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SUMMARY

Surrounding greenness at home, air pollution and maternal stress have been related to reduction of
behavioural problems and improvement of cognitive development, but little is known about
mechanism(s) underlying such associations. We hypothesize that exposure to residential greenness
might affect in utero stress conditions, both social, as maternal perceived stress, as well as biological
stress (inflammation) which both might play a role in behavioural and cognitive development in
children. Our hypothesis is supported by available animal experiments showing cognitive effects of
particulate air pollution exposure due to a pro-inflammatory state. There are very few human studies
on cognitive development and residential traffic and greenness surrounding and non in a susceptible

population segment such as twins and triplets.

In the first part of this project, neurocognition was assed among 663 twins pairs with a mean age of
10.4 years old by the Wechsler Intelligence Scale for Children-Revised (WISC-R) and among 752
twins pairs (mean age of 8.2 years), the neurobehavioural outcome was examined with the Child
Behaviour Checklist (CBCL). Both test were performed by 52 triplet sets (140 children). In addition,

placentation and perinatal data were recorded at birth.

In a second prospective part, momentary maternal stress during pregnancy will be assessed using
The Experience Sampling Method (ESM), the Perceived Stress Scale and cortisol concentrations
measured in hair. The association between maternal stress and residential greenness will be
assessed. In addition, the intermediate role of maternal stress will be evaluated in the relationship
between residential air pollution and biological marker of oxidative stress/inflammation. Greenness
of the immediate home environment will be evaluated using detailed satellite-derived data, exposure

to pre- and postnatal exposure will be assessed by use of land use and dispersion models.

The originality of our project include to study in a retrospective fashion, the association between
exposure to greenness, traffic, and stress on the one hand and neurodevelopment on the other hand.
In addition, in a prospective fashion, we will study perceived stress as a possible underlying
mechanism. The project is relevant for society, indeed, the most recent EU key directive on ambient
air quality is Directive 2008/50/EC. It recognizes the need to reduce pollution to levels, which
minimize the harmful effects on human health. The limit values adopted for particulate matter are
still higher than WHO recommends. For example, the annual average limit value for PM, s was set at

25 |.|g/m3, a level 2.5 times higher than recommended by WHO. The current project allows for
detailed risk assessments considering interactions with a broad range of environmental exposures.
The results of our study may lead to a better protection of the most vulnerable individuals in society,
i.e. newborns, more specifically those with a complex pregnancy such as twins and triplets. We are
seeing more twins now than ever before: twinning rates are at a peak, occurring in 1/30 births in
western nations, double the 1980 rate of 1/60. The twins further allow to distinguish the impact of
the genes and the environment on the neuropsychological tests and IQ. Knowing that genes, as well
as environments, affect our abilities, talents and skills is crucial information for everyone to know.

Further, the project might prioritize health related aspects more directly in the future urban planning.
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SAMENVATTING

Een groen leefmilieu, blootstelling aan het verkeer en stress bij de moeder als
determinanten van de neurocognitieve en de gedragsontwikkeling tijdens de eerste

levensdecade van tweelingen en drielingen.

Recente studies hebben een groen leefmilieu en de afwezigheid van luchtvervuiling en van stress
van de moeder tijdens de zwangerschap in verband gebracht met een reductie van
gedragsproblemen en een verbetering van de cognitieve ontwikkeling. Over de mechanismen

onderliggend aan deze associaties is weinig bekend.

We werken de hypothese uit dat veel groen in de leefomgeving en een reductie van de luchtvervuiling
een duidelijk gunstig effect kunnen sorteren op stress tijdens de zwangerschap. Het betreft dan zowel
sociale stress (met name die welke door de moeder wordt beleefd) als biologische stress (een
ontstekingsproces), waarbij beide een rol lijken te spelen in de cognitieve en gedragsontwikkeling

van het kind.

Deze hypothese wordt kracht bijgezet door dierexperimenten waarbij de cognitieve repercussie van
luchtvervuiling via ontstekingsmechanismen werd aangetoond. Er zijn tot op heden nog maar weinig
studies bij de mens en vooralsnog geen bij tweelingen en drielingen waarin de cognitieve
ontwikkeling duidelijk medebepaald blijkt te zijn door de verkeerssituatie en de groene omgeving
nabij de woonst in relatie tot stressmechanismen die reeds van voor de geboorte beeldbepalend

lijken te zijn.

