
Air PolluƟ on Exposure and 
Pregnancy ComplicaƟ ons

The GeneraƟ on R Study

Edith van den Hooven



ACKNOWLEDGEMENTS

The general design of the GeneraƟ on R Study was made possible by fi nancial support 
from the Erasmus Medical Center RoƩ erdam, the Erasmus University RoƩ erdam, 
the Netherlands OrganizaƟ on for Health Research and Development (ZonMW), the 
Netherlands OrganisaƟ on for ScienƟ fi c Research (NWO), the Ministry of Health, 
Welfare and Sport, and the Ministry of Youth and Families.

The prinƟ ng of this thesis has been fi nancially supported by the GeneraƟ on R Study 
Group, the Department of Obstetrics and Gynaecology, and the Department of 
Epidemiology of the Erasmus Medical Center RoƩ erdam; TNO Urban Environment and 
Safety; and the Erasmus University RoƩ erdam.

Further fi nancial support was kindly provided by the J.E. Jurriaanse SƟ chƟ ng, 
Nederlandse Vereniging voor Obstetrie en Gynaecologie (NVOG), SƟ chƟ ng Astma 
Bestrijding, Chiesi PharmaceuƟ cals B.V., BMA B.V. (Mosos), and GE Healthcare. 

Cover design: Elvira ‘t Hart, elvirathart.nl
Lay-out: Legatron Electronic Publishing, RoƩ erdam 
PrinƟ ng: Ipskamp Drukkers, Enschede

© 2012 Edith van den Hooven, RoƩ erdam, the Netherlands
No part of this thesis may be reproduced in any form or by any means without wriƩ en 
permission from the author.

ISBN: 978-94-6191-230-5 



Air PolluƟ on Exposure and 
Pregnancy ComplicaƟ ons

The GeneraƟ on R Study

Blootstelling aan luchtverontreiniging en 
zwangerschapscomplicaƟ es

Het GeneraƟ on R Onderzoek

ProefschriŌ 

ter verkrijging van de graad van doctor aan de 

Erasmus Universiteit RoƩ erdam

op gezag van de 

rector magnifi cus

Prof.dr. H.G. Schmidt

en volgens besluit van het College voor PromoƟ es. 

De openbare verdediging zal plaatsvinden op

donderdag 19 april 2012 om 13.30 uur

door

Edith HenriëƩ e van den Hooven

geboren te Zwolle



PROMOTIECOMMISSIE

Promotoren Prof.dr. A. Hofman
  Prof.dr. E.A.P. Steegers

Overige leden Prof.dr.ir. A. Burdorf
  Prof.dr. I. Reiss 
  Prof.dr. J. Sunyer

Copromotoren Dr. V.W.V. Jaddoe
  Dr. F.H. Pierik

Paranimfen MSc L.L. de Jonge
  MSc J.C. KieŌ e-De Jong



CONTENTS

Chapter 1 IntroducƟ on 9

Chapter 2 Methodology of the air polluƟ on exposure assessment 15

Chapter 3 Air polluƟ on exposure and pregnancy complicaƟ ons  39

3.1 Air polluƟ on and maternal and fetal C-reacƟ ve protein levels 41

3.2 Air polluƟ on and markers of placental growth and funcƟ on 65

3.3 Air polluƟ on, maternal blood pressure and gestaƟ onal  89

 hypertensive complicaƟ ons

3.4 Air polluƟ on, fetal growth and neonatal complicaƟ ons 113

3.5 ResidenƟ al proximity to traffi  c and pregnancy complicaƟ ons 135

Chapter 4 General discussion 161

Chapter 5 Summary/ Samenvaƫ  ng 185

Chapter 6 Authors and affi  liaƟ ons 194

 Authors and affi  liaƟ ons 195

 PublicaƟ on List  191

 About the author 197

 PhD Porƞ olio 199

 Dankwoord  203



Manuscripts that form the basis of this thesis

Chapter 2
van den Hooven EH, Pierik FH, van RaƟ ngen SW, Zandveld PYJ, Meijer EW, Hofman 
A, Miedema HME, Jaddoe VWV, de Kluizenaar Y. Air polluƟ on exposure esƟ maƟ on 
using dispersion modelling and conƟ nuous monitoring data in the GeneraƟ on R Study. 
Environ Health 2012; 11:9

Chapter 3.1
van den Hooven EH, de Kluizenaar Y, Pierik FH, Hofman A, van RaƟ ngen SW, Zandveld 
PYJ, Lindemans J, Russcher H, Steegers EAP, Miedema HME, Jaddoe VWV. Air polluƟ on 
exposure during pregnancy and maternal and fetal C-reacƟ ve protein levels. The 
GeneraƟ on R Study. Environ Health Perspect 2012; doi: 10.1289/ehp.1104345 

Chapter 3.2
van den Hooven EH, Pierik FH, de Kluizenaar Y, Hofman A, van RaƟ ngen SW, Zandveld 
PYJ, Russcher H, Lindemans J, Miedema HME, Steegers EAP, Jaddoe VWV. Air polluƟ on 
exposure and markers of placental growth and funcƟ on. The GeneraƟ on R Study. 
SubmiƩ ed for publicaƟ on

Chapter 3.3
van den Hooven EH, de Kluizenaar Y, Pierik FH, Hofman A, van RaƟ ngen SW, Zandveld 
PYJ, Mackenbach JP, Steegers EAP, Miedema HME, Jaddoe VWV. Air polluƟ on, blood 
pressure, and the risk of hypertensive complicaƟ ons during pregnancy. The GeneraƟ on 
R Study. Hypertension 2011; 57:406-412

Chapter 3.4
van den Hooven EH, Pierik FH, de Kluizenaar Y, Willemsen SP, Hofman A, van RaƟ ngen 
SW, Zandveld PYJ, Mackenbach JP, Steegers EAP, Miedema HME, Jaddoe VWV. Air 
polluƟ on exposure during pregnancy, ultrasound measures of fetal growth, and adverse 
birth outcomes: a prospecƟ ve cohort study. Environ Health Perspect 2012; 120:150-156

Chapter 3.5
van den Hooven EH, Jaddoe VWV, de Kluizenaar Y, Hofman A, Mackenbach JP, Steegers 
EAP, Miedema HME, Pierik FH. ResidenƟ al traffi  c exposure and pregnancy-related 
outcomes in mother and child: A prospecƟ ve birth cohort study. Environ Health 2009; 
8:59



List of abbreviaƟ ons

AC  Abdominal circumference
BMI  Body mass index
BP  Blood pressure
CI  Confi dence interval
CO Carbon monoxide
CRP C-reacƟ ve protein
DBP  Diastolic blood pressure
DWTD  Distance-weighted traffi  c density
EFW  EsƟ mated fetal weight
EU European Union
FL  Femur length
GA  GestaƟ onal age
GIS Geographic InformaƟ on System
HC  Head circumference
hs-CRP High-sensiƟ ve C-reacƟ ve protein
LMP  Last menstrual period
LUR Land-use regression model
NO2 Nitrogen dioxide
O3 Ozone
OR  Odds raƟ o
PI  PulsaƟ lity index
PlGF Placental growth factor
PM2.5  ParƟ culate maƩ er with an aerodynamic diameter <2.5 μm
PM10  ParƟ culate maƩ er with an aerodynamic diameter <10 μm
SBP  Systolic blood pressure
SD  Standard deviaƟ on
SDS  Standard deviaƟ on score
SES  Socioeconomic status
sFlt-1  Soluble fms-like tyrosine kinase-1
SGA  Small size for gestaƟ onal age at birth
SO2 Sulfur dioxide





Chapter 1

IntroducƟ on



| Chapter 110

BACKGROUND

In the winter of 1952, London experienced an episode of dense smog. The heavy increase in 
air polluƟ on during these days resulted in thousands of excess deaths [1-2]. This event has 
illustrated the potenƟ al impact of air polluƟ on on human health, and has iniƟ ated research 
in the fi eld of air polluƟ on epidemiology. Since then, a wide range of epidemiological, 
clinical, and toxicological studies have provided evidence that air polluƟ on exposure is 
associated with cardiovascular and respiratory morbidity and mortality [3-9]. In response, 
authoriƟ es such as the World Health OrganizaƟ on and the European Union have defi ned 
guidelines for air quality in order to protect human health [10]. These guidelines include 
limit values for the most important air pollutants. ParƟ culate maƩ er (PM10) and nitrogen 
dioxide (NO2) are two pollutants that have been associated with several adverse health 
eff ects, and oŌ en exceed the limit values at locaƟ ons near heavy traffi  c. Governmental 
and municipal iniƟ aƟ ves to improve air quality in the Netherlands have led to a gradual 
decrease in PM10 and NO2 levels in the last decade. However, at several locaƟ ons near air 
polluƟ on sources, concentraƟ ons sƟ ll exceed the limit values [11]. Furthermore, mounƟ ng 
evidence indicates that air polluƟ on adversely aff ects health at concentraƟ ons even below 
these limit values [9]. 
 Certain subgroups of the populaƟ ons might be more suscepƟ ble to the adverse 
eff ects of air polluƟ on. It has been suggested that pregnant women and their unborn 
children may consƟ tute a more vulnerable subgroup [12-13]. The last two decades have 
seen a growing number of studies linking air polluƟ on exposure during pregnancy with 
neonatal complicaƟ ons, such as preterm birth, intrauterine growth restricƟ on, and 
low birth weight. These outcomes are strongly associated with neonatal morbidity and 
mortality [14-15] and also seem to be associated with problems in later life, such as 
increased risks of cardiovascular disease and diabetes [16-18]. Recent studies indicated 
that air polluƟ on may also contribute to the development of gestaƟ onal hypertensive 
complicaƟ ons, including gestaƟ onal hypertension and preeclampsia. These complicaƟ ons 
are not only associated with adverse maternal and neonatal outcomes, but also with an 
increased risk of future cardiovascular disease [19]. 
 Many studies have been conducted on the impact of air polluƟ on on neonatal 
complicaƟ ons, but results are inconsistent [20-21]. Furthermore, not much is known about 
the underlying mechanisms through which air polluƟ on aff ects the course of pregnancy. 
Air polluƟ on is hypothesized to induce oxidaƟ ve stress and systemic infl ammaƟ on [3], 
possibly resulƟ ng in subopƟ mal placentaƟ on or impaired placental funcƟ on [22-23], thereby 
reducing the nutrient and oxygen transport to the fetus. This may eventually result in the 
development of maternal and neonatal complicaƟ ons (Figure 1). Thus far, only few studies 
have addressed specifi c outcomes such as maternal blood pressure, placental funcƟ on, 
infl ammaƟ on markers, and fetal growth, which may be implicated in the pathways through 
which air polluƟ on contributes to maternal and neonatal complicaƟ ons.
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Figure 1. Proposed pathway leading from air polluƟ on exposure during pregnancy to maternal and 

neonatal complicaƟ ons.

 

Maternal effects:
oxida�ve stress, systemic inflamma�on, endothelial 

dysfunc�on, subop�mal placenta�on, placental inflamma�on

Impaired placental func�on:
increased placental vascular resistance,

reduced transplacental oxygen and nutrient transport

Maternal blood pressure adapta�ons:
altered systolic and diastolic blood 

pressure pa�erns

Gesta�onal hypertensive complica�ons: 
gesta�onal hypertension, 

preeclampsia

Fetal growth adapta�ons: 
altered fetal growth pa�erns

Neonatal complica�ons:
preterm birth, low birth weight,

small size for gesta�onal age at birth

Air pollu�on (PM10 and NO2) exposure

OBJECTIVES

This thesis aims to reveal pathways underlying the associaƟ ons of air polluƟ on exposure 
during pregnancy with maternal and neonatal complicaƟ ons. 

The main objecƟ ves were:
1. To examine the associaƟ ons of air polluƟ on exposure during pregnancy with the risks 

of gestaƟ onal hypertensive complicaƟ ons and neonatal complicaƟ ons.
2. To examine the mechanisms that underlie the associaƟ ons of air polluƟ on exposure 

during pregnancy with maternal and neonatal complicaƟ ons. Mechanisms of interest 
are placental funcƟ on, infl ammatory responses, maternal blood pressure, and fetal 
growth. 
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SETTING

All studies described in this thesis were embedded in the GeneraƟ on R Study, a populaƟ on-
based prospecƟ ve cohort study from pregnancy onward in RoƩ erdam, the Netherlands. 
The GeneraƟ on R Study was designed to idenƟ fy early environmental and geneƟ c 
determinants of growth, development, and health during fetal life and childhood [24]. 
All pregnant women living in the study area with a delivery date between April 2002 and 
January 2006 were eligible for enrolment in the study. The aim was to enrol parƟ cipants 
during pregnancy, but enrolment was allowed unƟ l the birth of the child. In total, 9778 
women were included, of whom 8880 were enrolled in the prenatal part of the study. 
The largest ethnic groups were the Dutch, Surinamese, Turkish, and Moroccan. Data on 
pregnancy were collected on the basis of quesƟ onnaires, physical examinaƟ ons, fetal 
ultrasound examinaƟ ons, biological samples, and medical records completed by midwives 
and obstetricians. Physical assessments were performed in early pregnancy (gestaƟ onal 
age <18 weeks), mid-pregnancy (gestaƟ onal age 18-25 weeks), and late pregnancy 
(gestaƟ onal age ≥25 weeks), but the individual Ɵ me schemes depended on the specifi c 
gestaƟ onal age at enrolment [24]. Postnatal data was obtained by community health 
centers and quesƟ onnaires. From the age of 5 years onward, regular detailed hands on 
assessments are performed in all children and their parents in a research center [24]. The 
GeneraƟ on R study has been approved by the Medical Ethical CommiƩ ee of the Erasmus 
Medical Center RoƩ erdam. All parƟ cipants provided wriƩ en informed consent.

OUTLINE OF THESIS

In Chapter 2, we describe the methodology of the air polluƟ on exposure assessment for 
parƟ cipants of the GeneraƟ on R Study. These individual air polluƟ on exposure esƟ mates 
have been applied in a number of studies described in the next chapter. 
 Chapter 3 presents diff erent studies that examine the associaƟ ons of air polluƟ on 
with maternal and neonatal outcomes. In Chapter 3.1, we studied whether maternal 
air polluƟ on exposure was associated with maternal and fetal infl ammatory responses. 
Chapter 3.2 addresses the associaƟ ons of maternal air polluƟ on exposure with markers of 
placental growth and funcƟ on. In Chapter 3.3, we studied whether maternal air polluƟ on 
exposure was associated with blood pressure paƩ erns during pregnancy and the risks of 
gestaƟ onal hypertensive complicaƟ ons. Chapter 3.4 presents the associaƟ ons of maternal 
air polluƟ on exposure with fetal growth paƩ erns and the risks of neonatal complicaƟ ons. 
In Chapter 3.5, we assessed whether residenƟ al proximity to traffi  c, as an indicator of air 
polluƟ on exposure, was associated with the risks of maternal and neonatal complicaƟ ons. 
 Finally, Chapter 4 provides a general discussion of our and previous studies performed 
on maternal air polluƟ on exposure and pregnancy complicaƟ ons, and describes the 
implicaƟ ons, methodological consideraƟ ons, and suggesƟ ons for future research.
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ABSTRACT

Background: Previous studies suggest that pregnant women and children are parƟ cularly 
vulnerable to the adverse eff ects of air polluƟ on. A prospecƟ ve cohort study in pregnant 
women and their children enables idenƟ fi caƟ on of the specifi c eff ects and criƟ cal periods. 
This paper describes the design of air polluƟ on exposure assessment for parƟ cipants of the 
GeneraƟ on R Study, a populaƟ on-based prospecƟ ve cohort study from early pregnancy 
onwards in 9778 women in the Netherlands. 
Methods and Results: Individual exposures to PM10 and NO2 levels at the home address 
were esƟ mated for mothers and children, using a combinaƟ on of advanced dispersion 
modelling and conƟ nuous monitoring data, taking into account the spaƟ al and temporal 
variaƟ on in air polluƟ on concentraƟ ons. Full residenƟ al history was considered. We 
observed substanƟ al spaƟ al and temporal variaƟ on in air polluƟ on exposure levels. 
Conclusions: The GeneraƟ on R Study provides unique possibiliƟ es to examine eff ects of 
short- and long-term air polluƟ on exposure on various maternal and childhood outcomes 
and to idenƟ fy potenƟ al criƟ cal windows of exposure.
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INTRODUCTION

Air polluƟ on exposure has been associated with several adverse health eff ects, such as 
cardiovascular disease, respiratory disease, and total mortality [1-4]. Certain subgroups 
of the populaƟ on, including pregnant women and their unborn children, have been 
suggested to be more suscepƟ ble to the adverse eff ects of air polluƟ on [5, 6]. Literature 
on the specifi c eff ects of air polluƟ on exposure in pregnant women on outcomes such 
as infl ammaƟ on markers, placental funcƟ on, and blood pressure, is scarce. In contrast, 
research on the impact of air polluƟ on exposure on birth outcomes has increased in the 
last decade, which has led to a number of reviews summarizing the available evidence 
[7, 8]. Most rouƟ nely measured air pollutants (e.g., PM10, NO2, CO, O3, SO2) have been 
linked to increased risks of adverse birth out-comes [6]. However, results are not consistent 
between studies, with respect to the specifi c air pollutants, relevant exposure periods, 
and specifi c birth outcomes [7, 8]. RecommendaƟ ons for future research are to improve 
exposure assessment by incorporaƟ ng detailed informaƟ on on spaƟ al and temporal 
paƩ erns in air polluƟ on concentraƟ ons and to consider a greater variety of reproducƟ ve 
outcomes [9]. Furthermore, it is of interest to include noise exposure data in studies on 
traffi  c-related air polluƟ on exposure and health, since traffi  c is a major shared source for 
both air polluƟ on and noise [10-13]. 
 Dispersion models are applied to esƟ mate air polluƟ on concentraƟ ons in a study 
area, using data on emissions, meteorological condiƟ ons, and topography [14]. Despite 
the relaƟ vely costly data input, dispersion modelling is a promising method to obtain air 
polluƟ on esƟ mates for epidemiological studies, as it allows consideraƟ on of both spaƟ al 
and temporal variaƟ on without the need for extensive air polluƟ on monitoring. Dispersion 
models are increasingly used in combinaƟ on with geographic informaƟ on system (GIS) 
based methods. This introduces the possibility for spaƟ al linkage of geographically 
referenced data, such as residenƟ al addresses, road networks, polluƟ on sources, and 
street characterisƟ cs, which further enhances the quality of the modelling approach 
[14, 15]. 
 In this paper we describe the design of studies focused on the eff ects of air polluƟ on 
exposure on various health outcomes in mothers and children in the GeneraƟ on R 
Study. We describe the assessment of individual exposures to parƟ culate maƩ er with an 
aerodynamic diameter <10 μm (PM10) and nitrogen dioxide (NO2) at the home address, 
using a combinaƟ on of conƟ nuous monitoring data and GIS based dispersion modelling 
techniques, taking into account both the spaƟ al and temporal variaƟ on in air polluƟ on. 
In addiƟ on, we present the distribuƟ on of exposure levels for various relevant exposure 
periods in the prenatal and postnatal phase, and we present exposure levels according to 
maternal and infant characterisƟ cs.
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METHODS

Study design
The GeneraƟ on R Study is a populaƟ on-based prospecƟ ve cohort study from pregnancy 
onwards, which was designed to idenƟ fy early environmental and geneƟ c causes of normal 
and abnormal growth, development, and health during fetal life, childhood and adulthood. 
It has been described previously in detail [16, 17]. In brief, the cohort includes mothers and 
children of diff erent ethniciƟ es living in the city of RoƩ erdam, the Netherlands. Enrolment 
was aimed in early pregnancy (gestaƟ onal age <18 weeks), but was allowed unƟ l the birth 
of the child. Out of the total number of eligible children in the study area, 61 percent 
parƟ cipated in the study at birth. In total, 9778 mothers with a delivery date between 
April 2002 and January 2006 were enrolled in the study. Extensive assessments have 
been carried out in mothers and fathers and are currently performed in their children, 
who form a prenatally recruited birth cohort that will be followed unƟ l young adulthood. 
Data collecƟ on included quesƟ onnaires, detailed physical and ultrasound examinaƟ ons, 
behavioural observaƟ ons, and biological samples. Assessments in pregnancy were 
performed in each trimester. Assessments in the children in the preschool period (birth 
to age of 4 years) included a home-visit, quesƟ onnaires, and visits to the rouƟ ne child 
health centres. From the age of 5 years onward, regular detailed hands on assessments 
are performed in all children and their parents in a research center. The study protocol 
was approved by the Medical Ethical CommiƩ ee of Erasmus Medical Center, RoƩ erdam. 
WriƩ en informed consent was obtained from all parƟ cipants.

Air polluƟ on exposure assessment
Hourly concentraƟ ons of PM10 and NO2 at all addresses in the study area (northern part 
of RoƩ erdam) were assessed for the years 2001-2008, using advanced spaƟ otemporal 
dispersion modelling techniques in combinaƟ on with hourly air polluƟ on measurements 
at three conƟ nuous monitoring sites. A fl ow chart of the exposure assessment approach 
is presented in Figure 1. We took the following steps to assign exposure esƟ mates to the 
addresses in this area. 

Spa  al pa  ern
First, approximately 800,000 digital calculaƟ on points, further referred to as ‘receptors’, 
were assigned to the façades of all dwellings in the study area. For all receptors, annual 
average concentraƟ ons of PM10 and NO2 for the years 2001-2008 were calculated using 
GIS and the three Dutch naƟ onal standard methods for the calculaƟ on of air quality. These 
standard methods have been established by the Dutch government, and are designated 
to calculate the contribuƟ on of intra-urban road traffi  c, traffi  c on highways, and industrial 
and other point sources (standard calculaƟ on method 1, 2 and 3, respecƟ vely) [18]. 
Subsequently, in order to obtain spaƟ otemporal paƩ erns, spaƟ ally resolved annual 
concentraƟ ons were calculated for eight diff erent wind condiƟ ons (wind direcƟ on: north/
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east/south/west; wind velocity: light/strong), resulƟ ng in an averaged spaƟ ally resolved 
concentraƟ on paƩ ern for each wind class. 

Figure 1. Flow chart of the air polluƟ on exposure assessment.

Spa�al distribu�on of annual average concentra�ons 
for eight different wind condi�ons

Calculated using dispersion modelling (which included the Dutch na�onal 
standard methods for calcula�on of air quality)

Sources: intra-urban traffic, highway traffic, industrial and 
other point sources, shipping, and household

Interpola�on 
of spa�al distribu�ons
For hourly wind condi�ons

Hourly spa�al distribu�ons, 
corresponding to hourly wind condi�ons

Adjustment
for fixed temporal pa�erns in 
source contribu�ons

Calibra�on
of modelled concentra�ons against 
measured concentra�ons (hourly 
at 3 con�nuous monitoring sta�ons)

Hourly concentra�ons
at each receptor

Input data for the calculaƟ ons were traffi  c characterisƟ cs (including annual traffi  c 
intensiƟ es, traffi  c composiƟ on, and traffi  c speed), road characterisƟ cs, buildings and 
ground characterisƟ cs, and annual emissions from traffi  c, shipping, industry, and 
households. Detailed digital maps with informaƟ on on geographic locaƟ ons and traffi  c 
characterisƟ cs for roads in the study area were obtained from the local authoriƟ es of 
RoƩ erdam. Traffi  c intensity data was supplied by the DCMR Environmental ProtecƟ on 
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Agency Rijnmond (DCMR). Emission sources and emission data were obtained from the 
NaƟ onal InsƟ tute for Public Health and the Environment (RIVM) and the DCMR. Hourly 
meteorological data was obtained from observaƟ ons at RoƩ erdam The Hague Airport, 
performed by the Royal Netherlands Meteorological InsƟ tute (KNMI).

Temporal pa  ern 
To account for temporal variaƟ on due to diff erent wind condiƟ ons, for each hour we 
derived the corresponding spaƟ al distribuƟ on for the prevailing wind direcƟ on and wind 
speed at that specifi c hour, by means of interpolaƟ on between the eight characterisƟ c 
spaƟ al distribuƟ ons. Subsequently, the spaƟ al distribuƟ ons that corresponded to the 
hourly wind condiƟ ons were adjusted for fi xed temporal paƩ erns of source acƟ viƟ es. 
In this way, we accounted for temporal fl uctuaƟ ons in the contribuƟ on of air polluƟ on 
sources during the month, week (e.g., working days and weekend days), and day (e.g., 
morning and evening rush hour). The adjustment for temporal paƩ erns was performed 
for traffi  c and household emissions. Traffi  c is the source with the strongest fl uctuaƟ ons 
in emissions within 24 hours. This 24h-paƩ ern is fairly stable for working days and 
weekend days. Hence, the contribuƟ on of traffi  c was scaled using an average hourly 
traffi  c intensity paƩ ern (based on traffi  c counts), thereby deriving hourly intensiƟ es. We 
also considered the Ɵ me dependence of household emissions, by applying a 24h-paƩ ern, 
and we applied a funcƟ on for outdoor temperature dependence to account for seasonal 
fl uctuaƟ ons. These funcƟ ons were derived from energy use staƟ sƟ cs. In this way, hourly 
household emissions were esƟ mated from annual household emissions. Emissions from 
industrial sources do not contribute signifi cantly to small-scale variaƟ ons in air polluƟ on 
concentraƟ ons. Emissions from shipping are quite stable over Ɵ me and also display 
relaƟ vely small temporal fl uctuaƟ ons. Therefore, these emissions were not adjusted for 
fi xed temporal paƩ erns. Nevertheless, even if some small-scale variaƟ ons had occurred as 
a result of these emissions, the diff erence would have been corrected for in the next step 
(adjustment for hourly background concentraƟ ons). 

Adjustment for background concentra  ons
The modelled hourly concentraƟ ons were adjusted for background concentraƟ ons, in 
order to take into account the temporal fl uctuaƟ ons in background concentraƟ ons. This 
was done using conƟ nuous hourly monitoring data from three monitoring staƟ ons in the 
study area. The measured air polluƟ on concentraƟ ons at these staƟ ons are considered 
as the sum of the background concentraƟ on and the contribuƟ on from local emission 
sources. We modelled the contribuƟ on of local emission sources to the PM10 and NO2 
concentraƟ ons at the three monitoring staƟ ons. Subsequently, we subtracted the hourly 
modelled contribuƟ ons from the hourly measured concentraƟ ons at the staƟ ons, thereby 
deriving an hourly esƟ mate for the background concentraƟ ons. The hourly esƟ mates 
for the background concentraƟ ons at the three staƟ ons were averaged, which yielded 
an average hourly background concentraƟ on for the study area. In the adjustment 
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procedure, this average hourly background concentraƟ on was added to the modelled 
hourly contribuƟ ons at the home addresses, in order to take into account the background 
concentraƟ on. 
 ConƟ nuous air polluƟ on monitoring data was provided by DCMR. Missing values 
for PM10 concentraƟ ons at the three monitoring staƟ ons were imputed with hourly 
concentraƟ ons derived from the large-scale concentraƟ on database for air polluƟ on 
in the Netherlands (generally referred to as ‘GCN map’) published by the Netherlands 
Environmental Assessment Agency (PBL), the naƟ onal insƟ tute for policy analysis in the 
fi eld of environment, nature and spaƟ al planning. The hourly concentraƟ ons in the GCN 
database are esƟ mated on the basis of hourly measurements from the NaƟ onal Air Quality 
Monitoring Network (LML), emission data, and modelling. The developed naƟ onwide 
concentraƟ on maps are updated annually and provide a best currently available esƟ mate 
of large-scale air quality [19].

Modelling performance
As described above, the fi rst step in our modelling procedure involved the assessment 
of annual average PM10 and NO2 concentraƟ ons, using a combinaƟ on of the three Dutch 
standard methods. The performance of this modelling procedure based on (a combinaƟ on 
of) the three standard methods has been evaluated by two previous studies in the same 
study area. These studies reported a good agreement between predicted annual average 
PM10 and NO2 concentraƟ ons and concentraƟ ons measured at monitoring staƟ ons 
[20, 21]. More specifi cally, Beelen et al., who performed the most extensive validaƟ on 
study, found a correlaƟ on of 0.77 between modelled and measured NO2 concentraƟ ons 
[20]. Our dispersion modelling approach, resulƟ ng in hourly average concentraƟ ons, is 
a refi nement of this former modelling procedure. An addiƟ onal validaƟ on study of this 
refi ned modelling procedure was not feasible within the scope of this project.

Exposure assignment
For each dwelling, the receptor at the most exposed façade was selected, and the 
corresponding air polluƟ on values were assigned to the address. We obtained full residenƟ al 
history of the parƟ cipants by combining the address data collected by quesƟ onnaires 
with data from the local authoriƟ es of RoƩ erdam. It was ascertained that the residenƟ al 
history covered the period from pregnancy onward. We calculated exposure esƟ mates 
for the parƟ cipants using the following approach. Derived from the hourly concentraƟ ons 
of PM10 and NO2, we constructed a database containing daily averages (24h) for every 
address, for the years 2001-2008. Allowing for residenƟ al mobility, air polluƟ on exposure 
esƟ mates were linked to the diff erent home addresses of the parƟ cipants throughout the 
study period. This yielded a database with individual exposures, which can be used to 
derive average exposure esƟ mates for any period between 2001 and 2008, depending on 
the specifi c research quesƟ on. For the present paper, we describe air polluƟ on exposure 
esƟ mates for a number of pregnancy and childhood periods, to illustrate the distribuƟ on 
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of exposure levels in parƟ cipants in these potenƟ al sensiƟ ve periods. More specifi cally, 
we derived exposures for the following periods: fi rst trimester, second trimester, third 
trimester, total pregnancy, birth unƟ l 6 months postnatally, and 7 unƟ l 12 months 
postnatally. Exposures were only calculated for periods with less than 20-25% of the daily 
averages missing. For the other periods, air polluƟ on exposures were set to missing.

StaƟ sƟ cal analyses
DescripƟ ve analyses were performed for all air polluƟ on exposure averages, including the 
evaluaƟ on of the Pearson correlaƟ on coeffi  cients between the diff erent exposure averages. 
In addiƟ on, we examined mean maternal PM10 and NO2 exposure levels during total 
pregnancy according to maternal characterisƟ cs and infant characterisƟ cs. InformaƟ on 
on these characterisƟ cs was obtained from quesƟ onnaires in pregnancy and from 
medical records, as described in the following Chapters of this thesis. Road traffi  c noise 
exposure was assessed at the home address at delivery in accordance with requirements 
of the European Union (EU) Environmental Noise DirecƟ ve [22]. Supplementary File 
S1 and Supplementary Table S1 provide more detailed informaƟ on on the raƟ onale to 
assess noise exposure levels, the assessment procedure, and the distribuƟ on of noise 
exposure levels in our study cohort. InformaƟ on on average neighbourhood income was 
obtained from StaƟ sƟ cs Netherlands as neighbourhoods’ average disposable income per 
income receiver in the year 2004, and classifi ed into: low (<1400 euro/month), moderate 
(1400-2200 euro/month), and high (>2200 euro/month). Season of concepƟ on and 
season of birth were categorized as winter (December to February), spring (March to 
May), summer (June to August), and fall (September to November). For all maternal and 
infant characterisƟ cs, we performed a one-way ANOVA followed by Bonferroni’s post 
hoc comparison tests to examine the diff erences in mean air polluƟ on exposure levels 
compared with the reference group. All staƟ sƟ cal analyses were performed using PASW 
version 17.0 for Windows (PASW Inc., Chicago, IL, USA).

RESULTS

Air polluƟ on exposure in the study cohort
Of the 9778 women, exposure esƟ mates could not be calculated for 149 mothers because 
they had an aborƟ on (n=29) or intrauterine death (n=75), or were lost-to-follow up (n=45), 
and consequently no informaƟ on was available on the date of concepƟ on and delivery. 
For the remaining 9629 women (and their 9748 children), 12188 addresses were available 
for the Ɵ me period presented here (concepƟ on unƟ l the fi rst year postnatally). Of all 
women, 74% did not move in this period, 25% changed residence once, and less than 1% 
moved two or three Ɵ mes. Of the 12188 addresses, 10518 (86%) could be linked to the 
air polluƟ on exposure database, and 1938 addresses could not be linked. This was either 
due to missing address informaƟ on, incompaƟ ble street number suffi  ces, or to addresses 
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situated outside of the study area of the GeneraƟ on R Study [16]. As a result, air polluƟ on 
exposure esƟ mates for the present paper were available for 8810 mothers and 8921 
children.
 Table 1 presents the distribuƟ on of maternal PM10 and NO2 levels for a number of 
illustraƟ ve prenatal and postnatal periods. The number of parƟ cipants with available 
exposure data varied for the specifi c periods. On average, PM10 and NO2 exposure levels 
during fi rst trimester were higher than during second and third trimester, and postnatal 
exposure levels were lower than prenatal exposure levels. This can be explained by the 
decreasing trend in air polluƟ on levels throughout the study period. Mean air polluƟ on 
exposure levels during pregnancy were 30.2 μg/m3 (range 23.1 to 39.9) for PM10 and 
39.7 μg/m3 (range 25.3 to 56.9) for NO2 (Table 1). On average, these levels are below the 
European Union annual limit values (40 μg/m3 for both PM10 and NO2) that are defi ned 
for protecƟ on of human health [23], but a substanƟ al proporƟ on of the women was 
exposed to levels higher than these limit values. Moreover, it has been acknowledged 
that signifi cant health eff ects may occur even below the current limit values [24]. 

Table 1. DistribuƟ on of maternal PM10 and NO2 exposure levels for diff erent prenatal and postnatal 

periods.

N Minimum 25th 
percenƟ le

Mean Median 75th 
percenƟ le

Maximum

PM10 exposure (μg/m3) 

Prenatal

First trimester 7894 22.0 27.7 30.6 30.5 33.4 43.1

Second trimester 8311 21.3 26.2 30.1 29.5 33.3 45.6

Third trimester 8438 22.0 26.6 29.8 29.8 32.0 43.5

Total pregnancy 7877 23.1 27.7 30.2 29.9 32.8 39.9

Postnatal

Month 0-6 8381 22.7 27.3 29.5 29.3 31.4 39.9

Month 7-12 8082 22.8 27.0 28.8 28.7 30.5 39.3

NO2 exposure (μg/m3)

Prenatal

First trimester 7893 21.4 36.9 40.2 40.6 43.5 58.5

Second trimester 8310 20.2 35.2 39.6 40.5 43.9 59.7

Third trimester 8434 21.3 35.4 39.3 39.9 43.2 58.8

Total pregnancy 7889 25.3 37.0 39.7 39.5 42.2 56.9

Postnatal

Month 0-6 8389 24.2 36.3 39.4 39.5 42.5 59.3

Month 7-12 8082 24.1 35.5 38.6 38.6 41.6 58.0

Air polluƟ on exposure was esƟ mated for diff erent prenatal and postnatal periods: fi rst trimester (0-18 
weeks), second trimester (18-25 weeks), third trimester (25 weeks-delivery), total pregnancy, month 0-6 
postnatally, and month 7-12 postnatally. 
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Epidemiological studies oŌ en evaluate associaƟ ons for air polluƟ on exposure levels in 
diff erent periods, in order to examine the relevant exposure periods, which is informaƟ ve 
only if the correlaƟ ons among these exposure levels are not too high. Table 2 shows that 
Pearson correlaƟ on coeffi  cients between the diff erent air polluƟ on exposure averages for 
the present paper varied between 0.02 and 0.83. CorrelaƟ ons among exposure averages 
for the fi rst, second, and third trimester were moderate (PM10: r=0.31 to 0.48, NO2: 
r=0.17 to 0.48). CorrelaƟ ons between exposure averages for the separate trimesters with 
exposure averages for the total pregnancy period were higher (PM10: r=0.73 to 0.83, NO2: 
r=0.43 to 0.51). CorrelaƟ ons between prenatal and postnatal exposure averages were low 
for PM10 (r=0.13 to 0.29), and somewhat higher for NO2 (r=0.22 to 0.78). PM10 and NO2 
exposures averages for the same period were moderately correlated (r=0.58 to 0.66).
 There was substanƟ al spaƟ al and temporal variaƟ on in air polluƟ on exposure 
levels (Figures 2 and 3). Figure 2 presents maps of the spaƟ al distribuƟ on of PM10 and 
NO2 concentraƟ ons in the study area, demonstraƟ ng diff erences in annual average 
concentraƟ ons up to 4-8 μg/m3 between urban and suburban areas. Figure 3 presents the 
temporal variaƟ on in PM10 and NO2 exposure levels esƟ mated at two diff erent locaƟ ons in 
the study area (one situated in the city center and one situated in a suburb of RoƩ erdam). 
Especially for NO2, substanƟ al diff erences were observed between the two locaƟ ons.
 For illustraƟ ve purposes, we present mean maternal air polluƟ on exposure during 
total pregnancy according to maternal characterisƟ cs (Table 3) and infant characterisƟ cs 
(Table 4). Table 3 shows that PM10 and NO2 exposure levels were higher for mothers who 
were younger than 25 years, of non-Dutch ethnicity, nulliparous, were exposed to higher 
noise levels, lived in a low neighbourhood income area, and whose concepƟ on occurred 
in summer or fall. In addiƟ on, NO2 exposure was slightly higher in women who conƟ nued 
smoking, and PM10 exposure was higher in women who conƟ nued to consume alcohol 
during pregnancy. There was a clear decrease in air polluƟ on exposure over Ɵ me: women 
whose concepƟ on fell between 2001 and 2003 were exposed to higher PM10 and NO2 
levels during pregnancy than women with a concepƟ on date in 2004 or 2005. Table 4 
shows that mothers were exposed to higher PM10 and NO2 levels when they gave birth in 
spring or summer, compared with winter or fall. Mean exposure levels according to the 
year of birth also showed a decreasing trend in air polluƟ on concentraƟ ons between 2002 
and 2006. 
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Figure 2. Maps illustraƟ ng the spaƟ al distribuƟ on of PM10 and NO2 concentraƟ ons in the study area.

a. PM10 concentraƟ on

b. NO2 concentraƟ on

The maps show the surface water (in blue) and the spaƟ al distribuƟ on of PM10 and NO2 concentraƟ ons (see 
legends) in the study area. Areas without addresses remain white on the maps. The presented PM10 and NO2 
concentraƟ ons are annual average concentraƟ ons in 2003 for the addresses in the study area. These fi gures 
are only presented as an illustraƟ on, since daily average concentraƟ ons in 2001-2008 were used to calculate 
individual exposures.
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Figure 3. IllustraƟ on of the temporal variaƟ on in of PM10 and NO2 exposure levels in the study area.

a. PM10 concentraƟ on

b. NO2 concentraƟ on

EsƟ mated PM10 and NO2 concentraƟ ons in 2003 at two diff erent locaƟ ons in the study area. LocaƟ on 1 is 
located in the city center, whereas locaƟ on 2 is situated in a suburb of RoƩ erdam.
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Table 3. Maternal air polluƟ on exposure during pregnancy according to maternal characterisƟ cs.

Maternal characteris  cs N PM10 exposure (μg/m3)
Mean (SD)

NO2 exposure (μg/m3)
Mean (SD)

Age

<25 years 1446 30.5 (3.2) * 40.4 (3.8) *

25-30 years (Reference) 2051 30.2 (3.1) 39.8 (4.2)

30-35 years 2998 30.1 (3.2) 39.5 (4.4) *

>35 years 1395 30.0 (3.2) 39.5 (4.3)

Body mass index

<20 kg/m2 627 30.5 (3.2) 40.3 (4.2)

20-25 kg/m2 (Reference) 3714 30.3 (3.2) 39.8 (4.2)

25-30 kg/m2 1843 30.3 (3.1) 39.8 (4.1)

>30 kg/m2 972 30.0 (3.2) 39.6 (4.0)

Missing 734 29.1 (3.1) ** 38.6 (4.7) **

Ethnicity

Dutch/Caucasian (Reference) 4268 30.1 (3.2) 39.4 (4.5)

Turkish 622 30.1 (3.0) 40.2 (3.5) **

Moroccan 489 30.2 (3.0) 40.1 (3.5) *

Surinamese 619 30.6 (3.2) * 40.2 (4.0) **

Other 1151 30.4 (3.3) * 40.3 (4.1) **

Missing 741 29.8 (3.0) 40.1 (4.0) **

EducaƟ onal level

No educaƟ on/primary 757 30.3 (3.1) 40.0 (3.6)

Secondary 3102 30.3 (3.2) 39.7 (4.3)

Higher (Reference) 3132 30.1 (3.2) 39.6 (4.4)

Missing 899 29.8 (3.0) 40.1 (4.0) *

Parity

Nulliparous (Reference) 4129 30.3 (3.2) 40.0 (4.3)

MulƟ parous 3528 30.1 (3.1) * 39.5 (4.1) **

Missing 233 29.4 (3.1) ** 38.8 (4.5) **

Smoking in pregnancy

No (Reference) 4616 30.2 (3.2) 39.7 (4.2)

First trimester only 527 30.5 (3.3) 40.1 (4.6)

ConƟ nued 1059 30.5 (3.2) 40.2 (4.2) *

Missing 1688 29.6 (2.9) ** 39.5 (4.2)

Alcohol use in pregnancy

No (Reference) 3022 30.2 (3.2) 39.8 (4.1)

First trimester only 820 30.2 (3.2) 39.6 (4.4)

ConƟ nued 2415 30.4 (3.2) * 39.9 (4.3)

Missing 1633 29.7 (2.9) ** 39.5 (4.2)
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Table 3. ConƟ nued

Maternal characterisƟ cs N PM10 exposure (μg/m3)
Mean (SD)

NO2 exposure (μg/m3)
Mean (SD)

Noise exposure

<50 dB(A) 2985 29.6 (3.0) ** 37.9 (3.3) **

50-65 dB(A) (Reference) 4016 30.2 (3.1) 39.8 (3.6)

>65 dB(A) 791 32.2 (3.5) ** 46.0 (4.3) **

Missing 91 29.8 (3.1) 40.0 (4.0)

Neighbourhood income

Low 1141 30.9 (2.9) ** 41.0 (3.2) **

Moderate (Reference) 4678 30.0 (3.1) 39.6 (4.2)

High 1945 30.2 (3.2) 39.6 (4.5)

Missing 126 28.4 (3.2) ** 35.2 (5.5) **

Season of concepƟ on

Winter (Reference) 2184 29.9 (3.8) 38.8 (4.5)

Spring 1850 39.7 (2.6) 38.9 (4.1)

Summer 1810 30.5 (2.4) ** 41.1 (3.8) **

Fall 2046 30.5 (3.4) ** 40.3 (3.9) **

Year of concepƟ on

2001 (Reference) 345 34.6 (1.3) 39.6 (3.4)

2002 2161 33.1 (1.6) ** 41.8 (3.8)

2003 2468 29.5 (3.0) ** 39.9 (4.2) **

2004 2460 28.0 (2.0) ** 38.2 (3.9) **

2005 456 28.4 (1.2) ** 37.4 (4.1) **

** P< 0.01; * P<0.05
Values are mean PM10 and NO2 exposure levels for the total pregnancy period. P-values are based on One-way 
ANOVA followed by Bonferroni’s post hoc comparison tests to examine the diff erences in means compared 
with the Reference group.
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Table 4. Maternal air polluƟ on exposure during total pregnancy according to infant characterisƟ cs.

Child characterisƟ cs N PM10 exposure (μg/m3)
Mean (SD)

NO2 exposure (μg/m3)
Mean (SD)

GestaƟ onal age at birth

<37 weeks 463 30.4 (3.3) 40.0 (4.5)

37-42 weeks (Reference) 6871 30.2 (3.1) 39.7 (4.2)

≥42 weeks 556 30.1 (3.3) 39.7 (4.1)

Birth weight

<2500 grams 359 30.4 (3.1) 40.0 (4.4)

2500-4500 grams (Reference) 7194 30.2 (3.2) 39.7 (4.2)

>4500 grams 337 30.0 (3.2) 39.6 (4.3)

Season of birth

Winter (Reference) 1856 29.7 (2.7) 38.9 (4.1)

Spring 1781 30.4 (2.3) ** 41.0 (3.8) **

Summer 2098 30.5 (3.4) ** 40.4 (4.0) **

Fall 2155 30.0 (3.8) 38.7 (4.5)

Year of birth

2002 (Reference) 696 33.6 (1.7) 39.6 (3.5)

2003 2406 33.2 (1.6) ** 41.9 (3.9) **

2004 2548 27.6 (2.4) ** 39.0 (4.2) *

2005 2214 28.8 (1.5) ** 38.3 (3.9) **

2006 26 27.8 (1.3) ** 36.8 (4.1) *

** P< 0.01; * P<0.05
Values are mean PM10 and NO2 exposure levels for the total pregnancy period. P-values are based on One-way 
ANOVA followed by Bonferroni’s post hoc comparison tests to examine the diff erences in means compared 
with the Reference group.

DISCUSSION

For the parƟ cipants of this large populaƟ on-based cohort study, we assessed individual 
air polluƟ on exposure at the home address using advanced state-of-the-art methods. 
By using a combinaƟ on of GIS based dispersion modelling and conƟ nuous monitoring 
data, we were able to take into account the spaƟ al and temporal variaƟ on in air polluƟ on 
concentraƟ ons. The individual exposure esƟ mates can be used in further epidemiological 
studies that examine air polluƟ on eff ects in this populaƟ on of mothers and children. 

