
Frontiers in Psychiatry

OPEN ACCESS

EDITED BY

Mustafa Salih,
King Saud University, Saudi Arabia

REVIEWED BY

Celia M. Rasga,
National Health Institute Doutor Ricardo
Jorge (INSA), Portugal
Christian Figge,
Karl-Jaspers Clinic, European Medical School
Oldenburg-Groningen, Germany

*CORRESPONDENCE

Paul Madley-Dowd

p.madley-dowd@bristol.ac.uk

RECEIVED 07 December 2023

ACCEPTED 30 May 2024
PUBLISHED 25 June 2024

CITATION

Madley-Dowd P, Thomas R, Boyd A,
Zammit S, Heron J and Rai D (2024)
Maternal smoking during pregnancy
and offspring risk of intellectual disability:
a UK-based cohort study.
Front. Psychiatry 15:1352077.
doi: 10.3389/fpsyt.2024.1352077

COPYRIGHT

© 2024 Madley-Dowd, Thomas, Boyd, Zammit,
Heron and Rai. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 25 June 2024

DOI 10.3389/fpsyt.2024.1352077
Maternal smoking during
pregnancy and offspring
risk of intellectual disability:
a UK-based cohort study
Paul Madley-Dowd1,2,3*, Richard Thomas4, Andy Boyd4,
Stanley Zammit1,2,5, Jon Heron1 and Dheeraj Rai1,2,3,6

1Centre for Academic Mental Health, Population Health Sciences, Bristol Medical School, University of
Bristol, Bristol, United Kingdom, 2National Institute for Health and Care Research (NIHR) Bristol
Biomedical Research Centre, University Hospitals Bristol and Weston National Health Service (NHS)
Foundation Trust and University of Bristol, Bristol, United Kingdom, 3Medical Research Council
Integrative Epidemiology Unit at the University of Bristol, Bristol, United Kingdom, 4UK Longitudinal
Linkage Collaboration, Population Health Sciences, Bristol Medical School, University of Bristol,
Bristol, United Kingdom, 5Medical Research Council (MRC) Centre for Neuropsychiatric Genetics and
Genomics, Cardiff University, Cardiff, United Kingdom, 6Avon and Wiltshire Partnership NHS Mental
Health Trust, Bath, United Kingdom
Background: Observational studies have described associations of maternal

smoking during pregnancy with intellectual disability (ID) in the exposed

offspring. Whether these results reflect a causal effect or unmeasured

confounding is still unclear.

Methods: Using a UK-based prospectively collected birth cohort (the Avon

Longitudinal Study of Parents and Children) of 13,479 children born between

1991 and 1992, we assessed the relationship between maternal smoking at 18

weeks’ gestation and offspring risk of ID, ascertained through multiple sources of

linked information including primary care diagnoses and education records.

Using confounder-adjusted logistic regression, we performed observational

analyses and a negative control analysis that compared maternal with partner

smoking in pregnancy under the assumption that if a causal effect were to exist,

maternal effect estimates would be of greater magnitude than estimates for

partner smoking if the two exposures suffer from comparable biases.

Results: In observational analysis, we found an adjusted odds ratio for ID of 0.75

(95% CI = 0.49–1.13) for any maternal smoking and 0.97 (95% CI = 0.71–1.33) per

10-cigarette increase in number of cigarettes smoked per day. In negative

control analysis, comparable effect estimates were found for any partner

smoking (OR = 0.94; 95% CI = 0.63–1.40) and number of cigarettes smoked

per day (OR = 0.94; 95% CI = 0.74–1.20).

