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Maternal Smoking during Pregnancy and Regional Brain Volumes in
Preterm Infants
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Objective To evaluate the association between maternal smoking during pregnancy and both brain volumes and
head circumference in very-low-birth-weight/very-low-gestational-age infants.

Study design The PIPARI Study is a prospective follow-up study of infants with a birth weight =1500 g or a ges-
tational age <32 weeks born in 2001 to 2006 (n = 232) at Turku University Hospital. The brain was imaged by serial
brain ultrasound examinations until discharge and magnetic resonance imaging at term age. The head circumfer-
ence was measured at birth, term, and 2 years corrected age. These measures were correlated to maternal smoking
during pregnancy as reported by the mothers.

Results The prevalence of maternal smoking was 18%. The frontal lobe (P = .01) and the cerebellar (P = .03) vol-
umes were significantly smaller in the exposed than in the unexposed infants. The volumes of the other parts of the
brain did not differ. There was no association between prenatal smoking exposure and head growth or structural
brain disease.

Conclusions Prenatal smoking exposure was associated with significantly smaller frontal lobe and cerebellar vol-
umes in the brains of preterm infants. This is consistent with reports showing an association between prenatal
smoking exposure and impairments in frontal lobe and cerebellar functions such as emotion, impulse control,
and attention. (J Pediatr 2010;156:185-90).

See editorial, p 175

moking during pregnancy affects the growing fetus in a number of ways. Women who smoke during pregnancy are

more prone to prenatal complications,' including prematurity,” than nonsmokers. Smoking during pregnancy also

causes intrauterine growth restriction.*® The fetal lungs also mature faster if exposed to smoking, but prenatal smoking
may also contribute to impaired pulmonary function and increased respiratory illnesses later on.”* Newborns may have with-
drawal symptoms after birth if they have been exposed to heavy smoking.’

Animal studies have shown that nicotine has a modifying and damaging effect on brain development. Nicotine modu-
lates the development of axons and synapses of the neural cell,'” which may subsequently affect the development of the brain.'*
The maturation process of white matter is a prerequisite for normal neurologic development.'> The effects of the other poten-
tially toxic ingredients of tobacco smoke on the development of the fetal brain are less well known. Although fetal growth during
pregnancy may be impaired because of maternal smoking, there are no solid data on its influence on the growing human fetal
brain. There is evidence of increased serious long-term behavioral consequences for the offspring of smokers during pregnancy.
Conditions that have behavioral manifestations such as attention-deficit hyperactivity disorder (ADHD) and neuropsycholog-
ical deficits may be related to an impaired development of the brain. The effects on the individual trajectories may be robust, but
the mediating factors are largely unknown. Recent evidence implies that prenatal exposure to maternal smoking modulates the
development of the white matter microstructure in, for example, the frontal cor-
tical regions and their respective neurocognitive functions.'®

The aim of this study was to evaluate the association between smoking during
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This study is a part of the multidisciplinary PIPARI Study
(The Development and Functioning of Very Low Birth
Weight Infants). The PIPARI Study consists of VLBW/
VLGA infants born in 2001 through 2006 at Turku University
Hospital. Inclusion criteria included birth weight = 1500 g in
a preterm infant (born below 37 gestational weeks) from
2001 to the end of 2003. From the beginning of year 2004
the inclusion criteria were expanded to include all infants be-
low the gestational age of 32 weeks at birth even if the birth
weight exceeded 1500 g. In addition, at least 1 of the parents
had to speak Finnish or Swedish. A total of 293 VLBW/VLGA
infants were born, and 40 (13.7%) of them died before
discharge. Six infants were excluded because the language
criteria were not fulfilled. Two hundred forty-seven infants
were invited into the study. Eleven families refused to partic-
ipate, and 4 infants moved outside the catchment area of
the hospital. Altogether 232 (93.9%) eligible preterm infants
participated in the study. Written consent was obtained from
all parents. The PIPARI Study protocol was approved by the
Ethics Review Committee of the Hospital District of the
South-West Finland.

