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Abstract

Few population studies have sufficient follow-up period to examine early-life exposures with later
life diseases. A critical question is whether involuntary exposure to tobacco smoke from
conception to adulthood increases the risk of cardiometabolic diseases (CMD) in midlife. In the
Collaborative Perinatal Project, serum-validated maternal smoking during pregnancy (MSP) was
assessed in the 1960s. At a mean age of 39 years, 1623 offspring were followed-up for the age at
first physician-diagnoses of any CMDs, including diabetes, heart disease, hypertension, or
hyperlipidemia. Detailed information on their exposure to environmental tobacco smoke (ETS)
in childhood and adolescence was collected with a validated questionnaire. Cox regression was
used to examine associations of in utero exposure to MSP and exposure to ETS from birth to 18
years with lifetime incidence of CMD, adjusting for potential confounders. We calculated midlife
cumulative incidences of hyperlipidemia (25.2%), hypertension (14.9%), diabetes (3.9%), and
heart disease (1.5%). Lifetime risk of hypertension increased by the 2nd -trimester exposure to
MSP (adjusted hazard ratio: 1.29, 95% confidence interval: 1.01–1.65), ETS in childhood (1.11,
0.99–1.23) and adolescence (1.22, 1.04–1.44). Lifetime risk of diabetes increased by joint
exposures toMSP and ETS in childhood (1.23, 1.01–1.50) or adolescence (1.47, 1.02–2.10). These
associations were stronger in males than females, in never-daily smokers than lifetime ever
smokers. In conclusion, early-life involuntary exposure to tobacco smoke increases midlife risk of
hypertension and diabetes in midlife.

Introduction

Heart disease, stroke, and diabetes, together known as cardiometabolic disease (CMD), cause
18 million deaths in the globe each year, more than any other causes.1 Although CMD is mainly
diagnosed in a later life, cumulating evidence has suggested that its disease process initiates in
early life.2,3 This early initiation has also been associated with various early-life environmental
exposures.4 Of particular interests are involuntary exposures to tobacco smoke, including in
utero exposure to maternal smoking during pregnancy (MSP) and environmental tobacco
smoke (ETS) exposure after birth.5 In utero exposure to MSP has been associated with low birth
weight, childhood obesity, and decreased kidney volume, while ETS exposure after birth may
further potentiate the risk of diabetes and hypertension.6–10 However, there is little research
directly linking early-life involuntary exposure to tobacco smoke with later-life CMD, mostly
due to the challenge of long follow-up.5,11 In addition, MSP and ETS are correlated, because
mothers who smoked during pregnancy are likely to continue smoking after delivery and thus
expose the offspring to ETS, generating a “double-hit”.12 However, whether early-life exposure
to the “double-hit” of both MSP and ETS may have additive effect on CMD remains unknown.

We a prior selected sex and offspring’s own smoking as potential effect modifiers. Previous
studies have suggested sex differences in the susceptibility of exposure to maternal stressors
during pregnancy where females were more likely to be protected by estrogens and earlier linear
growth compared to males.13 In addition, cardiovascular responses to maternal stressors during
pregnancy (e.g., undernutrition) and early-life stressors (emotional and physical stimuli) differ
by sex, where males had higher resting vascular resistance while females had higher cardiac
sympathetic activation.14 Moreover, risk of midlife CMD is also higher in males than females.15
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Similarly, one’s own smoking has been an established risk factor for
CMD.15,16 Thus, we also stratified the analyses by adult smoking
status to explore potentially different pathways with or without
adult smoking.

We analyzed data from a 40-year longitudinal study, the New
England Family Study (NEFS), that collected detailed information
on MSP in the 1960s and then followed the adult offspring in the
2000s for CMD occurrence and a detailed history of ETS exposure
from birth to 18 years.17,18 Although the prevalence of smoking was
much higher in the 1960s (over 50%) compared to the present
(about 10%),19 the biological mechanism underlying the association
of early-life involuntary exposure to smokingwithmidlife CMD risk
should not change with time substantively, and therefore findings
based on this historical cohort remain relevant, especially to test the
developmental origins of health and disease (DOHaD) hypotheses.
We hypothesized that (1) the risk of CMD increased with in utero
exposure to MSP and early-life exposure to ETS, and (2) the
increased risk could be more striking when exposed both in utero
and in early life, among males or active smokers.

Methods

Study population

Participants were offspring born to mothers who were enrolled at
two New England sites (Boston, MA and Providence, RI, total
N = 15,721) of the Collaborative Perinatal Project (CPP) from
1959 to 1966. The CPP was a multicenter, national-wide birth
cohort study (N = 55,908) on prenatal and perinatal factors of
children’s health.18 Detailed information on mothers’ health and
behaviors was collected, including their smoking habits in each
trimester of pregnancy. In 2001–2004, a follow-up project, the New
England Family Study (NEFS), randomly selected 4579 adult
offspring born to mothers of the CPP to fill a screening
questionnaire, among whom 3121 mailed back the questionnaire.
Eventually, 1674 finished the follow-up questionnaire and 1623
with complete information made to the final analytical sample.
Compared to the remaining unselected 11,142 who were also born
to mothers of CPP at New England sites, the final analytical sample
had similar distributions of maternal smoking and other key
covariates, such as maternal age at delivery.17,20 There is a higher
proportion of female offspring in the NEFS than in the original
cohort, possibly due to a lower response rate in males than in
females, as has been seen in other studies.21 All participants
provided informed consent at enrollment. The study was reviewed
by Institutional Review Boards at Harvard School of Public Health,
Brown University, and University at Buffalo.

