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Objective. To evaluate the possible association between maternal smoking during pregnancy and
offspring outcomes of birth weight, pre-term birth, remediation, low scholastic achievement, regular
smoking, attention deficit hyperactivity disorder and conduct problems while controlling for similar

Methods. Using telephone interviews, data were collected, in 2001 and 2004, as a part of two United

States offspring-of-twins projects. Fathers, who were twins participating in the Vietnam Era Twin Registry,
their female spouse and their offspring were interviewed — information on 1,342 unique pregnancies in
mothers with a history of regular smoking was utilized for these analyses. The association between maternal
smoking during pregnancy and birth weight, pre-term birth, remediation, low scholastic achievement,
regular smoking, attention deficit hyperactivity disorder and conduct disorder while controlling for similar
behaviors in parents, was examined using regression.

Results. Maternal smoking during pregnancy was associated with decreased birth weight, low scholastic
achievement, regular smoking and attention deficit hyperactivity disorder. However, the association
between maternal smoking during pregnancy and offspring attention deficit hyperactivity disorder was
explained by maternal attention deficit hyperactivity disorder. Maternal smoking during pregnancy was also
associated with earlier age of offspring initiation of smoking and onset of regular smoking.

Conclusions. Maternal smoking during pregnancy may influence certain offspring outcomes via
mechanisms that are independent from genetic risk attributable to comorbid conditions. Assisting expecting
mothers with their smoking cessation efforts will likely provide widespread health benefits to both mother

Birthweight

and offspring.

© 2009 Elsevier Inc. All rights reserved.

Introduction

In 2006, 17% of women giving birth reported cigarette smoking
during pregnancy during their last trimester (Centers for Disease
Control (CDC), 2004; PRAMS, 2007). While persistent cigarette
smoking itself is one of the leading contributors to preventable
death (Centers for Disease Control (CDC), 2002), maternal smoking
during pregnancy (MSDP) has in and of itself been implicated as a
potential risk factor associated with multiple offspring outcomes such
as low birth weight, conduct disorder (CD), attention deficit
hyperactivity disorder (ADHD), offspring smoking and cognitive
dysfunction (Knopik, 2009).
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Low birth weight and other birth outcomes

There is considerable evidence supporting the hypothesis that
offspring of mothers who smoke during their pregnancies have
impaired fetal growth, pre-term birth and lower birth weight infants
(Conter et al., 1995; D'Onofrio et al., 2003; Knopik et al., 2005; Bada et
al., 2005; Salihu et al., 2005; Kyrklund-Blomberg et al., 2005; Stroud et
al., 2009; McCowan et al., 2009; Thiriez et al., 2009), which, in turn,
are correlated with a host of neuropsychological developmental
delays. Of these, the association between MSDP and low birth weight
appears to account for many of the associated outcomes, replicating
consistently in prospective and retrospective studies.

Cognitive dysfunction and impaired learning

Some studies report impaired learning in those prenatally exposed
to cigarette smoke, although results are equivocal (Bauman et al.,
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1991; Eskenazi and Trupin, 1995; Cornelius et al., 2001; Batstra et al.,
2003; Mortensen et al., 2005; Lambe et al., 2006). Using an array of
laboratory tasks, Cornelius et al. (2001) found support for an
association between MSDP and deficits in multiple aspects of learning
and memory. In another study, MSDP was associated, via familial
factors, with poor school performance (Lambe et al., 2006).

