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Abstract

Objective—To examine the extent to which maternal prenatal smoking is associated with adiposity,
central adiposity, and blood pressure in 3-year-old children.

Research Methods and Procedures—We studied 746 mother-child pairs in Project Viva, a
prospective cohort study, and categorized mothers as never, early pregnancy, or former smokers.
Main outcome measures were overweight (BMI for age and sex > 85th percentile), BMI z-score,
sum of subscapular (SS) and triceps (TR) skinfolds, SS: TR skinfold ratio, and systolic blood pressure
(SBP).

Results—One hundred sixty-one (22%) mothers quit smoking before pregnancy, 71 (10%) smoked
in early pregnancy, and 514 (69%) never smoked. At age 3 years, 204 (27%) children were
overweight. On multivariable analysis, compared with children of never smokers, children of early
pregnancy smokers had an elevated risk for overweight [odds ratio (OR), 2.2; 95% confidence
interval (Cl), 1.2, 3.9] and higher BMI z-score (0.30 units; 95% ClI, 0.05, 0.55), SS + TR (2.0 mm;
95% ClI, 0.9, 3.0), and SBP (2.4 mm Hg; 95% CI, —0.1, 4.9). Children of former smokers were not
more overweight (BMI z-score, 0.02 units; 95% ClI, —0.15, 0.19) but had higher SBP (1.5 mm Hg;
95% CI, —0.1, 3.2). We saw no relationship of smoking with central adiposity (SS:TR).

Discussion—Former and early pregnancy smokers had children with somewhat higher SBP, but
only early pregnancy smokers had children who were more overweight. Mechanisms linking smoking
with child adiposity and blood pressure may differ. A long-term impact of maternal smoking on
offspring cardiovascular risk provides further reason to reduce smoking in women.
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Introduction

The prevalence of obesity has continued to increase over recent decades among both children
and adults, a trend that may presage reduced life expectancy in the United States (1). A new
paradigm for understanding health risks such as obesity and cardiovascular disease has
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emerged in recent years, evolved from the notion that environmental factors in early life and
even in utero can profoundly influence lifelong health. Maternal smoking during pregnancy is
one such early life exposure that may have a persistent influence on offspring body size and
cardiovascular health.

Several investigators have reported an increased risk of obesity in childhood or adulthood after
intrauterine exposure to maternal cigarette smoking (2—-8). This association seems paradoxical,
given that maternal smoking during mid- to late pregnancy reduces fetal growth (9), and babies
born smaller tend to have lower BMI and lower risk of overweight in childhood and adulthood
(10). A smaller number of studies have also reported that maternal smoking during pregnancy
is associated with child blood pressure, particularly in later childhood (11-13).

The influence of prenatal cigarette exposure on offspring health merits additional study. Recent
nationally representative data suggest that approximately one-third of U.S. women smoked
within a year before becoming pregnant, and 11% smoke during pregnancy (14,15). Many
women may quitsmoking when planning a pregnancy (15), yet the influence of preconceptional
smoking on offspring outcomes is not known. Exposure to maternal smoking in early
pregnancy has not been well studied, because in previous studies, the timing of smoking was
not assessed, or if it was, most mothers smoked throughout pregnancy. Furthermore, to our
knowledge, no studies have yet examined whether maternal prenatal smoking is associated
with the offspring’s central adiposity, which itself is associated with both lower birth weight
and higher attained blood pressure (10).

In this study, we used data from a prospective prenatal cohort study to examine the extent to
which maternal smoking before pregnancy and during early pregnancy is associated with
overall adiposity, central adiposity, and blood pressure among children at 3 years of age.

