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Abstract This study examined whether children exposed
to prenatal smoking show deficits in “hot” and/or “cool”
executive functioning (EF). Hot EF is involved in regula-
tion of affect and motivation, whereas cool EF is involved
in handling abstract, decontextualized problems. Forty 7 to
9-year-old children (15 exposed to prenatal smoking, 25
non-exposed) performed two computerized tasks. The
Sustained Attention Dots (SA-Dots) Task (as a measure of
“cool” inhibitory control) requires 400 non-dominant hand
and 200 dominant hand responses. Inhibitory control of the
prepotent response is required for dominant hand responses.
The Delay Frustration Task (DeFT) (as a measure of “hot”
inhibitory control) consists of 55 simple maths exercises.
On a number of trials delays are introduced before the next
question appears on the screen. The extent of response-
button pressing during delays indicates frustration-induced
inhibitory control. Prenatally exposed children showed
poorer inhibitory control in the DeFT than non-exposed
children. A dose-response relationship was also observed.
In addition, prenatally exposed children had significantly
higher (dose-dependent) conduct problem- and hyperactivity-
inattention scores. There were no significant group differ-
ences in inhibitory control scores from the SA-Dots. These
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results indicate that children exposed to prenatal smoking are
at higher risk of hot but not cool executive function deficits.
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Introduction

Prenatal tobacco exposure has consistently been associated
with children’s externalizing behavior (e.g. Button et al.
2005; Huijbregts et al. 2007, in press; Kotimaa et al. 2003;
Mick et al. 2002; Wakschlag et al. 2006). In contrast,
studies into associations between prenatal tobacco exposure
and children’s cognitive functioning show very mixed
results (e.g. Batstra et al. 2003; Fried et al. 1998, 2003
versus Breslau et al. 2005; Huijbregts et al. 2006; Trasti
et al. 1999). This is surprising because externalizing
behavior problems often co-occur with cognitive difficulties.

Cognition in ADHD, ODD/CD, and ADHD+ODD/CD

Cognition has been widely studied in ADHD (for reviews,
see Barkley 1997; Castellanos et al. 2006; Sergeant et al.
2003; Wilcutt et al. 2005). This research has shown, among
others, problems with inhibitory control, working memory,
vigilance, reward sensitivity (delay aversion), and time
processing and currently focuses on different cognitive
endophenotypes of ADHD (i.e. biologically based pheno-
types that carry genetic loadings and index liability to
disease; see Castellanos and Tannock 2002). Oppositional
Defiant Disorder (ODD), Conduct Disorder (CD) and high
levels of physical aggression have also been associated with
cognitive difficulties such as language-based verbal skills
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and executive function (EF) (Henry and Moffitt 1997; Hill
2002; Séguin et al. 1999). Controversy still exists about
whether verbal and, particularly, EF deficits are present in
ODD/CD without comorbid ADHD (Pennington and
Ozonoff 1996). Since Pennington and Ozonoff’s review on
EF in different forms of developmental psychopathology, an
increasing number of studies have taken into account the
high comorbidity of ODD/CD and ADHD. This has resulted
in reports of both qualitative and quantitative differences in
EF-dysfunction between disorders. For example, Van
Goozen and colleagues (2004) reported the absence of
problems with Working Memory (WM) and planning in a
group of children with Oppositional Defiant Disorder
(ODD) and a group with combined ODD/ADHD compared
to healthy controls. Both are executive functions that have
frequently been reported to be deficient in ADHD. Oosterlaan
etal. (2005) compared ADHD, ODD/CD, and ADHD+ODD/
CD groups and found that WM and planning deficits were
specific to ADHD (and explained by ADHD in the combined
disorder). Distinguishing ADHD and ODD/CD is more
difficult when it concerns inhibitory control (Oosterlaan
et al. 1998). Inhibition has been defined and operationalized
in a number of different ways, e.g. as stopping an ongoing
response, interference control and inhibition of prepotent
responses (Barkley 1997), and studies have generally not
included tasks measuring such different forms of inhibition.
Furthermore, inhibition has been listed as one of the
executive functions (e.g. Pennington and Ozonoff 1996),
but has also been described as an important cognitive ability
underlying many different executive functions (Zelazo et al.
1997). Lack of inhibitory control has been proposed as the
central deficit in both ADHD (Barkley 1997) and ODD/CD/
physical aggression (e.g. Lau et al. 1995), but is not
necessarily similarly dysfunctional in both types of disorders.
Nigg (2003) has suggested that ADHD is predominantly
associated with dysfunctional executive inhibition, whereas
conduct problems are predominantly associated with dys-
functional motivational inhibition. Nonetheless, a ‘motiva-
tional’ pathway (or endophenotype) to cognitive deficits (e.g.
altered reward sensitivity) in ADHD has also been identified
(Solanto et al. 2001; Sonuga-Barke 2002). ODD/CD and
ADHD may be distinguished more easily on other aspects of
emotional or social information processing. As a starting
point it may therefore be good to use a theoretical framework
that, in addition to motivation, accommodates more different
aspects of emotional or social information processing. Such a
model has been proposed by Zelazo and Miiller (2002).

