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Abstract

The high prevalence and burden of asthma and other chronic
respiratory diseases worldwide has raised concerns about the
potential role of environmental exposures. However, the evidence is
still inadequate. This Thesis is based on the hypothesis that being
exposed to a harmful environment during prenatal life can have a
long-term impact on disease later in life (the Developmental Origins
of Health and Disease paradigm). The main aim of this doctoral
Thesis was to investigate how early life environmental stressors,
particularly ubiquitous chemical pollutants and the urban

environment, influence children’s respiratory health.

In this Thesis we first reviewed the current evidence on the role of
prenatal exposure to chemical pollutants, mainly organic pollutants,
on children’s lung function. Then, we explored the associations of
prenatal exposure to chemical pollutants, namely organochlorine
compounds and bisphenols, on children’s respiratory health using 8
European population-based birth cohort studies. Last, we used a large
longitudinal database, the Information System for Research in
Primary Care, to establish a new birth cohort by linking electronic

health records of parents and children.

Results of this Thesis show that 1) Evidence on prenatal exposure to
organic pollutants on childhood lung function, especially
organochlorine compounds and bisphenols, is limited. 2) Prenatal
exposure to p,p’-dichlorodiphenyldichloroethylene (p,p-DDE) is

prevalent and may decrease lung function during childhood. 3)
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Prenatal exposure to bisphenol A is prevalent and is associated with
higher risk of wheeze and asthma among school-age girls. 4) The
urban environment during pregnancy, mainly air pollution, road
traffic noise, and availability of blue spaces can affect respiratory
health in childhood. 5) We successfully linked the electronic health
records of 719,858 children born from 2005 to 2018 to the electronic
health records of at least one potential parent in the Information

System for Research in Primary Care

In conclusion, prenatal exposure to organochlorine compounds,
bisphenol A and to exposures of the urban environment is prevalent
and influences children’s respiratory health. This Thesis highlights
that early identification of the environmental determinants of
children’s respiratory health is of utmost importance, given their
long-term effect on disease throughout life, and provides a new large
birth cohort from the linkage of parent’s and children’s electronic

health records.
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Resum

La gran prevalenca d’asma i altres malalties respiratories croniques
al mén ha despertat preocupacions sobre el possible paper de les
exposicions ambientals. Tot i aixi, 1’evidéncia és inadequada.
Aquesta Tesi es basa en la hipotesi que postula que 1’exposicio a un
ambient nociu durant 1’etapa prenatal por tenir un impacte a llarg
termini en la salut (el paradigma de 1’origen durant el
desenvolupament de la salut i la malaltia). L’objectiu principal
d’aquesta Tesi doctoral és investigar com influeixen en la salut
respiratoria infantil les exposicions ambientals, especialment els
contaminants quimics i el medi urba, durant les primeres etapes de la

vida.

En aquesta Tesi primer vam revisar I’evidéncia actual del paper de
I’exposici6 prenatal a contaminants quimics, principalment
contaminants organics, sobre la funci6 pulmonar durant la infancia.
A continuacid, vam explorar les associacions entre 1’exposicio
prenatal a contaminants quimics, principalment compostos
organoclorats i bisfenols, i la salut respiratoria infantil mitjancant 8
estudis de cohort de naixement europeus. Per ultim, vam utilitzar una
gran base de dades longitudinal, el Sistema d’Informaci6 per al
Desenvolupament de la Investigacié en Atencid Primaria, per establir
una nova cohort de naixement mitjangant la vinculacio6 de la historia

clinica electronica de pares i fills.

Els resultats d'aquesta Tesi mostren que 1) L’evidéncia sobre

l'exposicid prenatal a contaminants organics sobre la funcid

X



pulmonar infantil, especialment compostos organoclorats i bisfenols,
¢és limitada. 2) L'exposicié prenatal a p,p’-diclorodifenildicloroetile
(p, p-DDE) és freqiient i pot disminuir la funcidé pulmonar durant la
infancia. 3) L exposicid prenatal al bisfenol A és freqiient i s’associa
amb un major risc de sibilancies i asma entre les nenes en edat
escolar. 4) L’entorn urba durant I’embaras, principalment la
contaminacié atmosferica, el soroll del transit i la disponibilitat
d’espais blaus, poden afectar la salut respiratoria durant la infancia.
5) Hem vinculat amb ¢xit la historia clinica electronica de 719.858
nens nascuts del 2005 al 2018 amb les d’almenys un dels potencials
progenitors al Sistema d’Informaci6 per al Desenvolupament de la

Investigacié en Atenci6 Primaria.

En conclusio, I’exposicié prenatal a compostos organoclorats,
bisfenol A i a exposicions del medi urba ¢és freqiient i influeix en la
salut respiratoria dels infants. Aquesta Tesi posa en relleu que la
identificaci6 preco¢ dels determinants ambientals de la salut
respiratoria infantil és de maxima importancia, ates el seu efecte a
llarg termini sobre les malalties al llarg de la vida, i proporciona una
nova gran cohort de naixement creada a partir de la vinculaci6 de la

historia clinica electronica de pares i fills.
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1. INTRODUCTION

1.1. Burden of altered lung function and asthma

Lung function

Lung function is an objective marker of respiratory health and a
predictor of morbidity and mortality (1). Lung function deficits are a
common feature of respiratory morbidity like severe asthma and
chronic obstructive pulmonary disease (COPD). However, deficits
can also go unnoticed without respiratory symptoms. Even when lung
function deficits do not present clinical manifestations, they still pose
a substantial risk for future respiratory morbidity. Diminished lung
function is also associated with cardiovascular and metabolic

morbidity, early multimorbidity, and premature mortality (2,3).

Lung function follows a continuum of three phases over the lifespan.
First, there is a period of growth from birth to early adulthood (20-25
years of age), when it reaches its maximal capacity, later it stabilizes
for a few years and then declines due to physiological ageing of the
lung (4). Many genetic and environmental factors can disrupt these
phases. For example, lung function at birth and during childhood can
be influenced by conditions during pregnancy such as maternal
smoking (5) or intrauterine growth restriction (6) that might limit the

correct foetal lung development.

The effects of both genetic and environmental factors lead to
different patterns of lung function growth and decline over the

lifespan. Many studies have identified several lung function



trajectories (4,7-10) and some of these trajectories have been
associated with relevant implications for health. Lung function
deficits in childhood resulting from impaired lung development in
early life are of special importance because they are a risk factor for
reduced lung function and respiratory morbidity in adulthood (11—
13). Individuals who do not reach maximal lung growth are at
increased risk of chronic respiratory diseases such as asthma (14,15),

COPD and asthma-COPD overlap syndrome in adulthood (16).

Asthma

Chronic respiratory diseases, such as asthma and COPD, remain
among the leading causes of mortality and morbidity worldwide and
contribute substantially to the global burden of non-communicable
diseases (17). They pose a considerable burden on society with regard
to premature mortality, disability, healthcare costs, and loss of
production costs. It is estimated that €380 billion is attributable to the
cost of chronic respiratory diseases in the 28 European Union (EU)
member states annually. In EU, asthma alone poses €72.2 billion
including direct and indirect costs and 697,000 disability-adjusted
life years lost per year (18).

Asthma is the most common chronic respiratory disease, affecting
more than 300 million people worldwide (19) and is the most
common chronic disease in children (20). The prevalence of asthma
symptoms in children presents a great variability across countries. In
EU countries, according to the International Study of Asthma and

Allergies in Childhood (ISAAC) surveillance, prevalence of asthma



symptoms varied from 5% to over 20%. For example, in Spain, the
prevalence was close to 10% among children aged 6-7 and 13-14

years of age (21).

Asthma is a complex and heterogencous disease usually
characterised by chronic airway inflammation and airway
hyperresponsiveness. According to the Global Initiative for Asthma,
asthma is defined as a heterogeneous disease, usually characterised
by chronic airway inflammation. It is defined by the history of
respiratory symptoms such as wheeze, shortness of breath, chest
tightness and cough that vary over time and in intensity, together with
variable expiratory airflow limitation (22). In population-based
studies, asthma is commonly assessed following the ISAAC (23) and
Mechanisms of the Development of ALLergy (MeDALL) (24)
validated questionnaires and recommendations, that include “ever
been diagnosed by a doctor of asthma”, “wheezing episodes in the 12
months prior to the assessment”, and “asthma medication use in the
12 months prior to the assessment”. ISAAC is an epidemiological
study that aimed to assess asthma and allergic diseases worldwide
and to establish a standardised methodology to facilitate international
collaboration in the study of such diseases (23). MeDALL aimed to
increase the amount of harmonised questions beyond those proposed
within ISAAC and to describe existing asthma and allergic

phenotypes (24).

There is growing consensus in the research community to not

consider asthma as a disease itself, but as an umbrella term of several



diseases presenting similar manifestations, usually referred to as
asthma phenotypes, that may originate from different underlying
pathophysiological mechanisms (25,26). Asthma phenotypes are
clusters of demographic, clinical, and pathophysiological
characteristics (22). The most common phenotypes are: allergic
asthma, non-allergic asthma, adult or late-onset, asthma with
persistent airflow limitation, and asthma with obesity (22). Frequent
manifestations across phenotypes, although not necessarily always
present, include airflow limitation, eosinophilic airway

inflammation, cough, and wheeze.

Wheezing is the major clinical expression of asthma. Severe and
persistent wheeze in childhood is a risk factor for asthma and
abnormal lung function later in life (27). Wheezing patterns across
childhood (28,29) and until adulthood (30) have been identified. Four
wheezing patterns and its prevalence were described in children from
the Tucson Children’s Respiratory Study: never wheezing (51.5%),
early wheezing (<3 years only; 19.9%), late wheezing (3 to 6 years
only; 15.0%), and persistent wheezing (<3 years and 3 to 6 years;
13.7%) (28). A latter study identified in addition an intermediate-
onset wheezing pattern (>2 years) using latent class analysis in the
Avon Longitudinal Study of Parents And Children (ALSPAC) and
the Prevention and Incidence of Asthma and Mite Allergy (PTAMA)
studies (29). Some wheezing patterns were associated with reduced

lung function, asthma, and atopy (28,29), also in adults (30).



Asthma can develop at any age, but most cases of chronic asthma
develop in the first years of life (31), as well as most symptoms such
as wheeze and reduced lung function. The aetiology of asthma is
complex and partially unknown. Its heterogeneity among the
population has complicated the understanding of its natural course.
Along with genetic predisposition, many lifestyle and environmental
factors are also involved in its natural history such as tobacco
smoking, psychological distress, unhealthy diet, and air pollution
(32-35). Identifying preventable risk factors for asthma is key
because childhood asthma is associated with reduced quality of life
(36), increased healthcare utilization (18), school absenteeism (37),

and is an important risk factor for COPD (38,39).

Overall, asthma and lung function during childhood are an important
predictor of future morbidity. Lung function growth and asthma
development, in turn, are influenced by genetics and environmental
factors during early life. Therefore, early identification of
preventable environmental factors is relevant given their long-term

effect on health and disease.

1.2. Early life origins of respiratory health and

disease

1.2.1. The Developmental Origins of Health and Disease

The Developmental Origins of Health and Disease (DOHaD)
paradigm postulates that early life environmental factors play a role
on health and disease later in life (40). This concept emerged from

studies by Barker and colleagues in the mid 1980s where they



observed that poor nutrition in early life, related with impaired infant
growth and infant mortality, was associated with cardiovascular

disease in adulthood (41-43).

These first studies opened the door to the exploration of many
environmental exposures during early development on diverse health
outcomes. An increasing number of studies were developed
exploring these associations and led to the emergence of a new field
of research that considers that the health status of the population can
be shaped even before birth. The aim of this field is to clarify whether
and how environmental influences during critical windows of
development can induce permanent structural and physiological
changes that may increase the risk for morbidity later in life. Prenatal
and early postnatal years are particularly critical periods of cell
differentiation and proliferation and tissue development, including
the lung, in which repair mechanisms and detoxifying pathways have
not fully developed. This makes these periods especially vulnerable

to the effects of environmental exposures.

1.2.2. Overview of the lung and immune system

development

The development of the lung starts at the foetal stage and continues
after birth until 20 years of age. It consists of five consecutive stages:
embryonic, pseudoglandular, canalicular, saccular, and alveolar.
Primary lung buds start to develop at 4 weeks of gestation to form the
trachea, bronchi, and pulmonary vein and artery. During the second
trimester of pregnancy, during the pseudoglandular and canalicular

stages, the bronchi continue their segmentation, primitive alveoli are



formed, and the synthesis of surfactant starts. This is considered the
most critical stage for the respiratory system since it is when all
conducting airways are formed. The saccular and alveolar are the last
prenatal stages. They develop from the third trimester of gestation
until the second year after birth. During these stages the gas exchange
region expands. The expansion triggers the production of
extracellular matrix, collagen, and elastin. During these phases, there
is further growth of the vascular system associated with the
respiratory system. After birth and until the second year of age,
alveoli continue developing. The gas exchange regions keep
expanding through a branching process in concordance to its
associated vascular and nervous systems. From 2 years until
adulthood, the process of lung growth and expansion continues by a

sustained cellular proliferation (44,45).

The immune system starts developing during the first weeks of
gestation and continues developing and maturing into adult life (46).
The immune system encompasses the innate and the adaptative
immune systems. The innate immune system is an early first line of
defence to pathogens and involves neutrophils, monocytes,
macrophages and dendritic cells. The adaptative immune system
provides humoral responses to eliminate pathogens and induce
immunological memory for long-term protection. It involves
antibodies and cytokines produced by B cells and T cells,
respectively. The developmental processes during gestation are
highly influenced by maternal molecular and cellular components

that are transferred to the foetus (e.g., maternal antibodies,



inflammatory mediators, micronutrients, chemicals) (47). These
complex and multiple signals are responsible for the programming of
the immune system and can modulate its homeostatic regulation (48).
Each type of immune cell is differentiated and matured at different
times during gestation. For example, neutrophils are present at the
end of the first trimester and greatly proliferate shortly before birth,
even reaching adult levels, but they are not fully functional (49);
monocytes proliferate continuously during gestation, but their
cytokine production is limited until years after birth (50); B cells
appear between 8 to 13 weeks of gestation (48); and T cells appear
by 15 weeks of gestation (51). At birth, the immune system is
relatively immature and evolves during the postnatal period with the
exposure to multiple antigens. During the first months of life, the
immune response is mainly driven by the immature innate immune
system. However, mechanisms of antigen presentation, phagocytosis,
or cytotoxicity are not fully developed until years after birth (49,50).
The innate and adaptative systems need to be well balanced and
coordinated to ensure an adequate protection against external
pathogens, and to avoid inappropriate reactions that lead to

autoimmune or allergic diseases (48).

1.3. Early life environmental exposures and lung

function and asthma

Environmental exposures that occur during pregnancy and the first
years of life can influence the development of the respiratory and
immune systems and consequently affect health and disease

throughout the life course. In this Thesis we have focused on two



common environmental exposures: 1) chemical pollutants, namely
organochlorine compounds (OCs) and bisphenols, and 2) the urban
environment. We have focused on OCs and bisphenols because
exposure to these compounds occur worldwide and because in vitro
and in vivo studies have demonstrated their capacity to alter the
immune system and lung development; however, evidence from
epidemiological studies is still limited (52). We have focused on the
urban environment because half of the populations live in cities and
it is expected to increase in the coming decades, and its related
exposures are suspected to influence the immune and lung
development. The urban environment is composed of different
features including air pollution, noise, traffic, natural spaces, and
built environment. Although the respiratory health effects of air
pollution have been extensively investigated, there are still
discrepancies across studies, especially in the prenatal period, and
other components of the urban environment have not been studied in

relation to respiratory health (53).

1.3.1. Chemical pollutants

Millions of tons of synthetic chemicals are produced and consumed
every year (54). They can be classified into inorganic and organic
pollutants. Inorganic pollutants include a variety of heavy metals
such as mercury, lead, arsenic, or cadmium; they will not be studied
in the present Thesis. Organic pollutants are usually divided into
persistent and non-persistent according to their half-lives in the
human body. Persistent organic pollutants are characterised by their
long biological half-lives (e.g., from months to years) and non-

persistent, by their short biological half-lives that range from hours



to days. Organochlorine compounds and bisphenols are the two
organic pollutants, persistent and non-persistent, respectively, that

are studied in the present Thesis.

Organochlorine compounds (OCs) and bisphenols are among
chemical pollutants that have been produced or are currently
produced in large quantities worldwide (millions of tons annually)
and consequently, human populations are continuously exposed to
them. Both groups are classified as endocrine disrupting chemicals,
this means that they have the capacity to interfere with the endocrine
system and consequently alter many essential body functions such as
growth, behaviour, and reproduction (55). Indeed, the term
“endocrine disrupting chemical” includes a large number of
substances (in some lists more than 1,500) (56) whose primary effect
is on the endocrine system through interaction with cellular hormone
receptors, hormone synthesis or clearance(55). Of importance, these
chemicals can have effects at very low exposure levels, as
endogenous hormones do. Low doses can have more potent effects
than higher doses, and exposure to multiple chemicals can result in
synergistic, antagonistic, or cumulative effects (57). Further, because
they can interfere with sex hormones, their potential effects may be
sex-dependent (58-60). Foetuses and infants are especially sensitive
to chemicals that mimic hormones because the protective
mechanisms (i.e., detoxification) existing in adulthood are not
completely functional in early life. In the EU, the medical cost
associated with exposure to endocrine disrupting chemicals has been

estimated at €163 billion a year (61). Nowadays, the reduction of
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exposure to endocrine disrupting chemicals represents a priority for
action in the EU Commission owing to their high annual production

and potential toxicity (62).

Organochlorine compounds

Organochlorine compounds (OCs) are synthetic persistent organic
pollutants mainly used as pesticides or in industrial products such as
electrical insulators and flame retardants. Their use and production
of some of these compounds has been banned for decades (63,64).
For example, the former widely used pesticide dichlorodiphenyl-
trichloroethane (p,p’-DDT) was banned in the EU in the early 80s
(64). Due to the strong evidence of the adverse health effects of other
OCs, these compounds were internationally banned at the Stockholm
Convention in 2001 (65). However, they can bioaccumulate and
persist in the environment for long periods. They have long biological
half-lives that can range from several years to decades in some
compounds (66). Currently, the main source of exposure to OCs is
diet (i.e., fatty fish, meat, dairy). Biomonitoring studies show that
current populations of pregnant women and children are exposed to
these substances, finding detectable levels in over 80% of maternal
and child blood samples (67). OCs have been associated with adverse
health outcomes such as low birth weight, cognitive impairment, and

childhood obesity (52).

OCs may interfere in the lung morphogenesis as well as play a role
in inflammation processes both pre- and postnatally. These

compounds have estrogenic and anti-androgenic properties (68),
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therefore, they may interact with oestrogenic and androgenic
receptors and alter the related signalling pathways, including the
activation of the aryl hydrocarbon pathway, which has been shown
to delay lung development in animal studies (69). Furthermore,
exposure to OCs has also been related to inflammation, observing
increased interleukins and immunoglobulins in children exposed to

them (70-72).

Before this Thesis, only two studies assessed the effects of prenatal
exposure to OCs and lung function (73,74). In a Danish birth cohort
established in the 80s, prenatal exposure to very high levels of
dichlorodiphenyldichloroethylene (p,p’-DDE), hexachlorobenzene
(HCB), and polychlorinated biphenyls (PCBs) was associated with
increased risk of airway obstruction at 20 years of age (73). More
recently, in a study assessing the effects of the exposome — the totality
of environmental exposures from conception onwards (75) — on lung
function, p,p’-DDT and p,p’-DDE tended to be associated with
reduced forced expiratory volume in 1s (FEVi) in school age

children, but results did not reach statistical significance (74).

Several studies have explored the association between prenatal
exposure to OCs and respiratory outcomes in the offspring (71,76—
82). These studies found that prenatal exposure to OCs, particularly
p,p-DDE, HCB, and PCBs, can increase the risk, even at low
exposure levels, of lower respiratory tract infections, wheeze, and

asthma in children (71,76-82).
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In summary, and as reviewed by Vrijheid et al. (52), the evidence of
the effects of OCs on respiratory symptoms including wheeze and
asthma was moderate; whereas the OCs effects on lung function was
insufficient. Contributing to the understanding of this knowledge gap

will be the main objective of paper II of this Thesis.

Bisphenols

Bisphenols are non-persistent organic pollutants widely present in
daily life products such as plastic packaging, children’s toys, thermal
paper, and canned food. General population is continuously exposed
to them through dermal contact, inhalation or ingestion. Bisphenol A
(BPA) is the most produced bisphenol and has been found in >90%
of urine samples in the general population (83,84). BPA has been
related to adverse health effects (e.g., metabolic and reproductive
disorders, behavioural problems) and in 2017 it was considered a
“substance of very high concern” by the European Chemical Agency
(85). Its production and use has been prohibited in some products and
in some countries, giving rise to the production of substitute products
of similar structure such as bisphenol S (BPS) and bisphenol F (BPF)
(86). After exposure, bisphenols are rapidly excreted from the body
(half-life of less than 6 hours).

Bisphenols might interfere in the developing lung and immune
system thanks to their capacity to cross the placental barrier and the
ubiquitous daily exposure after birth. A study in mice observed that
exposure to BPA during gestation severely retarded foetal lung

maturation (87). This immaturity was characterized by diminished
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alveolar airspace and thickened septa and by diminished number of
type I pneumocytes (87). Bisphenols can also induce oxidative stress,
endocrine disruption and mitochondrial dysfunction (88-90). These
chemicals can alter inflammatory responses through different
signalling pathways. They can activate the reactive oxygen species
pathway and the mitogen-activated protein kinase signalling
pathways that lead to DNA damage and cellular death. Bisphenols
might also alter immune responses by the stimulation of pro-
inflammatory cytokines and the inhibition of anti-inflammatory

cytokines production (91).

Evidence on prenatal BPA exposure and lung function is scarce. A
study observed that increasing maternal urinary BPA levels were
associated with decreased lung function at 4 years of age but did not
see such association at 5 years (92). In the Etude des déterminants
pré et postnatals du développement de la santé de l'enfant (EDEN)
birth cohort study, no association was observed between prenatal
BPA levels and predicted FEV at 5 years (93). No association was
observed in the Human Early-Life Exposome (HELIX) cohorts
between prenatal BPA levels and lung function in school-age
children in the first exposome study (74). A recent study assessed the
effects of prenatal exposure to 20 endocrine disruptors
simultaneously, including BPA, on lung function at 7 years. By using
the Bayesian Kernel Machine Regression (BKMR), a statistical tool
that allows the identification of the most relevant group and pollutant
within the group associated with a specific outcome, authors did not

observe any association between BPA and lung function (94).
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Prenatal BPA exposure may increase the risk of respiratory
symptoms (52), but evidence is limited. Previous to the present
Thesis, nine prospective birth cohort studies assessed the association
between prenatal exposure to BPA and asthma-related symptoms.
Six of them found that prenatal exposure to BPA was associated with
increased risk of lower respiratory tract infections, wheeze, and
asthma during childhood (92,93,95-98). However, such associations
were not found in two other cohort studies that included immune
markers (99,100), and one study found prenatal BPA exposure to be
associated with a decreased risk of wheeze (101). To the best of our
knowledge, there is no evidence of prenatal BPA substitutes on

asthma-related outcomes and lung function.

There is insufficient evidence of the effects of prenatal exposure to
BPA on respiratory health, both asthma-related symptoms and lung
function (52). Also, no study thus far has explored whether BPA
substitutes, increasingly present in daily-life products, can affect
respiratory health. This gap of knowledge is addressed in paper I1I of
this Thesis.

1.3.2. Urban environment

Half of the global population currently lives in urban settings, and
this proportion is expected to increase up to 70% by 2050 with the
emergence of new cities and the expansion of existing ones (102).
Despite urban living offers many opportunities to improve health,
and well-being such as better access to services and goods,
employment and innovation, and social interaction, it can also imply

to increasing exposure to harmful environments (i.e., air pollution,
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noise, lack of natural spaces) and potentiate sedentary lifestyles if
appropriate environmental and urban planning policies are not in
place (103,104). Urban living factors have been associated with
premature mortality and morbidity (105). In children, aspects of the
urban environment have been linked to adverse birth and respiratory
outcomes (53). However, up to now, the majority of studies have
been focused on air pollution exposures only and evidence about the
potential health effects of other features of the urban environment
(e.g., noise, blue spaces, green spaces, built environment) and the
concurrence of several exposures is scarce (53). To date, only one
study has assessed maternal exposure to the full urban environment
during pregnancy and observed no association with children’s lung
function but did not study wheeze or asthma as outcomes
(74). Environmental exposures related to the urban environment
differ between locations and urban settings and this might lead to
differences in its consequent health effects between regions. Thus,
exploring the urban environment as a whole in relation to respiratory
health, especially in vulnerable developing periods of life, merits
further investigation. This gap in knowledge is the main objective of
paper IV of this Thesis. In the following sections current knowledge
about the main exposures related to the urban environment included

in this Thesis is described.

Air pollution

Air pollution is a well-recognised global public health issue. Air
pollution has been associated with increased risk of premature

mortality, cancer, and respiratory and cardiovascular disease in adults
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(106-109). It was estimated that air pollution was responsible for 9
million premature deaths in 2015 (110). Air pollution is a mixture of

several pollutants including gases and particles.

Particulate matter (PM) and nitrogen oxides (NOx) are two main air
pollutants (111). PM contains a mixture of organic and inorganic
particles in solid and liquid form suspended in the air. According to
their diameter, particulate matter is classified into PMio (<10 um),
PMcoarse (2.5-10 pm), and PMz.5 (<2.5 pm). PMs of lesser diameter
are especially of concern because they can penetrate deeper in the
respiratory system (111). Composition of PM from different sources
is greatly variable in time, location, composition, and sources.
Anthropogenic sources of PM include industry, fossil fuel
combustion, and traffic emissions. NOx are usually generated from
combustion reactions. In urban settings, the main source of NOx is
combustion for motorized vehicles and nitrogen dioxide (NO2) is one
of the most prevalent nitrogen oxides formed. NO: is a toxic gas that
can cause significant inflammation of the airways at short-term high
exposure (112). The main anthropogenic sources of NOz include road
vehicle and ship emissions, heating, and power generation (111).
Current EU legislation establishes an air pollution annual mean limit
of 40 pg/m* for PMio, 25 pg/m* for PM2s, and 40pg/m® for NO2
(113), while the World Health Organization (WHO)
recommendations establish a lower annual mean threshold of 20
ug/m® for PMio, 10 pg/m® for PM2s, and 40pg/m® for NO2 (114).
However, most of the world’s population do not meet these limits. It

is estimated that 87% live in areas exceeding the WHO guidelines for
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PMas (115). In EU, 60% of the cities currently exceed the WHO
guidelines despite the improvements in air quality in the last decade

(116).

Air pollutants inhaled by the mother during pregnancy can cross the
placenta and thus have a direct effect on the foetus development
(117). Both PM and gases can induce inflammation and oxidative
stress at various levels (i.e., trachea, bronchi, bronchiole, alveoli)
depending on its deposition site according to their size (111).
Oxidative stress, inflammation processes, and also epigenetic
changes are suspected to play an important role on the respiratory
effects of air pollution. Indeed, oxidative stress and inflammation are
mechanisms involved in asthma exacerbation, severity, asthma
development (118), and foetal growth and development (119,120).
However, mechanisms could be specific per pollutant (121). Air
pollution could directly affect lung development by disturbing
organogenesis due to the aforementioned mechanisms, and indirectly
affect it through adverse birth outcomes such as intrauterine growth
restriction (122,123). Animal studies have shown that perinatal air
pollution exposure caused alterations in the development of distal
airways, pulmonary parenchyma, elastic properties of the lung, and

persistent airway hyperresponsiveness (124—126).

