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Fetal tobacco smoke exposure is an important modifiable 
risk factor for a wide range of negative health outcomes in 
the offspring’s life.1 It is strongly related to adverse birth 
outcomes, such as low birth weight and preterm birth, and 
adverse cardiovascular outcomes in childhood.2–5 Fetal to-
bacco smoke exposure is also associated with higher risks of 
hypertension and type 2 diabetes in adulthood.6,7 Further, 
passive tobacco smoke exposure during childhood is a major 
health concern.8,9

In adults, a number of previous observational studies 
linked tobacco smoking to arterial health. It seems that ac-
tive and passive tobacco smoking are associated with higher 
carotid intima-media thickness, a measure of arteriopathy, 
and with its progression.10–14 Conversely, previous observa-
tional studies in adults reported inconsistent associations of 

active smoking or smoking intensity with arterial distensi-
bility, a measure of elasticity.15–19 Less is known about poten-
tial associations of tobacco smoke exposure in early life with 
arterial health in adulthood.13,20–22 Relating tobacco smoke 
exposure to arterial health in children might reveal a critical 
period and thus gives clues about the etiology of vascular di-
sease. Previously, a meta-analysis among 909 healthy school-
age children from three observational studies reported no 
significant association of fetal exposure to maternal smoking 
with higher carotid intima-media thickness.23 Conversely, 
a small population-based cohort study among 259 healthy 
children aged 5 years reported that fetal exposure to maternal 
smoking was associated with lower carotid distensibility, 
with an additive effect of paternal smoking.24 To the best 
of our knowledge, no previous studies assessed the relative 
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RESULTS
Compared with no exposure, fetal exposure to continued maternal 
smoking was not associated with carotid intima-media thickness 

(−0.04 standard deviation score (SDS); 95% confidence interval (CI): 
−0.13, 0.05); and distensibility (0 SDS, 95% CI: −0.09, 0.09) at age 
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−0.16, 0.02) and distensibility (0 SDS, 95% CI: −0.09, 0.10) at this age. 
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sociated with these outcomes at age 10 years.

CONCLUSIONS
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was not associated with markers of arterial health in children aged 
10 years. Prevention strategies aiming at minimizing smoke exposure 
later in life are still relevant regarding arterial health.
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importance of passive tobacco smoke exposure at different 
developmental stages in a child’s life in relation to carotid 
intima-media thickness and distensibility at age 10  years. 
This could be important from an etiological perspective.

We examined the associations of exposure to maternal, 
paternal, and parental smoking during fetal life, as well as at 
ages 6 and 10 years, with carotid intima-media thickness and 
carotid distensibility at age 10 years. We hypothesized that 
passive tobacco smoke exposure during early life is associ-
ated with higher carotid intima-media thickness and lower 
carotid distensibility at school age.

MATERIALS AND METHODS

Design

This study was embedded in the Generation R Study, a 
population-based prospective cohort study from fetal life 
onwards in the city of Rotterdam, the Netherlands.25 The 
Medical Ethical Committee of the Erasmus MC, University 
Medical Center in Rotterdam, approved the study (MEC 
198.782/2001/31). Pregnant women living in Rotterdam 
and with an expected delivery date between April 2002 and 
January 2006 were eligible to participate. Written informed 
consent was obtained for all participants. Supplementary 
Figure S1 shows a flowchart of the study population. For 
the current study, information on any exposure to pa-
rental smoking during fetal life (n = 4,166), and/or age 6 
(n = 3,594), and/or at age 10 years (n = 4,017) was available 
for 4,639 unique singleton children with carotid artery ul-
trasound data measured at a median age of 9.7 years (95% 
range: 9.4, 10.5).

Parental smoking

As described previously, we prospectively obtained in-
formation on maternal tobacco smoking during pregnancy 
through questionnaires.26 These questionnaires were sent 
from inclusion onwards, which were aimed at early preg-
nancy, but for some mothers (n = 402/4,639; 9.5%), this was 
when their child was born. Therefore, mothers reported ei-
ther prospectively or retrospectively on tobacco smoking be-
havior and cigarette dosage, in six cigarette dosage categories 
ranging from <1 to ≥20 cigarettes per day, at gestational ages 
<18 weeks (early pregnancy), 18–25 weeks (mid-pregnancy), 
and ≥25 weeks (late pregnancy). For the current study, we 
constructed one variable describing maternal smoking beha-
vior based on these questionnaires: nonsmoker (reference); 
smoked until pregnancy was known; and continued smoking 
(smoked in second and/or third trimester). To examine any 
dose effects, we restricted the analyses to children born to 
mothers who continued smoking during pregnancy, in 
order to take into account cumulative dose as well. Numbers 
of children per maternal smoking dose category were <1 
(n = 79), 1–2 (n = 62), 3–4 (n = 113), 5–9 (n = 145), 10–19 
(n = 87), and ≥20 (n = 12). We recategorized this variable 
into children of high-dose smoking mother (≥5 cigarettes 
per day) and children of low-dose smoking mother (<5 
cigarettes per day, reference). This cutoff dosage was chosen 
as the number of children exposed to even higher dosages 

was too small for meaningful analyses. Mothers also re-
ported on periconceptional paternal smoking behavior (no/
yes). Previous analyses showed a good agreement of ma-
ternal report with paternal self-report.5 For childhood ex-
posure to parental smoking, we constructed two variables 
describing maternal smoking behavior in children aged 6 
and age 10 years, respectively. The same approach was used 
for paternal smoking behavior in childhood. At age 6 years, 
information about both maternal and paternal smoking at 
home (no/yes) was obtained from a questionnaire sent to the 
parent that was most involved in the care of the child. At 
age 10 years, both parents reported the following question: 
“Have you ever smoked?” (No; Yes, but I do not smoke any-
more; Yes, I still smoke now). For this study, we recategorized 
the first two categories into no smoking. To further examine 
cumulative dose effects of passive tobacco smoke exposure, 
we also created a variable for parental smoking during preg-
nancy, at the ages of 6 and 10  years: no parental smoking 
(reference), any maternal smoking only, paternal smoking 
only, both parents smoked at any time.