Hot and Cool Aspects of Executive Functioning
Zelazo and Miiller (2002) made a distinction between the

‘cool’ aspects of EF more associated with dorsolateral
regions of the prefrontal cortex (PFC) and the ‘hot’ aspects
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more associated with ventral and medial regions. Cool EF
is elicited by abstract, decontextualized problems, whereas
hot EF is elicited by problems that involve the regulation of
affect and motivation (i.e., the regulation of basic limbic
system functions). Neuro-anatomical evidence for a dis-
tinction between hot and cool executive functions stems
from research into risky (‘hot’) decision making versus
ambiguous (‘cool’) decision making (Krain et al. 2006). The
authors performed a meta-analysis of studies measuring
brain activity during risky decision making (involving low
probabilities of high rewards and high probabilities of low
rewards) and/or ambiguous decision making (where the
probability of a specific outcome is unknown or close to
chance and choices do not differ in reward value), and found
that there were significant differences between risky and
ambiguous decision-making in regions of the orbitofrontal
cortex (OFC: more activity in risky than in ambiguous
decision-making), dorsolateral prefrontal cortex (DLPFC:
more activity in ambiguous than in risky decision making)
and anterior cingulate cortex (ACC: more activity in
ambiguous decision-making than in risky decision-making
in caudal regions, and more activity in risky than in
ambiguous decision-making in rostral regions).

Zelazo and Miiller use a problem-solving framework to
discuss EF. Each stage of problem-solving (problem
representation, planning, execution, and evaluation) is
subserved by EF, which can take both hot and cool forms.
They provide examples of each for every problem solving
stage. For example, for the problem representation stage
cool EF could be measured by asking participants to re-
represent test items in different ways (but not act upon the
re-representation). Hot measures of problem representation
would include most tests of Theory of Mind, where
participants are required to represent something (e.g. feel-
ings, intentions) from multiple points of view. For the
planning stage, tower tasks that require children to describe
their plans without actually executing them are put forward
as an example of ‘cool’ EF, whilst strategic deception,
where participants are shown two pre-formulated plans, one
deceptive and one not, and are asked to select the one that
would trick the other person, was offered as an example of
‘hot” EF. In the execution stage, card sorting (i.e. select
according to two different rules/principles) was given as an
example of cool EF, and delay of gratification as an
example of hot EF (e.g. choosing between a small reward
immediately or a larger reward later (prudence) or between
a reward for self now or a reward for self and other later
(altruism)). Finally, in the evaluation phase error detection
and error correction in the context of monitoring progress
toward a goal are provided as examples of cool EF and
error detection and correction in the context of extinction as
examples of hot EF (i.e. after a certain amount of
responding, it can be shown that the reward supply has
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been exhausted, a motivational input that might lead to
response extinction). In the problem-solving framework
inhibitory control is considered to underlie EF in all
information processing stages and consequently has its hot
and cool variants as well. Thus, when inhibitory control
involves emotion, affect, and/or motivation, it may be
classified as a hot EF, whereas inhibitory control could be
classified as cool EF when it is required in an “abstract” or
“neutral” context.

Neurobiology of Prenatal Tobacco Exposure
and Externalizing Behavior

There is increasing evidence that maternal prenatal smoking
is more strongly associated with ODD/CD and with the co-
occurrence of ODD/CD and ADHD than with ADHD alone
(Huijbregts et al. 2007; Nigg and Breslau 2007; Wakschlag
et al. 2006). This evidence alone might be enough to
suggest that children prenatally exposed to tobacco might
specifically show cognitive dysfunction when emotion is
involved, specifically when tasks involve inhibition. Fur-
ther indirect support for such a hypothesis comes from
neurobiological evidence showing similar or closely related
effects on the central and peripheral nervous system
associated with prenatal smoking and with antisocial/
disruptive behavior. Antisocial and disruptive behaviors
have convincingly been associated with changes in the
functioning of the autonomic nervous system (ANS) and the
hypothalamic—pituitary—adrenal (HPA) axis. Both have very
important roles in stress regulation. ANS-functioning is
generally measured by (changes in) heart rate (HR), which
reflects sympathetic and parasympathetic nervous system
activity, and (changes in) skin conductance (SC), which
reflects only sympathetic nervous system activity. HPA-
functioning is generally measured by (changes in) the
adrenal stress hormone cortisol. Resting HR, basal SC and
basal cortisol levels were all shown to be lower in children
with disruptive behavior disorders. In addition, reduced SC
reactivity and blunted or absent cortisol responses to stress
have consistently been reported (for reviews, see Ortiz and
Raine 2004; Van Goozen et al. 2007). These findings have
lead to the fearlessness theory of antisocial behavior (Raine
1993), which claims that low levels of arousal are markers
of low levels of fear and the stimulation-seeking theory
(Zuckerman 1979), which claims that low arousal repre-
sents an aversive physiological state and that individuals
with tonically low arousal seek out stimulation to raise their
arousal to optimal or normal level.