The background information and the information about
smoking and alcohol consumption of the mothers during
pregnancy were collected from maternal antenatal follow-
up and hospital records. The question of maternal smoking
is part of neonatal follow-up. It is recorded and reported na-
tionally along with other prenatal data. In addition, before
discharge, the mothers completed a questionnaire about their
prenatal smoking, use of alcohol, and use of illicit drugs.
Neonatal inflammatory diseases including chronic lung dis-
ease, necrotizing enterocolitis, and septicemia, were defined
according to the Vermont Oxford Network definitions."”

Head Circumference and Brain Imaging

Head circumference was measured by use of tape-measure-
ment of the maximal occipitofrontal circumference at birth,
at term, and at 2 years of age corrected for prematurity. Serial
brain ultrasound examinations were performed by the at-
tending neonatologist, trained to do brain ultrasound exam-
inations, in the neonatal intensive care unit at 3 to 5 days, at 7
to 10 days, at 1 month of age, and then monthly until dis-
charge from the hospital.

Magnetic resonance imaging (MRI) was performed at
term of corrected age. The imaging took place during post-
prandial sleep without pharmacologic sedation or anesthesia.
The MRI equipment was either an open 0.23 Tesla Outlook
GP (Philips Medical Inc., Vantaa, Finland) for the first 126
investigations or 1.5 Tesla Philips Gyroscan Intera (Philips
Medical Systems, Best, The Netherlands) for the remaining
106 infants. A total of 209 of 232 magnetic resonance inves-
tigations were successfully performed. For volume measure-
ments, at 0.23 T we obtained a T;-weighted field echo
sequence with a time repetition of 30 msec, a time echo of
10 msec, a flip angle of 45 degrees, a slice thickness of
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5 mm, a field of view of 220 x 220 mm?, and a matrix of
256 x 256 was obtained in the coronal plane. At 1.5 T we
obtained a coronal T;-weighted inversion recovery sequence
with a time repetition of 3500 msec, a time echo of 400 msec,
a time inversion of 15 msec, a flip angle of 90 degrees, a slice
thickness of 4.8 mm, a field of view of 180 x 180 mm?, and
amatrix of 256 x 256. The sequences were optimized relative
to the field strength of the equipment used.

The postacquisition volume measurements were
performed on a GE workstation (GE AW1.0, GE Medical
Imaging Systems, Milwaukee, Wisconsin). The coronal T;-
weighted images were loaded into Functool 1.0 post-process-
ing software (GE Medical Systems). Volume measurement
was manually performed separating cerebrospinal fluid and
the skull from brain tissue. Anatomic differentiation of the
brain areas was based on both the anatomic landmarks and
on signal intensity differences of the brain structures. In ad-
dition to the total brain volume (total brain volume exclud-
ing ventricle volumes), the regional brain volumes measured
were the cerebral volume, the cerebellar volume, the frontal
lobe volume, the combined volume of the medulla oblongata
and the pons, and the combined volume of the basal ganglia
and the thalami. The cerebellar volume included the cerebel-
lar hemispheres, the vermis, and the cerebellar pedunculi.
The frontal volume included the frontal lobes anterior to
the central sulcus, excluding basal ganglia and lateral ventri-
cles. The pons and medulla oblongata area were delineated
together, with the upper border being the lower border of
the mesencephalon and the lower border being the junction
between the medulla oblongata and the cervical spinal cord.
The basal ganglia and thalami were measured as a block, and
the anatomic border between these basal grey matter nuclei
and unmyelinated deep white matter on both field strength
images was easily delineated by visual inspection. The medial
border of the basal ganglia and the thalami was formed by the
third ventricle, the lateral border was formed by the external
capsule, and the inferior border was formed by the upper
border of the mesencephalon. The classification of intraven-
tricular hemorrhage (IVH) was done as described by Papile
et al.'® Structural brain disease was categorized into normal,
minor, and major pathology group (definitive brain pathol-
ogy) according to the most pathologic brain finding either
with ultrasonography or MRI."

The brain volume measurements of all the infants in this
study were performed by 1 neuroradiologist (R.P.) blinded
to the clinical data. The reproducibility of the brain volume
measurements was assessed by repeated brain volume mea-
surement of 20 infants, performed by another neuroradiolo-
gist who was blinded to the clinical data and the results of the
first volume measurement. The intraclass correlation coeffi-
cients (ICC [2,1])%° were calculated to describe the reliability
of the brain volume measurements. The ICC ranged from
0.93 to 0.99, except for the volume of brainstem for which
the ICC was 0.78. The ICC was 0.95 for the volume of the cer-
ebellum and 0.99 for the frontal lobe. In addition, we calcu-
lated the ICC of the volume of the frontal lobe and the
cerebellum separately for the 0.23 T and 1.5 T MRI
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equipment. The ICC of the volume of the frontal lobe was
0.96 with the 0.23 T MRI equipment and 1.00 with the 1.5
T MRI equipment. The ICC of the volume of the cerebellum
was 0.94 and 0.95, respectively.

