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Abstract

Background: Maternal smoking during pregnancy (MSDP) is associated with multiple adverse childhood outcomes

including externalizing behaviors. However, the association between MSDP and internalizing (anxiety and

depressive) behaviors in offspring has received less investigation. We aimed to assess the association between

MSDP and childhood internalizing (anxiety and depressive) behaviors in a very large, well-characterized cohort

study.

Methods: We assessed the association between MSDP and internalizing behaviors in offspring utilizing information

drawn from 90,040 mother-child pairs enrolled in the Norwegian Mother and Child Cohort Study. Mothers reported

smoking information, including status and frequency of smoking, twice during pregnancy. Mothers also reported

their child’s internalizing behaviors at 18 months, 36 months, and 5 years. Associations between MSDP and

childhood internalizing behaviors, including dose-response and timing of smoking in pregnancy, were assessed at

each time point.

Results: MSDP was associated with increased internalizing behaviors when offspring were aged 18 months

(B = 0.11, P <0.001) and 36 months (B = 0.06, P <0.01), adjusting for numerous potential confounders. Higher rates of

smoking (e.g., >20 cigarettes per day) were associated with higher levels of internalizing behaviors. Maternal

smoking during early pregnancy appeared to be the critical period for exposure.

Conclusions: We found evidence supporting a potential role for MSDP in increasing internalizing (anxiety and

depressive) behaviors in offspring. We also found evidence supportive of a possible causal relationship, including

dose-dependency and support for a predominant role of early pregnancy exposure. Further investigation utilizing

genetically informed designs are warranted to assess this association.
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Background
Maternal smoking during pregnancy (MSDP) is associated

with numerous adverse outcomes in children. These occur

in physical, cognitive, and behavioral domains, including

stillbirth [1], lowered birth weight [2], childhood asthma

[3], obesity [4], intelligence [5], hyperactivity, impulsivity,

and conduct problems [6-10]. Hypotheses explaining

these associations include direct causation (e.g., ci-

garette components directly damaging developing fetal

structures and physiological systems) and shared vul-

nerability [11-13] (e.g., genetic and/or environmental

factors increasing rates of MSDP and childhood out-

comes). In the realm of childhood behavioral outcomes,

consistent findings from multiple prospective observa-

tional studies [14], controlling for plausible confounders,

support an argument for a direct causal relationship (e.g.,

via physiological effects) rather than one solely under-

pinned by shared vulnerability. This is complimented by
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animal and human research [15] demonstrating that

MSDP can disrupt neurodevelopment via effects on ma-

turing neurotransmitter systems and brain architecture in

regions associated with stress and mood regulation (e.g.,

the hippocampus [16] and somatosensory cortex [17]).

Despite these findings, however, debate continues re-

garding whether these associations represent causal rela-

tionships [18-20]. As noted by several authors [19,21],

MSDP is associated with numerous social and environ-

mental factors (e.g., teenage motherhood, lower maternal

education [11], increased single motherhood [22]) that

influence childhood outcomes. In addition, genes that

influence the likelihood of MSDP [23] may also affect

childhood outcomes through maternal-child genetic inher-

itance. For this reason, studies utilizing quasi-experimental

designs [19] (e.g., siblings with discordant exposures [24],

children from in vitro fertilization [25]), predominantly

investigating MSDP-childhood externalizing behavior as-

sociations, have been undertaken in an attempt to control

for unmeasured genetic and environmental confounders.

These studies have generally demonstrated attenuation

of previously observed MSDP-childhood externalizing

behavior associations [11,21,26], though exceptions exist

[27]. Although these approaches have advantages over

traditional observational methods [19] and should be pur-

sued further [19,28], they are not without problems [29].

For example, most studies utilizing discordant sibling and

in vitro fertilization analysis have fewer participants,

reducing power to detect true associations. Additionally,

discordant samples are a highly selected group [29], with

factors that underpin maternal behavioral change also

potentially impacting on childhood outcomes. Further,

siblings share on average only 50% of alleles, and therefore

differential effects, even ones protective of adverse behav-

ioral outcomes, could be influenced by variations in the

other 50% of the inherited alleles. It is therefore unlikely

that any single study design will be completely capable of

determining causal inference, and a range of approaches

will be required. In contrast to the effort expended in

exploring the MSDP-childhood externalizing behavior

association, fewer studies have explored the association

between MSDP and childhood internalizing (anxiety and

depressive) behaviors. Those that have investigated this

association report both positive and null results [30-34].

Limitations of these studies, such as small sample sizes,

limited controls for potential confounders, and variable

reporting of smoking, amongst other issues, may have

contributed to these inconsistencies.

Anxiety and depressive disorders represent a signifi-

cant contribution to the global burden of disease [35]. In

contrast to many potential risk factors associated with

childhood outcomes (e.g., genetics), MSDP is potentially

preventable. For this reason, a greater understanding of

the MSDP-childhood internalizing behavior association

is very relevant for public health. We therefore aimed to

build on previous observational studies to investigate the

MSDP-childhood internalizing behavior association in a

very large and well-characterized prospective study. We

tested hypotheses that i) there would be a dose-response

effect, such that higher cigarette consumption would be

associated with higher internalizing behaviors, and ii)

that early pregnancy, as a phase of rapid neurodevelop-

ment, would be a sensitive period. If such an association

existed in a large observational study, further investiga-

tion via a genetically informed design would have signifi-

cant merit.

