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Smoking during pregnancy is associated with long-term consequences on offspring behavior. We measured thickness of the cerebral

cortex using magnetic resonance images obtained in 155 adolescents exposed in utero to maternal smoking and compared them with

159 non-exposed subjects matched by maternal education. Orbitofrontal, middle frontal, and parahippocampal cortices were thinner in

exposed, as compared with non-exposed, individuals; these differences were more pronounced in female adolescents. In exposed

females, the thickness of the orbitofrontal cortex correlated negatively with a self-rated assessment of caring, one of the components of a

model of positive youth development. These findings provide evidence of the long-term impact of prenatal environment on a neural

substrate of cognition and social behavior.
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INTRODUCTION

Prevalence of cigarette smoking during pregnancy is still
high; it varies considerably (10–50% of pregnant women)
across different countries and socioeconomic groups. In the
United States, the average prevalence of cigarette smoking
during pregnancy was 16.3% in 1984 and decreased to
11.8% in 1996 (Ebrahim et al, 2000). In the United
Kingdom, maternal cigarette smoking during pregnancy is
more common, 24% in 1995 (Statistics on Smoking, 2000).
In Canada, 23.7% of mothers included in the National
Longitudinal Study of Children and Youth reported
smoking cigarettes during pregnancy in 2002 (Connor and
McIntyre, 2002). The strongest predictor of smoking both
before and during pregnancy is a woman’s socioeconomic
status (SES); for example, a prospective study of 589
preadolescent children found that, in 2000, 52% of their
low-SES mothers smoked cigarettes during pregnancy
(Cornelius et al, 2000). Similar relationships were observed
in the Saguenay Lac Saint-Jean (SLSJ) region of Quebec,
Canada; we found that prevalence of tobacco use is
negatively correlated with the level of schooling and with

household income (Institut de la statistique du Québec,
2001). The following rates of cigarette smoking in women
were found: 39.0% women with the lowest level of education
(1st quintile) vs 23.6% of women with the highest level of
education (5th quintile); 47.2% of women with the lowest
income vs 27.4% of women with the highest income.
Cigarette smoke inhaled by a pregnant woman affects the

fetus in a number of ways, including the direct pharmaco-
logical effects of nicotine and the other chemicals it
contains, hypoxia associated with increased levels of
carboxyhemoglobin, as well as nicotine-induced constric-
tion of the uteroplacental vessels and the associated
decrease in the flow of oxygen and nutrients from
the mother to the fetus (Lambers and Clark, 1996; Grassi
et al, 2000).
Given the multiplicity of such adverse effects on the fetus,

it is not surprising that prenatal exposure to maternal
cigarette smoking (PEMCS) is associated with negative
cognitive and behavioral outcomes. In a prospective cohort
study, Fried and colleagues (Fried, 1995) observed systema-
tic differences between children born to ‘heavy smokers’
(420 cigarettes/day) and to non-smoking mothers, in
several cognitive domains, including processing of auditory
stimuli, attention, and language comprehension. Other
(Olds et al, 1994; Lassen and Oei, 1998; Obel et al, 1998)
but not all (MacArthur et al, 2001) investigators have
observed similar effects. Furthermore, a recent study in
adolescent smokers described deficits in visuospatialReceived 16 March 2007; revised 17 May 2007; accepted 18 May 2007
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memory that was greater in individuals exposed to maternal
cigarette smoking prenatally, as compared with non-
exposed adolescents (Jacobsen et al, 2006). Several studies
also revealed an increased incidence of externalizing
disorders in general (Breslau and Chilcoat, 2000), and
attention-deficit hyperactivity (Milberger et al, 1998) and
conduct (Wakschlag et al, 1997; Weissman et al, 1999)
disorders in particular. Some studies also observed an
association between PEMCS and criminal behavior in
adulthood (Brennan et al, 1999; Räsänen et al, 1999), and
higher rates of aggression in children and adults (Orlebeke
et al, 1999; Räsänen et al, 1999). Finally, PEMCS may
increase the probability of experimenting with cigarette
smoking in childhood (Cornelius et al, 2000) and of
developing cigarette smoking addiction in adolescence
(Kandel et al, 1994; Kandel and Udry, 1999; Weissman
et al, 1999; Buka et al, 2003).
The effect of PEMCS on the human brain is largely