Research Methods and Procedures

Population and Study Design

Study subjects were participants in Project Viva, a prospective cohort study of pregnant women
and their offspring. Research assistants recruited women attending their initial prenatal visit at
one of eight urban and suburban offices of a multispecialty group practice in eastern
Massachusetts (16). Eligibility criteria included fluency in English, gestational age <22 weeks,
and singleton pregnancy. We enrolled 64% of eligible women (n = 2341), of whom 9%
withdrew or were lost to follow-up, leaving 2128 subjects who delivered a live infant. We
obtained informed consent from all mothers. Institutional review boards of participating
institutions approved the study. All procedures were in accordance with the ethical standards
established by the Declaration of Helsinki (17).

We periodically freeze data in Project Viva for analysis; this paper includes data available as
of February 15, 2005. Of the 2128 births, 1293 children were enrolled for study continuation
beyond age 6 months and reached 3 years of age, and we completed in-person visits with 812
by the time of the data freeze. Excluding those missing information on parental BMI,
gestational weight gain, or outcomes, we have complete data on both maternal prenatal
smoking and child BMI for 746 participants, smoking and skinfold thicknesses for 707, and
smoking and blood pressure for 689. Using a “missing” category, we included participants
missing information on income (6%), glucose tolerance (1%), breastfeeding (8%), introduction
of solids (16%), television (6%), fast food (4%), and sugar-sweetened beverages (5%).

We performed in-person study visits with the mother after her clinic appointments after the
first and second trimesters of pregnancy, with both mother and child in the hospital after
delivery, and at 6 months and 3 years postpartum in a research office or at home. Participants
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completed mailed questionnaires at 1 and 2 years postpartum, on which they updated child
feeding practices and reported child weight and length measured at the most recent clinical
Visit.

Assessment of Exposures and Covariates

At the first study visit, we asked mothers whether they had ever smoked, and categorized those
women who had smoked >100 cigarettes in their lifetime as ever smokers. We asked ever
smokers to report the number of years and average packs per day that they smoked, from which
we calculated lifetime pack years. We then asked ever smokers whether they had smoked in
the 3 months before learning they were pregnant. We categorized as former smokers those who
had ever smoked but quit before 3 months before learning of pregnancy. We classified those
who smoked during the 3 months before learning of pregnancy as early pregnancy smokers.
We asked early pregnancy smokers to report in five categories the average number of cigarettes
they currently smoked. We also asked about exposure to environmental cigarette smoke at
home, work, and in public. At each subsequent study visit, we updated maternal smoking. We
classified early pregnancy smokers who reported smoking at the second trimester as continued
smokers.

Using acombination of questionnaires and interviews, we collected information about maternal
race/ethnicity, age, education, parity, and household income. We obtained information from
the prenatal medical record on maternal blood pressure, glucose tolerance test results, serial
pregnancy weights, and infant birth weight and delivery date. Mothers reported their
prepregnancy weight and height and paternal weight and height. We calculated gestational
weight gain as the difference between prepregnancy weight and the last clinically recorded
weight before delivery. We calculated gestational age from the last menstrual period or from
the second trimester ultrasound if the two estimates differed by >10 days. We determined sex-
specific birth weight for gestational age (fetal growth) percentile and z-value based on U.S.
national natality data (18) and defined small for gestational age as birth weight for gestational
age below the 10th percentile.

On the 6-month and 1-year questionnaires, mothers reported on infant diet including breast
and formula feeding and complementary food intake. At the 3-year visit, mothers completed
a semiquantitative food frequency questionnaire regarding the child’s diet during the previous
month, including consumption of 91 foods and 7 beverages. We included intake of fast food
and sugar-sweetened beverages as covariates in this analysis, because these factors have been
most strongly associated with overweight (19,20). Mothers also reported the average humber
of hours the child spent watching television on both weekdays and weekends.

