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Abstract

This study examined the association between prenatal tobacco exposure (PTE) and infant cortisol 

reactivity at 9 months of infant age. Child sex and maternal parenting behavior were hypothesized 

moderators. The sample included 217 (148 tobacco-exposed, 69 non-exposed) mother-child dyads. 

Data used were obtained from pregnancy assessments, mother-infant feeding interactions at 2 

months, and salivary cortisol at 4 time points in response to frustration at 9 months. Results 

indicated a significant association between PTE and infant cortisol that was moderated by infant 

sex and maternal intrusiveness. That is, PTE boys had lower cortisol than control boys, but there 

was no association between PTE and cortisol among girls. There was a significant association 

between PTE and cortisol among infants of intrusive mothers, but not among infants with non-

intrusive mothers. Thus, PTE was associated with cortisol hypo-reactivity such that boys and non-

exposed infants experiencing high maternal intrusiveness were at greater risk.
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Introduction

Prenatal tobacco exposure (PTE) may represent a condition of toxic stress (Shonkoff et al., 

2012) due to the combination of high prenatal stress from fetal hypoxia and ischemia, and 

continued postnatal stress from cumulative environmental and maternal risks. Toxic stress 

for children has been defined as strong or chronic activation of the stress response system in 

the absence of a buffer posed by a supportive relationship with a caring adult. Recent 

theoretical frameworks such as the adaptive calibration model of the stress response system 

(Giudice, Ellis, & Shirtcliff, 2011) have included the possibility of both over and under 

activation of the hypothalamic-pituitary-adrenocortical (HPA) system (Badanes, Watamura, 

& Hankin, 2011; McEwen, 1998). Cortisol is the primary glucocorticoid hormone produced 

by the HPA system in humans, and is considered a major indicator of physiological states in 

response to negative affect (Kirschbaum & Hellhammer, 1989). Therefore, cortisol plays an 

essential role in the individual’s ability to cope with stressors of daily life. Under non-

stressful conditions, there is a diurnal pattern of activity in the HPA axis, with greater 

concentrations of cortisol in the morning hours, a steep decrease in concentration toward 

midday, and slowly decreasing concentrations throughout late afternoon into the evening 

hours. Under stressful conditions, there is an increase in cortisol production approximately 

15–20 minutes after the onset of a stressor, followed by return to pre-stressor levels 

approximately 40 minutes after stress exposure.

To date, only a handful of studies have examined the association of PTE and HPA 

functioning. One study conducted in the fetal period (Divers, Wilkes, Babaknia, & Yen, 

1981) reported significantly higher concentrations of epinephrine and norepinephrine in the 

amniotic fluid of pregnant smokers compared to non-smokers. Three studies of PTE and 

stress hormones were conducted in the neonatal period (McDonald et al., 2006; Varvarigou, 

Petsali, Vassilakos, & Beratis, 2006; Varvarigou, Liatsis, Vassilakos, Decavalas, & Beratis, 

2009), with one indicating higher levels of ACTH, but not cortisol among PTE infants 

compared to controls (McDonald et al., 2006), and the other two reporting higher cortisol in 

cord blood for PTE compared to controls (Varvarigou et al., 2006, 2009). However, results 

have been mixed in later childhood, with one report of lower stress reactivity due to higher 

pre-stressor cortisol among PTE infants compared to control at 2 months (Ramsay, 

Bendersky, & Lewis, 1996) but not at 6 months of infant age, one report of higher cortisol 

reactivity at 7 months (Schuetze, Lopez, Granger, & Eiden, 2008) of infant age, and two 

studies indicating no associations, one at 4–6 months of infant age (Granger et al., 2007) and 

one at 10.6 years of child age (Huijbregts, van Berkel, Swaab-Barneveld, & van Goozen, 

2011). There are several issues of note here. First, the literature is quite small, with only a 

handful of studies on this topic. Second, there is variability not only in age of measurement 

and sample size, but also in how PTE was measured. Third, studies vary in cortisol 

measurement, from measures taken from amniotic fluid and cord blood, to reactivity in 

response to frustration or pain (from inoculations). Fourth, there is only one study of older 
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children, although it should be noted that the number of smokers in this study was quite 

small (n = 14; Huijbregts et al., 2011), and the remaining studies reflect a pattern of findings 

with consistent over-activity of stress hormones in the fetal/neonatal period, and inconsistent 

results in infancy. This changing pattern from neonatal to later childhood may reflect a 

changing stress regulation system as a function of accumulating fetal, neonatal, and later 

postnatal risk from hyper to hypo reactive patterns (Badanes et al., 2011; Giudice et al., 

2011). Indeed, theoretical frameworks such as the Adaptive Calibration Model indicate that 

a period of chronic elevation of the HPA axis is often followed by a period of 

hypocortisolism that may last months (Giudice et al., 2011).

These conflicting findings may also be due to environmental moderators that may 

exacerbate or ameliorate the effects of prenatal stress. One of the most significant influences 

on managing stress and/or arousal in infancy is the quality of mother-infant interactions 

(Blair, Granger, Willoughby, & Kivlighan, 2006). The stress buffering hypothesis suggests 

that caregiving experiences characterized by high levels of nurturance may buffer the effects 

of stress exposure. Research with non-human primates indicates that this is most apparent 

among those who are genetically predisposed to high stress reactivity (Suomi, 2011). 