Conclusions: The results are not consistent with a causal effect of maternal

smoking during pregnancy on offspring ID.
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Background

Maternal smoking in pregnancy is reported in over 8% of

pregnancies in Europe (1). It has a well-established causal

relationship with low birthweight (2, 3) and a more tentative

association with other adverse pregnancy and offspring health

outcomes such as pregnancy complications (4) and sudden infant

death syndrome (5). Establishing which offspring health outcomes

are caused by maternal smoking in pregnancy may (i) provide

insight as to which adverse health outcomes may be reduced

through smoking cessation initiatives, (ii) aid in understanding

the mechanisms by which these conditions occur, and (iii) create

the opportunity for mothers to have an informed choice about the

potential consequences of deciding to or not to give up smoking

during pregnancy.

An offspring outcome with under-researched aetiology is

intellectual disability (ID). ID is a developmental condition

defined as having an arrested or incomplete development of the

mind alongside functional impairment in facets that contribute to

overall intelligence such as cognition, language, and social ability

(6). ID manifests during the developmental period and is not the

result of later changes to the brain as a result of injury or disease.

Further details on ID issues surrounding its definition have been

discussed elsewhere (7).

An association of increased risk of ID in the offspring of

mothers who smoked during pregnancy has been suggested in the

literature (8–15). A systematic review has suggested that smoking

during pregnancy is associated with a small increase in the risk of

offspring ID (12), although the studies included (8–11) did not

adequately account for confounding or information bias. Two

better-quality studies not included in the review found an

association between smoking in pregnancy and offspring risk of

ID, but each suggested that this may be the result of residual

confounding (13, 14). We have recently published two further

studies investigating the association between maternal smoking in

pregnancy and risk of offspring ID using nationally representative

Danish and Swedish registry data (16, 17). These studies employed

exposure-discordant sibling designs to account for genetic and

environmental confounding shared between siblings. The results

of these studies suggested that, whereas increased odds of ID were

found among offspring of mothers who smoked during pregnancy

in conventional analyses, the sibling analyses suggested that these

associations were attributable to characteristics that differed

between families as opposed to individual-level exposure to

smoking in pregnancy—suggesting that the association did not

reflect a causal effect.

Triangulation of evidence from different methods, each with

their own biases, can help to establish whether associations reflect

causal effects (18–20). This is particularly important when

randomized control experiments are not ethically plausible. In the

present study, we aimed to use the negative control design in a UK-

based pregnancy cohort, the Avon Longitudinal Study of Parents

and Children (ALSPAC), to provide further evidence as to whether

associations between maternal smoking in pregnancy and offspring

intellectual disability reflect causal effects. The negative control

design describes analyses that compare the magnitude of an
Frontiers in Psychiatry 02
estimate of an exposure–outcome association against the estimate

of another association in which the exposure has been replaced with

a variable such that the new association is not plausibly causal via

the hypothesized mechanism (21, 22). We end by summarizing

evidence across causal inference methods to triangulate evidence.
Methods

Cohort

The ALSPAC cohort (23–25) recruited 14,541 pregnant women

resident in and around the City of Bristol, South West UK, with

expected dates of delivery 01/04/1991 to 31/12/1992. There were

14,203 unique mothers initially enrolled in the study. Mothers

invited partners to complete questionnaires at the start of the

study and 12,113 partners have provided data to the study. Please

note that the ALSPAC study website contains details of all the data

that are available through a fully searchable data dictionary (http://

www.bristol.ac.uk/alspac/researchers/our-data/).

The unit of analysis for this investigation is the index offspring of

the pregnancies. Eligibility criteria for children in this investigation

were (1) surviving to 1 year of age, (2) being a singleton pregnancy,

(3) not having a known cause of ID (see (7) for derivation of known

causes of ID), (4) not having withdrawn consent by the time of

analysis, and (5) having an NHS number so that ALSPAC data could

be linked to outcome information on the UK Secure eResearch

Platform. Children with a known cause of ID were excluded, as

this is a group in which ID is likely regardless of exposure to maternal

smoking during pregnancy. This left a total sample size of 13,479

children (see Figure 1 for a flowchart of exclusions).
Exposure definition—maternal and partner
smoking during pregnancy

