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This research was conducted to investigate the effect of the early-life 

environment of twins, i.e. residential exposure to air pollution, traffic and 

greenness, on outcomes at birth and at adulthood. We investigated the exposure 

at the maternal residential address during pregnancy and its effect on birth 

weight and biomarkers of ageing in placental tissue, i.e. mitochondrial DNA 

content and telomere length. Next, we intend to unravel the nature-nurture 

contribution to these biomarkers of ageing. Twin research provides this 

opportunity to gain insight in the relative importance of genes and environment. 

In addition, we also studied the relation between of the early-life environment 

and blood pressure or telomere length in young adulthood. Both parameters are 

associated with the development of cardiovascular disease. We hypothesize that 

an adverse early-life environment will increase the risk of disease later in life. 

Although numerous studies have investigated the health effects of air pollution 

exposure in adults, knowledge on the effects of the early-life environment on 

birth outcomes, ageing, and disease outcome later in life is limited. The overall 

hypothesis of this doctoral dissertation is that exposure in the early-life 

environment of twins affects outcomes both early and later in life.  

The specific objectives of this study are: 

 To study in utero exposure to air pollution in association with birth 

weight and small for gestational age in twins (chapter 2). 

 To investigate maternal traffic exposure and residential surrounding 

greenness at the birth address in association with biomarkers of ageing: 

 mitochondrial DNA content in placental tissue (chapter 3). 

 telomere length in placental tissue (chapter 4). 

 telomere length in buccal cells of young adults (chapter 5). 

 To estimate the relative importance of genetic and environmental 

sources of variance of these ageing biomarkers in placental tissue  

(chapter 3 and 4). 

 To assess the effects of residential traffic exposure and surrounding 

greenness in early and young adult life on ambulatory blood pressure in 

young adulthood (chapter 6). 



Summary 

 
 

iii 
 

In chapter 2, we examined 4760 twins of the East Flanders Prospective Twin 

Survey (2002-2013), to study the association between in utero exposure to air 

pollution with birth weight and small for gestational age. We show that in twins 

born between 32-36 weeks of gestation, birth weight decreased by 40.2 g and 

by 27.3 g in association with a 10 µg/m³ increment in PM10 and NO2 

concentration during the third trimester. The corresponding odds ratio for small 

for gestational age were 1.68 and 1.51 for PM10 or NO2, respectively. No 

associations between air pollution and birth weight or small for gestational age 

were observed among term born twins. Assuming causality, an achievement of a 

10 µg/m³ decrease of particulate air pollution may account for a reduction by 

40% in small for gestational age, in twins born moderate to late preterm. 

Among 175 twins, we investigated maternal residential traffic and greenness 

exposure in association with mitochondrial DNA content in placental tissue of 

twins in chapter 3. We showed that placental mitochondrial DNA content is 

more influenced by environmental factors than genetic factors and is associated 

with maternal residential greenness and traffic indicators. A doubling in distance 

to the nearest major road resulted in a decrease in mitochondrial DNA content of 

8.32%. An interquartile range increase in residential surrounding greenness in a 

100 m to 5 km residential radius was associated with a decrease of 5.61 to 

10.04% in mitochondrial DNA content. Higher mitochondrial DNA content might 

both intensify and/or be a reflection of oxidative stress.  

Besides mitochondrial DNA content, we also studied telomere length in chapter 

4, an established biomarker of ageing and a general risk factor for age-related 

chronic diseases. We measured telomere length in placental tissues of 211 

twins. Our results show that the variation in telomere length in the placental 

tissue was mainly determined by the common environment. Furthermore, we 

observed that maternal residential proximity to traffic and lower residential 

surrounding greenness is associated with shorter placental telomere length at 

birth. A doubling in the distance to the nearest major road was associated with a 

5.32% longer placental telomere length at birth. In addition, an interquartile 

increase (22%) in maternal residential surrounding greenness (5 km buffer) was 

associated with an increase of 3.62% in placental telomere length. This may 
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explain a significant proportion of air pollution-related adverse health outcomes 

starting from early-life, since shortened telomeres accelerate the progression of 

many diseases. 

Among 205 twins, we show in chapter 5 that traffic related exposure in early 

life is not only associated with shorter telomere length in placental tissue but 

also in young adulthood. We observed an association between placental 

telomere length and telomere length in buccal cells in young adulthood. Among 

twins who were living at a different address than their birth address at time of 

measurement, adult telomere length and telomere ranking between birth and 

young adulthood were negatively associated with traffic exposure at the birth 

address. Whereas, traffic exposure at the residential address at adult age was 

not associated with telomere length.  

In chapter 6, we investigated the effects of residential traffic exposure and 

residential greenness in the early-life on ambulatory blood pressure in young 

adulthood. Among twins who were living at a different address than their birth 

address at time of the measurement (n=181), night-time blood pressure was 

inversely associated with residential surrounding greenness at adult age as well 

as with residential greenness in early-life. After additional adjustment for 

residential greenness exposure in adulthood, an interquartile increase in 

residential greenness exposure in early-life (5000 m radius) was associated with 

a 2.42 mmHg decrease in adult night systolic blood pressure. We found no 

significant effect of adult residential greenness with adult blood pressure, while 

accounting for the early-life greenness exposure. Our results indicates that 

residential greenness during the early-life environment has persistent effects on 

blood pressure. 

We observed that prenatal exposure to air pollution and traffic was respectively 

associated with a suboptimal fetal growth and a change in placental biomarkers 

of ageing. Besides these outcomes at birth, we noted that exposure to traffic 

early in life was associated with shorter telomere length in young adulthood and 

that surrounding greenness in early-life is associated with a lower blood 

pressure in adulthood. 
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Dit onderzoek werd uitgevoerd om de effecten van de vroege leefomgeving van 

tweelingen na te gaan, zoals onder meer de blootstelling aan luchtvervuiling, 

verkeer en groene ruimte aanwezig op de woonplaats, op uitkomsten bij de 

geboorte en op volwassen leeftijd. We onderzochten de effecten van de 

blootstelling op het residentiële adres van de moeder tijdens de zwangerschap 

op het geboortegewicht en biomerkers van veroudering in het placentaweefsel, 

zoals mitochondriale DNA inhoud en telomeerlengte. Vervolgens hebben we 

getracht om de invloed van genen versus milieu op deze biomerkers van 

veroudering te ontrafelen. Tweelingonderzoek biedt de mogelijkheid om inzicht 

te verkrijgen in het relatief belang van genen en milieu. Bovendien 

bestudeerden we de relatie tussen de vroege leefomgeving en de bloeddruk of 

telomeerlengte bij jong volwassenen. Beide parameters zijn namelijk 

geassocieerd met de ontwikkeling van cardiovasculaire ziekten. We 

veronderstellen dat een nadelige leefomgeving in het vroege leven de kans 

verhoogt op ziekte in het latere leven. 

Hoewel verschillende studies de gezondheidseffecten van luchtvervuiling bij 

volwassenen al hebben onderzocht is de kennis omtrent de invloed van 

omgevingsfactoren in het vroege leven op geboorte-uitkomsten, veroudering en 

ziekte ontwikkeling in het latere leven eerder beperkt. De algemene hypothese 

van deze dissertatie is dat blootstelling in de vroege leefomgeving van 

tweelingen een effect heeft zowel vroeg als laat in het leven. 

De specifieke objectieven van deze studie zijn: 

 Het bestuderen van in utero blootstelling aan luchtvervuiling in 

associatie met geboortegewicht en de kans om te licht geboren te 

worden als tweeling (hoofdstuk 2). 

 Het onderzoeken van maternale verkeersblootstelling en de 

aanwezigheid van groene ruimte op het geboorteadres in associatie met 

merkers van veroudering: 

 mitochondriale DNA inhoud in placentaweefsel (hoofdstuk 3) 

 telomeerlengte in placentaweefsel (hoofdstuk 4) 

 telomeerlengte in wangslijmvlies van jong volwassenen 

(hoofdstuk 5) 
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 Het inschatten van het relatieve belang van genetische en 

omgevingsbronnen van variatie van deze biomerkers van veroudering in 

placentaweefsel (hoofdstuk 3 en 4). 

 Het beoordelen van de effecten van residentiële verkeersblootstelling en 

de aanwezigheid van groene ruimte in het vroege- en in het jong 

volwassen leven op ambulatoire bloeddruk op jong volwassen leeftijd 

(hoofdstuk 6). 

In hoofdstuk 2, onderzochten we 4760 tweelingen van het Oost-Vlaamse 

meerlingen register (2002-2013), om het verband te bestuderen van in utero 

blootstelling aan luchtvervuiling in relatie tot geboortegewicht en de kans om te 

licht geboren te worden. Bij tweelingen die geboren werden tussen 32-36 

weken, toonden we aan dat het geboortegewicht daalt met 40.2 g en met 27.3 g 

bij een stijging van 10 µg/m³ in PM10 en NO2 concentratie tijdens het derde 

trimester. De overeenkomende kans om te licht geboren te worden was 1.68 en 

1.51 voor PM10 en NO2 respectievelijk. Bij voldragen zwangerschappen werd er 

geen significante associatie waargenomen tussen luchtvervuiling en 

geboortegewicht of de kans om te licht geboren te worden. Indien we 

veronderstellen dat er een oorzakelijk verband is, zou dit betekenen dat indien 

de concentratie aan fijn stof (PM10) zou dalen met 10 µg/m³ dit zou leiden tot 

een vermindering van 40% in het aantal te licht geborenen bij tweelingen 

geboren tussen 32-36 weken. 

Bij 175 tweelingen onderzochten we maternale residentiële blootstelling aan 

verkeer en groen in associatie met mitochondriale DNA inhoud in 

placentaweefsel van tweelingen zoals beschreven in hoofdstuk 3. We toonden 

aan dat mitochondriale DNA inhoud in placentaweefsel meer beïnvloed wordt 

door omgevingsfactoren dan door genetische factoren en bovendien 

geassocieerd is met maternale residentiële groene ruimte en 

verkeersindicatoren. Een verdubbeling in afstand van de woning tot de 

dichtstbijzijnde belangrijke verkeersweg resulteert in een daling in 

mitochondriale DNA inhoud van 8.32%. Een stijging in interkwartielafstand in 

groene ruimte in een straal van 100 m tot 5 km van de woonplaats staat in 

verband met een daling van 5.61% tot 10.04% in mitochondriale DNA inhoud. 
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Meer mitochondriale DNA inhoud zou mogelijk oxidatieve stress versterken en/of 

een reflectie zijn van oxidatieve stress. 

Naast mitochondriale DNA inhoud, bestudeerden we ook telomeerlengte in 

hoofdstuk 4, een biomerker van veroudering en een algemene risicofactor voor 

chronische ziekten die gepaard gaan met veroudering. Telomeerlengte werd 

gemeten in placentaweefsel van 211 tweelingen. Onze resultaten tonen aan dat 

de variatie in telomeerlengte in placentaweefsel vooral bepaald wordt door de 

gemeenschappelijke omgeving. Bovendien namen we waar dat maternale 

residentiële nabijheid tot verkeer en een verminderde groene ruimte in de 

omgeving geassocieerd is met een kortere telomeerlengte in placentaweefsel bij 

de geboorte. Een verdubbeling in afstand tot de dichtstbijzijnde belangrijke 

verkeersweg staat in verband met 5.32% langere telomeerlengte bij de 

geboorte. Daarnaast namen we waar dat een stijging van een 

interkwartielafstand (22%) in groene ruimte in de omgeving van de woning van 

de moeder (5 km straal) in verband staat met een 3.62% langere 

telomeerlengte in placentaweefsel. Dit zou mogelijk een deel kunnen verklaren 

van de nadelige luchtvervuilingsgerelateerde gezondheidsuitkomsten die al 

starten in het vroege leven aangezien verkorte telomeren de progressie van 

verschillende ziekten kan versnellen. 

Bij 205 tweelingen toonden we in hoofdstuk 5 aan dat de blootstelling aan 

verkeer in het vroege leven niet enkel geassocieerd is met een kortere 

telomeerlengte in placentaweefsel maar ook in wangslijmvlies afgenomen op 

jong volwassen leeftijd. We hebben waargenomen dat telomeerlengte op deze 

twee verschillende tijdspunten in verband staat met elkaar. Bij tweelingen 

waarvan het adres op volwassen leeftijd verschillend was van hun 

geboorteadres, vonden we dat de telomeerlengte op volwassen leeftijd maar ook 

de rangschikking van telomeerlengte tussen geboorte en jong volwassenheid 

negatief geassocieerd waren met verkeersblootstelling op het geboorte adres. 

Terwijl verkeersblootstelling op volwassen leeftijd niet geassocieerd was met 

telomeerlengte. 

In hoofdstuk 6 onderzochten we de effecten van residentiële 

verkeersblootstelling en groene ruimte in de woonomgeving in het vroege leven 
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op ambulatoire bloeddruk op jong volwassen leeftijd. Bij tweelingen waarvan het 

adres op het tijdstip van de meeting verschillend was van hun geboorteadres 

(n=181), hebben we een inverse associatie waargenomen tussen bloeddruk 

tijdens de nacht en zowel groene ruimte in de woonomgeving in het volwassen 

als in het vroege leven. Na een bijkomende aanpassing voor groene ruimte in de 

woonomgeving in het volwassen leven, stond een stijging in interkwartielafstand 

in residentiële blootstelling aan groene ruimte in het vroege leven (5 km straal) 

in verband met een 2.25 mmHg daling in systolische bloeddruk tijdens de nacht 

in het volwassen leven. We vonden geen significant effect van groene ruimte in 

de woonomgeving op volwassen leeftijd met bloeddruk op volwassen leeftijd 

indien we rekening hielden met de blootstelling aan groene ruimte in het vroege 

leven. Onze resultaten tonen aan dat residentiële groene ruimte in het vroege 

leven een blijvend effect heeft op bloeddruk. 

We observeerden dat prenatale blootstelling aan luchtvervuiling en verkeer 

respectievelijk in verband staat met een suboptimale fetale groei en een 

verandering in placentale biomerkers van veroudering. Naast deze uitkomsten 

bij de geboorte, merkten we op dat blootstelling aan verkeer in het vroege leven 

geassocieerd is met een kortere telomeerlengte op jong volwassen leeftijd en de 

groen in de woonomgeving vroeg in het leven geassocieerd is met een lagere 

bloeddruk in het volwassen leven.  
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This research was conducted to investigate the effect of the early-life 

environment of twins, i.e. residential exposure to air pollution, traffic and 

greenness, on outcomes at birth and at adulthood. Twins can provide the 

opportunity to the contribution of unravel genes vs environment. We 

hypothesize that an adverse early-life environment will increase the risk of 

disease later in life. Possible underlying mechanisms include suboptimal fetal 

growth and dysregulation of cellular ageing. Therefore we estimated the 

exposure at the maternal residential address during pregnancy and its effect on 

birth weight and biomarkers of ageing in placental tissue, i.e. mitochondrial DNA 

content and telomere length. In addition, we also studied in young adults the 

relation between of their early-life environment and blood pressure or telomere 

length. Both parameters are associated with the development of cardiovascular 

disease.  

1. TWINS 

1.1 Twin pregnancy 

In Belgium, about 1.8% of all pregnancies in 2013 were twin pregnancies.1 

Since the mid-1980’s the number of multiple births have increased, because of 

increased ovulation stimulating agents and other assisted reproduction 

techniques.2,3 Just over half (55.9%) of multiple births in Flanders have low birth 

weight (less than 2500 gram) and 57.8% of the twins are born before 37 weeks 

of gestation and are defined as preterm.1 The growth of a twin fetus differs from 

a singleton after 32 weeks of gestation probably due to the restricted capability 

of the uterine environment to nurture more than one fetus at a time (Figure 

1.1.).4-6 This results not only in decreased birth weight but also increased odds 

of perinatal morbidity and mortality.7 
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Figure 1.1. Growth curves based on birth weights of singletons (n=76,471) and twins (n= 

8,454; pairs= 4,227) born in East-Flanders (Belgium) between 1964 and 2003. P90 = 90th 

centile, P10 = 10th centile, S= Singletons (Gielen et al., 2008).6 

1.2 Nature vs nurture 

Twin research provides the opportunity to gain insight in the relative importance 

of genes and environment or nature vs nurture aspects. Dizygotic or fraternal 

twins are developed from two different eggs and share about half of their genes. 

Monozygotic twins result from the division of one embryo and are generally 

genetically identical. The division takes place during the first 14 days following 

fertilization and the moment of separation can be deduced from a visual 

examination of the membranes (Figure 1.2.). Early separation (first 72 h post-

fertilization) results in dichorionic-diamniotic twins, later separation (before day 

8) are monochorionic-diamniotic twins, rare separation (after 8 days up to 12 

days) are monochorionic-monoamniotic. If the divisions occurs later (12-13 days 

after fertilisation) this will result in conjoined twins. The classic twins study can 

unravel nature vs nurture by comparing the intrapair similarity of monozygotic 

twins with dizygotic twins. Differences between members of a dizygotic twins 

pair can be the result of genetic or environmental factors, while in a 
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monozygotic twin pair differences can only be the result of environmental 

factors. Assuming that monozygotic and dizygotic twins share their common 

environment to the same extent, an observation of a greater within-pair 

similarity in monozygotic (MZ) twins than in dizygotic (DZ) twins reflects genetic 

influences. 

 

Figure 1.2. Chorionicity and amnionicity in twin pregnancies. 

1.3 The East Flanders Prospective Twin Survey (EFPTS) 

The East Flanders Prospective Twin Survey (EFPTS) is one of the world’s largest 

longitudinal prospective twin cohort with more than 9000 twin pairs. This 

population register was started in July 1964 at Ghent University at the 

Department of Obstetrics by Robert Derom and Michel Thiery. At present it is 

hosted by ‘Twins’, a non-profit association for scientific research in multiple 

births, and is now partly funded by the department of Human Genetics of the 

University of Leuven (Belgium), ‘Twins’, and the University of Maastricht (The 

Netherlands).2 The register is characterized by the systematic examination of 

the placenta, accurate determination of zygosity and chorionicity. Zygosity is 

determined by sequential analysis based on sex, chorion type, umbilical cord 
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blood groups, placental alkaline phosphatise, and since 1982 also DNA 

fingerprints.8 This results in a zygosity probability of 0.999. 

1.4 Prenatal Programming Twin Study (PPTS) 

A subset of the twins from the EFPTS (424 pairs) aged 18 to 34 years 

participated in the Prenatal Programming Twin Study (PPTS). Details of the 

selection process have been described previously.9 Between February 1997 and 

April 2001 anthropometric and ambulatory blood pressure measurements were 

performed. Biological samples, such as fasting blood samples, 24h urine, and 

buccal swabs were collected. This protocol provides the opportunity to follow up 

twins from birth to adulthood and to investigate the effect of traffic related air 

pollution exposure in early-life on outcomes both early and later in life. 

Figure 1.3. Timeline Prenatal Programming Twin Study. The twins are born between 1969 

and 1982 and joint a follow-up study between February 1997 and April 2001. 

 

2. ENVIRONMENTAL EXPOSURE 

2.1 Air pollution 

Two important categories of air pollution sources are natural phenomena and 

human activities. The latter, also know also anthropogenic sources, produce 

carbon monoxide (CO) and nitrogen oxides (NOx) from vehicle exhausts or 

sulphur dioxide (SO2) from industrial processes. After emission into the 

atmosphere, chemical reactions can transform these primary pollutants into 

secondary pollutants, e.g. ozone (O3), carbon dioxide (CO2) and nitrogen dioxide 

(NO2).
10 
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Besides this complex mixture of gaseous substances, the atmosphere also 

contains particulate matter (PM), consisting of a mixture of solid and liquid 

particles. Anthropogenic sources of PM are solid-fuel combustion (coal, lignite, 

heavy oil and biomass), industrial activities, erosion of the pavement by road 

traffic, and abrasion of brakes and tires.11 PM is categorised on the basis of its 

aerodynamic diameter (Fig 1.4.).  

 

Figure 1.4. Categorisation of particle matter based on its aerodynamic diameter;        

PM10 < 10 µm, PM2.5 <2.5µm and ultrafine particles (PM0.1) < 0.1 µm. 

PM can contain toxic substances and transport these into the respiratory tract. 

Coarse particles are deposited in the nasal cavities and upper airways whereas 

fine particles may penetrate the lung alveoli. In the lungs phagocytosis of 

particles by alveolar macrophages results in oxidative stress and inflammation.12 

The ultrafine particles can translocate into the blood circulation (Fig 1.5.).13  

2.2 Traffic exposure 

Road traffic contributes largely to airborne PM pollution. Sources of PM 

emissions from road vehicles include besides engine exhaust also abrasion of 

tyres, road surface and brake components. Non-exhaust emission contribute 

mainly to PM10, while exhaust emissions contribute predominantly to PM2.5.
14 

Two broad categories to estimate traffic exposure have been used in 

epidemiological studies. The first category is measured or modelled pollutant 

concentrations of traffic surrogates, of which the most commonly used are CO, 

NO2, elemental carbon, benzene, and particulate matter. The second category is 

direct measurements of traffic with a geographic information system. Indicators 
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of traffic exposure are distance of the residence to the nearest road and traffic 

density within a specific radius from the residence. 

 

Figure 1.5. The deposition of PM particles is dependent on its aerodynamic diameter 

(adapted from Guarieiro et al., 2013).15 

2.3 Greenness 

Greenness or green space is an aggregation of natural environments classified 

as such based on land cover data, such as the European CORINE data or based 

on satellite imagery, such as Normalised Difference Vegetation Index (NDVI).16 

Many studies suggest that exposure to greenness enhances human health.17 

Greenness may influence health by promoting physical activity and social 

contact, decreasing stress, and mitigating heat, noise, and air pollution 

exposure.17
 

 

3. HEALTH OUTCOMES 

Ambient air pollution is considered a global public health threat 18-20 and is, 

according to the World Health Organization (WHO), responsible for 

approximately 3.7 million premature deaths worldwide in 2012.21 Exposure to 

particulate matter is associated with respiratory diseases, such as asthma 22 and 

chronic obstructive pulmonary disease (COPD),23 and can even adversely affect 
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lung development in children.24 Besides these pulmonary diseases particulate 

matter is also associated with cardiovascular morbidity and mortality. Clinical 

manifestations of cardiovascular disease, include myocardial infarction, stroke, 

heart failure, arrhythmias, and venous thromboembolism.25-27 

3.1 Perinatal outcomes 

Birth outcomes are a category of measures that describe health at birth. We will 

focus on two endpoints; birth weight (BW) and small for gestational age (SGA). 

