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Smoking during Pregnancy Affects Speech-Processing Ability

in Newborn Infants

Alexandra P.F. Key,! Melissa Ferguson,? Dennis L. Molfese,? Kelley Peach,? Casey Lehman,? and Victoria J. Molfese*

TKennedy Center for Research on Human Development and Department of Hearing and Speech Sciences, Vanderbilt University,
Nashville, Tennessee, USA; 2Department of Psychological and Brain Sciences, University of Louisville, Louisville, Kentucky, USA; 3Birth
Defects Center, Department of Molecular, Cellular and Craniofacial Biology, University of Louisville, Louisville, Kentucky, USA; 4College

of Education and Human Development, University of Louisville, Louisville, Kentucky, USA

BACKGROUND: Tobacco smoking during pregnancy is known to adversely affect development of the
central nervous system in babies of smoking mothers by restricting utero—placental blood flow and
the amount of oxygen available to the fetus. Behavioral data associate maternal smoking with lower
verbal scores and poorer performance on specific language/auditory tests.

OBJECTIVES: In the current study we examined the effects of maternal smoking during pregnancy
on newborns’ speech processing ability as measured by event-related potentials (ERPs).

METHOD: High-density ERPs were recorded within 48 hr of birth in healthy newborn infants of
smoking (7 = 8) and nonsmoking (7 = 8) mothers. Participating infants were matched on sex, ges-
tational age, birth weight, Apgar scores, mother’s education, and family income. Smoking during
pregnancy was determined by parental self-report and medical records. ERPs were recorded in
response to six consonant—vowel syllables presented in random order with equal probability.

RESULTS: Brainwaves of babies of nonsmoking mothers were characterized by typical hemisphere
asymmetries, with larger amplitudes over the left hemisphere, especially over temporal regions.
Further, infants of nonsmokers discriminated among a greater number of syllables whereas the
newborns of smokers began the discrimination process at least 150 msec later and differentiated
among fewer stimuli.

CoNCLUSIONS: Our findings indicate that prenatal exposure to tobacco smoke in otherwise healthy
babies is linked with significant changes in brain physiology associated with basic perceptual skills
that could place the infant at risk for later developmental problems.

Key wORDS: ERP, evoked potentials, newborn, prenatal, smoking, speech. Environ Health Perspect
115:623-629 (2007). doi:10.1289/ehp.9521 available via hzzp://dx.doi.org/ [Online 28 November

2006]

Cigarettes are among the nonmedicinal drugs
used most widely during pregnancy (Fried
et al. 1997), especially in Western cultures
(Fried et al. 1997; Hardy and Mellits 1972;
Makin et al. 1991; Weitzman et al. 2002).
Although the general population of smokers
is declining, pregnant women show the slow-
est rate of decline (Fried 2002; McCartney
et al. 1994). Recent reports indicate that in
the United States alone, 18.5% of all women
smoke [Centers for Disease Control and
Prevention (CDC) 2005], whereas 11.4% of
women smoked during pregnancy (the rates
for individual states were as high as 26%;
CDC 2004).

Numerous studies report that maternal
cigarette smoking during pregnancy may have
a harmful effect on fetal development
(Hellstrom-Lindahl and Nordberg 2002;
Lassen and Oei 1998; McCartney et al. 1994;
Oliff and Gallardo 1999). Both carbon
monoxide and nicotine reduce the amount of
oxygen available to fetal tissue by restricting
the utero—placental blood flow (Naeye and
Peters 1984). This can have potential negative
effects on the central nervous system (Fried
2002) through cell damage and reduced cell
number caused by errors in cell development
(Roy and Sabherwal 1994) and a premature
change from replication to differentiation

(Slotkin 1998). These changes often occur at
thresholds below those necessary for growth
impairment and may not always manifest as
intrauterine growth retardation [Slotkin 1998;
see also Ernst et al. (2001) for review].
Nevertheless, low birth weight in newborns is
the most consistently reported consequence of
maternal smoking (Dejin-Karlsson et al. 1998;
Fried 2002; Hardy and Mellits 1972; Lassen
and Oei 1998).

