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Conclusions: Postnatal exposure to SHS may increase adolescent adiposity and lean

mass. Future studies should determine whether early-life exposures to SHS are asso-

ciated with other cardiometabolic risk markers.

INTRODUCTION

Involuntary smoking, or secondhand tobacco smoke (SHS) exposure, is
a public health concern with no apparent safe threshold [1]. Children
are especially vulnerable to SHS because of their narrower bronchi, fas-
ter respiratory rate, and immature detoxification systems [2, 3]. Cotin-
ine, the major metabolite of nicotine, is one of the most commonly
used biomarkers for assessing recent SHS exposure because of its high
specificity and sensitivity [4]. In the past decade, more than 40% of US
children aged 3 to 11 years had serum cotinine levels consistent with
exposure to SHS [5]; we previously showed a similar SHS exposure
prevalence among children aged 1 to 4 years from the Health Out-
comes and Measures of the Environment (HOME) Study cohort [6].

SHS exposure during pregnancy or childhood is associated with
an increased risk of sudden infant death syndrome, acute respiratory
symptoms, ear infections, and cardiovascular disease [1, 5]. Maternal
smoking during pregnancy is associated with an elevated risk for intra-
uterine growth retardation, rapid postnatal compensatory growth, and
obesity during childhood and adolescence [5, 7-9]. Obesity, which
increases the risk of several chronic diseases, is the second leading
cause of preventable disease and death in the US, surpassed only by
smoking [10]. The prenatal period, early childhood, and adolescence
have been proposed as critical periods for the development of obesity
and related cardiometabolic disorders [11]. Prior studies assessing the
association between pre- or postnatal exposure to SHS and the risk of
overweight or obesity later in life (childhood to adolescence) have
relied on maternal self-report to define SHS exposure and have all
been based on body mass index (BMI) [7-9, 12], an indirect measure-
ment of adiposity that does not accurately distinguish between body
fat mass and lean mass [13].

We are unaware of any studies that have identified periods of
heightened susceptibility during pregnancy and childhood to the effects
of SHS exposure on adolescent body composition. This is critical, as the
prevalence of childhood obesity is increasing in the US and worldwide
[14], and it has lifelong health consequences in terms of increased risk
of premature morbidity and mortality [9]. The objective of this study
was to estimate the potential effect of pre- and postnatal exposure to
SHS on body composition in adolescents to identify periods of height-

ened susceptibility to the obesogenic effects of SHS exposure.

METHODS
Study participants

We used data from a longitudinal pregnancy and birth cohort, the
HOME Study. The HOME Study recruited pregnant women between

Study Importance
What is already known?

e Secondhand smoke (SHS) exposure during pregnancy or
childhood has been associated with an increased risk of
sudden infant death syndrome, acute respiratory symp-
toms, ear infections, and cardiovascular disease.

e The prenatal period, early childhood, and adolescence
have been proposed as critical periods for the develop-

ment of obesity and related cardiometabolic disorders.

What does this study add?

o Our results suggest that postnatal exposure to SHS could
have a greater influence on adolescent body composition
than prenatal exposure.

e Postnatal cotinine concentrations were associated with
higher weight, BMI, body fat, lean mass, waist circumfer-

ence, and visceral, android, and gynoid fat.

How might these results change the direction of
research or the focus of clinical practice?

e This study reinforces the need for ongoing public health
interventions to discourage parents and caretakers from
smoking and minimize their children’s exposure to SHS.

e Future cohorts should determine whether early-life expo-
sures to SHS are associated with other cardiometabolic
risk markers and risk of cardiovascular disease later

in life.

2003 and 2006 and conducted follow-up visits with the mothers and
their children through age 12 years [15]. The principal objective of the
HOME Study was to evaluate the association of pre- and postnatal
exposure to environmental toxicants with health and neurobehavioral
outcomes in infants and children. The inclusion criteria were the fol-
lowing: 218 years old, between 13 and 19 weeks of gestation, resid-
ing in a house built before 1978 within the study area, HIV-negative,
not taking thyroid or epilepsy medication, and not undergoing chemo-
therapy or radiation therapy. From March 2003 to January 2006, we
recruited 468 pregnant women living in a five-county region of the
Cincinnati, Ohio, metropolitan area and Northern Kentucky. A total of
67 women dropped out in pregnancy during the run-in phase of a ran-
domized controlled trial of residential lead and injury hazard nested
within the cohort [16].
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We conducted follow-up visits at the delivery hospital, the study
clinic, or participants’ homes when infants/children were approxi-
mately age 1 day, 4 weeks, and 1, 2, 3, 4, 5, 8, and 12 years. A detailed
description of participants’ characteristics, follow-up, and study mea-
sures at the age 12 visit has been described elsewhere [17]. Among
the 441 children who were eligible for the age 12 visit, 256 children
completed the visit; singleton children who had at least one serum
cotinine concentration measurement during pregnancy or childhood,
anthropometry or dual-energy x-ray absorptiometry (DXA) assess-
ment, and complete covariate information were included in the final
analytics sample (N = 217).