Statistical Analysis

The confounding factors were considered to be the infant’s
gestational age at birth, the weight SD at birth, sex, patent
ductus arteriosus, IVH, combined chronic lung disease, nec-
rotizing enterocolitis, and septicemia as neonatal inflamma-
tory disease, MRI equipment, and the mother’s alcohol
consumption during pregnancy. IVH was categorized as
mild (including grades I and II) to severe (including grades
IIT and IV). The volumes of ventricles and brainstem were
log transformed before data analysis because they were posi-
tively skewed.

The independent samples t test was used to compare brain
volumes between the infants unexposed or exposed to prenatal
smoking. Subsequently, analysis of covariance was used to fur-
ther study associations between smoking and brain volumes
controlling for confounding factors. Associations between
brain volumes and number of cigarettes smoked were studied
by use of regression analysis. A mixed-model repeated mea-
sures analysis with an unstructured covariance matrix was
used to study associations between the head circumference
and predictor variables. In the first model, the independent
variables were age, smoking, and interaction between age
and smoking. Then, the second model was estimated in which
the confounding variables were added to the first model.
The effect of maternal smoking on the brain pathology of
the infants (normal/minor/major) was analyzed with the
Mantel-Haenszel x* test. The data analysis was performed
with SAS (version 9.1; SAS Institute, Cary, North Carolina).
A P value of <.05 was considered statistically significant.

A total of 42 (18.1%) mothers of 232 smoked during preg-
nancy. Of these mothers, 38 (90.5%) reported the number
of smoked cigarettes per day (Table I). The median was 10
cigarettes smoked per day.

The frontal lobe volumes were significantly smaller in the
VLBW/VLGA infants exposed to prenatal smoking than in
the VLBW/VLGA infants whose mothers did not smoke dur-
ing pregnancy (P = .03; Table II). The difference remained
significant after adjusting for confounding factors
(P = .01). The cerebellar volumes were significantly smaller
after adjusting for confounding factors (P = .03). The vol-
umes of the total brain tissue, the cerebrum, the ventricles,
the brainstem and the combined volume of basal ganglia
and thalami did not differ between the 2 groups. There was
no significant dose relationship between the number of ciga-
rettes smoked and the brain volumes.

A subgroup analysis of infants below 32 gestational weeks
did not affect the main results. In a subgroup analysis of in-
fants with a birth weight at or below 1500 g, the frontal lobe
volume remained significantly smaller in infants exposed to
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Table I. Background factors in infants exposed and
unexposed to prenatal smoking

Exposed Unexposed P
Characteristics (n=42) (n=190) value

Sex

Male 28 (66.7) 103 (54.2)

Female 14 (33.3) 87 (45.8) 14
Gestational age, wk x/7 d

Mean (SD) 291/7(26/7) 290/7 (25/7)

Min, Max 240/7,361/7 230/7,356/7 .86
SD of weight at birth*

Mean -1.43 (1.61) -1.40 (1.50)

Min, Max -4.70, 2.00 -4.90, 3.40 91
Cigarettes per day'

0 0(.0) 190 (100.0)

1-10 25 (65.8) 0(.0)

11-20 8(21.1) 0(.0)

>20 5(13.2) 0(.0) .01
Neonatal inflammatory disease’

No 32 (76.2) 129 (68.3)

Yes 10 (23.8) 60 (31.7) .31
PDAT

No 37 (88.1) 162 (87.1)

Yes 5(11.9) 24 (12.9) 86
IVH®

No 30 (71.4) 147 (78.2)

Mild 9(21.4) 28 (14.9)

Severe 3(7.1) 13 (6.9) .57
MRI equipment

0.23 Tesla 22 (52.4) 103 (54.2)

1.5 Tesla 20 (47.6) 87 (45.8) .83
Mother’s alcohol use

No 35 (83.3) 179 (94.2)

Yes 7 (16.7) 11 (5.8) .03
Mother’s illicit drug use

No 40 (95.2) 189 (99.5)

Yes 2(4.8) 1(.5) .08 )

\

PDA, Patent ductus arteriosus; NEC, necrotizing enterocolitis; CLD, chronic lung disease.
Values are numbers (percentages) unless stated otherwise

*Standard deviation of birth weight from the mean according to Finnish growth charts.
tMissing information for 4.

tNeonatal inflammatory diseases including septicemia, NEC, and CLD. Missing information for
1.