Antisocial/disruptive behavior has also been associated
with neurotransmitter abnormalities, for example with
impairments in the serotonergic (5-HT) system. The 5-HT
system interacts with the HPA-system at several levels. For
example, activation of (postsynaptic) 5-HT receptors in the

hypothalamus stimulates HPA axis activity and causes
elevation in cortisol, while a disruption of 5-HT neurotrans-
mission by tryptophan depletion lowers HPA axis functioning
(blunts cortisol-elevating effect of stressor). Glucocorticoids
also modulate 5-HT receptor binding/sensitivity (see Van
Goozen et al. 2007). Importantly, the ANS/HPA abnormalities
in children with conduct problems have not been replicated in
children with ADHD only (Herpertz et al. 2001; Snoek et al.
2004; Waschbusch 2002).

Animal studies investigating the consequences of prenatal
nicotine exposure have shown an upregulation of nicotinic
cholinergic receptor binding sites as well as persistent
deficits in cerebrocortical choline acetyltransferase activity
and hemicholium-3 binding to the presynaptic choline
transporter, which is indicative of cholinergic hypoactivity
(Seidler et al. 1992; Slotkin et al. 2006). These studies also
show changes in noradrenergic responsiveness following
prenatal nicotine exposure. The most important neurotrans-
mitters of the ANS are acetylocholine (parasympathetic) and
norepinephrine (sympathetic). In line with the chronic
underarousal theories of antisocial/disruptive behavior, it
may be hypothesized that, without continued nicotine
exposure, the increased number of cholinergic receptor
binding sites will be understimulated, possibly resulting in
stimulation-seeking and fearlessness. Furthermore, abnor-
malities in serotonergic neuromodulation following prenatal
nicotine exposure have been indicated (suppression of the
5HT 5 receptor subtype and upregulation of SHT, receptor
subtype) (Seidler et al. 1992; Slotkin et al. 2006). We had
already stressed the interactions between SHT and HPA-
functioning. The commonalities in the neurobiology of
antisocial/disruptive behavior and the neurobiology of
prenatal smoking are striking. Moreover, factors affecting
the same neurobiological system are more likely to reinforce
each other’s impact (Moffitt et al. 2005). A number of
studies have already reported abnormalities in ANS/HPA-
functioning and levels of arousal in children of mothers who
smoked during pregnancy (Browne et al. 2000; Horne et al.
2004; McDonald et al. 2006; Ramsay et al. 1996).

The Present Study

Taken together, the strong associations between prenatal
smoking and offspring conduct problems, the specific
affect-mediated (‘hot”) cognitive deficits supposedly asso-
ciated with conduct problems, and the common neurobiol-
ogy of prenatal nicotine exposure and conduct problems
that particularly affects behavior and cognition under
stressful conditions (i.e. behavior and cognition that is
affect-mediated or ‘hot’), suggest that it would be useful to
investigate aspects of hot cognition in children exposed to
prenatal smoking (see also Raine 2002). Studies into
associations between prenatal tobacco exposure and cogni-
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tion have generally focused on academic achievement or
rather broad cognitive constructs such as intelligence,
verbal ability and executive functions (e.g. Batstra et al.
2003; Breslau et al. 2005; Huijbregts et al. 2006; Trasti
et al. 1999), and have not yet used a distinction between hot
and cool aspects of cognition. There are many possible
causes for the inconsistent results which will be discussed
later, but in the present study we will contrast hot and cool
aspects of cognition, more specifically hot and cool forms
of inhibitory control because a lack thereof has been
hypothesized to be central to the behavior problems
displayed by children of mothers who smoked during
pregnancy. It is expected that children of mothers who
smoked will particularly display problems with hot inhib-
itory control. Since a number of shared neural structures
and neuromodulatory mechanisms are involved in cool and
hot EF it cannot be ruled out that children prenatally
exposed to nicotine will also have problems with cool
inhibitory control but it may be hypothesized that these, if
present, will be of a less serious nature.

Method
Participants

Forty children (16 boys, 24 girls; all of Caucasian ethnicity)
attending two primary schools in Southampton (UK)
participated in the study: 25 children from mothers who
had not smoked during pregnancy (9 boys, 16 girls), 15
from mothers who had smoked during pregnancy (7 boys,
8 girls). Of these mothers, 6 smoked 1-9 cigarettes/day and
9 smoked > 10 cigarettes/day (prenatal smoking was
established through self-report by the mothers; although
there is a risk for a social desirability bias, several studies
have indicated a relatively strong association between
retrospective self-report and blood/urine cotinine-levels
(i.e. the main nicotine metabolite), e.g. Law et al. 2003;
Pickett et al. 2005). Mean age of the participants was 7.98
(range 7.0-9.0, SD=0.68). Informed consent was obtained
from all children and their parents/caretakers and from the
school boards. The study was approved by the University
of Southampton—School of Psychology Ethics Committee.