In een eerste studie wordt deze vraagstelling retrospectief bekeken bij meer dan 650 tweelingparen
met een gemiddelde leeftijd van 10 jaar waarbij we beschikken over IQ gegevens en bij meer dan
750 tweelingparen met een gemiddelde leeftijd van 8 jaar waarbij we beschikken over gegevens
betreffende de gedragsontwikkeling. Bovendien zijn zowel de gegevens over IQ als gedrag
beschikbaar van 52 sets van drielingen (140 kinderen). Daarnaast, zijn van al deze kinderen
placentatie- en perinatale gegevens voorhanden. Zodat markers van oxidatieve stress kunnen

gemeten worden.

In een tweede prospectieve studie, wordt de tijdens de zwangerschap door de moeder beleefde stress
nagegaan met de Perceived Stress Scale, de Experience Sampling Method en aan de hand van een
meting van cortisol in het haar van de moeder. Naast het verband tussen groene ruimte en stress
gaan we ook de intermediare rol van maternale stress bestuderen in de associatie tussen groen in

de leefomgeving en moleculaire merkers van oxidatieve stress en ontsteking.

Groen in de nabije woonomgeving zal bepaald worden aan de hand van gedetailleerde data afkomstig
van satellietbeelden. Blootstelling aan luchtvervuiling zowel tijdens de zwangerschap als na de

geboorte zal bepaald op basis van landgebruik en dispersie modellen.

De originaliteit van het project is dat het op een retrospectieve manier, de associatie bestudeerd

tussen enerzijds blootstelling aan groen, verkeer en stress en anderzijds neurobiologische
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ontwikkeling. Bovendien zal op een prospectieve manier stress verder bestudeerd worden als

mogelijk onderliggend mechanisme.

Dit project is relevant op maatschappelijk vlak want luchtvervuiling bedreigt onze gezondheid en de
normen van de wereldgezondheidsorganisatie worden thans duidelijk overschreden. Ook laat dit
project risicoanalyses toe op tal van toxische blootstellingen. Dit zal aanleiding geven tot een door
allen ervaren nood aan betere protectie van de foetus, het pasgeboren en het opgroeiend kind,
dankzij een studie van risicokinderen als tweelingen en drielingen die een complexe
zwangerschapssituatie kennen. We weten bovendien dat het aantal tweelingen toeneemt, wat
meteen het project nog relevanter maakt. Ook laten tweelingen toe het onderscheid te maken tussen
de effecten van genen en omgeving op neuropsychologische testen en het IQ. Het is voor iedereen
van belang om te weten dat zowel omgeving en genen van invloed zijn op onze talenten en
vaardigheden. Tenslotte zal ons project ook implicaties hebben op de gezondheidszorg en de

stedenbouwkundige planning van de toekomst.
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RESUME

Espaces verts, exposition a la circulation et stress maternel en tant que déterminants du
développement neurocognitif et comportemental de jumeaux et triplés.

La proximité d’espaces verts, I'absence de pollution et de stress maternel pendant la grossesse ont
été associés a la réduction de problémes de comportement et a I'amélioration du développement
cognitif de I'enfant. Par contre peu est connu sur les mécanismes sous-jacents de telles associations.
Nous émettons I'hypothése que la pollution et |I'absence d’espaces verts peuvent influencer les
conditions de stress « in utero » ; stress maternel et stress biologique (inflammation), qui a leur tour
peuvent influencer le développement comportemental et cognitif de I'enfant. Notre hypothése est
étayée par des données animales disponibles démontrant des effets «cognitifs » dus a I'exposition
de la pollution atmosphérique qui engendre un état pré-inflammatoire. Il n’existe aujourd’hui aucune

étude de ce genre dans une population a risque telle que les jumeaux et triplés.

L'étude comprend 2 volets : un volet rétrospectif et un volet prospectif. L'étude rétrospective est
composée de 2 études antérieures : 1) dans la premiére étude le développement neurocognitif a été
évalué par un test de QI validé (le WISC-R) chez plus de 600 paires de jumeaux, de 10 ans d’age en
moyenne et 140 triplés (provenant de 52 sets de triplés) ; 2) dans la seconde étude le développement
comportemental a été évalué par le « Child Behaviour Checklist » (CBCL) chez 752 paires de
jumeaux, de 8 ans d’age en moyenne et 140 triplés. La placentation ainsi que des données
périnatales médicalement importantes ont été enregistrées a la naissance. Pour toutes ces
naissances multiples, espaces verts et degré de pollution seront évalués a partir de données
détaillées provenant de satellites et des modéles de dispersion et marqueurs biologiques du stress
par la longueur des télomeres et le contenu de I’ADN mitochondrial dans le tissu placentaire. Le

stress maternel pendant la grossesse sera mesuré par le « Perceived Stress Scale » (PSS).

