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Abstract
The primary purpose of this study was to examine pathways from prenatal cigarette exposure to
physiological regulation at 2 months of age. Specifically, we explored the possibility that any
association between prenatal cigarette exposure and infant physiological regulation was moderated
by fetal growth, prenatal or postnatal environmental tobacco smoke (ETS) exposure or maternal
depressive symptomatology during pregnancy. We evaluated whether exposed infants who were
also exposed to ETS after birth, were small for gestational age (SGA) or had mothers with higher
depressive symptoms during pregnancy had the highest levels of physiological dysregulation.
Respiratory sinus arrhythmia (RSA) was obtained from 234 (166 exposed and 68 nonexposed)
infants during sleep. As expected, cigarette-exposed infants had significantly lower RSA than
nonexposed infants. This association was not moderated by prenatal or postnatal ETS exposure, or
maternal depressive symptomatology during pregnancy. However, small for gestational age status
did moderate this association such that nonexposed infants who were not small for gestational age
had a significantly higher RSA than nonexposed small for gestational age infants and exposed
infants. These findings provide additional evidence that prenatal cigarette exposure is directly
associated with dysregulation during infancy.
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Introduction
Recent estimates suggest that 15% of women smoke during pregnancy (SAMHSA, 2010).
Prenatal cigarette exposure is associated with a range of adverse perinatal outcomes
(Cornelius & Day, 2000; Ernst, Moolchan, & Robinson, 2001) including disruptions in
regulatory processes. Cigarettes deliver chemical toxins to the fetus via the maternal
bloodstream and increase norepinephrine and dopamine in the central catecholaminergic
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systems of the developing brain (Lichtensteiger, Ribary, Schlumpf, Odermatt, & Widmer,
1988). These regions are involved in neurobehavioral functions such as regulatory activities
and reactivity to stress (Kinney, O'Donnal, Kriger & White, 1993; Robbins, 1997) including
autonomic functioning in early infancy (Fried & Makin, 1987; Jacobson, Fein, Jacobson,
Schwartz, & Dowler, 1984; Mansi et al., 2007; Schuetze & Zeskind, 2001; Schuetze &
Eiden, 2006; Yolton et al., 2009). The neural regulation of autonomic functioning is
sensitive to a range of perinatal factors including substance use during pregnancy and infant
risk variables. Heart rate is one variable that is believed to reflect autonomic function and
neurological integrity in young infants. The central nervous system modulates heart rate by
the sympathetic and parasympathetic nervous systems. The parasympathetic branch of the
autonomic nervous system maintains homeostasis by regulating sympathetic excitation.
Variability in heart rate (HR), in particular, is considered to reflect autonomic function and
neural status in young infants. Respiratory Sinus Arrhythmia (RSA) is a measure of heart
rate variability (HRV) that occurs at the frequency of respiration and is believed to reflect
parasympathetic influence on HRV via the vagus nerve (e.g., Porges, 1996). Thus, RSA at
rest (baseline RSA) is a measure of the ability of an individual to maintain physiological
homeostasis during periods of minimal external stimulation and the capacity of the nervous
system to react.

RSA, as a measure of physiological regulation, is considered to be an index of the capacity
to self-regulate (Porges, 1991) and is predictive of behavioral measures of regulation later in
infancy and childhood. Infants with higher baseline RSA have more organized stress
responses and, therefore, the ability to more optimally react to environmental demands
(Porges, 1991). For example, higher baseline RSA during infancy is associated with
increased positive and negative emotional reactivity and better emotional regulation during
environmental stimulation (Stifter & Fox, 1990; Stifter, Spinrad, & Braungart-Rieker, 1999)
and with increased self-soothing (Fox, 1989; Huffman et al., 1998). Thus, RSA may be a
particularly useful index of the impact prenatal exposure to cigarettes has on regulation
during early infancy. Obtaining this measure of physiological regulation during periods of
minimal stimulation from the external environment is particularly relevant during early
infancy. According to Porges (1996), competence in maintaining homeostasis by regulating
autonomic processes such as temperature, respiration, blood pressure, and sleep is critical
for numerous aspects of development including emotional and social development.
Furthermore, measures of HR and HRV are state dependent. For example, RSA is most
pronounced during quiet sleep (Katona & Jih, 1975; Schechtman, Harper, & Kluge, 1989).