Common carotid artery intima-media thickness and 
distensibility

As described in detail previously, we measured common 
carotid artery intima-media thickness and distensibility 
using the Logiq E9 (GE Medical Systems, Wauwatosa, 
WI) device.27 Subsequent offline analyses were performed 
using the application Carotid Studio (Cardiovascular Suite 
(Quipu srl, Pisa, Italy)). Carotid intima-media thickness was 
computed at the far wall as the average distance between 
lumen-intima and media-adventitia borders. The distensi-
bility coefficient, or distensibility, was defined as the relative 
change in lumen area during systole for a given peripheral 
pressure change. We assessed peripheral blood pressure at 
the right brachial artery four times with the validated au-
tomatic sphygmomanometer Datascope Accutorr Plus 
(Paramus, NJ).28 The lumen diameter of the carotid artery 
was computed as the average distance between the far and 
near media-adventitia interfaces, for each frame of the ac-
quired image sequence. Distension was calculated as the 
difference between the maximal (diastolic) and minimal 
(systolic) lumen diameters. The average distension and di-
ameter values were used to compute the average carotid 
distensibility. We used the overall mean carotid intima-
media thickness (mm) and carotid distensibility (kPa−1 × 
10−3) as outcomes of interest. In a reproducibility study, 
the interobserver and intraobserver intraclass correlation 
coefficients were >0.85.27

Covariates

Potential confounders were selected based on pre-
vious literature, and by constructing a directed acyclic di-
agram (Supplementary Figure S2).25 We also tested their 
associations with carotid intima-media thickness and dis-
tensibility (Supplementary Table S1). We obtained infor-
mation on maternal covariates and child ethnicity from the 
first questionnaires at enrollment. Mothers reported their 

http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpac084#supplementary-data
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age, highest completed educational level (recategorized into 
lower than college and college or higher), and prepregnancy 
body mass index. Ethnicity was included as it might be asso-
ciated with carotid intima-media thickness.29 From midwife 
and hospital records, we obtained information on child sex. 
Information on breastfeeding (no versus any) was obtained 
from postnatal questionnaires. Breastfeeding was included 
as it has been associated with childhood carotid intima-
media thickness and as tobacco metabolites are readily avail-
able in breast milk.30 At ages 6 and 10 years, we measured 
children’s height and weight without shoes or heavy clothing, 
from which we calculated body mass index (kg/m2) and sub-
sequently sex- and age-adjusted standard deviation scores 
(SDS), based on Dutch reference growth charts (Growth 
Analyzer 4.0, Dutch Growth Research Foundation). We 
also categorized body mass index into underweight, normal 
weight, and overweight/obesity, based on the International 
Obesity Task Force cutoffs.31

Statistical analysis

First, we performed a nonresponse analysis by comparing 
characteristics of children with information on any ex-
posure to parental tobacco smoking during fetal life or 
childhood, with and without carotid artery ultrasound 
data, using Student’s t-tests, Mann–Whitney tests, and 
Chi-square tests. Second, we examined the associations of 
fetal and childhood exposure to maternal, paternal, and 
combined parental tobacco smoking with carotid intima-
media thickness and distensibility, using multiple linear re-
gression models. To compare effect estimates, we analyzed 
both outcomes in SDSs, after natural log transformation of 
carotid distensibility to obtain a normal distribution. Basic 
models were adjusted for sex and age at outcome meas-
urement. Confounder models were additionally adjusted 
for maternal age, education and prepregnancy body mass 
index, child ethnicity, and breastfeeding. These models 
were not adjusted for child birth weight, body mass index, 
and mean arterial pressure, which we considered as poten-
tial mediators. We tested for interactions between parental 
smoking and child ethnicity, sex and body mass index SDS 
at outcome measurement in relation to both outcomes in 
the basic model, as these characteristics have been asso-
ciated with carotid intima-media thickness and distensi-
bility in children.29,32 As multiple of the interaction terms 
were significant (P < 0.05), we also performed exploratory 
analyses restricted to a subgroup of children from Dutch 
ancestry (n = 2,762), which was the largest ethnic group, 
and analyses stratified on sex, birth complications (defined 
as children born at gestational age <37 weeks and/or small 
for gestational age, n = 388), and body mass index category 
(normal weight (reference) versus overweight/obesity)). We 
used multiple imputations for covariates with missing values, 
using the Markov Chain Monte Carlo method. We created 
five datasets and report pooled regression coefficients.33 We 
took into account multiple testing by correcting for two 
outcomes, thus considering P < 0.05/2 = 0.025 significant. 
Statistical analyses were performed using the Statistical 
Package of Social Sciences version 25.0 for Windows (SPSS 
IBM, Chicago, IL).

RESULTS

Subject characteristics

Table 1 shows that 15.1% and 43.1% of children had 
been exposed to continued maternal smoking and paternal 
smoking during fetal life, respectively. Further, up to 20% of 
all children were exposed to any parental smoking during 
childhood. At age 10 years, the mean carotid intima-media 
thickness was 0.46 (0.04 SD) mm and the median carotid 
distensibility was 55.8 (95% range 37.3, 85.3) kPa−1 × 10−3. 
Supplementary Table S2 shows subject characteristics after 
imputation. The nonresponse analysis suggested that, as 
compared to children with carotid artery ultrasound data, 
children without outcomes were more frequently exposed 
to parental smoking during fetal life and tended to have 
younger, lower educated mothers (Supplementary Table 
S3). Also, nonincluded children were more frequently boys 
of non-European ancestry.