Dans le second volet (I'étude prospective) le stress maternel pendant la grossesse sera mesuré par
le « Perceived Stress Scale » (PSS), la méthode ESM (Experience Sampling Method) et la
concentration de cortisol, mesurée dans les cheveux. L'association entre le stress maternel, le degré
de pollution et la proximité d’espaces verts sera évalué. En plus nous étudierons le role intermédiaire
du stress maternel dans |'association entre le degré de pollution et les marqueurs biologiques du

stress et de l'inflammation.

L'originalité de ce projet réside dans l'opportunité d’étudier d’une facon rétrospective (a l'aide de
données récoltées dans des études antérieures) |'association entre le degré de pollution et le
développement neurocognitif et comportemental de I'enfant et d’'une facon prospective le réle
intermédiaire du stress maternel dans cette association. Ce projet est relevant pour la société et la
santé publique. En effet, une des plus récentes directives clés de I'UE sur la qualité de I'air ambiant
reconnait la nécessité de réduire la pollution a des niveaux qui minimisent les effets nocifs sur la
santé humaine. Nos résultats peuvent ainsi conduire a une meilleure protection des personnes les
plus vulnérables de la société, les nouveau-nés, et plus particulierement ceux qui ont une grossesse
a risque telle que les jumeaux et triplés. Nous voyons plus de grossesses gémellaires que jamais:
une naissance sur 30 dans les pays occidentaux, le double du taux de 1980 (1/60).
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Finalement, I’étude par le biais des jumeaux permet en outre de distinguer I'impact des génes et de
I'environnement sur les interactions stress, pollution, espaces verts et le développement
neurocognitif de I’enfant. Sachant comment I’environnement, en interaction avec nos génes, affecte
nos capacités, talents et compétences reste une information cruciale pour tout le monde. En outre,

le projet pourrait donner des priorités dans la planification urbaine future.
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INTRODUCTION

Greenness

Recently home surrounding greenness has been associated with a protective impact on emotional
and behavioural problems in schoolchildren in Barcelona! which was also observed in a German birth
cohort.2 Both studies reported a larger decrease on hyperactivity and in attention symptoms. These
findings were consistent with the effects of ‘nature restoration’ observed in a small sample of 17
children who improved their cognitive function after relocation to residences with higher
‘naturalness’.3 Accordingly, four trials have shown an improvement of attention deficit and
hyperactivity disorder (ADHD) symptomatology after exposures to the natural environment.4%
Consistently, a recent US cross-sectional study has reported an improved school performance
associated with school greenness based on data from all the schools in Massachusetts.” The
mechanisms underlying observed associations between exposure to greenness and mental and

psychological status are not well-understood.

Air pollution

’

Solid and liquid phase material suspended in the atmosphere is referred to as ‘fine particulate matter
(PM). Cardiorespiratory effects and mechanism of particulate air pollution have been largely
investigated.® ° In contrast, little is known about neurological effects of fine particulate air pollution.
There exist several pathways by which air pollution may exert neurotoxic effects. The direct ones
results in an accumulation of ultrafine particles in het human brain.1% 1! In rats, inhaled ultrafine
particles translocate from the nose along the olfactory nerve to the olfactory bulb and other regions
of the brain.12-15 Additionally, studies in rodents have demonstrated that ultrafine particles
translocate from the lungs into the blood, from which they can reach extrapulmonary organs
including the brain.® 7 The indirect pathways involve a pro-inflammatory response in the lung when
exposed to air pollution leading to increased systemic inflammation, which in turn, may adversely
affect the brain.!8-22 Inflammatory mediators produced in the lung are able to translocate into the
circulation?? and trigger a sequel of pro-inflammatory events.1® 24-26 Exposure to airborne polycyclic
aromatic hydrocarbons (PAH) during the third trimester of pregnancy in women residing in New
York.27 Children with a prenatal PAHs exposure above the median had a 4.7 points (95% CI: -7.7 to
-1.6) lower verbal IQ and 4.3 points (95% CI: -7.4 to -1.2) lower full scale IQ than those with
exposure below the median.2” The impact of PAHs on mental development at 3 years of age does
not appear to be mediated by birth weight or head circumference, fetal growth parameters previously
shown to be associated with prenatal PAH exposure in this cohort.2’: 28 These results are supported
by a Polish study.?® A PAH’s exposure above the median assessed by personal air monitoring of the
mother during the pregnancy, was associated with a 1.4 points decrease (95% CI: -2.5 to -0.2) in
the Raven Progressive Matrices Test in a group of 214 five-year-old children.?® A few studies
investigated the association between long-term air pollution exposure and neurobehavioural
performance in children. A study in Boston in 202 children with a mean age of 9.7 years showed that
an interquartile-range increase in the lifetime residential black carbon concentrations was associated
with a 3.4 points decrease in IQ (95% CI: -6.6 to -0.3) measured by the Kaufman Brief Intelligence
Test and 3.9 points decrease (95% CI: -7.5 to -0.3) in a general index of the Wide Range Assessment