unknown. A recent study examined group differences in
task-related brain activity, measured with functional
magnetic resonance imaging (fMRI) in adolescent smokers
with and without the history of PEMCS during the
performance of attentional tasks; combined current (smo-
kers) and prenatal exposure was associated with higher
fMRI signal in several cortical regions involved in auditory
attention (Jacobsen et al, 2007). At a receptor level, another
study reported subtle differences in the expression of
nicotinic and muscarinic acetylcholine receptors in the
brains of 5- to 12-week-old foetuses exposed and non-
exposed to maternal cigarette smoking (Falk et al, 2005).
Indirect evidence suggests detrimental effects of PEMCS on
brain growth and development. Kallen (2000) analyzed the
Swedish Medical Birth Registry (1983–1996: 1 362 169
infants) and found significant negative correlation between
PEMCS and head circumference at birth. Neuroanatomical
studies carried out in experimental animals exposed
prenatally to nicotine showed nicotine-induced acute and
chronic changes in cholinergic, catecholaminergic, and
other neurotransmitter systems (Lichtensteiger et al, 1988;
Slotkin, 1998, 2004). In terms of brain structure, Roy and
Sabherwal (1994, 1998) observed a significant reduction in
brain weight, cortical thickness in the somatosensory
cortex, neural density in layer V of the somatosensory
cortex, and the neural area of the dentate gyrus, CA1, and
CA3 regions of the hippocampus. Using a whole-embryo
culture Roy et al (1998) were able to demonstrate a direct
effect of nicotine on neuroepithelium; they found evidence
of cytoplasmic vacuolation, enlargement of intercellular
spaces, and an increased incidence of apoptotic cells. The
above effects may be mediated by the direct effect of
nicotine on cell proliferation, survival, and migration
(Levitt, 1998; Slotkin, 1998). As pointed out by Levitt
(1998), ‘the convergence of neurotransmitter, growth
factor and hormone activity on similar intracellular
signalling systems suggests the potential for significant
interactions among molecular components that regulate
[neural] development’.
As pointed out above, PEMCS is associated with a number

of negative behavioral outcomes, some of which are
believed to be a part and parcel of the so-called antisocial
behavior (van Goozen et al, 2007; Connor et al, 2006).
Current theories of youth development emphasize that

positive or healthy psychological and social functioning
does not involve only the absence of risk/problem
behaviors, but also include the presence of characteristics
of successful and adaptive behavior. In the ‘positive youth
development’ (PYD) perspective (Lerner, 2005), the pre-
sence of psychosocially and physically healthy change is
indexed not by decreases in negative behaviors (eg
substance use and abuse, bullying, or depression) but by
increases in attributes indicative of thriving, such as the
‘five Cs’ of PYD: Competence, Confidence, Connection,
Character, and Caring (Lerner et al, 2000, 2005; Eccles and
Gootman, 2002; Roth and Brooks-Gunn, 2003). These ‘Cs’
have been found to be the outcomes of functionally and
developmentally appropriate (adaptive) interactions be-
tween the young person and his/her social ecology;
importantly, these attributes appear to be inversely related
to indicators of both internalizing and externalizing risk/
problem behaviors (Gestsdottir and Lerner, 2007). Given
both the early findings of associations between PEMCS and
antisocial behavior, and the current theoretical and
empirical emphases in the study of youth development, it
is important to assess links between PEMCS and the
presence of indicators of positive development among
adolescents.
Here we report findings obtained in the Saguenay Youth

Study, a large-scale project investigating effects of PEMCS
on brain and behavior in adolescent offspring (Pausova
et al, 2007). The Saguenay Youth Study is a retrospective
study of long-term consequences of PEMCS in which
multiple quantitative phenotypes are acquired over four
sessions (home, hospital, laboratory, and school). To
facilitate the search for genes that modify an individual’s
response to PEMCS, the study is family based (adolescent
sibships) and is carried out in a relatively geographically
isolated population of the SLSJ region in Quebec, Canada.
DNA is acquired in both biological parents and in
adolescent siblings.

