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    Barcelona, September 2014 

       Anna Schembari 

Instants 

If I could I would live my life over. 

This time I would try to make more mistakes. 

I would try not to be so perfect, 

I would laugh more. 

I would be so much sillier than I have been, that I would take few 

things seriously. 

I would be less hygienic. 

I would risk more, take more trips, contemplate more sunsets, climb 

more mountains, swim more rivers 

I would go to more places I have never been. 

I would eat more ice cream and fewer beans. 

I would have more real problems and fewer imaginary ones. 

I was one of those people who lived every minute of life sensibly and 

productively. 

Of course I had moments of delight. 

But if I were able to go back it would be for good moments only. 

Because, if you don’t know it, that’s what life’s made of: moments. 

Do not lose the now! 

I was a guy who never went anywhere without a thermometer, a hot 

water bottle, an umbrella, and a poncho. 

If I could live my life again I would travel more lightly. 

If I could live again I would start going barefoot when spring comes 

and not stop till fall’s long gone. 

I would walk ride more carts, contemplate more sunrise, and play more 

with children, if I had my life ahead of me again. 

But, now I am 85 years old, I know I am dying.  

Luis Borges 
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Abstract   

 

Introduction: Air pollution is a complex mixture of pollutants containing 

soot particles, nitrogen oxides, ozone, sulfates and other harmful minerals 

that are ubiquitous in the air and are identified as hazardous for human 

health. However the evidence linking exposure during pregnancy to air 

pollution and birth outcome has been so far inconsistent. The studies 

relied often on hospitals certificates, which include only information on 

residence at birth, on the one hand, and simple indicators of fetal growth 

such as birth weight, on the other. Thus, the exposure assessment has 

been often based on indicators of air quality routinely measured in each 

city/region, and these change over time and vary between different 

regions; moreover, because of the relative small number of monitors in 

each city, often the exposure assessment was approximate and do not 

represent the high spatial variability of intra-urban air pollution. The birth 

weight has the advantage of being often available but it is perhaps non 

specific enough indicator of the possible effects of air pollution on birth 

outcomes.  

Aims: The main objective of this thesis was to improve the assessment of 

personal exposures to air pollution during pregnancy and to measure the 

effect of ambient air pollution exposure on a wider range of possible birth 

outcomes, such as birth defects, head circumference and mass; also 

elucidate the differences between ethnic groups. 

Methods: Personal exposure, indoor and outdoor levels of PM2.5, NO2 

and NOx were simultaneously measured using Teflon filters for two days 

and Ogawa samplers during 7 days respectively on a sample of 54 

pregnant women living in Barcelona. Potential determinants of such 

exposure such as house characteristics, personal behaviors and time 

activity pattern were also collected using personal questionnaire and diary. 

LUR models developed in the context of the European Study of Cohorts 

for Air Pollution Effects – ESCAPE project were used to estimate 

exposure to NO2, NOx, PM10, PMcoarse, PM2.5 and PM2.5 absorbance. The 

exposures were estimates at the residential address of the studies 
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participants in the city of Barcelona, Spain, and Bradford, England. 

Models were temporally adjusted for the most relevant window of 

susceptibility of the fetus development using the time series of each 

pollutant from routine monitoring stations.  

In Barcelona, cases with non-chromosomal anomalies (n=2247) and 

controls (n=2991) were selected from the Barcelona congenital anomaly 

register, the Registre de Defectós Congenitos de Bacelona – REDCB, 

between 1994 and 2006. Cases were live births, termination of pregnancy 

for congenital anomalies and stillbirths. The registry collected a wide 

range of congenital anomalies classified according with the European 

definition (EUROCAT) and contained the residential address at birth 

which is necessary to apply the LUR exposure models. The exposure 

during the susceptible window for a major congenital anomaly (weeks 3 to 

8 of pregnancy) was estimated on the base of the date of birth and 

gestational age. 

In Bradford, 12,453 pregnant women (recruited at around 28 weeks) from 

a North of England city were recruited between 2007 and 2010 for the 

Born in Bradford (BiB) cohort study. The study cohort was established to 

examine how genetic, nutritional, environmental, behavioral and social 

factors impact on health and development during childhood, and 

subsequently adult life in a deprived multi-ethnic population. Detailed 

information on socio-economic characteristics, ethnicity, lifestyle factors 

and environmental risk factors has been collected. Information on birth 

weight, head circumference, triceps and subscapular skinfolds thickness 

was assessed at birth within the first 72 hours of life. Exposures were 

calculated during the whole pregnancy and during each trimester of 

pregnancy. 

Results: Levels of personal exposure to NOx, PM2.5 and absorbance were 

slightly higher than indoor and outdoor levels while for NO2 the indoor 

levels where slightly higher than the personal ones. Generally, there was a 

high statistically significant correlation between personal exposure and 

indoor levels (Spearman’s r between 0.78 and 0.84). Women spent more 

than 60% of their time indoors at home. Ventilation of the house by 

opening the windows, the time spent cooking and indicators for traffic 

intensity were re-occurring statistically significant determinants of the 
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personal and indoor pollutants levels, however models for personal 

exposure to PM2.5 and absorbance explained the least of the variability 

observed in the data.  

In the study of congenital anomalies associations were estimated using the 

exposures estimated at spatial level and at spatio-temporal level, calculated 

adjusting for the temporal variation during weeks 3 to 8 of each 

pregnancy. The statistically significant associations consistent between the 

two exposures were between an IQR increase in NO2 (12.2 μg/m3) and 

coarctation of the aorta (ORspatio-temporal=1.15; 95%CI: 1.01, 1.31) and 

digestive system defects (ORspatio-temporal=1.11; 95%CI: 1.00, 1.23), and 

between an IQR increase in PMcoarse (3.6 μg/m3) and abdominal wall 

defects (ORspatio-temporal=1.93; 95%CI: 1.37, 2.73). Other statistically 

significant increased and decreased ORs were estimated based on the 

spatial model only or the spatio-temporal model only, but not both. 

In the study of newborn size, in the adjusted models stratified by 

ethnicity, a 5 μg/m3 increment in exposure to PM2.5 during the third 

trimester was associated with birth weight among White British babies but 

not among Pakistani origins (ßWhite British = -43g; 95%CI: -76, -10 vs. ßPakistani 

= 9g; 95%CI: -17, 35; Pinteraction= 0.03), and differentially between the two 

ethnic groups with head circumference (ßWhiteBritish= -0.28cm 95%CI: -0.39, 

-0.17 vs. ßPakistani= -0.08cm 95%CI: -0.17, 0.01; Pinteraction<0.001), with 

triceps size (ßWhiteBritish= -0.02mm 95%CI: -0.14, 0.01 vs. ßPakistani= 0.17mm 

95%CI: 0.08, 0.25; Pinteraction= 0.06) and with subscapular skinfolds 

(ßWhiteBritish= 0.06mm 95%CI: -0.06, 0.18 vs. ßPakistani= 0.21mm 95%CI: 0.12, 

0.29; Pinteraction= 0.11). Association estimates were similar for PM10 and 

PM2.5 absorbance while for NO2 and NOx associations were mostly non-

statistically significant. 

Conclusions: Results from these studies indicate that prenatal exposure 

to ambient air pollution overall showed little association with congenital 

anomalies but did show association with impaired fetal growth. However 

the inclusion of outcomes not commonly included in the previous studies 

of air pollution effects highlighted new outcomes that deserve future 

attention, such as congenital anomalies of the digestive system and the 

abdominal wall defects and skinfolds thickness at birth, an effort to 

further build a case-control study at European level should be undertook. 
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Improved exposure assessment which includes time activity pattern and 

information on other sources of air pollution are recommended. 

Actions to regulate ambient air pollution levels in the cities and policies 

aiming to improve public and/or active transportation are recommended. 

Also in the general populations educational measures should be planned 

to raise the awareness of behaviors influencing air pollution exposure 

levels and to encourage a healthier life-style. 
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Riassunto 

 

Introduzione: L'inquinamento atmosferico è una miscela complessa di 

sostanze inquinanti contenenti particelle di fuliggine, ossidi di azoto, 

ozono, solfati e altri minerali nocivi che sono onnipresenti in aria e sono 

ritenuti dannosi per la salute umana. Tuttavia l’effetto di tale esposizione 

durante la gravidanza sulla salute del neonato é stata finora 

contraddittoria. Gli studi sono stati spesso basati su dati presenti sui 

certificati ospedalieri, che includono solo informazione sulla residenza al 

momento della nascita, da un lato, e indicatori di crescita del feto semplici 

come per esempio il peso alla nascita, dall’altro. La valutazione 

dell’esposizione é stata quindi basata spesso su indici di qualitá dell’aria 

misurati di routine in ciascuna cittá/regione, questi cambiano nel tempo e 

variano tra le differenti regioni; non solo, visto il relativo scarso numero di 

monitor in ciascuna cittá, spesso la valutazione dell'esposizione risultava 

approssimative e non rappresentava l'alta variabilità spaziale intra-urbana 

dell’inquinamento dell'aria. Il peso alla nascita ha il vantaggio di essere di 

facile reperibilitá ma é forse un indicatore poco specifico dei possibili 

effetti dell’inquinamento atmosferico. 

Obiettivi: L'obiettivo principale di questa tesi è stato quello di migiorare la 

valutazione dell’esposizione personale all’inquinamento atmosferico 

durante la gravidanza e misurarne l’effetto su una piú ampia gamma di 

possibili effetti sul neonato, quali difetti congeniti, circonferenza della 

testa e lo spessore della massa; inoltre delucidare le eventuali differenze tra 

etnie. 

Metodi: L'esposizione personale, i livelli all’interno e all’esterno di PM2.5, 

NO2 e NOx sono stati simultaneamente missurati utilizzando filtri in 

teflon per due giorni e campionatori Ogawa per 7 giorni, rispettivamente 

in un campione di 54 donne incinte che vivevano a Barcellona. Le 

potenziali determinanti di tale esposizione, come le caratteristiche della 

casa, la routine quotidiana seguita, i mezi di trasporto utilizzati e l’uso del 

tempo sono stati raccolti utilizzando un questionario personale e un 

diario.  
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I modelli LUR sviluppati nell'ambito dello studio europeo delle coorti per 

effetti dell'inquinamento atmosferico - progetto ESCAPE, sono stati usati 

per stimare l'esposizione a NO2, NOx, PM10, PMcoarse, PM2.5 e PM2.5 

assorbanza. L’esposizione é stata calcolata all'indirizzo di residenza dei 

partecipanti agli studi nella città di Barcellona, Spagna, e Bradford, 

Inghilterra. I modelli sono stati temporalmente aggiustati includendo solo 

la finestra più rilevante per la suscettibilità dello sviluppo del feto, 

utilizzando le serie storiche di ciascun inquinante dalle stazioni di 

monitoraggio di routine.  

A Barcellona, i casi con anomalie congenite non cromosomiche (n = 

2247) e i controlli (n = 2.991) sono stati selezionati dalla registro di 

anomalie congeite di Barcellona, il Registro del Defectós Congenitos de 

Bacelona - REDCB, tra il 1994 e il 2006. I casi erano nati vivi, 

interruzione volontaria della gravidanza per le anomalie congenite e i nati 

morti. Nel registro sono raccolte una vasta gamma di anomalie congenite, 

classificate seguendo la definizione europea (EUROCAT), e l'indirizzo di 

residenza al momento della nascita che è necessario applicare i modelli di 

esposizione LUR. L’esposizione durante la finestra di suscettibile per un 

difetto congenito maggiore (da 3 a 8 settimane di gravidanza) è stato 

stimato sulla base della data di nascita e l'età gestazionale.  