Births are classified as low birth weight if birth weight is below 2500 g and as 

small for gestational age when birth weight was below the 10th percentile of the 

birth weight for a given gestational age and sex. Low birth weight and small for 

gestational age are associated with increased neonatal morbidity and 

mortality.28,29 

Several studies have shown that maternal exposure to ambient air pollutants 

during pregnancy is associated with restricted fetal growth.30-33 Moreover, 

evidence suggest that the health impact of prenatal PM and NO2 exposure 

continues into infancy, resulting in wheezing, respiratory infections 34 entailing 

alterations in the development of an infant’s immune system, which may 

increase the risk of asthma and allergies.35 Moreover, traffic-related air pollution 

is also associated with adverse birth outcomes.36-38 Residential proximity to 

freeways during pregnancy increases not only the risk of respiratory infections 

during the first year of life 39 but can even increase the risk of 

neurodevelopment disorders such as autism.40 Contrary to air pollution, 

residential greenness is associated with beneficial birth outcomes, e.g. higher 

term birth weight, reduction of preterm births and SGA.41 These associations 

remain even after adjusting for air pollution and noise exposure.41 In addition, 

more residential surrounding greenness during pregnancy is associated with 

larger head circumferences,42 and lower infant mortality risk.43 

3.2 Mitochondrial DNA content 

Mitochondria play an important role in cellular processes including ATP 

production, apoptosis, cellular redox homeostasis, signalling transduction and 
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stress responses.44 Changes in mitochondrial DNA content have been reported in 

a variety of human diseases such as cancer, human immunodeficiency virus 

(HIV) and metabolic disorders such as diabetes and obesity.45 Air pollution 

exposure is an important environmental source of oxidative stress and can result 

in changes in mitochondrial DNA content.46-49 Mitochondrial DNA is more 

vulnerable for oxidative damage than nuclear DNA due the lack of protective 

histones and a less efficient DNA repair system.50 Therefore, oxidative stress will 

lead to accumulation of mutations and damage to mitochondrial DNA. Persistent 

stress can even alter the rate of mitochondrial DNA replication and result in a 

decline in mitochondrial respiratory function. To compensate for this decline, 

oxidative stress will increases mitochondrial abundance and mitochondrial DNA 

content. A disadvantage is that an increase in mitochondria causes excess ROS 

generation and further oxidative damage. This could accelerate the ageing 

process or cell death.51 

3.3 Telomere length 

Telomeres are located at the end of the chromosomes and consist of TTAGGG 

tandem repeats.52 Due to the end-replication problem telomeres progressively 

shorten in somatic cells and mean telomere length is observed to diminish with 

age.53 In embryonic stem cells and germline cells, telomere length is maintained 

by telomerase, a ribonucleoprotein that extend telomeres.54 Telomere length is 

proposed as a marker of the biological ageing process 55 and as a general risk 

factor for age-related chronic diseases, such as cancer,56,57 type 2 diabetes,58 

and cardiovascular disease.59 In addition, studies in elderly twins even show an 

association between telomere length and mortality.60,61 Although telomere 

length diminishes with age, variation in telomere length between persons of the 

same chronological age exists and this appears to be as wide as the variation in 

newborns.62 This variation may be the result of both genetic and environmental 

factors.63 In adults, long-term exposure to traffic has been linked to shorter 

telomeres.64,65 It is even suggested that telomere length may be part of the 

underlying mechanism between air pollution and cardiovascular disease since 

oxidative stress may accelerate telomere erosion.66 Telomeres are highly 

sensitive to oxidative stress, due to their high guanine content and the deficient 

repair system of single-strand breaks.67 
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3.4 Blood pressure 

High blood pressure is the leading risk factor for cardiovascular disease and 

mortality in the world. 68,69 Monitoring of ambulatory blood pressure with 

multiple measurements recorded during usual daily activities is even a better 

predictor of risk of all-cause and cardiovascular mortality than medical office 

blood pressure measurements.70 Many risk factors underlying hypertension have 

been identified including nonmodifiable factors such as age, gender, race, and 

genetics, as well as modifiable factors including high BMI, high sodium intake, 

low potassium intake, alcohol consumption, and reduced physical activity.71 

Besides these well-established factors also environmental factors can influence 

blood pressure. Residential PM and traffic exposure are associated with 

increased arterial blood pressure and elevated prevalence of hypertension.72,73 

In addition, also areas with lower greenness have higher levels of stroke 

mortality 74 and cardiovascular disease mortality.75,76 Independent of air 

pollution, higher residential greenness is associated with lower blood pressure in 

children.77 

 

4. THE EARLY-LIFE ENVIRONMENT  

In classic epidemiology, complex cardiovascular and metabolic diseases of 

middle and old age have been considered the result of interaction between the 

adulthood lifestyle and genetic predisposition to disease. The last decades, the 

importance of the early-life environment in disease development has been 

increasingly recognized.78 The early-life environment begins before conception, 

spans across pregnancy, and continues into the postnatal period. The 

Developmental Origins of Health and Disease (DOHaD) hypothesis, often called 

the ‘Barker hypothesis’ after one of its leading proponents, states that adverse 

influences of the early-life environment can result in permanent changes in 

physiology and metabolism, which result in increased disease risk in 

adulthood.79 Barker’s work showed an association between low birth weight and 

several cardiovascular diseases (including ischemic heart disease), hypertension, 

cholesterol levels, stroke, and diabetes.80-86 
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Barker and colleagues hypothesized that most organs and systems have specific 

periods of growth in utero. During these critical periods the system is plastic and 

sensitive to the environment, after this period the adaptation is irreversible. 

Insults during this sensitive period of development can have an lasting influence. 

This enables the production of phenotypes that are better matched to their 

environment. However, when the intrauterine and the extrauterine environment 

differ, this can cause a relative overcompensation making the offspring more 

susceptible for disease when they become adult.87 For instance, data from the 

Dutch famine at the end of world war II shows that maternal nutrition 

deprivation during the first half of pregnancy resulted in significantly higher 

obesity rates in adulthood.88 

Birth weight depends not only on the mother’s nutrition but also on placental 

functioning. Maternal air pollution exposure may affect birth weight by inducing 

oxidative stress and inflammation,27 which could affect placental growth and 

function,89 and subsequently resulting in fetal growth restriction. According to 

the Developmental Origins of Health and Disease hypothesis, children with low 

birth weight are not only at risk for perinatal morbidity and mortality but they 

also have an increased risk for developing ill health conditions later in life. 
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5. OBJECTIVES 

Although numerous studies have investigated the health effects of air pollution 

exposure in adults, knowledge on the effects of the early-life environment on 

birth outcomes, ageing, and disease outcome later in life is limited. The overall 

hypothesis of this doctoral dissertation is that exposure in the early-life 

environment of twins affects health outcomes both early and later in life.  

The specific objectives of this study are: 

 To study in utero exposure to air pollution in association with birth 

weight and small for gestational age in twins (chapter 2). 

 To investigate maternal traffic exposure and residential surrounding 

greenness at the birth address in association with biomarkers of ageing: 

 mitochondrial DNA content in placental tissue (chapter 3). 

 telomere length in placental tissue (chapter 4). 

 telomere length in buccal cells of young adults (chapter 5). 

 To estimate the relative importance of genetic and environmental 

sources of variance of these ageing biomarkers in placental tissue  

(chapter 3 and 4). 

 To assess the effects of residential traffic exposure and surrounding 

greenness in early and young adult life on ambulatory blood pressure in 

young adulthood (chapter 6). 
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ABSTRACT 

Several studies in singletons have shown that maternal exposure to ambient air 

pollutants is associated with restricted fetal growth. About half of twins have low 

birth weight compared with six percent in singletons. So far, no studies have 

investigated maternal air pollution exposure in association with birth weight and 

small for gestational age in twins. 

We examined 4760 twins of the East Flanders Prospective Twin Survey (2002-

2013), to study the association between in utero exposure to air pollution with 

birth weight and small for gestational age. Maternal particulate air pollution 

(PM10) and nitric dioxide (NO2) exposure was estimated using a spatial temporal 

interpolation method over various time windows during pregnancy.  

In twins born between 32-36 weeks of gestation, birth weight decreased by 40.2 

g (95% CI: -69.0 to -11.3; p= 0.006) and by 27.3 g (95% CI: -52.9 to -1.7; p= 

0.04) in association with a 10 µg/m³ increment in PM10 and NO2 concentration 

during the third trimester. The corresponding odds ratio for small for gestational 

age were 1.68 (95% CI: 1.27 to 2.33; p=0.0003) and 1.51 (95% CI: 1.18 to 

1.95; p=0.001) for PM10 or NO2, respectively. No associations between air 

pollution and birth weight or small for gestational age were observed among 

term born twins. 

Assuming causality, an achievement of a 10 µg/m³ decrease of particulate air 

pollution may account for a reduction by 40% in small for gestational age, in 

twins born moderate to late preterm. 
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INTRODUCTION 

Low birth weight and small for gestational age are associated with increased 

neonatal morbidity and mortality.1,2 The consequences of low birth weight and 

being born small for gestational age occur not only in the neonatal period but 

also in adulthood. These newborns are possibly at increased risk for developing 

heart and metabolic disease later in life according to the ‘Barker hypothesis’.3,4 

Several studies have shown that maternal exposure to ambient air pollutants 

during pregnancy is associated with restricted fetal growth in singletons.5-8 

Heterogeneity of study designs, exposure period and exposure assessment exits, 

but meta-analyses have shown that particulate matter with an aerodynamic 

diameter of less than 10 µm (PM10) is negatively associated with term birth 

weight.6,8 In addition, a European multi cohort study found that PM10 and NO2 

are associated with increased risk of low birth weight at term.5 Besides birth 

weight, small for gestational age (SGA) has been found to be associated with 

ambient air pollution.9-12 A population-based cohort study in the Netherlands 

demonstrated an association between small for gestational age and PM10 

exposure.9 Based on ultra sound measurements they suggest that maternal PM10 

exposure is inversely associated with fetal growth during the second and third 

trimester.9 Large studies in Detroit and Sydney show similar observations for 

PM10.
10,11 In addition, adverse effects of NO2 on fetal growth restriction among 

singleton births were noted in Canadian cities.12 

However to the best of our knowledge, no studies have investigated the 

association of air pollution with birth weight and small for gestational age in 

twins. The growth of a twin fetus differs from a singleton after 32 weeks of 

gestation probably due to the restricted capability of the uterine environment to 

nurture more than one fetus at a time.13 This finally results in decreased birth 

weight and increased odds of perinatal mortality.14 Therefore, twins could have 

potentially increased vulnerability to in utero exposure to air pollution. 
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METHODS 

Subjects 

The East Flanders Prospective Twin Survey (EFPTS) is a population based 

register of multiple births in the province of East-Flanders (Belgium).15 The twins 

are ascertained at birth. We geocoded the addresses of 5190 twin born between 

2001 and 2013. We excluded still-born twins (n=56) or twins suffering from 

major congenital malformation (n=70). We excluded twins with missing data; 

birth weight (n=20), gestational age (n=20), zygosity (n=240), maternal age 

(n=6), parity (n=18). This resulted in a final study population of 4760 persons. 

Tissue sampling and zygosity determination 

A trained midwife examined the placentas within 24 hours after delivery 

following a standardized protocol.16 Fetal membranes were dissected, and after 

removing the membranes and blood clots, the fresh unfixed placentas were 

weighed, and their length and thickness were measured. Zygosity was 

determined by sequential analysis based on sex, choriontype, blood group 

determined on umbilical cord blood, DNA fingerprints.17 After DNA-

fingerprinting, a zygosity probability of 0.999 was reached.  

Data collection 

Data recorded by the obstetrician at birth included gestational age, newborns 

birth weight, sex of the twins, birth date, maternal age, parity, mode of delivery 

and mode of conception, and live born versus stillborn. Gestational age was 

based on the last menstruation or on a first trimester ultrasound investigation 

and was calculated as the number of completed weeks of pregnancy. We 

classified births as small for gestational age when birth weight was below the 

10th percentile of the birth weight for a given gestational age and gender 

according to cut-off values based on data from twin births in Flanders from the 

Study Centre for Perinatal Epidemiology (SPE) in the period 2001-2010.18 We 

gathered information on neighbourhood socio economic status. All mothers were 

assigned to statistical sectors (average area = 1.55 km²), the smallest 

administrative entity for which statistical data are produced by the Belgian 
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National Institute of Statistics (NIS), based on their home address. Belgian 

census data (FOD Economie/DG Statistiek) derived from the NIS were used to 

define neighbourhood socio economic status based on annual household income 

(2005). 

Exposure assessment 

Regional background levels of PM10 for each mother’s residential address were 

estimated using a spatial temporal interpolation method (Kriging) that uses land 

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

combination with monitoring stations (n = 19, 44 for PM10 and NO2 in 2002).19 

This model provides interpolated daily PM10 values in 4 × 4 km grids from the 

Belgian telemetric air quality networks. 

Individual mean PM10 concentrations (micrograms per cubic meter) were 

calculated for various periods: last month and week of pregnancy and each of 

the three trimesters of pregnancy, with trimesters being defined as: 1–13 weeks 

(trimester 1), 14–26 weeks (trimester 2) and 27 weeks to delivery (trimester 3). 

This provides the opportunity to explore potentially critical exposure periods 

during pregnancy. Additionally, NO2 exposure was interpolated using the same 

methods as PM10 exposure. 

Statistical analysis 

For data management and statistical analyses, we used SAS software, version 

9.3 (SAS Institute, Cary, NC). All reported p-values are two-sided and were 

considered statistically significant when p < 0.05. The normal distribution of all 

quantitative variables was visually inspected in QQ-plots.  

Mixed modeling was performed to investigate the association between birth 

weight and air pollution exposure. The twins were analyzed as individuals in a 

multilevel regression analysis. To account for relatedness between twin 

members a random intercept was added to the model. The variance-covariance 

structure was allowed to differ between the three zygosity-chorionicity groups. 

Potential confounders and covariates were selected a priori including newborn’s 
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sex, birth order, parity, gestational age (linear and quadratic), season of birth, 

birth year, zygosity and chorionicity, maternal age and neighbourhood 

household income. 

A generalized linear mixed model was used to investigate the association 

between the binary outcome small for gestational age and air pollution 

exposure. In this model similar covariates were used, with exception of 

newborn’s sex and gestational age. 

In addition, we formally tested the air pollution by zygosity interaction on birth 

weight. 

Based on previous evidence between air pollution and birth weight in singleton 

births 20,21 and differences in growth patterns of twins over gestational age 

compared with singletons, 22-24 we stratified the analysis a priori in term (>36 

weeks), moderate to late preterm (32-36 weeks) and very preterm (<32 

weeks). 

RESULTS 

Characteristics of the study population 

Characteristics of the study population are given in Table 1. This study contains 

4760 newborn twins of which 1242 (26.1%) monozygotic and 3518 (73.9%) 

dizygotic twins. Most (51.8%) of the 2409 mothers were primiparous and had an 

average age of 30 years. The median annual income (2005) of the area of 

residence was 19,904 euro. The mean gestational age was 35.8 weeks. Only 

43.9% were term births and most births (50.0%) were born moderate to late 

preterm and 6.1% very preterm. Birth weight averaged (SD) 2431 (525) g and 

half of the newborns were boys. Nine percent of the twins were small for 

gestational age. Table 2 contains the distribution of the air pollution exposure 

during the trimesters and time periods. The mean residential PM10 and NO2 

exposure during pregnancy were 30.7 (27.4-33.6) µg/m³ and 24.4 (20.0-28.3) 

µg/m³, respectively.  
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Birth weight in association with air pollution exposure 

Both before and after adjustment for previously mentioned covariates, birth 

weight was inversely associated with PM10 and NO2. The trimester specific 

exposure windows show that the association between air pollution and birth 

weight was mainly driven by exposure during the third trimester (Table3). For 

each 10 µg/m³ increase in maternal PM10 exposure during the third trimester, 

birth weight decreased by 40.2 g (95% CI: -69.0 to -11.3; p= 0.006) among 

moderate to late preterm twins. The corresponding estimate for a 10 µg/m³ 

increase in NO2 was -27.3 g (95% CI: -52.9 to -1.7; p= 0.04). Stratified 

Table 1 Study population characteristics 

  
Characteristic Total Term Moderate to 

late preterm 

Very preterm 

     
Maternal (n=2409) (n=1054) (n=1204) (n=151) 

Maternal Age (years) 30.3 ± 4.6 30.6 ± 4.6 30.2 ± 4.6 29.3 ± 4.3 

   <20 25 (1.0) 10 (1.0) 15 (1.3) 0 (0) 

   20-29 1016 (42.2) 401 (38.0) 534 (44.3) 81 (53.7) 

   30-35 1040 (43.2) 487 (46.2) 498 (41.4) 55 (36.4) 

   >35 328 (13.6) 156 (14.8) 157 (13.0) 15 (9.9) 

Parity     

   1 1247 (51.8) 482 (45.7) 661 (54.9) 104 (68.9) 

   >1 1162 (48.2) 572 (54.3) 543 (45.1) 47 (31.1) 

Neighbourhood income 

(euro) 

19904 ± 3125 19911 ± 3172 19908 ± 3102 19831 ± 2987 

     

Newborn (n=4760) (n=2088) (n=2380) (n=292) 

Gestational age (weeks) 35.8 ± 2.4 37.7 ± 0.8 34.9 ± 1.3 29.7 ± 1.6 

Zygosity-Chorionicity     

   Dizygotic-Dichorial 3518 (73.9) 1598 (76.5) 1715 (72.1) 205 (70.2) 

   Monozygotic-Dichorial 393 (8.3) 172 (8.3) 196 (8.2) 25 (8.6) 

   Monozygotic-Monochorial 849 (17.8) 318 (15.2) 469 (19.7) 62 (21.2) 

Sex     

   Male 2357 (49.5) 1006 (48.2) 1187 (49.9) 164 (56.2) 

   Female 2403 (50.5) 1082 (51.8) 1193 (50.1) 128 (43.8) 

Newborns birth weight (g) 2431 ± 525 2733 ± 399 2294 ± 406 1388 ± 338 

Twin birth year 2007 ± 3.2 2007 ± 3.1 2007 ± 3.2 2008 ± 3.0 

Small for gestational age 428 (9.0) 22216 (10.3) 193 (8.1) 19 (6.5) 
   
Data presented are means ± standard deviation or number 

(percentage) 
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analysis revealed no significant associations between air pollution exposure and 

birth weight among term and very preterm twins. No significant interaction by 

zygosity in the model of air pollution and birth weight was observed (p≥0.47). 

Table 2 Exposure characteristics 

                                                                              

Percentile 

 

 

Pollution indicator Mean SD Min 5th 25th 50th 75th 95th Max 

          

PM10, µg/m3          

Trimester 1 30.8 6.0 16.5 20.8 26.6 31.0 34.8 40.7 57.1 

Trimester 2 30.7 6.3 13.8 20.5 26.6 30.8 34.8 40.9 54.4 

Trimester 3 30.3 7.1 13.2 19.5 25.2 30.2 34.7 42.4 64.4 

Last month 30.2 8.1 12.3 18.4 24.1 29.6 35.3 44.8 66.4 

Last week 30.1 11.3 9.8 16.8 21.9 27.5 36.2 53.2 82.7 

Whole pregnancy 30.7 4.7 18.4 22.9 27.4 30.7 33.6 38.5 49.3 

NO2, µg/m3          

Trimester 1 24.4 7.1 6.4 13.6 19.1 23.9 28.7 37.5 46.4 

Trimester 2 24.4 7.2 6.6 13.3 19.3 24.0 29.0 37.6 51.9 

Trimester 3 24.2 7.7 5.0 12.7 18.8 23.7 29.0 38.8 48.9 

Last month 24.1 8.0 4.2 12.2 18.2 23.5 29.1 38.9 54.9 

Last week 24.0 9.4 2.0 10.8 17.2 22.8 29.5 41.4 72.5 

Whole pregnancy 24.4 5.9 8.6 16.2 20.0 23.6 28.3 35.2 46.5 

 

Small for gestational age in association with air pollution exposure 

The analysis of trimester specific exposure windows shows that the effect on 

small for gestational age was also mainly driven via exposure during the third 

trimester (Table 4). The odds ratio for small for gestational age was 1.68 (95% 

CI: 1.27 to 2.23; p=0.0003) and 1.51 odds ratio (95% CI: 1.18 to 1.95; 

p=0.001) for each 10 µg/m³ increase in PM10 or NO2 , respectively, during the 

third trimester in twins born moderate to late preterm. The aforementioned odds 

ratio’s were adjusted for previously mentioned covariates. Stratified analysis 

revealed no significant associations between air pollution exposure and small for 

gestational age among term twins as well as in the group of very preterm. 
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DISCUSSION 

We investigated for the first time the association between small for gestational 

age and in utero exposure to air pollution in twins. In twins born between 32-36 

weeks, the odds of small for gestational age increased by 68% (95% CI: 27 to 

123) and 51% (95% CI: 18 to 95) for each 10 µg/m³ increment in PM10 or NO2 

during the third trimester. The corresponding estimates for PM10 and NO2 on 

birth weight showed a reduction of 40.2 g (95% CI: -69.0 to -11.3) and 27.3 g 

(95% CI: -52.9 to -1.7), respectively. These estimates are considerable higher 

than previously reported estimates in term born singletons. An European multi 

cohort study in singletons observed that a 10 µg/m³ increased PM10 and NO2 (10 

µg/m³) concentration during third trimester correspond to a decrease of 6 g 

(95% CI: -15 to 2) and 3 g (95% CI: -7 to 2) in birth weight.25 A meta-analysis 

noted a decrease of 2 g (95% CI: -7 to 3) and 2 g (95% CI: -8 to 4) and in birth 

weight for a 10 µg/m³ increase in PM10 and NO2 concentration. In contrast to 

these studies in term born singletons, in our study air pollution was not 

associated with birth weight nor with small for gestational age, in term born 

twins. 

Twin pregnancies account for a disproportionate degree of maternal and fetal 

workload, in which perinatal complications have been attributed to growth 

aberrations in one or both twins. Twin specific growth charts show a deviation of 

twin birth weights after 33 weeks of gestation compared with singletons.22-24. 

Twins are already at elevated risk for low birth weight since about half of twins 

have low birth weight compared with 6% in singletons.26 Data from a US birth 

register.27 shows that twins account for 23% of all low birth weights.  

