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It is well known that smoking during pregnancy can affect offspring health. Prenatal tobacco exposure has been associated with negative

behavioral and cognitive outcomes in childhood, adolescence, and young adulthood. These associations between prenatal tobacco

exposure and psychopathology in offspring could possibly be explained by the influence of prenatal tobacco exposure on brain

development. In this prospective study, we investigated the association between prenatal tobacco exposure, behavioral and emotional

functioning and brain morphology in young children. On the basis of age and gender, we matched 113 children prenatally exposed to

tobacco with 113 unexposed controls. These children were part of a population-based study in the Netherlands, the Generation R

Study, and were followed from pregnancy onward. Behavioral and emotional functioning was assessed at age 6 with the Child Behavior

Checklist. We assessed brain morphology using magnetic resonance imaging techniques in children aged 6–8 years. Children exposed to

tobacco throughout pregnancy have smaller total brain volumes and smaller cortical gray matter volumes. Continued prenatal tobacco

exposure was associated with cortical thinning, primarily in the superior frontal, superior parietal, and precentral cortices. These children

also demonstrated increased scores of affective problems. In addition, thickness of the precentral and superior frontal cortices was

associated with affective problems. Importantly, brain development in offspring of mothers who quit smoking during pregnancy

resembled that of nonexposed controls (no smaller brain volumes and no thinning of the cortex). Our findings suggest an association

between continued prenatal tobacco exposure and brain structure and function in school-aged children.
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INTRODUCTION

It is well known that cigarette smoking can cause serious
health problems, including cardiovascular diseases and cancer
(Steliga and Dresler, 2011). Smoking during pregnancy has
also been shown to adversely affect offspring health (Rogers,
2009). Yet, up to 25% of pregnant women report smoking
during pregnancy (Cnattingius, 2004). Smoking during
pregnancy has been linked to spontaneous abortions
(Nielsen et al, 2006), reduced intrauterine growth (Abbott
and Winzer-Serhan, 2012), and sudden infant death syn-
drome (DiFranza and Lew, 1995). During childhood and
adolescence, prenatal tobacco exposure has been associated
with behavioral and cognitive problems (Huizink and Mulder,

2006). Further, evidence is accumulating that prenatal tobacco
exposure is related to psychiatric disorders and mortality
from childhood to young adulthood (Weissman et al, 1999;
Ekblad et al, 2010). Thus, having a better understanding of
how alterations in the brain due to prenatal exposure to
cigarettes contribute to at-risk states in children is important.

Although little is known about how prenatal tobacco
exposure influences human brain development, evidence
from animal studies show nicotine-induced changes in their
neurotransmitter systems (Slotkin, 2004). These changes
may consequently have adverse effects on specific neuro-
developmental processes. Roy et al (1998) observed a
reduction in brain weight, cortical thickness, and neural
density after prenatal nicotine exposure in rats (Roy and
Sabherwal, 1994). Similar differences in the fetal and
neonatal period have been shown in offspring of women
who smoke during pregnancy, including reduced fetal head
growth, reduced cerebellar growth, and smaller width of the
lateral ventricles (Roza et al, 2007). Moreover, smaller
frontal lobe and cerebellar volumes (Ekblad et al, 2010)
have been reported in tobacco-exposed neonates. Further,
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there is evidence that these alterations in the neonatal
period persist into childhood and adolescence. Exposure to
cigarette smoking has been associated with reduced cerebral
cortical gray matter volume in children (Rivkin et al, 2008),
and smaller subcortical gray matter volumes, including the
amygdala, thalamus, and pallidum (Haghighi et al, 2013;
Liu et al, 2013). In addition, prenatal tobacco-exposed
adolescents have a reduced corpus callosum volume (Paus
et al, 2008) and thinner orbitofrontal, middle frontal, and
parahippocampal cortices (Toro et al, 2008; Lotfipour et al,
2009). However, a potential confounder is that these
adolescents may have smoked themselves, as prenatally
exposed children are more vulnerable to use tobacco
themselves (Cornelius et al, 2000; Buka et al, 2003). Thus,
it cannot be completely ruled out that these differences were
a result of smoking during adolescence.

The current study examined a nonclinical population-based
group of children aged 6–8 years, a time before risk period of
smoking. The aim of this study was to investigate whether
prenatal exposure to tobacco is related to brain morphology in
childhood. In addition, we aimed to investigate whether
smoking during pregnancy is associated with behavioral and
emotional problems and whether these problems are mediated
by differences in brain morphology. On the basis of prior
animal and human research that smoking during pregnancy
results in decreased brain growth as well as cortical,
subcortical, and cerebellar differences, we hypothesized that
prenatal exposure to tobacco would be associated with more
widespread abnormalities in the brain together with behavior-
al and/or emotional problems in childhood.

