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INTRODUCTION

Abstract

Given inconsistent evidence on preconception or prenatal tobacco use and off-
spring autism spectrum disorder (ASD), this study assessed associations of mater-
nal smoking with ASD and ASD-related traits. Among 72 cohorts in the
Environmental Influences on Child Health Outcomes consortium, 11 had ASD
diagnosis and prenatal tobaccosmoking (n = 8648). and 7 had Social Responsive-
ness Scale (SRS) scores of ASD traits (n = 2399). Cohorts had diagnoses alone
(6), traits alone (2), or both (5). Diagnoses drew from parent/caregiver report,
review of records, or standardized instruments. Regression models estimated
smoking-related odds ratios (ORs) for diagnoses and standardized mean differ-
ences for SRS scores. Cohort-specific ORs were meta-analyzed. Overall, maternal
smoking was unassociated with child ASD (adjusted OR, 1.08; 95% confidence
interval [CI], 0.72-1.61). However, heterogeneity across studies was strong: pre-
term cohorts showed reduced ASD risk for exposed children. After excluding pre-
term cohorts (biased by restrictions on causal intermediate and exposure
opportunity) and small cohorts (very few ASD cases in either smoking category),
the adjusted OR for ASD from maternal smoking was 1.44 (95% CI, 1.02-2.03).
Children of smoking (versus non-smoking) mothers had more ASD traits (SRS T-
score + 2.37 points, 95% CI, 0.73-4.01 points), with results homogeneous across
cohorts. Maternal preconception/prenatal smoking was consistently associated
with quantitative ASD traits and modestly associated with ASD diagnosis among
sufficiently powered United States cohorts of non-preterm children. Limitations
resulting from self-reported smoking and unmeasured confounders preclude defin-
itive conclusions. Nevertheless, counseling on potential and known risks to the
child from maternal smoking is warranted for pregnant women and pregnancy
planners.

Lay Summary: Evidence on the association between maternal prenatal smoking
and the child’s risk for autism spectrum disorder has been conflicting, with some
studies reporting harmful effects, and others finding reduced risks. Our analysis of
children in the ECHO consortium found that maternal prenatal tobacco smoking
is consistently associated with an increase in autism-related symptoms in the gen-
eral population and modestly associated with elevated risk for a diagnosis of
autism spectrum disorder when looking at a combined analysis from multiple
studies that each included both pre- and full-term births. However, this study is
not proof of a causal connection. Future studies to clarify the role of smoking in
autism-like behaviors or autism diagnoses should collect more reliable data on
smoking and measure other exposures or lifestyle factors that might have con-
founded our results.

KEYWORDS
autism spectrum disorder, children, maternal smoking, prenatal tobacco use

fetus. It is surprising, then, that an association with ASD
has not been reliably identified for maternal prenatal

Autism spectrum disorder (ASD) is a developmental dis-
order, often highly disabling, that affects an estimated
1 in 44 children in the United States (U.S.) (Maenner
et al.,, 2021). The observed prevalence of ASD has
increased over the past 2 decades; hence, identifying
modifiable risk factors is critical to addressing the public
health impact of ASD. Epidemiological studies consis-
tently have reported associations between air pollutants
and an increased risk of ASD (Flores-Pajot et al., 2016;
Kalkbrenner et al., 2014). The constituents of air pollut-
ants and tobacco smoke are similar although maternal
smoking during pregnancy more directly exposes the

smoking, which has an estimated prevalence of 9-16% in
the U.S. (Jamal et al., 2018).

Evidence on the association between maternal
smoking and ASD has been conflicting, with some
studies reporting harmful effects, and others, protec-
tive. Two meta-analyses, reflecting the highly discor-
dant results, estimated an essentially null odds ratio
(OR) (1.02) and almost identical confidence intervals
(CIs) (0.93-1.12 [Rosen et al., 2015] and 0.93-1.13
[Tang et al., 2015]). Sensitivity indicators suggested
that these results were robust and free from
publication bias.


mailto:iher@ucdavis.edu

HERTZ-PICCIOTTO ET AL.

| 553

Despite consistency of meta-analyses, key meth-
odologic limitations in the original studies bring their
conclusions into question. Of the 15 studies considered
by Tang et al. (2015), 6 did not adjust for confounders.
Four adjusted for either birthweight or gestational age,
two potential intermediates on a causal pathway linking
maternal smoking with ASD (Abel et al., 2013; Abraham
et al., 2017; Agrawal et al., 2018; Moore et al., 2019).
Adjustment for either variable is likely to result in a
biased estimate of the total effect of preconception/
prenatal smoking on risk for ASD (Robins &
Greenland, 1992). The present study from the National
Institutes of Health-funded Environmental Influences on
Child Health Outcomes (ECHO) program sought to sys-
tematically address confounding in a standardized
approach (Gillman & Blaisdell, 2018).

ECHO brings together U.S. cohorts of children with
longitudinal follow-up, harmonizes previously collected
data, and introduces a common data collection protocol
for continued follow-up in a multisite collaborative
research program. Here, we include cohorts with existing
data on maternal smoking during pregnancy and out-
comes of either an ASD diagnosis or the Social Respon-
siveness Scale (SRS), a measure of social impairments
characteristic of the autism spectrum. Multiple large
studies were amassed to carefully adjust for confounding,
help reconcile apparent differences across studies of
maternal smoking and ASD risk and illuminate potential
reasons for discrepancies.