Methods
Study design and participants

The Norwegian Mother and Child Cohort Study (MoBa)

is a prospective population-based study that aimed to re-

cruit all women who gave birth in Norway between 1999

and 2009 [36]. The sampling frame consisted of women

who attended for routine ultrasound examination at

approximately 17 weeks of gestation. Participation rates

were 38.7% of those invited. For this study, information

was available on 107,379 children (51.2% boys) who were

born to 89,962 participating mothers. Only one child

was included when the mother had twins or triplets to

reduce problems with dependency between observations.

The twin/triplet registered first in the data files was

included in the analyses. Of these respondents, we were

able to utilize information from 90,040 mother-child

pairs where smoking information was available. Mothers

completed detailed questionnaires on their health and

social status at gestational weeks 17 (questionnaire 1) and

30 (questionnaire 3), and questionnaires on the health and

development of their children at multiple time points after

birth, including at ages 18 months (questionnaire 5),

36 months (questionnaire 6), and 5 years (questionnaire 7).

Of those who agreed to participate in MoBa, the response

rates were 94.9% for questionnaire 1 (early pregnancy),

91.0% for questionnaire 3 (late pregnancy), 72.5% for ques-

tionnaire 5 (18 month follow-up), 58.5% for questionnaire

6 (36 month follow-up), and 53.0% for questionnaire 7

(5 year follow-up). All participants provided written infor-

med consent, and ethics approval was obtained from

The Regional Committee for Medical Research Ethics in

South-Eastern Norway.

Exposure: maternal smoking

Mothers self-categorized their current and past smoking

status (daily, occasional, or non-smoking) and also re-

ported the number of cigarettes they smoked per day or

week, at gestational weeks 17 (‘early pregnancy’) and 30

(‘late pregnancy’). We subsequently dichotomized MSDP

(smoking/non-smoking). Mothers who reported smoking

any cigarettes per day or week were considered smokers
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even if they self-categorized as non-smokers. Mothers

who provided smoking data from early and late preg-

nancy were categorized into four groups: smoking only

in early pregnancy, smoking only in late pregnancy, smok-

ing throughout pregnancy, and no smoking in pregnancy.

We calculated a smoking frequency for all women in early

pregnancy by using self-reported daily cigarette consump-

tion or, where not available, dividing self-reported weekly

cigarette consumption by seven. These data were used to

categorize early pregnancy smokers into four groups: no

smoking in early pregnancy, 1 to 9 cigarettes per day,

10 to 19 cigarettes per day, and 20+ cigarettes per day.

For the final analysis, we also incorporated data

from questionnaire 1 to create a dichotomous variable

(yes/no) coding whether women had smoked in previ-

ous pregnancies.

Outcome: childhood anxiety and depressive

(internalizing) behaviors

Mothers reported their child’s internalizing behaviors by

answering questions taken from a condensed 25 ques-

tion version of The Childhood Behavior Checklist

(CBCL) [37] at ages 18 months, 36 months, and 5 years.

At 18 months, internalizing behaviors were assessed

using five items from the internalizing scale of CBCL.

Mothers rated on a 1 to 3 scale (1: ‘Not true’, 2: ‘Somewhat

or sometimes true’, 3: ‘Very true or often true’) the extent

to which their child’s behavior was consistent with the

following statements over the previous 2 months:

1. “Clings to adults or too dependent”

2. “Gets too upset when separated from parents”

3. “Too fearful or anxious”

4. “Disturbed by any change in routine”

5. “Does not eat well”

The first three items are from the anxious/depressed

subscale of the internalizing scale, the fourth from the

emotionally reactive subscale, and the fifth from the

somatic complaints subscale. A mean score of the five

items was computed to represent overall internalizing

behaviors.

At 36 months, internalizing behaviors were assessed

using nine items from the CBCL, including the five

items used at 18 months plus four additional items:

1. “Constipated doesn’t move bowels”

2. “Stomach aches or cramps (without medical cause)”

3. “Vomiting, throwing up (without medical cause)”

4. “Sudden changes in moods or feelings”

The first three items are from the somatic complaints

subscale and the fourth from the emotionally reactive

subscale. Again, each item was rated 1 to 3, with a mean

score of the nine items computed to represent overall

internalizing behaviors.

