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Summary

Background: Early-life exposure to tobacco is associated with obesity, but the most susceptible
developmental periods are unknown.

Objective: To explore windows of susceptibility in a cohort of 568 mother—child pairs.

Methods: We measured seven measures of tobacco exposure (five self-reported and two
biomarkers) spanning from pre-conception to age 5 years. Mothers self-reported active smoking
(pre-conception, 17 weeks, and delivery) and household smokers (5 and 18 months postnatally).
Cotinine was measured in maternal urine (27 weeks) and child urine (5 years). Adiposity (fat mass
percentage) was measured at birth and 5 years via air displacement plethysmography. Using a
multiple informant approach, we tested whether adiposity (5 years) and changes in adiposity (from
birth to 5 years) differed by the seven measures of tobacco exposure.

Results: The associations may depend on timing. For example, only pre-conception (f = 3.1%;
95% Cl: 1.0-5.1) and late gestation (f = 4.0%; 95% ClI: 0.4-7.6) exposures influenced adiposity
accretion from birth to 5 years (p for interaction = 0.01). Early infancy exposure was also
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associated with 1.7% higher adiposity at 5 years (95% CI: 0.1-3.2). Mid-pregnancy and early
childhood exposures did not influence adiposity.

Conclusions: Pre-conception, late gestation, and early infancy exposures to tobacco may have
the greatest impact on childhood adiposity.
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adiposity; cotinine; developmental origins of health and disease; maternal smoking; obesity;
secondhand smoke; tobacco; windows of susceptibility

1| INTRODUCTION

Early-life exposure to tobacco has been consistently linked to obesity. Two meta-analyses
have reported that maternal smoking during pregnancy may increase the risk of obesity in
childhood by at least 50%.12 While most studies have focused on the prenatal period, there
is a growing body of evidence reporting exposures before34 and after pregnancy*12 as risk
factors for obesity in childhood. Although the associations are fairly consistent, no published
studies have formally evaluated windows of heightened susceptibility to tobacco. Therefore,
the most susceptible developmental periods are unknown.

The standard approach for disentangling the effects of prenatal and postnatal exposure

has been to include a single polytomous exposure variable in models (e.g., no exposure,
prenatal exposure only, postnatal exposure only)812 or to employ simultaneously adjusted
models.*13 Researchers typically draw conclusions about the most important developmental
period by comparing the magnitude of the effect sizes. Although this approach is intuitive,
it does not allow for formal testing of differences across the developmental periods.14 Other
limitations of traditional approaches include multi-collinearity between exposure periods,
the use of multiple testing, and the loss of information due to missing data.14

To address this gap in knowledge, we leveraged data from the Healthy Start study, a
pre-birth cohort in Colorado. We utilized a multiple informant approach!# to identify the
windows of heightened susceptibility to tobacco in relation to adiposity in childhood, using
pre-conception, prenatal, and postnatal measurements of the exposure.

2| METHODS

2.1| Study population

The Healthy Start study recruited 1410 pregnant women aged =16 years with singleton
pregnancies before 24 weeks of gestation from the obstetrics clinics at the University

of Colorado Hospital between 2010 and 2014. Participants completed two research visits

in pregnancy (median 17 and 27 weeks of gestation) and at delivery (median 1 day post-
delivery). Women were excluded if they were expecting multiple births, had a previous
stillbirth or pre-term birth before 25 weeks of gestation, or had pre-existing diabetes, asthma,
cancer, or psychiatric illness. Mother—child pairs were included in this analysis if infants
were born full-term (=37 weeks gestation), had complete body composition measures at
birth and at age 5, and had at least one exposure assessment. The Healthy Start study
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protocol was approved by the Colorado Multiple Institutional Review Board. All women
provided written informed consent before the first study visit.

Tobacco exposure assessment

Healthy Start collected seven measures of tobacco exposure (five self-reported measures
and two biomarkers) spanning from pre-conception through age 5 years. At enrollment

(17 weeks gestation), women were asked in separate questions if they had smoked 100
cigarettes in their lifetime (yes or no) and if they had smoked in the 3 months prior to
learning of their pregnancies (yes or no). Self-report of maternal smoking pre-conception
was dichotomized as no (if they answered no to both questions) or yes (if they answered yes
to the second question). If the participant self-reported smoking during the pre-conception
period, participants were asked if they currently smoked cigarettes (yes or no) at the
enrollment visit. Otherwise, they did not respond to this question, hence the large proportion
of missingness at the enrollment visit. At delivery, women were also asked if they had
smoked any cigarettes since their last research visit (yes or no). Self-report of household
smokers (none, any) was ascertained through questionnaires completed at 5 and 18 months
postnatally.

