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abstraCt

introduction: Prenatal tobacco exposure, through maternal smoking during pregnancy, has been associated with adverse men-
tal health outcomes in childhood. However, the mechanisms by which prenatal tobacco exposure compromises mental health 
later in life are unclear. We hypothesized that sensitized reactivity to stressful life events in early childhood mediates the effect of 
prenatal tobacco exposure on mental health outcomes in middle childhood, after accounting for earlier mental health outcomes.

Methods: Data were from 12,308 mothers and their children drawn from the Avon Longitudinal Study of Parents and Children, 
a large prospective population-based study. Mothers’ self-reports of smoking during pregnancy, mothers’ ratings of their child’s 
reactivity to stressful life events, and teachers’ and mothers’ ratings of the Strengths and Difficulties Questionnaire assessing 
5 domains of mental health outcomes were measured.

results: A positive association was found between prenatal tobacco exposure and stress reactivity between the ages of 2 
and 6. In turn, stress reactivity was positively associated with peer (isolation), hyperactivity, conduct, and emotional problems 
(but not prosocial behaviors) between the ages of 7 and 11, after accounting for the mental health outcome at age 4 and other 
confounders.

Conclusions: Heightened stress reactivity in preschool ages mediated the effect of prenatal tobacco exposure on adverse men-
tal health outcomes between the ages of 7 and 11. Interventions to assist children exposed to tobacco smoke during gestation in 
coping with stressful life events may help mitigate psychiatric symptoms in this population.

Despite public awareness of its adverse health effects, 11%–
12% of pregnant women in the United States report smoking 
(Martin et al., 2007). This is probably an underestimate because 
there is thought to be substantial underreporting of smoking 
during pregnancy and a subset of women who quit smoking 
early in pregnancy relapse later (Warland & McCutcheon, 
2011). Health consequences of prenatal tobacco exposure 
include reduced birth weight and increased risk of preterm 
delivery and still births (Salihu & Wilson, 2007). In addition to 
these physiological effects, children exposed to tobacco smoke 
in utero also have an increased risk of psychiatric morbidity 
(Ekblad, Gissler, Lehtonen, & Korkeila, 2010). Prenatal smoke 
exposure has been associated with diverse externalizing prob-
lems including attention deficit hyperactivity disorder, conduct 
disorder, antisocial behavior, and substance abuse (Brennan, 
Grekin, Mortensen, & Mednick, 2002; Button, Maughan, & 
McGuffin, 2007; Ernst, Moolchan, & Robinson, 2001; Linnet 
et al., 2003; Nomura, Marks, & Halperin, 2010; Rogers, 2009). 

Although less studied, an association of prenatal tobacco expo-
sure with internalizing problems has been found (Ashford, van 
Lier, Timmermans, Cuijpers, & Koot, 2008). However, results 
from recent genetically informed studies using twin (Button, 
Thapar, & McGuffin, 2005; Knopik et  al., 2005; Maughan, 
Taylor, Caspi, & Moffitt, 2004; Thapar et al., 2003), children-
of-twins (D’Onofrio et  al., 2003; Knopik et  al., 2006), and 
prenatal cross-fostering (via in vitro fertilization; Rice et  al., 
2010; Thapar et  al., 2009) study designs indicate that once 
genetic and familial environmental factors were accounted for, 
the effect of prenatal tobacco exposure became substantially 
reduced. These findings highlight the importance of rigorous 
and comprehensive control for confounding factors in the asso-
ciation of prenatal tobacco exposure and subsequent mental 
health outcomes.

Although the association between prenatal tobacco exposure 
and adverse mental health outcomes is well documented, the 
mechanisms by which tobacco exposure in utero compromises 
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mental health later in life are not well characterized. Animal 
studies have suggested that nicotine exposure during gestation 
can alter stress reactivity. For example, fetal nicotine exposure 
had little effect on radial arm maze performance in rats, unless 
the animals were stressed by exposure to an altered environment 
(Levin, Wilkerson, Jones, Christopher, & Briggs, 1996). Mice, 
that were exposed to nicotine either throughout development 
or just during the postnatal period, also showed increased 
reactivity to a stressful stimulus as measured by avoidance of a 
mild footshock (Heath, King, Gotti, Marks, & Picciotto, 2010). 
Mouse studies (Heath et al., 2010; King et al., 2003) showed 
that the hyperreactivity to shock occurred only when nicotine 
exposure or manipulation of the nicotinic system coincided 
with maturation of corticothalamic circuits and that nicotinic 
modulation only in cortical layer VI pyramidal neurons is 
sufficient to alter sensitivity to the mild stressor. The ability of 
nicotine to bind to, activate, and desensitize nAChRs on neurons 
(which normally transduce endogenous acetylcholine signals) 
likely disrupts the normal development of neuronal circuits 
modulated by release of acetylcholine in response to salient 
environmental events, thus likely resulting in long-term changes 
that alter responses to stressful stimuli (Heath & Picciotto, 2009; 
Navarro et  al., 1989; Roy, Seidler, & Slotkin, 2002; Sobrian, 
Ali, Slikker, & Holson, 1995). However, these animal studies on 
the role of stress reactivity used nicotine (as opposed to tobacco, 
which includes over 4000 chemicals besides nicotine), and thus, 
these results from animal studies likely represent a subset of the 
effects of prenatal tobacco exposure in humans.