MATERIALS AND METHODS

Participants

This study reports findings from an ongoing population-
based prospective cohort in Rotterdam (the Netherlands),
the Generation R Study. The design has been described
previously (Jaddoe et al, 2010) and was approved by the
Medical Ethics Committee of the Erasmus Medical Center.
Written informed consent was obtained from all participants.

In September 2009, 6- to 8-year-old children from the
Generation R Study were invited to participate in a magnetic
resonance imaging (MRI) component of the study. Detailed
information can be found in White et al (2013). Approxi-
mately 20% declined to participate. Exclusion criteria were
the following: having a significant motor or sensory disorder,
moderate-to-severe head trauma with loss of consciousness,
neurological disorders, claustrophobia, and contraindica-
tions to MRI (eg, having a pacemaker).

For this study, we matched children prenatally exposed to
tobacco (n¼ 113) with controls based on their age and
gender using a ‘fuzzy’ matching procedure. This procedure
randomly searches for a case–control match that falls within
the set of defined criteria: an exact match for gender and a
fuzzy match for age with a difference of 4 months (smaller
age differences did not yield a match for each exposed child).

Tobacco Exposure During Pregnancy

Information about maternal smoking was prospectively
obtained by postal questionnaires in each trimester (Roza

et al, 2007). Maternal smoking at enrollment was assessed in
the first questionnaire by asking whether the mother
smoked during pregnancy. In the second and third
questionnaires (mid- and late pregnancy), mothers were
asked whether they had smoked in the last 2 months.
Maternal smoking during pregnancy was categorized on the
basis of all three questionnaires into ‘no smoking during
pregnancy’, ‘until pregnancy was known’, and ‘continued
during pregnancy’. Children of mothers who reported in the
first questionnaire to have smoked until pregnancy was
known, but reported in the second or third questionnaire
to have smoked during pregnancy were classified as
‘continued during pregnancy’ group. Similarly, children of
mothers who reported no smoking in the first but acknow-
ledged to smoke in the second or third questionnaire were
classified as ‘continued during pregnancy’. When informa-
tion was missing on maternal smoking at enrollment,
information from the second and/or third questionnaire
was used to classify the subjects into ‘no smoking in
pregnancy’ or ‘continued smoking in pregnancy’.

The number of cigarettes smoked per day was compiled
into three categories ‘less than 5 cigarettes per day’,
‘between 5 cigarettes per day’, and ‘more than 9 cigarettes
per day’ (only eight pregnant mothers smoked more than 20
cigarettes per day in one of the trimesters). At the time of
scanning, all researchers were blind to exposure status.

Magnetic Resonance Imaging

Children were familiarized with the MRI environment
during a mock session. All images were acquired using
the same sequence on the same scanner, located at the
Department of Radiology in the Erasmus Medical Center.
Images were acquired on a 3Tesla scanner (750 Discovery,
GE Healthcare, Milwaukee, WI) using an eight-channel head
coil. Care was taken so that children were comfortable in the
scanner and soft cushions were used for head immobil-
ization. Following a three-plane localizing scan, a high-
resolution T1 inversion recovery fast-spoiled gradient
recalled sequence was acquired in the sagittal plane with
the following parameters: TE¼ 4.24 ms, TI¼ 350 ms,
TR¼ 10.26 ms, NEX¼ 1, flip angle¼ 161, and resolution
0.9 mm3 isotropic. At the scanner, structural images were
rated for quality on a five-level Likert scale: unusable, poor
(but useable), sufficient, very good, and excellent. If the
initial T1 scan was rated as poor, the T1 sequence was
repeated, and the better of the two scans was used.

Cortical and Volumetric Measures and Cortical
Thickness

Cortical reconstruction and volumetric segmentation was
performed with the Freesurfer image analysis suite version
5.1.0 (http://surfer.nmr.mgh.harvard.edu/). Freesurfer com-
putes these measures in an automated approach, and
technical procedures have been described extensively
(Fischl and Dale, 2000; Fischl et al, 2002; Fischl et al,
2004). Cortical thickness measurements have been validated
against histological analysis (Rosas et al, 2002) and manual
measurements (Kuperberg et al, 2003; Salat et al, 2004).
Freesurfer morphometry has demonstrated good test-retest
reliability across scanner manufacturers and field strengths
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(Han et al, 2006; Reuter et al, 2012). Numerous studies
using Freesurfer in typical and atypical developing school-
aged children are available (O’Donnell et al, 2005; Derauf
et al, 2009; Ghosh et al, 2010; Ducharme et al, 2012). All
Freesurfer output was visually inspected for quality control.
There were no problems with registration and skull
stripping, but in some cases segmentation was suboptimal
because of movement (n¼ 19).