Indeed, the Adaptive Calibration Model (Giudice et al., 2011) and theories such as 

differential susceptibility (Belsky & Pluess, 2009) suggest that children with highly reactive 

stress response systems posed by tobacco exposure may also benefit the most from the 

buffering effects of responsive parenting. Human studies indicate that by the latter part of 

the first year, sensitive, responsive parenting may buffer the HPA system from responding 

negatively, even under conditions that elicit marked distress and fearful behavior (Spangler 

& Schieche, 1998). This is supported in tobacco exposed samples with outcomes other than 

stress reactivity. For instance, among boys experiencing high maternal responsiveness in 

infancy, there was no association between PTE and conduct disorder at age 10, while this 

association was strong and significant among boys who experienced maternal 

unresponsiveness during infancy (Wakschlag & Hans, 2002).

In addition to maternal parenting behavior, child sex may also moderate the association 

between tobacco exposure and stress reactivity. The Adaptive Calibration Model (Giudice et 

al., 2011) emphasizes sex differences in the stress response system that are evolutionarily 

adaptive and that vary as a function of the level of stress. However, the empirical literature 

on sex-related differences in tobacco exposed infants is relatively sparse. Indeed, most 

studies of tobacco exposure have used sex as a covariate, or have reported aggregated results 

without considering the potential for sex to moderate the effects of PTE on child outcomes 

(Coles, Kable, & Lynch, 2012). Since interventions are most beneficial if they are targeted 

at sex/gender specific risks and biological mechanisms that explain those risks, this is a 

critical gap in our knowledge. Evidence from animal research indicates that males are more 

biologically vulnerable to prenatal substance exposure effects on the CNS, particularly with 

respect to areas responsible for regulation (Lewis & Kestler, 2012). Some human studies 

also indicate greater biological vulnerability for boys exposed to tobacco for outcomes such 

as stress reactivity and disruptive behavior problems. For instance, Schuetze et al. (2008) 

reported significantly higher peak cortisol reactivity for tobacco exposed boys compared to 

non-exposed infants or exposed girls at 7 months of infant age. Two studies indicated that 

tobacco exposed boys, but not girls, displayed low sociability, increased negative 
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emotionality, and higher reactivity in infancy (Wakschlag & Hans, 2002; Willoughby, 

Greenberg, Blair, Stifter, & Group, 2007). Others have found that PTE boys, but not girls, 

were more likely to develop conduct problems and to display antisocial behaviors later in 

childhood (Fergusson, Woodward, & Horwood, 1998; Weissman, Warner, Wickramaratne, 

& Kandel, 1999). In addition, PTE has been associated with higher behavioral stress 

reactivity in response to life events from ages 2 to 6 years, and higher stress reactivity was a 

significant mediator of the association between PTE and poor mental health outcomes 

between ages 7–11 years (Park, O’Malley, King, & Picciotto, 2014). However, little is 

known about the role of child sex as a moderator of PTE effects on stress reactivity.

In addition to these gaps in the literature, few studies have examined the role of postnatal 

tobacco exposure on infant stress reactivity. Postnatal exposure is consistently associated 

with poor respiratory health and sudden infant death syndrome (Surgeon General Report, 

2006). However, associations with other developmental outcomes associated with reactivity 

and regulation, such as behavior problems and ADHD have been mixed and fraught with 

methodological problems such as retrospective design and poor assessment of tobacco 

exposure. Consequently, there is a need for prospective studies with careful, multi-method 

assessments of prenatal and postnatal exposure to understand whether continued postnatal 

exposure increases risk for outcomes, such as infant stress reactivity.

Based on this literature and theoretical frameworks, we hypothesized that tobacco exposed 

infants would have higher concentrations of cortisol compared to control group infants and 

that this association would be stronger for tobacco exposed boys. We also hypothesized that 

maternal parenting behavior would moderate the association between PTE and stress 

reactivity, such that tobacco exposed infants experiencing low maternal sensitivity and/or 

high maternal intrusiveness during mother-infant interactions would have higher cortisol 

reactivity compared to non-exposed infants or those with lower levels of these risk variables. 

We examined the role of postnatal tobacco exposure as a significant additional predictor of 

stress reactivity, tentatively hypothesizing that there would be a significant interaction of 

prenatal and postnatal exposure indicating compounding effects on cortisol reactivity.

Method

Sample Selection

Women who presented for care at a large urban hospital’s prenatal clinic were asked to 

complete a screening form during their first prenatal appointment. Eligible women were 

invited to participate in an ongoing longitudinal study of maternal health and child 

development. Initial exclusionary criteria included: less than 20 weeks gestation, maternal 

age of less than 18 years, and multiple fetuses. Additional eligibility criteria were: no illicit 

drug use (other than cannabis based on maternal self-reports, salivary assays in each 

trimester, and infant meconium assays), no heavy alcohol use (more than 1 drink/day on 

average or 4 drinks on one occasion based on maternal self-reports on a calendar based 

interview) after pregnancy recognition, and no heavy marijuana use (more than 1 marijuana 

joint/day on average based on maternal self-reports) after pregnancy recognition (see below 

for measurement details). 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 
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(at age corrected for prematurity). A second postpartum assessment was scheduled for 9 

months postpartum (at age corrected for prematurity). 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 

258 mothers and their infants. One mother-infant dyad was dropped from analyses because 

infant meconium was positive for methamphetamine, resulting in a sample size of 257 

infants. Of these dyads, 181 were infants prenatally exposed to tobacco through maternal 

smoking, and 76 were infants not exposed to tobacco. Only dyads with cortisol assessments 

at the 9-month visit were included in these analyses. Of the 257 infants recruited into the 

study, 22 did not attend the 9-month assessment after repeated reschedules (8 tobacco-

exposed), 6 were unable to be located (2 tobacco-exposed), and 6 (4 tobacco-exposed) were 

dropped (severe medical problems) or withdrew from the study. An additional 7 infants did 

not have saliva samples that could be analyzed due to infant irritability (5 tobacco-exposed). 