The current study had two aims. First, we aimed to replicate 
the previous findings showing an association between prenatal 
tobacco exposure and mental health outcomes in a large pro-
spective population-based sample. We hypothesized that pre-
natal tobacco exposure would be associated with greater levels 
of externalizing and internalizing problems in middle child-
hood. Second, we aimed to characterize a potential mechanism 
underlying the association between prenatal tobacco exposure 
and childhood mental health outcomes. We examined whether 
sensitized reactivity to stressors at ages 2–6 mediates the effect 
of prenatal tobacco exposure on mental health outcomes at ages 
7–11. Specifically, we hypothesized that prenatal tobacco expo-
sure would be associated with sensitized reactivity to stressors. 
We further hypothesized that the sensitized stress reactivity 
would, in turn, be associated with externalizing and internaliz-
ing problems in middle childhood. Given the previous findings 
of systematic differences in socioeconomic background and 
psychiatric histories between mothers who smoke during preg-
nancy and mothers who do not, we statistically controlled for 
those potential confounders. Also, due to the concern of poten-
tial report biases in children’s mental health outcomes rated 
by a mother and a teacher as a function of the reporters’ own 
mental health status (Briggs-Gowan, Carter, & Schwab-Stone, 
1996; Youngstrom, Loeber, & Stouthamer-Loeber, 2000; see 
De Los Reyes & Kazdin, 2005 for a review), we statistically 
controlled for mothers’ and teachers’ depression and anxiety at 
the time of their ratings. Finally, to test a unique effect of stress 
reactivity on the later mental health outcome over and above 
the effect of the earlier mental health outcome, we statistically 
controlled for children’s mental health outcome at age 4, as 
well as children’s gender, intelligence, and stressful life events 
experienced that have been shown to affect childhood mental 
health outcomes (Fergusson, Woodward, & Horwood, 1998; 
Wakschlag & Keenan, 2001).

MetHOds

Participants

Data were drawn from the Avon Longitudinal Study of Parents 
and Children, a large, prospective, population-based study. 
Information regarding participant selection and assessment 
procedures for this study is discussed in detail elsewhere 
(Golding, Pembrey, & Jones, 2001) and is briefly described 
below. All pregnant women who had an expected delivery date 
between April 1st, 1991, and December 31st, 1992, in the Avon 
area of the United Kingdom were invited to participate in the 
study. Mothers who agreed to participate, their partners, and 
their children arising from the index pregnancy were followed. 
Data about the health and development of offspring were col-
lected via postal questionnaires. Ethical approval was obtained 
from local research ethics committees and from the ALSPAC 
Ethics & Law committee.

Of the data from 15,211 children that were available for 
analyses, data from 12,308 children (81% of the total sample) 
were used for the current analyses, after applying two exclusion 
criteria. First, we excluded 70 children who were both born 
prematurely (prior to 37th week of pregnancy) and exposed 
to tobacco after birth from parental smoking. These children 
were excluded because postnatal tobacco exposure among pre-
maturely born infants could be considered to be analogous to 
prenatal exposure (in terms of their rate of brain development) 
but may have different kinetics than in utero exposure. Second, 
we excluded an additional 2,833 children with missing data for 
prenatal tobacco exposure. This final sample consisted of 97% 
Caucasian mothers, 68% in their first marriage, with the mean 
age at delivery of 28.16  years (SD  =  4.91, range  =  15–44). 
This sample also consisted of 13% mothers with a university 
degree or higher, 23% with an A-level qualification (equiva-
lent to grades 11/12 in the United States), 35% with an O-level 
qualification (grades 10/11 in the United States), 10% with 
a vocational qualification (an apprenticeship), and 19% with 
the Certificate of Secondary Education (General Educational 
Development in the United States) or no qualification. Children 
were 52% female and 95% Caucasian.