Current evidence suggests that air pollution exposure after birth is
negatively associated with lung function during childhood and
adolescence (127,128), but there are relatively few studies that

assessed prenatal exposures and reported mixed findings (121,129—
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136). A recent study from the ALSPAC birth cohort found that
prenatal exposure to road traffic PMio was linked to small reductions
in lung function at 8 years of age, but not at 15 years (130). Regarding
PMzs, two studies found an association of prenatal exposure with
impaired lung function at age 5 (131) and 7 years (121). An adverse
association of prenatal NO2 with lung function was found at 4 years
(132) and in asthmatic children aged 6-11 years (133). A recent study
reported reduced mid expiratory flow (FEF2s575%) in relation to
prenatal NOx but no association with the other lung function
parameters at 8-9 years (134). No associations were observed
between the birth address air pollution levels and lung function at age
6-8 years in five cohorts belonging to the European Study of Cohorts
for Air Pollution Effects (ESCAPE) (135), and between air pollution
at birth and lung function at age 15 years in two German birth cohorts

(136).

Although postnatal exposure to air pollution has been shown to
increase the risk of developing wheeze and asthma (35) and
exacerbate both pre-existing conditions (137), there is less clear
evidence regarding the prenatal effects on wheeze and asthma during
childhood. A recent systematic review showed an association
between prenatal exposure to NO2 and early childhood wheeze and
between prenatal PMio and NO2 and asthma in young children (138).
Two later studies found that prenatal exposure to NO2 (139) and
PM2s (139,140) were associated with increased odds of asthma in
early childhood. Contrarily, such associations were not observed in a
recent meta-analysis of five birth cohorts covering seven areas in

Europe and until 8 years of age (141). However, most studies that
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reported negative associations were conducted until preschool ages
(5-6 years) (138-140) and there is less evidence whether such
observed effects persist later on (141). Some studies have examined
these associations at later ages but have assessed air pollution
exposure from birth or the first year of life and not during pregnancy
(142-147). Some (142,144—147), but not all (143) studies found
associations between air pollution, particularly NOz, at birth and

higher asthma incidence between 10 and 20 years of age.

Differences in results between studies may partly be due to spatial
and source differences that lead to diverse pollutant composition and

hence, of toxicity of the different pollutants.

Noise

Road traffic noise constitutes the most prevalent source of urban
noise and is considered one of the major environmental health
hazards in Europe (148). Chronic traffic noise exposure has been
associated with cardiovascular morbidity and mortality, and all-cause
mortality in the adult general population (149). In children, chronic
noise has been associated with increased blood pressure and stress
hormone levels such as cortisol, however evidence is mainly based
on cross-sectional studies (150,151). Noise exposure has also been
linked with sleep disturbances and cognitive impairment in children
(152,153). Current European regulations establish a limit of annual
noise levels during day, evening and night (Lden) <55 dB and annual
noise levels at night (Ln) <50dB (154), while WHO
recommendations are lower: Lden <53dB and Ln <45dB (155). It is
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estimated that 20% and 15% of the European population is exposed
to Lden and Ln levels respectively over the EU regulations (154).

Noise acts as a physiological and psychological stressor. It is
suggested to promote stress responses through the hypothalamic-
pituitary-adrenal axis leading to the release of stress hormones such
as cortisol (156). This was supported in studies that reported children
exposed to higher levels of noise at night (157) and those with higher
annoyance to noise (158) showed increased saliva cortisol levels.
Stress-related responses and biomarkers have been associated with
respiratory disease in children and adults (159-163). Stress
mechanisms may also disrupt sleep and night-time recovery of the
immune system, leading to inflammatory processes also in the
respiratory system (156). Further, chronic stress-reactions and sleep
disturbances may lead to alterations in the endocrine system that
could impair critical developmental processes of the lung and

immune system (156,164,165).

There is emerging evidence on the effects of environmental noise
exposure and respiratory morbidity in adults (163), but little is known
on the effects in children. In adults, short-term noise exposure has
been related with respiratory hospital admissions and respiratory
mortality (166—169). Night road traffic noise has also been associated
with asthma prevalence in adults (170). There are only two studies
that have explored noise exposure during pregnancy and reported null
associations (74,171). A study that assessed the totality of urban

exposures did not find any association of prenatal day and night noise
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levels with lung function at school-age (74). A study from over 4,000
participants from the BAMSE (Children, Allergy, Milieu,
Stockholm, Epidemiology) birth cohort in Sweden explored the role
of prenatal and postnatal exposure to residential noise, with objective
noise measurements, and wheeze and asthma until adolescence and
did not find consistent associations in relation to asthma and wheeze
until 16 years of age. However, they observed a tendency of increased

risk of ever suffering from asthma until adolescence (171).

Natural spaces

Natural spaces include green and blue spaces. Green spaces are those
partly or completely covered by vegetation (i.e., park, garden, forest)
and blue spaces are those covered by water bodies (i.e., river, sea,
lake). Green spaces have been associated with beneficial health
outcomes such as improved mental health and reduced risk of
mortality (172). Higher greenness surrounding the home of the
mother during pregnancy has also been related to beneficial birth
outcomes (e.g., lower risk of low birth weight) (173—-175). Blue
spaces and health research is an emerging field of research (176).
Blue spaces have been associated with physical and mental well-
being (177,178) but evidence with other health outcomes is limited

and inconsistent (176).

There are several potential mechanisms by which natural spaces may
affect lung and asthma development (179). First, green and blue
spaces could act as mitigators of harmful exposures such as air

pollution (180). Second, by promoting healthier lifestyles and
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reducing stress (e.g., increasing physical activity, promoting social
cohesion) (181). Third, by influencing individual’s microbiome as
postulated by the biodiversity hypothesis (182,183). This hypothesis
holds that urban environments are usually associated with a lack of
natural exposures and biodiversity that affect the human microbiome
and its immunoregulatory capacity necessary for a healthy
development (184). Last, green space could imply the presence of
allergens such as pollen that have been linked to reduced lung

function and asthma (185,186).

Current evidence regarding the effects of prenatal exposure to green
spaces on lung function in children is scarce and inconsistent (187).
In a study encompassing 6 birth cohorts in Europe, no associations
were found for prenatal exposure to green spaces with lung function
from 6-11 years of age (74). Contrarily, a study that assessed green
spaces exposure at birth found that greenness in a 100m buffer from
the home and the presence of urban green spaces in a 300m buffer
was associated with increased lung function up to 24 years of age
(188). Regarding wheeze and asthma, a study in Canada found
decreased risk of asthma until 5 years of age (189) but not at later
ages (190) in relation to green space exposure during pregnancy. Two
studies in New York found opposite results in relation to green
spaces; one showed decreased risk of asthma at 5 years (191) and the
other increased risk at 7 years (192). Regarding blue spaces, evidence
is even more limited. Only one study previously assessed prenatal
exposure to blue spaces in relation to lung function and reported null

associations (74). To date, no study has examined the association of
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prenatal exposure to blue spaces with childhood respiratory

outcomes.

Built environment

The built environment refers to how the urban environment is shaped.
It considers the physical parts of the urban setting including road and
street design, infrastructures, buildings, and facilities, among others.
The most commonly assessed built environment features include
population density, building density, connectivity density, access to
public transport, facilities density and richness, land use Shannon’s
Evenness Index, and walkability. Each indicator will be explained in
chapter 4. Built environment features, particularly walkability, have
been related to reduced risk of obesity, type 2 diabetes and
hypertension in adults (193).

The features of the built environment have the potential to influence
the health of its inhabitants through the influence on the magnitude
of environmental stressors and on health-related behaviours (194).
The complexity of the urban design makes every urban setting unique
in terms of its health-related effects. In example, a pedestrian focused
design in detriment of traffic would enhance the choice of active
transport of the population, leading to less traffic-related air pollution
and increase in physical activity, that would lead to beneficial health
effects. Higher levels of fitness have been associated with reduced
asthma symptoms, airway inflammation and bronchial
hyperreactivity in both adults (195) and children (196) with asthma.

On the contrary, lower levels of physical activity during pregnancy
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(197) and in childhood (198) have been associated with increased risk

of asthma symptoms in children and adolescents.

To date, only one study has assessed the influence of the built
environment during pregnancy with lung function during childhood
and reported null findings (74). To the best of our knowledge, there
is no study assessing the built environment during pregnancy in

relation to childhood wheeze and asthma.
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2. RATIONALE

Altered lung function and asthma during childhood are known risks
factors of chronic respiratory diseases later in life. Chronic
respiratory diseases such as asthma and COPD remain among the
leading causes of morbidity and mortality worldwide. Apart from
genetic predisposition, environmental risk factors contribute to the
substantial prevalence of this diseases. Early life is a critical period
of development that is especially vulnerable to environmental
exposures. Therefore, some of the burden due to altered lung function
and asthma could be preventable. Identifying environmental risk
factors is key to informing policy decisions on early prevention

strategies.

OCs, bisphenols, and exposures related to the urban environment are
some of the most common environmental exposures. OCs were
extensively produced until their international ban in 2004. However,
they are highly persistent and are able to bioaccumulate. In
consequence, current populations are still exposed to them. Of
concern, in vitro and in vivo studies have demonstrated their capacity
to alter the lung and immune development. However, evidence from
epidemiological studies is still limited. Bisphenols are currently
produced in large quantities worldwide. They are present in many
daily life products (e.g., plastic packaging, children’s toys, thermal
paper, canned food). Consequently, exposure to these chemical
pollutants is continuous and widespread. Bisphenols have the
potential to alter the lung and immune development. Evidence is

scarce and focused only on BPA and respiratory symptoms, although
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there are other analogues such as BPF and BPS that are increasingly
present in the market. Currently, half of the global population live in
cities, and it is expected to increase in the near future. Exposures
related to the urban environment are suspected to influence the lung
and immune development. The urban environment is composed of
several features (e.g., air pollution, noise, traffic, natural spaces, built
environment), but most of the evidence is based on air pollution and
shows inconsistencies across studies. Evidence on other exposures of
the urban environment and the co-occurrence of all the urban

exposures is limited.
Consequently, there is a strong need for further research to elucidate

the role of prenatal exposure to OCs, bisphenols, and urban

environment exposures on respiratory health during childhood.
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3. OBJECTIVES

The general objective of this Thesis is to investigate how early life
environmental stressors, particularly ubiquitous chemical pollutants
and the urban environment, influence children’s respiratory health.
Also, given the relevance of research on early life determinants of
children’s health we aimed to establish a new large parent-child

cohort in a real-world data setting.

This is addressed through the following specific objectives:

1. To review current knowledge about the role of prenatal
exposure to organic pollutants on children’s lung function

(Paper I)

2. To assess the association between prenatal exposure to
organochlorine compounds and lung function during

childhood in the Spanish INMA birth cohort (Paper II)

3. To assess the associations of prenatal exposure to bisphenols
with lung function, wheeze, and asthma during childhood,

using data from eight European birth cohorts (Paper I1I)
4. To assess the associations of maternal exposure to the urban

environment with lung function, wheeze, and asthma during

childhood in the Dutch Generation R birth cohort (Paper I'V).
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5. To establish a new cohort of 719,858 parent-child pairs by
linking electronic health records in a large longitudinal

database in Catalonia, Spain: the Information System for

Research in Primary Care (SIDIAP) (Paper V).
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4. METHODS

This section provides a general overview of the study design, study
population, and exposure and outcome assessment used in this
Thesis. Specific methodological details are given in the methods

section of each paper included in chapter 5.

4.1. Study design and population

The present Thesis has used data from population-based birth cohorts
in Europe and real-world data from electronic health records (EHR)

from the public health system in Catalonia (Figure 1).

4.1.1. Birth cohorts

Birth cohort studies provide a valuable source of information to study
early life environmental exposures and childhood development and
health because of their prospective nature. Population based birth
cohorts give information of a somewhat representative portion of the
population since they are recruited without necessarily presenting
any health outcome of interest. Extensive information on parental and
child characteristics can be collected as well as a variety of health
determinants for study purposes. In the present Thesis we included
the following birth cohort studies: INMA (INfancia y Medio
Ambiente — Environment and Childhood) Gipuzkoa, INMA Sabadell,
INMA Valencia, Generation R, and the HELIX (The Human Early-
Life Exposome) cohorts BiB (Born in Bradford), EDEN, MoBa
(Norwegian Mother and Child Cohort Study), and RHEA (Mother
Child Cohort study in Crete).
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INMA (Infancia y Medio Ambiente — Environment and
Childhood)

The INMA Project is an ongoing population-based birth cohort study
that encompasses more than 3,000 mother-child pairs from seven
ongoing cohorts located in seven geographical regions of Spain:
Asturias, Gipuzkoa, Granada, Menorca, Ribera d’Ebre, Sabadell, and
Valencia. The cohorts from Granada, Menorca, and Ribera d’Ebre
recruited its population between 1997 and 2000. The cohorts from
Asturias, Gipuzkoa, Sabadell, and Valencia, performed the
recruitment between 2004 and 2006 (199). The objectives of the
INMA Project are to study environmental prenatal and postnatal
exposures, their impact on fetal and infant growth, health, and
development, and the interaction between exposures and genetic
characteristics on development and health (199). For this Thesis we
used data from 3 cohorts: Gipuzkoa (n=638), Valencia (n=855),
Sabadell (n=657), because they had relevant exposure and outcome
information for papers II and III. In these three cohorts, pregnant
women were recruited at the first prenatal visit, around 12 weeks of
gestation, in the main health center or public hospital of their region.
They followed common follow-up protocols during the prenatal and

childhood assessments at 1.5, 4, 7,9, and 11 years.

Generation R

The Generation R Study is an ongoing population-based prospective
birth cohort located in Rotterdam, The Netherlands. It includes 9,778
mother-child pairs followed from fetal life until young adulthood.

The aims of the study are to study growth, physical, cognitive and
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behavioral development, diseases in childhood, health and healthcare
for pregnant women and children, and to identify early environmental
and genetic causes of development and health (200). Pregnant
women were recruited during the whole pregnancy at their health
care centers between 2002 and 2006. Periodic follow-ups were
conducted during pregnancy, at birth, at 6 and 10 years of age (200—
202).

HELIX (The Human Early-Life Exposome)

The HELIX project is a network of six established and ongoing
population-based birth cohorts from six countries in Europe: BiB, the
United Kingdom; EDEN, France; INMA, Spain; Kaunas cohort
(KANC), Lithuania; MoBa, Norway; and RHEA, Greece. The aims
of the HELIX project are to describe multiple prenatal and postnatal
environmental exposures and to prospectively associate them with
child health outcomes and molecular omics signatures (203,204). In
a subcohort of 1,301 mother-child pairs, extensive information on
prenatal and postnatal environmental exposures was collected and
child health outcomes were measured in a common follow-up
between 6 and 11 years of age following common standardized
protocols. These HELIX cohorts recruited pregnant women between
1999 and 2010 at the first or second trimester of pregnancy and
performed the common follow-up between 2013 and 2016 (204). The
HELIX cohorts BiB (n=205), EDEN (n=198), MoBa (n=272), INMA
Sabadell (n=223), and RHEA (n=199) were included in the Thesis
for paper III because they had relevant information on both the

exposures and outcomes of interest (the KANC cohort did not collect
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urine samples during pregnancy and hence BPA could not be

determined).

4.1.2. Real-world data

Real-world data includes information related to the population’s
health or healthcare utilisation that is routinely collected from
different sources (e.g., electronic health records (EHRSs), claims from
insurance companies, administrative registries). Real-world data is
gaining interest in research because they normally represent real-
world populations covering a large number of individuals, which
increases the generalisability and external validity of studies related
to that data. EHRs are one of the most common real-world data
sources. In paper V of this Thesis we used real-world data from the
Information System for the Development of Research in Primary

Care (SIDIAP) in Catalonia, Spain.

SIDIAP (The Information System for the Development of

Research in Primary Care)

The SIDIAP database contains pseudo-anonymised individual level
data collected routinely by healthcare professionals in primary care.
It contains information on approximately 80% of the population
residing in Catalonia (205), and it is shown to be representative of the
overall population in terms of geographical, age, and sex distributions

(206).

In Catalonia, universal public health care is provided. The major
healthcare provider is the ICS (Institut Catala de la Salut — Catalan

Health Institute) and includes 328 primary care centres. Primary care
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professionals from centres belonging to the ICS use the software e-
CAP to record the patient’s information in a structured format during
their visits. Since 2006, all health records from e-CAP are stored in
the SIDIAP database, which is updated bi-annually. The SIDIAP
database stores information from individuals that are born in or move
into an area covered by the ICS. Individuals are followed-up until
they move out of the ICS area or die. SIDIAP contains information
on disease diagnoses, clinical measurements, laboratory tests, drug
prescriptions and/or dispensations in the pharmacies, lifestyle

information, sociodemographic, and socioeconomic characteristics.

Figure 1. Study populations included in each paper of this Thesis.
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4.2. Exposure assessment

4.2.1. Organochlorine compounds

Complete details on the assessment of OCs are found in the Methods
section of paper II. Briefly, concentrations of p,p"-DDT, p,p"-DDE,
HCB, and PCB congeners (PCB-28, -52, -101, -118, -138, -153, and
-180) were determined in maternal or cord serum in the INMA
Gipuzkoa, Sabadell, and Valencia cohorts. Because p,p'-DDT and
PCB congeners 28, 52, 101, and 118 presented detectable levels in
<25% of samples, they were excluded from the analyses. Since cord
serum is considered the best proxy of OCs prenatal exposure (207),
we estimated the equivalent concentrations in cord serum from the
concentrations measured in maternal serum by applying cohort

specific conversion factors.

4.2.2. Bisphenols

Concentrations of BPA, BPF and BPS were determined in maternal
urine samples in the INMA (Gipuzkoa, Sabadell, Valencia),
Generation R, BiB, EDEN, MoBa, and RHEA cohorts. BPA was
measured in all included cohorts; BPF and BPS were measured in the
three INMA cohorts and in Generation R. Concentrations were
determined in a single or a two spot urine sample collected
throughout pregnancy. Bisphenol concentrations were adjusted for
creatinine to correct for urine dilution. Complete details are found in

Supplementary Methods section of paper III.
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4.2.3. Urban environment

In paper IV, we assessed exposures related to the urban environment
at the home address of the mothers during pregnancy using
geographic information system (GIS) modelling. Complete details on
the exposures data pre-processing are found in the Methods section

and Supplementary Table S1 of paper IV.

Air pollution

Air pollution was estimated using land use regression (LUR) models
developed within the ESCAPE framework (208,209). Exposures
were estimated for the Rotterdam region at every study year and were
temporally adjusted following the ESCAPE guidelines (210). In
brief, the LUR spatial estimates in each geocode were combined with
a temporal adjusting factor from the routine monitoring data. The
following air pollutants were estimated: NOx, NO2, PMz.s, PMio,
PM2 sabs, PMcoarse, and elemental components of PMa.s: Copper (Cu),
Iron (Fe), Potassium (K), Nickel (Ni), Sulfur (S), Si (Silicon),
Vanadium (V), Zinc (Zn).

Noise

Noise was assessed with Lden and Ln indicators. Lden is the annual
average of day, evening and night noise levels (dB). It is defined by
the European Noise Directive to assess long-term noise annoyance.
Ln is the annual average of night noise levels (dB) and is defined to
assess sleep disturbances. Lden and Ln were assessed from the
European road traffic noise maps created in the framework of the

European Noise Directive 2002/49/EC (211).
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Traffic

Traffic was included as an additional proxy of traffic related air
pollution. It was estimated using the Dutch National Database of
Road Traffic Data (Nationale Databank Wegverkeersgegevens).

Traffic was assessed as the inverse distance to the nearest road

(m™).
Natural spaces

Green spaces

Exposure to green spaces was based on indicators of availability and
accessibility.

Availability of green spaces was estimated with the following
indicators:

e Normalised Difference Vegetation Index (NDVI): quantifies
the average greenness by measuring the difference between
near-infrared light, that is strongly reflected by vegetation,
and red light, that is absorbed by vegetation. The index values
range from -1 to 1. Negative values represent water bodies
and positive increasing values represent greener spaces and
were set to 0. NDVI was calculated using LANDSAT 4-5, 7
Thematic Mappers, and Landsat 8 Operational Land
Imager/Thermal Infrared Sensor with resolution of 30 m x 30
m (212).

e Size of the nearest major green space was calculated using
Urban Atlas maps (213). This indicator estimates the size of

the nearest green space >5000 m? from the home address.
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Accessibility to green spaces, considered as the residential proximity
to major green spaces (>5000 m?), was estimated using Urban Atlas
maps (213) with the following indicators:

e Distance to the nearest major green space in a straight line.
e Availability of a major green space within 300 m of the home
address, which is considered approximately a 15-minute

walk.

Blue spaces

Blue spaces availability and accessibility were estimated using Urban
Atlas maps (213). Similar to green spaces, availability was estimated
as the size of the nearest major blue space (>5000 m?). Accessibility
to blue spaces was considered as the straight-line distance to the
nearest major blue space and the availability of a major blue space in

a 300 m buffer of the home address.

Built environment

Several indicators of the built environment were estimated using
different data sources. The following indicators were used:
e Population density: number of inhabitants per km?.
Calculated from the Global Human Settlement layer (214).
e Building density: area occupied by buildings (m2) per km?.
Calculated from the European Settlement Map (215).
e Street connectivity: number of intersections per km?.
Calculated from NAVTEQ (216).
e Accessibility to public transport: assessed by the number of

public transport lines and public transport stops in buffers of

39



100 m, 300 m, and 500 m from the home address. Calculated
from Open Street Maps (217).

Facilities: considering all points of daily life activities (e.g.,
schools, medical centres, shops, restaurants, libraries).
Facilities density (number of facilities per km?) and facility
richness index (number of different facility types present
divided by the maximum potential number of facility types
specified) in a buffer of 300 m from the home address were
calculated from NAVTEQ (216).

Land use mix (Shannon’s Evenness Index): index ranging
from 0 to 1 that indicates the diversity of land uses (e.g.,
residential, agricultural, commercial). A higher value
represents a more even distribution of different types of land
uses. This was calculated within a buffer of 300 m from the
home address from Urban Atlas (213).

Walkability index: quantifies how walkable is an area based
on land use mix, facility richness, population density, and
street connectivity following methods described elsewhere
(218). This was calculated in a buffer of 300 m from the home
address.

Unhealthy food environment: assessed by the number of
unhealthy food facilities (number of facilities per km?) in a
buffer of 300 m of the home address. Calculated from
NAVTEQ (216).
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4.3. Outcome assessment

4.3.1. Lung function

Lung function was examined in papers II, III, and IV. In all birth
cohort studies, lung function was assessed from spirometry tests
following the American Thoracic Society and the European
Respiratory Society guidelines (ATS/ERS) (219). Forced vital
capacity (FVC), FEV1, FEVI/FVC were the main lung function
parameters used. In papers III and IV, we additionally examined
FEF2s.75%. Criteria of acceptability and reproducibility of the
spirometry tests following the ATS/ERS criteria were taken into
account (219). Lung function parameters were additionally
standardized into sex-, age-, height- and ethnicity-adjusted z-scores
based on the Global Lung Function Initiative (GLI) reference values

(220) for a better comparability between the cohorts included.

Spirometry

During the spirometry test, the participant was asked to inhale fully
and perform a forced complete expiration (i.e., as quickly and
forcefully as possible) while seated. This procedure could be repeated
up to a maximum of 8§ times to ideally obtain at least 3 reproducible
manoeuvres, although this was not always achieved. Measures of
volume, time, and flow were recorded. The following parameters
were selected:
e FVC: is the maximal volume or air exhaled. This parameter
is dependent on the total lung volume, muscular strength, and

elasticity of the thorax and can reflect airway restriction.

41



e FEVi:is the maximal volume of air exhaled in the first second
of the forced expiration. It is dependent on the diameter and
elasticity of the airways and can reflect airflow obstruction.

e FEVI/FVC: shows the relation of the previous two
parameters. It can reflect airways obstruction.

o FEF25.75%: is the flow measured within 25% and 75% of the
FVC. This parameter reflects airflow limitations in the mid-

to-small airways.

4.3.2. Wheeze

Wheeze was assessed in paper 111 and IV from parental-administered
questionnaires adapted from ISAAC (23). Information on wheeze
was obtained throughout childhood. We considered two wheeze
variables: wheeze in the last year and wheezing patterns. Wheeze in
the last year was assessed between 6-11 years in paper III and at 10
years in paper IV. In paper III, wheezing patterns were constructed
as: 1) never wheezing; 2) early wheezing, <4 years; 3) late wheezing,
>4 years; and 4) persistent wheezing, <4 and >4 years. In paper 1V,
the same wheezing patterns were constructed but setting the cut-off
at 3 years instead of 4 years. Previously defined wheezing patterns
(221) established a cut-point at 3 years. However, in paper 111, due to
the availability of the data among cohorts and for a better

harmonisation we established the cut-point at 4 years.

4.3.3. Asthma

Information on asthma was used in papers II, III, and IV, and asthma
medication information in papers III and I'V. Information on asthma

and asthma medication was assessed from parental-administered
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questionnaires adapted from ISAAC (23). In paper II asthma was
considered simply as “ever been diagnosed by a doctor of having
asthma” for a sensitivity analysis. In paper III, current asthma at
school-age was defined following the MeDALL definition (24)
because it is a suitable definition for harmonisation of asthma
assessments across different cohorts. It was defined as having a
positive answer to two of the following: 1) ever asthma diagnosis; 2)
wheezing in the last year; 3) asthma medication in the last year. In
paper 1V, the definition was slightly stricter than the MeDALL
definition. Current asthma was defined as ever physician-diagnosed
asthma with either wheezing or asthma medication use in the last year

(33).
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5. RESULTS

Paper I: In utero exposure to organic pollutants and lung function in

the offspring.

Paper II: Prenatal exposure to organochlorine compounds and lung

function during childhood.

Paper IlII: In utero exposure to bisphenols and asthma, wheeze, and
lung function in school-age children: A prospective meta-analysis of

8 European birth cohorts.

Paper IV: Urban environment during pregnancy and lung function,

wheeze, and asthma in school-age children. The Generation R Study.
Paper V: Linkage of 719,858 parent and child electronic health

records in a large longitudinal database in Spain: the Information

System for Research in Primary Care (SIDIAP).
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Abellan A, Casas M.