7
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of Memory and Learning.3° In addition, a study comparing cognitive performance of children living in
clean areas and areas with much air pollution noted that children residing Mexico City performed
more poorly on several subtests of the Wechsler Intelligence Scale for Children-Revised than controls

matched for socioeconomic status.31. 32
The intermediate role of stress

We hypothesize that in utero stress conditions, both maternal perceived stress, as well as biological
stress (inflammation and oxidative) might play an intermediate role between environmental exposure

and cognitive development in children.

Studies observed a significant association between neighborhood green space and lower levels of
symptomology for depression, anxiety and stress.33: 34 In addition maternal stress during pregnancy
is associated with adverse neurodevelopmental outcomes in the child. These include emotional or
cognitive problems, such as increased risk of attentional deficit/hyperactivity, anxiety, and language
delay.3>-37 However many questions remain about the underlying mechanism. A proposed mechanism
by which prenatal stress may affect the fetus is cortisol.?® During pregnancy, women have naturally
elevated levels however under stressful conditions maternal cortisol concentrations can reach high
levels. Consequently high concentrations of cortisol may affect fetal development and growth 3° and
according to animal studies this may even alter the development of neurons in the brain.4%-42 The
emotional state of the mother may also alter the function of the placenta in other ways, independent
of cortisol. There is some evidence for effects on uterine blood supply, which could affect the

neurodevelopment of the fetus.43

Besides maternal stress also biological stress, such as inflammation and oxidative stress, may serve
as a mediator between environmental exposure and neurocognitive development. Exposure to
particulate air pollution can result in oxidative stress and inflammation.** 45 This is supported by
studies showing an association between in utero traffic exposure and shorter telomere length and
decreased mitochondrial DNA content in placental tissue, both sensitive to the effects of oxidative
stress.*6: 47 However the effects of biological stress during pregnancy on the development of the fetal

brain and neurocognition in childhood are currently unknown.
Epigenetics to link the role of early life exposure with brain development

The placenta, aside from its role as exchange barrier, also contributes to neurodevelopmental
processes through adaptive responses to the maternal environment. These critical developmental
processes in the placenta and fetal brain are shaped by the same molecular signals.*® Transcriptional
changes during prenatal development are associated with morphological and functional development
of the fetal brain.*?

In mice, a strong correlation was observed between a set of genes, co-expressed in the hypothalamus
and placenta at mid-gestation (embryonic day 11-13), an important period of neuronal proliferation

and differentiation.>® Bonnin et al. >! showed in an ex vivo model that the placenta can convert
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maternal tryptophan into the neurotransmitter serotonin (5-hydroxytryptamine; 5-HT) and functions

as primary source of 5-HT for the developing mouse forebrain at mid-gestation.