Air polluƟ on exposure
In our air polluƟ on exposure assessment procedure, we were able to consider fi ne spaƟ al 
and temporal contrasts in exposure by using a combinaƟ on of dispersion modelling 
and conƟ nuous monitoring. The high temporal resoluƟ on enables invesƟ gaƟ on of 
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relaƟ vely short exposure windows (e.g., total pregnancy, trimesters, or months) that are 
parƟ cularly of interest in pregnant women and children. It also facilitates idenƟ fi caƟ on of 
criƟ cal windows of exposure. These short-term exposure windows cannot be examined in 
studies with only annual average concentraƟ ons. In examinaƟ on of the diff erent exposure 
windows, the (possibly) moderate to high correlaƟ ons among some of the exposure 
averages need to be considered when interpreƟ ng the results. Next to a high temporal 
resoluƟ on, detailed informaƟ on on spaƟ al contrasts in air polluƟ on exposure is required, 
since ambient air pollutants display signifi cant small-scale spaƟ al variaƟ on. This intra-
urban spaƟ al variaƟ on has been documented especially for traffi  c-related pollutants such 
as NO2, black smoke, elemental carbon, ultrafi ne parƟ cles, and to a lesser extent for PM10 
and PM2.5 [25, 26]. Our exposure esƟ mates have been used in the studies presented in this 
thesis, which suggest that exposure to air polluƟ on during pregnancy may aff ect maternal 
and fetal health (see Chapters 3.1 to 3.4). 
 We explored whether air polluƟ on exposure levels were diff erenƟ ally distributed 
according to maternal and infant characterisƟ cs. AssociaƟ ons between air polluƟ on 
exposure and health may be subject to confounding, if sociodemographic and lifestyle-
related factors are associated both with air polluƟ on exposure and with health. Our 
illustraƟ ve fi ndings suggest that in our cohort, air polluƟ on exposure may be diff erenƟ ally 
distributed according to age, ethnicity, parity, neighbourhood income area, smoking, and 
alcohol consumpƟ on. This stresses the importance to account for these factors when 
analyzing the associaƟ ons between air polluƟ on exposure and health.
 RoƩ erdam is the second largest city in the Netherlands with a high populaƟ on 
density and the largest port of Europe. It is characterized by high emissions from road 
traffi  c, shipping, households, and industry. A few recent European studies assessed air 
polluƟ on exposure in pregnant women using land-use regression modelling approaches 
that also considered spaƟ otemporal variaƟ on in exposure [27-30]. In these studies, mean 
NO2 exposure levels esƟ mated for the enƟ re pregnancy were slightly lower than those 
obtained in our cohort (i.e., around 36-37 μg/m3 compared with 40 μg/m3 in our cohort). 
None of the studies assessed PM10 exposure. The diff erences in exposure levels can be 
explained by various factors, including the geographic locaƟ on and urbanizaƟ on degree of 
the study area, study period (season and year), modelling approach, input data, climate, 
meteorological condiƟ ons, and polluƟ on sources.
 Traffi  c-related air polluƟ on is a complex mixture of several pollutants. We assessed 
exposure to PM10 and NO2 in our cohort, because these pollutants have been rouƟ nely 
measured in the NaƟ onal Air Quality Monitoring Network during the study period, and 
they oŌ en exceed the air quality standards at locaƟ ons near heavy traffi  c. Furthermore, 
PM10 and NO2 can be regarded as markers for the traffi  c-related air polluƟ on mixture and 
have been associated with several adverse health eff ects [1, 2, 9, 31-33]. Other components 
that may be relevant for health (PM2.5, black smoke) have not been monitored during 
the study period and could therefore not be assessed. Up to now, we have assessed air 
polluƟ on exposure unƟ l the year 2008, and we are planning to update this data for future 
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years when the relevant monitoring data will be available (for PM10, NO2, and specifi c 
components). In addiƟ on, exposure to other ‘criteria’ air pollutants such as SO2 and CO 
could be esƟ mated in the future using the same modelling procedure.
 Assigning exposures based on the home address at Ɵ me of delivery may introduce 
exposure misclassifi caƟ on as a number of women change their address during pregnancy 
[34], and are thus exposed to diff erent levels of air polluƟ on. We obtained full residenƟ al 
history of the parƟ cipants, which showed that 26% of the women moved at least once 
in the period between concepƟ on and the fi rst year postnatally. Air polluƟ on exposure 
esƟ mates were assessed for the diff erent prenatal and postnatal addresses. There can sƟ ll 
be misclassifi caƟ on of air polluƟ on exposure, since exposure levels were esƟ mated at the 
home address, and people do not spend all of their Ɵ me at home. Indoor, occupaƟ onal, or 
commuƟ ng sources of air polluƟ on have not been captured in our modelling procedures. 
The extent of the possible misclassifi caƟ on may be minor in this specifi c populaƟ on, as 
pregnant women are likely to spend more Ɵ me at home than non-pregnant individuals, 
especially in the last stage of pregnancy [35].
 There is increasing awareness of the importance to incorporate informaƟ on on 
noise exposure in studies on traffi  c-related air polluƟ on exposure and health [10-13]. Thus 
far, few studies have included both air polluƟ on and noise when invesƟ gaƟ ng health 
outcomes [10, 36-38]. In our studies on air polluƟ on and pregnancy outcomes, we included 
informaƟ on on noise exposure, in order to adjust for its potenƟ al confounding eff ect (see 
Chapters 3.1 to 3.4). 

Conclusion
Detailed air polluƟ on exposure levels are available for mothers, fathers, and children in 
the GeneraƟ on R Study and eff orts are ongoing to update these exposures. The individual 
exposure esƟ mates can be used in further epidemiological studies focused on the eff ects 
of prenatal and postnatal air polluƟ on exposure on various health outcomes in mothers 
and children, including reproducƟ ve outcomes, growth and development, cogniƟ ve 
funcƟ on, respiratory funcƟ on, and cardiovascular outcomes. The combinaƟ on with other 
detailed data (noise levels, biomarkers, and geneƟ cs) enables in-depth invesƟ gaƟ ons and 
idenƟ fi caƟ on of criƟ cal windows of exposure.
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SUPPLEMENTARY MATERIAL

Supplementary File S1. Road traffi  c noise exposure assessment 
There is increasing awareness of the importance to incorporate informaƟ on on noise 
exposure in studies on traffi  c-related air polluƟ on exposure and health [1-4]. Thus far, few 
studies have included both air polluƟ on and noise when invesƟ gaƟ ng health outcomes 
[4-7]. The exact mechanisms through which air polluƟ on and noise contribute to adverse 
health eff ects may diff er, however some pathways may be related. Noise is hypothesized to 
induce stress responses, which may result in altered funcƟ on of the sympatheƟ c autonomic 
nervous system, endocrine systems, and immune system [8, 9], leading to alteraƟ ons in 
cardiovascular, haematological, and immunological parameters [8]. SubstanƟ al evidence 
indicates an eff ect of traffi  c-related noise exposure on cardiovascular endpoints such as 
hypertension and ischemic heart disease [4, 10, 11]. 
 We assessed road traffi  c noise exposure at all addresses in the study area (northern 
part of RoƩ erdam). The method has been described previously in more detail [4, 12]. 
Briefl y, noise exposure was assessed using Standard Noise Mapping Method 2 (SKM2) [13], 
which is the sophisƟ cated version of the Dutch standard method for noise modelling and 
producing noise maps, in accordance with requirements of the EU Environmental Noise 
DirecƟ ve [14]. Noise exposure levels were expressed in the standard noise metric Lden (day, 
evening, night), a measure of annual average sound levels. Input data for the calculaƟ ons 
were detailed digital maps with informaƟ on on the geographic locaƟ on of buildings and 
ground characterisƟ cs, and a digital map describing the geographic locaƟ on of roads and 
the traffi  c characterisƟ cs for each road segment. The laƩ er was provided by the local 
authoriƟ es of RoƩ erdam for the current situaƟ on at Ɵ me of the study (base year 2004). 
This data can be reasonably applied to adjacent years, as the road network is assumed to 
be relaƟ vely constant, with only small (if any) but equal changes in noise exposure across 
the populaƟ on. We assessed the road traffi  c noise level at the most exposed façade of the 
dwelling of every address in the study area. Very low levels of noise exposure (<45 dB(A)) 
were recoded as 45 dB(A) because this is considered a lower limit of ambient noise in an 
urban surrounding. To each parƟ cipant, we assigned the noise exposure level calculated at 
the home address at Ɵ me of the specifi c measurement (during pregnancy or at delivery).
 In Supplementary Table S1, we present the distribuƟ on of the noise exposure levels 
based on the home address at Ɵ me of concepƟ on and at Ɵ me of delivery. Both at Ɵ me of 
concepƟ on and delivery, approximately 10% of the women was exposed to noise values 
above 65 dB(A), which is considered as unacceptable by the European Commission [15]. 
Noise exposure levels at Ɵ me of concepƟ on and at Ɵ me of delivery were highly correlated 
(Pearson correlaƟ on coeffi  cient r=0.90). This was expected, as the esƟ mated noise levels 
refl ect long-term exposures. Any observed diff erences in the distribuƟ ons of the two 
variables are merely the result of residenƟ al changes during pregnancy, and hence a 
diff erent number of parƟ cipants with available address informaƟ on. CorrelaƟ ons between 
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noise exposure levels and air polluƟ on exposure averages were low to moderate (PM10: 
r=0.15 to 0.28, NO2: r=0.37 to 0.56, results not shown). 
 Noise exposure was calculated with a detailed model that takes into account the small-
scale intra-urban contrasts in the study area. This approach reduces the misclassifi caƟ on 
of noise exposure that may occur in studies where exposure is based for example on 
calculaƟ ons for a coarse grid or on subjecƟ ve informaƟ on such as quesƟ onnaire data. 
Furthermore, both air polluƟ on and noise exposure were assessed using the same spaƟ al 
input data, and for the same locaƟ ons (the façades of parƟ cipants’ home addresses). 
This minimizes any potenƟ al bias that could arise from diff erences in spaƟ al resoluƟ on. 
Nevertheless, we cannot exclude the possibility that the correlaƟ ons between air polluƟ on 
and noise exposure esƟ mates were underesƟ mated, since both exposures were derived 
from modelling procedures [3].

Supplementary Table S1. DistribuƟ on of maternal noise exposure levels (Lden) in the study cohort.

Noise exposure (dB(A)) N Minimum 25th 
percenƟ le

Mean Median 75th 
percenƟ le

Maximum

Based on home address 
at concepƟ on

7724 45.0 47.6 54.3 52.7 60.8 76.5

Based on home address 
at delivery

8608 45.0 47.5 54.2 52.6 60.6 76.5
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ABSTRACT

Background: Exposure to air polluƟ on has been associated with higher C-reacƟ ve 
protein (CRP) levels, suggesƟ ng an infl ammatory response. Not much is known about 
this associaƟ on in pregnancy. We invesƟ gated the associaƟ ons of air polluƟ on exposure 
during pregnancy with maternal and fetal CRP levels in a populaƟ on-based cohort study 
in the Netherlands.
Methods: PM10 and NO2 levels were esƟ mated at the home address using dispersion 
modelling for diff erent averaging periods preceding the blood sampling (1 week, 2 weeks, 
4 weeks, and total pregnancy). High-sensiƟ vity CRP levels were measured in maternal 
blood samples in early pregnancy (n=5067) and in fetal cord blood samples at birth 
(n=4450).
Results: As compared to the lowest quarƟ le, higher PM10 exposure levels for the prior one 
and two weeks were associated with elevated maternal CRP levels (>8 mg/L) in the fi rst 
trimester (odds raƟ o (OR) 1.32, 95% confi dence interval (CI) 1.08 to 1.61 for the fourth 
PM10 quarƟ le for the prior week, and OR 1.28, 95% CI 1.06 to 1.56 for the third PM10 
quarƟ le for the prior two weeks), however, no clear dose-response relaƟ onships were 
observed. PM10 and NO2 exposure levels for one, two, and four weeks preceding delivery 
were not consistently associated with fetal CRP levels at delivery. Higher long-term PM10 
and NO2 exposure levels (total pregnancy) were associated with elevated fetal CRP levels 
(>1 mg/L) at delivery (OR 2.18, 95% CI 1.08 to 4.38 and OR 3.42, 95% CI 1.36 to 8.58 for 
the fourth quarƟ les of PM10 and NO2, respecƟ vely; P-values for trend <0.05).
Conclusions: Our results suggest that exposure to air polluƟ on during pregnancy may lead 
to maternal and fetal infl ammatory responses.
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INTRODUCTION

C-reacƟ ve protein (CRP) is an acute phase reactant and a frequently used marker of low 
grade systemic infl ammaƟ on, which levels increase in response to both infecƟ ous and 
non-infecƟ ous sƟ muli [1]. CRP levels have been suggested to increase during pregnancy, 
due to the maternal infl ammatory response to the pregnancy [2, 3]. Among pregnant 
women, elevated CRP levels have been associated with adverse outcomes such as preterm 
delivery, preeclampsia, and fetal growth restricƟ on [4-8]. AddiƟ onally, elevated CRP levels 
in umbilical cord blood have been reported in infants being born small for gestaƟ onal age 
[9, 10].
 CRP levels might increase in response to air polluƟ on exposure. Previous studies 
have linked air polluƟ on exposure to increased CRP levels in various populaƟ ons, including 
healthy adults, diseased subjects, and elderly subjects, but results have been inconsistent 
[11-21]. Only one study invesƟ gated the associaƟ ons of air polluƟ on exposure with CRP 
levels in pregnant women [22]. AssociaƟ ons of maternal air polluƟ on exposure with fetal 
CRP levels have not yet been examined. This is of interest, since inducƟ on of systemic 
infl ammaƟ on has been proposed as one potenƟ al biological mechanism through which 
air polluƟ on could result in adverse pregnancy outcomes [23, 24].
 Therefore, we invesƟ gated the associaƟ ons of maternal exposure to parƟ culate 
maƩ er (PM10) and nitrogen dioxide (NO2) during pregnancy with maternal and fetal CRP 
levels in a populaƟ on-based cohort study among 6508 mother-child pairs living in an 
urban area in the Netherlands.

METHODS

Design
This study was embedded in the GeneraƟ on R Study, a populaƟ on-based prospecƟ ve 
cohort study from early pregnancy onwards in the city of RoƩ erdam, the Netherlands, 
which has been described previously in detail [25]. Mothers enrolled between 2001 and 
2005. The study protocol was approved by the Medical Ethical CommiƩ ee of Erasmus 
Medical Center, RoƩ erdam. WriƩ en informed consent was obtained from all mothers. 
 Of the 8880 prenatally enrolled women, air polluƟ on exposure esƟ mates were 
available for 7899 mothers (89%). For 981 mothers, air polluƟ on exposure data could not 
be assessed due to incomplete address history, or because they had moved outside the 
study area before delivery [25]. Mothers with a twin pregnancy (n=85), aborƟ on (n=7), or 
intrauterine death (n=12) were excluded. Of the mothers with live singleton births and 
their infants, a CRP measurement in maternal blood and/or cord blood was available for 
6508 mother-infant pairs. Median gestaƟ onal age at enrollment was 13.1 weeks (range 5.1 
to 38.4). We excluded mothers and infants with extremely high CRP values (>100 mg/L, 
n=4 and >20mg/L, n=8, respecƟ vely), as these concentraƟ ons are likely to refl ect acute 



| Chapter 3.144

infl ammatory processes due to specifi c infecƟ ous causes. AssociaƟ ons between air 
polluƟ on exposure and CRP levels were analyzed in 5067 mothers with a maternal CRP 
measurement in the fi rst trimester and in 4450 infants with a fetal CRP measurement at 
delivery (see Figure 1 for a fl ow chart).

Figure 1. PopulaƟ on for analysis. 

Enrolment of pregnant women
N=8880

Subjects with valid air pollu�on exposure 
es�mates (> 75% of the days available) for at 

least one pregnancy period
N=7899

Live singleton births 
N=7795

Mother-infant pairs with a maternal or fetal CRP measurement
N=6508

No valid air pollu�on data
N=981

Excluded due to twin pregnancy, abor�on, 
or intrauterine death

N=104

Mothers with a CRP measurement in first trimester: N=5067
Infants with a CRP measurement at delivery: N=4450
Mother-infant pairs with both a maternal and fetal CRP measurement:  N=3012

No maternal or fetal CRP measurement
N=1287

Air polluƟ on exposure
Individual exposures to parƟ culate maƩ er (PM10) and nitrogen dioxide (NO2) during 
pregnancy were assessed at the home address, using a combinaƟ on of dispersion 
modelling techniques and conƟ nuous monitoring data, taking into account both the spaƟ al 
and temporal variaƟ on in air polluƟ on. A detailed descripƟ on and a fl ow chart of the 
exposure assessment are presented in Chapter 2. In brief, annual average concentraƟ ons 
of PM10 and NO2 for the years 2001-2006 were assessed for all addresses in the study area, 
using the three Dutch naƟ onal standard methods for air quality modelling [26]. Hourly 
concentraƟ ons of PM10 and NO2 were derived, taking into account hourly wind condiƟ ons 
and fi xed temporal paƩ erns in the contribuƟ on of air polluƟ on sources. Subsequently, 
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the hourly concentraƟ ons were adjusted for background concentraƟ ons, using hourly 
air polluƟ on measurements from three conƟ nuous monitoring staƟ ons. We obtained 
full residenƟ al history of the parƟ cipants, which showed that approximately 13% of the 
women moved at least once during pregnancy. Based on parƟ cipants’ home addresses, 
we derived average exposure esƟ mates for diff erent periods preceding the day of blood 
sampling (in fi rst trimester or at delivery): one week (day 1-7), two weeks (day 1-14), 
and four weeks (day 1-28). The consideraƟ on of diff erent averaging periods was decided 
a priori and based on the previous study on air polluƟ on and CRP levels in pregnant 
women [22]. AddiƟ onally, we esƟ mated average exposure for the total pregnancy period 
(concepƟ on unƟ l delivery).

High-sensiƟ vity C-reacƟ ve protein levels
Maternal venous blood samples were collected in early pregnancy (median 13.2 weeks 
of gestaƟ on, range 4.5 to 17.9). Sampling of venous umbilical cord blood was carried 
out by midwives and obstetricians immediately aŌ er delivery (median 40.1 weeks of 
gestaƟ on, range 27.6 to 43.6). Blood samples were transported to the regional laboratory 
for processing and storage at -80oC [27]. High-sensiƟ vity CRP (hs-CRP) concentraƟ ons 
were measured in EDTA plasma samples at the Department of Clinical Chemistry of the 
Erasmus Medical Center in 2009. We measured high-sensiƟ vity CRP since tradiƟ onal 
clinically used CRP methods lack the sensiƟ vity in low ranges needed for predicƟ ng future 
risk of events in apparently healthy individuals [28]. Hs-CRP levels were analyzed using an 
immunoturbidimetric assay on the Architect System (Abbot DiagnosƟ cs B.V., Hoofddorp, 
the Netherlands). The total precision (inter-assay variaƟ on) for hs-CRP was 0.9% at 
12.9 mg/L and 1.3% at 39.9 mg/L. The lowest level of detecƟ on was 0.2 mg/L. Elevated 
maternal CRP concentraƟ ons were defi ned as >8 mg/L (~83th percenƟ le), a cut-off  point 
that has been associated with adverse pregnancy outcomes in previous studies [6, 29]. 
Elevated fetal CRP levels were defi ned as >1 mg/L (~97th percenƟ le), a threshold that has 
been associated with neonatal infecƟ on [30].

Covariates
Medical records were used to obtain informaƟ on on date of birth, gestaƟ onal age at birth, 
fetal sex, and birth weight. InformaƟ on on maternal age, educaƟ onal level, ethnicity, parity, 
and fi rst trimester infecƟ ous or infl ammatory disease (doctor-consulted) was obtained 
by a quesƟ onnaire at enrolment. As there were no diff erences in observed results when 
ethnicity was categorized into fi ve groups instead of two groups, we reclassifi ed ethnicity 
as: European, or non-European. Maternal anthropometrics were assessed at Ɵ me of 
enrolment. Maternal smoking and alcohol consumpƟ on before and during pregnancy were 
assessed by quesƟ onnaires in each trimester, and were categorized as: no, unƟ l pregnancy 
was known, or conƟ nued during pregnancy. Month of concepƟ on and month of birth 
were categorized into seasons: winter (December to February), spring (March to May), 
summer (June to August), and fall (September to November). Road traffi  c noise exposure 
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was assessed at the home address (in fi rst trimester and at delivery) in accordance with 
requirements of the EU Environmental Noise DirecƟ ve, as described in the Supplementary 
Material of Chapter 2. To each parƟ cipant, we assigned the noise exposure level calculated 
at the home address at Ɵ me of the blood sampling (fi rst trimester or delivery).

StaƟ sƟ cal analysis
Air polluƟ on exposures in each period were categorized into quarƟ les. The lowest 
quarƟ le of PM10 and NO2 exposure was used as the reference group. First, unadjusted 
and adjusted linear regression models were run to analyze the associaƟ ons for an 
interquarƟ le range increase in air polluƟ on exposure in diff erent periods preceding the 
fi rst trimester measurement with maternal CRP levels. Maternal CRP concentraƟ ons were 
log-transformed (using the natural log) to obtain a normally distributed outcome variable. 
We present coeffi  cients from the linear regression analyses for the log-transformed 
CRP concentraƟ ons, mulƟ plied by 100, which can be interpreted in units of percentage 
diff erences [31]. Second, the associaƟ ons of air polluƟ on exposure quarƟ les for diff erent 
periods preceding the fi rst trimester measurement with elevated maternal CRP levels (>8 
mg/L) were esƟ mated using unadjusted and adjusted logisƟ c regression models. Third, 
unadjusted and adjusted logisƟ c regression models were run to esƟ mate the associaƟ ons 
of air polluƟ on exposure quarƟ les for diff erent periods preceding delivery with elevated 
fetal CRP levels (>1 mg/L). LogisƟ c regression models in which air polluƟ on exposure was 
included as a conƟ nuous variable (per 10 μg/m3 increase) were considered as test for 
trend. All models were adjusted for known determinants of CRP levels (maternal age, body 
mass index, ethnicity, educaƟ on, parity, smoking, alcohol consumpƟ on, and gestaƟ onal 
age at measurement) and for road traffi  c noise exposure (based on home address in fi rst 
trimester for models on maternal CRP levels or on home address at delivery for models on 
fetal CRP levels). Models with maternal CRP levels were addiƟ onally adjusted for season 
of concepƟ on, and models with fetal CRP levels were addiƟ onally adjusted for season of 
birth. The percentages of missing values within the populaƟ on for analysis were lower 
than 1% for conƟ nuous data and lower than 15% for categorical data. We applied mulƟ ple 
imputaƟ on for missing data in covariates. All measures of associaƟ on are presented with 
their 95% confi dence intervals. All staƟ sƟ cal analyses were performed using PASW version 
17.0 for Windows (PASW Inc., Chicago, IL, USA).

RESULTS

Subject and exposure characterisƟ cs
The median age of the parƟ cipants was 30.4 years (Table 1). The majority of the women 
was nulliparous, and 41.2% had completed high educaƟ on. Median maternal CRP 
concentraƟ on was 4.4 (range 0.2 to 93.8) mg/L, and 1309 women had an elevated CRP 
concentraƟ on (>8 mg/L). Of the neonates, 3485 (53.5%) had a CRP concentraƟ on below 
the detecƟ on limit of 0.2 mg/L. 72 neonates had an elevated CRP concentraƟ on (>1 mg/L). 
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Mean maternal exposure levels for the prior week were 30.6 μg/m3 for PM10 and 
40.3 μg/m3 for NO2 in early pregnancy, and 29.6 μg/m3 for PM10 and 39.5 μg/m3 for NO2 
at delivery (Supplementary Table S1). Mean air polluƟ on exposure levels for the total 
pregnancy period were 30.3 μg/m3 (range 23.2 to 40.9) for PM10 and 39.9 μg/m3 (range 
26.5 to 56.9) for NO2. On average, these levels are below the European Union annual 
limit values (40 μg/m3 for both PM10 and NO2) that are defi ned for protecƟ on of human 
health [32], but a substanƟ al proporƟ on (46%) of the women was exposed to NO2 levels 
higher than this limit value. CorrelaƟ ons among exposure averages for the prior one, two, 
and four weeks were moderate to strong (PM10: Pearson correlaƟ on coeffi  cient r=0.58 to 
0.83, NO2: r=0.74 to 0.89). CorrelaƟ ons between exposure averages for the prior one, two, 
and four weeks with exposure averages for the total pregnancy period were lower (PM10: 
r=0.27 to 0.48, NO2: r=0.36 to 0.51). PM10 and NO2 levels averaged for the same period 
were moderately correlated (r=0.35 to 0.54).

Table 1. Subject characterisƟ cs (N=6508).

Mean ± SD, median 
(95% range), or number 

(percentage)

Maternal characterisƟ cs

Age at enrolment (yr) 30.4 (15.4, 46.3)

GestaƟ onal age at enrolment (wks) 13.1 (5.1, 38.4)

Height (cm) 167.4 ± 7.5

Weight at enrolment (kg) 67.0 (37.0, 142.0)

Body mass index at enrolment (kg/m2) 23.7 (15.2, 51.2)

Parity – n (%)

Nulliparous 3592 (55.2)

MulƟ parous 2854 (43.9)

Missing  62 (1.0)

Ethnic background – n (%)

European 3624 (55.7)

Non-European 2483 (38.2)

Missing 401 (6.2)

Highest completed educaƟ onal level – n (%)

No educaƟ on/primary 626 (9.6)

Secondary 2701 (41.5)

Higher 2680 (41.2)

Missing 501 (7.7)

Smoking in pregnancy – n (%)

No 4192 (64.4)

First trimester only 492 (7.6)

ConƟ nued 1002 (15.4)

Missing 822 (12.6)
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Table 1. ConƟ nued

Mean ± SD, median 
(95% range), or number 

(percentage)

Alcohol consumpƟ on in pregnancy – n (%)

No 2695 (41.4)

First trimester only  779 (12.0)

ConƟ nued 2259 (34.7)

Missing  775 (11.9)

Season of concepƟ on – n (%)

Winter 1781 (27.4)

Spring 1516 (23.3)

Summer 1521 (23.4)

Fall 1690 (26.0)

Noise exposure based on home address in fi rst trimester 
(dB(A)) 53.1 (45.0, 76.0)

Noise exposure based on home address at delivery (dB(A)) 52.7 (45.0, 76.0)

GestaƟ onal age at blood sampling (wks) 13.2 (4.5, 17.9)

C-reacƟ ve protein concentraƟ on (mg/L) 4.4 (0.2, 93.8)

C-reacƟ ve protein concentraƟ on > 8.0 mg/L – n (%) 1309 (24.8)

Child characterisƟ cs

GestaƟ onal age at birth (wks) 40.1 (27.6, 43.6)

Birth weight (g) 3460.7 ± 502.5

C-reacƟ ve protein concentraƟ on > 1.0 mg/L – n (%) 69 (1.5)

Values are means ± SD, or medians (range) for variables with a skewed distribuƟ on, and number of subjects 
(%) in case of categorical variables.

Air polluƟ on and maternal CRP levels
We observed non-signifi cant, negaƟ ve percentage changes in maternal CRP levels 
per interquarƟ le range increase in air polluƟ on exposure preceding the fi rst trimester 
measurement in the unadjusted models. Adjustment for covariates aƩ enuated the eff ect 
esƟ mates towards the null (Supplementary Table S2). Compared to the lowest quarƟ le, 
the highest quarƟ le of PM10 exposure for the prior week was associated with elevated 
maternal CRP levels (>8 mg/L) (odds raƟ o (OR) 1.32, 95% confi dence interval (CI) 1.08 to 
1.61) (Figure 2A). The third and fourth quarƟ les of PM10 exposure for the prior two weeks 
were also associated with elevated CRP (OR 1.28, 95% CI 1.06 to 1.56 and OR 1.19, 95% CI 
0.97 to 1.46, respecƟ vely). However, ORs were comparable for all quarƟ les, and tests for 
trend were not signifi cant. AssociaƟ ons of PM10 exposure levels for the prior four weeks 
with maternal CRP levels in early pregnancy did not reach staƟ sƟ cal signifi cance (Figure 
2A). NO2 exposure levels for the prior one, two, and four weeks were not associated 
with maternal CRP levels in early pregnancy (Figure 2B). When we performed analyses 
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Figure 2. AssociaƟ ons of maternal air polluƟ on exposure with the risks of elevated maternal 
C-reacƟ ve protein levels in early pregnancy (N=5067). 
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Values are odds raƟ os (95% CI) and refl ect the risk for elevated maternal CRP levels (>8 mg/L) for each quarƟ le 
of A) PM10 exposure and B) NO2 exposure in diff erent periods preceding the fi rst trimester measurement 
compared with the reference group (lowest quarƟ le). Cut-off  values for categorizaƟ on of PM10 exposure 
were <24.6, 24.6-28.8, 28.8-33.9, >33.9 μg/m3 for the prior week, <25.4, 25.4-28.8, 28.8-33.7, >33.7 μg/
m3 for the prior two weeks, and <26.3, 26.3-29.4, 29.4-33.8, >33.8 μg/m3 for the prior four weeks. Cut-off  
values for NO2 exposure were <33.9, 33.9-39.9, 39.9-46.0, >46.0 μg/m3 for the prior week, <35.2, 35.2-40.5, 
40.5-45.3, >45.3 μg/m3 for the prior two weeks, and <35.8, 35.8-40.8, 40.8-44.5, >44.5 μg/m3 for the prior 
four weeks. Tests for trend were performed by including PM10 and NO2 exposure as a conƟ nuous term (per 
10 μg/m3 increase) in the model. Number of subjects classifi ed as having elevated CRP levels are indicated in 
Supplementary Table S3. Models are adjusted for gestaƟ onal age at measurement, maternal age, body mass 
index, parity, ethnicity, educaƟ on, smoking, alcohol consumpƟ on, noise exposure, and season of concepƟ on. 

with diff erent cut-off  points for CRP (>10 and >5 mg/L, n=915 and n=2316 classifi ed as 
elevated, respecƟ vely), results were comparable (i.e., the same paƩ erns of associaƟ ons 
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were observed) (results not shown). When we restricted the analyses to 2403 women with 
an early CRP measurement (before gestaƟ onal week 13), we observed similar paƩ erns of 
associaƟ ons, although p-values were larger for the associaƟ ons of PM10 exposure for the 
prior two and four weeks with CRP levels. When we excluded women with pre-exisƟ ng 
condiƟ ons (diagnosed hypertension, diabetes, high cholesterol, chronic heart disorders, 
and systemic lupus erythematosus; N=179), the results did not change. Results from the 
sensiƟ vity analyses in non-smoking women (N=4192) or in women without illnesses in 
the fi rst trimester that could indicate a possible infecƟ on or infl ammaƟ on (N=5792) were 
similar. AddiƟ onal adjustment for maternal passive smoking or meteorological condiƟ ons 
on the day of the measurement (24h-average temperature, maximum temperature, relaƟ ve 
humidity, and barometric pressure) did not infl uence the results either. AssociaƟ ons were 
comparable when the analyses were restricted to women with a normal body mass index 
(<25 kg/m2; N=4103) (results not shown). The unadjusted models showed smaller eff ect 
esƟ mates with larger p-values (Supplementary Table S3). 

Air polluƟ on and fetal CRP levels
No consistent associaƟ ons with fetal CRP levels were observed for maternal PM10 
exposure for one, two, and four weeks preceding delivery in the adjusted models (Figure 
3A). Compared to the lowest quarƟ le, the fourth quarƟ le of PM10 exposure during total 
pregnancy was associated with elevated fetal CRP levels (>1 mg/L) at delivery (OR 2.18, 
95% CI 1.08 to 4.38), and a posiƟ ve trend (P=0.04) was observed as well. PosiƟ ve, but 
non-signifi cant associaƟ ons were observed for NO2 exposure for the prior one and two 
weeks with fetal CRP levels at delivery (Figure 3B), with a monotonic increase in ORs. A 
posiƟ ve trend was observed for NO2 exposure for the prior four weeks and elevated fetal 
CRP levels (P=0.02). Elevated fetal CRP levels were associated with the third and fourth 
quarƟ les of NO2 exposure during total pregnancy (OR 2.85, 95% CI 1.25 to 6.47, and OR 
3.42, 95% CI 1.36 to 8.58, respecƟ vely), with a monotonic increase in ORs (P=0.01). When 
we performed analyses with diff erent cut-off  points for fetal CRP (>0.8 and >0.4 mg/L, 
n=85 and n=127 classifi ed as elevated, respecƟ vely), results were comparable (results 
not shown). The same paƩ erns of associaƟ ons were observed in the sensiƟ vity analyses 
in non-smoking women and in mothers without illnesses in fi rst trimester. AddiƟ onal 
adjustment for mode of delivery, maternal passive smoking, or meteorological condiƟ ons 
on the day of the measurement did not change the results. When we restricted the 
analyses to women with a normal body mass index, we observed slightly larger eff ect 
esƟ mates for the associaƟ ons between air polluƟ on and fetal CRP levels (e.g., OR 3.46, 
95% CI 1.18 to 10.10 and OR 3.69, 95% CI 1.04 to 12.98 for the highest quarƟ les of total 
pregnancy PM10 and NO2 exposure, respecƟ vely). Unadjusted associaƟ ons for air polluƟ on 
exposure with elevated fetal CRP were largely similar, although smaller eff ect esƟ mates 
with larger p-values were observed for total pregnancy exposure (Supplementary Table 
S4). We did not observe consistent associaƟ ons between the maternal and fetal CRP 
response to air polluƟ on (results not shown).
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Figure 3. AssociaƟ ons of maternal air polluƟ on exposure with the risks of elevated fetal C-reacƟ ve 

protein levels at delivery (N=4450). 
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Values are odds raƟ os (95% CI) and refl ect the risk for elevated fetal CRP levels (>1 mg/L) for each quarƟ le of 
A) PM10 exposure and B) NO2 exposure in diff erent periods preceding delivery compared with the reference 
group (lowest quarƟ le). Cut-off  values for categorizaƟ on of PM10 exposure were <23.9, 23.9-27.7, 27.7-32.8, 
>32.8 μg/m3 for the prior week, <24.7, 24.7-28.0, 28.0-32.1, >32.1 μg/m3 for the prior two weeks, <25.6, 
25.6-28.5, 28.5-32.8, >32.8 μg/m3 for the prior four weeks, and <27.8, 27,8-30.0, 30.0-32.9, >32.9 μg/m3 
for total pregnancy. Cut-off  values for NO2 exposure were <33.2, 33.2-39.3, 39.3-45.6, >45.6 μg/m3 for the 
prior week, <34.1, 34.1-39.8, 39.8-44.7, >44.7 μg/m3 for the prior two weeks, <34.7, 34.7-40.2, 40.2-44.1, 
>44.1 μg/m3 for the prior four weeks, and <37.2, 37.2-39.6, 39.6-42.3, >42.3 μg/m3 for total pregnancy. Tests 
for trend were performed by including PM10 and NO2 exposure as a conƟ nuous term (per 10 μg/m3 increase) 
in the model. Number of subjects classifi ed as having elevated CRP levels are indicated in Supplementary 
Table S4. Models are adjusted for gestaƟ onal age at birth, season of birth, maternal age, body mass index, 
parity, ethnicity, educaƟ on, smoking, alcohol consumpƟ on, and noise exposure.
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DISCUSSION

In this large populaƟ on-based prospecƟ ve cohort study from early pregnancy onwards, 
we observed weak associaƟ ons for short-term average PM10 exposure levels (prior one 
and two weeks) with elevated maternal CRP levels in fi rst trimester of pregnancy. Higher 
long-term average PM10 and NO2 exposure levels (total pregnancy) were associated with 
elevated fetal CRP levels at delivery. This study extends previous epidemiological research 
on air polluƟ on and markers of systemic infl ammaƟ on in various populaƟ ons, and suggests 
that maternal air polluƟ on exposure may promote infl ammatory processes in the mother 
and fetus.

Air polluƟ on and C-reacƟ ve protein levels during pregnancy
In normal pregnancy, maternal CRP levels slightly increase as a result of the infl ammatory 
response to the pregnancy [2, 3]. This systemic infl ammatory response, which is part of the 
innate immune system, generally peaks during the third trimester [33]. Among pregnant 
women, a further elevaƟ on of CRP levels has been reported in pregnancies complicated by 
fetal growth restricƟ on, preeclampsia, and preterm delivery [4, 6-8]. In addiƟ on, increased 
CRP levels in cord blood have been observed in neonates that were born preterm, small 
for gestaƟ onal age, or with a low birth weight [9, 10]. Two recent studies in our populaƟ on 
showed that elevated maternal CRP levels in fi rst trimester were associated with 
reducƟ ons in third trimester esƟ mated fetal weight and birth weight, and with small size 
for gestaƟ onal age at birth [5]. In addiƟ on, maternal CRP levels were posiƟ vely associated 
with diastolic blood pressure, and elevated CRP levels were associated with gestaƟ onal 
hypertension and preeclampsia, but these associaƟ ons aƩ enuated towards the null aŌ er 
adjustment for maternal body mass index [34]. These fi ndings indicate a possible link 
between an enhanced systemic infl ammatory response and adverse pregnancy outcomes.
 PotenƟ al biological pathways through which air polluƟ on, especially parƟ culate 
maƩ er, may infl uence pregnancy are inducƟ on of oxidaƟ ve stress and translocaƟ on of 
parƟ cles directly in the blood, both resulƟ ng in systemic infl ammaƟ on [35]. It has been 
hypothesized that an enhanced systemic infl ammatory response may lead to placental 
infl ammaƟ on and alteraƟ ons in maternal immunity [23], or subopƟ mal placentaƟ on [36], 
which could predispose to the development of adverse pregnancy outcomes. A number 
of rouƟ nely measured air pollutants (e.g., PM10, PM2.5, NO2, CO, O3, SO2) have been linked 
to adverse pregnancy outcomes such as preterm birth, low birth weight, and intrauterine 
growth restricƟ on [37-39], although results diff er among studies. In our previous work in 
the same populaƟ on, we have shown that maternal exposure to PM10 and NO2 during 
pregnancy was associated with measures of fetal growth retardaƟ on and a reduced birth 
weight [40]. Also, elevated PM10 exposure levels were associated with increased risks of 
preterm birth, small size for gestaƟ onal age at birth [40] and gestaƟ onal hypertension [41].
 In the present study, no staƟ sƟ cally signifi cant percentage changes in maternal CRP 
levels in early pregnancy were observed for an interquarƟ le range increase in PM10 or 
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NO2 exposure. In contrast, weak associaƟ ons were observed for short-term average PM10 
exposure with elevated maternal CRP levels (>8 mg/L). NO2 exposure was not associated 
with elevated maternal CRP levels. Possibly, air polluƟ on-induced increases in maternal 
CRP levels, if any, might be diffi  cult to detect, since CRP levels already increase in response 
to the pregnancy.
 Thus far, only one previous study has examined associaƟ ons of maternal air polluƟ on 
exposure with CRP levels during pregnancy. This study was conducted in 1696 women in 
the United States, and observed a tendency towards higher risks for elevated CRP levels 
(>8 mg/L) for an interquarƟ le range increase in PM10 and PM2.5 exposure for the prior 22- 
and 29-days (odds raƟ os ranging from 1.18 to 1.32) [22]. Eff ect esƟ mates were generally 
larger in non-smokers only. PosiƟ ve, but non-signifi cant associaƟ ons were observed for 
exposure to ozone (O3), whereas no associaƟ ons were observed for exposure to NO2, 
carbon monoxide (CO), and sulfur dioxide (SO2). However, the consideraƟ on of the spaƟ al 
variability of air pollutants was limited in this study, since exposure esƟ mates were based 
on monitoring staƟ ons only. Several other studies esƟ mated the impact of air polluƟ on 
exposure on CRP levels in non-pregnant adults. PosiƟ ve associaƟ ons with CRP levels 
were observed for exposure to PM10 [12, 18], NO2 [42], or markers of primary combusƟ on 
including PM2.5 [16, 42], but other studies reported only weak associaƟ ons [14, 19] or were 
not able to detect associaƟ ons with parƟ cles or NO2 [11, 15, 17, 20, 21].
 Considering fetal CRP levels, in the present study elevated fetal CRP levels at 
delivery were observed in associaƟ on with higher exposure to PM10 and NO2 during total 
pregnancy. No consistent associaƟ ons were observed for air polluƟ on exposure in shorter 
exposure periods (one week, two weeks, or four weeks), although odds raƟ os increased 
monotonically with higher NO2 levels. To our knowledge, this study is the fi rst to examine 
the associaƟ ons of maternal air polluƟ on exposure with fetal CRP levels. Since CRP does 
not cross the placenta [43], elevated CRP levels are considered to refl ect hepaƟ c synthesis 
by the fetus [44]. The underlying mechanism through which maternal air polluƟ on exposure 
may lead to an enhanced infl ammatory response in the fetus is unclear. It is possible that 
it might involve systemic and placental infl ammaƟ on at the maternal side. AlternaƟ vely, 
air polluƟ on might provoke an infl ammatory response directly in the fetus, due to either 
short- or long-term exposure. We did not observe consistent associaƟ ons between the 
maternal and fetal CRP response to air polluƟ on (i.e., whether the air polluƟ on eff ect in 
the mother was related to the air polluƟ on eff ect in the fetus). This may be related to the 
diff erent Ɵ ming of the measurements (early pregnancy versus delivery). We could not 
examine the possibility that acute maternal infecƟ ons contributed to elevated fetal CRP 
levels, as informaƟ on on third trimester maternal infecƟ ons was not available. Future 
studies are needed to confi rm our fi ndings and to explore the underlying mechanisms.
 CRP increases rapidly following an infl ammatory trigger. Most previous studies on 
air polluƟ on and CRP levels esƟ mated associaƟ ons with relaƟ vely acute exposures (same 
day or mulƟ day averages). InformaƟ on on the impact of longer averages of air polluƟ on 
is limited. Possibly, exposure to high air polluƟ on concentraƟ ons during a few weeks or 
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months may cause chronically elevated CRP levels in mother and fetus. Eff ect esƟ mates 
for the associaƟ ons between air polluƟ on and elevated fetal CRP levels were slightly 
stronger in the subgroup of women with a normal BMI. It is known that body mass index 
is an important determinant of CRP levels in pregnant women, and previous studies have 
reported increased levels of infl ammatory markers (including CRP) in overweight and 
obese women [45, 46]. The increased infl ammatory response in overweight and obese 
women possibly masks the eff ects of air polluƟ on on maternal and fetal CRP levels.
 This study was performed in an urban area that is characterized by high emissions 
from road traffi  c, shipping, households, and industry. No informaƟ on was available 
on pollutants other than PM10 and NO2. Mean exposure levels in previous studies that 
examined the associaƟ ons between air polluƟ on and CRP levels varied substanƟ ally. 
Compared to our study, reported PM10 levels were lower in studies in the United Kingdom 
and the United States [15, 18, 22], similar in another study in RoƩ erdam, the Netherlands 
[17], and higher in studies in Taiwan and Israel [12, 20]. Reported NO2 exposure levels were 
(slightly) lower in previous studies in Taiwan, Israel, the United Kingdom, and the United 
States [12, 14, 15, 20, 22], similar in the other Dutch study [17], and higher in a study in 
Los Angeles, United States [42]. However, these comparisons should be considered with 
cauƟ on because of the diff erent averaging periods. Furthermore, adverse health eff ects 
associated with PM10 and NO2 exposure are not necessarily caused by these pollutants, 
but may be caused by other compounds present in the complex air polluƟ on mixture, 
which may diff er between geographic locaƟ ons.

Methodological consideraƟ ons
An important strength of this study is the populaƟ on-based cohort, which included a 
large number of parƟ cipants studied from early pregnancy onwards. Furthermore, we 
collected detailed informaƟ on on many potenƟ al confounding factors, such as maternal 
educaƟ onal level, ethnicity, body mass index, smoking, alcohol consumpƟ on, and noise 
exposure. However, residual confounding due to unmeasured variables might sƟ ll be an 
issue. 
 Many previous studies have not addressed both intra-urban and temporal contrasts 
in air pollutants. A few earlier studies on CRP levels in non-pregnant adults did consider 
spaƟ otemporal variaƟ on, either by controlling exposure in an exposure chamber or by 
measuring personal, indoor-home, or outdoor-home concentraƟ ons [11, 13, 14, 16, 18, 21]. 
However, these studies were based on relaƟ vely small sample sizes (n<150), and were 
oŌ en conducted in elderly or diseased subjects [13, 14, 18]. In our study, we were able to 
consider detailed spaƟ al and temporal variaƟ on in exposure by using a combinaƟ on of 
dispersion modelling and conƟ nuous monitoring. Moreover, we were able to account for 
residenƟ al mobility of the women during pregnancy. 
 We should sƟ ll acknowledge the possibility of misclassifi caƟ on of air polluƟ on 
exposure, as exposures were only esƟ mated at the home address, and study parƟ cipants 
did not spend all of their Ɵ me at home. No informaƟ on was available on other locaƟ ons 
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or other types of exposure (e.g., occupaƟ onal, commuƟ ng, or indoor sources). This 
limitaƟ on should be taken into account when interpreƟ ng the results. Ideally, informaƟ on 
on Ɵ me-acƟ vity paƩ erns should be considered when examining the associaƟ ons for 
air polluƟ on with health outcomes [38, 47], but unfortunately this informaƟ on was not 
available. Whether and in which direcƟ on this possible misclassifi caƟ on has aff ected our 
eff ect esƟ mates is not clear. Nevertheless, since pregnant women are likely to spend more 
Ɵ me at home than non-pregnant individuals, especially in the last stage of pregnancy [47], 
the extent of the possible misclassifi caƟ on may be less than in non-pregnant adults. 
 The present study was based on single blood measurements, whereas CRP levels 
are known to have substanƟ al within-individual variability. Future studies that repeatedly 
assess CRP levels during pregnancy in relaƟ on to air polluƟ on exposure are recommended.

Conclusion
In a populaƟ on-based prospecƟ ve cohort study in the Netherlands, we showed that 
short-term maternal PM10 exposure was modestly associated with elevated maternal CRP 
levels in early pregnancy, and that long-term maternal PM10 and NO2 exposure during 
pregnancy was associated with elevated fetal CRP levels at delivery. Our results suggest 
that air polluƟ on exposure may lead to maternal and fetal infl ammatory responses. More 
research is needed to confi rm these fi ndings, to examine the underlying mechanisms, and 
to explore the consequences. 
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. DistribuƟ on of PM10 and NO2 exposure levels for diff erent periods. 