Maternal smoking during pregnancy

At each prenatal visit, mothers reported whether they smoked
cigarettes since the last visit and, if so, the average number of
cigarettes smoked per day. For women enrolled in the second
(49.4%) or third (18.6%) trimester, their smoking behaviors before
enrollment were imputed using the information collected from the
earliest prenatal visits. A validation study demonstrated strong
agreement (Kappa = 0.83) between serum cotinine and self-
reported smoking in a subsample of the CPP participants.22 We
converted the number of cigarettes to packs (1 pack= 20
cigarettes) in each trimester as the trimester-specific quantity of
in utero exposure to MSP and then averaged over the three
trimesters as the whole pregnancy exposure in further analyses.

Environmental tobacco smoke exposure

At the adult follow-up telephone interview, trained staff used a
questionnaire to assess each participant’s exposure to ETS in early life.
The questionnaire had similar questions for two periods: birth to 10
years (childhood) and 11–18 years (adolescence). Participants
answered if they lived together with the following potential caretakers:
the biological mother, biological father, other female, and other male
caregivers, in each year from birth to 18 years. If they lived together,
participants further answered ‘Did your (fill in type of caretaker) ever
smoke (cigarettes, pipes, cigars) in your home for a year or longer? If
YES, how oldwere you then. (circle all ages that apply, from birth to 1,
then each year from 1 to 18).’ Participants also answered ‘About how
many CIGARETTES did your (fill in type of caretaker) smoke per
day, on average? (1 pack= 20 cigarettes). (Selection fromNone, 0.5, 1,
1.5, 2 or more packs); During these years that your (fill in type of
caretaker) smoked in the home, about howmany hours per day were
you exposed to his/her smoke, on average? (Fill in exact hours).’. The
questionnaire also included other questions to help the participant to
recall each smoker’s behavior: if family photos from childhood/
adolescence often showed the smoker’s smoking, and in which
situations the smoker smoked when the participant was around (e.g.,
during meals and while driving). In addition to the four possible
caregivers listed above, a fifth smoker’s smoking behavior and the
relationship with the participant were asked in a similar manner, but
the information was not included in the analyses because very few
participants (<1%) reported a fifth smoker. Because the pack of
smoked cigarettes and the hour of exposure to each smoker were
asked for the whole periods in childhood and adolescence, we
calculated the average ETS exposure quantity (hour-pack) from each
caregiver in each of these two periods using the following formula:
ETS quantity= (number of years smoked in the home * average pack
per day smoked * hours per day exposed)/year in the period.We then
combined the ETS quantity in hour-packs/day across all caregivers as
the final ETS exposure in childhood and adolescence, respectively.
Retrospective recalling of childhood and adolescence exposure to ETS
has been widely used in life course studies, with high agreement in the
status, duration, and severity of ETS exposure between participants’
recall and the responses from their surrogates (e.g., parents).23 In
addition, the questions that we used have been validated and
recommended to assess ETS exposure in this field.24

Cardiometabolic disease

At the adult follow-up, participants filled a questionnaire on their
health status and medical history. Participants were asked if a
doctor had ever told them that they had any of the following
CMDs: high blood pressure (hypertension), high cholesterol
(hypercholesterolemia), stroke, heart attack, angina, congestive
heart failure, or diabetes. Considering the severity of the diseases
and the small number of cases, we combined stroke, heart attack,
angina, coronary heart disease, and congestive heart failure into
one group named “heart disease”. For hypertension and diabetes, a
second question was asked about whether the condition was only
diagnosed during pregnancy. Pregnancy-induced hypertension
and gestational diabetes were not considered as CMD diagnoses in
current analyses. If a CMD was reported, further questions were
asked on the age at the first diagnosis and current medication use.

Covariates

In the CPP, mothers reported their race and perinatal character-
istics, including age at prenatal enrollment (year), education (<9th,
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10th–12th, and >12th grades), marital status (married/other), and
parity. We calculated their pre-pregnancy body mass index (BMI,
Kg/m2) using self-reported pre-pregnancy weight and height at
prenatal visits in the original CPP. Birth weight (grams) and
gestational duration (weeks) were obtained from birth records. At
the adult follow-up, the offspring participants reported their age,
race, and current active smoking status (yes/no).