At 5 years, internalizing behaviors were assessed using

11 items from the CBCL, including the five items used

at 18 months plus six additional items:

1. “Feelings are easily hurt”

2. “Nervous, high-strung, or tense”

3. “Self-conscious or easily embarrassed”

4. “Unhappy, sad, or depressed”

5. “Stomach aches or cramps (without medical cause)”

6. “Vomiting/throwing up (without medical cause)”

The first four items were from the anxious/depressed

subscale, and last two from the somatic complaints

subscale. Each item was rated 1 to 3 (1: ‘Never/rarely’, 2:

‘Sometimes’, 3: ‘Often/typical’) and a mean score of the

11 items was computed to represent overall internalizing

behaviors. Mean inter-item correlations were used as

estimates of internal consistency. Clark and Watson [38]

argue that the mean inter-item correlation is a useful

index of internal consistency for such scales, and recom-

mend that this should be in the range 0.15 to 0.20 for

broad constructs. Correlations measured 0.14, 0.13, and

0.16 at 18 months, 36 months, and 5 years, respectively,

which were very close to this optimal range. Factor

analysis suggested that scale items were best explained by

one factor at each time point (results available on request).

The CBCL possesses good predictive validity in the

Norwegian population [39], with the Norwegian trans-

lation performed by Nøvik [39,40] used in this study.

Covariates

We statistically controlled for a series of potential con-

founding variables, including paternal smoking, maternal

education, maternal age, maternal depressive and anxiety

symptoms, maternal alcohol consumption, parity, gesta-

tional age at birth, and smoking in previous pregnancies.

Information on these covariates was obtained from ques-

tionnaire 1.

Paternal smoking status was assessed from the fathers’

questionnaire undertaken during pregnancy and dichot-

omized. Where fathers had not participated, their smok-

ing status was obtained from the mother’s report of their

smoking status. Maternal education, utilized as a proxy

for socioeconomic status, was assessed by self-report on

a 5-point scale (1: ≤9 years of schooling; 2: 1 to 2 years

of high school; 3: technical high school or junior col-

lege education; 4: 1 to 4 years in college or university;

5: >4 years in college or university). Maternal age in early

pregnancy was calculated from information provided by

the medical birth register. Maternal depressive and anxiety

symptoms were assessed in early pregnancy by self-report

of the Hopkins Symptom Checklist 5 (HSCL-5). This scale
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is a short version of the Hopkins Symptom Checklist 25

(HSCL-25), consisting of five items (“Feeling fearful”,

“Nervousness or shakiness inside”, “Feeling hopeless about

the future”, “Feeling blue”, and “Worrying too much about

things”) rated on a 4-point scale (from not bothered to

very bothered). The HSCL-5 correlates strongly with the

HSCL-25 [41,42]. Cronbach’s alpha in the current sample

was 0.80. Maternal alcohol consumption was assessed on

a 7-point scale ranging from never to approximately 6 to

7 times a week. Information on parity, child’s gender, and

gestational age at birth was obtained from the Norwegian

birth register. Mothers provided information on previous

pregnancies in questionnaire 1, including the number of

previous pregnancies and individual pregnancy details

including birth status, breastfeeding status, weight gain

during pregnancy, and a dichotomous tick box for

“Smoked during pregnancy”.

We performed correlations of all potential confounding

factors to assess their relationship between exposures

(MSDP characteristics) and outcomes (internalizing beha-

viors). Due to rules regarding the publication of covariate

effects derived from MoBa data we are unable to report

correlation data in its entirety. However, of our potential

confounding factors, only child gender did not display

associations between exposure and outcome and hence

was not included in adjusted models.

Statistical analyses

All statistical analyses were performed in SPSS version 20.

Only subjects without missing data points were included

in each individual analysis. The internalizing scale was

log-transformed due to a non-normal distribution (right

or positively skewed). A right skewed distribution meant

that most respondents reported low levels of internalizing

problems – as one would expect in a community sample.

The log-transformed scale was then standardized for ease

of interpretation. Standardizing allowed comparison of

results across analyses using internalizing behavior at dif-

ferent time points as outcomes. ANOVA was performed

to compare level of internalizing symptoms among chil-

dren of mothers who did not smoke to the level of such

symptoms among children of the different groups of

smokers (e.g., early in pregnancy, late in pregnancy, and

throughout pregnancy). The ANOVAs were performed

using generalized estimating equations (GEE) with the

“sandwich estimator” because of violations of the assump-

tions of linear models about homogeneity of variance and

independence between observations. This estimator pro-

vides robust standard errors, especially when N and the

number of independent observations are large [43]. We

used an unstructured correlation matrix, as this does not

put any a priori restrictions on the modelling of these cor-

relations, while an independent correlation matrix treats

related observations (e.g., siblings) as not more correlated

than other observations. Both of these are possible models

for siblings’ data and were checked. The one with the best

fit to the data was selected – the independent correlation

matrix. We interpreted that correlations between siblings’

data were not found to be a major concern in our ana-

lyses. GEE was still preferred over usual ANOVA as GEE

allows using models with unequal variances in different

groups.

Basic descriptive statistics and Pearson correlations of

study variables were performed. We used ANOVA

models to examine mean differences between MSDP

status and childhood internalizing behaviors at 18 months,

36 months, and 5 years. Model A was unadjusted,

Model B was adjusted for paternal smoking, maternal

alcohol consumption, maternal depressive and anxiety

symptoms, maternal age, maternal education level, par-

ity, and gestational age at birth, and Model C further

adjusted for retrospective reporting of smoking in previ-

ous pregnancies. For each model and subsequent ana-

lysis, only participants reporting all required data were

included.