A Bradford, 12.453 donne in gravidanza (reclutati a circa 28 settimane) tra 

il 2007 e il 2010 sono stati arruolate nello studio di coorte Born in 

Bradford (BiB). Lo studio è stato istituito per esaminare l’impatto della 

genetica, della nutrizione, di fattori ambientali, comportamentali e sociali 

sulla salute e lo sviluppo durante l'infanzia in una popolazione multietnica 

e svantaggiata. Informazioni dettagliate sulle caratteristiche socio-

economiche, l'etnia, stile di vita e fattori di rischio ambientali sono state 

raccolte. Informazioni sul peso alla nascita, circonferenza cranica, spessore 

della massa nel tricipite e sottoscapolare sono stati misurati alla nascita 

entro le prime 72 ore di vita. L’ esposizione all’inquinamento dell’aria é 

stata calcolata durante tutta la gravidanza e nel corso di ogni trimestre di 

gravidanza.  

Risultati: I livelli di esposizione personale al NOx, PM2.5 e assorbanza 

sono stati leggermente superiori ai livelli rilevati all’interno ed all’esterno 

mentre per NO2 i livelli all’interno erano leggermente più elevati rispetto a 
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quelli personali. In generale, c'è stata una correlazione alta e 

statisticamente significativa tra esposizione personale e livelli misuratio 

all’interno (r di Spearman tra 0,78 e 0,84). Le donne hanno speso più del 

60% del loro tempo in ambienti chiusi in casa. La ventilazione della casa 

aprendo le finestre, il tempo trascorso cucinando e indicatori di intensità 

di traffico sono state caratteristiche ricorrenti e statisticamente 

significative dei livelli di inquinanti personali e all’interno, ma i modelli per 

l'esposizione personale al PM2.5 e assorbanza hanno spiegato il minimo 

della variabilità osservata nei dati.  

Nello studio delle anomalie congenite le associazioni sono state stimate sia 

utilizzando le esposizioni a livello spaziale che a livello spazio-temporale, 

utilizzando modelli di regressione ligistica e calcolando odds ratio (OR). 

Le associazioni trovate statisticamente significative stimate usando 

entrambi i modelli di esposizioni erano tra un aumento del range inter-

quartilico(IQR) di NO2 (12,2 mg / m3) e la coartazione dell'aorta 

(ORspazio-temporale = 1,15, 95% CI: 1.01, 1.31) e difetti del sistema 

digestivo (ORspazio-temporale = 1,11, 95% CI: 1.00, 1.23), e tra un 

aumento IQR in PMcoarse (3,6 mg / m3) e difetti della parete addominale 

(ORspazio-temporali = 1.93, 95% CI: 1.37, 2.73). Altri OR statisticamente 

significativi sono stati stimati sulla base unicamente del modello spaziale o 

del modello spazio-temporale, ma su entrambi.  

Nello studio della dimensione del neonato, nei modelli lienari aggiustati e 

stratificati per etnia, un incremento di 5 mg/m3 dell'esposizione a PM2.5 

durante il terzo trimestre è stato associato con peso alla nascita tra i 

bambini britannici, ma non tra quelli di origini pakistana (ßWhiteBritish = -43 g; 

95% CI: -76, -10 vs ßPakistani = 9 g, 95% CI: -17, 35; Pinteraction= 0.03), e in 

modo differente tra i due gruppi etnici con circonferenza creaniale 

(ßWhiteBritish = -0.28 cm 95% CI: -0.39, -0.17 vs ßPakistani= -0.08 cm 95% CI: -

0.17, 0.01; Pinteraction <0,001,), con la dimensione del tricipite (ßWhiteBritish = -

0.02 mm 95% CI: -0.14, 0.01 vs ßPakistani = 0,17 mm 95% CI: 0,08, 0,25; 

Pinteraction = 0,06) e con quella sottoscapolare (ßWhiteBritish = 0,06 mm 95% CI: 

-0.06, 0.18 vs ßPakistani = 0,21 mm 95% CI: 0,12, 0,29; Pinteraction = 0.11,). Le 

aspciazioni stimate per il PM10 e PM2.5 assorbanza erano simili, mentre 

quelle per NO2 e NOx erano per lo più non statisticamente significativa.  
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Conclusioni: I risultati di questi studi indicano globalmente che 

l'esposizione prenatale all'inquinamento atmosferico è scarsamente 

associato con anomalie congenite, ma con una crescita fetale alterata. 

Tuttavia l'inclusione di possibli effetti in salute non comunemente inclusi 

previamente negli studi degli effetti dell'inquinamento atmosferico ha 

evidenziato nuovi risultati che meritano attenzione in futuro, come 

anomalie congenite del sistema digestivo e difetti della parete addominale 

e lo spessore pliche cutanee alla nascita; inoltre bisognerebbe impulsare 

con maggiore forza uno studio di caso/controllo a livello Europeo . Si 

raccomanda valutare l'esposizione includendo informazioni sull’uso del 

tempo, sul tempo trascorso in trasporto e su altre fonti di inquinamento 

atmosferico.  

Si raccomanda di sviluppare azioni per regolare i livelli di inquinamento 

atmosferico nelle cittá e le politiche volte a migliorare il trasporto 

pubblico. Inoltre nella popolazione generale dovrebbero essere previste 

misure più morbide volte a aumentare la consapevolezza dei 

comportamenti che influenzano i livelli di esposizione di inquinamento 

atmosferico e a incoraggiare un più sano stile di vita. 
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Preface  

 

Some studies suggest that traffic-related air pollution is related to small 

but adverse birth outcomes, such as congenital anomalies, reduced birth 

weight and preterm delivery. Part of the uncertainties of the results are 

attributable to the error measurement of exposure which have so far relied 

on routine monitor stations, not capable of capture the spatial variability 

of traffic-related air pollution within cities and neither other determinants 

of the personal exposure. Furthermore the birth outcomes measured, 

such as birth weight or low birth weight, have been criticized to be not 

refined enough to capture the complex effects of such exposure. In 

addition, effects of  ethnic differences on the association of air pollution 

and birth outcomes have been reported but still very little is known about 

the in the susceptibility to air pollution of South Asians origins 

populations compared to Caucasians, being very well documented the 

higher risk of low birth weight, diabetes and cardiovascular disease among 

the former.  

 

This project aimed to understand determinants of the personal exposure 

to air pollution among pregnant women and to use the recently developed 

refined exposure assessment techniques to assess the impact of traffic-

related air pollution on birth outcomes that have been less investigated 

such as congenital anomalies, head circumference and skinfolds thickness 

at birth, which are relevant outcomes to study differences between South 

Asians and White British newborns.  

 

This thesis has been developed between 2010 and 2014 at the Centre for 

Research in Environmental Epidemiology (CREAL - Barcelona, Spain) 

under the supervision of Prof. Mark Nieuwenhuijsen and in collaboration 

with Dr. Martine Vrijheid for the congenital anomalies study. The thesis 

consists of three articles (2 published and 1 under review). The first article 
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investigates the relationship between pregnant women’s personal 

exposures to air pollutants and the indoor and outdoor residential 

concentration levels, identifies predictors of personal exposure using the 

time activity pattern. It was based on the data from the validation study of 

the Air Pollution and Reproduction In Barcelona (ARIBA), which 

measured exposure and their determinants in 54 pregnant women in 

Barcelona between 2008 and 2009. The second and the third articles aim 

to assess the association between pregnancy exposure to air pollution and 

birth outcomes and rely on the exposure assessment developed during 

2009/10 in the European Study of Cohorts for Air Pollution Effects - 

ESCAPE project. The congenital anomalies study was based on the 

Registre de Defectos Congenitos de Barcelona – REDCB, having 

recruited around 6000 cases and controls during 1994 to 2006. The 

newborn size study was based on birth data from the Born in Bradford – 

BiB study cohort which collected data on around 10000 mother-child 

pairs of South Asian origin and White British. 

 

The PhD student contribution included the participation in the data 

collection of the ARIBA validation study on 54 pregnant women, the 

participation in the air pollution measurements for the ESCAPE project 

in Barcelona and in Catalunya, the data-base organization for the ARIBA 

validation study and for the congenital anomalies study, data cleaning, 

statistical planning and analysis, writing of the articles and communication 

to the scientific community at international conferences. It also included 

the participation and coordination of project meetings and group 

meetings. The Congenital anomalies study was further included in the 

EUROCAT report for support an European conjunct action toward 

surveillance of environmental pollution and linkage to congenital 

anomalies (Vrijheid et al 2013)  
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1        INTRODUCTION 

 

As fishes live in the water, humans live in the air. Air is the human 

environment: the ambient where we live, find our nourishment and 

develop our civilizations; in simple words air is essential for human life.  

During the industrial revolution in Europe and in North America, 

ambient air nearby the factories became heavily polluted due to the 

burning processes related to the mechanic production. At the same time it 

was there where the first urban centers were settled and have been 

growing. Since then the number of people exposed to air pollution has 

increased exponentially. Nowadays the main urban sources of air 

pollution have changed from the burning processes of the industrial 

production to the fuel combustion emitted by motor vehicles, household 

heating and tobacco smoke making of the air we breathe is a complex 

mixture of pollutants containing soot particles, nitrogen oxides, ozone, 

sulfates and other harmful minerals.  

Exposure to air pollution at current levels in the European cities is 

harmful for human health. In 2012, 3% of the 3.7 million deaths 

attributable to outdoor air pollution occurred in children under 5 years 

(WHO 2014). However evidence of the effects of such exposure on birth 

outcomes is underrepresented in health impact assessment due to the yet 

non-conclusive epidemiological evidence about small adverse effect on 

fetus. Epidemiological studies have been conducted mainly in Europe and 

North America (Maisonet et al 2004, Glinianaia et al 2004, Ritz 2007, 

Sram et al 2005, Stieb et al 2012, Vrijheid et al 2011, Pedersen et al 2013b) 

and suggest that there may be small adverse effects of air pollution, 

specifically carbon monoxide, sulphur dioxide and particulate matter on 

fetal growth and pre-term delivery.  

Ethnic susceptibility to air pollution has been reported in air pollution 

studies (Basu et al. 2014; Bell et al. 2010; Darrow et al. 2011;Geer et al 
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2012) but evidence is inconsistent and refers mainly to Afro-american, 

Hispanic and non-Hispanic ethnic groups, being Asians and South Asians 

are underrepresented (Basu et al. 2014; Geer et al 2012). The immigration 

from Sout Asia, specifically Pakistan, to Western countries has increased 

in recent years, being Pakistani a big community for example in England. 

These populations, compared to Caucasians have higher risks of obesity, 

diabetes and related cardiovascular disease which can be partially induced 

by oxidative stress. Although differences between these populations have 

not yet been explained by clear biological mechanisms, the oxidative stress 

induced by traffic-related air pollution may exacerbate certain differences. 

This thesis focuses on traffic related air pollution because (I) traffic is the 

main source of air pollution in the cities; (II) traffic intensity is modifiable 

by policies regulating it but also by changing individual transportation 

behaviors; (III) to reduce traffic related air pollution is in the agenda of 

developed and developing Countries. 