Binary (yes/no) and count (number of cigarettes per day)

variables for maternal and partner smoking during pregnancy

were derived from questionnaire responses intended to be

complete at 18 weeks’ gestation (actual gestation at completion

varied). Detailed description of the questionnaires, derivation

process, and time of completion is provided in the Supplementary

Methods. We use the term partner as opposed to paternal

throughout to acknowledge that in ALSPAC, the mother’s partner

may not be the biological father of the child.
Outcome definition—offspring
intellectual disability

The derivation of a multiple-sourced variable for ID has been

described in detail elsewhere (7). Briefly, data linkage was employed

to combine information on IQ scores assessed by ALSPAC

fieldworkers when the children were age 8 and 15, diagnoses of

ID using Read (26, 27) and ICD (6) codes in general practitioner

(GP) and hospital episode statistic (HES) records, statements of
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special educational needs for cognitive and learning needs (28) from

school census records, and free text information recorded in

questionnaires by participants and their guardians (including

mothers, partners, and other primary carers) across the lifetime of

the study. A child was indicated as having ID if two or more of the

sources indicated having ID. Known causes of ID used in the

eligibility criteria (including genetic, metabolic, or chromosomal

abnormalities associated with ID) were also identified from GP,

HES, and free text information.
Covariate variable definitions

The variables used as covariates in models were the following:

child sex assigned at birth, maternal age at the time of birth,

maternal parity, maternal depressive symptoms at 18 weeks’

gestation, maternal alcohol use recorded at 18 weeks’ gestation,

maternal reported financial difficulties recorded at 32 weeks’

gestation, maternal education recorded at 32 weeks’ gestation, and

maternal occupational class recorded at 32 weeks’ gestation.

Detailed description of variable derivations can be found in the

Supplementary Methods.
Statistical analysis

All analyses were performed using R version 3.5.3 (29).

Observational analyses
Logistic regression models of ID on exposure were repeated for

the binary measure of smoking in pregnancy and the number of

cigarettes smoked per day. Models were performed using four
Frontiers in Psychiatry 03
adjustment strategies: (i) unadjusted, (ii) adjusted for maternal

characteristics (maternal age at birth, parity, maternal depressive

symptoms, maternal alcohol use during pregnancy and child sex),

(iii) adjusted for socioeconomic factors (financial difficulties,

education, and occupational class), and (iv) adjusted for both

maternal characteristics and socioeconomic factors.

Negative control analyses
Logistic regression models of ID on maternal and partner smoking

during pregnancy, mutually adjusted for each other to reduce bias from

assortative mating (22), were fitted using the same four adjustment

strategies as for the observational analyses. The models were repeated

for the binary and count forms of the exposure variable. In these

models, a causal effect is implied for maternal smoking in pregnancy if

a substantially higher effect for maternal smoking than partner

smoking is found as it is assumed that partner smoking has either

no, or a much smaller, in utero effect than maternal smoking. We used

the pair sexual isolation index (IPSI) to assess the strength of assortative

mating for smoking behavior (30, 31).
Missing data assessment and multiple
imputation analyses

To assess the likelihood of bias from missing data, we compared

the prevalence/means of exposure, outcome, confounders, and

auxiliary variables between those included in the sample and

those excluded. We further performed logistic regression of being

included in complete record analysis on each variable without

adjustment. Complete record analysis has been shown to be

biased when the probability of missing data is jointly dependent

on both the exposure and the outcome for logistic regression (32).
FIGURE 1

Flow chart of exclusions.
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All observational analyses and negative control analyses were

conducted as complete records analyses and repeated using

multiple imputation. Multiple imputation was implemented to

reduce bias and improve efficiency (33). Previous work has

shown that, provided the data meet the missing at random

(MAR) assumption, multiple imputation can produce unbiased

results even at large proportions of missing data (34). Data were

imputed using fully conditional specification (35, 36) carried out

using the R package “mice” (37) with 100 imputations. The

exposure, outcome, and all maternal and partner covariates were

included in the imputation model to maintain consistency between

the imputation model and the most complex analysis model (the

fully adjusted negative control model). Each variable was included

as a predictor of all other variables.