In Utero Exposure to Organic Pollutants and Lung Function in

the Offspring
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ABSTRACT

Humans are exposed daily to thousands of chemicals present in many consumer products
that can interfere with hormonal signalling systems. The prenatal period is critical because
the developing lung is intrinsically subject to hormonal regulation. Alterations at this time
may predispose to reduced lung function in later life. In this review, we summarise current
knowledge about the role of prenatal exposure to organic pollutants on lung function in
the offspring. We divide pollutants into persistent: organochlorine and perfluoroalkyl
compounds, and non-persistent: bisphenols, parabens, triclosan, benzophenones, phthal-
ates, and currently used pesticides. Eleven prospective cohort studies, mainly from Europe
and the US, have been identified. Overall, the literature is scarce and inconsistent. The
observed associations have identified small changes in lung function parameters. Main
challenges for future studies include assessment of exposure to non-persistent pollutants
and the study of multipollutant effects. In parallel, public health strategies should be
implemented to reduce exposure to organic pollutants, particularly in pregnant women.
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A. Abellan, M. Casas: Organic Pollutants and Lung Function

INTRODUCTION

Impaired lung development in early life may
predispose individuals to reduced lung func-
tion in adulthood'2. This can lead to persistent
respiratory morbidity and chronic respirato-
ry diseases later in life’*. Chronic respiratory
diseases are among the leading causes of
mortality and morbidity worldwide and asth-
ma and chronic obstructive pulmonary dis-
ease (COPD) are the most common — 358 mil-
lion people are affected by asthma and
175 million by COPD’. There is no curative
therapy for either of them. The natural histo-
ry of both diseases is extensive yet incom-
plete. It is postulated that they have at least
part of their origins in early life when the
lung is still undergoing rapid development®”.
This fits well with the concept of the Devel-
opmental Origins of Health and Disease,
which describes how early-life exposures may
have a long-term impact on disease in adult-
hood?®. Identification of early determinants
of lung development is of utmost impor-
tance, given their long-term effect on disease
throughout life.

The developing lung is extremely susceptible
to the effects of environmental exposures’.
Exposure to an adverse environment during
critical periods of pre- and early postnatal life
might lead to developmental adaptations re-
sulting in impaired lung growth with smaller
airways and lower lung volume, altered im-
munological responses, and related inflam-
mation. The dramatic increase in childhood
asthma prevalence over the last decades® has
raised concerns about the potential role of
environmental pollutants. Exposure to a num-
ber of common environmental pollutants, in-
cluding environmental tobacco smoke!® and

air pollution'!? has been associated with child-
hood respiratory tract illnesses. More recent-
ly, concern is growing over the impact of en-
vironmental chemicals on childhood lung
function.

Environmental chemicals can be classified
within organic and inorganic pollutants. Or-
ganic pollutants include polychlorinated bi-
phenyls (PCBs), pesticides, perfluoroalkyl sub-
stances (PFASs), phenols, and polyaromatic
hydrocarbons (PAHs), among others; inorgan-
ic pollutants include a variety of heavy metals
such as mercury, lead, arsenic, or cadmium.
Both organic and inorganic pollutants present
in the environment may have the capacity to
interfere with the endocrine system and con-
sequently alter many essential body functions
such as growth, behaviour, and reproduction®®.
The term “endocrine disrupting chemical”
includes a large number of substances (in
some lists more than 1,500") whose primary
effect is on the endocrine system through in-
teraction with cellular hormone receptors,
hormone synthesis or clearance’®. Endocrine
disrupting chemicals can have effects at very
low exposure levels, as endogenous hormones
do; low doses can have more potent effects
than higher doses; and exposure to multiple
chemicals can result in synergistic, antagonis-
tic, or cumulative effects'.

Endocrine disrupting chemicals are produced
in large quantities worldwide (millions of tons
annually) and consequently, human popu-
lations are continuously exposed to them
through food, food packaging, cosmetics, dust
inhalation, and consumer products. Human
biomonitoring studies have shown low but
very widespread human exposure!'®'8, Expo-
sure to these chemicals is of special concern
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TasLe 1. Concentrations of organic pollutants in 1,301 pregnant women and children in 6 European population-based cohort studies
participating in the HELIX project (extracted from Haug et al.’® with permission from the author)

Child samples

Median
(P25-P75)

Maternal samples

% quantifiable Median % quantifiable
samples (P25-P75) samples

Organochlorine compounds — blood (ng/g lipid)

DDE 99.9 52.3 (25.9, 111) 1903 100 21.8(11.6,45.6) 2158
PCB-153 99.6 17.6 (10.4, 30.5) 214 100 11.6 (7.28, 18.6) 217
HCB 99.1 8.16 (5.59, 13.0) 164 99.9 8.19(6.27, 11.4) 88.1
Perfluoroalkyl substances — blood (ug/L)

PFOS 100 6.41 (4.12, 9.63) 48.0 99.8 203(1.26,3.22) 338
PFOA 99.7 2.30 (1.38, 3.34) 31.6 100 155(1.19,1.97)  6.66
Bisphenols — urine (ug/g creatinine)

Bisphenol A 99.4 2.82 (1.55, 6.60) 107 98.3 4.06 (2.42,7.17) 362

Parabens, Triclosan, and Benzophenones — urine (.g/g creatinine)

Methyl-paraben 99.8 167 (39.5,389) 39,241 99.7 6.50 (3.28, 26.4) 23,963
Ethyl-paraben 97.4 6.26 (1.14, 26.72) 817 99.3 0.67 (0.43,1.22) 2033
Triclosan 98.5 6.28 (1.50, 79.9) 1653 100 0.61(0.32, 1.5) 702
Benzophenone-3 9913 4.90 (1.46, 27.5) 12,837 99.9 2.16 (0.86, 6.96) 7985
Phthalates — urine (1g/g creatinine)

DEHP metabolite MEHP 99.5 8.73 (4.42, 15.3) a7 96.8 2.88 (1.70, 5.10) 282
MiBP 99.9 38.7 (23.3, 60.7) 705 100 41.8(25.9, 73.3) 861
Currently used pesticides - urine (g/g creatinine)

DAP metabolite DMP 90.8 8.37 (4.13, 16.4) 321 49.3 0.78 (0.29, 470) 833
DAP metabolite DEP 97.8 3.33(1.86, 6.44) 198 80.9 1.83 (0.47, 4.52) 665

% quantifiable samples: % of the biomarker measurements with concentrations reported.

DAP: dialkyl phosphate; DDE: dichlorodiphenyldichloroethylene; DEHP: di-(2-ethylhexyl) phthalate; DEP: diethyl phosphate

DMP: dimethyl phosphate; HCB: hexachlorobenzene; MEHP: mono-2-ethylhexyl phthalate; MiBP: mono-isobutyl phthalate; P25: 25th percentile; P75: 75th percentile;
PCB-153: polychlorinated biphenyl-153; PFOA: perfluorooctanoate; PFOS: perfluorooctane sulfonate.

in pregnant women and children, with many
compounds being detected in more than 90%
of samples (Table 1). Foetus and infants are
especially sensitive to chemicals that mimic
hormones because the protective mechanisms
(ie., detoxification) existing in adulthood are
not completely functional in early life. In the
EU, the medical cost associated with exposure
to endocrine disrupting chemicals has been

estimated at €163 billion a year'”. Nowadays,
the reduction of exposure to endocrine dis-
rupting chemicals, and particularly the organ-
ic ones, represent a priority for action in the
European Commission owing to their high
annual production and potential toxicity?

In this narrative review, we summarize cur-
rent knowledge about the role of exposure
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A. Abellan, M. Casas: Organic Pollutants and Lung Function

to organic pollutants during pregnancy on
lung function in the offspring. We have fo-
cused the review on the prenatal exposure
because is when the lung is more susceptible
to the effects of harmful environmental ex-
posures’. This summary is mainly based
on epidemiological literature published be-
tween 2014 and 2020. We have primarily
identified relevant literature using the
PubMed search engine (National Library of
Medicine). Search strategies include key-
words for the various combinations of or-
ganic pollutants (organochlorine compounds
(OCs), PCBs, dichlorodiphenyldichloroethylene
(DDE), hexachlorobenzene (HCB), PFASs,
bisphenols, parabens, triclosan, benzophe-
none-3, phthalates, and organophosphate pes-
ticides) and respiratory function (lung func-
tion, spirometry, forced expiratory volume in
one second [FEV ], forced vital capacity [FVC],
FEV,/FVC ratio, and forced expiratory flow
at 25-75%). We have divided organic pollut-
ants into persistent, characterized as having
long biological half-lives in the body (e.g.,
from months to years), and non-persistent,
with short biological half-lives (e.g., from
hours to days).

OVERVIEW OF LUNG DEVELOPMENT

The development of the lung starts at the
foetal stage and continues after birth until
20 years of age. It consists of five consecutive
stages: embryonic, pseudoglandular, canalic-
ular, saccular, and alveolar (Fig. 1). Primary
lung buds start to develop at the 4th week
of gestation to form the trachea, bronchi,
and pulmonary vein and artery. During
the second trimester of pregnancy, during the
pseudoglandular and canalicular stages, the

bronchi continue their segmentation, primi-
tive alveoli are formed, and the synthesis of
surfactant starts. This is considered to be the
most critical stage for the respiratory system
since it is when all conducting airways are
formed. The saccular and alveolar are the last
prenatal stages. They develop from the third
trimester of gestation until the second year
after birth. During these stages, the gas ex-
change region expands. The expansion trig-
gers the production of extracellular matrix,
collagen, and elastin. During these phases,
there is further growth of the vascular system
associated with the respiratory system. After
birth and until the second year of age, alveo-
li continue developing. The gas exchange re-
gions keep expanding through a branching
process in concordance to its associated vas-
cular and nervous systems. From two years
until adulthood, the process of lung growth
and expansion continues by a sustained cel-
lular proliferation®?!. Across the lifespan,
lung function grows from birth to late adoles-
cence, reaching its maximal levels in early
adulthood. This is followed by a plateau pe-
riod when lung function remains stable for
several years before it starts to gradually de-
cline?.

The developing lung is intrinsically subject to
endogenous hormonal regulation®??*: gluco-
corticoids, oestrogens, and thyroid hormones
promote the structural development of the
lung and the production of pulmonary sur-
factant, while androgens retard surfactant
production. Other receptors also play a prom-
inent role on lung development: aryl hydro-
carbon receptor (AhR) activation decrease
thyroid hormone levels and peroxisome
proliferator—-activated receptor (PPAR) alter
airway cell differentiation and surfactant

k<4 BARCELONA
- v RESPIRATORY
L+ NETWORK

Collaborative research

52




BRN Rev. 2021;7(1)

Gestation
4 weeks

Embryonic

Lung buds, trachea, bronchi,

pulmonary vein and artery
......................................................................................... 7 weeks

Pseudoglandular

Terminal bronchioles, pre-acinar

blood vessels

..................................................................................... 17 weeks

Ficure 1. Developmental stages of the lung.

production, among other mechanisms. All
these receptors are expressed in the human
lung’. Of concern, endocrine disrupting chem-
icals have affinity with glucocorticoids (e.g.
pesticides), oestrogens (e.g. bisphenols, pesti-
cides), androgens (e.g. phthalates), and/or
thyroid hormones receptors (e.g. bisphenols,
metals), to AhR (e.g. pesticides), and/or PPAR
(e.g. perfluoroalkyl compounds)®-28. Hence,
disruption of fundamental biologic processes
and associated signalling events due to expo-
sure to endocrine disrupting chemicals may
result in significant alterations in lung devel-
opment.

Canalicular

Primitive alveoli, Type | and Il cells,
surfactant synthesis

................................................................ 26 weeks
Saccular
Extra-cellular matrix, alveoli
saccules
................................................................ 36 Weeks
Alveolar
Alveoli multiply, gas exchange area Birth
expansion, capillaries and nerves
2 years
Postnatal growth
Lung growth and expansion ~ 20 years

PERSISTENT ORGANIC
POLLUTANTS AND LUNG
FUNCTION

Organochlorine compounds

OCs are synthetic persistent organic pollut-
ants mainly used as pesticides or in indus-
trial products such as electrical insulators
and flame retardants (Table 2). Their use and
production of some of these compounds has
been banned for decades®?°. For example,
the former widely used pesticide dichlorodi-
phenyl-trichloroethane (DDT) was banned
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TaBLE 2. Main sources of exposure to organic pollutants

o s T oo

Persistent organic
pollutants

Organochlorine compounds

Pesticides
Electrical insulators

Industrial products

Perfluoroalkyl substances

Surfactants for industrial products coating (i.e., paper packaging, textile, leather)

Fire-fighting foams
Lubricants
Photography industry
Non-stick cookware

Non-persistent organic
pollutants

Bisphenols

Sport bottles
Thermal receipt paper

Children’s toys

Parabens, Triclosan,
Benzophenone-3

Cosmetics
Toothpaste

Sunscreen
Perfumes

Pharmaceutical products
Detergents

Soaps

Polycarbonate plastic
Canned food

Plastic packaging

Textiles

Phthalates

Polyvinyl chloride (PVC) plastics

Vinyl building products
Adhesives
Fragrances
Medical equipment
Detergents

Currently used pesticides

Agriculture

Residential settings

Source?".

in the European Union in the early 80s.
Due to the strong evidence of the adverse
health effects of other OCs, these compounds
were internationally banned at the Stock-
holm Convention in 2001%. However, they
can bioaccumulate and persist in the envi-
ronment for long periods. They have long
biological half-lives that can range from sev-
eral years to decades in some compounds®.
Currently, the main source of exposure to
OCs is diet. Biomonitoring studies show that
current populations are exposed to these
substances finding detectable levels in blood
samples'® (Table 1).

OCs may interfere in the lung morphogenesis
as well as play a role in inflammation pro-
cesses both pre- and postnatally. These com-
pounds are endocrine disruptors with es-
trogenic and anti-androgenic properties®.
Therefore, they may interact with oestrogenic
and androgenic receptors and alter the relat-
ed signalling pathways, including the activa-
tion of the AhR pathway, which has been
shown to delay lung development in animal
studies®. Furthermore, exposure to OCs has
also been related to inflammation, observing
increased interleukins and immunoglobulins
in children exposed to them®-¥.
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TasLE 3. Studies on persistent organic pollutants and lung function by year of publication

Author Country, Year of Outcome Exposure Statistically significant main
(year) study design recruitment age assessment findings
(cohort name)

Organochlorine  Hansen et Denmark, birth 414 1988-1989 20y Blood 0Cs - Airway obstruction:
compounds al. (2016)% cohort (pregnancy)  PCBs OR = 2.96 (1.14 to 7.70)*
(Danish Fetal HCB OR = 2.63 (1.07 to 6.46)?
Origins Birth DDE OR = 2.87 (1.09 to 7.57)2
Cohort)
Abellan et Spain, birth 1308 2004-2008 4y and 7y  Blood DDE - FEV, 4y: B = -53.61 (-89.87 to
al. (2019)% cohort (pregnancy/ —17.35)% FEV, 7y: B = —36.07 (-65.21
(INMA) birth) to —6.92)¢; FVC 7y B = -39.45 mL
(~71.23 to -7.66)°
HCB - FVC 7y: B = —56.68 (~89.87 to
-23.49)°
Agier et al. 6 EU countries, 1033 2003-2009 6-12y Blood None
(2019)* birth cohort (pregnancy)
(HELIX)
Perfluoroalkyl Impinen et Norway, birth 641 1992-1993 Birth Blood (birth) None
substances al. (2018)* cohort (ECA)
Agier et al. 6 EU countries, 1033 2003-2009 6-12y Blood PFOA - FEV,: B = 1.4 (-2.7 to —0.1)¢
(2019)* birth cohort (pregnancy) ~ PFNA - FEV : B = 1.4 (-2.7 to -0.1)¢
(HELIX)
Manzano- Spain, birth 992 2003-2008 4y and 7y  Plasma PFOA - FVC 4y: B = -0.17 (-0.34 to
Salgado et cohort (pregnancy) -0.01)¢

al. (2019)%° (INMA)

2Coefficient estimates are Odds Ratios of airway obstruction (FEV1/FVC < 75%) given on the third versus the first (lowest) quartile of exposure. *Coefficient estimates are
given for a change in FEV, (ml) on the third versus the first (lowest) quartile of exposure. “Coefficient estimates are given for a change in FEV, or FVC (ml) on the second
versus the first (lowest) quartile of exposure. YCoefficient estimates are given for a change in mean FEV,% for an interquartile range change in PFASs concentration.
eCoefficient estimates are given for a change in FVC z-score for each doubling of PFASs concentration.

DDE: dichlorodiphenyldichloroethylene; ECA: The Environment and Childhood Asthma; FEV,: forced expiratory volume in one second; FVC: forced vital capacity;

HCB: hexachlorobenzene; HELIX: Human Early-Life Exposome; INMA: [Nfancia y Medio Ambiente (Environment and Childhood); OCs: organochlorine compounds;

PCBs: polychlorinated biphenyl; PFASs: perfluoroalkyl substances; PFNA: perfluorononanoate; PFOA: perfluorooctanoate; y: years.

Current evidence suggests that prenatal expo- inconsistent results with PCBs®. Recently, in a
sure to OCs is associated with reduced lung study assessing the effects of the “exposome”
function in the offspring (Table 3). Prenatal ex- - the totality of environmental exposures from
posure to very high levels of DDE, HCB, and conception onwards*- on lung function, DDT
PCBs was associated with increased risk of air- and DDE tended to be associated with reduced
way obstruction at 20 years of age in a Danish FEV, in school-age children, but results did not
birth cohort established in the 80s%. In a recent reach statistical significance*!.

study from a Spanish birth cohort, prenatal ex-

posure to DDE was associated with lower lung

function at 4 and 7 years of age, even at low Perfluoroalkyl substances

exposure levels. In this study they also ob-

served reduced forced vital capacity (FVC) PFASs are synthetic fluorinated organic com-
at certain exposure levels of HCB and found pounds produced in large quantities since the
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1950s. PFASs have been widely used as sur-
factants in industrial and commercial prod-
ucts including paper, textile, and leather
coatings, fire-fighting foams, lubricants, and
photography industry? (Table 2). Perfluorooc-
tane sulfonate (PFOS) and perfluorooctanoate
(PFOA) are the most common PFASs and are
widely detected in the environment (i.e. wa-
ter)*> and in human blood" (Table 1). Al-
though they are not stored in the adipose
tissue, they are classified as persistent organ-
ic pollutants because they form chemical ad-
ducts with liver and serum proteins (e.g. al-
bumin) and have long biological half-lives in
humans (3-5 years)*3. PFASs can also cross the
placental barrier**.

Studies assessing the levels of PFASs in dif-
ferent organs in mice and humans, observed
the highest levels in lungs*#, suggesting the
lung to be a target of PFASs toxicity. Indeed,
new-born rats prenatally exposed to PFASs
had retarded lung maturation, namely di-
minished alveolar airspace and increased
alveolar thickness?. PFASs are synthetic sur-
factant molecules and therefore, have the po-
tential to interfere with the integrity of the
surface-active interfacial films formed by nat-
ural surfactant in the alveolar space. A recent
in vitro study showed that PFASs can inhibit
lung surfactant function and also induce a
pro-inflammatory response in human bron-
chial epithelial cells*.

Up to now, three prospective studies in hu-
mans have evaluated whether prenatal expo-
sure to PFASs impairs lung function in the
offspring (Table 3). Impinen et al. (2018)* did
not find any association between exposure to
PFASs during pregnancy and lung function
at birth. In the first exposome study, in utero

exposure to PFOA and perfluorononanoate
(PFNA) was associated with reduced FEV, in
children aged 6-12 years?.. In a recent study
in the Environment and Childhood - INfancia
y Medio Ambiente INMA) cohort, although au-
thors observed a reduction in FVC at 4 years
associated with prenatal exposure to PFOA,
this association disappeared after applying a
more stringent reproducibility criterion for the
spirometry test™.

NON-PERSISTENT ORGANIC
POLLUTANTS AND LUNG FUNCTION

Bisphenols

Bisphenols are widely present in daily life
products such as plastic packaging, children’s
toys, thermal paper, and canned food (Ta-
ble 2). The general population is continuously
exposed to them through dermal contact, in-
halation or ingestion. Bisphenol A (BPA) is the
most produced bisphenol and has been found
in > 90% of urine samples in general popula-
tion®"?2 (Table 1). It has been related to adverse
health effects (e.g., metabolic and reproductive
disorders, behavioural problems) and in 2017
it was considered a “substance of very high
concern” by the European Chemical Agency®.
Its production and use have been prohibited
in some products and in some countries, giv-
ing rise to the production of substitute prod-
ucts of similar structure such as bisphenol S
(BPS) and bisphenol F (BPF)>*. After exposure,
bisphenols are rapidly excreted from the body
(half-life of less than 6 hours).

Bisphenols might interfere in the developing
lung thanks to their capacity to cross the
placental barrier and the ubiquitous daily
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exposure after birth. A study in mice ob-
served that exposure to BPA during gestation
severely retarded foetal lung maturation®.
This immaturity was characterized by dimin-
ished alveolar airspace and thickened septa
and by a diminished number of type I pneu-
mocytes®. Bisphenols can also induce oxida-
tive stress, endocrine disruption and mito-
chondrial dysfunction®%. These chemicals
can alter inflammatory responses through
different signalling pathways. They can acti-
vate the reactive oxygen species (ROS) path-
way and the mitogen-activated protein ki-
nase (MAPK) signalling pathways that lead
to DNA damage and cellular death. Bisphe-
nols might also alter immune responses by
the stimulation of pro-inflammatory cytokines
and the inhibition of anti-inflammatory cyto-
kines production®.

Current evidence suggests that BPA exposure
increases the risk of respiratory symptoms
(reviewed by Vrijheid et al, 2016°°) but there
is limited evidence on the effects of BPA and
their substitutes on lung function (Table 4). A
study observed that increasing maternal uri-
nary BPA levels were associated with 14.2%
(95% CI: -24.5, -3.9) decrease in the % predict-
ed FEV, at 4 years of age but did not see such
association at 5 years®. In the Etude des dé-
terminants pré et postnatals du développe-
ment de la santé de l'enfant (EDEN) birth
cohort study, no association was observed
between prenatal BPA levels and predicted
FEV, at 5 years®. No association was ob-
served in the Human Early-Life Exposome
(HELIX) cohorts between prenatal BPA levels
and lung function in school-age children in
the first exposome study*!. Recently, Berger et
al. (2020)3 assessed the effects of prenatal ex-
posure to 20 endocrine disruptors at the same

time, including BPA, on lung function at
7 years. By using the Bayesian Kernel Ma-
chine Regression (BKMR), a statistical tool
that allows the identification of the most rel-
evant group and pollutant within the group
associated with a specific outcome, the au-
thors did not observe any association between
BPA and lung function®. These findings were
previously observed in the same cohort in a
study assessing BPA and eight phthalates™.
We should consider that all previous studies
have used one or two spot urines, which, due
to the high temporal variability of bisphenols
and their short half-lives, might have led to
exposure misclassification that biases the as-
sociations towards the null.

Parabens, Triclosan,
and Benzophenones

Parabens, triclosan, and benzophenones be-
long to the chemical group of phenols. Para-
bens have bactericide and fungicide proper-
ties, and they are used in the cosmetic and
pharmaceutical industry (Table 2). Triclosan
is an antibacterial agent and preservative in
detergents and personal care products. Ben-
zophenones act as filters for ultraviolet radi-
ation and are present in sunscreens, per-
fumes, soaps, and plastic packaging. Human
exposure to these chemicals is widespread!®
(Table 1). The most common parabens used
are methyl-, ethyl-, propyl-, and butyl-paraben
whereas benzophenone-3 (BP-3) is the most
used benzophenone.

Experimental studies suggest that para-
bens, triclosan, and BP-3 lead to reduced
lung function through their capacity to
link to estrogenic receptor and PPAR®. For
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TasLE 4. Studies on non-persistent organic pollutants and lung function by year of publication

Author,
Year

Bisphenols

Parabens,
Triclosan,
Benzophenones

Phthalates

Currently used
pesticides

Spanier et
al. (2014)9"

Vernet et al.

(201782

Berger et al.

(2019)90

Agier et al.
(2019)*

Berger et al.

(2020)630

Vernet et al.

(2017)%2

Berger et al.

(2018)90

Agier et al.
(2019)*

Berger et al.

(2020520

Vernet et al.

(2017)%

Berger et al.

(2018)90

Berger et al.

(2019)4»

Agier et al.
(2019)%

Berger et al.

(2020)830
Raanan et

al. (2017)%

Agier et al.
(2019)%

Country, study

design (cohort
name)

US, birth cohort
(HOME)

France, birth cohort
(EDEN)

US, birth cohort
(CHAMACOS)

6 EU countries, birth
cohort (HELIX)

US, birth cohort
(CHAMACOS)

France, birth cohort
(EDEN)

US, birth cohort
(CHAMACOS)

6 EU countries, birth
cohort (HELIX)

US, birth cohort
(CHAMACOS)

France, birth cohort
(EDEN)

US, birth cohort
(CHAMACOS)

US, birth cohort
(CHAMACOS)

6 EU countries, birth
cohort (HELIX)

US, birth cohort
(CHAMACOS)

US, birth cohort
(CHAMACOS)

6 EU countries, birth
cohort (HELIX)

208

228
260
1,033
282
228
296
1,033
282
228

296
260
1,033

282

279

1,033

Year of

recruitment

2003-2006

2002-2006

1999-2000

2003-2009

1999-2000

2002-2006

1999-2000

2003-2009

1999-2000

2002-2006

1999-2000

19998-2000

2003-2009

1999-2000

1999-2000

2003-2009

age
4-5y
5y
Ty
6-12y
Ty
5y
Ty
6-12y
Ty

5y

1y
1y
6-12y

Ty

Ty

6-12y

Exposure

assessment

2 urines
(pregnancy)

1 urine (pregnancy)

2 urines
(pregnancy)

1 urine (pregnancy
and childhood)

2 urines
(pregnancy)

1 urine (pregnancy)

2 urine (pregnancy)

1 urine (pregnancy
and childhood)

2 urines
(pregnancy)

1 urine (pregnancy)

2 urines
(pregnancy)

2 urines
(pregnancy)

1 urine (pregnancy
and childhood)

2 urines
(pregnancy)

2 urines
(pregnancy), 5
urines (childhood)

1 urine (pregnancy
and childhood)

Statistically
significant main
findings

BPA - FEV, 4y:
B=-142
(-24.5 to -3.90)

None

None

None

None

None

None

None

None

None

MEP - FEF,, .
B=-322
(-6.02 to ~0.34)°

MCOP - FEV,: p = ~0.09
(-0.15 to ~0.03);
FEFys 05t B = —7.06
(~11.04 to ~2.90)¢

None
MCOP - FEV,:
PIP = -0.07 (0.05)¢
None
None

“Coefficient estimates are given for a change in FEV,% for every 10-fold increase in the mean BPA concentration. ®In Berger et al.% three phthalates were assessed together
with three parabens and four phenols; in Berger et al.”* eight phthalates were assessed together with BPA; in Berger et al.®® eleven phthalates were assessed together with
four parabens and five phenols. “Coefficient estimates are given for a change in L/s of FEF,; .. percent difference or L of FEV, for each doubling of phthalates concentration.
dPredicted probability and standard deviation obtained in the Bayesian Kernel Regression Model for an interquartile range change in phthalates concentration.

BPA: bisphenol A; DAPs: dialkyl phosphate metabolites; DEHP: di-(2-ethylhexyl) phthalate; Développement et de la Santé de I'Enfant; EDEN: Etude des déterminants pré

et postnatals du développement de la santé de I'enfant; FEF, ,.: forced expiratory flow at 25-75% of FVC; FEV : forced expiratory volume in one second; FVC: forced vital
capacity; HELIX: Human Early-Life Exposome; HOME: Health Outcomes and Measures of the Environment; MCOP: monocarboxyisooctyl phthalate; MEP: monoethyl phthalate;

PIP: posterior inclusion probability; y: years.
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example, studies in rats show that prenatal
exposure to BP-3 can impair the expression
of estrogenic receptor -o and -B¢>%¢. Estro-
genic receptor-f is abundantly expressed
and biologically active in the lungs and reg-
ulates alveolar formation and surfactant ho-
meostasis’. BP-3 may also disrupt the levels
of PPARy receptor, down-regulating surfac-
tant protein expression in alveolar type II
cells’, essential for lung maturation. Triclosan
was shown to decrease the viability, growth
and morphology of lung epithelial cells®”.
Parabens, triclosan, and BP-3 can also in-
crease biomarkers of oxidative stress and
inflammation®.