Externalizing behaviors

While the mechanism underlying their association is still under
investigation, several studies report higher rates of externalizing
behaviors, including attention deficit hyperactivity disorder (ADHD),
conduct disorder (CD) as well as higher impulsivity and other problem
behaviors in the offspring of mothers who smoked during their
pregnancy (Milberger et al., 1996; Fergusson et al., 1998; Wakschlag
et al,, 2002, 2006; Batstra et al., 2003; Maughan et al., 2004; Knopik
et al., 2005, 2009; Cornelius et al., 2007; D'Onofrio et al., 2008). Two
recent studies have investigated the familial links between MSDP and
externalizing disorders (Knopik et al., 2006; D'Onofrio et al., 2008) —
broadly, these studies suggest that familial factors partially contribute
to the association between MSDP and externalizing behavior,
although the mechanisms are unclear. Multiple studies also report
the association between MSDP and externalizing behaviors to be
explained by maternal problem behaviors (Orlebeke et al., 1999;
Silberg et al., 2003; Maughan et al., 2004).

Offspring smoking

There is growing evidence that prenatal exposure to cigarette
smoking increases the likelihood of cigarette smoking in the offspring
(Cornelius et al., 2000, 2005). Given the high correlation between
maternal nicotine dependence and MSDP (Agrawal et al., 2008;
O'Callaghan et al., 2009), these youths represent a particularly
vulnerable group of individuals with both increased genetic (inher-
ited often from both parents who are smokers) and environmental
risk (attributable to MSDP and potentially, via exposure to parents
who smoke) risk.

In this study, using data on 1,342 unique pregnancies, with
offspring aged 12-32, their fathers and mothers, we investigate the
association between MSDP and offspring outcomes of low birth-
weight, pre-term birth, remediation, low scholastic achievement,
ADHD, CD problems and regular smoking in the offspring. We highlight
the importance of controlling for the influence of parental behaviors in
studies of MSDP and offspring outcomes and, as a secondary analysis,
also test for potential genetic and environmental links that may con-
tribute to the relationship between MSDP and offspring outcomes.

Methods and Materials

Sample: Offspring, with their biological mother and father, constituted the
analytic sample. In 2001 and 2004 respectively, data collection was initiated
from two offspring-of-twins (OOT) studies, which aimed to examine outcomes
in the children of VETR twin fathers, who were members of the Vietnam Era
Twin Registry (VETR) (Goldberg et al., 1987; Eisen et al., 1987; Henderson et al.,
1990), which is a U.S. registry of male like-sex twin pairs in which both co-
twins served in the military during the Vietnam Era (1965-1975). Father twin
pairs who (a) were concordant or discordant for alcohol dependence (AD,
Project 1), or (b) were concordant or discordant for illicit drug dependence
(DD, Project 2), along with (c) unaffected control twin pairs, were selected.
Spouses and offspring of twin fathers were invited to participate. Fathers had
already been interviewed by telephone, in 1992, with the Diagnostic Interview
Schedule (DIS) (Robins et al., 1996). An adaptation of the Semi-Structured
Assessment for the Genetics of Alcoholism (SSAGA)(Bucholz et al., 1994) was
used to collect data from mothers and offspring. For both projects, biological
mothers or custodial mothers (for e.g. step mothers) were eligible to
participate if twins provided permission to contact them. Offspring were
eligible to participate if the VETR twin father and biological and/or custodial
mothers gave permission to contact them (In Project 2, permission was granted

by either VETR twin father or mother). Parents provided written consent for
their minor aged offspring to be interviewed. Due to the nature of data
collection, there was some overlap of subjects (N = 249) across the two studies
— for these subjects, the more recently conducted Project 2 data were used.
Descriptions of survey contents and response rates have been previously
published (Jacob et al., 2003; Scherrer et al., 2004; Duncan et al., 2008).

Baseline data were used to create the database for the present study.
Maternal data and offspring data were necessary to conduct these analyses
and hence, any participants missing these components were excluded from
the analyses. Additionally, to exclude spurious effects of a custodial mother
reporting on MSDP or outcomes of her adoptive child, we excluded 9% of the
mothers who were not the biological parent of the child. This yielded a
sample size of 1,741 offspring with maternal and paternal data — however,
the key predictor, MSDP, was only assessed in the 1,342 pregnancies (some
offspring are related to each other, thus this total refers to 1,342 unique
pregnancies) in 1,122 mothers who previously reported smoking 100 or more
cigarettes in a lifetime — this was our final sample.