Tasks and Measures

Sustained Attention Dots Task

The Sustained Attention Dots task (SA-Dots, De Sonneville
1999) is a computerized task consisting of 600 presenta-

tions of 3-, 4-, and 5-dot patterns (random configurations).
The 3, 4, or 5 dots are cach presented 200 times.
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Participants use both hands for responding. They must
press the mouse key of the non-dominant hand (the ‘no-
key’) when 3 or 5 dots appear on the screen and the mouse
key of the dominant hand (the ‘yes-key’) when 4 dots
appear. A response has to be given between 250 and
6,000 ms after a signal. The fixed post-response interval is
250 ms. The program provides auditory feedback after an
error. Since a response with the non-dominant hand is
required twice as often as a response with the dominant
hand, a response with the non-dominant hand becomes the
prepotent response. Thus, inhibitory control is required
when four dots appear. The less participants are capable
of inhibiting biased response tendencies, the more misses
(i.e. pressing the ‘no-key’ when four dots appear) they
will produce relative to false alarms (i.e. pressing the
‘yes-key’ when three or five dots appear). The Bias score
is the difference between number of misses and the mean
of the number of false alarms when three dots appeared
and when five dots appeared (see Huijbregts et al.
2002a). A second measure used to assess the quality of
inhibitory control is post-error slowing. Post-error slowing
is usually considered a strategic adjustment based on
performance monitoring (Klein et al. 2007; Wiersema
et al. 2007). In order to be able to slow down after an error
inhibitory control is required. In order to control for
general response speed, the difference between mean RT
of correct responses after errors and overall mean RT of
correct responses was selected as measure for post-error
slowing (RTae).

Delay Frustration Task

The Delay Frustration Task (DeFT, Bitsakou et al. 2006) is a
task where participants are presented with a series of simple
maths questions (only additions in the children’s version)
on a computer screen. Four possible solutions are displayed
on the screen together with each question. Participants are
asked to select the correct answer by pressing one of four
buttons on a response box. The next question is presented
as soon as a response has been recorded. However, on 16
out of 55 trials access to the next trial is delayed. On 8 out
of the 16 trails in the post-response delay condition, a short
delay (2—10 s) occurs, whilst on the remaining eight trials a
delay of 20 s occurs. During the 20 s delay periods, the
number (NP) and duration (TP) of responses made on a
response key are recorded. These measures and their
product (NP*TP) index delay frustration. In the instruc-
tion, participants are told that the computer shows signs
of malfunctioning and that if the computer appears to not
register their response, they should just wait until the
next trial appears and do not have to respond again. It is
considered to be indicative of inhibitory control if partici-
pants refrain from constantly pressing response box buttons
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during the delay periods. Practice sessions preceded both the
SA-dots- and the DeFT test sessions, which were held in
separate quiet rooms in both schools. Total test time per child
was approximately 30 min (approximately 15 min for each
task).

Strengths and Difficulties Questionnaire (SDQ)

The parent—teacher rated SDQ (Goodman 1997) is a short
behavioral screening questionnaire of children aged 4 to
16 years, which can be completed within approximately
5 min. For the present study, teacher ratings were obtained,
which correlate highly with parent ratings (Goodman
1997). The SDQ consists of 25 items comprising five
different subscales (five items each): emotional problems,
conduct problems, hyperactivity/inattention, peer relation-
ship problems, and prosocial behavior. The validity of this
five-factor structure has been confirmed in large population
samples (e.g. Goodman 2001). Each item is scored on a
three-point scale: ‘not true’, ‘somewhat true’, or ‘certainly
true’. ‘Somewhat true’ is always scored as 1, with the
scoring of ‘not true’ and ‘certainly true’ varying with each
item, being equal to either 0 or 2. A higher score indicates
greater problems except for prosocial behavior, where a
higher score indicates more positive behavior. A total
difficulties score (range 0—40) is obtained by summing the
scores of the emotional problems-, conduct problems-,
hyperactivity/inattention-, and peer relationship problems
subscales. Of specific interest for the present study are the
Conduct Problems (CP) scale, which has the following
items: (1) often has temper tantrums or hot tempers; (2)
generally obedient, usually does what adults request; (3)
often fights with other children or bullies them; (4) often
lies or cheats; and (5) steals from home, school, or
elsewhere, and the Hyperactivity/Inattention (HI) scale,
containing the following items: (1) restless, overactive,
cannot stay still for long; (2) constantly fidgeting or
squirming; (3) easily distracted, concentration wanders;
(4) thinks things out before acting; and (5) sees tasks
through to the end, good attention span. Examples of items
from the other scales are: “Picked on or bullied by other
children” (peer relationship problems); “Many worries,
often seems worried” (emotional problems); and “Helpful
if someone is hurt, upset or feeling ilI”” (prosocial behavior).
The SDQ has good reliability, whether it concerns
internal consistency of the items (mean Cronbach’s
a=0.73), cross-informant correlations or test-retest reli-
ability, and good criterion validity, whether it concerns its
predictiveness of diagnosed psychiatric disorders, (mental
health) service contact/use, or the association of its scores
with those on other behavioral screening questionnaires
(Bourdon et al. 2005; Goodman 2001; Goodman and Scott
1999).

