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Abstract

Children prenatally exposed to tobacco have been found to exhibit increased rates of behavior
problems related to response inhibition deficits. The present study compared the brain function of
tobacco-exposed (n = 7) and unexposed (n = 11) 12-year-olds during a Go/No-Go response inhibition
task using an event-related functional MRI (fMRI) design. Prenatal alcohol exposure, neonatal
medical problems, environmental risk, 1Q, current environmental smoke exposure, and handedness
were statistically controlled. Tobacco-exposed children showed greater activation in arelatively large
and diverse set of regions, including left frontal, right occipital, and bilateral temporal, and parietal
regions. In contrast, unexposed but not exposed children showed activation in the cerebellum, which
prior research has indicated is important for attention and motor preparation. The diversity of regions
showing greater activation among tobacco-exposed children suggests that their brain function is
characterized by an inefficient recruitment of regions required for response inhibition.
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1. Introduction

The prevalence rate of women who smoke cigarettes during pregnancy in the United States
has decreased in recent years, yet 17% of mothers still report smoking while pregnant[66].
Subsequently, many children are exposed to nicotine, which is believed to be the main
neurobehavioral teratogen in tobacco. Prenatal nicotine exposure reduces cholinergic neural
transmission, elicits neural cell death, alters cell proliferation and differentiation, and damages
serotonergic projections in the cerebral cortex[63,76]. Children prenatally exposed to tobacco
exhibit more behavior problems than their unexposed peers, including attention-deficit
hyperactivity disorder (ADHD), antisocial behavior, and impulsive aggression[11,12,24,51,
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68,71]. Such behavior problems typically involve response inhibition deficits[4,44,58], which
tobacco exposed children have demonstrated[31,36]. The inability to withhold a preplanned
response may lead to greater distractibility and behavioral dyscontrol, negatively affecting
behavioral adjustment[67]. Thus, children prenatally exposed to tobacco may exhibit higher
rates of behavior problems due to response inhibition deficits.

The relations found between tobacco exposure and both brain development and behaviors
associated with poor response inhibition suggests that tobacco exposure may be associated
with differential brain function during response inhibition. Multiple brain regions, including
the anterior cingulate, posterior cingulate, medial frontal, inferior frontal, superior frontal,
superior parietal, superior temporal, and precentral gyrus appear to be important for response
inhibition, which is often assessed using a Go/No-Go task[7-9,15,19,28,29]. Some of these
brain regions, including the superior temporal gyri, appear to be affected by prenatal tobacco
exposure[38]. At present, it is unknown whether tobacco-exposed children exhibit distinct
patterns of brain function when attempting to inhibit a response.

Prenatal tobacco exposure tends to co-occur with other risk factors. For example, children
exposed to tobacco are more likely to also experience prenatal alcohol exposure, sub-optimal
neonatal health, low socioeconomic status, have lower 1Q scores, and to be exposed to postnatal
environmental tobacco smoke, each of which have been related to cognitive deficits in children
[1,23,27,54,72,75]. Furthermore, neonatal medical complications, environmental risk, and 1Q
have been related to somewhat distinct brain activation patterns in adolescents during cognitive
tasks[18]. Handedness also has been related to differences in brain function during imaging
tasks[42]. Collectively, prenatal alcohol exposure, environmental risk, 1Q, ETS, and
handedness need to be considered as covariates in examining the relation between prenatal
tobacco exposure and brain function. Early adolescence is a particularly important time to
examine these factors as the prefrontal cortex continues to develop[26], response inhibition
skills have not yet peaked[48], and some children begin to engage in increasingly risky
behaviors that may be associated with response inhibition deficits[6,53].

The purpose of the present study is to examine the brain function of tobacco-exposed vs.
unexposed children during a response inhibition (Go/No-Go) task. Brain function during
response inhibition can be assessed by contrasting activation in the brain during No-Go trials
with that during Go trials[59]. The development of functional MRI (fMRI) based on blood
oxygen level dependant (BOLD) imaging provides a methodology to non-invasively observe
differences in brain function during such a response inhibition task[2,59].

Specifically, we hypothesized that brain regions associated with response inhibition would
show differential activation between exposed and unexposed groups. The specific regions are
the anterior and posterior cingulate; medial, inferior, and superior frontal; superior parietal;
superior temporal; and precentral gyrus.