The importance of preserve fetal life together with a still limited 

epidemiological evidence of adverse effects of air pollution on fetal 

growth represents the motivation to choose to study birth outcomes. 

 

1.1 Traffic-related air pollution 

The WHO definition for Air pollution is: “Air pollution is contamination 

of the indoor or outdoor environment by any chemical, physical or 

biological agent that modifies the natural characteristics of the 

atmosphere. Household combustion devices, motor vehicles, industrial 

facilities and forest fires are common sources of air pollution. Pollutants 

of major public health concern include particulate matter, carbon 

monoxide, ozone, nitrogen dioxide and sulfur dioxide. Outdoor and 

indoor air pollution cause respiratory and other diseases, which can be 

fatal”. Furthermore: (I) air pollution is ubiquitous; (II) one quarter of the 

world population is estimated to be exposed to unhealthy concentrations 

of air pollutants in cities, particularly in the megacities of the developing 
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countries(WHO 2009); (III) babies and children are particularly at risk 

because of the immaturity of their respiratory system.      

 

1.1.1 Composition and Sources  

Traffic-related air pollution is a complex mixture of pollutants derived 

from exhaust emissions of gasses and particles from fuel combustion 

(primary and secondary pollutants) and non-exhaust emissions from 

mechanical operation of grinding and crushing. Exhaust emissions 

includes carbon dioxide (CO2), carbon monoxide (CO), nitrogen oxides 

(NO, NO2 and NOx), particulate matters (PMs), sulphur dioxide (SO2) 

among others.  

Non exhaust emissions are generated from brakes, tyres and road wear or 

from the resuspension of road dust and contribute to the formation of 

PM. Primary pollutants in the presence of sunlight and of determinate 

meteorological and geographical conditions react in the atmosphere 

contributing to the formation of other pollutants (secondary pollutants). 

For examples a secondary pollutant is NO2, which is formed as NO 

combines with oxygen in the air.   

NO2 measured nearby traffic sites is considered an important indicator of 

traffic emissions. First because it is formed rapidly after the emission of 

NO from the fuel combustion and secondly because exponentially 

decrease with the distance to the source (Singer et al 2004). Furthermore 

its inexpensive sampler has facilitated the routine monitor measurements 

of this compound and the introduction of air quality standards. 

PM measured nearby traffic sites is a complex mixture of extremely small 

particles and liquid droplets made up of a number of components from 

exhaust emissions, including acids (such as nitrates and sulfates), organic 

chemicals and metals, and from non exhaust emission, furthermore 

organic compounds such soil, dust or pollen are also present. PM is 

collected on filters that capture the particles, usually with aerodynamic 

diameter smaller than 10µm (PM10) or 2.5µm (PM2.5) or with diameter 

between 2.5µm and 10µm (PMcoarse). The components of the PM vary 
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according with the size, PM10 is mostly a mixture exhaust and non-exhaust 

gases plus a component of organic and mineral origin; PMcoarse is 

prevalently formed by non-exhaust emissions and resuspended road dust; 

PM2.5 is characterized by a higher prevalence of traffic exhaust emissions 

and PAHs and by a lower proportion of road dust compared to PMcoarse 

(Minguillón et al 2012a). Elemental carbon content of PM2.5, an important 

component of diesel exhaust, can be easily estimated with a reflectance 

method (Adams et al 2002). The composition of the PMs determines its 

toxicity, nevertheless, moreover the toxicity, their harmfulness for humans 

is determinate by PMs size. Indeed PM penetrates the lungs deeper and 

deeper as the diameter decrease: particles of diameter between 5µm and 

10µm penetrate human trachea and bronchi and particles smaller than 

5µm penetrate deeper till the alveoli, the smaller part of the lungs. 

Ultrafines have very low mass but magnitudes higher particle numbers 

and therefore a high surface area relative to fine and coarse particles for 

adsorption of toxic species (Sioutas et al 2005). Ultrafine particles have a 

high respiratory deposition, can escape phagocytosis by alveolar 

macrophages and translocate to extrapulmonary organs (Oberdorster and 

Utell 2002)  

 

1.1.2 Surveillance  

European and North American cities monitor air pollution levels 

continuously, the number of monitoring stations has varied in the time 

and depends on the dimension of the city. NO2, NOx, SO2 and CO have 

been monitored since early ‘60s in the UK while PM collection has started 

later around ‘80s as the evidence of their harmfulness for human health 

has increased. Commonly, in a big European city, between 5 to 15 

monitoring stations are collecting daily air pollution data, covering 

different area as rural, urban, urban and industrial (EIONET 2010).  

The European Commission (EC) and the United States Environmental 

Protection Agency (EPA) are responsible to set limits for the 

abovementioned pollutants in order to protect human health, however 

these limits are not always the same and do not follow completely those 

http://acm.eionet.europa.eu/databases/EuroAirnet/index_html
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suggested by the World Health Organization (WHO), as shown in the 

table 1.1 

Table 1.1 WHO, EC and EPA limit values for air pollutants. Values 
indicate annual mean concentration except for EPA PM10* that are 
24h mean. 

 WHOa ECb EPAc 

NO2 40 µm/m3 40µm/m3 100µm/m3 

PM10 20 µm/m3 40µm/m3 50µm/m3* 

PM2.5 10 µm/m3 25µm/m3 15µm/m3 

a WHO 2005, guidelines, values recommended  
http://www.who.int/mediacentre/factsheets/fs313/en/ 
b EC Directive 2008/50/EC, limits values  
http://ec.europa.eu/environment/air/quality/standards.htm 
c EPA air quality standards, limits values 
 http://www.epa.gov/air/criteria.html 

 

1.1.3 Exposure assessment 

In epidemiological studies it is not often feasible to measure personal 

exposure to traffic-relate air pollution both because it would be too 

expensive but also because they are based on hospital records collected 

retrospectively thus mostly the only information available to assign 

exposure is the residential address at the occurrence of the event studied 

(for example birth). To overcome this problem the first studies relied on 

the routine monitored air pollutant and the exposure was calculates as the 

levels itself or a combination of the levels measured at nearest monitoring 

station to the home address and the distance from the home (Gliniania et 

al 2004; Maisonet et al 2004). Such ecological inference is often subject to 

bias and imprecision, due to the lack of individual-level information in the 

data (e.g. mobility of the women), furthermore this approach may not 

represent the complex spatial distribution of traffic related air pollutants 

and it may exclude heavily exposed areas near roads, inducing strong error 

measurement; in particular it neglects individual exposure assessment 

http://www.who.int/mediacentre/factsheets/fs313/en/
http://ec.europa.eu/environment/air/quality/standards.htm
http://www.epa.gov/air/criteria.html


6 

 

Modeling techniques such as geostatistical interpolation of monitoring 

data, dispersion models, hybrid models and Land Use Regression (LUR) 

models have been developed (Jerret et al 2005) to provide a refined spatial 

estimation of pollutants, and this permitted to assign to each study 

participant the estimated level of pollution at the residential address. Land 

use regression (LUR) modeling is a method developed in recent years to 

map traffic-related air pollution at the street scale. LUR uses empirical 

regression equation to predict outdoor concentrations at any point of the 

modeling area as a function of microscale urban characteristics such as 

traffic intensity and population density, greenness etc., which can be 

derived using GIS information system (Brauer et al. 2003; Briggs 2007; 

Briggs et al. 2000; Jerrett et al. 2007). LUR models are the fastest, 

simplest, most efficient and cost effective models that can be developed 

(Hoek et al 2008).  

The European Study of Cohorts for Air Pollution Effects – ESCAPE 

project (www.escapeproject.eu) aims to investigate the long-term effects 

of exposure to air pollution on human health using health data already 

available from European cohort studies. Within this framework, LUR 

models were developed following the same protocol in 36 cities across 

Europe to estimate exposure of to NO2, NOx, PM10, PMcoarse, PM2.5 and 

PM2.5 absorbance at the residential address of the study participants. 

While modeled annual average concentrations are sufficient for most 

outcomes, such as those related to respiratory disease, cardiovascular 

disease, cancer incidence and mortality; pregnancy outcome studies 

require more detailed temporal resolution. In pregnancy outcome studies, 

it is common to express exposure as the average concentration per month 

or trimester of a specific pregnancy. The required exposure thus needs to 

contain a spatial and temporal component. One simple option is to 

develop LUR models using annual average concentrations and then use 

continuous routine monitoring data to produce a temporally varying 

component. This approach makes the assumption that the spatial pattern 

is constant in time, i.e. that temporal variations in the considered 

atmospheric pollutants were similar across the metropolitan area. 

Although reasonable, this assumption was likely to have induced exposure 

misclassification, which was believed to be minor compared with that 
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which would exist when temporal variations in air pollution had been 

ignored 

 

1.1.4 Sources of error measurement  

Errors in exposure assessment are inevitably a major source of uncertainty 

in epidemiological studies, and commonly act to reduce the power to 

detect associations with health, or bias the associations found 

(Nieuwenhuijsen 2003). There are several ways to reduce error in 

exposure assessment, the most obvious being to use more accurate and 

precise methods of assessment, such as personal monitoring, biomarkers 

and exposure diaries (Nieuwenhuijsen 2003). These methods are 

considered “gold standards” in exposure assessment. However, in large 

studies, especially, such methods are not feasible for all the participants in 

the study, due to high cost and burden on the participant, so alternatives 

must be used such as measurements from ambient monitoring stations. 

However, it is often possible to collect personal samples on a subset of 

the population along with individual characteristics and mobility data to 

understand factors that influence the exposures, and integrate the 

information with information from ecological estimates. 

Currently, in the study of pregnancy exposure and birth outcomes little is 

known. Two studies before assessed personal exposure to air pollution 

among pregnant women and shown that other determinants are indoor 

sources such as gas cooking, tobacco smoking and wood burning from 

heating as well as ventilation of the house (Netherby et al 2008c, Valero et 

al 2010) and that the associations were different when the time activity 

pattern was considered (Aguilera et al 2009). However results were 

different according with the different study area (Canada the first and 

Spain the second and third), thus each study needs particular 

consideration of the conditions and characteristics of the population to 

discussed whether the measurement error occurred at random (Berkson 

error) or not (classical error).  
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1.2 Birth outcomes  

Birth outcomes are a group of measures that describes the health of the 

baby at birth. Adverse birth outcomes are Low Birth Weight (LBW; 

<2500g), reduced birth weight (as continuous), preterm delivery (before 

37 completed weeks), small for gestational age (SGA), intrauterine growth 

restriction (IUGR) and congenital anomalies, among others. These 

outcomes typically measure the child’s current and future morbidity and 

mortality. 

 

1.2.1 Congenital anomalies 

Congenital anomalies, is a leading cause of fetal loss and easily remain 

under-detected, they contribute significantly to preterm birth and adult 

morbidity, represents a emotional burden for families. 3-8% of newborns 

worldwide have a serious structural defect, and while some can be 

attributed to chromosomal or syndromic disorders or known teratrogenic 

factors, still the cause for most of them is unknown (Weinhold 2009)  

For population-based research, birth defects generally need to be actively 

ascertained in a registry for all live born infants and fetal deaths (typically 

diagnosed after 20 weeks of gestation) and live born infants and, 

importantly, after birth in order to capture anomalies not apparent at 

delivery. Furthermore, the records need to allow distinguishing between 

isolated, multiple, syndromic or chromosomal defects and also by 

anatomical sub-categories. For cardiac defects, the diagnoses should 

preferably be confirmed by autopsy or surgical reports, catheterization or 

echocardiogram. Therefore, studying the influence of air pollutants on 

birth defects in a valid manner will not be possible unless such a system is 

already in place for a given geographic area and can be linked to extensive 

air monitoring data for a large enough population with enough births at 

risk for these rare outcomes. (Ritz and Wilhelm 2008) 
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The susceptible window for major congenital anomalies, according with 

the organogenesis, is from week 3 after conception to week 8 (see figure 

1), any exposure later this period is improbable to result in a major 

congenital anomaly.  