Three studies observed that fetal growth reduction 20,21 or very low birth weight 

28 (below the 10th percentile for birth weight, given their gestational age, race, 

and gender) in singletons born before 37 weeks, showed stronger effects of air 

pollution compared with their term born counterparts. They suggest that air 

pollution promotes growth restriction among fetuses already at risk.20 In 

addition possible explanation may be the difference in intrauterine growth 

between singletons and twins. Twins achieve optimal intrauterine growth and 
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development earlier in gestation.29 In addition, the weight of singletons 

increases up to 42 weeks, whereas the curve of twins shows dip after 40 weeks 

of gestation, which is mainly due to the contribution of monochorionic twins.24 

This suggests that fetal weight is most affected by air pollution exposure before 

37 weeks since twins gain most of their weight before 37 weeks. In addition, a 

study in 4232 twins observed that the effect of genetics and common 

environmental factors on birth weight decreases from 25 weeks to the end of 

gestation,30 possibly due to restricted capability of the uterine environment in 

twin gestation.13,30 

Strengths of this study included information on chorionicity and the availability 

of geocoding of individual residences. However, exposure estimates were based 

on the residential address of the mother at time of birth of the twin and no 

information was available on time spend in traffic, occupational activities, 

moving during pregnancy. Although we controlled for a number of potential 

confounders, maternal smoking, a known risk factor for poor birth outcomes, is 

not included in this analysis. Insertion of the umbilical cord is also associated 

with birth weight,31 however, we did not adjust for this in our models since 

information on umbilical cord insertion was missing for a large number of twins, 

especially for twins with opposite sex. No information on diet, drinking and 

smoking habits during pregnancy were available. On the other hand a large 

number of important covariates was taken into account: newborn’s sex, birth 

order, parity, gestational age, season of birth, birth year, maternal age and 

neighbourhood household income. In addition, information on zygosity and 

chorionicity, important tools in twin research, were available for all twins in this 

study. It is reasonable to assume that social economic indicators such as 

neighbourhood household income partly account for nutrition and lifestyle.32 

Our findings have public health relevance. Although intrauterine growth in twins 

may be different from that in singletons, the associations between birth weight 

and cardiovascular risk in twins suggest that birth weight in twins is relevant to 

the development of cardiovascular disease 33 and related to adult blood 

pressure.34,35 The PM10 exposure during the third trimester (30.3 µg/m³) in our 

population was 1.5 times higher than the annual limit value of WHO (20 µg/m³). 

If a reduction of 10 µg/m³ would be achieved this is likely to prevent 40% of the 
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twins who were small for gestational age in moderate to late preterm births. Our 

data shows that the WHO limit value is highly relevant for the protection of 

vulnerable population groups such as twins in their early-life development. 
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ABSTRACT 

Residential traffic exposure is an important environmental source of free radical 

production. Oxidative stress may stimulate mitochondrial proliferation to supply 

energy, however the increasing abundance of dysfunctional mitochondria causes 

further oxidative damage. We investigated maternal residential traffic and 

greenness exposure in association with mitochondrial DNA content in placental 

tissue of twins. 

Among 175 twins of the East Flanders Prospective Twin Survey, maternal traffic 

exposure was determined using Geographic Information Systems and we 

measured mitochondrial DNA content in placental tissue. 

Large effects of the environment on mitochondrial DNA content were observed, 

while genetic factors appeared to play a minor role. In addition, maternal 

residential proximity to traffic and land use indicators were significantly 

associated with placental mitochondrial DNA content. A doubling in distance to 

the nearest major road resulted in a decrease in mitochondrial DNA content of 

8.32% (95 CI: -13.8 to -2.5%; p=0.008). An interquartile range increase in 

residential surrounding greenness in a 100 m to 5 km residential radius was 

associated with a decrease of 5.61 to 10.04% in mitochondrial DNA content. 

We showed that placental mitochondrial DNA content is more influenced by 

environmental factors than genetic factors and is associated with maternal 

residential greenness and traffic indicators. Higher mitochondrial DNA content 

might both intensify and/or be a reflection of oxidative stress. Our molecular 

epidemiological findings may lend support to urban planners to promote local 

greenness for healthy living from early-life onwards. 
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INTRODUCTION  

Human ageing entails increased oxidative damage and mutations in 

mitochondrial DNA while the cellular respiration and ATP generation of 

mitochondria decline.1,2 Changes in mitochondrial DNA content have been 

reported in a several human diseases such as human immunodeficiency virus 

(HIV), metabolic disorders and a wide variety of cancers.3 Mild oxidative stress 

may stimulate mitochondrial biogenesis as an adaptive response to supply 

energy needed for cell survival, this is accompanied by an increased 

mitochondrial DNA content. However, long-term exposure to oxidative stress 

leads to oxidative damage to mitochondria and other intracellular constituents 

including DNA, RNA, proteins, and lipids. This could result in mitochondrial 

dysfunction causing excess generation of reactive oxygen species and further 

oxidative damage which ultimately may lead to cell apoptosis.4 Mitochondrial 

DNA is more vulnerable for oxidative damage than nuclear DNA due the lack of 

protective histones and a less efficient DNA repair system. 

Twin studies can provide an estimation of the genetic heritability of 

mitochondrial DNA content. Besides genetic factors, environmental exposures 

can affect mitochondrial DNA content. Associations were observed between 

mitochondrial DNA content and traffic exposure,5,6 an important environmental 

source of reactive oxygen generating species.7 However until now only one 

study investigated the association between traffic exposure and mitochondrial 

DNA content in placental tissue8 and no studies are available on greenness in 

association with mitochondrial DNA content. We hypothesize that greenness 

could influence mitochondrial DNA content not only via oxidative stress 

reduction but also via psychological stress perception. In the current study, we 

examined maternal residential greenness and traffic exposure during pregnancy 

in association with placental mitochondrial DNA content in twins. 
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METHODS 

Subjects 

The East Flanders Prospective Twin Survey (EFPTS), a population-based register 

of multiple births in the province of East-Flanders (Belgium), started in 1964 to 

enrol twins at birth.9 The twin-population of our investigation was based on a 

previous twin study by Loos et al. (2001).10 From this population we could 

obtain 231 twins of Caucasian Belgian origin born between 1975 and 1982. 

Important for the selection was also the fact that major changes in the road 

network no longer occurred in East-Flanders since 1974. As we used for the 

study the placenta of the selected twins, we had to exclude twins with bad or 

doubtful total DNA quality (n=33), irreproducible triplicate values of 

mitochondrial DNA content (n=16), no information on residential address of the 

mother (n=7), resulting in a final study population of 175 twins. 

Data collection 

Data recorded by the obstetrician at birth included gestational age, birth weight, 

sex of the twins and parental ages. Gestational age was based on the last 

menstruation and was calculated as the number of completed weeks of 

pregnancy. 

At a later stage, the parents of the twins filled out questionnaires. In this way, 

information on maternal smoking during pregnancy and parental education were 

collected retrospectively. Educational level as a proxy of socio economic status 

(SES) was categorized into three groups according to the Belgian education 

system; no education or primary school, lower secondary education, and higher 

secondary education and tertiary education. In addition to individual SES data, 

we gathered information on neighborhood SES. Based on their home address, all 

mothers were assigned to statistical sectors (average area = 1.55 km²), the 

smallest administrative entity for which statistical data are produced by the 

Belgian National Institute of Statistics (NIS). Belgian census data (FOD 

Economie/DG Statistiek) derived from the NIS were used to define neighborhood 

SES based on annual household income in the year 1994.  
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Tissue sampling and zygosity determination 

At time of birth, placentas were examined within 24 hours after delivery by a 

trained midwife following a standardized protocol.11 Fetal membranes were 

dissected, and after removing the membranes and blood clots, the fresh unfixed 

placentas were weighed, and their length and thickness were measured. For 

each twin, placental biopsies were taken close to the surface near the insertion 

of the umbilical cord and stored at -20 °C in a biobank. 

Zygosity was determined by sequential analysis based on sex, choriontype, 

blood group determined on umbilical cord blood, placental alkaline phosphatase, 

and, since 1982, DNA fingerprints.12 After DNA-fingerprinting, a zygosity 

probability of 0.999% was reached. 

Measurement of mitochondrial DNA content 

DNA was isolated from placental tissue using the QIAamp DNeasy blood and 

tissue kit (Qiagen, Venlo, The Netherlands), following the instructions of the 

manufacturer for animal tissues. Quality and concentration of the isolated 

placental DNA was assessed using the Nanodrop 1000 spectrophotometer 

(Isogen Life Science, Belgium). Placental samples with a low DNA yield or 

absorption ratios for A260/A280 that were outside the range of 1.8-2.0 were 

excluded (n=33).  

The method for measuring mitochondrial DNA content was described 

previously.8,13 Relative mitochondrial DNA content was measured in placental 

tissue using a quantitative real-time polymerase chain reaction (qPCR) assay by 

determining the ratio of two mitochondrial gene copy numbers [MTF3212/R3319 

(mitochondrial forward primer from nucleotide 3212 and reverse primer from 

nucleotide 3319) and MT-ND1 (mitochondrial encoded NADH dehydrogenase 1)] 

to two single-copy nuclear control genes [RPLP0 (acidic ribosomal 

phosphoprotein P0) and ACTB (beta actin)]. Extracted genomic DNA was diluted 

to a final concentration of 5 ng/μL in RNase free water prior to the qPCR runs. A 

10 μL PCR reaction mixture contained Fast SYBR® Green I dye 2× mastermix 

(Life Technologies, Foster City, CA, USA), forward (10 µM) and reverse (10 µM) 
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primer, and 2.5 µL of DNA sample. Primer sequences were described 

previously.8 Each PCR reaction was carried out in triplicate and three non-

template controls as well as five inter-run calibrators were included on each 

384-well plate. All samples were analyzed with the 7900HT Fast Real-Time PCR 

system (Life Technologies). The thermal cycling profile was the same for all 

transcripts: 20 sec at 95°C for activation of the AmpliTaq Gold® DNA-

polymerase, followed by 40 cycles of 1 sec at 95°C for denaturation and 20 sec 

at 60°C for annealing/extension. Amplification specificity and absence of primer 

dimers was confirmed by melting curve analysis at the end of each run (15 sec 

at 95°C, 15 sec at 60°C, 15 sec at 95°C). 

After thermal cycling, raw data were collected and processed. CT (cycle 

threshold)–values of the two mitochondrial genes were normalized relative to 

the two nuclear reference genes according to the qBase software (Biogazelle, 

Zwijnaarde, Belgium). The program uses modified software from the classic 

comparative CT method that takes multiple reference genes into account and 

uses inter-run calibration algorithms to correct for run-to-run differences.14 The 

coefficient of variation for the mitochondrial DNA content in inter-run samples 

was 5.0%. All samples were analyzed in triplicate and included in the study 

when the difference in quantification cycle (Cq) value was <0.50. 

Traffic exposure and land use data 

Residential addresses of the mothers at birth were geocoded. Distances to the 

nearest major road with traffic counts available and traffic density were 

determined using Geographic Information System (GIS) functions. All GIS 

analyses were carried out using ArcGIS 10 software. We collected information on 

two traffic indicators at the mother’s residence, i.e., distance to major road and 

traffic density. Traffic density within a 200 m radius (buffer) from the residence 

was equal to the length of each road in this buffer multiplied with the traffic 

count on each specific road. This was calculated for a 200 m buffer in steps of 

10 m. Traffic counts of 2010 were obtained from the Traffic Centre Flanders, 

Department of Mobility and Public Works. Streets with low traffic-carrying 

capacity codes without traffic measurements were assigned a default traffic 

count of 543 vehicles per 24 hours. Traffic densities within a buffer were 
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multiplied by a weight decreasing with distance, following a Gaussian curve.15 

Finally the sum was made for the distance-weighted traffic densities (DWTD) in 

all buffers within 200 m. This was also repeated for 50, 100 and 150 m buffers. 

Semi-natural -, forested -, and agricultural areas (greenness), residential and 

industrial areas in a 5000 m radius from the residential address were estimated 

based on Corine land cover 2000 (European Environment Agency). This was 

repeated for 4000, 3000, 2000, 1000, 500, 300 and 100 m buffers. In addition, 

residential surrounding greenness was also assessed using the Normalized 

Difference Vegetation Index (NDVI) based on Moderate Resolution Imaging 

Spectroradiometer (MODIS) images processed by the Flemish Institute for 

Technological Research (VITO) with a 250 m resolution. NDVI is an indicator of 

greenness based on land surface reflectance of visible (red) and near-infrared 

parts of spectrum. Annual NDVI values were calculated for the year 2000 based 

on 10-day average measurements. 

Statistical analysis 

For data management and statistical analyses, we used SAS software, version 

9.3 (SAS Institute, Cary, NC). All reported p values are two-sided and were 

considered statistically significant when p < 0.05. The distribution of all 

quantitative variables was visually inspected in QQ-plots. Traffic indicators were 

log-transformed to assure normality. Mixed modeling was performed to 

investigate mitochondrial DNA content in association with traffic exposure and 

land-use indicators. The twins were analyzed as individuals in a multilevel 

regression analysis to account for relatedness between twin members by adding 

a random intercept to the model. The variance-covariance structure was allowed 

to differ between the three zygosity-chorionicity groups including dizygotic 

dichorionic, monozygotic dichorionic, and monozygotic monochorionic. 

Covariates were selected a priori including newborn’s sex, gestational age (linear 

and quadratic), birth weight, birth year (linear and quadratic), season of birth, 

zygosity–chorionicity group, maternal age, indicators of socioeconomic status 

(maternal education and neighborhood household income), and smoking during 

pregnancy.  
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Estimation of mitochondrial DNA content by genetic versus 

environmental factors 

Structural equation modelling was performed with Open Mx software 16 in 

complete pairs (110 twins) with the significant traffic exposure indicators from 

the mixed models to estimate the genetic and environmental components of 

variance of placental mitochondrial DNA content. The variance was decomposed 

in additive genetic (A), common environmental (C), and unique environmental 

(E) effects. Common environmental effects are similar between twins such as 

maternal exposure whereas unique environmental effect are different for both 

twins such as insertion of the umbilical cord and unequal blood supply. This is 

the classic ACE model.17 The model makes use of the fact that monozygotic (MZ) 

twins are genetically identical, whereas dizygotic (DZ) twins share half of their 

genes.  

With regard to structural equation modelling the appropriate assumptions were 

checked first and shown to be satisfactory; there were no significant differences 

in means or variances of mitochondrial DNA content between twin 1 and twin 2 

in MZ and DZ twins. The significance of the components in the model was tested 

by dropping these parameters and comparing the fit of the models by use of a 

maximum-likelihood. The model with the lowest Akaike’s information criterion 

(AIC) was preferred. In addition, the difference in fit between the models was 

evaluated with the likelihood ratio chi-square test, which uses the difference 

between the -2 log likelihood (∆ -2LL) of the full (ACE) and the restricted model 

(CE and AE).  

The analyses were performed four times: first (1) the unadjusted placental 

mitochondrial DNA content and then (2) placental mitochondrial DNA content 

adjusted for previously mentioned covariates in the means model. Next (3), we 

adjusted for traffic variable distance to major road and covariates. Additionally 

(4) , the analyses were also performed adjusted for greenness in a buffer of 

5000 m and covariates. 
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RESULTS 

Characteristics of the study population 

Table 1 summarizes the characteristics of the study population including 118 

mothers and the 175 twins: 65.1% (n=114) of the participants included both 

twins from each twin pair, whereas the remaining 34.9% (n=61) only had one 

participating twin from each twin pair. Overall maternal age averaged about 28 

years and ranged from 19 to 40 years. Among the mothers, 36.4% (n=43) 

smoked before pregnancy and 11.0% (n=13) of the mothers continued smoking 

during pregnancy.  

 

  

Table 1 Study population characteristics  
   
Characteristic Monozygotic twins Dizygotic twins 

   

Mother (n=76) (n=42) 

Maternal Age (years) 27.2 ± 4.2 28.1 ± 4.1 

   <20 2 (2.6) 0 (0) 

   20-29 56 (73.7) 27 (64.3) 

   30-35 16 (21.1) 13 (30.9) 
   >35 2 (2.6) 2 (4.8) 

Maternal education 

   Low 29 (38.2) 16 (38.1) 

   Middle 13 (17.1) 10 (23.8) 

   High 34 (44.7) 16 (38.1) 

Neighborhood income (euro/year) 19,651 ± 4,533 18,681 ± 4,035 

Smoking   

   Never 43 (56.6) 19 (45.2) 

   Before pregnancy 23 (30.3) 20 (47.6) 
   Before and during pregnancy 10 (13.1) 3 (7.2) 

   

Newborn  (n=108) (n=67) 

Gestational age (weeks) 37.3 ± 2.5 37.5 ± 2.1 

Sex   

   Male-Male 52 (48.1) 27 (40.3) 

   Female-Female 56 (51.9) 27 (40.3) 

   Male-Female 0 (0.0) 13 (19.4) 

Choriontype   

   Monochorial 50 (46.3) 0 (0.0) 
   Dichorial 58 (53.7) 67 (100) 

Complete-pair in final study   

   Twin with 1 individual in study 44 (40.7) 17 (25.4) 

   Twin with 2 individuals in study 64 (59.3) 50 (74.6) 

Neonate birth weight (g) 2552 ± 522 2622 ± 439 

Twin birth year 1978 ± 1.8 1978 ± 1.9 

Data presented are means ± standard deviation or number (percentage) 
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The twin population comprises 86 (48.1%) males and 89 (50.9%) females. The 

twins had an overall mean gestational age of 37.4 weeks (range 28-42) and a 

mean (±SD) birth weight of 2,579 ± 492 g. Our analysis included 108 (61.7%) 

monozygotic twins and 67 (38.3%) dizygotic twins. We observed no significant 

differences between monozygotic and dizygotic twins for gestational age, birth 

weight, birth year and all the maternal characteristics. The mean relative 

placental mitochondrial DNA content was 1.29 ± 0.95. Table 2 shows the 

distribution of the traffic indicators and Table 3 the distribution of the land use 

indicators. The average distance from the participant’s home address to the 

nearest major road was 417 m (interquartile range (IQR) = 204-1202 m). The 

mean land use in percentiles in a 5000 m buffer was 3.1% of industrial area 

(IQR = 1.2-6.5%), 28% of residential area (IQR = 23-39%) and 68% of 

greenness (IQR = 48-74%). 

Table 2 Distribution of traffic indicators 

                                                                                                 Percentile 

Traffic indicator 
Geometric 

mean 
5th 25th 50th 75th 95th 

       
 

     

Distance to major road, m 417 27 204 433 1202 3123 

       

Distance-weighted traffic density,  

vehicles×km/day: 

50 m buffer 65 0 32 43 71 716 

100 m buffer 137 32 69 99 158 1508 

150 m buffer 189 46 99 139 298 1953 

200 m buffer 199 48 103 153 331 1975 
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Table 3 Distribution of land use indicators 

                                                                                          Percentile 

Traffic indicator Mean 5th 25th 50th 75th 95th 

       

Greenness, %:  
   

5000 m buffer 
61 23 48 68 74 82 

1000 m buffer 42 0 18 44 65 84 

100 m buffer 17 0 0 0 25 100 

       

Residential area, %:      

5000 m buffer 32 14 23 28 39 59 

1000 m buffer 53 15 33 54 72 89 

100 m buffer 81 0 71 100 100 100 

       

Industrial area, %:       

5000 m buffer 3.92 0.00 1.16 3.06 6.50 9.01 

1000 m buffer 3.53 0.00 0.00 0.00 5.13 18.86 

100 m buffer 0.72 0.00 0.00 0.00 0.00 0.00 

       

 
 

Placental mitochondrial DNA content in association with traffic exposure 

Placental mitochondrial DNA content is associated with residential proximity to 

the nearest major road after adjusting for the previously mentioned covariates. 

A doubling in the residential distance to the nearest major road was associated 

with a relative decrease of placental mitochondrial DNA content of 8.32% (95% 

CI: -13.8 to -2.5%; p=0.008) (figure 1). Traffic density in multiple buffers (50 

m; 100 m; 150 m and 200 m) around the maternal residential address was 

significantly associated with mitochondrial DNA content in placental tissue. A 

doubling in distance-weighted traffic density within a 200 m maternal residential 

radius was associated with an increase in placental mitochondrial DNA content of 

10.04% (95% CI: 1.8 to 19.0%, p=0.02). 
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Figure 1 Percentage change in placental mitochondrial DNA content for a 
doubling in traffic indicators during pregnancy. Adjusted for newborn’s sex, 
gestational age (linear and quadratic), birth weight, birth year (linear and quadratic), 
season of birth, zygosity–chorionicity group, maternal age, indicators of socioeconomic 
status (maternal education and neighborhood household income) and smoking during 
pregnancy. Vertical lines denote 95% confidence intervals. Traffic density equals distance-
weighted traffic density. 

 

Placental mitochondrial DNA content in association with land use 

indicators 

For a 22% (IQR) increment of residential surrounding greenness in a 5000 m 

buffer, mitochondrial DNA content was 10.04% lower (95% CI: -15.2 to -4.5%; 

p=0.001). The association between residential greenness and mitochondrial DNA 

content remained significant in smaller buffer sizes. Even the smallest buffer size 

(100 m) was significant. Similar results were obtained with the NDVI data 

(Supplement Table). In contrast to greenness, urbanisation indicators such as 

residential area and industry were associated with higher placental mitochondrial 

DNA content (figure 2). This was only significant for larger buffer sizes (≥1000 

m for residential area and ≥3000 m for industrial area).  
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Figure 2 Percentage change in placental mitochondrial DNA content for an 
interquartile range increase in land use indicators during pregnancy. Adjusted for 
newborn’s sex, gestational age (linear and quadratic), birth weight, birth year (linear and 
quadratic), season of birth, zygosity–chorionicity group, maternal age, indicators of 
socioeconomic status (maternal education and neighborhood household income) and 
smoking during pregnancy. Vertical lines denote 95% confidence intervals. 

 

Mitochondrial DNA content and its variation by genetic versus 

environmental factors 

For the variation in placental mitochondrial DNA content, we did not find 

evidence for a genetic component (A), whereas common environmental sources 

(C) accounted for 49% (95% CI: 26 to 66%) of the variance in the best-fitting 

(CE) model (Table 4). The fit of the ACE model in which the variance is 

decomposed into a genetic, common environment and unique environment was 

similar to the CE model (common environment and unique environment) and 

significantly better than the AE model (genetic and unique environment 

variance).  
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The common environmental source still explained 36% (95% CI: 10 to 57%) 

after adjusting for the covariables; newborn’s sex, gestational age (linear and 

quadratic), birth weight, birth year (linear and quadratic), season of birth, 

zygosity–chorionicity group, maternal age, indicators of socioeconomic status 

(maternal education and neighborhood household income) and smoking during 

pregnancy. This indicates that other environmental factors must play an 

additional role. After adjusting for distance to major road and the previously 

mentioned covariates, the CE model remained the best-fitting model with 

common environmental sources explaining 34% (95% CI: 8 to 56%).  

Adjusting for greenness in a 5000 m buffer and other covariates gave similar 

results for the CE model as best-fitting model. The common environment 

accounted for 34% (95% CI: 8 to 55%) of the total variance of mitochondrial 

DNA content.  