We hypothesized that the impact of smoking on

internalizing behaviors would be largest in early preg-

nancy, as this is a time of rapid neurodevelopment [44].

Therefore, we tested the association between timing of

MSDP (early only, late only, throughout, or no smoking)

on internalizing behaviors at 18 months, 36 months, and

5 years. We then compared the effect size of smoking

only in early pregnancy and smoking only in late preg-

nancy with the effect size of smoking throughout preg-

nancy at each time point. We hypothesized that if the

effect size of smoking in a particular stage of pregnancy

(e.g., early or late) was significantly weaker than the

effect size of smoking throughout pregnancy, then this

would suggest exposure to MSDP at this stage con-

tributed less to internalizing behavior expression than

exposure in the alternative stage of pregnancy. We

undertook significance testing between comparing the

effects of early pregnancy smoking and late pregnancy

smoking with smoking throughout pregnancy by using

the standard error (SE) of the difference as advised by

Cohen et al. [45]. This procedure involves calculating

the SE of the difference between effect sizes (SEdiff = sqrt

(SEB1
2 + SEB2

2 )) and then dividing the difference be-

tween effects by this SEdiff to obtain z-scores for the

differences.

Further, we tested whether a dose-response relation-

ship existed between daily maternal cigarette consump-

tion in early pregnancy and internalizing behaviors in

children at 18 months, 36 months, and 5 years. Linear

models comparing three categories of smoking frequency

(20+ per day, 10 to 19 per day, 1 to 9 per day) were

compared to non-smokers and adjusted for Model B

covariates.
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Finally, we undertook a subsample analysis of mother-

child pairs where information was available regarding

smoking in previous pregnancies (n = 65,439) to test

MSDP-childhood internalizing behavior associations at

ages 18 months, 36 months, and 5 years adjusting for

Model B covariates plus smoking in previous pregnan-

cies (Model C).

As discussed in the introduction, MSDP and child-

hood behavioral outcomes are associated with various

genetic and environmental factors that are challenging

to measure in observational studies. If uncontrolled,

these factors may contribute to spurious associations be-

ing observed between MSDP and childhood behaviors.

MSDP could influence childhood internalizing behavior

expression in two ways. First, MSDP could influence

internalizing behavior expression through direct effects

on the developing fetus. Second, MSDP and internaliz-

ing behaviors could be indirectly linked through a series

of shared genetic and environmental factors unrelated to

the direct smoking effects. In contrast to MSDP, smok-

ing in a past pregnancy can only be associated with a

current child’s internalizing behaviors through effects

mediated by shared genetic and environmental factors

(as no direct smoking effects are possible). Therefore,

given a portion of these indirect factors (e.g., maternal

genetics, maternal education level) will be consistent be-

tween past and current pregnancies, controlling for this

variable is likely to capture some of the indirect effects

influencing the MSDP-internalizing behavior association.

Although limitations exist for this approach, by con-

trolling for as many indirect effects as possible, we aimed

to approximate the direct impact of MSDP (e.g., by dis-

ruption of normal neurodevelopment) on the current

child’s internalizing behaviors.

Results
Descriptive statistics

The sample sizes available for the different analyses are

shown in Figure 1. Mean maternal age at birth was 29.8

(standard deviation (SD), 4.6) years and mean gestational

age at birth was 39.3 (SD, 2.26) weeks. Smoking informa-

tion was reported in 90,040 pregnancies, with maternal

smoking in early pregnancy present in 8,418 pregnancies

(9.3%). Mean maternal depression and anxiety in early

pregnancy on the HSCL-5 was 1.26 (SD, 0.40). Informa-

tion on internalizing behaviors was available for 69,946

children at 18 months, 57,143 children at 36 months, and

19,778 children at 5 years. Mean internalizing behaviors

were 1.27 (SD, 0.25) at 18 months, 1.25 (SD, 0.22) at

36 months, and 1.16 (0.19, SD) at 5 years. Descriptive

statistics of exposures, outcomes, and covariates are in-

cluded in Table 1. Missing information on questionnaires

lead to exclusion of 5,274 mother-child pairs at 18 months,

407 mother-child pairs at 36 months, and 95 mother-child

pairs at 5 years. Compared to eligible participants, chil-

dren excluded due to missing data or being lost to follow-

up had mothers who were more likely to be younger, less

well educated, had higher rates of depression, higher par-

ity, and were smokers in early pregnancy (results available

on request).

Linear associations

Linear associations were noted between increased ma-

ternal alcohol consumption, maternal depressive and

anxiety symptoms, parity and paternal smoking, and in-

creased maternal smoking in early and late pregnancy.