Child Behavioral and Emotional Problems

We assessed child behavioral and emotional problems using
the Child Behavior Checklist for toddlers (CBCL/1½–5),
which is a standardized instrument and covers a broad age
range. Mothers filled out the CBCL/1½–5 at 6 years of age
(as a large proportion of children were younger than
6 years). The Dutch version of the CBCL/1½–5 is reliable
and well validated and the subscales for syndromes
derived from the CBCL/1½–5 have been consistent
across 23 international studies involving diverse societies
(Ivanova et al, 2010). The five scales (Affective
Problems, Anxiety Problems, Pervasive Developmental
Problems, Attention-Deficit/Hyperactivity Problems, and
Oppositional Defiant Problems) can be derived from the
CBCL/1½–5 are consistent with the Diagnostic and
Statistical Manual of Mental Disorders—4th edition diagno-
stic categories.

Additional Measures

Maternal characteristics were the following: maternal age at
intake, educational level, ethnicity, and drinking habits.
Child characteristics were the following: age at MRI
assessment, gender, nonverbal IQ at 6 years, gestational
age at birth, and birth weight. Maternal educational level
was categorized into three levels: primary (no or primary
education), secondary (lower and intermediate vocational
training), and higher (higher vocational education and
university) education. Maternal ethnicity was defined
according to the classification of Statistics Netherlands; a
mother was classified as being non-Dutch if one of her
parents was born abroad. If both of her parents were born
abroad, the country of birth of the mother’s mother
determined maternal ethnicity. Information on maternal
drinking habits, like information on maternal smoking
habits, was collected with questionnaires in each trimester.
Nonverbal IQ was assessed at the age of 6 years with two
subtests of a revised Dutch intelligence test, the ‘Snijders-
Oomen Niet-verbale intelligentie Test-Revisie (SON-R
2.5-7)’: Mosaics and Categories(Tellegen et al, 2005).
Gestational age (in weeks) and weight at birth (in grams)
were extracted from medical records.

Statistical Analyses

Demographic measures and volumetric measures. Dif-
ferences in demographics, cognitive, and clinical variables
between the tobacco-exposed (quit and continued smoking)
and nonexposed groups were determined using w2-tests
for categorical data and (paired) t-tests for continuous
variables. Volumetric measures from the Freesurfer seg-
mentation were used to compare brain morphology. If

global differences in total brain volume were present, post
hoc analyses were performed to assess which global (cortical
volume, cortical gray matter volume, cortical white matter
volume, and ventricular volume) were involved. These tests
were performed using paired linear regression analyses.
Further, we tested whether there was a dose–response
relationship between prenatal tobacco exposure (‘less than
five cigarettes per day’, ‘between five and nine cigarettes per
day’, and ‘more than nine cigarettes per day) and brain
morphology using this information as a continuous (ie,
ordinal) and categorical variable.

We also investigated whether subcortical volumes, ie,
caudate, putamen, pallidum, accumbens, hippocampus,
amygdala, and thalamus differed between the groups.
Supplemental analyses were performed that took into
account total brain volume.

We investigated whether maternal smoking was asso-
ciated with child behavioral and emotional problems using
paired regression analyses. We then included brain
measures as a variable to explore whether the association
was explained by these brain measures. In addition, we also
performed separate regression analyses to investigate the
association between brain measures and child behavioral
and emotional problems.

In all models, subjects were matched on age and gender,
and we adjusted for maternal education, ethnicity, alcohol
use during pregnancy, and birth weight. Covariates were
selected based on prior literature or the 5% change-
in-estimate criterion. These analyses were performed in
the Statistical Package for the Social Sciences (SPSS)
Version 20.0.

Surface group analyses. In addition to hypothesis-driven
analyses investigating global differences, we also performed
data-driven analyses to assess whether regional differences
exist. Differences in cortical thickness and surface area
(outcomes), smoothed with a 10-mm full-width half-
maximum Gaussian kernel, for both hemispheres between
tobacco-exposed and unexposed subjects (predictor) were
analyzed using paired analysis within Freesurfer with the
built-in general linear model module (mri_glmfit). This data-
driven procedure allows for generation of statistical para-
metric maps that can be thresholded; we used an uncorrected
threshold of po0.05 for initial vertexwise compar-
ison. Thereafter, a clusterwise correction for multiple
comparisons was performed using the built-in simu-
lation procedure with 5000 iterations and a clusterwise
threshold of po0.05, which controls for the rate of
false-positive clusters (Hagler et al, 2006). We used
these surface analyses as a guide to regions of interest.
Post hoc, we extracted these clusters (cluster size 4400 mm2

in both hemispheres) as an outcome into paired multiple
linear regression analysis in order to determine whether
differences in these clusters were confounded by any
of the covariates. As there was no specific hypothesis
on differential effects between the two hemispheres,
we calculated a weighted average cortical thickness of
the regions of interest (weighted as surface areas could
differ in size). We performed the same analysis with a 5- and
15-mm Gaussian kernel, and the results were similar (data
not shown).
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Analyses were performed using all subjects in which
Freesurfer data were available, irrespective of image quality.
We then performed the same analyses, excluding those
subjects with poor quality of the data (n¼ 12) and subjects
with suboptimal Freesurfer registration (n¼ 19). As we
performed paired analyses, 31 pairs were excluded. The
results remained very similar after excluding these data, and
therefore we only reported the results of the analysis
including all subjects (n¼ 226).