§Missing information for 2.

prenatal smoking, but the cerebellar volumes were not statis-
tically significantly different between the exposed and unex-
posed infants (P = .06). There was no association found
between maternal smoking and structural brain disease
(P=.75) nor between maternal smoking and head circumfer-
ence at any of the age points in VLBW/VLGA infants after ad-
justing for confounding factors (P = .12; Table III).

We have shown that the frontal lobe and cerebellar volume of
the brain were significantly smaller in preterm VLBW/VLGA
infants who were exposed to prenatal smoking than in unex-
posed infants when confounding factors were considered.
Prenatal smoking exposure was not associated with structural
brain disease or early head growth.

Prenatal nicotine exposure evokes postnatal central nervous
system cell loss, and the frontal lobe and the cerebellum seem to
be vulnerable. Among human beings, the pathomechanisms of
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Table II. Prenatal exposure to smoking and regional brain volumes at term
Exposed (n = 38) Unexposed (n = 171) Pvalue in univariate P value in multivariate
Mean (SD) Min, max Mean, (SD) Min, max analysis analysis*
Cerebrum (mL) 361.7 (47.2) 271.0, 464.9 367.6 (48.3) 233.0, 479.8 .50 13
Frontal lobe (mL) 117.9 (18.9) 85.0, 160.0 127.3 (24.7) 67.0, 194.1 .03 .01
Basal ganglia and thalami (mL) 24.4 (3.8) 17.1,33.9 953 (4.9) 13.0, 42.8 26 a7
Cerebellum (mL) 23 1(5.3) 9.0, 34.0 24 5 (5.0) 57,37.8 12 03
Brainstem (mL) 02.2) 3.9,12.1 426 25,14.9 59 63
Total brain volume (mL) (ventricles 390 8 (51.3) 289.0, 498.9 4 (51.2) 254.0, 514.9 M .09
excluded)
Ventricles (mL) 170(352)  3.0,2229 141 (145  2.3,1383 7 78
\ J

*Adjusted for infant’s gestational age at birth, the weight SD at birth, sex, patent ductus arteriosus, IVH, neonatal inflammatory diseases, MRI equipment, and mother’s alcohol consumption during

pregnancy

the effects of maternal smoking are not yet well known. On the
basis of rat models, Trauth et al*' suggested that one mecha-
nism could be overexpression of c-Fos in the forebrain, the
cerebellum, and the brainstem after prenatal nicotine exposure.
C-Fos is a nuclear transcription factor that is involved in cell
differentiation and cell death. Interestingly, Chen et al*
showed that nicotine-exposed rats have a lighter forebrain,
but there was no association between nicotine exposure and
the weight of the other parts of the brain. Orbitofrontal, middle
frontal, and parahippocampal cortexes were reported to be
thinner in children aged from 12 to 18 years who were exposed
to prenatal smoking.”> Furthermore, in a group of long-term
adult smokers, magnitude oflifetime smoking exposure was as-
sociated with reduced cerebellar, frontal, and temporal lobe
volumes.** Altogether, the available literature suggests that
the frontal lobe and cerebellum are the most vulnerable brain
regions for nicotine, and their volume loss is a sensitive indica-
tor for a prolonged prenatal exposure.