2. Methods
2.1 Participants

Eighteen 12-year-olds (M = 12.6 years, SD = 0.2), all African-American, were recruited from
an ongoing longitudinal study of prenatal substance exposure and were paid $40 in vouchers
for use at local stores for participation in this fMRI study. Seven children were prenatally
exposed to cigarettes (3 bays, 4 girls; PTE group) and 11 were unexposed (5 boys, 6 girls; NE
group). Participants were right handed with the exception of one left-handed participant in each
group. None were taking stimulant medication or were prenatally exposed to cocaine,
marijuana, opiates, or phencyclidine. Imaging was conducted at the Temple University
Hospital imaging center in Philadelphia.
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In the longitudinal study, participants were initially recruited at or prior to birth through
hospital-based prenatal clinics or newly delivered women at a university affiliated hospital in
Philadelphia. Prenatal cigarette exposure was assessed by maternal report at the time of birth,
which has been shown to be a valid measure of maternal smoking during pregnancy[16].
Cocaine, cannibinoids, opiates, and phencyclidine exposures were screened using meconium
assay and maternal report at birth. In addition, children were excluded from the longitudinal
study if they were born prior to 32 weeks of gestation, required special care or oxygen therapy
for more than 24 hours, exhibited congenital anomalies, or if their mothers were infected with
HIV.

Of 33 children and their parents approached about participating in the present study of tobacco
exposure, 26 agreed to participate. Eight children who agreed to participate were not included
in the imaging study, however, as one was excluded because of the presence of a metal plate
in his body, four were scheduled but did not keep their appointments, two became
uncomfortable upon seeing the MRI scanner and decided not to participate, and one fell asleep
during the task. Using a series of t-tests, no differences were found between children who
participated and those who did not in age, gender, prenatal cigarette exposure, prenatal alcohol
exposure, environmental risk, or 1Q (effect sizes ranged from d = 0.02 for 1Q to d = 0.74 for
neonatal health, with a median effect size of d = 0.38). We also examined whether participants
differed from the larger sample of subjects without cocaine exposure who were seen at the age
9year visit in the longitudinal study (i.e., when the 1Q assessment was most recently conducted)
and who did not participate in the present study. Many potential participants were not
approached because they either lived in a different city from where the imaging was being
conducted (Philadelphia), had prenatal cocaine exposure, or were not 12-years of age at the
time of imaging. Participants did not differ from the larger sample of non-participants
(excluding those with cocaine exposure from the comparison) on I1Q (t (93) = 0.47, p = .64),
prenatal tobacco exposure (t (94) = 0.08, p = .94), prenatal alcohol exposure (t (94) = 0.15, p
=.88), or gender (x2 (1) = 0.52, p = .47) (effect sizes ranged from d = 0.04 for alcohol exposure
to d = 0.24 for gender). They did, however, differ on environmental risk (t (93) =2.14,p <.
05; d = 0.57) and neonatal medical problems (t (90) = 3.73, p <.001; d = 0.99) as participants
had more environmental risk and neonatal medical problems. The study was approved by the
institutional review boards of the Drexel University College of Medicine and Temple
University School of Medicine. Parental consent and participant assent were obtained at the
time of the screening interview for the imaging study.

2.2 Measures of Covariates

2.2.1. Environmental risk—Several environmental risk variables were assessed by
maternal interview at the 4, 18, 54, 84, 102, and 120 month visits of the longitudinal study.
Each variable was standardized, reverse coded if necessary so that higher scores reflected
greater risk, and then converted into a composite T-score[5]. This score was based on the
following variables: maternal life stress (based on the Social Environment Inventory[56];
maternal social support network size (Norbeck Social Support Questionnaire[55]; humber of
regular caregivers (greater number = higher risk); regularity of child's schedule; stability of
child's surroundings (Family Chaos Scale; R. Seifer, personal communication); single parent
household (living alone with children = higher risk); maternal education; maternal race (non-
European American = higher risk); and public assistance status (public assistance as main
source of income = higher risk). The mean of the T-scores across each of the six visits was
used to estimate environmental risk throughout each adolescent's lifetime.

2.2.2. Handedness—The brief handedness inventory[21] contains 4-items assessing
whether participants usually use their right, left, or either hand when drawing, throwing a ball,
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erasing, and dealing cards. “Right hand” was assigned a score of 3, “either” a score of 2, and
“left hand” a score of 1.