METHODS
Study population

Launched in 2016, the ECHO program investigates the
influence of early life exposures on child health and
development (Blackwell et al., 2018; Gillman &
Blaisdell, 2018; Jacobson et al., 2018). Of the 72 extant
cohorts in the ECHO program (https://www.nih.gov/
echo/pediatric-cohorts), 13 included ASD diagnosis or
traits and prenatal tobacco smoking, and 7 had SRS T-
scores. Five of these cohorts contributed to both the
ASD and SRS analyses. For the analysis of ASD, two
cohorts lacking key confounders or with 0 cases were
excluded, leaving 11 cohorts for the pooled analysis of
diagnoses. Exclusion of children missing either maternal
prenatal smoking or key confounders resulted in 8648
(of 12,155) and 2399 (of 2682) children for the meta-
analyses of, respectively, ASD diagnosis and SRS T-
scores. Participating cohorts encompassed both general
population studies that recruited pregnant women or
recent deliveries and other designs that oversampled chil-
dren with ASD, either via an initial case—control study or
by restricting to pregnant women whose offspring were at
a higher risk for ASD (e.g., preterm deliveries or children
with first-degree relatives who had ASD). Protocols for

all cohorts were reviewed and approved by their local
institutional review board.

Variables

Two outcomes were examined—ASD diagnosis and SRS
T-scores. Some cohorts obtained both, whereas others
obtained just ASD diagnosis (Table 1) or SRS T-scores
(Table 2). Separate analyses were conducted for the two
different outcomes.

ASD diagnosis

ASD is defined as a developmental disability involving
four domains: social reciprocal relationships, communi-
cation skills, repetitive behaviors or restricted interests,
and sensory sensitivities (American  Psychiatric
Association, 2013). Sources of data on ASD diagnosis
included established standardized instruments, the
Autism Diagnostic Observation Schedule (ADOS; used
by three cohorts) (Lord et al., 2000) and/or other instru-
ments (four cohorts); parental or other caregiver report
of an ASD diagnosis (five cohorts); and/or a diagnosis
extracted from medical or educational records (three
cohorts).

SRS T-score

The SRS is a 65-item rating scale that provides a continu-
ous measure of the severity of social impairments in both
ASD-affected and general populations based on
responses from the primary caregiver. Each item is rated
from O (never true) to 3 (almost always true). Total raw
scores range from 0 to 195. Forms used were preschool
(2 cohorts), school-aged (2 cohorts), both (2 cohorts), or
unknown (1 cohort). The school-aged form was used for
children 4-18 years of age and preschool forms for ages
2.5-4.5 years. The intentional overlap in age ranges
allowed for variability in developmental stage. Sex-
normed T-scores were calculated to facilitate clinical util-
ity (Constantino & Gruber, 2012). We also dichotomized
SRS scores (266 vs. <66) to distinguish mild from moder-
ate/severe symptoms typically consistent with an ASD
diagnosis (Constantino & Gruber, 2005, 2012).

Maternal smoking

The principal exposure of interest was maternal active
smoking of standard cigarettes (not e-cigarettes) at any
time point during pregnancy or in the 6 months prior to
conception. All studies collected prenatal maternal
smoking, and two additionally had pre-conceptional
maternal smoking information through personal self-
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TABLE 1

Cohort 11
1891

Cohort 10
885

Cohort 9
1366

Cohort 8
397

Cohort 7
176

Cohort 6
510

Cohort 5
1503

Cohort 4
1900

Cohort 3
2208

Cohort 2
142

Cohort 1
1177

ASD enriched General

General

ASD enriched General

risk (preterm population

birth) n (%)

population

ASD familial

risk (preterm population

General General ASD cases General

General

n (%)

enriched risk n (%) n (%)

n (%)

population n (%) population n (%) population n (%) oversampled n (%) population n (%) birth) n (%)

Type of study population

0(0.0)
512.7)
34(1.8)

885 (100.0)

207 (15.2)

271 (68.3)

0(0.0)
19 (10.8)

0 (0.0)

13 (2.5)

293 (19.5)
121 (8.1)

561 (29.5)
391 (20.6)
245 (12.9)

0(0.0)
273 (12.4)

142 (100.0)

29 (2.5)

Missing

0 (0.0)
885 (100.0)

859 (62.9)
86 (6.3)

31(7.8)
277 (69.8)

2(1.4)
1(0.7)

0 (0.0)

76 (6.5)

Maternal alcohol use

5(2.8)
0(0.0)

1(0.2)

0(0.0)

1(0.1)

1239 (82.4)

257 (11.6)
1107 (50.1)

0(0.0)

471 (40.0)

Missing

0(0.0)

0 (0.0)

155 (11.3)

30 (7.6)

206 (10.8)

Maternal folic acid

supplementation

1891 (100.0)
1827 (96.6)

885 (100.0)

20 (1.5)
1301 (95.2)

510 (100.0) 176 (100.0) 122 (30.7)

181 (12.0)
1392 (92.6)

235 (12.4)
1525 (80.3)

0(0.0) 142 (100.0) 1056 (47.8)
1107 (50.1)

1174 (99.7)

Missing

0 (0.0)

259 (65.2)

0 (0.0)

0(0.0)

0 (0.0)

Maternal other vitamin and

mineral supplements

885 (100.0) 0(0.0)

53(3.9)

142 (100.0) 1056 (47.8) 249 (13.1) 33 (2.2) 510 (100.0) 176 (100.0) 125 (31.5)

0(0.0)

Missing

Note: Data shown are n (%) except where indicated.