 

 
Figure 1. Fetal development and organogenesis by gestational age 

(in weeks).  

 

The European Sourveillance of Congenital anomalies – Eurocat was 

established in 1979 by Directorate General XII (Science Research and 

development) as a prototype for European surveillance aiming to assess 

the feasibility of pooling data across national boundaries, in terms of 

standardization of definitions, diagnosis and terminology and 

confidentiality. Later in 1991 it was founded to function as a service for 

the surveillance of congenital anomalies in Europe. The Eurocat surveyed 

more than 1.7 million births per year in Europe having 43 registries in 23 

countries. It covers the 29% of European birth population. Furthermore 

registries are used for the planning and evaluation of health services. This 
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includes primary prevention strategies such as periconceptional folic acid 

supplementation to prevent neural tube defects and vaccination against 

rubella to prevent congenital rubella syndrome; the so-called "secondary 

prevention" by prenatal screening and diagnosis, and “tertiary prevention” 

through pediatric, rehabilitative and other services.  

 

1.2.2 Birth weight and newborn size 

Birth weight is the results of the length of gestation and of the fetal 

growth, infants may be born with low birth weight (<2500g) because they 

were born prematurely (before 37 completed weeks of gestation) or they 

may be born smaller than expected given their gestational age.  

According to the developmental origin of fetal disease hypothesis 

(Wadhawa et al 2009; Swanson et al 2009) we may expect that adverse 

intrauterine influences such as poor maternal nutrition and environmental 

exposures (including environmental tobacco smoking) lead to impaired 

fetal growth, resulting in low birth weight, short birth length and small 

head circumference. These adverse influences are postulated to also 

induce the fetus to develop adaptive metabolic and physiological 

responses which, in turn, may lead to disordered reactions to 

environmental challenges as the child grows, with an increased risk of 

glucose intolerance, hypertension and dyslipidemia in later life (Gillman 

2005).      

To characterize more specifically the fetal growth, hence to understand 

further the links between impaired fetal growth and disease development 

later in life other measures have been considered, such as birth length and 

head circumference and skinfolds thickness (Bansal et al. 2008; Gale et al 

2004; Klaric et al. 2013; Krishnaveni et al. 2005). 

The use of such indicators in large epidemiological studies depends on 

their availability on birth certificates, while birth weight is commonly 

reported it may not be the case for the other indicators which may further 

be subjects to higher error measurements. For example head 

circumference may be imprecise due to the deformation during the labor 
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and baby length may be biased by the newborn position. For specific 

purpose, in some birth cohort studies (Wright et al. 2013; Yajnik et al. 

2002) specific protocols are implemented to standardize the measurement 

techniques and to further include specific outcomes such as skinfolds 

thickness which have been studied in England and in India to assess fat 

mass growth from birth onward. 

In the newborns skinfolds thickness provides an estimate of the total 

body fat of the infant (Farmer 1985). Postnatal fat accumulation occurs 

predominantly in the extremities: triceps (upper arm) skinfolds thickness 

provides an indication of the periferical body fat mass while subscapular 

(upper back) skinfolds thickness reflects the visceral/subcutaneus fat 

(Ketel et al. 2007; Snijder et al. 2006).  

 
Figure 2. Images representing the birth outcomes collected in the 

BiB. 

 

1.2.3 Ethnic Differences between South Asians and 

Caucasians 

Rates of low birth weight and preterm birth can vary greatly by maternal 

race/ethnicity. South Asians and Indians have consistently had higher 

rates of low birth weight babies than Caucasians (UNICEF and WHO 

2004). While it has been suggested that race is a proxy for differences in 

socioeconomic status, most studies that have controlled for differences in 

SES continue to find persistent birth outcomes differences between South 

Asians and White women (Margetts et al. 2002, Pearson 1991; Small 

2012). In one previous study it was possible to further control for other 

maternal risk factors such as risky behaviors during pregnancy and use of 

prenatal care, however the differences in birth outcomes between White 

British and South Asian persisted (West et al 2013 ). 
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During childhood and adolescence, the South Asians have relatively 

higher subscapular skinfolds than White British (Bansal et al. 2008; 

Krishnaveni et al. 2005) which end-up as disproportionate central 

adiposity for a given body mass index (BMI) in adulthood (Snijder et al. 

2006) and increased risk of adverse cardiometabolic outcomes including 

obesity, insulin resistance, cardiovascular risk and diabetes (Misra and 

Khurana 2009). 

Several theories have been proposed to explain such differences in the 

allocation of body fat of South Asians compared to Caucasian on the 

premise that the storage of energy as body fat is important to survival and 

critical during periods of food shortage; whether this is cyclical (as in the 

seasons) or occasional. The “thrifty genotype” (Neel et al 1999), the 

“thrifty phenotype” ( Hales and Barker 2001) and “El Niño”(Wells 2007) 

theories were developed according to the evolutionary selection of people 

able to store energy as fat, and especially central fat that can be mobilized 

quickly to release nutrients.  They do not, however, explain either why 

central obesity is more important than generalized obesity in relation to 

CVD and diabetes. Sniderman et al. (2007) says that South Asians may 

have a reduced capacity to store fat in the relatively inactive, superficial 

subcutaneous, adipose tissue (primary adipose tissue compartment), which 

would result in earlier utilization of more metabolically active, deep 

subcutaneous, and intra-abdominal, adipose tissue compartments 

(secondary adipose tissue compartments). This theory goes under the 

name of “adipose tissue compartment overflow hypothesis”. More 

recently Wells et al (2009) proposed the “variable disease selection 

hypothesis” suggesting that exposures to different population burdens of 

infectious diseases (rather than climatic or nutritional exposures per se) 

cause genetic ethnic variability in the anatomical location of adipose tissue 

compartments. There are two fundamental priorities of adipose tissue: the 

meeting obligatory energy needs of essential organs and the immune 

system maintenance. As deep adipose tissue depots are more appropriate 

for meeting the immediate energy demands of the immune system, the 

tendency of South Asians to prioritize deep visceral adipose tissue depots 

may therefore have resulted from chronic exposures to geographically 

specific, endemic diseases. Under these premises and considering that 

climatic, nutritional or infectious circumstances may have occurred 

separately or in combination Bopal and Rafnsson (2009) proposed that it 
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is possible that ethnic differences in energy production, allocation and 

storage and utilization may partly be explained by differences in 

mitochondrial gene structure and function.  

 
Figure 3. White British and Pakistani origins children playing 

together, in Bradford. 
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1.4 Air pollution and Birth outcomes  

 

1.4.1 Evidence  

The link between routine measured air pollutants and adverse birth 

outcomes has received more attention in recent years. All routine 

measured air pollutants, PM10, PM2.5, SO2, CO, O3 and to less often NO2, 

have been linked to increased risk of congenital anomalies decreased fetal 

weight, LBW, and preterm birth in a number of large epidemiological 

studies in many different countries (Glinianaia et al 2004, Stieb et al 2012; 

Vrjheid et al 2011). However results are heterogeneous and non 

conclusive. Differences in study design, sample size, population 

characteristics, control for confounders, air pollution measurements and 

exposure assessment techniques as well as the lack of knowledge on the 

exact biological mechanism are likely to contribute to the observed 

heterogeneity (Ritz and Wilhelm 2008; Slama et al. 2008; Woodruff et al. 

2009). Although recent works have successfully overcome issues related to 

control for confounders, sample size, study design and exposure 

assessment (Dadvand et al. 2013; Pedersen et al. 2013) A summary is 

provided below distinguishing congenital anomalies from newborn size to 

highlights the different methodologies used to approach these outcomes. 

  

a) Congenital anomalies  

In studies of congenital anomalies, the relatively short 8-week period early 

in gestation, during which most organs rapidly develop in the fetus, 

provides a unique opportunity to study exposures acting on narrow 

susceptibility window. Thus, the exposure assessment should reflect the 

temporal and the spatial fluctuations in air pollution whit accuracy to 

account for the very specific etiologically relevant time windows of 

exposure (Ritz and Wilhelm 2008).  
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The evidence for an impact of ambient air pollution on congenital 

anomaly risk has increased in the recent years (Chen et al 2014; Vrijheid et 

al. 2011). Only the most recent studies (Agay-Shay et al. 2013; Marshall et 

al. 2010; Padula et al 2013a and 2013b) included specific traffic-related air 

pollutants such as PM2.5. Exposure assessments often lacked an extensive 

monitor campaign, and thus did not account for the strong spatial intra-

city variation that characterizes traffic-related air pollution (Cyrys et al. 

2012; Eeftens et al. 2012b). Dadvand et al. (2011) estimated spatio-

temporal exposure to black smoke and SO2 with higher spatial resolution. 

Cardiac anomalies or oral clefts were most frequently studied. Available 

evidence on other anomaly groups, such as defects of the nervous, 

digestive, or respiratory systems is scarce (Dolk et al. 2010; Rankin et al. 

2009; Padula et al 2013b). Summary estimates from a recent meta-analysis 

(Chen et al 2014; Vrijheid et al. 2011) indicated that NO2 and SO2 were 

associated with two congenital heart anomalies, coarctation of the aorta 

(OR per 10 ppb NO2=1.17, 95%CI 1.00-1.36; OR per 1 ppb; SO2=1.07, 

95%CI 1.01, 1.13) and tetralogy of Fallot (OR per 10ppb NO2=1.20, 

95%CI 1.02, 1.42; OR per 1 ppb SO2=1.03, 95%CI 1.01, 1.05), and that 

PM10 was associated with atrial septal defects (OR per 10 μg/m3=1.14, 

95%CI 1.01, 1.28).  

Further effort should be done harmonizing data from different registries 

to increase the study sample. Indeed it is unlikely that any specific agent 

would cause an overall increase in all types of anomalies, requiring the 

distinction between relevant subgroups which in turn is quite challenging 

since even specific defects are likely of multifactorial etiology. Finally the 

rarer the defect, the larger the data source needed, i.e. adequate and 

reliable exposure and outcome data for hundreds of thousands of 

pregnant women.  

 

b) Newborn size 

The evidence on the association of ambient air pollution and reduced 

birth size remains heterogeneous (Glinianaia et al. 2004; Stieb et al. 2012; 

Vrijheid et al 2011). Differences in study design, sample size, control for 
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confounders, air pollution measurements and exposure assessment 

techniques as well as the lack of knowledge on the biological mechanism 

has been identified as major determinant to the lack of consistency (Ritz 

et al 2007; Ritz and Wilhelm 2008; Slama et al. 2008; Woodruff et al. 2009; 

Vrijheid et al 2011).  

Recent works on newborn size (Dadvand et al. 2013; Pedersen et al. 2013) 

have successfully outdone the issues related to study design and exposure 

assessment and found positive associations between exposure to traffic 

related air pollutants and adverse birth outcomes. For example Dadvand 

et al.(2013) found term LBW positively associated with 10 μg/m3 increase 

in PM10 (OR = 1.03; 95% CI: 1.01, 1.05) and PM2.5 (OR= 1.10; 95% CI: 

1.03, 1.18) exposure during the entire pregnancy; and Pedersen et al. 

