.0. The California study also reported an elevated odds
ratio for autism associated with heavy maternal smoking
in a sibling comparison analysis, which addresses con-
founding by shared familial factors, such as maternal
psychiatric disorders. Although the OR was 1.97, the
95% confidence interval was wide (0.53, 7.38) and
included 1.0 (von Ehrenstein et al., 2020), meaning that
the association did not reach statistical significance.

It also may be that there is true population heteroge-
neity in the characteristics of ascertained cases between
the two populations. For instance, in our study, there
was limited evidence for a stronger association among
those with ADHD diagnoses in the case, but this charac-
teristic was not examined in the California study, so the
possible impact on their results is not known. Finally,
variation in patterns of confounding between populations
may result in heterogeneity of the estimates of association
for relationships that are explained primarily by con-
founding (Sellers et al., 2020). The prevalence of self-
reported maternal smoking during pregnancy among
controls was 16.6% in our study versus only 2.4% in the
California study, which suggests such population differ-
ences in the exposure.

Other prior studies that reported positive associations
of maternal smoking with ASD were limited to much
smaller numbers of cases (Hultman et al., 2002; Larsson
et al., 2009; Ronald et al., 2010). A previous study also
based in the FiPS, and including an overlapping sample
reported an association of maternal self-reported
smoking during pregnancy with PDD-NOS but not child-
hood autism (Tran et al., 2013). In the present study, we
examined only childhood autism, and our findings using
a biomarker of exposure suggest that the lack of an asso-
ciation in this case group by Tran et al. was not due to
exposure misclassification.

Our lack of association between prenatal maternal
cotinine levels and autism suggests that prenatal smoking,
at least during the first to early second trimester of preg-
nancy is not a risk factor for autism. The absence of a
dose-response association, or increase in risk associated
with moderate or lower-decile levels of maternal cotinine,
suggests that ETS exposure is not a risk factor for autism
either, since a biomarker of maternal smoking in contrast
to self-report provides the capacity to assess ETS. While
smoking and the use of tobacco products during pregnancy
is not recommended due to negative maternal and fetal
impacts  including psychiatric outcomes (Niemeld
et al., 2016; Sourander et al., 2019), this may provide some
reassurance to families of children exposed to prenatal
maternal smoking or ETS at least with regard to risk of
autism.

The relationship that we observed between the birth
register variables for maternal smoking during pregnancy
and the classification based on maternal cotinine levels
underscores the importance of using biomarkers. These
measures were highly associated, with 74.7% of controls
in the heavy cotinine exposure group reporting maternal
smoking during pregnancy, versus only 3.7% of the refer-
ence cotinine group. This also indicates, however, that
over one quarter of those classified as having heavy expo-
sure based on maternal cotinine levels would have been
classified as unexposed based on self-reported maternal
smoking, a proportion which is consistent with previously
reported misclassification rates (Ashford et al., 2017).
Our use of a biomarker, in contrast to the previous stud-
ies using maternal self-report, therefore should have
reduced bias due to misclassifications as well as allowing
for evaluation of the dose-response relationship across
the full range of exposure.

While we did not observe an association between
maternal cotinine levels and autism overall, there was a
greater than fourfold increased odds of autism with
ADHD associated with heavy cotinine exposure, which
approached statistical significance. While this finding
should be interpreted with caution given the limited size
of the stratum, we have previously documented an asso-
ciation between higher prenatal maternal cotinine and
risk of ADHD in a separate population-based case—
control study in the FiPS (Sourander et al., 2019). An
estimated 25-30% of people with autism have co-
morbid ADHD (Hossain et al., 2020) and shared genetic
risk loci for the disorders have been identified in
genome-wide analyses (Smoller et al., 2013). This sug-
gests that the marginal association we observed with
maternal cotinine may be due to ADHD as opposed to
autism in the cases. On the other hand, given that dis-
tinct neuropsychological characteristics have been
described in ASD with co-morbid ADHD versus ASD
alone (Colombi & Ghaziuddin, 2017), the possibility
that maternal smoking increases the risk for a distinct
subtype of autism co-morbid with ADHD cannot be
ruled out.

In addition to the use of a biomarker of prenatal
exposure, the strengths of this study include a large, well-
powered sample, based on a national birth cohort, and
information from national comprehensive registries. Crit-
ically, the information available includes additional diag-
noses (ID, ADHD) in cases with autism to address
phenotypic heterogeneity, and on psychiatric disorders in
the parents, allowing for adjustment of potential con-
founding. Additionally, the diagnosis examined was pre-
viously validated with high specificity and was given in
the context of a national health system with universal
coverage, reducing the probability of selection bias.

Limitations of the data include exposure assessment
based on one time point during the first to early second
trimester of pregnancy. As the half-life of cotinine in
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serum as well as other bio-samples is generally estimated
at <24 h (Centers for Disease Control and Prevention &
U.S. Department of Health and Human Services, 2006),
this may have misclassified as unexposed some women
with only intermittent exposure. However, mis-
classification is likely to be reduced relative to maternal
self-report. We examined only childhood autism as an
outcome and did not include other diagnoses considered
part of ASD. While this narrower phenotype may have
an advantage given reduced heterogeneity, it may affect
the comparability with other studies that used broader
measures of ASD. As with any observational study, we
cannot rule out the presence of confounding by an
unmeasured factor, and the power of sub-group analyses,
such as autism with ADHD, was limited by small sample
sizes.

In conclusion, this national birth cohort study does
not provide evidence for an association between mater-
nal cotinine, a biomarker of maternal smoking and
ETS, and risk of autism. Our negative findings using a
biomarker suggest that the lack of association observed
in various previous studies was not attributable to bias
due to misclassification. Given the number and range
of other studies, including meta-analyses, that also did
not find associations of maternal smoking with risk of
autism, the preponderance of evidence does not sup-
port a relationship between maternal smoking, at least
during the early to middle stages of pregnancy, and
autism in the offspring. We observed some suggestion
of an association between heavy maternal cotinine
exposure and with ADHD, although our analysis of
this sub-group had limited statistical power and the
association was not significant. Future studies focused
on this specific sub-group may be warranted. Of partic-
ular interest would be study designs with detailed case
phenotyping and those that address potential con-
founding by maternal characteristics including genetic
risk for autism and ADHD.
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