Measures

Prenatal Tobacco Exposure
At three assessment points during their pregnancy, mothers 
were asked about their smoking behavior (cigarette, cigar, 
and chewing tobacco) during the first 3  months, 16–17 
weeks, and the last 2  months of pregnancy. A  dichotomous 
variable of prenatal tobacco exposure status (0 = no exposure 
throughout three trimesters; 1 = exposure during at least one 
of three trimesters) was computed. Mothers who enrolled in 
the study after 23 weeks of gestation were given the question 
about smoking during the third trimester but not during the 
first and second trimesters; if they reported smoking at the 
third trimester, they were coded as 1, whereas if they reported 
nonsmoking at the third trimester, they were coded as missing 
(because there was no way to determine their smoking at the 
other trimesters).

Stress Reactivity Measured at Ages 2–6
Stress reactivity was assessed when the child was 2, 3, 4, 5, 
and 6 years old. Mothers were given a list of 15–16 potentially 
stressful life events (An event of “the child started school” was 
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added to the assessments at ages 5 and 6). Mothers were asked 
to report whether their child experienced each event during the 
past 12 or 15 months, and if so, how upset their child became 
in response to the events. Mothers’ responded to each event 
based on a 0 (No, did not happen), 1 (Yes, not upset), 2 (Yes, 
a bit upset), 3 (Yes, quite upset), and 4 (Yes, very upset) scale. 
Reactivity scores were computed by summing reactivity scores 
for 12 stressful life events at ages 2–4 and 13 stressful life events 
at ages 5 and 6; three items measuring experience of sexual and 
physical abuse and neglect were dropped from the calculation 
because these events are considered traumatic (based on criteria 
for posttraumatic stress disorder the Diagnostic and Statistical 
Manual of Mental Disorders, 4th Edition Text Revision; 
American Psychiatric Association, 2000), and our goal was to 
study reactivity to ordinary stressful life events. Because the 
focus of the measure relates to how much the child reacted to 
stressors (not confounded with the child’s experiences of stress-
ors), when mothers reported that no stressors happened to the 
child, the score was treated as missing for the given measure-
ment point. Accordingly, a score of reactivity potentially ranged 
from 1 to 48 for the assessments at ages 2, 3, and 4 and 1–52 for 
the assessments at ages 5 and 6. This scale has been used suc-
cessfully to measure life stress in childhood (Araya et al., 2009; 
Enoch, Steer, Newman, Gibson, & Goldman, 2010).

Mental Health Outcomes Measured at Ages 7–11
Mothers completed the parental version of the Strengths and 
Difficulties Questionnaire (SDQ; Goodman, 1997, 2001) when 
their child was 7, 10, and 11 years old. In addition, teachers 
completed the teacher version of the SDQ when a child was 8 
and 11 years old. The SDQ consists of five, 5-item subscales: 
hyperactivity symptoms (e.g., “restless, overactive, cannot stay 
still for long,” “easily distracted, concentration wanders”), 
emotional symptoms (e.g., “has many worries, often seems 
worried,” “often unhappy, downhearted or tearful”), conduct 
problems (e.g., “often lies or cheats”), peer problems (e.g., 
“rather solitary, tends to play alone”), and prosocial behav-
iors (e.g., “kind to young children”). Each item was measured 
based on a 0 (not true) to 2 (certainly true) scale, resulting 
in each subscale score potentially ranging from 0 to 10. For 
the current analysis, five subscale scores at each of the five 
assessment points (three from maternal ratings and two from 
teacher’s ratings) were used. There were small to medium asso-
ciations between maternal and teacher’s ratings on the same 
mental health domain (bivariate correlation coefficients [rs] 
ranging from .18 for emotional problems to .49 for hyperactiv-
ity symptoms). This brief behavioral screening questionnaire 
has been validated against well-established measures including 
Rutter Children’s Behaviour questionnaires (Goodman, 2001), 
the Child Behavior Checklist (Goodman & Scott, 1999), and 
clinicians’ ratings (Mathai, Anderson, & Bourne, 2004).