Prenatal exposure to tobacco smoke is also
linked to various health, behavioral, and cog-
nitive impairments (see Weitzman et al. 2002
for review). Neonatal hyperactivity (greater
excitability, heightened tremors and startles) is
frequently noted among newborns prenatally
exposed to tobacco (Fried et al. 1987; Law
et al. 2003; Longo 1977). The American
Academy of Pediatrics Committee on
Environmental Health (1997) noted increased
incidents of asthma, respiratory infections,
and middle ear effusions. Recently, Wakschlag
and Hans (2002) reported lower sociability/
negative emotionality during infancy and
increased likelihood of conduct disorders dur-
ing childhood in boys but not girls born to
smoking mothers. Others observed higher fre-
quencies of behavioral problems such as dis-
ruptive behavior, conduct disorder, and
delinquency, including substance abuse, in
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both male and female children of smokers
(Brennan et al. 2002; Fergusson 1999;
Fergusson et al. 1993; Maughan et al. 2001;
Wakschlag et al. 1997). Kandel et al. (1994)
proposed that prenatal exposure to tobacco
smoke may affect children’s motivational sys-
tem. The link between in utero exposure to
smoking and attention deficit hyperactivity
disorder (ADHD) has been demonstrated
through meta-analyses of studies published
over a 30-year period (Linnet et al. 2003),
twin studies (Thapar et al. 2003), as well as
studies controlling for socioeconomic status
(SES) and pre- and perinatal complications
(Batstra et al. 2003a).

Effects of prenatal tobacco smoke expo-
sure on cognitive development in infants are
less well understood (Lassen and Oei 1998).
Some have suggested that maternal smoking
during pregnancy can lead to intellectual
delays, most likely caused by central nervous
system impairment (Olds et al. 1994), or can
negatively affect language ability through
underlying physiologic mechanisms (e.g.,
outer hair cells in the ear), thus leading to
poorer performance on language-related tasks
(McCartney et al. 1994). Indeed, one of the
most consistent neurobehavioral findings is
the association between maternal smoking
and children’s lower performance on arith-
metic and spelling tasks (Batstra et al. 2003a),
specific language and auditory tests (Makin
et al. 1991; McCartney et al. 1994; Naeye
and Peters 1984), reading and language per-
formance (Fried et al. 1997), and verbal
learning (Cornelius et al. 2001). Obel and
colleagues (1998) observed that smoking = 10
cigarettes/day during pregnancy was associ-
ated with greatly reduced babbling behavior
in infants and almost doubled the risk of the
infant not becoming a babbler by 8 months
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of age. This risk was even higher among chil-
dren who were breast-fed for < 4 months
(Obel et al. 1998). Infants born to smoking
mothers were reported to have slower auditory
habituation, increased sound thresholds, and
decreased responsiveness on auditory-related
test items at 12 and 24 months of age (Fried
and Watkinson 1988). Similarly, children pre-
natally exposed to smoking scored lower on
standardized tests of language development at
3 and 4 years of age (Fergusson et al. 1993).
These effects appear to persist though at least
12 years of age (Fried and Watkinson 1988,
2000; Fried et al. 1997, 1998).

The relationship between possible lan-
guage impairments and maternal smoking has
been studied using various types of tests mea-
suring both intellectual and behavioral aspects
of development. However, most of the tests
can be administered only years after birth,
thus allowing for the possibility that other
mediating variables contributed to poorer
performance instead of prenatal exposure to
maternal smoking (e.g., exposure to second-
hand smoking during infancy, differences in
home environment). In one study, associa-
tions between smoking during pregnancy and
childhood conduct problems were greatly
reduced or eliminated after controlling for
antisocial behavior in both parents, depres-
sion in mothers, family disadvantage, and
genetic influences (Maughan et al. 2004).
Environmental exposure to tobacco smoke
could be a major contributor to the observed
deficits. For example, Makin et al. (1991)
noted no clear differences in speech and lan-
guage ability between the children of mothers
who were environmentally exposed to smok-
ing during pregnancy and of those who actu-
ally smoked themselves. In a sample of
> 3,000 9- to 11-year-olds, children of moth-
ers who quit smoking after delivery scored
similar to children of nonsmokers on the
Peabody Picture Vocabulary Test and Raven’s
Colored Progressive Matrices Test (Bauman
et al. 1991). Eskenazi and Castorina (1999)
reviewed 17 studies examining effects of
maternal smoking during pregnancy and
environmental exposure to tobacco, and
noted that reported health and cognitive
problems in children were often associated
more strongly with environmental exposure
of the parent and/or child rather than with
prenatal smoking exposure alone (e.g.,
Rantakallio 1983).