Exposure to parental tobacco smoking and arterial health 
at age 10 years

Table 2 shows that before and after adjustment for 
confounders, fetal tobacco smoke exposure from both ma-
ternal and paternal sources was not associated with carotid 
intima-media thickness and distensibility at school age. 
Exposure to paternal tobacco smoking at childhood age of 
6 years was associated with lower childhood carotid intima-
media thickness at age 10 years in the basic and confounder 
models for both paternal smoking and combined parental 
smoking (Table 3). Only the association for combined pa-
rental smoking remained significant after adjustment for 
multiple testing (−0.19 SDS (0.04 mm), 95% confidence in-
terval: −0.35, −0.03). In the basic model, exposure to paternal 
tobacco smoking at age 10 years was associated with lower 
carotid distensibility at the same age. This association atten-
uated into nonsignificance after adjustment for confounders 
and multiple testing (Table 3).

Secondary analyses

Among children of mothers who continued smoking 
during pregnancy, maternal daily cigarette dose was not as-
sociated with child carotid intima-media thickness and ca-
rotid distensibility at age 10 years (Table 2). Among Dutch 
children only, we also observed no associations of fetal or 
childhood exposure to parental tobacco smoking with ca-
rotid intima-media thickness and distensibility at age 
10  years (Supplementary Tables S4 and S5). After strati-
fication on sex, we did not observe associations of parental 
smoking with childhood markers of arterial health after mul-
tiple testing adjustments (Supplementary Tables S6 and S7). 
Also, our results were similar for children with and without 
preterm birth or low birth weight (Supplementary Tables S8 
and S9). In analyses stratified on childhood body mass index 
category, we observed that exposure to paternal smoking at 
age 6 years was associated with lower carotid intima-media 
thickness at age 10 years among children with normal weight. 
This finding was not significant after correction for multiple 
testing (Supplementary Tables S10 and S11).
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Table 1. Subject characteristics (n = 4,639)a

Pregnancy characteristics  

Maternal age, mean (SD), years 31.0 (4.9)

Maternal educational level

 No, primary, secondary, n (%) 2,189 (50.6)

 College or higher, n (%) 2,141 (49.4)

Maternal prepregnancy body mass index, 
median (95% range), kg/m2

22.6 (18.1, 34.7)

Maternal smoking during pregnancyb

 No, n (%) 3,180 (76.3)

 Yes, until pregnancy was known, n (%) 359 (8.6)

 Yes, continuedc, n (%) 627 (15.1)

  <5 cigarettes per day, n (%) 254(51.0)

  ≥5 cigarettes per day, n (%) 244 (49.0)

Paternal smoking during pregnancy  

 No, n (%) 2,190 (56.9)

 Yes, n (%) 1,661 (43.1)

Birth and infant characteristics

Gestational age, median (95% range), weeks 40.1 (35.4, 42.3)

Sex

 Boy, n (%) 2,315(49.9)

 Girl, n (%) 2,324 (50.1)

Birth weight, mean (SD), kg 3.42 (0.57)

Ethnicity

 European, n (%) 3,114 (67.9)

  Dutch, n (%) 2,762

  Non-Dutch, n (%) 352

 Non-European, n (%) 1,471 (32.1)

Breastfeeding

 No, n (%) 276 (7.4%)

 Yes, n (%) 3,435 (92.6%)

Childhood characteristics

Maternal smoking at child age 6 years  

 No, n (%) 3,343 (93.0)

 Yes, n (%) 251 (7.0)

Paternal smoking at child age 6 years

 No, n (%) 3,274 (91.8)

 Yes, n (%) 291 (8.2)

Maternal smoking at child age 10 years

 No, n (%) 3,424 (85.2)

 Yes, n (%) 593 (14.8)

Paternal smoking at age 10 years

 No, n (%) 2,488 (80.6)

 Yes, n (%) 599 (19.4)

Age at visit, median (95% range), years 9.7 (9.4, 10.5)

Body mass index, median (95% range), kg/m2 17.0 (14.0, 24.7)

 Underweight, n (%) 321 (6.9)

Pregnancy characteristics  

 Normal weight, n (%) 3,462 (74.9)

 Overweight, n (%) 840 (18.2)

Common carotid artery intima-media thickness, 
mean (SD), mm

0.46 (0.04)

Common carotid artery distensibilityd, median 
(95% range), kPa−1 × 10−3

55.8 (37.3, 85.3)

Abbreviations: SD, standard deviation; SDS, standard deviation 
score.

a Based on observed, not imputed data. Missing data: maternal 
age, n = 0; maternal educational level, n = 309; maternal body mass 
index, n = 1,049; maternal smoking during pregnancy, n = 473; pa-
ternal smoking during pregnancy, n=788; parental smoking during 
pregnancy, n=850; gestational age at birth, n = 30; sex, n = 0; birth 
weight, n  =  8; ethnicity, n = 54; breastfeeding, n = 928; maternal 
smoking at child age 6 years, n = 1,045; paternal smoking at child 
age 6 years, n = 1,074; parental smoking at age 6 years, n = 1,076; 
maternal smoking at child age 10 years, n = 622; paternal smoking 
at child age 10 years, n = 1552; parental smoking at age 10 years, 
n = 1,638; child age, n = 0, child body mass index, n = 16; carotid 
intima-media thickness, n = 0; carotid distensibility, n = 167.

b Available for 498 of 627 mothers who continued smoking during 
pregnancy.

c A subgroup of 2,762 children was from Dutch ethnic background 
and used for exploratory sensitivity analyses.

d Shown are original, nonnatural log-transformed values.

Table 1. Continued

DISCUSSION

In this population-based prospective cohort study, we 
observed no consistent associations of exposure to parental 
tobacco smoking during fetal life and childhood with carotid 
intima-media thickness and carotid distensibility in healthy 
children aged 10 years.