Table 4 Mitochondrial DNA content and its variation by genetic and environmental 
factors 

Variance components Model fit 

a² c² e² AIC 

 

p(∆-2LL) 

 

 
a) unadjusted 

ACE 0.00 (0.00, 0.40) 0.49 (0.09, 0.66) 0.51 (0.34, 0.74) -156 - 

CE - 0.49 (0.26, 0.66) 0.51 (0.34, 0.74) -158 1.00 

AE 0.46 (0.20, 0.65) - 0.54 (0.35, 0.80) -154 0.03 

      

b) adjusted for distance to major road + covariates 

ACE 0.00 (0.00, 0.47) 0.34 (0.00, 0.56) 0.66 (0.44, 0.92) -132 - 

CE - 0.34 (0.08, 0.56) 0.66 (0.44, 0.92) -134 1.00 

AE 0.31 (0.02, 0.54) - 0.69 (0.46, 0.98) -132 0.13 

 

 
The table shows the proportion of unexplained variance for additive genetic (a2), common 

environmental (c2), and unique environmental factors (e2). ACE is a model that contained additive 

genetic, common environmental, and unique environmental factors; AE is a model that contained 

additive genetic and unique environmental factors; CE is a model that contained common 

environmental and unique environmental factors. Structural equation modelling was a) unadjusted, 

b) adjusted for distance to major road + covariates in the means model [ sex of newborn, 

gestational age (linear and quadratic), birth weight, birth year (linear and quadratic), season of 
birth, zygosity–chorionicity group, maternal age, socioeconomic status (maternal education and 

neighborhood household income), and smoking during pregnancy]; AIC, Akaike’s information 

criterion; –2LL, –2 log likelihood. 

 

  



Mitochondrial DNA content and maternal traffic and greenness 

 
 

49 
 

DISCUSSION 

Among 175 twins from the East Flanders Prospective Twin Study, we observed 

that placental mitochondrial DNA content was significantly associated with 

maternal residential traffic exposure and residential landscape: the more traffic 

exposure the more placental mitochondrial DNA content and the more greenness 

the less placental mitochondrial DNA content. It is know that mitochondrial DNA 

is highly susceptible to oxidative stress. Accumulation of mitochondrial DNA 

mutations lead to changes in mitochondrial biogenesis and function that might 

result in alterations of mitochondrial DNA content within cells.4 Traffic exposure 

results in oxidative stress formation,18 whereas exposure to green space serves 

as a buffer to decrease stress.19 

This is the first study investigating the effect of greenness on mitochondrial DNA 

content in placental tissue. We observed lower placental mitochondrial DNA 

content in mothers with more greenness in the residential environment. In 

addition, a higher placental mitochondrial DNA content was noted in mothers 

exposed to more urbanisation indicators such as residential area and industry. 

We postulate that an underlying link between placental mitochondrial DNA 

content and residential greenness includes both psychological and biological 

(oxidative) stress. A Dutch study in 4,529 people showed that the effects of 

stressful life events were significantly moderated in those living in residential 

areas with high amounts of green space.19 Higher psychological stress is not 

only associated with shorter telomere length but also with oxidative stress 20 as 

demonstrated at the cellular level by the relationship between stress hormones 

and oxidative stress.21,22 In addition, self-reported distress has also been related 

to greater oxidative DNA damage (8-OH-dG) in women.23 Oxidative stress 

stimulates mitochondrial proliferation resulting in excess reactive oxygen species 

(ROS) production. However, when the antioxidant capacity is compromised, the 

exposure to high levels of oxidative stress will result in defective mitochondria 

and mutated mitochondrial DNA, eventually resulting in a cyclic increase in ROS 

production and oxidative damage.4 
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Our findings of a higher mitochondrial DNA content in association with higher 

traffic density are consistent with studies reporting a positive association 

between smoking and mitochondrial DNA content in buccal cells and saliva.24,25 

However, a decreased mitochondrial DNA content was noted in placental tissue 

of smoking women.26,27 Although our study contained only 13 women (11%) 

who smoked during pregnancy, a trend towards a higher mitochondrial DNA 

content was observed (smokers vs non-smokers, 1.48 vs 1.30; p=0.15). 

Studies investigating the effect of particulate matter on mitochondrial DNA 

content showed opposite directions of the response to the exposure. Indeed, 

Hou et al. (2010) observed a positive association between PM exposure and 

mitochondrial DNA in blood of healthy steel workers as a result of long-term 

exposure, whereas mitochondrial DNA content was inversely associated with 8-

day average ambient PM10 concentrations in office workers.6 An inverse 

association between air pollution exposure and placental mitochondrial DNA 

content of singletons was noted by Janssen et al. (2012). This discrepancy can 

possibly be explained by sampling location on the placenta resulting in a 

different cell composition.8 Placental tissue biopsies in the study of Janssen et al. 

(2012) were taken at standardized locations across the middle region of the fetal 

side of the placenta, approximately 4 cm away from the umbilical cord.8 We took 

placental biopsies at the maternal side near the insertions of the umbilical cord. 

Differential mitochondrial features have been observed in placental intrauterine 

growth restriction which depends on the cell lineage.28 

Changes in mitochondrial DNA content have been reported in a variety of human 

diseases including cancer, human immunodeficiency virus (HIV) and metabolic 

disorders such as diabetes and obesity.3 The potential health consequences of 

changes in mitochondrial DNA content in early-life are currently unknown. Our 

findings may be particularly relevant for policy makers and urban planners 

designing urban environments, since we observe that not only residential 

greenness in large buffer sizes (5000 m) but also greenness in a small radius 

(100 m) from the residential address is associated with a decrease in 

mitochondrial DNA content.  
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We found low heritability and strong effects of the shared environment on 

mitochondrial DNA content in placental tissue. This is in contrast to other studies 

in adults were mitochondrial DNA content appears to have high heritability. Twin 

studies observed a heritability of mitochondrial DNA content 65% in peripheral 

blood lymphocytes 29 and 35% in buccal cells.30 The estimated heritability of 

placental mitochondrial DNA content is similar to the heritability of telomere 

length in placental tissue.31 These data suggest that biomolecular markers of 

ageing, including mitochondrial DNA content and telomere length,32 depend in 

the placenta on environmental factors rather than genetic variation.  

This is the first study to investigate mitochondrial DNA content in placental 

tissue in twins. The advantage of a twin study is that it can provide information 

on genetics versus environmental contributions in mitochondrial DNA content. 

Additional strengths of this study included information on chorionicity and the 

availability of geocoding of individual residences. The present study has also 

some limitations. The twins were born from 1975 till 1982 and the traffic counts 

dated from 2010. However, Pearson et al. (2000) compared traffic densities with 

an 11-year difference and observed an increase in traffic over time but the 

densities remained highly correlated.15 The land-use data dated from 2000. No 

earlier satellite data on land-use were available. Therefore, it is unlikely that our 

results are influenced by potential time-dependent exposure misclassification. 

CONCLUSIONS 

In conclusion, mitochondrial DNA content in placental tissue, a molecular marker 

of mitochondrial damage, is associated with maternal traffic exposure and 

residential greenness. The consequences of an altered placental mitochondrial 

DNA content on health later in life are currently unknown and should be further 

elucidated in a prospective study. 
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Supplement table 1 Land use indicators in association with placental 
mitochondrial DNA content 

Land use indicators  

(increase in IQR) 

Percentage 

change  
95% CI p value 

    
Greenness: 

5000 m buffer, + 22% -10.04% -15.2 to -4.5% 0.001 

4000 m buffer, +24% -9.64% -14.9 to -4.1% 0.002 

3000 m buffer, + 31% -10.47% -16.6 to -3.9% 0.004 

2000 m buffer, +38% -10.41% -17.4 to -2.9% 0.01 

1000 m buffer, + 44% -11.25% -18.8 to -3.0% 0.01 

500 m buffer, +45% -9.50% -17.2 to -1.1% 0.03 

300 m buffer, + 44% -7.34% -14.9 to  0.8%    0.08 

100 m buffer, + 29% -5.61% -10.5 to -0.4% 0.04 

 

Residential area:    

5000 m buffer, +15% 11.28% 5.3 to 17.7% 0.0005 

4000 m buffer, + 17% 10.40% 4.3 to 16.9% 0.001 

3000 m buffer, + 21 % 11.01% 3.9 to 18.6% 0.003 

2000 m buffer, +23% 8.20% 1.5 to 15.3% 0.02 

1000 m buffer, + 38% 10.5% 1.2 to 20.8% 0.03 

500 m buffer, +40% 6.3% -2.0 to 15.4% 0.14 

300 m buffer, + 44% 5.3% -3.3 to 14.7% 0.24 

100 m buffer, + 31% 5.0% -0.5 to 10.8% 0.08 

 

Industrial area:    

5000 m buffer, + 5 % 14.86% 5.1 to 25.5% 0.003 

4000 m buffer, +6 % 13.19% 4.0 to 23.2% 0.006 

3000 m buffer, +7 % 11.05% 2.0 to 21.0% 0.02 

2000 m buffer, +8% 5.19% -2.9 to 14.0% 0.22 

1000 m buffer, + 5% 0.60% -3.7 to  5.1%  0.79 

 

Normalized Difference Vegetation Index:   

5000 m buffer, + 0.06 -6.29% -11.7  to -0.58% 0.04 

4000 m buffer, +0.07 -5.76% -10.9 to -0.31% 0.04 

3000 m buffer, +0.08 -5.66% -11.1 to 0.05% 0.06 

2000 m buffer, +0.10 -6.39% -12.6 to  0.3% 0.07 

1000 m buffer, + 0.10 -5.20% -10.3 to  0.2% 0.06 

500 m buffer, + 0.11 -5.72% -10.9 to  -0.3 0.04 

250 m buffer, +0.13 -5.26% -10.8 to 0.6% 0.09 

Adjusted for newborn’s sex, gestational age (linear and quadratic), birth weight, birth year 
(linear and quadratic), season of birth, zygosity–chorionicity group, maternal age, indicators 

of socioeconomic status (maternal education and neighborhood household income) and 

smoking during pregnancy. 
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ABSTRACT 

High variation in telomere length between individuals is already present before 

birth and is as wide among newborns as in adults. Environmental exposures 

likely have an impact on this observation, but remain largely unidentified. We 

hypothesize that placental telomere length in twins is associated with residential 

traffic exposure, an important environmental source of free radicals that might 

accelerate ageing. Next, we intend to unravel the nature-nurture contribution to 

placental telomere length by estimating the heritability of placental telomere 

length.  

We measured the telomere length in placental tissues of 211 twins in the East 

Flanders Prospective Twin Survey. Maternal traffic exposure was determined 

using geographic information system. Additionally, we estimated the relative 

importance of genetic and environmental sources of variance. 

In this twin study, a variation in telomere length in the placental tissue was 

mainly determined by the common environment. Maternal residential proximity 

to a major road was associated with placental telomere length: a doubling in the 

distance to the nearest major road was associated with a 5.32% (95% CI: 1.90 

to 8.86%; p=0.003) longer placental telomere length at birth. In addition, an 

interquartile increase (22%) in maternal residential surrounding greenness (5 

km buffer) was associated with an increase of 3.62% (95% CI: 0.20 to 7.15%; 

p=0.04) in placental telomere length. 

In conclusion, we showed that maternal residential proximity to traffic and lower 

residential surrounding greenness is associated with shorter placental telomere 

length at birth. This may explain a significant proportion of air pollution-related 

adverse health outcomes starting from early-life, since shortened telomeres 

accelerate the progression of many diseases. 
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INTRODUCTION 

Telomeres consist of TTAGGG tandem repeats and cap chromosomes.1 They 

undergo progressive attrition in somatic cells because DNA polymerase is unable 

to fully replicate the ends of DNA caused by the unidirectional growth and the 

requirement for a primer to initiate synthesis.2 This is referred to as the end-

replication problem. As a result telomeres progressively shorten in somatic cells 

and a mean leukocyte telomere length has been observed to diminish with 

age.3,4 As ageing starts before birth, not only establishing the telomere length at 

birth is a prerequisite, but also investigating environmental and genetic factors 

influencing telomere length is needed. The placenta plays a pivotal role in fetal 

development and functions as a barrier between fetal and maternal circulation. 

In utero telomere attrition is prevented by telomerase activity but as pregnancy 

progresses its activity in placental tissue declines making telomeres more 

sensitive to degradation.5-7 Maternal stress,8-10 under nutrition,11 exposure to 

cigarette smoke,12,13 and air pollution 14-18 have been linked with fetal growth 

retardation, with compromised fetal cerebral development, and might be linked 

with early onset of insulin resistance.19 It has been suggested that telomere 

length underlies this fetal programming.19 For instance, exposure to maternal 

psychosocial stress during intrauterine life has been associated with shorter 

leukocyte telomere length in young adulthood.20 In adults telomere length was 

observed to be strongly related to the telomere length at birth, which widely 

varied and showed synchrony with telomere length of different organs.21-23 

Ambient air pollution is considered as a global public health threat.24-27 Recent 

studies of maternal exposure to particulate matter (PM), a constituent of 

ambient air pollution, support evidence for detrimental effects of PM exposure on 

the health of fetuses 15,17 and neonates,28,29 and has been associated with 

cardiovascular morbidity and mortality later in life.24,30,31 Oxidative stress and 

inflammation are mechanisms linking exposure to particulate air pollution with 

premature ageing.32,33 Accelerated shortening of telomeres is an important 

pathway by which oxidative stress may accelerate biological ageing and age-

related diseases.34,35 In adults shorter telomere length has been linked with 

long-term exposure to traffic. Hoxha et al. (2009) reported lower leukocyte 
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telomere length in traffic officers compared to office workers and an inverse 

association between telomere length and occupational exposures to benzene and 

toluene.36 The Veteran study reported faster telomere attrition in 70-year olds 

with long-term exposures to airborne particles, especially those related to traffic 

exposure.37 The effect size for an interquartile range (IQR) increase in black 

carbon was equivalent to a 3.04 year increase in age on telomere attrition. 

However, the effect of prenatal traffic exposure on the telomere length in the 

placenta is unknown. Although there is a synchrony in length among tissues of 

the human fetus, significant variations in telomere length among fetuses have 

been observed.22 This variation was also found at birth and the variation among 

newborns appears to be as wide as the variation in adults.21 This variation may 

be the result of both genetic and environmental factors. Indeed, based on twin 

studies 3,38,39 and familial studies,40 telomere length has been shown to have 

genetic determinants. A recent meta-analysis combining estimates of six 

independent studies reported a heritability coefficient for leukocyte telomere 

length of 0.70 in adults (95% CI 0.64–0.76).41 However, until now it is largely 

unknown to what extent genetic versus environmental factors exert their effect 

in utero and attribute to the variation in telomere length at birth.  

As telomere attrition already starts before birth, we examined the association of 

placental telomere length in twins and residential traffic exposure, an important 

environmental source of free radicals that might accelerate ageing.42 Next, we 

intend to unravel the nature-nurture contribution to placental telomere length by 

estimating the heritability of placental telomere length.  

 

MATERIALS AND METHODS 

Subjects 

The East Flanders Prospective Twin Survey (EFPTS) was initiated in 1964 and is 

a population based register of multiple births in the province of East Flanders 

(Belgium). We selected 231 twins of Caucasian origin (99% naturally 

conceived), born between 1975 and 1982, who participated in a prenatal 
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programming study.43 We excluded twins with bad or doubtful DNA quality (n = 

13), or no information on maternal residential address (n = 7). 

Zygosity determination and tissue sampling 

A trained midwife examined the placentas within 24 h after delivery following a 

standardized protocol.44 Fetal membranes were dissected, and after removing 

the membranes and blood clots, the fresh unfixed placentas were weighed, and 

their length and thickness were measured. A blood sample was taken from the 

umbilical cord if the blood groups of the twins had not yet been determined. An 

obstetrician examined placentas with obvious or suspected abnormalities. 

Placental biopsies were taken near the insertions of the umbilical cord and 

stored at -20oC at a biobank. 

Zygosity was determined by sequential analysis based on sex, chorion type, 

umbilical cord blood groups, placental alkaline phosphatase, and, since 1982, 

DNA fingerprints.45 After DNA-fingerprinting, a zygosity probability of 0.999 was 

reached.  

Data collection 

Data recorded by the obstetrician at birth included gestational age, birth weight, 

sex of the twins and parental ages. Gestational age was based on the last 

menstruation and was calculated as the number of completed weeks of 

pregnancy. 

When the twins were at adult age, the parents of the twins filled out 

questionnaires. Maternal smoking during pregnancy and parental education were 

collected retrospectively in this way. Educational level as a proxy of socio 

economic status (SES) was categorized into three groups according to the 

Belgian education system; no education or primary school, lower secondary 

education, and higher secondary education and tertiary education. In addition to 

individual SES data, we gathered information on neighborhood SES. All mothers 

were assigned to statistical sectors (average area = 1.55 km²), the smallest 

administrative entity for which statistical data are produced by the Belgian 
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National Institute of Statistics, based on their home address. Belgian census 

data (FOD Economie/DG Statistiek) derived from the NIS were used to define 

neighborhood SES based on annual household income (1994). 

Telomere length assay  

DNA was isolated from placental tissue using the QIAamp DNeasy blood and 

tissue kit (Qiagen, Venlo, The Netherlands), following the instructions of the 

manufacturer for animal tissues. Telomere length was determined using a 

monochrome multiplex quantitative PCR (Q-PCR) method.46 For multiplex QPCR, 

the telomere primer pair telg and telc (final concentrations of 900 mM) were 

combined with the beta-globin primer pair hbgu and hbgd (final concentrations 

of 500 mM each). Reference genomic DNA (Hela 229 cell line) was used to 

generate two standard curves for each PCR plate, one for the telomere signal 

and one for the single copy gene signal. Reference samples with known telomere 

length, i.e. 5.5 kB (Hela S3 cell line) and 14.5 kB (Hela 229 cell line), were 

included into each run to enable estimation of telomere length in kB. Samples 

were assayed in triplicate and the average was used. Based on the reference 

samples the coefficient of variation was calculated to be 2.5% for within plate 

measurements and 4.9% for measurements between plates. Quality and 

concentration of the isolated placental DNA were assessed using the Nanodrop 

1000 spectrophotometer (Isogen Life Science, Belgium). Due to a low DNA yield 

or to absorption ratios for A260/A280 that were outside the range of 1.8-2.0, 19 

twin pairs were excluded from the analyses.  

Traffic related exposure and land use data 

Residential addresses of the mothers at birth were geocoded. Distances to the 

nearest major road with traffic counts available and traffic density were 

determined using the 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 buffer was equal to the length of each road in a buffer 

multiplied with the traffic count on each specific road. This was calculated for a 

200 m buffer in steps of 10 m. Traffic counts of the years 2000-2010 were 
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obtained from ‘Verkeerscentrum Vlaanderen, Department Mobilteit en Openbare 

werken’. Pearson et al. (2000) compared traffic densities with an eleven year 

difference.47 They observed an increase in traffic over time but the densities stay 

highly correlated. Streets with low traffic-carrying capacity codes without traffic 

measurements were assigned a default traffic count of 543 vehicles per 24 h. 

Airborne exhaust pollution from motor vehicles has high concentrations near 

roads and declines farther away in approximate Gaussian distribution.47 Traffic 

densities within a buffer were multiplied by a weight decreasing with distance, 

following a Gaussian curve. This model was originally developed and applied by 

Pearson et al. (2000) and was based on a Gaussian probability distribution 

assuming 96% of all motor vehicle exhaust pollutants disperse at 152.4 m.47-50 

Finally the sum was made for the distance-weighted traffic densities in all 

buffers within 200 m. This was also repeated for 50, 100 and 150 m buffers. 

Semi-natural and forested -, agricultural -, residential and industrial areas in a 

5000 m radius from the residential address were estimated based on Corine land 

cover 2000 (European Environment Agency). This was repeated for 3000 and 

4000 m buffers. 

Statistical analysis 

For data management and statistical analyses, we used SAS software, version 

9.1 (SAS Institute, Cary, NC). All reported p-values are two-sided and were 

considered statistically significant when p ≤ 0.05.The distribution of all 

quantitative variables was visually inspected in QQ-plots. Telomere length (kbp) 

and the traffic indicators were log-transformed to assure normality.  

To investigate the association between telomere length and traffic exposure 

mixed modeling was performed. The twins were analyzed as individuals in a 

multilevel regression analysis to account for relatedness between twin members 

by adding a random intercept to the model. The variance-covariance structure 

was allowed to differ between the three zygosity-chorionicity groups including 

dizygotic dichorionic, monozygotic dichorionic, monozygotic monochorionic. 
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Covariates were selected a priori including newborn’s sex, gestational age, birth 

weight, birth year (linear and quadratic), zygosity and chorionicity, maternal 

age, indicators of socioeconomic status (maternal education and neighborhood 

household income) and smoking during pregnancy.  

 Additionally, we dichotomized a major road distance according to the distance 

to the nearest major road. The mean telomere length adjusted for covariates 

was compared between mothers living in the lowest tertile (252 m) and were 

compared with mothers living farther away than 252 m. 

Next, structural equation modeling was performed with Open Mx software 51 in 

complete pairs (162 twins) with the significant traffic exposures from the 

regression analyses to estimate the genetic and environmental components of 

variance of the traits. The variance was decomposed in additive genetic (A), 

common environmental (C), and unique environmental (E) effects. This is the 

classic ACE model.52 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. Structural 

equation modeling also offers the quantification of the variance components A, C 

and E and the correction for covariates in the means model. 

With regard to structural equation modeling the appropriate assumptions were 

checked first and shown to be satisfactory; there were no significant differences 

in the means or variances of telomere length between twin 1 and twin 2 in MZ 

and DZ twins. 

Additionally, to test whether genetic and environmental factors influenced a trait 

to the same degree in monochorial and dichorial twins, we compared a 

heterogeneity model (variance components free to differ across different chorion 

types) with a homogeneity model (variance components equal for different 

chorion types).53 Since, no differences were observed we continued working with 

the homogeneity model. 
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The significance of the components in the model was tested by dropping these 

parameters and comparing the fit of the models by use of a maximum-likelihood 

approach with accompanying Akaike’s information criterion (AIC). The model 

with the lowest Akaike’s information criterion was preferred. In addition, the 

difference in fit between the models was evaluated with the likelihood ratio chi-

square test, which uses the difference between the −2 log likelihood of the full 

and the restricted model.  

The analyses were performed six times: first (1) the unadjusted telomere length 

and (2) placental telomere length adjusted for previous mentioned covariates in 

the means model. Next we adjusted (3) for a traffic variable, distance to a major 

road and (4) for distance to a major road and covariates. Additionally, the 

analyses were also performed (5) adjusted for covariates and a land use 

variable; semi-natural -, forested - and agricultural areas in a buffer of 5000 m 

and (6) for this land use variable and covariates. 

RESULTS 

Characteristics of the study population 

Table 1 summarizes the characteristics of the 130 mothers and the 211 twins. 