Assessment of 3-Year Outcomes

We measured children’s heights and weights using a calibrated stadiometer (Shorr Productions,
Olney, MD) and scale (Seca model 881; Seca Corp., Hanover, MD). We calculated age- and
sex-specific BMI percentiles and z-scores using U.S. national reference data (21). We defined
overweight as BMI for age and sex >85th percentile. We measured subscapular (SS)! and
triceps (TR) skinfold thicknesses using Holtain calipers (Holtain, Cross-well, United
Kingdom), and calculated the sum (SS + TR) and the ratio (SS:TR) of skinfolds. BMI and SS
+ TR represent overall adiposity, whereas SS: TR is a measure of central or truncal adiposity.
Research assistants followed standardized techniques (22) and participated in biannual in-
service training to ensure measurement validity (1J Shorr; Shorr Productions). Inter- and intra-
rater measurement error were within published reference ranges for all measurements (23).

Nonstandard abbreviations: SS, subscapular; TR, triceps; SPB, systolic blood pressure; OR, odds ratio; Cl, confidence interval.
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Using biannually calibrated Dinamap Pro-100 oscillometric automated monitors (GE Medical
Services, Tampa, FL), trained research assistants recorded child blood pressure up to five times
at 1-minute intervals. We recorded conditions of measurement including order of readings,
cuff size, limb, and child position and activity. Our primary outcome for blood pressure
analyses was systolic blood pressure (SBP) at 3 years of age. We used systolic rather than
diastolic blood pressure because of the validity of its measurement and its superior prediction
of later blood pressure (24).

Statistical Analysis

Results

We compared characteristics of early pregnancy smokers and former smokers with never
smokers using Student’s t tests and 2 analysis. We used multivariable logistic regression to
examine independent associations of maternal smoking with child overweight and linear
regression to examine associations of smoking with the continuous outcomes BMI z-score, SS
+ TR, and SS:TR. For SBP, we used mixed effect regression models, incorporating each of the
up to five measurements per child as repeated outcome measures (25). Mixed effect models
weight subjects based on the number of measurements and their variability and, thus, yield
more appropriate SEs than linear regression. We considered as covariates parental and child
factors that might be independent predictors of the exposure or outcomes or might confound
associations of smoking with outcomes. We include covariates modeled in Table 1.

We performed all analyses using SAS version 8.2 (SAS Institute, Cary, NC).

Among the 746 mothers, 232 (31%) had ever smoked, of whom 161 (22%) quit before
pregnancy and 71 (10%) smoked during early pregnancy. Only 13 of the 71 early pregnancy
smokers reported smoking beyond the first trimester. The majority of early pregnancy smokers
reported smoking 1 to 4 (37%) or 5 to 14 (34%) cigarettes per day. Ever smokers reported a
mean of 4 pack-years (range, <1 to 30 pack-years), and early pregnancy smokers reported a
mean of 5 pack-years (range, <1 to 25 pack-years).

Mothers who smoked in early pregnancy were younger, less educated, less likely to be married,
and had lower household income compared with never smokers (Table 1). Smoking mothers
were more overweight and gained more weight during pregnancy. Children of mothers who
smoked in early pregnancy were not more likely to be born preterm or small for gestational
age, but they were breast fed for a shorter duration and had earlier introduction of solid foods.
Compared with never smokers, mothers who had previously smoked but quit before the 3
months before conception were older and more likely to be white, parous, and have higher
income, but did not differ in BMI or gestational weight gain (Table 1). Child television viewing,
fast food intake, and sugar-sweetened beverages did not differ by maternal smoking status.

One-half (50%) of the children were boys, and 204 (27%) children were overweight (BMI >
85th percentile) at 3 years. Compared with children of never smokers, children of early
pregnancy smokers had higher mean BMI and sum of SS + TR skinfolds and higher prevalence
of obesity but did not have different SS:TR (Table 1). Mean SBP was slightly higher among
children of early pregnancy and former smokers than children of never smokers (Table 1).