Besides the serotenergic pathway, other pathways in the placenta such as the dopaminergic, the
glucocorticoid and the brain-derived neurotrophic factor (BDNF) signalling pathway may also be
involved in fetal neurodevelopment. A reduction in gene expression of the brain-derived neurotrophic
factor (BDNF) pathway in human placental tissue and cord blood has been found to negatively affect
neurodevelopment during childhood.52 This pathway is involved in critical developmental processes,
including embryo implantation, placental development, and fetal growth. Single nucleotide
polymorphisms (SNPs) of genes of the serotonergic and dopaminergic pathways >3 5% have been
linked to neurological disorders, such as psychosis and schizophrenia.> 56 These pathways have also
been characterized in relation to the placenta and neurological development. 57: 58 The concept of the
placental regulation in brain development is relatively new and is in line with the observations of fetal
programming and disease susceptibility later in life.5® Epigenetic mechanisms, including promoter
DNA methylation, are believed to play an essential role in this process. Indeed, recent studies have
shown that epigenetic regulation through DNA methylation in the placenta is associated with infant

neurobehavioural outcomes. %% 61
Groundbreaking nature and implications for twins

The intelligence score of twins and triplets is lower than the score of a singleton.62 This difference in
intelligence scores is partly attributed to differences in intrauterine growth.62 However, to the best
of our knowledge, the association between neurodevelopment and residential greenness, air
pollution, traffic, noise and stress exposure in utero and during childhood has not been investigated

in twins and triplets.

The originality lays in: I) studying the association between exposure to greenness, air pollution and
stress and neurodevelopment using validated and objective neuropsycholocial tests and IQ together
with high quality satellite data on greenness and conducting a follow-up design capable of linking
exposures early in life in relation to the brain effects latter during the school period, II) assessing
intermediate pathways such as inflammation in this association in a group of school age twins, III)
the use of placental tissue as surrogate to study epigenetic targets of brain development and IV) the

twin design to unravel genetic versus environmental effects.
Objectives and aim

Overall Aim: To study the association between neurodevelopment and residential surrounding
greenness, air pollution and stress conditions, both social as maternal perceived stress, as well as

biological stress (inflammation).
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Specific aims:

1. To assess the relationship between home greenness (including traffic and land use) and
cognitive development, behavioural symptoms and IQ
To investigate the underlying mechanisms, epigenetic and oxidative stress (of aim 1)
To assess the association between residential greenness and maternal stress
To evaluate the intermediate role of maternal stress in the relationship between residential
air pollution and biological markers of oxidative stress/inflammation
To unravel nature versus nurture of cognition and behaviour
To assess on a prospective basis the relationship between residential air pollution, stress
and its ultimate effect on cognitive development and behavioural symptoms in 4-year-old

children (Future perspective)

Part |: Retrospective study

WP1
In utero | Cognitive
exposure WP2 development ,
(traffic, Underlying behavioural
greenness and :> mechanism symptoms and
maternal stress) (epigenetics) 1Qin 1(.Lyear—
old children
In utero WP3 Effect on in utero -
exposure (air Wp4 stress (social, Cognitive
pollution, traffic, ‘::> maternal and development in
greenness and biological) 4-year-old

children

maternal stress)

Part |l: Prospective study

Figure: Work flow of integrating early life exposures, mechanistic mediators and neurocognitive
and neurobehavioural development. The time line of the different work packages (WP) is given
on page 23 in the grant chart. Overall research organisation: Each WP js essential on the way
towards better understanding of the cognitive development of twins in association with the
environment. We study intelligence at age 7-15 and behaviour at age 6-17 in association with
prenatal and postnatal exposure to residential surrounding greenness, traffic and maternal
stress. To integrate the fetal origin of diseases in our study design, we will further study the
determinants of cognition in association with prospective measures of maternal stress and air
pollution exposure. To assess potential important biological markers, reflecting inflammatory
conditions, telomere length and mitochondrial DNA content are measured in cord blood. The
proper design of both prospective and retrospective analysis will in a cost efficient way lead to
overall insight in early markers of cognitive function, intelligence as well as behaviour at
schoolage. The environmental influence both including positive and negative insisters of
neurocognition is a central issue throughout the concepts studied.