Measures

Offspring outcomes

Several outcomes were examined in the offspring: Birth weight (BW);
Preterm birth (PREM); Remediation (i.e. taking remedial classes/a speech/
language therapist, REM); Conduct problems (CD); ADHD (ADHD); Low
scholastic achievement (EDU) and Regular smoking (REGSMK).

Definitions for each measure are listed in Table 1.

Maternal covariates

The primary maternal predictor was maternal smoking during pregnancy
(MSDP). Mothers self-reported whether they had smoked during the 1st, 2nd
and the 3rd trimester of pregnancy, only if they had previously reported
smoking a 100 or more cigarettes in their lifetime (N= 1,342 pregnancies in
1,122 biological mothers). Due to the distribution of the data (85.8% didn't
report MSDP, 2.4% reporting 1st trimester only, 2% reporting 1st or 2nd
trimester but not 3rd and 10.3% reporting MSDP into the 3rd trimester) a
dichotomous measure reflecting any MSDP was coded. The prevalence of
MSDP (14.2%) is comparable to U.S. population estimates (Centers for Disease
Control (CDC), 2004). Secondary analyses used multi-level variables that
excluded any smoking in the 1st trimester that may have occurred prior to
knowledge of pregnancy.

Other covariates were Maternal drinking during pregnancy (MDDP);
Maternal Heavy Smoking (MHSI); Maternal Current smoking (MCUR);
Maternal Drug Use (MDRG); Maternal Alcohol Dependence (MAD);
Maternal ADHD (MADHD) and Maternal CD problems (MCDP). These are
defined in Table 1. Data on maternal drug use during (any) pregnancy were
available but rates were very low (1.9%) and hence, we did not include this
measure in the current study.

Paternal covariates

Covariates from the father included Paternal Lifetime Nicotine Depen-
dence (PND); Paternal Current Smoking (PCUR) and Paternal conduct
disorder (PCD), each defined in Table 1. As the original studies selected
father twins on the basis of their alcohol or drug dependence status, sample
selection bias was controlled by adjusting for the ascertainment strategy,
using the 4-group design (Jacob et al., 2003). According to this design, fathers,
who were the VETR twin pairs, were designated as:

Group 1 if the father of the offspring had alcohol dependence (AD) or drug
dependence (DD) — the offspring in this instance is at high genetic and
environmental risk.

Group 2 if the father of the offspring was unaffected but his identical co-twin (who
shares 100% of his genes identical-by-descent) had a diagnosis of AD or DD — the
offspring here is at high genetic risk but low environmental risk.

Group 3 if the father of the offspring was unaffected but his fraternal co-twin (who
shares 50% of his genes identical-by-descent) had a diagnosis of AD or DD — the
offspring is at moderate genetic but low environmental risk.

Group 4, where irrespective of zygosity, both the father and his cotwin are
unaffected — the offspring is at low genetic and environmental risk.

Two 4-group design variable sets, one each for AD (PAD) and for DD
(PDD), were included as covariates representing paternal alcohol and drug
dependence and to control for sampling design. Ethnicity (Caucasian -
94.4%), paternal (63.8%) and maternal (70.5%) education representing 13 or
more years of educational attainment were used as covariates.
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Table 1

Prevalence of offspring outcomes, paternal and maternal measures in 1,342 offspring of 1,122 mothers from two U.S. offspring of twins studies conducted in 2001 and 2004.

Measure

Abbreviation %

Maternal smoking during pregnancy

Self-reported whether they had smoked during the 1st, 2nd and the 3rd trimester of pregnancy.