Consequently, the final sample for cortisol analysis was 217 (148 tobacco-exposed, 69 non-

exposed) dyads. There were no significant differences between families with complete 

versus missing data at 9 months on demographic or substance use variables.

Mothers ranged in age from 19 to 40 (M = 25.39, SD = 4.99). Maternal race was 52% 

African-American, 30% Caucasian, 18% Hispanic, and 8% other or mixed race with several 

mothers reporting more than one race. Approximately 44% percent of women were married 

or living with their partner at the first prenatal appointment, 35% were in a relationship but 

not living with their partner, and 21% were single. By 9 months of infant age, about 26% of 

women had less than a high-school education, 60% completed high-school, 10% completed 

some college courses, and 4% had a vocational degree or technical training degree. Thus, the 

sample consisted of primarily young, unmarried, minority women with low education.

Procedure

Informed written consent was obtained from interested, eligible women at their first 

laboratory visit in the first trimester of pregnancy. Prenatal assessments were conducted 

once in each trimester of pregnancy, and at 2 and 9 months of infant ages at age corrected 

for prematurity. Data from the prenatal interviews, from mother-infant feeding interactions 

at 2 months, and from the maternal interview and cortisol assessments conducted at the 9-

month visit were included in these analyses.

The study protocol was approved by the Children and Youth Institutional Review Board at 

the State University of New York. Participants were informed that data confidentiality was 

protected by a Federal Certificate of Confidentiality issued by the National Institute on Drug 

Abuse. Participants received payments for completed assessments at all visits.

Study Measures

Maternal prenatal substance use—Maternal pregnancy smoking status was 

determined through a combination of self-report, meconium, and maternal saliva samples 

taken once in each trimester of pregnancy. At each prenatal interview and at the postnatal 

interviews, the Timeline Follow-Back Interview (TLFB; Sobell & Sobell, 1992) was used to 
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gather daily tobacco, alcohol, and cannabis use for the previous three months. Participants 

were provided a calendar and asked to identify events of personal interest (e.g., holidays, 

birthdays, vacations, etc.) as anchor points to aid recall. The method has been established as 

a reliable and valid method of obtaining data on substance use patterns including cigarettes, 

has good test-retest reliability, and is highly correlated with other intensive self-report 

measures (Brown et al., 1998). The TLFB was also used at each postpartum visit (2 and 9 

months of infant age) to assess postnatal substance use. The TLFB yielded data on average 

number of cigarettes smoked per day, average number of drinks per day, and average 

number of joints per day during each trimester and overall pregnancy.

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, a metabolite of nicotine that indicates exposure to nicotine (Jarvis et al., 2003). 

Maternal salivary cotinine ranged from 0 to 569ng/ml of saliva. Following previous 

recommendations for cotinine cut points (Jarvis et al., 2008), mothers were assigned to the 

PTE group if they had salivary cotinine levels greater than 12ng/ml.

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 LC-MS/MS method (Gray et al., 2010) for the presence of nicotine, cotinine, or 

trans-3-hydroxycotinine (OHCOT) as evidence of prenatal nicotine exposure (see Gray et 

al., 2010 for assay details). Infants were assigned to the PTE group if their meconium was 

positive for nicotine, cotinine, or OHCOT. Mothers were assigned to the PTE group if they 

reported smoking cigarettes after conception on the TLFB, if they had salivary cotinine 

levels greater than 12ng/ml in any trimester of pregnancy, and/or if the infants had any 

tobacco metabolites in their meconium.

Postnatal tobacco exposure—Postnatal tobacco exposure was assessed for infants 

during their 2 and 9-month visits using infant saliva samples. Infant saliva samples were 

assayed for cotinine levels. Salivary cotinine concentrations are highly correlated to those in 

the blood (Jarvis, Primatesta, Erens, Feyerabend, & Bryant, 2003) and, thus, are an accurate, 

yet noninvasive, way of measuring passive 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°C freezer and sent to the Center for 

Interdisciplinary Salivary Bioscience at Johns Hopkins University for assay. The advantage 

of saliva testing is that it quantifies exposure to cigarette smoke from all possible sources 

including other household smokers.

Infant cortisol—At 9 months, infant reactivity and regulation were assessed during a 

positive and negative affect paradigm taken from the Laboratory Temperament Assessment 

Battery (LabTAB; Goldsmith & Rothbart, 1996). These included the puppet show designed 

to elicit positive affect and an arm restraint paradigm to elicit anger/frustration. The order of 

procedures was as follows: The Time 1 or pretask saliva sample (T1) was collected after the 

infant arrived at the laboratory; the infant was then seated in a high chair, hooked up to 
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electrodes for measurement of heart rate, and watched a Baby Einstein video for 3 minutes 

for a baseline assessment of physiology (see Calkins, 1997) followed by a 6 minute focused 

attention paradigm (presentation of 4 novel toys for 90 seconds each), a 2-minute puppet 

show, and a second 3-minute baseline interval (watching a video). This was followed by the 

arm restraint paradigm designed to elicit anger/frustration. The Time 2 (T2) saliva sample 

was collected at the end of the arm restraint paradigm. This was followed by another 3 

minutes of video. The infant was then unhooked from the heart rate monitor and placed on a 

play mat on the floor with a variety of toys for measurement of infant activity level. Mothers 

were asked to respond to their infants as they normally would but not to initiate interaction. 