(2013) found increase by 5 μg/m3 in PM2.5 associated with a decrease in 

birth weight (ßadj= -10 g; 95%CI: 0, 19) and a decrease head circumference 

for the same exposure (ßadj= -0.08 cm; 95%CI: -0.12, -0.03).  

There is no study separating the impact of maternal exposure to air 

pollution on fat mass from such an impact on fetal growth as a whole 

measured by birth weight. Animal studies have suggested that gestational 

exposure to PM2.5 can increase the predisposition to insulin resistance and 

to thicker adipose tissues (Bolton et al. 2012). Also maternal smoking 

during pregnancy has been associated to reduced size at birth (weight, 

length and head circumference) but not to thinner skinfolds thickness 

(Bernstein et al. 2000; D’Souza et al. 1981; Luciano et al. 1998). 

 

1.4.2 Biological mechanism 

The biological mechanism linking air pollution to congenital anomalies 

has not yet been investigated exhaustively (Weinhold 2009). Numerous 

biologic pathways have been identified whereby particulate air pollutants 

might impact the placenta and fetus development (Kannan et al. 2006). 

Air pollution contributes to exacerbate systemic oxidative stress and 

inflammatory response which alters blood coagulation and endothelial 

function, affects the nutrients transportation from maternal blood 

through the placenta and alter the hemodynamic response.  Increased 
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oxidative stress and oxidative damage to fetal DNA and vascular 

endothelium are implicated in a range of embryopathies, spontaneous 

abortion and perinatal deaths (Loeken 2006). In particular the neural crest 

cell population seems to be sensitive to toxic insults and responds by 

undergoing apoptosis, in part because they lack antioxidative stress 

proteins (Rice and Barone 2000; Hassler and Moran 1986). Normal 

migration and differentiation of neural crest cells play an important role in 

the heart development (Keyte and Huston 2012). Van Beynum et al 

(2008) suggested gene-environment interaction effect leading to an 

increased risk of congenital heart defects in mothers exposed to nitric 

oxide and smoking. 

Birth weight, LBW, small for gestational age and also preterm birth can be 

caused by maternal, fetal or placental factors or a combination; for 

example, air pollution may affect maternal respiratory or general health, 

and, in turn, impair uteroplacental and umbilical blood flow, 

transplacental glucose and oxygen transport, and total insulin and its 

trophic effects on the fetus, all known as major determinants of fetal 

growth (Vorherr 1982). A recent review article summarized potential 

biologic pathways that, in some animal or cell culture models or in human 

beings, have been shown to be affected by particulate air pollutants, 

including systemic oxidative stress and inflammation, changes in blood 

coagulation, endothelial function and haemodynamic responses. The 

authors hypothesized that these might be potential mechanisms also 

impacting the placenta and fetus in turn (Kannan et al 2006). These 

pathways may or may not act independently; for example, an increase in 

maternal blood pressure and an impaired trophoblast invasion of the 

spiral arteries may induce uteroplacental hypoperfusion and a state of 

relative hypoxia surrounding the trophoblast, such that the resulting 

oxidative stress might compromise nutrient delivery to the fetus and 

impair fetal growth throughout pregnancy. 

Moreover, exposure to fine and ultrafine particulate matter has been 

associated with altered placental mitochondrial function in humans 

(Janssen et al. 2012) and to mitochondrial damage in human tissues(Li et 

al. 2003), which in turn has been proposed to be associated with the 

susceptibility to adiposity (Bophal and Rafnssons 2009) among South 

Asians. In particular the authors suggested that mitochondrial efficiency 
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has a key role in the capacity of fat storage making south Asians more 

prone to store fat in deep visceral adipose tissue depots than Caucasians. 

 

 

Figure 4. Possible biological mechanisms by which air pollutants 

could influence intra-uterine growth retardation (IUGR). 

 

1.4.3 Current gaps 

a) Personal exposure during pregnancy 

Only two studies to date (Netherby et al 2008a, Valero et al 2010) have 

assessed pregnant women´s time activity pattern and the impact of other 

sources of air pollution on the total personal exposure, and results 

differed among geographical region reasonably because of the different  

weather conditions, behaviors, and occupational levels. Furthermore only 

Netherby et al (2008a) undertook measurements of PMs. 
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b) Congenital anomalies  

Vrijheid et al (2011) in the meta-analysis recommended (I) to improve the 

exposure assessment, due to the short relevant window for the etiology of 

congenital anomalies and to the issues related to the use ecological 

assessment. (II) To harmonize the outcome definition thus to make easier 

to compare among studies. (III) To include the assessment of congenital 

anomalies others than cardiac defects and oro-facials defects such as 

defects of the nervous, digestive, or respiratory systems for which some 

evidence of association with environmental exposures has been shown 

(Dolk et al. 2010; Rankin et al. 2009; Padula et al 2013b). 

c) Newborn size 

Many steps forward have been done to improve the quality of the long 

term exposure assessment to air pollution and to address the health 

impact in European birth cohorts (Beelen et al. 2013; Cyrys et al. 2012; 

Eeftens et al. 2012; Pedersen et al 2013b). However, more effort is needed 

to understand further the possible biological mechanism, for example 

identifying new reproductive endpoints (Ritz and Wilhelm 2008; 

Woodruff et al 2009). Furthermore ethnic differences between South 

Asians and Whites have been poorly documented in the studies of air 

pollution and birth outcomes, becoming South Asians one of the largest 

immigrant community in the UK and in Europe. 
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2        RATIONALE 

The epidemiology of air pollution and birth outcomes has taken a number 

of steps further to improve the study quality exposure assessment: 

refining the spatial resolution to account for the high intra-urban 

variability of traffic-related air pollutants, standardizing exposure 

techniques allowing comparisons among studies and the establishments of 

large scale studies such as those in the ESCAPE project. However, most 

studies have estimated the exposure for the residential address, without 

taking into the mobility of the pregnant women. This, even if small, may 

lead to measurement error and attenuation of risk estimates (Aguilera et al 

2009). Thus it is important to disentangle the complex process that 

determines the personal exposure of pregnant women.  

Most studies focused on birth weight as outcome which only partially 

account for the fetal growth (Ballester et al 2010; Ritz and Wilhelm 2008, 

Woodruff et al 2009). Indeed these authors warmly encourage to apply 

such refined exposure techniques to a wider and more refined pregnancy 

outcomes such for example congenital anomalies, head circumference and 

skinfolds thickness among others.  

South Asians are at higher risk, compared to Caucasians, of low birth 

weight, diabetes and cardiovascular disease which can be partially 

explained by an excess of cellular oxidative stress (Matata and Elahi 2011). 

Since we assist to a large scale migration of South Asians towards western 

cities, they represent an important minority to include in epidemiological 

studies to understand if these populations are a more susceptible group 

even to environmental factors. 
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3             OBJECTIVES 

General objectives: 

a) To assess the determinants of the personal exposure of pregnant 

women.  

b) To evaluate the association of exposure during pregnancy to traffic-

related air pollution and birth outcomes applying refined exposure 

assessment techniques to various birth outcomes, including congenital 

anomalies, birth weight, head circumference and skinfolds thickness. 

 

Specific objectives: 

1. To investigate the relationship between pregnant women’s personal 

exposures to NOx, NO2, PM2.5 concentration and absorbance and the 

indoor and outdoor concentration levels at their residence in Barcelona. 

To identify predictors of personal exposure and indoor levels and to 

understand how the personal exposure levels are influenced by the time 

activity pattern. 

2. To estimated associations between exposure to NOx, NO2, PM10, PM2.5 

concentration and absorbance estimated using a temporally adjusted land 

use regression model, and congenital anomalies in Barcelona. 

3. To investigate ethnic differences in the association between exposure 

during pregnancy to NOx, NO2, PM10, PM2.5 concentration and 

absorbance, estimated using a temporally adjusted land use regression 

model, and birth weight, head circumference, triceps and subscapular 

skinfolds thickness among White British and Pakistani origins babies, 

resident in Bradford. 
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4           METHODS 

This section provides (I) an overall view of the ARIBA validation study, 

(II) detailed information on the exposure assessment developed in the 

ESCAPE project and used in the articles II and III, and (III) information 

on the study populations used to assess the health effects for the articles 

II and III. Further methodological details regarding each analysis are 

provided in each of the article presented in the Results section. 

 

4.1 Personal monitoring 

We recruited 54 pregnant women attending her visit at the Hospital Clinic 

of Barcelona. We asked the subjects to keep a 7-day diary of activities 

related to air pollution exposures, including mobility data. Simultaneous 

indoor, outdoor and personal air pollution monitoring have been 

conducted for NOx and PM2.5. Nitrogen dioxide (NO and NO2 referred 

to as NOx) (OgawaTM samplers, Ogawa & Co V3.98, USA, Inc) as 

markers for exposure to traffic emissions. Participants have been 

instructed to commence wearing the NOx tube, for 7 days, on the day 

they commence the exposure diary. We also put one tube inside their 

house (in living room) and one tube outside their house (e.g. close to 

front door). To measure PM2.5 exposure, the women were asked to wear a 

small backpack containing a personal particle monitor during the daytime 

hours for 2 consecutive days and to place the monitor near the bed at 

night (BGI400 sampler with GK2.05 sampling head) (Lai et al 2004). 

Furthermore, one set of monitors measuring PM2.5 have been placed 

inside and outside the house allowing for elemental analysis (as well as 

mass). The personal air sampling pumps operated continuously over this 

period. Filters have been weighed before and after analyses on a 6 figure 

balance, and we determined the light absorbance of the filter as a measure 

of the level of elemental carbon. 
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Figure 5. Pictures of the personal indoor and outdoor air pollution 

samples collected during the study.  

 

4.2 Exposure assessment  

The ESCAPE study started in 2008 and provided exposure assessment 

models around December 2010, collecting air pollution during June 2008 

to June 2009. A mixture of measurements and modeling was used to 
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estimate exposure of study participants to ambient air pollution. 

Specifically, was performed a spatially resolved measurements of PM10, 

PM2.5, the soot content of PM2.5 and NOx. PM measurements were 

conducted at 20 monitoring sites per city or area; NOx measurements 

were conducted at 40 monitoring sites per city or area.  Measurements 

were conducted for three periods of two weeks per site in the cold, warm 

and one intermediate temperature season. Sites were selected to represent 

the anticipated spatial variation of air pollution at home addresses of 

participants in the epidemiologic studies. 

Annual average concentrations were used to develop exposure models 

(land use regression models). Development of land use regression models 

was conducted by collecting potentially important predictor variables for 

air pollution for the geographical coordinates of each of the monitoring 

sites using GIS analyses. First, the locations of monitoring sites were 

geocoded. For each coordinate, values for potential predictor variables 

were collected, and geographic information system (GIS) data was 

collected. These variables were then linked to measurements in a statistical 

model to develop land use regression models. Before the air pollution 

measurements have been finished, GIS information were collected (e.g. 

information on land use, address density /number of inhabitants) as these 

variables were used as predictor variables in the land use regression 

models. 