Abbreviations: ADI-R, autism diagnostic interview-revised; ADOS, autism diagnostic observation schedule.

“Cohort 4 utilized both ADI-R and ADOS to obtain ASD diagnosis.

report (e.g., interviews or surveys), typically during preg-
nancy or around the time of birth or shortly thereafter, or
in the case—control study, during early childhood.

Covariate selection

Our approach to model-building relied on causal
methods exclusively. We constructed a directed acyclic
graph (DAG) based on reviewing the literature and con-
sidering a wide swath of variables causally or non-
causally associated with the exposure, the outcome, or
other covariates (Supplemental Figure 1). After extensive
discussion among authors, we reached a final consensus
DAG. We identified all backdoor paths in this DAG,
and then, for each cohort we identified at least one set of
sufficient variables to block as many backdoor paths as
possible. During the analysis phase, no variables were
dropped or added. Thus, selection of covariates was
governed entirely by the underlying causal model repre-
sented by the DAG.

After excluding variables previously found to be
weakly associated with outcome or exposure, covariates
initially considered included maternal age; education; his-
tory of psychiatric disorders; Type 1, Type 2, or gesta-
tional diabetes; high blood pressure or pre-eclampsia;
alcohol use; folic acid or other vitamin supplementation;
parity; and trimester of initiation of prenatal care as an
indicator of access to healthcare; along with neonatal
complications (Table 1). Diabetes was considered a con-
founder as it shares a common cause with smoking,
namely maternal education/socioeconomic status (SES)
operating through health literacy and/or access to quality
health care. The same set of covariates was used for both
ASD diagnosis and SRS score. Because not all covariates
were collected by every cohort, we identified cohort-
specific sets of covariates, each sufficient to adjust for
confounding of the maternal smoking associations with
outcomes (Supplemental Table 1, cohort-specific adjust-
ment sets).

Statistical analysis

We conducted a disseminated meta-analysis using results
from standardized cohort-specific analyses (Jacobson
et al., 2018). The ECHO Data Analysis Center provides
cohorts with (1) a data dictionary with variable names
and definitions, and (2) statistical code to perform a stan-
dardized analysis based on their cohort’s population and
dataset. This disseminated meta-analysis was unique in
customizing each cohort’s code according to availability
of key covariates. Participant characteristics were com-
pared across cohorts. To account for unbalanced adjust-
ments across cohorts, we derived a propensity score of
maternal smoking conditioning on cohort specific
covariates, then generated stabilized inverse probability
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weights (Rosenbaum & Rubin, 1983). Covariate balance

bl IR _ _ after weighting was checked by comparing the difference
== = = : A : :
@ _flsssassas ¢ in covariates between maternal smoking and nonsmoking
s gg ceeece o groups. We pooled estimates of beta coefficients from
= - £ 2| © © o — o —
S= ggl= = = 11 cohorts for ASD, and separately, seven cohorts for
SRS T-scores. Logistic regression models and linear
_ regression models with inverse probability weighting
> were used, respectively, to obtain the OR or standardized
~ 2 o = a mean difference (SMD) with a 95% CI for corresponding
a Sla g 2 g ~ . . .
< FE(Z2 s 2 ey 2 binary and continuous outcomes, comparing maternal
£ 5 £ 2l SsERE preconception/prenatal smoking versus nonsmoking
CS © A roups. We pooled estimates using random effects for
group p g
cohort. Heterogeneity was quantified using the Cochran’s
_E 0 test (a chi-squared test; Higgins, 2003) and stratified
ﬁ% _ _ _ _ analyses (such as general and non-general population
- %fg § = § = § = 2 cohorts, which oversampled cases or were restricted to
— ~ - g (= . . N
- EZi|lzcsz2cs =22 = subgroups with elevated ASD risk). The Cochran’s
£elEgElg g8~ 8 hich is calculated as the weighted f
Sg| 23 E |3 2 o o Q test, which is calculated as the weighted sum o
Celo<3 squared differences between individual study effects and
the pooled effect across studies, is distributed as a chi-
—_ ~ ~ squared statistic with k& (number of studies) minus
= SR I T o
EN - £ “ g3 =25 2 1 degree of freedom.
E 5 = cslg 2 = g - = S Subset analyses were conducted to assess heterogene-
[se) 22 - . . . .
SRR o “ ity according to study design or source populations,
including general population cohorts and special cohorts,
_ which were further divided as (1) restricted to preterm
5 ié births, or (2) oversampled for ASD (case—control) or high
EEo familial risk of ASD. Further sensitivity analyses were
o ExS |0 2282 2 conducted. Cohorts having 4 or fewer cases in either
© STl & & K a IS
£.15c8|ls S35 a o exposure group (n = 3 cohorts) were dropped. Preterm
Saléggf==—~"2 birth cohorts (n = 2 cohorts) were dropped for the fol-
lowing reasons: (1) conditioning on a factor that could be
_ an intermediate on a causal pathway produces biased
= estimates of the total effect; (2) even if preterm birth is
- é’. g *':’ T akEgf ¢ not an intermediate, effect measures in preterm cohorts
£ is_|S sez- o ¢ can differ from effects in mixed, predominantly full-term
g 2 g 2 S - = cohorts because of their skewed distribution of high-risk
- = conditions (Snowden & Basso, 2018); and (3) the lack of
opportunity for a third trimester exposure can introduce
= s _ 8 ) g bias if, as is true of preterm delivery, exposure opportu-
AT gea3aga gl = T : : :
< EE |2 aSS23S g2 ¢ nity is associated with the outcome (Schieve et al., 2016).
%w g §.§ R = o o » o » = Preterm births in other cohorts, that is, mixed cohorts
Caloas § with a preponderance of children born full-term, were
2 never excluded from the analysis.
B2 This sensitivity analysis then included six cohorts for
gg the outcome of ASD diagnosis. To examine robustness
= = = 3 and sensitivity of pooled estimates to each individual
.9 — = .6 y p
= e < g cohort estimate, we used the “leave-one out” approach.
g E gg The leave-one-out approach utilizes several statistics or
3 - 2 8 2 ? indicators of influence, including (1) rstudent (externally
E = § o ) E g standardized residual); (2) dffits, which indicates how
g E ; T g 5 g, many standard deviations the predicted (average) effect
=] 172} < . . .
S = § S B g £2 for the (i)th study changes after excluding the (i)th study
« Elw= w8 o8 o2 z from the meta-analysis; (3) Mahalanobis distance (cook.
= s|z 8§ 8§ E £ 1B d), defined as the distance between the entire set of
ﬁ & S 2525 2% 53 2 g predicted values once with the (i)th study included and
= = = = = 22 once with the (i)th study excluded from the meta-
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analysis; (4) covariance ratio, (cov.r) defined as the deter-
minant of the variance—covariance matrix of the parame-
ter estimates based on the dataset with the (i)th study
removed divided by the determinant of the variance—
covariance matrix of the parameter estimates based on
the complete dataset (a value below 1 indicates that
removal of the (i)th study yields more precise estimates of
the model coefficients); (5) tau2.del, the leave-one-out
amount of (residual) heterogeneity based on the dataset
with the (i)th study removed; (6) the leave-one-out test
statistic (QE.del) for the test of (residual) heterogeneity,
which is the value of the test statistic for (residual) hetero-
geneity calculated based on the dataset with the (i)th
study removed; (7) the diagonal elements of the hat
matrix (hat); and (8) the weights (in %) given to the
observed effects or outcomes during the meta-analysis.
All statistical analyses were performed using R software
(R Core Team, 2018). We used the metagen function
within the meta package to pool the estimates and the
forest function to generate forest plots (Schwarzer, 2007).