A few existing studies have found an association between heart rate measures and maternal
cigarette smoking during pregnancy. One study noted disturbances in autonomic nervous
system functioning as a result of cigarette exposure using spectral analysis of heart rate
during sleep among 6–16 week old infants (e.g., Franco, Chabanski, Szliwowski, Dramaix,
& Kahn, 2000). Maternal smoking during pregnancy is also predictive of higher HR overall
and during quiet and active sleep, lower long-term HRV (Schuetze & Zeskind, 2001) and
lower RSA during sleep in neonates (Schuetze & Eiden, 2006). It is not clear, however, if
the effects of prenatal cigarette exposure on measures of HR persist beyond the neonatal
period. A number of developmental theorists have highlighted that a major biobehavioral
shift occurs at 2 months of age (e.g., Emde & Gaensbauer, 1981). Basic physiologic
responses become more organized around this time. Thus, one goal of this study was to
examine the association between prenatal exposure to cigarettes and RSA at 2 months of
age.

Increasingly, studies highlight the importance of examining both potential moderators of the
association between prenatal cigarette exposure and regulatory processes among cigarette-
exposed infants. Evidence is accumulating that suggest that fetal growth may moderate the
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association between prenatal cigarette exposure and infant dysregulation. There are
consistent findings that maternal cigarette smoking during pregnancy is associated with a
decrease in birthweight, even after controlling for confounding variables such as maternal
age, weight and SES (Thompson et al., 2001). In fact, maternal smoking during pregnancy
was identified as the single largest preventable risk factor for intrauterine growth retardation
among infants born in developed countries (Kramer, 1998). Nicotine interacts with receptors
in placental vasculature resulting in decreased placental blood flow and fetal
vasoconstriction which, in turn, disrupts the delivery of oxygen and nutrients to the fetus.
This reduced blood flow leads to fetal malnutrition and has been implicated as a causal
mechanism for the effects of prenatal cigarette exposure on poor fetal growth (Weitzman,
Gortmaker & Sobol, 1992). Reduced fetal growth has been linked to regulatory difficulties
during infancy that persist into early childhood. For example, children born small for
gestational age (SGA) have poorer developmental outcomes including neurobehavioral and
regulatory deficits during the neonatal period (Figueras et al., 2009), and perceptual and
behavioral problems, and language and attentional deficits during the school-aged years
(Larroque, Bertais, Czernichow, & Leger, 2001; O'Keefe, O'Callaghan, Williams, Najman,
& Bor, 2003; Pryor, Silva & Brooke, 1994. Thus, fetal growth may moderate any
association between prenatal cigarette exposure and physiological regulation. In other
words, fetal growth may interact with exposure status such that cigarette-exposed infants
who are small for gestational age may be at highest risk for poor autonomic regulation.

A growing body of evidence suggests that problematic maternal characteristics may
exacerbate the association between prenatal cigarette exposure and child outcomes
(Wakschlag & Hans, 2002). Depression during pregnancy may be particularly relevant.
Cigarette smoking has consistently been associated with higher levels of depressive
symptomatology among the general population (Fergusson, Goodwin & Horwood, 2003) as
well as among pregnant women (Rodriquez, Bohlin & Lindmark, 2000; Schuetze & Eiden,
2006; Zhu & Valbo, 2002). The importance of considering the potential impact of symptoms
of maternal depression during pregnancy on infant developmental outcomes is underscored
by the rapidly increasing body of literature that shows a range of nonoptimal developmental
outcomes among infants of women with increased symptoms of depression. Although the
majority of work focused on the influence of postpartum depression on infant development,
there is growing recognition that prenatal exposure to maternal depression has the potential
to negatively impact infant developmental outcomes. According to the prenatal
programming hypothesis, characteristics of the prenatal environment such as maternal
negative affect-based physiological changes impact the fetal brain leading to nonoptimal
behavioral and physiological regulation (Zeanah, Boris & Larrieu, 1997). One way in which
maternal depression may impact fetal biology is through the release of catecholamines that
constrict maternal blood vessels resulting in a diminished blood flow to the fetus and
restriction of oxygen and nutrients (Van den Bergh, Mulder, Mennes & Glover, 2005). This
placental vasoconstriction can disrupt development of the central nervous system leading to
problems with physiological and behavioral regulation. For example, infants of mothers who
were depressed during pregnancy have higher cortisol levels (Field et al., 2004) and lower
vagal tone (Field, Fox, Nawrocki, & Gonzalez, 1995) during the neonatal period. Thus,
maternal prenatal depression may moderate the association between prenatal cigarette
exposure and infant regulation.