Cotinine, the major metabolite of nicotine,1> was measured in a convenience sample of
women with available, stored urine samples collected at 27 weeks of gestation and children
with available, stored urine samples collected at age 5 years. Cotinine was measured via
solid phase competitive ELISA, with a sensitivity of 1 ng/ml (Calbiotech Cotinine ELISA
CO0096D). The limit of detection (LOD) was 0.05 ng/ml. Cotinine was categorized as no
exposure (<LOD) and any exposure (=LOD).

Outcome assessment

Offspring fat mass and fat-free mass were measured by trained study staff using whole

body air displacement plethysmography within ~72 h of birth (PEA POD, COSMED, Rome,
Italy) and at age 5 years (BOD POD, COSMED, Rome, Italy). The PEA POD system
measures body mass and volume, calculates body density, and estimates fat mass (g) and
fat-free mass (g). The BOD POD was used with a paediatric algorithm. Fat mass and fat-free
mass were measured twice. If the percent fat mass differed by more than 2.0%, a third
measurement was taken. The average of the two closest readings was used in this analysis.
Neonatal and childhood adiposity (fat mass percentage) was calculated as a proportion of the
fat mass divided by the total mass. Changes in body composition from birth to age 5 years
were calculated by subtracting the fat mass, fat-free mass, or adiposity measurement taken at
birth from the fat mass, fat-free mass, or adiposity measurement taken at age 5 years.

Covariates

Mother and child characteristics were collected during the research visits and abstracted
from medical records. Maternal age at delivery was calculated by subtracting the
participant’s date of birth from the date of delivery. Gravidity, maternal race/ethnicity,
maternal education, and annual household income were self-reported via study
questionnaires. Maternal height was measured using a stadiometer during the first pregnancy
research visit. Pre-pregnancy weight was obtained from medical records or self-reported at
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the first pregnancy research visit. Pre-pregnancy body mass index (BMI) was calculated

as pre-pregnancy weight (kg) divided by height squared (m?). Gestational weight gain was
calculated as the difference between the last available weight measurement during pregnancy
(measured by research staff or medical personnel) and pre-pregnancy weight.

Maternal diet was measured throughout pregnancy using the Automated Self-Administered
24-hour Dietary Recall (ASA24). Maternal diet quality was determined by the Healthy
Eating Index-2010 (HEI-2010), a valid and reliable measure of diet quality.18 As previously
described,}” HEI-2010 scores were calculated based on the following foods/nutrients: total
fruit, whole fruit, total vegetables, greens and beans, whole grains, dairy, total protein foods,
seafood and plant proteins, fatty acids, refined grains, sodium, empty calories, total energy,
saturated fat, mono- and polyunsaturated fats, and sodium.

The duration of exclusive breastfeeding was assessed through a questionnaire. At the 5-
month postpartum visit, women were asked in separate questions if they had ever breastfed
their infant, were currently feeding their infant any breast milk, had ever fed their infant
formula, or were currently feeding their infant formula. A measure of breast milk—-months
was developed that incorporated duration and exclusivity, as previously described.18 The
metric takes periods of mixed feeding into account and is interpreted continuously. For
example, five breast milk months could be 5 months of exclusive breastfeeding or 4 months
of exclusive breastfeeding followed by 2 months of 50:50 mixed feeding.

Statistical methods

We used a multiple informant approach# within generalized estimating equations (GEEs)
to estimate differences in adiposity, fat mass, and fat-free mass at age 5 years and the
change in adiposity, fat mass, and fat-free mass from birth to 5 years according to the timing
of exposure to tobacco. The multiple informant approach has been used in environmental
epidemiology to identify windows of susceptibility to various environmental chemicals

on childhood neurodevelopment and thyroid levels.2%-21 This approach combines separate
linear regression models for each time point into a single estimating Equation. A distinct
advantage of the multiple informant approach is that it allows for the exposure data to

be sparsely collected from multiple sources (e.g., biomarkers and self-report).14 Mean
differences and 95% confidence intervals were calculated to compare body composition
measurements between exposed and unexposed offspring at each time period. The reference
category for each time point is the unexposed group. To formally evaluate whether the
association depended on the timing of the exposure, an interaction term between the
dichotomous tobacco exposure and the timing of the exposure measurement was included
in all models. We considered an interaction o < 0.05 as evidence that the exposure-outcome
association depended on the timing of the exposure. All models adjusted for a priori
confounders that were associated with the exposure and the outcome, including infant sex,
maternal race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, other), maternal
education (<high school degree, high school degree, some college), pre-pregnancy body
mass index (kg/m?), maternal diet quality during pregnancy (HEI-2010 scores), duration

of exclusive breastfeeding (breast milk-months), and age at body composition (years). All
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statistical analyses were performed using Stata version 14.2 (StataCorp LP, College Station,
TX).