SUBJECTS AND METHODS

All participants were recruited in the context of an ongoing
study of the effects of PEMCS on brain and behavior, and
cardiovascular and metabolic health in adolescence: the
Saguenay Youth Study. The Saguenay Youth Study is a
retrospective study of long-term consequences of PEMCS in
which multiple quantitative phenotypes are acquired over
five sessions (telephone interview, home, hospital, labora-
tory, and school). The study is family based (adolescent
sibships) and is carried out in a relatively geographically
isolated population inhabiting the SLSJ region in Quebec,
Canada. The Research Ethics Committee of the Chicoutimi
Hospital approved the study protocol.

Ascertainment

Details of the recruitment and testing procedures are
provided in Pausova et al (2007). Briefly, subjects were
recruited in secondary schools in the SLSJ region. The
recruitment begins with the team visiting all classrooms in a
given school and presenting the study to the students.
Concurrently, an information brochure, a letter from the
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principal, and a consent form for a telephone interview
are mailed to the parents. Subsequently, a research nurse
conducts a telephone interview with interested families
(usually with the child’s mother) to verify their eligibility.
Additional information is acquired using a medical ques-
tionnaire completed by the child’s biological parent. The
main exclusion criteria for both exposed and non-exposed
adolescents are: (1) positive history of alcohol abuse during
pregnancy; (2) positive medical history for meningitis,
malignancy, and heart disease requiring heart surgery; (3)
severe mental illness (eg autism, schizophrenia) or mental
retardation (IQo70); and (4) MRI contraindications. The
following selection criteria are used for both exposed and
non-exposed subjects: (1) age 12–18 years; (2) one or more
siblings in the same age group; and (3) maternal and
paternal grand-parents of French-Canadian ancestry.
Exposed subjects must have positive history of maternal
cigarette smoking (41 cigarette/day in the 2nd trimester of
pregnancy). The non-exposed subjects are matched to the
exposed ones based on the level of maternal education and
the school attended. In the case of mothers of non-exposed
offspring, we require negative history of maternal cigarette
smoking during pregnancy and during the 12-month period
preceding the pregnancy. Cigarette smoking before and
during pregnancy is ascertained by a research nurse during
a structured telephone interview with the mother; this
information is verified in the majority of subjects using
medical records from the time of pregnancy.

Assessment of General Intelligence and PYD

We used the Wechsler Intelligence Scale for Children to
assess general intelligence. This assessment was carried
out at the beginning of a 6-h neuropsychological battery.
The PYD was assessed with a questionnaire based on the
‘five Cs’ model: Competence, Confidence, Character, social
Connection, and Caring or compassion (Lerner et al, 2005).
The questionnaire contains over 300 questions, which are
answered by the adolescent. To calculate the score for each
of the five scales (ie five Cs), all individual items were first
rescaled on a 0-to-12 point scale. Overall, the scoring is such
that a high score indicates more positive behavior on each
of the ‘five C’s’ scale. The average of the five scales
represents the PYD score. Scores for PYD have been found
to be inversely related to the scores for depression indexed
by the Center for Epidemiological Studies Depression
measure (Radloff, 1977), both within a given grade level
(eg fifth grade; Lerner et al, 2005) and across grades (from
5th grade to 6th grade; Gestsdottir and Lerner, 2007; Jelicic
et al, 2007). Similarly, in these same reports, scores for PYD
are inversely related to indices of smoking, bullying, and
drug use (Lerner et al, 2005; Gestsdottir and Lerner, 2007;
Jelicic et al, 2007).