Maternal age averaged 27.5 years and ranged from 19 to 40 years. Of the 

mothers, 12.3% (n=15) smoked during pregnancy, and 51.6% (n=63) had ever 

smoked. The newborn population, including 122 girls (53.1%) had a mean 

gestational age of 37.3 weeks (range 28–42). Birth weight averaged (±SD) 

2582 ± 476 g. We observed 128 (60.7%) monozygotic twins and 83 (39.3%) 

dizygotic twins. In 76.8% (n=162) of the newborns both twins participated and 

in 23.2% (n=49) only one twin participated. Placental telomere length (±SD) 

was 13.0 ± 8.2 kbp, the minimum was 5.9 kbp and the maximum was 84.4 kbp. 

Table 2 contains the distribution of the traffic indicators. The exposure variables 

were all significantly correlated. The average distance from the participant’s 

home address to the nearest road was 420 m (IQR = 209-1169 m). Dividing the 

twins in two groups resulted in 68 twins (32.2%) living within 252 m (lowest 

tertile) of a major road and 143 twins (68.8%) living farther away. The average 

number of kilometres travelled by all vehicles in a 150 m buffer around the 
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resident in one day equalled to 184 vehicles*km (IQR = 97-279 vehicles*km). 

The average land use in percentiles in a 5000 m buffer was 1% industrial area 

(IQR = 1-6%), 29% residential area (IQR = 23-38%) and 52% combination of 

semi-natural -, forested - and agricultural area (IQR = 47-69%). 

Table 1 Study population characteristics  

   
Characteristic Monozygotic twins Dizygotic twins P-value 

    

Maternal (n=82) (n=48)  

Maternal Age (years) 27.2 ± 4.1 27.9 ± 4.2 0.39 

   <20 2 (2.6) 0 (0) 0.50 

   20-29 58 (74.4) 31 (66.0)  

   30-35 16 (20.5) 14 (29.8)  

   >35 2 (2.6) 2 (4.3)  

Socioeconomic status:   

Maternal education 

 

   Low 35 (42.7) 17 (35.4) 0.46 

   Middle 15 (18.3) 13 (27.1)  

   High 32 (39.0) 18 (37.5)  

Neighborhood income (euro) 19,505 ± 4,503 18,805 ± 3,843 0.37 

Smoking    

   Never 44 (57.9) 19 (41.3) 0.18 

   Before pregnancy 23 (30.3) 21 (45.7)  

   Before and during pregnancy 9 (11.8) 6 (13.0)  

    

Newborn  (n=128) (n=83)  

Gestational age (weeks) 37.2 ± 2.5 37.4 ± 2.2 0.52 

Sex    

   Male-Male 59 (46.1) 32 (38.6) <0.01 

   Female-Female 69 (53.9) 35 (42.2)  

   Male-Female 0 (0.0) 16 (19.3)  

Chorion type    

   Monochorial 60 (46.9) 0 (0.0) <0.01 

   Dichorial 68 (53.1) 83 (100)  

Complete-pair in final study    

   One twin 36 (28.1) 13 (15.7) 0.05 

   Both twins 92 (71.9) 70 (84.3)  

Neonate birth weight (g) 2582 ± 505 2582 ± 433 0.99 

Twin birth year 1978 ± 1.9 1978 ± 2.0 0.86 

Telomere length (kbp) 12.7 ± 6.7 13.5 ± 10.1 0.52 

Data presented are means ± standard deviation or number (percentage) 



Placental telomere length and maternal traffic exposure 

 
 

67 
 

Table 2 Distribution of the traffic and land use indicators 

 
                                                                       Percentile 

 

Traffic indicator Geometric 

mean 

5th 25th 50th 75th 95th 

       

Distance to major road, m 

 

420 29 209 424 1169 2989 

Distance-weighted traffic density:       

50 m buffer, vehicles*km /day 

62 0 31 42 66 628 

Distance-weighted traffic density:     

100 m buffer, vehicles*km /day 

134 38 68 96 158 1407 

Distance-weighted traffic density:     

150 m buffer, vehicles*km /day 

184 46 97 130 279 1793 

Distance-weighted traffic density:     

200 m buffer, vehicles*km /day 

 

194 48 100 144 308 1820 

Semi-natural, forested and agricultural 

area: 5000 m buffer, % 

52 21 47 63 69 78 

Semi-natural, forested and agricultural 

area: 4000 m buffer, % 

54 18 50 69 74 83 

Semi-natural, forested and agricultural 

area: 3000 m buffer, % 

 

50 11 42 66 74 82 

Residential area: 5000 m buffer, % 29 14 23 28 38 59 

Residential area: 4000 m buffer, % 29 14 23 28 40 63 

Residential area: 3000 m buffer, % 

 

32 16 24 30 45 68 

Industrial area: 5000 m buffer, % 2.29 0 1.18 2.98 6.38 8.95 

Industrial area: 4000 m buffer, % 3.16 0 0.80 3.41 7.19 11.58 

Industrial area: 3000 m buffer, % 4.01 0 0 2.86 7.60 13.47 

       

 

Placental telomere length in association with traffic exposure 

Placental telomere length correlated inversely with residential proximity to the 

nearest major road before (figure 1) and after adjustment (Table 3) for 

newborn’s sex, gestational age, birth weight, birth year (linear and quadratic), 

zygosity and chorionicity, maternal age, indicators of socioeconomic status 

(maternal education and neighborhood household income) and smoking during 
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pregnancy. Mothers living close (first tertile: <252 m) had 14% (95% CI: 1%-

24%) lower placental telomere length compared with those living further away 

(≥ 252 m). This percentage decrease corresponds to an absolute decrease of 

placental telomere length of 1.82 kbp (95% CI: 0.14 kbp to 3.12 kbp; p=0.03).  

 

Figure 1 Placental telomere length (log) in association with distance to major road. 

A doubling of the residential proximity to major road was associated with an 

increase of 5.32% (95% CI: 1.90, 8.86%, p=0.003) in placental telomere length 

(Table 3). Increased traffic density was associated with a decreased placental 

telomere length, especially in a small radius from the home. A doubling in 

distance-weighted traffic density within a 50 m maternal residential radius 

tended to be associated with a decrease in placental telomere length of 3.97% 

(95% CI: -7.63, -0.17, p=0.04). A similar trend was observed in a 150 and 200 

m buffer.  
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Table 3 Estimated difference in percentage log telomere length 

 
Percentage 

change 
95% CI 

P-

value 

 

Traffic indicators (2-fold change)  

Distance to major road, log m 5.32% 1.90 to 8.86% 0.003 

Distance-weighted traffic density in 50 m buffer,           

log vehicles*km /day 

-3.97% -7.63 to -0.17% 0.04 

Distance-weighted traffic density in 100 m buffer,          

log vehicles*km /day 

-3.78% -7.42 to 0.009% 0.05 

Distance-weighted traffic density in 150 m buffer,         

log vehicles*km /day 

-3.34% -7.21 to 0.68% 0.11 

Distance-weighted traffic density in 200 m buffer,         

log vehicles*km /day 

-3.39% -7.28 to 0.67% 0.11 

    

Dichotomized traffic indicators (2th and 3th tertile)   

Distance to major road (≥ 252 m) 14% 1 to 24% 0.03 

    

Land use indicators (increase in IQR)     

Semi-natural, forested and agricultural area:  

5000 m buffer, + 22 % 

3.62% 0.20 to 7.15% 0.04 

4000 m buffer, + 24 % 3.23% -0.03 to 6.59% 0.06 

3000 m buffer, +31 % 3.09% -0.70 to 7.03% 0.12 

    

Residential area: 5000 m buffer, + 15 % -3.41% -6.35 to -0.38% 0.03 

4000 m buffer, + 17 % -3.08% -6.02 to -0.05% 0.05 

3000 m buffer, + 21 % -3.15% -6.54 to 0.36% 0.08 

    

Industrial area: 5000 m buffer, + 5 % -4.90% -9.35 to -0.22% 0.04 

4000 m buffer, + 6 % -3.67% -8.01 to 0.88% 0.12 

3000 m buffer, + 8 % -1.52% -5.88 to 3.05% 0.51 

 
Adjusted for newborn’s sex, gestational age, birth weight, birth year (linear and quadratic), 

zygosity and chorionicity, maternal age, indicators of socioeconomic status (maternal education 

and neighborhood household income) and smoking during pregnancy. 

 

Placental telomere length and land use indicators 

The effect of land use indicators appeared to be significant at a larger radius 

than the effect of residential traffic. Residential area in a 5000 m buffer had a 

significant inverse association with placental telomere length: for each IQR 
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(15%) increase in area there was a 3.41% decrease in telomere length (95% 

CI: 6.35, -0.38%, p=0.03). A 3.62% significant increase in telomere length 

(95% CI: 0.20, 7.15%, p=0.04) was observed with an IQR (22%) increase in 

natural and agricultural areas in a 5000 m buffer (residential surrounding 

greenness). A decrease in telomere length of 4.90% (95% CI:-9.35, -0.22%, 

p=0.04) was observed for an IQR (5%) increase in industrial area in a 5000 m 

buffer. 

Placental telomere length variation and its variation by genetic versus 

environmental factors 

For the variation in placental telomere length we did not find evidence for a 

genetic component, whereas common environmental sources accounted for 62% 

(95% CI: 47, 74%) of the variance in the best-fitting (CE) model (Table 4). The 

fit of the ACE model in which the variance is decomposed into a genetic, 

common environment and unique environment was significantly better than the 

AE model (genetic and unique environment variance).  

The common environmental source explained 57% (95% CI: 40, 70%) after 

adjusting for the covariables; newborn’s sex, gestational age, birth weight, birth 

year (linear and quadratic), zygosity and chorionicity, maternal age, indicators 

of socioeconomic status (maternal education and neighborhood household 

income) and smoking during pregnancy. After adjusting for distance to a major 

road and the previously mentioned covariates, the CE model remained the best-

fitting model with common environmental sources explaining 55% (95% CI: 37, 

68%).  

Adjusting for semi-natural, forested and agricultural areas in a 5000 m buffer 

and other covariates resulted in similar results for the CE model as a best-fitting 

model. The common environment accounted for 56% (95% CI: 39, 70%) of the 

total variance of placental telomere length. 
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Table 4 Variance components estimates of placental telomere length 

   
 Variance components Model fit 

  

 a² c² e² AIC P  

(∆ -2LL) 

 
a) unadjusted 

ACE 0.07 (0.00, 0.57) 0.57 (0.11, 0.74) 0.36 (0.23, 0.53) -432 - 

CE - 0.62 (0.47, 0.74) 0.38 (0.26, 0.53) -434 0.78 

AE 0.67 (0.51, 0.77) - 0.33 (0.21, 0.49) -428 0.018 

      

b) adjusted for distance to major road + covariates 

ACE 0.13 (0.00, 0.69) 0.45 (0.00, 0.68) 0.42 (0.27, 0.62) -428 - 

CE - 0.55 (0.37, 0.68) 0.45 (0.32, 0.63) -430 0.64 

AE 0.61 (0.42, 0.74) - 0.39 (0.26, 0.58) -428 0.11 

 

      
Given is the proportion of unexplained variance for additive genetic (a2), common 

environmental (c2), and unique environmental factors (e2); ACE is a model that contained 

additive genetic, common environmental, and unique environmental factors; AE is a model that 

contained additive genetic and unique environmental factors; CE is a model that contained 

common environmental and unique environmental factors.  Structural equation modelling was 

a) unadjusted, b) adjusted for distance to major road + covariates in the means model 

(newborn’s sex, gestational age, birth weight birth year (linear and quadratic), zygosity and 

chorionicity, maternal age, socioeconomic status (maternal education and neighborhood 

household income)  and smoking during pregnancy); AIC, Akaike’s information criterion; –2LL, 

–2 log likelihood. 

 

DISCUSSION 

Among 211 twins from the East Flanders Prospective Twin Study, we 

investigated the association between traffic exposure and placental telomere 

length. We observed that maternal residential proximity to major roads was 

associated with a lower placental telomere length. A doubling in residential 

distance to a major road was associated with a 5.32% increase (95% CI: 1.90, 

8.86%, p=0.003) in placental telomere length. In addition, the percentage of 

surrounding greenness within 5 km of maternal residence was positively 

associated with placental telomere length. These associations could not be 

explained by newborn age, gestational age, birth weight, birth year (linear and 
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quadratic), zygosity and chorionicity, maternal age, indicators of socioeconomic 

status (maternal education and neighborhood household income) and smoking 

during pregnancy. In addition genetic factors appeared to play a minor role in 

placental telomere length. 

The present study has some limitations. The twins were born from 1975 till 1982 

and the traffic counts are dated from 2010. Pearson et al. (2000) compared 

traffic densities with a 11 year difference and observed an increase in traffic 

over time but the densities stayed highly correlated.47 The land-use data were 

dated from 2000. Similar results were obtained with land-use data from 2006. 

No earlier satellite data on land-use were available. Therefore, it is unlikely that 

our results lower placental telomere length in association with distance to a 

major road, and maternal residential green space is not influenced by potential 

time dependent exposure misclassification. Our associations between placental 

telomere length and traffic and residential greenness were independent of 

socioeconomic indicators as exemplified by maternal education at the individual 

level and by group level neighborhood household income did not alter our 

reported associations. 

Our observations of a reduced placental telomere length in association with 

traffic exposure in utero are consistent with other studies in adult populations 

that found an inverse relation between traffic exposure and telomere 

length.36,37,54 The unifying thread for shorter placental telomere length and 

traffic related exposures in utero is likely to be oxidative stress. Oxidative stress 

is central to the ageing process 55,56 and it may accelerate the rate of telomere 

erosion per replicative cycle.33 Indeed, telomeres are highly sensitive to 

oxidative stress induced DNA damage as a result of their high guanine content.57 

In addition, single strand breaks produced by reactive oxygen species have a 

high frequency in telomeric DNA due to an inefficient repair of these breaks. In 

this manner oxidative damage can accumulate.58 Telomeres in placental tissue 

are most vulnerable at the end of gestation. In the beginning of gestation 

telomerase activity is high but this activity declines during pregnancy.5,6 To this 

end, placental telomere length may reflect the cumulative oxidative stress 

burden over in utero life. Inhalation of fine or coarse particles induced an 
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inflammatory response in the lungs of mice.59 This particle induced inflammation 

leads to the activation of alveolar macrophages to produce ROS and resulting in 

oxidative stress.32,42 In addition to lung inflammation, traffic related particles of 

the smallest fraction were observed to translocate into the circulation.60 The 

blood circulation of the mother can transport these particles to the placenta and 

particles with a diameter of less than 240 nm are able to cross the 

transplacental barrier.61 It has been suggested that an adaptive response in the 

fetus to in utero exposures could result in persistent changes that influence 

health later in life.11 Recently, it has been shown that maternal exposure to 

residential traffic was associated with mitochondrial damage, as exemplified by 

lower placental mtDNA content.62 The mtDNA damage reflects oxidative stress 

production and induces mtDNA replication as a compensatory mechanism 

resulting in a vicious circle of more ROS formation from defective 

mitochondria.62 Additionally, exposure to particulate air pollution in early 

pregnancy has been associated with a lower degree of global DNA methylation of 

placental tissue.63 Besides an effect on placental DNA, elevated frequencies of 

DNA deletions were observed in offspring as a result of maternal exposure to 

diesel exhaust particles during gestation. The authors believed that a direct 

particle effect was not present but that it was more likely that the deletions 

arose from transplacental transport of released constituents of the particles into 

the bloodstream of the embryo.32 

The public health significance of shorter telomere length at birth can be 

illustrated by the fact that telomere length at birth is an important predictor for 

telomere length in adulthood.23 We showed that placental telomere length was 

1.82 kbp (95% CI: 0.14, 3.12 %; p=0.03) shorter in mothers who lived within 

252 m of a major road (lowest tertile) than those living farther away. The 

telomere length among multiple organs of the human fetus has been reported to 

be synchronized.21 Given that synchronization in telomere length among multiple 

organs including placenta of the human fetus exists, the observed effect is very 

strong compared with shortening of leukocyte telomere length in adults 

(telomere attrition rate of 0.024 kb/year).64 This effect seems to be unrealistic 

but fits with observations in early-life showing a rapid decline in average 

telomere length from birth through about an age of 4 years after which it 
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remained stable until early adulthood.65 The effects of environmental exposures 

on telomere length may be more pronounced in this period due to the larger 

number of cell divisions. In other words, the early-life effects observed appear 

very large compared with the environmental influences contrasted later in life 

and might attribute to the significant difference in telomere length between 

newborns. Epidemiologic studies have shown that women residing close to major 

roadways have increased odds of adverse birth outcomes including low birth 

weight, preterm birth and small for gestational age.14,16,66-71 This is in line with 

reports on newborns complicated with fetal growth restriction who had lower 

placental telomere length and reduced levels of placental telomerase activity –an 

enzyme responsible for completing replication of telomeric DNA during cell 

divisions– at birth compared to their full grown counterparts.72-74 The proportion 

of observed variation in placental telomere length that can be attributed to 

inherited genetic factors in contrast to environmental ones was low in this study. 

We did not expect such a low contribution of genetic factors in explaining the 

variation as this is in contrast to the observations of leukocyte telomere 

length.41 We assume that the low explained variance of placental telomere 

length by genetic factors might be due to a relatively large variation of common 

environmental factors influencing telomere length during in utero life, compared 

to a low genetic variation, which would consequently result in a low heritability. 

CONCLUSIONS 

To summarize, we showed for the first time that traffic related exposures and 

lower maternal residential greenness surrounding access during pregnancy may 

be a risk factor for shorter placental telomere length at birth. Moreover, genetic 

factors appear to be of minor importance since telomere length in placental 

tissue is mainly determined by the common environment. The consequences of 

environmentally induced shorter placental telomere length for health in later life 

should be further elucidated but it might be a relevant pathway for air pollution-

related adverse health outcomes and its developmental origin.  
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ABSTRACT 

Telomere attrition is extremely rapid the first years of life and lifestyle during 

adulthood exert only a minor impact on telomere ranking. This suggest that the 

early-life is an important period in the determination of telomere length. We 

investigated the importance of the early-life environment on both telomere 

tracking and adult telomere length.  

Among 205 twins of the East Flanders Prospective Twin Survey, telomere length 

in placental tissue and in buccal cells in young adulthood was measured. 

Residential addresses at birth and in young adulthood were geocoded and traffic 

and greenness exposure was determined. The association between telomere 

length early and later in life was investigated and mixed modelling was 

performed to investigate the association between telomere length in young 

adulthood and the early-life environment. 

We observed an association between placental telomere length and telomere 

length in buccal cells in young adulthood. Among twins who were living at a 

different address than their birth address at time of measurement adult 

telomere length and telomere ranking between birth and young adulthood were 

negatively associated with traffic exposure at the birth address. Whereas, traffic 

exposure at the residential address at adult age was not associated with 

telomere length. 

Traffic related exposure in early-life is not only associated with shorter telomere 

length in placental tissue but also in young adulthood. As telomere length is a 

biomarker of ageing, these results suggest that environmental exposure in 

early-life may have implications for health outcome later in life. 
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INTRODUCTION 

Telomeres are located at the end of the chromosomes and protect these regions 

from degradation activities.1 Most human somatic tissues are not able to 

maintain telomere length and the telomeres shorten during cell division resulting 

in telomere attrition with age.2 Eventually the telomeres reach a critical length 

resulting in loss of protection and chromosomal instability.3 Defects in telomere 

length have been implicated in the pathology of several age-related diseases 

including cardiovascular disease,4 diabetes mellitus5 and cancer.6,7 Moreover, an 

association between telomere length and mortality is observed in studies in 

elderly twins showing that the twin with the shortest telomere length has a 

greater risk of death during follow-up than the co-twin with the longest 

telomeres.8,9 This indicates that telomere length might serve as a biomarker of 

human ageing.10 

The decline of telomere length with age has been observed in longitudinal 

studies starting from early adult life till advanced age.11-13 However, cross-

sectional studies comparing individuals with a wide age range from neonates to 

elderly observed that the rate of telomere attrition varied at different ages.14,15 

They show in more than 500 individuals ranging in age from 0 to 90 years that 

telomere loss was extremely rapid in the first year and continued thereafter at a 

slower rate.15 In addition, a longitudinal study measuring telomere length in 

samples donated 12 year apart by 1,156 participants observed that in adults 

telomere length ranking does not change over time.16 They suggest that most of 

the interindividual variation in telomere length among adults is established early 

in life and that lifestyle during adulthood exert only a minor impact on telomere 

ranking.16 This indicates that the early-life is an important period in the 

determination of telomere length and could have a lasting effect on telomere 

length throughout the life course. 

Shorter leukocyte telomere length was observed in traffic officers compared to 

office workers17 and long term exposure to airborne particles especially those 

related to traffic is associated with faster telomere attrition in 70-year olds.18 In 

addition, we observed in previous research that maternal residential proximity to 
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traffic and lower residential surrounding greenness is associated with shorter 

placental telomere length at birth.19 Currently, there is a lack in understanding 

the importance of the early-life environment on both telomere tracking and adult 

life telomere length. We studied the effects of traffic exposure early in life on 

telomere tracking over a three decade period. Our results show that exposures 

early in life have long term consequences and determines telomere length at 

adult life over and beyond later life exposure.  

MATERIAL AND METHODS 

Subjects 

The East Flanders Prospective Twin Survey (EFPTS), a population-based register 

of multiple births in the province of East-Flanders (Belgium), started in 1964 to 

enrol twins at birth.20 The twin-population in our study was based on a previous 

twin study by Loos et al. (2001). From this population we could obtain 196 twins 

of Caucasian Belgium origin with data available on placental telomere length at 

birth and buccal telomere length in young adulthood.21 

Telomere length measurements in placental tissue 

Placental biopsies were taken close to the surface near the insertion of the 

umbilical cord of each twin and stored at -20 °C at a biobank. DNA was isolated 

from placental tissue using the QIAamp DNeasy blood and tissue kit (Qiagen, 

Venlo, The Netherlands), following the instructions of the manufacturer for 

animal tissues. The methods of telomere length measurements in placental 

tissue are described previously.19,22 In brief, telomere length was determined 

using a monochrome multiplex quantitative PCR (Q-PCR) method.23 For 

multiplex QPCR, the telomere primer pair telg and telc (final concentrations of 

900 mM) were combined with the beta-globin primer pair hbgu and hbgd (final 

concentrations of 500 mM each). Reference genomic DNA (Hela 229 cell line) 

was used to generate two standard curves for each PCR plate, one for the 

telomere signal and one for the single copy gene signal. Reference samples with 

known telomere length, i.e. 5.5 kB (Hela S3 cell line) and 14.5 kB (Hela 229 cell 
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line), were included into each run to enable estimation of telomere length in kB. 

Samples were assayed in triplicate and the average was used. 

Telomere length measurements in buccal cells 

Mouth swabs were taken and DNA was extracted with the QIAamp DNA micro kit 

(Qiagen, Venlo, The Netherlands). DNA purity and concentration was assessed 

using the Nanodrop 1000 spectrophotometer (Isogen Life Science, Belgium). 