The institutional review boards (IRBs) at Cincinnati Children'’s
Hospital Medical Center and participating delivery hospitals approved
the HOME Study protocols. Brown University and the Centers for
Disease Control and Prevention (CDC) IRBs deferred to the Cincinnati
Children’s Hospital Medical Center IRB. All mothers provided
informed consent for themselves and their children at all visits; chil-
dren provided informed assent at the age 12 visit.

Prenatal and postnatal SHS exposure assessment

Trained phlebotomists collected maternal venous blood samples at
16 and 26 weeks of pregnancy to assess prenatal SHS exposure. They
also collected children’s venous blood samples at age 12, 24, 36, and
48 months via venipuncture to assess postnatal SHS exposure. The
samples were stored at or below —80°C until analysis. Serum cotinine
concentrations were quantified by trained technicians at the CDC
using high-performance liquid chromatography (HPLC) atmospheric
pressure tandem mass spectrometry [18]. The assay limit of detection
threshold for cotinine was 0.015 ng/mL [19].

Adolescent anthropometry and DXA measures

When adolescents were on average 12.4 years old (range: 11-14
years), trained staff measured weight, height, and waist circumference
to the nearest 0.01 kg or 0.1 cm in triplicate, following standardized
protocols [17]. Children wore hospital scrubs and removed their shoes
and head coverings during anthropometric assessments. We calcu-
lated BMI in kilograms per square meter from weight and height and
obtained age- and sex-specific BMI z scores based on CDC growth
curves. Childhood overweight and obesity were defined as BMI
z scores > 1 and >2, respectively, based on World Health Organization
(WHO) growth reference data for ages 5 to 19 years [20].

At the same visit, trained technicians measured children’s total
body and regional fat mass and lean mass by DXA (Horizon densito-
meter, Hologic, Inc.). Percentage regional fat measures were calculated
for the android and gynoid subregions as the regional fat mass divided
by the total mass of the region x 100. The whole-body DXA scan also
yielded a measure of visceral fat area (centimeters squared), which is
highly correlated with visceral fat area estimated by computed tomog-
raphy [21]. A spine phantom was scanned daily to ensure optimal
machine performance and calibration as recommended by the
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TABLE 1 Characteristics of HOME Study participants attending
the age 12 study visit (N = 256) and those who were included in the
final analysis (N = 217)

HOME Study Final analysis

participants participants
N (%) N (%)
Maternal characteristics
Age
18-25 58 (25.1) 51(23.5)
>25-30 60 (26.0) 58 (26.7)
>30-35 79 (34.2) 75 (34.6)
>35 34 (14.7) 33(15.2)
Race/ethnicity
White, non-Hispanic 155 (60.5) 132 (60.8)
Black, non-Hispanic 88 (34.4) 73 (33.6)
All others 13(5.1) 12 (5.5)
Education
High school or less 52(21.1) 44 (20.3)
Tech school/some college 52(21.1) 44 (20.3)
College 69 (27.9) 62 (28.6)
Bachelor’s or more 74 (30.0) 67 (30.9)
Prepregnancy BMI (kg/m?)
Underweight/normal (<24.9) 98 (41.9) 93 (42.9)
Overweight (25.0-29.9) 76 (32.5) 69 (31.8)
Obesity (230) 60 (25.6) 55 (25.3)
Marital status
Married 146 (63.20) 141 (65.0)
Not married, living with someone 28(12.12) 23 (10.6)
Not married, living alone 57 (24.68) 53 (24.4)
Breastfeeding duration (month)
<6 143 (59.8) 125 (57.6)
26 96 (40.2) 92 (42.4)
Child characteristics
Sex
Girls 143 (55.9) 117 (53.9)
Boys 113 (44.1) 100 (46.1)
Pubic hair
Stage 1 26(10.3) 24 (11.1)
Stage 2 64 (25.4) 55 (25.3)
Stage 3 72 (28.6) 66 (30.4)
Stage 4 55(21.8) 43(19.8)
Stage 5 35(13.9) 29 (13.4)

Abbreviation: HOME, Health Outcomes and Measures of the
Environment.

manufacturer. Age- and sex-specific fat mass index (fat mass per
height squared, kilograms per square meter) z scores were calculated
based on the reference values generated using the National Health
and Nutrition Examination Survey (NHANES) 1999 to 2004.