MRI

MRI data were collected on a Phillips 1.0-T superconducting
magnet. High-resolution anatomical T1-weighted (T1W)
images were acquired using the following parameters: 3D
RF-spoiled gradient echo scan with 140–160 sagittal slices,
1-mm isotropic resolution, TR¼ 25ms, TE¼ 5ms, and flip
angle¼ 301. We measured cortical thickness using Free-

Surfer, a set of automated tools for reconstruction of the
brain cortical surface (Fischl and Dale, 2000). For every
subject, FreeSurfer segments the cerebral cortex, the white
matter, and other subcortical structures, and then computes
triangular meshes that recover the geometry and the
topology of the pial surface and the gray/white interface
of the left and right hemispheres. The local cortical
thickness is measured based on the difference between the
position of equivalent vertices in the pial and gray/white
surfaces. A correspondence between the cortical surfaces
across the subjects is established using a nonlinear
alignment of the principal sulci in each subject’s brain with
an average brain (Fischl et al, 1999). To take into account
the multiple local comparisons performed, we estimated
statistical significance of group differences in cortical
thickness using the false-discovery rate method (Genovese
et al, 2000). While the MRI data in this study were collected
at a slightly lower magnetic field strength than typically
used in morphometric studies (1 Tesla vs 1.5 Tesla), the
signal-to-noise ratio (SNR) and gray matter–white matter
(GM-WM) contrast-to-noise ratio were excellent and the
data had minimal intensity non-uniformity effects thereby
producing robust tissue classifications. We compared the
SNR and GM-WM contrast-to-noise ratios (CNR) in T1W
images acquired at 1T (Philips scanner used in this study)
and at 1.5T (Philips scanner located at the Brain & Body
Centre at the University of Nottingham). We found very
similar mean SNRs: 25.6 at 1.5T and 25.8 at 1T. More
importantly, the GM-WM CNRs were also similar: 5.8 at
1.5T and 5.7 at 1T.
Statistical analyses of cortical thickness were performed

in two ways: (1) mean values were obtained for each of 33
cortical regions segmented automatically in each subject
based on the nonlinear transformation of the subject’s
surface reconstructions into an average cortical surface; and
(2) thickness values were also determined at each of 163 842
vertices representing the subject’s cortical surface. Given the
known age-related decrease in cortical thickness during
childhood and adolescence (Shaw et al, 2006; Sowell et al,
2004), and observed in this sample, we used age as a
covariate in both types of analyses.

RESULTS

Table 1 describes the final sample of 314 adolescents in
whom we were able to compute cortical thickness reliably.
Note that there are no significant differences across the four
subgroups (ie ‘exposed’ and ‘non-exposed’ male and female
adolescents) in the number of subjects, their age, family
income, and full-scale intelligence quotient. Female subjects
are more advanced than males in their sexual maturation as
indicated by the Tanner pubertal stage (Petersen et al,
1988); the exposed and non-exposed subjects of the same
sex do not differ in this respect. The number of cigarettes
smoked during pregnancy by the mothers of the exposed
subjects is identical in the male and female subgroups. As
expected, the birth weight of exposed adolescents was lower
than that of the non-exposed subjects in both genders
(males: F(1,147)¼ 11.7, p¼ 0.001; female: F(1,161)¼ 15.9,
po0.0001; Table 1).
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In the region-based analysis, we found significant
differences between the exposed and non-exposed subjects
in several cortical regions, including the lateral orbitofrontal
and middle frontal cortex, as well as the parahippocampal
cortex; except for the parahippocampal cortex, these
differences were significant only in the female sample
(Table 2). In all cases, the cortex was thinner in the exposed
vs non-exposed adolescents. The vertex-based analysis
confirmed these findings; we observed significant (false
discover rate (FDR) threshold F¼ 12.8, p¼ 0.05, corrected)
cortical thinning at the vertices constituting the left lateral
orbitofrontal cortex (OFC) in female adolescents (Figure 1;
female: F(3,163)¼ 18.9, po0.0001 (uncorrected); male:
F(3,149)¼ 9.4, p¼ 0.003 (uncorrected); sex by exposure
interaction: F(5,313)¼ 0.9, p¼ 0.3).
As pointed out above, the summary score of PYD, as