Auxiliary variables were also included in the imputation model

in order to improve the plausibility of the MAR assumption (36).

We included two auxiliary variables for socioeconomic status as the

analysis model variables for this (financial difficulties, education,

and occupation) were often missing. The auxiliary variables were

home ownership status and present maternal marital status, both

recorded at approximately 6 weeks’ gestation. Further details of the

multiple imputation procedure and auxiliary variables are detailed

in the Supplementary Methods.

We report the fraction of missing information (FMI) for the

exposure coefficient. The FMI is a parameter-specific measure that

quantifies the loss of information due to missing data while

accounting for information recovered by multiple imputation

(38, 39). Values of FMI range between 0 and 1 with values close

to 1 indicating that observed data in the imputation model does not

provide much information about the missing data.
Results

Of the 13,479 included children, 137 (1.0%) had an intellectual

disability, of which 36 (26.3%) were exposed to maternal smoking

during pregnancy and 53 (38.7%) were exposed to partner smoking

during pregnancy. There were 373 (2.8%) children considered to

have missing data for the outcome due to insufficient information

on ID being available.

Descriptives of the cohort separated by maternal and partner

smoking status during pregnancy are presented in Table 1. The

table shows that 25.2% of children were exposed to maternal

smoking during pregnancy, 68.9% were not exposed, and 5.8%

had no exposure data available. Maternal smokers were more likely

to be younger, have prenatal depression symptoms, have used

alcohol during pregnancy, have a lower level of education, have a

manual occupation, and to have experienced financial difficulties

during pregnancy.

Child prenatal exposure to partner smoking was more common

than to maternal smoking (36.4% vs. 25.2%) but was more often

missing. Partners tended to smoke more cigarettes per day than

mothers if they did smoke [median number smoked (inter quartile

range): 10 (5–20) vs. 5 (0–10)]. The overall pattern of confounder

distributions between smokers and non-smokers was similar

between mothers and partners for most characteristics; smokers
Frontiers in Psychiatry 04
tended to be younger, have depression during pregnancy, have a

lower education, have a manual occupation, and have experienced

financial difficulties. The actual distributions were not similar,

however, as partners tended to be older than mothers, were more

likely to have post age 16 formal education to A-level or degree

standard, and work a manual job. It is unclear whether this disparity

is due to actual differences in the distributions or due to

substantially lower responses from partners than mothers.

Partners were less likely to respond to questions on smoking,

alcohol consumption and depression. The number reporting

depression was lower for partners than mothers whereas alcohol

use was more common among partners. A full description of the

missing data assessment is presented in the Supplementary Results

and in Supplementary Tables S1, S2.

A cross tabulation of maternal and partner smoking is

presented in Supplementary Table S3, which shows that there is

evidence for positive assortative mating between parents for

smoking behavior (mother and partner are likely to exhibit

similar smoking behaviors; IPSI = 0.41), justifying our use of

mutual adjustment in negative control analyses.
Observational analyses

The results of the observational analyses for both binary and

count exposure are presented in Table 2. Both complete records

analysis and multiple imputation analysis found no association

between the binary measure of maternal smoking during

pregnancy and offspring odds of ID. Models that were unadjusted

and adjusted for confounders were all consistent with no effect (OR

for fully adjusted model = 0.83; 95% CI = 0.48–1.44). Results for the

count exposure showed a 1.29-fold increased odds of ID per 10

cigarettes smoked per day in pregnancy (95%CI = 0.82–2.01) in the

unadjusted model. This association was attenuated somewhat after

adjusting for maternal characteristics and attenuated substantially

towards the null following adjustment for socioeconomic

characteristics (OR for the fully adjusted model = 1.01; 95%CI =

0.63–1.60). Results from multiple imputation analyses were

consistent with those from complete records analysis. Values of

FMI were close to 0, indicating that we did not lose substantial

information on the exposure-outcome association to missing data.
Negative control analyses