RESULTS
Cohort characteristics

Study designs, sample sizes, and descriptive data on
exposure and covariates are presented for analyses of
ASD (11 cohorts, Table 1) and SRS (seven cohorts,
Table 2). Sample sizes for ASD cohorts ranged from
142 to 2208. Due to the male preponderance of ASD,
studies that oversampled for ASD cases or restricted to
enhanced ASD risk families were heavily weighted for
males. Besides these study designs, three general popula-
tion cohorts (including the two smallest) also had higher
than expected diagnoses of ASD (Maenner et al., 2021).
Prevalence of pregnancy complications ranged from
3.7% to 100%, with two preterm birth cohorts having
100% by design.

Cohorts varied in maternal age, education, and par-
ity. Racial and ethnic composition was highly diverse
across studies. Among cohorts with relevant information,
most women initiated prenatal care during the first or
second trimester. The prevalence of vitamin or mineral
supplementation was high in all cohorts reporting this
information, and maternal psychiatric conditions varied
widely in prevalence (2.1-67.6%) as did diabetes, hyper-
tension, and alcohol use. The prevalence of maternal
smoking during the preconception and prenatal period
ranged from 4.4% to 32.4%.

Sample sizes for the SRS analyses ranged from
38 to 907 participants (Table 2). Both maternal and
child characteristics were similar to those in the ASD
diagnosis analysis, including child’s birth year, gender,
and neonatal complications, as well as maternal mean
age, race, ethnicity, parity, health conditions, health
care access, use of alcohol, smoking, and use of

prenatal supplements. Mean standardized child SRS
T-scores ranged across cohorts from 45.1 to 60.2 and
were higher in cohorts enriched for ASD or ASD risk.
The SRS, 2nd edition (SRS-2) Preschool Form was
predominantly used by two cohorts with average ages
of 43.1-58.1 months, and the SRS-2 School Form was
used by three cohorts with average ages of 93.8—
209.3 months. One cohort mainly used the SRS form;
another was missing information on the form used but
reported a mean age of 119 months.

Preconception/prenatal maternal smoking and
ASD risk

Effect estimates of 11 cohorts (8648 participants) were
pooled to examine the relationship of preconception and
prenatal maternal smoking and ASD diagnosis. We did
not observe an association after pooling the estimates
across all 11 cohorts, with an OR of 1.08 (95% CI, 0.72—
1.61; Figure 1). The leave-one-out analysis was per-
formed with eight standard statistics as discussed in the
Methods section (Figure 2) and showed very little influ-
ence of single cohorts. Based on the diagnostic plots
(Supplemental Figures), no highly influential cohorts
were found, but cohorts 4 and 10 were moderately more
influential than the other cohorts based on their higher
cook.d, and lower tau2.del and QE.del values, with the
two cohorts influencing the meta-analysis in opposite
directions (Figure 2). In subset analyses, the ORs were
similar across the two source populations (general and
special). However, among the special population cohorts,
preterm birth cohorts showed estimated OR’s below one,
whereas autism-enriched risk cohorts had OR estimates
above one (Figure 1). Given the numerous ways in which
the preterm cohorts (n = 2) could produce biased esti-
mates (see Methods), we removed these from our ana-
lyses to improve validity, as well as cohorts with four or
fewer ASD cases in either the exposed or unexposed
groups (n = 3) to achieve a more reliable pooled
OR. After those exclusions, the association between
maternal preconception/prenatal smoking and risk of
ASD diagnosis (Figure 3) increased to an OR of 1.44
(95% CI, 1.02-2.03).