Linear regression models were thus developed using a supervised stepwise 

selection procedure, first evaluating univariate regressions of the corrected 

annual average concentrations with all available potential predictors. The 

predictor giving the highest adjusted explained variance (adjusted R2) was 

selected for inclusion in the model if the direction of effect was as defined 

a priori. We then evaluated which of the remaining predictor variables 

further improved the model adjusted R2, selected the one giving the 

highest gain in adjusted R2, and the right direction of effect. Subsequent 

variables were not selected if they changed the direction of effect of one 

of the previously included variables. This process continued until there 

were no more variables with the right direction of effect, which added at 

least 0.01 (1%) to the adjusted R2 of the previous model.  
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LUR models for NO2 and NOx were developed for around 40 European 

cities or regions, while PMs models were for 20 European cities or 

regions, among them Barcelona, Bradford and London/Oxford area. 

LUR models coefficients for PMs developed in London/Oxford area 

were used to estimate PMs exposure in Bradford. The final R2 for each 

model are presented in the Table 2, below. 

Table 2. Adjusted R2 for the models of air pollutants developed in 

the ESCAPE project in UK and in Barcelona.  

Area NOx NO2 PM10 PMcoarse PM2.5 PM2.5abs 

UK* 90% 83% 90% 68% 82% 96% 

Barcelona 73% 75% 90% 75% 83% 86% 

* UK LUR models are based on Bradford measurements of NO2 and NOx, and 

on London and Oxford region measurements of PMs. 

The model development and final formulae are detailed by Beelen et al 

(2013) and by Eeftens et al (2012), an example is: 

PM2.5 in Barcelona, Spain= 16.21 − 4.08 × 10−6 × GREEN_1000m + 2.04 × 

10−7 × TRAFLOAD_100m + 6.82 × 10−3 × INTINVDIST 

Where  

GREEN_1000m is: urban green and natural land combined in a buffer of 1000m 

from the residential address 

TRAFLOAD_100m = heavy traffic (vehicles·day−1·m) for all roads in a buffer 

of 100m, 

INTINVDIST is the product of inverse distance to the nearest road and the 

traffic intensity on this road (vehicles·day−1m−1). 
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4.3 Registre de Defectes Congènits de Barcelona – 

REDCB 

The Barcelona Birth Defects Registry (Registre de Defectes Congènits de 

Barcelona –REDCB) was initiated in 1990 but reached a population-based 

status by 1992, when it became a member of the Eurocat. The REDCB is 

part of the Service of Health Information Systems (Servei deSistemes 

d’Informacio´ Sanitaria) in the Public Health Agency of Barcelona 

(Age`ncia de Salut Pública de Barcelona). It is funded by Regional 

(Generalitat de Catalunya) and Local (Ajuntament de Barcelona) 

Administrations.  

The REDCB covers pregnancies of women resident in Barcelona City 

ending in live or stillborn babies of 22+ weeks of gestation or in induced 

abortions (IAs) due to prenatal detection of birth defects (i.e., the registry 

does not include birth defects in spontaneous abortions <22 weeks of 

gestation, or IAs due to other reasons than prenatal detection of birth 

defects). Some 3% of residents’ newborns occur at maternity units out of 

the city limits, the nurses of the REDCB controls 50% of these newborns 

(1.5%). Since Barcelona City is a pole of attraction for at risk pregnancies, 

the remaining 1.5% of newborns not controlled by the registry probably 

provides <1% of cases. In 2008, the REDCB covers about 14,500 births 

annually. In the previous 5 years, the number of births has increased from 

about 12,500, mainly due to a higher fertility rate among immigrant 

women of developing countries coming to the city. 

General information on cases and controls, as well as clinical information 

on cases, is collected using questionnaires specifically made for the 

registry. An interview with the mother is the main source of general 

information. Delivery units, pediatric departments, cytogenetic 

laboratories, pathology departments, prenatal diagnosis units, and 

pediatric cardiology services are the main sources of clinical information. 

The registry has direct access to some cytogenetic laboratories, but not to 

all. Some of the collaborating laboratories send their data by e-mail, but 

for most of them, registry staff members personally go to collect the case 

information. Pediatric cardiology centers covering part of the registry 
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population supply systematic case lists and diagnostic details to the 

registry.  

The maximum ae at diagnosis is up to 3 days of age. When a suspicion of 

birth defect exists, follow-up is made until a diagnosis or normality is 

stated. This affects mainly birth defects as congenital heart defects (CHD).  

IA after prenatal detection of a birth defect is legal in Spain until 22 weeks 

of gestation. Cases are defined as fetuses or newborns with at least 1 

major or 21 minor anatomic birth defects or with unbalanced 

chromosomal anomalies. The follow-up period is 2 to 3 days after 

delivery. Due in part to this short follow-up period, poor ascertainment 

exists for birth defects as mild hypospadias, some cardiovascular defects, 

and other anomalies of internal organs not detected using prenatal 

ultrasounds. The ascertainment of unbalanced chromosomal anomalies 

without neonatal anatomic defects (as some sexual chromosome 

anomalies like XXX, XXY, XYY) is never complete and depends on the 

rate of karyotyped pregnancies. 

A random sample (not case-matched) of about 2% of the newborns 

expected in each maternity unit is selected as controls. Information on 

maternal drug use, maternal and paternal diseases, and occupations is 

available for cases and controls, but it is not sending to the EUROCAT 

Central Registry. The REDCB systematically sends data to the 

EUROCAT Central Registry on all ‘‘core’’ variables but two (civil 

registration status and McKusick code), and on a ‘‘non-core’’ variable 

(karyotype). Background data on births are available from birth certificates 

and the Barcelona Perinatal Mortality Registry. The registry is located in a 

health authority setting (Barcelona Public Health Agency). Parental 

consent is asked for during interview with the mothers of cases and 

controls. 
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4.4 The Born in Bradford cohort study - BiB 

Full description of the Born in Bradford cohort profile can be found in 

Wright et al (2012). In brief, the BiB cohort study was established in 2007 

to examine how genetic, nutritional, environmental, behavioral and social 

factors impact on health and development during childhood, and 

subsequently adult life in a deprived multi-ethnic population. Between 

2007 and 2011, detailed information on socio-economic characteristics, 

ethnicity and family trees, lifestyle factors, environmental risk factors and 

physical and mental health has been collected from 12 453 women with 

13 776 pregnancies (recruited at around 28 weeks) and 3448 of their 

partners. Mothers were weighed and measured at recruitment, and infants 

have had detailed anthropometric assessment at birth and post-natally up 

to 2 years of age. Results of an oral glucose tolerance test and lipid 

profiles were obtained on the mothers during pregnancy at around 28 

weeks gestation, and pregnancy serum, plasma and urine samples have 

been stored. Cord blood samples have been obtained and stored. Birth 

weight, head circumference, triceps skinfolds thickness, subscapular 

skinfolds thickness and abdominal circumference have been collected at 

birth, within the first 72h of life by trained operators. 

Born in Bradford (BiB) was created in response to rising concerns about 

the high rates of childhood morbidity and mortality in the city of 

Bradford, the sixth largest city in the UK with a population of about half a 

million and urban areas that are among the most deprived in the UK. 

Around 20% of the population of Bradford is of South Asian origin (90% 

of whom are from Pakistan), and this constitutes a three-generation 

community that maintains close links with Pakistan Small et al (2012). The 

relatively young age of the population of Pakistani origin and their higher 

fertility rates, compared with the White British majority population, 

explain why almost half of babies born in the city have parents of 

Pakistani origin. Sixty percent of the babies born in the city are born into 

the poorest 20% of the population of England and Wales based on the 

British government’s residential area Index of Multiple Deprivation 

(Townsend, Phillimor, and Alastair 1988). Infant mortality in Bradford 

has been consistently above the national average, peaking at 9.4 

deaths/1000 live births in 2003, when the national average was 5.5 
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deaths/1000 live births, and levels of congenital anomalies and childhood 

disability are among the highest in the UK.  
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5  RESULTS 

5.1 Article I: Personal, indoor and outdoor Air 

pollution levels among pregnant Women * 

Schembari A, Triguero-Mas M, de Nazelle A, Dadvand P, Vrijheid M, 

Cirach M, et al. 2013. Personal, indoor and outdoor air pollution levels 

among pregnant women. Atmos Environ 64:287–295. 

*This article is reproduced according to the published manuscript

doi:10.1016/j.atmosenv.2012.09.053

http://www.sciencedirect.com/science/article/pii/S1352231012009247
http://www.sciencedirect.com/science/article/pii/S1352231012009247
U16319
Rectángulo
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5.2  Article II Traffic-Related Air Pollution and 

Congenital Anomalies in Barcelona* 

Schembari A, Nieuwenhuijsen MJ, Salvador J, de Nazelle A, Cirach M, 

Dadvand P et al.  2014. Traffic-related air pollution and congenital 

anomalies in barcelona. Environ Health Perspect 122:317-323 
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5.3  Article III: Ambient Air Pollution and 

Newborn’s Size at Birth: Differences by 

Maternal Ethnicity – Results From the Born 

in Bradford Study Cohort.* 

 

Anna Schembari, Marie Pedersen, Kees de Hoogh, Payam Dadvand, 

David Martinez, Gerard Hoek, Emily S Petherick, John Wright and Mark 

J Nieuwenhuijsen 
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6          DISCUSSION 

This section aims to integrate and interpret the results presented and to 

discuss the overall achievements of this thesis.  

 

6.1 Contribution to the current knowledge 

The epidemiological studies of exposure to ambient air pollution and birth 

outcomes have been many; however results are inconsistent partly due to 

imprecise exposure assessment and use of somehow limited outcomes 

(few groups in the case of congenital anomalies, not specific in the case of 

birth weight). In this thesis (I) the determinants of personal exposure 

during pregnancy and the correlation between personal exposure and 

indoor and outdoor air pollution levels have been investigated, providing 

a better understanding of the sources of exposure error. (II) Refined 

exposure assessment techniques, implemented in the European Union 

within the framework of the ESCAPE project, have been employed to 

estimate associations between a wide range of air pollutants and the birth 

outcomes, providing comparable evidence with much larger studies. (III) 

The studies presented have the merit to enhance the current range of 

outcome evaluated in the epidemiology of air pollution and congenital 

anomalies and newborn size. This helps, in the case of congenital 

anomalies, to explore further the implications of exposure to air pollutants 

and, in the case of newborn size, to test biological mechanisms which may 

concur to the determination of birth weight.  

 

6.1.1 Personal vs. ambient exposure.  

In the article I a detailed observation of which characteristics of the house 

or of the personal time activity pattern was carried out stressing the 
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importance of accounting for the time spent commuting, the house 

ventilation, the season and exposure to smoking. Personal exposure to 

NO2 and NOx was explained quite well by the characteristics described 

above while the variability in PM2.5 was mainly related to the time spent 

commuting or cooking. The correlation between personal and outdoor 

levels was moderate to high and the time spent indoor at home is around 

the 60% on a daily base. From these results we can deduce that including 

data on time spent commuting might improve the estimates of exposure 

to traffic related air pollution. Indeed further analyses of the elemental 

composition of the filters indicated that the mineral found in PM2.5 filters 

were probably originated in the underground rail (Minguillón et al 2012b). 