2.2.3. Intelligence—The Stanford-Binet Intelligence Scale, Fourth edition (SB-1V[69]) was
administered at age 9-years. The subscales of Abstract/Visual Reasoning, Quantitative
Reasoning, Short-term Memory, and Verbal Reasoning were summed to produce a composite
1Q score.

2.2.4. Neonatal health problems—Prenatal and neonatal medical data were abstracted by
nurses from hospital records shortly after birth. They were used to complete a neonatal medical
risk scale consisting of 35 possible complications[35]. Variables included general factors (e.g.,
low birth weight, fetal anomalies, and feeding problems), respiratory complications (e.g.,
congenital pneumonia, apnea, and meconium aspiration syndrome), metabolic disorders (e.qg.,
failure to gain weight and hypoglycemia), cardiac problems (e.g., murmur and cardiac
anomalies), and CNS problems (e.g., CNS depression and seizures). The total neonatal health
problems score had a range from 0 to 13 in the present sample.

2.2.5. Prenatal tobacco and alcohol exposure—Substance use information was
obtained through a semi-structured interview conducted prenatally or in the mother's room on
the maternity ward postnatally. The interview contained questions about the frequency and
amount of cigarette and alcohol use, as well as use of cocaine, marijuana, opiates, phencyclidine
(PCP), tranquilizers, amphetamines, and barbiturates. Maternal report of the average number
of alcoholic beverages (i.e., 12 oz. beer, 5 0z. wine, or 1 shot of liquor) consumed throughout
pregnancy was used as the covariate for alcohol exposure. Regarding tobacco exposure,
children were assigned to the tobacco exposure group if their mothers reported any cigarette
smoking during the pregnancy.

2.2.6. Postnatal environmental tobacco smoke exposure—Environmental tobacco
smoke (ETS) exposure was assessed by a questionnaire give to participants and their mothers.
Participants and their mothers were independently asked ”About how many hours per week
usually are you around someone who a) smokes (cigarette, cigar, or pipe smoke) in your home?;
b) smokes in small spaces other than your home (for example, in a car)?; and ¢) smokes in
large indoor areas (such as a restaurant)? These items, adapted from Iribarren and colleagues
[37], were then categorized as follows to reduce skewness: (0 = 0 hours/week exposure; 1 =1
to 5 hours/week; 2 = 6 to 10 hours/week; 3 = 10 to 20 hours/week; 4 = more than 20 hours/
week). Adolescent and mother scores were averaged for analyses.

2.3 fMRI Recording Apparatus

Scanning was performed using a 1.5 Tesla General Electric Scanner with an echo gradient-EPI
sequence and an eight channel head coil. Participants were positioned supine on the gantry of
the scanner with the head midline in the coil. In addition to instructions to limit head motion,
foam pads within the head coil helped secure head fixation and prevent motion. Scanning began
with a standard spin echo T1-weighted sequence positioned parallel to the line of the anterior
and posterior commissures covering the whole brain. This yielded 24 axial slices of the brain
for analyses as the high resolution structural images. Imaging parameters were matrix size =
256*256; TR = 3000 ms; TE = 60 ms; FOV =22 cm; NEX = 1; slice thickness =5 mm, with
no skip. fMRI images were acquired using a T2*-weighted echo planar imaging (EPI) gradient
echo sequence (matrix size = 64*64; TR = 2000 ms; TE =50 ms; FOV = 22 cm; slice thickness
=5 mm, with no skip) covering the same brain regions and in the same plane as the T1-weighted
sequence. The Go/No-Go stimuli were presented using MRI compatible 3D video goggles
(Resonance Technologies, Inc.), which had 180,000-pixel resolution and a 30° field of view.
All stimuli were delivered using Neurobehavioral Systems Presentation software
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(www.neurobs.com). An MR compatible response keypad was used to measure the responses
participants made to the visual displays.

2.4 Design/Paradigm

Prior to entering the imager, children were told that they would be playing a game in which
they would see a series of letters on their goggle screen. Children were told to press the button
using their dominant hand for every letter except “V”, and that they were not to press the button
whenever a “V” appeared. Children then put on the goggles and entered the imager. Once
acclimated to the imager, children were asked to direct their gaze to the center of the field of
view for 20 practice trials. To establish a prepotent response, each of the 20 practice letters
was a letter other than “V”. Following the practice, participants viewed a cross hair on a white
background for 18 sec, followed by the 160 letters (41 “V”’s, 119 letters other than “V”; V's
were randomly interspersed among the other letters) that composed the Go/No-Go task. Letters
were individually presented for 1000 msec with a 1000 msec inter stimulus interval (IS1). Total
length of time for fMRI scanning was 5 min 38 sec.