Covariates

We relied on previous literature and directed acyclic graphs to
identify potential confounders that may be associated with both
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TABLE 2 Distribution of adolescent anthropometry and DXA measures at age 12 years

Overall Boys Girls
N Mean (SD) or N (%) N Mean (SD) or N (%) N Mean (SD) or N (%)
Anthropometry measures
Height-for-age z score 255 0.47 (1.13) 113 0.47 (1.18) 142 0.47 (1.09)
Weight-for-age z score 255 0.52 (1.25) 113 0.33(1.22) 142 0.67 (1.25)
Normal/underweight 255 169 (66.27) 113 85(75.22) 142 84 (59.15)
Overweight (>1 SD)? 255 69 (27.06) 113 24 (21.24) 142 45 (31.69)
Obesity (>2 SD)? 255 17 (6.67) 113 4 (3.54) 142 13(9.16)
BMI z score 255 0.38 (1.20) 113 0.18 (1.16) 142 0.55 (1.20)
Waist circumference (cm) 237 78.12 (13.88) 105 75.71 (11.54) 132 80.04 (15.26)
DXA measures
Body fat mass index z score 237 0.23 (0.86) 105 0.24 (0.74) 132 0.22 (0.95)
Body fat mass percentage 237 32.36 (7.07) 105 29.70 (6.6) 132 34.48 (6.71)
Body lean mass index z score 237 —-0.32(1.22) 105 —0.46 (1.15) 132 —0.21(1.27)
Android fat percentage (%) 237 29.79 (8.64) 105 26.79 (7.52) 132 32.17 (8.76)
Gynoid fat percentage (%) 237 36.32 (6.58) 105 33.34 (6.53) 132 38.69 (5.60)
Android/gynoid fat percentage ratio 237 0.81(0.12) 105 0.80(0.11) 132 0.82(0.13)

Abbreviation: DXA, dual-energy x-ray absorptiometry.

2Overweight and obesity are defined as having an age- and sex-specific BMI z score >1 and >2 standard deviation scores, respectively, based on CDC

Growth Charts [20].

serum cotinine concentrations and adolescent body composition
(Supporting Information Figures S1-S2). Trained research staff col-
lected sociodemographic covariates using standardized computer-
assisted interviews, including maternal age, race/ethnicity, marital
status, and education in the second or third trimester of pregnancy.
We abstracted prepregnancy weight and height from medical records.
We used standardized interviewer-administered surveys to assess
breastfeeding duration. Pubertal status was self-evaluated using Tan-
ner stage (I-V) based on pubic hair development in both sexes at the
age 12 study visit and was positively correlated with serum concentra-
tions of gonadal hormones from this visit [22].

Trained research staff at the NIH-funded Clinical Translational
Research Center Bionutrition Core collected 24-hour food recalls
from adolescents (two weekdays and one weekend day). We analyzed
food recalls using the Nutrition Data Systems for Research software
and foods database (University of Minnesota) and calculated the
Healthy Eating Index (HEI) score (2010), a measure of diet quality that
assesses conformance with US federal dietary guidance [23]. We
assessed adolescent physical activity level by administering the vali-
dated Physical Activity Questionnaire for Older Children and by calcu-

lating the activity summary score [24].
Statistical analysis
Using exploratory data analysis techniques, we ascertained mothers’

and children’s characteristics, the distribution of adolescents anthro-

pometry and DXA measures stratified by sex, the distribution of
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FIGURE 1 Spearman correlation coefficients between
anthropometry and DXA measures at age 12 years. ANDR,
android fat percentage; BMIZ, BMI z score; FMIZ, body fat mass
index z score; GYN, gynoid fat percentage; HAZ, height-for-age

z score; LBMIZ, body lean mass index z score; PFAT, body fat mass
percentage; RATIO, android/gynoid fat percentage ratio; VFAT,
visceral fat area; WAZ, weight-for-age z score; WCIR, waist
circumference [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 2 Violin plots of log;o-transformed maternal prenatal and child postnatal serum cotinine concentrations (nanograms/milliliter). The
horizontal lines represent the 25, 50, and 75 percentile. Prenatal period includes maternal serum cotinine concentrations at 16 and 26 weeks of
pregnancy. Postnatal period includes children’s serum cotinine concentrations at ages 12, 24, 36, and 48 months. [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 3 Adjusted associations (§ [95% Cl]) log4o-transformed serum cotinine concentrations (nanograms per milliliter) with anthropometry
and DXA measures at age 12 years®