Statistical Analysis
Main analyses

Because the number of children participating in this study
was not large and the scores on the SA-Dots Task, the
Delay Frustration Task, and the behavior scales of the
Strengths and Difficulties Questionnaire were not normally
distributed, we used nonparametric tests. Spearman rank
order correlations were used to test whether scores on the
Delay Frustration Task were related to scores on the SA-
Dots Task.

Mann—Whitney U tests were employed to compare
children of non-smokers and children of mothers who
smoked during pregnancy on cognitive and behavioral
(SDQ) measures. In order to test for dose-dependency
children of smoking mothers were further subdivided into
those whose mothers smoked between one and nine
cigarettes/day and those whose mothers smoked >10
cigarettes/day. These two groups were compared to each
other and to children of mothers who did not smoke using
Kruskal-Wallis H-tests.

Exploratory analyses

Our final analyses were hierarchical linear regression
analyses predicting those variables for which significant
group differences were observed in Mann—Whitney U tests
from prenatal smoking and the sum of SDQ Hyperactivity-
Inattention (HI) and Conduct Problems (CP) scores.
Maternal prenatal smoking was introduced in a first block
followed by CP+HI in a second block. These analyses
should be considered exploratory because the sample is too
small to reliably distinguish children with HI only or CP
only. In order to determine whether HI or CP is more
strongly associated with task performance than a combina-
tion of both of them, it would be necessary to have a HI
only and CP only group as well (see Huijbregts et al. 2007,
in press). Because the regression analyses are parametric
tests, dependent variable scores were square root trans-
formed in order to approach normal distributions. These
exploratory analyses were performed because the relation-
ship between prenatal smoking, externalizing behavior, and
task performance can only be fully explored when all three
variables are present in one analysis.

Results
Main analyses

Table 1 shows means (+SDs) of the smoking and non-
smoking groups for the subscales of the SDQ and for the
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Table 1 Mean scores (+SDs) for children with and without prenatal tobacco exposure on the strengths and difficulties questionnaire, the SA-dots

task and the delay frustration task

Group Number () SDQ SA-Dots Delay frustration task

CP HI RTae Bias NP TP NP*TP
Overall 40 0.68 (1.2) 2.8 (2.5) 477.2 (507.1) 9.0 (8.9) 0.40 (.44) 162.0 (145.5) 123.2 (185.9)
Not-Exposed 25 0.48 (1.2) 22(22) 473.6 (594.1) 9.0 (10.3) 0.29 (.40) 116.9 (123.3) 78.0 (139.5)
Exposed 15 1.0 (1.2) 3.9 (2.6) 483.6 (323.1) 9.1 (6.5) 0.57 (.46) 234.1 (153.0) 195.5 (229.6)

SDQ: Strengths and Difficulties Questionnaire, CP: Conduct Problems, HI: Hyperactivity-Inattention, SA-Dots: Sustained Attention-Dots; Bias
and RTae are the inhibitory control measures from the SA-Dots task: R7ae: RT correct after error — RT correct general; Bias: Number of errors on
4-dot presentations — mean number of errors on 3 and 5 dot presentations. NP, TP and NP*TP are the inhibitory control measures from the Delay
Frustration Task: NP: mean number of response button presses during 20-s delays. 7P: time response buttons were pressed during 20-s delays.

outcome measures of the SA-Dots and the DeFT. Scores on
the SA-Dots Task and the Delay Frustration Task did not
correlate significantly: Bias x NP: »=0.27, p=0.143; Bias x
TP: r=0.27, p=0.139; Bias x NP*TP: r=0.26, p=0.150;
RTae x NP: r=0.16, p=0.355; RTae x TP: r=0.13,
p=0.453; RTae x NP*TP: r=0.20, p=0.267. Despite the
fact that scores on all different subscales of the SDQ were
related to each other, only the scores on the hyperactivity-
inattention and conduct problems scales could be predicted
by maternal prenatal smoking, as shown by the outcomes of
a series of Mann—Whitney tests. Thus, prenatal smoking
did not predict the score on the emotional problems
scale: Mann—Whitney U=183.5, z=—0.46, p=0.647, the
peer relationships problem scale: Mann—Whitney
U=185.0, z=—0.44, p=0.661, or the prosocial behavior
scale: Mann—Whitney U=194, z=—0.17 p=0.865. In
contrast, children of mothers who had smoked during
pregnancy had more conduct problems (Mann—Whitney
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U=134.5, z=-2.1, p=0.038) and higher hyperactivity/
inattention (Mann—Whitney U=124.5, z=-2.0, p=0.041)
than children of mothers who had not smoked (mean ranks
for conduct problems: 25.7 for exposed children and 18.0
for non-exposed children; for hyperactivity-inattention:
25.1 for exposed children and 18.4 for non-exposed
children) (see also Fig. 1 for standardized CP and HI-
scores for non-exposed versus exposed children). Dose—
response relationships were observed when behavior of
non-exposed, moderately exposed and heavily exposed
offspring was compared with Kruskal-Wallis tests (con-
duct problems: mean ranks: 17.8, 22.4, and 26.8; x*(2)=
5.7, p=0.058; hyperactivity/inattention: mean ranks 17.8,
19.1, and 29.1; x*(2)=6.5, p=0.040) (Fig. 2).