Potential Confounding Variables
A number of maternal variables were included as covariates 
(and thus their effects were statistically controlled for), includ-
ing age at delivery, education, alcohol and illicit drug use dur-
ing pregnancy, and depression and anxiety status determined 
using the Edinburgh Postnatal Depression Scale (Cox, Holden, 
& Sagovsky, 1987), the Anxiety subscale of the Crown-
Crisp Experiential Index (CCEI; Crown & Crisp, 1979), and 
the S-Anxiety subscale of the State-Trait Anxiety Inventory 

(Spielberger, Gorsuch, Lushene, Vagg, & Jacobs, 1983) over 
the three trimesters of pregnancy, 1–5  years after delivery, 
and 6–11 years after delivery (which corresponded to the time 
points when mothers rated children’s stress reactivity and men-
tal health outcomes). In addition, mothers’ and their current 
partners’ self-report histories of alcoholism, drug addiction, 
and severe depression measured during pregnancy were con-
trolled for. Teachers’ anxiety and depression status was deter-
mined using the Depression and Anxiety subscales of the CCEI 
when children were 8 and 11 years old (which corresponded to 
the time points when teachers rated children’s mental health 
outcomes). Child variables also were controlled for, includ-
ing gender, intelligence quotient measured by an abbreviated 
form of the Wechsler Intelligence Scale for Children IIIUK 
(Wechsler, 1992) at age 8, the total number of stressful life 
events experienced at ages 2, 3, 4, 5, and 6, assessed with the 
stress reactivity measure described above, and mental health 
outcomes reported by mothers using the parental version of the 
SDQ (Goodman, 1997, 2001) when children were 4 years old.

Data Analysis Strategies

Descriptive statistics, including correlation analysis, were ana-
lyzed using SPSS, Version 19. A structural equation model was 
estimated using Mplus, Version 6 (Muthén & Muthén, 1998–
2010). Due to the multiple assessment points of stress reactivity 
and mental health outcomes and to the five different types of 
mental health outcomes, it was not feasible for us to test media-
tion using each observed variable, which would yield a total of 
125 tests (five measurement points of stress reactivity × five 
types of mental health outcomes × five measurement points of 
each mental health outcome). Given the concerns of an inflated 
Type I error rate, we used structural equation modeling to esti-
mate a latent factor of stress reactivity across ages 2–6 and a 
latent factor of each mental health outcome across ages 7–11. 
The use of the structural equation modeling allowed us not only 
to control for measurement errors inherent in each observed 
variable (by explicitly estimating latent factors of residual/error 
terms for observed variables; Tomarken & Waller, 2005) but 
also to obtain better interpretable results on whether stress reac-
tivity at early childhood mediated the effect of prenatal tobacco 
exposure on mental health outcomes at middle childhood. 
Estimating a single latent variable (representing a traitlike fac-
tor of a construct across time) using multiple observed variables 
at different time points (representing time-specific states of a 
construct) has been used in various forms of state-trait factor 
models for longitudinal data analysis (Hertzog & Nesselroade, 
1987; Kenny & Zautra, 1995; Steyer, Ferring, & Schmitt, 1992).

Because stress reactivity and mental health outcome variables 
were not normally distributed, maximum likelihood parameter 
estimates with standard errors and a chi-square test statistic that 
are robust to nonnormality were used. Maximum likelihood 
estimation also deals with missing data by determining the 
parameters that maximize the probability of the sample data on 
the basis of all the available data (Graham, Cumsille, & Elek-Fisk, 
2003). Although analysis with complete data (after removing 
cases with missing data) had been one of the most frequently 
used approaches to missing data, list-wise deletion is associated 
with biased estimates and loss of power (Graham et al., 2003). 
To evaluate the fit of the model, cutoff values of multiple model 
fit indices (Hu & Bentler, 1999) were used: 0.95 or above for 
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the Comparative Fit Index, 0.08 or below for the Standardized 
Root Mean Square Residual, 0.05 or below for point estimates of 
the Root Mean Square Error of Approximation (RMSEA), and 
0.00–0.08 for 90% Confidence Intervals of the RMSEA.

For the first study aim to test the overall/total effect of pre-
natal tobacco exposure on childhood mental health outcomes 
without consideration of a mediator, a separate structural equa-
tion model for each of the five mental health outcomes was esti-
mated (shown in the panel of Figure 1). In each of these five 
models, a latent factor of the mental health outcome was esti-
mated with five observed variables—the mental health outcome 
reported by a mother at ages 7, 10, and 11 and by a teacher at 
ages 8 and 11. Thus, the latent mental health outcome factor 
was set to account for covariance among all the five maternal 
and teachers’ ratings (i.e., the maternal and teachers’ ratings 
were assumed to correlate with each other because those ratings 
measured the same mental health outcome of the same child). 
Factor loadings of those five observed variables were set to be 
equal so that each variable had an equal weight to the latent 
mental health outcome factor. In addition, to account for poten-
tial residual associations among the observed variables reported 
by the same reporter (a mother vs. a teacher), error variance of 
three observed variables based on maternal ratings were allowed 
to correlate with each other and error variances of two observed 
variables based on teachers’ ratings also were allowed to cor-
relate with each other. A path from prenatal tobacco exposure 
to the single latent mental health outcome factor represented the 
total effect of prenatal tobacco exposure on the mental health 
outcome (without consideration of a mediator).