Coefficients (95% Cl)
N Prenatal Postnatal Heterogeneity p value
Height-for-age z score 217 0.01(-0.15t0 0.17) —0.03 (—0.34 t0 0.28) 0.90
Weight-for-age z score 217 —0.01(-0.17 to 0.15) 0.20 (—0.04 to 0.45) 0.02
BMI z score 217 —0.02 (-0.18 t0 0.14) 0.27 (0.05 to 0.49) <0.01
Body fat mass index z score 205 —0.07 (-0.19 to 0.05) 0.18 (—0.01 to 0.37) <0.01
Body fat mass percentage 205 —0.59 (—1.59 to 0.42) 1.15 (—0.50 to 2.79) 0.02
Body lean mass index z score 205 —0.02 (—0.15 t0 0.12) 0.27 (0.04 to 0.50) <0.01
Waist circumference (cm) 205 —0.82 (—2.63t0 0.98) 2.58 (—1.16 to 6.33) 0.02
Visceral fat area (cm?) 205 —0.05 (—0.14 to 0.04) 0.11 (—0.04 to 0.27) 0.04
Android fat percentage (%) 205 —0.04 (-0.10 to 0.02) 0.04 (—0.06 to 0.13) 0.03
Gynoid fat percentage (%) 205 —0.56 (—1.46 t0 0.34) 0.79 (—0.70 to 2.28) 0.06
Android/gynoid fat percentage ratio 205 —0.02 (—0.06 to 0.01) 0.00 (—0.05 to 0.06) 0.04

Abbreviation: DXA, dual-energy x-ray absorptiometry.

#Adjusted for maternal age, race/ethnicity, marital status, education, prepregnancy BMI, and breastfeeding duration, as well as child sex, puberty, and age for all
variables that are not z scores. Visceral fat area, android fat percentage, and android/gynoid fat percentage ratio were not normally distributed and therefore were
log,-transformed in the model. The period-specific cotinine effect estimates were generated from a model with an interaction term between exposure period and
serum cotinine. Heterogeneity p value is for the two-way interaction term between exposure period and serum cotinine. Heterogeneity p values < 0.05 (in bold)
were considered as evidence that at least one of the cotinine-outcome associations differed between prenatal and postnatal exposure periods.

maternal serum cotinine concentrations at 16 and 26 weeks of preg- A total of 251 and 232 mothers had at least one serum cotinine
nancy (including active smoking and nonsmoking mothers who could measurement at 16 and 26 weeks of pregnancy, and 186, 149,
be exposed to SHS), and children’s serum cotinine concentrations at 157, and 127 children had measurements at age 12, 24, 36, and

age 12, 24, 36, and 48 months. 48 months, respectively. Anthropometry and DXA measures were
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TABLE 4 Adjusted associations (f [95% Cl]) of increase in
measures of log,o-transformed serum cotinine concentrations
(nanograms per milliliter) with anthropometry and DXA measures at
age 12 years by child sex®

Coefficients (95% Cl)

Boys Girls
Height-for-age z score
—0.10 (—0.28 to 0.09)
—0.18 (—0.51 t0 0.14)

Prenatal 0.07 (—0.09 to 0.23)

Postnatal 0.10 (—0.21 to 0.41)
Interaction p value  0.05

Weight-for-age z score

—0.03 (—0.22 t0 0.17)

0.14 (—0.13 to 0.41)

Prenatal 0.01 (—0.16 to 0.18)

Postnatal 0.27 (0.00 to 0.53)

Interaction p value  0.03

BMI z score
Prenatal —0.01(-0.20t0 0.19) —0.02 (—0.20 to 0.16)
Postnatal 0.25 (0.00 to 0.49) 0.30 (0.05 to 0.54)

Interaction p value  0.09

Body fat mass index z score

—0.12 (—0.26 to 0.03)
0.09 (-0.12 to 0.29)

—0.05 (—0.18 to 0.09)
0.26 (0.06 to 0.47)

Prenatal
Postnatal
Interaction p value  0.03

Body fat mass percentage

0.79 (—0.46 to 2.03)

2.40(0.47 to 4.32)

—1.24 (—2.38 to —0.10)
0.25(-1.61 to0 2.10)

Prenatal
Postnatal
Interaction p value  0.09

Body lean mass index z score

—0.06 (—0.24 t0 0.13)
0.18 (—0.07 to 0.44)

0.01 (-0.14 to 0.15)
0.34 (0.09 to 0.59)

Prenatal
Postnatal
Interaction p value  0.06

Waist circumference (cm)

—0.49 (—2.71t0 1.73)
2.35(-1.49 to 6.19)

—0.89 (—2.88 to 1.11)
2.96 (—1.08 to 7.00)

Prenatal
Postnatal
Interaction p value  0.01

Visceral fat area (cm?)