ADHD has been shown to relate to decreased brain vol-
ume, especially the total cerebellar volume after adjusting
for the total brain volume.”” Reduced brain volumes have
also been shown in the frontal region,”®*” in children aged
from 5 to 18 years with ADHD compared with healthy age-
and sex-matched children. The cerebellar vermal volume
has also been associated with ADHD.*® Middleton and
Strick® indicate that the cerebellum influences the frontal
region via the thalamus in primates, and it involves many as-
pects of cognitive behavior. In adults with ADHD compared
with healthy adults, there were brain activation deficits and
connectivity changes in prefrontal and cerebellar regions dur-
ing cognitive processing.’® In addition, children with ADHD
showed delayed cortical maturation, especially in the frontal

ingly, Cao et al ** showed in a functional MRI study that
the frontal, parietal, and putamen regions displayed less
activation in children with ADHD aged from 11 to 16 years
compared with the control children. Furthermore, prenatal
smoking exposure has been connected with an increased
risk of ADHD in children.”>® Our results, showing smaller
frontal lobe and cerebellar volumes of the brain in preterm in-
fants exposed to prenatal smoking, suggest that reduction of
the frontal and cerebellar brain tissue could be the mechanism
connecting prenatal smoking to later risk for ADHD. There
are also other behavioral disorders, such as impairments
of impulse and emotion control connected to the frontal
lobe dysfunction® that might be related to prenatal smoking
exposure.

Our study has several strengths. The study population con-
sisted of a regional cohort of preterm VLBW/VLGA infants
and the recruitment and follow-up percentage was high.
We could perform detailed MRI analysis, including brain
volumes. In addition, a wide range of different confounding
factors is a significant strength of our study. Alcohol as a con-
founding factor is important because alcohol exposure dur-
ing pregnancy leads to smaller head circumference and
reduced brain volumes, for example, total parenchymal and
hippocampal volume in offspring.”>*’

There were also limitations to our study. There might be
background factors associated with smoking that were not
asked or gathered. Maternal smoking history was based on
self-reporting, which is known to give an underestimation of
the true amount of smoking.*>*! In this study, samples for ob-
jective analyses of nicotine metabolites were not collected.
However, the rate of smoking (18%) in our study was at the
same level as the prevalence of smoking during pregnancy in

region compared with healthy control subjects.’’ Interest-  the whole country (15%).** These results may not be applicable
e 1

Table III. Prenatal exposure to smoking and head circumference at birth, at term, and at 2 years CA

Exposed Unexposed
Age No. Mean (SD), cm Min, max, cm No. Mean (SD), cm Min, max, cm Unadjusted P value Adjusted P value*

At birth 42 26.3 (2.8) 20.7,31.1 190 26.5 (2.6) 20.0, 32.0

At term 42 34.3(1.9) 29.5,37.5 188 34.6 (1.6) 29.0, 39.5 .25 10

At 2 years of CA 38 48.4 (2.1) 42.0, 53.1 185 48.9(1.7) 44.3,53.8
\ v

CA, Corrected age.

*Adjusted for infant’s gestational age at birth, the weight SD at birth, sex, patent ductus arteriosus, IVH, neonatal inflammatory diseases, and mother’s alcohol consumption during pregnancy.
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to full-term infants because our study was focused on preterm
infants. Full-term infants may be even more vulnerable to pre-
natal exposure to smoking because they have been exposed to
smoking for a longer period of time during pregnancy. This
is supported by the findings showing smaller head circumfer-
ence in exposed full-term infants,”>*> which was not seen in
our preterm cohort. This suggests that full-term infants may
have more global brain volume reduction after prolonged pre-
natal smoking exposure.

There were only 5 infants whose mothers smoked more
than 20 cigarettes per day. The small number of heavy
smokers may explain the lack of dose relationship in this
study. It is of interest that even with a relatively low average
amount of smoking, we found a significant correlation be-
tween prenatal smoking and the frontal lobe and cerebellar
volumes of the brain.

In spite of growing awareness of the deleterious fetal effects
of smoking, smoking during pregnancy has remained com-
mon.** Therefore it is an important challenge for antenatal
care to recognize smoking mothers and to encourage smok-
ing cessation. Nicotine replacement therapy has been both
advocated and criticized during pregnancy.**

In the future, the relationship between smoking during
pregnancy and brain volumes should also be studied in
full-term infants. It would be especially interesting to study
the executive functions of the brain by use of functional
MRI in prenatally exposed and unexposed infants. The re-
duced frontal lobe and the cerebellar volumes also give a rea-
son to suggest that later psychiatric disorders might be more
common in exposed individuals.