This was followed by an 8-minute free play procedure and another 3 minutes of the infant 

interacting with toys in a basket. The third saliva sample was collected 20 minutes after the 

end of arm restraint (T3) and the fourth sample was collected 40 minutes after the end of 

arm restraint (T4).

As with measurement of cotinine, 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°C freezer and sent to the Center for Interdisciplinary Salivary 

Bioscience at Johns Hopkins University for assay. Samples were assayed for cortisol using a 

highly sensitive enzyme immunoassay the U.S. Food and Drug Administration (510k) 

cleared for use as an in vitro diagnostic measure of adrenal function. The test uses 25µL of 

saliva and has a lower limit of sensitivity from .007 to 3.0 µg/dl. All samples were assayed 

in duplicate and averaged duplicate scores were used in all statistical analyses. Cortisol 

values at all 4 time points were available for 212 infants. There were no differences in 

demographic or substance use variables between infants with missing vs. complete cortisol 

data.

Maternal parenting behavior—Parenting was assessed using behavioral observations 

during feeding interaction at 2 months of infant age. Mothers were asked to feed their 

infants as they normally would at home. The first 10 minutes of these interactions were 

coded using a collection of global 5-point rating scales developed by Clark et al. (Clark, 

1999; Clark, Musick, Scott, & Klehr, 1980). These scales have been found to be applicable 

for coding mother-child interactions for children ranging in age from 2 months to 5 years 

(Clark, 1999). Three composite scales for maternal behavior were derived from these items: 

warmth/sensitivity (e.g., warm, kind tone of voice, expressed positive affect, contingent 

responsiveness to infant behavior, connectedness), negative affect (e.g., angry, hostile tone 

of voice, displeasure, disapproval, criticism), and intrusiveness (e.g., flexibility/rigidity, 

intrusiveness). These scales had high internal consistencies with Cronbach’s alpha of .88 for 

warmth/sensitivity, .84 for negative affect, and .80 for intrusiveness.

Two coders blind to group status rated maternal behavior. Both coders were trained on the 

Clark scales by the first author. Inter-rater reliability was conducted on a random selection 

of 15% (n = 33) of the tapes and were .88 for warmth/sensitivity, .72 for negative affect, 

and .84 for intrusiveness.
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Data Transformations

We first examined cortisol data for outliers, (defined as +3SD from the mean; Gunnar, 

Broderson, Krueger, & Rigatuso, 1996). There were 7 infants with Time 1 values, 11 infants 

with Time 2 values, 10 infants with Time 3 values, and 10 infants with Time 4 values that 

were 3 SD above the mean, and none that were 3 SD below the mean. Following 

recommendations by Tukey (1977), these values were winsorized by replacing values that 

were 3 SD above the mean with the value of 3 SD above the mean, as in previous studies 

(Haley, Handmaker, & Lowe, 2006).

Analytic Strategy

We first examined associations between cortisol values at different time points using 

Pearson correlations. Analyses of potential confounds were conducted next using 

correlations or analysis of variance (ANOVAs) as appropriate. Confounds with significant 

bivariate associations with cortisol values or those of theoretical interest (e.g., other 

substance use) were included as covariates in all remaining analyses (if they were associated 

at p < .10). Sex-related differences in cortisol were examined using ANCOVA. Repeated 

measures ANCOVA with significant theoretical or empirical covariates were conducted to 

examine group differences on cortisol values. Correlations and repeated measures 

ANCOVA were also used to examine the associations between postnatal exposure and 

cortisol values and to examine whether the combination of prenatal and postnatal exposure 

was associated with the most significant effects on cortisol values. Hierarchical multiple 

regressions were used to examine whether maternal parenting behavior moderated the 

association between PTE and infant cortisol in order to not artificially dichotomize the 

continuous measures of maternal behavior using median splits.

Results

Pearson correlations were computed to examine the associations among the cortisol values. 

Cortisol values at each of the time points were positively correlated with each other. The 

correlations among cortisol samples at the four time points were high, ranging from r = .74, 

p < .001 to r = .85, p < .001. To examine whether the arm restraint paradigm was effective 

in increasing stress/arousal in infants, we conducted repeated measures ANOVA with heart 

rate measures (3-minute baseline, average HR during trial 1 of arm restraint, average HR 

during trial 2 of arm restraint, and 3-minute recovery), with PTE group status and child sex 

as the between subjects factors. Results indicated a significant effect of time, F (3, 183) = 

52.81, p = .00, with a significant quadratic trend, but no associations with PTE, child sex, or 

interaction effects. There was a significant linear increase in heart rate from baseline to trial 

1 and trial 2 of arm restraint, and a sharp decrease from trial 2 to recovery. Thus, the arm 

restraint paradigm was effective in increasing sympathetic arousal for infants in general, but 

there were no differences as a function of PTE or child sex.