One way to control for many of the possi-
ble environmental confounds is to investigate
the impact of smoking during pregnancy on
the infant’s development (including speech
processing and other abilities) shortly after
birth, when many of the environmental influ-
ences are not yet present. The use of event-
related potentials (ERPs) to assess the early
impact of such exposure offers a way to test
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infants shortly after birth. The ERP procedure
proved to be a valuable tool in gaining insights
into cognitive processes of newborns and very
young infants who are yet unable to compre-
hend standard test instructions or provide a
reliable behavioral response (e.g., Molfese and
Molfese 1979a, 1985, 1997; Molfese et al.
2002; Novak et al. 1989). ERPs are a portion
of the ongoing electroencephalogram (EEG)
that is time-locked to the onset of a stimulus
(e.g., tone, speech sound, or word). Thus, the
ERP methodology represents a major advan-
tage over other neurophysiologic measures
because it allows researchers to evaluate directly
the relationship between a specific event and
the resulting brain activity (Callaway et al.
1978; Rockstroh et al. 1982). Additionally,
ERPs are advantageous in studying infants’
language development because ERP testing
does not require an overt response from the
participants and therefore can be conducted
within hours after birth, before the possible
onset of effects from the postnatal environ-
ment. ERPs provide high temporal resolution
allowing for millisecond-by-millisecond track-
ing of the brain’s response to stimulation (e.g.,
speech syllable), and their spatial resolution is
well suited for identifying the scalp patterns
and potential underlying sources of brain activ-
ity (Molfese et al. 2001, 2002).

Previous studies demonstrated that new-
borns and young infants are sensitive to dif-
ferences in vowels (e.g., Cheour et al. 1997;
Cheour-Luhtanen et al. 1995; Molfese and
Searock 1986) and can differentiate sounds
varying in voice onset time (e.g., Molfese and
Molfese 1979a; Pang et al. 1998) and place of
articulation (Dehaene-Lambertz 2000;
Dehaene-Lambertz and Dehaene 1994;
Molfese and Molfese 1979b). The latter dis-
crimination, also tested in the present study,
was initially evident in the left temporal loca-
tions and was followed later by a bilateral
effect. Further, infant ERPs in response to
speech may reflect the state of an underlying
perceptual mechanism that provides a basis
for some aspects of verbal and cognitive
processes emerging at a later developmental
stage. These ERPs therefore can be strongly
predictive of performance on language and
reading tasks during childhood (Molfese
2000; Molfese and Molfese 1985, 1997).
Molfese and Molfese (1985) reported that
hemispheric responses at birth differentially
sensitive to specific speech stimuli were pre-
dictive of children’s later emerging language
skills as measured by the McCarthy Scales of
Children’s Abilities. Later studies (Molfese
2000; Molfese and Molfese 1997) demon-
strated that auditory ERPs to speech sounds
recorded at birth discriminate, at well above
chance levels, the reading performance in
children up to 8 years later. Other researchers
have provided converging evidence for the

relationship between ERPs in newborns and
later language and reading skills (Guttorm
et al. 2003; Leppanen et al. 1997; Lyytinen
1997; Lyytinen et al. 2003).

Because smoking leads to adverse intrauter-
ine conditions that may affect development of
the auditory perceptual abilites of the exposed
infants, it could result in fundamental differ-
ences in perceptual skills that set the stage for
reported problems in later language outcomes.
In turn, language difficulties may contribute to
other behavioral and cognitive deficits. For
example, Palacios and Semrud-Clikeman
(2005) reported a negative linear relationship
between reading skills and hyperactivity.