Statistical analyses

We used frequencies and proportions to describe the distributions of
categorical variables and Chi-squared tests to compare the
distribution of categorical variables by maternal smoking status
during pregnancy (yes/no). We used the exact probability test to
compare the lifetime incidence rates of CMD by maternal smoking
status during pregnancy.25 The potentially non-linear relationship
between MSP or ETS exposure and CMD risk was tested by
incorporating a spline term of exposure for the risk of CMD in a
generalized additive model. Given none of the spline terms reached
statistical significance (Supplemental Table S1), we treated MSP or
ETS as a continuous variable. We used Cox proportional hazards
regression models to estimate the hazard ratios (HRs) and 95%
confidence interval (CI) for incident hypertension, hypercholester-
olemia, diabetes, and heart disease by each pack/day increment of in
utero exposure to MSP and by each hour-pack/day increment in ETS
exposure in childhood and adolescence. Survival time was based on
the duration from birth to the age at the first health-professional
diagnosis or age at the adult follow-up if none of these conditions was
diagnosed. For ETS exposure, the reported HRs were scaled for an
interquartile-range increase in hour-pack/day among those with
exposure to facilitate interpretation, i.e., 9.8 hour-pack/day for
childhood ETS exposure and 8.0 hour-pack/day for adolescence
ETS exposure. To avoid reverse causality, CMD cases that were
diagnosed before 18 years were excluded from the analyses (N= 24
for hypercholesterolemia, 17 for hypertension, and 7 for diabetes). No
cases of heart disease occurred before 18 years. We checked the
proportional hazards assumption by testing the statistical significance
of the exposures’ interactions with the survival time.

The analyses included a set of potential confounders based on
the literature review and the hypothesized causal structure analyses
using directed acyclic graphs (Supplemental Figures S1–S2).26

Different sets of confounders have been identified according to the
exposure period. A general set of confounders was adjusted for all
exposure periods, including study site, maternal age, race,
education, marital status, offspring’s sex and race. For in utero
MSP exposure, pre-pregnancy BMI and parity were further
adjusted. For ETS exposures in childhood or adolescence, maternal
smoking during the whole pregnancy (average pack/day) and birth
weight were further adjusted; and for ETS exposure in adolescence,
both in utero MSP exposure over the whole pregnancy and ETS
exposure in childhood were further adjusted.We deemed offspring
current smoking as a potential mediator on the path from exposure
to outcome, therefore we did not adjust for adult current smoking,
which could underestimate the total effect.

In addition to adjusting for in utero exposure in the analyses of
childhood and adolescent exposure, we also estimated the potential
effect modification of in utero exposure. Specifically, we calculated
the P-value for the product term of in utero exposure during the
whole pregnancy (pack/day) and ETS exposure (hour-pack/day) in
childhood and adolescence. We further calculated the stratum-
specific hazard ratio of childhood and adolescent ETS exposure by
maternal smoking status during pregnancy (yes/no).

We a priori selected two potential effect modifiers, i.e.,
offspring’s sex and own active smoking behavior, giving their
important roles in the CMD risk.27 Specifically, we calculated the
P-value for interaction between sex and in utero, childhood, or
adolescence exposure; and estimated the stratum-specific hazard
ratio by offspring sex (male/female). Similarly, we calculated the
stratum-specific hazard ratio by offspring’s smoking status (ever/
never-daily smoking).

For the sensitivity analyses to assess the potential dose-response
relationship, we restricted the analytic sample by excluding those
without MSP/ETS exposure in each period.

All analyses were conducted in SAS 9.4 (Cary, NC).

Results

As shown in Table 1, mothers were enrolled at an average age of
25 years (SD 5.8). Most of the mothers were White (86.4%), had
10th–12th-grade education (63.7%), were married (89.9%), and
had normal BMI (18.5–25 Kg/m2, 73.4%). The median daily
cigarette consumption was 3.0 cigarettes in the first trimester and
increased to 3.5 and 3.8 cigarettes in the second and the third
trimester, respectively. The prevalence of low birth weight
(<2500 g) and preterm birth (<37 weeks) were 8.1% and 7.9%,
respectively. The offspring were exposed to ETS for a median of 4.0
(Q1, Q3: 0.3, 10.0) hour-packs/day in childhood and 2.0 (Q1, Q3: 0,
7.5) hour-packs/day in adolescence. Offspring were followed-up at
an average age of 39.1 years (SD: 1.9), 40.7% of them were males,
and 50.2% were daily smokers. Detailed descriptions and histo-
grams of MSP/ETS exposures are shown in Supplemental
Figure S3.

As shown in Table 2, risk for hypertension significantly
increased by 1.29 times (adjusted HR [aHR], 95% CI: 1.01–1.65)
for each pack increment of in utero exposure to MSP in the second
trimester. The increased risk was similar in the first (aHR: 1.27,
95% CI: 0.99–1.63) and the third (aHR: 1.23, 95% CI: 0.96–1.28)
trimester, although not significant. In utero exposure to MSP in
each trimester was also associated with increased risk of diabetes,
although not significantly. There is no significant association of in
utero exposure to MSP in each trimester with hypercholester-
olemia or heart disease.