Fetal and childhood tobacco smoke exposure is an impor-
tant risk factor for a wide range of adverse health outcomes 
throughout life.2–9 In adults, previous observational studies 
reported associations of tobacco smoke exposure from fetal 
life onwards with carotid intima-media thickness and dis-
tensibility, although not consistently.10–22 Few studies re-
ported associations of exposure to parental smoking during 
fetal life or childhood with carotid intima-media thickness 
and distensibility in children. These studies, with smoke 
exposure levels ranging from 6% up to 33% of children, 
were relatively small, focused on adolescents or children 
with overweight.23,24,34–36 To identify any time-dependent 
associations, we examined passive tobacco smoke expo-
sure at three developmental stages in a child’s life in relation 
to carotid intima-media thickness and distensibility at age 
10  years. We hypothesized that fetal and childhood expo-
sure to parental tobacco smoking is associated with higher 
carotid intima-media thickness and lower distensibility at 
age 10 years.

We observed that exposure to maternal or paternal 
smoking during fetal life was not associated with ca-
rotid intima-media thickness and distensibility at the age 
of 10  years. For carotid intima-media thickness, our null 
finding for maternal smoking is in line with the results from 
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a previous meta-analysis among healthy 909 children aged 
5–9 years from three observational studies (Supplementary 
Table S12).23 Contrary to us, a previous smaller Dutch study 
reported that fetal exposure to maternal smoking was asso-
ciated with lower carotid distensibility in 259 healthy chil-
dren aged 5  years, with an additive but not independent 
effect of paternal smoking.24 This different finding seems not 
explained by the exposure level to any maternal smoking, 
which was four-fold higher in our study, nor by the general 
characteristics of the participants. Potentially, changes in ca-
rotid distensibility in relation to fetal smoke exposure are 
not persistent across childhood, which may explain why 
we observed no associations in our older study population. 
Thus, results from our large population-based cohort study 
do not support the hypothesis that fetal exposure to parental 
tobacco smoking is associated with carotid intima-media 
thickness and distensibility at age 10 years.

We also observed that exposure to maternal and paternal 
smoking at the ages of 6 and 10 years was not consistently 
associated with carotid intima-media thickness and disten-
sibility at age 10 years. Three previous studies assessed the 
associations of passive smoke exposure during childhood 
with carotid intima-media thickness and distensibility in 
adolescents.34–36 A Finnish study embedded in a randomized 
trial to prevent childhood exposure to cardiovascular risk 
factors reported that passive smoke exposure from school 
age onwards, assessed by serum cotinine concentrations, 
was associated with higher carotid and aortic intima-media 
thickness in 494 nonsmoking adolescents aged 13  years.36 
This inconsistency with our larger study might be related to 

the different ages at which the carotid artery was assessed, 
differences between their Scandinavian and our Dutch pop-
ulation, or the fact that we obtained smoking behavior from 
questionnaires rather than cotinine measurements. Yet, as in 
our study, the exposure to cigarette smoking was moderate 
in the Finish study.36 In line with our null findings for carotid 
distensibility, a cross-sectional study, embedded in the same 
Finnish trial, reported that passive smoke exposure during 
childhood was associated with aortic but not carotid disten-
sibility in 386 adolescents aged 11 years.35 The same discrep-
ancy between the aorta and carotid artery was observed in a 
cross-sectional hospital-based study from the United States 
among 298 nonsmoking adolescents aged 13 years and pre-
dominantly with overweight, with self-reported second-
hand smoke exposure.34 This suggests that the aorta might 
be more or earlier prone to functional changes than the ca-
rotid arteries.37 Thus, our findings do not support the hypo-
thesis that childhood exposure to parental tobacco smoking 
is associated with carotid intima-media thickness and dis-
tensibility in healthy children aged 10  years from a large 
population-based cohort study.

Our null findings in school-aged children may be 
interpreted in several ways. First, in children, higher 
intima-media thickness and lower distensibility may re-
flect physiological remodeling of the arterial wall in re-
sponse to growth, rather than pathological structural 
and functional changes in response to adverse lifestyle 
exposures such as tobacco smoke.38,39 Otherwise, it could 
be that associations of passive tobacco smoke exposure 
during the earliest phase of life with carotid intima-media 

Table 2. Associations of fetal exposure to parental tobacco smoking with carotid intima-media thickness and distensibility at age 10 yearsa.

 Difference in SDS (95% confidence interval)

 

Carotid intima-media thickness  

n = 4,639

Carotid distensibility  

n = 4,472

Basic model Confounder model Basic model Confounder model 

Maternal smoking (n = 4,166)

 No (n = 3,180) Reference Reference Reference Reference

 Until pregnancy was known (n = 359) 0.00 (−0.11, 0.11) 0.01 (−0.10, 0.12) −0.03 (−0.15, 0.08) −0.03 (−0.15, 0.08)

 Continued (n = 627) −0.04 (−0.13, 0.04) −0.04 (−0.13, 0.05) −0.02 (−0.11, 0.07) −0.00 (−0.09, 0.09)

  <5 cigarettes/day (n = 254) Reference Reference Reference Reference

  ≥5 cigarettes/day (n = 244) −0.02 (−0.18, 0.15) 0.01 (−0.16, 0.18) 0.10 (−0.09, 0.28) 0.09 (−0.09, 0.27)

Paternal smoking (n = 3,851)

 No (n = 2,190) Reference Reference Reference Reference

 Yes (n = 1,661) −0.06 (−0.12, 0.01) −0.06(−0.13, 0.00) −0.03 (−0.09, 0.04) −0.02 (−0.08, 0.05)

Parental smoking (n = 3,789)

 No (n = 1,896) Reference Reference Reference Reference

 Mother only (n = 247) 0.08 (−0.06, 0.21) 0.07 (−0.06, 0.20) −0.07 −0.21, 0.06) −0.07 (−0.20, 0.07)

 Father only (n = 1,014) −0.05 (−0.13, 0.03) −0.06 (−0.13, 0.02) −0.05 (−0.12, 0.03) −0.04 (−0.12, 0.04)

 Both (n = 632) −0.07 (−0.16, 0.02) −0.07 (−0.16, 0.02) −0.02 (−0.11, 0.07) 0.00 (−0.09, 0.10)

a Regression coefficients are linear regression coefficients and represent the change in standard deviation score (SDS) carotid artery intima-
media thickness (0.04 mm) and natural log-transformed distensibility (0.021 = 12.4 kPa−1 × 10), respectively, as compared with the reference 
group. Basic models were adjusted for child sex and age at outcome measurement. Confounder models were additionally adjusted for child 
ethnicity, maternal age, maternal education, maternal prepregnancy body mass index, and breastfeeding.