In the current study we examined whether
speech-processing ability differs in newborns
born to smoking versus nonsmoking mothers.
Given the evidence that ERPs reflect hemi-
sphere differences for speech processing early in
life (Molfese and Molfese 1979a, 1985; Molfese
et al. 1975), we hypothesized that newborns
born to smoking mothers would show no
hemisphere differences or an altered pattern of
such differences compared with the babies of
nonsmokers. Second, we expected that new-
borns exposed to tobacco smoke 7 utero would
be less efficient in discriminating speech sylla-
bles as indicated by fewer differences in ERPs
elicited by different speech syllables.

Methods

Participants. We selected 16 neonates
(10 females, 6 males) from a larger group of
participants included in a prospective study of
early language development. This research was
reviewed by the University of Louisville
Institutional Review Board, and written
informed consent was provided by all partici-
pants before the study began. All newborns
were recruited from the well-baby nursery at a
large Midwestern hospital. The participants
were between 1-3 days of age (mean + SD age
= 34.56 hours/1.44 days + 21.36 hours/0.89
days) and were divided into two groups based
on prenatal exposure to maternal cigarette
smoking. The exposed group included five
females and three males (7 = 8), with a mean
age of 48 hours (2 days) + 18.24 hours (0.76
days). The overall participant pool included
additional infants born to mothers who
smoked, however, they could not be matched
to the controls on some or all of the required
criteria, and therefore those data were not
included in the analysis. The control group of
5 females and 3 males (7 = 8), mean age of
21.12 hours (0.88 days) + 15.36 hours (0.64
days), had no prenatal exposure to maternal
smoking, and was matched to the exposed
group on sex, birth weight, gestational age,
Apgar scores, mother’s age, gravidity, educa-
tion level, and annual family income (Table
1). A two-tailed #test indicated that the differ-
ence of 1 day in the newborns’ mean age was
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Maternal smoking and speech perception in newborns

significant (p < 0.05); however, the difference
is purely accidental and is not related to health
differences because all babies were recruited
from a well-baby nursery. We obtained mater-
nal smoking history through self-report where
mothers identified themselves as smokers or
nonsmokers (yes/no) and from medical
records available through informed consent.
Information about specific amounts of ciga-
rettes smoked was available in the records for
five of the eight smoking mothers and indi-
cated mean smoking rates of 11.37 + 8.33 cig-
arettes/day.

Stimuli. The stimuli included six com-
puter-synthesized consonant-vowel (CV) sylla-
bles (i.e., /ba/, /dal, /gal, /bu/, /du/, /gu/),
from the “transition-only” stimulus series
employed by Stevens and Blumstein (1978).
Thus, none of the stimuli contained initial
noise bursts. The tokens selected for the pre-
sent study were the ones most accurately iden-
tified by the adult subjects in Stevens and
Blumstein’s (1978) study as members of their
respective phonetic categories. These were
stimulus tokens 1, 7, and 14 from the /ba, da,
ga/ continuum, and tokens 1, 7, and 13 from
the /bu, du, gu/ continuum, respectively. The
five-formant CVs were synthesized so that the
amplitude of individual formants was modu-
lated as a function of the respective formant
frequencies, as in natural speech. To further
improve the naturalness of the stimuli, the
vowel /u/ was slightly diphthongized. The
central frequencies of the steady-state portion
of the formants were kept constant across the
different consonants and varied only as a func-
tion of the vowel sounds. Duration of F1 tran-
sition ranged between 15 and 45 msec across
tokens depending on the syllable’s initial con-
sonant as well as on the following vowel.
Transition duration for all the other formants
was always 40 msec and was followed by a
250-msec steady-state vowel. Rise and decay
times were equivalent across sounds.

Electrodes. A high-density array of 124 sil-
ver/silver chloride electrodes embedded in soft
sponges (without the lower eye channels;
Geodesic Sensor Net, EGI, Inc., Eugene,
OR) was used to record the ERPs of the
infants. Electrode impedance levels were < 40
kOhm before and after testing; the low pass
filter was set to 30 Hz and the high pass filter
to 0.1 Hz. During data collection, all elec-
trodes were referred to Cz (vertex) and then
were re-referenced offline during data analysis
to an average reference.