Substance Use, Demographics, and Infant Growth Outcomes

Results from MANOVA with demographic variables (maternal age, education, parity) as the 

dependent measures and PTE group status as the independent variable yielded no significant 
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group difference on these demographic variables (see Table 1). Chi-square analyses 

indicated no differences on percentage of families in Temporary Assistance for Needy 

Families, Medicaid, food stamps, or marital status. However, smokers were more likely to 

be White and to have partners who smoked. Table 1 also includes group differences in 

prenatal and postnatal maternal substance use variables. Results from MANOVA yielded 

significant group differences in prenatal substance use variables. As would be expected, 

univariate analyses indicated that mothers who smoked during pregnancy were heavier users 

of cigarettes, alcohol, and marijuana during pregnancy than mothers who did not smoke 

during pregnancy (see Table 1). Similarly, results from MANOVA with postnatal substance 

use variables as the dependent measures yielded a significant group difference. Univariate 

analyses indicated that mothers in the tobacco group continued to be heavier users of 

cigarettes, alcohol, and marijuana in the postnatal period compared to pregnancy non-

smokers (see Table 1). Infants in the prenatal tobacco group also had significantly higher 

levels of cotinine at 9 months compared to infants in the control group (see Table 1).

Potential Confounds and Sex Differences

There were no significant associations between infant cortisol values (values at each time 

point at alpha conservatively set at p < .10) and maternal education, parity, and age; whether 

the child woke during the night, time of day, race, birth weight, gestational age, head 

circumference, small for gestational age status, or preterm birth status. There were also no 

significant associations between infant cortisol values and average number of drinks per day 

or average number of joints per day during each trimester of pregnancy, and no associations 

between infant cortisol values and the overall measure of pregnancy alcohol and marijuana 

use.

Given recent studies on the importance of considering medication use in cortisol studies 

(Hibel, Granger, Cicchetti, & Rogosch, 2007), we examined medication status as a potential 

confound (current medications vs. none). About 22% of infants in the study had been 

administered medication within 24 hours of the laboratory visit. There was a significant 

association between PTE group status and medication use (see Table 1). Repeated measures 

ANOVA with the four cortisol values as the dependent measures indicated a significant 

main effect of medication status (use vs. no use), F (1,207) = 9.67, p = .002. Infants with 

current medications had higher cortisol values overall. Means (with standard errors in 

parentheses for medicated and unmedicated infants) were 0.33 (.05) and 0.62 (.09). 

Medications ranged from over the counter cold products to asthma medication, 

acetaminophen, anti-inflammatories, antibiotics, and teething gels. Consequently, infant 

medication status was used as a covariate in the main analyses.

Repeated measures ANOVA was used to examine sex-related differences in cortisol over 

time. Results indicated a significant sex by time interaction, F(3, 512.6) = 3.11, p = .035, 

with a significant cubic trend (see Figure 1). Simple effects analyses indicated that boys had 

significantly higher cortisol values compared to girls at Times 2 and 4, but not at Times 1 

and 3. There was no significant effect of time on cortisol for girls, but a significant increase 

in cortisol from Time 1 to 2 and a significant decline between Time 2 and 3 for boys.
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Main Analyses

Change over Time—In order to examine if there was a cortisol response to the arm 

restraint paradigm for the sample as a whole, we conducted repeated measures ANOVA 

with time as the within subjects factor. Results indicated a significant effect of time, F (3, 

341.7) = 3.10, p = .02, ηp
2 = .02. There was a significant increase in cortisol from Pre-Task 

to Post-Task 1 (Ms = .25 and .35, SD = .37 and .60 respectively), but no significant change 

from Post Task 1 to 2 (M for Post-Task 2 = .31, SD = .53), or Post-Task 2 to 3 (M for Post-

Task 3 = .30, SD = .42).

Association between PTE and infant cortisol—A repeated measures ANCOVA was 

conducted to examine the association between PTE group status and change in cortisol over 

time with infant medication status included as a covariate. Results indicated a significant 

main effect of PTE group status, F (1, 206) = 7.26, p = .008, ηp
2 = .04 (see Figure 2). 

Exposed infants (M = .31, SE = .05) had significantly lower cortisol compared to non-

exposed infants (M = .55, SE = .07). Potential dose-response associations were examined 

next by examining the correlations between cortisol values and the average number of 

cigarettes per day in each trimester of pregnancy. As noted in Table 2, in general, there were 

small but significant associations between average number of cigarettes in Trimesters 1 and 

2 and cortisol values across time, with higher number of cigarettes per day associated with 

lower cortisol across time. Thus, there was some indication of dose response associations, 

but the magnitude of these associations did not differ by timing of exposure and were 

generally small. In addition to maternal self-reports, infant meconium is a reliable indicator 

of fetal third trimester exposure (see Gray et al., 2010). When the dichotomous (positive vs. 

negative) measure of meconium was used, only Pre-Task cortisol was significantly 

associated with infant meconium positive for nicotine metabolites (r = −.15, p = .05). Infants 

with meconium positive for nicotine and metabolites had lower Pre-Task cortisol values. 

The magnitude of this association was similar to those obtained using maternal self-reports 

in the first two trimesters. Finally, when the nanomolar equivalent nicotine per gram of 

meconium was used as a continuous measure of total biomarker concentration, correlational 

analyses indicated that infants with higher amounts of nicotine in meconium had lower Pre-

Task cortisol and marginally lower Post-Task 2 cortisol (see Table 2).