Four studies in humans have evaluated
whether prenatal exposure to parabens, tri-
closan, and BP-3 can affect lung function in
the offspring (Table 4). The French cohort
EDEN evaluated exposure to parabens, tri-
closan, and BP-3 in 228 pregnant women and
their male’s offspring and observed that ex-
posure to ethyl-paraben was associated with
reduced FEV, at 5 years; however, this asso-
ciation did not reach statistical significance.
No association was observed for the other
phenols®. In 392 pregnant women and their
children of the Center for the Health Assess-
ment of Mothers and Children of Salinas
(CHAMACOS) cohort, an agricultural com-
munity in California, US, Berger et al. (2018)%
assessed the association between prenatal
exposure to parabens, triclosan, and BP-3
and lung function but did not observe any
association. These null results have recently
been confirmed in another study in the same
cohort evaluating the combined effect of
20 endocrine disruptors on lung function at
7 years®. Parabens and BP-3 showed a low
contribution in the overall model including

eleven phthalates, five phenols, and four par-
abens; for triclosan, they observed a positive
association but in the BKMR model, its im-
portance was low. Finally, in the HELIX co-
hort, Agier et al. (2019)*! did not observe any
association between prenatal exposure to
ethyl-paraben and lung function at 6-12 years.
Prenatal exposure to the other phenols was
also not associated with lung function at
school age.

Phthalates

Phthalates are phthalic acid diester com-
pounds commonly used as plasticizers to in-
crease flexibility and transparency of hard
polyvinyl chloride (PVC) plastics. Phthalates
are divided into long- and short-chain phthal-
ates. The long-chain are the ones used in PVC
plastics whereas the short-chain are used in
non-PVC products including adhesives and
personal care products®® (Table 2). Both groups
of phthalates are produced in large quantities
worldwide and humans are continuously ex-
posed to them through food, cosmetics prod-
ucts, and indoor air?®. After exposure, they
are metabolized and excreted from the body
in hours or days. In order to avoid external
contamination (e.g., phthalates present in lab
plastic material), the metabolites and not their
parent compounds are detected in biological
samples, preferably in urine.

In vivo studies have shown that exposure to
phthalates during gestation can lead to de-
layed lung maturation in newborn rats. Off-
spring of rats exposed to the long-chain
di-(2-ethylhexyl) phthalate (DEHP) during
gestation had increased lung interstitial tis-
sue proportion and diminished number of
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airspace units leading to a reduction of the
gas-exchange surface’®72. A significant in-
crease in the number and dimension of type-II
pneumocytes, responsible for secretion of pul-
monary surfactant and implicated in the epi-
thelial repair, was observed’!. Moreover, an in
vitro study showed that exposure to DEHP
altered the structure and migration of A549
cells, cell lines used as prototypes of type-II
pneumocytes, and the production of pulmo-
nary surfactant”.

A total of five studies, three of them from the
same cohort, have evaluated this association
(Table 4). In the French cohort EDEN, the
high molecular weight phthalate monocar-
boxyisooctyl phthalate (MCOP) and the low
molecular weight phthalate mono-isobutyl
phthalate (MiBP) tended to be associated
with reduced FEV % at 5 years, but associa-
tions did not reach statistical significance®.
A total of three studies have been conducted
within the CHAMACOS cohort in the US636974,
These three studies differ in the number of
phthalate metabolites included and the sta-
tistical tools used to assess the combined ef-
fect. The most consistent finding of these
studies was the reduction of FEV, at 7 years
associated with exposure to MCOP, even af-
ter accounting for other pollutants. Indeed,
the most recent study included three pollut-
ant groups (i.e. phthalates, parabens, and
other phenols), and the BKMR model identi-
fied the phthalate group, and particularly
MCOP, as the most important associated with
impaired lung function®. Finally, in the
HELIX study including a large number of
pollutants and other environmental factors,
exposure to DEHP metabolites during preg-
nancy was not associated with lung function
at 6-12 years of age*!.

Currently used pesticides

Restriction on the use of persistent pesticides
such as DDT has led to the use of non-per-
sistent alternatives such as organophosphate
pesticides, carbamates, and pyrethroids. They
are widely produced and used worldwide for
controlling pests in both agricultural and res-
idential settings (Table 2). In 2018, around
400,000 tonnes of pesticides were sold in Eu-
rope with the majority used in agriculture”.
Organophosphate pesticides (e.g., chlorpyri-
fos, malathion) are the most widely used ac-
tive substances, followed by pyrethroids and
carbamates. Exposure to pesticides is ubiqui-
tous in humans (Table 1), primarily through
their diet. However, the detection frequencies
in biospecimens are usually low due to the
intermittent exposure and their rapid elimi-
nation from the body”¢-78.

Organophosphate pesticides can affect lung
function by inhibition of the acetylcholines-
terase (AChE) enzyme, preventing the me-
tabolism of acetylcholine and consequently
increasing bronchoconstriction and mucus
secretion. It is also postulated that organo-
phosphate pesticides can produce bronchoc-
onstriction at levels below those needed to
inhibit AChE via direct effect on muscarinic
receptors; receptors responsible of controlling
muscle tone, mucus secretion, vasodilatation,
and inflammation”80.

We have identified two studies that evaluated
the lung function effects of prenatal exposure
to currently used pesticides (Table 4); the two
were focused on organophosphate pesti-
cides*#!. The first study was conducted in
the CHAMACOS cohort. Organophosphate
pesticides, particularly six dialkyl phosphate
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TaBLE 5. Summary of the effects of in utero exposure to organic pollutants on lung function

Persistent organic pollutants
Organochlorine compounds 3
Perfluoroalkyl substances 8

Non-persistent organic pollutants

Bisphenols 5
Parabens, Triclosan, Benzophenones 4
Phthalates 5
Currently used pesticides 2

31 lung function Insufficient
2 | lung function / 1 no effects Insufficient
14 lung function / 4 no effects Insufficient
4 no effects Insufficient
31 lung function / 2 no effects Insufficient
2 no effects Insufficient

3Good evidence: for an association based on consistent results from multiple studies and meta-analyses; Moderate evidence: of an association based on multiple studies, but
with some inconsistencies; Insufficient evidence: evidence for an association based on only a few studies, or with substantial inconsistencies; 0: no or very few studies'®2.

metabolites (DAPs), were measured twice
during pregnancy®.. Prenatal exposure to DAPs
was not associated with FEV, or FVC at 7 years.
In the HELIX cohorts, DAPs were also mea-
sured during pregnancy but no association
was found with lung function at school-age?'.

DISCUSSION

In this review, we provide a broad summary
of the current evidence of the effects of pre-
natal exposure to organic pollutants on lung
function in the offspring. Overall, evidence is
insufficient for all organic pollutants, with
few studies and inconsistent results across
them (Table 5). Few studies have found asso-
ciations and the effects observed (i.e. changes
in lung function parameters) are small (e.g.,
50 mL reduction in FEV, for DDE exposure¥).
Inconsistencies across studies may reflect dif-
ferences in sociodemographic characteristics
of the populations, different use of consumer
products between countries, measurement er-
ror associated with the assessment of the out-
come and the exposure, and the statistical

approaches used to assess the lung function
effects of organic pollutants. Hereby we dis-
cuss different possibilities that may explain
the inconsistent results across studies.

Outcome measurement: The evidence on the
effects of organic pollutants on respiratory
health is larger and more consistent in relation
to respiratory symptoms (i.e. respiratory tract
infections, wheezing, asthma) (reviewed by
Vrijheid et al,, 2016°0). More studies have been
conducted in this regard because information
on respiratory symptoms can be easily ob-
tained from questionnaires administered to
the parents. On the contrary, spirometry is not
easily conducted in young untrained children
participating in population-based studies and
needs to be performed by a pulmonologist or
trained nurse; however, spirometry offers an
objective measurement of lung function less
subject to bias than parental administered
questionnaires. All the studies included in
this review performed spirometry from 4 to
20 years of age except Impinen et al. (2018)*
where children performed tidal breathing
shortly after birth. Spirometry is a good
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method to measure pulmonary function and
the most commonly performed®. However,
there are other techniques that can be per-
formed to complement or improve the out-
come measurement. The reliability of spirom-
etry performance in very young children has
been argued. Techniques such as body pleth-
ysmography and interrupter resistance tech-
nique (R, ) can be a good complement or al-
ternative to spirometry testing in younger
children, being the latter the most suitable for
young children due to its minimal difficulty
to be performed®#. In very young children
(less than 4 years of age), pulmonary function
can be measured with non-invasive tech-
niques that do not require sedation such as
multiple-breath washout test, tidal breathing
(as did Impinen et al.,, 2018%), and forced os-
cillation technique®®¥. These techniques are
simple to perform, require little cooperation,
and provide information on lung develop-
ment, including its volume and ventilation
inhomogeneity (multiple-breath washout), air-
way size (tidal breathing and forced oscilla-
tion), mechanical properties (forced oscilla-
tion), respiratory control (tidal breathing), and
small airway function (multiple-breath wash-
out and forced oscillation). With these tech-
niques, researchers have been able to detect
changes in lung function in relation to prena-
tal exposure to air pollution®. In older chil-
dren and adults, the reversibility test can be
performed to measure airflow limitation. This
technique measures lung function performing
spirometry before and after the administra-
tion of a bronchodilator such as salbutamol. A
positive result is given when there is a signif-
icant improvement in lung function after the
administration of the bronchodilator (change
in FEV, > 12% or > 200ml). It is considered
consistent with the diagnosis of asthma and

COPD##, although in population studies a
positive result cannot discern between asth-
ma and COPD®. The reversibility test is easy
to conduct and does not require medical as-
sistance.

Exposure assessment: We have restricted our-
selves to articles assessing the levels of organ-
ic pollutants in human biospecimens. Studies
where exposure to organic pollutants (e.g. pes-
ticides) was estimated by means of residential
proximity to a contaminated area (e.g. crops)
have not been included (e.g. Raanan et al,
2017°%). Biomonitoring is the most extensive
strategy for the assessment of environmental
influences on health because samples are easy
to collect, multiple exposures can be measured
in the same biospecimen, and levels provide
information of exposure for those pollutants
found in many sources, as the case of organic
pollutants®>. However, biomarker levels could
be subject to physiological distortion (e.g., re-
nal clearance in the case of PFASs), could not
reflect the internal dose (more directly related
with the health outcome), and in the case of
non-persistent pollutants, a single spot urine
sample only reflects exposure for a short pe-
riod of time (leading to exposure misclassi-
fication and attenuation of the results). We
should consider all these limitations when
interpreting the results. Alternatively, physio-
logical conditions can be considered such as
the glomerular filtration rate®, internal dose
can be estimated by using physiologically
based pharmacokinetic modelling (PBPK)*,
and multiple samples per subject can be col-
lected to obtain information on long-term ex-
posure”®%.

Statistical approach: The majority of studies
included in this review assessed one pollutant
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at each time. However, humans are exposed
to multiple organic pollutants at the same
time. In the last decade, the exposome ap-
proach has been proposed as a new to para-
digm to encompass the totality of human
environmental (meaning all non-genetic) ex-
posures from conception onwards, comple-
menting the genome®. Some of the studies
included in this review have already devel-
oped multipollutant models with the aim to
identify the most relevant pollutant associat-
ed with lung function*"*3%7* Novel statistical
tools are being developed to study chemical
mixtures’®. For the study of the health effects
of endocrine disrupting chemicals, these
methods should consider non-linear expo-
sure-outcome relationships (lower doses can
have more harmful effects than higher dos-
es®) and potential interactions and confound-
ing between pollutants, as the BRKMR method
used by Berger et al. (2020)%° offers.

External validity: Particularly for non-per-
sistent organic pollutants, we should consid-
er that these pollutants have been studied
among the same few population-based co-
hort studies (i.e., in the US: CHAMACOS;
and in Europe: HELIX, EDEN, INMA), thus,
limiting the generalization of the results in
other population settings with different use
of chemicals (and in consequence different
exposure levels) and sociodemographic char-
acteristics.

Public health implications: Although the
changes in lung function associated with ex-
posure to organic pollutants may not be clin-
ically relevant (e.g. 50 mL reduction in FEV,
for DDE exposure®, as mentioned before),
they can be important from an etiological

perspective and at a population level. A good

example to illustrate the societal impact of
small effects associated with exposure to en-
vironmental pollutants is the case of lead
exposure in children and the reduction of
intelligence quotient (IQ) of 6 points”®. It is
estimated that an average drop of 6 points in
IQ across the population would nearly double
the number of people with an IQ below 70%.
Therefore, when there is absence of consistent
evidence about the health effects of a given
exposure, such as the association of organic
pollutants with lung function, the precaution-
ary principle should prevail and apply policy
measures to reduce its exposure.

CONCLUSION

In conclusion, although in the last decade the
number of studies assessing the lung func-
tion effects of prenatal exposure to organic
pollutants have increased, the evidence is still
limited and inconsistent. Many studies did
not find any association; this can reflect a real
null effect or methodological limitations such
as exposure misclassification, an important
challenge of the study of the health effects of
non-persistent pollutants, or measurement er-
ror of lung function parameters performed at
young age. Further studies, with larger sam-
ple size to study susceptible groups, conduct-
ed in different population settings, with a
thoughtful sampling design, and considering
multiple pollutants, are needed. In parallel,
public health strategies, such as the one that
the Federation of Gynecology and Obstet-
rics, the University of California, and the
Health and Environment Alliance has recent-
ly launched!'?, are needed to reduce exposure
to organic pollutants in the community and
particularly in pregnant women.
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ARTICLE INFO ABSTRACT

Handling Editor: Lesa Aylward Introduction: Prenatal exposure to organochlorine compounds (OCs) can increase the risk of reported respiratory
Keywords: symptoms in children. It remains unclear whether these compounds can also impact on lung function. We as-
Lung function sessed the association between prenatal exposure to OCs and lung function during childhood.

Organochlorine compounds Methods: We included 1308 mother-child pairs enrolled in a prospective cohort study. Prenatal concentrations of
Children p,p’-dichlorodiphenyltrichloroethane [p,p’-DDT], p,p’-dichlorodiphenyldichloroethylene [p,p’-DDE], hexa-
Birth cohort chlorobenzene [HCB], and seven polychlorinated biphenyls [PCBs] were measured in cord blood. Spirometry

Dichlorodiphenyldichloroethylene

was performed in the offspring at ages 4 (n = 636) and 7 years (n = 1192).
Prenatal exposure

Results: More than 80% of samples presented quantifiable levels of p,p’-DDE, HCB, PCB-138, PCB-153, and PCB-
180; p,p’-DDE was the compound with the highest median concentrations. At 4 years, prenatal p,p’-DDE exposure
was associated with a decrease in forced expiratory volume in 1s (FEV,) in all quartiles of exposure (e.g., third
quartile [0.23-0.34 ng/mL]:  for FEV; —53.61 mL, 95% CI —89.87, —17.35, vs. the lowest). Prenatal p,p’-DDE
levels also decreased forced vital capacity (FVC) and FEV,/FVC, but associations did not reach statistical sig-
nificance in most exposure quartiles. At 7 years, p,p’-DDE was associated with a decrease in FVC and FEV; in only
the second quartile of exposure (e.g. B for FEV; —36.96 mL, 95% CI —66.22, —7.70, vs. the lowest). Prenatal
exposure to HCB was associated with decreased FVC and FEV;, but in only the second quartile and at 7 years
(e.g. [0.07-0.14ng/mL]:  for FEV; —25.79mL, 95% CI —55.98, 4.39, vs. the lowest). PCBs were not con-
sistently associated with lung function.

Conclusion: Prenatal exposure to p,p’-DDE may decrease lung function during childhood, especially FEV; and at
medium levels of exposure. Further and deeper knowledge on the impact of environmental chemicals during
pregnancy on lung development is needed.

1. Introduction asthma, remains unclear (European Respiratory Society, 2017). Adverse
environmental exposures such as air pollution and smoking during

Respiratory diseases are among the leading causes of paediatric prenatal life have been associated with respiratory diseases and al-
morbidity worldwide and the aetiology of some of them, such as terations in the lung development in childhood and adulthood (Gehring
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et al., 2015; Kajekar, 2007; Miller and Marty, 2010). Organochlorine
compounds (OCs), synthetic persistent pollutants extensively used as
pesticides, electrical insulators, and other industrial products until their
ban in 1970s, have also been suspected to influence the development of
the lung (Hansen et al., 2016). Exposure to environmental chemicals
such as OCs during prenatal life may induce developmental adaptations
of the lung and airways, leading to relatively small airways. Such
adaptations could lead to a reduction in expiratory flows - reflected by
lower lung function values - and consequently increasing the risk of
adverse respiratory outcomes (Miller and Marty, 2010). Due to their
persistence, OCs are still detectable in current populations' blood (Haug
et al., 2018). General population is exposed mainly through diet,
whereas foetuses and new-borns can be exposed to OCs through pla-
cental transfer and breastfeeding (Sunyer et al., 2005).

Several studies have assessed the effects of prenatal exposure to OCs
on adverse respiratory outcomes in the offspring, mainly using par-
ental-reported symptoms (Dallaire et al., 2006; Gascon et al., 2014a,
2014b, 2012; Hansen et al., 2016, 2014; Sunyer et al., 2010, 2006,
2005). These studies showed that prenatal exposure to OCs, particularly
p.,p’-dichlorodiphenyldichloroethylene (p,p’-DDE) but also hexa-
chlorobenzene (HCB) and polychlorinated biphenyls (PCBs), can in-
crease the risk of lower respiratory tract infections, wheeze, and asthma
in children (Gascon et al., 2014a, 2014b, 2012; Sunyer et al., 2006,
2005) and asthma medication use in adults (Hansen et al., 2014), even
at low exposure levels (Sunyer et al., 2005). Only one study assessed the
impact of OCs exposure during prenatal life on lung function (Hansen
etal., 2016). Authors observed that prenatal exposure to p,p’-DDE, HCB,
and PCBs was associated with offspring reduced forced expiratory vo-
lume in one second (FEV,)/forced vital capacity (FVC) ratio (increased
risk of airway obstruction) at 20 years of age. In this cohort however,
the sample size was quite small (n = 414) and the OCs concentrations
were determined in the 80's and might not reflect current exposure
(Hansen et al., 2016).

Investigating the effects of prenatal exposure to OCs on lung func-
tion is relevant because reduced lung function in infancy not only poses
a burden of childhood morbidity but is also a risk factor for the de-
velopment of chronic diseases during adulthood such as bronchial
asthma (Anté et al., 2010; Martinez, 2009) and chronic obstructive
pulmonary disease (Bui et al., 2017; Martinez, 2016). The present study
therefore aims to estimate the association between exposure to OCs
during pregnancy and lung function in childhood.

2. Material and methods
2.1. Study population

This study is based in three geographic areas belonging to the
Spanish INMA (INfancia y Medio Ambiente — Environment and
Childhood) population-based birth cohort: Gipuzkoa, Sabadell, and
Valencia. Pregnant women attending for prenatal care visits during the
first trimester of their pregnancy who fulfilled the eligibility criteria
were invited to participate in the cohort between 2004 and 2008
(Guxens et al., 2012). Eligible women had to be 16 years or older, re-
siding in the study area, willing to deliver in the reference hospital, not
have followed assisted reproduction, not to be twin pregnant, and not
have any communication problems.

For the present study, population was restricted to children with
prenatal OCs concentrations measured in maternal serum drawn during
pregnancy or in cord serum that additionally had available and ac-
ceptable lung function data at 4 or at 7 years of age. A total of 1308
children had available data on exposure and outcome at 4 or at 7 years
(Fig. 1). The study was approved by the ethical committees of the
centres involved in the study. Written informed consent was obtained
from the parents of all children.
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2.2. Prenatal OCs exposure assessment

Quantification of p,p’-dichlorodiphenyltrichloroethane (p,p’-DDT),
p,p’-DDE, HCB, and several PCB congeners (PCB-28, -52, -101, -118,
-138, -153, and -180) was determined in maternal or cord serum.
Maternal serum samples were collected between the 7th and 26th week
of pregnancy (median = 13 weeks; interquartile range (IQR) = 1.6)
and cord serum samples were extracted at birth. Samples were analysed
by gas chromatography methods described elsewhere (Goiii et al.,
2007). Limits of detection (LOD) in Gipuzkoa and Sabadell were
0.073 ng/mL for all compounds and in Valencia they ranged between
0.01 and 0.071 ng/mL. p,p’-DDT and PCB congeners 28, 52, 101, and
118 presented detectable levels in < 25% of analysed samples and were
excluded from the analyses. We therefore calculated the sum of PCBs
(2PCB) as the sum of PCB-138, PCB-153, and PCB-180. Samples with
p,p’-DDE, HCB, PCB-138, -153, and -180 concentrations below the LOD
were imputed on a defined range between 0 and each corresponding
LOD (data not shown). Since cord serum is considered the best proxy of
OCs exposure during foetal life (Korrick et al., 2000), we estimated the
equivalent concentrations in cord serum from the concentrations
measured in maternal serum by applying cohort specific conversion
factors using paired cord and maternal measurements available in Gi-
puzkoa and Valencia (Supplementary Methods 1).

2.3. Lung function assessment

Lung function was assessed from spirometry tests performed at
4 years (mean = 4.4 years, standard deviation (SD) = 0.2) in Gipuzkoa
and Sabadell, and at 7years in Gipuzkoa, Sabadell, and Valencia
(mean = 7.4 years, SD = 0.5) following the American Thoracic Society
(ATS) and the European Respiratory Society (ERS) guidelines (Miller
et al., 2005). Children with at least one acceptable manoeuvre were
included. Lung function parameters selected for the analyses were FVC
(mL), FEV; (mL), and FEV;/FVC (%).

2.4. Covariates

Information on maternal ethnicity, country of birth, education level,
socio-economic status (coded according to the International Standard
Classification of Occupations-88 system), smoking during pregnancy,
alcohol consumption, history of allergy, rhinitis or eczema, age at de-
livery, and parity was obtained by questionnaires administered to the
mothers at 12th and 32th weeks of pregnancy. Information on maternal
diet was obtained from a 100-item semi-quantitative food frequency
questionnaire administered to the mothers at 12th and 32th weeks of
pregnancy. Measured maternal height and reported weight by the
mother at the first trimester visit were used to calculate pre-pregnancy
body mass index (BMI) (kg/mz). Gestational age, child's sex, and birth
weight and height were obtained from clinical records. Preterm birth
and low birth weight were defined as < 37 weeks of gestational age
and < 2500 g at birth, respectively. Postnatal questionnaires provided
information on number of breastfeeding, day care attendance, and
doctor diagnosed asthma. Child's height and weight at 4 and 7 years
were measured and age was recorded at the time of the spirometry test.

2.5. Statistical analysis

The analyses were performed separately for children who had out-
come data at 4 years (n = 636) and at 7 years (n = 1192) (Fig. 1). The
shape of the relationship between OCs and lung function was tested by
General Additive Models (GAMs). None of the associations showed
linearity (Supplementary Fig. S1) and therefore OCs concentrations
were included in the models as exposure categories using age-specific
quartiles as cut-offs. To reduce the likelihood of bias due to follow-up
losses and missing data, we performed multiple imputations by chained
equations of missing values for the covariates where 10 complete
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Fig. 1. Flowchart of the included study population.

datasets were generated (Supplementary Methods 2). Distributions
among variables from the imputed and the observed datasets did not
differ (Supplementary Table S1). Potential confounders, effect modi-
fiers, and mediators of the association of interest were assessed by the
construction of a directed acyclic graph (DAG) using DAGitty software
(Supplementary Fig. S2) (Textor et al., 2011). Multivariable linear re-
gression models were used to estimate the association between quartiles
of OCs concentrations and lung function separately at 4 (n = 636) and 7
(n = 1192) years of age. Multivariable linear mixed models were used
in the population with two lung function measurements available
(n = 520) with random intercepts for subjects and cohorts. Covariates
included in the models were those selected from the DAG: maternal age
at delivery, maternal pre-pregnancy BMI, maternal educational level,
maternal social class, maternal country of birth, parity, maternal life-
style (smoking and alcohol consumption during pregnancy), and ma-
ternal diet (specifically fish, meat, vegetables and fruits). Additionally,
models were adjusted for region of residence and child's sex, age, and
height at the time of the lung function assessment because these child
characteristics are the most important predictors of pulmonary function
(Quanjer et al., 2012). Effect modification by preterm birth, low birth
weight, maternal history of asthma, rhinitis or eczema, and child's sex
was assessed through inclusion of the interaction terms in the models
(p-value < 0.10) and stratified analyses, when possible. OCs can in-
fluence height of the child and hence potentially mediate the associa-
tion of OCs and lung function (Balte et al., 2017). We therefore, tested
whether height met the conditions to act as mediator: i) it was
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associated with OCs; ii) it was associated with lung function and iii)
after including it in the models as confounder the association was no
longer significant. In case all these conditions were fulfilled we then
performed mediation analysis. To assess the robustness of our results,
various sensitivity analyses were performed. We performed all models
again by using the complete case dataset, the lipid-adjusted OCs con-
centrations, the maternal serum concentrations, and the lung function
parameters expressed as sex, height, age, and ethnicity -adjusted z-
scores according to the Global Lung Function Initiative reference values
(Quanjer et al., 2012). Models were also repeated by excluding children
who were unable to perform reproducible spirometry tests and children
with asthma. Finally, to differentiate the role of each OC, we performed
a multipollutant model in which all main exposure variables (p,p’-DDE,
HCB, and PCB) were included.

3. Results
3.1. Study population

Children from the study population were representative of the total
sample in terms of sex, gestational age, and birth weight, among other
characteristics. Mothers included in the analyses were slightly older,
had higher education levels but lower social class, and were more likely
to be European in comparison to the total sample (Supplementary Table
S2). Complete details of the characteristics of the study populations at 4
and 7 years are shown in Table 1. p,p’-DDE was the compound with the
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Table 1
Maternal and child characteristics of the study populations at 4 and 7 years of

o

age.

4 years 7 years (n = 1192)
(n = 636)
Maternal characteristics
Age at delivery (years), mean (SD) 32.3(3.8) 32.1 (3.9
Pre-pregnancy BMI (kg/m?), mean (SD) 23.3(4.3) 23.5 (4.3)
Educational level, %
Less than primary or primary 18.3 21.2
Secondary 37.4 40.4
University 44.2 38.3
Social class, %
Low 27.5 25.3
Medium 32.4 29.2
High 40.1 45.5
Country of birth, %
European 96.5 96.4
Non-European 3.5 3.6
Parity, %
Nulliparous 57.6 56.6
Multiparous 42.4 43.4
Smoking during pregnancy, %
Never smoker 49.8 46.2
Smoker before pregnancy 36.4 37
Smoker during pregnancy 13.9 16.8
History of asthma, rhinitis, or eczema, 28.8 28
% yes
Diet (servings/day), mean (SD)
Vegetables 4.9 (1.8) 4.9 (1.9)
Fish 0.7 (0.3) 0.7 (0.3)
Meat 1.1 (0.4) 1.1 (0.4)
Alcohol consumption (g/day), mean 0.3 (0.9) 0.3 (1.0)
(sD)
Child characteristics
Sex, % female 48.3 49.3
Gestational age (weeks), mean (SD) 39.9 (1.8) 39.9 (1.8)
Preterm, yes (< 37 weeks), mean 2.7 3.9
(SD)
Birth weight (g), mean (SD) 3266 (423) 3257 (456)
Low birth weight, % < 2500g 4.4 5.1
Breastfeeding, % yes 93 89.6
Day care attendance, % yes 87.8 83.1
Height at follow-up (cm), mean (SD) 106.3 (4.3) 125.3 (6)
Weight at follow-up (kg), mean (SD) 18.4 (2.7) 27.4 (5.6)

Ever asthma, % yes 2.9 6.2

FVC (L), mean (SD) 1.0 (0.2) 1.8 (0.3)
FEV; (L), mean (SD) 0.9 (0.2) 1.5 (0.2)
FEV,/FVC (%), mean (SD) 92.9 (6.7) 86.7 (6.7)

=2 acceptable and reproducible 61.2 63.6
manoeuvres, %

BMI: body mass index; SD: standard deviation; FVC: forced vital capacity; FEV;:
forced expiratory volume in 1s.
@ Values come from the observed dataset.