Procedure. After permission was obtained
from parents, each newborn infant was tested
in his or her bassinet in a quiet room in the
hospital nursery. During testing, infants were
placed on their backs. The high-density array
of soft sensors supported infant’s head with-
out creating any localized pressure points,
thereby minimizing any potential discomfort.

A rolled washcloth was placed under the
infant’s neck to further increase comfort. No
restraint was used beyond the typical new-
born swaddling routinely performed by
nurses and parents. The infant’s bassinet was
positioned at an angle of approximately 40°
to reduce the frequency of alternations in
wake—sleep states that are very common in
newborn infants. The electrode net was satu-
rated with warm saline solution that acted as a
conductor for electrical currents to flow freely
from the scalp to the net.

The syllables were presented by a computer
at 80 dB SPL(A) (sound pressure level, human
hearing range) as measured at the infant’s ear
through a speaker positioned approximately
1 m above the midline of the infant’s head.
The bassinet was positioned so that the infant’s
head was centered below the midline of the
speaker to ensure equal speaker-to-ear distance
for both ears. All sounds were presented in ran-
dom order, 25 times each, for a total of
150 trials. Interstimulus intervals varied ran-
domly from 2.5 to 4 sec to prevent habitua-
tion. Recording of the brainwaves was
controlled by Net Station software (EGI, Inc.).
Stimulus presentation was controlled by
E-Prime (PST, Inc., Pittsburgh, PA). During
the entire test session, the infant’s EEG and
behavior were continuously monitored so that
the stimulus presentation occurred only when
the infant was in a quiet awake state and in
proper alignment with the speaker. The
recording session lasted approximately 15 min.

Data analysis. We obtained individual
ERPs by segmenting the ongoing EEG based
on each stimulus onset to include a 100-msec
prestimulus baseline and a 500-msec post-
stimulus interval. ERPs were referenced to an
average reference (Junghoefer et al. 1999).
Next, artifact rejection was carried out to
eliminate ERPs contaminated by movements
(e.g., sucking) and eye movement artifacts
from further analysis. Rejection rates were
comparable across stimulus conditions, with
the final averages for each participant includ-
ing 17-18 trials per condition. Electrodes
identified as “bad” (poor signal quality on =
10% of the trials) were replaced by recon-
structing their data using spherical spline
interpolation procedures. For a data set to be
included in the analyses, a total of no more

than 12 channels (10% of the array) could be
considered “bad.” Averaged data were then
baseline-corrected by subtracting the average
microvolt value across the 100-msec prestim-
ulus interval from the poststimulus segment.
The 124 electrodes were clustered into 12
regions by averaging the data for electrodes
within six regions in the left and right hemi-
spheres respectively: frontal, central, parietal,
occipital, anterior temporal, and posterior
temporal regions (Figure 1). This reduced the
number of variables to increase statistical
power. This approach reflected anatomically
based boundaries and represented a modifica-
tion of the clusters used by Key et al. (2006)
and Mayes et al. (2005).

Clustered data were submitted to a princi-
pal components analysis (PCA) with Varimax
rotation using the SPSS version 10 software
package (SPSS Inc., Chicago, IL). This
process reduced 500 msec of data to a small
set of noncorrelated components accounting
for the maximum variance. These compo-
nents corresponded to the areas of maximal
variability in the waveform, such as slopes or
peaks. Although questions regarding the pos-
sibility of misallocation of variance in a PCA
analysis across immediately adjacent compo-
nents have been raised in the past (e.g., Wood
and McCarthy 1984), even Wood and
McCarthy (1984, p. 258) noted that tradi-
tional amplitude and latency approaches are
“no less subject to the problem of component
overlap” (see also Chapman and McCrary
1995 and Beauducel and Debener 2003 for
more recent treatments of this discussion).