Exposure to environmental tobacco smoke (ETS) may also impact physiological regulation
in young infants. There are two types of ETS exposure that are relevant to the development
of young infants: maternal ETS exposure during pregnancy and postnatal ETS exposure of
the child. Pregnant women who live with or spend time with smokers are themselves
exposed to ETS and, consequently, expose their fetuses to ETS. After birth, infants are
exposed to cigarette side-stream smoke that contains higher concentrations of toxins than the
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mainstream smoke and readily enters the infant's bloodstream (Gillies, Kristmundsdottir,
Wilcox, & Pearson, 1986). Consequently, exposure to ETS may have significant
physiological and neurological influences on the infant postnatally. Studies have
consistently found a link between maternal ETS exposure during pregnancy and adverse
perinatal outcomes such as reduced fetal growth (Cornelius & Day, 2000; Dejin-Karlsson,
Hanson, Ostergren, Sjobrg & Marsal, 1999; NCI, 1999). Slotkin et al. (2002) reported that
postnatal ETS exposure was associated with up-regulation in the number of nicotine
receptors, which are associated with neurobehavioral functioning in the brain using a
primate model of prenatal and ETS exposure. Evidence for this hypothesis is provided by
findings that a combination of prenatal exposure to maternal cigarette smoking and postnatal
ETS exposure is associated with the highest rates of conduct disorder (Maughan, Taylor,
Taylor, Butler & Bynner, 2001). Thus, there may be an increased risk for altered
neurobehavioral processes in human infants exposed to ETS. Thus, ETS exposure may
moderate the association between prenatal cigarette exposure and physiological regulation
such that prenatally exposed infants with higher postnatal ETS exposure will have less
optimal physiological regulation.

The purpose of the present study was to examine the association between prenatal cigarette
exposure and infant physiological regulation at 2 months of age. We tested the possibility
that the association between prenatal cigarette exposure and infant physiological regulation
would be moderated by small for gestational age (SGA) status, maternal depression during
pregnancy or prenatal or postnatal ETS exposure. Specifically, we hypothesized that the
association between cigarette exposure and infant regulation would be stronger under
conditions of SGA status, high prenatal or postnatal ETS exposure or high maternal
depressive symptomatology.

1. Method
1.1 Sample Selection

Women who presented for care at the prenatal clinic of a large urban hospital were asked to
complete a screening form during their first prenatal appointment. Women who were
eligible were invited to participate in an ongoing longitudinal study of maternal health and
child development. Initial eligibility criteria included: less than 20 weeks gestation, maternal
age of 18 or older, and no multiple fetuses. Additional eligibility criteria were: no illicit drug
use (other than cannabis), no heavy alcohol use (more than 1drink/day on average or 4
drinks on one occasion) after pregnancy recognition, and no heavy marijuana use (more than
1 joint/day on average) after pregnancy recognition. Women who agreed to participate were
scheduled for four appointments: one at the end of each trimester of pregnancy and one at 2
months postpartum. At the end of each month of recruitment, the closest matching non-
smoker (based upon age and education) was invited to participate. Smokers were over-
sampled so that one non-smoker was recruited for every two smokers (taking the average of
age and education of both). Participants included a total of 234 mothers and their infants. Of
these dyads, 166 included infants prenatally exposed to cigarettes through maternal
smoking, and 68 included infants not exposed to cigarettes.

1.2 Procedure
As described above, all mothers were screened prenatally for initial eligibility and matching
criteria. Informed written consent was obtained from interested, eligible mothers.
Assessments were conducted at 2 months of infant age. Data from the prenatal interviews
and from the maternal interview and physiological assessment conducted at the 2-month
visit were included in these analyses. The study protocol was approved by the appropriate
institutional review board. Participants were informed that data confidentiality was protected
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by a Federal Certificate of Confidentiality issued by the National Institute on Drug Abuse.
Participants received a $30.00 check, a $10.00 infant toy, and $10.00 gift certificate at the 2
month visit for their participation.