Maternal drinking during pregnancy

Self-reported whether they had consumed alcoholic beverages even on one day after knowing they were pregnant

(during any pregnancy).
Maternal heavy smoking

A score of 4 or more on the Heaviness of Smoking Inventory (H.S.I.) (Heatherton et al., 1989) indicating risk for

nicotine dependence (Chabrol et al., 2005).
Maternal current smoking

Self-reported smoking at time of interview.
Maternal lifetime drug use

Self-reported use of cannabis, cocaine, stimulants, sedatives, opiates, heroin, psychedelics, inhalants or hallucinogens.

Maternal alcohol dependence

Meeting criteria for lifetime DSM-IV alcohol dependence based on self-reported symptoms

Maternal attention deficit hyperactivity disorder
Self-reported meeting criteria for ADHD prior to age 7 years.
Maternal conduct problems
Self-reported, endorsing one or more items from a conduct problems behavior checklist.
Paternal DSM-IIIR nicotine dependence
Meeting criteria for nicotine dependence from self-reported symptoms.
Paternal alcohol dependence
High-risk sampling.
Paternal drug dependence
High-risk sampling.
Paternal current smoking
Self-reported smoking at time of interview.
Paternal conduct disorder
Meeting criteria for DSM-IIIR conduct disorder based on self-reported symptoms.
Offspring birth weight
Maternal report of birth weight (in ounces).
Offspring premature birth
Maternal report that the offspring was born 3 or more weeks prior to their due date.
Offspring attention deficit hyperactivity disorder problem

Maternal endorsement of 6 or more DSM-IV inattention or hyperactivity/impulsivity symptoms (with or without impairment).

Offspring conduct disorder (3+ symptoms)
Self-report of 3 or more DSM-IV symptoms of conduct disorder.
Offspring regular smoking

Self-report of having smoked 21 or more cigarettes over the lifetime and smoking three or more times per week for a minimum

of three weeks.
Offspring remediation/remedial classes

Maternal report of offspring using a speech/language therapist or using remedial/special education.

Offspring low scholastic achievement
Self-report of consistently receiving C's or lower grades in school.

MSDP 14.2

MDDP 12.3

MHSI 16.7

MCUR 15.5

MDRG 433

MAD 8.6

MADHD 7.8

MCDP 22.8

PND 474

PAD Grp 1: 31.7, Grp 2: 11.6,
Grp 3: 13.2

PDD Grp 1: 69.1, Grp 2: 5.4,
Grp 3: 6.8

PCUR 24.6

PCD 94

BW* Mean: 121.9 ounces
(SE 0.6)**

PREM 7.9

ADHD 10.5

CcD 13.5

REGSMK 18.5

REM 20.3

EDU 164

* 4.5% of the offspring had a birthweight that was less than 88 oz (approximately 2496 g).

** 1219 0z ~ 3,456 g.

Statistical analyses

A series of logistic regression models were fitted to the data. The offspring
outcome was predicted by MSDP as well as the remaining maternal and
paternal covariates — all analyses controlled for PAD, PDD as well as ethnicity
and parental education. In instances where an offspring outcome was highly
correlated with another outcome measure (for e.g. offspring smoking
correlated with offspring ADHD), the mediating influence of the correlated
measure was tested in a subsequent model.

For any offspring outcome (except birth weight and pre-term birth) that
was significantly associated with MSDP in the multivariate models, we also fit
Kaplan-Meier survival curves to examine whether MSDP also influenced age
at onset of the outcome (for e.g. if MSDP associated with regular smoking in
the offspring, is it also associated with earlier onset of regular smoking). All
analyses were done in STATA with a robust variance estimator that allowed
for clustered observations (i.e. adjusting standard errors when related
offspring/siblings are treated as independent observations).

Results
Correlation between measures
MSDP was negatively correlated with birth weight and positively

with regular smoking in the offspring (Supplementary Table 1-3).
Correlations between MSDP and ADHD or CDP were modest, however

correlations between offspring ADHD and maternal ADHD (MADHD)
and maternal CD (MCDP) were higher. MSDP as well as mother's H.S.I.
(MHSI) and current smoking (MCUR) was also correlated with
nicotine dependence and current smoking in the father, suggesting
positive assortative mating (i.e. tendency for smokers to marry
smokers). Finally, CD, ADHD, regular smoking (REGSMK) and low
scholastic achievement (EDU) were correlated with each other in the
offspring, likely representing a general predisposition to externalizing
behaviors. EDU was also correlated with parental education.