The number of factors to be used in later
analyses was chosen using the Scree Test
(Cattell 1966). Scores from each rotated fac-
tor obtained from the PCA served as depen-
dent measures in an analysis of variance
(ANOVA) that included one between-group
factor—maternal smoking experience—
while the remaining factors were repeated
across all infants. Thus, the 5-factor design
used in the ANOVA was Smoking (2: yes/
no) x Consonant (3: /b,d,g/) x Vowel (2:
/a,u/) x Electrode (6: frontal, central, pari-
etal, occipital, anterior temporal, posterior
temporal) x Hemisphere (2: left, right).
Significant findings were followed by
planned comparisons and post hocs.

Table 1. Participants’ demographic data by group (mean = SD).

Characteristic Nonsmokers Smokers
No. (male/female) 8(3/5) 8(3/5)
Gestational age (weeks) 395+131 39+1.00
Birth weight (g) 3,268.94 + 277.93 3,426.44 £ 474.20
Mother's age (years) 2563 +3.78 25.63 +4.41
Gravidity 2.75+1.58 225+1.04
Apgar scores

1 min 8.38 +0.52 8.38 +0.52

5min 9.00+£0.0 8.88+0.35
Family income (thousands, $) 17.81 £15.20 17.50 £ 15.47

625

Environmental Health Perspectives « votume 115 | numser 4 | April 2007



Key et al.

Results

The PCA identified three factors that
accounted for 93.63% of the total variance.
Two of these time intervals reflected group
differences and are the focus of this report.
Factor 2 accounted for 27.89% of the variance
and represented a broad positivity that
occurred between 0 and 148 ms. Factor 3
characterized 21.69% of the variance, as a
downward (negative) shift between 132 and
268 ms.

As expected, newborns of smoking and
nonsmoking mothers were characterized by
significantly different ERPs in response to
the speech stimuli. The first 150 msec after
stimulus onset were characterized by three
interactions involving group differences:
Hemisphere x Group, F(1,14) = 5.23, p < 0.04,
power = 0.57, Electrode x Hemisphere x
Group, F(5,70) = 4.94, p <0.02, power = 0.73,
and a Vowel x Consonant x Electrode x
Hemisphere x Group interaction £(10,140) =

Frontal

2.66, p < 0.05, power = 0.66. Using the
smaller interactions as a decision guide, fol-
low-up analyses for the larger interaction were
limited to anterior and posterior temporal
electrode locations. The results indicated that
only the control group discriminated between
the different speech syllables in this early time
interval (Figure 2). Specifically, over the left
posterior temporal locations, the ERPs of
newborns born to nonsmokers generated
larger, more positive amplitude in response to
the /gu/ speech syllable compared with /bu/
and /du/ syllables, [#(7) = 2.57, p < 0.04 and
t(7) = 2.71, p < 0.03, respectively]. ERPs
recorded over right anterior temporal sites dif-
ferentiated between the /du/ versus /gu/
speech syllables with the former eliciting
larger ERP amplitudes, #(7) = 3.12, p < 0.02.
There was also evidence of vowel discrimina-
tion at the same locations: /du/ stimuli were
characterized by larger amplitude compared
with /da/, #(7) = 2.81, p < 0.03. Additionally,

Central

Anterior temporal

Posterior temporal

Occipital

Figure 1. Electrode layout for the 128-channel geodesic sensor net and the channel groups used in the
analysis. Abbreviations: com, common; LM, left mastoid; RM, right mastoid.

4

[ '

— i 3.