RESULTS

Demographic Measures and Volumetric Measures

Demographic characteristics for this sample are reported in
Table 1. The sample was categorized in three groups: the
nonexposed controls, children of whom the mother smoked
until pregnancy was known (early pregnancy exposure), and
children of whom the mother continued to smoke during
pregnancy (multiple trimester exposure). Compared with
nonexposed controls, children exposed to continued tobacco
smoking were more likely to have a lower weight at birth
(3194±536 vs 3475±520 g, p¼ 0.001). No differences between
the groups were found on other variables including maternal
age, educational level, ethnicity, drinking habits, child gender
and age, and nonverbal IQ. Overall, the MRI image quality
was good and did not differ between the groups (Table 1).

Table 2 demonstrates an association between continued
maternal smoking and smaller total brain volume
(B¼ � 55.3, 95% CI: � 93.5 to � 17.0, p¼ 0.005); this
association did not change after adjustment for the
covariates. Subsequently, this table shows that continued
maternal smoking was associated with smaller cortical gray
(B¼ � 39.3, 95% CI: � 66.0 to � 12.6, p¼ 0.004) and white
matter volumes (B¼ � 16.3, 95% CI: � 30.4 to � 2.2,
p¼ 0.02); again, these associations could not be explained
by the included covariates. Interestingly, maternal smoking
in early pregnancy only was not associated with differences
in global brain volumes (Table 2).

Continued maternal smoking was associated with a smaller
caudate nucleus (B¼ � 482.0, 95% CI: � 819.3 to � 144.8,
p¼ 0.003) and a smaller accumbens area (B¼ � 90.6, 95%
CI: 164.6 to � 16.6, p¼ 0.02), but was not associated with the
other subcortical structures. We then constructed total brain
volume-adjusted volumes (ie, volume/total brain volume).
No association between continued maternal smoking and
total brain volume-adjusted caudate volume (B¼ � 0.07,
95% CI: � 0.41 to 0.26, p¼ 0.68), or total brain volume-
adjusted accumbens (B¼ � 0.01, 95% CI: � 0.09 to 0.06,
p¼ 0.73) was observed. No relation was seen between
maternal smoking in early pregnancy and the volumes of
the subcortical structures.

Cortical Surface Analyses

Figure 1 shows that tobacco-exposed children (continued
maternal smoking) had thinner cortices in several brain
regions. These thinner cortices were more pronounced in
the left hemisphere, but thinner cortices were also seen in
similar locations in the right hemisphere. Left hemisphere
clusters larger than 400 mm2 were the following:
the superior frontal, superior parietal, inferior temporal,

superior temporal, lateral occipital, and precentral cortices.
The clusters (4400 mm2) in the right hemisphere were the
following: the superior frontal, superior parietal, lateral
occipital, precentral, paracentral cortices, and pars oper-
cularis. These analyses survived correction for multiple
comparisons (Figure 1).

Table 1 Descriptive Statistics of Whole-Study Population

Nonexposed
controls

Quit smoking
when

pregnancy
was known

Continued
smoking
(multiple

trimesters)

N¼ 113 N¼ 17 N¼ 96

Maternal characteristics

Maternal age at intake 30.5±4.5 29.8±5.6 29.3±5.8

Educational level (%)

Primary 8.0 5.9 10.4

Secondary 46.0 52.9 66.6

Higher 46.0 41.2 23.0

Ethnicity

Dutch 67.3 58.8 53.1

Non-Dutch Western 5.3 5.9 8.3

Non-Dutch Non-
Western

27.4 35.3 38.6

Drinking habits (%)

Never drank in pregnancy 41.6 23.5 30.2

Drank until pregnancy
was known

12.4 17.6 12.5

Continued to drink in
pregnancy

46.0 58.8 57.3

Smoking habits (%)

Never smoked in
pregnancy

100.0 — —

Less than five cigarettes
per day

— 52.9 29.2

Between five and nine
cigarettes per day

— 23.5 17.7

More than nine cigarettes/
day

— 23.5 53.1

Child characteristics

Age at MRI (months) 87.2±9.2 89.4±10.4 86.2±8.9

Gender (% boys) 58.4 58.8 58.3

Nonverbal IQ at age
6 years

101.0±12.8 103.6±14.4 99.6±12.7

Gestational age at birth
(weeks)

40.0±1.6 39.2±2.2a 39.7±1.9

Birth weight (g) 3475±520 3425±651 3194±536b

Image quality (T1)