Relative telomere length was measured in buccal swabs using a adapted 

quantitative real-time polymerase chain reaction (qPCR) method.23 Relative 

telomere length is based on the ratio of telomere length to a single-copy nuclear 

control gene, 36B4 (acidic ribosomal phosphoprotein P0).23 Extracted genomic 

DNA was diluted, resulting in a final input of 5 ng. Telomere PCR reaction 

mixture contained 1X QuantiTect SYBR® Green (Qiagen, Venlo, The 

Netherlands) mastermix, 300 nM primer telg 

(ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAG TGT) and 900nM primer telc 

(TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA) and 2.5 mM DTT. The 

single-copy gene PCR reaction mixture contained 1X QuantiTect SYBR® Green 

(Qiagen, Venlo, The Netherlands) mastermix, 300 nM forward 

(CAGCAAGTGGGAAGGTGTAATCC) and 500 nM reverse primer 

(CCCATTCTATCATCAACGGGTACAA) and 5 ng DNA sample. 

Each PCR reaction was carried out in triplicate and three non-template controls 

as well as six inter-run calibrators were included on each 384-well plate. All 

samples were analyzed using a 7900HT Fast Real-Time PCR system (Life 

Technologies). Telomere PCR conditions were: 1 cycle at 95°C for 10 min 

followed by 2 cycles of 15 sec at 94°C and 2 min at 49°C, and 30 cycles of 15 

sec at 94°C, 20 sec at 62°C and 1 min 40 sec at 74°C. Single-copy gene PCR 

conditions were: 1 cycle at 95°C for 10 min followed by 40 cycles of 15 sec at 

95°C and 1 min 10 sec at 58°C. 

After thermal cycling, raw data were collected and processed. The relative 

average telomere length was calculated as the ratio of CT (cycle threshold)–

value of telomere length to single-gene copy number (T/S) in the study subjects 

compared with that of the averaged T/S value for the study population using the 
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qBase software (Biogazelle, Zwijnaarde, Belgium). The program uses modified 

software from the classic comparative CT method taking the single-copy gene 

into account and uses inter-run calibration algorithms to correct for run-to-run 

differences.24 All samples were analyzed in triplicate and included in the study 

when the difference in quantification cycle (Cq) value was <0.50. The 

coefficients of variation (CV) within triplicates of the telomere and single-gene 

assay were 0.48% and 0.33%, respectively. 

Data collection 

Data recorded by the obstetrician at birth included gestational age, birth weight, 

sex of the twins and parental ages. Gestational age was based on the last 

menstruation and was calculated as the number of completed weeks of 

pregnancy. Zygosity was determined at birth by sequential analysis based on 

sex, choriontype, blood group determined on umbilical cord blood, placental 

alkaline phosphatase, and, since 1982, DNA fingerprints.25 After DNA-

fingerprinting, a zygosity probability of 0.999% was reached. 

At a later stage, the parents of the twins filled out questionnaires. In this way, 

parental education were collected retrospectively. Educational level as a proxy of 

socio economic status (SES) was categorized into three groups according to the 

Belgian education system; no education or primary school, lower secondary 

education, and higher secondary education and tertiary education. The twins 

completed questionnaires to obtain information on smoking status. 

Biometric and laboratory measurements were obtained at the research centre 

during a 2 h morning session. BMI was calculated as body mass (in kg) divided 

by squared height (in m). Total cortisol was determined in 24h urine using the 

ADVIA Centaur Cortisol assay. In fasting blood samples Gama-Glutamyl 

Transferase was measured on an Olympus AU600 Auto-Analyzer (Kyoto, Japan). 

Traffic exposure and land use data 

Residential addresses of the mothers at time of birth of the twin and the 

residential addresses of the twin at time of the measurement were geocoded. 
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Distances to the nearest major road with traffic counts available and traffic 

density were determined using Geographic Information System (GIS) functions. 

All GIS analyses were carried out using ArcGIS 10 software. We collected 

information on two traffic indicators at the mother’s residence, i.e., distance to 

major road and traffic density. Traffic density within a 200 m radius (buffer) 

from the residence was equal to the length of each road in this buffer multiplied 

with the traffic count at each specific road. This was calculated for a 200 m 

buffer in steps of 10 m. Traffic counts of 2010 were obtained from the Traffic 

Centre Flanders, Department of Mobility and Public Works. Streets with low 

traffic-carrying capacity codes without traffic measurements were assigned a 

default traffic count of 543 vehicles per 24 hours. Traffic densities within a buffer 

were multiplied by a weight decreasing with distance, following a Gaussian 

curve.26 Finally the sum was made for the distance-weighted traffic densities 

(DWTD) in all buffers within 200 m. This was also repeated for 50, 100 and 150 

m buffers. 

Semi-natural -, forested -, and agricultural areas (greenness), residential and 

industrial areas in a 5000 m radius from the residential address were estimated 

based on Corine land cover 2000 (European Environment Agency). This was 

repeated for 4000, 3000, 2000, 1000, 500, 300 and 100 m buffers. 

Statistical analysis 

For data management and statistical analyses, we used SAS software, version 

9.3 (SAS Institute, Cary, NC). All reported p values are two-sided and were 

considered statistically significant when p < 0.05. To examine the association 

between telomere length in placental tissue at birth and in buccal cells in 

adulthood, we ranked individual’s telomere length from long to short. We did 

this for telomere length in placental tissue and in buccal cells and calculated 

based on this the difference or decline in telomere length ranking. A positive 

value indicates an increase in ranking and a negative value a decrease in 

ranking. 

Mixed modeling was performed to investigate telomere length and telomere 

ranking in association with covariates. The twins were analyzed as individuals in 
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a multilevel regression analysis to account for relatedness between twin 

members by adding a random intercept to the model. The variance-covariance 

structure was allowed to differ between the three zygosity-chorionicity groups 

including dizygotic dichorionic, monozygotic dichorionic, and monozygotic 

monochorionic. 

First mixed modeling without adjustment was performed and subsequently we 

adjusted for covariates selected a priori, including birth weight, gestational age, 

sex, zygosity-chorionicity, age, parental education level, smoking, Gamma-

Glutamyl Transferase, total cortisol level, and telomere length in placental 

tissue. 

Finally, we investigated the association between telomere length and telomere 

ranking in association with traffic and land use indicators with mixed models 

adjusting for birth weight, gestational age, sex, zygosity-chorionicity, age, 

parental education level, smoking, Gamma-Glutamyl Transferase, and telomere 

length in placental tissue. 

 

RESULTS 

Characteristics of the study population 

Table 1 summarizes the characteristics of the study population. Telomere length 

was measured in placental tissue of 316 twins and in buccal cells of 205 twins. 

Information on telomere length in buccal cells was available for 205 newborn 

twins of which 137 (66.8%) monozygotic and 68 (31.2%) dizygotic. The study 

population includes 131 mothers: 72.2% (n=148) of the participants included 

both twins from each twin pair, whereas the remaining 27.8% (n=57) only had 

one participating twin from each twin pair. At time of the collection of the buccal 

swabs the twins had a mean (SD) age of 22.7 (3.2) years. The distribution of 

the residential traffic and land use indicators at adult age and at birth are shown 

in table 2.  
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Table 1 Study population characteristics   

    
Characteristic Placental 

telomere 

length 

Buccal 

telomere 

length 

Placental and 

buccal telomere 

length 

    
Maternal (n=194) (n=131) (n=125) 

Maternal age, years 27.2 ± 4.3 26.9 ± 4.1 26.8 ± 4.1  

Socioeconomic status: maternal education    

   Low 72 (38.9) 50 (40.7) 46 (39.3) 

   Middle 45 (24.3) 29 (23.6) 28 (23.9) 

   High 68 (36.8) 44 (35.8) 43 (36.8) 

Birth (n=316) (n=205) (n=196) 

Gestational age, weeks 37.1 ± 2.4 37.2 ± 2.4 37.2  ± 2.5 

Neonate birth weight, g 2,562 ± 473 5,577 ± 506 2586  ± 502 

Twin birth year 1976 ± 3.2 1976 ± 3.2 1976 ± 3.2 

Zygosity - Chorionicity    

   Dizygotic-Dichorial 119 (37.7) 68 (33.2) 66 (33.7) 

   Monozygotic-Dichorial 88 (27.9) 63 (30.7) 62 (31.6) 

   Monozygotic-Monochorial 109 (34.5) 74 (36.1) 68 (34.7) 

Adulthood (n=316) (n=205) (n=196) 

Age, years 22.7 ± 3.0 22.7 ± 3.2 22.6  ± 3.1 

Sex    

   Male 144 (45.6) 102 (49.8) 97 (49.5) 

   Female 172 (54.4) 103 (50.2) 99 (50.5) 

Body mass index, kg/m²  21.7 ± 3.2 21.5 ± 2.7 21.5  ± 2.7 

Smokers, n 107 (33.9) 68 (33.2) 66 (33.7) 

Gamma-Glutamyl Transferase, U/L 18.3 ± 12.0 18.0 ± 11.4 17.8  ± 11.3 

Total cortisol (µg/dl) 91.1 ± 41.1 92.7 ± 42.1 92.7 ± 41.9 

Complete-pair in final study    

   One twin 72 (22.8) 57 (27.8) 54 (27.6) 

   Both twins 244 (77.2) 148 (72.2) 142 (72.4) 

Moved since birth 207 (65.9) 137 (66.8) 131 (66.8) 
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Association telomere length in placental tissue and buccal swabs 

Telomere length in buccal cells in adulthood is positively associated with 

placental telomere length (r=0.31, p<0.0001) (Fig 1). Telomere repeat copy 

number-to-single gene copy number (T/S) averaged (SD) 0.89 (0.75) for 

placenta and 1.04 (0.28) in adult buccal cells. 

 

Figure 1 Association between relative telomere length in buccal cells and placenta.  

 

Telomere length in buccal swabs 

We observe longer telomeres in buccal cells in adults with longer telomeres in 

placental tissue (+2.04% per IQR in placental telomere length; 95% CI 0.5 to 

3.6; p=0.02). Telomere length in buccal cells in adults was significant negatively 

associated both in single and multiple variable models with parental education 

(Table 3). 

Longitudinal analysis on telomere tracking 

Results in table 4 show that women have an upward shift in ranking compared 

to men (+22.5; 95% CI -0.4 to 44.5; p=0.05) after adjustment for other 

covariates. Persons with a long telomere length in placental tissue show a 

stronger downward shift in ranking compared to persons with short placental 

telomeres (-38.6; 95% CI -48.1 to -29.2; p<0.0001).  
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Traffic and land use indicators and buccal telomere length in adults 

Twins living further away from a major road at the birth address (doubling) had 

besides 3.6% longer placental telomeres (95% CI 0.2 to 7.2; p=0.04) also 2.6% 

longer buccal telomere length (95% CI 0.5 to 4.8; p=0.02). The difference in 

buccal telomere length was observed among twins who were living at a different 

address than their birth address at time of the measurement (n=137). Telomere 

length in buccal cells in young adulthood correlated inversely with distance-

weighted traffic density within a 200 m buffer at the birth address before (Figure 

2) and after adjustments (Figure 3). A doubling in distance weighed traffic 

density within a 200 m buffer at the birth address was associated with a -2.90% 

decrease in buccal telomere length (95% CI -5.5 to -0.2; p=0.04) among twins 

who moved during life. We observed no significant effect of traffic indicators at 

the residential address in young adulthood or in persons living at the same 

address their whole life (non-movers). Land use indicators were not associated 

with telomere length at adult age. After additional adjustment for cortisol, the 

association between buccal telomere length and traffic exposure remained 

significant (Supplement). 

 

Figure 2 Relative telomere length in buccal cells in association with a) distance to major 

road; b) distance-weighted traffic density (DWTD) within a 200 m radius of the residential 

address at birth. 
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Figure 3 Traffic indicators in association with telomere length in buccal cells. Adjusted 

for birth weight, gestational age, sex, zygosity-chorionicity, age, parental education 

level, smoking, Gamma-Glutamyl Transferase, and telomere length in placental tissue. 

Vertical lines denote 95% confidence intervals. *indicates significant (p < 0.05) change 

in buccal telomere length in adulthood after a doubling in traffic indicators in 

early/adult life. DWTD; distance weighted traffic density. 

 

Traffic and land use indicators and buccal telomere ranking 

In twins who moved during life, we observed a negative effect of traffic 

exposure at the birth address on telomere ranking between birth and young 

adulthood (Figure 4). A doubling in distance from a major road was significantly 

associated with an upward shift in ranking (5.1; 95% CI 0.2 to 9.9; p=0.05). No 

effect of land use exposure on telomere length was observed. No associations 

with traffic or environmental indicators at the residential address in young 

adulthood or at the residential address in non-movers with adult telomere length 

were noted. 
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Figure 4 Traffic indicators in association with change in telomere length ranking between 

birth and adulthood. Adjusted for birth weight, gestational age, sex, zygosity-chorionicity, 

age, parental education level, smoking, Gamma-Glutamyl Transferase, and telomere 

length in placental tissue. Vertical lines denote 95% confidence intervals. *indicates 

significant (p < 0.05) change in telomere length in ranking after a doubling in traffic 

indicators in early/adult life. DWTD; distance weighted traffic density. 

 

DISCUSSION 

Previously, we reported that maternal residential proximity to traffic and lower 

residential surrounding greenness is associated with shorter placental telomere 

length at birth. Here, we studied telomere tracking from birth to young 

adulthood (18-30 years). We found that telomere attrition was enhanced in men 

compared with women and newborns with larger telomeres at birth showed a 

higher attrition rate over the first 3 decades of life. Independent of these two 

determinants, a lower placental telomere length was observed in adults who had 
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higher residential exposure to traffic early in life. Our study has important 

implications as it shows that the effects of traffic related exposure on telomere 

length are not only perceived at birth but are long lasting over the life course. In 

addition, we found that higher exposure showed a more rapid decline or attrition 

over a 30-year period. The combination of both telomere measures at birth and 

in adulthood is unique and has not been reported before. The importance of 

early-life determinants of adulthood telomere length have been observed for 

prenatal stress exposure showing that prenatal exposure to stress is significantly 

associated with shorter telomere length in young adulthood.27 

Our findings suggest that attrition rate is more pronounced in newborns with 

longer telomeres at baseline and are consistent with previous reports of an 

inverse association between telomere attrition rate and initial telomere length in 

blood samples.11,28,29 Two reasons for such a similar observation in attrition 

rates in adult studies have been proposed. First, longer telomeres are more 

susceptible for oxidative stress due the sensitivity of the telomeric G triplet to 

oxidative damage.11 Second, telomerase act preferentially on short telomeres as 

an protection mechanism.29  

We noted that telomere length in buccal cells was longer in women than men 

and that men show a downward shift in ranking compared to women. This is 

confirmed by evidence in literature. Several studies in adults noted that 

telomere length was longer in women than in men.30-33 In contrast to this, 

telomere length in newborns does not differ between males and females.34 

Indicating that the difference in telomere length between men and women is the 

result of age-dependent telomere attrition.33 

We assume that the underlying mechanism between traffic exposure and 

telomere length is oxidative stress and inflammation. Road traffic contributes 

largely to particulate matter pollution. In the lungs phagocytosis of these 

particles by alveolar macrophages can result in oxidative stress and 

inflammation in the lungs.35,36 However, ultrafine particles can even translocate 

into the blood circulation and result in local effects.37 Telomere are highly 

sensitive to oxidative stress due to their high guanine content and the deficient 

repair system of single-strand breaks.38 
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The present study should be interpreted within in the context of its limitations. 

First, telomere length in adulthood was not measured in blood but in buccal 

cells. Despite the absolute difference in telomere length between tissues a 

strong intra-individuals correlations in telomere length exist between blood and 

buccal cells.39 In adults40 and even at birth34,41 a high synchrony in telomere 

length between tissues is present and age-dependent telomere attrition during 

adulthood is very similar across different somatic tissues. Buccal cells may 

provide a better estimation of telomere length since they are more inert and less 

influenced by regulatory factors than white blood cells due to the different 

populations of cells in blood.42 

To summarize, we showed an correlation between telomere length in placental 

tissue and in buccal cells in young adulthood. In addition, we noted that traffic 

related exposure in early-life is not only associated with shorter telomere length 

in placental tissue but also telomere length in young adulthood. As telomere 

length is a biomarker of ageing, these results suggest that environmental 

exposure in early-life may have implications for health outcome later in life and 

that age-related diseases may have their origin in the early-life environment. 
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Supplement table 1 Traffic indicators in association with telomere length in buccal cells. 

Adjusted for birth weight, gestational age, sex, zygosity-chorionicity, age, parental 

education level, smoking, Gamma-Glutamyl Transferase, total cortisol, and telomere 

length in placental tissue. In the twins who moved during life, we additionally adjust for 

traffic indicators in adulthood/early-life. Vertical lines denote 95% confidence intervals. 

*indicates significant (p < 0.05) change in buccal telomere length in adulthood after a 

doubling in traffic indicators in early/adult life. DWTD; distance weighted traffic density. 
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Supplement table 2 Traffic indicators in association with change in telomere length 

ranking between birth and adulthood. Adjusted for birth weight, gestational age, sex, 

zygosity-chorionicity, age, parental education level, smoking, Gamma-Glutamyl 

Transferase, total cortisol, and telomere length in placental tissue. In the twins who moved 

during life, we additionally adjust for traffic indicators in adulthood/early-life. Vertical lines 

denote 95% confidence intervals. *indicates significant (p < 0.05) change in telomere 

length in ranking after a doubling in traffic indicators in early/adult life. DWTD; distance 

weighted traffic density. 
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ABSTRACT 

Previous research shows that, besides risk factors in adult life, the early-life 

environment can influence blood pressure and hypertension in adults. However, 

the effects of residential traffic exposure and residential greenness in the early-

life on blood pressure are currently unknown. 

Ambulatory (24-hour) blood pressures of 278 twins (132 pairs) of the East 

Flanders Prospective Twin Survey were obtained at the age of 18 to 25 years. 

Prenatal and adulthood residential addresses were geocoded and used to assign 

prenatal and postnatal traffic and greenness indicators. Residential surrounding 

greenness was defined as semi-natural -, forested - and agricultural area based 

on CORINE Land Cover. Mixed modelling was performed to investigate blood 

pressure in association with traffic exposure and greenness while adjusting for 

potential confounding factors. 

Among twins who were living at a different address than their birth address at 

time of the measurement (n=181), night-time blood pressure was inversely 

associated with residential surrounding greenness at adult age as well as with 

residential greenness in early-life. After additional adjustment for residential 

greenness exposure in adulthood, an interquartile increase in residential 

greenness exposure in early-life (5000 m radius) was associated with a 2.42 

mmHg (95% CI: -4.7 to -0.2; p=0.04) decrease in adult night systolic blood 

pressure. We found no significant effect of adult residential greenness with adult 

blood pressure, while accounting for the early-life greenness exposure.  

Lower residential greenness in the early-life environment was independently 

associated with a higher adult blood pressure. This indicates that residential 

greenness during the early-life environment has persistent effects on blood 

pressure 
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INTRODUCTION 

High blood pressure is the leading global risk factor for cardiovascular disease 

and mortality in the world.1,2 Long-term exposure to air pollution has been 

associated with increased blood pressure 3 and measures of atherosclerosis, 

including carotid-intima-media thickness.4 In a meta-analysis of 113,926 

participants of the ESCAPE study, a weak positive association was found 

between high traffic exposure in 100 m of the residence and increased systolic 

and diastolic blood pressure, and a elevated odds ratio for prevalent 

hypertension.5 Blood pressure tracks over time and childhood blood pressure is 

closely related with adult blood pressure, increasing later cardiovascular risk.6 

Given that an unfavorable intrauterine environment may contribute to increased 

blood pressure,7 we hypothesized that exposure to traffic related air pollution 

and residential greenness during early-life might be associated with higher blood 

pressure in early adulthood. Prenatal exposure to air pollutants may influence 

epigenetic changes in placental tissue, which might result in fetal growth 

disturbance, an subsequentlymake children more susceptible to the development 

of cardiovascular pathologies and disease later in life. Until now, studies on 

residential greenness and land cover are limited. In the few studies conducted in 

healthy populations of children or young adults, childhood or recent exposures 

to greenness has been associated with blood pressure.8-10 A study in 2,076 

German children showed that lower residential greenness was associated with 

higher blood pressure in 10 year-old children living in an urbanised area.8 A 

Dutch study investigating the effect of neighbourhood-level environmental 

stressors on blood pressure among different ethnic groups observed that living 

in a neighbourhood with a high quality of green space was associated with a 

lower systolic blood pressure and lower odds of hypertension in Moroccans.9 

Similar but non-significant associations were observed among Dutch and Turkish 

ethnic groups.9 In addition, among 3,416 pregnant women of the city Kaunas, 

Lithuania an association was observed between proximity of the place of 

residence to green spaces and lower blood pressure.10 To understand the role of 

early-life traffic related exposure and residential greenness in blood pressure 

tracking into adulthood, we investigated the association between early-life 
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exposure of these environmental exposures on blood pressure in young 

adulthood.  

METHODS 

Subjects 

The East Flanders Prospective Twin Survey (EFPTS), a population based register 

of multiple births in the province of East-Flanders (Belgium), started in 1964 to 

enrol twins at birth.11 The twin cohort in our analysis was based on a previously 

designed twin study conducted containing 424 twin pairs.12 From this population 

we could obtain 333 twins born between 1975 and 1982. We excluded twins 

born before 1975 since no major changes in the road network have occurred in 

East-Flanders since 1974. Their addresses at birth and at adult age were 

geocoded. Twins with missing data were excluded; gestational age (n=4), 

parental education level (n=17), BMI (n=1), 24h urinary sodium and potassium 

(n=6), Gamma-Glutamyl Transferase (n=9), age mother (n=9), neigbourhood 

SES 1994 (n=3), blood pressure (n=6), resulting in a final study population of 

278 persons, 170 monozygotic and 108 dizygotic twins. 

Collection maternal and neonatal data 

Data recorded by the obstetrician at birth included gestational age, birth weight, 

sex of the twins and parental ages. Gestational age was based on the mother’s 

last menstruation and was calculated as the number of completed weeks of 

pregnancy. Zygosity was determined by sequential analysis based on sex, 

choriontype, blood groups based on umbilical cord blood, placental alkaline 

phosphatase, and, since 1982, DNA fingerprints.13 After DNA-fingerprinting, 

zygosity was determined with a 0.999% probability. At a later stage, the parents 

of the twins filled out questionnaires. In this way, maternal smoking during 

pregnancy and parental education were collected retrospectively. Educational 

level as a proxy of socio economic status (SES) was categorized into three 

groups according to the Belgian education system; no education or primary 

school, lower secondary education, and higher secondary education and tertiary 

education. In addition to individual SES data, we gathered information on 
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neighborhood SES. Based on their home address, all mothers were assigned to 

statistical sectors (average area = 1.55 km2), the smallest administrative entity 

for which statistical data are produced by the Belgian National Institute of 

Statistics (NIS). Belgian census data (FOD Economie/DG Statistiek) derived from 

the NIS were used to define neighborhood SES based on annual household 

income in the year 1994. 