For the second study aim to test a mediating role of stress 
reactivity in the effect of prenatal tobacco exposure on child-
hood mental health outcomes, a separate structural equation 
model for each of the five mental health outcomes was estimated 
(shown in the lower panel of Figure 1). To each of the above five 
models for the first study aim, a latent factor of stress reactivity 
was added; this factor was estimated with five observed varia-
bles of stress reactivity measured at ages 2, 3, 4, 5, and 6. Factor 
loadings of those five observed variables were set to be equal so 
that each measurement point had an equal weight to the latent 
stress reactivity factor. Then, we added two directional paths. 
First, the predictor–mediator indirect path was represented by 
a path from prenatal tobacco exposure to the stress reactivity 
factor. Second, the mediator-outcome indirect path was repre-
sented by a path from the stress reactivity factor to the mental 
health outcome factor at ages 7–11. An indirect/mediated effect 
was calculated by multiplying the unstandardized coefficients 
of these two indirect paths (i.e., the predictor–mediator indi-
rect path and the mediator-outcome indirect path; MacKinnon, 
Fairchild, & Fritz, 2007). A path from prenatal tobacco exposure 
to the mental health outcome factor at ages 7–11 represented a 
direct effect of prenatal tobacco exposure on the mental health 
outcome, after accounting for the indirect/mediated effect. To 
test the unique effect of stress reactivity on the mental health 
outcome at ages 7–11 over and above the effect of the earlier 
mental health outcome, an observed variable of the specific 
mental health outcome at age 4 (that corresponded to the men-
tal health outcome at ages 7–11 under investigation) was added 
into the model as a covariate. The stress reactivity factor at ages 
2–6 and the mental health outcome at age 4 were allowed to 
correlate with each other to account for the potential association 
between stress reactivity and mental health outcome in early 
childhood. Significance tests for mediation were conducted by 

the Sobel first-order test (Sobel, 1982). Based on the study by 
Mackinnon, Warsi, and Dwyer (1995), the proportion of the 
total effect of prenatal tobacco exposure on each of the mental 
health outcome factors that was mediated by stress reactivity 
(i.e., proportion mediated; the ratio of the indirect effect to the 
total effect) was used as an effect size measure of the entire 
mediating effect. In addition, for the stability and potential true 
range of the mediating effect, we presented 95% confidence 
intervals of the mediating effect. In all models, we controlled 
for the effects of maternal, teacher, and child confounding vari-
ables on both stress reactivity and the mental health outcome 
factors by including them as covariates (for simplicity, these 
paths are not shown in Figure 1).

results

Descriptive Analyses

Table  1 shows the percentages and means (and SDs) of all 
study variables in all participants and as a function of prenatal 
exposure status. Thirty percent of the participants were classi-
fied as prenatally exposed to tobacco.

Table  1 also shows the results from independent-sample 
t-tests for continuous study variables and χ2 difference tests 
for categorical study variables comparing the two groups as a 
function of prenatal exposure status. There were significant dif-
ferences between mothers who smoked during pregnancy and 
mothers who did not in terms of their age, education, alcohol 
and illicit drug use during pregnancy, depression and anxiety 
status, and their own and their current partners’ psychiatric 
histories. Also, there were significant differences between chil-
dren prenatally exposed to tobacco and children who were not 
exposed in terms of their IQ, stress reactivity, and adverse men-
tal health outcomes, but not in the number of stressful events 
experienced, their teachers’ depression and anxiety status, and 
their prosocial behaviors at ages 7, 10, and 11.

Although a bivariate correlation coefficient as negligible 
as r =  .03 was statistically significant at p < .05 due to our 
big sample size, negligible to small-sized associations of 
prenatal tobacco exposure were found with stress reactivity 
(rs = 0.05–0.09) and with mental health outcomes (rs = −0.01 
to 0.13) across measurement points. Also, negligible to small 
associations of stress reactivity with mental health outcomes 
at age 4 (based on mothers’ rating) were found: peer problems 
(rs = 0.04–0.08), hyperactivity symptoms (rs = 0.05–0.07), 
emotion problems (rs  =  0.08–0.17), conduct problems 
(rs = 0.07–0.11), and prosocial behaviors (rs = 0.001–0.02). 
Similarly, negligible to small association of stress reactivity 
at ages 2–6 with mental health outcomes at ages 7–11 (based 
on mothers’ and teacher’s ratings) were found: peer problems 
(rs = 0.02–0.12), hyperactivity symptoms (rs = 0.05–0.10), 
emotion problems (rs  =  0.03–0.17), conduct problems 
(rs = 0.03–0.10), and prosocial behaviors (rs = –0.06 to 0.01).