Table 2

Concentrations (ng/mL) of p,p’-dichlorodiphenyldichloroethylene (p,p’-DDE),
hexachlorobenzene (HCB), polychlorinated biphenyl congeners (PCB-138, PCB-
153, PCB-180), and the sum of polychlorinated biphenyls (£PCB) in the study
population®.

% < LOD Minimum p25 Median P75 Maximum
p,p-DDE 1.6 0.00 0.18 0.28 0.48 43.39
HCB 13.6 0.00 0.07 0.13 0.23 4.64
PCB-138 20.3 0.00 0.05 0.08 0.11 1.61
PCB-153 12.8 0.00 0.07 0.11 0.16 1.44
PCB-180 20.6 0.00 0.05 0.08 0.12 1.33
ZPCB - 0.01 0.18 0.28 0.39 4.02

LOD: limit of detection; p: percentile.

2 Cord serum concentrations (ng/mL) from mother-child pairs with prenatal
OCs measurement and lung function assessment at 4 or 7years of age
(n = 1308). LODs in Gipuzkoa and Sabadell were 0.071 ng/mL and in Valencia
ranged between 0.01 and 0.071 ng/mL.
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highest median concentrations in cord blood (0.28 ng/mL;
IQR = 0.3ng/mL) (Table 2). HCB and the XPCB presented median
concentrations of 0.13 ng/mL and 0.28 ng/mL, respectively. Among the
three study regions, the highest median levels of OCs were observed in
Valencia (Supplementary Table S3).

3.2. p,p’-DDE and lung function

At 4 years, prenatal exposure to p,p’-DDE seemed to be associated
with a decrease in FVC in all quartiles of exposure compared to the
lowest quartile, but associations did not reach statistical significance
(e.g. fourth quartile [ > 0.35ng/mL] B —37.56 mL, 95% CI —80.58,
5.46) (Fig. 2a and Supplementary Table S4). Prenatal exposure to p,p’-
DDE was associated with a decrease in FEV; in all quartiles of exposure
compared to the lowest quartile (e.g. fourth quartile p —42.82 mL, 95%
CI —80.65, —4.99) (Fig. 2a and Supplementary Table S4). Being ex-
posed to the second and third quartiles of p,p’-DDE concentrations were
also associated with decreased FEV;/FVC, compared to the lowest
quartile; however only the third quartile showed statistical significance
(e.g. third quartile [0.23-0.34ng/mL]  —2%, 95% CI —3.5, —0.5)
(Fig. 2a and Supplementary Table S4). At 7 years, children exposed to
the second quartile of p,p’-DDE concentrations (0.17-0.28 ng/mL), had
a decreased FVC and FEV; (B for FVC —39.45mL, 95% CI —71.23,
—7.66; and FEV; —36.07 mL, 95% CI —65.21, —6.92) compared to
the lowest quartile of exposure; such associations were not observed in
children exposed to the third and fourth quartiles (Fig. 2a and Sup-
plementary Table S4). No association was observed for FEV,/FVC at
7 years. In children with two available lung function measurements
(n = 520), we observed an overall association between prenatal ex-
posure to the second and third quartiles of p,p’-DDE and reduced FEV,
(e.g. third quartile [23-34ng/mL] f —37.17mL, 95% CI —71.92,
—2.42), although results on the second quartile were borderline sta-
tistically significant ([0.14-0.23ng/mL]  —33.82mL, 95% CI
—68.22, 0.59) (Table 3). We did not observe any associations with FVC
nor FEV,/FVC (Table 3).

3.3. HCB and lung function

At 4 years, cord blood HCB seemed to be related to reduced FVC and
FEV;, particularly in the third and fourth quartiles, when compared to
the lowest exposed group, although associations did not reach statis-
tical significance (Fig. 2b and Supplementary Table S4). HCB was not
associated with FEV,/FVC at 4 years. At 7 years, only children exposed
to the second quartile of HCB concentrations (0.07-0.14 ng/mL) had
reduced FVC and FEV; (e.g. B for FVC —56.68 mL, 95% CI —89.87,
—23.49) and increased FEV;/FVC (B 1.24%, 95% CI 0.14, 2.34)
(Fig. 2b and Supplementary Table S4) but no associations were ob-
served among the third and fourth quartiles of exposure. In the multi-
variate linear mixed models we did not observe any association be-
tween HCB and lung function (Table 3).

3.4. PCBs and lung function

Regarding PCBs, no consistent associations were observed between
any of the analysed PCBs, including the IPCB, and lung function
parameters neither at 4 nor at 7 years (Fig. 2¢ and d, and Supplemen-
tary Fig. S3 and Table S4). We only observed an increase in FEV;/FVC
ratio at 7 years (§ 1.2%, 95% CI 0.1, 2.3) associated with being exposed
to the second quartile of PCB-153 concentrations (0.08-0.12ng/mL)
compared to the lowest quartile (Fig. 2c and Supplementary Table S4).
No associations were observed in the analysis considering those chil-
dren with two available lung function measurements (Table 3).

3.5. Additional analyses

Interaction and stratification analyses could only be performed for
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Fig. 2. Associations ( (95% CI)) between cord serum p,p’-DDE (a), HCB (b), PCB-153 (c), and ZPCB (d), in quartile ranges (ng/mL), and lung function at 4 (n = 636)

and 7 (n = 1192) years of age®.

#Models adjusted for children's region of residence, sex, age and height at the time of the lung function assessment, maternal age at delivery, maternal pre-pregnancy
BMI, maternal educational level, maternal social class, maternal country of birth, parity, maternal smoking during pregnancy, maternal diet, and maternal alcohol

consumption. Values represent mL for FVC and FEV,; and % for FEV;/FVC.

child's sex due to the low number of preterm, low birth weight babies,
and mothers with history of asthma, rhinitis or eczema in each quartile
of exposure. Child's sex did not show any interaction in our associations
of interest (data not shown). Height was not associated with any
quartile of OCs and hence we did not perform subsequent mediation
analysis.

Overall, effect estimates did not change in complete case analyses
(Supplementary Table S5), using the lipid-adjusted OCs concentrations
(data not shown), the maternal serum concentrations (Supplementary
Table S5), and the lung function standardised z-scores (Supplementary
Fig. S4). Results were similar after excluding those children who were
not able to perform reproducible spirometry tests (Supplementary Table
S6) and children with asthma (data not shown). Finally, results re-
mained robust when models were adjusted for all main OCs together
(data not shown).

4. Discussion

In this prospective study, we observed that prenatal exposure to p,p’-
DDE was associated with reduced FEV, and also with reduced FVC and
FEV,/FVC at 4 years, although most of the associations with FVC and
FEV,/FVC did not reach statistical significance. Prenatal p,p’-DDE levels
also reduced FVC and FEV; at 7 years but only at medium levels of
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exposure. Additionally, HCB seemed to be associated with reduced FVC
and FEV; at certain exposure levels at both ages, but most of the as-
sociations were borderline statistically significant. Inconsistent results
were observed among analysed PCBs.

To our knowledge, only one study has assessed the effects of pre-
natal exposure to OCs and lung function in the offspring (Hansen et al.,
2016). In a Danish birth cohort of 414 participants established in the
80s, they observed an increased risk of airway obstruction (FEV,/
FVC < 75%) at 20 years of age associated with exposure to very high
concentrations of p,p’-DDE, HCB, and PCBs (e.g. p,p-
DDE = 3.2-38.8ng/mL). They did not find any association with re-
duced FEV; (% predicted value < 90%). Two other studies have as-
sessed postnatal exposure to p,p’-DDE in relation to lung function and
found decreases in FVC and FEV; with increasing blood concentrations
of p,p-DDE in adults (n=1696; median = 152ng/g lipid;
IQR = 213.1) (Ye et al., 2015) and in school-aged children (n = 328;
median = 0.30 ng/mL, IQR = 0.2) (Balte et al., 2017). These two stu-
dies did not assess neither HCB nor PCBs (Balte et al., 2017; Ye et al.,
2015). In our study we observed a reduction in lung function, especially
in FEV}, at pre-school and school ages in relation to prenatal p,p’-DDE
concentrations around 0.30 ng/mL, at similar concentrations and even
lower than these previous studies. These associations were not seen at
higher p,p’-DDE exposure levels in the case of 7-year-old children. We
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Table 3

Associations ( (95% CI)) between cord serum p,p’-DDE (a), HCB (b), PCB-153 (c), and £PCB (d), in quartile range (ng/mL), and lung function during childhood

in children with repeated measurements (n = 520)"
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FEV; (mL)

FEV,/FVC (%)

B (95% CI)

B (95% CI)

FVC (mL)

ng/mL B (95% CI)
p,p’-DDE

<0.14 Ref

0.14-0.23 —16.71 (—55.43, 22.01)
0.23-0.34 —25.03 (—64.15, 14.09)
> 0.35 —7.83 (—48.61, 32.95)
HCB

< 0.06 Ref

0.06-0.10 —14.78 (—57.91, 28.36)
0.10-0.16 —29.65 (—72.58, 13.27)
>0.16 —29.01 (-76.37, 18.35)
PCB-138

< 0.04 Ref

0.04-0.07 —6.94 (—50.47, 36.59)
0.07-0.10 —16.58 (—60.84, 27.68)
>0.10 —6.69 (—54.19, 40.81)
PCB-153

<0.07 Ref

0.07-0.10 —16.28 (—57.33, 24.77)
0.10-0.15 6.07 (—36.98, 49.13)
>0.15 —4.76 (—52.50, 42.99)
PCB-180

< 0.05 Ref

0.05-0.07 —5.11 (—51.95, 41.73)
0.07-0.11 13.79 (—34.88, 62.46)
>0.11 2.21 (—52.70, 57.11)
XPCBs

<0.16 Ref

0.16-0.25 —31.43 (—74.09, 11.24)
0.25-0.35 0.46 (—44.56, 45.48)

> 0.36 —13.91 (—64.24, 36.42)

Ref

—33.82 (—68.22, 0.59)
—37.17 (=71.92, —2.42)
—19.84 (—56.07, 16.39)

Ref

—11.68 (—48.60, 25.25)
—12.52 (—50.23, 25.18)
—22.43 (—64.00, 19.15)

Ref

—9.22 (—47.78, 29.34)
—30.07 (—69.41, 9.27)
4.95 (—37.28, 47.18)

Ref

—16.23 (—53.06, 20.59)
2.13 (—36.35, 40.61)
—5.05 (—47.71, 37.61)

Ref

—12.07 (—54.06, 29.91)
18.49 (—24.91, 61.89)
7.67 (—41.37, 56.71)

Ref

—28.20 (—67.30, 10.91)
—7.72 (—48.48, 33.05)
—7.73 (—=53.19, 37.72)

Ref

—1.21 (—2.54, 0.12)
—1.12 (—2.46, 0.22)
—0.70 (—2.09, 0.70)

Ref

0.35 (—1.19, 1.88)
0.76 (—0.74, 2.27)
0.47 (-1.18, 2.12)

Ref

—0.28 (-1.76, 1.19)
—1.02 (—2.55, 0.51)
0.73 (—-0.86, 2.32)

Ref

—0.38 (—1.82, 1.06)
—0.31 (—-1.80, 1.18)
—0.27 (-1.90, 1.37)

Ref

—0.71 (—2.28, 0.86)
0.14 (—-1.51, 1.78)
0.08 (—1.76, 1.91)

Ref

-0.29 (-1.77, 1.20)
—0.61 (—2.14, 0.93)
0.17 (—1.54, 1.88)

# Models adjusted for children's region of residence, sex, age and height at the time of the lung function assessment, maternal age at delivery, maternal pre-
pregnancy BMI, maternal educational level, maternal social class, maternal country of birth, parity, maternal smoking during pregnancy, maternal diet, and

maternal alcohol consumption.

observed a similar exposure-response relationship in relation to pre-
natal HCB exposure and lung function at school-age, where associations
were not seen at higher HCB exposure levels.

Similarly to previous studies on OCs and respiratory health, for p,p’-
DDE and HCB we only observed associations at certain exposure con-
centrations but not at higher levels (Dallaire et al., 2004; Dewailly
et al., 2000; Glynn et al., 2008; Karmaus et al., 2003). It is well es-
tablished that endocrine disrupting chemicals, including OCs, can have
a non-monotonic exposure-response having effects at low doses that are
not predicted by effects at higher doses (Vandenberg et al., 2012). This
means that increasing concentrations not necessarily have greater ef-
fects on the complete exposure range. This exposure-response pattern is
very common in natural hormones and endocrine disruptors since they
act at extremely low concentrations. Biological mechanisms involved in
this pattern are related to cytotoxicity and cellular or tissue specific
receptors including negative feedback, down-regulation and desensiti-
zation, receptor selectivity, and receptor competition (Vandenberg
et al., 2012).

Reduced lung function in early life can predispose to asthma-related
symptoms in childhood (Martinez, 2009). In recent years, many studies
have reported associations between prenatal exposure to OCs, mainly
p.p’-DDE, and low respiratory tract infections, wheezing, asthma, and
asthma medication use during childhood and early adulthood assessed
through parental-reported symptoms (Dallaire et al., 2006; Gascon
et al., 2014a, 2014b, 2012; Hansen et al., 2016, 2014; Sunyer et al.,
2010, 2006, 2005). These findings are in accordance with our results
since we observed a decrease in FEV;, FVC and/or FEV,/FVC, which
reflect decreased airway patency in obstructive lung diseases such as

74

asthma, associated with exposure to p,p’-DDE during foetal life. These
associations did not change after excluding children with asthma di-
agnosis, probably because these children often perform spirometry tests
within the normal range (Bacharier et al., 2004).

We suspect OCs may interact with cellular receptors and alter sig-
nalling pathways which are associated with lung morphogenesis and
inflammation. The development of the lung starts at around 4 weeks of
gestation and continues postnatally with alveolarisation and lung
growth and expansion (Kajekar, 2007). Lung development is the result
of a complex interaction between growth factors, hormones, genetic
factors, and environmental factors, among others (Frey and Gerritsen,
2006). Estrogenic and androgenic receptors are expressed in the lung
and their modulation plays an important role on the development and
functioning of the lungs during foetal development (Carey et al., 2007).
OCs are endocrine disruptors able to interfere with hormonal activities
due to their estrogenic and anti-androgenic properties. They can in-
teract with the estrogenic receptor (ER) signalling pathway directly and
indirectly through the aryl hydrocarbon receptor (AhR) (Shanle and Xu,
2011), and consequently alter the development and the correct func-
tioning of the airways. p,p’-DDE, HCB, and PCB-153 have been shown to
induce AhR expression in vitro (Gaspar-Ramirez et al., 2015). Activa-
tion of AhR has been associated to delayed lung development in rats
and to adverse immunological effects through different mechanisms
such as inflammation (Kransler et al., 2009). In children, OCs have been
associated with increased inflammatory markers such as interleukins
and immunoglobulins (Brooks et al., 2007; Gascon et al., 2014b;
Karmaus et al., 2005). Induction of AhR expression and activity mod-
ulation by exposure to OCs might be crucial in the developing lung and
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immune system.

The importance for the study of OCs relies on the widespread
human exposure to these compounds and their adverse health effects.
Even though OCs have been banned since the 1970s, detectable levels
of p,p’-DDE, HCB, and some PCBs have been found in > 80% of preg-
nant women included in our study, even the recruitment started after
2004. Indeed, OCs concentrations have been detected in almost all
children aged 6-11 years participating in the HELIX cohort between
2013 and 2016 including INMA (Haug et al., 2018); showing that
current populations, and consequently the future generations, are still
exposed to these compounds.

The main strengths of the present study are its population-based
prospective design, the relatively large sample size, and the objective
assessment of lung function. The present study, however, has some
limitations. First, differences were observed between mothers of in-
cluded children and those from the total sample: included mothers
tended to be older, more educated, and European. This might have
biased the obtained estimates, but we would not expect the estimates to
change since such variables did not affect the associations (data not
shown). Although our results may not be generalisable to the general
population, it is not likely to affect internal validity, i.e. the association
estimates between exposure to OCs and lung function in the offspring.
Second, the acceptability criteria of the lung function tests were similar
in all INMA regions of residence but were not identical. This could have
led to a differential lung function parameter selection between the
studied regions. We took this into account by adjusting the models for
region of residence. Third, the reliability of spirometry results in chil-
dren, particularly FVC and in 4 year-olds, might be arguable. Thus,
results obtained need to be interpreted carefully. Nonetheless, to ensure
the optimal reliability achievable, tests were performed by pulmonol-
ogists or trained nurses and each obtained manoeuvre was thoroughly
examined to be considered acceptable and reproducible for the analyses
following the ATS/ERS guidelines. Furthermore, the estimates did not
substantially change when analyses were restricted to children who
performed reproducible manoeuvres. Forth, in our study population we
did not measure postnatal exposure to OCs, which may be relevant
since the lung mainly develops until 2years of age (Kajekar, 2007).
Further studies assessing the childhood exposure to OCs in relation to
lung function, and preferable using physiologically based pharmaco-
kinetic models to estimate lactational exposure to OCs are needed to
elucidate which is the most susceptible period of exposure to OCs for
lung development. Fifth, we could not perform stratified analysis for
most of the effect modifiers due to the small sample size. Studies
pooling information from different birth cohorts would allow an ap-
propriate analysis of effect modification to detect susceptible groups of
the population to these exposures. Sixth, we only considered OCs ex-
posure although the foetus is exposed to a wide range of environmental
chemicals including perfluoroalkyl compounds (PFASs), phenols,
phthalates, and organophosphate pesticides that can also potentially
affect lung development (Gascon et al., 2015; Qin et al., 2017; Raanan
et al., 2016). Nonetheless, recent exposome studies reveal that corre-
lations between exposures in different exposure groups (e.g. between
OCs and PFASs) are much lower than among exposures in the same
group (e.g. within OCs) (Tamayo-Uria et al., 2019). Therefore, we do
not expect our estimates to be largely affected by other exposure groups
not considered in the present study. Finally, we did not correct for
multiple comparisons which may have led to false-positive findings
(type I error). However, statistical correction for multiple comparisons
increases the chances of false negative findings (type II error), which in
the context of public health research might have worse consequences.
Also, it assumes that the tested hypotheses are independent, which may
not be the case in this study since the exposures tested, as well as the
outcomes, are related.
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5. Conclusion

In conclusion, our results suggest that prenatal exposure to p,p’-DDE
may decrease lung function during childhood, especially FEV; and at
medium levels of exposure. Since lung function in infancy predicts
pulmonary function throughout life, further and deeper knowledge on
the impact of environmental chemicals during pregnancy on lung de-
velopment is needed for the development of public health policies
targeted at the prevention of chronic respiratory diseases.
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SUPPLEMENTARY MATERIAL

Figure S1. Generalised Additive Models to examine the shape of
relationships between exposure to organochlorine compounds and
cord serum p,p’-DDE and lung function at 4 (n=636) and 7
(n=1192) years.
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2 Models adjusted for children's region of residence, sex, age, weight, and
height at the time of the lung function assessment, maternal age at delivery,
maternal pre-pregnancy BMI, maternal educational level, maternal social
class, maternal country of birth, parity, maternal smoking during pregnancy,
maternal diet, and maternal alcohol consumption.
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Figure S2. Directed acyclic graph of the association between prenatal exposure to OCs and lung function
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Table S1. Differences in maternal and child characteristics between
observed and imputed datasets in the Gipuzkoa study region® as

example
% Observed Imputed
missing  dataset dataset
Maternal characteristics
Age at delivery (years),
mgan (SD) y(years), g 32.6 (3.3) 32.6 (3.3)
g{rg‘j;ﬂifg;::rfﬁs%l‘)ﬂ 0.0 228 (3.4) 228 (3.4)
Educational level, % 0.5
Ingliatil;n primary or 10.4 10.5
Secondary 35.9 36.2
University 53.2 533
Social class, % 0.0
Low 329 32.9
Medium 29.6 29.6
High 37.6 37.6
Country of birth, % 0.0
European 98.4 98.4
Non-European 1.6 1.6
Parity, % 0.0
Nulliparous 553 553
Multiparous 44.7 44.7
Smoking during
pregnancy, % 31
Never smoker 50.7 50.8
Smoker before pregnancy 37.3 37.0
Smoker during pregnancy 11.9 12.2
History of asthma,
rhinitis or eczema, % 0.0 24.6 24.6
yes
Diet (servings/day), mean
(SD)
Vegetables 4 5.0 (1.7) 5.0 (1.7)
Fish 4 0.8 (0.3) 0.8 (0.3)
Meat 4 0.9 (0.3) 0.9 (0.3)
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Alcohol consumption
(g/day), mean (SD)
Child characteristics
Sex, % female
Gestational age (weeks),
mean (SD)

Preterm, % <37 weeks
Birth weight (g), mean
(SD)

Low birth weight,
%<2500g
Breastfeeding, % yes
Day care attendance, %
yes

4 0.2 (0.5)
0 51.5

0 39.9 (1.8)
0 3.3

0.7 3295 (442)
0.7 43

5 91.8

6.4 82.1

0.2 (0.5)

51.5
39.9 (1.8)
3.3

3295 (442)

43
91.8
82.0

BMI: body mass index; SD: standard deviation.
2 Corresponding to the number of mother-child pairs with prenatal OCs measurement and
lung function assessment at 4 or 7 years of age (n=423).
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Table S2. Differences in maternal and child characteristics between
the study population and the total sample

Total Study p-
sample population value

(=2,150)  (n=1,308)

Maternal characteristics

Age at delivery (years), mean (SD) 31.8 (4.2) 32.1 (3.9) 0.034
fsrlg')p"eg“ancy BMI (kg/m?), mean 3543 53442) 0.676
Educational level, %

Less than primary or primary 26.6 21.2 0.000
Secondary 40.7 39.9

University 32.7 38.9

Social class, %

Low 21.1 25.2 0.000
Medium 26.8 29.7

High 522 45.1

Country of birth, %

European 92.9 96.3 0.000
Non-European 7.1 3.7

Parity, %

Nulliparous 55.2 56.4 0.196
Multiparous 44.8 43.7

Smoking during pregnancy, %

Never smoker 43.9 46.6 0.118
Smoker before pregnancy 37.7 37.6

Smoker during pregnancy 18.4 15.8

History of asthma, rhinitis or

cczema, % yes 27 28.2 0.430
Diet (servings/day), mean (SD)

Vegetables 4.9 (1.9) 4.9 (1.9) 0.853
Fish 0.7 (0.3) 0.7 (0.3) 0.391
Meat 1.1(0.4) 1.1(0.4) 0.062
Essllc)(;hol consumption (g/day), mean 0.3 (1.0) 0.3 (1.0) 0.714
Child characteristics

Sex, % female 48.6 49.9 0.487
Gestational age (weeks), mean (SD)  39.6 (1.7) 39.7 (1.5) 0.501
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Preterm, % <37 weeks 4.1

Birth weight (g), mean (SD) 3252 (483)
Low birth weight, %<2500g 4.7
Breastfeeding, % yes 88.4

Day care attendance, % yes 81.7

3.7
3257 (449)
4.7

90

83.5

0.579
0.728
0.996
0.166
0.206

BMI: body mass index; SD: standard deviation.
ap-values (analytical vs total sample) were estimated using one-sample mean tests or chi-

square tests.
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Supplementary Methods 1. Calculation of cohort-specific
conversion factors of maternal serum to cord serum OCs

concentrations.

OCs were measured in two biological matrices: maternal serum and
cord serum. Gipuzkoa and Valencia had both cord and maternal
serum measurements, and Sabadell only maternal serum
measurements. Since cord blood is considered the best proxy of
prenatal OCs exposure,[9] we estimated cord serum OCs from
maternal serum concentrations. Both maternal and cord serum
measures were available in most of the participants from Gipuzkoa
and Valencia regions. Conversion factors were therefore calculated
from paired mother-child OCs measurements in these regions of
residence of the INMA cohort. We used non-lipid adjusted OCs
concentrations. Values above 0.5 ng/mL were considered as outliers
and were excluded. Each compound specific conversion factor was
calculated as the mean of the four slopes obtained from linear

regression models with cord and maternal serum.[38]

regress cord p,p’-DDE matserum_p,p -DDE

regress cord_p,p’-DDE matserum_p,p -DDE, noconstant

regress matserum_p,p -DDE cord p,p’-DDE

regress matserum_ p,p -DDE cord _p,p’-DDE, noconstant
Where:

- cord_p,p’-DDE: non-lipid adjusted p,p’-DDE cord serum
levels in ng/mL

-  matserum_p,p’-DDE: non-lipid adjusted p,p’-DDE
maternal serum levels in ng/mL
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Supplementary Methods 2. Description of the imputation

procedure.

Imputations were performed separately for each region of
residence (Gipuzkoa, Sabadell, and Valencia).

Software used and key setting: STATA 14 software (Stata
Corporation, College Station, Texas). Multiple Imputation
by Chained Equations (ICE) command. Ten cycles
performed.

Variables included in the imputation procedure:

- Maternal variables: lipids; cord and maternal serum p,p -
DDE, HCB, PCB-138, PCB-153, PCB-180; age; BMI;
education; social class; smoking during pregnancy; parity;
history of asthma, allergy or eczema; mode of delivery;
dairy, meat, fish, vegetables, and alcohol consumption
during pregnancy.

- Child’s variables: sex; gestational age; birth weight;
ethnicity; ever asthma; breastfeeding; height and weight at
the time of the lung function; and day-care attendance.
Procedure for non-normally distributed variables: log-
transformation

Procedure for binary/categorical variables: logistic, ordinal,

and multinomial models.
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KEY POINTS

Question: Is in utero exposure to bisphenols, chemicals of concern
present in many daily life products, associated with asthma, wheeze,
and lung function in school-age children? Does this association differ
by sex?

Findings: In this prospective meta-analysis of 3007 mother-child
pairs from 8 European birth cohorts, in utero exposure to bisphenol
A was prevalent and increased the risk of asthma and wheeze among
school-age girls. There was no evidence of an association with lung
function at school-age nor wheezing patterns across childhood.
Meaning: Findings imply reduction of bisphenol A exposure to

optimize long term respiratory health.
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ABSTRACT

Importance: Bisphenols are chemical pollutants widely used in
consumer products. In utero exposure to bisphenols may alter lung
development and increase the risk of respiratory morbidity in the
offspring. However, evidence is scarce and mostly focused on
bisphenol A (BPA) only.

Objective: To examine the associations of in utero exposure to BPA,
bisphenol F (BPF), and bisphenol S (BPS) with asthma, wheeze, and
lung function in school-age children, and whether these associations
differ by sex.