http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpac084#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpac084#supplementary-data


872 American Journal of Hypertension 35(10) October 2022

Monasso et al.

thickness and distensibility are either transient or appear 
at older ages. Further, our relatively healthy and affluent 
study population may have prevented the detection of 
associations. Although comparable with other Western co-
hort studies,2 the prevalence and dose of parental smoking 
were relatively low. As we categorized tobacco smoking in 
the current study, lower doses may have masked, if any, 
potentially biologically relevant effects of higher doses. 
Further, we had limited power to examine dose effects of 
maternal smoking during pregnancy. Last, the variation in 
carotid artery measurements in our population was lim-
ited as well. Thus, associations may be observed among 
more diverse populations in terms of socioeconomic 
status and health.

A main general strength of this study is its implementation 
in an observational prospective birth cohort. We had detailed 
information on parental smoking behavior from preconcep-
tion onwards available, as well as carotid artery ultrasound 
data. We performed power calculations and estimated to be 
able to detect a difference of 0.077 SD, based on n = 7,000 
and 25% exposed, and alpha = 5% and beta = 20%.25 Due 
to missing values, the power for the current study may be 
lower than originally calculated, but it was still much higher 
as compared to previous studies in children, with an up to 
10-fold smaller sample size. This study also had limitations. 
In total, 8% of children that participated in the Generation 
R Study at birth had no information on parental smoking 
available. This may have introduced selection bias, although 

Table 3. Associations of childhood exposure to parental tobacco smoking with carotid intima-media thickness and distensibility at age 
10 yearsa

 Differencein SDS (95% confidence interval)

 

Carotid intima-media thickness  

n = 4,639

Carotid distensibility  

n = 4,472

Basic model Confounder model Basic model Confounder model 

Age 6 years

Maternal smoking (n = 3,594)     

 No (n = 3,343) Reference Reference Reference Reference

 Yes (n = 251) −0.05 (−0.17, 0.08) −0.04 (−0.17, 0.09) −0.05 (−0.18, 0.08) −0.03 (−0.16, 0.11)

Paternal smoking (n = 3,565)

 No (n = 3,274) Reference Reference Reference Reference

 Yes (n = 291) −0.14 (−0.26, −0.03)* −0.14 (−0.26, -0.02)* −0.07 (−0.19, 0.05) −0.04 (−0.17, 0.08)

Parental smoking (n = 3,563)

 Both nonsmoking (n = 3,163) Reference Reference Reference Reference

 Maternal smoking (n = 109) −0.03 (−0.22, 0.16) −0.03 (−0.22, 0.16) −0.00 (−0.19, 0.19) 0.02 (−0.17, 0.21)

 Paternal smoking (n = 162) −0.19 (−0.35, −0.03)* −0.19 (−0.35, −0.03)** −0.03 (−0.19, 0.13) −0.01 (−0.17, 0.16)

 Both smoking (n = 129) −0.09 (−0.26, 0.09) −0.07 (−0.25, 0.10) −0.12 (−0.30, 0.06) −0.09 (−0.27, 0.09)

Age 9 years

Maternal smoking (n = 4,017)     

 No (n = 3,424) Reference Reference Reference Reference

 Yes (n = 593) −0.06 (−0.15, 0.02) −0.05 (−0.14, 0.04) −0.04 (−0.13, 0.05) −0.02 (−0.11, 0.07)

Paternal smoking (n = 3,087)

 No (n = 2,488) Reference Reference Reference Reference

 Yes (n = 599) −0.03 (−0.12, 0.06) −0.02 (−0.11, 0.07) −0.07 (−0.16, 0.02) −0.05 (−0.14, 0.04)

Parental smoking (n = 3,001)

 Both nonsmoking (n = 2,238) Reference Reference Reference Reference

 Maternal smoking (n = 186) −0.13 (−0.28, 0.02) −0.13 (−0.28, 0.02) −0.05 (−0.20, 0.10) −0.03 (−0.19, 0.12)

 Paternal smoking (n = 401) −0.01 (−0.12, 0.09) −0.01 (−0.11, 0.10) −0.11 (−0.22, -0.00)* −0.10 (−0.20, 0.01)

 Both smoking (n = 176) −0.11 (−0.26, 0.05) −0.08 (−0.24, 0.07) −0.03 (−0.19, 0.12) −0.00 (−0.16, 0.15)

a Regression coefficients are linear regression coefficients and represent the change in standard deviation score (SDS) carotid artery intima-
media thickness (0.04 mm) and natural log-transformed distensibility (0.021 = 12.4 kPa−1 × 10), respectively, as compared with the reference 
group. Basic models were adjusted for child sex and age at outcome measurement. Confounder models were additionally adjusted for child 
ethnicity, maternal age, maternal education, maternal prepregnancy body mass index, and breastfeeding. 

*p < 0.05. 
** p < 0.025, the p-value we considered significant after multiple testing correction for two outcomes.
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it is difficult to quantify its extent. Further, the nonresponse 
analysis suggested selection toward a healthier more affluent 
population of European ancestry, which might have biased 
the observed effect estimates and limited the generalizability 
of our null findings to the general population. As we previ-
ously observed associations of other exposures with the same 
outcomes, it seems that the lack of variation in the outcomes 
does not explain the null findings.27,40 Further, we assessed pa-
rental smoking behavior via questionnaires. Parents may have 
underreported their smoking behavior, which may have led 
to the underestimation of the associations. Also, we calibrated 
carotid distensibility to brachial blood pressure, which will 
have shifted the calculated distensibility to higher values. We 
dichotomized breastfeeding into no versus any breastfeeding, 
the latter comprising any duration up to 1  year. This may 
have limited the precision. Last, although we had data on im-
portant potential confounders, we cannot exclude residual 
confounding, as in any observational study. This might also 
explain why we observed some inconsistent associations be-
tween exposure to paternal smoking in childhood and carotid 
intima-media thickness at age 10 years. Our findings do not 
provide support for the hypothesis that exposure to parental 
smoking during fetal life and childhood is associated with 
carotid intima-media thickness and carotid distensibility in 
healthy school-age children. Prevention strategies aiming at 
minimizing smoke exposure later in life could still be relevant 
regarding vascular and other health outcomes.