Interquartile range increment of one hour-pack/day in
exposure to ETS in childhood (aHR: 1.11, 95% CI: 0.99–1.23)
and adolescence (aHR: 1.22, 95% CI: 1.04–1.44) were both
associated with hypertension, even after adjusting for in utero
exposure to MSP and earlier ETS exposure (for adolescence)
(Table 3). When stratified by in utero exposure to MSP, risk of
hypertension by both childhood and adolescent ETS exposure
remained significant only in those with in utero MSP exposure,
although the P-value for interaction was >0.05. Risk of diabetes
significantly increased with both childhood (aHR: 1.23, 95% CI:
1.01–1.50) and adolescence (aHR: 1.47, 95% CI: 1.02–2.10) ETS
exposure among those with joint in utero exposure to MSP.

In sensitivity analyses in a subsample with any exposure toMSP
and ETS (excluding unexposed participants), there was no
meaningful changes in the main effect estimation for the
association of MSP or ETS exposure with CMD risk
(Supplemental Table S2).

There is a significant interaction between sex and both in utero
exposure to MSP and childhood ETS exposure with the risk of
hypertension (Table 4). For sex-specific analysis, associations of in
utero exposure to MSP, childhood and adolescent ETS with
hypertension were more striking in males than females. No
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significant sex differences in the associations were observed for
other CMDs.

There is a significant interaction between adult offspring’s own
smoking status (ever/never-daily smoking) and both in utero
exposures to MSP and ETS exposure with the risk of diabetes
(Table 5). Among never-daily smokers, both in utero exposure to
MSP in the first (aHR: 2.23, 95% CI: 1.18–4.22) or the second
(aHR: 2.35, 95% CI: 1.24–4.47) trimester and ETS exposure in
childhood (aHR: 1.38, 95% CI: 1.12–1.71) or adolescence (aHR:
1.45, 95% CI: 1.01–2.08) were associated with increased risk of
diabetes. The associations with CMDs were all non-significant
among ever-daily smokers.

Discussion

In a 40-year longitudinal cohort, we found involuntary exposures
to tobacco smoke from conception to adolescence were associated
with increased risk of hypertension in midlife. The risk of
hypertension was even higher, and the risk of diabetes was also
increased with joint exposure to both in uteroMSP and childhood/
adolescent ETS. Such associations were overall stronger among
males than females and among never-daily smokers than ever-
daily smokers. We did not find any significant association of early-
life involuntary exposure to tobacco smoke with midlife
hyperlipidemia or heart disease.

Our findings on the association of in utero exposure to MSP
with increased risk of hypertension in adulthood were consistent
with some previous studies,6,28 but not all of them.29,30 A meta-
analysis that combined four previous studies found high study
heterogeneity (I2> 95%, P< 0.0001) and a non-significant
combined association, suggesting critical roles of study design
(prospective vs. retrospective) and exposure assessment accuracy
in elucidating the association of in utero exposure to MSP with
adult hypertension.30 Our study provides important contribution
in this aspect given our prospective collection of MSP, which was
not likely to be biased by offspring’s health outcomes decades later.
We also found the point estimates were generally comparable
across the three trimesters of pregnancy, suggesting the whole
pregnancy could be important for the association of maternal
smoking with future risk of hypertension in offspring. Note in our
1960s pregnancy cohort, only a small proportion (<5%) ofmothers
changed smoking behavior over pregnancy. Research using recent
cohorts in which more women quit smoking at various gestational
weeks is needed to further examine whether sensitive win-
dows exist.

The risk of hypertension also increased with exposure to ETS
postnatally from birth to 18 years. In previous studies with
postnatal ETS exposure,10,31 in utero exposure status was often
unknown. Because pregnant women who smoked during
pregnancy were likely to continue smoking after giving birth,

Table 1. Maternal and offspring characteristics in 1623 participants of the NEFS
study

Characteristics

Overall

N (%)

Overall 1,623

Maternal characteristics

Site

Boston 858 (52.9)

Providence 765 (47.1)

Maternal age at delivery (year), Mean (SD) 25.0 (5.8)

Maternal race/ethnicity

White 1,403 (86.4)

African American 208 (12.8)

Others 12 (0.7)

Maternal education

2–9 grades 392 (24.2)

10–12 grades 1,033 (63.6)

>12 grades 198 (12.2)

Maternal marital status – married 1,459 (89.9)

Maternal pre-pregnancy BMI groups

Undernutrition 125 (7.7)

Normal 1,191 (73.4)

Overweight/obese 307 (18.9)

Parity

0 357 (22.0)

1 381 (23.5)

≥2 885 (54.5)

Maternal smoking during pregnancy (average cig/day), median (Q1, Q3)

Whole pregnancy 3.6 (0.0, 17.4)

1st trimester 3.0 (0.0, 17.0)

2nd trimester 3.5 (0.0, 17.5)

3rd trimester 3.8 (0.0, 18.6)

Offspring characteristics

Birth weight categories

<2500 g 131 (8.1)

2500–4000 g 1,377 (84.8)

>4000 g 115 (7.1)

Gestational duration categories

<37 weeks 128 (7.9)

37–42 weeks 1,354 (83.4)

>42 weeks 141 (8.7)

Offspring sex – male 661 (40.7)

Offspring race – white 1,352 (83.3)

ETS exposure (average hour-pack/day), median (Q1, Q3)