Structural Equation Models

Effects of Prenatal Tobacco Exposure on Childhood Mental 
Health Outcomes Without Consideration of a Mediator
Table 2 shows results from five structural equation models esti-
mated to test the relationship between prenatal tobacco exposure 
and each of the five mental health outcomes at ages 7–11, after 
controlling for maternal, teacher, and child covariates. As shown 
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Prenatal
tobacco 

exposure
The effect of 

the predictor on the outcome 
(without consideration of 

a mediator)

residualMental health 
outcome

(at ages 7 to 11)

age 7 age 10 age 8 age 11age 11

residual

Mother’s ratings Teacher’s ratings 

age 2 age 3 age 5 age 6age 4

The mediator-outcome 
indirect path 

b

The predictor-outcome 
direct path 

c’

The predictor-mediator
indirect path 

a

Stress reactivity
at ages 2 to 6

Prenatal
tobacco 

exposure

Mental health 
outcome

at ages 7 to 11

age 7 age 10 age 8 age 11age 11

Mental health 
outcome 
at age 4

residual

residual

residual residual residual residual

residual

Mother’s ratings Teacher’s ratings 

residual residual residual residual

residual residual residual residual residual

Figure 1. Path diagrams of structural equation models to test the effect of prenatal tobacco exposure on the specific mental 
health outcome at ages 7–11, shown in the upper panel and to test a mediating role of stress reactivity at ages 2–6 in the effect of 
prenatal tobacco exposure on the specific mental health outcome at ages 7–11 (that is, a mediating effect), after controlling for the 
same mental health outcome at age 4, shown in the lower panel. A separate model was estimated for each of the five mental health 
outcomes. Potential confounding effects of maternal, paternal, teacher, and child variables on the stress reactivity and the mental 
health outcome were controlled for (paths are not shown for simplicity).
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in the last column of Table 2, all models showed an excellent fit 
to the data. As shown in the first column of data in Table 2, prena-
tal tobacco exposure was significantly and positively associated 
with peer isolation problems, hyperactivity symptoms, conduct 
problems, and emotional problems, but it was significantly and 
negatively associated with prosocial behaviors, ps < .01.

Mediating Role of Stress Reactivity in the Effect of Prenatal 
Tobacco Exposure on Childhood Mental Health Outcomes
Table 3 shows results from five structural equation models esti-
mated to test a mediating role of stress reactivity in the effect 
of prenatal tobacco exposure on each of the five mental health 
outcomes at ages 7–11, after controlling for the mental health 
outcome at age 4 as well as other maternal, teacher, and child 
covariates. As shown in the last column of Table 3, all models 
showed a good fit to the data. The first through sixth columns of 
the data in Table 3 show the unstandardized coefficients of the 
direct path (corresponding to the c′ path in Figure 1), the two 
indirect paths (corresponding to the a and b paths in Figure 1), 
and the indirect/mediated effect (calculated as a product of the 
two indirect paths’ coefficients), the Sobel test statistic for the 
indirect/mediated effect, and the proportion mediated (calcu-
lated as an indirect effect divided by a sum of absolute values 
of an indirect effect and a direct effect), in order.

There was a significant and positive effect of prenatal 
tobacco exposure on stress reactivity in all of the five models, 
bs = 0.11–0.13, ps < .01 (shown in the second column of the 
data in Table 3). (Note that this coefficient was slightly differ-
ent in each model because the coefficient was obtained after 
controlling for the different mental health outcome at age 4.) In 
turn, stress reactivity was significantly and positively associated 
with peer isolation, hyperactivity, conduct, and emotional prob-
lems, bs = 0.26–1.28, ps < .05; however, stress reactivity was 
not significantly associated with prosocial behaviors, b = 0.02, 
p > .05 (shown in the third column of the data). Sobel tests indi-
cated a significant indirect/mediating effect of stress reactivity 
in the association of prenatal tobacco exposure with peer iso-
lation, hyperactivity, and emotional problems, zs = 2.03–2.79,  
ps < .05, but not with prosocial behaviors, z  =  0.16, p > .05 
(shown in the fifth column of the data). Proportions of the total 
effects of prenatal tobacco exposure on peer isolation, hyperac-
tivity, conduct, and emotional problems that were mediated by 
stress reactivity ranged from 9% for conduct problems to 67% 
for emotional problems (shown in the sixth column of the data).