SUPPLEMENTARY MATERIAL

Supplementary materials are available at American Journal 
of Hypertension ( http://ajh.oxfordjournals.org).

ACKNOWLEDGMENTS

The Generation R Study is conducted by the Erasmus 
Medical Center in close collaboration with the School 
of Law and Faculty of Social Sciences of the Erasmus 
University Rotterdam; the Municipal Health Service 
Rotterdam area, Rotterdam; the Rotterdam Homecare 
Foundation, Rotterdam; and the Stichting Trombosedienst 
& Artsenlaboratorium Rijnmond (STAR-MDC), Rotterdam. 
We gratefully acknowledge the contribution of children and 
parents, general practitioners, hospitals, midwives, and 
pharmacies in Rotterdam. The study protocol was approved 
by the Medical Ethical Committee of the Erasmus Medical 
Centre, Rotterdam. Written informed consent was obtained 
for all participants.

The general design of the Generation R Study is made pos-
sible by financial support from the Erasmus MC, University 
Medical Centre Rotterdam, Erasmus University Rotterdam, 
the Netherlands Organization for Health Research and 
Development (ZonMw), the Netherlands Organization for 
Scientific Research (NWO), and the Ministry of Health, 
Welfare and Sport and the Ministry of Youth and Families. 
V.W.V.J.  received funding from the European Research 
Council (ERC-2014-CoG-648916). R.G. received funding of 

the Dutch Heart Foundation (grant number 2017T013), the 
Dutch Diabetes Foundation (grant number 2017.81.002), 
the Netherlands Organization for Health Research and 
Development (NWO, ZonMW, grant number 543003109).
The project was supported by funding from the European 
Union’s Horizon 2020 research and innovation program 
under grant agreements No 733206 (LifeCycle) and 874739 
(LongITools), and from the European Joint Programming 
Initiative “A Healthy Diet for a Healthy Life” (JPI HDHL, 
NutriPROGRAM project, the Netherlands Organization for 
Health Research and Development (ZonMw) no.529051022 
and PREcisE project, the Netherlands Organization for 
Health Research and Development (ZonMw) no.529051023, 
and EndObesity, the Netherlands Organization for Health 
Research and Development (ZonMw) no. 529051026.

DISCLOSURE

No conflict of interest to declare

DATA AVAILABILITY

All further relevant data supporting the key findings of this 
study are available within the article and its Supplementary 
Information files or from the corresponding author upon 
reasonable request and subject to the Generation R data ac-
cess procedures.

REFERENCES

 1. Lange  S, Probst  C, Rehm  J, Popova  S. National, regional, and global 
prevalence of smoking during pregnancy in the general population: 
a systematic review and meta-analysis. Lancet Glob Health 2018; 
6:e769–e776.

 2. Philips EM, Santos S, Trasande L, Aurrekoetxea JJ, Barros H, von Berg A, 
Bergström  A, Bird  PK, Brescianini  S, Ní  Chaoimh  C, Charles  M-A, 
Chatzi  L, Chevrier  C, Chrousos  GP, Costet  N, Criswell  R, Crozier  S, 
Eggesbø  M, Fantini  MP, Farchi  S, Forastiere  F, van  Gelder  MMHJ, 
Georgiu V, Godfrey KM, Gori D, Hanke W, Heude B, Hryhorczuk D, 
Iñiguez  C, Inskip  H, Karvonen  AM, Kenny  LC, Kull  I, Lawlor  DA, 
Lehmann I, Magnus P, Manios Y, Melén E, Mommers M, Morgen CS, 
Moschonis  G, Murray  D, Nohr  EA, Nybo  Andersen  A-M, Oken  E, 
Oostvogels AJJM, Papadopoulou E, Pekkanen  J, Pizzi C, Polanska K, 
Porta  D, Richiardi  L, Rifas-Shiman  SL, Roeleveld  N, Rusconi  F, 
Santos AC, Sørensen TIA, Standl M, Stoltenberg C, Sunyer J, Thiering E, 
Thijs C, Torrent M, Vrijkotte TGM, Wright J, Zvinchuk O, Gaillard R, 
Jaddoe VWV. Changes in parental smoking during pregnancy and risks 
of adverse birth outcomes and childhood overweight in Europe and 
North America: an individual participant data meta-analysis of 229,000 
singleton births. PLoS Med 2020; 17:e1003182.

 3. Ayer JG, Belousova E, Harmer JA, David C, Marks GB, Celermajer DS. 
Maternal cigarette smoking is associated with reduced high-density li-
poprotein cholesterol in healthy 8-year-old children. Eur Heart J 2011; 
32:2446–2453.

 4. Taal  HR, de  Jonge  LL, van  Osch-Gevers  L, Steegers  EA, Hofman  A, 
Helbing WA, van der Heijden AJ, Jaddoe VW. Parental smoking during 
pregnancy and cardiovascular structures and function in childhood: 
the Generation R Study. Int J Epidemiol 2013; 42:1371–1380.

 5. Durmuş B, Heppe DHM, Taal HR, Raat H, Hofman A, Steegers EAP, 
Gaillard R, Vwv J. Parental smoking during pregnancy and total and 
abdominal fat distribution in school-age children: the Generation R 
Study. Int J Obes (Lond) 2014; 38:966.

http://ajh.oxfordjournals.org


874 American Journal of Hypertension 35(10) October 2022

Monasso et al.