0–18 years 3.5 (0.5, 9.2)

(Continued)

Table 1. (Continued )

Characteristics

Overall

N (%)

Childhood (0–10 years) 4.0 (0.3, 10.0)

Adolescence (11–18 years) 2.0 (0.0, 7.5)

Age at adult follow-up, Mean (SD) 39.1 (1.9)

Ever daily smoker 815 (50.2)
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children exposed to in utero maternal smoking were also more
likely to be exposed to postnatal ETS. In utero exposure could
potentially confound the association of postnatal ETS exposure
with adult hypertension risk. In the present study, we first adjusted
for in utero exposure tomaternal smoking when postnatal ETS was
the main exposure and found no meaningful changes in the point
estimate of the association between ETS and CMD. Further, when
the analyses on postnatal ETS were stratified by in utero exposure,
the increased risk of hypertension mostly remained among
offspring with in utero exposure but not among those without.
These findings suggested the importance of accounting for earlier
exposure when assessing the effect of postnatal ETS exposure.

In addition to hypertension, the risk of diabetes also
increased when the offspring were jointly exposed to in utero
maternal smoking and postnatal ETS. To the best of our
knowledge, we are the first to report such a possible synergetic
effect, although the individual effect has been reported
previously.29,32 Two previous studies reported association of
in utero exposure to maternal smoking with the increased risk of
diabetes (including type 2 and gestational diabetes).29,32

Another two studies showed early-life ETS exposure was
associated with risk factors of diabetes, including higher BMI
and increased risk of obesity.11,33 Other than hypertension and
diabetes, we also found a non-significantly increased risk of
heart disease with ETS exposure in male adolescents, likely
because the number of heart disease was small. Nevertheless, our
findings were consistent with previous retrospective studies that
reported associations of childhood or adolescence ETS
exposures with increased carotid artery intima-media thick-
ness,34 brachial artery flow-mediated dilatation,32 carotid
atherosclerotic plaque,10 and risk of CHD and stroke.35

We found offspring’s sex could modify the association of in
utero and postnatal ETS exposure with CMD. One possible
explanation for this sex difference could be the protective effects of
hormones and the healthier lifestyle in the female.36 We also found

offspring’s own lifetime daily smoking status modified the
association of in utero and postnatal ETS exposure with midlife
risk of hypertension and diabetes. Although adult smoking could
be a mediator on the path from MSP/ETS exposure to midlife
CMD, our findings on the significant associations among never-
daily smokers suggest the underlying mechanisms may be
independent of adult smoking. This is also supported by the
insignificant associations among ever daily smokers. Another
possible explanation for such effect modification is that smokers
were less likely to participate research studies,37 especially those
with CMD. Therefore, interpretation of our findings among
smokers should take extra caution.

A few plausible mechanisms may explain the association of in
utero exposure to maternal smoking with adult hypertension, such
as upregulated maternal blood pressure tone, nicotine and other
harmful substances, placental dysfunction that induce oxidative
stress, inflammation, arterial endothelium injury, and epigenetic
modification.38–40 Similarly, early-life exposure to ETS may
potentiate the vulnerability of children because children have a
higher respiration rate relative to body size than adults, partially
developed detoxificationmechanisms, and sensitive cardiovascular
and endocrine system development during the rapid growth
period.5,41

Cumulative evidence has suggested that a small disturbance of
the cardiovascular system in early life could be amplified over time
and subsequently accelerate the development of cardiovascular
disease in later life.42,43 Therefore, protecting children from
involuntary tobacco smoke is an important primordial prevention
strategy of cardiovascular disease. Banning smoking in public
places mitigates ETS in the general population,44 but studies also
reported an increasing trend of ETS exposure in children, possibly
because their parents switched to smoking more at home.45,46

Other intervention strategies such as parental smoking cessation,
smoke-free home, and indoor air filtration warrant
consideration.47,48

Table 2. Cox regression model for associations of in utero exposure to maternal smoking with adult cardiometabolic disease

Exposure periods Hyperlipidemia Hypertension Diabetes Heart disease

N case 409 241 49 24

Person year 60,661 61,458 62,931 63,362

Lifetime incidence rate (per 1000 person-year) 6.74 3.92 0.78 0.38

1st-trimester exposure to maternal smoking, per pack/day

Unadjusted HR (95% CI) 1.06 (0.88–1.28) 1.21 (0.95–1.53) 1.31 (0.78–2.20) 0.97 (0.45–2.10)

Adjusted HR (95% CI) 1.03 (0.85–1.24) 1.27 (0.99–1.63) 1.25 (0.74–2.13) 0.92 (0.42–2.05)

2nd-trimester exposure to maternal smoking, per pack/day

Unadjusted model 1.10 (0.92–1.32) 1.22 (0.97–1.55) 1.34 (0.80–2.24) 0.95 (0.44–2.05)

Adjusted model 1.07 (0.88–1.29) 1.29 (1.01–1.65) 1.30 (0.77–2.20) 0.91 (0.41–2.01)