Design: A prospective meta-analysis on individual participant data
from 8 population-based birth cohorts established between 1999 and
2010.

Setting: This study included participants from 8 birth cohorts from 6
European countries: Generation R, the Netherlands; INMA Sabadell,
INMA Gipuzkoa, INMA Valencia, Spain; BiB, United Kingdom,;
EDEN, France; MoBa, Norway; and RHEA, Greece.

Participants: We included 3,007 mother-child pairs with available
information on maternal urinary bisphenols and respiratory outcomes
in the offspring during childhood.

Exposures: Bisphenols concentrations were determined in single or
a two spot maternal urine samples collected during pregnancy.
Main Outcomes: Between 7 and 11 years of age, current asthma and
wheeze were assessed from questionnaires and lung function by
spirometry. Wheezing patterns were constructed from questionnaires

across childhood.
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Results: Exposure was prevalent with 90% of maternal samples
containing concentrations above detection limits. BPF and BPS were
found in 27% and 49% of samples, respectively. In utero exposure to
BPA tended to be associated with increased odds of wheeze in the
overall population (OR=1.05, 95%CI=0.97, 1.13), but not with
asthma, wheezing patterns or lung function. Among girls, BPA was
associated with increased odds of current asthma (OR=1.13,
95%CI=1.01, 1.27) and wheeze (OR=1.14, 95%CI=1.01, 1.30) (p-
interaction sex=0.01). We did not observe consistent associations of
BPF and BPS with respiratory outcomes.

Conclusions and Relevance: This study suggests that in utero BPA
exposure is prevalent and is associated with increased odds of asthma
and wheeze among school-age girls. Findings imply reduction of
bisphenol A exposure to optimize long term respiratory health.
Keywords

Bisphenol A, pregnancy, asthma, wheezing, lung function, mother-

child cohort

Abbreviations

BMI: body mass index

BPA: bisphenol A

BPF: bisphenol F

BPS: bisphenol S

CI: confidence interval

DAG: directed acyclic graph

FEV1: forced expiratory volume in 1s

FEF25.75%: mid-expiratory flow
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FVC: forced vital capacity

GLI: Global Lung Function Initiative

IPD: individual participant data

ISAAC: International Study on Asthma and Allergy in Childhood
LOD: limit of detection

OR: odds ratio
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INTRODUCTION

Impaired development of the respiratory and immune systems
resulting from adverse environments in utero might predispose
individuals to respiratory morbidity later in life '~7. There is growing
concern over the role that chemical pollutants play in the

8-11

development of respiratory diseases during early life °'', specifically

over bisphenols, due to their mass production !, widespread human

13,14 15

exposure %, and their ability to cross the placental barrier
Bisphenol A (BPA), used in many consumer products, is the most
commonly used bisphenol. BPA production is restricted in some
countries '®, which has resulted in the emergence of substitutes such
as bisphenol F (BPF) and bisphenol S (BPS), with suspected similar
toxicity !'7'8, Individual prospective cohort studies investigated in
utero exposure to BPA in relation to asthma-related symptoms and

19-27  Because

lung function, but showed inconsistent results
bisphenols can interfere with sex hormones 28, their potential health
effects may be sex-dependent. However, previous studies reported
inconsistent results '*2427, Limited sample size of previous studies
may have hindered consistent and sex-specific effect estimations.
Additionally, no study has investigated the influence of in utero

exposure to bisphenols other than BPA on respiratory health.

Using large population-based cohorts, we aimed to investigate
whether in utero exposure to bisphenols is associated with current
asthma, wheeze, and lung function at school-age, wheezing patterns

through childhood, and whether these associations differ by sex.
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METHODS
Study population

We included 3,007 mother-child pairs from 8 European population-
based birth cohorts: Generation R, the Netherlands 2°; INMA
(INfancia y Medio Ambiente) Sabadell, INMA Gipuzkoa, INMA
Valencia, Spain *°; BiB (Born in Bradford), UK 3!; EDEN (Etude des
Déterminants pré et post natals du développement et de la santé de
I’Enfant), France **; MoBa (Norwegian Mother, Father and Child
Cohort Study), Norway *3-**; and RHEA (Mother-Child Cohort in
Crete), Greece *3. Cohorts recruited the population between 1999 and
2010 (Table 1). Five of these were part of the HELIX (Human Early
Life Exposome) Project and followed common standardised

protocols 3¢

. Participants with bisphenols measurements during
pregnancy and information on asthma, wheeze or lung function
during childhood were included (Figure S1). All cohorts received
approval from the ethics committees of the centres involved and

written informed consent was obtained from all participants.

Bisphenol exposure assessment

Concentrations of BPA, BPF and BPS were determined in a single or
a two spot maternal urine samples during pregnancy (Table 2). BPA
was measured in all included cohorts; BPF and BPS were measured
in Generation R and in the three INMA cohorts. Bisphenols
concentrations were adjusted for creatinine to correct for urine

dilution. See Supplementary Methods 2 for complete details.
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Asthma, wheeze, and lung function

We defined current asthma 37

as a positive answer to two of the
following: 1) ever asthma diagnosis; ii) wheezing in the last year; iii)
asthma medication in the last year. This information was collected
from parental-administered questionnaires adapted from the
International Study on Asthma and Allergy in Childhood (ISAAC)
38, Information on wheezing was collected from 1 to 11 years (Table
S1) and was used to create wheezing patterns: i) never wheezing; ii)
early wheezing, <4 years; iii) late wheezing, >4 years; and iv)
persistent wheezing, <4 and >4 years. Lung function was assessed by
spirometry at school-age following the ATS/ERS guidelines *. All
children with an acceptable manoeuvre were included. Lung function
parameters selected for the study were forced vital capacity (FVC),
FEVi, FEV{/FVC and mid-expiratory flow (FEF2s5.75%). We
standardised lung function parameters into z-scores based on the

Global Lung Function Initiative (GLI) reference equations *°.

Covariates

Relevant information on maternal and child characteristics was
obtained from questionnaires, medical records, antenatal healthcare
visits and physical measurements during the cohort’s follow-ups.
Covariates were selected from literature and summarised in a directed
acyclic graph (DAG) (Figure S2) to depict the known and

hypothesised causal relations between variables.
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Statistical analyses

We imputed missing values in covariates and BPA concentrations
below the limit of detection (LOD) using multiple imputation by
chained equations methods (Supplementary Methods 1). BPA
concentrations were log: transformed to reach normality. Since the
number of samples with BPF and BPS concentrations below the LOD
was very high (>50%), these two compounds were dichotomized

(<LOD - reference category, >LOD).

To assess the associations between bisphenols and respiratory
outcomes, we performed 1-stage meta-analysis pooling individual
participant data (IPD) from all cohorts using mixed-effects models
taking into account clustering of participants within cohorts (random
intercepts). We performed multivariable logistic models for the
associations of bisphenols with current asthma, wheeze, and
wheezing patterns, and multivariable linear models for the
associations with lung function. We used the 1-stage approach to
stratify analyses by sex, testing for interaction (p< 0.1) with greater
power #. Sex-stratified models between BPF, BPS and wheezing
patterns could not be performed because numbers in each category
were too small. Current asthma and wheeze models were adjusted for
maternal education, age, pre-pregnancy BMI, smoking during
pregnancy, and child’s sex, age, and ethnicity. Lung function models
were adjusted for the same set as the above models except child’s sex
and age. Although ethnicity was accounted for in the z-scores, we

additionally adjusted for it to avoid any residual confounding %°.
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We performed a 2-stage meta-analysis to assess the associations
between BPA and current asthma, wheeze, and lung function to
account for between and within cohort heterogeneity. We estimated
the effect estimates in each cohort separately and calculated the
combined estimate by a random effects meta-analysis model. We
tested for heterogeneity between effect estimates by using I? values
42 We did not perform 2-stage meta-analysis for neither BPF and
BPS, only available in 4 cohorts, nor for wheezing patterns, because
of the low number of individuals in each wheezing category. All
models were adjusted for the same set of covariates as the 1-stage

meta-analysis.

To test the robustness of our results, we performed various sensitivity
analyses using the 1-stage meta-analysis models. We ran the models
using the complete case dataset and further repeated them excluding
one cohort at a time to determine the influences of any particular
cohort in the overall estimates. To test whether results were not
explained by birth outcomes, we repeated the analyses excluding
preterm (<37 weeks) and low birth weight (<2500g) babies. To
overcome exposure misclassification due to the high variability of
bisphenols, we ran lung function models correcting for measurement
error applying regression calibration methods considering a
reliability coefficient for BPA of 0.14 (Supplementary Methods 3).
We also performed lung function models including only children
with at least two acceptable and reproducible spirometry manoeuvres

and excluding children with an asthma diagnosis.
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RESULTS
Characteristics of study population

Table 1 shows the main maternal and child characteristics in each
cohort. There were no differences in main characteristics between the
observed and imputed datasets (Table S2). Median BPA
concentrations ranged from 1.56 (Generation R) to 9.54 (MoBa)
ug/g. Overall, BPA was detected in 90% of the samples. BPF and
BPS were detected in fewer samples except in Generation R, where
40% and 70% of samples had detectable levels of BPF and BPS,
respectively (Table 2).

Bisphenols and asthma and wheeze

Results from the 1-stage meta-analysis showed that overall, in utero
BPA exposure tended to be associated with increased odds of wheeze
at school-age (OR=1.05, 95%CI=0.97, 1.13 per doubling of BPA
concentration) but not with current asthma nor wheezing patterns
(Table 3). Associations with asthma and wheeze at school-age were
modified by child’s sex (p-interaction=0.01). Stratified analyses
showed that for each doubling in BPA concentration during
pregnancy, girls had higher odds of having current asthma (OR=1.13,
95%CI=1.01, 1.27) and wheeze (OR=1.14, 95%CI=1.01, 1.30)
(Table 3). We did not observe sex differences with wheezing
patterns. We did not observe associations with BPF. Children whose
mothers had BPS levels above the LOD seemed to have lower odds
of presenting wheeze in the last year (OR=0.64, 95%CI=0.40, 1.04),
late (OR=0.43, 95%CI1=0.19, 1.00) and persistent wheeze (OR=0.56,
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95%CI=0.35, 0.90). The 2-stage meta-analysis of the associations
between BPA and current asthma and wheeze showed similar results
than the 1-stage meta-analysis with heterogeneity across cohorts
(Figure 1). BPA estimates with asthma and wheeze (in the overall
population, girls, and boys) were similar when excluding preterm and
low birth weight babies (Table S3), and in complete case analysis
(Table S4). When excluding cohort by cohort, results did not show
notable changes (Table S5). Associations between BPS and
wheezing patterns did not change substantially in complete case

analysis (Table S4).

Bisphenols and lung function

The 1-stage meta-analysis showed small or no effects of increasing
in utero BPA concentrations with lung function parameters. In the
overall population, each doubling in BPA concentrations was
associated with 0.02 (95% CI=0.00, 0.04) z-score increase in FEV
and FEF2s.75, (Table 3). No associations were observed with FVC
and FEVI/FVC. Associations with FEV; and FEF2s.750, were
modified by child’s sex (p-interaction<0.10). In sex-stratified
analysis, we observed increased FEV associated with BPA exposure
among boys ($=0.03, 95%CI=0.00, 0.06). Among children exposed
to BPF levels above the LOD, FEV| increased by 0.12 z-scores (95%
CI=0.01, 0.23) and FEF2s5.75% by 0.13 z-scores (95% CI=0.01, 0.25)
(Table 3). Associations between BPF and FVC and FEV; were
modified by child’s sex, observing increased FVC (p=0.17,
95%CI1=0.02, 0.32) and FEV; (f=0.15, 95%CI=-0.00, 0.29) among

girls (p-interaction<(.10). No associations were observed with BPS
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and lung function parameters (Table 3). Results from the 2-stage
meta-analysis showed overall null effects in the associations between
in utero BPA exposure and lung function with low heterogeneity
between cohorts (Figure 1). Results remained similar when excluding
preterm and low birth weight babies (Table S3), in complete case
analysis (Table S4), when including only children with at least two
acceptable and reproducible spirometry manoeuvres, and when
excluding children with asthma (Table S6). The estimates of the
association between BPA and FEV shifted towards the null when we
excluded Generation R from the model (Table S5). The association
between BPA and FEV; also disappeared when we repeated the
models applying regression calibration (data not shown).
Associations observed for BPF diluted and disappeared when
including children with at least two acceptable and reproducible
spirometry manoeuvres, and when excluding children with asthma

(Table S6).

DISCUSSION

Results from this prospective IPD meta-analysis of 3,007 mother-
child pairs showed that in utero exposure to BPA was associated with
increased odds of asthma and wheeze at school-age among girls. The
associations did not seem to be explained by lung function
adaptations, as results did not show consistent associations of in utero
BPA exposure with lung function. Substitute bisphenols were
associated with increased FEV and FEF»s.75¢, (BPF) and decreased
risk of late and persistent wheezing (BPS).
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Comparison with previous studies

Our findings support the hypothesis that in utero BPA increases the
risk of asthma-related symptoms during childhood reported in some
19-21.24-26 pyut not all 2”44 of previous studies. Our study adds
evidence for potential sex-dependent effects of BPA exposure, only
assessed in few studies that yielded contradicting results 226, Two
studies reported higher risk in girls, one showed increased odds of
infant allergic diseases (including wheeze and eczema) at 6 months
of age ?°, and another reported increased risk of asthma at 7 years 24
without statistical evidence that BPA effects differed between sexes.
One study reported increased odds of asthma diagnosis at 7 years
among boys 2°. A cohort study that involved only boys also reported
a tendency of increased risk of asthma at 5 years, but not with wheeze
at the same age, from in utero BPA exposure 2!. The lack of
consistency of sex-specific effects of previous studies might be partly
explained by their small sample size. In our study population, with a
large sample size after stratification, we observed that in utero
exposure to BPA increased the odds of current asthma and wheeze at
school-age in girls. Further, most previous studies have focused on
children of ages <7 years; only one study * assessed current asthma
until 12 years of age and reported no associations in relation to in
utero BPA; in that study sex-dependent effects were not examined.
To our knowledge, there is no previous study assessing in utero BPA
exposure on wheezing patterns across childhood, preventing
comparison of our findings of no associations between increasing

BPA exposure with any wheezing pattern.

111



Literature on in utero BPA exposure and lung function is scarce.
Only one cohort study associated in utero BPA exposure with a
decrease in %FEV at 4 years but this association disappeared at 5
years of age ?°. This association was not observed in three other
cohorts that assessed lung function from 5 to 12 years 22, In our
study, BPA was positively associated with lung function from 6 to 12
years of age only among boys, but estimates were small and generally
towards the null. Such associations disappeared in sensitivity
analyses when using the complete case dataset and when excluding
Generation R from the analyses, the cohort with the largest sample
size. Further studies are warranted to study the role of BPA on lung

function growth.

To our knowledge, this is the first study to assess the associations
between in utero BPF and BPS exposure and respiratory health. In
our study we observed increased FEV and FEF2s.750, among children
whose mothers had detectable BPF levels and decreased odds of late
and persistent wheezing among those with detectable BPS. BPA
substitutes were detected in a low percentage of the study
participants, except in Generation R. This might indicate that the
introduction of BPA substitutes in the Netherlands was earlier than
in other countries, as previously reported 3. In other countries where
these bisphenols were not as present in the market as they are
currently, we expect current population’s exposure to be higher,

which guarantees the need for further investigation.
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Interpretation of findings

Our results suggest that in utero exposure to BPA might increase the
risk of asthma and wheeze at school-age through immunomodulatory
mechanisms without notable lung function adaptations. This could be
explained by the ability of bisphenols to cross the placenta '° and
interfere with the developing respiratory and immune systems by
binding to a number of receptors related to inflammatory and
oxidative stress pathways ¢, Immunomodulatory alterations from
exposure to BPA have been observed in in vitro, animal, and human
studies and include the increase in serum immunoglobulin-E,
eosinophilic inflammation in the airways, stimulation of pro-
inflammatory cytokines, T helper (Th) 1/Th2 cell shifts, and
alterations in Th17 and B-cell counts *3-°. Although animal studies
have observed deleterious effects on the structural development of
the lung after in utero exposure to BPA 32, we could not confirm
that in our study. We hypothesise that on a population level, children
without a current asthma exacerbation or with adequately controlled
asthma, might present spirometry results within the healthy

standards.

Sexually dimorphic effects of bisphenols on diverse health outcomes
have been reported >*—°°. Fluctuations of sex hormones and their
consequences on immune functions can play a role in asthma
pathogenesis. The sexual dimorphism of asthma is especially
observed in hormonally changing periods such as puberty,
pregnancy, and menopause °. Observational, clinical, and animal

studies have highlighted changes in oestrogen and testosterone levels
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to influence incidence and severity of asthma "0, Given the
endocrine disrupting capacity of bisphenols, they can alter key
hormone-signalling pathways and thus induce changes in sex

hormones, which may partly explain the results found in this study.

Strengths and limitations

The strengths of this study rely on its prospective IPD meta-analysis
design with multiple bisphenols, harmonized and objective
respiratory outcomes, and large sample size, which enabled us to
assess the subtle effects usually associated with exposure to
environmental hazards ' and the potential sex-dependent effects. By
performing prospective IPD meta-analyses, we increased the strength
of evidence without relying on published data and thus limited
potential publication bias and reviewer selection bias, common

limitations of retrospective meta-analysis 2.

This study has however several limitations. First, exposure to
bisphenols was determined in 1 or 2 spot urine samples, which given
the short biological half-life of bisphenols, might have led to
exposure misclassification. This is likely to have underestimated our
results, biasing the estimates towards the null, without increasing the
risk of bias towards false-positive results . The high within-day and
between-week variability also limited the assessment of critical
windows of exposure in our study. Further studies including a
number of repeated bisphenol measurements during several days of
the week in the three trimesters of pregnancy are needed 4%, Second,

due to the low number of samples with detectable levels of BPF and
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BPS, we were not able to consider the exposure as continuous and
categorised them into detected and undetected. In our population,
mothers among the detected group tended to smoke less and had a
higher educational level compared to those among the undetected
group (data not shown). We suspect mothers with higher education
and a healthier lifestyle tend to use more BPA-free products which in
turn may contain BPA substitutes, as observed for parabens 6.
Although we adjusted our models for lifestyle and socioeconomic
factors, residual confounding cannot be ruled out. Third, bisphenols
were analysed in different laboratories with some showing poor
correlations (Supplementary Methods 2). However, after excluding
the cohorts that conducted the analyses in these laboratories from the
analyses, results did not change. Fourth, although we could construct
childhood wheezing phenotypes, the data on wheezing episodes
available across ages differed between cohorts (Supplementary Table
S1). We were able to create four patterns, which might not be
sufficient to capture effects on a specific age. Fifth, although lung
function parameters were obtained following the ATS/ERS criteria,
these estimates need to be carefully interpreted since the spirometry
measurement error might be greater than the expected estimates.
Finally, the study population included higher educated, less deprived
and more Caucasian origin families. Although our results might not
be generalised to the general population, this study encompasses the
largest number of participants from different regions of Europe to

date, and it is unlikely this affected the internal validity of the study.
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Conclusions

Our study suggests that in utero exposure to BPA increases the risk
of asthma and wheeze among school-age girls. Identification of early
determinants of respiratory health in childhood is of utmost
importance, given their long-term effect on disease throughout life.
Further research is needed on the assessment of temporal variabilities
in exposure in relation to health outcomes, in order to improve
current EU chemical legislation. Current regulation is focused on
BPA, obviating analogues with suspected similar toxicity %7, and
needs to move forward by avoiding entire chemical classes instead of

individual compounds.
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SUPPLEMENTARY MATERIAL

Figure S1. Flowchart of included population.

Mother-child pairs with available
prenatal bisphenols measurements
n=3292

Children without respiratory
outcomes nor lung function during

l " childhood

n=285

Mother-child pairs with available
prenatal bisphenols measurements
and respiratory outcomes during
childhood
n=3007

Asthma n=2831

Wheeze n=2846

Wheezing patterns n=2302

Lung function n=2792
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Table S1. Wheezing information available in each cohort.

INMA INMA INMA

Generatio . . Bi EDE MoB RHE
nR Gipuzko Sabade Valenci B N a A
a 1l a
1 year X X X X X X X
2 2years X X X X X X
g 3 years X X X X X X
4 years X X X X X X
5 years X
6 years X X X
£ 7years X X
=8 years X
9-11
X
years
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Table S6. Overall associations between creatinine adjusted
bisphenols and lung function from 1-stage random meta-analysis
excluding children with non-reproducible spirometry and children
with current asthma®“.

Excluding non- Excluding children with current asthma

reproducible
z-score ~ o
N (95% CI) N z-score (95% CI)
BPA (ug/g)

FVC 2315 8'85)(0'00’ 2395 0.02 (0.00, 0.04)
FEV, 2358 0:02(000, 450 0.02 (0.00, 0.04)
0.04)

0.00 (-

FEV/FVC 2314 002, 0.02) 2383 0.00 (-0.02, 0.02)
FEF 25.75% 2357 8'82)(0'007 2449 0.02 (0.00, 0.05)

BPF (>LOD vs <LOD)

FVC 1566 009 C 1634 0.10 (-0.02, 0.21)
0.02, 0.20) : hathe
0.10 (-

FEV, 1565 0.01,021) 1632 0.11 (-0.01, 0.22)
0.00 (-

FEV//FVC 1565 011,0.12) 1632 0.01 (-0.11, 0.13)
FEF 5.7504 1565 013 (00L sy 0.13 (0.00, 0.25)
0.25)

BPS (>LOD vs <LOD)
0.05 (-
FVC 1566 006, 0.16) 1634 0.06 (-0.05, 0.17)
FEV, 1565 0-07( 1632 0.10 (-0.02, 0.21)
0.04, 0.18) : e
0.03 (-
FEV//FVC 1565 008, 0.14) 1632 0.06 (-0.05, 0.17)
FEF 1565 -0-04 (- 1632 0.03 (-0.09, 0.15)
25-75% 0.16, 0.08) ) e

*Models adjusted for maternal age, education, pre-pregnancy BMI, smoking during
pregnancy, and child’s ethnicity.

Abbreviations: BPA: bisphenol A; BPS: bisphenol F; BPS: bisphenol S; FVC:
forced vital capacity; FEVi: forced expiratory volume in 1s; FEF2s.7s54: mid
expiratory flow; LOD: limit of detection; CI: confidence interval
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Supplementary Methods 1. Multiple imputation by chained
equations.

We performed Multiple Imputation by Chained Equations using the
ice command. We used STATA 14 software (Stata Corporation,
College Station, Texas).

Missingness in covariates ranged between 0.4% and 14% (see
Supplementary Table S2). Overall, 80% of the sample had complete
information on all covariates. Over the 20% with missing data, most
of them had missing in only one covariate. Child age and smoking
were the most common variables with missing values. We assume,
given the distribution of missingness, that our data is either MCAR
or MAR. However, we are aware that in epidemiological research
data, MCAR is rarely the case. Multiple imputation by chained
equations is an appropriate approach to handle missingness in both
cases when data is MCAR or MAR (1).

Multiple imputation was performed in each cohort separately, with
twenty-five cycles ran in each. A total of 25 complete datasets of each
cohort were generated. The following maternal and children
variables were included in the imputation procedure:

e Maternal urinary BPA concentrations: BPA concentrations
below the limit of detection (LOD) (between 0% and 22%)
on a defined range between 0 and the corresponding LOD in
each cohort (Table 2).

e Maternal variables: urinary creatinine concentrations; age;
BMI; smoking; alcohol; socioeconomic status; education; pet
keeping during pregnancy; parity; type of delivery; history of

asthma or allergy.
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e Children wvariables: birth weight; gestational age;
breastfeeding; daycare attendance; ethnicity; sex; age at the
last follow up; weight and height at the spirometry

measurement.

Non-normally distributed variables were transformed using the most
suitable transformation in each case (cubic, square, identity, square
root, log, logy, 1/square root, inverse, 1/square, 1/cubic). When
normality could not be reached through transformation, variables
were included in the imputation command using predictive mean
matching.

All subsequent analyses were performed applying the STATA 14

mim command.
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Supplementary Methods 2. Urinary bisphenols determination
and interlaboratory comparison.

Concentrations were determined in a single spot urine sample
collected throughout pregnancy in all cohorts except in the INMA
cohorts where two spot urine samples were available (1st and 3rd
trimester): in INMA Sabadell and Valencia, bisphenols were
quantified in each spot sample and we used the average of both
measurements and in INMA Gipuzkoa bisphenols were quantified in
a pool of both urines.

For Generation R, bisphenols were measured in Wadsworth Centre,
New York, USA (2). In INMA Gipuzkoa, bisphenols were
determined at Instituto de Investigacion  Biosanitaria
ibs. GRANADA, Spain. In INMA Sabadell, the concentrations were
determined in the Department of Analytical Chemistry, University of
Cordoba, Spain (3). In INMA Valencia, BiB, MoBa, and RHEA,
bisphenols were measured at Norwegian Institute for Public Health
(NIPH), Norway, as part of the HELIX (Human Early Life
Exposome) Project (4). For EDEN, BPA was determined at the
National Center for Environmental Health laboratory, CDC, Atlanta,
Georgia, USA (5). In order to ensure comparability of results
between cohorts, we conducted interlaboratory comparisons for BPA
with 10 urines. Correlations of urinary concentrations of BPA
between pairs of laboratories ranged from 0.36 to 0.90 (Pearson). The
poorest correlations were observed between Granada and Cordoba
labs in relation to the other laboratories. The coefficient of variation
of BPA for the different laboratories ranged from 35% (Granada) to
80% (NIPH), indicating high dispersion of BPA within laboratories.
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Supplementary Methods 3. Calculation of the reliability
coefficient of bisphenol A.

The reliability coefficient of a spot urine sample collected during
pregnancy was calculated by estimating whether this sample was a
good measure of the average pregnancy concentration. To do that, we
used data from the HELIX Pregnancy Panel Study of 52 pregnant
women from Barcelona, Spain (6). Pregnant women were recruited
between 2014 and 2015. Criteria for inclusion were a) singleton
pregnancy; b) age>18 years at the time of start of pregnancy; c) first
visit to be conducted before 20 weeks of pregnancy; and d) residence
in the study area covered by the cohort. Pregnant women were
followed during a normal working week in the 2" (mean: 16.3
gestational weeks, standard deviation (SD): 2.0) and 3" (mean: 31.4,
SD: 2.0) pregnancy trimesters. Urine samples were collected three
times per day: first morning, afternoon, and bedtime voids. Details
on collection and processing of urine samples can be found elsewhere
(6). We made within-subject pools of all urines collected in a week
by taking 0.5 ml from each aliquot. BPA was determined in the two
weekly pools of each trimester and the average was used as the gold
standard. We also determined BPA in a spot urine sample selected at
random from all the first morning voids of the two trimesters. We
selected the first morning void because this was the sample mostly
collected in the cohorts participating in the present study. We then
computed the square correlations between the spot urine and the gold
standard (7). The reliability coefficient for BPA was 0.14. This

reliability coefficient is similar to the interclass correlation
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coefficients obtained in other variability studies in pregnant women

(8-10).
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ABSTRACT

Background: Many early life environmental exposures are associated with
the development of lower lung function and risk of asthma in childhood.
Evidence on the many exposures related to the urban environment during
pregnancy and especially the concurrence of them in relation to children’s

respiratory health is lacking.