Table 3 shows that in complete records analyses, the effect

estimates for the binary exposure suggested that maternal smoking

was associated with reduced odds of ID in offspring (fully adjusted

OR = 0.69; 95% CI = 0.26–1.82) whereas partner smoking was

associated with increased odds (fully adjusted OR = 1.18; 95%

CI = 0.54–2.56). It is important to note that both effect estimates are

consistent with the null and consistent with each other, providing

evidence against a causal effect of smoking in pregnancy on

offspring risk of ID. Multiple imputation analyses that account for

missing data brought both maternal and partner effect estimates

closer to the null and closer to each other.
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TABLE 1 Descriptive statistics separated by exposure status (maternal/partner smoking at 18 weeks’ gestation).

Characteristic Maternal
non-smoker

Maternal
smoker

Missing
maternal

smoking data

Partner
non-smoker

Partner
smoker

Missing
partner

smoking data

N = 9,293 N = 3,401 N = 785 N = 7,450 N = 4,910 N = 1,119

Number of times
smoked per day,
median (IQR)

– 5 (0–10) – – 10 (5–20) –

Parental age, N (%)

<25 1,608 (17.3) 1,319 (38.78) 344 (43.82) 324 (4.35) 440 (8.96) 40 (3.57)

25–39 3,741 (40.26) 1,201 (35.31) 262 (33.38) 1,556 (20.89) 911 (18.55) 56 (5.00)

30–34 2,893 (31.13) 647 (19.02) 126 (16.05) 1,786 (23.97) 760 (15.48) 39 (3.49)

≥35 1,051 (11.31) 234 (6.88) 53 (6.75) 1,113 (14.94) 558 (11.36) 24 (2.14)

Missing 0 (0) 0 (0) 0 (0) 2,671 (35.85) 2,241 (45.64) 960 (85.79)

Parental highest education, N(%)

Vocational 772 (8.31) 376 (11.06) 37 (4.71) 418 (5.61) 364 (7.41) ≤5

CSE/O level 4,381 (47.14) 1,986 (58.39) 190 (24.2) 2,233 (29.97) 1,943 (39.57) 24 (2.14)

A level/degree 3,576 (38.48) 605 (17.79) 55 (7.01) 3,228 (43.33) 1,232 (25.09) ≤5

Missing 564 (6.07) 434 (12.76) 503 (64.08) 1,571 (21.09) 1,371 (27.92) 1,094 (97.77)

Occupation, N (%)

Non-manual 6,165 (66.34) 1,505 (44.25) 101 (12.87) 4,151 (55.72) 1,649 (33.58) 91 (8.13)

Manual 1,200 (12.91) 685 (20.14) 49 (6.24) 2,363 (31.72) 2,151 (43.81) 151 (13.49)

Missing 1,928 (20.75) 1,211 (35.61) 635 (80.89) 936 (12.56) 1,110 (22.61) 877 (78.37)

Financial difficulties, N (%)

No 7,901 (85.02) 2,396 (70.45) 192 (24.46) 6,419 (86.16) 3,675 (74.85) 395 (35.3)

Yes 628 (6.76) 496 (14.58) 44 (5.61) 465 (6.24) 597 (12.16) 106 (9.47)

Missing 764 (8.22) 509 (14.97) 549 (69.94) 566 (7.6) 638 (12.99) 618 (55.23)

Depression, N (%)

No 7,679 (82.63) 2,415 (71.01) 0 (0) 5,725 (76.85) 3,404 (69.33) ≤5

Yes 933 (10.04) 684 (20.11) 0 (0) 174 (2.34) 208 (4.24) ≤5

Missing 681 (7.33) 302 (8.88) 785 (100) 1,551 (20.82) 1,298 (26.44) 1,116 (99.73)

Alcohol use in pregnancy, N (%)