Poor (but useable) (%) 3.5 — 8.3

Fair/sufficient (%) 36.3 47.1 38.6

Very good/excellent (%) 60.2 52.9 53.1

p-values were obtained using paired t-tests for continuous variables and w2-test
for categorical variables. Subjects exposed to prenatal tobacco are matched with
nonexposed controls on age and gender.
aSignificantly differs with matched controls with a two-tailed po0.05.
bSignificantly differs with matched controls with a two-tailed po0.01.
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We then extracted the cortices as a region of interest
(4400 mm2 in both hemispheres) and examined the associa-
tion of prenatal tobacco exposure and cortical thickness using
linear regression analyses that took into account the
covariates (Table 4). Continued maternal smoking was
significantly associated with thinner cortices of the superior
frontal region (B¼ � 0.08, 95% CI: � 0.15 to � 0.0, p¼ 0.02),
the superior parietal region (B¼ � 0.06, 95% CI: � 0.11 to
� 0.02, p¼ 0.007), the lateral occipital region (B¼ � 0.04,
95% CI: � 0.09 to � 0.01, p¼ 0.04), and the precentral region
(B¼ � 0.07, 95% CI: � 0.12 to � 0.02, p¼ 0.009); these
associations remained present after adjusting for the
covariates. No associations were observed between early
pregnancy tobacco exposure and cortical thickness (Table 3).

No associations between maternal smoking and cortical
surface area were observed. No dose–response relationship
between prenatal tobacco exposure and brain morphology
was observed.

Behavioral and Emotional Problems

Table 4 shows that continued maternal smoking was
associated with increased scores of affective problems
(B¼ 1.00, 95% CI: 0.31–1.69, p¼ 0.005) and anxiety
(B¼ 0.88, 95% CI: 0.09–1.68, p¼ 0.03). When adjusting for
covariates, the association between continued maternal
smoking and affective problems remained present, whereas
the relation between continued smoking and anxiety were
explained by the covariates (Table 4). Subsequently, we

investigated whether the observed differences in brain
morphology could explain this association. The association
between continued maternal tobacco smoking and affective

Table 2 Prenatal Tobacco Exposure and Global Brain Measures (in cm3)

Quit smoking when
pregnancy was known (N¼17)

Continued smoking
(multiple trimesters) (N¼96)

B (95% CI) p-value Cohen’s d B (95% CI) p-value Cohen’s d

Model I

Total brain volume 60.0 (� 36.9 to 156.8) 0.21 0.36 � 55.3 (� 93.5 to � 17.0) 0.005a � 0.37

Cortical volume 37.2 (� 24.1 to 98.5) 0.22 0.36 � 34.3 (� 57.9 to � 10.7) 0.005a � 0.39

Cortical gray matter volume 41.6 (� 26.2 to 109.4) 0.21 0.36 � 39.3 (� 66.0 to � 12.6) 0.004a � 0.39

Cortical white matter volume 20.0 (� 12.1 to 52.0) 0.21 0.34 � 16.3 (� 30.4 to � 2.2) 0.02 � 0.29

Ventricular volume � 0.5 (� 6.1 to 6.1) 0.98 � 0.01 � 1.6 (� 3.0 to � 0.3) 0.02 � 0.33

Model II

Total brain volume 124.4 (10.3 to 238.4) 0.04 � 62.6 (� 102.4 to � 22.7) 0.002a

Cortical volume 77.6 (3.1 to 152.2) 0.04 � 38.7 (� 63.4 to � 13.9) 0.003a

Cortical gray matter volume 87.5 (9.0 to 166.0) 0.03 � 43.7 (� 71.4 to � 15.9) 0.002a

Cortical white matter volume 38.8 (� 2.3 to 79.8) 0.06 � 19.0 (� 34.1 to � 3.9) 0.01

Ventricular volume � 1.0 (� 7.4 to 9.5) 0.79 � 1.4 (� 2.8 to 0.2) 0.08

Model IIþ birth weight

Total brain volume 86.7 (� 60.6 to 233.9) 0.22 � 59.7 (� 102.4 to � 17.1) 0.007a

Cortical volume 60.7 (� 38.0 to 159.5) 0.19 � 36.5 (� 62.9 to � 9.9) 0.008a

Cortical gray matter volume 63.7 (� 38.4 to 165.8) 0.19 � 41.2 (� 70.9 to � 11.4) 0.007a

Cortical white matter volume 30.2 (� 24.3 to 84.7) 0.24 � 19.4 (� 35.6 to � 3.2) 0.02

Ventricular volume � 3.4 (� 13.4 to 6.6) 0.46 � 0.9 (� 2.4 to 0.7) 0.29

Paired multiple linear regression analyses were used. All subjects were matched on age and gender.
Model I is unadjusted. Model II was adjusted for maternal education, ethnicity, and alcohol use during pregnancy.
Bs represent the differences in volumes (cm3) between tobacco-exposed and nonexposed children. Negative values represent differences in volumes where the
tobacco-exposed children have smaller brain volumes than those who were unexposed. Positive values represent differences in volumes where the tobacco-exposed
children have larger brain volumes than those who were unexposed. p-values were obtained using two-tailed tests.
ap-value survived familywise error correction (Bonferroni) for multiple testing.