In conclusion, prenatal exposure to maternal smoking as-
sociates to the frontal lobe and cerebellar volumes in prema-
turely born infants. This may partly explain the association
between prenatal smoking exposure and the increased risk
for ADHD and other behavioral problems.>*>*® m

Submitted for publication Feb 26, 2009; last revision received Jul 9, 2009;
accepted Jul 28, 2009.

Reprint requests: Mikael Ekblad, BM, Department of Pediatrics, Turku
University Hospital, Kiinamyllynkatu 4-8, 20520 Turku, Finland. E-mail:
moekbl@utu.fi.

References

1. Raatikainen K, Huurinainen P, Heinonen S. Smoking in early gestation
or through pregnancy: a decision crucial to pregnancy outcome. Prev
Med 2007;44:59-63.

2. Fantuzzi G, Aggazzotti G, Righi E, Facchinetti F, Bertucci E, Kanitz S,
et al. Preterm delivery and exposure to active and passive smoking dur-
ing pregnancy: a case-control study from Italy. Paediatr Perinat Epide-
miol 2007;21:194-200.

3. Windham GC, Hopkins B, Fenster L, Swan SH. Prenatal active or passive
tobacco smoke exposure and the risk of preterm delivery or low birth
weight. Epidemiology 2000;11:427-33.

4. JaddoeV, Verburg B, de Ridder M, Hofman A, Mackenbach J, Moll H, et al.
Maternal smoking and fetal growth characteristics in different periods of
pregnancy: the generation R study. Am J Epidimiol 2007;165:1207-15.

5. Kanellopoulos T, Varvarigou A, Karatza A, Beratis N. Course of growth
during the first 6 years in children exposed in utero to tobacco smoke.
Eur J Pediatr 2007;166:685-92.

Maternal Smoking during Pregnancy and Regional Brain Volumes in Preterm Infants

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

ORIGINAL ARTICLES

. Karatza A, Varvarigou A, Beratis N. Growth up to 2 years in relationship

to maternal smoking during pregnancy. Clin Pediatr 2003;42:533-41.

. Gilliland FD, Berhane K, McConnell R, Gauderman W, Vora H,

Rappaport E, et al. Maternal smoking during pregnancy, environmental
tobacco smoke exposure and childhood lung function. Thorax 2000;55:
271-6.

. Lieberman E, Torday J, Barbieri R, Cohen A, Van Vunakis H, Weiss ST.

Association of intrauterine cigarette smoke exposure with indices of fetal
lung maturation. Obstet Gynecol 1992;79:564-70.

. Godding V, Bonnier C, Fiasse L, Michel M, Lonqueville E, Lebecque P,

et al. Does in utero exposure to heavy maternal smoking induce nicotine
withdrawal symptoms in neonates? Pediatr Res 2004;55:645-51.
Button T, Maughan B, McGuffin P. The relationship of maternal smok-
ing to psychological problems in the offspring. Early Hum Dev 2007;83:
727-32.

Navarro H, Seidler F, Eylers J, Baker F, Dobbins S, Lappi S, et al. Effects
of prenatal nicotine exposure on development of central and peripheral
cholinergic neurotransmitter systems. Evidence for cholinergic trophic
influences in developing brain. ] Pharmacol Exp Ther 1989;251:894-900.
Shea A, Steiner M. Cigarette smoking during pregnancy. Nicotine Tob
Res 2008;10:267-78.

Huang LZ, Abbott LC, Winzer-Serhan UH. Effects of chronic neonatal
nicotine exposure on nicotinic acetylcholine receptor binding, cell death
and morphology in hippocampus and cerebellum. Neuroscience 2007;
146:1854-68.

Role L, Berg D. Nicotinic receptors in the development and modulation
of CNS synapses. Neuron 1996;16:1077-85.

Barnea-Goraly N, Menon V, Eckert M, Tamm L, Bammer R,
Karchemskiy A, et al. White matter development during childhood
and adolescence: a cross-sectional diffusion tensor imaging study. Cereb
Cortex 2005;15:1848-54.