10
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METHODOLOGY

Part I: Cognitive development in 10-year old children and behavioural development in 8-year old

childeren: retrospective study (WP1 and WP2 see table page 23)

Subject recruitment

The East Flanders Prospective Twin Survey (EFPTS) is a population based register of multiple births
in the province of East-Flanders (Belgium) since 1964. The twins are ascertained at birth,
placentation is recorded and placental biopsies were taken near the insertions of the umbilical cord.53
Subjects in this study are recruited in two different sampling frames. First, all twin pairs (n = 5867)
born between 1 September 1982 and 31 December 1991 were invited to complete the WISC-R
(Wechsler Intelligence Scale for Children-Revised) test. The participation rate was 76% resulting in
a final study population of 663 twin pairs with a mean age of 10.4 years old (between the ages of 7
and 15 years). In the second sampling frame, 1436 twin pairs were selected from the EFPTS. Their
parents were asked to fill in the Child Behaviour Checklist (CBCL) and 760 parents (53%) participated
in 1994-1996. Eight pairs were excluded. This resulted in a final study population of 752 pairs aged
6-17 years. Of the 752 pairs, 376 had also participated in the first part and also completed the WISC-
R test. Besides the twins, also 52 triplet sets (140 children) performed the WISC-R test and the
CBCL. The parents gave their written informed consent according to the local ethics committee

guidelines.64-66
Exposure assessment

Residential addresses of the mothers at birth were geocoded. Distances to the nearest major road
were determined using Geographic Information System (GIS) functions. All GIS analyses were
conducted in ArcGIS 9.3. We collected information on two indicators of traffic at the residence:
distance to major road, and traffic density. Traffic density in a specific radius (50 m, 100 m and 150
m) was equal to the length of each road in a buffer multiplied with the traffic count on each specific
road. Airborne exhaust pollution from motor vehicles have high concentrations near roads and decline
farther away in approximate Gaussian distribution.®” Traffic densities were multiplied by a weight
decreasing with distance, following a Gaussian curve. This model was originally developed and
applied by Pearson.®’ Land use indicators such as semi-natural and forested -, agricultural -,
residential and industrial area in a 5000 m radius from the residential address were estimated based

on Corine land cover.
Maternal stress perception and assessment

Mothers will complete questionnaires retrospective about stress perception during pregnancy. The
Perceived Stress Scale (PSS) is the most widely used psychological instrument for measuring the
perception of stress. It is a measure of the degree to which situations in one’s life are appraised as

stressful.

11
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Neurodevelopment and behaviour

The neurodevelopment outcome was assessed by the Wechsler Intelligence Scale for Children-
Revised (WISC-R). The WISC-R consists of six verbal and six performance subscales and has been
validated for use in this population.®® The verbal subscales are Information (INF), Similarities (SIM),
Arithmetic (ARI), Vocabulary (VOC), Comprehension (COM) and Digit Span (DS). The performance
subscales are Picture Completion (PC), Picture Arrangement (PA), Block Design (BD), Object
Assembly (OA), Coding (COD) and Mazes (MAZ). The scores on the subscales are standardized for
age and added up to Verbal (VIQ), Performance (PIQ) and Total Intelligence Quotients (TIQ). In this

study, the total scores of the subscales and the TIQ score were analysed.

The neurobehavioural outcome was assessed by the Achenbach Child Behaviour Checklist (CBCL).
The CBCL was developed by Achenbach (1991) to examine the extent to which children have
behavioural and emotional problems as perceived by their parents. Although the CBCL allows for the
calculation of separate scores corresponding to several behavioural dimensions based on exploratory
factor analysis, in this study the total amount of psychopathology, as measured by the total problem

score, was examined.

Underlying mechanism: retrospective study

Epigenetic mechanisms, including promoter DNA methylation, are believed to play an essential role
in the process of placental regulation in brain development. We will investigate methylation of CpG
sites within promoter regions of the most important genes involved in early neurodevelopment based
on literature. Genes within several pathways will be studied since the serotenergic pathway, the
dopaminergic, the glucocorticoid and the brain-derived neurotrophic factor (BDNF) signalling

pathway may be involved in fetal neurodevelopment.

To investigate molecular effects of oxidative stress, biomarkers in processes associated with oxidative
stress and inflammation will be measured. Postnatal measures of these biomarkers, telomere length

and mitochondrial DNA content, will be applied in placental tissue.

Part II: The intermediate role of stress exposure: prospective study (WP3-WP5 see table page 23)

Subject recruitment

We will recruit mothers pregnant of twins in East-Flanders (Belgium). At birth besides placental tissue
and cord blood, also maternal blood and hair will be collected. In addition, we asses stress during
pregnancy and at time of birth.

Exposure assessment

Similar traffic and land-use variables will be measured as described in part I. In addition residential
exposure to particulate air pollution will be determined. Regional background levels of PM;, for each
mother’s residential address will be estimated using a spatial temporal interpolation method (Kriging)

that uses land cover data obtained from satellite images (Corine land cover data set) in combination

12
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with monitoring stations (n = 34).%% 70 This model provides interpolated daily PM;o values in 4 x 4

km grids from the Belgian telemetric air quality networks.