No 4,362 (46.94) 1,331 (39.14) 0 (0) 275 (3.69) 181 (3.69) ≤5

Yes 4,824 (51.91) 2,032 (59.75) 0 (0) 5,541 (74.38) 3,362 (68.47) ≤5

Missing 107 (1.15) 38 (1.12) 785 (100) 1,634 (21.93) 1,367 (27.84) 1,116 (99.73)

Ethnicity, N(%)

White 8,429 (90.7) 2,897 (85.18) 255 (32.48) 5,676 (76.19) 3,441 (70.08) ≤5

All other ethnic
groups combined

237 (2.55) 58 (1.71) 15 (1.91) 160 (2.15) 111 (2.26) ≤5

Missing 627 (6.75) 446 (13.11) 515 (65.61) 1,614 (21.66) 1,358 (27.66) 1,116 (99.73)

Parity, N(%)

0 4,118 (44.31) 1,490 (43.81) 0 (0) 3,304 (44.35) 2,100 (42.77) 204 (18.23)

1 3,314 (35.66) 1,028 (30.23) 0 (0) 2,658 (35.68) 1,614 (32.87) 70 (6.26)

(Continued)
F
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Results for the count exposure show a greater OR per 10

cigarettes smoked per day for partner smoking than maternal

smoking (unadjusted maternal OR and 95% CI = 1.20, 0.54–2.66;

unadjusted partner OR and 95% CI = 1.40, 0.93–2.10). These

estimates were attenuated towards the null following adjustment

for confounders (fully adjusted maternal OR and 95% CI = 1.09,

0.47–2.52; fully adjusted partner OR and 95% CI = 1.27, 0.81–1.97).

As with the binary exposure, these estimates are consistent with the
Frontiers in Psychiatry 06
null and with each other providing evidence against a causal effect

of maternal smoking in pregnancy. Multiple imputation analyses

again brought the estimates closer to the null and closer together.
Discussion

In this cohort study, our results did not provide evidence for an

association between maternal smoking during pregnancy and

offspring intellectual disability. By using a negative control design

that compared maternal effects with partner effects, which were

assumed to be smaller in magnitude if a causal effect were to exist,

we have explored an association reported in previous studies that may

be afflicted by unmeasured or residual confounding. Results of the

negative control design were also not consistent with a causal effect.
Comparison with previous literature

Prior work has suggested an increased risk of ID following

prenatal exposure to maternal smoking during pregnancy. A meta-

analysis (12) of two case–control studies (8, 9) and two prospective

birth cohort studies (10, 11) suggested a small increased risk

(OR = 1.10 95% CI 1.06–1.15), although the included studies did

not adequately account for confounding and may also suffer from

selection and recall bias. The estimate from our unadjusted model

using a binary exposure is close to the meta-analyzed value.

Adjusted OR estimates of studies not included in the meta-

analysis range from 1.27 (95% CI = 1.19–1.34) (14) to 1.35 (95%

CI = 1.28–1.42) (16). These effect estimates are greater in magnitude

than the effects estimated in the current study but do overlap with

the confidence intervals we have produced owing in part to our

smaller sample size and larger standard errors.

The results of the present study and the suggestion of no causal

effect by our negative control analyses are consistent with other

studies using causal inference methods (16, 17), namely, the exposure

discordant sibling design, which accounts for unmeasured genetic

and environmental confounding shared between siblings. The result

of the present study therefore provides further evidence to suggest

that observational associations between maternal smoking in

pregnancy and offspring risk of ID reflect unmeasured or residual
TABLE 1 Continued

Characteristic Maternal
non-smoker

Maternal
smoker

Missing
maternal

smoking data

Partner
non-smoker

Partner
smoker

Missing
partner

smoking data

Parity, N(%)

≥2 1,738 (18.7) 785 (23.08) 0 (0) 1,376 (18.47) 1,086 (22.12) 61 (5.45)

Missing 123 (1.32) 98 (2.88) 785 (100) 112 (1.5) 110 (2.24) 784 (70.06)

Child sex, N(%)

Female 4,573 (49.21) 1,592 (46.81) 366 (46.62) 3,636 (48.81) 2,372 (48.31) 523 (46.74)

Male 4,720 (50.79) 1,809 (53.19) 419 (53.38) 3,814 (51.19) 2,538 (51.69) 596 (53.26)
Note that values labelled as ≤5 may include 0.
TABLE 2 Results of the observational analyses of maternal smoking
during pregnancy and offspring intellectual disability.