Jacobsen LK, Picciotto MR, Heath CJ, Frost SJ, Tsou KA, Dwan RA, et al.
Prenatal and Adolescent Exposure to Tobacco Smoke Modulates the De-
velopment of White Matter Microstructure. ] Neurosci 2007;27:13491-8.
Vermont Oxford Network Database. Manual of Operations for Infants Born
in 2006. Release 10.0. Burlington, VT: Vermont Oxford Network; 2005.
Papile L-A, Burstein J, Burstein R, Koffler H. Incidence and evolution of
subependymal and intraventricular hemorrhage: a study of infants with
birth weight less than 1500 gm. J Pediatr 1978;92:529-34.

Rademaker KJ, Uitewaal CS, Beek FJ, van Haastert IC, Lieftink AF,
Groenendaal F, et al. Neonatal cranial ultrasound versus MRI and neuro-
developmental outcome at school age in children born preterm. Arhc
Dis Child Fetal Neonatal Ed 2005;90:F489-549.

Shrout PE, Fleiss JL. Intraclass correlations: uses in assessing rater reli-
ability. Psychol Bull 1979;86:420-8.

Trauth JA, Seidler FJ, McCook EC, Slotkin TA. Persistent c-fos induction
by nicotine in developing rat brain regions: interaction with hypoxia. Pe-
diatr Res 1999;45:38-45.

Chen WJ, Parnell SE, West JR. Neonatal alcohol and nicotine exposure
limits brain growth and depletes cerebellar Purkinje cells. Alcohol 1998;
15:33-41.

Toro R, Leonard G, Lerner JV, Lerner RM, Perron M, Pike GB, et al. Pre-
natal exposure to maternal cigarette smoking and the adolescent cerebral
cortex. Neuropsychopharmacology 2008;33:1019-27.

Gallinat J, Meisenzahl E, Jacobsen LK, Kalus P, Bierbrauer J, Kienast T,
et al. Smoking and structural brain deficits: a volumetric MR investiga-
tion. Eur J Neurosci 2006;24:1744-50.

Castellanos F, Lee P, Sharp W, Jeffries NO, Greenstein DK, Clasen LS,
et al. Developmental trajectories of brain volume abnormalities in chil-
dren and adolescents with attention-deficit/hyperactivity disorder.
JAMA 2002;288:1740-8.

Filipek PA, Semrud-Clikeman M, Steingard RJ, Renshaw PF,
Kennedy DN, Biederman J. Volumetric MRI analysis comparing subjects
having attention-deficit hyperactivity disorder with normal controls.
Neurology 1997;48:589-601.

Sowell ER, Thompson PM, Welcome SE, Henkenius AL, Toga AW,
Peterson BS. Cortical abnormalities in children and adolescents with at-
tention-deficit hyperactivity disorder. Lancet 2003;362:1699-707.

189


mailto:moekbl@utu.fi

THE JOURNAL OF PEDIATRICS « www.jpeds.com

28.

29.

30.

31.

32.

33.

34.

35.

36.

190

Rapoport JL, Castellanos FX, Gogate N, Janson K, Kohler S, Nelson P.
Imaging normal and abnormal brain development: new perspectives
for child psychiatry. Aust N Z J Psychiatry 2001;35:272-81.

Middleton FA, Strick PL. Cerebellar projections to the prefrontal cortex
of the primate. ] Neurosci 2001;21:700-12.

Wolf RC, Plichta MM, Sambataro F, Fallgatter AJ, Jacob C, Lesch KP, et al.
Regional brain activation changes and abnormal functional connectivity
of the ventrolateral prefrontal cortex during working memory processing
in adults with attention-deficit/hyperactivity disorder. Hum Brain Mapp
2009;30:2252-66.

Shaw P, Eckstrand K, Sharp W, Blumenthal J, Lerch JP, Greenstein D,
et al. Attention-deficit/hyperactivity disorder is characterized by a delay
in cortical maturation. PNAS 2007;104:19649-54.

Cao Q, Zang Y, Zhu C, Cao X, Sun L, Zhou X, Wang Y. Alerting deficits
in children with attention deficit/hyperactivity disorder: Event-related
fMRI evidence. Brain Res 2008;1219:159-68.

Markussen Linnet K, Obel C, Bonde E, Hove Thomsen P, Secher N,
Wisborg K, et al. Cigarette smoking during pregnancy and hyperac-
tive-distractible preschoolers: a follow-up study. Acta Paediatr 2006;
95:694-700.