3| RESULTS

Of the 1410 participants enrolled in the Healthy Start cohort study, 1338 children were
born at or after 37 weeks of gestation. Of these, 665 children had body composition
measurements at birth and at age 5 years. Although all mothers and their children were
invited to participate in the research visits, not all attended or completed every assessment.
Thus, some of the participants are missing data on maternal diet quality during pregnancy
(n=29) and the duration of exclusive breastfeeding (/7= 68). After excluding those with
missing covariate data, a total of 568 mother—child pairs were included in this analysis.
The participants in our analytical sample and the overall cohort were similar with respect
to maternal age, maternal pre-pregnancy BMI, gestational weight gain, gravidity, maternal
race/ethnicity, maternal education, household income, and maternal diet quality during
pregnancy (Supplemental Table S1).

Participants in our analytical sample were racially and ethnically diverse, with 60% non-
Hispanic white, 22% Hispanic, 12% non-Hispanic black, and 6% from all other racial and
ethnic groups combined (Table 1). Most of the women had some college education (75%).
Household income was evenly spread across the categories of <$40 000 (26%), $40 001 to
$70 000 (19%), and =$70 000 (40%), with an additional 16% choosing not to answer or
reporting they did not know their household income.

Most women reported no smoking in their lifetime or in the 3 months prior to pregnancy
(n =506, 89%). Of the women who reported no current smoking at enroliment (n=41),
most indicated that they had quit smoking after learning of their pregnancies (7= 32). At
mid-gestation, 23% of women had cotinine levels at or above the LOD (indicating maternal
active or secondhand smoking). Only 4% of the women reported smoking at the time of
delivery. In the early postnatal period, few women reported living with a household smoker
at 5 months or 18 months of age (prevalence of 13% and 15%, respectively). At age 5
years, approximately 28% of the children had detectable levels of cotinine levels (indicating
tobacco exposure).

3.1| Early-life exposure to tobacco

The seven measures of tobacco appeared to be moderately concordant (Table 2). In general,
the self-reported and biomarker-confirmed categorization of “no exposure” tended to agree.
For instance, 98% of the women with cotinine levels indicating no exposure at 27 weeks
gestation also self-reported no smoking pre-conception. Discordance was most notable when
comparing the “exposed” category. For instance, only 46 (66%) of mothers who reported
living with a household smoker at 5 months also reported living with a household smoker at
18 months.

3.2| Tobacco exposure and childhood body composition

We observed strong evidence that the association between tobacco and changes in adiposity
or fat mass from birth to age 5 years depends on the timing of exposure (Table 3,
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Figure 1; p for interaction = 0.01 and 0.02, respectively). For example, maternal smoking
pre-conception and at delivery were associated with increased adiposity accretion from
birth to age 5 years (3.1% [95% CI: 1.0, 5.1] and 4.0% [95% CI: 0.4, 7.6], respectively)

as compared to offspring with no exposure during these exposure windows. By contrast,
tobacco exposures at other time periods during pregnancy (17 weeks or 27 weeks gestation)
were not associated with any change in adiposity or fat mass from birth to age 5 years.

Adiposity at age 5 years was 1.7% (95% ClI: 0.1, 3.2) higher for those living with
household smokers during the first 5 months of life, as compared to those with no exposure
during these exposure windows. However, the interaction p-value is not consistent with the
hypothesis that these associations depend on the timing of the exposure (p for interaction

= 0.17). Tobacco exposures during other time periods during pregnancy (17 weeks or 27
weeks gestation) or in early childhood (18 months or 5 years of age) were not significantly
associated with any increase in adiposity or fat mass at age 5 years.

We did not detect any associations between tobacco exposure and fat-free mass at age 5
years or the change in fat-free mass from birth through age 5 years.

DISCUSSION

We demonstrate that the association between early-life exposure to tobacco and childhood
adiposity and fat mass depends on the timing of the exposure. Tobacco exposures

during pre-conception, late gestation, and early infancy represent the windows of greatest
susceptibility for increased adiposity in early childhood. Our results may provide novel
insights about the underlying biological mechanisms as well as potential opportunities for
targeted smoking cessation interventions.