Even after accounting for the significant indirect/mediating 
effect of stress reactivity, there remained a significant direct 

effect from prenatal tobacco exposure on peer isolation, hyper-
activity, and conduct problems, bs = 0.08–0.19, ps < .05, but 
not on emotional problems, b = −0.07, p > .05 (shown in the 
first column of the data in Table  3). These results suggested 
that the effect of prenatal tobacco exposure on peer isolation, 
hyperactivity, and conduct problems was partially mediated 
by stress reactivity (with a significant direct effect remaining 
even after accounting for the mediating effect), whereas the 
effect of prenatal tobacco exposure on emotional problems was 
fully mediated by stress reactivity (with no significant direct 
effect remaining after accounting for the mediating effect). For 
prosocial behaviors, a significant and negative direct effect was 
found, b = −0.14, p < .001, suggesting that the effect of prenatal 
tobacco exposure was directly and negatively associated with 
prosocial behaviors, without being mediated by stress reactivity.

As ancillary analyses to test potential reporter biases in the 
mental health outcomes rated by a teacher versus a mother, 
each of the above five mediation models was estimated with 
a latent mental health outcome factor using the two observed 
variables of teacher’s ratings at ages 8 and 11, after dropping 
the three observed variables of maternal ratings at ages 7, 10, 
and 11. Results from the models based only on teachers rat-
ings were remarkably similar to the results from the models 
including both mothers’ and teachers’ ratings reported above, 
in terms of significant mediating effects of stress reactivity in 
hyperactivity symptoms (b = 0.10, z = 2.24, p < .05, propor-
tion mediated = 18%), conduct problems (b = 0.05, z = 2.01, 
p < .05, proportion mediated = 12%), and emotional problems 
(b = 0.18, z = 2.44, p < .05, proportion mediated = 83%), but 
not in prosocial behaviors (b = −0.05, z = −1.65, p > .05, pro-
portion mediated = 13%). The only exception was that the pre-
viously significant indirect/mediating effect of stress reactivity 
in peer (isolation) problems became marginally significant 
(b = 0.05, z = 1.64, p = .10, proportion mediated = 14%).

disCussiOn

Our findings replicate the positive relationship between pre-
natal tobacco exposure and diverse negative mental health 
outcomes in childhood (Ashford et al., 2008; Brennan et al., 
2002; Button et  al., 2007; Cornelius & Day, 2009; Ekblad 
et  al., 2010; Ernst et  al., 2001; Linnet et  al., 2003; Nomura 
et  al., 2010; Rogers, 2009), including externalizing prob-
lems of attention deficit hyperactivity and conduct problems 
and internalizing problems of emotional and peer (isolation) 

table 2. Effects of Prenatal Tobacco Exposure on Mental Health Outcome at Ages 7–11 (Without Consideration 
of a Mediator)

b (β) Model fit indices

Peer (isolation) problems 0.20 (0.09)*** χ2(88) = 111***; CFI = 1.00; SRMR = 0.02; RMSEA = 0.01 (90% CI = 0.00, 0.01)
Hyperactivity symptoms 0.41 (0.10)*** χ2(88) = 162***; CFI = 1.00; SRMR = 0.02; RMSEA = 0.01 (90% CI = 0.01, 0.01)
Conduct problems 0.32 (0.18)*** χ2(88) = 147***; CFI = 0.99; SRMR = 0.02; RMSEA = 0.01 (90% CI = 0.01, 0.01)
Emotional symptoms 0.09 (0.05)** χ2(88) = 127***; CFI = 0.99; SRMR = 0.02; RMSEA = 0.01 (90% CI = 0.00, 0.01)
Prosocial behaviors −0.29 (−0.10)*** χ2(88) = 134***; CFI = 0.99; SRMR = 0.03; RMSEA = 0.01 (90% CI = 0.00, 0.01)