On multivariable analysis, maternal early pregnancy smoking was strongly associated with
overweight. Compared with children of never smokers, among those exposed to smoking in
early pregnancy, the adjusted odds ratio (OR) for overweight was 2.2 [95% confidence interval
(CD), 1.2, 3.9]. In contrast, children of mothers who had quit smoking before pregnancy were
not more overweight (multivariable OR, 1.0; 95% CI, 0.7, 1.6) compared with children of never
smokers.
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Maternal smoking in early pregnancy was also directly associated with the continuous
outcomes BMI z-score (Figure 1; Table 2) and the sum of SS + TR skinfolds. These associations
were somewhat attenuated after adjustment for potential confounders (Table 2). It seemed that
maternal weight characteristics accounted for most of this attenuation: for example, after
adjustment for maternal prepregnancy BMI and gestational weight gain, the effect estimate for
early pregnancy smoking on BMI z-score went from 0.43 (95% Cl, 0.18, 0.68) to 0.30 (95%
Cl, 0.06, 0.55) but did not change appreciably further after adjustment for maternal race/
ethnicity, education, age, paternal BMI, and fetal growth (0.30; 95% ClI, 0.05, 0.55). Mothers
who smoked in early pregnancy had children who were heavier at 3 years (0.7 kg; 95% ClI,
0.2, 1.2) but not different in height (0.3 cm; 95% CI, —0.7, 1.2), suggesting that the influence
of smoking on BMI was mediated by alterations in weight alone. Early pregnancy smoking
was not associated with the ratio of SS:TR skinfolds (Table 2).

We next studied factors that might serve as intermediates in the pathway between maternal
early pregnancy smoking and child adiposity. Inclusion into the multivariable model of glucose
tolerance, breastfeeding, early introduction of solid foods, and child behaviors at age 3
(television viewing, consumption of sugar-sweetened beverages and fast food) did not alter
observed associations of early pregnancy smoking with BMI z-score (effect estimate adjusted
for all factors listed previously, 0.30; 95% Cl, 0.04, 0.56). We measured weight and length on
294 participants at 6 months of age. On an analysis limited to this subset of participants,
inclusion of change in weight for length z-score from birth to 6 months in the multivariable
analysis also did not markedly change the effect estimate for early pregnancy smoking on BMI
z-score at 3 years (data not shown).

We observed evidence of a dose effect of smoking on 3-year adiposity. Among children of
early pregnancy smokers, BMI z-score was 0.57 units lower among those who had smoked <1
pack-year in their lifetime compared with those who had smoked 10 or more pack-years (p =
0.02). Among former smokers, the number of pack-years smoked was not associated with age
3 BMI z-score. We saw no association of the number of daily cigarettes smoked during early
pregnancy with 3-year adiposity, perhaps because of the limited range of the exposure (83%
of participants smoked <10 cigarettes daily). Early pregnancy smokers were more likely to
report exposure to environmental tobacco smoke in early pregnancy (42% compared with 13%
for both former and never smokers). We saw no evidence for an independent effect of
environmental tobacco smoke on child adiposity or blood pressure (data not shown).

The small number of women who continued smoking past the first trimester did not allow
multivariable analysis of exposure to maternal smoking throughout pregnancy. However, as
anticipated, both the prevalence of small for gestational age (14%) and mean unadjusted
offspring age 3 BMI z-score (0.83 units) were both higher among these 13 participants than
among never smokers (5% and 0.41 units, respectively). Excluding these women, the effect of
early pregnancy smoking on child BMI z-score at 3 years remained (0.27 units; 95% CI, 0.003,
0.54).

We obtained SBP measurements from 689 children. After adjustment for blood pressure
measurement conditions, maternal sociodemographics, mean third trimester SBP, fetal growth,
gestation length, and child sex, age, and height, SBP was 2.4 mm Hg (95% CI, —0.01, 4.9)
higher among children of smokers than among children of never smokers (Figure 1; Table 2).
After including child BMI, the effect of smoking was reduced to 1.5 mm Hg (95% CI, —1.0,
3.9), suggesting that higher adiposity among offspring of smokers was partially but not entirely
responsible for the elevation in blood pressure.