Moderation by infant sex—Infant sex was included as a between subjects factor in 

repeated measures ANCOVA to examine whether the association between PTE and cortisol 

differed for boys and girls. Medication status was included in the analyses as a covariate. 

Results indicated a significant interaction of PTE group status and infant sex, F(1, 203) = 

8.97, p = .003, ηp
2 = .04. Simple effects analyses indicated a significant effect of PTE for 

boys, F(1,100) = 11.90, p = .001, ηp
2 = .11 (Ms = .83 and .33, SEs = .12 and .08 for control 

and PTE groups respectively), but not girls, F(1, 102) = .18, p = .60 (Ms = .33 and .29, SEs 

= .07 and .06 for control and PTE groups respectively).

Associations between PTE, postnatal tobacco exposure, and infant cortisol—
Repeated measures ANCOVA was used to examine whether the association between PTE 

status and cortisol reactivity was moderated by postnatal tobacco exposure. Infant sex and 

medication status were used as covariates and PTE group status and 9 month infant salivary 
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cotinine results (positive vs. negative) were used as the between subjects factors. Results 

yielded no significant interaction or main effect of postnatal tobacco exposure at 9 months.

Associations between PTE, parenting, and infant cortisol—The correlations 

among the three maternal behavior measures were significant, but in the small to moderate 

range (Pearson r = .30 to .34, p = .00). Thus, they were related but different aspects of 

maternal behavior and the magnitude of the association was not supportive of combining the 

three measures. In order to not artificially dichotomize the continuous measures of maternal 

behavior, hierarchical regression analyses were used to examine whether maternal warmth, 

negative affect, and intrusiveness during feeding interactions at 2 months of infant age 

moderated the association between PTE and infant cortisol at each time point. Infant sex and 

medication status were entered on the first step of regression equation, followed by the main 

effects of PTE and each of the three maternal behavior variables on the second step of the 

regression equation, and the interaction terms of PTE by maternal behavior on the final step 

of the regression equation. Results yielded a significant interaction of PTE and maternal 

intrusiveness for cortisol at each time point (βs ranged from −.33 for Time 1 to −.64 for 

Time 2 cortisol, p < .01 for all time points). Given the similarity of interaction effects for 

each time point, we have depicted Time 1 cortisol in Figure 3. As indicated in Figure 3, 

there was no association between PTE and infant cortisol at Time 1 when maternal 

intrusiveness was low. However, among mothers with high levels of intrusiveness, PTE 

infants had significantly lower cortisol compared to those in the control group (see Figure 

3). Maternal negative affect and sensitivity did not moderate the association between PTE 

and cortisol at any time point, although the overall pattern of associations were similar.

Discussion

PTE was associated with lower concentrations of cortisol in this sample of high-risk 9 

month old boys, but not girls. There was some evidence of dose response associations, with 

higher amounts of cigarettes associated with lower cortisol, although associations with 

maternal report variables were strongest for the first two trimesters and the association with 

infant meconium reflecting third trimester exposure significant for the pre-task cortisol. This 

may partly be a reflection of the skewed nature of the variables in the last trimester. Results 

overall did not provide strong evidence that specific timing of exposure was associated with 

differential pattern of cortisol responses to laboratory stressors.

According to the Adaptive Calibration Model (Giudice et al., 2011), hypo-activation of the 

HPA system would be the expected pattern in response to severe or traumatic stress. In PTE 

samples, this may be a reflection of chronic prenatal stress due to fetal ischemia and hypoxia 

and continued postnatal stress due to non-optimal caregiving environments. While studies 

have consistently found significantly higher concentrations of stress hormones in PTE 

infants during the fetal and neonatal period (McDonald et al., 2006; Varvarigou et al., 2006, 

2009), results have been quite variable in the postnatal period with some studies 

demonstrating higher stress reactivity at 2 (Ramsay et al., 1996) and 7 months (Schuetze et 

al., 2008) of infant ages, and other studies finding no associations at 6 months (Ramsay et 

al., 1996), 4–6 months of infant ages (Granger et al., 2007), and 10.6 years of child ages 

(Huijbregts et al., 2011). One explanation for these changes may be differences in how PTE 
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was measured and relative sample sizes. For instance, in the study by Ramsay and 

colleagues (1996), women who used any cigarettes or alcohol during pregnancy were 

grouped into the exposed group. In the study by Schuetze and colleagues (2008), PTE was 

measured by maternal self-report alone, with salivary cotinine measures taken postnatally, 

and thus reflecting postnatal exposure. In contrast, the study by Granger et al (2007) 

grouped mothers into the smoking group if they smoked at least 1 cigarette in the past 48 

hours or had salivary cotinine levels above 10ng/mL when their infants were 6 months of 

age, and into the control group if they did not smoke at least 1 cigarette in the past 48 hours 

and did not have salivary cotinine levels above 10ng/mL. Thus, women in either group may 

or may not have smoked cigarettes prenatally. Finally, the study by Huijbregts et al. (2011), 

consisted of a small sample of smokers (n = 14) and PTE was based on retrospective reports 

of maternal smoking 8–13 years after delivery. Thus, discrepancies in results beyond the 

fetal/neonatal period may be due to these differences in measurement, sample size, and the 

nature of the independent variable.