—0.20 (—0.33 to —0.08) 0.03 (—0.09 to 0.15)

—0.09 (-0.25t0 0.07)  0.27 (0.10 to 0.45)

Prenatal
Postnatal
Interaction p value  0.01

Android fat percentage (%)

0.04 (—0.04 to 0.11)

0.11 (0.00 to 0.22)

—0.08 (—0.14 to —0.01)
—0.02 (—0.13 to 0.08)

Prenatal
Postnatal
Interaction p value  0.28

Gynoid fat percentage (%)

0.99 (-0.28 to 2.26)

2.32(0.48 to 4.16)

—1.30 (—2.36 to —0.24)
—0.33(—2.04 to 1.38)

Prenatal
Postnatal
Interaction p value 0.19

(Continues)

TABLE 4 (Continued)

Coefficients (95% Cl)

Boys Girls
Android/gynoid fat percentage ratio
—0.01 (—0.05 to 0.03) —0.03 (—0.06 to 0.01)
0.01 (—0.05 to 0.07) —0.00 (—0.06 to 0.06)

Prenatal
Postnatal

Interaction p value  0.42

Abbreviation: DXA, dual-energy x-ray absorptiometry.

®Adjusted for maternal age, race/ethnicity, marital status, education,
prepregnancy BMI, and breastfeeding duration, as well as child sex,
puberty, and age for all variables that are not z scores. Cross-sectional
area of fat inside abdominal cavity, android fat percentage, and android/
gynoid fat percentage ratio were not normally distributed and therefore
were log,-transformed in the model. The period-specific cotinine effect
estimates were generated from a model with an interaction term between
exposure period, serum cotinine, and child sex. P value is for the three-
way interaction term of exposure period x serum cotinine x child sex.
Interaction p values < 0.05 (in bold) were considered as evidence that at
least one of the cotinine-outcome associations differed between prenatal
and postnatal exposure periods and by child sex.

obtained from 255 and 237 adolescents. We restricted the final analy-
sis (multiple informant models) to 217 adolescents with complete
information on covariates, at least one anthropometry or DXA mea-
sure at age 12 years, and at least one serum cotinine measurement
from 16 weeks of gestation to age 48 months.

We log;o-transformed cotinine concentrations prior to analysis to
reduce the potential influence of outliers. We calculated intraclass
correlation coefficients (ICC) with 95% Cl between log;o-transformed
pre- or postnatal cotinine concentrations at each time point. The ICC
between repeated maternal cotinine concentrations (N = 220
mothers) was 0.96 (95% Cl: 0.94-0.97); the ICC between the four
childhood cotinine concentrations (N = 65 children) was 0.95 (95%
Cl: 0.93-0.97). Given the excellent agreement, we averaged available
maternal serum cotinine concentrations (range = one to two mea-
sures) and children’s serum cotinine concentrations (range = one to
four measures) to assess pre- and postnatal exposure, respectively, in
further analysis.

Using multiple informant models, we estimated covariate-adjusted
differences in each anthropometry or DXA measure associated with a
1-unit increase in prenatal and postnatal average logo-transformed
serum cotinine concentrations (8 and 95% Cl). Details on the muiltiple
informant method have been previously described [25, 26]. Briefly, the
multiple informant method can be used when there are repeated
and sparsely sampled environmental exposure measures at different time
points [26]. The multiple informant model uses generalized estimating
equations to jointly estimate the exposure-outcome association for each
defined exposure period and tests whether the estimates for exposure-
outcome association are equal across different time points [25, 26]. We

created two separate joint estimates, one for prenatal exposure period
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(average maternal serum cotinine concentrations at 16 and 26 weeks of
pregnancy) and another for postnatal exposure period (average children’s
serum cotinine concentrations at age 12, 24, 36, and 48 months). The
multiple informant model included exposure period, serum cotinine,
serum cotinine x exposure period, and covariates, allowing us to test
whether cotinine-outcome associations differed between prenatal and
postnatal exposure periods. The null hypothesis is that the associations
are the same across the two time periods, and we considered those with
heterogeneity p < 0.05 as evidence that at least one of the cotinine-
outcome associations differed from the rest.

We also examined the potential modifying effects of child sex
using a three-way interaction term of exposure period x serum cotini-
ne x child sex. All multiple informant models were adjusted for mater-
nal age, race/ethnicity, marital status, education, prepregnancy BMI,
and breastfeeding duration. For outcome variables that were not
z scores, models were additionally adjusted for child sex, pubertal
stage, and age.

Furthermore, we conducted sensitivity analyses by further adjust-
ing for child HElI 2010 total scores and physical activity summary
scores.

Finally, we estimated the risk of overweight/obesity at age
12 years with increasing pre- and postnatal cotinine concentrations
using modified Poisson regression with robust standard errors. We
defined overweight/obesity as having an age- and sex-standardized
BMI z score > 1.

We performed all analyses using R statistical software, version
4.0.5 (R Core Team).