Preconception/prenatal maternal tobacco
smoking and ASD-related quantitative trait
scores

A total of 2399 participants from seven cohorts were
included in our meta-analyses of preconception or prena-
tal maternal smoking and ASD-related quantitative
traits, assessed as SRS standardized 7-scores. Compared
with children whose mothers did not report smoking in
the preconception or prenatal periods, children whose
mothers did report preconception/prenatal smoking
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FIGURE 1

Odds Ratio

Cohorts Cohort type N ASD cases OR [95% CI]
General population

cohort 1 General 971 15 —_—— 1.25[0.33, 4.71]
cohort 2 General 142 10 —t—— = 3.99[0.63,25.35]
cohort 3 General 1142 41 f 0.38[0.05, 2.90]
cohort 5 General 993 78 — 0.78[0.27, 2.27]
cohort 7 General 33 41 —_—— 2.981[0.61, 14.61]
cohort 9 General 1156 44 —_— 0.48[0.13, 1.79]
cohort 11 General 1594 22 »—‘—-—4 1.66 [0.41, 6.81]
Random Effects Model for Subgroup, p = 0.35 ’ 1.10[0.65, 1.89]
Special population

cohort 6 Preterm birth 495 55 — 0.54[0.20, 1.49]
cohort 10 Preterm birth 859 61 »—.——o 0.62[0.32, 1.20]
cohort 4 Over—sampled for ASD/ASD risk 1140 826 »—I—« 1.58 [1.03, 2.42]
cohort 8 Over—sampled for ASD/ASD risk 123 81 B 2.41[0.64, 9.06]
Random Effects Model for Subgroup, p = 0.03 ‘ 1.03[0.54, 1.96]
Random Effects Model for All Studies, p = 0.11 - 1.08[0.72, 1.61]

— — ]
01 02 05 1 10

Association between maternal prenatal smoking and the risk of autism spectrum disorder (ASD) based on random effects model

overall and by cohort type. Participants with non-missing values in cohort-specific sufficient adjustment sets were included in the disseminated
analyses and hence the meta-analysis. The sample sizes listed represent the total sample included in the meta-analysis; these may differ from those
listed in Table 1 because of missing covariate data

Leave cohort out

OR [95% CI]

Leave cohort 1 out

Leave cohort 2 out

Leave cohort 3 out

Leave cohort 4 out

Leave cohort 5 out

Leave cohort 6 out

Leave cohort 7 out

Leave cohort 8 out

Leave cohort 9 out

Leave cohort 10 out

Leave cohort 11 out

0.1 0.2

SORARRANRL]

o
)
N

Odds Ratio

FIGURE 2 0Odds ratio plots from the leave-one-out analyses for autism spectrum disorder (ASD)

scored 2.37 (95% CI, 0.73-4.01) points higher on the SRS
(Figure 4). This result represents approximately a one-

fifth standard deviation

increase

in SRS T-score,

1.07 [0.69, 1.65]

1.02[0.68, 1.53]

1.12[0.74, 1.69]

0.94 [0.62, 1.44]

1.12[0.72, 1.74]

1.17[0.77,1.77]

1.02[0.68, 1.54]

1.02[0.67, 1.54]

1.15[0.76, 1.74]

1.22[0.82, 1.82]

1.05[0.68, 1.60]

indicative of greater social impairment. Results were con-
sistent across cohorts and by source population (general
population: SMD, 2.13 [95% CI, —0.08-4.34]; non-
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Cohorts Cohort type N OR [95%Cl]
General population :

cohort 5 General 993 —_— 0.78[0.27, 2.27]
cohort 7 Genenal Ee) — . = 298[061,146l]
cohort9 General 1156 —_— L 0.48[0.13, 1.79]
cohort 11 General 1594 P 1.66[0.41, 6.81]
Random Effects Model for S ubgroup, p =0.35 -.‘_ 1.03[0.52, 2.06]
Non-general population

cohort 4 Over-sampled for ASD/ASD risk 1140 —— 1.58[1.03, 2.42]
cohort8 Over-sampled for ASD/ASD risk 123 e —— 2.41[0.64, 9.06]
Random Effects Model for S ubgroup, p =0.03 ’ 1.65[1.10, 2.47]
Random Effects Model for All Studies, p =0.11 ’ 1.44[1.02, 2.03]

[ T T T T T 1
01 02 05 1 2 5 10

Odds Ratio

FIGURE 3 Association between maternal prenatal smoking and the risk of autism spectrum disorder (ASD) based on random effects model
overall and by cohort type dropping preterm birth cohorts and cohorts with 4 or fewer ASD cases in either the exposed or unexposed group. The
sample sizes listed represent the total sample included in the meta-analysis; these may differ from those listed in Table 1 because of missing data