2.5 Image Processing

The post-acquisition preprocessing and statistical analysis was performed using SPM2
(Statistical Parametric Mapping, Welcome Department of Cognitive Neurology, University
College of London, UK), run under the Matlab® environment (The Mathworks, Inc., Natick,
MA). Images were converted from DICOM format into ANALYZE (AnalyzeDirect, Inc.,
Lenexa, KY) format adopted in the SPM package. Slice timing correction was performed to
compensate for delays associated with acquisition time differences among slices during the
sequential imaging. A 3D automated image registration routine (six-parameter rigid body, sinc
interpolation; second order adjustment for movement) was applied to the volumes to realign
them with the first volume of the first series used as a spatial reference (i.e., immediately before
subjects viewed the cross-hair for 18 sec). The functional volumes collected at this time are
closest in sequence to the acquisition of the high resolution structural images. All functional
and anatomical volumes were then transformed into the standard anatomical space using the
T2 EPI template and the SPM normalization procedure[3,32]. This procedure uses a sinc
interpolation algorithm to account for brain size and position with a 12 parameter affine
transformation, followed by a series of non-linear basic function transformations seven, eight,
and seven nonlinear basis functions for the x, y, and z directions, respectively, with 12 nonlinear
iterations to correct for morphological differences between the template and given brain
volume. Next, all volumes underwent spatial smoothing by convolution with a Gaussian kernel
of 8 cubic mm full width at half maximum (FWHM), to increase the signal-to-noise ratio (SNR)
and account for residual intersession differences.

An event-related fMRI design was used. Individual subject-level statistical analyses were
performed using the general linear model in SPM2, restricting analyses to correct trials. The
two condition events and the baseline were modeled using a canonical hemodynamic response
function. Response inhibition effects were examined via linear contrasts to the parameter
estimates for the correct No-Go minus correct Go contrast, resulting in a contrast map for each
participant. Group-level random effects analysis for main effects was accomplished by entering
whole brain contrasts into multiple regressions with a constant statistical model.

Whole brain analysis on the BOLD signal assessed differences in activation between the
exposed and unexposed groups using regressors controlling for prenatal alcohol exposure,
neonatal health problems, environmental risk, 1Q scores, current environmental smoke
exposure, and handedness. A significant threshold based on spatial extent using a height of t
> 10 and cluster probability of an uncorrected p < 0.001 was applied to the effects of interest
and surviving voxels were retained for further analysis. Statistical parametric maps (SPM [1])
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are created for visual representation of the areas in the brain wherein statistically significant
differences between BOLD contrasts between two groups are presented and the regions are
tabulated. Specific areas of the brain were named using a Talairach atlas software
http://www.talairach.org/daemon.html, as well as expertise of a board certified
neuroradiologist (SHF).

A region of interest (ROI) analysis of the brain regions was performed on eight predetermined
regions identified in the literature as involved in response inhibition. These regions include the
anterior cingulate, posterior cingulate, superior frontal, inferior frontal, medial frontal,
prefrontal gyrus, superior temporal, & superior parietal. The BOLD activation in each of these
regions was masked using WFU PickAtlas software (The Functional MRI Laboratory, Wake
Forest University School of Medicine). The ROI analysis was conducted at the group level,
and not at the individual level. All of the interpretations were done after a random effects
analysis (RFX) of the group data. Cluster probability of an uncorrected value of p <0.001 was
applied to the regions of interest and the surviving voxels were retained for further analysis.
The volumes of these surviving clusters within the ROI's were calculated using MarsBar
software.

3.1 Covariates

As seen in Table 1, no significant differences were observed between the prenatal tobacco
exposed group (PTE) and the non-exposed group (NE) on the measures of prenatal alcohol
exposure, environmental risk, intelligence, neonatal health problems, handedness, or current
smoke exposure. Nonetheless, these variables were included as covariates in analyses of the
imaging data in the event that modest relations exist between these variables and brain function
during response inhibition that could not be detected with current statistical power.