1.3 Infant Growth and Risk Status
Three measures of growth were taken by obstetrical nurses in the delivery room: birth
weight (gm), birth length (cm), and head circumference (cm). Medical chart review at the
time of recruitment was used to complete the Obstetrical Complications Scale (OCS;
Littman & Parmelee, 1978), a scale designed to assess perinatal risk factors. Higher numbers
indicate a more optimal score. SGA was defined as having a birthweight less than the 10th

percentile for gestational age using a standard singleton curve (Alexander, Kogan, Martin, &
Papiernik, 1998).

1.4 Maternal Substance Use
Maternal pregnancy smoking status was determined through a combination of self-report,
meconium and maternal saliva results. To obtain self-report data, participants were
interviewed in a private setting by trained interviewers. At each prenatal interview and at the
postnatal interviews, the Timeline Follow-Back Interview (TLFB Sobell & Sobell, 1995)
was used to assess maternal substance use. Participants were provided a calendar and asked
to identify events of personal interest (i.e., holidays, birthdays, vacations, etc.) as anchor
points to aid recall. This method has been established as a reliable and valid method of
obtaining longitudinal data on substance-use patterns, has good test-retest reliability, and is
highly correlated with other intensive self-report measures (Brown et al., 1998). At each
prenatal appointment, the TLFB was used to gather daily tobacco, alcohol, and cannabis use
for the previous three months. Women who smoked blunts were asked how many joints they
could have rolled from the amount of marijuana in the blunt. Thus, self-reported data
spanned 3 months prior to conception through delivery.

Maternal saliva was collected at each prenatal interview to provide objective evidence of
recent exposure. The saliva specimens were analyzed by a commercial laboratory for
cotinine, the primary nicotine biomarker, with enzyme-linked immunosorbent with a 10ng/
mL cutoff (ELISA at the first prenatal interview only for the first 32 women recruited into
the study) or liquid chromatography-tandem mass spectrometry (LC-MSMS). Maternal
saliva was used to determine maternal smoking status, and was not used for identification of
ETS exposure.

After birth, meconium specimens were collected from soiled diapers twice daily until the
appearance of milk stool, transferred to storage containers, and frozen until transport to the
National Institute on Drug Abuse for analysis. Meconium specimens were assayed with a
validated LS-MSMS method for nicotine, cotinine, or trans-3-hydroxycotinine (OHCOT;
Gray, Shakleya, & Huestis, 2009). Quantification limits were 2.5 ng/g nicotine, 1 ng/g
cotinine, and 5 ng/g OHCOT. The same assay also permitted quantification of opiate,
cocaine, and amphetamine biomarkers, including morphine, codeine, 6-acetylmorphine,
hydrocodone, hydromorphone, oxycodone, methadone, 2-ethylidene-1,5-dimethyl-3,3-
diphenyl-pyrrolidine, buprenorphine, norbuprenorphine, cocaine, benzoylecgonine,
cocaethylene, m-hydroxybenzoylecgonine, methamphetamine, amphetamine, and p-
hydroxyamphetamine (Gray, Shakleya, & Huestis, 2009).

Mothers were included in the smoking group if self-reports were positive, even if saliva
results (38% of women in the smoking group) or meconium results (28%) were negative.
Similarly, mothers who reported that they did not smoke but had positive saliva samples
(1% of women in the smoking group) were included in the smoking group. There were no
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women who reported no smoking but had infants with positive meconium samples. Of the
women in the smoking group, 76% had at least one positive saliva sample (67% in the first
trimester, 67% in the second trimester and 66% in the third trimester), 72% had an infant
with a positive meconium sample, and 99% reported smoking.

1.5 Environmental Tobacco Exposure
Frequency of ETS exposure in the past 7 days obtained during the maternal interview
conducted at the end of the first trimester of pregnancy (between 12–20 weeks gestation)
was the primary measure of maternal environmental tobacco smoke exposure (M-ETS).
Frequency of exposure is an important indicator of amount of exposure in pregnancy that
may by most critical for the fetus. Women were asked about the number of days in the past
week that they were in the same room, in the same car, or outside with someone who was
smoking. Responses to these three variables were averaged to create a composite measure of
average frequency of ETS exposure (range 0–7). This composite measure had high internal
consistency, Cronbach's alpha = .90.