3rd-trimester exposure to maternal smoking, per pack/day

Unadjusted model 1.10 (0.92–1.33) 1.16 (0.91–1.48) 1.13 (0.65–1.97) 0.90 (0.41–1.98)

Adjusted model 1.08 (0.89–1.30) 1.23 (0.96–1.58) 1.10 (0.62–1.94) 0.88 (0.38–2.02)

Whole pregnancy exposure to maternal smoking, per pack/day

Unadjusted model 1.09 (0.90–1.32) 1.20 (0.94–1.53) 1.27 (0.74–2.18) 0.94 (0.43–2.06)

Adjusted model 1.06 (0.87–1.28) 1.27 (0.99–1.64) 1.23 (0.71–2.13) 0.90 (0.40–2.05)

HRsmeasure the effect of a single pack/day increase inmaternal smoking during pregnancy on the hazard of adult cardiometabolic disease. Adjusted HRwere controlled for study site, maternal
age, race, education, marital status, pre-pregnancy BMI, parity, offspring’s sex and race.
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This study was strengthened by a comprehensive measure of
involuntary tobacco smoke exposure from conception to 18 years
and the longitudinal follow-up. This study had several potential
limitations. As reported previously, female offspring were over-
represented in the adult follow-up, thus could introduce a potential
collider bias.20 However, controlling sex as a confounder and
stratification analyses by sex could potentially reduce this bias.

Information on maternal smoking during pregnancy was self-
reported, although measurement error was unlikely to differ by
midlife CMDs substantially. Information on ETS exposure was
recalled by the adult offspring, thus recall bias might exist given
they were aware of their CMD diagnoses. This is a common
limitation among life course studies. Prior publications indicated
that use of recommended questions and survey methods could

Table 3. Cox regression model for associations of childhood and adolescence exposure to ETS with adult cardiometabolic disease

Exposure periods Hyperlipidemia Hypertension Diabetes Heart disease

Total sample (N= 1623)

N case 409 241 49 24

Person year 60,661 61,458 62,931 63,362

Lifetime incidence rate (per 1000 person-year) 6.74 3.92 0.78 0.38

Childhood (0–10 years) exposure to ETSa

Unadjusted HR (95% CI) 1.08 (0.99–1.16) 1.10 (0.99–1.21) 1.23 (1.03–1.47) 1.19 (0.91–1.54)

Adjusted HR (95% CI) 1.07 (0.98–1.17) 1.11 (0.99–1.23) 1.18 (0.97–1.45) 1.16 (0.88–1.52)

Adolescence (11–18 years) exposure to ETSa

Unadjusted HR (95% CI) 1.08 (1.00–1.18) 1.16 (1.05–1.28) 1.31 (1.12–1.53) 1.28 (1.03–1.60)

Adjusted HR (95% CI) 1.05 (0.92–1.20) 1.22 (1.04–1.44) 1.35 (0.98–1.86) 1.44 (0.94–2.20)

Offspring without in utero exposure (N= 660)

N case 158 83 13 9

Person year 24,694 25,043 25,613 25,783

Lifetime incidence rate (per 1000 person-year) 6.40 3.31 0.51 0.35

Childhood (0–10 years) exposure to ETSa

Unadjusted HR (95% CI) 1.18 (0.88–1.58) 1.07 (0.70–1.62) 0.19 (0.02–2.00) 1.84 (0.78–4.34)

Adjusted HR (95% CI) 1.18 (0.88–1.59) 1.16 (0.77–1.74) 0.16 (0.02–1.81) 1.65 (0.69–3.98)

Adolescence (11–18 years) exposure to ETSa

Unadjusted HR (95% CI) 1.11 (0.90–1.36) 1.08 (0.80–1.45) 0.01 (0.00–6.05) 1.63 (1.06–2.52)

Adjusted HR (95% CI) 1.10 (0.88–1.37) 1.17 (0.86–1.58) 0.01 (0.00–5.96) 1.59 (0.96–2.64)

Offspring with in utero exposure (N= 963)

N case 235 141 30 15

Person year 35,967 36,415 37,318 37,579

Lifetime incidence rate (per 1000 person-year) 6.53 3.87 0.80 0.40

Childhood (0–10 years) exposure to ETSa

Unadjusted HR (95% CI) 1.07 (0.98–1.18) 1.10 (0.98–1.23) 1.24 (1.03–1.49) 1.10 (0.79–1.54)

Adjusted HR (95% CI) 1.05 (0.95–1.16) 1.12 (1.00–1.25) 1.23 (1.01–1.50) 1.10 (0.78–1.56)

Adolescence (11–18 years) exposure to ETSa

Unadjusted HR (95% CI) 1.07 (0.97–1.19) 1.17 (1.05–1.30) 1.33 (1.14–1.55) 1.10 (0.77–1.58)

Adjusted HR (95% CI) 1.02 (0.87–1.19) 1.24 (1.03–1.49) 1.47 (1.02–2.10) 1.08 (0.64–1.84)