Maternal stress perception and assessment (Pilot study)

Maternal emotional and daily life stress reactivity will be assessed during one week in the third
trimester of pregnancy. The Experience Sampling Method (ESM) will be used. This is a random
timesampling self-assessment technique that has been shown to be feasible, valid, and reliable in
general and patient populations.”! 72 Subjects will receive a digital wristwatch that emits a signal ten
times a day on five consecutive days, at unpredictable moments between 7:30 a.m. and 10:30 p.m.
After each ‘beep’, subjects will complete ESM selfassessment forms concerning current context,
thoughts, emotions, and psychotic experiences. Subjects will be instructed to complete their reports

immediately after the beep, thus minimizing memory distortions.”3

In addition, at time of birth mothers will receive a questionnaire; the Perceived Stress Scale (PSS).
Cortisol, which is synthesized from cholesterol, is the main glucocorticoid in the zona fasciculata of
human adrenal cortex and its secretion in response to biochemical stress contributes to the well-
characterized suppression of the hypothalamic-pituitary-adrenal (HPA) axis on health and cognition
events.’47% Since the vast majority of cortisol actions rely on binding to it cytosolic receptors, only
the small fraction of unbound, free cortisol is revealed to be biologically active. It comes out of the
mitochondrion and moves out of the cell into the extracellular space and into the bloodstream. Due
to its low molecular weight and lipophilic nature, unbound cortisol enters cells by passive diffusion
that makes it feasible to measure the free cortisol in many body tissues.”’” In this study, maternal
cortisol levels during pregnancy will be measured in hair. Measurement of cortisol concentrations in
hair is a non-invasive method and a better tool for evaluating chronic stress compared to salivary
cortisol.”® Since hair grows approximately one cm per month, we will collect 9 cm of maternal hair

at time of delivery to reflect the 9 months of pregnancy.”®

Inflammation & oxidative stress

Oxidative and nitrosative stress is postulated to be one of the mechanisms by which particulate
matter (PM) exerts its effects.89 Organic chemical components onto the particle surface play an
important role in the production of reactive oxygen species (ROS). Mitochondrial DNA (mtDNA)
molecules are highly susceptible to oxidative stress. Accumulation of mtDNA mutations leads to
alterations of mitochondrial biogenesis and function that might result in decrease of mtDNA content
within cells and implies a role of mtDNA content as a potential biomarkers in processes associated
with oxidative stress and inflammation. In addition, telomere shortening is a marker of exposure to
life time oxidative stress. Postnatal measures of these inflammation biomarkers will be applied in

cord blood.
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STATISTICAL ANALYSIS PLAN

Mixed modelling will be performed to assess the association between environmental factors and
outcomes. The twins will be analyzed as individuals in a multilevel regression analysis by adding a
random intercept to the model to adjust for the relatedness between twin members. Covariables and
potential confounders will be identified, including newborn’s sex, age, parental education,
neighbourhood socioeconomic status. We will use a prospective observational design. First, we will
investigate the association between exposure (environmental factors) and outcome (cognitive
development, behavioural symptoms and IQ), between exposure and mediators (epigenetic and
oxidative stress) and between mediators and outcome. To investigate the intermediate role of

oxidative stress in the relationship

(1)
between  the  residential >
Exposure Outcome

environment and outcome

(cognitive development,

behavioural symptoms and IQ),
we will use mediation analysis. (2,3) Mediat
! ediator

The mediation analysis will be

EX.

performed if there is a significant

association between the outcome (6)

G

and the exposure (environmental

factors), a significant association between the exposure and the mediator (epigenetic and oxidative
stress), and a significant association between the outcome and the mediator. We will use a SAS
macro developed by Valeri and VanderWeele. In this macro, the direct effect (DE), indirect effect
(IE) and total effect (TE) are determined. The DE represents the effect of exposure on the outcome
after controlling for the mediator whereas the IE is the effect of exposure operating through the

mediator. The proportion of mediation is calculated as the ratio of IE to TE.