Postnatal ETS was assessed for infants (I-ETS) during their postnatal visit using infant
saliva samples and maternal report of postnatal smoking. Infant saliva samples, which were
obtained on 214 infants, assessed cotinine levels. Cotinine, a metabolite of nicotine, is a
biochemical marker which effectively quantifies exposure to cigarettes (Jarvis, 1989). It can
be detected at low concentrations and is specific to tobacco (Feyerabend & Russell, 1990).
Salivary cotinine concentrations are equivalent to those in the blood (Jarvis et al., 1984) and,
thus, are an accurate, yet noninvasive, way of measuring ETS exposure. Saliva samples were
collected by placing eye spears (BD Opthalmology “Visispears” (product #581089),
marketed by Salimetrics as “Sorbettes” (product #5029)) in the mouth of infants. These
samples were placed in a storage vial and immediately placed in −80 degrees C freezer. The
advantage of this measure is that it quantifies exposure to cigarette smoke from all possible
sources including other household smokers. However, since saliva samples were not
available from all infants, maternal report of the mean number of cigarettes smoked after
birth until the 2-month laboratory visit, obtained from the TFLB, also provided a measure of
infant postnatal ETS exposure.

1.6 Symptoms of Maternal Depression
Symptoms of maternal depression were assessed during the prenatal interviews at the end of
the second and third trimesters. Maternal depressive symptomatology was assessed using the
Beck Depression Inventory-II (BDI-II; Beck, Steer & Brown, 1996). The BDI-II is a widely
accepted self-report measure to assess the severity of depressive symptoms. It has high
reliability in a range of populations and high internal consistency and well-established
construct validity (Sharp & Lipsky, 2002). Scores on the BDI obtained during the two
prenatal interviews were highly correlated (r = .68, p < .001) and were, thus, averaged to
provide one score indicating average depression during pregnancy.

1.7 Infant Physiological Assessment
At 2 months of age, infants were tested in a quiet examining room by examiners blind to
group status. Because behavioral state can impact heart rate, all testing was conducted while
infants were in a sleep state, assessed with a 6-point scale (Brazelton, 1984). Only infants in
States 1 (Quiet Sleep) and 2 (Active Sleep) were tested. In order to ensure that infants
remained in a sleep state throughout the testing session, behavioral state was time-sampled
and recorded every 30 seconds.

A five-channel Bioamp (James Long Company, Caroga Lake, NY) recorded respiration and
electrocardiograph (ECG) data. Disposable electrodes were triangulated on the infant's
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chest. A respiration bellows was placed at the bottom of the sternum (zyphoid process) to
measure inspiration and expiration. The infant was then placed in a bassinet. Following a
five- minute period of undisturbed acclimation to the equipment and bassinet, 10 minutes of
undisturbed physiological data were recorded on-line directly into a data acquisition
computer.

IBI Analysis software (James Long Company, Caroga Lake, NY) processed the HR data and
calculated RSA. HR samples, which were collected every 10 ms, were used to calculate
mean HR per one-second period. A level detector was triggered at the peak of each R-wave.
The interval between sequential R-waves was calculated to the nearest millisecond. Data
files of R-wave intervals were later manually edited to remove incorrect detection of the R-
wave or movement artifacts which occurred in less than 1% of cases since infants were
asleep during data collection. The software computes RSA using respiration and interbeat
interval (IBI) data as suggested by Grossman (1983). The difference between maximum IBI
during expiration and the minimum IBI during inspiration was calculated. The difference,
measured in seconds, is considered to be a measure of RSA, and is measured twice for each
respiration cycle (once for each inspiration and once for each expiration). The time for
inspirations and expirations is assigned as the midpoint for each. The time for each
arrhythmia sample is assigned as the midpoint between an inspiration time and an expiration
time. The software synchronizes with respiration and is, thus, relatively insensitive to
arrhythmia due to tonic shifts in heart rate, thermoregulation, and baroreceptor. Average
RSA and HR variables were calculated for the 10-minute period of sleep.

1.8 Analytic Strategy
First, associations between group status and demographics; infant growth outcomes;
maternal ETS exposure during pregnancy and maternal use of alcohol, cigarettes, and
marijuana; and infant physiological regulation (baseline RSA) were examined using
analyses of variance (ANOVAs) or multivariate analyses of variance (MANOVAs).
MANOVAs were used when multiple theoretically associated constructs were the dependent
measures in order to control for high Type I error rate. These were followed by analyses of
potential confounds using correlations. Confounds with significant bivariate associations
with RSA or those of theoretical value (e.g., other prenatal substance use) were used as
covariates in all remaining analyses (if they were associated at p < .10). Separate linear
regression analyses were then conducted to examine possible dose-response effects of
prenatal cigarette exposure during each trimester on RSA. Finally, hierarchical multiple
regressions were used to examine if maternal depressive symptomatology, fetal growth
(SGA) or prenatal or postnatal exposure to ETS moderated the association between prenatal
cigarette and other substance exposure and infant RSA.