Figure 1 Differences in cortical thickness between tobacco-exposed
(continued maternal smoking) and unexposed children. The colored areas
(white in print/orange in web version) on the surface map represent clusters
that are thinner in tobacco-exposed (continued maternal smoking) children
as compared with unexposed controls in the left and right hemisphere. All
clusters in the left hemisphere (including the superior frontal, superior
parietal, inferior parietal, precentral, and lateral orbitofrontal cortices) and the
clusters in the right hemisphere (including the superior frontal, superior
parietal, and precentral cortices) survived the clusterwise (simulation with
5000 iterations) correction for multiple comparisons (po0.05).
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problems was not explained by total brain volume, as the
association remained present after taking to account total
brain volume (B¼ 1.10, 95% CI: 0.25–1.94, p¼ 0.01). We
then investigated whether the observed thinner cortices
(four clusters) explained the association. The results
demonstrated that the relation between continued maternal
smoking and affective problems was explained by the
thinner superior frontal cortex (B¼ 0.78; 95% CI: � 0.05 to
1.61, p¼ 0.07), thinning of the precentral cortex (B¼ 0.76;
95% CI: � 0.05 to 1.57, p¼ 0.07), and not explained by the
difference in superior parietal thinning (B¼ 0.91; 95% CI:
0.07–1.76, p¼ 0.04) and lateral occipital thinning (B¼ 0.98;
95% CI: 0.15–1.81, p¼ 0.02).

Further, there were direct associations between thickness
of the precentral cortex (B¼ � 2.3; 95% CI: � 3.85 to
� 0.75, p¼ 0.004) and affective problems and thickness of
the superior frontal cortex (B¼ � 1.6; 95% CI: � 2.85 to
� 0.36, p¼ 0.01) and affective problems.

DISCUSSION

In this prospective study, we examined the association of
maternal smoking during pregnancy with brain morphol-
ogy and behavioral and emotional problems in childhood.
We demonstrated that children exposed prenatally to
tobacco have smaller brain volumes, smaller cortical gray
and white matter volumes, and regional thinning of the
superior frontal, superior parietal, lateral occipital, and
precentral cortices. Further, children exposed to continued
maternal smoking had increased scores on emotional
problems, and the observed cortical thinning, in particular
in the superior frontal and precentral cortices, explained

this association. Moreover, we observed smaller volumes of
the caudate and accumbens area in children exposed to
continued maternal smoking, but this was explained by the
overall smaller total brain volume.

Although this study did not demonstrate a clear dose–
response relation between the quantity of cigarettes smoked
during pregnancy and brain morphology or emotional/
behavioral problems, this study clearly demonstrates a
duration effect; early pregnancy exposure (quit smoking
when knowing about the pregnancy) was not associated
with differences in brain morphology nor was it associated
with emotional or behavioral problems, whereas continued
maternal smoking was. However, differences in the timing
of neurodevelopmental processes also could explain these
differences.

Largely, our results both support and extend the previous
neuroimaging studies in adolescents. For example, prenatal
tobacco exposure has been associated with reduction in
cortical gray matter and parenchymal volumes in teenagers
(Rivkin et al, 2008). Moreover, cortical thickness in the
orbitofrontal, middle frontal, and parahippocampal gyrus
have been reported to be thinner in adolescents exposed to
prenatal tobacco (Toro et al, 2008; Lotfipour et al, 2009).
This suggests that the region-specific effects of prenatal
tobacco exposure may change over time. In childhood, we
observed differences in the parietal and superior frontal
regions, however, with ongoing neurodevelopment; these
may progress to involve frontal areas in the future. We
extended the literature by evaluating potential confounding
variables that have not been assessed in other studies.
Mothers who smoke during pregnancy may have specific
genetic or environmental characteristics that could also

Table 3 Prenatal Tobacco Exposure and Cortical Thickness (in mm)

Quit smoking when
pregnancy was known (N¼ 17)

Continued smoking
(multiple trimesters) (N¼ 96)

B (95% CI) p-value Cohen’s d B (95% CI) p-value Cohen’s d

Model I

Superior frontal thickness 0.06 (� 0.12 to 0.24) 0.50 0.32 � 0.08 (� 0.15 to � 0.01) 0.02 � 0.36

Superior parietal thickness 0.01 (� 0.14 to � 0.17) 0.87 0.05 � 0.06 (� 0.11 to � 0.02) 0.007a � 0.40

Lateral occipital thickness � 0.01 (� 0.17 to 0.15) 0.89 � 0.05 � 0.04 (� 0.09 to � 0.01) 0.04 � 30

Precentral thickness � 0.01 (� 0.15 to 0.15) 0.96 � 0.02 � 0.07 (� 0.12 to � 0.02) 0.009a � 0.37