measured by our instrument, can be conceptualized as an
index of the overall adaptive regulation of person–context
relations. We found significantly lower scores of PYD in the
exposed as compared with non-exposed subjects but only in
the female adolescents (F(1,157)¼ 19.2, po0.0001). The
effect of PEMCS on each PYD component was significant
for all PYD components (except confidence), where the
exposed females scored lower than non-exposed ones
on Competence (F(1,156)¼ 14.0, p¼ 0.0003), Character
(F(1,157)¼ 10.8, p¼ 0.001), Connection (F(1,157)¼ 10.1,
p¼ 0.002), and Caring (F(1,156)¼ 7.2, p¼ 0.01). No sig-
nificant differences were found between the exposed and
non-exposed male adolescents in any of the PYD compo-
nents.
Given the observed effect of PEMCS on the thickness of

the OFC and its known role in social behavior (Raine et al,
2000; Adolphs, 2001; Seguin, 2004), we examined the
possible relationship between this brain measure and the
Caring score in each of the four subgroups (ie exposed and
non-exposed male and female adolescents). We observed
significant negative correlation between the two measures in
exposed females only (left OFC: F(1,76)¼ 7.5, p¼ 0.008;
right OFC: F(1,77)¼ 3.8, p¼ 0.06); Fo1.0 in all other
groups); in this group, thickness of the left OFC explained
9% of the variance in Caring.

DISCUSSION

Our findings revealed a significant albeit moderate impact
of PEMCS on brain structure and function, namely on the

thickness of several cortical regions and on several
measures of PYD. Surprisingly, these effects were significant
mainly in female adolescents. Furthermore, thickness of the
OFC explained some of the inter-individual differences in
Caring. The latter was the case only in the exposed females,
thus suggesting a shared mechanism mediating this
structure–function relationship. Before discussing putative
exposure-related mechanisms underlying the above find-
ings, we wish to examine possible contributions of factors
that may be related to maternal smoking during pregnancy
only indirectly.
As pointed out above, we minimized differences between

the exposed and non-exposed subjects vis-à-vis their SES;
they did not differ in household income or in the education
level of their parents. Nonetheless, we did observe several
differences between the exposed and non-exposed samples
in factors that might influence the child’s brain and social
behavior during postnatal development. Two such factors
stand out in this context. First, mothers who smoked during
pregnancy were less likely to breastfeed (Pausova et al,
2007); maternal behavior associated with breastfeeding may
influence social behavior of the offspring (Fergusson and
Woodward, 1999). Second, using self-reports, we found
slightly higher incidence of antisocial behavior during the
adolescence of the (smoking) mothers of exposed adoles-
cents, as compared with the (non-smoking) mothers of non-
exposed subjects. But when we included the above two
factors in our model evaluating the effect of exposure on
brain structure and PYD, or on their inter-relationship, we
found no contribution of these two variables.
The exposure status and the number of cigarettes smoked

during each pregnancy rely on information provided by the
mother during the telephone interview. For all subjects born
in the two main hospitals in the region (Chicoutimi and
Jonquiere), we have verified the mother’s report by
extracting relevant antenatal information from the medical
chart completed during pregnancy (1st trimester, 2nd
trimester, and 3rd trimester). We were able to obtain
relevant information in a total of 260 adolescents (87% of all
subjects born in Chicoutimi and Jonquiere), with an equal
distribution across the exposed and non-exposed adolescents.
To assess the overall agreement between the exposure status
ascertained antenatal from the medical records and by the
maternal report during the telephone interview, we calculated
k-statistics (range: �1 to +1) and found that, with a value of
0.6970.04, it indicates a ‘good’ strength of agreement (Landis
and Koch, 1977; good agreement: 40.6 to p0.8).