With respect to task performance, children of mothers
who had smoked during pregnancy (mean rank=25.5)
showed a higher response frequency (number of button
presses: NP) during intervals in the Delay Frustration Task
than children of non-smokers (mean rank=16.5) [Mann—
Whitney U=97, z=-2.4, p=0.016]. They also showed a
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Fig. 2 Dose-dependency in associations between maternal prenatal
smoking and scores on the Delay Frustration Task and the Strengths
and Difficulties Questionnaire. DF-np (mean number of presses during
20 s intervals), DF-tp (duration of presses during 20 s intervals), and
DF-np*tp (product of DF-NP and DF-TP) are the inhibitory control
measures from the delay frustration task. SDQO-CP: Strengths and
Difficulties Questionnaire—Conduct Problems, SDQ-HI: Strengths and
Difficulties Questionnaire—Hyperactivity/Inattention
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longer response duration during intervals (time of button
pressing: TP) (mean rank=26.4) than children of non-
smokers (mean rank=16.0) [Mann—Whitney U=84,
z=—2.8, p=0.005] (Table 1; Fig. 1). A dose response
relation was shown by Kruskal-Wallis tests: NP: 0 cigs/
day: mean rank=16.5; 1-9 cigs/day: mean rank=23.0; >10
cigs/day: mean rank=27.2; x*(2)=6.2, p=0.044; TP: 0 cigs/
day: mean rank=16.0; 1-9 cigs/day: mean rank=23.2; =10
cigs/day: mean rank=28.6, y*(2)=8.5, p=0.014 (Fig. 2). For
frequency and duration combined (NP*TP), a Mann—Whitney
test also showed that children of smokers (mean rank=26.0)
showed less restraint during delays than children of non-
smokers (mean rank=16.3): U=90, z=-2.6, p=0.009. A
dose-response relationship, indicating less inhibitory control
during delays with an increase in prenatal smoking, was also
observed (mean ranks for children of non-smokers, moderate
smokers, and heavy smokers were 16.3, 22.8, and 28.1,
respectively): x*(2)=7.5, p=0.023 (Fig. 2).

There were no significant differences between exposed
and non-exposed offspring in inhibitory control scores from
the Sustained Attention Task: Bias: U=130.5, z=—1.1,
p=0.255; RTae: z=—0.03, p=0.988; Dose response: Bias:
x*(2)=3.1, p=0.209; RTae: x*(2)=1.4, p=0.502.

Exploratory analyses

An important question that remains is whether the levels of
CP and HI explain associations of prenatal smoking with
DeFT-performance. As expected HI and CP were signifi-
cantly related (Spearman’s tho=0.57, p<0.001). Because
not enough children with CP only or HI only could be
distinguished in our sample, the sum of the SDQ CP- and
HI-scores was used in subsequent regression analyses.

Hierarchical linear regression analyses introducing pre-
natal smoking in a first block and CP+HI in a second block
to predict DeFT-scores NP, TP and NP*TP showed
significant regression models for each of the DVs: NP:
F(2,32)=3.9, p=0.029; TP: F(2,32)=7.5, p=0.002; and
NP*TP: F(2,32)=3.8, p=0.039. In none of these models
prenatal smoking remained a significant predictor when
CP+HI was introduced: NP: 3=0.268 (p=0.122), a reduc-
tion from $=0.361 (»p=0.033) in the model without CP+HI;
TP: ($=0.294 (p=0.067), a reduction from [=0.427
(p=0.011); and NP*TP: [(3=0.264, a reduction from
£5=0.355 (p=0.036). In models with maternal prenatal
smoking, CP+HI most strongly predicted time/duration of
button pressing (TP): 5=0.393 (p=0.016).