Model II

Superior frontal thickness 0.12 (� 0.07 to 0.31) 0.19 � 0.11 (� 0.18 to � 0.03) 0.007a

Superior parietal thickness 0.04 (� 0.17 to 0.25) 0.66 � 0.08 (� 0.13 to � 0.03) 0.003a

Lateral occipital thickness 0.00 (� 0.22 to 0.23) 0.96 � 0.06 (� 0.10 to � 0.01) 0.02

Precentral thickness 0.02 (� 0.16 to 0.20) 0.81 � 0.09 (� 0.15 to � 0.03) 0.002a

Model IIþ birth weight

Superior frontal thickness 0.12 (� 0.14 to 0.38) 0.33 � 0.12 (� 0.20 to � 0.03) 0.007a

Superior parietal thickness � 0.04 (� 0.31 to 0.23) 0.77 � 0.08 (� 0.13 to � 0.02) 0.006a

Lateral occipital thickness 0.00 (� 0.30 to 0.31) 0.99 � 0.06 (� 0.11 to � 0.01) 0.02

Precentral thickness � 0.01 (� 0.26 to 0.23) 0.92 � 0.08 (� 0.14 to � 0.02) 0.01a

Paired multiple linear regression analyses were used. All subjects were matched on age and gender. Model I is unadjusted. Model II was adjusted for maternal
education, ethnicity, and alcohol use during pregnancy.
Bs represent the differences in thickness (mm) between tobacco-exposed and nonexposed children. Negative values represent differences in thickness where the
tobacco-exposed children have thinner brain cortices than those who were unexposed. Positive values represent differences in thickness where the tobacco-exposed
children have thicker brain cortices than those who were unexposed. p-values were obtained using two-tailed tests.
ap-value survived Bonferroni correction for multiple testing.
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influence neurodevelopment in their offspring. In our results,
the different covariates did not affect the associations
between continued maternal smoking and different out-
comes. Thus, differences in these brain regions and
emotional problems are possibly more likely to be influenced
by maternal smoking during fetal neurodevelopment.

A diffusion tensor imaging (DTI) study reported that
prenatal and adolescent tobacco exposure affected the
regional fractional anisotropy in cortical white matter
(Jacobsen et al, 2007). We observed smaller cortical white
matter volumes in tobacco-exposed children, but additional
studies using DTI will be needed to confirm whether white
matter integrity is similarly affected in our subjects.
Interestingly, a recent pilot study showed that 12-year-old
children prenatally exposed to tobacco showed greater
activation in the inferior parietal regions of the brain during
a working memory task (Bennett et al, 2012). This region
involves the same cortical area that was found to be thinner
in the current study. Additional functional MRI studies in
our sample will be valuable to determine whether these
structural differences also relate to functional differences in
tobacco-exposed children.

Several possible interpretations for our results are
plausible. One explanation is that prenatal tobacco exposure
directly affects brain development through nicotine, which
has been demonstrated in animal studies (Dwyer et al, 2008).
For example, a thinner somatosensory cortex in rats has been
demonstrated (Roy and Sabherwal, 1994). We have pre-

viously demonstrated that prenatal exposure to tobacco was
associated with decreased fetal head growth (Roza et al,
2007), and now we demonstrate that these neurodevelop-
mental effects remain present years after the exposure.
Thus, the smaller brain growth in children exposed in utero
to smoking does not compensate via neuroplasticity
(Huttenlocher, 2002). A potential mechanism for our findings
is that prenatal exposure to nicotine affects neuronal
migration because we observed that cortical thickness was
affected, but cortical surface area was not different
in nonexposed controls and tobacco-exposed children.
Indeed, early disturbances in neuronal path finding,
abnormalities in cell proliferation and differentiation, and
disruptions in neurotransmitter systems have been reported
in animal studies (Ernst et al, 2001).

Another explanation for our findings is that maternal
smoking leads to fetal hypoxia because of vasoconstriction,
which leads to reduced blood flow and decreased oxygen to
the fetus. This decreased nutrient and oxygen supply might
induce long-lasting effects on brain morphology (Abel, 1980).

Finally, the observed effects of continued prenatal tobacco
exposure on offspring brain morphology could be epiphe-
nomena of smoking, eg, parental psychopathology, use of
other substances, and poor nutrition intake. We minimized
the differences between exposed and nonexposed subjects
by using a matching procedure; they did not differ in age
and gender nor did they differ in other such as maternal
ethnicity and education.