Association between MSDP and offspring outcomes

In univariate models (Table 2) and after adjusting for PAD, PDD,
ethnicity and parental education, MSDP was associated with decreas-
ing birth weight, ADHD, low scholastic achievement and with regular
smoking in the offspring. In multivariate models, controlling for all
maternal and paternal covariates, MSDP had a sustained influence on
decreasing birth weight and offspring's regular smoking. The effects of
MSDP on offspring ADHD was attributable to mother's self-reported
ADHD, maternal CDP and with low paternal education. Maternal
ADHD, maternal low education and paternal current smoking were
associated with low scholastic achievement. MDDP was not associ-
ated with these offspring outcomes.
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Table 2

Univariate and multivariate association between MSDP and offspring outcomes in 1,342 offspring from two U.S. offspring of twins studies conducted in 2001 and 2004.

Birth weight” Preterm birth Attention Deficit Hyperactivity Conduct problems Regular smoking Remediation Low Scholastic
(BW) (PREM) Disorder (ADHD) (CD) (REGSMK) (REM) Achievement (EDU)
Univariate
MSDP —7.72 1.38 1.74 1.27 2.25 1.16 1.51
[—11.13, —4.31] [0.76, 2.49] [1.10, 2.75] [0.82, 1.96] [1.54, 3.27] [0.79, 1.72] [1.01, 2.25]
Adjusting for ethnicity, parental education and study design
MSDP —8.00 1.14 1.53 1.18 2.09 1.20 1.53
[—11.46, —4.55] [0.79, 1.65] [1.00,2.35] [0.76, 1.18] [1.43, 3.07] [0.81, 1.77] [1.02, 2.30]
Adjusting for all maternal and paternal covariates
MSDP —7.63 - 1.74 -
[—11.12, —4.14] [1.18,2.58]
MDDP - - - -
HSI - - - -
MCUR - - - -
MDRG = = 1.74 =
[1.26, 2.39]
MAD - - - -
MADHD - 410 - 2.03
[2.50, 6.72] [1.31,3.16]
MCD - 1.29 - -
[1.10, 1.52]
PND - - 1.76 1.41
[1.28, 2.42] [1.01, 1.97]
PAD - - - -
PDD - - - -
PCUR - - - -
PASPD - - - -

* Continuous measure — coefficient shown.

Kaplan-Meier curves for survivor function were tested for
initiation of cigarette smoking and regular smoking (Fig. 1). MSDP
was also associated with earlier onset of regular smoking (hazard
ratio of 1.48, 95% C.I. [1.13-1.94]) in the offspring.

Discussion

Previous studies have attempted to disentangle the etiology of the
relationship between MSDP and smoking as well as externalizing
behaviors in the offspring (see Knopik, 2009 for a review). While, using
a subset of these data, Knopik et al (2009) recently showed univariate
associations between ADHD problems and MSDP, a preponderance of
studies, including ours, support the hypothesis that for externalizing
behaviors, such as ADHD and CD, transmission of risk may be attributable
to a latent predisposition to non-normative behaviors (Silberg et al., 2003;
Maughan et al., 2004; Knopik et al., 2005, 2006; D'Onoftio et al., 2008) — in
other words, women with a predisposition to non-normative/problem
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Fig. 1. Nelson-Aelan curves representing hazards of regular smoking at various ages of
onset in 1,342 offspring of mothers reporting maternal smoking during pregnancy
(MSDP) and those without MSDP from two U.S. offspring of twins studies conducted in
2001 & 2004.

behaviors tend to also smoke during their pregnancy and their offspring
are at increased risk for externalizing psychopathology via a direct
transmission of genetic risk from mother (and father) to offspring. A
recent study found no differences in rates of externalizing behaviors
between siblings discordant for MSDP also alluding to the possible role of
family environment that may jointly increase likelihood of MSDP as well
as later externalizing behaviors in the offspring (D'Onoftio et al., 2008) —
the potential role of parental behaviors or general permissive parenting
may be explored in this context.