Smoking before pregnancy was not associated with overall (BMI z-score, SS + TR) or central
(SS:TR) adiposity (Table 2). Among children of former smokers, estimates of age 3 SBP
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appeared higher than among children of never smokers (1.5 mm Hg; 95% CI, 0.1, 3.2; Figure
1), an effect minimally changed after adjustment for child BMI (1.4 mm Hg; 95% CI, —0.2,
3.0; Table 2).

Discussion

In this prospective U.S. study, maternal smoking during early pregnancy was directly
associated with child adiposity, measured by both BMI and sum of skinfolds, with evidence
of adose—effect relationship. At age 3 years, children of women who smoked in early pregnancy
were heavier, but not shorter, than children of women who had never smoked. Smoking before
pregnancy was not associated with adiposity. We saw no evidence of an association of maternal
prenatal smoking with central distribution of adiposity. Maternal smoking in early pregnancy
and even before pregnancy was somewhat associated with higher SBP at age 3.

Both in this study cohort and many other populations, women who smoke in pregnancy tend
to have different sociodemographic and anthropometric characteristics and to feed their
children differently than non-smokers. Because many of these factors may also be associated
with risk for child obesity or hypertension, concern exists that observed associations may reflect
sociodemographic confounding rather than a causal relationship (7,12). However, in this study,
as in others, adjustment for factors such as maternal education, race/ethnicity, income, and
child diet only minimally influenced effect sizes. To our knowledge, this is the first prospective
U.S. cohort to report associations of maternal smoking with child outcomes. Because the
associations of prenatal smoking with child obesity and elevated blood pressure have now been
shown in several populations in different countries, it becomes increasingly likely that these
associations have a biological basis. Additionally, data from experimental animal studies
confirm these observational human results (26).

It does not seem that smoking influences later obesity risk by means of an influence on fetal
growth. Smoking in early pregnancy, as in this population, does not necessarily influence size
at birth, whereas women who smoke throughout pregnancy or only in the third trimester have
smaller babies (27). Even in studies in which maternal smoking has been associated with both
lower birth weight and increased later size, adjustment for size at birth either strengthened or
did not alter the observed association (3,8,28). In addition, lower birth weight is associated
with central but not overall adiposity (10,29). In this study, we did not observe an association
of smoking with central adiposity, measured by the SS: TR skinfold ratio, which has been found
to be a valid proxy for intra-abdominal adipose tissue among children (30). It is possible that
an association of prenatal smoking with central adiposity might appear only after age 3.

Maternal smoking may influence size by means of an influence on hypothalamic centers that
direct appetite and activity. In adults, smoking is associated with lower body weight, and
smoking cessation typically produces weight gain from a combination of increased intake and
decreased energy expenditure, although the physiology underlying these weight effects is not
yet well understood (31). Animal studies suggest that nicotine is the component of cigarette
smoke that is primarily responsible for influences on body weight (26,31,32).

Also in this study, children of mothers who smoked in early pregnancy and even before
pregnancy had somewhat higher SBP at age 3. Although Cls did not exclude zero, the
magnitude of the effect (1.5 mm Hg for early pregnancy smokers, after adjustment for child
height and BMI) was similar to previous studies with narrower Cls, in which the effect was
even greater at age 6 (1.2 mm Hg) than at age 3 (1.0 mm Hg) (13). Previous investigators have
reported higher SBP in children exposed to prenatal smoking, although in these studies,
mothers smoked throughout pregnancy, and children were born at lower birth weight (13).
Others have not found an association of smoking with child blood pressure (33). To our
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knowledge, this is the first report that maternal prenatal smoking might have a sustained
influence on child blood pressure that did not act through restricted growth. The association
of former smoking with offspring blood pressure has not previously been reported. Our results
suggest that smoking may have a persistent influence on offspring blood pressure even if the
mother quits months before pregnancy.