Table 1 Characterization of Adolescent Males and Females Non-exposed and Exposed In Utero to Maternal Cigarette Smoking

Males Females

Non-exposed Exposed Non-exposed Exposed

Number of subjects 77 73 82 82

Age (days) 55307649 56457721 55277781 56337697

Puberty (Tanner) stage 3.670.9 3.570.9 4.170.8 4.370.7

Household income (CAD) 57368720808 54583724012 53078722638 53765724718

Number of cigarettes during pregnancy 0 11.276.2 0 10.877.5

Birth weight (g) 35737480 33077463 34687469 31427494

Full scale IQ 104712 106714 105711 104713
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The most striking finding revealed by our study is the
apparently higher sensitivity to PEMCS of the female vs
male adolescents vis-à-vis the PYD and the thickness of the
OFC. Note, however, that the sex by exposure interactions
was not significant. Overall, the size of the PEMCS effect
(Cohen’s d) on cortical thickness (Table 2) was lower in

male, as compared with female, adolescents; power calcula-
tions indicate that this is unlikely to be due to a slightly
lower number of male vs female subjects. This observation
may simply reflect greater overall sensitivity of the female
fetus to PEMCS. In a large epidemiological study (1 815 310
singleton births), PEMCS was associated with a greater

Table 2 Effect Size (Cohen’s d) and Statistical Significance (F-ratio, p-value) of Differences in Cortical Thickness between Exposed and
Non-exposed Subjects

Male Female

Left Right Left Right

Region Cohen’s d F-ratio p-value Cohen’s d F-ratio p-value Cohen’s d F-ratio p-value Cohen’s d F-ratio p-value

Frontal lobe

Lateral orbito frontal �0.36 3.76 0.05 �0.12 0.33 0.57 �0.51 9.79 0.002 �0.37 5.03 0.03

Caudal anterior cingulate �0.19 0.98 0.32 �0.39 4.61 0.03 �0.05 0.02 0.89 �0.19 1.04 0.31

Caudal middle frontal �0.07 0.01 0.94 �0.09 0.02 0.9 �0.32 3.37 0.07 �0.38 5.07 0.03

Frontal pole 0.03 0.23 0.63 0 0.08 0.77 �0.22 1.72 0.19 0.05 0.19 0.66

Medial orbito frontal 0.25 3.42 0.07 �0.24 1.93 0.17 �0.21 1.24 0.27 �0.02 0.02 0.88

Para central 0 0.26 0.61 �0.23 0.77 0.38 �0.09 0.11 0.74 �0.32 3.42 0.07

Pars opercularis �0.05 0.01 0.91 �0.02 0.01 0.91 �0.14 0.43 0.51 �0.1 0.15 0.7

Pars orbitalis �0.19 0.75 0.39 �0.14 0.26 0.61 �0.22 0.6 0.21 �0.35 4.18 0.04

Pars triangularis �0.03 0.01 0.94 �0.13 0.18 0.68 �0.32 3.7 0.06 �0.04 0.02 0.89

Posterior cingulate �0.03 0.05 0.82 �0.07 0.01 0.92 �0.17 0.71 0.4 �0.04 0.01 0.9

Pre central �0.05 0 0.99 0.05 0.36 0.55 �0.24 2.25 0.14 �0.28 2.77 0.1

Rostral anterior cingulate �0.24 1.81 0.18 �0.26 2.52 0.11 �0.08 0.1 0.75 0.09 0.54 0.46

Rostral middle frontal 0.01 0.48 0.49 �0.08 0 0.97 �0.43 6.65 0.01 �0.31 3.13 0.79