Discussion

Children of mothers who smoked during pregnancy
exhibited problems with ‘hot’ inhibitory control, but not

with ‘cool’ inhibitory control. Furthermore, children of
mothers who smoked during pregnancy showed more
conduct problems and hyperactivity-inattention than non-
exposed children. The reliability of these effects was
supported by the fact that dose—response relationships were
also observed. The finding that problems particularly
appear when cognitive tasks involve the regulation of affect
is in line with the well-replicated association between
maternal prenatal smoking and behavior regulation prob-
lems. In addition, CP+HI could account for the effects of
prenatal smoking on DeFT-performance. These findings
further support the contention that children of mothers who
smoked during pregnancy specifically have problems when
cognitive task performance involves regulation of affect.
Our results indicate the importance of employing a
theoretical framework supported by neuro-anatomical and
neurobiological data when studying associations between
maternal prenatal smoking and children’s cognitive and
behavioral development.

Although the pattern of results confirmed expectations, it
was somewhat surprising that there were no group differences
at all for the cool inhibitory control measures, nor were there
significant correlations between SA-Dots inhibitory control
scores and DeFT inhibitory control scores. Some associations
were expected because hot and cool types of EF share
common neural structures and neuromodulatory mechanisms,
i.e. they are presumed to be part of an ‘interactive functional
system’ (cf. Hongwanishkul et al. 2005), which is in line with
the theory stating that cortical processes involving perception
and cognition provide representations of the physical and
social world to the sub-cortical motivational systems, whilst,
in turn, these representations are influenced by appetitive and
defensive needs (Derryberry and Rothbart 1997). We did not
find evidence supporting such an overlap between hot and
cool executive functions, but we cannot rule out that it would
become apparent when other measures of cool inhibitory
control are used.

Because cognition in children of mothers who smoked
during pregnancy has always been studied without a clear
theoretical framework, the employment of Zelazo and
Miiller’s model is only a first step towards elucidating the
cognitive profile of this population. Further explorations are
warranted based on other cognitive models for which clear
neuroanatomical evidence exists. It is possible that abnor-
malities in neuromodulation or neuroanatomical structures
supporting hot EF only affect the most demanding cool EF-
functions. The SA-Dots task in the present study had clear
inhibitory control demands, but only minimal working memory
or flexibility demands, which, particularly in combination with
inhibitory control, might represent the most demanding forms
of cool EF (e.g. Davidson et al. 2006; Huijbregts et al. 2002b).

Although the present study was the first to use the hot
versus cool distinction for examining EF in children whose
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mothers smoked during pregnancy, studies into ADHD and
studies into differences in EF between children with ODD/
CD and ADHD have employed the same or similar
distinctions earlier. In ADHD research significant empirical
support has been found for a distinction between delay
aversion (which can be considered a form of hot EF) and
executive inhibitory control (which can be considered a
form of cool EF) (e.g. Luman et al. 2005; Solanto et al.
2001, but see Geurts et al. 2006). Both characterize ADHD,
but not necessarily simultaneously. Castellanos et al. (2006)
formulated the interesting hypothesis that inattention
symptoms may be associated with deficits in cool EF,
whereas hyperactivity/impulsivity symptoms reflect hot EF
deficits. ADHD-research may however also have limited
the conception of hot versus cool EF because hot EF has
exclusively been studied in decision making paradigms,
mostly (variants of) the lTowa Gambling Task (Bechara et al.
1994). Hot decision-making paradigms are indeed those
that involve risks and rewards (Kerr and Zelazo 2004), but
the definition of hot EF suggests that the distinction is
applicable to most if not all executive functions.

This is important because, within the concept of hot EF,
further distinctions may be justified based on which aspect
of affect/emotion is involved in performance of a task. For
example, frustration and motivation (as measured by for
example decision making or varying reward paradigms)
are very different emotions with potentially different
effects on task performance and different neurobiological
correlates. Frustration is more closely related to stress,
which, like nicotine, affects ANS/HPA-functioning (stress:
Dickerson and Kemeny 2004; Van Goozen et al. 2000;
nicotine: Browne et al. 2000; Horne et al. 2004;
McDonald et al. 2006; Ramsay et al. 1996). Despite some
neuro-anatomical overlap between brain areas active
during stress and during motivationally driven situations
(e.g. orbitofrontal (OFC-) involvement: Hynes et al. 2006;
Rolls 2004), there is no clear-cut evidence for strong
ANS/HPA-involvement during decision making tasks (i.e.
tasks tapping into motivation). Thus, children of mothers
who smoked during pregnancy might particularly demon-
strate hot EF-deficits when stress or frustration are
involved, but no hot EF deficits when motivation (or
reward sensitivity) is involved.

Limitations and recommendations for further studies

Like prenatal smoking, deficient ANS/HPA-functioning is
also particularly associated with conduct problems and co-
occurring conduct problems and hyperactivity (Herpertz
et al. 2001; Waschbusch 2002). Unfortunately the number
of participants in the present study was too small to reliably
distinguish children with solely hyperactivity, solely con-
duct problems, and with co-occurring hyperactivity and
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conduct problems. Larger samples would also be required
to investigate whether children with conduct problems
present with different types of hot EF-deficits than children
with ADHD. The main problem of a small sample size is
that it limits the strength of confidence one can have in the
generalizability of findings to other samples. That is why
this study should be considered exploratory.