Minimum 25th 
percenƟ le

Mean Median 75th 
percenƟ le

Maximum

Early pregnancy 

PM10 exposure (μg/m3) 

Prior day 1-7 16.3 24.6 30.6 28.8 33.9 66.2

Prior day 1-14 18.8 25.4 30.6 28.8 33.7 58.0

Prior day 1-28 20.2 26.3 30.6 29.4 33.8 49.5

NO2 exposure (μg/m3)

Prior day 1-7 16.6 33.9 40.3 39.9 46.0 73.5

Prior day 1-14 16.9 35.2 40.4 40.5 45.3 67.4

Prior day 1-28 19.8 35.8 40.4 40.8 44.5 65.5

Delivery 

PM10 exposure (μg/m3)

Prior day 1-7 15.2 23.9 29.6 27.7 32.8 62.5

Prior day 1-14 16.9 24.7 29.5 28.0 32.1 53.6

Prior day 1-28 20.1 25.6 29.6 28.5 32.8 44.5

Total pregnancy 23.2 27.8 30.3 30.0 32.9 40.9

NO2 exposure (μg/m3)

Prior day 1-7 13.0 33.2 39.5 39.3 45.6 69.1

Prior day 1-14 15.3 34.1 39.5 39.8 44.7 67.2

Prior day 1-28 17.6 34.7 39.5 40.2 44.1 62.8

Total pregnancy 26.5 37.2 39.9 39.6 42.3 56.9

Air polluƟ on exposure was esƟ mated for diff erent periods preceding blood sampling: one week (day 1-7), two 
weeks (day 1-14), and four weeks (day 1-28). AddiƟ onally, exposure was esƟ mated for the total pregnancy 
period (concepƟ on unƟ l delivery).
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Supplementary Table S2. Unadjusted and adjusted percentage changes in maternal C-reacƟ ve 

protein levels in early pregnancy for an interquarƟ le range increase in maternal air polluƟ on 

exposure (N=5067).

IQR
(μg/m3)

N a Maternal CRP levels
Unadjusted percentage 

change b

(95% range)

Maternal CRP levels
Adjusted percentage

 change c

(95% range)

PM10

Day 1-7  9.23 5057  0.0 (-2.7, 2.6)  0.9 (-1.6, 3.4)

Day 1-14  8.32 5057 -2.1 (-5.0, 0.6) -1.1 (-3.8, 1.6)

Day 1-28  7.45 5037 -1.8 (-5.1, 1.5)  0.3 (-2.9, 3.6)

NO2

Day 1-7 12.11 5065 -0.9 (-4.4, 2.5)  0.4 (-3.1, 3.9)

Day 1-14 10.07 5057 -1.3 (-4.6, 2.1) -0,4 (-4.1, 3.3)

Day 1-28  8.69 5047 -1.2 (-4.5, 2.2) -0.4 (-4.4, 3.6)

Values are log-transformed regression coeffi  cients and refl ect the percent change (95% range) in maternal 
CRP levels in early pregnancy per interquarƟ le range increase in air polluƟ on exposure in diff erent periods 
preceding the fi rst trimester measurement. 
a Diff erences in the number of subjects are due to missing air polluƟ on data for the specifi c periods.
b Models are adjusted for gestaƟ onal age at measurement. 
c Models are adjusted for gestaƟ onal age at measurement, maternal age, body mass index, parity, ethnicity, 
educaƟ on, smoking, alcohol consumpƟ on, noise exposure, and season of concepƟ on.
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Supplementary Table S3. Unadjusted associaƟ ons of maternal air polluƟ on exposure with the risk 

of elevated maternal C-reacƟ ve protein levels in early pregnancy (N=5067).

Risk of elevated maternal CRP levels 
(>8 mg/L) per PM10 quarƟ le

Odds raƟ o (95% CI)
(n of cases)

Risk of elevated maternal CRP levels 
(>8 mg/L) per NO2 quarƟ le

Odds raƟ o (95% CI)
(n of cases)

Day 1-7 N=5057 N=5065

1st quarƟ le Reference
(n=290)

Reference
(n=323)

2nd quarƟ le 1.14 (0.95, 1.37)
(n=320)

0.92 (0.77, 1.11)
(n=303 )

3rd quarƟ le 1.06 (0.88, 1.28)
(n=304)

1.01 (0.84, 1.21)
(n=324)

4th quarƟ le 1.25 (1.04, 1.50) *
(n=344)

0.94 (0.78, 1.13)
(n=307)

Trend test a 1.04 (0.97, 1.12) 0.98 (0.91, 1.05)

P for trend 0.23 0.54

Day 1-14 N=5057 N=5057

1st quarƟ le Reference
(n=294)

Reference
(n=323)

2nd quarƟ le 1.12 (0.93, 1.34)
(n=318)

0.89 (0.74, 1.07)
(n=296)

3rd quarƟ le 1.18 (0.98, 1.41) ‡
(n=331)

1.04 (0.87, 1.25)
(n=334)

4th quarƟ le 1.08 (0.90, 1.30)
(n=311)

0.91 (0.76, 1.09)
(n=299)

Trend test a 1.10 (1.07, 1.14) 0.96 (0.89, 1.05)

P for trend 0.87 0.39

Day 1-28 N=5037 N = 5047

1st quarƟ le Reference
(n=295)

Reference
(n=315)

2nd quarƟ le 1.11 (0.93, 1.34)
(n=321)

0.96 (0.80, 1.15)
(n=306)

3rd quarƟ le 1.12 (0.94, 1.35)
(n=321)

(0.84, 1.21)
(n=319)

4th quarƟ le 1.05 (0.88, 1.27)
(n=309)

0.97 (0.81, 1.17)
(n=308)

Trend test a 1.01 (0.90, 1.12) 0.97 (0.88, 1.07)

P for trend 0.93 0.54

* p<0.05; ‡ p<0.10
Values are odds raƟ os (95% CI) and refl ect the risk for elevated maternal C-reacƟ ve protein levels (>8 mg/L) 
for each quarƟ le of air polluƟ on exposure in diff erent periods preceding the fi rst trimester measurement 
compared with the reference group (lowest quarƟ le). Cut-off  values for categorizaƟ on of PM10 exposure were 
<24.6, 24.6-28.8, 28.8-33.9, >33.9 μg/m3 for the prior week, <25.4, 25.4-28.8, 28.8-33.7, >33.7 μg/m3 for the 
prior two weeks, and <26.3, 26.3-29.4, 29.4-33.8, >33.8 μg/m3 for the prior four weeks. Cut-off  values for 
NO2 exposure were <33.9, 33.9-39.9, 39.9-46.0, >46.0 μg/m3 for the prior week, <35.2, 35.2-40.5, 40.5-45.3, 
>45.3 μg/m3 for the prior two weeks, and <35.8, 35.8-40.8, 40.8-44.5, >44.5 μg/m3 for the prior four weeks. 
Diff erences in the number of subjects are due to missing air polluƟ on data for the specifi c periods. Models 
are adjusted for gestaƟ onal age at measurement. a Tests for trend were performed by including PM10 and NO2 
exposure as a conƟ nuous term (per 10 μg/m3 increase) in the model.
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Supplementary Table S4. Unadjusted associaƟ ons of maternal air polluƟ on exposure with the risk 

of elevated fetal C-reacƟ ve protein levels at delivery (N=4450). 

Risk of elevated fetal CRP levels 
(>1 mg/L) per PM10 quarƟ le

Odds raƟ o (95% CI)
(n of cases)

Risk of elevated fetal CRP levels 
(>1 mg/L) per NO2 quarƟ le

Odds raƟ o (95% CI)
(n of cases)

Day 1-7 N=4422 N=4420

1st quarƟ le Reference
(n=15 )

Reference
(n =13 )

2nd quarƟ le 1.62 (0.85, 3.10)
(n=25 )

1.20 (0.57, 2.54)
(n=15)

3rd quarƟ le 0.90 (0.43, 1.87)
(n=14 )

1.45 (0.70, 3.01)
(n=17)

4th quarƟ le 0.96 (0.46, 2.00)
(n=14)

1.87 (0.94, 3.72) ‡
(n=23)

Trend test a 0.92 (0.68, 1.24) 1.24 (0.95, 1.62)

P for trend 0.58 0.11

Day 1-14 N=4410 N=4421

1st quarƟ le Reference
(n=17)

Reference
(n=12)

2nd quarƟ le 1.19 (0.62, 2.29)
(n=20)

1.41 (0.66, 2.99)
(n=16)

3rd quarƟ le 0.73 (0.35, 1.54)
(n=12)

1.71 (0.82, 3.53)
(n=19)

4th quarƟ le 1.14 (0.59, 2.20)
(n=19)

1.88 (0.92, 3.84) ‡
(n=21)

Trend test a 0.98 (0.70, 1.39) 1.26 (0.93, 1.70)

P for trend 0.91 0.13

Day 1-28 N=4398 N=4413

1st quarƟ le Reference
(n=15 )

Reference
(n =14 )

2nd quarƟ le 1.06 (0.52, 2.16)
(n=16)

1.04 (0.50, 2.20)
(n=14)

3rd quarƟ le 1.30 (0.66, 2.58)
(n=19)

1.38 (0.68, 2.78)
(n=18)

4th quarƟ le 1.19 (0.60, 2.37)
(n=18)

1.66 (0.85, 3.27)
(n=22)

Trend test a 1.09 (0.71, 1.69) 1.32 (0.94, 1.87)

P for trend 0.69 0.11
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Supplementary Table S4. ConƟ nued

Risk of elevated fetal CRP levels 
(>1 mg/L) per PM10 quarƟ le

Odds raƟ o (95% CI)
(n of cases)

Risk of elevated fetal CRP levels 
(>1 mg/L) per NO2 quarƟ le

Odds raƟ o (95% CI)
(n of cases)

Total pregnancy N=4123 N=4121

1st quarƟ le Reference
(n=13)

Reference
(n=9)

2nd quarƟ le 0.90 (0.40, 2.01)
(n=11)

1.70 (0.75, 3.87)
(n=16)

3rd quarƟ le 1.03 (0.48, 2.20)
(n=14)

2.10 (0.95, 4.63) ‡
(n=20)

4th quarƟ le 1.85 (0.94, 3.63) ‡
(n=25)

1.85 (0.83, 4.13)
(n=18)

Trend test a 2.07 (0.95, 4.55) 1.42 (0.79, 2.54) 

P for trend 0.07 0.25

* p<0.05; ‡ p<0.10
Values are odds raƟ os (95% CI) and refl ect the risk for elevated fetal C-reacƟ ve protein levels (>1 mg/L) for 
each quarƟ le of air polluƟ on exposure in diff erent periods preceding delivery compared with the reference 
group (lowest quarƟ le). Cut-off  values for categorizaƟ on of PM10 exposure were <23.9, 23.9-27.7, 27.7-32.8, 
>32.8 μg/m3 for the prior week, <24.7, 24.7-28.0, 28.0-32.1, >32.1 μg/m3 for the prior two weeks, <25.6, 
25.6-28.5, 28.5-32.8, >32.8 μg/m3 for the prior four weeks, and <27.8, 27,8-30.0, 30.0-32.9, >32.9 μg/m3 for 
total pregnancy. Cut-off  values for NO2 exposure were <33.2, 33.2-39.3, 39.3-45.6, >45.6 μg/m3 for the prior 
week, <34.1, 34.1-39.8, 39.8-44.7, >44.7 μg/m3 for the prior two weeks, <34.7, 34.7-40.2, 40.2-44.1, >44.1 
μg/m3 for the prior four weeks, and <37.2, 37.2-39.6, 39.6-42.3, >42.3 μg/m3 for total pregnancy. Diff erences 
in the number of subjects are due to missing air polluƟ on data for the specifi c periods. Models are adjusted 
for gestaƟ onal age at birth.
a Tests for trend were performed by including PM10 and NO2 exposure as a conƟ nuous term (per 10 μg/m3 
increase) in the model.
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ABSTRACT

Background: Air polluƟ on exposure during pregnancy might aff ect placental growth and 
funcƟ on, which may lead to maternal and fetal complicaƟ ons. We prospecƟ vely evaluated 
the associaƟ ons of maternal air polluƟ on exposure with markers of placental growth and 
funcƟ on among 7801 pregnant women in the Netherlands.
Methods: PM10 and NO2 levels were esƟ mated at the home address for diff erent periods 
using dispersion modelling techniques. Pro- and anƟ -angiogenic factors (PlGF and sFlt-1) 
were measured in fi rst and second trimester maternal blood samples and in fetal cord 
blood samples at delivery. PulsaƟ lity index of the uterine and umbilical arteries was 
measured by Doppler ultrasound in second and third trimester. The presence of notching 
was assessed in third trimester. InformaƟ on on placental and birth weight was obtained 
from medical records. 
Results PM10 and NO2 exposure in diff erent periods were associated with lower second 
trimester maternal sFlt-1 and PlGF levels. In addiƟ on, higher PM10 and NO2 exposure 
during total pregnancy were associated with higher sFlt-1 levels and lower PlGF levels 
in fetal cord blood, refl ecƟ ng an anƟ -angiogenic state. We did not observe consistent 
associaƟ ons of PM10 and NO2 exposure with placental resistance indices in second or 
third trimester. Higher NO2 exposure tended to be associated with increased risks of third 
trimester notching (odds raƟ o 1.33, 95% CI 0.99 to 1.78 per 10 μg/m3 increase in the prior 
two months). Higher PM10 and NO2 exposure were associated with lower placenta weight 
(diff erences -11.8g, 95% CI -20.9 to -2.7 and -10.7, 95% CI -19.0 to -2.4, respecƟ vely, per 
10 μg/m3 increase in the prior two months), but not with placental to birth weight raƟ o. 
Conclusions Our results suggest that maternal air polluƟ on exposure may infl uence 
markers of placental growth and funcƟ on. Future studies are needed to confi rm these 
fi ndings and to explore the maternal and fetal consequences.
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INTRODUCTION

Air polluƟ on exposure during pregnancy has been linked to fetal growth restricƟ on, low 
birth weight, and preterm birth [1-3]. Previous studies have also reported associaƟ ons 
of maternal air polluƟ on exposure with increased risks of developing preeclampsia and 
gestaƟ onal hypertension [4, 5]. These fetal and maternal complicaƟ ons have to a large 
extent their origin in abnormal early placentaƟ on, which is characterised by impaired 
trophoblast invasion and lack of modifi caƟ on of the spiral arteries. As a result, the 
arteries maintain a higher vascular resistance, which could eventually lead to impaired 
uteroplacental perfusion and development of maternal and fetal complicaƟ ons [6-9].
 It is unknown whether subopƟ mal placental growth and funcƟ on underlies the 
previously shown associaƟ ons of air polluƟ on exposure with intrauterine growth restricƟ on 
and the risks of pregnancy complicaƟ ons. Air polluƟ on is suggested to induce systemic 
and placental infl ammaƟ on [10, 11]. Not much is known about the eff ect of air polluƟ on 
on placental growth and funcƟ on. Placental growth factor (PlGF) is a pro-angiogenic 
protein that sƟ mulates trophoblast invasion and vascular remodelling, and soluble fms-
like tyrosine kinase 1 (sFlt-1) is an anƟ -angiogenic protein that inhibits the acƟ vity of PlGF. 
Other measures including placental vascular resistance and placenta weight refl ect (ab)
normal placentaƟ on, hemodynamic placental funcƟ on, and placental growth [8, 12]. If 
subopƟ mal placental funcƟ on underlies the associaƟ ons of air polluƟ on with pregnancy 
complicaƟ ons, then air polluƟ on may result in altered angiogenesis, increased placental 
resistance, and decreased placenta weight.
 Therefore, we invesƟ gated the associaƟ ons of maternal exposure to parƟ culate maƩ er 
(PM10) and nitrogen dioxide (NO2) during pregnancy with maternal and fetal angiogenic 
factors, placental vascular resistance indices, and placenta weight in a populaƟ on-based 
cohort study among 7801 subjects living in an urban area in the Netherlands.

METHODS

Design
This study was embedded in the GeneraƟ on R Study, a populaƟ on-based prospecƟ ve 
cohort study from early pregnancy onwards in the city of RoƩ erdam, the Netherlands 
[13]. Mothers were enrolled between 2001 and 2005. The study protocol was approved by 
the Medical Ethical CommiƩ ee of Erasmus Medical Center, RoƩ erdam. WriƩ en informed 
consent was obtained from all mothers. Of the 8880 prenatally enrolled women, air 
polluƟ on exposure esƟ mates were available for 7914 mothers (89%). For 966 mothers, 
air polluƟ on exposure data could not be assessed due to incomplete address history, 
or because they had moved outside the study area before delivery [13]. Mothers with a 
twin pregnancy (n=84), aborƟ on (n=7), or intrauterine death (n=12) were excluded. Of 
the mothers with singleton live births, no measurement of angiogenic factors, placental 
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vascular resistance, or placenta weight was available for 10 subjects. The associaƟ ons of 
air polluƟ on exposure with markers of placental growth and funcƟ on were analyzed in 
the remaining 7801 subjects (see Figure 1 for a fl ow chart). The Ɵ ming of the diff erent 
measurements is illustrated in Supplementary Figure S1.

Figure 1. PopulaƟ on for analysis.

Enrolment of pregnant women
N=8880

Subjects with valid air pollu�on exposure 
es�mates (> 75% of the days available) for at 

least one pregnancy period
N=7914

Live singleton births 
N=7811

Subjects with a measurement of markers of placental growth and func�on
N=7801

No valid air pollu�on data
N=966

Excluded due to twin pregnancy, abor�on, 
or intrauterine death

N=103

Maternal angiogenic factors in first trimester:  N=5043
Maternal angiogenic factors in second trimester: N=6368
Fetal angiogenic factors at delivery:  N=3667

Placental vascular resistance in second trimester: N=5510
Placental vascular resistance in third trimester: N=6080

Placenta weight, birth weight, placental ra�o: N=7688

No measurement of markers of 
placental growth and func�on 

N=10

Air polluƟ on exposure
Individual exposures to PM10 and NO2 during pregnancy were assessed at the home address, 
using a combinaƟ on of dispersion modelling techniques and conƟ nuous monitoring data, 
taking into account both the spaƟ al and temporal variaƟ on in air polluƟ on. A detailed 
descripƟ on and a fl ow chart of the exposure assessment are presented in Chapter 2. In brief, 
annual average concentraƟ ons of PM10 and NO2 for the years 2001-2006 were assessed 
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for all addresses in the study area, using the three Dutch naƟ onal standard methods for 
air quality modelling [14]. Hourly concentraƟ ons of PM10 and NO2 were derived, taking 
into account hourly wind condiƟ ons and fi xed temporal paƩ erns in the contribuƟ on of air 
polluƟ on sources. Subsequently, the hourly concentraƟ ons were adjusted for background 
concentraƟ ons, using hourly measurements from three conƟ nuous monitoring staƟ ons. 
Based on parƟ cipants’ home addresses, we derived individual exposure esƟ mates for 
diff erent periods preceding the measurements, in order to examine the eff ects of both 
short- and longer-term exposures: two weeks (day 1-14), two months (day 1-60), and the 
specifi c pregnancy period (concepƟ on unƟ l measurement).

Angiogenic factors
Maternal non-fasƟ ng venous blood samples were collected in fi rst trimester (median 13.2 
weeks, 95% range 9.5-17.5) and second trimester (median 20.4 weeks, 95% range 18.5-
23.5). Sampling of umbilical cord blood was carried out by midwives and obstetricians 
immediately aŌ er delivery (median 40.1 weeks, 95% range 35.4 to 42.3). All blood 
samples were transported to the regional laboratory for processing and storage at -80oC 
[15]. ConcentraƟ ons of sFlt-1 and PlGF were measured in EDTA plasma samples at the 
Department of Clinical Chemistry of the Erasmus Medical Center between 2008 and 2010, 
using a two-step chemiluminescent microparƟ cle immunoassay (CMIA) technology on the 
Architect System (Abbot DiagnosƟ cs B.V., Hoofddorp, the Netherlands). The between-run 
coeffi  cients of variaƟ on for plasma sFlt-1 were 2.8 % at 5.5 ng/ml and 2.3% at 34.0 ng/ml, 
and the coeffi  cients for plasma PlGF were 4.7% at 24 pg/ml, and 3.8% at 113 pg/ml. The 
highest level of detecƟ on was 150 ng/ml for sFlt-1 and 1500 pg/ml for PlGF. 

Placental vascular resistance
Placental vascular resistance was evaluated with fl ow velocity waveforms from the uterine 
and umbilical arteries in second trimester (median 20.5 weeks, 95% 18.7-23.3) and third 
trimester (median 30.3 weeks, 95% range 28.4 to 32.9). Raised uterine and umbilical 
artery pulsaƟ lity indices indicate increased uteroplacental and fetoplacental resistances, 
respecƟ vely [16]. Uterine artery pulsaƟ lity index was measured in the right and leŌ  uterine 
artery near the crossover with the external iliac artery, and the mean value was calculated. 
The presence or absence of third trimester notching (unilateral or bilateral) was assessed 
in the uterine arteries and refl ects an abnormal waveform resulƟ ng from increased blood 
fl ow resistance. Umbilical artery pulsaƟ lity index was measured in a free-fl oaƟ ng loop of 
the umbilical cord. For each measurement three consecuƟ ve uniform waveforms were 
recorded by pulsed Doppler ultrasound, during fetal apnea and without fetal movement. 
The mean of three measurements was used for further analysis.

Placenta weight and placental raƟ o
Medical records completed by midwives and obstetricians were used to obtain informaƟ on 
on placenta weight and birth weight. The placenta was weighed fresh, with membrane 
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and umbilical cord aƩ ached, within one hour aŌ er delivery. Placental raƟ o was calculated 
as (placenta weight/birth weight)*100%.

Covariates
InformaƟ on on date of delivery, gestaƟ onal age at delivery, and infant sex was obtained 
from medical records. InformaƟ on on maternal age, parity, educaƟ onal level, ethnicity, 
and folic acid supplementaƟ on use was obtained by a quesƟ onnaire at enrolment. 
Because there were no diff erences in observed results when ethnicity was categorized into 
fi ve groups instead of two groups, we classifi ed ethnicity as European or non-European. 
Maternal anthropometrics were assessed at Ɵ me of enrolment. Maternal smoking and 
alcohol consumpƟ on before and during pregnancy were assessed by quesƟ onnaires in 
each trimester, and were categorized into: no, unƟ l pregnancy was known, or conƟ nued 
during pregnancy. Month of concepƟ on and month of birth were categorized into seasons: 
winter (December to February), spring (March to May), summer (June to August), and fall 
(September to November). Road traffi  c noise exposure was assessed at the home address 
in accordance with requirements of the EU Environmental Noise DirecƟ ve, as described in 
the Supplementary Material of Chapter 2.

StaƟ sƟ cal analysis
First, maternal (fi rst and second trimester) and fetal sFlt-1 and PlGF levels were log-
transformed (using the natural log) to obtain normally distributed outcome variables. 
To prevent the introducƟ on of missing values in transformed variables, concentraƟ ons 
of 0 ng/ml for fetal sFlt-1 (N=29; 0.8%) and 0 pg/ml for fetal PlGF (N=154; 0.1%) were 
imputed by random draws from the leŌ  tail of a normal distribuƟ on [17] (corresponding to 
values <0.024 ng/ml and <3.5 pg/ml, respecƟ vely). ImpuƟ ng these values only marginally 
infl uenced the paƩ erns of associaƟ ons of air polluƟ on with fetal sFlt-1 and PlGF levels, 
which was probably due to larger numbers. Next, we used linear regression models to 
analyze the associaƟ ons of air polluƟ on exposure with maternal and fetal sFlt-1 and PlGF 
levels. We present coeffi  cients for the log-transformed concentraƟ ons, mulƟ plied by 
100, which can be interpreted as percentage changes [18]. Furthermore, we used linear 
regression models to assess the associaƟ ons of air polluƟ on exposure with placental 
vascular resistance indices (in SD values). LogisƟ c regression models were performed 
to examine the associaƟ ons of air polluƟ on exposure with the risk of third trimester 
notching. Finally, we performed linear regression models to examine the associaƟ ons of 
air polluƟ on exposure with placenta weight, birth weight, and placental raƟ o. All models 
were adjusted for potenƟ al confounding factors that were chosen a priori and based 
on previous literature. This included gestaƟ onal age at measurement, maternal age, 
body mass index, parity, ethnicity, educaƟ on, smoking, alcohol consumpƟ on, folic acid 
supplementaƟ on use, and infant sex. Models on birth weight were addiƟ onally adjusted 
for maternal height. In addiƟ on, we evaluated the potenƟ al confounding eff ect of noise 
exposure and season of concepƟ on/delivery. Based on a ≥10% change in eff ect esƟ mates, 
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we included noise exposure and season of concepƟ on in the models on placenta weight, 
birth weight, and placental raƟ o. In addiƟ onal sensiƟ vity analyses, for all models we 
restricted the analyses to non-smoking women, European women, non-obese women, 
and women without pregnancy complicaƟ ons. The percentages of missing values within 
the populaƟ on for analysis were lower than 1% for conƟ nuous data and lower than 15% 
for categorical data, except for folic acid supplementaƟ on use (26%). We applied mulƟ ple 
imputaƟ on for missing data in covariates [19]. All staƟ sƟ cal analyses were performed using 
PASW version 17.0 for Windows (PASW Inc., Chicago, IL, USA).

RESULTS

Subject, exposure and outcome characterisƟ cs
Table 1 presents the maternal and birth characterisƟ cs. DescripƟ ves on air polluƟ on 
exposure levels in diff erent periods are presented in Supplementary Table S1. Mean 
exposure levels during pregnancy were 30.3 μg/m3 for PM10 and 39.9 μg/m3 for NO2 (Table 
S1). Pearson correlaƟ on coeffi  cients between the diff erent exposure averages varied 
between 0.25 and 0.93. CorrelaƟ ons among exposure averages for the prior two weeks 
and two months were moderate to strong (PM10: r=0.58 to 0.61, NO2: r=0.78 to 0.80).
 Maternal sFlt-1 levels in fi rst and second trimester were strongly correlated (r=0.77), 
and PlGF levels in fi rst and second trimester were moderately correlated (r=0.46). No 
correlaƟ ons were observed for maternal sFlt-1 and PlGF levels in fi rst and second 
trimester with fetal sFlt-1 and PlGF levels at delivery (r=-0.01 to 0.04). sFlt-1 and PlGF 
levels measured at the same Ɵ me (fi rst trimester, second trimester, or at delivery) were 
weakly correlated (r=0.13 to 0.24). Second and third trimester pulsaƟ lity indices were 
moderately correlated for both the uterine artery (r=0.31) and umbilical artery (r=0.56). 
Lower correlaƟ ons were observed among pulsaƟ lity indices of the uterine and umbilical 
artery assessed at the same Ɵ me (r=0.07 to 0.10). Placenta weight was strongly correlated 
with birth weight (r=0.63).

Table 1. Subject characterisƟ cs (N=7801).

Mean ± SD,
Median (95% range), 

or Number (percentage)

Maternal characterisƟ cs

Age at enrolment (yr) 30.4 (19.2-39.3)

GestaƟ onal age at enrolment (weeks) 14.4 (10.2-29.5)

Height (cm) 167.1 ± 7.5

Weight (kg) 67.0 (50.0-103.0)

Body mass index (kg/m2) 23.8 (18.7-36.3)
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Table 1. ConƟ nued

Mean ± SD,
Median (95% range), 

or Number (percentage)

Parity – n (%)

Nulliparous 4290 (55.0)

MulƟ parous 3420 (43.8)

Missing   91 (1.2)

Ethnic background – n (%)

European 4140 (53.1)

Non-European 3088 (39.6)

Missing  573 (7.3)

Highest completed educaƟ onal level – n (%)

No educaƟ on/primary  814 (10.4)

Secondary 3219 (41.3)

Higher 3071 (39.4)

Missing  697 (8.9)

Smoking in pregnancy – n (%)

No 4987 (63.9)

First trimester only  574 (7.4)

ConƟ nued 1174 (15.0)

Missing 1066 (13.7)

Alcohol consumpƟ on in pregnancy – n (%)

No 3295 (42.2)

First trimester only  905 (11.6)

ConƟ nued 2592 (33.2)

Missing 1009 (12.9)

Folic acid supplementaƟ on use – n (%)

PreconcepƟ onal 2340 (29.5)

First ten weeks of pregnancy 1793 (23.0)

None 1679 (21.5)

Missing 2025 (26.0)

Season of concepƟ on – n (%)

Winter 2198 (28.2)

Spring 1783 (23.0)

Summer 1771 (22.7)

Fall 2036 (26.1)

Noise exposure based on home address at delivery (dB(A)) 52.7 (45.0-68.2)
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Table 1. ConƟ nued

Mean ± SD,
Median (95% range), 

or Number (percentage)

Angiogenic factors

First trimester, gestaƟ onal age at visit (weeks) (n=5043) 13.2 (9.6-17.5)

Maternal sFlt-1 (ng/ml) 5.1 (1.9-14.3)

Maternal PlGF (pg/ml) 42.2 (14.6-188.4)

Second trimester, gestaƟ onal age at visit (weeks) (n=6368) 20.6 (18.5-23.5)

Maternal sFlt-1 (ng/ml) 5.0 (1.5-17.4)

Maternal PlGF (pg/ml) 201.2 (73.8-623.7)

Delivery, gestaƟ onal age (weeks) (n=3667) 40.1 (36.6-42.3)

Fetal sFlt-1 (ng/ml) 0.5 (0.1-5.9)

Fetal PlGF (pg/ml) 8.6 (0.0-21.9)

Placental vascular resistance

Second trimester, gestaƟ onal age at visit (weeks) (n=5510) 20.5 (18.7-23.3)

Uterine artery pulsaƟ lity index 0.90 ± 0.27

Umbilical artery pulsaƟ lity index 1.20 ± 0.19

Third trimester, gestaƟ onal age at visit (weeks) (n=6080) 30.3 (28.4-32.9)

Uterine artery pulsaƟ lity index 0.74 ± 0.19

Umbilical artery pulsaƟ lity index 0.98 ± 0.17

Presence of unilateral uterine artery notching – n (%) 303 (6.8)

Presence of bilateral uterine artery notching – n (%) 141 (3.2)

Birth characterisƟ cs

GestaƟ onal age at birth (weeks) (n=7688) 40.1 (35.7-42.4)

Placenta weight (g) 635 ± 146

Birth weight (g) 3414 ± 559

Placental raƟ o (%) 18.7 ± 3.5

Values are means ± SDs, or medians (95% range) for variables with a skewed distribuƟ on, and number of 
subjects (%) for categorical variables.

Air polluƟ on and angiogenic factors
Table 2 shows that PM10 and NO2 exposure in diff erent periods were not associated 
with fi rst trimester maternal sFlt-1 levels, but with lower second trimester sFlt-1 levels 
(diff erences -4.3%, 95% confi dence interval (CI) -7.4 to -1.1 and -2.7%, 95% CI -5.1 to -0.2% 
per 10 μg/m3 increase in PM10 and NO2 in the prior two months, respecƟ vely). Higher PM10 
and NO2 exposure during total pregnancy were associated with higher fetal sFlt-1 levels 
at delivery (diff erences 35.8%, 95% confi dence interval (CI) 25.6 to 45.9 and 8.9%, 95% 
CI 0.6 to 17.3 per 10 μg/m3 increase in PM10 and NO2, respecƟ vely). PM10 exposure for 
the prior two months and for the specifi c pregnancy period was associated with higher 
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maternal PlGF levels in fi rst trimester. NO2 exposure for the prior two months and the 
specifi c pregnancy period was associated with reduced PlGF levels in second trimester. 
Inverse associaƟ ons were observed for PM10 and NO2 exposure for the prior two months 
and during total pregnancy with fetal PlGF levels at delivery (diff erences -16.3%, 95% CI 
-21.9 to -10.7 and -14.6%, 95% CI -19.3 to -10.0 for PM10 and NO2 during total pregnancy, 
respecƟ vely). The unadjusted associaƟ ons were consistent with the adjusted associaƟ ons, 
although weaker eff ect esƟ mates were observed for NO2 with second trimester sFlt-1 
levels (Supplementary Table S2).

Table 2. AssociaƟ ons of maternal air polluƟ on exposure with percent changes in angiogenic factors 

in fi rst and second trimester and at delivery.

Maternal sFlt-1
Percent change (95% CI)

Fetal sFlt-1
Percent change (95% CI)

First trimester
N=4993

Second trimester
N=6365

Delivery
N=3629

PM10 (per 10 μg/m3)

Prior two weeks 0.1 (-1.7, 2.0) -2.7 (-4.7, -0.7) * -0.6 (-5.2, 3.9)

Prior two months -0.2 (-3.1, 2.7) -4.3 (-7.4, -1.1) * -2.8 (-10.1, 4.4)

Total pregnancy period a 1.1 (-2.3, 4.6) -4.5 (-8.4, -0.5) * 35.8 (25.6, 45.9) **

NO2 (per 10 μg/m3)

Prior two weeks 1.3 (-0.5, 3.1) -1.8 (-3.7, 0.1) ‡ 5.0 (0.6, 9.5) *

Prior two months 0.7 (-1.7, 3.0) -2.7 (-5.1, -0.2) * 3.4 (-2.0, 8.9)

Total pregnancy period a 0.7 (-2.0, 3.4) -2.1 (-5.1, 1.0) 8.9 (0.6, 17.3) *

Maternal PlGF 
Percent change (95% CI)

Fetal PlGF
Percent change (95% CI)

First trimester
N=5024

Second trimester
N=6365

Delivery
N=3224

PM10 (per 10 μg/m3)

Prior two weeks 0.0 (-1.6, 1.7) -1.5 (-3.1, 0.2) ‡ -0.5 (-3.1, 2.1)

Prior two months 3.0 (0.4, 5.6) * -1.9 (-4.5, 0.7) -14.4 (-18.3, -10.5) **

Total pregnancy period a 3.6 (0.5, 6.7) * -1.1 (-4.3, 2.1) -16.3 (-21.9, -10.7) **

NO2 (per 10 μg/m3)

Prior two weeks 0.5 (-1.1, 2.1) -1.0 (-2.6, 0.5) -4.1 (-6.5, -1.8) *

Prior two months 0.4 (-1.7, 2.5) -2.7 (-4.7, -0.7) * -10.4 (-13.3, -7.5) **

Total pregnancy period a 0.2 (-2.2, 2.6) -2.8 (-5.3, -0.3) * -14.6 (-19.3, -10.0) **

** p<0.001; * p<0.05 ; ‡ p<0.10
Values are regression coeffi  cients and refl ect the percent change (95% range) in log-transformed sFlt-1 
and PlGF levels per 10 μg/m3 increase in air polluƟ on exposure. Models are adjusted for gestaƟ onal age 
at measurement, fetal sex, maternal age, body mass index, parity, ethnicity, educaƟ on, smoking, alcohol 
consumpƟ on, and folic acid supplementaƟ on use.
a Air polluƟ on exposure for the total pregnancy period was esƟ mated as average exposure for the period 
from concepƟ on unƟ l fi rst trimester measurement, from concepƟ on unƟ l second trimester measurement, or 
from concepƟ on unƟ l delivery.
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Air polluƟ on and placental vascular resistance
We did not observe consistent associaƟ ons of air polluƟ on exposure with uterine and 
umbilical artery pulsaƟ lity indices in second and third trimester (Table 3). We only 
observed that higher PM10 exposure for the prior two months and the specifi c pregnancy 
period was associated with a reduced umbilical artery pulsaƟ lity index in second trimester 
(diff erences -0.07 SD, 95% CI -0.13 to -0.02, and -0.10 SD, 95% CI -0.17 to -0.03 per 10 μg/
m3 increase, respecƟ vely). RelaƟ ve to the adjusted models, the unadjusted models showed 
similar eff ect esƟ mates (Supplementary Table S3). Table 4 shows that PM10 exposure was 
not associated with notching, but higher NO2 exposure for the prior two weeks and prior 
two months tended to be associated with increased risks of bilateral notching (odds raƟ o 
(OR) 1.22, 95% CI 0.97 to 1.53 and 1.33, 95% CI 0.99 to 1.78, respecƟ vely). The unadjusted 
models showed stronger associaƟ ons for NO2 exposure with the risks of bilateral notching 
(Supplementary Table S4); other eff ect esƟ mates were similar to the adjusted models. 

Air polluƟ on and placenta weight
Table 5 shows that PM10 and NO2 exposure in the two months preceding delivery were 
associated with a lower placenta weight (diff erences -11.8g, 95% CI -20.9 to -2.7, and 
-10.7, 95% CI -19.0 to -2.4 per 10 μg/m3 increase, respecƟ vely), but no associaƟ ons were 
observed for other periods. PM10 and NO2 exposure in diff erent periods were associated 
with reducƟ ons in birth weight (diff erences -34.6, 95% CI -66.3 to -2.9, and -39.3, 95% CI 
-69.1 to -9.6 per 10 μg/m3 increase in PM10 and NO2 during total pregnancy, respecƟ vely). 
PM10 exposure for the prior two months was associated with a reduced placental raƟ o, 
but no associaƟ ons were observed for other periods or for NO2 exposure. RelaƟ ve to 
the adjusted models, the unadjusted models showed similar results, although weaker 
associaƟ ons were observed for PM10 and NO2 exposure in the two months preceding 
delivery with placenta weight (Supplementary Table S5).
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Table 3. AssociaƟ ons of maternal air polluƟ on exposure with uteroplacental and fetoplacental 

vascular resistance in second and third trimester.

Uterine artery PulsaƟ lity Index (SD)
Diff erence (95% CI)

Second trimester
N=3432

Third trimester
N=3511

PM10 (per 10 μg/m3)

Prior two weeks 0.00 (-0.05, 0.05) -0.03 (-0.08, 0.02)

Prior two months 0.03 (-0.05, 0.11) -0.01 (-0.08, 0.07)

Total pregnancy period a 0.02 (-0.08, 0.11) -0.06 (-0.17, 0.04)

NO2 (per 10 μg/m3)

Prior two weeks 0.01 (-0.03, 0.06) -0.03 (-0.07, 0.02)

Prior two months 0.02 (-0.04, 0.08) -0.02 (-0.07, 0.03)

Total pregnancy period a 0.02 (-0.05, 0.09) -0.04 (-0.11, 0.04)

Umbilical artery PulsaƟ lity Index (SD)
Diff erence (95% CI)

Second trimester
N=5443

Third trimester
N=6026

PM10 (per 10 μg/m3)

Prior two weeks -0.02 (-0.06, 0.01) 0.01 (-0.03, 0.04)

Prior two months -0.07 (-0.13, -0.02) * 0.04 (-0.02, 0.10)

Total pregnancy period a -0.10 (-0.17, -0.03) * -0.01 (-0.09, 0.06)

NO2 (per 10 μg/m3)

Prior two weeks -0.01 (-0.04, 0.02) -0.01 (-0.04, 0.02)

Prior two months -0.02 (-0.06, 0.02) 0.03 (-0.01, 0.07)

Total pregnancy period a -0.04 (-0.09, 0.01) 0.03 (-0.03, 0.08)

* p<0.05
Values are regression coeffi  cients and refl ect the diff erence in SD score of uterine and umbilical artery 
pulsaƟ lity index per 10 μg/m3 increase in air polluƟ on exposure. Models are adjusted for gestaƟ onal age at 
measurement, fetal sex, maternal age, body mass index, parity, ethnicity, educaƟ onal level, smoking, alcohol 
consumpƟ on, and folic acid supplementaƟ on use.
a Air polluƟ on exposure for the total pregnancy period was esƟ mated as average exposure for the period 
from concepƟ on unƟ l second trimester measurement or from concepƟ on unƟ l third trimester measurement.
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Table 4. AssociaƟ ons of maternal air polluƟ on exposure with the risks of uterine artery notching in 

third trimester.

Unilateral notching
Odds raƟ o (95% CI)

N=4244

Bilateral notching
Odds raƟ o (95% CI)

N=4091

PM10 (per 10 μg/m3)

Prior two weeks 0.94 (0.77, 1.12) 1.18 (0.92, 1.51)

Prior two months 0.93 (0.70, 1.23) 1.31 (0.88, 1.94)

Total pregnancy period 0.96 (0.66, 1.38) 1.14 (0.67, 1.93)

NO2 (per 10 μg/m3)

Prior two weeks 0.99 (0.85, 1.16) 1.22 (0.97, 1.53) ‡

Prior two months 0.96 (0.79, 1.16) 1.33 (0.99, 1.78) ‡

Total pregnancy period 1.12 (0.85, 1.48) 1.18 (0.79, 1.76)

‡ p<0.10
Values are odds raƟ os and refl ect the risks for unilateral and bilateral uterine artery notching in third trimester 
per 10 μg/m3 increase in air polluƟ on exposure. Models are adjusted for gestaƟ onal age at measurement, 
fetal sex, maternal age, body mass index, parity, ethnicity, educaƟ onal level, smoking, alcohol consumpƟ on, 
and folic acid supplementaƟ on use.
a Air polluƟ on exposure for the total pregnancy period was esƟ mated as average exposure for the period 
from concepƟ on unƟ l third trimester measurement.

Table 5. AssociaƟ ons of maternal air polluƟ on exposure with placenta weight, birth weight, and 

placental raƟ o.

Placenta weight (g)
Diff erence (95% CI)

N=5605

Birth weight (g)
Diff erence (95% CI)

N=7688

Placental raƟ o (%)
Diff erence (95% CI)

N=5599

PM10 (per 10 μg/m3)

Prior two weeks -1.7 (-7.0, 3.6) -16.0 (-29.5, -2.4) * 0.0 (-0.1, 0.2)

Prior two months -11.8 (-20.9, -2.7) * -37.9 (-61.4, -14.4) * -0.2 (-0.5, 0.0) *

Total pregnancy -6.0 (-18.5, 6.4) -34.6 (-66.3, -2.9) * -0.1 (-0.4, 0.2)

NO2 (per 10 μg/m3)

Prior two weeks -2.8 (-8.8, 3.2) -17.1 (-32.4, -1.8) * 0.1 (-0.1, 0.2)

Prior two months -10.7 (-19.0, -2.4) * -24.3 (-45.6, -3.1) * -0.2 (-0.4, 0.0)

Total pregnancy -9.3 (-20.9, 2.3) -39.3 (-69.1, -9.6) * -0.1 (-0.4, 0.1)

* p<0.05
Values are regression coeffi  cients and refl ect the diff erence in placenta weight, birth weight, and placental 
raƟ o ((placenta weight/birth weight)*100%) per 10 μg/m3 increase in air polluƟ on exposure. Models 
are adjusted for gestaƟ onal age at delivery, infant sex, maternal age, body mass index, parity, ethnicity, 
educaƟ onal level, smoking, alcohol consumpƟ on, folic acid supplementaƟ on use, noise exposure, and season 
of concepƟ on. Models on birth weight are addiƟ onally adjusted for maternal height.
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SensiƟ vity analyses
Results in non-smoking women were comparable. AssociaƟ ons were slightly stronger 
when the analyses were restricted to European women or women with a normal body 
mass index, but the paƩ erns of associaƟ ons were the same. RestricƟ on to women 
without pregnancy complicaƟ ons (gestaƟ onal hypertension, preeclampsia, or gestaƟ onal 
diabetes) produced similar results, although we observed smaller eff ect esƟ mates that 
did not reach signifi cance for the associaƟ ons of NO2 exposure with the risks of notching 
in third trimester. 

DISCUSSION

Results from this large prospecƟ ve cohort study suggest that maternal air polluƟ on 
exposure may aff ect placental growth and funcƟ on. We observed associaƟ ons of PM10 
and NO2 exposure with changes in fetal sFlt-1 and PlGF levels at delivery. Also, higher PM10 
and NO2 exposure were associated with lower placenta weight. However, air polluƟ on 
exposure was not consistently associated with other markers of placental growth and 
funcƟ on, indicaƟ ng that future research is needed to confi rm these fi ndings and to 
examine the underlying mechanisms.