3.2 Behavioral data

Tobacco-exposed children made 31% more commission errors than unexposed children,
responding when they should have inhibited a response (Mexposed = 8.14, SD = 2.3;
Munexposed = 6.20, SD = 5.0; Mann-Whitney U test, Z = 1.67, p = .05, 1-tailed). There were no
group differences in either omission errors (i.e., failing to respond when they should have;
Mexposed = 1.86, SD = 1.5; Mynexposed = 2.70, SD = 2.6; p > .10) or reaction time (Mexposed =
566.3 msec, SD = 52.5; Mynexposed = 992.9, SD =73.9; p >.10).

3.3 Whole brain and ROI data

The whole brain analysis indicated that exposed children had more regions showing activation
during response inhibition trials. Table 2 lists the brain regions and Figure 1 presents SPM
glass brain representations showing brain activations based on group analysis. Of interest to
the hypothesis that PTE affects response inhibition, while both groups showed activation in
the right middle and right superior frontal gyri, only the PTE group showed activation in the
left middle frontal, bilateral superior frontal, left middle temporal gyrus, and bilateral occipital
regions.

Table 3 presents significant (p <.001) activation differences between exposure groups from
the whole brain analysis. Consistent with findings from Table 2, exposed children showed
greater activation in left frontal (including the superior and middle frontal gyri), bilateral
temporal, bilateral parietal, and right occipital regions. In contrast, the unexposed children
showed greater activation only in lower brain regions, particularly in the culmen.
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The region of interest analysis was consistent with the whole brain analysis in finding that
exposed children had greater superior frontal, inferior frontal, and anterior cingulate activation
(see Table 4). Unexposed children did show greater activation in the medial frontal region and
somewhat greater activation in the superior parietal region. Finally, a similar number of voxels
was found to be activated for each group in the precentral gyrus and superior temporal regions,
while neither group showed activation in the posterior cingulate.

4. Discussion

The present study examined whether prenatal exposure to tobacco affects brain function in
children during a response inhibition task. Tobacco-exposed children made more commission
errors, consistent with prior studies indicating that tobacco-exposed children perform worse
on tasks involving response inhibition[31,36]. Tobacco exposure was also associated with a
different pattern of brain activation among children in early adolescence while controlling for
potential confounds. Specifically, tobacco-exposed children showed greater activation than
unexposed children in a relatively large and diverse set of regions. Left frontal, right occipital,
and bilateral temporal and parietal regions each showed greater activation among exposed than
unexposed children. In contrast, children who were not exposed to tobacco showed greater
activation than exposed children in only a few regions, primarily limited to medial regions of
the cerebellum and the occipital lobe.

Greater activation in these multiple brain regions suggests that tobacco-exposed children have
a less mature brain. Developmental neuroimaging studies indicate that with increased age
children exhibit enhanced activation in a relatively small, focused number of brain regions for
a given function, with decreased activation observed in other regions [28]. This pattern has
been observed for response inhibition during Go/No-Go tasks. Younger children, including
school-age children and preadolescents, have been found to exhibit greater activation in some
of the same regions in which exposed children showed greater activation in the present study,
specifically the superior [SFG] and middle frontal gyri [MFG][19,67]. By shifting to an
increasingly focal pattern of activation, the brain appears to be reorganizing itself to permit
more efficient processing[28]. Tobacco-exposed children showed a more diffuse activation
pattern during inhibition than did their unexposed peers in early adolescence. This diffuse
pattern indicates that the greater activation among exposed children was evident even when
their behavioral performance was the same as that of controls (i.e., when they correctly
inhibited their responses).

Examination of specific regions showed that both tobacco-exposed and unexposed children
activated areas associated with response inhibition, including the premotor cortex (BA 6)[50,
57]. However, exposed children showed greater activation than unexposed children in several
areas associated with response inhibition, including the SFG, fusiform gyrus, cuneus, and
precuneus [7,9,13,25,45,61]. ROI analysis also identified several regions in which exposed
children showed greater activation, including the SFG, inferior frontal gyrus, and anterior
cingulate. Similarly, the whole brain analysis found exposed children to exhibit greater
activation in the left fusiform gyrus, a region closely associated with visual processing and
letter identification [39,40], and in the superior parietal lobe, a region associated with visual
attention and attentional preparation[22].