Objective: To examine the associations of exposure to the full urban
environment during pregnancy, including air pollution, noise, traffic,
green and blue spaces, and built environment with lung function, wheeze,

and asthma during childhood.

Methods: We included 5,624 mother-child pairs participating in the
Generation R birth cohort. We estimated a total of 44 urban environment
exposures including air pollution, road traffic noise, traffic, green spaces,
blue spaces, and built environment during pregnancy. At 10 years of age,
lung function was measured by spirometry and asthma from
questionnaires. Wheezing patterns were constructed from questionnaires
across childhood. We performed single, multiple exposure and cluster

analyses to assess the associations.

Results: higher maternal exposure to NO; and PMa s during pregnancy
was associated with lower lung function only in mid-to-small airways in
childhood (z-score for PM2.s=-0.10, 95%CI=-0.15, -0.05). Higher levels
of PMys increased FEV, and FVC, but these associations were not

observed when considering the urban environment as a whole in cluster
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analyses. High road traffic noise was associated with increased asthma at
10 years, and increasing size of the nearest major blue spaces with higher
lung function (FEV z-score=0.02, 95%CI=0.00, 0.04) and lower odds of
asthma (OR=0.92, 95%CI=0.84, 1.00). Cluster analyses revealed that
living during pregnancy in an urban environment with higher levels of air
pollution, noise, urbanisation and lower levels of natural spaces may
contribute to lower lung function in mid-to-small airways (z-score=-0.08,
95%CI=-0.17, 0.01), and to increased odds of early and late wheeze
during childhood (OR early=1.23, 95%CI=1.00, 1.51).

Conclusion: this study shows that the urban environment during
pregnancy is of relevance to the offspring’s respiratory health through
childhood. Air pollution, road traffic noise, and blue spaces were the main

determinants of childhood respiratory health.
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INTRODUCTION

Lung function and asthma development during childhood are key
determinants for respiratory health into adult life (1). Many early life
environmental exposures are associated with the development of lower
lung function and risk of asthma in childhood (2). Air pollution exposure
after birth is suggested to be associated with lower lung function (3-5),
increased risk of wheeze and asthma (6-11), and exacerbating both pre-
existing conditions (12) during childhood. Some studies examined the
role of maternal exposure to air pollution during pregnancy on child’s
respiratory health and reported mixed findings (13-26). Some studies
found that maternal exposure to air pollution during pregnancy was
associated with lower lung function (13,14,19-22), and increased risks of
wheeze (23) and asthma in children (23-26), while others did not (15—
18,22). The potential adverse health effects of other exposures related to
the urban environment such as noise (17,27), lack of green (17,28) and
blue spaces (17,29), increased built environment (17), and the
concurrence of these exposures (17) on respiratory health is limited and
inconsistent (30). Only one study has assessed maternal exposure to the
full urban environment during pregnancy and observed no association
with child’s lung function but did not study wheeze or asthma as

outcomes (17).

Examining the full urban environment in relation to respiratory health is
important since half of the global population currently lives in urban
settings, and this proportion is expected to increase up to 70% by 2050
(31). Despite that urban living offers opportunities for a healthy living
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including access to services and goods, employment and social
interaction, it may also imply increasing exposure to a harmful
environment (32,33). Exploring the urban environment as a whole in
relation to respiratory health, especially in vulnerable developing periods
of life, may help to identify the most harmful urban exposures to

ultimately identify effective prevention strategies to reduce them.

Therefore, we aimed to examine the associations of exposure to the full
urban environment during pregnancy, including air pollution, noise,
traffic, green and blue spaces, and built environment with lung function,
wheeze, and asthma among 5,624 children participation in a population-

based prospective cohort study.

METHODS

Design The present study was embedded in the Generation R Study, a
population-based prospective birth cohort study in Rotterdam, the
Netherlands Pregnant women were recruited during the whole pregnancy
at their health care centers between 2002 and 2006 (34). The study wss
approved by the Medical Ethical Committee of the Erasmus MC,
University Medical Centre in Rotterdam. Written informed consent was
obtained from all participants. A total of 5,624 mother-child pairs were
included in the current study (Figure S1).

Urban environment during pregnancy The full range of urban

environment variables was estimated at the home address during

pregnancy using geographic information system (GIS) modelling (Table
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1). The same variables were also estimated for the year prior to the
outcomes assessment for a posterior sensitivity analysis. We included a
total of 44 exposures from the following exposure groups: air pollution,
road traffic noise, traffic, green spaces, blue spaces, and built
environment. Air pollution was estimated using land use regression
(LUR) models developed within the European Study of Cohort for Air
Pollution Effects (ESCAPE) framework (35,36), and were temporally
adjusted following the ESCAPE guidelines (37). Noise was assessed as
road traffic noise from the European road traffic noise maps generated
under EC Directive 2002/49/EC (38). Traffic was estimated using the
Dutch National Database of Road Traffic Data (Nationale Databank
Wegverkeersgegevens). Green and blue spaces were estimated from
LANDSAT 4-5, 7, 8 (39) and Urban Atlas maps (40) in buffers of 100 m,
300 m, or 500 m from the home address. Built environment exposures
were estimated in buffers of 100 m or 300 m from the home address from
several sources including the Global and European Human Settlement
maps (41,42), NAVTEQ (43), Urban Atlas (40), and Open Street Maps
(44). Complete details on the exposures assessed, distributions, and data
sources are fully described in Supplementary Table S1 and Pearson

correlations in Figure S2.

Child’s respiratory outcomes Lung function was measured at a mean
age of 9.79 years (standard deviation (SD)=0.35 years) by spirometry test
following the American Thoracic Society and European Respiratory
Society guidelines (45). We measured forced expiratory volume in 1s
(FEV)), forced vital capacity (FVC), FEV1/FVC, and mid-expiratory flow

(rerF25-75%) and converted these into age-, height-, sex-, and ethnicity-
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adjusted z-scores (46). Information on acceptability and reproducibility of
spirometry tests was collected. Children with at least one acceptable
manoeuvre were included in the analyses. Information on wheeze and
asthma was collected through parental-reported questionnaires adapted
from the International Study on Asthma and Allergy in Childhood
(ISAAC) (47). Wheezing in the past 12 months (yes, no) was annually
asked at the ages of 1 to 4 years, and at 6 and 9 years. Wheezing patterns
were defined as ‘never’, ‘early’ (<3 years only), ‘late’ (>3-9 years only),
and ‘persistent’ (<3 years and >3-9 years) wheezing. At a mean age of
9.79 years, current asthma was defined as ever-physician-diagnosed
asthma with either wheezing or asthma medication use in the past 12

months.

Covariates Maternal characteristics were obtained from questionnaires
during pregnancy and included educational level, age at pregnancy, pre-
pregnancy body mass index (BMI), smoking during pregnancy, and
history of asthma and atopy. Additionally, information on area-level SES
was obtained from the Social and Cultural Planning Office of The
Netherlands. Area-level SES was assessed as quintiles of the
neighbourhood deprivation, considering education, income, and position
on the labour market of the neighbourhood inhabitants. Child’s sex,
gestational age, and birth weight information was collected from midwife
and hospital records at birth. Child’s height was measured at the time of
the lung function assessment and ethnicity information was obtained from
questionnaires and assessed from the parental ethicnity. Covariates were

selected from literature and summarised in a directed acyclic graph
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(DAG) to depict the known and hypothesised causal relations between

variables and avoid adjusting for mediators or colliders (Figure S3).

Statistical analysis We performed a non-response analysis comparing
mothers and children included in the analyses to those lost to follow up at
the age of 10 years using chi-square tests for categorical variables and
independent samples t-tests for continuous variables. Multiple imputation
by chained equations was performed for missing values in exposures and
selected covariates (48). All variables not following a normal distribution
were transformed to approach normality. A total of 10 imputed datasets
were generated and Rubin’s rules were applied to summarize effect
estimates (48). Later, we standardised by the interquartile range (IQR) all
continuous exposures to ensure comparability of exposure estimates.
Therefore, all continuous exposure estimates are expressed as IQR

increase.

We examined associations of urban environmental exposures during
pregnancy with lung function, wheezing patterns, and asthma using three
complementary approaches. First, we performed single exposure analyses
through an exposome-wide association study (ExWAS) method. This
method assesses exposure by exposure associations with the outcome
through multivariable linear or logistic regression models and is
afterwards corrected for multiple hypothesis testing using an adapted
version of the Bonferroni correction that takes into account the correlation
structure of the data (corrected p-value=0.002) (49). Second, we
performed multiple exposure models to evaluate possible confounding

between the multiple urban exposures. We built a DAG to account for the
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complex interrelationships between exposures (Figure S4). We selected
one indicator of each family of exposures, the most commonly used in the
literature, and adjusted the models accordingly to the selection from the
DAG. Third, we applied a hierarchical clustering on principal components
(HCPC) analysis to identify children sharing similar urban exposure
patterns. Because area-level SES may play a substantial role in the
association between urban exposure patterns and childhood respiratory
outcomes, we first standardised all exposures by the mean exposure level
in each quintile of area-level SES to reduce any residual confounding. We
applied a principal component analysis (PCA) to reduce the data
dimension and retained the components that explained at least 90% of the
variance. Then we applied an ascending hierarchical classification based
on the PCA components to identify clusters of exposure. We used the
identified clusters as the independent variable in the regression models.
Models from all approaches were adjusted for a common set of covariates
selected from the DAG (Figure S2). Lung function models were adjusted
for maternal education, pre-pregnancy BMI, age, smoking during
pregnancy, history of asthma or atopy, area-level SES, and child’s
ethnicity and season of birth. Wheeze and asthma models were
additionally adjusted for child’s sex.

Further sensitivity analyses were performed to assess the robustness of
the results. Lung function models in ExXWAS, multipollutant, and HCPC
analyses were repeated including only children with 3 acceptable and
reproducible manoeuvres from spirometry test. Since previous studies
have found associations of urban environmental postnatal exposures with
child’s respiratory health, we repeated the single-exposure analyses of the

main exposures of each family of exposures adjusting the models for their
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corresponding postnatal exposures. We further repeated the cluster
analyses excluding children born preterm or with low birth weight. We
described the levels of urban exposures and distribution of outcomes in
each area-level SES strata. Statistical analyses were performed using R

Statistical Software.
RESULTS

Subject characteristics Maternal and child characteristics are shown in
Table 2. Median (IQR) pregnancy air pollution levels (NO>=38.48 (7.48)
ug/m?, PMio= 31.36 (6.14) pg/m3, PMas= 19.72 (3.83) pg/m®) were
slightly below the current EU regulations (40 pug/m? for NO2 and PM,,
and 25 ug/m? for PM»s) (Table S1). Of all mothers, 47% and 37% were
exposed to daily noise and night noise levels, respectively, above the
current EU regulations (Lden>55 dB; Ln>50 dB). Most of the population
had access to a major green (80%) and blue space (54%) in a buffer of
300 m from the home address. Median (IQR) population density was
4136 (215) inhabitants/km?. Of all children (n=5,624), 26%, 5%, and 11%
were early, late, and persistent wheezers, respectively. Six percent had
current asthma at a mean age of 9.8 (SD=0.35) years. Non-response
analyses showed that children included in the analyses had mothers who
were older, with lower pre-pregnancy BMI, higher education, and living
in less deprived neighbourhoods. Children included in the analyses were
less likely to be born preterm or with low birth weight and were less
ethnically diverse (Table S2). There were no differences in maternal and
child characteristics between the complete case and the imputed datasets

(Table S3).
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Urban environment during pregnancy and child’s respiratory

outcomes

Single exposure (ExWAS) analyses In single-exposure analyses, higher
NO: exposure during pregnancy was associated with lower FEF25.75¢, (z-
score -0.05 [95%CI=-0.10, 0.00]) (Tables S4). Higher exposure to PMo,
PMb 5, and PMcoarse Was related to higher FEV; (e.g., 0.08, [0.03, 0.13] for
PM:z5) and FVC (0.09 [0.05, 0.14] for PM2s5) but lower FEF2s5.75%, (-0.10 [-
0.15, -0.05] for PM>5). Higher size of the nearest major blue space was
associated with higher FEV; (0.02 [0.00, 0.04]) and less clearly with
higher FVC and FEF»s.75, (Table S4). Some characteristics of the
building environment were associated with higher or lower lung function
parameters. No associations were observed of traffic and green spaces and
lung function. After correction for multiple testing (p-value=0.002), only
the associations of PMjo and PMa.s remained statistically significant.
Regarding respiratory symptoms, higher NOx was associated with higher
odds of early wheeze (1.11 [1.00, 1.22]). Higher NO,, PMio, PM>35,
PM3 5abs, and PMcoarse Was associated with lower offs of persistent wheeze
(e.g., Odds Ratio (OR) for PM25=0.81 [95%CI [0.67, 0.97]) but not with
other wheezing patterns nor with asthma (Table S5). Higher road traffic
noise, particularly at night, was associated with higher odds of early and
persistent wheeze and current asthma at 10 years (e.g.,1.69 [1.01, 2.83]
for current asthma). Higher size of the nearest blue space was related to
higher odds of persistent wheeze (1.08 [1.01, 1.15]) but lower odds of
current asthma (0.92 [0.84, 1.00]). Traffic and green spaces were not
associated with any of the respiratory outcomes. After correction for
multiple testing, none of the abovementioned associations remained

statistically significant (Table S5).
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Multiple exposure analyses After adjusting for other urban exposures,
estimates remained similar to those from single-exposure analyses. NO»
exposure during pregnancy remained associated with lower FEF2s5.754 (-
0.05 [-0.10, 0.00]) while increasing PM>s remained associated with
higher FEV; and FVC (0.09 [0.04, 0.14] for FEV1), but lower FEF25.75, (-
0.10 [-0.15, -0.05]) (Figure 1 and Table S6). Associations of higher size
of the closest blue space with higher FEV1, FVC and FEF»5.75% remained
after adjustment for the other urban exposures. Regarding respiratory
symptoms, the association of NO> with persistent wheezing disappeared
(Figure 2 and Table S7) but the association of PM» s with lower odds of
persistent wheeze remained. Higher noise levels at night remained
associated with higher odds of early wheeze and current asthma (1.71
[0.99, 2.97]). Increasing size of the nearest blue space was also associated
with higher odds of persistent wheeze (1.10 [1.02, 1.17]) and lower odds
of current asthma (0.92 [0.85, 1.01]). Higher building density in a 300 m
buffer showed an association with higher odds of persistent wheeze

(OR=1.19, 95%CI=0.99, 1.42) (Figure 2 and Table S7).

Cluster analyses We identified 3 clusters of urban exposures. Figure 3
compares exposure levels in each cluster to the average exposure level in
the study population (mean=0). Cluster 1 (n=1,533) identified mother-
child pairs exposed to lower levels of air pollution, road traffic noise,
traffic, and urbanisation, and to higher levels of green and blue spaces.
We selected this cluster as the reference cluster in our analyses because it
had the lowest levels of a priori harmful exposures. Cluster 2 (n=2,907)
identified mother-child pairs exposed to lower levels of most air

pollutants, although not as low as Cluster 1, and to lower levels of noise,
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green, and blue spaces, and increased levels of traffic and urbanisation.
Cluster 3 (n=1,184) identified mother-child pairs who were exposed to
higher air pollution, noise, and urbanisation, and lower levels of traffic,
green, and blue spaces. Mother-child pairs between clusters differed in
terms of maternal education, season of birth, and ethnicity (Table S8).
Mothers in Cluster 3 were higher educated and slightly more likely to be
Caucasian, compared to the other clusters. Compared to Cluster 1,
children belonging to the other two clusters tended to have lower lung
function, particularly FEF2s.75% (-0.08 [-0.17, 0.01] for children in Cluster
3) and higher odds of early wheezing (1.23 [1.00, 1.51] for Cluster 3), late
wheezing (1.48 [0.99, 2.25] for Cluster 3), and current asthma (1.14 [0.85,
1.54] for Cluster 2) but lower odds of persistent wheezing (0.75 [0.56,
1.01] for Cluster 3) (Table 3).

Sensitivity analyses The observed associations remained materially
similar when we included only children with reproducible spirometry
measurements (Table S9-S11).

When we adjusted the main single-exposure models for their
corresponding postnatal exposures, some of the observed associations
with lung function and current asthma remained similar (e.g., PM2.5 and
blue spaces with lung function and noise at night with asthma) (Table
S12-S13) while the association of blue spaces and current asthma became
stronger (0.90 [0.82, 0.99]) (Table S13). When we repeated the cluster
analyses excluding preterm and low birth weight born children, the
associations remained similar (Table S14). We did not observe the most
harmful environments in the most deprived areas (Table S15). The

highest median levels of NO2 in was observed in quintiles 4 (highly
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deprived) and 2 (low deprived). Highest levels of noise were observed in
the two most deprived quintiles. Quintiles 1 (least deprived) and 3
(medium deprived) presented the highest levels of green spaces, and

quintiles 1, 2, and 4, the highest levels of blue spaces.
DISCUSSION
Main results

This study, one of the first that systematically analyse multiple urban
exposures in relation to child’s respiratory health, showed that higher
maternal exposure to NO> and PMz s during pregnancy was associated
with lower lung function only in mid-to-small airways (FEF2s5.75%) in the
child. Higher levels of PMas increased FEV; and FVC, but these
associations were no longer observed when considering the urban
environment as a whole in cluster analyses. We also observed that high
road traffic noise levels were associated with increased asthma at 10 years
of age, and increasing size of the nearest major blue spaces with higher
lung function and lower odds of asthma. Cluster analyses revealed that
living during pregnancy in an urban environment characterised by higher
levels of air pollution, noise, urbanisation and lower levels of natural
spaces may contribute to lower lung function in mid-to-small airways,

and to increased odds of early and late wheeze during childhood.
Comparison with previous studies

Our single and multi-exposure study confirms the adverse effects of air
pollution on mid-to-small airways observed in previous studies

(13,19,21). The association of air pollutants with lung function did not
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follow the same pattern between lung function parameters. In our study,
we observed that higher PM» s, PMio, and PMcoarse Was associated with
higher FEV; and FVC, and higher NO,, PM2s, PMio, PMcoarse, and
PM3 sa0s with lower FEF25.75%, but only the associations with PMjo and
PM; s remained after correction for multiple testing. A single exposure
study from the PARIS (Pollution and Asthma Risk: an Infant Study) birth
cohort reported that higher prenatal NOx was not associated with FEV},
FVC or FEV/FVC, but was with lower FEF25.75¢, (21), highlighting the
relevance of FEF2s.75, as an early marker of small airways impairment
(50). Some single exposure studies reported that higher exposure during
pregnancy to PM»s and PMio was associated with lower FEV;, FVC or
FEV/FVC (13,14,20,22) while others reported no associations (15—
17,22). Our contradictory results of higher PM> s with higher FEV; and
FVC should be further explored before any strong conclusions could be
made. Regarding the outcomes wheezing and asthma, a recent systematic
review showed an association between higher exposure to NO; during
pregnancy and increased odds of wheeze in early childhood and between
higher prenatal PMjo and NO; and increased odds of asthma in young
children (23). Two later studies found that higher prenatal exposure to
NO2 (24) and PM»ys (24,25) were associated with increased odds of
asthma in early childhood. Contrarily, such associations were not
observed in a recent meta-analysis of five birth cohorts covering seven
areas in Europe (18). In our study, in multiple exposure analysis, we also
observed some counterintuitive results because a higher exposure to PM2 s
was associated with decreased risk of persistent wheeze and no
association was observed with asthma at 10 years. Differences in results

between studies may partly be due to spatial and source differences that
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lead to diverse pollutant composition and hence, of toxicity of the

different pollutants.

Regarding road traffic noise, we observed an association of high levels of
noise, especially at night, with increased risk of early wheeze and asthma
at age 10 years. Although this association did not pass the multiple testing
correction, the increased asthma risk was observed across different noise
levels and remained after adjusting for other urban exposures and for
postnatal exposure to noise. Only two studies have explored noise
exposure during pregnancy and reported null associations (17,27). A
study from over 4000 participants from the BAMSE birth cohort in
Sweden explored the role of prenatal and postnatal exposure to residential
noise, with objective noise measurements, and wheeze and asthma until
adolescence and did not find consistent associations in relation to asthma
and wheeze until adolescence (27). However, they observed a tendency of
increased risk of ever suffering from asthma until 16 years of age.
Considering the prevalent high noise exposure (Lden>55 dB; Ln>50 dB)
and its potential health risks, early life and long-term exposure to noise in

relation to child’s respiratory health merits further investigation.

We did not observe any association with traffic nor with green spaces
exposure. Overall null associations of both indicators with lung function
were also reported in a previous exposome study from the HELIX birth
cohort (17). A recent study that assessed green spaces exposure at birth
found that greenness in a 100 m buffer from the home and the presence of
urban green spaces in a 300 m buffer was associated with higher lung

function up to 24 years of age, independently of air pollution and asthma
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(28). Only two studies have assessed prenatal or at birth green spaces
exposure in relation to lung function. One reported a small increase in
lung function up to 24 years of age (28) and another no association (17).
Such differences could be explained by differences according to the type
and composition of green spaces, seasonal variability, and climate
differences (51). Further, in our study setting median levels of green
space was similar to the two previous studies but the range of levels was
very narrow (NDVI 300 m buffer=0.39 (0.14), which may have hindered

to detect associations.

Regarding blue spaces, this is the first study to report an association of
increasing size of the nearest major blue space with higher lung function
and lower odds of asthma at age 10 years. Only one study previously
assessed prenatal exposure to blue spaces in relation to lung function and
reported null associations (17). However, the levels of blue spaces in that
study were very low and were only assessed as presence or absence of
blue spaces in a 300 m buffer (17). A study that evaluated postnatal blue
spaces exposure in relation to wheeze and asthma at school age also
reported no associations (29). Again, in that study the proportion of blue
spaces was extremely low. The Rotterdam area is a unique setting with
very high proportion of blue spaces (including a river, lakes, canals, and
an extensive industrial port), compared to other cities. Given the potential
health benefits of blue spaces, but at the same time the risks of the

industrial port, further research is guaranteed.

We observed inconsistent associations across the many built environment

exposures. Up to now, only one study has assessed the influence of the
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built environment during pregnancy and childhood respiratory health (17)

and reported no associations with lung function.

When we considered the totality of the urban exposures to create clusters
of exposure, we observed that compared to mother-child pairs living in
less polluted, less noisy, more natural, and less urban areas, those living
in areas with higher air pollution, noise, urbanization, and lower levels of
green and blue spaces had lower FEF»s5.759 and increased risk of early and
late wheeze but lower risk of persistent wheeze. To our knowledge, only
one study had previously considered a wide range of urban exposures
during pregnancy in relation to lung function (17), but not with wheeze
and asthma during childhood. In that study they did not find any
association with lung function in single or multiple-exposure analysis.
They only reported a positive association with inverse distance to the
nearest road, which they considered a spurious finding. In that study, the
statistical power was limited to assess the multiplicity of the exposures
included with the small effect on lung function that was expected (17). In
our study we assessed a wide range of urban exposures during pregnancy
in relation to multiple respiratory health outcomes during childhood with

a relatively large sample size.
Interpretation of results

Air pollutants inhaled by the mother during pregnancy can cross the
placenta and thus have a direct effect on the fetus development (52). The
mechanisms underlying the effects of air pollution, especially prenatal, on
lung function and asthma development are not fully understood. Both PM

and gases can induce inflammation and oxidative stress at various levels
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(i.e. trachea, bronchi, bronchioli, alveoli) depending on its deposition site
according to their size (53). Oxidative stress, inflammation processes, and
also epigenetic changes are suspected to play an important role on the
respiratory effects of air pollution (20,54). However, mechanisms could
be specific per pollutant. Air pollution could directly affect lung
development by disturbing organogenesis due to the aforementioned
mechanisms, and indirectly affect it through adverse birth outcomes. In
our study the observed effects of air pollution on mid-to-small airways
remained after we excluded children who were born preterm or with low

birth weight, is in favour of a direct effect on lung organogenesis.

Noise acts as a physiological and psychological stressor. It is suggested to
promote stress responses through the hypothalamic-pituitary-adrenal axis
leading to the release of stress hormones such as cortisol (55). This was
supported in studies that reported children exposed to higher levels of
noise at night (56) and those with higher annoyance to noise (57) showed
increased saliva cortisol levels. Further, maternal psychological distress
during pregnancy has been associated with pre-school wheezing (58), and
lower lung function and asthma at school-age (59). Stress mechanisms
may also disrupt sleep and night-time recovery of the immune system,
leading to inflammatory processes also in the respiratory system (55).
Further, chronic stress-reactions and sleep disturbances may lead to
alterations in the endocrine system that could impair critical

developmental processes of the lung and immune system (55,60-62).

There are several potential mechanisms by which green and blue spaces

may affect lung and asthma development (63). First, green and blue
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spaces could act as mitigators of harmful exposures such as air pollution
(64). Second, by promoting healthier lifestyle and reducing stress (e.g.,
increasing physical activity, promoting social cohesion) (65). Third, by
influencing individual’s microbiome as postulated by the biodiversity
hypothesis (66,67). This hypothesis holds that urban environments are
usually associated with a lack of natural exposures and biodiversity that
affect the human microbiome and its immunoregulatory capacity

necessary for a healthy development (68).

The features of the built environment have the potential to influence the
health of its inhabitants through the influence on the magnitude of
environmental stressors and on health-related behaviors (69). Although in
The Netherlands the use of active transportation (i.e. cycling) is common,
more efforts can be put into developing an even more pedestrian focused
design in detriment of traffic. That would lead to less traffic-related air
pollution and increased physical activity in the population, that
consequently would provide beneficial health effects. For example, lack
of physical activity during pregnancy has been associated with increased

risk of wheeze, asthma, and allergic rhinitis in the offspring (70).
Strengths and limitations

The strengths of this study were its population-based design with a large
sample size, its assessment with multiple and complementary approaches
to assess the complexity of a wide range of urban environment exposures
on childhood respiratory health, considering also multiple outcomes
across childhood. This wide exposure approach might help avoid

publication bias and provided a better adjustment for confounding
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exposures, compared to single pollutant approaches. To our knowledge,
this is the first study to comprehensively assess a wide range of urban
environment exposures on wheeze and asthma in addition to lung
function outcomes in children, thus, careful interpretation of our results is
needed. In addition, we assessed lung function with spirometry following
the ATS/ERS guidelines and performed by trained research staff, which

provides an objective and reliable measurement.