Model

Complete
records
analysis

Multiple
imputation analysis

OR (95% CI) OR (95% CI) FMI

Binary exposure

Unadjusted 1.07 (0.64–1.79) 1.05 (0.72–1.55) 0.084

Adjusted for
maternal
characteristics

1.05 (0.61–1.80)
0.95 (0.64–1.42) 0.088

Adjusted for
socioeconomic
characteristics

0.78 (0.45–1.32)
0.73 (0.49–1.09) 0.109

Adjusted for
all confounders

0.83 (0.48–1.44)
0.75 (0.49–1.13) 0.102

Count exposure (10 cigarettes per day)

Unadjusted 1.29 (0.82–2.01) 1.30 (0.97–1.73) 0.086

Adjusted for
maternal
characteristics

1.22 (0.78–1.91) 1.16 (0.86–1.57) 0.085

Adjusted for
socioeconomic
characteristics

0.99 (0.62–1.58) 0.99 (0.72–1.36) 0.113

Adjusted for
all confounders

1.01 (0.63–1.60) 0.97 (0.71–1.33) 0.104
Complete records analysis with binary exposure—N = 8808.
Complete records analysis with count exposure—N = 8785.
Multiple imputation analysis N = 13,479.
OR, odds ratio; CI, confidence interval; FMI, fraction of missing information for the
exposure coefficient.
For the count exposure, the odds ratio reflects the change in odds per 10 cigarette increase in
number of cigarettes smoked per day.
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confounding. Each of these studies may be susceptible to their own

biases; for example, sibling designs are susceptible to bias from non-

shared confounding between siblings and carryover effects where the

outcome or exposure of one pregnancy influences the exposure status

in following pregnancies, although in both cases bias is more likely to

be away from the null. The negative control assumes that bias from all

sources (confounding, selection, and measurement error) are

equivalent for the maternal and partner exposure. This assumption

may not hold perfectly in our study as there were differing

relationships between the maternal and partner exposure variables

and missing data. In spite of this, both maternal and partner effect

estimates were close to the null following adjustment for confounding

suggesting a lack of association or causal effect of smoking in

pregnancy on offspring risk of ID.
Strengths and limitations

We have used a pregnancy cohort with prospectively collected

data which will reduce the chance of differential measurement error

in the exposure (recall bias). The ALSPAC cohort contains

information on an extensive range of maternal and partner

characteristics, which has enabled us to adjust for a wide set of

confounding variables which were also prospectively collected.

Despite this, we likely did not fully account for confounding in our

adjustment set, in part due to the difficult nature of characterizing

socioeconomic position, and therefore, residual and unmeasured
Frontiers in Psychiatry 07
confounding is possible. To overcome this, we implemented a

causal inference technique, the negative control design, to try to

account for bias from unmeasured confounding, selection, and

measurement error. We acknowledge that these biasing structures

for maternal and partner smoking may not overlap perfectly. The

negative control design accounts for some level of genetic

confounding as both mother and father contribute 50% of their

genetics to the genetics of the child; comparing maternal with

paternal smoking effects means that each effect should be

confounded by genetics to a similar extent. However, not all

partners in this study may have been the biological father of the

child and so the partner smoking effect may suffer from less genetic

confounding than the maternal smoking effect. It is also possible that

mothers in the study underreported how much they smoked during

pregnancy to a greater extent than partners due to differences in

social pressures and desirability (40). This could result in a greater

bias towards the null for the maternal effect than the partner effect.