In contrast, unexposed children showed greater activation primarily in the cerebellum, and
particularly in the culmen. Cerebellar hypofunction has been associated with attention
problems[17], raising the possibility that exposed children's attentional systems are challenged
when completing a relatively simple Go/NoGo task. Activation of the culmen, which has been
associated with motor response preparation and appears to be part of a circuit with premotor
regions such as the SMA, has been associated with a more consistent response time during a
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Go/No-Go task[60]. In contrast, a more variable response time has been associated with
activation of the SFG/MFG[60], consistent with our findings that tobacco-exposed children
showed greater activation in superior and middle frontal regions. The greater activation of the
SFG and MFG shown by the exposed group may indicate less efficient utilization of the
premotor regions necessary to guide response selection and therefore elicit recruitment of
higher-order prefrontal regions to guide basic motor response selection and inhibition[60].
Although there was not a significant group difference in response time in the present sample,
the activation patterns are consistent with such an interpretation by Simmonds and colleagues.
Tobacco exposed children also showed greater activation in the left superior parietal gyrus,
which along with the MFG is implicated in working memory maintenance[77], and the middle
temporal gyrus, which is associated with memory storage for rules[14]. The Go/No-Go task
requires both inhibitory control and working memory as subjects must remember the rule
dictating when to respond and when to refrain from responding while simultaneously encoding
each new stimulus.

Imaging studies of children with prenatal tobacco exposure are still rare at present. Prior
imaging research with tobacco-exposed children, however, has further implicated the MFG
and orbitofrontal gyrus, which includes regions of the SFG (e.g., BA 10), as being affected by
prenatal exposure. These regions, both of which showed greater activation among exposed
children in the present study, were found to be thinner among tobacco-exposed adolescents,
which may reflect a decrease in neuronal and glial growth.[70] A second imaging study also
found greater activation in the MFG as well as several other regions among tobacco exposed
children during an attention task, supporting the interpretation that exposed children exhibit a
less efficient brain[38].

Right hemispheric dominance has frequently been observed during response inhibition tasks
[13,34,41]. Tobacco-exposed children, however, exhibited greater activation in the left
hemisphere, and particularly in left prefrontal regions, than did controls. This suggests that
they have a more bilateral pattern of activation during response inhibition, and possibly use
their left hemisphere in a compensatory manner. The left PFC, for example, has been implicated
in behavioral correction following errors on a Go/No-Go task[33]; given that exposed children
made more commission errors, this raises the possibility that their greater levels of left PFC
activation were due to increased adjustment following error trials that preceded subsequent
correct trials. Again, this may be interpreted as evidence of a relatively immature brain as prior
research has found 9- to 12-year-old children to exhibit greater bilateral activation than adults
during a Go/No-Go task[7], suggesting that greater use of the left hemisphere (vs. right
hemispheric dominance) is associated with inefficient recruitment of brain regions during
response inhibition.

Further support for the interpretation that tobacco-exposed children exhibit a relatively
immature, inefficient brain when inhibiting a response comes from research on children with
ADHD. As noted above, findings on ADHD may be relevant to tobacco-exposed children given
their increased risk for ADHD symptoms[51,68]. Children with ADHD have been found to
have less white matter in their brains than their peers[44], suggestive of a less mature brain.
Early adolescents with a history of ADHD, which is posited to include response inhibition as
a core deficit[73], have been found to exhibit increased brain activation among a greater set of
brain structures, including prefrontal regions, than controls during response inhibition, similar
to exposed children in the present study[10,59]. Moreover, children with ADHD have been
found to exhibit greater activation in some of the same regions as those of tobacco-exposed
children in the present study (e.g., the MFG and the precuneus)[59], although this is not a
consistent finding[65]. Adolescents without ADHD also showed greater activation in a neural
network that included the lingual gyrus and cerebellum[59], consistent with unexposed
children in the present study. The similarity of findings between children with prenatal tobacco
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exposure and those with ADHD suggests that these two groups may exhibit common activation
patterns during response inhibition. The finding that children who were prenatally exposed to
tobacco and those with a history of ADHD both exhibit less cerebellar activation than controls
also raises the possibility that increased activation of frontopolar and other regions might
represent an adaptive mechanism to compensate for impairments in the cognitive processes
mediated by the cerebellum. The present findings also parallel those of young adults prenatally
exposed to marijuana who were found to exhibit increased activation in the prefrontal cortex
but decreased activation in the cerebellum during response inhibition[64], raising the
possibility that a similar mechanism is involved for tobacco and marijuana exposure.