2. Results
2.1 Sample Characteristics

Mothers ranged in age from 18 to 39 (M = 24.5, SD = 5.0). Maternal race was 52% African-
American, 30% Caucasian, 18% Hispanic, and 8% other or mixed race with several mothers
reporting more than one race. Fifty-eight percent of the women were married or living with
their partner, while the remainder of the sample reported being in a relationship, but not
living with their partner. 29% of the women had less than a high-school education, 30%
completed high-school, 30% completed some college courses, 8% had a vocational degree
or technical training degree and 4% had a bachelor's degree.

Descriptive statistics for the demographic and substance use variables for mothers of the two
groups are presented in Table 1. Mothers who smoked cigarettes during pregnancy did not
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differ in age, educational level, race or marital status from non-smoking mothers. However,
mothers who smoked during pregnancy consumed significantly more alcohol during the first
two trimesters of pregnancy and marginally more alcohol during the third trimester. Mothers
who smoked cigarettes during pregnancy also smoked significantly more marijuana during
the first trimester and showed a trend towards smoking more marijuana during the second
trimester of pregnancy.

Group differences for infant characteristics are presented in Table 2. Infants who were
prenatally exposed to cigarettes had a significantly lower score on the OCS than nonexposed
infants indicating a higher number of perinatal complications. Exposed infants also had a
significantly lower birthweight and smaller head circumference at birth and had significantly
higher salivary cotinine levels than nonexposed infants. There were no group differences in
gestational age, birthlength or Apgar scores at 1 and 5 minutes after birth.

2.2 Examination of Potential Covariates
We examined the relation of maternal demographic variables (age, education, parity) and
maternal substance use during pregnancy (alcohol and marijuana) to the average number of
cigarettes smoked during each trimester of pregnancy and to infant RSA at 2 months of age.
Cigarette smoking (average number of cigarettes per day) during the first trimester was
significantly associated with alcohol (average number of standard drinks per day), r = .19, p
= .004, and marijuana (average number of joints per day), r = .17, p = .011, during the first
trimester and to cigarette smoking (average number of cigarettes per day) during the second,
r = .76, p < .001, and third trimesters, r = .68, p < .001. Cigarette smoking during the first
trimester was also associated with the number of years of education completed, r = −.17, p
= .014, and with maternal age, r = .16, p = .018. Consequently, alcohol and marijuana use
during the first trimester and maternal age and education were included as covariates in all
subsequent analyses of RSA.

2.3 Association between Cigarette Smoking and RSA
Results of a one-way Analysis of Variance (ANOVA) indicated that infants who were
prenatally exposed to cigarettes had a significantly lower RSA during rest than nonexposed
infants (see Table 2). Linear regression analyses were then conducted to examine a possible
dose-response effect on RSA (see Table 3). Because of the high association between average
number of cigarettes smoked during each of the three trimesters of pregnancy (rs ranged
from .72 to .76), these three variables were not included as predictors in the same regression
analysis. Thus, we conducted three separate linear regression analyses (one for each
trimester of pregnancy) on RSA. Maternal demographic variables (age and education) were
entered in the first step followed by the prenatal substance exposure variables (alcohol and
marijuana). After controlling for these covariates, only the average number of cigarettes
smoked during the first trimester significantly predicted RSA, standardized beta = −.27, p
= .01, such that higher cigarette use during the first trimester was associated with a reduced
RSA at 2 months of age. Consequently, only the variable indicating first trimester cigarette
smoking was used for subsequent moderational analyses.

2.4 Moderational Analyses
Next, we conducted analyses to examine if the association between prenatal exposure to
cigarettes and physiological regulation would be moderated by maternal depressive
symptomatology, fetal growth (SGA), prenatal exposure to ETS or postnatal exposure to
ETS (infant cotinine and maternal report of infant ETS exposure were analyzed in separate
analyses) using five separate regression analyses (see Table 4). The covariates described
above were entered in the first step, followed by cigarette exposure and the moderator in the
second step, and the interaction term in the third step. These analyses indicated no
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significant moderation by maternal depressive symptomatology, prenatal ETS exposure, or
by postnatal ETS exposure, using either the maternal report or infant cotinine variable.
However, the analysis on SGA indicated that SGA was a significant moderator (see Figure
1).