Cohorts Cohort type N SMD [95% CI]
General population

cohort 2 General 38 9.41[-7.99, 26.80]
cohort 12 General 843 »——I—o 1.85[-1.28, 4.98]
cohort 9 General 346 »—-—« 1.49[ -2.66, 5.64]
cohort 13 General 109 »——-—¢ 3.16[-1.79, 8.10]
Random Effects Model for Subgroup, p = 0.81 ’ 2.13[-0.08, 4.34]
Special population

cohort 10 Preterm birth 843 —— 2.30[-0.28, 4.89]
cohort 4 Over-sampled for ASD/ASD risk 112 2.49 [-10.87, 15.84]
cohort 8 Over-sampled for ASD/ASD risk 108 8.11[-1.78, 18.00]
Random Effects Model for Subgroup, p = 0.54 ’ 2.67[0.21,5.12]
Random Effects Model for All Studies, p = 0.89 PR 2.37[ 0.73, 4.01]

{ T i T T T ]
-10 -5 0 5 10 15 20

Standardized Mean Difference

FIGURE 4 Association between maternal prenatal smoking and Social Responsiveness Scale (SRS) T-scores based on random effects models
overall and by cohort type. Participants with non-missing values in cohort-specific sufficient adjustment sets were included in the disseminated
analyses and hence the meta-analysis. The sample sizes listed represent the total sample included in the meta-analysis; these may differ from those

listed in Table 2 because of missing data

general population: SMD, 2.67 [95% CI, 0.21-5.12];
Figure 3). Dichotomizing the T-score, we observed an
increased odds of having moderate to severe symptoms in
children of women who smoked during the preconcep-
tion/prenatal period (OR, 1.62; 95% CI, 0.87-3.01; Sup-
plemental Figure 1). Results were consistent across
cohorts and by source population (general population:

OR, 2.53 [95% CI, 0.92-6.95]; non-general population:
OR, 1.31 [95% CI, 0.61-2.78]; Supplemental Figure 1).
The leave-one-out SRS analysis was performed with eight
standard statistics as discussed in the section 2 (Figure 5).
Based on the diagnostic plots, no influential cohorts were
found due to similar tau2 values, suggesting little hetero-
geneity after removing any cohort.
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FIGURE 5 Odds ratio plots from the Leave cohort # out SMD [95% Cl]
leave-one-out analyses for the :
dichotomized (T-score 2 66 vs. <66) social Leave cohort 2 out | —— 2.31[0.66, 3.96]
responsiveness scale (SRS)
Leave cohort 4 out | — 2.37[0.71, 4.03]
Leave cohort 8 out — 2.21[0.54, 3.87]
Leave cohort 9 out — 2.53[0.74, 4.33]
Leave cohort 10 out e 2.42[0.29, 4.55]
Leave cohort 12 out — 2.57 [0.64, 4.50]
Leave cohort 13 out — 2.27[ 0.53, 4.02]
[ I I I I I ]
-10 -5 0 5 10 15 20

DISCUSSION

In this aggregate meta-analysis, we found that, contrary
to expectation, maternal preconception or prenatal
tobacco smoking was not associated with the risk for
ASD. However, after excluding studies with small cell
sizes and other studies that conditioned on a potential
intermediate variable (preterm birth)}—a design which
reduced opportunity for exposure and does not correctly
estimate the total effect—we observed a 1.44-fold
increased odds of ASD among children of smoking
mothers. Further, autism-related traits, assessed with the
SRS, were associated with prenatal/preconception mater-
nal smoking. Thus, these meta-analyses suggest modest
associations of maternal preconception/prenatal tobacco
use with both poorer social communication skills and ele-
vated risk for ASD. These findings add to the numerous
other adverse outcomes associated with maternal
smoking during gestation: higher risks for ectopic preg-
nancy (Gaskins et al., 2018; Handler et al., 1989;
Stergachis et al., 1991), fetal loss (Flenady et al., 2011;
Marufu et al., 2015; Pineles et al., 2014; Pineles
et al., 2016), preterm delivery (Liu et al., 2020; Soneji &
Beltran-Sdnchez, 2019), and lower birthweight (Blatt
et al., 2015; Giinther et al., 2021; Pereira et al., 2017;
Tayie & Powell, 2012), as well as childhood outcomes of
asthma (Harju et al., 2016; McEvoy & Spindel, 2017;
Neuman et al., 2012) and attention deficit-hyperactivity
disorder (Huang et al., 2018; Langley et al., 2005;
Sourander et al., 2019).

In contrast with previous meta-analyses of the litera-
ture, (1) we took a systematic approach to adjustment for
confounders based in causal theory and prior knowledge;
(2) all cohorts were actively enrolled, reducing under-
ascertainment of ASD that characterizes many adminis-
trative databases; (3) the study populations were quite
diverse in terms of socioeconomic, racial, and ethnic dis-
tributions, supporting greater generalizability; and (4) the
meta-analyzed data were not based on published reports

Standardized Mean Difference

but on disseminated analyses using a harmonized
approach to exposure and covariates.