Air polluƟ on and markers of placental funcƟ on and growth
Adequate placentaƟ on and placental funcƟ oning are criƟ cal for normal pregnancy. 
Impairment of these processes, refl ected by alteraƟ ons in markers of placental growth 
and funcƟ on, has been linked to the development of maternal and fetal complicaƟ ons 
[7, 8, 12, 20]. Maternal air polluƟ on exposure may aff ect pregnancy by inducing oxidaƟ ve 
stress and systemic infl ammaƟ on [10], which could result in subopƟ mal placentaƟ on 
or placental infl ammaƟ on [11, 21]. A few animal studies showed adverse eff ects of air 
polluƟ on exposure on placenta weight and funcƟ on [22, 23]. However, not much is known 
about the associaƟ ons of air polluƟ on exposure with markers of placental growth and 
funcƟ on in humans.
 Over the past decades there has been increased interest in the role of angiogenic 
growth factors in the development of maternal and fetal complicaƟ ons. The growth 
factors vascular endothelial growth factor (VEGF) and placental growth factor (PlGF) are 
important for placental development and angiogenesis, whereas soluble fms-like tyrosine 
kinase 1 (sFlt-1) binds to these proteins and thereby inhibits their acƟ vity. Previous 
studies have demonstrated elevated sFlt-1 levels or reduced PlGF levels in women whose 
pregnancies were complicated by intrauterine growth restricƟ on, preeclampsia, and 
gestaƟ onal hypertension [20, 24-26], and in infants of mothers with preeclampsia [27, 28]. 
However, other studies, including two recent reviews, reported diff erent results for either 
sFlt-1 or PlGF [24-26, 29, 30]. To our knowledge, no previous studies have examined the 
associaƟ ons of air polluƟ on with angiogenic factors during pregnancy. We observed that 
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PM10 and NO2 exposure were associated with reduced maternal second trimester sFlt-1 
levels, and weakly associated with elevated fi rst trimester PlGF levels and reduced second 
trimester PlGF levels. At delivery, air polluƟ on exposure was associated with higher fetal 
sFlt-1 levels and lower PlGF levels. These cord blood levels might refl ect placental rather 
than fetal producƟ on [8, 28]. Thus, air polluƟ on contributed to an anƟ -angiogenic profi le 
in fetal cord blood, but not in maternal fi rst and second trimester blood. In this light, it is 
interesƟ ng that maternal smoking, which shares similariƟ es in biological eff ects with air 
polluƟ on, was associated with lower sFlt-1 levels and higher PlGF levels in maternal fi rst 
and second trimester blood. Previous studies on maternal smoking during pregnancy have 
also reported reduced sFlt-1 levels, indicaƟ ng that smoking could promote an angiogenic 
balance [31, 32]. Our associaƟ ons of air polluƟ on with angiogenic factors diff ered according 
to the stage of pregnancy, which may be related to (trimester-specifi c) alteraƟ ons in 
sFlt-1 and PlGF levels in response to the pregnancy [33]. Also, it has been proposed that 
elevated sFlt-1 levels could be due to increased trophoblasƟ c placental Ɵ ssue [34], which 
may indicate that sFlt-1 and PlGF could merely refl ect trophoblast volume rather than 
pathological processes.
 Indices of placental vascular resistance and the presence of uterine artery notching 
have been used to idenƟ fy complicated pregnancies [8, 35]. In normal pregnancy, the 
pulsaƟ lity index of the uterine arteries decreases with advancing gestaƟ onal age, as a result 
of the trophoblast invasion during the fi rst half of pregnancy. Impaired remodelling of the 
arteries leads to maintenance of high arterial resistance, with subsequent inadequate 
uteroplacental blood fl ow [6]. We observed no consistent associaƟ ons of air polluƟ on 
exposure with uterine and umbilical artery pulsaƟ lity indices in second and third trimester. 
However, PM10 exposure for the prior two months and the specifi c pregnancy period was 
associated with a reduced umbilical artery pulsaƟ lity index in second trimester. As we 
hypothesized that air polluƟ on adversely aff ects placental funcƟ on, this laƩ er observaƟ on 
is not in line with our expectaƟ ons. Furthermore, the results are also in disagreement with 
previous studies on maternal smoking, of which one was conducted in our populaƟ on, 
that reported increased uteroplacental and fetoplacental resistance [36, 37]. Nevertheless, 
in our study NO2 exposure in the period preceding the measurement tended to be 
associated with increased risks of bilateral uterine artery notching, indicaƟ ng increased 
arterial resistance. The clinical consequences of these Ɵ me- and pollutant-specifi c eff ects 
of air polluƟ on on placental vascular resistance need to be further studied. 
 The placental raƟ o (placenta weight relaƟ ve to birth weight) can be considered as 
a marker of placental funcƟ on, i.e., the capacity to transport oxygen and nutrients. A 
high placental raƟ o is suggested to refl ect a less effi  cient placental funcƟ on and reduced 
nutrient supply to the fetus [12, 38]. A low placenta weight and a high placental raƟ o 
have been linked to adverse pregnancy outcomes in various studies [39, 40]. Previous 
experimental studies in mice have reported associaƟ ons of air polluƟ on exposure during 
pregnancy with lower placenta weight [22] and with morphological changes of the 
placenta that suggested impaired placental funcƟ on [23]. Two previous studies examined 
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the associaƟ ons of (indicators of) air polluƟ on exposure with placenta weight or raƟ o 
in women. The fi rst study was conducted in Italy and reported a lower placenta weight 
following exposure to PM10 and NO2 in the two months before delivery (diff erences -3 
and -7g per 10 μg/m3 increase in PM10 and NO2, respecƟ vely) [41]. In the second study, 
conducted in Japan, living within 200m from a major road (as an indicator of air polluƟ on 
exposure) was associated with a 13g decrease in placenta weight and a 0.5% increase in 
placental raƟ o, as compared to living farther away [42]. In the present study, we observed 
that PM10 and NO2 exposure in the two months preceding delivery were associated with 
reducƟ ons in placenta weight of 12 and 11g per 10 μg/m3 increase, respecƟ vely, which is in 
line with the Italian study. In the present paper, birth weight was included as an outcome 
in order to calculate the placental raƟ o. PM10 and NO2 exposure for diff erent periods were 
strongly associated with reducƟ ons in birth weight, which we have described previously 
[3]. We did not observe consistent associaƟ ons of air polluƟ on exposure with placental 
raƟ o, which may indicate that placenta weight and birth weight were aff ected to a similar 
degree by air polluƟ on.

Methodological consideraƟ ons
A main strength of our study is the availability of diff erent markers of placental growth 
and funcƟ on, enabling invesƟ gaƟ on of this possible pathway for air polluƟ on eff ects on 
pregnancy outcomes. A wide range of potenƟ al confounders was available. Nevertheless, 
residual confounding due to unmeasured variables (e.g., quality of housing) might sƟ ll be 
an issue.
 Air polluƟ on is a complex mixture of several pollutants. PM10 and NO2 can be 
regarded as indicators of this mixture rather than the defi nite causaƟ ve factors of adverse 
health eff ects. Air polluƟ on exposure was esƟ mated using a combinaƟ on of dispersion 
modelling and conƟ nuous monitoring, which enabled consideraƟ on of detailed spaƟ al and 
temporal variaƟ on in exposure. SƟ ll, the variaƟ on in exposure levels might be relaƟ vely 
small in our study populaƟ on, which may have limited the ability to detect associaƟ ons 
of air polluƟ on with markers of placental growth and funcƟ on. We were able to allow for 
residenƟ al mobility of the women during pregnancy. There can sƟ ll be misclassifi caƟ on 
of air polluƟ on exposure, since exposure levels were esƟ mated at the home address. No 
informaƟ on was available on indoor, occupaƟ onal, or commuƟ ng sources of air polluƟ on, 
or on Ɵ me-acƟ vity paƩ erns of the women. However, the magnitude of the possible 
misclassifi caƟ on is probably less than in non-pregnant individuals, as pregnant women 
generally spend more Ɵ me at home, especially in the last stage of pregnancy [43]. 
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Conclusion
In this prospecƟ ve populaƟ on-based cohort study, maternal PM10 and NO2 exposure were 
associated with changes in fetal sFlt-1 and PlGF levels at delivery, resulƟ ng in an anƟ -
angiogenic state, and with lower placenta weight. Our results suggest that air polluƟ on 
exposure may infl uence placental growth and funcƟ on. Future studies are needed 
to confi rm these fi ndings, to examine the underlying mechanisms, and to explore the 
maternal and fetal consequences.
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SUPPLEMENTARY MATERIAL

Supplementary Figure S1. Timing of measurements of angiogenic factors, placental vascular 

resistance, and placenta weight.

First
trimester DeliveryConcep�on Second

trimester 

Angiogenic 
factors a 

Placental vascular 
resistance b

Placenta 
weight c

 

Third
trimester 

sFlt-1
PlGF

sFlt-1
PlGF

sFlt-1
PlG

UtA-PI
UmA-PI

UtA-PI
UmA-PI

notching

Placenta weight
Birth weight

Placental ra�o

a sFlt-1 and PlGF were measured in maternal blood in fi rst trimester (median 13.2 weeks of gestaƟ on, 95% 
range 9.6 to 17.5) and second trimester (median 20.6 weeks of gestaƟ on, 95% range 18.5 to 23.5), and in 
fetal cord blood at delivery (median 40.1 weeks of gestaƟ on, 95% range 36.6 to 42.3).
b Uterine and umbilical artery pulsaƟ lity index were measured in second trimester (median 20.5 weeks of 
gestaƟ on, 95% range 18.7 to 23.3) and third trimester (median 30.3 weeks of gestaƟ on, 95% range 28.4 to 
32.9), and unilateral or bilateral uterine artery notching was assessed in third trimester.
c Placenta weight and birth weight were measured at delivery (median 40.1 weeks of gestaƟ on, 95% range 
35.7 to 42.4), and placental raƟ o was calculated.
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Supplementary Table S1. DistribuƟ on of PM10 and NO2 exposure levels for diff erent periods.

Minimum 25th 
percenƟ le

Mean Median 75th 
percenƟ le

Maximum

First trimester a

PM10 exposure (μg/m3) 
Prior day 1-14 18.8 25.4 30.6 28.8 33.7 57.4
Prior day 1-60 21.4 26.9 30.7 30.5 33.6 46.2
Total pregnancy period 22.0 27.7 30.9 30.8 33.7 44.0

NO2 exposure (μg/m3)
Prior day 1-14 16.9 35.2 40.4 40.5 45.2 70.5
Prior day 1-60 20.2 36.7 40.4 41.0 44.1 59.3
Total pregnancy period 21.0 37.2 40.5 41.0 44.0 59.8

Second trimester b

PM10 exposure (μg/m3) 
Prior day 1-14 17.4 25.0 30.3 28.7 33.3 56.4
Prior day 1-60 21.5 26.5 30.5 30.3 33.3 48.1
Total pregnancy period 22.6 27.9 30.6 30.5 33.4 43.2

NO2 exposure (μg/m3)
Prior day 1-14 15.1 34.6 40.2 40.2 45.0 66.9
Prior day 1-60 20.3 36.0 40.0 40.8 44.0 59.6
Total pregnancy period 22.7 37.0 40.2 40.4 43.5 59.3

Third trimester c

PM10 exposure (μg/m3) 
Prior day 1-14 18.8 25.4 30.6 28.8 33.7 58.0
Prior day 1-60 20.2 26.3 30.6 29.4 33.8 49.5
Total pregnancy period 22.7 27.5 30.0 30.0 32.4 41.5

NO2 exposure (μg/m3)
Prior day 1-14 16.9 35.2 40.4 40.5 45.3 67.4
Prior day 1-60 19.8 35.8 40.4 40.8 44.5 65.5
Total pregnancy period 25.6 36.8 39.8 39.6 42.5 58.2

Delivery
PM10 exposure (μg/m3)

Prior day 1-14 16.8 24.7 29.6 28.1 32.2 58.0
Prior day 1-60 21.4 26.1 29.7 29.5 32.4 45.8
Total pregnancy period 23.2 27.8 30.3 30.0 32.9 40.9

NO2 exposure (μg/m3)
Prior day 1-14 15.3 34.1 39.5 39.9 44.7 67.2
Prior day 1-60 18.5 35.1 39.4 40.3 43.6 65.3
Total pregnancy period 26.5 37.2 39.9 39.6 42.2 59.3

Air polluƟ on exposure was esƟ mated for two weeks (day 1-14) and two months (day 1-60) preceding the 
diff erent measurements. AddiƟ onally, air polluƟ on exposure was esƟ mated for specifi c pregnancy periods 
(concepƟ on unƟ l measurement).
a Air polluƟ on exposure averages were calculated prior to the day of blood sampling (for measurement of 
angiogenic factors) in fi rst trimester. 
b Air polluƟ on exposure averages were calculated prior to the day of blood sampling (for measurement of 
angiogenic factors) in second trimester. The ultrasound visit in second trimester was planned on the same 
day in the majority of the women. The corresponding exposure averages prior to this visit are not shown in 
the table. 
c Air polluƟ on exposure averages were calculated prior to the day of the ultrasound visit in third trimester.
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Supplementary Table S2. Unadjusted associaƟ ons of maternal air polluƟ on exposure with percent 

changes in angiogenic factors in fi rst and second trimester and at delivery.

 Maternal sFlt-1
Percent change (95% CI)

Fetal sFlt-1
Percent change (95% CI)

First trimester
N=4993

Second trimester
N=6365

Delivery
N=3629

PM10 (per 10 μg/m3)

Prior two weeks 0.2 (-1.7, 2.1) -2.2 (-4.3, -0.2) * -0.6 (-5.1, 4.0)

Prior two months -0.3 (-3.3, 2.7) -3.7 (-6.9, -0.4) * -2.4 (-9.7, 4.8)

Total pregnancy period a 1.4 (-2.1, 4.9) -3.5 (-7.6, 0.5) ‡ 35.9 (25.8, 46.0) **

NO2 (per 10 μg/m3)

Prior two weeks 1.9 (0.0, 3.7) * -0.7 (-2.7, 1.3) 5.4 (1.0, 9.8) *

Prior two months 1.6 (-0.8, 4.0) -0.8 (-3.4, 1.7) 3.9 (-1.6, 9.3)

Total pregnancy period a 2.2 (-0.5, 4.9) 0.7 (-2.4, 3.8) 9.8 (1.6, 18.1) *

Maternal PlGF 
Percent change (95% CI)

Fetal PlGF
Percent change (95% CI)

First trimester
N=5024

Second trimester
N=6365

Delivery
N=3224

PM10 (per 10 μg/m3)

Prior two weeks 0.2 (-1.5, 1.9) -1.1 (-2.8, 0.6) -0.5 (-3.1, 2.1)

Prior two months 3.7 (1.0, 6.4) * -0.8 (-3.4, 1.9) -14.6 (-18.5, -10.7) **

Total pregnancy period a 4.4 (1.2, 7.6) * 0.1 (-3.3, 3.5) -16.6 (-22.2, -10.9) **

NO2 (per 10 μg/m3)

Prior two weeks 1.0 (-0.7, 2.6) -0.1 (-1.7, 1.5) -4.3 (-6.7, -2.0) **

Prior two months 1.2 (-1.0, 3.4) -0.9 (-0.3, 1.2) -10.7 (-13.6, -7.8) **

Total pregnancy period a 1.2 (-1.3, 3.6) -0.5 (-3.0, 2.1) -15.5 (-20.2, -10.9) **

** p<0.001; * p<0.05; ‡ p<0.10
Values are regression coeffi  cients and refl ect the percent change (95% range) in log-transformed sFlt-1 
and PlGF levels per 10 μg/m3 increase in air polluƟ on exposure. Models are adjusted for gestaƟ onal age at 
measurement. 
a Air polluƟ on exposure for the total pregnancy period was esƟ mated as average exposure for the period 
from concepƟ on unƟ l fi rst trimester measurement, from concepƟ on unƟ l second trimester measurement, or 
from concepƟ on unƟ l delivery.
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Supplementary Table S3. Unadjusted associaƟ ons of maternal air polluƟ on exposure with 

uteroplacental and fetoplacental vascular resistance in second and third trimester.

Uterine artery PulsaƟ lity Index (SD)
Diff erence (95% CI)

Second trimester
N=3432

Third trimester
N=3511

PM10 (per 10 μg/m3)

Prior two weeks 0.00 (-0.05, 0.06)  -0.04 (-0.09, -0.02)

Prior two months 0.03 (-0.05, 0.11) -0.01 (-0.09, 0.07)

Total pregnancy period a 0.02 (-0.08, 0.11) -0.08 (-0.18, 0.03)

NO2 (per 10 μg/m3)

Prior two weeks 0.02 (-0.03, 0.06) -0.03 (-0.07, 0.01)

Prior two months 0.03 (-0.03, 0.09) -0.03 (-0.08, 0.03)

Total pregnancy period a 0.03 (-0.04, 0.10) -0.05 (-0.12, 0.03)

Umbilical artery PulsaƟ lity Index (SD)
Diff erence (95% CI)

Second trimester
N=5443

Third trimester
N=6026

PM10 (per 10 μg/m3)

Prior two weeks -0.02 (-0.06, 0.02)  0.01 (-0.03, 0.04)

Prior two months -0.06 (-0.12, -0.01) *  0.04 (-0.02, 0.10)

Total pregnancy period a -0.08 (-0.15, -0.01) * -0.01 (-0.09, 0.07)

NO2 (per 10 μg/m3)

Prior two weeks -0.01 (-0.04, 0.03) -0.01 (-0.02, 0.01)

Prior two months -0.01 (-0.05, 0.03)  0.03 (-0.01, 0.07)

Total pregnancy period a -0.02 (-0.07, 0.03)  0.03 (-0.02, 0.09)

* p<0.05
Values are regression coeffi  cients and refl ect the diff erence in SD score of uterine and umbilical artery 
pulsaƟ lity index per 10 μg/m3 increase in air polluƟ on exposure. Models are adjusted for gestaƟ onal age at 
measurement.
a Air polluƟ on exposure for the total pregnancy period was esƟ mated as average exposure for the period 
from concepƟ on unƟ l second trimester measurement or from concepƟ on unƟ l third trimester measurement.
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Supplementary Table S4. Unadjusted associaƟ ons of maternal air polluƟ on exposure with the risks 

of uterine artery notching in third trimester.

Unilateral notching
Odds raƟ o (95% CI)

N=4244

Bilateral notching
Odds raƟ o (95% CI)

N=4091

PM10 (per 10 μg/m3)

Prior two weeks 0.93 (0.77, 1.12) 1.17 (0.92, 1.49)

Prior two months 0.94 (0.71, 1.25) 1.32 (0.89, 1.94)

Total pregnancy period 0.96 (0.67, 1.38) 1.14 (0.68, 1.92)

NO2 (per 10 μg/m3)

Prior two weeks 1.02 (0.87, 1.19) 1.27 (1.02, 1.58) *

Prior two months 1.00 (0.82, 1.21) 1.39 (1.04, 1.84) *

Total pregnancy period 0.98 (0.87, 1.10) 1.34 (0.92, 1.95)

* p<0.05
Values are odds raƟ os and refl ect the risks for unilateral and bilateral uterine artery notching in third trimester 
per 10 μg/m3 increase in air polluƟ on exposure. Models are adjusted for gestaƟ onal age at measurement.
a Air polluƟ on exposure for the total pregnancy period was esƟ mated as average exposure for the period 
from concepƟ on unƟ l third trimester measurement.

Supplementary Table S5. Unadjusted associaƟ ons of maternal air polluƟ on exposure with placenta 

weight, birth weight, and placental raƟ o.

Placenta weight (g)
Diff erence (95% CI)

N=5605

Birth weight (g)
Diff erence (95% CI)

N=7688

Placental raƟ o (%)
Diff erence (95% CI)

N=5599

PM10 (per 10 μg/m3)

Prior two weeks -0.6 (-5.8, 4.6) -13.8 (-28.2, 0.5) ‡ 0.1 (-0.1, 0.2)

Prior two months -8.3 (-16.8, 0.2) ‡ -36.9 (-60.3, -13.4) * -0.2 (-0.4, 0.0)

Total pregnancy -7.4 (-19.5, 4.7) -54.0 (-87.0, -20.9) * 0.0 (-0.3, 0.3)

NO2 (per 10 μg/m3)

Prior two weeks -1.0 (-5.9, 3.8) -14.2 (-27.2, -1.2) * 0.0 (-0.1, 0.2)

Prior two months -2.6 (-8.5, 3.3) -16.4 (-32.4, -0.5) * 0.0 (-0.2, 0.1)

Total pregnancy -5.6 (-14.8, 3.5) -55.4 (-80.5, -30.3) ** 0.1 (-0.1, 0.3)

* p<0.05; ‡ p<0.10
Values are regression coeffi  cients and refl ect the diff erence in placenta weight, birth weight, and placental 
raƟ o ((placenta weight/birth weight)*100%) per 10 μg/m3 increase in air polluƟ on exposure. Models are 
adjusted for gestaƟ onal age at delivery.



Chapter 3.3

Air polluƟ on, maternal blood 
pressure and gestaƟ onal 
hypertensive complicaƟ ons

Edith H van den Hooven

Yvonne de Kluizenaar

Frank H Pierik

Albert Hofman

Sjoerd W van RaƟ ngen

Peter YJ Zandveld

Johan P Mackenbach

Eric AP Steegers

Henk ME Miedema

Vincent WV Jaddoe

Adapted from Hypertension 2011; 57:406-41



90 | Chapter 3.3

ABSTRACT

Background: Exposure to air polluƟ on is associated with elevated blood pressure and 
cardiovascular disease. We assessed the associaƟ ons of exposure to parƟ culate maƩ er 
(PM10) and nitrogen dioxide (NO2) levels with blood pressure measured in each trimester 
of pregnancy and the risks of gestaƟ onal hypertension and preeclampsia in 7006 women 
parƟ cipaƟ ng in a prospecƟ ve cohort study in the Netherlands.
Methods: PM10 and NO2 levels were esƟ mated at the home address for diff erent periods 
using dispersion modelling techniques. Systolic and diastolic blood pressure were assessed 
in each trimester of pregnancy. InformaƟ on on gestaƟ onal hypertensive disorders was 
obtained from medical records. 
Results: PM10 exposure was not associated with fi rst trimester systolic and diastolic blood 
pressure, but a 10 μg/m3 increase in PM10 levels was associated with a 1.11 mm Hg (95% 
CI 0.43 to 1.79) and 2.11 mm Hg (95% CI 1.34 to 2.89) increase in systolic blood pressure 
in second and third trimester, respecƟ vely. Longitudinal analyses showed that elevated 
PM10 exposure levels were associated with a steeper increase in systolic blood pressure 
throughout pregnancy (P<0.01), but not with diastolic blood pressure paƩ erns. Elevated 
NO2 exposure was associated with higher systolic blood pressure levels in fi rst, second, and 
third trimester (P<0.05), and with a more gradual increase when analyzed longitudinally 
(P<0.01). PM10 exposure, but not NO2 exposure, was associated with an increased risk of 
gestaƟ onal hypertension (odds raƟ o 1.72, 95% CI 1.12 to 2.63 per 10 μg/m3 increase). 
Conclusions: Our results suggest that air polluƟ on may aff ect maternal cardiovascular 
health during pregnancy. The eff ects might be small, but relevant on a populaƟ on level.
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INTRODUCTION

Air polluƟ on exposure has been associated with cardiovascular morbidity and mortality 
[1-3]. Several potenƟ al mechanisms for this associaƟ on have been proposed, including 
alteraƟ ons in the autonomic nervous system, inducƟ on of pulmonary and systemic 
infl ammaƟ on and oxidaƟ ve stress, endothelial dysfuncƟ on, and increased blood 
coagulability [1, 2, 4, 5]. Elevated blood pressure is a known risk factor for cardiovascular 
disease, and may be implicated in the associaƟ on between air polluƟ on and cardiovascular 
morbidity and mortality. Although results diff er among studies [6-18], there is increasing 
evidence for a relaƟ onship between air polluƟ on exposure and elevated blood pressure 
levels [19]. Pregnant women are a suscepƟ ble group for hypertensive disorders, since 
changes in pregnancy lead to increased stress on the cardiovascular system [20]. A few 
previous studies observed higher risks of preeclampsia following exposure to air polluƟ on 
[21-23]. However, the associaƟ ons of air polluƟ on exposure with blood pressure paƩ erns 
during pregnancy and gestaƟ onal hypertension have not yet been examined. 
 We invesƟ gated the associaƟ ons of parƟ culate maƩ er (PM10) and nitrogen dioxide 
(NO2) exposure levels during pregnancy with repeatedly measured blood pressure and the 
risks of gestaƟ onal hypertension and preeclampsia in a populaƟ on-based cohort study 
among 7006 pregnant women in the Netherlands. 

METHODS

Design
This study was embedded in the GeneraƟ on R Study, a populaƟ on-based prospecƟ ve 
cohort study from pregnancy onwards in the city of RoƩ erdam, the Netherlands, which 
has been described previously in detail [24]. Mother enrolled between 2001 and 2005. The 
study protocol was approved by the Medical Ethical CommiƩ ee of Erasmus Medical Center, 
RoƩ erdam. WriƩ en consent was obtained from all parƟ cipants. Of the 8880 prenatally 
enrolled women, air polluƟ on exposure esƟ mates were available for 7191 mothers (81%). 
For 1689 mothers, air polluƟ on exposure data could not be assessed due to incomplete 
address history, or because they had moved outside the study area before delivery [24]. 
Women with a twin pregnancy (n=73), diagnosed pre-existent hypertension (n=111), or 
no data on blood pressure during pregnancy (n=1) were excluded. The associaƟ ons of 
air polluƟ on exposure with blood pressure levels and gestaƟ onal hypertensive disorders 
were analyzed in the remaining 7006 women (see Figure 1 for a fl ow chart). 
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Figure 1. PopulaƟ on for analysis.
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Air polluƟ on exposure
Individual exposures to parƟ culate maƩ er (PM10) and nitrogen dioxide (NO2) during 
pregnancy were assessed at the home address, using a combinaƟ on of conƟ nuous 
monitoring data and dispersion modelling techniques, taking into account both the spaƟ al 
and temporal variaƟ on in air polluƟ on. A detailed descripƟ on and a fl ow chart of the 
exposure assessment are presented in Chapter 2. In brief, annual average concentraƟ ons 
of PM10 and NO2 for the years 2001-2006 were assessed for all addresses in the study area, 
using the three Dutch naƟ onal standard methods for air quality modelling [25]. Hourly 
concentraƟ ons of PM10 and NO2 were derived, taking into account hourly wind condiƟ ons 
and fi xed temporal paƩ erns in the contribuƟ on of air polluƟ on sources. Subsequently, 
the hourly concentraƟ ons were adjusted for background concentraƟ ons, using hourly 
measurements from three conƟ nuous monitoring staƟ ons. Based on parƟ cipants’ home 
addresses, we derived individual exposure esƟ mates for diff erent periods in pregnancy: 
concepƟ on unƟ l fi rst blood pressure measurement (median 13.2 weeks of gestaƟ on, 
95% range 9.6 to 17.5); concepƟ on unƟ l second blood pressure measurement (median 
20.4 weeks of gestaƟ on, 95% range 18.5 to 23.6); concepƟ on unƟ l third blood pressure 
measurement (median 30.2 weeks of gestaƟ on, 95% range 28.4 to 32.9); and concepƟ on 
unƟ l delivery (median 40.1 weeks of gestaƟ on, 95% range 35.7 to 42.4).
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Blood pressure in diff erent trimesters of pregnancy
Blood pressure was measured with the validated Omron 907® automated digital 
oscillometric sphygmanometer (OMRON Healthcare Europe B.V. Hoofddorp, the 
Netherlands). All parƟ cipants were seated in upright posiƟ on with back support, and 
were asked to relax for 5 minutes. A cuff  was placed around the non-dominant upper 
arm, which was supported at the level of the heart, with the bladder midline over the 
brachial artery pulsaƟ on. In case of an upper arm exceeding 33 cm, a larger cuff  (32~42 
cm) was used. The mean value of two blood pressure readings over a 60-second interval 
was documented for each parƟ cipant. 

GestaƟ onal hypertension and preeclampsia
InformaƟ on on gestaƟ onal hypertension and preeclampsia was derived from hospital 
registries. Women suspected of pregnancy complicaƟ ons based on these registries 
were crosschecked with the original medical records [26]. The diagnosis of gestaƟ onal 
hypertension and preeclampsia was based on the following criteria: development of 
systolic blood pressure ≥140 mm Hg and/or diastolic blood pressure ≥90 mm Hg aŌ er 20 
weeks of gestaƟ on in previously normotensive women. These criteria plus the presence of 
proteinuria (two or more dipsƟ ck readings of 2+ or greater, one catheter sample reading 
of 1+ or greater, or a 24h urine collecƟ on containing at least 300 mg of protein) were used 
to idenƟ fy women with preeclampsia. Women with hemolysis elevated liver enzymes 
and low platelets (HELLP) syndrome were included in the preeclampsia group. Women 
with gestaƟ onal hypertension were coded as missing for preeclampsia, and women with 
preeclampsia were coded as missing for gestaƟ onal hypertension.

Covariates
Medical records completed by midwives and obstetricians were used to obtain informaƟ on 
about date and gestaƟ onal age at delivery. InformaƟ on on maternal age, educaƟ onal level, 
ethnicity, parity, and folic acid supplementaƟ on use was obtained by a quesƟ onnaire 
at enrolment. As there were no diff erences in observed results when ethnicity was 
categorized into fi ve groups instead of two groups, we reclassifi ed ethnicity into European 
and non-European. Height and weight were assessed at enrolment. Weight was repeatedly 
measured at subsequent visits. Maternal smoking and alcohol consumpƟ on before and 
during pregnancy were assessed by quesƟ onnaires in each trimester. Road traffi  c noise 
exposure was assessed at the home address in accordance with requirements of the EU 
Environmental Noise DirecƟ ve, as described in the Supplementary Material of Chapter 2. 

StaƟ sƟ cal analysis
First, the associaƟ ons of air polluƟ on exposure with repeatedly measured systolic and 
diastolic blood pressure were analyzed using unbalanced repeated measurement 
regression models. These models take into account the correlaƟ on between repeated 
measurements of the same subject, and allow for incomplete outcome data [27]. The 
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best fi ƫ  ng models were constructed using fracƟ onal polynomials of gestaƟ onal age 
[28]. Air polluƟ on exposure averaged over total pregnancy (PM10 or NO2, in quarƟ les) 
was included in these models as intercept and as interacƟ on term with gestaƟ onal age. 
Second, with mulƟ variate linear regression models, we esƟ mated the associaƟ ons of PM10 
and NO2 levels in the relevant Ɵ me periods with systolic and diastolic blood pressure in 
fi rst, second, and early third trimester. Third, the associaƟ ons of air polluƟ on exposure 
during pregnancy with gestaƟ onal hypertension and preeclampsia were assessed using 
mulƟ variate logisƟ c regression models. In the linear and logisƟ c regression models, air 
polluƟ on was included as a 10 μg/m3 increase in exposure. We also conducted analyses 
with air polluƟ on exposure categorized in quarƟ les. AddiƟ onal tests for trend were 
performed by including the standard deviaƟ on value of PM10 and NO2 exposure as a 
conƟ nuous term in the model. All models were adjusted for known determinants of blood 
pressure paƩ erns during pregnancy (maternal age, height, weight, ethnicity, educaƟ on, 
parity, folic acid supplementaƟ on use, smoking, and alcohol consumpƟ on) and for road 
traffi  c noise exposure (as a conƟ nuous term). Models with blood pressure paƩ erns were 
adjusted for weight at measurement and were addiƟ onally adjusted for gestaƟ onal age 
at measurement. Models with hypertensive complicaƟ ons were adjusted for weight at 
enrolment. The percentages of missing values within the populaƟ on for analysis were 
lower than 1% for conƟ nuous data and lower than 15% for categorical data, except for 
folic acid supplementaƟ on use (25%). We applied mulƟ ple imputaƟ on for missing data in 
covariates [29]. The repeated measurement analyses were performed using the StaƟ sƟ cal 
Analysis System version 8.2 (SAS, InsƟ tute Inc. Gary NC, USA), including the Proc Mixed 
module for unbalanced repeated measurements. All other analyses were performed using 
SPSS version 17.0 for Windows (SPSS Inc., Chicago, IL, USA).

RESULTS

Subject and exposure characterisƟ cs
Table 1 presents the subject characterisƟ cs. Blood pressure was measured in 4853 women 
in fi rst trimester, 6361 women in second trimester, and 6488 women in early third trimester. 
In total, 17702 blood pressure measurements were available for analyses. Of all women, 
3.6% was diagnosed with gestaƟ onal hypertension, and 2.0% developed preeclampsia or 
HELLP. The women were evenly distributed by concepƟ on season. Supplementary Figure 
S1 presents mean period-specifi c PM10 and NO2 exposure levels in the study populaƟ on, 
showing that mean exposure levels during pregnancy were 30.3 (SD 3.2) μg/m3 for PM10 
and 39.8 (SD 4.2) μg/m3 for NO2. CorrelaƟ ons between exposure averages in diff erent 
pregnancy periods were moderate to strong (PM10: Pearson correlaƟ on coeffi  cient r=0.76 
to 0.96, NO2: r=0.68 to 0.94). PM10 and NO2 levels averaged over the same pregnancy 
period were moderately correlated (r=0.57 to 0.63) (Supplementary Table S1). 
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Table 1. Subject characterisƟ cs (N=7006).

Mean ± SD, median (95% range), 
or number (percentage)

Maternal characterisƟ cs

Age at enrolment (yr) 30.5 (19.3-39.4)

GestaƟ onal age at enrolment (wks) 14.4 (10.2-28.5)

Height (cm) 167.2 ± 7.4

Weight at enrolment (kg) 67.0 (50.0-102.0)

Body mass index at enrolment (kg/m2) 23.8 (18.7-36.0)

Parity – n (%)

Nulliparous 3770 (53.8)

MulƟ parous 3158 (45.1)

Missing 78 (1.1)

Ethnic background – n (%)

European 3790 (54.1)

Non-European 2734 (39.0)

Missing 482 (6.9)

Highest completed educaƟ onal level – n (%)

No educaƟ on/primary 720 (10.3)

Secondary 2870 (41.0)

Higher 2825 (40.3)

Missing 591 (8.4)

Smoking in pregnancy – n (%)

No 5070 (72.4)

Yes 1103 (15.7)

Missing 833 (11.9)

Alcohol consumpƟ on in pregnancy – n (%)

No 3747 (53.5)

Yes 2540 (36.3)

Missing 719 (10.3)

Folic acid supplementaƟ on use – n (%)

PreconcepƟ onal 2146 (30.6)

First ten weeks of pregnancy 1617 (23.1)

None 1466 (20.9)

Missing 1777 (25.4)

Noise exposure at delivery (dB(A)) 52.5 (45.0-68.2)

Blood pressure measurements

First trimester (n=4853)

GestaƟ onal age at visit (wks) 13.2 (6.9-17.9)

Weight at visit (kg) 66.0 (50.0-100.9)
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Table 1. ConƟ nued

Mean ± SD, median (95% range), 
or number (percentage)

Systolic blood pressure (mm Hg) 115.2 ± 12.0

Diastolic blood pressure (mm Hg) 67.9 ± 9.3

Second trimester (n=6361)

GestaƟ onal age at visit (wks) 20.4 (18.6-23.5)

Weight at visit (kg) 70.0 (52.5-103.0)

Systolic blood pressure (mm Hg) 116.5 ± 11.7

Diastolic blood pressure (mm Hg) 67.0 ± 9.2

Third trimester (n=6488)

GestaƟ onal age at visit (wks) 30.2 (28.5-32.8)

Weight at visit (kg) 75.0 (56.9-108.0)

Systolic blood pressure (mm Hg) 117.8 ± 11.8

Diastolic blood pressure (mm Hg) 68.8 ± 9.2

GestaƟ onal hypertensive complicaƟ ons

GestaƟ onal hypertension – n (%) 250 (3.6)

of which nulliparous – n (%) 183 (2.6)

Preeclampsia/HELLP – n (%) 141 (2.0)

of which nulliparous – n (%) 109 (1.6)

Values are means ± SD, or medians (95% range) for variables with a skewed distribuƟ on, and number of 
subjects (%) in case of categorical variables.

Air polluƟ on and longitudinally measured blood pressure paƩ erns during pregnancy
Systolic blood pressure increased throughout pregnancy (Figures 2A and 2C). Since 
there were no major diff erences in results before and aŌ er adjustment for covariates, 
we present results for the unadjusted models. Compared to the lowest quarƟ le of PM10 
exposure, the three higher quarƟ les showed a steeper increase for systolic blood pressure 
throughout pregnancy. Compared to the lowest quarƟ le of NO2 exposure, the three higher 
quarƟ les showed a higher systolic blood pressure in early pregnancy, and more gradual 
increases thereaŌ er. In all air polluƟ on exposure groups, diastolic blood pressure showed 
a mid-pregnancy dip, with an increase thereaŌ er (Figures 2B and 2D). Compared to the 
reference group, the second quarƟ le of PM10 exposure showed a steeper increase for 
diastolic blood pressure throughout pregnancy. The diastolic blood pressure paƩ erns for 
the third and fourth quarƟ les of PM10 exposure were not signifi cantly diff erent from the 
reference group. Compared to the lowest quarƟ le of NO2 exposure, the three highest 
quarƟ les showed higher mid-pregnancy diastolic blood pressure levels, and more gradual 
increases thereaŌ er. Eff ect esƟ mates from these repeated measurement regression 
analyses are presented in Supplementary Table S2.
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Figure 2. Systolic and diastolic blood pressure paƩ erns in diff erent air polluƟ on exposure categories. 

a. Systolic blood pressure in PM10 exposure quarƟ les
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b. Diastolic blood pressure in PM10 exposure quarƟ les
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c. Systolic blood pressure in NO2 exposure quar  les
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d. Diastolic blood pressure in NO2 exposure quar  les
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** p<0.001; * p<0.05
Curves represent systolic and diastolic blood pressure paƩ erns for women exposed to diff erent air polluƟ on 
exposure levels during pregnancy (categorized into quarƟ les), based on repeated measurements analysis. 
The lowest quarƟ les of PM10 and NO2 exposure were used as the reference group. The models are further 
explained in Supplementary Table S2. P-values refl ect the signifi cance level of β4, which refl ects the diff erence 
in change in blood pressure per week for systolic and diastolic blood pressure between air polluƟ on exposure 
quarƟ les.
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Air polluƟ on and blood pressure in diff erent trimesters of pregnancy
Table 2 presents the mulƟ variate cross-secƟ onal associaƟ ons of PM10 and NO2 levels with 
systolic and diastolic blood pressure in fi rst, second, and third trimester. In fi rst trimester, 
no associaƟ on was observed for PM10 exposure with systolic blood pressure. In second 
and third trimester, PM10 exposure was associated with higher systolic blood pressure 
(diff erence in systolic blood pressure: 1.11 mm Hg (95% CI 0.43 to 1.79) and 2.11 mm 
Hg (95% CI 1.34 to 2.89) per 10 μg/m3 increase in PM10, respecƟ vely). PM10 exposure 
was not associated with diastolic blood pressure in fi rst, second, and third trimester. 
NO2 exposure was associated with an increased systolic blood pressure in fi rst, second, 
and third trimester (P<0.001, P<0.001, and P<0.05, respecƟ vely). NO2 exposure was not 
associated with diastolic blood pressure in fi rst, second, and third trimester. AssociaƟ ons 
for quarƟ les of PM10 and NO2 exposure are shown in Supplementary Table S3. When 
both PM10 and NO2 exposure were included in the same model, no major diff erences in 
eff ect esƟ mates were observed (results not shown). Moreover, when we addiƟ onally 
adjusted for meteorological condiƟ ons on the day of the measurement (24h-average 
temperature, maximum temperature, relaƟ ve humidity, or barometric pressure), results 
were comparable (see Supplementary Table S4). 

Table 2. AssociaƟ ons of air polluƟ on exposure with systolic and diastolic blood pressure in diff erent 

trimesters of pregnancy. 

Air polluƟ on 
exposure

First trimester Second trimester Third trimester

Systolic 
blood 

pressure
β (95% CI)

Diastolic 
blood 

pressure
β (95% CI)

Systolic 
blood 

pressure
β (95% CI)

Diastolic 
blood 

pressure
β (95% CI)

Systolic 
blood 

pressure
β (95% CI)

Diastolic 
blood 

pressure
β (95% CI)

PM10
(per 10 μg/m3)

-0.01 
(-0.76, 0.75)

0.10 
(-0.50, 0.70)

1.11 
(0.43, 1.79) *

-0.09 
(-0.65, 0.46)

2.11 
(1.34, 2.89) **

 0.25 
(-0.37, 0.86)

NO2
(per 10 μg/m3)

 1.19 
(0.54, 1.83) **

0.35 
(-0.16, 0.86)

1.35 
(0.76, 1.95) **

 0.37 
(-0.11, 0.85)

0.73 
(0.04, 1.41) *

-0.05 
(-0.59, 0.50)

** p<0.001; * p<0.05
Values are regression coeffi  cients (95% CI) and refl ect the diff erence in systolic and diastolic blood pressure 
in mm Hg per 10 μg/m3 increase in air polluƟ on exposure (averaged from concepƟ on unƟ l measurement). 
Models are adjusted for maternal weight and gestaƟ onal age at measurement, maternal age, height, parity, 
ethnicity, educaƟ on, folic acid supplementaƟ on use, smoking, alcohol consumpƟ on, and noise exposure.
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Air polluƟ on and the risks of gestaƟ onal hypertension and preeclampsia
PM10 exposure was associated with an increased risk of developing gestaƟ onal 
hypertension (odds raƟ o (OR) 1.72 (95% CI 1.12 to 2.63) per 10 μg/m3 increase in PM10) 
(Table 3). No associaƟ ons were observed for PM10 exposure and the risk of preeclampsia. 
The associaƟ ons for PM10 exposure became stronger when including NO2 exposure in the 
model (results not shown). No associaƟ ons were observed for NO2 exposure and the risks 
of gestaƟ onal hypertension or preeclampsia. AssociaƟ ons for quarƟ les of PM10 and NO2 
exposure are shown in Supplementary Table S5. 

Table 3. AssociaƟ ons of air polluƟ on exposure with gestaƟ onal hypertensive disorders. 

Air polluƟ on 
exposure

GestaƟ onal hypertension
Odds raƟ o (95% CI) 

N=6626

Preeclampsia
Odds raƟ o (95% CI) 

N=6518

PM10
(per 10 μg/m3)

1.72 (1.12, 2.63) * 1.34 (0.78, 2.31)

NO2
(per 10 μg/m3)

1.21 (0.83, 1.77) 1.23 (0.75, 2.02)

* p<0.05
Values are odds raƟ os (95% CI) and refl ect the risk for gestaƟ onal hypertensive disorders per 10 μg/m3 
increase in air polluƟ on exposure during pregnancy. Models are adjusted for maternal age, height, weight at 
enrolment, parity, ethnicity, educaƟ on, folic acid supplementaƟ on use, smoking, alcohol consumpƟ on, and 
noise exposure.

DISCUSSION

This large populaƟ on-based prospecƟ ve cohort study from early pregnancy onwards 
suggests that higher PM10 exposure levels are associated with a steeper rise in systolic 
blood pressure throughout pregnancy and an increased risk of gestaƟ onal hypertension. 
This study extends previous epidemiological research on air polluƟ on and cardiovascular 
endpoints in various populaƟ ons, and suggests that air polluƟ on exposure may aff ect 
cardiovascular health in pregnant women.

Air polluƟ on, blood pressure and the risk of hypertensive complicaƟ ons during 
pregnancy
In normal pregnancy, blood pressure starts to fall during the fi rst trimester, reaching 
its lowest point in mid-pregnancy, and then gradually returns to prepregnancy levels 
by term. This paƩ ern is stronger for diastolic than for systolic blood pressure [30, 31]. 
Previous research indicates that a diff erent paƩ ern is present in women who develop 
gestaƟ onal hypertensive disorders [31]. Their blood pressure is stable during the fi rst half 
of pregnancy and then conƟ nuously increases unƟ l delivery [31]. PotenƟ al pathways for 
a prohypertensive eff ect of air polluƟ on have been suggested to include an increase in 
sympatheƟ c tone and/or modulaƟ on of basal systemic vascular tone as a result of increased 



101Air polluƟ on and maternal blood pressure | 

3.3
Chapter

endothelin-1 concentraƟ ons [8, 16], and impairment of nitric oxide induced vasodilaƟ on 
[4, 6, 8]. Furthermore, exposure to air polluƟ on might result in placental infl ammaƟ on [32], 
which could predispose to the development of gestaƟ onal hypertensive disorders [20, 33]. 
The development of these disorders are not only associated with adverse maternal and 
perinatal outcomes [33], but also with an increased risk of future cardiovascular disease 
[34]. 
 To our knowledge, this study is the fi rst that examined the associaƟ ons of air polluƟ on 
exposure with blood pressure levels in pregnant women. We observed associaƟ ons for PM10 
exposure levels with elevated systolic blood pressure levels in second and third trimester, 
and with a steeper rise in systolic blood pressure throughout pregnancy. No consistent 
eff ects of PM10 exposure on diastolic blood pressure paƩ erns were observed. Higher 
NO2 exposure levels were associated with elevated systolic blood pressure levels in fi rst, 
second and third trimester. Also, higher NO2 exposure levels were associated with higher 
mid-pregnancy diastolic blood pressure levels and a more gradual increase thereaŌ er. 
Although the diff erences in blood pressure levels are small and within physiologic ranges, 
they appear to have the same order of magnitude as eff ects of maternal smoking during 
pregnancy [35]. The diff erences are not clinically relevant on an individual level, but might 
be relevant on a populaƟ on level.
 There is increasing evidence for a relaƟ onship between parƟ culate maƩ er exposure 
and elevated blood pressure levels [19]. Indeed, a number of previous studies reported 
increases in systolic blood pressure in non-pregnant adults following exposure to PM10 

[7, 10], parƟ culate maƩ er from diff erent size ranges [6, 12, 16, 17], or specifi c components 
of parƟ culate maƩ er such as black smoke and organic carbon [11, 12]. However, other 
studies were not able to demonstrate posiƟ ve associaƟ ons [8, 9, 13-15, 18]. Results on 
the associaƟ ons for parƟ culate maƩ er with diastolic blood pressure are heterogeneous 
[6-13, 15-17]. Only a few studies evaluated the impact of NO2 exposure on blood pressure 
levels and showed inconsistent results [7, 10, 13, 17]. We used pregnancy-specifi c exposure 
averages to air polluƟ on. Most previous studies invesƟ gated the impact of relaƟ vely acute 
exposures. One study, conducted among 5112 adults, used longer-term (30- and 60-day) 
exposures, and reported stronger associaƟ ons for PM2.5 exposure with systolic blood 
pressure when using longer-term averages compared to shorter (1-7 days) averages. 
The authors suggested that cumulaƟ ve exposure may have a greater impact on health 
than acute exposure [6]. This explanaƟ on is supported by fi ndings from other studies that 
observed stronger associaƟ ons for mulƟ day exposure averages compared to more acute 
exposures [11, 17].
 We observed associaƟ ons for PM10 exposure with an increased risk of gestaƟ onal 
hypertension. AssociaƟ ons for PM10 exposure with the risk of preeclampsia and for 
NO2 exposure with the risks of gestaƟ onal hypertension and preeclampsia were not 
signifi cant. Only four studies, all based in the United States, evaluated the associaƟ ons 
for air polluƟ on exposure and preeclampsia. The fi rst study reported increased risks for 
preeclampsia in women exposed to elevated levels of PM10 and PM2.5 [21], whereas the 
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second study observed an increased risk in relaƟ on to elevated exposure levels of carbon 
monoxide (CO) and sulfur dioxide, but not for PM10, PM2.5, and NO2 [22]. A third study 
observed no associaƟ on with the risk of preeclampsia for PM2.5 exposure, and suggesƟ ve 
evidence for CO exposure [36]. The fourth study, and the only one described in a full-text 
paper, reported increased risks of preeclampsia in women exposed to higher levels of 
PM2.5 and nitrogen oxides (NOx) [23]. Our study provides further evidence that air polluƟ on 
exposure is related to gestaƟ onal hypertensive disorders. More research is needed to 
confi rm these fi ndings and to examine the underlying mechanisms. 
 Air polluƟ on, especially the traffi  c-related part, is a complex mixture of several 
pollutants. PM10 and NO2 might act as surrogates for this mixture, and are therefore not 
necessarily the causaƟ ve agents in the relaƟ on between air polluƟ on and cardiovascular 
outcomes. The biological plausibility of health eff ects induced by parƟ culate maƩ er has 
been well described [1, 2, 5]. In contrast, it has been proposed that health risks associated 
with NO2 may result from traffi  c-related emissions correlaƟ ng with NO2, chemical reacƟ on 
products of NO2, or NO2 itself [37]. We observed diff erent results regarding PM10 and NO2 
exposure. When including both PM10 and NO2 in the models, results for blood pressure 
did not change. However, the risks for gestaƟ onal hypertensive disorders increased for 
PM10 exposure when adjusƟ ng for NO2 exposure, suggesƟ ng that PM10 may act as beƩ er 
surrogate for the toxic components of air polluƟ on. Nevertheless, although some tests 
for trends were signifi cant, we observed no clear dose-response relaƟ onship for any 
of the outcomes when examining quarƟ les of exposure. Therefore, the presence of a 
causal associaƟ on between the studied pollutants and blood pressure cannot directly be 
assumed.