Increasing maternal age, maternal education, and gesta-

tional age at birth were correlated with decreased mater-

nal smoking in early and late pregnancy. Child gender

was not associated with maternal smoking. Internalizing

behaviors at 18 months, 36 months, and 5 years were

strongly positively correlated. Linear associations were

noted between increased internalizing behaviors at all-

time points and increased paternal smoking, maternal

depressive and anxiety symptoms, and child gender

(boys). Increasing maternal age, maternal education, ges-

tational age, and parity were associated with decreased

internalizing behaviors at all-time points. Linear associa-

tions of relatively small effect size were observed between

MDSP and internalizing symptoms at all time points

(Table 2).

Associations between MSDP, timing of MSDP, and

childhood internalizing symptoms

Maternal smoking in early pregnancy and throughout the

entire pregnancy was associated with increased internaliz-

ing behaviors in children at 18 months, 36 months, and

5 years unadjusted for confounding variables (Model A,

Table 3). Maternal smoking in late pregnancy only was

associated with increased internalizing behaviors at

18 months but not at later time points. In our analysis of

timing of smoking during pregnancy, we found insuffi-

cient evidence to conclude any differences between

mothers who smoked only in early pregnancy and those

who smoked throughout pregnancy on children’s internal-

izing behaviors observed at 18 months (P ≥0.05). However,

the observed effect size of association of smoking only in

late pregnancy was smaller than the observed effect size of

association of smoking throughout pregnancy (P <0.01),

possibly indicating maternal smoking in early pregnancy

underpins this effect. No significant differences in associa-

tions were observed in children at 36 months and 5 years.

After adjusting for Model B covariates, maternal smoking

in early pregnancy remained associated with increased

internalizing behaviors at 18 months and 36 months, but

not 5 years. As observed for Model A, the relative magni-

tude of the association between maternal smoking and
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subsequent internalizing behaviors after adjustment

reduced as children aged (Figure 2).

Dose-response relationship between MSDP and childhood

internalizing symptoms

A dose-response relationship was observed between fre-

quency of maternal smoking in early pregnancy and

childhood internalizing behaviors at 18 months, adjusting

for Model B covariates (Figure 3). Smoking 20+ cigarettes

daily conferred a much larger effect (B = 0.56, SE = 0.19,

P <0.01) than smoking 10 to 19 cigarettes (B = 0.14,

SE = 0.04, P <0.001) or 1 to 9 cigarettes (B = 0.10, SE =

0.20, P <0.001), when compared to not smoking. These

results suggest that children of mothers who smoked

20+ cigarettes during pregnancy displayed an average

of 0.56 SD higher levels of internalizing symptoms at

age 18 months than children of non-smoking mothers, on

the log-transformed scale. Similar disparities in observed

associations with different daily smoking rates were

present at 36 months and 5 years, but failed to reach

significance.

Associations between MSDP and childhood internalizing

symptoms, controlling for smoking in past pregnancies

In a subsample of women who provided information

about previous pregnancies (n = 65,439), smoking in

previous pregnancies was associated with increased

current childhood internalizing behaviors at 18 months

(B = 0.04, P <0.05) and 36 months (B = 0.10, P <0.01),

but not at 5 years. Adjusting for Model B covariates

plus smoking in previous pregnancies (Model C) showed

that maternal smoking in early pregnancy was associated

with increased internalizing behaviors in children at

18 months, but not at 36 months and 5 years, when com-

pared to non-smokers.

Figure 1 Study profile. Figure 1 details the data available for each individual analysis performed in the study. Data from a total of 107,379

mother-child pairs was available in the Norwegian Mother and Child Cohort Study at the time of this study, of which 90,040 provided information

about maternal smoking during pregnancy. For each model described, the number of mother-child pairs excluded due to missing internalizing

symptom information is listed first, followed by the total number of mother-child pairs available for the specific analysis at each time point. Model

A represents the unadjusted model. Model B represents the main confounder model adjusted for covariates paternal smoking, maternal alcohol

consumption, maternal depressive and anxiety symptoms, maternal age, maternal education level, parity, and gestational age at birth. Dose-response

analysis includes controls for Model B covariates. Model C represents the main confounder model in a subsample of mothers who provided information

on smoking in past pregnancies. Analyses in Model C include Model B covariates plus adjustment for smoking in previous pregnancies.
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Discussion
In this large, well-characterized prospective study, MSDP

was associated with increased internalizing behaviors in

children, adjusting for a broad range of possible con-

founders. A dose-dependent effect of MSDP was evident.

There was a larger adverse impact of smoking in early

pregnancy than in late pregnancy. Finally, smoking in

previous pregnancies was associated with increased inter-

nalizing behaviors in subsequently born children at age

18 months, suggesting this variable may capture some

portion of residual confounding (e.g., genetic risk, envir-

onmental influences) not included in models. Controlling

for this variable did not, however, eliminate the observed

association.