RESULTS

The characteristics of the final sample (N = 217) did not differ from
those of the total HOME Study participants at the 12 year visit
(N = 256; Table 1). The mean age of the 217 children was 12.3 years
(SD: 0.7, range: 11-14); among them, 53.9% were girls, and 88.9%
were stage = 2 for pubic hair development (Table 1). On average,
mothers were age 29.5 years (95% Cl: 28.7-30.3) at delivery, 60.8%
were non-Hispanic White, 79.7% had greater than high school educa-
tion, 57.1% had overweight or obesity before pregnancy, and 42.4%
breastfed their children for at least 6 months (Table 1).
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Thirty-four percent of children had overweight or obesity at age
12 years. Boys and girls had similar mean height-for-age z scores, but
the mean BMI z score was higher in girls than in boys (0.55 and 0.18,
respectively). With the exception of visceral fat area, body composi-
tion measures were higher among girls (Table 2). Anthropometry or
DXA measures at age 12 years were weakly to strongly correlated
with each other, with correlation coefficients ranging from 0.01
(gynoid fat percentage, height-for-age z score) to 0.96 (gynoid fat per-
centage, body fat mass percentage; Figure 1).

Approximately 14.8% of mothers (N = 32) had average serum
cotinine concentrations indicative of active smoking (23 ng/mL).
Median maternal prenatal serum cotinine concentrations were lower
than children’s postnatal median concentrations (0.04 vs. 0.05 ng/mL,
respectively; p < 0.001; Supporting Information Table S1). Postnatal
cotinine concentrations were higher among girls than boys (medians:
0.06 vs. 0.04 ng/mL; p = 0.149; Supporting Information Table S1;
Figure 2). Serum cotinine concentrations were moderately correlated
with each other during the prenatal period and postnatal period
(p = 0.76); the ICC between pre- and postnatal concentrations was
0.84 (95% Cl: 0.81-0.88), indicating excellent correlation.

After adjusting for covariates, associations of serum cotinine con-
centrations with most anthropometry or DXA measures at age 12 years
differed by exposure period (prenatal vs. postnatal; Table 3;
cotinine x exposure period interaction terms < 0.05). Specifically, prena-
tal serum cotinine concentrations and anthropometry or DXA measures
were null (Table 3). In contrast, postnatal serum cotinine concentrations
were associated with greater weight-for-age z score, BMI z score, body
fat mass index z score, body fat mass percentage, body lean mass index z
score, waist circumference, visceral fat area, and android and gynoid fat
percentages (Table 3). The 95% Cl of the point estimates included the
null value, except for BMI z score (§ = 0.27; 95% Cl: 0.05-0.49) and body
lean mass index z score (§ = 0.27; 95% ClI: 0.04-0.50; Table 3).

When considering the three-way interaction term for exposure
period x serum cotifnine x child sex from the multiple informant
model, we observed suggestive evidence that the associations of
postnatal cotinine with weight-for-age z score, body fat mass index z
score, waist circumference, and visceral fat area at age 12 years were
greater in girls than in boys (interaction p < 0.05; Table 4). For
instance, each increase in logyo-transformed postnatal cotinine was

associated with higher body fat mass index z score and visceral fat

TABLE 5 Adjusted RR of overweight/obesity (N = 86) per each 1-unit increase in pre- and postnatal average log;o-transformed serum

cotinine concentrations

Crude RR (95% Cl)
SHS exposure
0.94 (0.75 to 1.19)
1.53(0.97 to 2.42)

Prenatal serum cotinine

Postnatal serum cotinine

Adjusted RR (95% CI)? Adjusted RR (95% CI)°

0.93(0.73 to 1.18)
1.76 (1.13 to 2.75)

1.02 (0.79 to 1.33)
1.75(1.12 to 2.73)

Abbreviations: RR, relative risk; SHS, secondhand smoke.

2Adjusted for maternal age, race/ethnicity, marital status, education, prepregnancy BMI, and breastfeeding duration, as well as child sex, age, and puberty.
bAdjusted for maternal age, race/ethnicity, marital status, education, prepregnancy BMI, and breastfeeding duration, as well as child sex, age, puberty,

Healthy Eating Index scores, and physical activity level scores.
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area in girls compared with boys (0.26 [95% Cl: 0.06 to 0.47] vs. 0.09
[95% Cl: —0.12 to 0.29] and 0.27 [95% CI: 0.10 to 0.45] vs. —0.09
[95% CI: —0.25 to 0.07], respectively; Table 4).

In sensitivity analyses, our results did not meaningfully change
after further adjusting for HEI scores and physical activity level scores
(Supporting Information Table S2).