Methodological consideraƟ ons
A main strength of our study is the use of repeated blood pressure measurements during 
pregnancy, with 17702 blood pressure measurements available for analysis. Since the last 
blood pressure measurement was scheduled at a gestaƟ onal age of 30 weeks, our fi ndings 
in late third trimester should be interpreted with cauƟ on.
 Previously demonstrated esƟ mates for the incidence of preeclampsia range from 
2 to 8% [20, 33, 38] and from 6 to 9% for gestaƟ onal hypertension [20, 39]. This study was 
performed in a populaƟ on-based cohort with a selecƟ on towards a relaƟ vely highly 
educated and more healthy study populaƟ on [24]. The selecƟ ve parƟ cipaƟ on might have 
resulted in an underrepresentaƟ on of pregnant women with increased risks of pregnancy 
hypertensive disorders. We used medical chart review for defi niƟ on of gestaƟ onal 
hypertension. In the Netherlands, community midwives oŌ en remain responsible for the 
care of women with a diastolic blood pressure between 90 and 100 mmHg. As a result, 
our study may have missed some mild cases of gestaƟ onal hypertension [39]. The low 
incidences may have resulted in a loss of power to detect a relaƟ onship between air 
polluƟ on and hypertensive complicaƟ ons during pregnancy.
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Many previous studies were limited in their ability to consider both the intra-urban 
gradients and temporal variaƟ on in air pollutants. A few earlier studies on blood pressure 
incorporated this informaƟ on, either by monitoring personal, indoor-home, or outdoor-
home concentraƟ ons [11, 12, 14], or by controlling exposure in an exposure chamber 
[8, 9, 15]. However, these studies were based on relaƟ vely small sample sizes (n<100), 
and were oŌ en conducted in elderly subjects or subjects with pre-exisƟ ng diseases 
[11, 12, 14]. In our study, we were able to consider detailed spaƟ al and temporal contrasts 
in exposure. The quality of the assigned exposure esƟ mates was further enhanced by 
allowing for residenƟ al mobility of the women during pregnancy. There might sƟ ll be 
misclassifi caƟ on of air polluƟ on exposure. Exposure levels were esƟ mated at the home 
address, whereas pregnant women do not spend all of their Ɵ me at home. Other types 
of exposure (e.g. indoor, occupaƟ onal, or commuƟ ng) were not taken into account. If 
anything, misclassifi caƟ on in the air polluƟ on exposure assessment is expected to be 
random, and might have resulted in underesƟ maƟ on of the eff ects. 
 Furthermore, we were able to control for many potenƟ al confounders not always 
available in other studies, such as maternal smoking, alcohol consumpƟ on, educaƟ onal 
level, weight, height, and noise exposure. However, residual confounding due to 
unmeasured variables might sƟ ll be an issue. 

Conclusion
We showed in a populaƟ on-based prospecƟ ve cohort study in the Netherlands that 
exposure to higher PM10 levels was associated with a steeper rise in systolic blood pressure 
throughout pregnancy and an increased risk for developing gestaƟ onal hypertension. 
Our results suggest that air polluƟ on may aff ect maternal cardiovascular health during 
pregnancy. The eff ects might be small, but relevant on a populaƟ on level. Future studies 
are needed to replicate the fi ndings and explore the underlying mechanisms.
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SUPPLEMENTARY MATERIAL

Supplementary Figure S1. Period-specifi c PM10 and NO2 exposure levels in the study populaƟ on.

12 weeks 30 weeks DeliveryConcep�on 20 weeks

PM10: 30.9 (4.2) μg/m3

NO2: 40.5 (5.4) μg/m3

PM10: 30.7 (3.9) μg/m3

NO2: 40.3 (5.0) μg/m3

PM10: 30.4 (3.5) μg/m3

NO2: 40.0 (4.5) μg/m3

PM10: 30.3 (3.2) μg/m3

NO2: 39.9 (4.2) μg/m3

Values refl ect average exposure levels (mean and SD) for diff erent periods in pregnancy: 1) concepƟ on unƟ l 
fi rst blood pressure measurement (median 13.2 weeks of gestaƟ on, 95% range 9.6 to 17.5); 2) concepƟ on 
unƟ l second blood pressure measurement (median 20.4 weeks of gestaƟ on, 95% range 18.5 to 23.6); 3) 
concepƟ on unƟ l third blood pressure measurement (median 30.2 weeks of gestaƟ on, 95% range 28.4 to 
32.9); and 4) concepƟ on unƟ l delivery (median 40.1 weeks of gestaƟ on, 95% range 35.7 to 42.4).



107Air polluƟ on and maternal blood pressure | 

3.3
Chapter

Su
pp

le
m

en
ta

ry
 T

ab
le

 S
1.

 C
or

re
la
Ɵ o

n 
co

effi
  c

ie
nt

s 
be

tw
ee

n 
pe

rio
d-

sp
ec

ifi 
c 

PM
10

 a
nd

 N
O

2 e
xp

os
ur

e 
av

er
ag

es
.

PM
10

N
O

2

Co
nc

ep
Ɵ o

n 
– 

1st
 tr

im
es

te
r

Co
nc

ep
Ɵ o

n 
– 

2nd
 tr

im
es

te
r

Co
nc

ep
Ɵ o

n 
– 

3rd
 tr

im
es

te
r

To
ta

l 
pr

eg
na

nc
y

Co
nc

ep
Ɵ o

n 
– 

1st
 tr

im
es

te
r

Co
nc

ep
Ɵ o

n 
– 

2nd
 tr

im
es

te
r

Co
nc

ep
Ɵ o

n 
– 

3rd
 tr

im
es

te
r

To
ta

l 
pr

eg
na

nc
y

PM
10 Co

nc
ep

Ɵ o
n 

– 
1st

 tr
im

es
te

r
1

Co
nc

ep
Ɵ o

n 
– 

2nd
 tr

im
es

te
r

0.
92

1

Co
nc

ep
Ɵ o

n 
– 

3rd
 tr

im
es

te
r

0.
84

0.
93

1

To
ta

l p
re

gn
an

cy
0.

76
0.

87
0.

96
1

N
O

2 Co
nc

ep
Ɵ o

n 
– 

1st
 tr

im
es

te
r

0.
57

0.
57

0.
52

0.
47

1

Co
nc

ep
Ɵ o

n 
– 

2nd
 tr

im
es

te
r

0.
52

0.
59

0.
58

0.
54

0.
92

1

Co
nc

ep
Ɵ o

n 
– 

3rd
 tr

im
es

te
r

0.
43

0.
54

0.
61

0.
60

0.
77

0.
92

1

To
ta

l p
re

gn
an

cy
0.

42
0.

50
0.

59
0.

63
0.

68
0.

81
0.

94
1

Va
lu

es
 re

fl e
ct

 P
ea

rs
on

 c
or

re
la
Ɵ o

n 
co

effi
  c

ie
nt

s.
 A

ll 
p-

va
lu

es
 te

sƟ
 n

g 
eq

ua
lit

y 
to

 0
 a

re
 <

0.
00

1.



108 | Chapter 3.3

Supplementary Table S2. AssociaƟ ons of air polluƟ on exposure and longitudinally measured systolic 
and diastolic blood pressure.

Diff erence in intercept 
(95% CI)

p-value Diff erence in 
blood pressure increase 

per week (95% CI)

p-value

PM10 Systolic blood pressure Systolic blood pressure

1st quarƟ le Reference Reference

2nd quarƟ le -0.3219 (-1.6763, 1.0325) 0.64 0.0755 (0.0186, 0.1324) <0.01

3rd quarƟ le -2.5172 (-3.8533, -1.1811) <0.001 0.1652 (0.1102, 0.2202) <0.001

4th quarƟ le -0.5521 (-1.9011, 0.7968) 0.42 0.0776 (0.0232, 0.1320) <0.01

PM10 Diastolic blood pressure Diastolic blood pressure

1st quarƟ le Reference Reference

2nd quarƟ le -1.0182 (-2.0766, 0.0403) 0.06 0.0582 (0.0137, 0.1026) <0.05

3rd quarƟ le -0.6793 (-1.7234, 0.3648) 0.20 0.0377 (-0.0053, 0.0807) 0.09

4th quarƟ le 0.0461 (-1.0493, 1.0585) 0.99 -0.0130 (-0.0511, 0.0340) 0.69

NO2 Systolic blood pressure Systolic blood pressure

1st quarƟ le Reference Reference

2nd quarƟ le 2.6624 (1.2866, 4.0383) <0.001 -0.0818 (-0.1400, -0.0235) <0.01

3rd quarƟ le 3.3050 (1.9523, 4.6577) <0.001 -0.0835 (-0.1413, -0.0294) <0.01

4th quarƟ le 3.3211 (1.9771, 4.6652) <0.001 -0.0909 (-0.1455, -0.0363) <0.01

NO2 Diastolic blood pressure Diastolic blood pressure

1st quarƟ le Reference Reference

2nd quarƟ le 1.4089 (0.3337, 2.4841) <0.05 -0.0613 (-0.1068, -0.0158) <0.01

3rd quarƟ le 1.7041 (0.6471, 2.7611) <0.01 -0.0653 (-0.1090, -0.0215) <0.01

4th quarƟ le 2.1231 (1.0731, 3.1732) <0.001 -0.0890 (-0.1317, -0.0463) <0.001

Values are based on repeated linear regression models and refl ect the diff erence in systolic blood pressure 
and diastolic blood pressure paƩ erns in mm Hg (95% CI) for each quarƟ le of air polluƟ on exposure during 
pregnancy compared to the reference group (lowest quarƟ le). 
Models are based on 17702 measurements, and can be wriƩ en as follows: 

 − Systolic blood pressure = β0 + β1*air polluƟ on + β2*gestaƟ onal age + β3*gestaƟ onal age-2 + β4*air 
polluƟ on*gestaƟ onal age

 − Diastolic blood pressure = β0 + β1*air polluƟ on + β2*gestaƟ onal age + β3*gestaƟ onal age0.5 + β4*air 
polluƟ on*gestaƟ onal age

In these models, ‘β0 + β1*air polluƟ on’ refl ects the intercept, ‘β2*gestaƟ onal age + β3*gestaƟ onal age-2’ 
refl ects the slope of change in blood pressure per week for systolic blood pressure, and ‘β2*gestaƟ onal age 
+ β3*gestaƟ onal age0.5’ refl ects the slope of change in blood pressure per week for diastolic blood pressure. 
P-values refl ect the signifi cance levels of β1 and β4, which refl ect the diff erence in intercept, and the diff erence 
in change in blood pressure per week for systolic and diastolic blood pressure between diff erent air polluƟ on 
exposure quarƟ les, respecƟ vely.
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Supplementary Table S5. AssociaƟ ons of air polluƟ on exposure with the risks of gestaƟ onal 
hypertensive disorders.

GestaƟ onal hypertension
Odds raƟ o (95% CI)

N=6626

Preeclampsia
Odds raƟ o (95% CI)

N=6518

PM10 

1st quarƟ le Reference 
n=59

Reference 
n=31

2nd quarƟ le 0.84 (0.56, 1.27)
n=44

0.87 (0.51, 1.46)
n=26

3rd quarƟ le 1.46 (1.02, 2.10) *
n=77

1.31 (0.80, 2.12)
n=38

4th quarƟ le 1.37 (0.94, 2.00) ‡
n=67

1.43 (0.88, 2.30)
n=44

P for trend 0.01 0.29

NO2

1st quarƟ le Reference
n=74

Reference
n=28

2nd quarƟ le 0.77 (0.52, 1.12)
n=51

0.97 (0.57, 1.65)
n=29

3rd quarƟ le 0.91 (0.63, 1.32)
n=60

1.38 (0.83, 2.27)
n=42

4th quarƟ le 1.02 (0.67, 1.55)
n=62

1.35 (0.77, 2.38)
n=40

P for trend 0.32 0.41

* p<0.05; ‡ p<0.10
Values are odds raƟ os (95% CI) and refl ect the risk for gestaƟ onal hypertensive disorders for each quarƟ le 
of air polluƟ on exposure during pregnancy compared with the reference group (lowest quarƟ le). Tests 
for trend were performed by including standard deviaƟ on values for the exposure variables (observed 
value/standard deviaƟ on value in the study populaƟ on) as a conƟ nuous term in the regression model. 
Models are adjusted for maternal age, height, weight at enrolment, parity, ethnicity, educaƟ on, folic 
acid supplementaƟ on use, smoking, alcohol consumpƟ on, and noise exposure. Women with gestaƟ onal 
hypertension were coded as missing for preeclampsia, and women with preeclampsia were coded as 
missing for gestaƟ onal hypertension.
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ABSTRACT

Background: Air polluƟ on exposure during pregnancy might have trimester-specifi c eff ects 
on fetal growth. We prospecƟ vely evaluated the associaƟ ons of maternal air polluƟ on 
exposure with fetal growth characterisƟ cs and adverse birth outcomes in 7772 subjects 
in the Netherlands.
Methods: PM10 and NO2 levels were esƟ mated using dispersion modelling at the home 
address. Fetal head circumference, length and weight were esƟ mated in each trimester by 
ultrasound. InformaƟ on on birth outcomes was obtained from medical records. 
Results: In cross-secƟ onal analyses, NO2 levels were inversely associated with fetal femur 
length in second and third trimester, and PM10 and NO2 levels both were associated with 
smaller fetal head circumference in third trimester (diff erence -0.18 mm, 95% CI -0.24 
to -0.12 per 1 μg/m3 increase in PM10 and -0.12 mm, 95% CI -0.17 to -0.06 per 1 μg/
m3 increase in NO2). Average PM10 and NO2 exposure levels during pregnancy were not 
associated with head circumference and length at birth or neonatally, but were inversely 
associated with birth weight (diff erence -3.6g, 95% CI -6.7 to -0.4 per 1 μg/m3 increase 
in PM10 and -3.4g, 95% CI -6.2 to -0.6 per 1 μg/m3 increase in NO2). Longitudinal analyses 
showed similar paƩ erns for head circumference and weight, but for length no associaƟ ons 
were observed. The third and fourth quarƟ les of PM10 exposure were posiƟ vely associated 
with preterm birth (odds raƟ o (OR) 1.40, 95% CI 1.03 to 1.89, and OR 1.32, 95% CI 0.96 to 
1.79, respecƟ vely), relaƟ ve to the fi rst quarƟ le. The third quarƟ le of PM10 exposure, but 
not the fourth quarƟ le, was associated with an increased risk of small size for gestaƟ onal 
age at birth (OR 1.38, 95% CI 1.00 to 1.90). No consistent associaƟ ons were observed for 
NO2 levels and adverse birth outcomes. 
Conclusions: Results suggest that maternal air polluƟ on exposure is inversely associated 
with fetal growth during the second and third trimester and with weight at birth. Elevated 
PM10 exposure was posiƟ vely associated with preterm birth and small size for gestaƟ onal 
age at birth.
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INTRODUCTION

Maternal exposure to air polluƟ on during pregnancy has been suggested to be associated 
with increased risks of adverse birth outcomes such as low birth weight, intrauterine 
growth restricƟ on, and preterm birth [1]. Thus far, results are not consistent: reported 
associaƟ ons (or absence thereof) for specifi c air pollutants, exposure periods, and birth 
outcomes have diff ered between studies [2, 3]. Most previous studies defi ned fetal growth 
using measures at birth, such as weight, length, and head circumference [4-7]. However, 
since impaired growth during early pregnancy may be compensated for in the remaining 
intrauterine life, the eventual measures at birth can represent both normal and abnormal 
fetal growth and development. To provide insight into the specifi c eff ects of maternal air 
polluƟ on exposure, and to idenƟ fy criƟ cal windows of exposure, it is of interest to assess 
fetal growth in diff erent periods of pregnancy rather than only at birth. A small number 
of studies have examined the impact of air polluƟ on exposure on fetal growth using 
ultrasound measurements during pregnancy as direct esƟ mates of growth [8-10]. These 
studies were based on small numbers, did not report measurements in each trimester 
of pregnancy, or were not able to consider the spaƟ otemporal variaƟ on in air polluƟ on 
exposure.
 We invesƟ gated associaƟ ons of parƟ culate maƩ er (PM10) and nitrogen dioxide (NO2) 
exposure levels during pregnancy with fetal growth characterisƟ cs assessed by ultrasound 
in each trimester of pregnancy and adverse birth outcomes in a populaƟ on-based cohort 
study among 7772 pregnant women in the Netherlands.

METHODS

Design
This study was embedded in the GeneraƟ on R Study, a populaƟ on-based prospecƟ ve 
cohort study from pregnancy onwards in RoƩ erdam, the Netherlands [11]. Mothers 
enrolled between 2001 and 2005. The study protocol was approved by the Medical Ethical 
CommiƩ ee of Erasmus Medical Center, RoƩ erdam. WriƩ en consent was obtained from 
all parƟ cipants. Of the 8880 prenatally enrolled women, air polluƟ on exposure esƟ mates 
were available for 7870 mothers (89%). For 1010 mothers, air polluƟ on concentraƟ ons 
could not be esƟ mated because of incomplete address history, or because they had moved 
outside the study area before delivery. Women with a twin pregnancy (n=79), aborƟ on 
(n=7), or intrauterine death (n=12) were excluded. The cohort for analysis consisted of 
7772 mothers and singleton live births (see Figure 1).
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Figure 1. PopulaƟ on for analysis.

Enrolment of pregnant women
N=8880

Subjects with valid air pollu�on exposure 
es�mates (> 80% of the days available) for at 

least one pregnancy period
N=7870

Live singleton births 
N=7772

Subjects with a fetal growth or neonatal 
outcome measurement 

No valid air pollu�on data
N=1010

Excluded due to twin pregnancy, abor�on, 
or intrauterine death

N=98

First trimester: N=1541
Second trimester: N=7293
Third trimester: N=7449
Neonatal: N=7772

Air polluƟ on exposure
Individual exposures to PM10 and NO2 during pregnancy were assessed at the home 
address, using a combinaƟ on of conƟ nuous monitoring data and dispersion modelling 
techniques, taking into account both the spaƟ al and temporal variaƟ on in air polluƟ on. 
A detailed descripƟ on and a fl ow chart of the exposure assessment are presented in 
Chapter 2. In brief, annual average concentraƟ ons of PM10 and NO2 for the years 2001-
2006 were assessed for all addresses in the study area, using the three Dutch naƟ onal 
standard methods for air quality modelling [12]. Hourly concentraƟ ons of PM10 and NO2 
were derived, taking into account hourly wind condiƟ ons and fi xed temporal paƩ erns 
in the contribuƟ on of air polluƟ on sources. Subsequently, the hourly concentraƟ ons 
were adjusted for background concentraƟ ons, using hourly measurements from three 
conƟ nuous monitoring staƟ ons. Based on parƟ cipants’ home addresses, we derived 
individual exposure esƟ mates for diff erent periods in pregnancy: concepƟ on unƟ l fi rst 
trimester ultrasound, concepƟ on unƟ l second trimester ultrasound, concepƟ on unƟ l early 
third trimester ultrasound, and concepƟ on unƟ l delivery.
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Fetal growth characterisƟ cs
Fetal ultrasound examinaƟ ons were performed in each trimester of pregnancy using 
standardized ultrasound procedures [13, 14]. In the fi rst trimester, we used fetal crown-
rump length to assess fetal growth only in mothers with a known date of last menstrual 
period (LMP) and a regular menstrual cycle of 28 (range 24 to 32) days [15]. Date of LMP 
was obtained from the community midwife or hospital, and was confi rmed orally with 
the subjects at the ultrasound visit. For growth measurements in the second and third 
trimester we used gestaƟ onal age based on ultrasound examinaƟ on [14], since using 
LMP has several limitaƟ ons [16]. Fetal growth measurements used in the present study 
included head circumference and femur length. Femur length was used as a proxy for fetal 
body length. The intra- and interobserver reproducibility of fetal biometry measurements 
was good [17]. EsƟ mated fetal weight was calculated using femur length and head and 
abdominal circumference using the Hadlock formula [18]. Longitudinal growth curves and 
gestaƟ onal age-adjusted standard deviaƟ on (SD) scores were constructed for all fetal 
growth measurements based on reference growth curves of our own study populaƟ on 
[14].

Birth outcomes
Medical records and hospital registries were used to obtain informaƟ on about date of 
birth, gestaƟ onal age at birth, fetal sex, birth weight, and birth length. We completed 
missing data on birth length (16%) with measurements of length from the fi rst visit 
at the rouƟ ne child health center within the fi rst two months aŌ er birth, which had 
negligible infl uence on the results. Head circumference was not rouƟ nely measured at 
birth. Therefore, we used head circumference from the fi rst child health center visit. 
The regression models with neonatal length or head circumference as the outcome 
were adjusted for postconcepƟ onal age (gestaƟ onal age for measurements at birth or 
gestaƟ onal age + postnatal age for measurements at the child health center). Models 
with neonatal length were also adjusted for the method of measurement (birth or child 
health center). GestaƟ onal age and sex-adjusted SD scores for birth weight and birth 
length were constructed based on reference charts from a North-European birth cohort 
[19]. Postnatal age and sex-adjusted SD scores for neonatal head circumference and length 
were constructed using reference charts from a naƟ onwide study in the Netherlands [20]. 
The regression models with SD scores for neonatal head circumference or length were 
adjusted for gestaƟ onal age at birth, and models with SD scores for neonatal length were 
also adjusted for the method of measurement. Adverse birth outcomes were defi ned as 
preterm birth (gestaƟ onal age <37 weeks), low birth weight (birth weight <2500 grams), 
and small size for gestaƟ onal age at birth (SGA) (gestaƟ onal age and sex-adjusted birth 
weight <5th percenƟ le).
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Covariates
InformaƟ on on maternal age, educaƟ onal level (no educaƟ on/primary; secondary; higher), 
parity (nulliparous; mulƟ parous), folic acid supplementaƟ on use (preconcepƟ onal; fi rst 
ten weeks of pregnancy; none) [21], and ethnicity was obtained by a quesƟ onnaire at 
enrolment. Because there were no diff erences in observed results when ethnicity was 
categorized into fi ve groups instead of two groups, we classifi ed ethnicity into European 
and non-European. Maternal smoking and alcohol consumpƟ on before and during 
pregnancy (no; yes) were assessed by quesƟ onnaires in each trimester. Maternal and 
paternal anthropometrics were assessed at enrolment. Road traffi  c noise exposure was 
assessed at the home address in accordance with requirements of the EU Environmental 
Noise DirecƟ ve, as described in the Supplementary Material of Chapter 2.

StaƟ sƟ cal analysis
We used the lowest quarƟ les of PM10 and NO2 exposure as the reference exposure groups. 
First, with mulƟ variate linear regression models, we assessed associaƟ ons between air 
polluƟ on exposure in quarƟ les in the relevant Ɵ me periods (i.e., from concepƟ on unƟ l 
measurement) with absolute measures of fetal growth and neonatal parameters. Second, 
to assess potenƟ al non-linear longitudinal eff ects, we used mixed-eff ects models with 
unstructured residual covariance to longitudinally model fetal growth SD scores from 18 
weeks of pregnancy unƟ l birth by natural cubic splines [22]. We present these results as 
change in SD score to enable comparison of eff ect esƟ mates throughout pregnancy. We 
posiƟ oned interior knots of the spline based on moments of data collecƟ on (18, 23, 30, 
37, and 43.4 weeks for head circumference and weight, and 10.5, 15, 25, 37 and 43.4 
weeks for length). The models include a separate spline model for each quarƟ le of air 
polluƟ on exposure during pregnancy. We performed a mulƟ variate F-test to test for a 
diff erence between the splines of each quarƟ le of air polluƟ on exposure compared with 
the reference group. Third, we assessed the associaƟ ons between air polluƟ on exposure 
during pregnancy and adverse birth outcomes using mulƟ variate logisƟ c regression 
analyses. Tests for trend were performed by including PM10 and NO2 exposure as a 
conƟ nuous variable in the linear or logisƟ c regression models. All models were adjusted 
for known determinants of fetal growth (maternal age, body mass index, height, ethnicity, 
educaƟ on, parity, folic acid supplementaƟ on use, smoking, alcohol consumpƟ on, paternal 
height), and for road traffi  c noise exposure. Models of absolute measures of fetal growth, 
fetal growth SD scores, preterm birth, and low birth weight were addiƟ onally adjusted 
for fetal sex. Models   of absolute measures of fetal growth were addiƟ onally adjusted for 
gestaƟ onal age at measurement. Models of low birth weight were addiƟ onally adjusted 
for gestaƟ onal age at birth. The percentages of missing values within the populaƟ on for 
analysis were lower than 1% for conƟ nuous data and lower than 15% for categorical data, 
except for folic acid supplementaƟ on use (26%). We used mulƟ ple imputaƟ on to impute 
missing values for covariates [23]. All measures of associaƟ on are presented with their 
95% confi dence intervals. Spline regression analyses were performed using SAS version 
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9.2 (SAS InsƟ tute Inc., Cary, NC, USA), and other analyses were performed using PASW 
version 17.0 for Windows (PASW Inc., Chicago, IL, USA).

RESULTS

Subject and exposure characterisƟ cs
Table 1 presents the maternal, paternal, and fetal characterisƟ cs. DistribuƟ ons of PM10 
and NO2 exposure levels in our study populaƟ on are presented in Supplementary Table 
S1. Mean total exposure levels during pregnancy were 30.3 μg/m3 for PM10 and 39.8 μg/
m3 for NO2. CorrelaƟ ons among exposure averages in diff erent pregnancy periods were 
moderate to strong (PM10: Pearson correlaƟ on coeffi  cient r=0.76 to 0.96, NO2: r=0.68 
to 0.94). PM10 and NO2 exposure averages for corresponding periods were moderately 
correlated (r=0.57 to 0.63).

Table 1. Subject characterisƟ cs (N=7772).

Mean ± SD, median (95% range), 
or number (percentage)

Maternal characterisƟ cs

Age at enrolment (yr) 30.4 (19.2-39.3)

GestaƟ onal age at enrolment (wks) 14.4 (10.2-29.5)

Height (cm) 167.1 ± 7.5

Body mass index at enrolment (kg/m2) 23.8 (18.7-36.3)

Parity – n (%)

Nulliparous 4267 (54.9)

MulƟ parous 3414 (43.9)

Missing 91 (1.2)

Ethnic background – n (%)

European 4132 (53.2)

Non-European 3065 (39.4)

Missing 575 (7.4)

Highest completed educaƟ onal level – n (%)

No educaƟ on/primary 806 (10.4)

Secondary 3207 (41.3)

Higher 3062 (39.4)

Missing 697 (9.0)

Smoking in pregnancy – n (%)

No 5592 (72.0)

Yes 1236 (15.9)

Missing 944 (12.1)
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Table 1. ConƟ nued
Mean ± SD, median (95% range), 

or number (percentage)

No 4175 (53.7)

Yes 2771 (35.7)

Missing 826 (10.6)

Folic acid supplementaƟ on use – n (%)

PreconcepƟ onal 2300 (29.6)

First ten weeks of pregnancy 1793 (23.1)

None 1661 (21.4)

Missing 2018 (26.0)

Noise exposure at the home address at delivery 
(dB(A))

52.7 (45.0-68.2)

Paternal characterisƟ cs

Paternal height (cm) 181.7 ± 7.9

Fetal characterisƟ cs

First trimester (n=1541)

GestaƟ onal age at visit (wks) 13.2 (10.5-17.5)

Crown-rump length (mm) 62.5 ± 12.7

Second trimester (n=7293)

GestaƟ onal age at visit (wks) 20.5 (18.6-23.4)

Head circumference (mm) 179.3 ± 14.6

Femur length (mm) 33.5 ± 3.6

EsƟ mated fetal weight (g) 381 ± 95

Third trimester (n=7449)

GestaƟ onal age at visit (wks) 30.3 (28.3-33.0)

Head circumference (mm) 285.0 ± 12.7

Femur length (mm) 57.4 ± 3.1

EsƟ mated fetal weight (g) 1618 ± 265

Birth outcomes (n=7772)

GestaƟ onal age (wks) 40.1 (35.5-42.4)

Head circumference (cm) 37.6 ± 1.4

Length (cm) 51.0 ± 2.9

Birth weight (g) 3413 ± 560

Preterm birth (<37 wk) – n (%) 412 (5.3)

Low birth weight (<2500 g) – n (%) 371 (4.8)

Small size for gestaƟ onal age at birth (<5%) – n (%) 385 (5.0)

Values are means ± SD, or medians (95% range) for variables with a skewed distribuƟ on, and number of 
subjects (%) for categorical variables.
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Air polluƟ on and fetal growth characterisƟ cs
Tables 2 and 3 present the cross-secƟ onal associaƟ ons for air polluƟ on exposure with fetal 
growth characterisƟ cs. PM10 and NO2 levels were not consistently associated with second 
trimester or neonatal head circumference, but higher levels were associated with smaller 
fetal head circumference in third trimester (diff erence -0.18 mm, 95% confi dence interval 
(CI) -0.24 to -0.12 per 1 μg/m3 increase in PM10 and -0.12 mm, 95% CI -0.17 to -0.06 per 
1 μg/m3 increase in NO2, P-values<0.01). PM10 levels were not associated with fetal or 
neonatal length, but NO2 levels were inversely associated with fetal femur length in second 
and third trimester (P<0.01). Exposure to PM10 was associated with increased esƟ mated 
fetal weight in second trimester (P<0.05), but PM10 and NO2 levels were associated with a 
lower birth weight (diff erence -3.6g, 95% CI -6.7 to -0.4 per 1 μg/m3 increase in PM10 and 
-3.4g, 95% CI -6.2 to -0.6 per 1 μg/m3 increase in NO2, P-values<0.05). 
 When comparing the individual associaƟ ons of maternal air polluƟ on exposure 
and smoking during pregnancy with weight by trimester, we observed that inverse 
associaƟ ons for air polluƟ on exposure were smaller in magnitude than associaƟ ons 
for maternal smoking, but sƟ ll considerable: smoking compared with no smoking was 
associated with decreases of 39g and 146g in third trimester weight and birth weight, 
respecƟ vely, whereas elevated PM10 and NO2 exposure levels (highest vs. lowest quarƟ le) 
were associated with reducƟ ons of 13g and 46g in third trimester weight and birth weight, 
respecƟ vely, for PM10 and reducƟ ons of 20g and 61g in third trimester weight and birth 
weight, respecƟ vely, for NO2 (results not shown). When including both PM10 and NO2 in 
the models, the inverse associaƟ on for PM10 exposure with fi rst trimester crown-rump 
length reached staƟ sƟ cal signifi cance, and the associaƟ ons for PM10 exposure with third 
trimester head circumference and for NO2 exposure with femur length in second and third 
trimester persisted (results not shown). The unadjusted associaƟ ons were consistent with 
the adjusted associaƟ ons, although somewhat stronger inverse associaƟ ons and smaller 
p-values were observed for PM10 exposure with weight in third trimester and at birth, 
and for NO2 exposure with head circumference in second and third trimester, length 
neonatally, and weight in third trimester and at birth (results not shown).
 Figure 2 (A-F) presents the associaƟ ons of PM10 and NO2 exposure with longitudinally 
measured fetal growth. Compared with the fi rst quarƟ le, the third and fourth quarƟ les 
of PM10 and NO2 exposure showed a signifi cant overall diff erence in head circumference 
growth during pregnancy (P-values<0.01) (Figures 2A and 2D). No signifi cant associaƟ ons 
were observed for air polluƟ on exposure with longitudinally measured fetal length (Figures 
2B and 2E). Figures 2C and 2F show signifi cant overall diff erences in weight growth during 
pregnancy for the highest quarƟ les of PM10 and NO2 exposure compared with the fi rst 
quarƟ le (P<0.01 and P<0.001 for third and fourth quarƟ les, respecƟ vely).
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Table 2. Trimester-specifi c associaƟ ons of PM10 exposure with measures of fetal growth. 

Fetal growth parameter N PM10 
2nd quarƟ le
Diff erence 
(95% CI) a

PM10 
3rd quarƟ le
Diff erence 
(95% CI) a

PM10 
4th quarƟ le
Diff erence 
(95% CI) a

Trend test
(per 

1μg/m3 
increase)

P-value
for 

trend

Head circumference

Second trimester (mm) 6625 0.65 
(0.24, 1.05) *

0.57
(0.16, 0.98) *

0.16
(-0.26, 0.57)

0.01 
(-0.03, 0.05)

0.51

Third trimester (mm) 6723 0.35 
(-0.25, 0.94)

-0.43
(-1.02, 0.16)

-1.74
(-2.34, -1.13) **

-0.18
(-0.24, -0.12)

<0.01

Birth (cm) 4448 -0.01 
(-0.09, 0.07)

-0.05
(-0.14, 0.04)

-0.03
(-0.13, 0.06)

0.00
(-0.02, 0.01)

0.39

Length

First trimester (mm) 1541 0.42 
(-0.58, 1.41)

-0.35
(-1.34, 0.65)

-0.77
(-1.82, 0.28)

-0.08
(-0.17, 0.00)

0.06

Second trimester (mm) 6646 0.14 
(0.02, 0.27) *

-0.04
(-0.16, 0.08)

0.00
(-0.12, 0.12)

-0.01
(-0.02, 0.00)

0.15

Third trimester (mm) 6778 0.11 
(-0.04, 0.26)

0.00
(-0.15, 0.15)

-0.15
(-0.30, 0.00) *

-0.01
(-0.03, 0.00)

0.11

Birth (cm) 5606 -0.07
(-0.21, 0.07)

-0.12
(-0.27, 0.02)

0.15
(-0.01, 0.30) ‡

0.02
(0.00, 0.03)

0.09

Weight

Second trimester (g) 6612 5.9 
(2.9, 8.8) *

5.0
(2.1, 8.0) *

3.8
(0.8, 6.8) *

0.3
(0.0, 0.6)

0.05

Third trimester (g) 6751 11.0 
(-1.0, 22.9) ‡

7.4
(-4.7, 19.4)

-11.0
(-23.2, 1.2) ‡

-0.7
(-1.9, 0.6)

0.29

Birth (g) 7003 -18.1
(-45.2, 9.1)

-25.5
(-52.8, 1.8) ‡

-34.3
(-62.1, -6.4) *

-3.6
(-6.7, -0.4)

0.03

** p<0.001; * p<0.05; ‡ p<0.10
a Values are regression coeffi  cients and refl ect the diff erence in fetal growth parameters for each quarƟ le of 
PM10 exposure (averaged from concepƟ on unƟ l measurement) compared with the reference group (lowest 
quarƟ le). Fetal length was measured by ultrasound as crown-rump length in 1st trimester and femur length 
in 2nd and 3rd trimester, and as body length neonatally. Weight was esƟ mated by ultrasound in 2nd and 3rd 
trimester of pregnancy, and measured at birth. Cut-off  values for categorizaƟ on of PM10 exposure are <27.4, 
27.4-30.8, 30.8-33.6, >33.6 μg/m3 for fi rst trimester, <28.0, 28.0-30.6, 30.6-33.6, >33.6 μg/m3 for second 
trimester, <27.8, 27.8-30.5, 30.5-33.2, >33.2 μg/m3 for third trimester, and <27.8, 27.8-30.0, 30.0-32.9, 
>32.9 μg/m3 for total pregnancy. Tests for trend were performed by including PM10 exposure as a conƟ nuous 
variable (per 1μg/m3 increase) in the model. Models are adjusted for gestaƟ onal age and noise exposure at 
measurement, maternal age, body mass index, height, parity, ethnicity, educaƟ on, folic acid supplementaƟ on 
use, smoking, alcohol consumpƟ on, paternal height, and fetal sex. Models with neonatal head circumference 
or length are addiƟ onally adjusted for postconcepƟ onal age (gestaƟ onal age for measurements at birth or 
gestaƟ onal age + postnatal age for measurements at the child health center), and models with neonatal 
length are addiƟ onally adjusted for method of measurement.
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Table 3. Trimester-specifi c associaƟ ons of NO2 exposure with measures of fetal growth.

Fetal growth parameter N NO2 
2nd quarƟ le 
Diff erence 
(95% CI) a

NO2 
3rd quarƟ le 
Diff erence 
(95% CI) a

NO2 
4th quarƟ le 
Diff erence 
(95% CI) a

Trend test
(per 

1μg/m3 
increase)

P-value
for 

trend

Head circumference

Second trimester (mm) 6625 0.16
(-0.25, 0.57)

-0.24
(-0.66, 0.17)

-0.23
(-0.69, 0.22)

-0.02
(-0.05, 0.02)

0.36

Third trimester (mm) 6723 -0.40
(-1.00, 0.20)

-0.81
(-1.42, -0.20) *

-1.28
(-1.96, -0.61) **

-0.12
(-0.17, -0.06)

<0.01

Birth (cm) 4448 0.04
(-0.05, 0.13)

0.02
(-0.07, 0.12)

0.00
(-0.10, 0.11)

0.00
(-0.01, 0.01)

0.85

Length

First trimester (mm) 1541 -0.10
(-1.11, 0.91)

0.54
(-0.50, 1.57)

0.06
(-1.08, 1.20)

0.01
(-0.07, 0.08)

0.87

Second trimester (mm) 6646 -0.08
(-0.20, 0.05)

-0.18
(-0.30, -0.05) *

-0.19
(-0.33, -0.06) *

-0.02
(-0.03, -0.01)

<0.01

Third trimester (mm) 6778 -0.02
(-0.17, 0.13)

-0.09
(-0.24, 0.06)

-0.33
(-0.50, -0.16) **

-0.02
(-0.04, -0.01)

<0.01

Birth (cm) 5606 -0.10
(-0.25, 0.05)

-0.01
(-0.17, 0.14)

-0.09
(-0.26, 0.09)

-0.01
(-0.02, 0.01)

0.49

Weight

Second trimester (g) 6612 -0.3
(-3.3, 2.6)

-1.4
(-4.4, 1.6)

0.8
(-2.5, 4.1)

0.1
(-0.2, 0.3)

0.67

Third trimester (g) 6751 -3.7
(-15.8, 8.5)

-7.2
(-19.6, 5.1)

-14.2
(-28.0, -0.5) *

-0.7
(-1.8, 0.5)

0.25

Birth (g) 7003 2.6
(-25.0, 30.2)

-18.6
(-46.7, 9.6)

-37.6
(-69.7, -5.6) *

-3.4
(-6.2, -0.6)

0.02

** p<0.001; * p<0.05
a Values are regression coeffi  cients and refl ect the diff erence in fetal growth parameters for each quarƟ le of 
NO2 exposure (averaged from concepƟ on unƟ l measurement) compared with the reference group (lowest 
quarƟ le). Fetal length was measured by ultrasound as crown-rump length in 1st trimester and femur length 
in 2nd and 3rd trimester, and as body length neonatally. Weight was esƟ mated by ultrasound in 2nd and 3rd 
trimester of pregnancy, and measured at birth. Cut-off  values for categorizaƟ on of NO2 exposure are <37.0, 
37.0-40.9, 40.9-43.9, >43.9 μg/m3 for fi rst trimester, <37.0, 37.0-40.5, 40.5-43.4, >43.4 μg/m3 for second 
trimester, <37.0, 37.0-39.8, 39.8-42.8, >42.8 μg/m3 for third trimester, and <37.2, 37.2-39.6, 39.6-42.2, 
>42.2 μg/m3 for total pregnancy. Tests for trend were performed by including NO2 exposure as a conƟ nuous 
variable (per 1μg/m3 increase) in the model. Models are adjusted for gestaƟ onal age and noise exposure at 
measurement, maternal age, body mass index, height, parity, ethnicity, educaƟ on, folic acid supplementaƟ on 
use, smoking, alcohol consumpƟ on, paternal height, and fetal sex. Models with neonatal head circumference 
or length are addiƟ onally adjusted for postconcepƟ onal age (gestaƟ onal age for measurements at birth or 
gestaƟ onal age + postnatal age for measurements at the child health center), and models with neonatal 
length are addiƟ onally adjusted for method of measurement.
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Air polluƟ on and risks of adverse birth outcomes 
Compared with mothers in the lowest quarƟ le of PM10 exposure levels, exposures in 
the third and fourth quarƟ les were posiƟ vely associated with preterm birth (odds raƟ o 
(OR) 1.40, 95% CI 1.03 to 1.89, and OR 1.32, 95% CI 0.96 to 1.79, respecƟ vely) (Table 4). 
The third quarƟ le of PM10 exposure was associated with SGA (OR 1.38, 95% CI 1.00 to 
1.90), but no signifi cant associaƟ on was observed for the fourth quarƟ le (OR 1.23, 95% 
CI 0.89 to 1.70). No consistent associaƟ ons were observed for NO2 exposure with adverse 
birth outcomes. When including both PM10 and NO2 in the models, associaƟ ons for PM10 
exposure with preterm birth became larger in magnitude, and larger eff ect esƟ mates 
with smaller p-values were observed for associaƟ ons between PM10 exposure and low 
birth weight (results not shown). RelaƟ ve to the adjusted models, the unadjusted models 
showed smaller p-values for the posiƟ ve associaƟ ons for PM10 exposure with preterm 
birth and SGA (P-values for trend=0.03) and larger eff ect esƟ mates with smaller p-values 
for the associaƟ ons for NO2 exposure with preterm birth, low birth weight, and SGA (e.g., 
ORs for SGA: 1.47, 95% CI 1.08 to 2.01 and OR 1.49, 95% CI 1.09 to 2.04 for the third and 
fourth quarƟ les of NO2 exposure, respecƟ vely) (results not shown).

Table 4. AssociaƟ ons of PM10 and NO2 exposure with the risks of adverse birth outcomes.

Air polluƟ on exposure Preterm birth
(<37 weeks)

Odds raƟ o (95% CI)
N=7045

Low birth weight
(<2500 g)

Odds raƟ o (95% CI)
N=7003

SGA at birth
(<5%)

Odds raƟ o (95% CI)
N=6997

PM10

1st quarƟ le Reference
N=78

Reference
N=74

Reference
N=73

2nd quarƟ le 0.96 (0.70, 1.33)
N=75

0.76 (0.49, 1.20)
N=66

1.05 (0.75, 1.47)
N=78

3rd quarƟ le 1.40 (1.03, 1.89) *
N=106

0.89 (0.58, 1.34)
N=93

1.38 (1.00, 1.90) *
N=98

4th quarƟ le 1.32 (0.96, 1.79) ‡
N=105

0.91 (0.60, 1.40)
N=90

1.23 (0.89, 1.70)
N=97

Trend test 
(per 1μg/m3 increase)

1.03 (1.00, 1.07) 1.00 (0.95, 1.05) 1.03 (0.99, 1.07)

P-value for trend 0.07 0.93 0.13
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Table 4. ConƟ nued

Air polluƟ on exposure Preterm birth
(<37 weeks)

Odds raƟ o (95% CI)
N=7045

Low birth weight
(<2500 g)

Odds raƟ o (95% CI)
N=7003

SGA at birth
(<5%)

Odds raƟ o (95% CI)
N=6997

NO2

1st quarƟ le Reference
N=79

Reference
N=75

Reference
N=70

2nd quarƟ le 1.10 (0.81, 1.51)
N=92

0.84 (0.54, 1.31)
N=71

0.93 (0.66, 1.31)
N=73

3rd quarƟ le 1.09 (0.79, 1.49)
N=95

0.86 (0.55, 1.33)
N=88

1.25 (0.90, 1.73)
N=101

4th quarƟ le 1.10 (0.77, 1.57)
N=99

0.95 (0.58, 1.55)
N=89

1.35 (0.94, 1.94)
N=102

Trend test 
(per 1μg/m3 increase)

1.01 (0.98, 1.04) 1.00 (0.95, 1.04) 1.03 (0.99, 1.06)

P-value for trend 0.43 0.87 0.11

* p<0.05; ‡ p<0.10
Values are odds raƟ os (95% confi dence interval) and refl ect the risk for adverse birth outcomes for each 
quarƟ le of air polluƟ on exposure during pregnancy (from concepƟ on unƟ l delivery) compared with the 
reference group (lowest quarƟ le). Cut-off  values for categorizaƟ on are <27.8, 27.8-30.0, 30.0-32.9, >32.9 
μg/m3 for PM10 exposure, and <37.2, 37.2-39.6, 39.6-42.2, >42.2 μg/m3 for NO2 exposure. Tests for trend 
were performed by including PM10 and NO2 exposure as a conƟ nuous variable (per 1μg/m3 increase) in the 
model. Models are adjusted for maternal age, body mass index, height, parity, ethnicity, educaƟ on, folic 
acid supplementaƟ on use, smoking, alcohol consumpƟ on, noise exposure, and paternal height. Models with 
preterm birth and low birth weight are addiƟ onally adjusted for fetal sex, and models with low birth weight 
are addiƟ onally adjusted for gestaƟ onal age at birth. 

DISCUSSION

Results from this large populaƟ on-based prospecƟ ve cohort study from early pregnancy 
onwards suggest that maternal exposure to PM10 and NO2 is inversely associated with fetal 
growth in second and third trimester and with weight at birth. Elevated PM10 exposure 
levels were also posiƟ vely associated with preterm birth and SGA at birth. 