Our data builds significantly on previous observational

literature that has demonstrated inconsistent results. For

example, analysis of 2,758 mother-child pairs from the

RAINE study revealed that children displayed higher

internalizing behaviors between ages 2 and 14 if their

mother failed to quit smoking by week 18 of pregnancy

(OR 1.55, P = 0.006), also after controlling for a range of

potential confounders [34]. Children of women who quit

prior to gestational week 18, irrespective of their pre-

vious smoking levels, did not display different levels of

internalizing behaviors than children of non-smoking

mothers. These results contrast with outcomes from two

large cohorts, where adjustment for confounders elimi-

nated the association. In assessment of The Generation

R study (n = 4,680), effects of MSDP on childhood inter-

nalizing behaviors at 18 months were completely con-

founded by adjustment for parental educational level,

family income, national origin, parental psychopath-

ology, and child gender [46]. In the Avon Longitudinal

study (n = 4,394), MSDP was not associated with in-

creased internalizing behaviors in children aged 4 years,

after controlling for a range of potential confounders in-

cluding socioeconomic status, parental psychopathology,

and alcohol consumption [32].

The inconsistency in published studies may reflect

power issues, varying ages of assessment, and differences

in included confounders or populations assessed. For

example, the overall risk of behavioral problems in the

Generation R Study sample was lower than that of the

normal Dutch population, potentially limiting capacity

to find small associations [46]. Our study found the largest

impact of MSDP appeared in children aged 18 months,

with magnitude of associations diminishing over time.

This observation may reflect an evolution from a greater

impact of genetic and intrauterine factors immediately

after birth, towards an increasing impact of prevailing psy-

chosocial factors on internalizing behavior expression as

children grow up. These data are concordant with studies

demonstrating positive associations between MSDP and

internalizing behaviors when assessing younger (e.g., 1 to

3 years) [33,34] but not older (e.g., age >4) [9,32,47]

children, although exceptions exist [30,46,48].

Most toxins display a dose-dependent relationship.

Our finding of the greatest impact on internalizing be-

haviors occurring in mothers who smoked 20+ cigarettes

per day is therefore concordant with expected patterns.

Our data additionally demonstrated the largest effect on

Table 1 Descriptive statistics of exposures, outcomes, and

included covariates

Mean (SD)

Maternal age (years) 29.8 (4.6)

Gestational age at birth (weeks) 39.34 (2.26)

Maternal depression and anxiety
in early pregnancy (range 1 to 4)

1.26 (0.40)

Maternal education N (% total)

≤9 years education 2,782 (2.6%)

1 to 2 years high schooling 4,944 (4.6%)

3 years schooling 26,854 (25.0%)

1 to 4 college/university 39,388 (36.7%)

>4 years college/university 22,579 (21.0%)

Missing 10,832 (10.1%)

Maternal alcohol consumption N (% total)

Never 74,702 (69.6%)

<1 episode per month 8,615 (8.0%)

1 to 3 episodes per month 1,995 (1.9%)

<1 episode per week 429 (0.4%)

2 to 3 episodes per week 61 (0.1%)

4 to 5 episodes per week 7 (0.0%)

6 to 7 episodes per week 15 (0.0%)

Missing data 21,555 (20.1%)

Maternal parity N (% total)

0 47,515 (44.2%)

1 38,188 (35.6%)

2 16,443 (15.3%)

3 3,610 (3.4%)

4+ 1,132 (1.1%)

Missing data 492 (0.5%)

Paternal smoking (early pregnancy) N (% total)

Yes 25,039 (23.3%)

No 76,079 (70.9%)

Missing data 6,261 (5.8%)

Internalizing symptoms (range 1 to 3) Mean (SD)

18 months (n = 69,946) 1.27 (0.25)

36 months (n = 57,143) 1.25 (0.22)

5 years (n = 19,778) 1.16 (0.19)

Internalizing symptoms are drawn from maternal report from a condensed

version of the CBCL. Maternal depression and anxiety symptoms are drawn

from the HSCL-5.
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childhood internalizing behaviors in those who smoked

during early rather than late pregnancy. These findings

are consistent with animal models that demonstrate pre-

natal nicotine exposure is associated with long term in-

creases in anxiety behaviors [49]. It is hypothesized that

increased anxiety behaviors observed in animals exposed

to MSDP may at least partially relate to nicotine and

other cigarette smoke components directly interfering

with normal neurodevelopmental processes in utero

[16,50]. Germane to first trimester effects of MSDP, nic-

otinic acetylcholine receptors are expressed very early

(prior to neurulation) in gestation and serve a critical

role in facilitating key aspects of neurodevelopment,

including neurogenesis, planned apoptosis, and axonal

and synaptic growth [16]. Abnormal activation of these re-

ceptors via exogenous nicotine has been demonstrated to

interfere with these key neurodevelopmental processes,

including in brain regions associated with mood and anx-

iety control [17,51]. These changes appear to be associated

with later behavioral problems in animal models, includ-

ing increased anxiety states [52], but it is not yet known if

this applies to humans [53].

Despite this, whether our results represent a causal

relationship is not yet determined. Causal assumptions

from observational data are vulnerable to unmeasured

confounding [18,26,28]. Although our observed associa-

tions sustained even after statistically (not experimen-

tally) controlling for numerous important confounders,

including maternal mental health, alcohol consumption,

demographics, socioeconomic status, and paternal smok-

ing, it remains possible that the dose-dependent MSDP-

internalizing behavior association may still have resulted

from unmeasured and uncontrolled genetic and environ-

mental confounding (e.g., parental genetic factors) [19,21].