3. Discussion
The primary focus of the present study was to explore the association between early
cigarette exposure and infant physiological measures at 2-months of age. Although previous
studies found reduced long-term heart rate variability (Schuetze & Zeskind, 2001) and
reduced RSA among cigarette-exposed neonates, the findings of the present study suggest
that altered physiological regulation in cigarette-exposed infants extends beyond the
neonatal period into early infancy. More specifically, the present findings indicated that
prenatal cigarette exposure during early pregnancy was directly associated with infant RSA
at 2 months of age. Higher first trimester cigarette exposure was associated with lower RSA
during sleep which is indicative of decreased parasympathetic influence (e.g., Fox & Porges,
1985). When assessed during rest, baseline RSA is believed to index the ability of an infant
to react both physiologically and behaviorally to external stimuli (Porges, Doussard-
Roosevelt, Portales & Suess, 1994; Stifter, Fox, & Porges, 1989). Thus, a lower RSA may
make it difficult for infants to regulate themselves in the face of environmental challenge.
This is further supported by the fact that baseline measures of RSA are related differentially
to temperament reactivity in toddler and preschool-aged children (Calkins, 1997). Thus, the
increased level of physiological arousal seen in exposed infants may have implications for
their interactions with external stimuli as they get older.

The few existing studies on older children suggest that altered regulatory processes are not
limited to infancy and that both prenatal exposure and ETS exposure have a significant
impact on the regulatory system in later childhood as evidenced by higher rates of child
behavior problems (Day et al., 2000; Wakschlag & Hans, 2002; Weitzman, Gortmaker, &
Sobol, 1992) including conduct disorder (CD; Wakschlag, Leventhal, Cook & Pickett, 2000)
and delinquency (Wakschlag, Pickett, Cook, Benowitz, & Leventhal, 2001) in children.
These findings persist even after controlling for a wide number of potential confounds and
further strengthen the hypothesis that altered regulatory processes seen in infants exposed to
cigarettes are persistent rather than transitory developmental effects. Future studies should,
therefore, explore whether these difficulties with physiological regulation during periods of
minimal external stimulation during early infancy are one pathway to externalizing behavior
problems in older exposed children. It is important to note that these findings do not support
the idea of an indirect effect of prenatal exposure to cigarettes through maternal depressive
symptomatology or ETS exposure on physiological regulation during infancy. However,
SGA status did moderate the association between prenatal exposure to cigarettes and RSA
such that nonexposed infants who were not small for gestational age had a significantly
higher RSA than exposed infants, regardless of SGA status, and than nonexposed small for
gestational age infants. Thus, poor fetal growth negatively impacted RSA for nonexposed
infants but not for exposed infants. These findings suggest that there is no additional effect
of fetal growth on RSA beyond that of the effect of prenatal exposure to cigarettes. This
suggests that, at least initially, the neurodevelopmental effects of prenatal exposure to
cigarettes on the developing brain are the primary influence on physiological regulation
during infancy. As infants develop, postnatal experiences such as the quality of the
caregiving environment and parenting characteristics may interact with the effects of
prenatal cigarette exposure to influence regulatory processes. Future studies are needed to
examine these potential developmental pathways among cigarette exposed children beyond
early infancy.
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It is important to note some of the limitations of this study. One limitation concerns the
measurement of substance exposure. Although care was taken in the present study to
identify exposure to cigarettes in this sample, the accurate assessment of substance use is
always difficult. Pregnant women are often hesitant to divulge information regarding the use
of substances during pregnancy. Although this is widely acknowledged as a factor with
illicit substances, the discrepancy between infant cotinine levels and maternal self-report of
cigarette exposure suggests that this is also the case for legal, more socially accepted
substances such as cigarettes. This may reflect increased knowledge by pregnant women that
cigarettes, including ETS exposure, can be harmful for their infants such that they are
hesitant to admit to these behaviors. To address this issue, multiple indices of cigarette
exposure were used including self-report using the reliable Timeline Followback Interview,
as well as analysis of infant cotinine and meconium levels. Although each of these measures
has its own limitations, when used in combination, these measures provide the most accurate
method for identifying substance exposure. A second limitation is that the measures of
symptoms of maternal depression and anxiety were based on maternal self-report.
Consequently, women may have misrepresented their levels of symptomatology. However,
it is noteworthy that there are significant group differences in several of these measures.