 6. de Jonge LL, Harris HR, Rich-Edwards JW, Willett WC, Forman MR, 
Jaddoe VW, Michels KB. Parental smoking in pregnancy and the risks 
of adult-onset hypertension. Hypertension 2013; 61:494–500.

 7. Jaddoe  VW, de  Jonge  LL, van  Dam  RM, Willett  WC, Harris  H, 
Stampfer MJ, Hu FB, Michels KB. Fetal exposure to parental smoking 
and the risk of type 2 diabetes in adult women. Diabetes Care 2014; 
37:2966–2973.

 8. Oberg  M, Jaakkola  MS, Woodward  A, Peruga  A, Prüss-Ustün  A. 
Worldwide burden of disease from exposure to second-hand smoke: 
a retrospective analysis of data from 192 countries. Lancet 2011; 
377:139–146.

 9. Juonala M, Magnussen CG, Raitakari OT. Parental smoking produces 
long-term damage to vascular function in their children. Curr Opin 
Cardiol 2013; 28:569–574.

 10. Tell GS, Polak JF, Ward BJ, Kittner SJ, Savage PJ, Robbins J. Relation of 
smoking with carotid artery wall thickness and stenosis in older adults. 
The Cardiovascular Health Study. The Cardiovascular Health Study 
(CHS) Collaborative Research Group. Circulation 1994; 90:2905–2908.

 11. Howard G, Burke GL, Szklo M, Tell GS, Eckfeldt J, Evans G, Heiss G. 
Active and passive smoking are associated with increased carotid wall 
thickness. The Atherosclerosis Risk in Communities Study. Arch Intern 
Med 1994; 154:1277–1282.

 12. Howard  G, Wagenknecht  LE, Burke  GL, Diez-Roux  A, Evans  GW, 
McGovern  P, Nieto  FJ, Tell  GS. Cigarette smoking and progression 
of atherosclerosis: the Atherosclerosis Risk in Communities (ARIC) 
Study. JAMA 1998; 279:119–124.

 13. Raitakari  OT, Juonala  M, Kähönen  M, Taittonen  L, Laitinen  T, 
Mäki-Torkko  N, Järvisalo  MJ, Uhari  M, Jokinen  E, Rönnemaa  T, 
Åkerblom  HK, Viikari  JSA. Cardiovascular risk factors in child-
hood and carotid artery intima-media thickness in adulthood: the 
Cardiovascular Risk in Young Finns Study. JAMA 2003; 290:2277–2283.

 14. John WM, Khurram N, Andrew PD, Joao ACL, David AB, Hundley WG, 
Barr  RG, Matthew  JB, Moyses  S, Ana  N-A, Joseph  FP, Roger  SB, 
Wendy SP, Michael JB. Relationship of cigarette smoking with inflam-
mation and subclinical vascular disease. Arterioscler Thromb Vasc Biol 
2015; 35:1002–1010.

 15. Al Rifai M, DeFilippis AP, McEvoy JW, Hall ME, Acien AN, Jones MR, 
Keith R, Magid HS, Rodriguez CJ, Barr GR, Benjamin EJ, Robertson RM, 
Bhatnagar  A, Blaha  MJ. The relationship between smoking inten-
sity and subclinical cardiovascular injury: the Multi-Ethnic Study of 
Atherosclerosis (MESA). Atherosclerosis 2017; 258:119–130.

 16. Koskinen  J, Magnussen  CG, Viikari  JSA, Kähönen  M, Laitinen  T, 
Hutri-Kähönen N, Lehtimäki T, Jokinen E, Raitakari OT, Juonala M. 
Effect of age, gender and cardiovascular risk factors on carotid distensi-
bility during 6-year follow-up. The Cardiovascular Risk in Young Finns 
study. Atherosclerosis 2012; 224:474–479.

 17. Malayeri AA, Natori S, Bahrami H, Bertoni AG, Kronmal R, Lima JAC, 
Bluemke DA. Relation of aortic wall thickness and distensibility to car-
diovascular risk factors (from the Multi-Ethnic Study of Atherosclerosis 
[MESA]). Am J Cardiol 2008; 102:491–496.

 18. Sassalos  K, Vlachopoulos  C, Alexopoulos  N, Gialernios  T, 
Aznaouridis K, Stefanadis C. The acute and chronic effect of cigarette 
smoking on the elastic properties of the ascending aorta in healthy male 
subjects. Hellenic J Cardiol 2006; 47:263–268.

 19. Ohyama Y, Teixido-Tura G, Ambale-Venkatesh B, Noda C, Chugh AR, 
Liu  C-Y, Redheuil  A, Stacey  RB, Dietz  H, Gomes  AS, Prince  MR, 
Evangelista  A, Wu  CO, Hundley  WG, Bluemke  DA, Lima  JAC. Ten-
year longitudinal change in aortic stiffness assessed by cardiac MRI in 
the second half of the human lifespan: the multi-ethnic study of ather-
osclerosis. Eur Heart J Cardiovasc Imaging 2016; 17:1044–1053.

 20. Geerts CC, Bots ML, Grobbee DE, Uiterwaal CS. Parental smoking and 
vascular damage in young adult offspring: is early life exposure critical? 
The Atherosclerosis Risk In Young Adults Study. Arterioscler Thromb 
Vasc Biol 2008; 28:2296–2302.

 21. Gall S, Huynh QL, Magnussen CG, Juonala M, Viikari JS, Kähönen M, 
Dwyer T, Raitakari OT, Venn A. Exposure to parental smoking in child-
hood or adolescence is associated with increased carotid intima-media 
thickness in young adults: evidence from the Cardiovascular Risk in 
Young Finns Study and the Childhood Determinants of Adult Health 
Study. Eur Heart J 2014; 35:2484–2491.

 22. Chen W, Yun M, Fernandez C, Li S, Sun D, Lai C-C, Hua Y, Wang F, 
Zhang T, Srinivasan SR, Johnson CC, Berenson GS. Secondhand smoke 

exposure is associated with increased carotid artery intima-media 
thickness: the Bogalusa Heart Study. Atherosclerosis 2015; 240:374–379.