The literature surrounding the impact of MSDP on birth weight and
other birth complications is quite robust. We validate those findings
here — offspring whose mothers reported MSDP, on average, weighed
215.5 g (7.6 0z) less at birth when compared to offspring whose mothers
may have been regular smokers but did not report MSDP. Animal studies
demonstrate the effects of nicotine on fetal and placental development — a
common hypothesis here posits that nicotine exerts anorexigenic effects
on both mother and fetus (Perkins et al., 1994; Ernst et al, 2001)
exacerbated by hypoxia related to respiratory difficulties in the fetus
(Abel, 1980; Byrd and Howard, 1995; Cnattingius, 2004). Some studies
have also considered the possible mediating role of lower maternal weight
gain, lower maternal BMI and premature birth — however, the effect of
MSDP on low birth weight appears to be independent and direct.

After adjusting for maternal and paternal covariates, low scholastic
achievement, via self-reported school grade was not associated with
MSDP, suggesting that other familial factors that correlate with both
MSDP and offspring scholastic achievement may be at play. While
early studies (Butler and Goldstein, 1973; Fogelman, 1980; Fogelman
and Manor, 1988) demonstrated strong associations between MSDP
and scholastic achievement, recently, Lambe et al, (2006) have
reported that MSDP during the first but not the second pregnancy is
associated with low scholastic achievement in the second offspring.
Additionally, consistent with our finding, another study (Braun et al.,
2009) reported that maternal education attenuated the relationship
between MSDP and intellectual abilities, further reinforcing the role of
correlated familial factors.

The findings of the present study should be viewed with some
limitations in mind. First, the parent studies were designed to study
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outcomes in the offspring of twin pairs — while this can be particularly
useful in disentangling the role of genetic factors from environmental
influences, we were limited in our ability to do this due to (a) reduced
power and (b) because the fathers, but not the mothers, were twins.
Thus, a formal test of genetic influences of MSDP on offspring outcome
is not possible (Eaves et al., 2005). Additionally, the fathers were
members of the VETS — this, as well as strategies for contacting
mothers and offspring, may influence the generalizability of our
findings. Second, reports of MSDP were retrospective and cross-
sectional and may have been influenced by recall bias or other personal
factors. While studies show high reliability in self-reported smoking
during pregnancy (Heath et al., 2003; Reich et al., 2003; Pickett et al.,
2009), recent increases in dissemination of information on adverse
consequences of MSDP on offspring may have discouraged some
mothers from disclosing it. Third, maternal gestational weight was not
available on all participants and hence could not be used as a control.
Fourth, maternal nicotine dependence was assessed using the H.S.I and
DSM-based nicotine dependence measures were not available. Finally,
as the mother often reported on the offspring and herself (e.g. ADHD),
rater bias may have influenced our findings to some extent.

MSDP increases neonatal intensive care unit admissions by 20%
(Adams et al., 2002). There continues to be a clear need for health care
professionals to counsel expectant mothers (and where possible,
fathers/spouses/partners of expectant mothers) regarding the ad-
verse consequences of smoking during their pregnancy and offer
behavioral counseling or safe pharmacological aids. Not only does
MSDP, directly and indirectly, influence the well-being of the
offspring (from fetal stages through young adulthood) but also has
key health consequences for the expecting mother. As articulated in
the core objectives of Healthy People 2010 (2000), reducing risk
behaviors and increasing education surrounding prenatal health, will
be vital in attaining better quality of life for mothers, their offspring
and consequently, families in general.
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