P-interaction*

Childhood (0–10 years) 0.21 0.91 0.07 0.08

Adolescence (11–18 years) 0.71 0.55 0.12 0.27

Adjusted HR were controlled for study site, maternal age, race, education, marital status, maternal smoking during pregnancy (average pack/day), offspring’s sex, race and birth weight; For ETS
exposure in adolescence, ETS exposure in childhood was additionally adjusted.
*P-interaction tests the significance of the product term of ETS with maternal smoking during the whole pregnancy (yes/no).
aHRsmeasure the effect of an IQR increase in daily exposure to ETS on the hazard of adult cardiometabolic disease (IQR= 9.8 hour-packs/day for ETS exposure in childhood, 8.0 in adolescence).
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yield reasonably accurate information on ETS exposure years and
the number of exposure pack-years.24 Our questionnaire utilized
these recommended questions and there were additional efforts
such as using family photos to facilitate participants to recall early-
life exposure. CMD status and age at first diagnosis were self-
reported and thus subject to measurement errors. Previous
validation studies suggested an acceptable level of reliability of
self-reported CMD outcomes in the US population.49,50 Residual
confounding might exist given potential measurement errors in
some controlled confounders such as time-varying socioeconomic
status. Shared environment could affect both MSP/EST and
offspring CMD risk. Although we have adjusted key factors that
could reflect some aspects of home and neighborhood environ-
ment (e.g., study site, education, age, marital status, race), residual
confounding by other factors such as physical activity and diet was
not adjusted. We did not adjust for multiple comparisons given

that our analyses were hypothesis-driven.51 Thus, we could not rule
out the possibility of false positive results. Although the overall
sample size was fairly large, the number of CMD cases was modest,
given the relatively young age (~40s) of adult offspring.

Conclusion

In summary, we found in utero exposure to maternal smoking
during pregnancy as well as exposure to ETS in childhood and
adolescence might increasemidlife risk of hypertension. In addition,
joint exposure to bothmaternal smoking during pregnancy and ETS
in childhood and adolescence might increase the risk of diabetes.
Males and never-daily smokers seemed to have even higher risk of
midlife CMD if they were exposed to tobacco smoke in early life.
Future studies are needed to replicate our findings.

Table 4. Sex-stratified associations of early-life exposure to in utero maternal smoking or ETS with adult cardiometabolic disease

Exposure periods Hyperlipidemia Hypertension Diabetes Heart disease

Among female offspring (N= 962)

N case 210 98 26 14

Person year 35,982 36,705 37,185 37,456

Lifetime incidence rate (per 1000 person-year) 5.84 2.67 0.70 0.37

1st-trimester exposure to maternal smokinga 1.17 (0.89–1.54) 1.03 (0.66–1.60) 1.19 (0.56–2.53) 0.61 (0.17–2.23)

2nd-trimester exposure to maternal smokinga 1.22 (0.93–1.59) 1.03 (0.66–1.60) 1.22 (0.58–2.58) 0.61 (0.17–2.20)

3rd-trimester exposure to maternal smokinga 1.18 (0.89–1.56) 0.99 (0.63–1.54) 0.97 (0.43–2.18) 0.68 (0.20–2.38)

Whole pregnancy exposure to maternal smokinga 1.20 (0.90–1.58) 1.01 (0.65–1.59) 1.13 (0.52–2.48) 0.62 (0.17–2.27)

Childhood (0–10 years) exposure to ETSa 1.10 (0.99–1.22) 1.00 (0.84–1.19) 1.10 (0.82–1.46) 1.19 (0.85–1.65)

Adolescence (11–18 years) exposure to ETSa 1.08 (0.92–1.26) 1.17 (0.95–1.44) 1.25 (0.85–1.86) 1.17 (0.68–2.02)

Among male offspring (N= 661)

N case 183 126 17 10

Person year 24,679 24,753 25,746 25,906

Lifetime incidence rate (per 1000 person-year) 7.42 5.09 0.66 0.39

1st-trimester exposure to maternal smokinga 0.93 (0.69–1.26) 1.57 (1.12–2.20) 1.50 (0.67–3.37) 1.59 (0.50–5.11)

2nd-trimester exposure to maternal smokinga 0.95 (0.71–1.29) 1.55 (1.11–2.18) 1.60 (0.71–3.60) 1.55 (0.48–5.01)

3rd-trimester exposure to maternal smokinga 1.00 (0.74–1.36) 1.48 (1.04–2.10) 1.40 (0.60–3.27) 1.29 (0.37–4.45)

Whole pregnancy exposure to maternal smokinga 0.96 (0.71–1.30) 1.56 (1.10–2.20) 1.52 (0.66–3.51) 1.49 (0.44–5.04)

Childhood (0–10 years) exposure to ETSa 0.97 (0.82–1.14) 1.24 (1.08–1.41) 1.30 (0.99–1.72) 1.05 (0.58–1.92)

Adolescence (11–18 years) exposure to ETSa 0.95 (0.78–1.15) 1.27 (1.04–1.54) 1.45 (0.98–2.14) 1.39 (0.79–2.44)