Table 2 Correlations between maternal smoking, smoking in previous pregnancies, and internalizing behaviors in

children at 18 months, 36 months, and 5 years

Maternal smoking
early pregnancy
(dichotomized)

Maternal smoking
early pregnancy
(cigarettes per day)

Maternal
smoking late
pregnancy
(dichotomized)

Maternal
smoking
in previous
pregnancy

Internalizing
behaviors
(18 months)

Internalizing
behaviors
(36 months)

Internalizing
behaviors
(5 years)

Maternal smoking
early pregnancy
(dichotomized)

1

Maternal smoking
early pregnancy
(cigarettes per day)

n/a 1

Maternal smoking
late pregnancy
(dichotomized)

0.840** 0.822** 1

Maternal smoking in
previous pregnancy

0.534** 0.519** 0.519** 1

Internalizing behaviors
(18 months)

0.065** 0.065** 0.057** 0.067** 1

Internalizing behaviors
(36 months)

0.051** 0.050** 0.043** 0.073** 0.354** 1

Internalizing behaviors
(5 years)

0.031** 0.039** 0.029** 0.051** 0.272** 0.404** 1

Internalizing behaviors have been log transformed and standardized. Correlations are Pearson Coefficients. **P <0.001.

Table 3 Associations between timing of maternal smoking and internalizing behaviors in children at 18 months,

36 months, and 5 years

Dependent variable

Internalizing behaviors
(18 months; n = 62,119)

Internalizing behaviors
(36 months; n = 50,223)

Internalizing behaviors
(5 years; n = 19,155)

Maternal non-smokers Reference Reference Reference

Maternal smoking in early pregnancy only B = 0.20 (SE, 0.04), P <0.001 B = 0.17 (SE, 0.04), P <0.001 B = 0.15 (SE, 0.07), P = 0.03

Maternal smoking in late pregnancy B = 0.11 (SE, 0.05), P = 0.04 B = 0.10 (SE, 0.06), P = 0.09 B = 0.21 (SE, 0.11), P = 0.06

Maternal smoking throughout pregnancy B = 0.19 (SE, 0.02), P <0.001 B = 0.19 (SE, 0.02), P <0.001 B = 0.11 (SE, 0.04), P <0.01

Maternal non-smokers are the reference group, i.e., each of the three smoking groups is compared to this group in the analyses. Internalizing behaviors have been

log transformed and standardized. B coefficients should be interpreted as units of standard deviation difference between each smoking group and non-smokers

in the log-transformed scale for internalizing behaviors.

SE, Standard error.
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As genetic or adequate same-sibling data were not

available in MoBA, we were unable to undertake a

quasi-experimental design that could attempt to control

for these genetic and environmental factors. Therefore,

we attempted to address potential residual confounding

by controlling the observed association for smoking in

past pregnancies. We hypothesized that smoking in past

pregnancies would act as a proxy that captures some

residual genetic and environmental confounding as i)

there was an observed positive association between

smoking in a previous pregnancy and the current child’s

internalizing behaviors after controlling for other in-

cluded covariates, ii) genetic factors predisposing the

mother to MSDP should be consistent across both preg-

nancies, and iii) many of the environmental factors

influencing the likelihood of MSDP not captured through

the measured confounding variables should be consistent

across past and current pregnancies. Although this ap-

proach does not completely control for residual genetic

and environmental confounding (e.g., parental genetic

influences, changes to environmental circumstances be-

tween pregnancies), we believe this approach brings us

one step closer to the true relationship. Including this

variable into analysis, we found that the strength of associ-

ation between MSDP in the current pregnancy and child-

hood internalizing behaviors at age 18 months decreased,

but remained significant. Future studies utilizing afore-

mentioned quasi-experimental designs in a large popula-

tion would be of great benefit in further assessing the role

of residual confounding.

Limitations and directions for future research

Although this study has numerous strengths, including lon-

gitudinal follow-up of a very large and well-characterized

cohort, the results should be interpreted in light of some

limitations. The inability to confirm a causal association is

common to all observational studies. In addition, our

study was limited by maternal self-report of internalizing

behaviors and smoking. Although previous investigations

demonstrate that self-report of smoking correlates highly

with measured cotinine levels in pregnancy [54], the lack

of multiple informants for assessment of childhood in-

ternalizing symptoms (e.g., paternal, teacher, or clinician

reports) to correlate the maternal reports is a limitation.