After adjusting for covariates, the risk of overweight/obesity
increased by 1.76 (95% Cl: 1.13-2.75) per each 1-unit increase in
postnatal average logio-transformed serum cotinine concentrations
(Table 5). Prenatal serum cotinine concentrations were not associated
with risk of overweight/obesity. Our results did not meaningfully
change after further adjusting for HEI scores and physical activity
levels scores.

DISCUSSION

In the HOME Study, we examined the associations of repeated mea-
sures of serum cotinine concentrations from pregnancy to age 4 years
with anthropometry or DXA measures at age 12 years. We found that
the cotinine-outcome associations differed by exposure period and in
a sex-specific manner. In general, prenatal cotinine concentrations
were not associated with body composition, whereas postnatal con-
centrations were associated with higher BMI z score and lean mass
index z score in early adolescence. When stratifying by children’s sex,
we observed no clear pattern for prenatal cotinine concentrations;
however, there was evidence to suggest that postnatal concentrations
were more strongly associated with some adiposity measures among
girls compared with boys.

Tobacco consists of 5,000 chemical compounds; some of these
chemicals, such as polycyclic aromatic hydrocarbons and nitrosamine
4 (methylnitrosamino)-1-(3-pyridyl)-1-butanone, can cross the pla-
centa and directly impact the hypothalamus [27, 28], a key regulator
of food intake, energy expenditure, and body fat stores [29]. Interest-
ingly, we found strong postnatal cotinine-outcome associations with
lean mass index z score, which is not a measure of adiposity, and BMI
z score, which does not distinguish between body fat mass and lean
mass. In our study, the correlation between fat mass index z score and
lean mass index z score was moderate (p = 0.64) and, in turn, these
two components were highly correlated with BMI (p = 0.89). This is
consistent with the observation that BMI measures both lean and fat
mass, and fat mass is less correlated with BMI at lower levels of fat
mass [30].

Although previous studies have relied just on BMI to infer obeso-
genicity from postnatal SHS exposure in children and adolescents [12,
31], our results suggest that postnatal exposure to SHS may be
related to both increased body lean mass and body fat mass during
early adolescence. This could be explained by changes that occur in
the growth pattern, fat distribution [32], or possibly by confounding
related to differences in cotinine metabolism and excretion during the
first years of life among children who are at risk of overweight/
obesity during adolescence compared with those who are not [33].

Although it is possible that postnatal exposure to SHS increases lean

mass during adolescence, association could be merely a reflection of
its correlation with BMI z score (p = 0.89). Future studies should ver-
ify these hypotheses using DXA measures when examining the obeso-
genic effects of SHS exposure.

Although it remains unclear how growth patterns early in life
affect body composition programming during adolescence, a previous
study concluded that adolescent height was primarily determined by
fetal and infant growth, whereas weight, body fat mass, and lean mass
were influenced by later growth from 4 years onward [32]. In 2020, a
systematic review emphasized that growth in children might be
affected by pre- or postnatal SHS exposure [29]. With the exception
of the height and gynoid fat percentage, we observed statistically dis-
cernible periods of heightened susceptibility when assessing associa-
tions between serum cotinine and body composition, suggesting that
postnatal exposure to SHS has a greater influence on body composi-
tion than prenatal exposure.

Prior work including HOME Study children showed that prenatal
SHS exposure was associated with higher BMI at age 3 years [34].
However, our findings from the main analysis suggested a null rela-
tionship between prenatal exposure and adiposity or body lean mass
during adolescence; interestingly, the association between prenatal
cotinine concentrations and body lean mass index z score became
positive when assessing children’s SHS exposure exclusively from
nonsmoking mothers in sensitivity analysis, although the 95% CI
included the null value. Previous studies have found an inverse rela-
tionship between prenatal SHS exposure, measured by self-report,
and overall adiposity in infants, but not in adolescents [35, 36]. An
English cohort study observed a positive association between mater-
nal self-reported smoking in pregnancy and offspring’s BMI, body fat
mass, and lean mass measured with DXA at age 9 years [37]. Prenatal
smoking is an established risk factor for intrauterine growth restric-
tion. Biological predisposition to catch-up growth conferred by this
restraint may result in an acceleration of postnatal growth that over-
shoots the level of obesity that would be observed otherwise [38].
The increased risk of obesity in adolescents exposed to prenatal
smoking may result from endocrine disruption or from extrinsic fac-
tors such as maternal socioeconomic characteristics, method of feed-
ing during the first year, and unhealthy lifestyle habits frequently
observed among children of smoking mothers [39, 40].

Inconsistencies in the anthropometry or DXA results across stud-
ies may relate to differences in the study designs, the method or ref-
erence values used when assessing adiposity measures, and to the
method and timing of the SHS exposure assessment [41]. Importantly,
most prior studies of prenatal smoking exposure have compared
active smoking mothers with nonsmoking mothers based on maternal
self-report [7-9]; however, we assessed prenatal smoking exposure
with maternal cotinine measurements during pregnancy.