Superior frontal �0.03 0.09 0.75 �0.14 0.21 0.65 �0.23 1.55 0.21 �0.18 0.86 0.35

Parietal lobe

Inferior parietal 0.2 3.96 0.05 0.16 2.19 0.14 �0.11 0.16 0.69 �0.15 0.53 0.47

Isthmus cingulate 0.06 0.38 0.54 �0.01 0.11 0.74 �0.11 0.19 0.66 �0.19 0.86 0.36

Post central 0.06 0.55 0.46 0 0.23 0.63 �0.08 0.11 0.74 �0.13 0.38 0.54

Pre cuneus 0.13 2.27 0.13 0.27 5.72 0.02 �0.21 1.07 0.3 �0.32 3.38 0.07

Superior parietal 0.18 2.8 0.1 0.13 1.23 0.27 �0.19 0.95 0.33 �0.07 0.01 0.91

Supra marginal 0.2 2.95 0.09 0.14 1 0.32 �0.03 0.05 0.95 0.02 0.18 0.68

Temporal lobe

Bank STS �0.26 1.89 0.17 �0.16 0.42 0.52 0.05 0.41 0.52 �0.17 0.7 0.4

Entorhinal �0.18 1.6 0.21 0.01 0.02 0.89 �0.25 2.72 0.1 �0.14 0.98 0.32

Fusiform �0.16 0.55 0.46 �0.14 0.27 0.6 �0.25 2.33 0.12 �0.3 3.2 0.08

Inferior temporal 0.03 0.2 0.66 0.03 0.22 0.64 0.02 0.03 0.86 �0.11 0.39 0.53

Middle temporal �0.25 1.49 0.22 �0.06 0.03 0.87 �0.2 1.28 0.26 �0.01 0.01 0.94

Parahippocampal �0.33 3.39 0.07 �0.44 6.91 0.01 �0.24 2.32 0.13 �0.44 8.02 0.005

Superior temporal �0.06 0.01 0.92 �0.11 0.12 0.73 �0.27 2.49 0.12 �0.21 1.29 0.26

Temporal pole �0.23 2.19 0.14 �0.24 2.55 0.11 �0.02 0.95 0.76 �0.18 1.84 0.18

Transverse temporal 0.05 0.28 0.6 �0.34 3.55 0.06 �0.31 3.38 0.07 �0.39 5.23 0.02

Occipital lobe

Cuneus 0.02 0.16 0.69 0.13 1.74 0.2 �0.26 2.33 0.13 �0.14 0.45 0.51

Lateral occipital 0 0.1 0.76 0.03 0.33 0.57 0.06 0.27 0.6 0.06 0.24 0.63

Lingual �0.02 0 0.98 �0.04 0.02 0.88 �0.21 1.3 0.26 �0.21 1.4 0.24

Peri calcarine 0.28 3.35 0.07 0.07 0.75 0.39 0.07 0.53 0.47 0.14 1.09 0.3
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negative impact on birth weight in newborn girls than in
boys (Voigt et al, 2006); in our sample, the size of the
PEMCS effect on birth weight is also somewhat larger in the
female (Cohen’s d¼ 0.70) than in male subjects (d¼ 0.57).
At the same time, it is also possible that the presumably
greater sensitivity to PEMCS is specific to certain behaviors
and their neural substrate. At a behavioral level, sex-specific
effects have been observed in some, but not all, studies of
PEMCS effects on the initiation of smoking during
adolescence (Kandel et al, 1994; Niaura et al, 2001; Oncken
et al, 2004; Munafo et al, 2006) and on the incidence of
conduct disorder in childhood (Maughan et al, 2001;
Wakschlag and Hans, 2002). In experimental animals, sex-
specific effects of prenatal exposure to nicotine include the
presence of an attentional deficit or lack of habituation in
open field observed in female but not male rats (Popke et al,
1997; Romero and Chen, 2004). In the rat brain, most of the
previous work focused on the effects of prenatal exposure to
nicotine on various neurotransmitter systems (Slotkin,
1998; Slikker et al, 2005), and a number of sex-specific
effects have been described. Thus, prenatal exposure to