Air polluƟ on, fetal growth and birth outcomes
A few animal experiments suggested eff ects of maternal exposure to air polluƟ on on 
placental funcƟ on and fetal growth [24, 25]. Several potenƟ al biological mechanisms have 
been described through which air polluƟ on could infl uence pregnancy, such as inducƟ on 
of systemic infl ammaƟ on and oxidaƟ ve stress [26], eventually resulƟ ng in subopƟ mal 
placentaƟ on [27] and increased maternal suscepƟ bility to infecƟ ons [28]. These alteraƟ ons 
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could impair fetal growth. In addiƟ on, maternal infecƟ ons and elevated levels of 
infl ammatory mediators might trigger preterm birth [26, 28, 29].  
 Thus far, only three studies have examined the associaƟ ons of maternal air polluƟ on 
exposure with fetal growth measured by ultrasound during pregnancy. The fi rst study 
was conducted in Australia among 14734 women and examined 15623 mid-pregnancy 
ultrasound scans. The researchers observed inverse associaƟ ons of maternal exposure 
to PM10, ozone (O3), and sulfur dioxide (SO2) during diff erent periods with fetal growth 
parameters. No signifi cant associaƟ ons were observed for NO2 exposure. The authors 
reported that the observed associaƟ ons were heterogeneous regarding the specifi c 
exposure periods and outcome measures examined [9]. The second study was conducted 
in France and was based on three ultrasound scans in 271 women. AssociaƟ ons were 
observed between maternal personal exposure to airborne benzene and smaller fetal 
biparietal diameter in mid- and late pregnancy, and with head circumference in mid- 
and late pregnancy and at birth [10]. The third study was conducted in Spain among 
562 pregnant women with 1692 scans, and observed no associaƟ ons for NO2 exposure 
with fetal growth parameters in diff erent periods. When the analysis was restricted to 
women who spent less than 2 hours/day in non-residenƟ al outdoor environments, 
signifi cant associaƟ ons were observed between exposure to a mixture of aromaƟ c 
hydrocarbons (benzene, toluene, ethylbenzene, and xylene; BTEX), and biparietal 
diameter growth during the second trimester, and between NO2 exposure and SD scores 
for both size and growth of second and third trimester head circumference, abdominal 
circumference, biparietal diameter, and esƟ mated fetal weight [8]. Several studies have 
esƟ mated the impact of air polluƟ on on anthropometric parameters at birth such as 
head circumference, length, and weight. Inverse associaƟ ons of maternal exposure to 
NO2 [30], polycyclic aromaƟ c hydrocarbons (PAHs) [6], and parƟ culate maƩ er with an 
aerodynamic diameter <2.5 μm (PM2.5) [4] with head circumference and length at birth 
have been reported. A reducƟ on in birth weight has also been linked to air pollutants, 
including PM2.5 [4], PAHs [6], and carbon monoxide (CO) and O3 [5]. Another study has not 
detected associaƟ ons between exposure to NO2, PM10, O3, or visibility-reducing parƟ cles 
with head circumference and weight at birth [7]. The present study was based on a 
larger number of fetal ultrasound measurements than previous studies. We observed an 
inconsistent paƩ ern of associaƟ ons for air polluƟ on across gestaƟ on, which was reported 
earlier as well [9]. The clinical relevance of a relaƟ ve decrease in head and length growth 
during pregnancy when sizes at birth are within the normal range needs to be further 
studied, as well as the consequences of a relaƟ ve increase in weight during pregnancy 
followed by a relaƟ ve decrease in weight at birth. However, results from the analyses at 
diff erent Ɵ me points should be interpreted carefully, because the number of subjects with 
available outcome data and hence the staƟ sƟ cal power of the analyses varied between 
measurements in our study. Also, diff erences in methods and accuracy between fetal and 
neonatal measurements could explain the heterogeneous results. We esƟ mated small 
diff erences in fetal growth parameters. For example, in the third trimester, the highest 
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PM10 and NO2 exposure quarƟ les were associated with a reducƟ on in femur length of 
0.2 and 0.3 mm and a reducƟ on in head circumference of 1.7 and 1.3 mm, respecƟ vely. 
These diff erences may not be clinically relevant on an individual level, but could be 
relevant on a populaƟ on level. Moreover, although we have previously shown good intra- 
and interobserver reproducibility of fetal biometry measurements [17], the associaƟ ons 
might be underesƟ mated because of random measurement error. Although the overall 
strength of evidence is sƟ ll limited, the results of previous studies and our study suggest 
that air polluƟ on exposure infl uences fetal growth from the second trimester onwards. 
We observed associaƟ ons for PM10 exposure, but not for NO2 exposure, with preterm 
birth and SGA. The literature on birth outcomes has increased in the last decade, which 
has led to a number of reviews summarizing the available evidence [2, 3, 31-34]. Most 
rouƟ nely measured air pollutants (e.g., PM10, PM2.5, NO2, CO, O3, SO2) have been linked to 
outcomes such as preterm birth, low birth weight, and intrauterine growth restricƟ on [1], 
but results diff er among studies. In our previous work, residenƟ al proximity to traffi  c – a 
proxy for traffi  c-related air polluƟ on – was not consistently associated with birth weight, 
nor with preterm birth and SGA [35]. In this study, we were able to esƟ mate individual 
exposure levels that beƩ er capture the spaƟ al and temporal variaƟ on in air polluƟ on 
concentraƟ ons. 
 Air polluƟ on, especially the traffi  c-related part, is a complex mixture of several 
pollutants. PM10 and NO2 might act as surrogates for this mixture, and are therefore 
not necessarily the causaƟ ve agents in the relaƟ on between air polluƟ on and adverse 
fetal growth and birth outcomes. The biological plausibility of health eff ects induced by 
parƟ culate maƩ er has been well described [26, 28]. In contrast, it has been proposed that 
health risks associated with NO2 may result from traffi  c-related emissions correlaƟ ng 
with NO2, chemical reacƟ on products of NO2, or NO2 itself [36]. When including both PM10 
and NO2 in the models, the results did not highlight clearly stronger associaƟ ons for one 
pollutant or the other. We acknowledge that the variaƟ on in exposure levels is relaƟ vely 
small in our study populaƟ on. In populaƟ ons with a larger exposure variability, stronger 
associaƟ ons for air polluƟ on exposure with fetal growth parameters and adverse birth 
outcomes might be detected. 

Methodological consideraƟ ons
Many previous studies assessed exposure to air polluƟ on using only monitoring staƟ ons. 
That approach does not consider intra-urban gradients in pollutants. More recent 
approaches applying spaƟ al modelling address the spaƟ al variaƟ on, but not the temporal 
variaƟ on. Together with a number of recent studies that used temporally adjusted land-
use regression models or dispersion models to assess exposure [8, 10, 30, 37], we were 
able to consider fi ner spaƟ al and temporal contrasts in exposure by using a combinaƟ on 
of dispersion modelling and conƟ nuous monitoring. The quality of the assigned exposure 
esƟ mates was further enhanced by allowing for residenƟ al mobility of the women 
during pregnancy, which overcomes the potenƟ al misclassifi caƟ on that could arise when 
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exposure is based solely on the home address at Ɵ me of delivery [38]. There might sƟ ll be 
non-diff erenƟ al misclassifi caƟ on of air polluƟ on exposure. Exposure levels were esƟ mated 
at the home address, however, pregnant women do not spend all of their Ɵ me at home. 
Other types of exposure (e.g., occupaƟ onal or commuƟ ng) were not taken into account.
 Although fetal ultrasound examinaƟ on is a more reliable basis than the last 
menstrual period for establishing gestaƟ onal age [16], this method has the disadvantage 
that the growth variaƟ on of the fetal characterisƟ cs used for pregnancy daƟ ng is assumed 
to be zero [14]. Because the early pregnancy characterisƟ cs are correlated throughout 
pregnancy with head circumference, abdominal circumference and femur length, our 
study may have underesƟ mated the variaƟ on in the laƩ er three growth characterisƟ cs, 
resulƟ ng in an underesƟ maƟ on of our eff ect esƟ mates. In addiƟ on, the assessment of 
gestaƟ onal age could be biased if air polluƟ on exposure shows an early eff ect of fetal 
growth [28]. We observed a non-signifi cant inverse associaƟ on between PM10 exposure 
and crown-rump length. When restricƟ ng the analyses to the subgroup of women with 
a known LMP, adjustment for the LMP-based gestaƟ onal age rather than the ultrasound-
based gestaƟ onal age resulted in somewhat stronger negaƟ ve eff ects of air polluƟ on on 
fetal growth from the third trimester onward. This suggests that eff ects of air polluƟ on on 
fetal growth might be underesƟ mated when gestaƟ onal age is defi ned using ultrasounds 
[39]. However, the observaƟ ons in this subgroup should be considered with cauƟ on 
because of the relaƟ vely small size. 

Conclusion
This prospecƟ ve populaƟ on-based cohort study in the Netherlands suggests that maternal 
PM10 and NO2 exposure is inversely associated with fetal growth during the second and 
third trimester and with weight at birth. Elevated PM10 exposure was also associated with 
preterm birth and SGA at birth. This study further supports previous epidemiological 
research, and suggests that the associaƟ ons between maternal exposure to air polluƟ on 
and fetal growth are trimester- and growth characterisƟ c-specifi c. Future studies are 
needed to explore the underlying mechanisms and postnatal consequences of these 
fi ndings.
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. DistribuƟ on of PM10 and NO2 exposure levels for diff erent pregnancy 
periods. 

Air polluƟ on levels Minimum 25th 
percenƟ le

Mean Median 75th 
percenƟ le

Maximum

PM10 exposure (μg/m3) 

unƟ l 1st trimester 21.7 27.4 30.8 30.8 33.6 44.0

unƟ l 2nd trimester 22.6 28.0 30.7 30.6 33.6 43.2

unƟ l 3rd trimester 22.7 27.8 30.4 30.5 33.2 41.5

total pregnancy 23.2 27.8 30.3 30.0 32.9 40.9

NO2 exposure (μg/m3)

unƟ l 1st trimester 21.0 37.0 40.4 40.9 43.9 59.7

unƟ l 2nd trimester 22.7 37.0 40.2 40.5 43.4 58.4

unƟ l 3rd trimester 25.6 37.0 40.0 39.8 42.8 58.2

total pregnancy 26.5 37.2 39.8 39.6 42.2 56.9

Air polluƟ on exposure was esƟ mated for diff erent periods in pregnancy: concepƟ on unƟ l fi rst, second, and 
early third trimester ultrasound, and concepƟ on unƟ l delivery 
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ABSTRACT

Background: The eff ects of ambient air polluƟ on on pregnancy outcomes are under 
debate. Previous studies have used diff erent air polluƟ on exposure assessment methods. 
The considerable traffi  c-related intra-urban spaƟ al variaƟ on needs to be considered in 
exposure assessment. ResidenƟ al proximity to traffi  c is a proxy for traffi  c-related exposures 
that takes into account within-city contrasts.
Methods: We invesƟ gated the associaƟ on between residenƟ al proximity to traffi  c and 
various birth and pregnancy outcomes in 7339 pregnant women and their children 
parƟ cipaƟ ng in a populaƟ on-based cohort study. ResidenƟ al proximity to traffi  c was 
defi ned as 1) distance-weighted traffi  c density in a 150 meter radius, and 2) proximity to a 
major road. We esƟ mated associaƟ ons of these exposures with birth weight, and with the 
risks of preterm birth and small size for gestaƟ onal age at birth. AddiƟ onally, we examined 
associaƟ ons with gestaƟ onal hypertension, (pre)eclampsia, and gestaƟ onal diabetes. 
Results: There was considerable variaƟ on in distance-weighted traffi  c density. Almost 
fi Ō een percent of the parƟ cipants lived within 50m of a major road. ResidenƟ al proximity 
to traffi  c was not associated with birth and pregnancy outcomes in the main analysis and 
in various sensiƟ vity analyses.
Conclusions: Mothers exposed to residenƟ al traffi  c had no higher risk of adverse birth 
outcomes or pregnancy complicaƟ ons in this study. Future studies may be refi ned by 
taking both temporal and spaƟ al variaƟ on in air polluƟ on exposure into account.
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INTRODUCTION

Exposure to air polluƟ on has been suggested to adversely aff ect various birth outcomes. 
As reported in a number of reviews, outcomes such as low birth weight, intrauterine 
growth restricƟ on, and preterm birth have been associated with ambient air polluƟ on 
levels, although eff ects were not always consistent between studies [1-4]. In large studies, 
assessing individual exposure to air polluƟ on is oŌ en rather demanding for parƟ cipants 
and requires extensive resources. Therefore, other approaches have been used to esƟ mate 
exposure of individuals. Most studies have assessed exposure to air polluƟ on using (an 
oŌ en limited number of) outdoor monitoring staƟ ons, either by using the staƟ on closest to 
the mother’s home address at Ɵ me of delivery [5, 6], or by taking averaged concentraƟ ons 
measured at one or mulƟ ple monitor sites in a district [7, 8]. Although concentraƟ ons of 
pollutants measured by ambient monitors may correspond to air polluƟ on exposure at 
regional levels, this may not represent individual exposure [8], parƟ cularly for primary 
pollutants which display higher spaƟ al heterogeneity. This spaƟ al variaƟ on in air pollutant 
concentraƟ ons in urban areas, which can be largely aƩ ributed to traffi  c emissions, has 
been documented for several pollutants, such as nitrogen dioxide, black smoke, elemental 
carbon, ultrafi ne parƟ cles, and parƟ culate maƩ er (PM2.5 and PM10) [9, 10]. Levels of these 
pollutants are elevated near roads [9, 11, 12], and are correlated with the traffi  c intensity 
on these roads [11, 13]. Therefore, intra-urban gradients need to be taken into account. 
 Indicators of residenƟ al proximity to traffi  c, such as distance to a major road and traffi  c 
intensity around a locaƟ on, are increasingly being used as proxies for long-term exposure 
to traffi  c pollutants. Epidemiological studies have linked these indicators to various health 
outcomes, such as respiratory symptoms [14, 15], cardiovascular diseases [16], mortality 
rates [17] and childhood cancer [18]. In addiƟ on, few studies explored the eff ects of these 
indicators on birth and pregnancy outcomes. AssociaƟ ons of proximity to traffi  c with birth 
weight [19] and with the risks of preterm birth [20-23], small size for gestaƟ onal age at 
birth [19, 20, 24], and low birth weight [20, 21, 24] have been suggested. Previous studies 
generally obtained informaƟ on on birth outcomes from birth cerƟ fi cates. This may have 
reduced their ability to adjust for confounding, as birth records usually include limited 
informaƟ on on potenƟ al confounding factors [8, 25]. A prospecƟ ve pregnancy cohort study 
with detailed exposure and covariate informaƟ on can overcome this limitaƟ on [26, 27]. 
 Several potenƟ al biological mechanisms have been described through which air 
polluƟ on could infl uence pregnancy outcomes, such as the inducƟ on of infl ammaƟ on 
(placental, pulmonary, or systemic) and oxidaƟ ve stress [28], eventually resulƟ ng in 
subopƟ mal placentaƟ on [7] and increased maternal suscepƟ bility to infecƟ ons [27]. These 
alteraƟ ons could lead to adverse birth outcomes and maternal pregnancy complicaƟ ons 
such as gestaƟ onal hypertension and preeclampsia. 
 The aim of the present study was to invesƟ gate whether residenƟ al proximity to 
traffi  c is associated with various birth and pregnancy outcomes in a large populaƟ on-
based cohort study. 
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METHODS

Design
The present study was embedded in the GeneraƟ on R Study, a populaƟ on-based 
prospecƟ ve cohort study from pregnancy onwards. The GeneraƟ on R study is designed 
to idenƟ fy early environmental and geneƟ c determinants of growth, development and 
health and has been described previously in detail [29, 30]. In brief, the cohort includes 
mothers and children of diff erent ethniciƟ es living in RoƩ erdam, the Netherlands. Ideally, 
enrolment in the study took place in early pregnancy (gestaƟ onal age <18 weeks), but 
was possible unƟ l the birth of the child. Out of the total number of eligible children in 
the study area, 61 percent parƟ cipated in the study at birth. In total, 8880 pregnant 
women with a delivery date between April 2002 and January 2006 entered the prenatal 
part of the study. The majority of these mothers (75%) was enrolled in early pregnancy 
(gestaƟ onal age <18 weeks); 22 percent enrolled in mid-pregnancy (gestaƟ onal age 18-24 
weeks), and 3 percent enrolled in late pregnancy (gestaƟ onal age >25 weeks) [30]. Data 
on pregnancy were collected on the basis of physical examinaƟ ons, fetal ultrasounds, 
hospital registraƟ ons and quesƟ onnaires. Assessments were planned for early pregnancy, 
mid-pregnancy, and late pregnancy, but the individual Ɵ me schemes depended on the 
specifi c gestaƟ onal age at enrolment [29]. The study protocol was approved by the Medical 
Ethical CommiƩ ee of Erasmus Medical Center, RoƩ erdam. WriƩ en informed consent was 
obtained from all parƟ cipants.

Traffi  c exposure measures
Individual traffi  c exposure esƟ mates at each parƟ cipant’s home address were assessed 
using Geographical InformaƟ on Systems (GIS). The following traffi  c variables were used: 
1) distance-weighted traffi  c density (DWTD) within a 150 meter radius around the home, 
and 2) proximity to a major road (with >10,000 vehicles/24h). Input for the traffi  c exposure 
calculaƟ ons was obtained from the local authoriƟ es of RoƩ erdam and included detailed 
digital maps with informaƟ on on geographic locaƟ ons and traffi  c characterisƟ cs for roads 
in the study area. The digital road maps include highways, arterial roads, main streets, 
and principal residenƟ al streets; the smallest local roads are not included. However, the 
traffi  c on these streets contributes only minorly to the total traffi  c fl ow in the area, and 
is therefore believed not to impact our traffi  c exposure measures. Annual average daily 
traffi  c intensiƟ es for the year 2004 were aƩ ached as aƩ ributes to the road segments for 
a dense network of roads. This data was used to esƟ mate exposure for all pregnancies 
between 2002 and 2006. Based on index numbers for traffi  c intensity in the years 2002-
2006 [31], it was concluded that the 2004 data could reasonably be applied to adjacent 
years. We geocoded the mothers’ home addresses at Ɵ me of delivery using ArcGIS 
(v9, ESRI). All matches were made at the address level. We constructed a 150m radius 
buff er around the home. Distance-weighted traffi  c density was calculated using MapInfo 
Professional (v9.0, Pitney Bowes). To esƟ mate the dispersion of motor vehicle exhaust, we 
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employed a model that was based on a Gaussian distribuƟ on that assumes that 96% of 
the emiƩ ed pollutants disperse up to 150m from the road:

Yi= 0.4√2π 
1 exp

1      Di
2    150 (

(0.4)2

2(

where Di is the distance from the road segment i. This curve was used to weigh the products 
of the length (in m) and the traffi  c intensiƟ es (in vehicles/24h) of all road segments within 
the buff er. The weighted values were summed for each subject to obtain the distance-
weighted traffi  c density. As vehicles may use mulƟ ple segments in the buff er, the DWTD 
values can be relaƟ vely high (up to millions of vehicles/24h*m). Various defi niƟ ons of 
DWTD are being used in the literature. We remark that our method to defi ne DWTD is 
derived from the method used by Wilhelm & Ritz [21], with the diff erence that we take 
into account the length of the roads within the buff er. In addiƟ on to DWTD, we idenƟ fi ed 
the nearest major road (with >10,000 vehicles/24h) and calculated the distance to this 
road, up to a distance of 500m. 

Birth and pregnancy outcomes
In mothers who were enrolled in early or mid-pregnancy, gestaƟ onal age was established 
on the basis of fetal ultrasound examinaƟ on during the fi rst ultrasound visit, as the use of 
the last menstrual period (LMP) has several limitaƟ ons [32]. In mothers who were enrolled 
in late pregnancy, the LMP was used for pregnancy daƟ ng. Medical records completed 
by midwives and obstetricians were used to obtain informaƟ on about date of birth, birth 
weight, fetal sex, and occurrence of pregnancy complicaƟ ons. Main birth outcomes were 
birth weight (grams), small size for gestaƟ onal age (SGA) at birth (<-2.0 SDS birth weight) 
and preterm birth (gestaƟ onal age <37 weeks). GestaƟ onal age-adjusted standard deviaƟ on 
birth weight scores were based on published reference charts from a North European birth 
cohort [33], which are based on a large populaƟ on and include the extremes of the birth 
weight distribuƟ on. InformaƟ on about maternal pregnancy complicaƟ ons was available, 
including gestaƟ onal diabetes mellitus, gestaƟ onal hypertension, and (pre)eclampsia. 
This last group consisted of women with eclampsia, preeclampsia or hemolysis elevated 
liver enzymes and low platelets (HELLP) syndrome. GestaƟ onal diabetes was diagnosed 
according to Dutch midwifery and obstetric guidelines using the following criteria: random 
glucose level >11.0 mmol/L, fasƟ ng glucose >7.0 mmol/l or a fasƟ ng glucose between 
6.1 and 6.9 mmol/L with a subsequent abnormal glucose tolerance test, in women with 
no pre-exisƟ ng diabetes. GestaƟ onal hypertension was defi ned according to criteria 
described by the InternaƟ onal Society for the Study of Hypertension in Pregnancy (ISSHP): 
development of systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 
mmHg without proteinuria aŌ er 20 weeks of gestaƟ on in previously normotensive women 
[34]. Preeclampsia was defi ned as development of systolic blood pressure ≥140 mmHg 
and/or diastolic blood pressure ≥90 mmHg aŌ er 20 weeks of gestaƟ on in a previously 
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normotensive woman and proteinuria (defi ned as two or more dipsƟ ck readings of 2+ or 
greater, one catheter sample reading of 1+ or greater, or a 24h urine collecƟ on containing 
at least 300 mg of protein) [34]. 

Covariates
Based on previous studies, the following variables were considered as potenƟ al 
confounders: maternal age at enrolment, educaƟ onal level, ethnicity, body mass 
index, parity, smoking, alcohol consumpƟ on, and fetal sex. InformaƟ on on maternal 
age, educaƟ onal level, ethnicity, and parity was obtained in the fi rst quesƟ onnaire at 
enrolment in the study. The highest educaƟ onal level achieved by mother was used 
as an indicator of maternal socioeconomic status (SES) and was reclassifi ed into three 
categories: no educaƟ on or primary school, secondary school, and higher educaƟ on. 
Parity was classifi ed into two categories: nulliparous and mulƟ parous. Ethnic background 
of the woman was assessed on the basis of country of birth of her and her parents [30] and 
reclassifi ed into fi ve categories: Dutch and Caucasian, Turkish, Moroccan, Surinamese, and 
other. Maternal anthropometrics were assessed at Ɵ me of enrolment and at subsequent 
visits. Since the correlaƟ on of prepregnancy weight obtained by quesƟ onnaire and weight 
measured at enrolment was high (0.97, p<0.001) [35], body mass index was calculated 
on the basis of maternal weight and height at enrolment. Maternal smoking and alcohol 
consumpƟ on habits were assessed on the basis of three quesƟ onnaires (in early, mid-, 
and late pregnancy) by asking women whether they smoked/used alcohol before or 
during pregnancy (no/unƟ l pregnancy was known/yes). Mothers who reported in the fi rst 
quesƟ onnaire that they did not smoke at all or had smoked unƟ l pregnancy was known, 
but reported smoking in the second or third quesƟ onnaire, were reclassifi ed into the 
conƟ nued smoking category [36]. The same approach was followed for maternal alcohol 
consumpƟ on habits.

PopulaƟ on for analysis
For the present analyses, data on all prenatally enrolled women were available (n=8880). 
We decided to restrict to parƟ cipants living in the northern part of RoƩ erdam at Ɵ me of 
delivery, since parƟ cipants living in the southern part of RoƩ erdam did not parƟ cipate in 
the postnatal follow-up study [30]. This yielded 7506 women. We included all live singleton 
births (n=7431); women who gave birth to twins (n=75) were excluded. We were able to 
calculate traffi  c exposure for 7339 of these 7431 women (99%) due to incomplete address 
data in 92 subjects. The associaƟ ons between traffi  c indicators and pregnancy-related 
outcomes in mother and child were analyzed in the 7339 remaining mothers. 

StaƟ sƟ cal analysis
Main analyses
Based on a populaƟ on for analysis of 7000 subjects and a proporƟ on exposed of 10%, we 
were able to detect a diff erence of 0.11 SD (type I error of 5%, type II error of 20% (power 
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80%)) for a conƟ nuous normally distributed outcome. Previous studies on air polluƟ on 
and birth weight showed reducƟ ons in birth weight ranging to 140 grams, which is equal 
to 0.3 SD.
 For the staƟ sƟ cal analyses, distance-weighted traffi  c density was divided into 
quarƟ les. The distance to a major road was categorized as <50, 50-100, 100-150, 150-200, 
and >200m. The associaƟ ons of proximity to traffi  c with conƟ nuously measured birth weight 
were assessed using mulƟ variate linear regression analyses. The associaƟ ons between 
proximity to traffi  c and dichotomous birth and pregnancy outcomes were assessed using 
mulƟ variate logisƟ c regression analysis. Models were adjusted for known determinants 
of birth and pregnancy outcomes (maternal age, maternal ethnicity, maternal educaƟ on, 
maternal BMI, parity, maternal smoking, and maternal alcohol consumpƟ on). Maternal 
age and BMI were included in the models as conƟ nuous variables. Models with birth 
weight as outcome were addiƟ onally adjusted for gestaƟ onal age (with a linear term) 
and fetal sex. Models with SGA at birth and preterm birth were addiƟ onally adjusted for 
fetal sex. AddiƟ onally, we included indicator variables for month and year of birth in the 
models to control for season and long-term trends. Missing data on categorical factors 
were included in the analyses as a separate category. 

Sensi  vity analyses
We performed various sensiƟ vity analyses to assess the robustness of our results. 
First, to determine whether our fi ndings were sensiƟ ve to the categorizaƟ on of the traffi  c 
measures, we examined associaƟ ons when using diff erent cut-off s (e.g., the 80th, 90th 
and 95th percenƟ les of the distribuƟ ons). Second, analyses were repeated when DWTD 
was calculated for diff erent buff er radii. Next, to evaluate whether our results would 
change when we would introduce more contrast in our exposure levels, we calculated the 
distance to the nearest highway (with >25,000 vehicles/24h) and examined associaƟ ons 
with the main outcomes. Furthermore, to evaluate whether the results were sensiƟ ve 
to the method of determining gestaƟ onal age (ultrasound versus LMP), we repeated the 
analyses aŌ er excluding women who were enrolled in late pregnancy, since only mothers 
who were enrolled in mid- and late pregnancy were dated on ultrasound. In addiƟ on, we 
repeated analyses in a subsample of women with data available on body mass index before 
pregnancy, and adjusted these analyses for BMI before pregnancy rather than BMI at 
enrolment. Furthermore, to evaluate whether our fi ndings were sensiƟ ve to the defi niƟ on 
of SGA at birth (which was based on reference charts for the North-European populaƟ on), 
we repeated the analysis in a subcohort of Dutch parƟ cipants only. Also, we invesƟ gated 
whether the associaƟ ons between traffi  c exposure and pregnancy-related outcomes 
diff ered per educaƟ onal level by performing straƟ fi ed analyses. Finally, we conducted 
straƟ fi ed analyses for residenƟ al mobility. We had informaƟ on available on change of 
residence (yes/no/missing) in the period between seven months before concepƟ on and 
fi ve months of pregnancy, and repeated the analyses for the diff erent strata. All measures 
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of associaƟ on are presented with their 95% confi dence intervals. StaƟ sƟ cal analyses were 
performed using SPSS version 15.0 for Windows (SPSS Inc., Chicago, IL, USA).

RESULTS 

Subject characterisƟ cs
Table 1 shows baseline characterisƟ cs of the study populaƟ on. The median age of the 
women was 30.5 years. The largest ethnic group was the Dutch and Caucasian (54.1%); 
other major ethnic groups were the Moroccan, Surinamese, and Turkish women. Of all 
women, 40.9% had completed high educaƟ on. A total of 15.5% of the mothers smoked 
during pregnancy, and 36.5% conƟ nued using alcohol. Median gestaƟ onal age at delivery 
was 40.1 weeks (90% range 20.5 to 38.0); mean birth weight of the newborns was 3418 
grams (SD 561). Of all children, 5.5% were born preterm and 3.5% were born small for 
gestaƟ onal age. Among the pregnant women, 3.4% were diagnosed with gestaƟ onal 
hypertension, 2.0% developed (pre)eclampsia or HELLP, and 0.7% had gestaƟ onal diabetes.

Table 1. Baseline characterisƟ cs (N=7339).

Mean ± SD, median (95% range), 
or number (percentage)

Maternal characterisƟ cs

Age at enrolment (yr) 30.5 (20.5-38.0)

Weight at enrolment (kg) 67.0 (52.0-94.0)

Height (cm) 167.2 ± 7.4

Body mass index at enrolment (kg/m2) 23.8 (19.3-33.5)

Ethnicity – n (%)

Dutch – Caucasian 54.1

Turkish  8.3

Moroccan  6.4

Surinamese  8.2

Other 15.6

Missing  7.4

EducaƟ onal level – n (%)

No educaƟ on/primary 10.2

Secondary 39.9

Higher 40.9

Missing  9.0

Parity – n (%)

Nulliparous 55.0

MulƟ parous 43.8

Missing  1.2
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Table 1. ConƟ nued

Mean ± SD, median (95% range), 
or number (percentage)

Smoking in pregnancy – n (%)

No 72.1

Yes 15.5

Missing 12.4

Alcohol consumpƟ on in pregnancy – n (%)

No 52.7

Yes 36.5

Missing 10.8

Birth and pregnancy outcomes

GestaƟ onal age at birth (wks) 40.1 (36.9-42.1)

Birth weight (g) 3417.6 ± 561.0

SDS birth weight -0.10 ± 1.03

Male (%) 50.3

Small size for gestaƟ onal age at birth (<-2.0 SDS) 
(%) 3.5

Preterm birth (<37 wk) (%) 5.5

GestaƟ onal hypertension (%) 3.4

(Pre)eclampsia or HELLP (%) 2.0

GestaƟ onal diabetes (%) 0.7

Values are means ± SD, or medians (90% range) for variables with a skewed distribuƟ on, and number of 
subjects (%) in case of categorical variables
Of the total group, data were missing on maternal weight at enrolment (n=31), maternal height (n=26), body 
mass index at enrolment (n=56), gestaƟ onal age at birth (n=2), fetal sex (n=29), birth weight (n=51), SDS birth 
weight (n=61), SGA at birth (n=61), preterm birth (n=2), gestaƟ onal hypertension (n=231), (pre)eclampsia/
HELLP (n=231), and gestaƟ onal diabetes (n=271).

Traffi  c variables
A map of the study area showing the road network, traffi  c intensiƟ es, and residences is 
shown in Figure 1. CharacterisƟ cs of the distribuƟ ons of distance-weighted traffi  c density 
and distance to a major road are shown in Supplementary Table S1. The distribuƟ on of 
DWTD was highly skewed, with a maximum of 18,500,000 vehicles/24h*m. In total, 14.5% 
of the parƟ cipants lived within 50m of a major road and 36.0% lived more than 200m 
from a major road. The correlaƟ on between DWTD and distance to a major road was 
moderate (Spearman rho=0.70). Distance to a highway was only weakly correlated to the 
other traffi  c variables (rho=-0.28 and 0.32). In analyses with maternal sociodemographic 
variables and proximity to traffi  c, we observed that low body mass index, high educaƟ onal 
level, and nulliparity were posiƟ vely associated with residenƟ al traffi  c exposure, whereas 
Moroccan women had lower exposure to residenƟ al traffi  c (results not shown). 
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Figure 1. Map of the study area (RoƩ erdam North) showing the road network and traffi  c intensiƟ es 

(see legend), rail network (black lines), residences (in grey), and surface water (in blue).

Proximity to traffi  c and birth and pregnancy outcomes
There were no substanƟ al diff erences in traffi  c exposure between cases and non-cases 
of adverse birth outcomes or maternal pregnancy complicaƟ ons (results not shown). 
Crude associaƟ ons between proximity to traffi  c and birth outcomes and maternal 
pregnancy complicaƟ ons are presented in Supplementary Tables S2 and S3. We observed 
a few signifi cant associaƟ ons between distance to a major road and birth weight, and 
between DWTD and preterm birth. No associaƟ ons with pregnancy complicaƟ ons were 
detected. Tables 2 and 3 show the results of the linear and logisƟ c regression analyses for 
associaƟ ons between proximity to traffi  c and pregnancy-related outcomes in mother and 
child, adjusted for covariates. We observed signifi cant associaƟ ons between the second 
DWTD quarƟ le and the risk for preterm birth, and between living 100 to 150m from a 
major road and birth weight. Although not signifi cant, there was some evidence of an 
exposure-response paƩ ern for SGA at birth across the quarƟ les of DWTD and categories 
of distance to a major road. This paƩ ern was less clear for birth weight and preterm 
birth. No consistent associaƟ ons were observed between traffi  c exposure and pregnancy 
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complicaƟ ons, although we did see a tendency towards higher odds raƟ os in the highest 
exposure categories. 

Table 2. Covariate-adjusted associaƟ ons between residenƟ al traffi  c exposure and birth outcomes.

Birth weight 
(g) b

Small for gestaƟ onal age c 
(n of cases)

Preterm birth c

(n of cases)

Distance-weighted traffi  c density 
(veh/24h*m) a

< 158,503 Reference Reference 
(n=61)

Reference 
(n=84)

158,503 – 546,770 -20 (-47, 8) 0.94 (0.65, 1.36) 
(n=60)

1.37 (1.02, 1.84) *
n=112)

546,770 – 1,235,384 -9 (-37, 18) 0.99 (0.69, 1.43) 
(n=62)

1.33 (0.98, 1.79) ‡
(n=110)

> 1,235,384 6 (-21, 34) 1.12 (0.78, 1.59) 
(n=74)

1.18 (0.87, 1.59)
(n=100)

Distance to major road (m)

> 200 (n=2646) Reference Reference 
(n=82)

Reference 
(n=134)

150-200 (n=1066) -21 (-52, 9) 1.00 (0.67, 1.49) 
(n=38)

1.09 (0.79, 1.50)
(n=59)

100-150 (n=1258) -41 (-69, -12) * 1.01 (0.69, 1.48) 
(n=44)

1.13 (0.84, 1.52)
(n=75)

50-100 (n=1302) 8 (-20, 37) 1.12 (0.78, 1.62)
(n=51)

1.08 (0.80, 1.45)
(n=74)

0-50 (n=1067) -6 (-36, 24) 1.14 (0.77, 1.68) 
(n=42)

1.15 (0.84, 1.58)
(n=64)

* p<0.05; ‡ p<0.10
a Values listed are the <25th, 25-50th, 50-75th and >75th percenƟ les of the DWTD values. 
b Values are regression coeffi  cients (95% confi dence interval) and refl ect the diff erence in birth weight for 
change in traffi  c parameters. Analyses are based on 7288 subjects. Models are adjusted for maternal age, 
educaƟ on, ethnicity, body mass index, parity, smoking, alcohol consumpƟ on, gestaƟ onal age, fetal sex, 
month of birth, and year of birth. 
c Values are odds raƟ os (95% confi dence interval) and refl ect the risk for adverse birth outcomes for change 
in traffi  c parameters. Analyses are based on 7278 subjects for small for gestaƟ onal age at birth and 7337 
subjects for preterm birth. Models are adjusted for maternal age, educaƟ on, ethnicity, body mass index, 
parity, smoking, alcohol consumpƟ on, fetal sex, month of birth, and year of birth. 
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Table 3. Covariate-adjusted associaƟ ons between residenƟ al traffi  c exposure and pregnancy 

complicaƟ ons. 

GestaƟ onal 
hypertension b

(n of cases)

(Pre)eclampsia or 
HELLP b

(n of cases)

GestaƟ onal 
diabetes b

(n of cases)

Distance-weighted traffi  c 
density 
(veh/24h*m) a

< 158,503 Reference 
(n=64)

Reference 
(n=34)

Reference 
(n=15)

158,503 – 546,770 1.00 (0.69, 1.45)
(n=59)

0.94 (0.57, 1.55)
(n=31)

0.69 (0.30, 1.57)
(n=10)

546,770 – 1,235,384 0.90 (0.62, 1.30)
n=59)

1.12 (0.70, 1.79)
(n=39)

1.07 (0.51, 2.23)
(n=15)

> 1,235,384 1.07 (0.75, 1.53)
(n=68)

1.14 (0.71, 1.82)
(n=40)

0.79 (0.35, 1.81)
(n=10)

Distance to major road (m)

> 200 (n=2646) Reference 
(n=93)

Reference 
(n=54)

Reference 
(n=19)

150-200 (n=1066) 0.88 (0.57, 1.36)
(n=29)

0.74 (0.42, 1.29)
(n=17)

1.07 (0.47, 2.44)
(n=9)

100-150 (n=1258) 0.94 (0.64, 1.39)
(n=39)

0.96 (0.59, 1.56)
(n=25)

0.77 (0.32, 1.88)
(n=7)

50-100 (n=1302) 1.07 (0.75, 1.54)
(n=49)

0.85 (0.52, 1.38)
(n=24)

1.13 (0.51, 2.50)
(n=10)

0-50 (n=1067) 1.08 (0.74, 1.60)
(n=40)

1.03 (0.63, 1.69)
(n=24)

0.68 (0.25, 1.86)
 (n=5)

a Values listed are the <25th, 25-50th, 50-75th and >75th percenƟ les of the DWTD values. 
b Values are odds raƟ os (95% confi dence interval) and refl ect the risk for pregnancy complicaƟ ons for change 
in traffi  c parameters. Analyses are based on 7108 subjects for gestaƟ onal hypertension and for (pre)eclampsia 
or HELLP, and on 7068 subjects for gestaƟ onal diabetes. Models are adjusted for maternal age, educaƟ on, 
ethnicity, body mass index, parity, smoking, alcohol consumpƟ on, month of birth, and year of birth.

SensiƟ vity analyses
Although we observed a few signifi cant associaƟ ons between proximity to traffi  c and 
birth outcomes (Table 2), these could not be reproduced in sensiƟ vity analyses when 
diff erent categorizaƟ ons and buff er radii for the traffi  c measures were chosen. In line 
with the results from the main analyses, no associaƟ ons with pregnancy outcomes were 
observed in the sensiƟ vity analyses. Similarly, when distance to a highway was used as 
an exposure metric, no signifi cant associaƟ ons with birth and pregnancy outcomes were 
observed. Furthermore, results of the analyses did not change aŌ er excluding women 
who were enrolled in late pregnancy and for whom gestaƟ onal age was determined based 
on LMP. Results were also comparable when analyses were adjusted for maternal BMI 
before pregnancy rather than maternal BMI at enrolment. In addiƟ on, logisƟ c regression 
analysis with SGA at birth in the subgroup of Dutch parƟ cipants yielded similar results (see 
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Supplementary Table S4). StraƟ fi ed analyses by educaƟ onal level did not show diff erent 
results (see Supplementary Tables S5, S6 and S7 for associaƟ ons between proximity to 
traffi  c and selected outcomes). However, it must be noted that the staƟ sƟ cal power for 
some of these analyses was limited due to small numbers of parƟ cipants in the subgroups, 
especially in the lowest educaƟ onal group. Finally, straƟ fi ed analyses by residenƟ al 
mobility showed that results were not diff erent across strata (see Supplementary Tables 
S8 and S9).

DISCUSSION 

To our knowledge, this is the fi rst report on residenƟ al proximity to traffi  c and pregnancy-
related outcomes that was based on a prospecƟ ve cohort study. A signifi cant number 
of examinaƟ ons were performed in mothers and children, providing informaƟ on on 
the relevant potenƟ ally confounding variables. We observed no associaƟ ons between 
residenƟ al proximity to traffi  c and birth and pregnancy outcomes, also aŌ er controlling 
for potenƟ al confounders. Proximity to traffi  c was defi ned by means of two variables: 
distance-weighted traffi  c density (DWTD) and distance to a major road. These traffi  c 
measures are used to capture the spaƟ al variaƟ on within a city, and have been applied 
previously in a small number of register-based studies on birth outcomes [19-24]. These 
studies did not show conclusive evidence. Two studies, both conducted in California, 
used distance-weighted traffi  c density as an exposure metric. The fi rst study observed 
an associaƟ on between increased DWTD and the risk of preterm birth, with stronger 
eff ects in women living in lower SES areas [21]. The second study reported that DWTD 
was posiƟ vely associated with the risk of preterm birth in mothers living in low SES 
neighbourhoods whose third trimester fell during winter, and in mothers living in moderate 
SES neighbourhoods [23]. Another study, conducted in MassachuseƩ s, used cumulaƟ ve 
traffi  c density as an exposure metric, which is a more rough exposure metric than DWTD 
as the products of the traffi  c intensiƟ es and the lengths of the road segments are not 
weighted. The study observed an associaƟ on for cumulaƟ ve traffi  c density with the risk 
for SGA at birth, but not with birth weight and preterm birth. Moreover, the researchers 
also reported evidence for eff ect modifi caƟ on by socioeconomic status, with stronger 
eff ects of proximity to traffi  c in low educated women and in women living in lower SES 
areas [19]. Distance to a major road or highway was examined previously in relaƟ on to 
birth outcomes as well. The MassachuseƩ s study observed associaƟ ons between distance 
to a primary highway and birth weight, but not with the risks of preterm birth and SGA 
at birth [19]. In Taiwan, an increased risk of preterm delivery was reported in mothers 
living within 500m of one parƟ cular freeway compared to mothers living between 500-
1500m from this freeway [22]. Two recent studies in BriƟ sh Columbia produced diff erent 
fi ndings. Brauer et al. (2008) observed an increased risk of SGA at birth in mothers living 
within 50m from an expressway or highway (with a mean of >21,000 vehicles/day), but no 
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associaƟ on was found with the risk of preterm birth. Also, no signifi cant associaƟ ons were 
detected for those living within 50 or 150m from a road with a mean of 15,000-18,000 
vehicles/day [24]. The second study reported that proximity to a highway (with a minimum 
speed of 70 km/hr) was associated with preterm birth, but not with SGA at birth [20]. 
Moreover, a higher suscepƟ bility among advantaged mothers was described, in contrast 
to the American studies. In our study, straƟ fi ed analyses on SES showed no diff erences in 
suscepƟ bility for traffi  c exposure between the SES groups. 
 To our knowledge, no previous studies have been conducted on residenƟ al proximity 
to traffi  c, or on air polluƟ on exposure in the broader sense, and pregnancy complicaƟ ons. 
Recently, it has been suggested that studying these outcomes may provide insights into 
the underlying mechanisms [37]. In the present study, no crude or adjusted associaƟ ons 
between residenƟ al proximity to traffi  c and pregnancy complicaƟ ons were observed, 
although we did observe tendencies towards elevated odds raƟ os in the highest exposure 
groups. 
 There are several diff erences between earlier studies and the present study that 
may explain the dissimilar fi ndings. First of all, previous studies primarily relied upon birth 
records, which may have resulted in less complete informaƟ on on important confounders. 
In our study, maternal educaƟ on, ethnicity, body mass index, parity, and smoking were 
the main predictors in most of the models with birth outcomes, and in some of the 
models with pregnancy complicaƟ ons. Earlier studies did not have informaƟ on on all of 
these covariates [20-24]. As a result, they may have been more suscepƟ ble to residual 
confounding, which could have aff ected some of the observed associaƟ ons. 
 Secondly, the exposure metrics used in the diff erent studies are based on diff erent 
input data. Also, the classifi caƟ on of roads, calculaƟ on methods (e.g. buff er size), and the 
accuracy and completeness of traffi  c and road data may vary between studies. 
 Third, the observed diff erences between previous studies and the present study 
may be related to the geographic locaƟ on of the studies. RoƩ erdam is the second largest 
city in the Netherlands and has a high populaƟ on density. It is characterized by high 
emissions from road traffi  c, shipping, households, and industry. In the year 2004, average 
air pollutant levels derived from ambient monitoring staƟ ons in the Rijnmond region (the 
larger RoƩ erdam area) were 30.7 μg/m3 for PM10, 43.8 μg/m3 for nitrogen dioxide (NO2), 
and 13.8 μg/m3 for sulfur dioxide (SO2) [38]. These average concentraƟ ons are based on 
both regional background staƟ ons and traffi  c staƟ ons, consequently, pollutant levels in 
the specifi c (urban) area under study may be even higher. Previous studies on proximity to 
traffi  c and pregnancy outcomes have mainly been performed in the United States, Canada 
and Taiwan. No previous studies on these specifi c exposure measures and outcomes have 
been conducted in a European area, where air polluƟ on may diff er in terms of composiƟ on 
and concentraƟ ons. 
 This study has some potenƟ al limitaƟ ons. First, there is the potenƟ al for 
misclassifi caƟ on of exposure. Exposure levels were esƟ mated at the home address, 
whereas pregnant women do not spend all of their Ɵ me at home. No detailed informaƟ on 
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was available about Ɵ me-acƟ vity paƩ erns of the women. However, it has been suggested 
that outdoor levels of traffi  c components are well correlated with indoor levels [39, 40] and 
are good predictors of personal exposure [39, 41]. Furthermore, exposure misclassifi caƟ on 
may arise from a change in address during pregnancy. As residenƟ al mobility during 
pregnancy has previously been shown to be diff erenƟ al by sociodemographic factors (e.g., 
maternal age, household income, parity, and ethnicity) [42], it could infl uence the results 
of our study. In straƟ fi ed analyses, we observed that results were not diff erent across 
those who did/did not change residence in the period between seven months before 
concepƟ on and fi ve months of pregnancy. This indicates that residenƟ al mobility did not 
have a large eff ect on our eff ect esƟ mates. 
 Second, the sample size of our study was smaller than that of previous studies, which 
were based on birth cerƟ fi cate data and had sample sizes of 37,000-99,000 subjects. 
Our study had 7339 parƟ cipants. We were able to detect a diff erence of 0.11 SD in 
birth weight, which is smaller than eff ect sizes observed in previous studies. However, 
the power to detect a relaƟ onship between air polluƟ on and some of the dichotomous 
outcome measures was lower compared to previous studies, especially for the analyses 
with pregnancy complicaƟ ons. 
 Furthermore, gestaƟ onal age could not be determined based on ultrasound 
examinaƟ ons in 3% of the parƟ cipants, because they were enrolled in late pregnancy. 
Nevertheless, results were comparable when these women were included or excluded. 
 Another limitaƟ on is related to the traffi  c density measures. These are derived from 
digital maps that cover the most important residenƟ al roads, but do not include the 
smallest local roads. As a result, traffi  c on these streets is not counted in the distance-
weighted traffi  c density.
 Finally, traffi  c measures may be viewed as crude esƟ mates of air polluƟ on. They 
do not take into account infl uencing factors such as type of traffi  c, emission factors, 
meteorology, and land cover data. Furthermore, they are based on annual averages and 
do not refl ect seasonal, monthly or daily diff erences in air polluƟ on levels. Ideally, these 
temporal variaƟ ons would be taken into account in the exposure assessment, next to 
the spaƟ al variability. This has been done by a few earlier pregnancy studies, some of 
them conducted in Europe, in which air polluƟ on concentraƟ ons were modelled and 
subsequently adjusted for temporal variaƟ on [24, 25, 43, 44]. Unfortunately, we were not 
able to take into account temporal variaƟ ons in our air polluƟ on exposure assessment, 
but we are planning to do this for future analyses. Despite these limitaƟ ons, a recent 
study that assessed the validity of traffi  c variables showed that measures of (weighted) 
traffi  c density can well be used as predictors of measured NO2, and are therefore good 
proxies for exposure to road traffi  c [45]. So, when direct measurements or modelled levels 
of traffi  c-related air pollutants are not available, traffi  c measures are a good alternaƟ ve, 
as they are relaƟ vely simple measures that are easy to apply and to interpret [24]. 
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Conclusion
The present study is based on a prospecƟ ve populaƟ on-based cohort with a large 
number of subjects studied from early pregnancy onwards. Exposures were esƟ mated 
at the individual level, and detailed individual informaƟ on on relevant confounders was 
available. In the city of RoƩ erdam, residenƟ al proximity to traffi  c was not associated with 
birth and pregnancy outcomes, contrary to previous studies. Future studies are needed to 
further invesƟ gate this relaƟ onship, preferably with more detailed data on temporal and 
spaƟ al variaƟ on in exposure. 
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. DistribuƟ on of traffi  c indicators.