The pre-conception period is the earliest sensitive window for human development. Smoking
before conception may influence offspring adiposity via epigenetic changes to the oocytes.??
These epigenetic changes may contribute to metabolic abnormalities in the offspring

via transgenerational epigenetic inheritance,23 a mechanism in which certain loci on the
oocyte deoxyribonucleic acid (DNA) escape epigenetic reprogramming after fertilization.24
However, some research suggests that the long-term effects of this exposure may result

from sustained maternal smoking throughout pregnancy rather than epigenetic inheritance.2®
Maternal smoking before and during early pregnancy (when many women are not yet

aware of being pregnant) may influence offspring growth by hindering the differentiation of
specialized epithelial cells of the placenta known as cytotrophoblasts.2® This morphological
change may result in a reduction in the blood flow to the fetus,2” which is known to cause
intrauterine growth restriction. After birth, these growth-restricted offspring often experience
rapid and excessive catch-up growth28-33 followed by an increased risk for obesity in early
childhood.12 This pattern of growth is consistent with our findings, which revealed that the
effect estimates for the change in adiposity from birth to 5 years were stronger than the
effect estimates for the absolute difference in adiposity at 5 years.

Although there is consistent evidence linking prenatal exposure to tobacco with obesity in
childhood, 12 not much is known about the potential trimester-specific effects. Our study
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revealed that maternal active smoking at the time of delivery, but not in mid-gestation,

was considered a critical window of exposure. This finding is consistent with previous
research in three population-based cohorts, which reported that maternal smoking during the
third trimester is associated with the greatest risk of obesity among children.34-36 Maternal
smoking during the third trimester may contribute to intrauterine growth restriction and
subsequent metabolic changes in the offspring through a number of mechanisms, including
a drastic decrease in placental vascularization.3” An alternative explanation is that our study
had insufficient statistical power to detect an association at the other prenatal windows.
Furthermore, since there was moderate concordance between exposure measurements,

our findings may be a result of differences between individuals rather than differences
within individuals. Although some uncertainty remains about the most susceptible prenatal
windows, smoking cessation at any stage in pregnancy continues to be beneficial for the
prevention of obesity in childhood.38

Infants may be more susceptible to tobacco exposure as compared to older children. From
a biological perspective, infants may experience a relatively higher dose of nicotine than
older children due to faster ventilation rates,3° slower nicotine clearance,*041 and immature
detoxification and metabolic pathways.*2 Furthermore, infants may spend more time in the
home, whereas older children may spend more time in childcare or school settings and
away from household smokers.*3 Finally, the relative importance of other factors, such as
postnatal nutrition and physical activity, may shift throughout childhood, such that these
factors play a more important role in the development of obesity than tobacco exposure.

Our study may be limited by selection bias, as not all of the mother—child pairs had complete
exposure, outcome, or covariate data. We did not detect any meaningful differences in
sociodemographic characteristics between the included and excluded mother—child pairs.
Nevertheless, selection bias may have impacted our results if loss to follow-up was
associated with the exposure, outcome, or other covariates.

A second limitation is the potential for residual confounding. Tobacco exposure is
strongly correlated with socioeconomic position, early-life nutrition, and many other
unmeasured genetic or epigenetic factors. Although we adjusted for many covariates,
residual confounding may have biased our results either towards the null or, in the most
extreme case, away from the null when no such association between tobacco exposure
and increased adiposity exists.** Furthermore, it is likely that genetic® or epigenetic2®
mechanisms may mediate, or confound, these associations. Future studies are needed to
clarify the mechanisms.

Finally, our study may be limited by the exposure assessment. First, we lacked data on
paternal exposure or use of tobacco during the pre-conception period, which may have
played a role in these associations. Second, early-life exposure to tobacco was measured
differently across the seven exposure windows. Thus, it is not clear whether the discordance
of the exposure across time can be attributed to differences in measurement or other
factors, such as changes in behaviour or household composition. Third, both self-report

and cotinine may underestimate exposure. Parents tend to underestimate tobacco use or
exposure, particularly during pregnancy. Cotinine may be a more objective measure of
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early-life exposure to tobacco than self-report. However, since the half-life is relatively short
(~16 h), cotinine may fail to capture intermittent exposure. This exposure misclassification
would likely be non-differential with respect to the outcome, resulting in a bias towards the
null. Despite these limitations, our use of several measures of self-report and cotinine over
time may have reduced the potential for exposure misclassification.*®