Collection data adulthood 

Biometric and laboratory measurements were obtained at the research centre 

during a 2 h morning session. Standing height and weight were measured as 

described in detail before.14 BMI was calculated as body mass (in kg) divided by 

squared height (in m). The twins completed questionnaires to obtain information 

on smoking status and physical activity. Regarding habitual physical activity, the 

twins rated themselves on a 10-point scale after brief instructions, where 1 

represented very little and 10 very intensive physical activity. For example, a 

person with deskbound work, who goes to work by foot and works in the garden 

in his spare time, was instructed to award himself 4–5 points. 

Fasting blood samples were drawn; Gama-Glutamyl Transferase was measured 

on an Olympus AU600 Auto-Analyzer (Kyoto, Japan). Potassium and sodium 

were determined in 24 h urine with ion-selective electrodes (Olympus AU600 

Auto-Analyzer). Before urine collection, participants were asked to select a day 

of normal routine, to drink normally and refrain from caffeine use, and to refrain 

from heavy exercise. 

Ambulatory blood pressure 

Ambulatory blood pressure was monitored using the SpaceLabs 90207 device 

(SpaceLabs, Inc), as previously described.15 The monitor was applied at home 

on the nondominant arm. They were instructed to perform normal activity, but 

not to engage in vigorous physical exercise or contact sports. Recording began 

between 6.00 and 9.00 AM and was finished 24 hours later. The recorders were 

taken every 15 minutes during daytime (8.00 AM to 10.00 PM) and every 30 

minutes during night-time (10.00 PM to 8.00 AM). Whenever a reading could not 
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be successfully completed, the measurement was repeated 2 minutes later. 

Readings were automatically rejected when systolic blood pressure was >220 

mmHg or <70 mmHg and diastolic BP was >140 mmHg or <40 mmHg. In 

addition to the automatic exclusion of readings by the monitor, individuals were 

excluded from further analysis when there were no valid measurements in any 

2-hour period. Night and day were defined with short fixed-clock time periods 

that ranged from midnight to 6.00 and from 10.00 AM to 8.00 PM. We 

investigated systolic and diastolic blood pressure during both night and day. 

Measurements during the morning and evening where excluded. 

Traffic exposure and land use data 

Residential addresses of the mothers at time of birth of the twin and the 

residential addresses of the twin at time of the measurement were geocoded. 

Distances to the nearest major road with traffic counts available and traffic 

density were determined using Geographic Information System (GIS) functions. 

All GIS analyses were carried out using ArcGIS 10 software. We collected 

information on two traffic indicators: distance to major road, and traffic density. 

We calculated the distance-weighted traffic density (DWTD) by adding up the 

traffic density in a 200 m radius (buffer) from the residence weighted by the 

distance based on a Gaussian curve.16 This was also repeated for 50, 100 and 

150 m buffers. The traffic density in a specific buffer size was equal to the length 

of each road in this buffer multiplied with the traffic count at each specific road. 

Traffic counts of 2010 were obtained from the Traffic Centre Flanders, 

Department of Mobility and Public Works. Streets with low traffic-carrying 

capacity codes without traffic measurements were assigned a default traffic 

count of 543 vehicles per day.  

Semi-natural -, forested -, and agricultural areas (greenness), residential and 

industrial areas in a 5000 m radius from the residential address were estimated 

based on CORINE Land Cover 2000 (European Environment Agency). This was 

repeated for 4000, 3000, 2000, 1000, 500, 300 and 100 m buffers.  
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Statistical analysis 

For data management and statistical analyses, we used SAS software, version 

9.3 (SAS Institute, Cary, NC). All reported p-values are two-sided and were 

considered statistically significant when p < 0.05. 

Mixed modeling was performed to investigate blood pressure in association with 

traffic exposure and land-use indicators. The twins were analyzed as individuals 

in a multilevel regression analysis to account for relatedness between twin 

members by adding a random intercept to the model. The variance-covariance 

structure was allowed to differ between the three zygosity-chorionicity groups 

including dizygotic dichorionic, monozygotic dichorionic, and monozygotic 

monochorionic. Covariates were selected a priori including sex, gestational age, 

birth weight, birth year, zygosity–chorionicity group, maternal age, age, 

smoking, physical activity, BMI, 24h sodium and potassium, gamma-glutamyl 

transferase, indicators of socioeconomic status (maternal education and 

neighborhood household income), and smoking during pregnancy. To distinguish 

between exposure early and late in life, we dived the twins in two groups; twins 

who where living at the same address their whole life (non-movers) and twins 

who were living at a different address than their birth address at time of the 

measurement (movers). In the twins who moved during life, we additionally 

adjusted for land use/traffic exposure in adulthood/early-life. 

In addition, we tested potential effect-modifications of the association between 

traffic exposure/land-use indicators and blood pressure by zygosity-chorionicity 

group. 

RESULTS 

Characteristics of the study population 

The average age of mothers was 27.4 years at the time twins were born and 

14.4% of the mothers smoked during pregnancy (Table1). At time the blood 

pressure measurements were taken, the twins had a mean (SD) age of 21 (1.9) 

years and 31% of the twins were current smokers. In our final analysis, 95% 
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(n=264) of the participants included both twins from each twin pair, whereas the 

remaining 5% (n=14) only had one participating twin from each twin pair. A total 

of 181 (65.1 %) of the twins moved between birth address and young adulthood 

(Table 2). No significant interaction by zygosity-chorionicity (p≥0.81) was observed 

in the model of traffic exposure/land-use indicators and blood pressure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 Study population characteristics 

    
Characteristic    

 
Maternal (n=146) 

Maternal age, years 27.4 ± 4.5 

Socioeconomic status: maternal education 

   Low 59 (40.4) 

   Middle 32 (21.9) 

   High 55 (37.7) 

Neighbourhood income, euro 19,447 ± 4,202 

Smoking during pregnancy 21 (14.4) 

  

Birth (n=278) 

Gestational age, weeks 37.0 ± 2.4 

Neonate birth weight, g 2,524 ± 497 

Sex  

   Male 149 (53.6) 

   Female 129 (46.4) 

Twin birth year 1978 ± 2.0 

  

Adulthood (n=278) 

Age, years 20.9 ± 1.9 

Body mass index, kg/m² 21.1 ± 2.8 

Smokers, n 87 (31.3) 

Physical activity score 4.73 ± 2.2 

Potassium excretion, mmol/day 63.2 ± 28.4 

Sodium excretion, mmol/day 128.1 ± 59.4 

Gamma-Glutamyl Transferase, U/L 16.6 ± 8.54 

Zygosity – Chorionicity  

   Dizygotic-Dichorial 108 (38.8) 

   Monozygotic-Dichorial 83 (29.9) 

   Monozygotic-Monochorial 87 (31.3) 

Complete-pair in final study  

   One twin 14 (5.0) 

Both twins 264 (95.0) 

Moved since birth 181 (65.1) 

Data presented are means ± standard deviation or number (percentage) 
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Blood pressure in association with exposure during whole life 

In 97 twins living at the same address their entire life (non-movers), significant 

associations were observed between systolic blood pressure during the night and 

all land use indicators in a 1000 m buffer after adjustment for previously 

mentioned covariates (Figure 1 and supplement figure 1 and 2). An interquartile 

increase in residential greenness exposure within 1000 m residential radius was 

associated with a decrease of 3.06 mm Hg (95% CI: -5.7 to -0.39; p=0.03) in 

night-time systolic blood pressure. Diastolic blood pressure during night and day 

was also inversely associated with greenness in a 300 m radius (-4.2; 95% CI: -

6.8 to -1.6; p=0.004, -3.9; 95% CI: -6.7 to -1.1; p=0.01). Night-time systolic 

and diastolic blood pressure were significantly associated with distance-weighted 

traffic density in a 50 m buffer (2.4; 95% CI: 1.0 to 3.8; p=0.002, 2.6; 95% CI: 

1.4 to 3.8; p=0.0002) (Figure 2). No associations were observed in larger 

buffers. 

Blood pressure in association with exposure in early-life 

In the twins who had moved since birth, an increased systolic blood pressure 

during night was significantly associated with lower greenness and higher 

residential area in early-life after adjustment for previously mentioned 

covariates (Supplement table 1). Exposure to land use indicators in early-life 

remained significant associated with systolic blood pressure during the night, 

even after additional adjustment for land use indicators in adulthood (figure 1 

and supplement figure 1). The association with residential greenness was 

significant for all buffer sizes (residential greenness radius between 100m and 

5000m). An interquartile increase in residential greenness exposure in early-life 

(5000 m radius) was associated with a -2.42 mmHg (95 CI: -4.7 to -0.2%; 

p=0.04) decrease in adult night systolic blood pressure, after additional 

adjustment for residential greenness exposure in adulthood. Diastolic blood 

pressure during the night was significantly associated with residential greenness 

in a 300m buffer (-2.4; 95% CI: -4.2 to -0.7; p=0.0096). No associations were 

observed between blood pressure and traffic exposure in early-life (Figure 2). 

Residential greenness indicators were robust for mutually adjustment for 

distance to major roads, which is a proxy for traffic related exposures. 
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Blood pressure in association with exposure in adulthood 

In the movers, night-time blood pressure was inversely associated with 

residential surrounding greenness at adult age when no adjustments for early-

life exposure were made (Supplement table 2). We found no significant effect of 

adult land use indicators with adult blood pressure, while accounting for the 

early-life land use indicators (Figure 1). Only a significant and positive 

association between diastolic blood pressure during the night and industrial area 

in a 5000 m buffer remains (-2.4; 95% CI: -4.6 to -0.3; p=0.03) (Supplement 

figure 2). Adult diastolic blood pressure during the day was significantly 

associated with distance-weighted traffic density. A doubling in distance-

weighted traffic density in a 100 m buffer is associated with a 1.20 mm Hg (95% 

CI: 0.29 to 2.10; p=0.01) increase in adult diastolic blood pressure after 

adjusting for previously mentioned covariates and traffic exposure in early-life 

(Figure 2). 
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Figure 1: Residential greenness exposure in association with ambulatory blood 

pressure (mm Hg). A) Night systolic, B) Night diastolic, C) Day systolic and D) Day 

diastolic blood pressure. Adjusted for sex, gestational age, birth weight, birth year, 

zygosity–chorionicity group, maternal age, age, smoking, physical activity, BMI, 24h 

sodium and potassium, gamma-glutamyl transferase, indicators of socioeconomic status 

(maternal education and neighborhood household income), and smoking during 

pregnancy. In the twins who moved during life, we additionally adjust for greenness 

exposure in adulthood/early-life.Vertical lines denote 95% confidence intervals. *indicates 

significant (p < 0.05) change in blood pressure after an IQR increase in land use 

indicators. 
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Figure 2: Traffic exposure in association with ambulatory blood pressure (mm 

Hg). A) Night systolic, B) Night diastolic, C) Day systolic and D) Day diastolic blood 

pressure. Adjusted for sex, gestational age, birth weight, birth year, zygosity–chorionicity 

group, maternal age, age, smoking, physical activity, BMI, 24h sodium and potassium, 

gamma-glutamyl transferase, indicators of socioeconomic status (maternal education and 

neighborhood household income), and smoking during pregnancy. In the twins who moved 

during life, we additionally adjust for traffic exposure in adulthood/early-life. Vertical lines 

denote 95% confidence intervals. *indicates significant (p < 0.05) change in blood 

pressure after a doubling in traffic exposure. DWTD stands for distance-weighted traffic 

density. 
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DISCUSSION 

The key finding of our paper is that in this twin population, increased early-life 

exposure to residential greenness was associated with lower blood pressure in 

young adulthood. These results lend further evidence in support of the 

developmental origins of disease hypothesis for blood pressure17 and the role of 

the residential landscape on the blood pressure life trajectory. Changes in blood 

pressure in association with land-use exposure were noted during the night and 

not during the day. There is no clear explanation, but several factors could be 

involved. Due to physical and mental activity, blood pressure is more variable 

during the day than during the night whereas blood pressure during the night is 

more related to basal blood pressure and is a better predictor of mortality and 

coronary heart disease than day-time blood pressure.18 

Our findings are in line with previous studies, showing an association between 

high residential greenness and low blood pressure in children and adults.8,9 A 

German study showed that lower residential greenness was positively associated 

with higher blood pressure in 10-year old children.8 In addition to this, a Dutch 

study observed that a neighbourhood with a high quality of green space was 

associated with a lower systolic blood pressure and lower odds of hypertension 

in adults.9 Similar results were observed in pregnant women, showing a lower 

blood pressure with increasing residential proximity to green spaces.10 However, 

no studies are available on greenness exposure during pregnancy in association 

with blood pressure in the newborn. Although, it is reasonable to expect that 

maternal exposure to greenness also affects newborn blood pressure since a US 

cohort study of 1059 mothers and their newborn infants shows that maternal 

systolic blood pressure during the third trimester of pregnancy is associated with 

the systolic blood pressure among newborns.19 

We postulate that the underlying mechanism between surrounding greenness in 

early-life and blood pressure in young adulthood could be stress. Higher levels of 

green space in residential neighbourhoods, are linked with lower perceived 

stress and a healthier cortisol levels in women in a deprived urban population.20 

Moreover, the presence of multiple psychosocial stressors in women during 

pregnancy are associated with 1.5 mmHg higher systolic and diastolic BP in the 
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offspring at the age of 5–7 years.21 In addition, the prenatal maternal 

psychological status also does influence blood pressure response to stress in the 

child when aged 7-9 years.22 Meta-analysis including 50 cohorts and consisting 

of 617 data points for systolic blood pressure and 547 data points for diastolic 

blood pressure shows that blood pressure in childhood persists in later life.6 The 

blood pressure tracking was greater for systolic than for diastolic blood 

pressure.6 

We did not take into account other types of exposure associated with blood 

pressure such as air pollution and noise pollution, which to some extend might 

also explain our findings to greenness. It might be possible that low air pollution 

concentrations in areas with more surrounding greenness result in a lower blood 

pressure. Studies in adults show that a long-term exposure to air pollution is 

associated with higher blood pressure 3,23-27. The underlying pathway between 

particulate air pollution and blood pressure may be oxidative stress and 

inflammation which can affect placental function and fetal growth 28. Besides air 

pollution, noise may play an import role in the association between residential 

greenness and blood pressure since noise exposure can result in a higher blood 

pressure 29,30. However, the greenness indicators were robust for mutually 

adjustment for distance to major roads, which is a proxy for traffic related 

exposures including carbon and noise. 

A major advantage of this study is that we individually estimated greenness 

exposure of each participant. Our study is the first to include information on 

greenness exposure in the early-life when investigating adult blood pressure. 

Since we cannot differentiate between prenatal and postnatal exposure to 

residential greenness, our study is limited to define the exact time period of the 

exposure. Nevertheless, residential greenness in early-life remained significant 

even after additional adjustment for residential greenness exposure in 

adulthood. We found no significant effect of adult residential greenness with 

adult blood pressure, while accounting for the early-life greenness exposure.  

Strengths include the use of ambulatory blood pressure and the possibility to 

control for potential confounding factors and covariates of blood pressure such 

as age, gender, smoking status, physical activity, BMI, sodium and potassium 
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intake and alcohol consumption. Ambulatory blood pressure was measured at 

home during usual daily activities and is, compared to office measurements, a 

better predictor of all cause and cardiovascular mortality and has a moderate-to-

relatively high tracking stability and predictability over time.31,32 There are a 

number of limitations to our study. The twins were born from 1975 till 1982 and 

the traffic counts are dated from 2010. A previous study comparing traffic 

densities with a 11 year difference, observed an increase in traffic over time but 

showed that the densities at the two time points stayed highly correlated.16 We 

used land-use data from 2000 as no earlier satellite data were available. 

However, strong correlations have been shown over time between 2000 and 

2006 and same results are obtained if the 2006 CORINE Land Cover data were 

used. Since high blood pressure is the leading global risk factor for 

cardiovascular disease and mortality in the world,1 these findings have public 

health implications. Previous studies have shown that a small reduction in blood 

pressure at the population level could have a major impact in reducing morbidity 

and mortality.33 Even, a 2 mm Hg lower systolic blood pressure at the population 

level would result in an 10% overall reduction in mortality due to stroke 

mortality and about 7% lower mortality from ischemic heart disease or other 

vascular causes in middle age.33 Our findings indicate that more surrounding 

greenness at the residential address in early-life shows lower blood pressure in 

adult life. This may be especially relevant for policy makers and urban planners 

for designing healthier urban environments. 
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Supplement figure 1: Residential area in association with ambulatory blood 

pressure (mm Hg). A) Night systolic, B) Night diastolic, C) Day systolic and D) Day 

diastolic blood pressure. Adjusted for sex, gestational age, birth weight, birth year, 

zygosity–chorionicity group, maternal age, age, smoking, physical activity, BMI, 24h 

sodium and potassium, gamma-glutamyl transferase, indicators of socioeconomic status 

(maternal education and neighborhood household income), and smoking during 

pregnancy. In the twins who moved during life, we additionally adjust for residential area 

in adulthood/early-life. Vertical lines denote 95% confidence intervals. *indicates 

significant (p < 0.05) change in blood pressure after an IQR increase in land use 

indicators. 
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Supplement figure 2: Industrial area in association with ambulatory blood 

pressure (mm Hg) in twins. A) Night systolic, B) Night diastolic, C) Day systolic and D) 

Day diastolic blood pressure. Adjusted for sex, gestational age, birth weight, birth year, 

zygosity–chorionicity group, maternal age, age, smoking, physical activity, BMI, 24h 

sodium and potassium, gamma-glutamyl transferase, indicators of socioeconomic status 

(maternal education and neighborhood household income), and smoking during 

pregnancy. In the twins who moved during life, we additionally adjust for industrial area in 

adulthood/early-life. Vertical lines denote 95% confidence intervals. *indicates significant 

(p < 0.05) change in blood pressure after an IQR increase in land use indicators. 
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In this doctoral dissertation, we assessed the effect of environmental exposure 

in the early-life environment of twins on outcomes both early and later in life 

made possible in the framework of the East Flanders Prospective Twin Survey. 

This register collects information at birth, examines the placenta, determines 

zygosity and chorionicity and takes placental tissue biopsies of twins born in 

East Flanders. Based on the birth address, air pollution exposure was estimated 

in 4760 twins born between 2002 and 2013 to study the effect on birth weight. 

A subset of twins participated in a follow-up study in young adulthood during 

which additional information and biological samples were collected and clinical 

examinations were performed. An estimation of the residential environmental 

exposure was possible due to the availability of the residential address at birth 

and in young adulthood at the time of the follow-up. The twins in the subset 

were born between 1975 till 1982 and no air pollution models were available for 

this time period but we were able to estimate residential traffic exposure and 

residential surrounding greenness using Geographic Information System (GIS) 

functions. 

We observed that prenatal exposure to air pollution and traffic was respectively 

associated with a suboptimal fetal growth and a change in placental biomarkers 

of ageing. Besides these outcomes at birth, we noted that exposure to traffic 

early in life was associated with shorter telomere length in young adulthood and 

that surrounding greenness in early-life is associated with a lower blood 

pressure in adulthood. We will discuss these study findings, propose underlying 

mechanisms and suggest possible health implications. 

 

1. DISCUSSION OF THE STUDY FINDINGS 

1.1 Birth outcomes 

Twins are already at elevated risk for low birth weight since about half of twins 

have low birth weight compared with 6% in singletons.1 The growth of a twin 

fetus differs from a singleton after 32 weeks of gestation probably due to the 

restricted capability of the uterine environment to nurture more than one fetus 
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at a time.2 This finally results in decreased birth weight and increased odds of 

perinatal mortality.3 Therefore, twins could have potentially increased 

vulnerability to in utero exposure to air pollution. 

Several studies in singletons have shown that maternal exposure to ambient air 

pollutants is associated with low birth weight.4-7 A European multi-cohort study 

observed that PM10 and NO2 are associated with increased risk of low birth 

weight at term.4 Besides birth weight, small for gestational age has been found 

associated with ambient air pollution.8-11 However, until now it is unknown to 

what extent particulate matter air pollution in early-life exerts its effect on birth 

weight and small for gestational age in twins. 

We studied the association between in utero exposure to air pollution and birth 

weight or small for gestational age among 4,760 twins (2002-2013) of the East 

Flanders Prospective Twin Survey. No associations between air pollution and 

birth weight or small for gestational age were observed among term born twins. 

However, in twins born after 32-36 weeks of gestation, birth weight showed a 

decrease by 40.2 g for respectively a 10 µg/m³ increment in PM10 or NO2 during 

the third trimester. The corresponding estimates for PM10 and NO2 on small for 

gestational age, showed increased odds of 1.68 and 1.51, respectively. These 

estimates are considerably higher than previously reported estimates for term 

born singletons.  

Most studies performed in singletons only investigated term births. However, in 

twins more than 50% is born preterm.12 Three studies in singletons on fetal 

growth reduction 13,14 or very low birth weight 15 showed stronger effects of air 

pollution in preterm compared to term births. Winckelmans et al. (2015) 

proposed that the increased in utero time in term-born infants could possible 

compensate for the effects of exposure.14 Since twins achieve their optimal 

growth earlier in gestation, we assume that term-born twins have more time to 

compensate. 
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Possible underlying mechanisms 

Kannan et al. (2006) suggest five possible, albeit not exclusive, biologic 

mechanisms underlying the association between maternal exposure to 

particulate matter and birth outcomes.16 The mechanisms are oxidative stress, 

inflammation, blood coagulation, endothelial function, and hemodynamic 

responses which all may have an important effect on placental function (Figure 

7.1). The most plausible and best studied mechanism is oxidative stress. After 

inhalation into the lungs, phagocytosis of particulate matter by alveolar 

macrophages can result in oxidative stress and inflammation.17 The very fine 

particles can even translocate into the mother’s blood circulation,18 be 

transported to the placenta and influence placental growth and function.19 The 

placenta is not only a mediator between the mother’s environmental exposure 

and the fetus, but also managed nutrient and oxygen transfer, key determinants 

of fetal growth. 

 

 

Figure 7.1. Possible biological pathways between exposure to particulate matter and birth 

outcomes adapted from Kannan et al., 2006.16 PTD, preterm delivery (PTD); LBW, low 

birth weight; IUGR, intrauterine growth retardation. 