Minimum 25th percenƟ le Median 75th percenƟ le Maximum

Distance-weighted
traffi  c density
(vehicles/24h*m)

0 1.6 * 105 5.5 * 105 1.2 * 106 1.9 * 107

Distance to a major
road (m)

7 74 143 225 498

Supplementary Table S2. Crude associaƟ ons between residenƟ al traffi  c exposure and birth 

outcomes.

Birth 
weight (g) b

Small for 
gestaƟ onal age c 

(n of cases)

Preterm 
birth c 

(n of cases)

Distance-weighted traffi  c density 
(veh/24h*m) a

< 158,503 Reference Reference
(n=61)

Reference
(n=84)

158,503 – 546,770 -29 (-58, 0) ‡ 0.99 (0.69, 1.42) 
(n=60)

1.37 (1.02, 1.84) *
(n=112)

546,770 – 1,235,384 -19 (-48, 10) 1.02 (0.71, 1.47) 
(n=62)

1.36 (1.01, 1.83) *
(n=110)

> 1,235,384 -14 (-43, 15) 1.22 (0.87, 1.73) 
(n=74)

1.25 (0.92, 1.69)
(n=100)

Distance to major road (m)

> 200 (n=2646) Reference Reference
(n=82)

Reference
(n=134)

150-200 (n=1066) -48 (-79, -16) * 1.15 (0.78, 1.70) 
(n=38)

1.13 (0.82, 1.55) 
(n=59)

100-150 (n=1258) -65 (-95, -35) ** 1.13 (0.78, 1.65) 
(n=44)

1.20 (0.89, 1.61)
(n=75)

50-100 (n=1302) -18 (-48, 12) 1.27 (0.89, 1.81) 
(n=51)

1.16 (0.86, 1.56)
(n=74)

0-50 (n=1067) -28 (-59, 4) ‡ 1.28 (0.88, 1.87) 
(n=42)

1.23 (0.90, 1.68)
(n=64)

** p<0.001; * p<0.05; ‡ p<0.10
a Values listed are the <25th, 25-50th, 50-75th and >75th percenƟ les of the DWTD values. 
b Values are regression coeffi  cients (95% confi dence interval) and refl ect the diff erence in birth weight for 
change in traffi  c parameters. Analyses are based on 7288 subjects. Models are adjusted for gestaƟ onal age 
and fetal sex. 
c Values are odds raƟ os (95% confi dence interval) and refl ect the risk for adverse birth outcomes for change 
in traffi  c parameters. Analyses are based on 7278 subjects for small for gestaƟ onal age at birth and 7337 
subjects for preterm birth. Models are adjusted for fetal sex.



155Proximity to traffi  c and pregnancy complicaƟ ons | 

3.5
Chapter

Supplementary Table S3. Unadjusted associaƟ ons between residenƟ al traffi  c exposure and 

pregnancy complicaƟ ons. 

GestaƟ onal 
hypertension b 

(n of cases)

(Pre)eclampsia 
or HELLP b 

(n of cases)

GestaƟ onal 
diabetes b

(n of cases)

Distance-weighted traffi  c density 
(veh/24h*m) a

< 158,503 Reference
(n=64)

Reference
(n=34)

Reference
(n=15)

158,503 – 546,770 0.92 (0.64, 1.32)
(n=59)

0.91 (0.56, 1.50)
(n=31)

0.66 (0.30, 1.48)
(n=10)

546,770 – 1,235,384 0.92 (0.64, 1.32)
(n=59)

1.15 (0.73, 1.84)
(n=39)

1.00 (0.49, 2.05)
(n=15)

> 1,235,384 1.06 (0.75, 1.50)
(n=68)

1.18 (0.74, 1.87)
(n=40)

0.67 (0.30, 1.49)
(n=10)

Distance to major road (m)

> 200 (n=2646) Reference 
(n=93)

Reference 
(n=54)

Reference
(n=19)

150-200 (n=1066) 0.77 (0.50, 1.17)
(n=29)

0.78 (0.45, 1.34)
(n=17)

1.17 (0.53, 2.60)
(n=9)

100-150 (n=1258) 0.87 (0.60, 1.28)
(n=39)

0.97 (0.60, 1.56)
(n=25)

0.76 (0.32, 1.82)
(n=7)

50-100 (n=1302) 1.07 (0.75, 1.52)
(n=49)

0.89 (0.55, 1.45)
(n=24)

1.07 (0.50, 2.31)
(n=10)

0-50 (n=1067) 1.07 (0.73, 1.55)
(n=40)

1.10 (0.68, 1.79)
(n=24)

0.65 (0.24, 1.76)
(n=5)

a Values listed are the <25th, 25-50th, 50-75th and >75th percenƟ les of the DWTD values. 
b Values are odds raƟ os (95% confi dence interval) and refl ect the risk for pregnancy complicaƟ ons for 
change in traffi  c parameters. Analyses are based on 7108 subjects for gestaƟ onal hypertension and for (pre)
eclampsia or HELLP, and on 7068 subjects for gestaƟ onal diabetes.
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Supplementary Table S4. Adjusted associaƟ ons between residenƟ al traffi  c exposure and SGA at 

birth in Dutch children (N=3414). 

Small for gestaƟ onal age b 

(n of cases)

Distance-weighted traffi  c density (veh/24h*m) a

< 158,503 Reference
(n=27)

158,503 – 546,770 0.82 (0.46, 1.46)
(n=22)

546,770 – 1,235,384 1.08 (0.62, 1.87)
(n=28)

> 1,235,384 0.74 (0.41, 1.34)
(n=21)

Distance to major road (m)

> 200 Reference
(n=42)

150-200 0.52 (0.25, 1.08) ‡
(n=14)

100-150 1.11 (0.64, 1.93)
(n=13)

50-100 0.74 (0.39, 1.41)
(n=20)

0-50 1.09 (0.58, 2.05)
(n=9)

‡ p<0.10
a Values listed are the <25th, 25-50th, 50-75th and >75th percenƟ les of the DWTD values. 
b Values are odds raƟ os (95% confi dence interval) and refl ect the risk for small for gestaƟ onal age at birth 
for change in traffi  c parameters. Models are adjusted for maternal age, educaƟ on, body mass index, parity, 
smoking, alcohol consumpƟ on, fetal sex, month of birth, and year of birth.
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Supplementary Table S5. Adjusted associaƟ ons between residenƟ al traffi  c exposure and birth 

weight, straƟ fi ed for maternal educaƟ on. 

Birth weight (g) b

None/
primary educaƟ on

Secondary 
educaƟ on

Higher 
educaƟ on

Distance-weighted traffi  c density 
(veh/24h*m) a

< 158,503 Reference Reference Reference

158,503 – 546,770 -26 (-115, 64) -17 (-60, 26) -20 (-63, 23)

546,770 – 1,235,384 -56 (-145, 32) -20 (-63, 22) 10 (-34, 55)

> 1,235,384 43 (-49, 134) 0 (-44, 43) 5 (-38, 47)

Distance to major road (m)

> 200 Reference Reference Reference

150-200 7 (-85, 100) -32 (-80, 17) -20 (-68, 28)

100-150 -2 (-94, 90) -50 (-94, -6) * -45 (-91, 2) ‡

50-100 32 (-57, 121) -7 (-52, 37) 16 (-29, 61)

0-50 98 (-5, 201) ‡ -33 (-83, 16) 5 (-41, 50)

* p<0.05; ‡ p<0.10
a Values listed are the <25th, 25-50th, 50-75th and >75th percenƟ les of the DWTD values. 
b Values are regression coeffi  cients (95% confi dence interval) and refl ect the diff erence in birth weight for 
change in traffi  c parameters. Models are adjusted for maternal age, ethnicity, body mass index, parity, 
smoking, alcohol consumpƟ on, gestaƟ onal age, fetal sex, month of birth, and year of birth. 

Supplementary Table S6. Adjusted associaƟ ons between residenƟ al traffi  c exposure and SGA at 

birth, straƟ fi ed for maternal educaƟ on.

Small for gestaƟ onal age b

None/
primary educaƟ on

Secondary 
educaƟ on

Higher 
educaƟ on

Distance-weighted traffi  c density 
(veh/24h*m) a

< 158,503 Reference Reference Reference

158,503 – 546,770 1.11 (0.38, 3.27) 0.64 (0.36, 1.16) 1.20 (0.64, 2.26)

546,770 – 1,235,384 1.03 (0.35, 3.03) 0.95 (0.56, 1.62) 1.05 (0.53, 2.07)

> 1,235,384 0.54 (0.17, 1.72) 1.18 (0.71, 1.97) 1.05 (0.54, 2.01)

Distance to major road (m)

> 200 Reference Reference Reference

150-200 1.46 (0.49, 4.38) 1.50 (0.84, 2.69) 0.54 (0.24, 1.20)

100-150 1.08 (0.33, 3.58) 0.95 (0.52, 1.76) 0.80 (0.42, 1.56)

50-100 0.94 (0.31, 2.89) 1.55 (0.90, 2.67) 0.95 (0.50, 1.79)

0-50 0.67 (0.18, 2.53) 1.44 (0.79, 2.63) 0.54 (0.25, 1.14)
a Values listed are the <25th, 25-50th, 50-75th and >75th percenƟ les of the DWTD values. 
b Values are odds raƟ os (95% confi dence interval) and refl ect the risk for small size for gestaƟ onal age at birth 
for change in traffi  c parameters. Models are adjusted for maternal age, ethnicity, body mass index, parity, 
smoking, alcohol consumpƟ on, fetal sex, month of birth, and year of birth. 
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Supplementary Table S7. Adjusted associaƟ ons between residenƟ al traffi  c exposure and gestaƟ onal 

hypertension, straƟ fi ed for maternal educaƟ on. 

GestaƟ onal hypertension b

None/
primary educaƟ on

Secondary 
educaƟ on

Higher 
educaƟ on

Distance-weighted traffi  c density
(veh/24h*m) a

< 158,503 Reference Reference Reference

158,503 – 546,770 0.44 (0.03, 6.15) 1.38 (0.79, 2.40) 0.86 (0.50, 1.48)

546,770 – 1,235,384 6.00 (0.92, 39.21) 1.06 (0.60, 1.84) 0.62 (0.34, 1.13)

> 1,235,384 3.64 (0.60, 22.07) 1.32 (0.77, 2.29) 0.82 (0.48, 1.40)

Distance to major road (m)

> 200 Reference Reference Reference

150-200 0.54 (0.05, 5.74) 1.25 (0.70, 2.26) 1.07 (0.59, 1.97)

100-150 2.56 (0.44, 15.06) 1.10 (0.64, 1.89) 0.66 (0.34, 1.29)

50-100 4.12 (0.92, 18.49) ‡ 1.29 (0.75, 2.23) 0.82 (0.45, 1.50)

0-50 1.06 (0.17, 6.68) 0.66 (0.32, 1.35) 0.94 (0.53, 1.68)

‡ p<0.10
a Values listed are the <25th, 25-50th, 50-75th and >75th percenƟ les of the DWTD values. 
b Values are odds raƟ os (95% confi dence interval) and refl ect the risk for gestaƟ onal hypertension for change 
in traffi  c parameters. Models are adjusted for maternal age, ethnicity, body mass index, parity, smoking, 
alcohol consumpƟ on, month of birth, and year of birth. 
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Supplementary Table S8. Adjusted associaƟ ons between residenƟ al traffi  c exposure and birth 

outcomes in non-movers (N=1118). 

Birth 
weight (g) b

Small for 
gestaƟ onal age c 

Preterm 
birth c

Distance-weighted traffi  c density 
(veh/24h*m) a

< 158,503 Reference Reference Reference

158,503 – 546,770 -1 (-73, 71) 0.84 (0.35, 2.05) 1.24 (0.58, 2.64)

546,770 – 1,235,384 36 (-37, 110) 0.92 (0.38, 2.22) 1.28 (0.59, 2.77)

> 1,235,384 40 (-33, 113) 0.57 (0.22, 1.51) 1.30 (0.61, 2.80)

Distance to major road (m)

> 200 Reference Reference Reference

150-200 -51 (-132, 31) 1.59 (0.62, 4.05) 1.29 (0.59, 2.81)

100-150 -78 (-154, -3) * 1.03 (0.40, 2.62) 1.11 (0.53, 2.33)

50-100 6 (-70, 80) 1.11 (0.43, 2.85) 0.84 (0.36, 1.93)

0-50 -35 (-115, 45) 0.82 (0.28, 2.43) 1.30 (0.61, 2.79)

* p<0.05
a Values listed are the <25th, 25-50th, 50-75th and >75th percenƟ les of the DWTD values. 
b Values are regression coeffi  cients (95% confi dence interval) and refl ect the diff erence in birth weight for 
change in traffi  c parameters. The model is adjusted for maternal age, maternal educaƟ on, ethnicity, body 
mass index, parity, smoking, alcohol consumpƟ on, gestaƟ onal age, fetal sex, month of birth, and year of 
birth. 
c Values are odds raƟ os (95% confi dence interval) and refl ect the risk for adverse birth outcomes for change 
in traffi  c parameters. Models are adjusted for maternal age, educaƟ on, ethnicity, body mass index, parity, 
smoking, alcohol consumpƟ on, fetal sex, month of birth, and year of birth. 



160 | Chapter 3.5

Supplementary Table S9. Adjusted associaƟ ons between residenƟ al traffi  c exposure and pregnancy 

complicaƟ ons in non-movers (N=1118).

GestaƟ onal 
hypertension b

(Pre)eclampsia 
or HELLP b

GestaƟ onal 
diabetes b

Distance-weighted traffi  c density 
(veh/24h*m) a

< 158,503 Reference Reference Reference

158,503 – 546,770 1.08 (0.39, 3.04) 0.75 (0.15, 3.69) n/a c

546,770 – 1,235,384 0.79 (0.25, 2.46) 1.95 (0.51, 7.41) n/a c

> 1,235,384 1.42 (0.51, 3.90) 1.95 (0.52, 7.35) n/a c

Distance to major road (m)

> 200 Reference Reference Reference

150-200 0.24 (0.03, 1.92) 0.73 (0.14, 3.86) n/a c

100-150 1.11 (0.38, 3.18) 1.10 (0.28, 4.26) n/a c

50-100 1.03 (0.36, 2.92) 0.58 (0.11, 3.14) n/a c

0-50 1.60 (0.59, 4.36) 2.18 (0.64, 7.36) n/a c

a Values listed are the <25th, 25-50th, 50-75th and >75th percenƟ les of the DWTD values. 
b Values are odds raƟ os (95% confi dence interval) and refl ect the risk for pregnancy complicaƟ ons for change in 
traffi  c parameters. Models are adjusted for maternal age, ethnicity, body mass index, parity, smoking, alcohol 
consumpƟ on, month of birth, and year of birth. 
c Not applicable; odds raƟ os could not be computed because of zero cell counts.
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INTRODUCTION

In the last fi Ō een to twenty years, the number of studies examining the possible impact of 
air polluƟ on exposure on pregnancy outcomes has substanƟ ally increased. Most rouƟ nely 
measured air pollutants (e.g., PM10, PM2.5, NO2, CO, O3, SO2) have been associated with 
neonatal complicaƟ ons such as intrauterine growth restricƟ on, preterm birth, and (low) 
birth weight [1-3]. Nevertheless, recent reviews concluded that the results are inconsistent, 
with regard to the examined air pollutants, exposure periods, and neonatal outcomes, 
and regarding the reported associaƟ ons [1, 3-5]. The inconsistencies may partly be related 
to diff erences in study design and methodological limitaƟ ons [1, 3]. Most studies were 
based on birth cerƟ fi cates rather than prospecƟ vely collected data, and had limited 
informaƟ on on potenƟ al confounding variables. Furthermore, many studies assessed 
exposure to air polluƟ on using (a small number of) outdoor monitoring staƟ ons, which 
restricted their ability to take into account the intra-urban variaƟ on in air pollutants. 
More recent approaches based on spaƟ al modelling considered the spaƟ al, but oŌ en not 
the temporal variaƟ on. A number of recommendaƟ ons for further research have been 
put forward, including beƩ er consideraƟ on of spaƟ otemporal contrasts in exposure and 
obtaining informaƟ on on residenƟ al mobility during pregnancy [6, 7]. In addiƟ on, it has 
been advocated to examine specifi c outcomes that may provide insight into the underlying 
mechanisms, such as fetal growth, infl ammatory responses, maternal blood pressure, and 
gestaƟ onal hypertensive disorders [6, 7]. Only a few recent studies have examined the 
associaƟ ons of maternal air polluƟ on exposure with impaired fetal growth as measured by 
ultrasound examinaƟ ons during pregnancy [8-10] or with the development of gestaƟ onal 
hypertensive disorders [11-13]. Also, not much is known about the associaƟ ons of air 
polluƟ on with blood pressure, infl ammatory responses, and placental funcƟ on.
 The studies described in this thesis were iniƟ ated to examine the associaƟ ons of air 
polluƟ on exposure during pregnancy with maternal and fetal health, and to gain more 
knowledge about the underlying pathways. All studies were embedded in the GeneraƟ on 
R Study, a populaƟ on-based prospecƟ ve cohort study from early pregnancy onward 
in RoƩ erdam, the Netherlands [14, 15]. In this part of the thesis, we describe the main 
fi ndings of our studies and their interpretaƟ on. A schemaƟ c overview of the fi ndings is 
also presented in Figure 1. Furthermore, we discuss some methodological consideraƟ ons 
and we give suggesƟ ons for future research. 



163General Discussion | 

4
Chapter

Fi
gu

re
 1

. S
ch

em
aƟ

 c
 o

ve
rv

ie
w

 o
f t

he
 st

aƟ
 s
Ɵ c

al
ly

 s
ig

ni
fi c

an
t fi

 n
di

ng
s 

in
 th

e 
st

ud
ie

s 
de

sc
rib

ed
 in

 th
is

 th
es

is
.

Ex
po

su
re

M
at

er
na

l a
nd

 
fe

ta
l i

nfl
 a

m
m

aƟ
 o

n
Pl

ac
en

ta
l f

un
cƟ

 o
n

M
at

er
na

l b
lo

od
 

pr
es

su
re

M
at

er
na

l g
es

ta
Ɵ o

na
l 

hy
pe

rt
en

si
ve

 c
om

pl
ic

aƟ
 o

ns
Fe

ta
l g

ro
w

th
N

eo
na

ta
l 

co
m

pl
ic

aƟ
 o

ns

Tr
affi

  c
 p

ro
xi

m
ity

n/
a

n/
a

n/
a

n/
a

PM
10

↑
 m

at
 C

RP
 (1

st
)*

↑
 fe

ta
l C

RP
 (D

)*
↓

 m
at

 sF
lt-

1 
(2

nd
)

↑
 fe

ta
l s

Fl
t-1

 (D
)*

↓
 fe

ta
l P

lG
F 

(D
)*

↓
 P

W
*

↑
 S

BP
 (2

nd
, 3

rd
)

↑
 P

IH
↓

 H
C 

(3
rd

)
↑

 E
FW

 (2
nd

)
↓

 B
W

↑
 P

TB
↑

 S
G

A

N
O

2
↑

 fe
ta

l C
RP

 (D
)

↑
 m

at
 P

LG
F 

(1
st
)*

↓
 m

at
 sF

lt-
1 

(2
nd

)*
↓

 m
at

 P
LG

F 
(2

nd
)*

↑
 fe

ta
l s

Fl
t-1

 (D
)*

↓
 fe

ta
l P

lG
F 

(D
)

↓
 P

W
*

↑
 S

BP
 (1

st
, 2

nd
, 3

rd
)

↓
 H

C 
(3

rd
)

↓
 F

L 
(2

nd
, 3

rd
)

↓
 B

W

n/
a 

(n
ot

 a
pp

lic
ab

le
) i

nd
ic

at
es

 th
at

 th
e 

as
so

ci
aƟ

 o
n 

w
as

 n
ot

 e
xa

m
in

ed
; e

m
pt

y 
ce

lls
 in

di
ca

te
 th

at
 n

o 
st

aƟ
 s
Ɵ c

al
ly

 s
ig

ni
fi c

an
t a

ss
oc

ia
Ɵ o

ns
 w

er
e 

ob
se

rv
ed

; 
* 

in
di

ca
te

s 
th

at
 a

ss
oc

ia
Ɵ o

ns
 w

er
e 

no
t o

bs
er

ve
d 

fo
r a

ll 
ex

am
in

ed
 e

xp
os

ur
e 

pe
rio

ds
 (i

f d
iff 

er
en

t p
er

io
ds

 w
er

e 
ev

al
ua

te
d)

.
1st

: fi
 rs

t t
rim

es
te

r;
 2

nd
: s

ec
on

d 
tr

im
es

te
r;

 3
rd

: t
hi

rd
 tr

im
es

te
r;

 D
: d

el
iv

er
y;

 B
W

: b
irt

h 
w

ei
gh

t; 
CR

P:
 C

-r
ea

cƟ
 v

e 
pr

ot
ei

n;
 E

FW
: e

sƟ
 m

at
ed

 fe
ta

l w
ei

gh
t; 

FL
: f

em
ur

 le
ng

th
; H

C:
 

he
ad

 c
irc

um
fe

re
nc

e;
 m

at
: m

at
er

na
l; 

PI
H

: g
es

ta
Ɵ o

na
l h

yp
er

te
ns

io
n;

 P
lG

F:
 p

la
ce

nt
al

 g
ro

w
th

 fa
ct

or
; P

TB
: p

re
te

rm
 b

irt
h;

 P
W

: p
la

ce
nt

a 
w

ei
gh

t; 
SB

P:
 sy

st
ol

ic
 b

lo
od

 p
re

ss
ur

e;
 

sF
lt-

1:
 s

ol
ub

le
 fm

s-
lik

e 
ty

ro
si

ne
 k

in
as

e-
1;

 S
G

A:
 s

m
al

l s
ize

 fo
r g

es
ta
Ɵ o

na
l a

ge
 a

t b
irt

h.



164 | Chapter 4

MAIN FINDINGS

Air polluƟ on exposure esƟ maƟ on
Air polluƟ on levels within an urban area display considerable spaƟ al and temporal variaƟ on. 
Many previous studies on air polluƟ on and pregnancy complicaƟ ons were not able to 
consider both the spaƟ al and temporal variaƟ on in their exposure esƟ maƟ on approach. 
For the parƟ cipants of the GeneraƟ on R Study, we assessed individual exposures to PM10 
and NO2 at the home address, using a combinaƟ on of GIS based dispersion modelling 
techniques and conƟ nuous monitoring data, taking into account the spaƟ al and temporal 
variaƟ on in air pollutants. Air polluƟ on exposure averages were derived for diff erent 
prenatal periods, in order to relate these exposure averages to various outcomes assessed 
during pregnancy. We observed that on average, parƟ cipants’ exposure levels decreased 
throughout the study period (2001 to 2006). IllustraƟ ve analyses indicated that PM10 and 
NO2 exposure levels during pregnancy were diff erenƟ ally distributed according to maternal 
age, ethnicity, parity, neighbourhood income area, smoking, and alcohol consumpƟ on. 
The individual exposure esƟ mates have been applied in the studies presented in this 
thesis and can be used in future studies focused on the eff ects of air polluƟ on exposure 
on health outcomes in mothers and children (Chapter 2).

Maternal and fetal infl ammatory response
Previous studies observed associaƟ ons of air polluƟ on exposure with higher levels of the 
infl ammatory marker C-reacƟ ve protein (CRP). Not much is known about this associaƟ on 
in pregnant women. We evaluated whether air polluƟ on exposure was related to maternal 
CRP levels in fi rst trimester of pregnancy and fetal CRP levels at delivery. Short-term 
average PM10 exposure levels were weakly associated with elevated maternal CRP levels 
in fi rst trimester, which could indicate that short-term peaks in exposure may induce 
infl ammatory processes in the mother. Higher long-term average PM10 and NO2 exposure 
levels were associated with elevated fetal CRP levels at delivery. Since fetal CRP levels 
are believed to be produced by the fetus itself [16, 17], this may suggest that cumulaƟ ve 
(long-term) exposures are more important in aff ecƟ ng fetal infl ammatory processes than 
short-term exposures. Our fi ndings suggest that air polluƟ on exposure may promote the 
infl ammatory processes in mother and fetus. More research is needed to confi rm these 
fi ndings and to examine the underlying mechanisms (Chapter 3.1). 

Placental growth and funcƟ on
One of the hypothesized pathways through which air polluƟ on may lead to maternal and 
fetal complicaƟ ons is by aff ecƟ ng the placenta [6, 18]. Few studies have invesƟ gated the 
associaƟ ons of air polluƟ on exposure with markers of placental growth and funcƟ on. We 
observed that higher PM10 and NO2 exposure levels were associated with changes in the 
levels of angiogenic growth factors (sFlt-1 and PlGF) in fetal cord blood, refl ecƟ ng an anƟ -
angiogenic state. This paƩ ern was not observed with maternal sFlt-1 and PlGF levels in fi rst 
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and second trimester. Air polluƟ on exposure was not associated with placental vascular 
resistance indices. Furthermore, we observed associaƟ ons of PM10 and NO2 exposure 
with a decreased placental weight, but these associaƟ ons were not consistent for the 
diff erent exposure periods. Our results suggest that maternal air polluƟ on exposure may 
infl uence placental growth and funcƟ on. Nevertheless, the evidence is insuffi  cient to infer 
that this pathway plays a major role in the associaƟ ons of air polluƟ on with pregnancy 
complicaƟ ons (Chapter 3.2). 

Maternal blood pressure and gestaƟ onal hypertensive disorders
Another potenƟ al pathway through which air polluƟ on may aff ect pregnancy is by acƟ ng 
on the cardiovascular system. Air polluƟ on exposure has been shown to be associated 
with alteraƟ ons in blood pressure levels in non-pregnant individuals [19-22]. We examined 
the associaƟ ons of air polluƟ on exposure with repeatedly measured blood pressure 
during pregnancy and the risks of gestaƟ onal hypertension and preeclampsia. Higher PM10 
and NO2 exposure levels were associated with increased systolic blood pressure levels in 
diff erent trimesters of pregnancy. No consistent associaƟ ons were observed with diastolic 
blood pressure levels. Also, higher PM10 exposure was associated with an increased risk 
of gestaƟ onal hypertension, but not with the risk of preeclampsia. Although the eff ects 
on blood pressure were within physiological ranges, the fi ndings suggest that air polluƟ on 
may aff ect cardiovascular health in pregnant women (Chapter 3.3). 

Fetal growth and neonatal complicaƟ ons
Most previous studies linking air polluƟ on to intrauterine growth restricƟ on are based on 
measures at birth. These measures are informaƟ ve, but do not provide insight into the 
eff ects on fetal growth paƩ erns during pregnancy. We examined whether air polluƟ on 
exposure was associated with fetal growth characterisƟ cs assessed by repeated ultrasound 
examinaƟ ons during pregnancy and the risks of neonatal complicaƟ ons. We observed 
that exposure to higher PM10 and NO2 levels was inversely associated with third trimester 
fetal head circumference and birth weight, and that higher NO2 levels were inversely 
associated with second and third trimester fetal femur length. Air polluƟ on exposure was 
not consistently associated with neonatal head circumference or length. This inconsistent 
paƩ ern of associaƟ ons throughout pregnancy may be related to specifi c stages in fetal 
development during pregnancy, and needs further invesƟ gaƟ on. Furthermore, we 
observed that higher PM10 exposure was associated with increased risks of preterm birth 
and small size for gestaƟ onal age at birth. This adds to the epidemiological evidence 
relaƟ ng air polluƟ on exposure to the risks of neonatal complicaƟ ons (Chapter 3.4). 

ResidenƟ al proximity to traffi  c and pregnancy outcomes
When detailed informaƟ on on individual exposure to air polluƟ on levels is not available, 
epidemiological studies have used measures of residenƟ al proximity to traffi  c as indicators 
of long-term exposure to traffi  c pollutants. This approach considers the intra-urban 
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variaƟ on in air polluƟ on, which is mainly due to traffi  c emissions. Within the GeneraƟ on R 
Study, we evaluated the associaƟ ons of residenƟ al proximity to traffi  c, defi ned as distance 
to a major road and distance-weighted traffi  c density in a 150 meter radius, with the 
risks of neonatal complicaƟ ons and gestaƟ onal hypertensive complicaƟ ons. We observed 
no consistent associaƟ ons of residenƟ al proximity to traffi  c with birth weight and the 
risks of preterm birth, small size for gestaƟ onal age at birth, gestaƟ onal hypertension, 
preeclampsia, and gestaƟ onal diabetes (Chapter 3.5). These fi ndings are not enƟ rely in 
line with our other study, in which higher PM10 levels were associated with increased 
risks of preterm birth and small size for gestaƟ onal age at birth (Chapter 3.4). Possible 
explanaƟ ons for the discrepancy in fi ndings are discussed below.

INTERPRETATION OF THE FINDINGS

Air polluƟ on
Air polluƟ on is a heterogeneous mixture of diff erent parƟ culates and gases. The 
composiƟ on of this mixture depends on the emission source, locaƟ on, season, and 
meteorological condiƟ ons. Because the mixture varies between locaƟ ons, and as many 
compounds in the mixture are correlated, it is diffi  cult to idenƟ fy the pollutants that are 
responsible for the adverse health eff ects [20, 23, 24]. Studies have linked various pollutants 
to adverse health outcomes [24, 25]. 
 One of the most studied pollutants, with the largest body of evidence regarding 
biological plausibility, is parƟ culate maƩ er. ParƟ culate maƩ er consists of solid and liquid 
parƟ cles suspended in air, including elemental and organic carbon, metals, nitrates, 
and sulfates. The exact composiƟ on depends on the source, which can be natural (e.g., 
mineral dust, sea salt, volcano erupƟ ons) or anthropogenic (fossil fuel combusƟ on), and 
is also infl uenced by season and meteorological condiƟ ons. Primary parƟ cles are directly 
emiƩ ed in the atmosphere, whereas secondary parƟ cles are formed in the atmosphere 
through reacƟ ve processes. ParƟ culate maƩ er is classifi ed according to the size of the 
parƟ cles. ParƟ cles with a median aerodynamic diameter smaller than 10 μm (PM10) are 
considered capable of entering the lungs. A further disƟ ncƟ on is made between ultrafi ne 
parƟ cles (diameter <0.1 μm), fi ne parƟ cles (diameter <2.5 μm) and coarse parƟ cles 
(diameter 2.5 to 10 μm). The smaller the parƟ cles, the deeper they can penetrate into 
the lungs. Many studies have focused on the adverse eff ects of PM10. Increasingly, fi ne 
and ultrafi ne parƟ cles are believed to be the most harmful for human health, as they can 
penetrate into the deeper parts of the respiratory system and possibly other Ɵ ssues, and 
because they are oŌ en composed of more toxic compounds (depending on the source) 
[24, 26]. However, although fi ne parƟ cles are proposed to be more harmful, an eff ect of 
coarse parƟ cles (PM2.5-10) should not be dismissed [27, 28]. 
 Nitrogen dioxide is another well-studied pollutant that mainly originates from fossil 
fuel combusƟ on in motor vehicles and industrial processes. It is a reacƟ ve substance, 
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which is involved in various processes in the atmosphere, including the formaƟ on (and 
conversion) of ozone and the formaƟ on of smog. NO2 is generally regarded as an indicator 
of the traffi  c-related air polluƟ on mixture. The impact of NO2 itself on human health is 
uncertain. In relaƟ vely high concentraƟ ons, NO2 has been shown to aff ect respiratory 
funcƟ on and evoke pulmonary infl ammaƟ on (reviewed by [29, 30]). Nevertheless, 
experimental studies observed that at concentraƟ ons present in the ambient air, direct 
eff ects of NO2 on the lungs are probably small [23]. Many epidemiological studies have 
reported associaƟ ons of ambient NO2 levels with adverse health eff ects. However, it is 
unclear whether the health risks result from traffi  c-related emissions correlaƟ ng with 
NO2, chemical reacƟ on products of NO2, or NO2 itself [23, 30].
 RoƩ erdam is the second largest city in the Netherlands with a high populaƟ on 
density and the largest port of Europe. It is characterized by high emissions from road 
traffi  c, shipping, households, and industry. This results in relaƟ vely high air polluƟ on 
concentraƟ ons. In 2004, annual average air polluƟ on levels derived from ambient 
monitoring staƟ ons in the larger RoƩ erdam area were 30.7 μg/m3 for PM10, 43.8 μg/m3 
for NO2, and 13.8 μg/m3 for SO2 [31]. In the study area, PM10 and NO2 concentraƟ ons 
are mainly infl uenced by background concentraƟ ons (originaƟ ng from various sources, 
including industry, power generators, refi neries, agriculture, and distant traffi  c) and local 
contribuƟ ons from road traffi  c (i.e., traffi  c emissions and resuspension of road dust). 
NO2 concentraƟ ons more strongly refl ect local traffi  c sources than PM10 concentraƟ ons, 
which may explain the moderate correlaƟ ons between the PM10 and NO2 exposure 
averages in our study populaƟ on (r=0.58 to 0.66). The chemical composiƟ on and source 
apporƟ onment of parƟ culate maƩ er was evaluated in more detail at diff erent locaƟ ons 
in the Netherlands, including two locaƟ ons in the RoƩ erdam region (i.e., a traffi  c locaƟ on 
and an urban background locaƟ on) [32]. At these two locaƟ ons, the contribuƟ on of 
the coarse fracƟ on mass (PM10-2.5) to the total PM10 mass was around 60-62%, and the 
contribuƟ on of the fi ne fracƟ on (PM2.5) to the total PM10 mass was 38-40%. Furthermore, 
the observaƟ ons showed that in the RoƩ erdam region, PM10 was mainly composed of 
secondary inorganic aerosol (i.e., sulphate, nitrate and ammonium) (35-37%) originaƟ ng 
from combusƟ on emissions and agriculture, followed by total carbonaceous maƩ er (26-
32%) from biogenic and combusƟ on emissions; sea salt (11-17%); mineral dust (7%) and 
metals (7-9%) from wear processes, resuspension of road dust and wind-blown soil; and 
an unexplained part (6-7%) [32]. Compared to other locaƟ ons in the Netherlands (three 
rural background locaƟ ons and one traffi  c locaƟ on in the city of Breda), the contribuƟ ons 
of nitrate, sulphate, and metals to parƟ culate maƩ er were relaƟ vely higher in the 
RoƩ erdam region, which probably resulted from industrial emissions and resuspension of 
road dust. When the urban background locaƟ on and the traffi  c locaƟ on in the region were 
compared, the PM10 concentraƟ on was on average 3.5 μg/m3 higher at the traffi  c locaƟ on. 
This diff erence could be aƩ ributed to carbonaceous material (mainly elemental carbon), 
mineral dust and metals from traffi  c emissions, wear processes, and resuspension of road 
dust [32].
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 Although background concentraƟ ons are an important determinant of long-term 
average PM10 and NO2 concentraƟ ons, the spaƟ al diff erences in long-term PM10 and NO2 
exposures within our urban study area were largely infl uenced by local contribuƟ ons 
from road traffi  c. In addiƟ on, diff erences in exposures have arisen as a result of temporal 
contrasts in pollutants (depending on meteorological factors), because we evaluated 
pregnancy-specifi c exposures. As a result, in our populaƟ on of pregnant women, 
depending on the length of the specifi c averaging period we already observed substanƟ al 
spaƟ al and temporal variaƟ on in exposure levels. 

Biological mechanisms
The exact mechanisms through which air polluƟ on adversely aff ects human health remain 
to be clarifi ed. Based on results from epidemiological, toxicological, and animal studies, 
several potenƟ al pathways have been proposed, mainly for parƟ culate maƩ er exposure. 
These pathways have been summarized in a number of recent reviews [20, 26, 33-37]. In 
general, air polluƟ on may provoke short-term (acute) eff ects that occur within a few 
hours following exposure and longer-term (less acute/chronic) eff ects that result from 
longer exposure. Most evidence for the short-term eff ects has been derived from animal 
studies, controlled exposure chamber studies, and Ɵ me-series studies. The longer-term 
eff ects of air polluƟ on have been invesƟ gated in epidemiological studies. Nevertheless, it 
is diffi  cult to make a clear disƟ ncƟ on between short- and longer-term eff ects, as there is 
substanƟ al overlap among the diff erent pathways and Ɵ ming of eff ects [20]. Furthermore, 
some eff ects may occur predominantly in suscepƟ ble individuals, such as those with 
geneƟ c predisposiƟ ons, with pre-existent diseases (cardiovascular condiƟ ons, respiratory 
condiƟ ons, or diabetes), elderly persons, or children. 
 One of the proposed eff ects of air polluƟ on is the inducƟ on of systemic infl ammaƟ on. 
Studies have reported increased levels of proinfl ammatory cytokines, including TNFα and 
interleukins, following exposure to air polluƟ on. Also alteraƟ ons in the concentraƟ ons 
of acute-phase proteins, such as CRP, have been linked to air polluƟ on (reviewed by 
[20, 26, 37]). The systemic infl ammaƟ on may be either caused by pulmonary infl ammaƟ on, 
through ‘spill-over’ of infl ammatory mediators into the circulaƟ on, or may be induced 
directly by (translocaƟ on of) inhaled parƟ cles or microbial components adsorbed to 
parƟ cles [38] (reviewed by [20, 33]). The subsequent low-grade infl ammaƟ on may promote 
atherosclerosis and other cardiovascular risk factors. Second, air polluƟ on is suggested 
to induce oxidaƟ ve stress, a condiƟ on that is characterized by an imbalance between 
the producƟ on and the detoxifi caƟ on of reacƟ ve oxygen species. The resulƟ ng excess of 
reacƟ ve oxygen species can damage cell components, as demonstrated by a few studies 
that reported associaƟ ons of air polluƟ on exposure with increases in markers of lipid, 
protein, or DNA oxidaƟ on (reviewed by [20, 26, 34, 35, 37]). The pathways of systemic 
infl ammaƟ on and oxidaƟ ve stress are probably closely interconnected and involved 
in some of the other pathways as well [20, 26]. Third, air polluƟ on has been linked to 
alteraƟ ons in blood coagulability and thrombosis. This has been refl ected by elevated 
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levels of fi brinogen, a protein that is involved in blood cloƫ  ng, and markers of platelet 
acƟ vaƟ on (reviewed by [20, 26, 36]). Fourth, inhaled parƟ cles may aff ect the autonomic 
nervous system, resulƟ ng in increased heart rate, increased arrhythmias, and decreased 
heart rate variability (reviewed by [20, 26, 36, 37]). Finally, there is evidence that elevated air 
polluƟ on levels aff ect vascular funcƟ on. A number of studies have related air polluƟ on to 
impaired vascular funcƟ on and diminished endothelium-dependent vasodilaƟ on, which 
may contribute to atherosclerosis. In addiƟ on, altered vascular funcƟ on could result in 
vasoconstricƟ on and subsequent development of increased blood pressure. Evidence for 
this pathway comes from several studies that reported associaƟ ons of both short- and 
longer-term air polluƟ on exposure with alteraƟ ons in systolic and diastolic blood pressure 
(reviewed by [20, 26, 36, 37]). 
 The impact of air polluƟ on might be diff erent in pregnant women. Pregnancy is 
characterized by various physiological changes, including adaptaƟ ons in hemodynamic 
funcƟ on, cardiac funcƟ on, immune system, and metabolism [39-41]. This makes pregnant 
women a potenƟ ally more vulnerable group for the eff ects of air polluƟ on. Fetuses are 
also considered more suscepƟ ble to air polluƟ on, because their organs, detoxifi caƟ on 
mechanisms, and immune system are not fully developed yet [5, 42, 43]. It has been 
hypothesized that air polluƟ on exposure could infl uence pregnancy via various pathways. 
First, air polluƟ on could elicit systemic infl ammaƟ on and oxidaƟ ve stress, thereby 
increasing maternal suscepƟ bility to infecƟ ons. Maternal infecƟ ons and elevated levels of 
infl ammatory mediators might consequently trigger preterm birth and intrauterine growth 
retardaƟ on [6, 18, 44], and also increased levels of lipid peroxidaƟ on in maternal and cord 
blood may increase the risk of adverse neonatal outcomes such as preterm birth [45]. 
Second, air polluƟ on could induce placental infl ammaƟ on, which may impair placental 
perfusion and nutrient and oxygen transport to the fetus, leading to an increased risk of 
intrauterine growth retardaƟ on [18]. Next, alteraƟ ons in blood viscosity, fi brinogen levels, 
and vascular funcƟ on following air polluƟ on exposure could infl uence placental-fetal 
transport (reviewed by [6, 18]). These alteraƟ ons may also lead to blood pressure elevaƟ ons 
in pregnant women, which could precede the development of gestaƟ onal hypertensive 
complicaƟ ons [18]. FiŌ h, air polluƟ on may generate placental DNA damage [18]. This 
may be caused by air polluƟ on-induced oxidaƟ ve stress, or by microparƟ cles adsorbed 
to parƟ culate maƩ er that cross the placenta, such as polycyclic aromaƟ c hydrocarbons 
(PAHs). Studies have reported increased levels of DNA adducts in maternal blood and the 
placenta in areas with higher air polluƟ on concentraƟ ons. These DNA adducts may impair 
placental-fetal exchange, and have been linked to intrauterine growth restricƟ on [46-48]. 
In addiƟ on, PAHs have been suggested to directly aff ect trophoblast invasion, resulƟ ng in 
subopƟ mal placentaƟ on and impaired placental perfusion [46]. The hypothesized impact 
of air polluƟ on on placental exchange and intrauterine growth is supported by a few 
experimental studies in mice, which showed adverse eff ects of exposure to ambient air 
polluƟ on levels during pregnancy on placental weight, placental funcƟ on, and fetal growth 
[49, 50]. Finally, air polluƟ on exposure may evoke epigeneƟ c changes, which are heritable 
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modifi caƟ ons to the genome that do not change the DNA sequence itself [51-54]. The main 
mechanisms of epigeneƟ c regulaƟ on are DNA methylaƟ on (i.e., the addiƟ on or removal 
of methyl groups to the DNA), histone modifi caƟ on, and RNA-associated pathways [54]. 
Air polluƟ on-induced systemic infl ammaƟ on and oxidaƟ ve stress could trigger epigeneƟ c 
changes, leading to adapƟ ve responses and eff ects on maternal and fetal health [51].