Several possible mechanisms exist by which prenatal tobacco exposure may affect the
efficiency of brain function and, consequently, response inhibition. First, prenatal nicotine
exposure has been found to damage serotonergic projections in the cerebral cortex and striatum,
resulting in decreased neuronal activity[63,74]. Impaired serotonergic function has been
associated with impaired inhibitory control[20,47], raising the possibility that damage to the
serotonergic system may impair the brain's ability to inhibit responses. A second mechanism
concerns myelination, which enhances the speed of communication between nerve cells.
Prenatal nicotine exposure has been found to cause fetal hypoxia[62], which in turn is
associated with decreased myelination, both perinatally and during adolescence[43,52]. Given
that the extent of frontostriatal myelination is associated with more efficient performance
during response inhibition[46], it is possible that tobacco-exposed children perform less
efficiently because they possess fewer myelinated nerve fibers. Diffusion tensor imaging could
be used in future studies of exposed vs. unexposed children to directly test this hypothesis. In
addition to these potential mechanisms, prenatal nicotine exposure has been found to affect
many other aspects of neurodevelopment (e.g., damage to nicotinic acetylcholine receptors
that limits their ability to regulate neuronal migration; abnormalities in cell proliferation and
differentiation; enhanced presynaptic release of not only serotonin but also of acetylcholing,
dopamine, and noradrenaline[30]) that may also play a role in affecting response inhibition.

Several limitations of the present study deserve mention. First, observed differences could be
due to factors other than tobacco exposure. For example, a recent study found about half of the
association between prenatal smoking and child antisocial behavior to be attributable to
correlated genetic effects, as prenatal tobacco exposure may be a proxy for partly heritable
characteristics (e.g., maternal smoking and child antisocial behavior[49]). Second, the present
sample size did not permit examination of potential gender by tobacco exposure interactions,
or dose response effects. Third, the global pattern of differences observed were not all
consistent with regions hypothesized to be involved in response inhibition and thus need
replication. Fourth, participants did have more neonatal health problems and environmental
risk than non-participants, possibly limiting the generalizability of the present findings.

In summary, the present findings are the first to examine the relation between response
inhibition and brain function among children prenatally exposed to tobacco. While controlling
for a number of potential confounds, children prenatally exposed to tobacco showed increased
activation in a relatively large and diverse set of regions, including frontal, temporal, parietal,
and occipital regions, while showing less activation in the cerebellum. Longitudinal research
is needed to examine when such tobacco exposure effects emerge, whether these effects are
stable over time given developmental changes observed in brain function during response
inhibition tasks over adolescence[48], and whether these findings indicate only a delay in the
maturation of response inhibition among tobacco exposed children, or a more permanent effect
in their response inhibition proficiency.
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Controls vs. Exposed Exposed vs. Controls

Figure 1.

Results of fMRI whole brain group analysis overlayed onto anatomical images. Significant
activation differences are shown for the No-Go minus Go contrast (i.e., response inhibition).
The threshold is p <.001 with 10 or more contiguous voxels and a height threshold of T = 4.14.
Images are in radiological coordinates.
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Table 1
Means (and standard deviations) of covariates
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Tobacco-exposed Unexposed
(n=7) (n=11)
Environmental Risk 53.84 (10.0) 51.80 (5.4)
Environmental smoke exposure (current) 1.07 (1.2) 1.14 (1.3)
Handedness (I=left; 3=right) 2.68 (0.5) 2.71(0.6)
Intelligence 90.50 (20.5) 92.73 (11.3)
Neonatal Health Problems 1.80 (2.5) 0.89 (1.1)
Prenatal Alcohol Exposure 0.04 (0.1) 0.01 (0.0L
Prenatal Cigarette Exposure 4.18 (3.4) 0.00 (0.0)

*
Significant group difference at p < .05.
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Table 4
Region of interest analyses: Number of activated voxels by group during response inhibition
(i.e., correct No-Go minus correct Go trials)

Number of Activated Voxels

Region of Interest Unexposed Group Exposed Group
1. Anterior cingulate 0 16
2. Posterior cingulate 0 0
3. Superior frontal 246 756
4. Inferior frontal 0 28
5. Medial frontal 93 12
6. Precentral gyrus 17 19
7. Superior temporal 27 36
8. Superior parietal 25 11
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