 



General Discussion 

 
 

131 
 

Health implications later in life 

The Developmental Origins of Health and Disease hypothesis, often called the 

‘Barker hypothesis’, states that adverse influences in the early-life environment 

can result in increased disease risk in adulthood.20 Barker’s work in the 1990s 

showed an association between low birth weight and several diseases.21-27 This 

is confirmed in more recent studies showing an association between low birth 

weight with an increase risk in the development of insulin-resistance 

syndrome,28 hypertension,29 cardiovascular diseases,28 and cardiovascular 

mortality.30 The association of birth weight with cardiovascular risk 31 and adult 

blood pressure 32,33 is also observed in twins. This suggests that, although 

intrauterine growth in twins is different from that in singletons, birth weight in 

twins is also relevant to the development of cardiovascular disease.31 

Various causal pathways that have been hypothesized as mechanisms 

underlying the association between birth weight and disease development are 

described by Jaddoe and Witterman (2006). They proposed central roles for fetal 

undernutrition, increased cortisol exposure, genetic susceptibility and 

accelerated post-natal growth.34 In addition to birth outcomes, we have 

investigated another mechanism that may link traffic related air pollution during 

gestation with disease outcome later in life, i.e. cellular ageing. 

1.2 Biomarkers of ageing 

1.2.1 Mitochondrial DNA content 

Traffic exposure is an important environmental source of reactive oxygen 

generating species.35 Mitochondrial DNA is vulnerable for oxidative damage due 

the lack of protective histones and a less efficient DNA repair system compared 

to nuclear DNA.36 With advanced age, mutations and oxidative damage in 

mitochondrial DNA accumulates and causes a decrease in functionality.37  

A small number of studies showed an effect of air pollution on mitochondrial 

DNA content, however, opposite directions of response to exposure were also 

observed. Among healthy steelworkers a positive association between long-term 
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particulate matter exposure and mitochondrial DNA in blood was observed,38 

whereas blood mitochondrial DNA content was inversely associated with 8-day 

average ambient PM10 concentrations in office workers.39 NO2 exposure during 

pregnancy 40 and PM10 exposure during the last month of pregnancy 41 were 

inversely associated with placental mitochondrial DNA content of singletons. 

Mediation analysis suggested that 10% of the association between prenatal NO2 

and birth weight was mediated by changes in placental mtDNA content.40 

We investigated the relative importance of genetic and environmental sources 

on the variance of mitochondrial DNA content in placental tissue among 179 

twins. In addition we studies the association between maternal residential traffic 

exposure and surrounding greenness with placental mitochondrial DNA content. 

We noted that mitochondrial DNA content was mainly determined by the 

common environment, while genetic factors appeared to play a minor role. We 

showed that lower residential surrounding greenness and an increased distance 

between the maternal residence and the nearest major road is associated with a 

lower mitochondrial DNA content at birth. A doubling in the residential distance 

to the nearest major road was associated with a relative decrease of placental 

mitochondrial DNA content of 8.3%. For an interquartile range increase (22%) in 

maternal residential surrounding greenness in a 5000 m radius, mitochondrial 

DNA content was 10.0% lower. The association between residential greenness 

and mitochondrial DNA content remained significant in smaller buffer sizes. 

This is the first study to show that maternal surrounding greenness is associated 

with a decrease in mitochondrial DNA content in placental tissue. In contrast to 

other studies investigating air pollution exposure during pregnancy that noted a 

decrease in placental mitochondrial DNA content,40,41 we observed that 

residential traffic exposure is associated with an higher placental mitochondrial 

DNA content. This discrepancy can possibly be explained by sampling location on 

the placenta resulting in a different cell composition since differential 

mitochondrial features have been observed in placental intrauterine growth 

restriction depending on the cell lineage.42 
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Possible underlying mechanism 

As previously mentioned, air pollution and traffic can entail oxidative stress and 

inflammation in placental tissue. Oxidative stress will stimulate mitochondrial 

proliferation and mitochondrial DNA copy number to supply more energy to 

meet the need for cell survival. However, when the capacity of the antioxidant 

system is compromised, excess production of reactive oxygen species (ROS) will 

result in defective mitochondria and mutated DNA, and a cyclic increase in ROS 

production and oxidative damage. This will also cause excess ROS production 

and further oxidative damage.43 

Health implications later in life 

The consequences of an altered placental mitochondrial DNA content on the 

mitochondrial DNA content later in life are currently unknown. However, it could 

be possible that this has an effect on ageing and the development of diseases 

later in life such as cancer and metabolic disorders.44 

1.2.2 Telomere length 

Besides mitochondrial DNA content, we also studied telomere length, an 

established biomarker of ageing. Cross-sectional studies comparing individuals 

with a wide age range from neonates to elderly, observed that the rate of 

telomere attrition varied at different ages 45,46 and that telomere attrition was 

extremely rapid in the first year and continued thereafter at a slower rate.46 This 

suggest, that early-life is an important period in the determination of telomere 

length. 

In adults, long-term exposure to traffic has been linked to shorter telomeres.47,48 

Leukocyte telomere length in traffic officers is shorter compared to office 

workers 47 and long-term exposure to airborne particles, especially those related 

to traffic, is associated with faster telomere attrition in 70-year olds.48 However, 

the impact of early-life exposure on telomere length in placenta and on telomere 

length later in life is not studied until now. 
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We investigated the effect of in utero exposure to traffic and greenness on 

telomere length in placenta tissue of 211 twins. Variation in telomere length in 

placental tissue is mainly determined by the common environment. We showed 

that maternal residential proximity to traffic was associated with shorter 

telomeres in placental tissue and that an increase in maternal surrounding 

greenness is associated with longer telomeres in placental tissue. A doubling of 

the distance between the residence and the nearest major road was associated 

with an increase of 5.3% in placental telomere length. A 3.6% significant 

increase in telomere length was observed with an interquartile (22%) increase in 

greenness in a 5000 m radius. 

Additionally, we investigated telomere length in buccal cells in young adulthood 

among 205 twins. We observed a strong association between placental telomere 

length and the telomere length in buccal cells taken at an average age of 23 

year. In addition, we also observed that traffic exposure early in life is 

associated with telomere length in young adulthood among twins who were not 

living at their birth address at time of the measurement. Twins living further 

away from a major road at the birth address (doubling) had 2.6% longer 

telomeres. We even observed that persons with a high traffic exposure early in 

life had a decline in ranking of telomere length between birth and adulthood. 

However, no effects of surrounding greenness in early-life on telomere length 

later in life were noted. 

Surrounding greenness was only associated with placental telomere length 

suggesting that the presence of greenness in early-life has no lasting effects on 

telomere length. This suggest that the underlying pathway between greenness 

and telomere length differs from that of traffic exposure and telomere length. 

Indeed, we observed that traffic exposure early in life not only has an effect on 

placental telomere length but also on telomere length at adult age measured in 

buccal cells. These results do not only indicate the importance of early-life 

exposure but they also suggest that telomere length may serve as a possible 

underlying mechanism between early-life exposure and potential disease 

outcome later in life. 
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Possible underlying mechanism 

Similar to mitochondrial DNA content, we assume that the underlying 

mechanism between traffic exposure and telomere length is oxidative stress. 

Telomeres are highly sensitive to oxidative stress due to their high guanine 

content and the deficient repair system of single-strand breaks.49 

However, the underlying mechanism between exposure to greenness and 

telomere length can also be the result of maternal psychological stress since 

higher levels of green space in residential neighbourhoods are linked with lower 

perceived stress and healthier cortisol levels.50 Maternal psychological stress 

during pregnancy is linked with newborn leukocyte telomere length 51 and even 

with telomere length in young adulthood.52 These studies suggest that prenatal 

psychological stress could affect telomere length in the newborn trough several 

interrelated biological pathways. The first pathway is transplacental transport of 

the stress hormone cortisol. Second, is the release of placental hormones such 

as placental corticotrophin-releasing hormone. Third, is the induction of an 

altered placental physiology including blood flow and metabolism. The fourth 

suggested pathway deals with effects on the developing immune system. And 

finally, stress hormones and insulin may induce inflammation and oxidative 

stress mediators. 

Health implications later in life 

Longitudinal studies in adults showed that telomere ranking is stable during 

adulthood,53 suggesting that the effects in young adulthood also remain later in 

adult life. Hence, telomere length is concidered as a marker of the biological 

ageing process 54 and a general risk factor for age-related diseases in adults and 

elderly. We assume that short telomere length in young adult will result in an 

increased risk of diseases, such as cardiovascular disease,55 diabetes mellitus,56 

and cancer.57,58 
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1.3 Greenness in early-life and blood pressure in young adulthood 

High blood pressure is the leading risk factor for cardiovascular disease and 

mortality in the world.59,60 Risk factors for high blood pressure are not limited to 

adulthood but can also originate from early-in-life perturbations such as birth 

weight 22 and maternal smoking.61 We investigated the effects of residential 

traffic exposure and presence of residential greenness in the early-life on 

ambulatory blood pressure in young adulthood. 

Long-term exposure to air pollution has been associated with blood pressure.62 

In addition, a meta-analysis showed a weak positive association between high 

traffic exposure within 100 m of the residence and systolic or diastolic blood 

pressure.63 A negative association between greenness and blood pressure was 

observed in the limited number of studies conducted. Among 10 year-old 

children living in an urbanised area, low residential greenness was associated 

with higher blood pressure.64 Similar results were observed in a Dutch study 

showing that living in a neighbourhood with a high quality of green space was 

associated with a lower systolic blood pressure and lower odds of 

hypertension.65 In addition, among 3416 pregnant women an association was 

observed between proximity of the place of residence to green spaces and lower 

blood pressure.66 

In our study, ambulatory (24-hour) blood pressure of 278 twins was obtained at 

the age of 18 to 25 years. Among twins who were not living at their birth 

address at time of the measurement (n=181), night-time blood pressure was 

inversely associated with residential surrounding greenness in early-life, while 

adjusting for residential greenness exposure in adulthood. An interquartile 

increase in residential greenness exposure in early-life (5000 m radius) was 

significantly (p=0.04) associated with a 2.42 mmHg decrease in adult night 

systolic blood pressure. We found no significant effect of adult residential 

greenness with adult blood pressure, while accounting for the early-life 

greenness exposure. Traffic exposure in early-life was not associated with adult 

blood pressure. 
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Changes in blood pressure in association with greenness exposure during early-

life were noted during the night and not during the day. A possible reason can 

be that blood pressure is more variable during the day and more related to basal 

blood pressure during the night. We did not observe any effect of traffic 

exposure during early-life on blood pressure. This suggest that exposure to 

greenness has other beneficial effects, besides reduced air pollution and traffic 

exposure, that may influence blood pressure later in life. A possible mechanism 

could be perceived stress. 

Possible underlying mechanism 

An underlying mechanism between surrounding greenness in early-life and blood 

pressure in young adulthood may be stress. Higher levels of green space in 

residential neighbourhood, are linked with lower perceived stress and a healthier 

cortisol levels in women in a deprived urban population.50 Moreover, prenatal 

maternal psychological status has an effect on blood pressure in their offspring 

at the age of 5-7 years 67 and blood pressure response to stress at the age of 7-

9 years.68  

Stress exposure in the mother will activate the the hypothalamic-pituitary-

adrenal axis (HPA axis), resulting in the release of multiple hormones, including 

cortisol.69 Fetuses are protected from higher maternal cortisol concentrations by 

the placental enzyme 11β-hydroxysteroid dehydroxysteroid dehydrogenase-type 

2 (11β-HSD2) that can covert cortisol to inactive cortisone.69 Animal models 

show that an acute stressor will up-regulated this enzyme, while chronic 

maternal stress reduced the capacity to react to acute stress.70 Inhibition of 

11β-HSD throughout the pregnancy of rats results in low birth weight and 

elevated blood pressure in the adult offspring.71 

Health implications later in life 

The changes in blood pressure observed in young adulthood may have 

implications for blood pressure later in life since increased blood pressure in 

childhood can be persistent.72 Even findings of a small reduction in blood 

pressure may have a major impact in reducing morbidity and mortality.73 



Chapter 7 

 
 

138 
 

Lowering systolic blood pressure by 2 mm Hg at the population level would 

result in an 10% overall reduction in mortality from stroke and about 7% lower 

mortality from ischemic heart disease or other vascular causes in middle age.73 

 

2. EARLY-LIFE EXPOSURE AND DISEASE OUTCOME LATER IN LIFE 

We hypothesize that early-life exposure to air pollution, traffic, and a reduction 

in surrounding greenness may result in disease development later in life. Our 

findings are currently insufficient to confirm this hypothesis. Due the young age 

of the study population at follow-up, aged-related diseases where not fully 

developed yet. However, an additional follow-up of the same study population at 

a more advanced age could provide evidence to lend support to our hypothesis. 

Despite the young age of our study population, we already observed changes 

due to environmental exposure in the early-life that may lead to disease 

development. We noted that an adverse early environment not only resulted in 

low birth weight but also in shorter telomere length and an increased 

ambulatory blood pressure in young adulthood. All these changes are linked in 

literature to disease outcome as earlier described. However, the underlying 

biological pathways are not fully understood and it is still unclear if these 

outcomes all share one common pathway or if they are the result of different 

mechanisms. 

Tarry-Adkins and Ozanne (2011) suggest three mechanisms by which a 

phenomenon occurring in early-life may have long-term effects and result in 

disease development.74 The first mechanism is that suboptimal concentrations of 

an important factor during a critical period of development will result in 

permanent biological changes. The second mechanism is epigenetic 

modifications leading to changes in gene expression. The third mechanism is by 

permanent effect on the regulation of cellular ageing, for example telomere 

length.  
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We add to this a fourth item which is mental stress exposure.Based on our 

evidence, we would expect that telomere length and cellular ageing play a key 

role in health outcomes originating in the early-life environment. However, 

based on the result of residential greenness on ambulatory blood pressure we 

expect that psychological stress as a result of the environment also play an 

important role. Since, no information on psychological stress or biomarkers of 

stress such as cortisol are available at birth in this study group, a new birth 

cohort study with information on psychological stress and greenness could shed 

insight into this molecular pathway. 

 

3. NATURE VS NURTURE 

Twin studies provide the opportunity to investigate the relative contributions of 

nature and nurture to phenotypes by comparing the resemblance of 

monozygotic and dizygotic twins. Beyond genetic predisposition (=nature), age-

related diseases can find their origin in the early-life environment (=nurture). 

This twin study shows the importance of nurture in early-life on biomarkers of 

ageing in placental tissue. We showed that placental mitochondrial DNA content 

and placental telomere length are mainly determined by the common 

environment, while genetic factors appeared to play a minor role.  

In contrast to nature, the main advantage of nurture is that a person is capable 

of altering this environment. The elucidation of the importance of nurture in an 

ageing-related pathway can stimulate persons to improve their environment 

resulting in a possible decrease in age-related diseases. 
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Valorisation 

Our research shows the importance of the early-life environment. We observed 

that prenatal exposure to air pollution and traffic was respectively associated 

with a suboptimal fetal growth and a change in placental biomarkers of ageing. 

Besides these outcomes at birth, we noted that exposure to traffic early in life 

was associated with shorter telomere length in young adulthood and that 

surrounding greenness in early-life is associated with a lower blood pressure in 

adulthood. These results may lend support to policy makers trying to built an 

healthier living environment to protect human health by improving air quality, 

reducing the numbers of cars or their emission and by increasing and improving 

green spaces. These measures may not only result in a small improvement of 

health on an individual level but can also have a large impact on population level 

since every individual of the population is exposed to traffic and air pollution. 

Valorisation or the creation of value out of this knowledge is not only based on a 

social level by improving health but also on a economic level by reducing costs. 

Economic cost of air pollution in Europe 

Ambient air pollution causes global health impacts 1-3 and is, according to the 

World Health Organization (WHO), responsible for approximately 3.7 million 

premature deaths worldwide in 2012.4 Air pollution is the number one 

environmental cause of death in the European Union (EU) and is according to 

the European Commission responsible for 406,000 annual premature deaths in 

2010, ten times more than from road traffic accidents.5 

The European Commission estimate that external cost associated with main 

health impacts in the European Union due to air pollution range between €330 

billion and €940 billion each year depending on whether the low or high range of 

possible impact valuations is taken.5 Table 1 summarizes the estimated costs 

due to air pollution in Europe. These costs include not only the impact on the 

health of citizens who experience it, but also direct economic costs. Air pollution 

causes more than 100 million workdays lost per year across Europe, with an 

economic damage in the range of €15 billion due to productivity losses. Although 

a full quantification remains challenging, healthcare costs are estimated in the 
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order of €4 billion every year for the treatment of air-pollution-related chronic 

bronchitis alone, with total costs likely to be substantially higher.  

The Organization of Economic Cooperation and Development (OECD) estimates 

the cost of deaths in 24 European OECD countries (21 EU member-states plus 

Iceland, Norway and Switzerland) at 661 308 million.6 Based on the available 

literature, they suggest that road transport is probably responsible for about 50% 

of the economic cost of air pollution in the EU24.6 

Table 1 External costs associated with health impacts in the EU due to air pollution in 2010 

Health and economic impact 
 Pollutant Costs €M/year 

Acute mortality (all ages)  Premature deaths  O3  1,531 – 3,679  

Chronic mortality (all ages) LYL median VOLY*  Life years lost  PM  232,569 – 559,052  

Chronic mortality (30yr +) deaths median VSL*  Premature deaths  PM  413,567 – 842,312  

Infant mortality (0-1yr) median VSL  Premature deaths  PM  2,990 – 6.090  

Chronic bronchitis (27yr +)  Cases  PM  19,001  

Bronchitis in children (6 to 12 years)  Cases  PM  3,664  

Respiratory hospital admissions (all ages)  Cases  PM  316  

Respiratory hospital admissions (>64)  Cases  O3  42  

Cardiac hospital admissions (>18 years)  Cases  PM  242  

Cardiovascular hospital admissions (>64)  Cases  O3  192  

Restricted activity days (all ages)  Days  PM  40,144  

Asthma symptom days (children 5-19yr)  Days  PM  474  

Lost working days (15-64 years)  Days  PM  15,779  

Minor restricted activity days (all ages)  Days  O3  4,571  

Core median VOLY   327,691  

Core mean VOLY   657,913  

Core median VSL   505,120  

Core mean VSL   937,434  

 
* These rows represent alternative measures of the same effect on mortality, and hence are not additive. 

LYL, Life Years Lost; VOLY, Value of a Life Year lost; VSL, Value of a Statistical Life. VSL is derived from an 

individual’s valuation of willingness to pay to reduce the risk of dying. European Commission 2013.5 

 

European air pollution legislation 

International cooperation in Europe is required to reduce air pollution due to the 

transboundary nature of air pollution. Several legal instruments are used to 

promote environmentally friendly behaviour and to contribute indirectly to 
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minimising air pollution. As an attempt to mandate low levels of PM10, the 

European Commission enacted the 2005 Clean Air Directive (Table 2).7 Since 

2005, the EU limit values for PM10 is 40 µg/m³ as annual mean limit value and 

50 µg/m³ as a daily limit value. However, 35 day are permitted to exceed this 

daily limit value each year. The target value since 2010 and limit value since 

2015 is 25 µg/m³ for PM2.5. NO2 is limited to 40 µg/m3 each year and 200 µg/m3 

in one hour.  

The European Union planned to impose stricter PM10 limits starting on January 

2010. The daily limit could not be exceed more than seven days annually and 

the yearly average could not exceed 20µg/m3. These plans were abolished since 

these standards would have been difficult for many European cities.7 However, 

urban centres are often densely populated, making the resulting health impacts 

particularly significant. 

Table 2 European air quality standards 

Pollutant Concentration 
Averaging 

period 
Legal nature 

Permitted 

exceedences 

each year 

WHO-

limits 

      

PM10 50 µg/m³ 1 day Limit: 2005 35 50 µg/m³ 

 40 µg/m³ 1 year Limit: 2005 n/a 20 µg/m³ 

PM2.5 / 1 day / / 25 µg/m³ 

 25 µg/m³ 1 year Target: 2010 

Limit: 2015 

18 10 µg/m³ 

NO2 200 µg/m³ 1 hour Limit: 2010 n/a 200 µg/m³ 

 40 µg/m³ 1 year Limit: 2010 n/a 40 µg/m³ 

 

In the European Union between 21% and 30% of the urban population is 

exposed to PM10 concentrations above the EU daily limit value of 50µg/µm² in 

2010 and 2012 (Table 3).8 While even 64-83% of the population was exposed to 

concentrations exceeding the WHO guideline values of PM10. The stricter limits of 

the WHO are showed in table 1. Even compliance of the EU measures would not 

solve outstanding health problems since the standards were set as interim 

objectives rather than at a level recommended by the WHO. 
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Table 3 Percentage of the urban population in the EU-28 exposed to air pollutant 
concentrations above EU and WHO reference levels (2010-2012). 

 
Source: European Environment Agency.

8
 

 

Health implications of exposure in the early-life environment 

Our research highlights the importance of reducing air pollution in the early-life 

environment especially in vulnerable populations such as twins who are already 

at risk for reduced birth weight and small for gestational age. The PM10 exposure 

during the third trimester (30.3 µg/m³) in our population was lower than the EU 

limit value (40 µg/m³) but 1.5 times higher than the annual limit value of WHO 

(20 µg/m³). If a reduction of 10 µg/m³ would be achieved this is likely to 

prevent 40% of the twins who were small for gestational age in moderate to late 

preterm births. Our data shows that the WHO limit value is highly relevant for 

the protection of the public health. 

In addition, our twin studies prove the importance of the environment on 

biomarkers of ageing in placental tissue. This shows that these biomarkers are 

not genetically determined but can be improved by reducing traffic and 

increasing greenness. This suggest that a policy to reduce air pollution and 

traffic exposure will not only reduce mortality and disease development but also 

may improve healthy ageing. 

Moreover, we show that surrounding greenness in early-life is associated with a 

lower blood pressure in adulthood. After additional adjustment for residential 

greenness exposure in adulthood, an interquartile increase (+20%) in residential 

greenness exposure in early-life (5000 m radius) was associated with a 2.42 
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mmHg (95% CI: -4.7 to -0.2; p=0.04) decrease in adult night systolic blood 

pressure. Previous studies have shown that a small reduction in blood pressure 

at the population level could have major impacts in reducing morbidity and 

mortality.9 Even, a 2 mm Hg lower systolic blood pressure at the population 

level would result in an 10% overall reduction in mortality due to stroke 

mortality and about 7% lower mortality from ischemic heart disease or other 

vascular causes in middle age.9 This shows that an increase of residential 

greenness exposure of 20% in the early-life environment could have an major 

effect on health on the population level. 

Conclusions 

Our research indicates the importance of the early-life environment. Especially 

pregnant women and young children need to avoid high concentrations of air 

pollution. This may be done by informing mothers and future mothers about the 

possible implications of air pollution and traffic exposure on their child’s health. 

However, our results also show that action on an international level is need to 

reduce the current EU limit values for PM10 (40 µg/m³) to the 20 µg/m³ level 

recommended by the WHO. The size of the economic cost burden caused by air 

pollution suggest that the benefits of reducing these cost could easily outweigh 

the costs of investment in more ambitious programmes. 
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