In large epidemiological studies it’s however difficult to include personal 

monitors data. In particular, the registries of congenital anomalies mostly 

do not recollect information about the house or the time activity of the 

pregnant women. Mothers of babies born with congenital anomalies are 

emotionally compromised thus information on personal behaviors might 

be subject to recall bias. On the contrary, prospective birth cohort studies 

might collect more detailed information about time activity pattern of the 

future mothers. However to date only two studies where able to do so; 

results from the INMA birth cohort, showed stronger associations 

between air pollutants and birth size among women who spent more time 

at home (Aguilera et al 2009, Estarlich 2011). Another approach have 

been to combine the exposure estimated at home with that at the working 

place (Madsen et al 2010; Iñiguez et al 2009), which resulted in slightly 

stronger association among those women who do not work or spent more 

time at home. In the BiB cohort study the work address was not available, 

our results stratified by working status showed slight not statistically 

significant differences between workers and non-workers, however we 

cannot exclude exposure misclassification because employed status can be 

associated with other factors such as maternal or familiar diseases and 

poverty.  

Exposure to active or passive smoking and the season of conception are, 

on the contrary, the only reoccurring determinants of personal air 

pollution commonly available in large epidemiological studies and thus it 

is common to see results of the association models adjusted for exposure 

to smoking and for season (of conception or of birth). Such elements 
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have been associated to birth outcomes (Bernstein et al. 2000; Chodick et 

al. 2009; D’Souza et al. 1981; Hackshaw et al. 2011; Luciano et al. 1998; 

Strand et al. 2011; Vardavas et al. 2010). However, the confounding effect 

of smoking assessed in the air pollution and congenital anomalies studies 

was little (Gilboa et al. 2005; Marshall et al. 2010), which was also 

confirmed in our congenital anomalies study. In our newborn size study, 

on the contrary, smoking during pregnancy was a statistically significant 

predictor. In both our studies on birth outcomes, season of conception 

was included as a statistically significant covariate, moreover, in the article 

III, the association estimated for air pollution were significantly modified 

when the models were not adjusted for season of conception. In previous 

literature season of conception was included itself (Aguilera et al 2010; 

Ballestrer et al 2010; Basu et al 2013; Pedersen et al 2013b) or taken into 

account by temperature (Bell et a 2012; Geer et al 2012) confirming 

previous results.  

Pregnant women spent around the 60% of their time at home during the 

second trimester, as shown in our article I and in Neterby et al (2008c)and 

in Valero et al (2010). Moreover, as the pregnancy advances, the time time 

spent at home increases and as well as the time spent within the residential 

neighborhood (Netherby et al. 2008a); hence this suggests that the 

exposure assessment error decreases during the last trimester of the 

pregnancy.  

In conclusion, collecting information on personal exposure, behaviors, 

time activities and mobility of pregnant women is not feasible for all the 

participants in large epidemiological studies because of the high costs and 

burden on the participants. But the collection of such data in a subsample 

of the study population allows a better understanding of the personal 

exposures and helps in the interpretation of the results.  

 

6.1.2 Exposure assessment improvements 

The Article II and article III rely on the exposure assessment models 

developed in the ESCAPE project framework which used one of the most 

advanced techniques for estimating the exposure to traffic related air 
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pollution within cities or small regions (Beelen et al. 2013; Eeftens et al 

2012). The main strengths of these models are the comprehensive range 

of air pollutants included, the standardized collection of pollution levels 

over 3 years (2008-2011), the harmonized and detailed information 

collected on potential determinants of traffic (using GIS) and the 

standardized method used to determines models over XX cities and 

regions in Europe. Thus we were able to estimate small-scale spatial 

exposure contrasts during the pregnancy periods. Models with these 

characteristics were developed to provide an answer to the urgent need of 

improvement of air pollution exposure assessment in the epidemiological 

studies (Ritz and Wilhelm 2008, Woodruff et al 2009).  

As discussed in detail in each of the articles, to temporally adjust exposure 

during the exact pregnancy periods, which occurred 1 to 14 years earlier 

when the ESCAPE models were development, long-term routine 

monitoring data were used. This approach relied on the assumption that 

there were no major changes in the spatial distribution of the 

determinants of air pollution (eg. traffic density, land-use) which has been 

successfully tested by (Cesaroni et al 2012; Eeftens et al 2011). Further 

assumptions of similar temporal trend of PM10 and PM2.5 and of NOx 

and PM2.5 absorbance were made to back-extrapolate PM2.5 and PM2.5 

absorbance respectively. We tested and confirmed these assumptions in 

the article II. 

The main result of a more accurate exposure assessment is to increase the 

precision of the association estimates thus to increase the power of the 

study. Indeed, the associations presented in the articles II and III are 

consistent with those of meta-analysis (Stieb et al 2010; Vrijheid et al 

2011) and those of larger epidemiological studies (Pedersen et al 2012), 

but are based on much smaller study population. 

The exposure assessment was based on the residential address, thus the 

two possible main sources of exposure misclassification are related to the 

exposure occurred elsewhere and to changes during pregnancy of the 

residential address. The first issue was discussed in detail in the previous 

section. The residential mobility during pregnancy have been estimated to 

be around 4% to 15% in European studies (Aguilera et al 2009; Estarlich 

et al. 2011; Pedersen et al 2012) and between 14% and 40% in US or 



 

179 

 

Canadian based studies (Brauer et al. 2008; Canfield et al. 2006; Chen et al. 

2010; Lupo et al. 2010). However all agreed that the new addresses were 

generally within short distances, and that it does not significantly influence 

the exposure, and in the case of congenital anomalies is not different 

between cases and controls. The studies that evaluated the changes in the 

association estimates (Aguilera et al 2010; Brauer et al 2008; Estarlich et al 

2011; Pedersen et al 2012) suggest that indeed the error was small, which 

was confirmed in the presented article III.  

Our congenital anomalies study has been considered as a pilot for the 

feasibility of an European case-control study of air pollution and risk of 

congenital anomalies (EUROCAT 2004). Indeed such an effort should be 

seen in the larger contest of the establishment of European birth cohorts 

studies (Gehring et al. 2013; Kogevinas et al. 2004; Vrijheid et al. 2012) 

which have the advantage of increase the statistical power of the studies, 

to easily select the samples on a range of exposure and outcomes 

facilitating the collaboration among studies, to have an inventory and 

harmonization of the data collected and to simplify the conduction of 

studies replication. The results of the congenital anomalies study acts as a 

guaranty for the success of apply the already available LUR models 

developed in the ESCAPE project to those European registries of 

congenital anomalies having at least the residential address of the mother. 

Such type of study is made possible because of the effort done by the 

Eurocat to harmonize the outcome definition and the set of covariates 

available. 

 

6.1.3 Novel outcomes 

a) Congenital anomalies 

The majority of studies evaluating the traffic-related air pollution effects 

on congenital anomalies have included mainly those of the cardiac system 

and the oro-facial and cleft palate because these are two of the largest 

anomaly groups and they have been suspected to be related to other 

environmental exposures (Dolk and Vrijheid 2003). However, neural tube 
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defects, cardiac defects as well as musculoskeletal, gastrointestinal and 

facial defects have been associated to other environmental factors (Dolk 

et al 1998; Hackshaw et al 2011; EUROCAT 2004), hence the importance 

to include them further in this type of studies.  

In developing the strategy for the article II we considered that: (I) the 

REDCB offers a detailed description of the major congenital anomalies 

groups following the Eurocat classification, thus brings the opportunity to 

have a detailed classification of the cases easily reproducible; (II) there 

were only few congenital anomalies groups with less than 100 cases in the 

crude analyses; (III) the refined exposure assessment from the ESCAPE 

models was expected to reduce the measurement error and to increase the 

power of the study. We therefore included congenital anomalies groups 

not frequently studied before in relation to exposure to air pollution (Dolk 

et al 2010; Padula et al 2013; Rankin et al 2009) such as: neural tube 

defect, cardiac defects in a detailed classification, respiratory system 

anomalies, digestive system anomalies, abdominal wall defects, urinary, 

hypospadias and limb reduction. Our results were consistent with 

previous literature and indicate some association between air pollution 

and the cardiac anomalies groups. Further we also found indication of 

association for abdominal wall defects and digestive system to be worthy 

further studied.  

 

b) Newborn size 

In the studies of air pollution and birth outcomes, birth weight has been 

the most investigated outcome among the indicators of birth size because 

it is an outcome available from birth certificate. Birth weight is indeed a 

very important outcome because it is the results of the developmental 

progression from the time of conception to birth and it has been 

proposed as intermediate between prenatal environmental exposures and 

health status later life; hence the in utero effects of environmental agents 

on pregnancy outcomes are of interest. However, given the current 

interest in the developmental and growth-related effects of air pollution, 

the identification of novel and more sensitive health outcomes to assess 

early health effects that can predict later disease, is needed.  
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Recent epidemiological evidence links exposure to air pollution and 

development of obesity during childhood (Jerret et al 2014, Rundle et al 

2012). Biological plausible mechanism of such an effect may act through 

systemic inflammation to increase pro-obesogenic pathways (Bolton et al. 

2012; Mendez et al. 2013; Sun et al 2009). Some components of traffic-

related air pollution may contain endocrine disruptors that could be 

obesogens.  

In the newborns skinfolds thickness provides an estimate of the total 

body fat of the infant (Farmer et al. 1985). Postnatal fat accumulation 

occurs predominantly in the extremities: triceps (upper arm) skinfolds 

thickness provides an indication of the periferical body fat mass while 

subscapular (upper back) skinfolds thickness reflects the 

visceral/subcutaneus fat (Ketel et al. 2007; Snijder et al. 2006). 

Subcutaneous/visceral fat mass have increasingly been related to the 

pathogenesis of insulin resistance and other precursors of cardiovascular 

disease (Patel et al. 2013; Sniderman et al. 2007). Hence, we proposed 

triceps and skinfolds thickness at birth as outcomes to capture such 

possible effect of prenatal exposure to air pollution.  

In Article III our results indeed indicate a statistically significant increase 

in triceps or in subscapular skinfolds thickness at birth at increasing 

exposure to PMs. This was the first study assessing such associations; 

however, maternal smoking during pregnancy has been associated to 

reduced size at birth (weight, length and head circumference) but not to 

thinner skinfolds thickness (Bernstein et al. 2000; D’Souza et al. 1981; 

Luciano et al. 1998),confirming our results. 

 

6.1.4 The role of Pakistani Ethnicity 

Asians and in particular Pakistani are underrepresented in the 

epidemiological studies of air pollution and birth outcomes. The Pakistani 

immigration in England started in the mid nineteenth century and in 

Bradford, an industrial city in the north of England, this community in 

now at its second or third generation and represents an important part of 

the society. The constant increased risks of low birth weight and neonatal 
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mortality independently form the social class among Pakistani origins 

newborns together with the higher risk of obesity, diabetes and 

cardiovascular disease during adulthood makes this ethnic group 

disadvantaged regardless to the White British community and important 

for public health implications. 

As explained earlier, many have been the possible mechanisms beyond 

these differences which have lead to a higher abdominal/visceral fat mass 

and its aetherogenic consequences among South Asians compared to 

Caucasians. The biological mechanism proposed may act through the 

efficiency of mitochondria (Bhopal and Rafnsson 2009) which in turn can 

be affected by air pollution exposure (Janssen et al 2012).  

In the article III the effect of prenatal exposure to traffic-related air 

pollution on birth size were analyzed in relation to the maternal ethnicity. 

There was indication of a differential effect of exposure to PMs and birth 

weight, head circumference and skinfolds thickness which identifies 

Pakistani origins more susceptible to fat mass storage induced by 

exposure to air pollution. These results call for confirmation in other 

epidemiological studies on the same outcomes or on the childhood 

growth trajectory; furthermore attention should be dedicate to understand 

the biological plausibility for such an effect. 