P-interaction

1st-trimester exposure to maternal smokinga 0.22 0.06 0.52 0.15

2nd-trimester exposure to maternal smokinga 0.16 0.09 0.48 0.15

3rd-trimester exposure to maternal smokinga 0.33 0.12 0.42 0.26

Whole pregnancy exposure to maternal smokinga 0.22 0.08 0.47 0.17

Childhood (0–10 years) exposure to ETSa 0.10 0.03 0.36 0.94

Adolescence (11–18 years) exposure to ETSa 0.14 0.28 0.39 0.29

Allmodels were adjusted for study site, maternal age, race, education,marital status, offspring’s race; for intrauterine exposures, pre-pregnancy BMI, parity were also adjusted; for ETS,maternal
smoking during pregnancy (average pack/day) and birthweight, were adjusted; and for ETS exposure in adolescence, ETS exposure in childhood was additionally adjusted.
aHRs measure the effect of a single pack increase in maternal smoking during pregnancy or an IQR increase in daily exposure to ETS on the hazard of adult cardiometabolic disease (IQR= 9.8
hour-packs/day for ETS exposure in childhood, 8.0 in adolescence).
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Table 5. Offspring smoking-stratified associations of early-life exposure to in utero maternal smoking or childhood/adolescence ETS with adult cardiometabolic
disease

Exposure periods Hyperlipidemia Hypertension Diabetes Heart disease

Never-daily smoker (N= 808)

N case 171 118 21 12

Person year 30,345 30,696 31,431 31,549

Lifetime incidence rate (per 1000 person-year) 5.64 3.84 0.67 0.38

1st-trimester exposure to maternal smokinga 1.04 (0.77–1.41) 1.37 (0.96–1.95) 2.23 (1.18–4.22) 0.72 (0.19–2.63)

2nd-trimester exposure to maternal smokinga 1.11 (0.82–1.50) 1.35 (0.95–1.92) 2.35 (1.24–4.47) 0.71 (0.19–2.64)

3rd-trimester exposure to maternal smokinga 1.06 (0.77–1.44) 1.41 (0.97–2.04) 1.92 (0.92–4.02) 0.90 (0.25–3.19)

Whole pregnancy exposure to maternal smokinga 1.07 (0.78–1.46) 1.39 (0.96–2.00) 2.27 (1.13–4.56) 0.77 (0.21–2.82)

Childhood (0–10 years) exposure to ETSa 1.00 (0.86–1.15) 1.16 (1.00–1.33) 1.38 (1.12–1.71) 1.26 (0.86–1.86)

Adolescence (11–18 years) exposure to ETSa 1.00 (0.84–1.19) 1.21 (1.01–1.46) 1.45 (1.01–2.08) 1.26 (0.77–2.08)

Ever daily smokers (N= 815)

N case 222 106 22 12

Person year 30,316 30,762 31,500 31,813

Lifetime incidence rate (per 1000 person-year) 7.32 3.45 0.70 0.38

1st-trimester exposure to maternal smokinga 1.09 (0.83–1.44) 1.28 (0.85–1.92) 0.46 (0.16–1.37) 1.29 (0.41–4.10)

2nd-trimester exposure to maternal smokinga 1.09 (0.83–1.43) 1.28 (0.85–1.92) 0.50 (0.18–1.43) 1.25 (0.40–3.94)

3rd-trimester exposure to maternal smokinga 1.14 (0.87–1.50) 1.10 (0.73–1.66) 0.53 (0.19–1.48) 0.94 (0.27–3.19)

Whole pregnancy exposure to maternal smokinga 1.11 (0.84–1.47) 1.22 (0.81–1.85) 0.49 (0.17–1.42) 1.16 (0.35–3.84)

Childhood (0–10 years) exposure to ETSa 1.09 (0.97–1.23) 1.09 (0.93–1.27) 0.74 (0.42–1.30) 1.05 (0.65–1.68)

Adolescence (11–18 years) exposure to ETSa 1.06 (0.90–1.25) 1.24 (0.99–1.55) 0.86 (0.47–1.60) 1.20 (0.65–2.23)

P-interaction

1st-trimester exposure to maternal smokinga 0.76 0.65 0.01 0.34

2nd-trimester exposure to maternal smokinga 0.48 0.53 0.01 0.35

3rd-trimester exposure to maternal smokinga 0.72 0.20 0.02 0.70

Whole pregnancy exposure to maternal smokinga 0.65 0.42 0.01 0.43

Childhood (0–10 years) exposure to ETSa 0.63 0.64 0.03 0.56

Adolescence (11–18 years) exposure to ETSa 0.96 0.64 0.07 0.69

All models were adjusted for study site, maternal age, race, education,marital status, offspring’s sex, race, and age at adult follow-up; for intrauterine exposures, pre-pregnancy BMI, parity, birth
weight category, preterm, or post-term were also adjusted; for ETS, maternal smoking during pregnancy (average pack/day) and birth weight were also adjusted; and for ETS exposure in
adolescence, ETS exposure in childhood was additionally adjusted.
aHRs measure the effect of a single pack increase in maternal smoking during pregnancy or an IQR increase in daily exposure to ETS on the hazard of adult cardiometabolic disease
(IQR= 9.8 hour-packs/day for ETS exposure in childhood, 8.0 in adolescence).
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