nicotine reduces the number of bindings sites for the
serotonin transporter in the rat cerebral cortex; this effect
persists through adolescence into adulthood and appears
stronger in female (11% decrease) than in male (6%) rats
(Xu et al, 2001). At a receptor level, exposure to prenatal
nicotine increases the number of 5HT1A receptors in the
cerebral cortex of males but not females, and decreases the
number of receptors in the striatum of females but not
males (Slotkin et al, 2006). These are but two examples of
sex-specific effects of prenatal exposure to nicotine that
may translate into long-lasting morphological changes in
serotonin-rich regions. One such region is the OFC (Tork,
1990; Dillon et al, 1991; Marutle et al, 2001; Tauscher et al,
2001) and this is where we found significant effects of
PEMCS on cortical thickness in the female adolescents.
In general, thickness of a cortical region, as estimated

from MRI, most likely reflects the volume of various cellular
compartments constituting the cortex (axons (29%),
dendrites (30%), cell bodies and vessels (14%), and glia
(10%) percentages based on the mouse cerebral cortex) and
the effect of the adjacent white matter (Braitenberg, 2001;

Figure 1 Surface maps of statistical significance of PEMCS on cortical thickness. The F-ratio of the exposure effect in female (upper half) and male (lower
half) adolescents is color coded and projected over an average lateral (top) and ventral (bottom) cortical surface. Given the false-discovery rate threshold
of F¼ 12.8, p¼ 0.05 (corrected), differences in cortical thickness between the exposed and non-exposed groups are significant only in female adolescents.
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Paus, 2005). A number of neurotransmitter systems are
affected by prenatal exposure to nicotine (Slotkin, 2004;
Slotkin et al, 2006). Neurotransmitters, such as serotonin or
acetylcholine, may affect the number of cellular elements in
the cortex during both prenatal and postnatal periods
(Levitt et al, 1997; Levitt, 1998; Herlenius and Lagercrantz,
2001; Luo et al, 2003; van Kesteren and Spencer, 2003). We
speculate that the observed ‘thinning’ of the OFC in the
female adolescents exposed in utero to maternal cigarette
smoking may reflect nicotine-induced downregulation of
the serotoninergic and/or cholinergic systems with subse-
quent decrease in activity-triggered neuronal (eg dendrites)
and glial growth. As shown in the rat studies, it is likely that
such a nicotine-induced dysregulation of a neurotransmit-
ter system can persist beyond the fetal period and could
therefore modify maturational changes taking place during
childhood and adolescence. It is also important to note that
the human OFC (Brodmann areas 10 and 11) ranks,
together with other prefrontal cortical regions (Brodmann
areas 32, 46, 9 and 47), among the top 10 (out of 41) brain
regions vis-à-vis the concentration of nicotinic receptors, as
assessed with autoradiography using epibatidine as the
ligand (Karl Zilles, personal communication). The relatively
high concentration of nicotinic receptors in the prefrontal
cortex is consistent with the observed effects of PEMCS in
the orbitorfrontal and middle prefrontal cortex.
Overall, our findings provide evidence of the effects of

PEMCS on the thickness of human cerebral cortex. These
effects appear to be limited to a few regions in the frontal
and temporal cortex and are more pronounced in female
adolescents. The concomitant effects of PEMCS on PYD is
again only observed in the female adolescents, and underlie
the seriousness of the neurodevelopmental consequences of
this particular form of in utero adversity. The effects were of
moderate size at a group level. Future studies in this and
similar cohorts, as well as in experimental animals, may
uncover the role of genetic factors that either protect or
sensitize an individual to the prenatal exposure to harmful
substances such as cigarette smoke.
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