Neuman R]J, Lobos E, Reich W, Henderson CA, Sun LW, Todd RD. Pre-
natal smoking exposure and dopaminergic genotypes interact to cause
a severe ADHD subtype. Biol Psychiatry 2007;61:1320-8.

Obel C, Linnet KM, Henriksen TB, Rodriques A, Jirvelin M, Kotimaa A,
et al. Smoking during pregnancy and hyperactivity-inattention in the
offspring—comparing results from three Nordic cohorts. Int ] Epidemiol
2009;38:698-705.

Orlebeke JF, Knol DL, Verhulst FC. Increase in child behavior problems
resulting from maternal smoking during pregnancy. Arch Environ
Health 1997;52:317-21.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Vol. 156, No. 2

Boes AD, Bechara A, Tranel D, Anderson SW, Richman L, Nopoulos P.
Right ventromedial prefrontal cortex: a neuroanatomical correlate of
impulse control in boys. Soc Cogn Affect Neurosci 2009;4:1-9.

Rivkin M, Davis P, Lemaster J, Cabral HJ, Warfield SK, Mulkern RV,
et al. Volumetric MRI study of brain in children with intrauterine expo-
sure to cocaine, alcohol, tobacco, and marijuana. Pediatrics 2008;121:
741-50.

Willoughby KA, Sheard ED, Nash K, Rovet J. Effects of prenatal smok-
ing exposure on hippocampal volume, verbal learning, and verbal and
spatial recall in the late childhood. J Int Neuropsychol Soc 2008;14:
1022-33.

Ford RP, Tappin DM, Schluter PJ, Wild CJ. Smoking during pregnancy:
how reliable are maternal self-reports in New-Zealand? ] Epidemiol
Community Health 1997;51:246-51.

Walsh RA, Redman S, Adamson L. The accuracy of self-report of smok-
ing status in pregnant woman. Addict Behav 1996;21:675-9.

National Research and Development Centre for Welfare and Health
Web site. http://www.stakes.fi/tilastot/tilastotiedotteet/2008/Tt10_08.pdf.
Accessed July 28, 2008.

Roza SJ, Verburg BO, Jaddoe VW. Effects of maternal smoking in preg-
nancy on prenatal brain development. The Generation R Study. Eur J
Neurosci 2007;25:611-7.

Pauly JR, Slotkin TA. Maternal tobacco smoking, nicotine replacement
and neurobehavioural development. Acta Paediatr 2008;97:1331-7.
Linnet K, Wisborg K, Obel C, Secher NJ, Thomsen PH, Agerbo E, et al.
Smoking during pregnancy and the risk for hyperkinetic disorder in off-
spring. Pediatrics 2005;116:462-7.

Thapar A, Fowler T, Rice F, Scourfield J, van den Bree M, Thomas H,
et al. Maternal smoking during pregnancy and attention deficit hyperac-
tivity disorder symptoms in offspring. Am J Psychiatry 2003;160:1985-9.

Ekblad et al


http://www.stakes.fi/tilastot/tilastotiedotteet/2008/Tt10_08.pdf

February 2010

Additional members of the PIPARI Study Group include:
Satu Ekblad, RN, Eeva Ekholm, MD, Mira Huhtala, MD,
Pentti Kero, MD, Riikka Korja, Psych.lic, Harry Kujari,
MD, Marika Leppinen, BM, Hanna Manninen, MD, Jaakko
Matomiki, MSc, Jonna Maunu, MD, Petriina Munck, MA,
Pekka Niemi, PhD, Pertti Palo, MD, Jorma Piha, MD,
Annika Lind, MA, Liisi Rautava, MD, Paivi Rautava, MD,
Milla Reiman, MD, Hellevi Rikalainen, MD, Katriina
Saarinen, Physiotherapist, Elina Savonlahti, MD, Matti
Sillanpad, MD, Suvi Stolt, PhD, Piivi Tuomikoski-Koiranen,
RN, Anniina Viliaho, MA, and Tuula Adrimaa, MD.

Maternal Smoking during Pregnancy and Regional Brain Volumes in Preterm Infants

ORIGINAL ARTICLES

190.e1



	Maternal Smoking during Pregnancy and Regional Brain Volumes in Preterm Infants
	Methods
	Head Circumference and Brain Imaging
	Statistical Analysis

	Results
	Discussion
	References
	Appendix