Despite these limitations, the present findings are important because they provide additional
support for the influence of prenatal exposure to cigarettes on neurobehavioral functioning
beyond the first month of life. The lower RSA in infants prenatally exposed to cigarettes is
suggestive of a compromised nervous system. These findings may have implications for
later development as deficits in physiological regulation during rest have been associated
with subsequent emotional and behavioral regulatory problems in older infants and children.
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Highlights

• This study examined pathways from prenatal cigarette exposure to physiological
regulation at 2 months of age.

• Respiratory sinus arrhythmia (RSA) was obtained from 234 (166 exposed and
68 nonexposed) infants during sleep.

• Cigarette-exposed infants had significantly lower RSA than nonexposed infants.

• This association was not moderated by prenatal or postnatal environmental
tobacco smoke exposure, or maternal depressive symptomatology during
pregnancy.

• Small for gestational age status did moderate this association such that
nonexposed infants who were not small for gestational age had a significantly
higher RSA than nonexposed small for gestational age infants and exposed
infants.
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Figure 1.
Interaction effect for Small for Gestational Age (SGA) status on RSA
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Table 3

Dose-response Analyses by Trimester of Exposure

Predictor Variables Standardized Beta Change in R2 F

Regression 1: First trimester exposure and RSA

 1. Maternal Age .053

  Maternal Education .005

 2. Prenatal Alcohol −.22

  Prenatal Marijuana .136 .053 .95

 3. Smokers vs. Nonsmokers* −.266 .064 2.11

Regression 2: Second trimester exposure and RSA

 1. Maternal Age .056

  Maternal Education .018

 2. Prenatal Alcohol −.061

  Prenatal Marijuana .107 .014 .27

 3. Smokers vs. Nonsmokers −.143 .019 1.08

Regression 3: Third trimester exposure and RSA

 1. Maternal Age .056

  Maternal Education .018

 2. Prenatal Alcohol −.093

  Prenatal Marijuana −.047 .014 .24

 3. Smokers vs. Nonsmokers −.186 .031 1.41

*
p < 0.05
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Table 4

Moderational Analyses for RSA

Predictor Variables Standardized Beta Change in R2 F

Regression 1: Moderator - BDI

 Step 1

  Prenatal Alcohol Exposure+ −.215

  Prenatal Marijuana Exposure .136

  Maternal Age .053

  Maternal Education .005 .95

 Step 2

  Smokers vs. Nonsmokers+ −.23

  BDI .144 .058 1.31

 Step 3

  Interaction Term −.53 .034 1.54

Regression 2: Moderator - SGA

 Step 1

  Prenatal Alcohol Exposure+ −.215

  Prenatal Marijuana Exposure .136

  Maternal Age .053

  Maternal Education .005 .95

 Step 2

  Smokers vs. Nonsmokers+ −.21

  SGA .029 .04 1.09

 Step 3

 Interaction Term* .484 .074 2.29

Regression 3: Moderator – I-ETS (maternal self-report)

Step 1

  Prenatal Alcohol Exposure+ −.215

  Prenatal Marijuana Exposure .136

  Maternal Age .053

  Maternal Education .005 .95

 Step 2

  Smokers vs. Nonsmokers −.199

  I-ETS −.028 .04 1.08

 Step 3

  Interaction Term .284 .001 .33

Regression 4: Moderator – I-ETS (salivary cotinine)

 Step 1

  Prenatal Alcohol Exposure+ −.215

  Prenatal Marijuana Exposure .136

  Maternal Age .053
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Predictor Variables Standardized Beta Change in R2 F

  Maternal Education .005 1.01

 Step 2

  Smokers vs. Nonsmokers* −.284

  I-ETS .103 .06 1.34

 Step 3

  Interaction Term −.349 .004 .54

Regression 4: Moderator – M-ETS

 Step 1

  Prenatal Alcohol Exposure+ −.215

  Prenatal Marijuana Exposure .136

  Maternal Age .053

  Maternal Education .005 1.01

 Step 2

  Smokers vs. Nonsmokers −.106

  M-ETS −.146 .20 1.41

 Step 3

  Interaction Term −.187 .001 1.19

+
p < .10

*
p < 0.05
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