Note. N = 12,308; b = unstandardized coefficients; β = standardized coefficients. Potential confounding effects of maternal, 
paternal, teacher, and child variables were controlled for in all models. CFI = Comparative Fit Index; SRMR = Standardized Root 
Mean Square Residual; RMSEA = Root Mean Square Error of Approximation.
**p < .01, ***p < .001.
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problems; in contrast, prenatal tobacco exposure was inversely 
associated with a positive mental health outcome of prosocial 
behaviors. More importantly, we demonstrated that heightened 
stress reactivity mediated the prospective influence of prenatal 
tobacco exposure on both externalizing and internalizing prob-
lems, even after controlling for an array of potential confound-
ers. Specifically, a small association between prenatal tobacco 
exposure and heightened stress reactivity at ages 2–6 was 
found. This heightened stress reactivity, in turn, was associated 
with greater levels of externalizing and internalizing problems 
at ages 7–11. Our finding of a mediating role of stress reactiv-
ity is significant particularly because of several strengths in the 
method used in this study: the use of latent factors (to con-
trol for measurement errors inherent in assessment measures), 
statistical control for a wide range of potential confounders 
(to help rule out alternative explanations), consistent findings 
obtained from models using mothers’ and teachers’ ratings 
on mental health outcomes, and the use of a large population-
based sample assessed prospectively from gestation period to 
age 11 (to increase the generalizability of findings).

Our findings demonstrate that one of the potential mecha-
nisms through which prenatal tobacco exposure increases 
adverse mental health outcomes between the ages of 7 and 11 
is heightened stress reactivity. Interestingly, we found that the 
number of stressful life events experienced at ages 2–6 did not 
differ, whereas stress reactivity differed as a function of prena-
tal tobacco exposure status. Of particular note, the mediating 
role of stress reactivity at ages 2–6 was found after control-
ling for the level of the mental health outcome of interest at 
age 4. Together, these results suggest that early stress reactivity 
may not be a proxy of early mental health outcomes and that 
early stress reactivity contributes to mental health outcomes 
in middle childhood over and above earlier mental health out-
comes. This finding is consistent with human studies show-
ing that tobacco exposure in utero compromises neurological 
development underlying stress reactivity, including epineph-
rine and norepinephrine levels (Oncken et al., 2003) and sero-
tonin and other monoamine systems (Xu, Seidler, Ali, Slikker, 
& Slotkin, 2001).

It is also noteworthy that prenatal tobacco exposure was 
associated with childhood emotional problems (reflective of 
sadness and anxiety) only through stress reactivity; that is, 
without considering stress reactivity, no association between 
prenatal tobacco exposure and emotional problems was found. 
This finding may partially explain the mixed literature on the 
link between prenatal tobacco exposure and internalizing prob-
lems (Xu et al., 2001); prenatal tobacco exposure may increase 
emotional problems in childhood only in the context of experi-
ences of stressful events.

Results of the current analyses are largely consistent with 
the animal literature. This study and the preclinical literature 
demonstrate that prenatal tobacco exposure increases stress 
reactivity (Heath et al., 2010; King et al., 2003). The current 
findings support the idea that the nicotine and other tobacco 
constituents affect multiple neuronal subtypes and brain func-
tions and that multiple neurobiological processes occurring 
throughout development likely contribute to the etiology of 
mental health outcomes in humans (Heath & Picciotto, 2009).

Our findings should be interpreted in the context of sev-
eral limitations. Maternal self-report was used to assess pre-
natal smoking exposure. Mothers may have underreported 
their smoking behavior (Warland & McCutcheon, 2011), 

which could have reduced the effect sizes of prenatal smok-
ing exposure on stress reactivity and mental health outcomes 
reported here. Similarly, this study is limited in that children’s 
stress reactivity was assessed by maternal ratings; future stud-
ies need to use objective measures of stress reactivity such as 
salivary cortisol reactivity. Finally, given the literature indicat-
ing potential confounding effects of genetics in the association 
between prenatal tobacco exposure and behavioral outcomes 
(see Knopik, 2009, for a review), the current study is limited in 
that genetic effects were not controlled for. Replications of our 
findings using a genetically informed study deign and objec-
tive measures of mothers’ smoking during pregnancy and chil-
dren’s stress reactivity are needed.

Because this is the first report of a mediating role of stress 
reactivity in the behavioral consequences of prenatal tobacco 
exposure, replication in other prospective population-based 
samples is crucial. Given the potential interaction between 
genetics and prenatal and postnatal environment in mental 
health outcomes, studies using racially and culturally diverse 
samples would help clarify the boundaries of generalizability 
of our findings. The current findings highlight the public health 
benefits of smoking cessation in women of childbearing poten-
tial. In addition, stress management programs (Kraag, Zeegers, 
Kok, Hosman, & Abu-Saad, 2006) designed to help children 
prenatally exposed to tobacco may be valuable in reducing the 
development of mental health problems in response to adverse 
life events.
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