Finally, twin research provides the opportunity to gain insight into the relative importance of genes
and environment or nature vs nurture aspects. The classic twin study can unravel nature vs nurture
by comparing the intrapair similarity of monozygotic twins with dizygotic twins. This can be
investigated using structural equation modelling with Open Mx software. Based on the classic ACE
model, the variance will be decomposed in additive genetic (A), common environmental (C), and
unique environmental (E) effects. This is the classic ACE model. The model makes use of the fact
that MZ twins are genetically identical, whereas DZ twins share half of their genes. Furthermore, the
model assumes that MZ and DZ twins share their common environment to the same extent. The
result of this assumption is that a greater within-pair similarity in MZ twins than in DZ twins reflects
genetic influences. Using the twin design, the relative influence of genetic and environmental factors

on birth outcomes can be estimated (aim 5).
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FUTURE PERSPECTIVES

We designed the study in a specific way that after 4 years we not only provided a finished project
but also as a stepping stone to new projects. The twins recruited in part II can be invited to a follow-
up study at age 4 year. Measurements of neurodevelopment and micro-circulation at this follow-up
can be studied in relation to previous determined parameters; air pollution and stress exposure,

molecular markers of inflammation/oxidative stress.
Micro-circulation

Changes in the microcirculation can be explored non-invasively by studying retinal blood vessels that
are visualized in fundus images,8! 82 the micro-circulation might represents brain functions. The
retinal blood vessels have anatomical and physiological features that are comparable with the
coronary circulation. Pathologies of the retinal blood vessels parallel changes in the coronary micro-
and macrocirculation.83-8> Nowadays, the retinal vessel caliber is regarded as an independent risk
factor for cardiovascular diseases with arterial narrowing acting as a marker for arteriolar damage
and predicting hypertension. Venular widening is associated with inflammation, endothelial

dysfunction and markers of atherosclerosis.82: 85, 86

Retinal photography provides a noninvasive, in vivo, method for characterizing the human
microvasculature since retinal vessels are 60-300 mm in diameter. Several studies have found that
narrower arteriolar diameters and wider venular diameters, as measured by retinal photography, are
each associated with increased risk of myocardial infarction, stroke, and cardiummovascular
mortality, independent of other traditional risk factors.8” For each participant, the optic disc and
macula of both eyes is photographed in a darkened room using a 45° 6.3-megapixel digital
nonmydriatic camera (Canon), and methods described in detail by Klein and colleagues.8 Retinal
vessel diameters are measured using a computer-based program and sarized as central retinal

arteriolar and venular equivalents (CRAE and CRVE, respectively).86: 87, 89
Neurodevelopment

For assessing working memory and attention tasks, it is possible to uase CANTAB (Cambridge
Cognition Ltd). Motor Screening Test (MOT), Big/Little Circle Test (BLC), Spatial Span Test (SSP),
Paired Associates Learning Test (PAL) and Delayed Matching to Sample Test (DMS) can be applied
in order to investigate induction, attention, executive function and visual memory, respectively.
These functions specifically developed during school childhood period. At the same time, these
cognitive functions have been shown to be very sensitive to environmental hazards.?® Strengths and
Difficulties Questionnaire (SDQ) can be filled in by parents in order to characterise behavioural traits

including hyperactivity/inattention, peer relationship, emotion, and conduct.
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This chart represents the timing of the different Work Packages (WPs) during this 2-year project

and a possible extension with 2 additional years.

Part I: Retrospective study

‘ Year 1

‘ Year 2

Year 3

Year 4

WP1 - Neurodevelopment at school age

WP1.1. Exposure assessment

WP1.2. Twin design

WP1.3. Statistical analysis

WP1.4. Writing Scientific publications

WP2 - Underlying mechanism

WP2.1. Epigenetics - DNA methylation

WP2.2. Biomarkers of oxidative stress

WP2.3. Twin design

WP2.4. Statistical analysis

WP2.5. Writing Scientific publications

Part II: Prospective study

WP3 - Study population and data collection

WP3.1. Recruitment

WP3.2. Stress measurement

WP3.3. Blood/tissue collection

WP3.4. Exposure assessment

WP4 - Molecular and biochemical

measurements

WP4.1. DNA extraction

WP4.2. Telomere length

WP4.3. Mitochondrial DNA content

WP4.5. Cortisol

WP5 - Statistics and reporting

WP5.1. Twin design

WP5.2. Statistical analysis

WP5.3. Writing scientific publications
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intrauterine environment may not only effect fetal growth but also may predispose offspring to
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