Mechanisms by which prenatal tobacco smoke expo-
sure might disrupt fetal brain development include both
direct toxicity as well as effects on placental function.
The most important components of tobacco smoke that
are hazardous for the fetus are nicotine and carbon mon-
oxide (Ekblad et al., 2015). Carbon monoxide crosses the
placenta and binds to hemoglobin, potentially lowering
oxygen delivery to fetal tissues, and preterm infants
exposed prenatally to tobacco smoke have lower cerebral
oxygen saturation (Verhagen et al., 2011). Nicotine
moves freely from maternal blood to fetal tissues, and
levels of cotinine, the predominant metabolite of nicotine,
are higher in fetal serum than in maternal serum
(Jauniaux et al., 1999). Chronic exposure to nicotine
alters nicotinic acetylcholine receptors, which play critical
roles in fetal brain development (Role & Berg, 1996), and
reduces the turnover of two neurotransmitters in the
brain—serotonin and dopamine (Muneoka et al., 1997).
In addition, prenatal tobacco exposure is associated with
epigenetic changes in fetal tissue, placenta, and umbilical
cord blood (Chatterton et al., 2017; Ivorra et al., 2015;
Martin & Fry, 2018; Paquette et al., 2013) and thus could
program  for  dysregulated  neuroendocrine  or
neuroimmune systems, manifesting as abnormalities of
neurocognition or neurobehavior (Vaiserman &
Koliada, 2017).

Our findings appear to contradict conclusions drawn
in an analysis of a European birth cohort, which con-
cluded that residual confounding accounted for any asso-
ciation between maternal smoking during pregnancy and
risk for ASD (Caramaschi et al., 2018). However, the
multiple models presented by these authors used different
samples when adding covariates, which raises the ques-
tion: are the effect measures for maternal smoking com-
parable across models? Under certain conditions, a
complete case analysis does not introduce bias in a logis-
tic regression (Bartlett et al., 2015), but bias is expected
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when missingness is associated with both the exposure
and outcome. For the study population of Caramaschi
and colleagues, missingness of paternal smoking and the
covariates representing socioeconomic status may well
have been associated with the joint distribution of mater-
nal smoking and child’s ASD outcome, which would
have produced bias in the estimated exposure-outcome
association. Selection bias arising from differential mis-
singness is a plausible explanation for the changes they
observed in smoking ORs across models. The high pro-
portion of apparent missingness in their key covariates—
leading to loss of up to 39% of the cohort, raises further
concern about validity of results. Additionally, the high
correlation of maternal and paternal smoking demands
creative approaches in order to reliably distinguish the
independent contributions of either one. Caramaschi and
co-authors assumed that paternal smoking served as a
negative control and would at best be a weak contributor
to ASD risk. However, research on male smoking in rela-
tion to sperm quality, germ line mutations, and epige-
netics of spermatozoa suggests strong environmental
influences with inter- and trans-generational impacts
(Donkin & Barres, 2018).

A limitation of the current analysis and of most other
studies is the use of self-reported smoking information.
Biomarkers have revealed that approximately 25% of
pregnant smokers do not report their smoking (Moore
et al., 2019; Shipton et al., 2009; Swamy et al., 2011).
Misclassifying smokers as nonsmokers—if unrelated to
their child’s outcome or social skills, or if more likely by
parents or caregivers of affected children—would bias
results toward the null. All cohorts except one collected
smoking information prospectively, prior to the child’s
diagnosis, hence differential misclassification would
likely be limited to the one exception (Cohort 4), which
was among the larger studies in this meta-analysis. A fur-
ther limitation in the exposure assessment was use of a
single dichotomous indicator of smoking in preconcep-
tion (6 months prior to conception) and prenatal periods.
Analysis of timing and frequency/quantity of tobacco
use, as well as second-hand smoke exposure (e.g., from
other household members), would provide a more refined
understanding of the relationship between preconception/
prenatal tobacco smoke exposure and child’s risk
for ASD.

Additionally, not all cohorts in this study used gold
standard instruments for diagnosing ASD. Parental
report of ASD diagnoses may inflate prevalence esti-
mates. For example, estimates from the National Health
Interview Survey (NHIS), which uses parental reports,
are consistently higher than those from the Centers for
Disease Control and Prevention’s Autism and Develop-
mental Disabilities Monitoring network, in which ASD
diagnoses are based on expert review of medical and edu-
cational records (Xu et al., 2018). In the 2007 NHIS, par-
ents reported that a high proportion of children with
ASD lost their diagnoses over time (Kogan et al., 2009),

whereas longitudinal autism research finds loss of diag-
nosis to be far less common (Moulton et al., 2016; Pierce
et al., 2019). Misclassification of outcome, if unrelated to
smoking, may have biased toward the null and reduced
power to detect associations.

Underdiagnosis of ASD in families with lower socio-
economic circumstances, who are more likely to smoke
during pregnancy and have less access to healthcare, may
have led to bias toward the null. Although the majority
of cohorts controlled for either education or an indicator
of health care access, a few did not. Bias away from the
null could occur if ASD-associated genes also predispose
individuals to addictive behaviors, such as smoking. The
majority of cohorts adjusted for maternal or family his-
tory of psychiatric conditions, reducing this problem;
moreover, the three cohorts that were exceptions were
excluded in the sensitivity analyses due to small cell sizes,
suggesting higher validity of the final analyses. Two
cohorts adjusted for maternal hypertension, which may
have been inappropriate if it is on a causal pathway;
however, the relationship of smoking to maternal hyper-
tension appears to be complex and any impact of the
adjustment on the final results is unclear.

Paternal smoking was not addressed in this analysis
and given both the strong correlation with maternal
smoking and paternal influences on ASD, for example,
age, lifestyle (Oldereid et al., 2018), and potentially epige-
netics (Flashner et al., 2013), additional investigation of
the role of paternal smoking is warranted. However, pre-
cisely because of the strong correlation of paternal and
maternal smoking, it will be challenging to reliably distin-
guish independent contributions of each without an
exceptionally large study population. Confounding from
post-natal exposures also cannot be excluded, given the
high correlation between prenatal and postnatal
smoking. Nevertheless, the pathogenesis of ASD begins
early in life and further research is needed to distinguish
the critical time windows.