In our study, serum cotinine concentrations were similar to those
of other pregnant women and children in the US during 2003 to 2010
[42, 43]. Prenatal cotinine concentrations were moderately correlated
with postnatal concentrations. Children’s cotinine concentrations
peaked at age 12 months and were lower at age 48 months (0.06 and

0.03 ng/mL, respectively); our results are consistent with previous
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studies that have found higher cotinine concentrations among the
youngest children, and this could possibly reflect inhalation of larger
quantities of SHS contaminants due to a faster respiratory rate, greater
exposure to SHS at home (inability to distract themselves), thirdhand
tobacco smoke, breastfeeding by smoking mothers, or slower cotinine
metabolism and clearance [33, 44]. Moreover, in line with previous
studies, girls had higher cotinine concentrations compared with boys,
and this could be due to sex differences in cotinine metabolism and
clearance or an increased level of SHS exposure as a result of the lon-
ger period of time that girls often spend indoors [44, 45].

When stratifying by children’s sex, the percentage of overweight
or obesity was higher among girls in comparison with boys (40.9%
vs. 24.8%), as observed by prior investigators [11]. Our results reflect
the expected sexual dimorphism in adipose tissue mass that emerges
during adolescence, with girls having greater adiposity than boys. Of
note, although there is no consensus regarding the association
between child sex and accelerated growth or fat distribution when
considering SHS exposure [37], our findings show some evidence of
sex-specific associations of postnatal cotinine with adiposity. The
modification of the exposure-outcome associations by child sex could
be explained by differences in the way tobacco smoke constituents
affect the endocrine system (gonadal, thyroid, and leptin hormones),
metabolism, growth, and fat
versus boys [11, 13, 40].

This study has some limitations and strengths. First, we had a

distribution/deposition in girls

modest sample size. Still, to our knowledge, no studies have assessed
the effects of SHS (measured with serum cotinine across pregnancy
and early childhood) on adolescents’ body composition with both
anthropometry and DXA measures. Of note, the use of multiple infor-
mant models enables us to identify potential periods of heightened
susceptibility and reduce the number of fitted regression models, but
it does not adjust for SHS exposure at other times; considering the
high correlation found between pre- and postnatal cotinine concen-
trations (ICC = 0.85; IC 95%: 0.81-0.88), significant findings for post-
natal cotinine could be a reflection of the longer and consistent
exposure to SHS after birth. Another limitation is the attrition of study
participants (attrition rate of 42% at age 12 study visit); however, loss
to follow-up was not associated with any measured sociodemographic
characteristic [17]. Although there might be residual confounding
from maternal behavioral or lifestyle factors, we adjusted for an
extensive set of covariates, identified based on the previous literature,
which included breastfeeding duration, children’s diet quality, and
physical activity. We did not adjust for potential causal intermediates
(e.g., birth weight), as this could result in us underestimating the total
effect of prenatal tobacco smoke exposure on adolescents’ body com-
position. Unfortunately, we did not have detailed diet information
during pregnancy, but even if children were exposed to SHS from
nicotine-containing foodstuffs, consumption levels would be insignifi-
cant compared with moderate SHS exposure [4]. Fifth, we did not
include questions to evaluate thirdhand smoke exposure, such as
involuntary inhalation, oral consumption, or cutaneous absorption of
nicotine particles deposited on clothing and furniture, or dietary

intake. Furthermore, we are unable to replicate prior studies of

Obesity [o E VY 18 VA KLl

prenatal smoking versus nonsmoking mothers because of the limited
number of smokers in our cohort (N = 32). Our main aim was to ana-
lyze the potential impact of SHS exposure on children’s body compo-
sition, independent of maternal smoking, and, unlike other studies, we
included both maternal active smoking exposure and maternal passive
smoking exposure. Finally, our findings may not be generalizable to
other populations. Reassuringly, median serum cotinine concentra-
tions among HOME Study participants were very similar to that of
pregnant women and children aged 3 to 11 years from the NHANES

during the time of enrollment and follow-up [42, 43].

CONCLUSION

Our results suggest that postnatal exposure to SHS could have a
greater influence on adolescents’ body composition than prenatal
exposure. Postnatal exposure to SHS may alter adolescents’ body
composition, possibly in a sex-specific manner. Future cohorts should
determine whether early-life exposures to SHS are associated with
other cardiometabolic risk markers and risk of cardiovascular disease
later in life. This study reinforces the need for ongoing public health
interventions to discourage parents and caretakers from smoking and

minimize their children’s exposure to SHS.O
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