The mixed findings may also be due to potential changes in the stress response system from 

chronic hyper-activation to hypo-activation. There is suggestion the literature that there may 

be periods of rebound effects from chronic hyper-activation (Giudice et al., 2011) that have 

long term implications for health and disease (McEwen, 1998). Future studies with 

prospective assessments over time may be better able to address this issue. When and under 

what circumstances does potential hyper-activation of the stress response system change to 

hypo-activation. Our findings also suggest that the lack of cohesion of these findings may be 

due to the presence of significant moderators, such as infant sex and maternal parenting.

Indeed, results from the present study indicated that the direct association between PTE and 

infant cortisol was qualified by two significant interactions, revealing that all of the infants 

did not experience equal risk for the consequences of PTE in regard to HPA reactivity. First, 

the association between PTE and infant cortisol was moderated by infant sex, such that only 

boys demonstrated hypoactivation of the HPA system. This pattern of sex-related 

differences is supported by theoretical frameworks suggesting that the shift toward 

hypocortisolism would be more prevalent among males due to the evolutionary benefits 

posed by this stress response pattern under conditions of high environmental risk (Giudice et 

al., 2011). These findings are also supportive of both the animal and human literature and 

provide additional evidence for the notion that boys may be particularly vulnerable to 

prenatal stresses associated with PTE, such as fetal hypoxia. Indeed, studies that have 

examined prenatal exposure to nicotine in rodents have found that male rodents are more 

prone to demonstrate poorer behavioral functioning as a result of hypoxic insult (Tashima, 

Nakata, Anno, Sugino, & Kato; Tizabi et al., 1997). This male biased pattern of 

hyporesponsivity under conditions of high environmental stress is hypothesized to be 

associated with high levels of risk taking (Guidice et al., 2011). Indeed, this may be one 

mechanism explaining the stronger association between PTE and behavioral disorders for 

boys, but not girls (Coles et al., 2012). Thus, the present findings add to this growing body 

of literature by providing preliminary evidence that sex-related differences in the association 

between PTE and HPA reactivity may exist as early as the first year of life.
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Findings from the present work also provided evidence to support the notion that the 

association between PTE and HPA reactivity varies as a function of maternal intrusiveness. 

Results indicated that PTE infants had stress response systems that were not as responsive to 

the added environmental adversity posed by high maternal intrusiveness. These finding are 

particularly noteworthy, as there is a relative paucity of studies that have examined 

outcomes of PTE in the context of parenting, despite theories highlighting the importance of 

the caregiving environment for shaping consequential outcomes in children who have 

experienced prenatal substance exposure (Mayes & Bornstein, 1997). More specifically, to 

our knowledge no studies to date have examined whether parenting influences the 

association between PTE and HPA functioning. This is surprising given that pregnancy 

smoking has been associated with greater risk of poorer parenting. Studies, for instance, 

have demonstrated that pregnancy smoking is associated with higher rates of parent-child 

conflict (Weissman et al., 1999), less maternal warmth, and parenting behavior characterized 

by poor communication, ineffective discipline, and poor supervision (Wakschlag et al., 

1997). Moreover, the quality of the mother-infant relationship has been shown to be a 

pivotal influence on managing stress and/or arousal in infancy, with theories, such as the 

stress buffering hypothesis and the stress inoculation hypothesis highlighting the important 

role of the caregiving environment for stress reactivity in infancy (Blair et al., 2006). While 

we are not aware of previous studies that have directly examined whether parenting confers 

greater vulnerability for infant stress reactivity among PTE infants, our findings are 

consistent with those of Wakschlag and Hans (2002) who found that there was no 

association between PTE and conduct disorder at age 10 among boys experiencing high 

maternal responsiveness in infancy, but that there was a strong positive association between 

PTE and conduct disorder among boys who experienced maternal unresponsiveness during 

infancy. These results may help to clarify, in part, why cigarette-exposed boys who 

experience unresponsive parenting are at a higher risk for developing conduct disorder as 

children (Wakschlag & Hans, 2002).

Several studies have noted that early maternal intrusiveness is an important aspect of 

maternal behavior that is predictive of infant disorganized behaviors in the Strange Situation 

paradigm (Lyons-Ruth et al., 1999), greater child negativity in the toddler period (Ispa et al., 

2004), and greater peer directed hostility in kindergarten (Fearon, Bakermans-Kranenburg, 

van IJzendoorn, Lapsley, & Roisman, 2010; Lyons-Ruth, Alpern, & Repacholi, 1993), and 

in middle childhood (Lyons-Ruth, Easterbrooks, & Cibelli, 1997). In addition to its 

predictive role for infant behaviors and mother-infant relationship, maternal intrusiveness 

during mother-infant interaction seems to be reflective of greater maternal stress and 

anxiety. For instance, Atzil and colleagues (2011) reported that intrusive mothers had 

greater activation in brain areas associated with stress-related mechanisms and greater neural 

disorganization compared with sensitive attuned mothers. Authors posited that maternal 

intrusiveness may be an indicator of stress or anxiety. Similarly, Kiel and Buss (2013) 

reported that maternal intrusiveness was associated with higher maternal stress response 

among inhibited infants and reflected greater maternal anxiety and embarrassment about 

infant inhibition. Thus, the results from these studies suggest that unlike maternal sensitivity, 

maternal intrusiveness may be a reflection of greater maternal stress, anxiety, and hostility 

with corresponding increases in infant stress. This may be associated with greater cortisol 
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reactivity among infants with normally reactive HPA systems. However, this conclusion 

remains speculative, and hence should be interpreted with caution. Firmer conclusions await 

replication of our work and the accumulation of converging evidence.