We were unable to control for numerous paternal factors

in addition to postnatal factors, including child-rearing

Figure 2 Associations between maternal smoking and internalizing behaviors in children at 18 months, 36 months, and 5 years

adjusting for Model A, Model B, and Model C covariates. This figure displays the individual B coefficients for associations between maternal

smoking during pregnancy and internalizing behaviors at different time points for Models A, B, and C. Associations were discovered at all time points

for Model A (unadjusted), and at 18 months and 36 months for Model B (main confounder model). After controlling for smoking in past pregnancies

only associations at age 18 months remained significant. The effect sizes decreased as children grew older. Non-smoking mother-child pairs are the

reference group. Internalizing behaviors have been log transformed and standardized. B coefficients should be interpreted as units of standard

deviation difference in corrected internalizing behaviors between smokers and non-smokers. * Model A: Unadjusted model. † Model B: Main

confounder model adjusted for paternal smoking, maternal alcohol consumption, maternal depressive and anxiety symptoms, maternal age, maternal

education level, parity, and gestational age at birth. ‡ Model C: Main confounder model in subsample of mothers, Model B plus adjustment for

smoking in previous pregnancies. For Model A, ratio of smokers to non-smokers was 4,663/57,456, 3,728/46,495 and 1,167/17,988 for analysis at

time points 18 months, 36 months, and 5 years, respectively. For Model B, the ratio of smokers to non-smokers was 3,829/46,986, 3,072/38,268, and

960/14,800 for analysis at time points 18 months, 36 months, and 5 years, respectively. For Model C, the ratio of smokers to non-smokers was 2,717/

30,052, 2,157/24,229, and 663/9,620 for analysis at time points 18 months, 36 months, and 5 years, respectively.
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proficiency, rates of breastfeeding [55], and exposure to

environmental cigarette smoke that may have influenced

expression of childhood internalizing behaviors. There

was loss to follow-up throughout the study that may have

distorted the findings, with children lost to attrition

mainly having younger and less educated mothers, with

higher rates of depression and anxiety symptoms, higher

parity, and increased rates of smoking in early pregnancy.

Monte Carlo simulations have shown that even though es-

timates of mean levels are sensitive to selective attrition,

estimates of associations between variables are generally

robust against selective attrition and that this is true even

when non-response is related to unmeasured variables

[56]. Although the MoBa study is a very large cohort and

therefore confers substantial power to detect effects,

for some analyses, such as those involving later ages of

follow-up (e.g., 36 months and 5 years) and the dose

dependence analysis (with relatively few mothers reporting

certain behaviors, e.g., smoking >20 cigarettes per day),

reduced availability of data may have reduced power to

detect associations. MoBa utilized condensed versions of

the CBCL scale to assess internalizing behaviors, which is

a limitation, although factor analysis of the scales sug-

gested that scale items were best explained by a single

factor at each time point (results available on request). In

addition, reporting of smoking in past pregnancies in

Model C was retrospective, introducing the possibility of

reporting bias. The MoBa cohort has a relatively low

response rate that may represent a potential issue for

generalizability to the Norwegian population, although the

sample size remains substantial. In a comparison per-

formed between data acquired in MoBa between 2000 and

2006 and data from the Norwegian Medical Birth Registry,

maternal participants in MoBa were more likely to be

older, less likely to be single, have lower parity, have lower

rates of previous stillbirths, and less likely to suffer mater-

nal asthma [57]. In addition, MoBa participants were more

likely to be non-smokers, more likely to use folic acid, and

less likely to suffer from gestational diabetes and placental

abruption [57]. Although it is difficult to predict in what

way these factors could bias our observations, we believe

it is likely these factors (e.g., lower smoking rates) would

be more likely to underestimate rather than overestimate

associations.

Conclusions
Overall, utilizing a very large mother-child cohort, our

findings build significantly on the previous literature in

demonstrating a population-wide association between

MSDP and increased internalizing behaviors in children.

Our study demonstrated a dose-dependent relationship

and that the magnitude of observed association is great-

est when mothers smoked in early pregnancy. The ob-

served association sustained even after using smoking in

past pregnancies as a proxy to control for some likely

residual genetic and environmental confounding under-

pinning this relationship. These results suggest further

studies, potentially utilizing quasi-experimental designs

Figure 3 Associations between different daily maternal cigarette consumption and internalizing behaviors in children at 18 months,

36 months, and 5 years. This figure displays the individual B coefficients for associations between different daily rates of maternal smoking during

prgnancy and internalizing behaviors at different time points adjusted for Model B covariates. Associations were discovered for all rates of smoking

at 18 months. Non-smoking mother-child pairs are the reference group. Internalizing behaviors have been log transformed and standardized. B

coefficients should be interpreted as units of standard deviation difference in corrected internalizing behaviors between smokers and non-smokers. All

analyses adjusted for Model B covariates paternal smoking, maternal alcohol consumption, maternal depressive and anxiety symptoms, maternal age,

maternal education level, parity, and gestational age at birth. Reported n’s are numbers of smokers at each time point in that smoking category. N’s for

maternal non-smokers were 46,986, 38,268, and 14,800 at time points 18 months, 36 months, and 5 years, respectively.
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exploring the contribution of unmeasured genetic

and environmental confounds as undertaken in other

MSDP-childhood outcomes literature [19], are justi-

fied to further investigate the relationship between

MSDP and internalizing behaviors in children. Consistent

findings across differing study designs, in concert with the

known deleterious impact of MSDP on other elements of

childhood health [1,3,11], would provide further support

for public health interventions aimed at reducing smoking

in women of child-bearing age.
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