The stronger and more consistent associations of
maternal prenatal tobacco use with higher SRS scores as
compared to the association with dichotomized ASD
diagnosis could very well be due to the detection of
milder social and communication impairments by the
SRS. However, our analyses for binary SRS T-score had
a different set of cohorts than the analyses for ASD diag-
nosis, and SRS measures social impairments, not ASD
per se. By definition, it is not a diagnostic instrument.
Interestingly, results from Caramaschi et al. (2018) simi-
larly show consistent results for social and communica-
tion disorders, but not for ASD. One limitation of the
SRS-T score is the potential for rater bias, which could
arise if smokers and nonsmokers report their children’s
behaviors differently. Secondly, while scores above the T-
score cutoff of 66 are generally consistent with moderate
to severe impairment, an ASD diagnosis is more likely
when symptoms are severe. Third, SRS scores can be
influenced by symptoms not specific to ASD (Frazier
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et al., 2014; Hus et al., 2013), such as attention-deficit/
hyperactivity disorder (ADHD) (Constantino &
Gruber, 2012; Reiersen et al., 2007) or cognitive deficits,
both of which have been linked, albeit inconsistently
(similar to ASD), with prenatal smoking (Dong
et al., 2018; Gustavson et al., 2017). Nonetheless, previ-
ous work supports convergent validity of the SRS with
gold-standard ASD measures, the Autism Diagnostic
Interview-Revised (ADI-R) and ADOS, although those
with commonly co-occurring conditions do not score as
high on the SRS as those with ASD (Constantino &
Frazier, 2013; Constantino & Gruber, 2012).

The observed inverse association between preconcep-
tion/prenatal maternal tobacco smoking and ASD in
cohorts restricted to children born before their third tri-
mester was unexpected and could reflect error due to
chance. However, if the third trimester is a critical win-
dow in which tobacco smoke may interfere with neuro-
development, then cohorts of individuals born preterm,
who are selected for not having a third trimester—will
experience a truncated window for exposure in a vulnera-
ble period. Of potential relevance is the body of research
that has examined timing of air pollution exposures,
which share hundreds of compounds with tobacco
smoke. Notably, many air pollution studies (Chun
et al., 2020; Raz et al., 2015; Volk et al., 2013) but not all
(Jo et al., 2019) observed the greatest increase in ASD
risk with third trimester exposures.

Other possible explanations for the finding from pre-
term births deserve consideration. For instance, intrauter-
ine infections are associated with preterm labor and
delivery, and maternal immune activation, a putative
antecedent of ASD (Brown et al., 2014; Koks et al., 2016;
Meltzer & Van de Water, 2017), may occur more often in
pregnancies that terminate prematurely. This might favor
the appearance of a protective association of smoking
with ASD in preterm cohorts as a result of collider strati-
fication bias. Similarly, another form of collider stratifi-
cation bias, resulting from the necessity of conditioning
ASD assessments on live births, could induce a falsely
protective association of smoking among preterm
cohorts, given that tobacco smoke exposure in pregnancy
is a risk factor for both premature birth and fetal loss
(Liew et al., 2015; Pineles et al., 2014). The bias can occur
if exposed children who are born preterm and do not sur-
vive were otherwise at a higher risk for ASD than those
who did survive, potentially leading to a paradoxical pro-
tective association with smoking if it preferentially leads
to fetal loss among fetuses susceptible to ASD (Goin
et al., 2021), as described previously for air pollution
(Leung et al., 2021; Raz et al., 2018). However, a key
question with regard to ‘live-birth bias’ is whether the
interest lies in all conceptions or just among live births
who reach the age when a diagnosis is possible, in which
case, such bias is less likely or may be entirely moot.

Finally, the findings in preterm cohorts may also have
been artifacts whereby: (1) the effect of smoking in such

cohorts may not be comparable to effects in general pop-
ulation cohorts with a mix of pre- and (predominantly)
full-term births as demonstrated in a recent simulation
study (Snowden & Basso, 2018); or (2) preterm birth
could be on a causal pathway, in which case the effect
measure in those cohorts will be a biased estimate of the
total effect. Further analyses examining trimester-specific
maternal use of tobacco, mediation analysis of extreme
prematurity, and maternal immune activation in preterm
deliveries may shed further light on the unexpected
results from preterm cohorts.

CONCLUSION

In this meta-analysis from U.S. cohorts participating in
the ECHO program, maternal smoking anytime begin-
ning 6 months prior to conception until delivery was con-
sistently associated with higher dimensional measures of
ASD traits (SRS scores). We also found a modest associ-
ation with a diagnosis of ASD after excluding cohorts
with likely biases from design features, or with small cell
problems. The heterogeneity of results across diverse
cohorts suggests the need for further investigations to
examine the timing and amount of maternal smoking,
adjust for additional potential confounders, and use
objective measures of exposure. In the context of previ-
ously demonstrated risks from maternal smoking for
other adverse child outcomes, our results suggest a poten-
tial additional benefit from smoking cessation programs
and education—in medical care, nutrition counseling,
government assistance programs and many more settings
where messages can reach women of reproductive age,
including difficult to reach groups. Effective outreach
may help the development of social cognition and com-
munication skills in the broader population of children.
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