Our study has several strengths, including the use of air displacement plethysmography to
directly measure fat mass and fat-free mass.4’ This method has been validated in neonates
and children*’-49 and is being increasingly used in clinical and research settings. The effect
sizes noted in our study (e.g., pre-conception exposure to tobacco is associated with a 1.70%
increase in childhood adiposity) are similar to the effect sizes for other early-life risk factors.
For instance, one published study reported that childhood adiposity (as measured via air
displacement plethysmography) was 1.40% higher among offspring born to mothers with
gestational diabetes mellitus.>°

Conclusions

The associations between tobacco exposure and increased adiposity and fat mass from
birth to age 5 years may depend on the timing of the exposure. Exposure immediately
before pregnancy, during late gestation, and in early infancy may have the greatest impact
on childhood adiposity. The plausibility of our results is strengthened by the fact that

we detected interactions between the exposure and the timing of the exposure despite the
relatively low statistical power in our models.1# Our results provide novel insights about
the underlying mechanisms, which may include a combination of epigenetic inheritance/
modifications,23:24 structural and functional changes to the placenta,26:27:37 and postnatal
changes in metabolism3%-42 and behaviour.43 Furthermore, our results emphasize the
need for smoking cessation efforts to be tailored specifically to non-pregnant women of
childbearing age for the prevention of increased adiposity in childhood, and to remain in
place during the early postpartum period when smoking relapse is common.
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FIGURE 1.
Adjusted mean differences [95% confidence intervals (Cls)] in body composition at age 5

years and change in body composition from birth to 5 years by pre-conception, prenatal, and
postnatal exposure to tobacco. Exposure windows are as follows: 1 (self-report of smoking
pre-conception), 2 (self-report of smoking at 17 weeks gestation), 3 (maternal cotinine at

27 weeks gestation), 4 (self-report of smoking at delivery), 5 (self-report of household
smokers at age 5 months), 6 (self-report of household smokers at age 18 months), and

7 (child cotinine at age 5 years). All models adjusted for time infant sex, maternal race/
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ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, other), maternal education
(<high school degree, high school degree, some college), pre-pregnancy body mass index
(kg/m2), maternal diet quality during pregnancy (according to continuous Healthy Eating
Index scores), duration of exclusive breastfeeding (<5 months, >5 months), and age at body
composition (years).
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Characteristics of mother—child pairs enrolled in the Healthy Start study, 2009-2014, and included in this

analysis

Mother characteristics
Age (years)
Pre-pregnancy body mass index (kg/m?)
Gestational weight gain (kg)
Previous pregnancies (any)
Race/Ethnicity
Non-Hispanic white
Non-Hispanic black
Hispanic
Other
Highest level of education
<High school
High school degree
Some college or more
Household income
<$40 000
$40 001 to $70 000
2$70 000
Do not know
Diet quality during pregnancy (Healthy Eating Index)
Child characteristics
Male
Gestational age at birth (weeks)
Birthweight (kg)
Duration of exclusive breastfeeding (breast milk-months)
Exposure to secondhand smoke
Self-report of smoking pre-conception (/7= 568)
No
Yes
Self-report of smoking at 17 weeks gestation (7= 63)
No
Yes
Maternal cotinine at 27 weeks gestation (/7= 360)
<LOD
>L.OD
Self-report of smoking at delivery (/7= 563)
Yes
No

Pediatr Obes. Author manuscript; available in PMC 2023 December 01.

Included mother—child pairs (n = 568)

29+6
26+6
14+6
1+1

60%
12%
22%
6%

11%
14%
75%

26%
19%
40%
16%
62 +10

52%
401
33+04
3.7+£20

89%

11%

65%
35%

78%
23%

96%
4%

Entire cohort (n = 1410)

286
26+6
13+7
1+2

53%
15%
25%
6%

14%
18%
67%

30%
20%
32%
18%
64 + 29

53%
39+1
3.2+05
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Included mother—child pairs (n = 568)

Self-report of household smokers at age 5 months (/7= 568)

None 85%

Any 15%
Self-report of household smokers at age 18 months (/7= 517)

None 87%

Any 13%
Child cotinine at age 5 years (/7= 518)

<LOD 2%

2LOD 28%

Neonatal body composition

Adiposity (percent fat mass) 9.3+39

Fat mass (kg) 03+0.2

Fat-free mass (kg) 29+0.3
Child body composition

Adiposity (percent fat mass) 20.1+6.8

Fat mass (kg) 37+18

Fat-free mass (kg) 146+26
Change in body composition (birth to 5 years)

Adiposity (percent fat mass) 10.7+7.3

Fat mass (kg) 34+18

Fat-free mass (kg) 11.7+25

Entire cohort (n = 1410)
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