The ALSPAC cohort has a relatively small sample size

compared with other studies using national registers. This means

that we have more uncertainty in our estimates than some prior

studies. It is important in the context of a lack of statistical power to

remember that absence of evidence is not equivalent to evidence of

absence; however, given that these results agree with our prior

findings for a lack of causal effect, we are encouraged in our

conclusions. Furthermore, ALSPAC overrepresents mothers with

White ethnicity than the UK population as a whole, due in large

part to the demographics of the eligible population in the catchment
TABLE 3 Results of the negative control analyses of maternal smoking during pregnancy and offspring intellectual disability.

Model

Complete records analysis Multiple imputation analysis

Maternal OR
(95% CI)

Partner OR
(95% CI)

Maternal OR
(95% CI)

Partner OR
(95% CI)

Binary exposure

Unadjusted 0.81 (0.31–2.08) 1.39 (0.66–2.91) 0.99 (0.66–1.50) 1.15 (0.79–1.69)

Adjusted for
maternal characteristics

0.74 (0.28–1.97) 1.37 (0.64–2.92) 0.90 (0.59–1.38) 1.13 (0.76–1.67)

Adjusted for
socioeconomic characteristics

0.69 (0.27–1.80) 1.17 (0.55–2.50) 0.73 (0.48–1.12) 0.91 (0.62–1.34)

Fully adjusted for confounders 0.69 (0.26–1.82) 1.18 (0.54–2.56) 0.74 (0.48–1.14) 0.94 (0.63–1.40)

Count exposure (10 cigarettes per day)

Unadjusted 1.20 (0.54–2.66) 1.40 (0.93–2.10) 1.24 (0.90–1.71) 1.08 (0.85–1.36)

Adjusted for
maternal characteristics

1.12 (0.49–2.56) 1.38 (0.90–2.11) 1.11 (0.80–1.54) 1.06 (0.83–1.35)

Adjusted for
socioeconomic characteristics

1.09 (0.48–2.45) 1.28 (0.83–1.96) 1.01 (0.72–1.40) 0.93 (0.73–1.19)

Fully adjusted for confounders 1.09 (0.47–2.52) 1.27 (0.81–1.97) 0.97 (0.70–1.35) 0.94 (0.74–1.20)
All models are mutually adjusted for maternal and partner exposure.
Complete records analysis with binary exposure—N = 5,151.
Complete records analysis with count exposure—N = 5,064.
Multiple imputation analysis N = 13,479.
OR, odds ratio; CI, confidence interval.
For the count exposure the odds ratio reflects the change in odds per 10-cigarette increase in number of cigarettes smoked per day.
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area at the time, and so may be less generalizable than studies using

national registers.

ALSPAC is also afflicted by socioeconomic and health patterning

in attrition (41). Our study has been strengthened by our use of data

linkage to healthcare and education records to reduce the quantity of

missing data in the outcome. This will have improved the statistical

efficiency of our estimates (thereby reducing uncertainty) and likely

reduced bias in analyses by reducing the dependency of the

probability of missing data in the outcome on the underlying value

of the outcome itself (32). We further accounted for missing data in

the exposure and confounders variables using multiple imputation,

improving statistical efficiency. We found close estimates between

complete records analysis and MI, but it is important to note that this

does not provide evidence that estimates are unbiased by missing data

as both complete records and multiple imputation analysis could be

biased to a similar extent if the MAR assumption was not met. We

used auxiliary variables to improve the plausibility that data in

exposure and confounding variables was MAR.
Conclusions

The results of this study provide further evidence that the

association between maternal smoking during pregnancy and

offspring risk of ID is unlikely to reflect a causal effect. This finding

does not imply that smoking in pregnancy is safe as robust evidence

has been provided in the literature that smoking in pregnancy does

cause other negative health outcomes for the fetus.
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