 

6.1.5 Confounders and effect modification 

A key challenge in epidemiological studies that needs to be adequately 

addressed to ensure the validity, accuracy and reliability of the results is 

confounding. After the identification of the set of relevant covariates for 

each exposure-outcome pairs, the availability of such information needs to 

be evaluated. Key factors were identified on the base of previous evidence 

from other studies or on data driven associations between covariates in 

analyses from the BiB population. One very useful tool to identify and 

clarify the relationships between co-variates, exposure and outcomes are 

the direct acyclic graphs (DAGs) because permits to visualize the research 

hypothesis and to detect sources of confounding, overadjustment and 

unnecessary adjustment (Schisterman et al. 2009), measurement error 
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(VanderWeele and Hernan 2012) and selection bias (Hernan et al. 2004) 

that may distort effect estimates. However, due to the uncertainties related 

to the lack of evidence for the association between some of the covariates 

included in a DAGs, more than one DAG is plausible under different 

assumption on the same research hypothesis. 

 

Using this approach Slama et al (2008, Figure 7) described the frame upon 

which researches on the air pollution and birth outcomes have been based 

so far. We adopted that.  

 
Figure 7 Hypotized relationships between air pollution, IUGR, and 

extraneous factors possibly acting as confounders in epidemiologic 

studies of air pollution and IUGR. Arrows indicates plausible effect 

of a factor over another not mediated by another factor present in 

the diagram. A dotted arrow indicates a plausible although not 

established relationship. An arrow form a factor A that intersects an 

arrow from B to C indicates that A may modify the effect of B on C.  

 

Despite our careful consideration, we cannot rule out that other 

confounders that were not measured or confounders that we are not 

aware of, may partially explain the estimated associations, as it is discussed 

in more detail in the articles. Further, measurement errors in the potential 

confounders analyzed may have compromised our ability to control for 

their effect, leaving “residual” confounding. 

 

Confounders might also be attributable to the correlation between the air 

pollutants itself. Such correlation is intrinsic in the nature of the pollutants 
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and of the exposure assessment techniques thus cannot be removed and 

indeed was not always negligible in article II and III. The main 

consequence, in this case, is the uncertainty of attributing the associations 

observed to one or the other exposure, as discussed in detail in the 

articles. In article II this issue was further mixed to the high number of 

comparisons made (6 pollutants and 18 congenital anomalies groups) 

which can also increase the probability of a false “true” association. Thus 

the associations found statistically significant using the spatio-temporal 

exposure were interpreted as “true” only if them were consistent with the 

associations calculated using a simpler exposure at spatial level. In article 

III instead, most of the statistically significant associations were found for 

PMs, which are indeed the same complex family of pollutants, thus there 

was almost no contrast in interpreting the results. 

Another confounder we haven’t controlled for was diet. The diet has been 

proposed (Kannan et al 2006) as a possible modifier of the effect of air 

pollution on birth outcomes in many ways: reducing oxidative stress, 

modifying the inflammatory response, activating coagulation or, on the 

contrary, improving endothelial function. There is a growing list of foods 

and food groups which consumption is associated with the biological 

pathways mentioned. Diet has been associated with birth outcomes 

(Pedersen et al. 2013a; Pedersen et al. 2012). However it is rare to see such 

interaction measured in the air pollution studies because studies based on 

hospital records do not report diet data thus estimate the diet and the 

nutrient intake is not that way straightforward. However the promise for 

an interaction is warranted (Sun et al 2013; Guxens et al 2012) thus we 

recommend to including dietary information when possible in the future 

studies of air pollution effect on newborns health (Mendez and Kogevinas 

2011). 

Another limitation is that we haven’t assessed the conjunct effect of 

traffic-related noise and air pollution on birth outcomes. The review on 

the impact of noise on birth outcomes do not indicate such an impact 

(Hohomann et al 2013), however Gehring et al (2014) found statistically 

significant association between noise and birth outcomes, and in the joint 

models for noise and air pollutants the associations between noise and 

term birth weight remained largely unchanged, whereas associations 

decreased for all air pollutants. Indeed the main underling source of noise 
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and air pollution is traffic thus an adequate assessment of both is 

necessary to identify their independent effect.  

 

6.2 Limitations  

This paragraph aims to sharp the overall limits of the thesis and do not 

presents a detailed discussion of the limits of each study. 

The wide range of objectives included in this project made it quite 

ambitious; ranging from the understanding of the determinants of 

exposure to air pollution to the application of refined exposure 

assessment techniques to study the associations with novel outcomes. 

Despite the carefully assessment of each of the objectives there are details 

which could have had straight the contribution of this project to the 

current gap in the knowledge. 

The first limitation is the lack of the quantitative assessment and 

correction for the measurement error in the exposure assessment. The 

work presented in article I was one of the first study conducted at 

CREAL on personal measurements of air pollution, in particular the first 

measuring PM2.5, among pregnant women. We failed in collect repeated 

measures in each of the trimester of pregnancy for each woman. We also 

faced problems of invalidity of 6 out of 60 filters, which reduced the 

sample size. Corrections carried out on the base of not precise 

information on error magnitude may increase thee bias rather than 

decrease it (Armstrong 1998). Indeed our publication is descriptive and 

further, on a practical view, we collaborated with other groups within 

CREAL to develop the Validation of ESCAPE Exposure EstimateS using 

Personal exposure Assessment-VE3SPA study, in 2010. We also 

collaborated with other groups to establish the validation study among 

pregnant women in the Helix project.  

A consequence related to this is that any translation of the results of the 

article I into the interpretation of article II and article III and any efforts 

toward an overall harmonization of the results may appear speculative. 
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However, the articles I and II are both based in Barcelona, which 

increases their compatibility; overall the harmonization is recovered 

because under the general objective to introduce new outcomes.  

 

6.3 Public health implications 

Levels of air pollution are of public health concern and are regulated all 

around the developed world. However recommended values are often 

exceeded and the health effects appear even at levels lower than those 

fixed by low. The epidemiological evidence of such effects on newborns 

has been growing in the recent years because of the improvements in the 

study design and exposure assessment (Dadvand et al 2013; Pedersen et al 

2013; Stieb et al 2010; Vrijheid et al 2010), and this thesis partially 

contributed to these achievements. A more restricted legislation of air 

pollution levels is recommended, however beyond that, the results of this 

thesis have the merit to encompass elements which can inspire a number 

of actions aiming to encourage a healthier lifestyle. Indeed, from my 

personal point of view, every epidemiological study should contain 

elements addressing policies recommendations and elements encouraging 

population behavioral changes which act synergistically towards the 

reduction of the exposure in the general population.  

Our results suggested that increasing the time spent outdoor and in active 

transportation may reduce the exposure to air pollutants, we also showed 

that those pregnant women living in proximity to green spaces had lower 

air pollution and spent more time outdoor (Dadvand et al 2012). 

Furthermore there is a growing body of evidence for the protective effects 

of green spaces on birth outcomes (Dadvand et al 2012; Agay-Shay et al 

2014). Finally, we encourage to reduce the indoor exposure by avoid 

smoking; improve the efficiency of the buildings, in particular to use clean 

engines to cook and warm the house use, and to efficiently ventilate the 

house.  

Secondly, we recommend to reduce the levels of ambient air pollution 

developing an urban plan which includes the shifting toward cleaner 

heavy duty diesel vehicles and low-emissions vehicles and fuels, which 
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remodels the urban circulation prioritizing the active transportation such 

as walking and cycling and improves the fast public transportation 

services, which improves the safety perception in the streets and 

encourage the use of the public places. 

If the indications from the recent emerging evidence of the impact of air 

pollution on birth outcomes are disregarded, the newborn health will be 

compromised by an increase in risk of congenital heart anomalies, a 

reduced birth weight and a higher risk of LBW and maybe by an increase 

in adiposity. In the developing countries such as India, China and Brazil 

the actual situation may become an emergency because on the one hand 

there is a rapid and some time wild urbanization and a “dirty” and 

inefficient vehicular traffic; on the other, unfortunately, the health care 

systems and the health as well as the house conditions are in many cases 

still deficient; hence a rapid increase in the air pollution and in the number 

of exposed people may represent an emergency. Some 4.3 million 

premature deaths were attributable to household air pollution in 2012 and 

almost that entire burden was in low-middle-income countries (WHO 

2014)  

6.4 Implications for future research 

Several uncertainties remains which suggests further effort to investigate 

the following areas: 

 Further study the toxicity of particles, including PAHs and 

elemental composition, both in validation studies and in models 

estimating the exposure.  

 Conduct a more extensive personal monitoring study of air 

pollution levels which allows for accounting the measurement error. 

 To develop and European case control study of air pollution and 

congenital anomalies, making use of the exposure assessment 

models developed in the ESCAPE project. 

 To further investigate the effect of air pollution in the development 

of adiposity and fat storage in newborns and during childhood. 
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Under the hypothesis that diet and air pollution may interact in 

several biological pathways, information on diet should be assessed 

in such studies. 

 In view of the Ethnic differences in the susceptibility toward air 

pollution, in particular between Pakistani origins and White British, 

we recommend future studies to try to confirm these results. 

 To assess noise exposure and include it in the analyses of traffic-

related air pollution to assess the eventual effect cofounder of noise 

exposure. 

 Verify the biological pathways that may result in the increased 

adiposity at birth with the exposure in uterus to air pollution 

 Verify the biological pathways that may result in the differential 

effect of air pollution between Pakistani origins and White British  
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7                                                     CONCLUSIONS 

 

 Personal exposure levels of air pollution among pregnant women 

in Barcelona were higher than indoor and outdoor estimations, and were 

strongly correlated with indoor levels than with outdoor.  

 Pregnant women spent around 60% of their time indoor where 

exposure levels appeared influenced by human activities such as cooking 

or smoking, beside the outdoor levels. Furthermore using a “dirty” gas for 

cooking activities increased the exposure to NO2 and NOx. Time spent 

walking or biking contributed to reduce the personal exposure to 

particulate matters.  

 Results on pregnant women behaviors should be considered in the 

light of the climate, traffic situation and hosing stock in Barcelona, a 

Mediterranean city with hot dry summers and mild winters, where there is 

often no air conditioning and where people leave windows open 

providing natural ventilation. Even where windows are closed there may 

be substantial ventilation due to bad insulation. Also, there is always a lot 

of traffic, with traffic density levels on average four times higher 

compared to London. 

 There is small increase in risk of selected congenital anomalies and 

traffic-related air pollutants. However the positive association of NO2 and 

NOx with coarctation of the aorta is consistent with findings of a meta-

analysis of previous studies. 

 Associations of the digestive system anomalies with NO2 and 

NOx, and of abdominal wall defects with PMcoarse, were novel and call 

for confirmation. 
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 Associations of exposure to particulate matter with birth weight, 

head circumference and skinfolds thickness appeared differential between 

White British and Pakistani origins infants. 

 Association of exposure to particulate matter and skinfolds 

thickness was for the first time assessed but is consistent with the recent 

hypothesis of the role of particles in the exacerbation of obesity.  

 The use of refined exposure assessment technique improved the 

quality of results reducing the uncertainties related to the measurement 

error. However the assessment of some identified determinants of air 

pollution might improve the quality of the results. 
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