ImplicaƟ ons of the fi ndings
Our results suggest that air polluƟ on exposure during pregnancy may aff ect maternal and 
fetal health. We observed consistent associaƟ ons of higher PM10 and NO2 exposure levels 
with elevated CRP levels in fetal cord blood, altered levels of angiogenic factors in fetal cord 
blood, higher maternal blood pressure, gestaƟ onal hypertension, lower birth weight, and 
preterm birth and small size for gestaƟ onal age at birth. We also observed associaƟ ons, 
but less consistent, with elevated maternal CRP levels in fi rst trimester, altered levels of 
maternal angiogenic factors in fi rst and second trimester, lower placenta weight, and 
reduced fetal growth parameters (Figure 1). Adverse prenatal exposures are suggested 
to have a diff erenƟ al eff ect depending on the exposure period, or the ‘criƟ cal window of 
exposure’. This is related to the Ɵ ming of development of the diff erent organ systems of 
the infant [43]. As a result, oŌ en relaƟ vely short Ɵ me windows are considered in studies 
on reproducƟ ve or developmental outcomes [55]. Thus far, the literature is inconclusive 
regarding the raƟ onale to invesƟ gate a specifi c exposure period, such as trimester or 
monthly exposure averages. Some previous studies indicated that exposures in fi rst 
trimester may aff ect implantaƟ on of the fetus and formaƟ on of the placenta, whereas 
exposures in third trimester could aff ect fetal growth, as this is the period with the largest 
fetal weight gain [3, 7, 56]. However, it could also be argued that cumulaƟ ve or long-term 
exposures during pregnancy are of importance [56, 57]. Depending on the Ɵ ming of our 
outcome measures and the hypothesized mechanism (short- or long-term eff ect of air 
polluƟ on) for each outcome, we considered diff erent exposure windows. For example, in 
the studies on fetal growth and maternal blood pressure we examined exposure averages 
for specifi c pregnancy periods (i.e., from concepƟ on unƟ l fi rst, second, or third trimester 
measurement and unƟ l delivery), because we were interested in air polluƟ on eff ects over 
the course of pregnancy. Regarding CRP levels, most previous studies on air polluƟ on have 
reported associaƟ ons with relaƟ vely acute exposures (same day or mulƟ day averages), 
whereas a few studies observed associaƟ ons with longer-term averages (varying from 7 
to 60 days). For this reason, we evaluated diff erent exposure windows: one week, two 
weeks, four weeks, and total pregnancy. Furthermore, previous studies on air polluƟ on 
and markers of placental funcƟ on and growth were limited. Therefore, we considered a 
number of exposure windows to cover short- and longer-term exposures: two weeks, two 
months, and the specifi c pregnancy periods. We had iniƟ ally examined other exposure 
windows (e.g., one week and one month) as well, but we did not present these results 
because the paƩ erns of associaƟ ons were similar to the presented fi ndings.
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 The diff erences regarding the Ɵ ming of outcome measurements and exposure 
windows make it diffi  cult to infer which outcomes are most aff ected by air polluƟ on. The 
evidence thus far does not point towards one specifi c pathway as being responsible for 
the associaƟ on of air polluƟ on with pregnancy complicaƟ ons. Our fi ndings indicate a 
possible role of the systemic infl ammatory pathway, refl ected by elevated CRP levels as 
a marker of low-grade infl ammaƟ on, in the associaƟ ons of air polluƟ on with pregnancy 
complicaƟ ons. Also, our observaƟ ons on maternal blood pressure levels and the risk of 
gestaƟ onal hypertension support the hypothesis that air polluƟ on may adversely aff ect 
pregnancy by acƟ ng on the vascular funcƟ on. Other outcomes that could be implicated 
in the underlying pathways, such as blood viscosity and placental DNA damage, have not 
been examined in our studies. More research is needed to confi rm our fi ndings, and to 
examine a wider range of outcomes potenƟ ally involved in the underlying mechanisms. 
Some studies in this thesis, including the studies focused on CRP levels and on markers 
of placental funcƟ on and growth, may be considered as hypothesis-generaƟ ng, and may 
sƟ mulate further research on the impact of air polluƟ on on pregnancy outcomes. 
 We observed rather small diff erences in fetal growth parameters and maternal blood 
pressure levels. The highest quarƟ les of PM10 and NO2 exposure were associated with 
reducƟ ons in third trimester fetal femur length of 0.2 to 0.3 millimeter and reducƟ ons in 
third trimester fetal head circumference of 1.3 to 1.7 millimeter, respecƟ vely. In addiƟ on, 
an increase in PM10 and NO2 exposure levels with 10 μm/m3 was associated with an increase 
in maternal systolic blood pressure of 1 to 2 millimeters of mercury. These physiological 
changes may not be clinically relevant on an individual level, but they provide insight into 
the underlying pathways. Also, the changes may not immediately result in an adverse 
outcome, but they could increase the risk of adverse outcomes [20]. Furthermore, the 
changes may be relevant on a populaƟ on level. Air polluƟ on is an exposure that aff ects 
many inhabitants in a city or neighbourhood. If air polluƟ on concentraƟ ons experienced 
at current ambient levels adversely aff ect the health of many pregnant women and 
infants, this could have a substanƟ al impact from the public health perspecƟ ve. Moreover, 
we also observed associaƟ ons of air polluƟ on exposure with clinical outcome measures 
such as preterm birth and gestaƟ onal hypertension. In the Netherlands, approximately 
7% of all infants have a low birth weight and approximately 8% are born preterm [58, 59]. 
These outcomes are associated with neonatal morbidity and mortality and with future 
health eff ects [60-63]. GestaƟ onal hypertensive complicaƟ ons aff ect about 6-8% of all 
pregnancies and are major causes of maternal and perinatal morbidity and mortality 
[64, 65]. Thus, even a small eff ect of air polluƟ on on the risk of pregnancy complicaƟ ons 
could have important consequences for neonatal and maternal (future) health. 
 The results of previous studies and our study suggest that air polluƟ on may aff ect 
the health of pregnant women and their unborn children, even at concentraƟ ons below 
the current limit values. This should be taken into consideraƟ on when seƫ  ng air quality 
standards. More eff orts are needed to reduce air polluƟ on concentraƟ ons. This will not 
only benefi t pregnant women and their children, but also the general populaƟ on. However, 
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even when the limit values will be lowered, people will conƟ nue to be exposed to air 
polluƟ on. If further research indicates that pregnant women are indeed more suscepƟ ble 
to air polluƟ on, it will be important to increase awareness of the harmful eff ects of air 
polluƟ on among the general populaƟ on, and parƟ cularly among pregnant women and 
healthcare givers. Possibly, air polluƟ on exposure needs to be considered along with 
other risk factors (e.g., nulliparity, smoking, or inadequate nutriƟ on) in idenƟ fying women 
at risk for pregnancy complicaƟ ons. 
 We only had informaƟ on on exposure to PM10 and NO2 levels. The observed health 
risks associated with PM10 and NO2 exposure may result from PM10 and NO2 itself, 
from pollutants correlaƟ ng with them, or from a combinaƟ on of diff erent pollutants. 
The diff erences in fi ndings between our study on air polluƟ on exposure and neonatal 
complicaƟ ons (Chapter 3.4) compared to the study on residenƟ al proximity to traffi  c and 
neonatal complicaƟ ons (Chapter 3.5) suggest that traffi  c proximity measures are not 
able to capture the spaƟ al and temporal variaƟ on in exposure as well as our esƟ mates 
based on dispersion modelling. This could have resulted in less precise eff ect esƟ mates 
(i.e., wider confi dence intervals) for the associaƟ ons of traffi  c proximity measures with 
neonatal complicaƟ ons. Traffi  c proximity measures are crude esƟ mates of exposure to 
traffi  c-related air polluƟ on. They do not take into account the type of traffi  c, emission 
factors, meteorology (i.e., wind direcƟ on, wind speed, and temperature), dispersion 
processes, chemical reacƟ ons in the atmosphere, and they do not consider measured 
air polluƟ on concentraƟ ons. Furthermore, because they are based on annual averages, 
they do not consider temporal variaƟ ons in air polluƟ on levels. This is an important 
limitaƟ on, as pollutants display substanƟ al temporal heterogeneity. In other words, 
pregnant women in our studies who lived at the same locaƟ on would have a similar 
esƟ mated proximity to traffi  c, regardless of the period of their pregnancy. In contrast, 
their esƟ mated exposure to air polluƟ on levels may be very diff erent depending on the 
period of pregnancy as a result of meteorological, seasonal and source-dependent factors. 
These temporal contrasts in pollutants have been taken into account in the pregnancy-
specifi c air polluƟ on exposure averages. To evaluate the relaƟ on between traffi  c proximity 
indicators and PM10 and NO2 exposure averages in our study populaƟ on, we assessed the 
correlaƟ ons between the diff erent exposure measures. The correlaƟ on between distance 
to a major road (with 10,000 vehicles/day) and distance-weighted traffi  c density (in a 
150m buff er) was -0.71 (p <0.01). Distance to a major road and distance-weighted traffi  c 
density were weakly correlated with average PM10 exposure during total pregnancy (r=-
0.17 and r=0.21, respecƟ vely, p-values <0.01). CorrelaƟ ons for distance to a major road 
and distance-weighted traffi  c density with average NO2 exposure during total pregnancy 
were moderate (r=-0.38 and r=0.48, respecƟ vely, p-values <0.01). Thus, traffi  c proximity 
indicators showed higher correlaƟ ons with NO2 than with PM10 exposure averages. 
CorrelaƟ ons for traffi  c proximity measures with PM10 and NO2 exposure averages were 
smaller when shorter averaging periods for air polluƟ on exposure were considered. This 
refl ects the fact that traffi  c proximity measures are annual averages, whereas air polluƟ on 
exposures have been esƟ mated for shorter (pregnancy-specifi c) periods.
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METHODOLOGICAL CONSIDERATIONS

The previous chapters of the thesis have addressed the strengths and limitaƟ ons of the 
specifi c studies. The next secƟ on presents a discussion of some general methodological 
issues related to study design, selecƟ on bias, informaƟ on bias, confounding, and 
external validity. These issues should be considered when interpreƟ ng the results of our 
observaƟ onal studies. 

Study design
The GeneraƟ on R Study is a prospecƟ ve closed cohort study, which means that a group 
of parƟ cipants is followed over Ɵ me and informaƟ on on exposures and health outcomes 
is collected. This design allows esƟ maƟ on of the eff ect of an exposure on the probability 
to develop a specifi c outcome. It also enables examinaƟ on of the temporality of the 
relaƟ onship between the exposure and the outcome, in other words, whether the 
exposure precedes the outcome [66, 67]. As informaƟ on is collected on various exposures 
and outcomes, usually mulƟ ple hypotheses are evaluated. An important limitaƟ on of a 
prospecƟ ve cohort study is that it is not possible to directly infer causality. If an exposure 
is demonstrated to precede a disease, the exposure can be said to be associated with 
the disease, but it does not necessarily cause the disease. In observaƟ onal studies, the 
evidence for causality can be evaluated using the Bradford-Hill criteria, which encompass 
several domains: strength, consistency, specifi city, temporality, biological gradient, 
plausibility, coherence, experimental evidence, and analogy [68, 69]. These criteria were 
not designed to proof causality, but can be helpful in aƩ empƟ ng to disƟ nguish causal from 
non-causal associaƟ ons. 
 Another disadvantage is that it is ineffi  cient when rare outcomes are studied 
[55, 66, 67]. In all types of observaƟ onal studies, including cohort studies, both internal 
and external validity are important aspects. Internal validity refers to the strength of the 
inferences drawn from the study, i.e., whether the observed eff ect can be aƩ ributed to the 
exposure and is not caused by other causes or systemaƟ c error [55, 70]. Most violaƟ ons to 
internal validity are the result of selecƟ on bias, informaƟ on bias, or confounding. External 
validity refers to the ability to generalize the observed associaƟ ons to other populaƟ ons 
[55, 70]. These diff erent issues will be discussed below. 

SelecƟ on bias
SelecƟ on bias could arise if the associaƟ on between the exposure and the outcome 
is diff erent between parƟ cipants and the source populaƟ on [69]. This may occur if the 
decision to parƟ cipate is associated with social, educaƟ onal, or health condiƟ ons, and 
these condiƟ ons are related to certain risk factors [71]. The GeneraƟ on R Study is a 
populaƟ on-based study with a selecƟ on towards a relaƟ vely highly educated and more 
healthy study populaƟ on [15]. For example, household income and educaƟ onal level 
of the parƟ cipants are somewhat higher than that of the source populaƟ on. Also, the 
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percentages of infants born preterm or with a low birth weight are smaller than expected 
on the basis of naƟ onal and regional staƟ sƟ cs. In contrast, the ethnic distribuƟ on diff ered 
only slightly from that of the source populaƟ on [15]. The selecƟ on towards somewhat 
healthier women may have resulted in lower incidences of pregnancy complicaƟ ons, and 
consequently lower staƟ sƟ cal power to detect associaƟ ons of air polluƟ on exposure with 
these complicaƟ ons. In addiƟ on, although previous cohort studies have demonstrated 
that selecƟ ve parƟ cipaƟ on at baseline had no large eff ect on a number of illustraƟ ve eff ect 
esƟ mates [71], selecƟ on bias could lead to diff erent eff ect esƟ mates among parƟ cipants 
than in the source populaƟ on. For example, it is possible that non-parƟ cipants of the 
GeneraƟ on R Study were exposed to higher levels of air polluƟ on, and that the associaƟ ons 
for air polluƟ on with pregnancy-related outcomes were stronger in this subgroup. In that 
case, the associaƟ ons in our studies would be underesƟ mated. This possibility should be 
kept in mind in the interpretaƟ on of our fi ndings. 
 Also, selecƟ on bias might occur in our studies from the diff erenƟ al availability of 
blood samples. Although the majority of the parƟ cipaƟ ng mothers enrolled in early 
pregnancy (69%), a part of the women enrolled in mid-pregnancy (19%), late pregnancy 
(3%) or at birth of the infant (9%) [15]. Maternal blood was collected in early, mid-, and 
late pregnancy, and fetal cord blood was obtained at delivery. As a result, fewer blood 
samples could be obtained in mothers who were enrolled late in pregnancy or at birth. 
Although the Ɵ ming of enrolment is probably not related to the outcome, this can not be 
excluded. Furthermore, cord blood samples were more oŌ en missing in neonates with 
complicaƟ ons including low birth weight and preterm birth [14]. This may have aff ected 
our esƟ mates for the associaƟ ons of air polluƟ on exposure with cord blood levels of CRP 
and angiogenic factors.

InformaƟ on bias
InformaƟ on bias or misclassifi caƟ on is any bias arising from errors in the classifi caƟ on 
of the exposure or disease status of the study parƟ cipants [69]. In air polluƟ on research, 
an important concern is correct assessment of the exposure [55]. As air polluƟ on 
concentraƟ ons vary in Ɵ me and in space, both the temporal and spaƟ al variaƟ on should 
be taken into account in the exposure esƟ maƟ on. Ideally, exposure to air polluƟ on would 
be assessed using personal monitors, as this provides the most accurate esƟ mate of 
the true exposure [72]. However, in large epidemiological studies, (long-term) personal 
monitoring would require extensive resources. Therefore, other approaches have 
been used to esƟ mate exposure of individuals. These approaches are usually based on 
parƟ cipants’ home addresses, thereby assuming that ambient levels at the home address 
refl ect personal exposure levels. Diff erent methods have been applied to esƟ mate 
exposure at the home address. Most commonly, studies derived exposure esƟ mates 
from outdoor monitoring staƟ ons, by using the staƟ on closest to the parƟ cipant’s home 
address or by averaging the concentraƟ ons measured at mulƟ ple staƟ ons in the study 
area. Although the air polluƟ on concentraƟ ons measured by ambient monitors may 
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correspond to exposure at regional levels, this may not represent individual exposure 
[57, 73], as pollutants may display substanƟ al spaƟ al variaƟ on in urban areas. This spaƟ al 
variaƟ on has been documented parƟ cularly for traffi  c-related (primary) pollutants such 
as NO2, black smoke, elemental carbon, PM0.1, and to a smaller extent for PM10 and PM2.5 
[74, 75]. Recent epidemiological studies have improved the exposure assessment by 
assigning individual exposure esƟ mates rather than area-based averages, using methods 
based on geographic informaƟ on systems (GIS). This beƩ er takes into account the spaƟ al 
variaƟ on in air pollutant concentraƟ ons in urban areas. However, these studies were not 
always able to consider the temporal contrasts in air polluƟ on concentraƟ ons. Together 
with a number of recent studies used temporally adjusted land-use regression models 
or dispersion models to assess exposure [8, 10, 12, 76-78], we were able to consider fi ner 
spaƟ al and temporal contrasts in exposure, by using a combinaƟ on of dispersion modelling 
and conƟ nuous monitoring. Misclassifi caƟ on of air polluƟ on exposure could arise when 
exposure is based solely on the home address at Ɵ me of the outcome measurement 
[79]. This potenƟ al misclassifi caƟ on would be greater in studies that encompass small 
geographic areas, such as our study [80]. We collected informaƟ on on residenƟ al mobility 
during pregnancy and were thus able to account for the diff erent residenƟ al addresses 
when assigning exposures. 
 Despite the refi ned modelling techniques that enabled us to esƟ mate detailed 
exposures at the diff erent home addresses and the consideraƟ on of residenƟ al mobility, 
we should sƟ ll acknowledge the potenƟ al for misclassifi caƟ on of exposure. Exposure 
levels were only esƟ mated at the home address, whereas pregnant women do not spend 
all of their Ɵ me at home. Ideally, other micro-environments (i.e., indoor, occupaƟ onal, 
or commuƟ ng) should be taken into account, which would improve the ability of the 
exposure assessment approach to represent true exposures [81-83]. Previous studies that 
allowed for Ɵ me-acƟ vity paƩ erns of pregnant women observed stronger associaƟ ons for 
air polluƟ on exposure esƟ mates with pregnancy-related outcomes, suggesƟ ng reduced 
exposure misclassifi caƟ on [84, 85]. It has been shown that using residence-only based 
exposures instead of mobility-based exposures could result in an underesƟ maƟ on of 
the eff ect esƟ mates [86]. Unfortunately, in our studies no informaƟ on was available on 
other sources of air polluƟ on or Ɵ me-acƟ vity paƩ erns of the women. This should be 
considered when interpreƟ ng the results. Non-diff erenƟ al misclassifi caƟ on would occur 
if all parƟ cipants have the same probability of being misclassifi ed, whereas diff erenƟ al 
misclassifi caƟ on refers to the situaƟ on in which the probability of being misclassifi ed 
diff ers across groups of study subjects [69]. We cannot exclude the possibility that 
misclassifi caƟ on of air polluƟ on exposure, if any, diff ered between groups of women (e.g., 
high- and low-educated women, women with or without paid employment). Whether 
and in which direcƟ on this possible misclassifi caƟ on has aff ected our eff ect esƟ mates is 
unknown. Nevertheless, as pregnant women are likely to spend more Ɵ me at home than 
non-pregnant individuals, especially in the last stage of pregnancy [87], the extent of the 
possible misclassifi caƟ on may be less than in non-pregnant individuals. 
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Confounding
A confounding variable is independently associated with both the exposure and the 
outcome of interest, and is no intermediate in the pathway from exposure to outcome. A 
confounding variable may lead to a biased eff ect esƟ mate, as the eff ect of the confounder 
is mistaken for or mixed with the actual eff ect of the exposure [55]. For example, maternal 
age is a confounder in the associaƟ on of air polluƟ on exposure with infant birth weight, 
if maternal age is related to both the levels of air polluƟ on exposure and to infant birth 
weight. Air polluƟ on levels can not aff ect maternal age, therefore maternal age is no 
intermediate in the pathway from air polluƟ on exposure to birth weight. If maternal age 
would not be adjusted for in the associaƟ on of air polluƟ on exposure with birth weight, this 
would lead to a distorted esƟ mate for this associaƟ on. Within the GeneraƟ on R study, we 
have collected informaƟ on on many potenƟ al confounding variables, including maternal 
demographic and lifestyle characterisƟ cs, noise exposure, and meteorological variables. In 
Chapter 2, we showed that air polluƟ on exposure levels may be diff erenƟ ally distributed 
according to some of these characterisƟ cs. This underlines the importance to adjust 
for these potenƟ al confounding variables in our studies. In general, adjusƟ ng for road 
traffi  c noise exposure resulted in somewhat stronger eff ect esƟ mates for the associaƟ ons 
of air polluƟ on exposure with pregnancy-related outcomes. In the associaƟ ons of air 
polluƟ on exposure with CRP levels and maternal blood pressure, addiƟ onal adjustment 
for meteorological variables on the day of the outcome measurement did not infl uence 
the results. However, in some of the analyses, adjustment for season resulted in slightly 
stronger eff ect esƟ mates for air polluƟ on, suggesƟ ng that seasonal infl uences (including 
meteorological and behavioural factors that correlate with season) may infl uence the 
associaƟ ons of air polluƟ on exposure with pregnancy complicaƟ ons. Residual confounding 
due to variables that were not measured or incorrectly measured is sƟ ll possible. For 
example, we had no (detailed) informaƟ on on quality of housing, which may confound 
the associaƟ ons of air polluƟ on exposure with pregnancy outcomes. In addiƟ on, we used 
maternal educaƟ onal level as an indicator of maternal socioeconomic status. This may be 
one of the most important factors determining individual socioeconomic status, however, 
it may not adequately refl ect the overall socioeconomic environment of the mother, 
which is also related to income level, occupaƟ onal class, partner’s educaƟ onal level, and 
neighbourhood socioeconomic characterisƟ cs. However, exploratory analyses showed 
that addiƟ onal adjustment for average neighbourhood income did not infl uence any of 
our eff ect esƟ mates, suggesƟ ng that it did not act as a confounder in the associaƟ ons of 
air polluƟ on exposure with pregnancy complicaƟ ons. Nevertheless, future studies would 
benefi t from exploring the infl uence of other socioeconomic indicators. 

External validity
The external validity or generalizability refers to the extent to which the observed 
associaƟ ons can be generalized to the source populaƟ on or to other populaƟ ons and 
condiƟ ons. First, the selecƟ on towards a more healthy populaƟ on aff ects the generalizability 
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of our results, because the women who parƟ cipated may not be representaƟ ve of the 
populaƟ on from which they were recruited. Therefore, generalizaƟ on of our fi ndings to 
other populaƟ ons of pregnant women should occur with cauƟ on. In addiƟ on, pregnant 
women may diff er from the general populaƟ on of non-pregnant individuals in terms of 
suscepƟ bility to air polluƟ on and physiological adaptaƟ ons related to the pregnancy. 
As a results, health aff ects from air polluƟ on exposure in pregnant women can not be 
translated to the general populaƟ on. Furthermore, the generalizability may depend on 
the exposure variable [67]. In populaƟ ons with diff erent air polluƟ on exposure levels, the 
associaƟ ons of air polluƟ on exposure with pregnancy outcomes may be diff erent, because 
the associaƟ ons may not be linear across all exposure levels and may depend strongly on 
the specifi c composiƟ on of the air polluƟ on mixture.
 Study parƟ cipants lived in the northern part of RoƩ erdam, an urban area of 
approximately 150 km2. As a consequence, the spaƟ al variaƟ on in exposure levels was 
relaƟ vely small, which may have limited our ability to detect associaƟ ons of air polluƟ on 
exposure with maternal and fetal health outcomes. Studies conducted in populaƟ ons 
with a larger exposure variability may have more power to detect associaƟ ons [67]. 
Nevertheless, in our populaƟ on of pregnant women, we already observed substanƟ al 
spaƟ al and temporal variaƟ on in exposure levels, depending on the specifi c averaging 
period of exposure.

FUTURE RESEARCH

Many recommendaƟ ons for future research can be proposed. Future studies on air 
polluƟ on and pregnancy-related outcomes could benefi t from the prospecƟ ve cohort 
design, as detailed informaƟ on on exposures, possible confounding factors, and various 
outcomes can be (prospecƟ vely) collected. In selecƟ ng the study populaƟ on, researchers 
could aim to select individuals with a wider range of exposure levels, which enhances the 
ability to detect associaƟ ons of air polluƟ on exposure with health outcomes. Preferably, 
informaƟ on on Ɵ me-acƟ vity paƩ erns of the pregnant women should be collected at 
various moments in pregnancy. This would enable researchers to improve the exposure 
assessment by including informaƟ on on acƟ vity paƩ erns and levels of pollutants in 
diff erent micro-environments (i.e., indoor, commuƟ ng, work). AddiƟ onally, personal 
monitoring of air polluƟ on exposure could be performed in a sample of the parƟ cipants, 
in order to evaluate the performance of the modelling approach in esƟ maƟ ng exposure. 
It would be valuable to collect informaƟ on on many potenƟ al confounding factors, 
including various socioeconomic indicators, house characterisƟ cs, and venƟ laƟ on habits. 
Furthermore, repeated measurements of diff erent outcomes (e.g., CRP levels, markers 
of placental funcƟ on and growth) could give insight into longitudinal changes of these 
variables during pregnancy in relaƟ on to air polluƟ on. 
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 In general, longitudinal and Ɵ me-series studies on addiƟ onal physiological measures 
in pregnant women may provide further informaƟ on on the mechanisms by which air 
polluƟ on could aff ect pregnancy. These may include markers of blood coagulability, 
thrombosis, oxidaƟ ve damage, heart rate, heart rate variability, subclinical atherosclerosis, 
endothelium-dependent vasodilaƟ on, and systemic, pulmonary or placental infl ammaƟ on. 
Although many of these endpoints have been studied in non-pregnant individuals, results 
are heterogeneous, and the studies should be performed in pregnant women as well. 
Moreover, follow-up studies are needed to examine the consequences of air polluƟ on 
exposure in infancy and adulthood. These studies could invesƟ gate the impact of both 
prenatal and postnatal exposure on a variety of outcomes including growth, respiratory 
symptoms, cardiac funcƟ on, cogniƟ ve funcƟ on, and neurological and behavioral eff ects. 
Furthermore, it is of interest to study other reproducƟ ve outcomes such as maternal and 
paternal ferƟ lity, menstrual cycle characterisƟ cs, Ɵ me to pregnancy, implantaƟ on rate, 
placental morphology, aborƟ ons, congenital malformaƟ ons, and secondary sex raƟ o [6]. 
Some of these measures have been invesƟ gated in relaƟ on to air polluƟ on in human or 
animal studies [50, 88-90], but thus far data is limited. 
 To advance in this fi eld, future studies could also aƩ empt to idenƟ fy the characterisƟ cs 
of women who are most suscepƟ ble to the adverse eff ects of air polluƟ on. In the general 
populaƟ on, individuals with pre-exisƟ ng respiratory or cardiovascular condiƟ ons, elderly 
individuals, and children are considered to be more vulnerable to air polluƟ on. Possible, 
pregnant women with chronic condiƟ ons including asthma, hypertension, and diabetes 
may have diff erent responses to air polluƟ on than women without these condiƟ ons 
[3]. In addiƟ on, individual and neighbourhood socioeconomic status might modify the 
associaƟ ons of air polluƟ on exposure with pregnancy outcomes [91, 92]. Furthermore, 
studies have not yet idenƟ fi ed specifi c criƟ cal windows of exposure to air polluƟ on. 
Animal or human studies may provide further informaƟ on on this topic. 
 More knowledge is needed on the eff ects of the composiƟ on of the air polluƟ on 
mixture, and more specifi cally of parƟ culate maƩ er. It is plausible that a specifi c 
compound or a specifi c combinaƟ on of pollutants is especially harmful [20]. Toxicological 
studies should aƩ empt to disentangle the eff ects of diff erent pollutants. Furthermore, 
future studies could invesƟ gate potenƟ al biomarkers of air polluƟ on exposure (markers 
refl ecƟ ng the adsorbed dose) and eff ects [2, 6]. 
 An area of research that is relaƟ vely unexplored is the infl uence of gene-
environment interacƟ ons. Certain gene polymorphisms may aff ect suscepƟ bility to air 
polluƟ on, by infl uencing the metabolism of harmful compounds. A limited number of 
studies have explored gene polymorphisms in relaƟ on to birth weight and indicated that 
polymorphisms of the maternal CYP1A1 gene and infant GSTP1 gene, both involved in 
detoxifi caƟ on pathways, modifi ed the associaƟ on of parƟ culate maƩ er exposure with 
birth weight [93, 94]. Also, the associaƟ on of parƟ culate maƩ er with the risk of preterm 
delivery was found to be related to polymorphisms in the maternal GSTM1 gene [95]. 
Genome wide associaƟ on studies in large populaƟ ons, including the GeneraƟ on R Study, 
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may provide further informaƟ on on genes that infl uence the impact of air polluƟ on. In 
addiƟ on, future studies should examine whether air polluƟ on induces epigeneƟ c changes 
that play a role in the development of pregnancy complicaƟ ons or later health problems. 
 Finally, an internaƟ onal collaboraƟ on has been established that has organized a 
number of workshops to discuss the relaƟ vely new fi eld of research on air polluƟ on and 
pregnancy outcomes. This InternaƟ onal CollaboraƟ on on Air PolluƟ on and Pregnancy 
Outcome (ICAPPO) aims to invesƟ gate how diff erences in research design and methods 
contribute to variaƟ ons in fi ndings [96]. Researchers of the diff erent collaboraƟ ng centers 
have aƩ empted to apply a standardized study protocol to analyze exisƟ ng datasets [96, 97]. 
This enables exploraƟ on of the impact of center characterisƟ cs and the applied exposure 
assessment methods on the observed associaƟ ons. Preliminary results indicate that it 
seems plausible to synthesize the eff ect esƟ mates derived from studies with diff erent 
designs, which would be important for incorporaƟ on of research evidence into policy. 
This is corroborated by a recent review that performed a meta-analysis to quanƟ fy the 
associaƟ ons of maternal parƟ culate maƩ er exposure with the risks of low birth weight 
and preterm birth [98]. Further eff orts to reconcile inconsistencies between studies 
and synthesize results should be encouraged. Similar internaƟ onal projects such as the 
European Study of Cohorts for Air PolluƟ on Eff ects (ESCAPE) and Transport related Air 
PolluƟ on and Health impacts – Integrated Methodologies for Assessing ParƟ culate MaƩ er 
(TRANSPHORM) also aim to invesƟ gate the eff ects of air polluƟ on exposure on human 
health, by applying standardized exposure esƟ maƟ on approaches in exisƟ ng cohort 
studies. These projects will provide more knowledge on the eff ects of diff erent pollutants 
on various health outcomes [99, 100]. 

CONCLUSION

The studies presented in this thesis demonstrate the possible impact of air polluƟ on 
exposure during pregnancy on various aspects of maternal and fetal health, including fetal 
growth, infl ammatory markers, preterm birth, maternal blood pressure, and gestaƟ onal 
hypertension. This indicates that pregnant women and their unborn children may have an 
increased suscepƟ bility to the adverse eff ects of air polluƟ on, which should be considered 
when seƫ  ng air quality standards. Future studies are needed to confi rm our fi ndings 
and to explore the underlying mechanisms. If the results of future studies point in the 
same direcƟ on, further (inter)naƟ onal eff orts will be needed to reduce air polluƟ on 
concentraƟ ons and to increase awareness of the harmful eff ects of air polluƟ on. 
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SUMMARY

In the last decades, accumulaƟ ng evidence has linked air polluƟ on exposure to various 
adverse health eff ects, including cardiovascular and respiratory disease. Pregnant women 
and their unborn children may be more suscepƟ ble to the adverse eff ects of air polluƟ on. 
Many studies have observed associaƟ ons of air polluƟ on exposure during pregnancy 
with neonatal complicaƟ ons, but thus far, results are inconsistent. Furthermore, not 
much is known about the underlying mechanisms through which air polluƟ on exposure 
aff ects pregnancy. As described in Chapter 1, the main objecƟ ves of this thesis were 
to examine the associaƟ ons of air polluƟ on exposure during pregnancy with the risks 
of maternal and neonatal complicaƟ ons, and to examine the mechanisms that underlie 
these associaƟ ons. To address these aims, we have evaluated the eff ects of air polluƟ on 
on infl ammatory markers, placental funcƟ on, fetal growth, maternal blood pressure, 
neonatal complicaƟ ons, and maternal complicaƟ ons. Maternal complicaƟ ons included 
gestaƟ onal hypertension, preeclampsia, and gestaƟ onal diabetes. Neonatal complicaƟ ons 
included adverse birth outcomes such as low birth weight, preterm birth, and small for 
gestaƟ onal age at birth.
 All studies were embedded in the GeneraƟ on R Study, a populaƟ on-based prospecƟ ve 
cohort study from early pregnancy onward in RoƩ erdam, the Netherlands. In total, 8880 
pregnant women with a delivery date between April 2002 and January 2006 were enrolled 
in the study. InformaƟ on about sociodemographic characterisƟ cs, lifestyle factors, and 
pregnancy outcomes was obtained from quesƟ onnaires, physical assessments, ultrasound 
examinaƟ ons, biological samples, and medical records. 
 Chapter 2 describes the methodology of the air polluƟ on exposure assessment 
for parƟ cipants of the GeneraƟ on R Study. Individual exposures to PM10 and NO2 were 
assessed at the home addresses, using a combinaƟ on of geographic informaƟ on system 
based dispersion modelling techniques and conƟ nuous monitoring data. This approach 
takes into account the spaƟ al and temporal variaƟ on in air pollutants. We derived air 
polluƟ on exposure averages for diff erent prenatal periods. These exposure esƟ mates 
have been applied in the studies presented in this thesis focused on the eff ects of air 
polluƟ on exposure on maternal and fetal health.
 Chapter 3 presents diff erent studies that examined the associaƟ ons of air polluƟ on 
exposure during pregnancy with maternal and neonatal outcomes. In Chapter 3.1 we 
showed that short-term exposure to higher PM10 and NO2 exposure levels was associated 
with elevated maternal C-reacƟ ve protein (CRP) levels in the fi rst trimester of pregnancy, 
suggesƟ ng an infl ammatory response. Higher long-term average PM10 and NO2 exposure 
levels were associated with elevated CRP levels in fetal cord blood. These fi ndings indicate 
that air polluƟ on exposure may promote infl ammatory processes in mother and fetus. In 
Chapter 3.2 we hypothesized that air polluƟ on exposure may lead to subopƟ mal placental 
growth and funcƟ on, which could eventually result in maternal and fetal complicaƟ ons. 
We evaluated the associaƟ ons of air polluƟ on exposure with various markers of placental 
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growth and funcƟ on, including angiogenic growth factors (which are involved in the 
growth of new blood vessels and the formaƟ on of the placenta), vascular resistance in the 
placenta (which refl ects the blood fl ow) and placenta weight. We observed that higher 
PM10 and NO2 exposure levels were associated with changes in the concentraƟ ons of 
angiogenic growth factors (sFlt-1 and PlGF) in fetal cord blood, refl ecƟ ng an anƟ -angiogenic 
state that may have limited the placental vascular development. This paƩ ern was not 
observed for maternal sFlt-1 and PlGF levels in fi rst and second trimester of pregnancy. We 
showed that air polluƟ on exposure was not associated with placental vascular resistance. 
Furthermore, we observed associaƟ ons of PM10 and NO2 exposure with lower placental 
weight, but these associaƟ ons were not consistent for the diff erent exposure periods. 
Although these results suggest that air polluƟ on exposure may infl uence placental growth 
and funcƟ on, the evidence is insuffi  cient to idenƟ fy this pathway as playing a major role 
in the associaƟ ons of air polluƟ on with pregnancy complicaƟ ons. Chapter 3.3 showed 
that higher PM10 and NO2 exposure levels were associated with increased systolic blood 
pressure levels in the diff erent trimesters of pregnancy. No consistent associaƟ ons were 
observed with diastolic blood pressure levels. Also, higher PM10 exposure was associated 
with an increased risk of gestaƟ onal hypertension, but not with the risk of preeclampsia. 
These fi ndings indicate that air polluƟ on exposure may aff ect cardiovascular health 
in pregnant women. In Chapter 3.4 we evaluated whether air polluƟ on exposure was 
associated with fetal growth characterisƟ cs and the risks of neonatal complicaƟ ons. We 
observed that maternal exposure to higher PM10 and NO2 levels was inversely associated 
with third trimester fetal head circumference and birth weight, and that higher NO2 levels 
were inversely associated with second and third trimester fetal femur length. However, 
air polluƟ on exposure was not consistently associated with neonatal head circumference 
or length. Furthermore, higher PM10 exposure was associated with increased risks 
of preterm birth and small size for gestaƟ onal age at birth. Chapter 3.5 describes the 
associaƟ ons of residenƟ al proximity to traffi  c, as an indicator of long-term exposure to 
traffi  c pollutants, with the risks of neonatal complicaƟ ons and gestaƟ onal hypertensive 
complicaƟ ons. Although we previously showed that higher PM10 and NO2 exposure levels 
were associated with increased risks of gestaƟ onal hypertension, preterm birth, and small 
size for gestaƟ onal age at birth, we observed no consistent associaƟ ons of residenƟ al 
proximity to traffi  c with birth weight, neonatal complicaƟ ons, or gestaƟ onal hypertensive 
complicaƟ ons. This suggests that our exposure esƟ mates based on dispersion modelling 
techniques (applied in Chapters 3.1 to 3.4) may beƩ er capture both the spaƟ al and 
temporal variaƟ on in air polluƟ on exposure.
 Finally, Chapter 4 summarizes the main fi ndings of the studies in this thesis and 
discusses the interpretaƟ on of the fi ndings and the methodological consideraƟ ons. Also, 
suggesƟ ons for future research are proposed. 
 In conclusion, the studies described in this thesis demonstrate that air polluƟ on 
exposure during pregnancy may adversely aff ect various aspects of maternal and fetal 
health, including fetal growth, infl ammatory markers, maternal blood pressure, and the 
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risks of gestaƟ onal hypertension and preterm birth. This indicates that pregnant women 
and their unborn children may be more suscepƟ ble to the impact of air polluƟ on. Future 
studies are needed to confi rm our fi ndings and to (further) elucidate the underlying 
mechanisms. Results of future studies and our studies may lead to an increased awareness 
of the harmful eff ects of air polluƟ on in the populaƟ on in general, and in pregnant women 
and their unborn children in parƟ cular.
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SAMENVATTING

In de laatste decennia hebben verschillende studies aangetoond dat blootstelling aan 
luchtverontreiniging samenhangt met diverse ongunsƟ ge gezondheidseff ecten, waaronder 
hart- en vaatziekten en luchtwegaandoeningen. Mogelijk zijn zwangere vrouwen en hun 
ongeboren kinderen gevoeliger voor de nadelige eff ecten van luchtverontreiniging. Diverse 
studies hebben een verband beschreven tussen blootstelling aan luchtverontreiniging 
Ɵ jdens de zwangerschap en ongunsƟ ge geboorte-uitkomsten, maar tot nu toe zijn 
de resultaten inconsistent. Bovendien is er weinig bekend over de onderliggende 
mechanismen die een rol kunnen spelen bij de eff ecten van luchtverontreiniging op de 
zwangerschap. Zoals beschreven in Hoofdstuk 1 waren de belangrijkste doelstellingen van 
de studies in dit proefschriŌ  om de verbanden te onderzoeken tussen blootstelling aan 
luchtverontreiniging Ɵ jdens de zwangerschap en maternale en neonatale gezondheid, en 
om de onderliggende mechanismen van deze verbanden te bestuderen. Hierbij hebben we 
specifi ek gekeken naar ontstekingsmarkers, placentafuncƟ e, foetale groei, bloeddruk van 
de moeder, neonatale complicaƟ es en maternale complicaƟ es. Met maternale complicaƟ es 
worden zwangerschapshypertensie (hoge bloeddruk in de zwangerschap), pre-eclampsie 
(zwangerschapsvergiŌ iging) en zwangerschapsdiabetes (zwangerschapssuiker) bedoeld. 
Met neonatale complicaƟ es worden nadelige geboorte-uitkomsten bedoeld zoals een 
laag geboortegewicht, vroeggeboorte en een te klein geboren kind ten opzichte van de 
zwangerschapsduur. 
 Alle studies werden uitgevoerd binnen het GeneraƟ on R onderzoek, een populaƟ e-
gebaseerde prospecƟ eve cohortstudie vanaf de vroege zwangerschap in RoƩ erdam. In 
totaal namen 8880 zwangere vrouwen met een bevallingsdatum tussen april 2002 en 
januari 2006 deel aan het onderzoek. InformaƟ e over sociaal-demografi sche kenmerken, 
leefsƟ jlfactoren en zwangerschapsuitkomsten werd verzameld door middel van 
vragenlijsten, lichamelijke onderzoeken, echomeƟ ngen, bloedbepalingen en medische 
dossiers. 
 Hoofdstuk 2 beschrijŌ  de methodologie die gebruikt is om de blootstelling aan 
lucht-verontreiniging te bepalen voor de deelnemers van het GeneraƟ on R onderzoek. 
De individuele blootstelling aan PM10 (fi jnstof) en NO2 (sƟ kstofdioxide) concentraƟ es 
werd bepaald op het woonadres met behulp van dispersiemodellering, gebaseerd op een 
geografi sch informaƟ e-systeem, in combinaƟ e met conƟ nue meetgegevens. Deze methode 
houdt rekening met de ruimtelijke variaƟ e en de Ɵ jdsvariaƟ e in luchtverontreinigende 
stoff en. We hebben de gemiddelde blootstelling aan luchtverontreiniging berekend 
voor verschillende prenatale periodes. Vervolgens zijn deze gemiddelde blootstellingen 
toegepast in de verschillende studies in dit proefschriŌ  gericht op de eff ecten van 
luchtverontreiniging op de gezondheid van moeder en kind.
 In Hoofdstuk 3 worden verschillende studies beschreven waarin het verband is 
be-studeerd tussen blootstelling aan luchtverontreiniging Ɵ jdens de zwangerschap en 
maternale en neonatale uitkomsten. In Hoofdstuk 3.1 toonden we aan dat kortdurende 
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blootstelling aan hogere PM10 en NO2 concentraƟ es samenhing met een hogere concentraƟ e 
C-reacƟ eve proteïne (CRP) bij de moeder in het eerste trimester van de zwangerschap, 
wat wijst op een ontstekingsreacƟ e. Langdurige blootstelling aan hoge gemiddelde 
PM10 en NO2 concentraƟ es was gerelateerd aan hogere foetale CRP concentraƟ es in 
navelstrengbloed. Deze resultaten suggereren dat blootstelling aan luchtverontreiniging 
kan leiden tot ontstekingsprocessen in de moeder en foetus. In Hoofdstuk 3.2 hebben 
we de hypothese getest dat blootstelling aan luchtverontreiniging kan leiden tot een 
subopƟ male placentagroei en -funcƟ e, wat uiteindelijk kan resulteren in complicaƟ es 
bij de moeder en foetus. We hebben gekeken naar het verband tussen blootstelling aan 
luchtverontreiniging en diverse markers van placentagroei en -funcƟ e, zoals angiogene 
groeifactoren (die betrokken zijn bij de nieuwvorming van bloedvaten en de vorming 
van de placenta), weerstanden van de bloedvaten in de placenta (die de bloedstroom 
refl ecteren) en het placentagewicht. We vonden dat een hogere blootstelling aan PM10 en 
NO2 concentraƟ es gerelateerd was aan veranderde concentraƟ es angiogene groeifactoren 
(sFlt-1 en PlGF) in foetaal navelstrengbloed, duidend op een anƟ -angiogene staat, wat 
mogelijk een remmende werking had op de ontwikkeling van de placenta. Dit patroon 
werd niet waargenomen voor sFlt-1 en PlGF concentraƟ es bij de moeder in het eerste 
en het tweede trimester van de zwangerschap. Blootstelling aan luchtverontreiniging 
hing niet samen met de vaatweerstanden in de placenta. Daarnaast hebben we laten 
zien dat hogere PM10 en NO2 blootstelling geassocieerd is met een lager placentagewicht, 
maar dit verband was niet consistent voor de verschillende middelingperiodes 
voor luchtverontreiniging. Deze bevindingen suggereren dat blootstelling aan 
luchtverontreiniging invloed kan hebben op placentagroei en -funcƟ e, echter het bewijs 
is onvoldoende om te concluderen dat dit mechanisme een belangrijke rol speelt in de 
relaƟ e tussen luchtverontreiniging en zwangerschapscomplicaƟ es. In Hoofdstuk 3.3 
toonden we aan dat blootstelling aan hogere PM10 en NO2 concentraƟ es samenhing met 
een hogere systolische bloeddruk in de verschillende trimesters van de zwangerschap. 
Er werden geen consistente eff ecten gevonden op de diastolische bloeddruk. Daarnaast 
hadden vrouwen die aan hogere PM10 concentraƟ es waren blootgesteld een hoger risico op 
zwangerschapshypertensie, maar geen hoger risico op pre-eclampsie. Deze bevindingen 
suggereren dat luchtverontreiniging invloed kan hebben op de hart- en vaaƞ uncƟ e 
van zwangere vrouwen. In Hoofdstuk 3.4 hebben we onderzocht of blootstelling aan 
luchtverontreiniging gerelateerd was aan foetale groeipatronen en het risico op neonatale 
complicaƟ es. Kinderen van moeders die waren blootgesteld aan hoge PM10 en NO2 
concentraƟ es hadden een kleinere foetale hoofdomtrek in het derde trimester en een 
lager geboortegewicht. Tevens was blootstelling aan hoge NO2 concentraƟ es gerelateerd 
aan een kleinere foetale beenlengte in het tweede en het derde trimester. Blootstelling 
aan luchtverontreiniging was echter niet consistent geassocieerd met de hoofdomtrek of 
de lengte van het kind na de geboorte. Verder hing een hogere PM10 blootstelling samen 
met hogere risico’s op vroeggeboorte en een te klein geboren kind ten opzichte van de 
zwangerschapsduur. Hoofdstuk 3.5 beschrijŌ  de relaƟ e tussen wonen nabij verkeer, als 
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indicator voor lange-termijn blootstelling aan verkeersgerelateerde luchtverontreiniging, 
en de risico’s op maternale en neonatale complicaƟ es. Hoewel we eerder lieten zien dat 
blootstelling aan hoge PM10 en NO2 concentraƟ es geassocieerd was met een hoger risico 
op zwangerschapshypertensie, vroeggeboorte en een te klein geboren kind ten opzichte 
van de zwangerschapsduur, vonden we geen consistente verbanden tussen wonen 
nabij verkeer en geboortegewicht, neonatale complicaƟ es, of maternale complicaƟ es. 
Dit suggereert dat onze blootstellingschaƫ  ngen gebaseerd op dispersiemodellering 
(gebruikt in Hoofdstuk 3.1-3.4) beter rekening houden met zowel de ruimtelijke variaƟ e 
als de Ɵ jdsvariaƟ e in luchtverontreiniging.
 Tot slot geeŌ  Hoofdstuk 4 een overzicht van de belangrijkste bevindingen van 
de studies in dit proefschriŌ  en worden de interpretaƟ e van de bevindingen en de 
methodologische overwegingen besproken. Ook worden suggesƟ es voor toekomsƟ g 
onderzoek gedaan.
 Concluderend, de studies in dit proefschriŌ  tonen aan dat blootstelling aan 
luchtverontreiniging Ɵ jdens de zwangerschap een negaƟ eve invloed kan hebben op 
verschillende aspecten van maternale en foetale gezondheid, waaronder foetale groei, 
ontstekingsmarkers, maternale bloeddruk, en de risico’s op zwangerschapshypertensie 
en vroeggeboorte. Dit suggereert dat zwangere vrouwen en hun ongeboren kinderen 
gevoeliger kunnen zijn voor de eff ecten van luchtverontreiniging. ToekomsƟ ge studies zijn 
nodig om onze bevindingen te bevesƟ gen en om de onderliggende mechanismen (verder) 
te verduidelijken. De resultaten van onze studies en toekomsƟ ge studies kunnen leiden 
tot een verhoogd bewustzijn van de schadelijke eff ecten van luchtverontreiniging voor de 
bevolking in het algemeen en voor zwangere vrouwen en hun ongeboren kinderen in het 
bijzonder.
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