Contrary to expectations, postnatal tobacco exposure did not exacerbate the association 

between PTE and infant cortisol at 9 months. One explanation may be that given the narrow 

range of cortisol and the hypoactive HPA system associated with PTE, there may be floor 

effects. All infants with postnatal exposure had prenatal exposure as well and if the effects 

of PTE are to reduce HPA activation, the levels may already be too low for additional 

effects of postnatal exposure to be evident. Few studies have examined the role of postnatal 

exposure as a moderator of prenatal effects. However, Granger et al (2007) reported no 

associations between postnatal exposure and infant cortisol reactivity. Thus, another 

possibility is that postnatal exposure was not severe enough for an impact on cortisol 

activity at 9 months of age.

Theoretical frameworks regarding developmental changes from hyper- to hypo-activation of 

the stress response system (Giudice et al., 2011) can only be examined with prospective data 

from samples characterized by chronic and/or severe stress. Given lack of data, it is unclear 

whether the associations between PTE and lower cortisol concentrations persist throughout 

infancy and into the childhood years. Prospective designs would also be better able to 

address when and under what conditions do initially high levels observed in a few studies 

change to low cortisol reactivity. Future studies with developmental and health outcomes 

beyond infancy are also needed to understand at what level and under which contexts is low 

reactivity associated with harmful consequences. Studies have noted that hypoactivity of the 

HPA system is associated with adult psychopathology (O’Leary, Loney, & Eckel, 2007) and 

disease {McEwen, 1998 #4608}, Fries, Hesse, & Hellhammer, 2005). Prospective studies 

following these children over time may address the issue of the HPA system being one 

mechanism linking prenatal exposure to adult health and disease in cigarette exposed 

samples. Finally, future studies of fetal origins of disease may be better focused on diurnal 

rhythms as opposed to laboratory based measures. Loss of diurnal rhythm may be a better 

index of a distressed HPA system than laboratory measures and may be more predictive of 

developmental and health outcomes, or lack of resilience in the context of high stress 

(Gunnar & Vasquez, 2001).

Other limitations of the current study must be acknowledged. First, Time 1 cortisol taken 

after arrival at the lab reflects some level of cortisol reactivity to the environmental stressors 

associated with travel to the laboratory setting. Thus, it does not reflect baseline conditions. 

Nonetheless, our results suggest that our lab-based procedures assess meaningful individual 

differences. A second limitation is that accurate assessment of substance use both prenatally 

and postnatally is complicated. Pregnant and postpartum women are often hesitant to 

divulge substance use information. However, an important strength of this study was the use 

of multiple methods to ascertain prenatal and postnatal substance use, which partially 

mitigated this limitation. A third limitation is that the measure of maternal parenting 

behavior was limited to a single feeding session and was relatively brief. However, a 

strength of this assessment approach is that it provides an objective measure of parenting, as 

opposed to parent reports of their own parenting behavior.
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Notwithstanding these limitations, the present work is important because it offers further 

empirical support to a growing body of literature documenting significant consequences of 

PTE on the HPA axis. This study also contributes to the field because of its examination of 

moderating factors, such as infant sex and maternal parenting behavior following recent 

theoretical frameworks such as the Adaptive Calibration Model of stress response. The 

present findings with regard to HPA reactivity indicate that PTE infants have stress response 

systems that are not responsive to negative environmental adversity posed by high maternal 

intrusiveness, and that male PTE infants are at higher risk for hyporesponsivity. These 

findings indicate that the link between PTE and HPA reactivity is rather complex, 

suggesting that we need to move away from linear models examining the association 

between PTE and HPA functioning to models that include relevant mediators and 

moderators. Current findings also lend support to fetal programming of stress response 

mechanisms that may lead to increased adverse outcomes as development progresses and 

underscore the importance of considering fetal origins in theoretical frameworks of stress 

and illness.

Clinical Implications

The results from this study suggest that cigarette exposed boys may be particularly 

vulnerable to hypoactivation of the HPA system and exposed children may have blunted 

HPA systems that are not responsive to additional environmental stressors. Apart from the 

importance of reducing maternal smoking during pregnancy, these findings underscore the 

importance of interventions that may help exposed children, especially boys, regulate 

responses to environmental stressors appropriately.
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Figure 1. 
Child sex by time interaction effect on infant cortisol at 9 months of infant age.
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Figure 2. 
Main effect of smoking group status on infant cortisol at 9 months of infant age for the 

sample as a whole, but no interactions involving time.
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Figure 3. 
Interaction of PTE and maternal intrusiveness on Time 1 cortisol.
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Table 2

Pearson correlation coefficients between number of cigarettes per day in each trimester of pregnancy, 

continuous measure of total biomarker in meconium, and cortisol values.

Pre-Task Post 1 Post 2 Post 3

Trimester 1 cigarettes per day −.15* −.12 −.14* −.15*

Trimester 2 cigarettes per day −.16* −.15* −.13* −.13*

Trimester 3 cigarettes per day −.12 −.13* −.12 −.12

Nicotine molar equivalent/g Meconium −.17* −.12 −.14+ −.10

*
p < .05

+
p < .10
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