Table 4 Prenatal Tobacco Exposure and Behavioral and Emotional Problems

Quit smoking when
pregnancy was known (N¼14)

Continued smoking
(multiple trimesters) (N¼80)

B (95% CI) p-value Cohen’sd B (95% CI) p-value Cohen’sd

Model I

Affective problems 0.64 (� 0.80 to 2.09) 0.35 0.42 1.00 (0.31 to 1.69) 0.005a 0.45

Anxiety � 0.29 (� 2.28 to 1.71) 0.76 � 0.14 0.88 (0.09 to 1.68) 0.03 0.31

Pervasive developmental problems 0.79 (� 1.06 to 2.63) 0.37 0.31 0.65 (� 0.23 to 1.53) 0.15 0.22

Attention-deficit hyperactivity problems 1.64 (� 1.07 to 4.35) 0.21 0.56 0.73 (� 0.26 to 1.71) 0.15 0.22

Oppositional defiant problems 1.00 (� 1.47 to 3.47) 0.40 0.37 0.62 (� 0.28 to 1.51) 0.17 0.22

Model II

Affective problems 0.15 (� 2.13 to 2.42) 0.88 1.01 (0.24 to 1.77) 0.01a

Anxiety � 0.95 (� 4.37 to 2.46) 0.53 0.91 (0.04 to 1.79) 0.04

Pervasive developmental problems � 0.76 (� 3.96 to 2.44) 0.59 0.65 (� 0.37 to 1.66) 0.21

Attention-Deficit Hyperactivity problems � 0.41 (� 3.44 to 2.62) 0.76 0.95 (� 0.13 to 2.04) 0.08

Oppositional defiant problems � 1.84 (� 5.34 to 1.67) 0.26 0.55 (� 0.49 to 1.59) 0.30

Model IIþ birth weight

Affective problems � 0.31 (� 3.26 to 2.64) 0.81 1.03 (0.21 to 1.84) 0.02

Anxiety � 0.69 (� 5.27 to 3.89) 0.73 0.80 (� 0.13 to 1.74) 0.09

Pervasive developmental problems 0.84 (� 2.41 to 4.08) 0.55 0.55 (� 0.52 to 1.62) 0.31

Attention-deficit hyperactivity problems � 0.16 (� 4.24 to 3.91) 0.92 0.81 (� 0.34 to 1.97) 0.16

Oppositional defiant problems � 0.69 (� 4.96 to 3.57) 0.71 0.37 (� 0.72 to 1.46) 0.50

Paired multiple linear regression analyses were used. All subjects were matched on age and gender. Model I is unadjusted. Model II was adjusted for maternal
education, ethnicity, and alcohol use during pregnancy.
Bs represent the differences in scores on the Child Behavior Checklist measured at age 6 years between tobacco-exposed and nonexposed children. Negative values
represent lower scores (less problems) in the tobacco-exposed children as compared with those who were unexposed. Positive values represent higher scores (more
problems) in the tobacco-exposed children as compared with those who were unexposed. p-values were obtained using two-tailed tests.
ap-value survived Bonferroni correction for multiple testing.
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The strengths of this study are the prospective design,
including the prospective measures of smoking during
pregnancy, the relatively large group that underwent a
neuroimaging session, and the young age of the children. In
particular, most neuroimaging studies performed examin-
ing the association between prenatal tobacco exposure and
brain morphology are confounded by smoking in adoles-
cence. In the current study, this was not the case. We also
acknowledge that this study has its limitations. We relied on
self-reported information for maternal smoking during
pregnancy. Using self-reports may have introduced some
misclassification because of underreporting of cigarette
smoking (Shipton et al, 2009), which may have led to an
underestimation of the observed effects. However, in large
populations it is sensible to use self-reported information
on prenatal tobacco exposure from a cost-effectiveness
point of view. Moreover, our study did not include the
potential consequences of second-hand smoke after birth,
as mothers who smoke during pregnancy are more likely
to continue smoking after giving birth and have a partner
who also smokes. Unfortunately, data on postnatal parental
smoking were missing in a large proportion of our subjects.
Therefore, we could not use these data in our analyses. In
this study, the group of mothers who stopped smoking
when they knew they were pregnant was quite small, and we
must be careful interpreting these results. Finally, although
this study demonstrates that prenatal exposure to tobacco is
associated with thinner cortices and smaller global brain
volumes, we must be careful in declaring that this
association is causal. There are some studies that suggest
a causal relation between maternal smoking and child
behavioral problems (Brion et al, 2010). However, there are
some studies that suggest that the association between
prenatal smoking and problems later in life are not caused
by the prenatal exposure, but are due to other familial
factors (D’Onofrio et al, 2008; D’Onofrio et al, 2012). Thus,
if prenatal tobacco exposure does not have a teratogenic
effect, then these familial risk factors should be factors that
are involved in brain development.

Overall, our findings suggest long-term effects of prenatal
tobacco exposure on brain development and emotional
problems in young children. The results of the current
study in combination with the existing literature about the
long-term effects of prenatal tobacco exposure emphasize
the importance of preventing and reducing cigarette
smoking during pregnancy. Our findings provide further
support for the need of clinical and public health strategies
aimed at the prevention of prenatal tobacco exposure of
children. More research is needed to explore the structural
and functional neurodevelopmental effects of prenatal
exposure to tobacco using measures including DTI and
functional MRI.
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