How might exposure to cigarettes or nicotine during pregnancy, and even before pregnancy as
in this study, program offspring blood pressure? Nicotine may have a direct effect on the
development of the fetal renal, cardiovascular, or nervous systems, as well as an indirect effect
by means of changes in maternal vasculature, thereby affecting placental formation and blood
flow (34). In a recent study, investigators injected pregnant rats with nicotine or saline
throughout pregnancy and lactation (26). Offspring of nicotine-treated rats had elevated body
and fat pad weight and altered function of the perivascular adipose tissue, which influences
arterial contractility. Other investigators have shown elevated blood pressure in the offspring
of spontaneously hypertensive rats prenatally exposed to nicotine (34). Further experimental
studies may help elucidate pathways by which smoking or nicotine exposure before pregnancy
might program later blood pressure.

Our study has many strengths. We collected longitudinal data beginning in early pregnancy.
Previous studies of the relationship between smoking and child outcomes are mainly
retrospective or cross-sectional, with smoking habits recalled as many as 6 to 9 years after
pregnancy (4-6), although some have been prospective (3,8). We collected detailed
information on a large number of potential biological, demographic, and nutritional predictors
of adiposity and blood pressure. We measured child height and weight as well as skinfolds.
Most previous studies used BMI as the primary outcome, although one group also had
information on the sum of skinfolds (7,8); none have reported on skinfold ratio or central
adiposity.

Several limitations to this study also exist. Study participants were relatively older and well
educated, and all resided in eastern Massachusetts, so findings may not be able to be generalized
to other populations. We assessed smoking by questionnaire and did not biochemically validate
this exposure. Social desirability concerns may have caused under-reporting of smoking
behavior. As with all observational studies, unmeasured systematic differences between
smokers and non-smokers that are associated with development of outcomes could explain our
findings.

In conclusion, using data from a prospective U.S.-based study, we observed a direct association
of maternal smoking before pregnancy with offspring blood pressure and of maternal smoking
in early pregnancy with both child adiposity and blood pressure. Maternal smoking during
pregnancy is one of a few identified modifiable prenatal risk factors for obesity and
cardiovascular risk. A long-term impact of maternal smoking on offspring cardiovascular risk
provides further reason to support programs to reduce smoking in women of reproductive age.
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Figure 1.

Child SBP and BMI z-score at 3 years of age, comparing children whose mothers smoked in
early pregnancy and whose mothers previously smoked but quit before pregnancy with children
of never smokers.
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Associations of maternal prenatal smoking with child BMI z-score, SS + TR, SS:TR, and SBP at age 3 years

BMI z-score SS + TR skinfolds SS:TR ratio SBP (mm Hg)
(mm)
Smoked in early pregnancy
Age and sex adjusted 0.43 (0.18, 0.68) 22(1.1,3.2) 0.01 (-0.03, 0.05) 1.8 (-0.7,4.2)
Multivariable 1 0.30 (0.05, 0.55) 2.0(0.9,3.0) 0.001 (—0.04, 0.04) 2.4(-0.1,4.9)
Multivariable + age 3 BMI — — —0.001 (-0.04, 0.04) 15(-1.0,3.9)
z-score
Quit smoking before pregnancy
Age and sex adjusted 0.08 (-0.10, 0.25) 05(-0.2,1.2) 0.004 (-0.02, 0.04) 1.4 (-0.2,3.0)
Multivariable T 0.02 (—0.15, 0.19) 0.4 (-0.3,1.1) 0.01 (-0.02, 0.04) 15(-0.1,32)
Multivariable + age 3BMI — — 0.01 (—0.02, 0.04) 1.4 (0.2, 3.0)
z-score

Values are effect estimate (95% Cl).

*
Adjusted for child sex and age; SBP is additionally adjusted for measurement conditions.

7°BMI z-score, SS + TR, and SS:TR are additionally adjusted for paternal BMI; maternal prepregnancy BMI, gestational weight gain, education, income,

race/ethnicity, and parity, and fetal growth and gestation length.
£

SBP is additionally adjusted for maternal age, third trimester SBP, education, income, race/ethnicity, and parity, fetal growth and gestation length, and

child height.
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