Furthermore, it would be desirable for future studies to
incorporate a number of control variables in the analysis of
hot versus cool executive functions in children of mothers
who smoked during pregnancy. There are many different
types of variables that could account for associations
between maternal prenatal smoking and hot EF-functioning.
One important candidate is parental education or 1Q, which
unlike potential confounders such as alcohol or drug use
during pregnancy, quality of parenting, family functioning,
family status, mother’s age when she had her first child and
parental psychopathology, explained associations between
maternal prenatal smoking and children’s cognitive outcome
measures in a number of studies (Breslau et al. 2005;
Huijbregts et al. 2006; Trasti et al. 1999). Moreover,
associations between maternal prenatal smoking and off-
spring cognition remained significant in studies where
parental education or IQ were not introduced as potential
confounders (e.g. Batstra et al. 2003). Despite the fact that
these studies investigated associations of prenatal smoking
with general cognitive outcome measures such as 1Q and
academic achievement, which have been reported to corre-
late significantly with measures of cool but not hot EF
(Hongwanishkul et al. 2005), and despite the fact that
participants in the present study were all from the same area
of Southampton which can be considered relatively uniform
regarding socio-economic status (family income, parental
education etc.), we have not included a direct control
measure for parental IQ or education and can therefore not
rule it out as a potentially significant confounder. Moreover,
confounders of the association between maternal prenatal
smoking and hot EF may be different from those that explain
associations between maternal prenatal smoking and cool EF.
Another limitation is that, even though our study revealed a
clear difference between results on the two inhibitory control
tasks, we did not collect children’s IQ—or academic
achievement measures ourselves. The interpretation of our
results would have been stronger if, like Hongwanishkul and
colleagues, we would have been able to show that such
measures were associated with our cool EF-measure, whilst
they would not have had a significant relation with our hot
EF-measure.

A final limitation we would like to address concerns the
validity of our claim that the Delay Frustration Task measures
hot inhibitory control whereas the SA-Dots task measures
cool inhibitory control. Whereas the SA-Dots task has been
used regularly before to measure inhibition of prepotent
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responding in different clinical populations characterized by
deficient inhibitory control (e.g. Huijbregts et al. 2002a;
Konrad et al. 2004; Slaats-Willemse et al. 2003), the Delay
Frustration Task was originally developed to measure delay
aversion (Bitsakou et al. 2006). In the dual pathway model
of ADHD, delay aversion is considered a largely autono-
mous construct (Sonuga-Barke 2002). The advantage of
considering this task a measure of delay aversion is that one
could then make a stronger case for it being a measure of “hot
EF”, as such tasks have been used to measure this construct
before. Still, the developers of this task recognize that it is likely
that the Delay Frustration Task measures inhibitory control (i.e.
participants have to stop a “prepotent” or “ongoing” response
during the delays) (Bitsakou et al. 2006). Although based on
Zelazo and Miiller’s theory DeFT should be regarded as a hot
EF task regardless of whether it is considered a delay aversion
or an inhibition task, it might be best for future studies to
select tasks which are completely similar apart from an
‘affect-’ (e.g. frustration) component in one version.

The important message of this study is that two forms of
EF can be distinguished which can be classified as hot and
cool EF, and that in children of mothers who smoked
during pregnancy a discrepancy can be observed between
these two. Children whose mothers smoked during preg-
nancy are particularly at an increased risk of demonstrating
(frustration-induced) hot EF-deficits. When these results are
confirmed in larger samples that take into account the many
potential confounders, intervention programs aimed at child
factors could incorporate the training of specific emotion
regulation skills in addition to the training of ‘cool’ EF-
skills. Ideally, at risk families are identified before or early
during pregnancy. Although prenatal smoking occurs in
approximately 25% of pregnant women in Western
countries (Breslau et al. 2005; Huijbregts et al. 2006), it
has been shown that a family history of antisocial behavior
in combination with prenatal smoking seriously compounds
the risk of offspring disruptive behavior (Huijbregts et al.
in press). Thus, like successful intervention programs aimed
at increasing the knowledge about health (including
smoking cessation) and care of mothers-to-be such as the
Nurse Home Visitation Program (Olds et al. 1999),
intervention programs aimed at improving child factors
such as their emotion regulation skills should probably be
provided to children with a combination of risk factors.
When it is confirmed that ANS/HPA abnormalities mediate
associations between prenatal smoking and children’s
disruptive behavior and hot EF, clinical implications might
also involve reinstating normal ANS/HPA axis functioning
pharmaceutically (Van Goozen et al. 2007), for example by
temporarily saturating glucocorticoid receptors. By restor-
ing stress response systems, emotion regulation and related
cognitive functioning could be improved, perhaps even
more strongly in disruptive children whose mothers smoked

during pregnancy than in disruptive children whose mothers
did not smoke during pregnancy.
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