— /gu/

hemisphere asymmetry was observed in
response to /gu/ syllables with larger ERP
amplitudes occurring over left anterior and
posterior temporal sites compared with the
homologous sites over the right hemisphere,
£(7) = 2.81, p < 0.03. There were no signifi-
cant effects for the ERPs obtained from
infants born to smokers in this time interval.
In the second time period identified by the
PCA that occurred from 132 msec to
268 msec, babies born to nonsmoking moth-
ers continued to discriminate between speech
syllables, whereas infants born to smoking
mothers just began to generate ERPs that dis-
criminated between a few of the speech
sounds. The babies of nonsmokers discrimi-
nated between vowel sounds as indicated by
their generating larger ERPs in response to
/gul compared with /ga/, #(7) = 2.46, p <
0.05, over right posterior temporal areas
(Figure 3A and B) and to /bu/ vs. /ba/, £(7) =
3.5, p < 0.01, over right parietal regions.
Furthermore, the pattern of hemisphere differ-
ences was reversed with /gu/ now generating
larger amplitudes over right anterior temporal
regions rather than left, #(7) = 2.53, p < 0.04.
In the same time period, ERPs of babies
born to smoking mothers generated larger
amplitude responses to the /ba/ syllable than
to /gal over the left posterior temporal sites,
t(7) = 2.47, p < 0.05. This pattern of hemi-
sphere differences was reversed over the right
hemisphere where ERP amplitudes to /ba/
were more negative than to /da/, #(7) = 2.37,
» < 0.05 (Figure 3, bottom). Hemisphere
asymmetry was present in response to the /ba/
syllable, with larger amplitudes at posterior
temporal leads over the left versus right hemi-
sphere, #(7) = 3.62, p < 0.01. Vowel discrimi-
nation was noted for /ba/ versus /bu/ syllables,
with the latter eliciting larger amplitudes over
right posterior temporal locations, #(7) = 2.53,
» < 0.04. Additionally, these babies generated
anterior—posterior temporal differences over
the right hemisphere with /da/ eliciting larger
amplitudes at posterior locations, #(7) = 2.6,
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Figure 2. Left posterior temporal ERP differences for consonant sounds for babies of nonsmoking (A) and smoking (B) mothers. The black box marks the specific

time period.
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p < 0.04, an effect that was not present in
babies in the nonsmoking group.

Discussion

Years of medical investigations have demon-
strated that smoking during pregnancy
adversely affects intrauterine environment of
the fetus, leads to lower birth weight, and pre-
sents a higher risk for health problems during
childhood. Some evidence suggests that prena-
tal exposure to cigarette smoking results in
lower cognitive abilities later in development—
specifically, language and reading skills. With
one in 10 women in the United States smok-
ing throughout her pregnancy (with individual
state rates as high as one in four women; CDC
2004), understanding how prenatal exposure
to cigarette smoking affects initial and later
cognitive development is crucial.

In this study we examined whether babies
born to mothers who smoke process auditory
information differently from the babies of non-
smokers. ERPs are an effective measure of
information processing, have been successfully
used in previous studies to assess language
processes in newborns and young infants, and
have demonstrated strong relationships with
the results of standard behavioral assessments.
As expected, ERPs elicited by speech stimuli

were significantly different in infants prenatally
exposed to maternal cigarette smoking. In line
with the first hypothesis, newborns of non-
smokers demonstrated typical hemisphere
asymmetry for speech processing, with larger
ERP amplitudes over the left hemisphere than
over the right hemisphere—specifically, over
anterior and posterior temporal sites. However,
babies of smoking mothers initially demon-
strated no hemisphere differences, and after a
delayed time period their ERPs indicated an
inconsistent pattern of hemisphere differences,
with left hemisphere amplitudes larger for
some speech sounds and smaller for others.

As predicted by the second hypothesis,
there were notable group differences in the
speed of the brain responses and the number
of discriminations between speech sounds.
ERPs recorded from babies of nonsmokers
began to distinguish consonant and vowel
sounds within 150 msec after stimulus onset
and discriminated among a larger number of
different speech syllables. In contrast, the new-
borns of smoking mothers began the speech
sound differentiation process later in time
(after 150 msec) and discriminated among
fewer syllables. Together, these findings
support the position that smoking during
pregnancy has a detrimental effect on the

developing fetus expressed in altered brain
functioning at birth, even in the absence of
low birth weight. Poorer speech sound dis-
crimination at birth could lead to decreased
cognitive performance later in life (Molfese
2000). Because this was an observational
study, there is an inherent possibility that the
group differences might reflect residual con-
founding by differences between women who
smoke and those who do not. However, the
use of two groups of healthy newborn infants
matched on a variety of maternal and SES
characteristics and tested before discharge at
the hospital where smoking was not allowed,
most of the possible mediating effects (e.g.,
postnatal environment, smoking-related
health issues) were eliminated or greatly
reduced, thereby restricting the likely cause of
the observed group differences to the prenatal
environment.