 23. Epure  AM, Rios-Leyvraz  M, Anker  D, Di  Bernardo  S, da  Costa  BR, 
Chiolero A, Sekarski N. Risk factors during first 1,000 days of life for 
carotid intima-media thickness in infants, children, and adolescents: a 
systematic review with meta-analyses. PLoS Med 2020; 17:e1003414.

 24. Geerts  CC, Bots  ML, van  der  Ent  CK, Grobbee  DE, Uiterwaal  CS. 
Parental smoking and vascular damage in their 5-year-old children. 
Pediatrics 2012; 129:45–54.

 25. Kooijman  MN, Kruithof  CJ, Van  Duijn  CM, Duijts  L, Franco  OH, 
van  IJzendoorn  MH, de  Jongste  JC, Klaver  CC, van  der  Lugt  A, 
Mackenbach JP, Moll HA, Peeters RP, Raat H, Rings EH, Rivadeneira F, 
van  der  Schroeff  MP, Steegers  EA, Tiemeier  H, Uitterlinden  AG, 
Verhulst FC, Wolvius E, Felix JF, Jaddoe VWV. The Generation R Study: 
design and cohort update 2017. Eur J Epidemiol 2016; 31:1243–1264.

 26. Jaddoe  VWV, Troe  EWM, Hofman  A, Mackenbach  JP, Moll  HA, 
Steegers  EA, Jc  W. Active and passive maternal smoking during 
pregnancy and the risks of low birthweight and preterm birth: the 
Generation R Study. Paediatr Perinat Epidemiol 2008; 22:162–171.

 27. Monasso GS, Felix JF, Heil SG, de Rijke YB, Gaillard R, Jaddoe VWV. 
Vitamin B12, folate and homocysteine concentrations during preg-
nancy and early signs of atherosclerosis at school-age. Clin Nutr 2021; 
40:5133–5140.

 28. Wong  SN, Tz  Sung  RY, Leung  LC. Validation of three oscillometric 
blood pressure devices against auscultatory mercury sphygmomanom-
eter in children. Blood Press Monit 2006; 11:281–291.

 29. Whincup P, Nightingale C, Owen C, Rapala A, Bhowruth D, Prescott M, 
Ellins E, Donin A, Masi S, Rudnicka A, Sattar N, Cook D, Deanfield J. 
Ethnic differences in carotid intima-media thickness between UK chil-
dren of Black African-Caribbean and White European origin. Stroke 
2012; 43:1747–1754.

 30. Luck  W, Nau  H. Nicotine and cotinine concentrations in serum and 
milk of nursing smokers. Br J Clin Pharmacol 1984; 18:9–15.

 31. Cole  TJ, Bellizzi  MC, Flegal  KM, Dietz  WH. Establishing a standard 
definition for child overweight and obesity worldwide: international 
survey. BMJ 2000; 320:1240–1243.

 32. Doyon  A, Kracht  D, Bayazit  AK, Deveci  M, Duzova  A, Krmar  RT, 
Litwin M, Niemirska A, Oguz B, Schmidt BM, Sözeri B, Querfeld U, 
Melk  A, Schaefer  F, Wühl  E, Consortium  CS. Carotid artery intima-
media thickness and distensibility in children and adolescents: reference 
values and role of body dimensions. Hypertension 2013; 62:550–556.

 33. Sterne  JA, White  IR, Carlin  JB, Spratt  M, Royston  P, Kenward  MG, 
Wood  AM, Carpenter  JR. Multiple imputation for missing data in 
epidemiological and clinical research: potential and pitfalls. BMJ 
2009:b2393.

 34. Harbin MM, Kelly AS, Dengel DR, Rudser KD, Evanoff NG, Ryder JR. 
Relation of secondhand smoke exposure to vascular phenotypes in chil-
dren and adolescents. Pediatr Res 2020; 87:760–766.

 35. Kallio  K, Jokinen  E, Hämäläinen  M, Saarinen  M, Volanen  I, 
Kaitosaari T, Viikari J, Rönnemaa T, Simell O, Raitakari OT. Decreased 
aortic elasticity in healthy 11-year-old children exposed to tobacco 
smoke. Pediatrics 2009; 123:e267–e273.

 36. Kallio K, Jokinen E, Saarinen M, Hämäläinen M, Volanen I, Kaitosaari T, 
Rönnemaa T, Viikari J, Raitakari OT, Simell O. Arterial intima-media 
thickness, endothelial function, and apolipoproteins in adolescents 
frequently exposed to tobacco smoke. Circ Cardiovasc Qual Outcomes 
2010; 3:196–203.

 37. Länne  T, Hansen  F, Mangell  P, Sonesson  B. Differences in mechan-
ical properties of the common carotid artery and abdominal aorta in 
healthy males. J Vasc Surg 1994; 20:218–225.

 38. Anke D, Daniela K, Aysun KB, Murat D, Ali D, Rafael TK, Mieczyslaw L, 
Anna N, Berna O, Bernhard MWS, Betul S, Uwe Q, Anette M, Franz S, 
Elke  W. Carotid artery intima-media thickness and distensibility in 
children and adolescents. Hypertension 2013; 62:550–556.

 39. Chiesa  ST, Charakida  M, Georgiopoulos  G, Dangardt  F, Wade  KH, 
Rapala  A, Bhowruth  DJ, Nguyen  HC, Muthurangu  V, Shroff  R, 
Davey  Smith  G, Lawlor  DA, Sattar  N, Timpson  NJ, Hughes  AD, 
Deanfield  JE. Determinants of intima-media thickness in the young: 
the ALSPAC Study. JACC Cardiovasc Imaging 2021; 14:468–478.

 40. Monasso  GS, Silva  CCV, Santos  S, Goncalvez  R, Gaillard  R, Felix  JF, 
Jaddoe VWV. Infant weight growth patterns, childhood BMI, and arte-
rial health at age 10 years. Obesity 2022; 30:770–778.