A markedly delayed speech sound dis-
crimination process observed in newborns of
smoking mothers is consistent with previous
reports linking prenatal exposure to smoking
with less than optimal central nervous system
organization and may offer an explanation
for lower language abilities during childhood
that have been observed in other studies.
Electrophysiologic studies report that infants
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Figure 3. Right posterior temporal ERP differences for vowel (A4, B) and consonant (C, D) sounds for babies of nonsmoking (4, C) and smoking (B, D) mothers. The

black box marks the specific time period.
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whose brains can detect, react to, and process
speech sounds more quickly will be advan-
taged during later language development
(Molfese 2000; Molfese et al. 2002). Similarly,
behavioral research supports the notion that
phonologic processing skills are fundamental
to language development and to subsequent
reading abilities (Brady 1991; Catts et al.
1999; Wagner et al. 1994). Others demon-
strated a connection between auditory process-
ing and attention deficits (Geffner et al. 1996)
or learning disabilities (Kraus et al. 1996).
Together, these findings highlight the impor-
tance of proper auditory processing and
speech discrimination for overall cognitive
development and functioning,

One limitation of this study is the minimal
information available regarding the exact
amount of exposure to tobacco smoke.
Maternal smoking histories were obtained
through self-report and medical records and
did not include detailed information about
whether reported smoking rates were stable
throughout the pregnancy or other data on
environmental exposure to tobacco smoke.
Further research is also needed to elucidate the
dose-response relationship between the
amount of exposure to tobacco smoking
in utero and the resulting impact on the
infant’s brain ability to process speech and
other auditory inputs; here, the small number
of participants for whom such data were avail-
able (7 = 5) did not allow for sufficient statisti-
cal power to examine this issue in the current
sample. Using biologic markers (e.g., hair sam-
ples, meconium) and including data on envi-
ronmental exposure to smoking would
strengthen future studies by improving the
accuracy of classification into exposed/
nonexposed groups and allowing to address
dose—response questions.

Furthermore, it is important to examine
the longevity of the observed differences in
brain activity. A developing brain is known for
its plasticity and ability to reorganize in
response to stimulation provided by the post-
natal environment. For example, breast-feeding
may ameliorate some of the negative effects
(Batstra et al. 2003b; Obel et al. 1998).
Consequently, it is possible that the group dif-
ferences observed at birth may become smaller
over the course of development. However,
existing behavioral research reporting group
differences between children of smokers and of
nonsmokers suggest that, at least in some cases,
such differences persist throughout early and
middle childhood. Therefore, examining neu-
rodevelopmental trajectories of exposed and
nonexposed babies could lead to improved
understanding of their differences, better pre-
diction of outcomes, and possibly more spe-
cialized and effective interventions designed to
compensate for the potential deficits in the
exposed group.
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Separate consideration should also be
given to the environmental exposure to smok-
ing once babies leave the hospital because this
may also contribute to the observed develop-
mental differences (Yolton et al. 2005).
Infants born to smoking mothers may be
more likely to be exposed to environmental
tobacco smoke, thus further increasing their
risk of adverse developmental outcomes.
Finally, although the two participant groups
were matched on birth weight, gestational age,
mother’s age, Apgar scores, mother’s educa-
tion, and yearly income, male:female ratio in
the current sample was uneven (10 females,
6 males). In the follow-up to this study, it will
be important to examine whether smoking
during pregnancy differentially affects brain
functioning of males and females.

In summary, prenatal exposure to cigarette
smoking was found to be associated with sub-
optimal brain activity related to speech pro-
cessing in otherwise healthy newborns. A
large body of research indicates that ability to
differentiate among speech sounds establishes
the foundation for later language and cogni-
tive abilities. Although more research is
needed, it is clear that smoking during preg-
nancy places infants at risk for developmental
difficulties and thus should be regarded with
the attention comparable to that given to
other drug use. Further, infants of smoking
mothers may benefit from follow-up testing
during early childhood that could detect and
address any developmental issues as early
as possible.
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