Some methodological limitations need to be addressed. First, results for
FEF»5.75% need to be interpreted with caution as it is a parameter with high
variability, especially in children. However, in sensitivity analyses, when
we included only children with reproducible spirometries according to the
ATS/ERS guidelines, results remained robust. Second, despite we
covered a broad range of urban exposures, we did not have information
on other exposures that might be relevant for respiratory health (e.g.,
volatile compounds, pollen). Third, in approaches examining a broad
range of exposure, measurement error bias of exposures is unavoidable
and is present in a different magnitude across exposures. Thus, the
comparison of each exposure associations with respiratory health should
be interpreted cautiously. Fourth, some associations with non-time
varying exposures such as blue spaces could be at risk of reverse
causation and some highly correlated could not reflect purely the
exposure during pregnancy. To minimise that, and to ensure the
observations referred to exposures during pregnancy, we further adjusted
our analyses by postnatal exposures measured the year prior to the
outcomes assessment, and most results remained robust, only associations

that seem to go into the unexpected directions were diluted or disappeared
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after adjusting for postnatal exposures. In addition, the protective effects
of blue spaces on asthma were strengthened when adjusted for postnatal
exposures, highlighting the potential benefit of such exposures during the
pregnancy period. Fifth, non-response resulted in a selection toward a
healthier and more affluent group. Last, the way how SES influences the
associations of urban exposures with health is not clear. While in the US
studies have shown an association of higher deprivation with more
harmful environments, in the EU findings have been mixed (71). In our
study population levels of exposure across SES quintiles was mixed.
Although we thoughtfully adjusted our models for the relevant SES
covariates and we further standardised the exposures by area-level SES in
cluster analyses, the presence of residual confounding can’t be excluded.
Exploring the role of SES in associations of the urban environment with

respiratory health merits further investigation.
CONCLUSION

In conclusion, this study shows that the urban environment during
pregnancy is of relevance to the offspring’s respiratory health through
childhood. Air pollution, road traffic noise, and blue spaces were the main
determinants of childhood respiratory health. Thus, improving the urban
design in order to minimise harmful and maximise beneficial urban
exposures, along with reducing social inequalities related, is key to ensure
a healthy respiratory development in childhood, that in turn, will result in

a reduction of respiratory morbidity later in life.
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TABLES AND FIGURES

Table 1. Summary of urban environment exposures

Exposure family Exposure

Air pollution NOZ, NOX, PMIO, PMZ.S, PMZ.Sabsorbance, PMcoarse, PMzs
elemental components (Cu, Fe, K, Ni, S, Si, V, Zn)

Noise Lden, Ln
Traffic Inverse distance to the nearest road
Green spaces NDVI (within 100m, 300m, 500m buffer), Size of

nearest major green space (>5000 m?), availability of a
major green space (>5000 m?) within a 300m buffer,
distance to the nearest major green space (>5000 m?)

Blue spaces Size of the nearest major blue space (>5000 m?),
availability of a major blue space (>5000 m?) within a
300m buffer, distance to the nearest major blue space
(>5000 m?)

Built environment Population density, building density (within 100m,
300m, 500m buffer), street connectivity within 300m
buffer, facilities density within 300m buffer, facilities
richness within 300m buffer, Land Use Mix
(Shannon's Evenness Index) within 300m buffer,
Walkability within 300m buffer, public bus lines
(within 100m, 300m, 500m buffer), public bus stops
(within 100m, 300m, 500m buffer), unhealthy food
environment within 300m buffer

*Estimated using geographic information system within PostgreSQL (copyright
© 1996-2017 The PostgreSQL Global Development Group), PostGIS (Creative
Commons Attribution-Share Alike 3.0 License http://postgis.net), Python (Python
Software Foundation. Python Language Reference, version 2.7. Available at
http://www.python.org) and R (R Core Team (2013). R: A language and
environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL http://www.R-project.org/) platforms
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Table 2. Maternal and child characteristics.

Maternal characteristics
Age (years)
Pre-pregnancy BMI (kg/m2)
Education, low
Smoking
Never
Before pregnancy
During pregnancy
History of asthma or atopy, yes,
Area-level SES
Quintile 1, least deprived
Quintile 2
Quintile 3
Quintile 4
Quintile 5, most deprived
Child characteristics
Sex, female,
Gestational age at birth (weeks)
Preterm birth
Birth weight (g)
Low birth weight
Season of birth
Spring
Summer
Autumn
Winter
Ethnicity
Caucasian
African/American
South East Asian
North East Asian
Other/Mixed
Age (years)
Height (cm)
FEV1 (z-score)

Population for analysis

(n=5,624)

199

31.00 (4.92)
23.47 (4.10)
2550 (49%)

3784 (77%)
429 (9%)
727 (15%)

1804 (37%)

593 (11%)
646 (12%)
663 (12%)
616 (11%)
3087 (55%)

2822 (50%)
40.14 (1.86)
260 (5%)

3450.00 (690.00)

239 (4%)

1333 (24%)
1516 (27%)
1541 (27%)
1234 (22%)

4355 (79%)
402 (7%)
195 (4%)
137 (2%)
406 (7%)

9.79 (0.35)

141.52 (6.60)

0.16 (0.98)



FVC (z-score) 0.20 (0.94)

FEV1/FVC (z-score) -0.10 (0.96)
FEF25.75% (z-score) 0.45 (1.09)
Wheezing patterns
Never 2422 (58%)
Early 1109 (26%)
Late 213 (5%)
Persistent 453 (11%)
Current asthma 268 (6%)

*Values are mean (SD) for continuous variables and N (%) for categorical
variables.

Abbreviations: BMI: body mass index; FVC: forced vital capacity; FEV1: forced
expiratory volume in 1s; FEF25.75%: mid expiratory flow; SD: standard deviation.
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Figure 1. Associations of maternal exposure to the full urban
environment and lung function in school-aged children.
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Air pollution models were adjusted for noise, traffic, green spaces, blue spaces and
built environment. Noise models were adjusted for air pollution, traffic, green
spaces, blue spaces and built environment. Traffic, green spaces, blue spaces and
built environment models were adjusted for each other. All models were
additionally adjusted for maternal education, pre-pregnancy BMI, age, smoking
during pregnancy, history of asthma or atopy, area-level SES, and child’s ethnicity
and season of birth.
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Figure 2. Associations of maternal exposure to the full urban
environment and wheezing patterns and asthma in school-aged
children.
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OR

Air pollution models were adjusted for noise, traffic, green spaces, blue spaces and
built environment. Noise models were adjusted for air pollution, traffic, green
spaces, blue spaces and built environment. Traffic, green spaces, blue spaces and
built environment models were adjusted for each other. All models were
additionally adjusted for maternal education, pre-pregnancy BMI, age, smoking
during pregnancy, history of asthma or atopy, area-level SES, and child’s sex,
ethnicity, and season of birth.
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SUPPLEMENTARY MATERIAL

Figure S1. Flowchart of the study population.

Table S1. Urban environmental exposures description.

Figure S2. Correlation matrix of continuous urban exposures during
pregnancy.

Figure S3. Directed Acyclic Graph (DAG) between urban
environment during pregnancy and childhood respiratory health.
Figure S4. Directed Acyclic Graph (DAG) between urban
environment specific exposures and childhood respiratory health.
Table S2. Maternal and child characteristics in the included and
excluded populations.

Table S3. Maternal and child characteristics in the complete case and
imputed populations.

Table S4. Single-exposure associations between in utero urban
environment exposures and lung function (n=4968).

Table SS. Single-exposure associations of in utero urban
environment exposures with wheezing patterns (n=4197) and asthma
(n=4698).

Table S6. Multiple-exposure associations of in utero urban
environment exposures with lung function (n=4968).

Table S7. Multiple-exposure associations of in utero urban
environment exposures with wheezing patterns (n=4197) and asthma
(n=4698).

Table S8. Maternal and child characteristics in the clusters of urban

exposures.
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Table S9. Single-exposure associations between in utero urban
environment exposures and lung function including only children
with reproducible spirometries (n=4734).

Table S10. Multiple-exposure associations of in utero urban
environment exposures with lung function including only children
with reproducible spirometries (n=4734).

Table S11. Associations of in utero urban exposure clusters with
lung function including only children with reproducible spirometries.
Table S12. Single-exposure associations of in wufero urban
environment exposures with lung function adjusted for postnatal
urban environment exposures (n=4968).

Table S13. Single-exposure associations of in wufero urban
environment exposures with asthma adjusted for postnatal urban
environment exposures (n=4698).

Table S14. Associations of in utero urban exposure clusters with
lung function, wheezing patterns, and asthma excluding preterm and

low birth weight born children.
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Figure S1. Flowchart of the study population.

Cohort with consent for
follow up until age 10 years
n=7393

Twins and mother-child pairs
without exposure data n=196

v

v
Mother-child pairs with
available prenatal urban
exposome

n=7197

Children without lung
function and respiratory
outcomes information at 10
——————————» years

n=1573

v
Mother-child pairs with
available prenatal urban
exposome and respiratory
outcomes at 10 years
n=5624

Lung function n=4968
Wheezing patterns n=4197
Current asthma n=4698

207



0o ($9'1) 80°S Jwy/gu ASTNG

00  (sL7)8L'S8 (u/su SSTNA
0)0 (F'61) 91706 (u/su SN
0)0 (TL'0)80'€ (u/su METN
0)0 ($6°S) LSO11 (u/su TN
T L mm— 00 8v1) L6l (/U ICINd
Iy 10} suoyo) jo Apmg ueadoing) 30] [emyeN (0) 0 (€5°0) ¥9F (u/su SN
Sepott (AN momsemA o P (Tzo ezt (@O estl cuu/an IO
(1zo)z1 (6£0) 691 W01 ST
(Tzo)zr  (e8°€)TL61 cuu/ani STINd
(1zo)zr w19 ocie ¢uu/3ni O
(1zo)zr (8127 €TLS ¢uu/3ni *ON
(1zo)zr  (8%'L) 8¥'8¢ ¢uu/3ni “ON
uonnyjod 1y
(%) N
20Inos By uonewlIojsuel]  (9) N ‘SUISSI]A 10 N amsodxyg

(401 uerpoy

‘uondi1osop soInsodxa [BJUOWUOIIAUD UBQI() *IS dqe L

208



SUOAD3IZSIONIOATI AN JUBqRIR(] O[RUOLBN

(eAnoo1( astoN ueadoiny)
sdewr osiou oijen peor ueadoing

(eAnoa1( astoN ueadoiny)
sdewr osiou oijen peor ueadoing
(eAanoo1(g astoN ueadoiny)
sdewr osiou oijen peor ueadoing
(eAnooxg astoN ueadoiny)
sdewr osiou oijen peor ueadoinyg

301 TeyEN.

QUON

QuoN
301 TeyEN.

301 TeyEN.

(82°0) 91

(16°¢) 07T

(16'¢) 07T
(16'¢) 07T

(16'¢) 07T

00

(50°0) 60°0

(Ts'y) e
8111 09
(Z8'91) 606

(6¥°L9) L¥9€

(SPv1) 18L
(L¥'91) 068
(L¥'91) 068
(19°29) €v8T

(€D st

(€D vs

(05°¢) L8'ST

09<
6'65°SS
6'v5-0S
05>

gp

S9<
6'v9-09
6'65°SS

co>

qp
gp

gp

Jw/3u

sooeds usain)

PEOI 1S0IBAU A}
0} 90UB)SIP SSIOAU]

syl

u ‘estou Jy3IN

uop] ‘estou Jysmu
pue Suruaad Aeq

u ‘estou Jy3IN

usp] ‘ostou Jy3mu
pue Suruaad Aeq
NN

:Nm.NEﬁﬁ

209



(Aouady uonooord
[euswuoniauyg ueadoinyg) sepy  ueqin

(Aouady uonooord
[euswuoniauyg ueadoinyg) sepy  ueqin

(Aouady uonooord
[euswuoniauyg ueadoinyg) sepy  ueqin

uonNoSaI W ()¢ X W (¢ Yim (SYLL/I'TO)
Josuag patexjur [eudy [ /1o3ew]
pueT [euonernd) § LVSANVT pue ‘snid
Toddepy onewoy], pasueyuy / LYSANVT
‘Joddepy  onewlyl  Sv  LVSANVT
UOnNJOSaI W (EXW (¢ Y (SYLL/I'TO)
Josuag paexjul [eudy [ /1o3ew]
pueT [euonernd) § LVSANVT pue ‘snid
Toddepy onewoy], paouequy / LYSANVT
‘Joddey  opewlyl  Sv  LVSANVT
uonNoSaI W ()¢ X W (¢ M (SYLL/I'TO)
Josuag paexjul [eudy [ /1o3ew]
pueT [euonernd) § LVSANVT pue ‘snid
Toddepy onewoy], paouequy / LYSANVT
‘Joddey  onewlyl  Sv  LVSANVT

1001 a1eNnbg

QUON

301 TeyEN.

QUON

QUON

QUON

(Lgo) 1z

(Lgo) 1z

(Lgo) 1z

(82°0) 91

(82°0) 91

(82°0) 91

(0T-¥6°1)
01-S¥'1

(#0°02) €211
(96°6L) 0811

(001-15°T)
0101-8€°1

(ST°0) 6£°0

(P1°0) 6£°0

(P1°0) LEO

w

ON
SOX

aLe

1010

1010

1010

saoeds anjg

(cwr 000$<) 9oeds
o213 10[ew IsareoU

oy} 03 QouBISI(]

_ynq w 00g

e urm (W 000S<)
doeds usa13 1olepy
(2w 0005<)

ooerds usa13 Jolew
1S91B3U o1} JO 9ZIS

Ioyng w

008 UM JAAN

Ioyng w
00¢ UM JAAN

Ioyng w
001 umm JAAN

210



OdLAVN

OdLAVN

£107 den usweeg ueadoinyg

£107 den usweeg ueadoinyg

I0AE[ JUSIS[}IOS UBINE] [BQOTD)

(Aouady uonooord
[euswuoniauyg ueadoinyg) sepy  ueqin

(Aouady uonooord
[euswuoniauyg ueadoinyg) sepy  ueqin

(Aouady uonooord
[euswuoniauyg ueadoinyg) sepy  ueqin

1001 d1eNnbg

1001 a1eNnbg

pa1enbg

pa1enbg

QUON

1001 d1BNnbg

QUON

301 TeyEN.

(z¢0) 81

(Pr'1) 18

(82°0) 91

(82°0) 91

(€0 L1

(Lgo) 1z

(Lgo) 1z

(Lgo) 1z

(co'121)
AWALS

(81°091)
9T+t

(0S¥ThPsST)
0S €LTE9Y

(00°ZSSSLT)
00°L8L6TS

(€z€10)
1v9¢€1v

(01-15°€)
01-€¥'C

(£8°S¥) 895T
(LT'¥S) sg0€

(5101-80°¢)
0l01-1€C

4
UIY/SUOT}OISINUL

Jo pquinu
4
UD|/SUOT}OISIANUL
Jo Jquinu
/()
ssurp[ing

Kq pardnooo eare
/()
ssurp[ing

£q pardnooo eare
JAB/spueliqeyur
Jo Jquinu

w

ON
SOX

aLe

jyng wr gO¢ urgm
KJIATIO0UUOD J9911S

jynq w Q1 urgm
KJIATIO0UUOD J9911S

1JJnq W OO urgHm
Ayisuop Supying

Toyynq w OO urgim
Ayisuop Supying

Ansuap uonemndog

JUSWIUOIIAUD J[Ing
(e 000§ <) doeds
an[q Jofew jsoredu
ot} 03 QoUBISI(]

Iajng w 00¢

€ UIgIM (W 000$<)
ooerds on|q Jolep
(W 000$<)

oords on|q Jolew
1S91BOU AU} JO 9ZIS

211



sdej 10ong uadp

sdej 10ong uadp

(Aouady uonooord
[euswuoniauyg ueadoinyg) sepy  ueqin
‘OALAVN ‘I0Ae[ JUaWIO[)IOS UBWINY [BQO[D)

(Aouady uonooord
[eyuswuoniauyg ueadoing) sepy  ueqin

OdLAVN

OdLAVN

uonesLI0gae))

uonesLI0gae)

78071

QUON

QUON

1001 3qn)

(F€0) 61

(F€0) 61

(1v'0) €2

(Lgo) 1z

(82°0) 91

(82°0) 91

(£5°59) €L9¢
(LY'vE) Te61

(8L792) 1051
(zzeL) 101y

(80°0) €0

(€1°0) LY'O

(1o zro

(8T°€I1) 86°SY

I<

ouoN
UB/saul]

snq Jo JaquinN
I<

ouoN

U/saul]
snq Jo JaquinN

1010

1010

sadAy Aroey

Jo Joquinu
renuajod w
nurxew,/judsard
sadXy

Ay1proey JuLIJIIp
Jo Joquinu
x7U/SIN[IOR)
Jo Joquinu

IOHNQ W OO UIYIAM
soury snq o1qnd

104nq W OO UIYIM
sauy] snq A1qngd

wse19JJ0G W 00€
urgm ApiqeNem

x+191Nq

wQ0¢ unpim
(xopuf ssouuaayg
s,uouueys)

X\ 95() pue]

Iayng ur go¢ urypim
SSOUYOLI SANI[IOR]

1olJnq W 00 ¢ utym
Kyisuap saniroeq

212



‘(sarreiq ‘syueine)sal ‘sdoys ‘sonuad [eaIpaw ‘S[ooyds “3-9) sanIAnoe 91| A[rep Jo sjurod [[e SULIOPISUOD SONI[IOR]

OdLAVN

sdeA 10on8 uadp

sdeA 10on8 uadp

sdeA 19on8 uadp

sdeA 19on8 uadp

uonesLI0gae)

uonesLI0gae)

uonesLI0gae)

uonesLI0gae))

uonesLI0gae)

(82°0) 91

(F€0) 61

(F€0) 61

(F€0) 61

(F€0) 61

(65°6S) Tree
(LELD) L6
(P0°€2) 621

(PL'€6) ¥STS
(92'9) 15¢

(£9°0L) 656€
(LE'62) 9¥91

(or°¢n) veL
(06'98) 1.8

(87°28) T19v
(TLL1) €66

01<

01031

QuUON
UB/SanIIoe)
PoojJ Ayjreayun
Jo pquny

I<

QuUON
Jy/sdoss

snq Jo JoquinN
I<

QuUON
Jy/sdoss

snq Jo JoquinN
I<

QuUON
Jy/sdoss

snq Jo JoquinN
I<

QuON

ZU/saul]
snq Jo JaquinN

1o1Jnq W O0€
UIIIM JUSWUOIIAUD
pooy Aypresqun

19lJnq W 0OS urym
sdojs snq oriqng

1olJnq W 00 ¢ urtym
sdojs snq oriqng

_PYNq U Q01 urgm
sdojs snq oriqng

IOHNQ W 00 UIYHIA
soury snq o1qnd

213



‘(1) spoyiow pasn

K1snoraaxd uo paseq 309[o1d 9[0ADH9J1T o) 10J paje[No[ed Sem AN[IGeN[BA\ “XOPUI AJIATI09UU0D pue ‘Aysuop uonendod ‘ssauyorr sanioey (xapuy

SSOUUOAY S,UOUUBYS) XIJA 9S(] PUBT JUSWUOIIAUD }[ING 94} JO sjuduodwiod mnoj SuLIOPISU0d W ()¢ JO J9JINg B SI J[qed[em MOY SIYIIURNQ) 4y
‘asn pue] Jo sad4y

JUQISJJIP JO UOTINQLISIP UOAS dI0W SUT)OIPUT SoNJeA ISYSIY YIM ‘] 0 () WOIJ SoSuLI XOPU] "SOSN PUL] JO SSSUUIAD PUE AJISIOATP O} SOJEOIPU] 44

214



c0-

co

0

90

80

5

inb 535 ealy

Amgeiem 5

wooe [3s esnpue

woog you senioes &

6
o
8
Z
@
a
@
H
@
@
<]
5]
3

WOOE 108U 10211

woO | 108UL0D J9aNS

wQog suep Buiping

-

79

woo} suap Buipiing

-

8-

6=

8-

suap uonendod

s

souelsip anjg

s

ozis enig

Qoue)sip usaI)

=

-
=

u-

ozis usaID
woos INaN

o= 21~

n- -

u- 2=

u- -

v- 0

& 0=
8- oz
sz sz
98- -
u- -

-

23 ¢

e
e

o=

wook INaN

PEO. S0UBISIP AU

o

2

L

3

e

P

3
vz
62

-

e s &£ 2z € [t3
e 1z °

1eoTuY

5o o[l wE

w o e

- e 0 - e & G- @ o
26z e
z o s v
o nosom s w o ow oo

@ o e o9 6 WS om0z
o s 8 - o® e
W ok e 0 W k- 02 v
9 9 8 s @ o8 e s ou

&= bz s v 9 88 v 9 2z

e A A
LR R
P L
2 oi- 21- u- B8 21~ vi- B o -
v 2= 21 2o 68 2= o1 B8 01 oz
2 si- 9= 0= fm v - O o iz

o b-o- b2

sz
¥Z 8L Ov 0L 8L 12T &
3
(3

wow s oo o6 e

DRI
v oo R =
oonoo o+ oo £
N TR TR

z o iz

0z 1z 0z 8 0 @
& 8 s o e e
L T T T

88 4z 6 9

SGCNd & 8
AGeNd

o

3

nageNd
95I1B00Nd

3

"

"

SqeseiNd

"
"w
T3
==
N =
o o

2ON

inb 535 ealy

WwoOE suap sanjioey
WO 108UU0D J981S
wQQ| 108uu02 j8eis
woog suap buiping
woo} suap buiping
suap uonendog
eouelsIp enig

az1s anig

BOUB)SIP ULAID
azIs usaIn

woos IAaN

woog INAN

wook IN\aN

PpEeOI 8oUB)SIp AU|

1 OU7

180 usp]

u

usp]

uzgegNd

AS2Nd

1SGZINd

SSZNd

USZNd

ASeNd

9JSeINd

NogZINd

281200\ d
SqeSZNd

SenNd

OHAd

XON

2ON

‘Aoueudard Suump saunsodxd ueqin SNONUIIUOD JO XLNBW UONB[ALIO)) 7S AN

215



‘uonouny 3uny Jo SAI09S-Z JO UOIIONIISUOD Y} 0] PAIUNOIIL A[UO 919M JYSIoY pue a3e S PIIYD s

yieay Asorendsay 1U3 WUOJIAUR UBGIN

©)

O
D AT
. Y11q JO uoseas

by |euidiep

Adoie Jo elwyise Jo AI0ISIY [BUIIRY ’4
Lybiay ‘,a6e ‘x3s pliyd d < .
O , i

(IWg ‘Bupjowss ‘uonedNp3) SIS [ENPIAIPUY|

W\

S3S IAS|-BY Ad1uYI3 [RIURIRY

O= =0

esy A1ojenidsar pooypiyd pue Aoueudard SuLmnp JUSWUOIIAUS UBQIN UdIMIA]G (DY) Ydelin o1joLoy pajoaln( *€S 21n31q

216



dyjeiL

3SION
X
<J

1U3WUOIIAUS 1|iNg
N Ja—)
- J
yijeay Asorendsay
@-
=\
<}
: />
’ sadeds an|g

uonnjod 1y -
i
=

ubisap ueqin

sadeds ulain
e

ey A103e11dsa1 POOYpP[IYd pue SAINSodxd 91J199ds JUWUOLAUD URGIN UIIMIRQ (DY () Yydein) J1[0A0y pajodli(] S 3In3L

217



100°0> (62°7) 98°6¢ (98°D) p1op (SA°9M) Uq Je 9TE [EUONEISAD

11L°0 (%6%) 95¢€ (%05) TT8T 9[ewd) XS
SINSLIddRIRYD PIIYD

(%+9) 9011 (%SS) L80€ paaLidap jsow ‘g onuInQ)

(%01) 891 (%I1) 919 ¥ o[numQ

(%I 1) 661 (%21) €99 € d[nuIng

(%8) L¥1 (%21) 9%9 g amumg

100°0> (%L) 611 (%11) €65 paatidap 3sea] °| d[numy

(souInb) SHS [oAd]-BAIY

5590 (%%8¢€) 122 (%L€) 1081 S3A ‘Adoje 10 BUUISE JO AIOISTH
(%91) ¥6 (%ST) LTL Koueu3aid Furngg
(%6) LS (%6) 621 KoueuJoid a1ojog
$€9°0 (%SL) 0S¥ (%LL) ¥8LE 1OAN
Surjowrg
100°0> (%¥9) ¥L6 (%6%) 0SST MO[ ‘UonEINPYH
100°0> (1S'7) 88°€T (1) Ly'cz (@3N IAg Adueudaid-a1g
100°0> (€¥°S) 6T°6T (T6') 00'1€ (s1804) 93y

onfea-d (99.1=u) papnpPxy (H79S=u) papnpuf

SONSLIDNIBIBYD [BUIBIA

‘suorjendod papnoxa pue papn[oul oy} Ul SONSLISIOBILYD P[IYD PUE [BUIdEBIA ‘TS dqeL

218



'S9[qeLIEA [801I0S0)E0 10 1S9) o1enbs-1yo pue ‘SojqeLIeA pAnqLIsIp AJ[euLIou
-Uou SNONUTUOD 0] 1S9} () ASWIYA-UURIA ‘SO[qELIEA PAINQLUSIP A[[EULIOU SNONUIIUOS IOJ 1S9) } S JUopn)§ SuIsn pajenofes d1om SOOUIIII(

(%6) TS1

(%¢) v

(%€) S

(%6) 671

0100 (%9L) 1¥C1

(%172) 65€
(%87) 89t
(%92) 1t

9680 (%) sov
100°0> (%01) 0LT
1000>  (00°08L) 00°09€€
100°0> (%01) 6L1

(%L) 90t
(%) LET
(%) s61
(%L) 2ot
(%6L) SSEY

(%20 veTl
(%L2) 151
(%L2) 9161
(%¥0) €€€l

(%%¥) 6£T
(00°069) 00°0S¥€
(%$) 09T

POXIA/I9YIO
uersy gN
ueIsy qs

UBOLIOWY/ /UROLI) Y/
ueisedne))
Aoy
JOJUT AN
uwmny
Jowung
Sundg
[)IIq JO UOSeaS
WS1oM [Iq MO
(3) wSrom g
HIq WL

219



I1L°0 (%6%) 95¢€

(%¥9) 9011

(%01) 891

(%11) 661

(%8) L¥1

100°0> (%L) 611
$S9°0 (%8¢) 12¢
(%91) ¥6

(%6) LS

S€9°0 (%SL) 0S¥
100°0> (%9) ¥L6
100°0> (1$'%) 88°€C
100°0> (€¥°$) 6T°6C

(2%0$) 7T8T

(%SS) L80E
(%11) 919
(%21) €99
(%21) 99
(%11) €68

(%L€) 7081
(%S1) LTL
(%6) 6T
(%LL) ¥8LE

(%6%) 0SST
O1'Y) LY'€T
(z6'v) 00°'TE

(%0) 0 d[BWdJ XA

SINSLIdRIRYD PIIYD)

paaLdap 3sow ‘g a[puInd

AUy

€ s(umo

zdmumQy

paarxdop 3se9[ ‘1 9[nuUINQ

(%€0) 61 (somnumb) SHS [oAd]-BaTY

(%S°€1) 09L S9A ‘Adoje 10 BUIISE JO AI0ISTH
KoueuSaxd Surm(

Koueu3oid a10jog

IOASN
(%T'TT) 89 Sunjourg
(%S°L) 0T MO ‘UonEInpyH
(%212 6SE1 (zwy/3y) N Aoueudoird-a1g
(%0) 0 (s1e0k) 98y

SONSLIDNIBIBYD [BUIBIA

onpea-d (99, 1=u) popnpPxy (F9S=u) papnpuf

SuIssIIA

‘suonerndod pandwr pue ased 93o1dwod Y} uI SONSLIORIBYD P[IYD Pue [BUIRIA “€S dqE.L

220



'S9[qeLIEA [8O1I0S0)E0 10 1S9} o1enbs-1yo pue ‘SojqeLIeA pAnqLysIp AJ[euIou
-UoU SNONUTUOD 0] 1S9} ) ASWIYA-UUBIA ‘SO[qELIEA PAINQLUSIP A[[EULIOU SNONUIIUOS IOJ 1S9 } S JUopN)§ SuIsn pajenofes d1om SOOUIIII(

010°0

9680

100°0>
100°0>
100°0>
100°0>

(%6) TS1
(%¢) v
(%€) S

(%6) 671

(%9L) 1¥C1

(%17) 65¢€
(%87) 89%
(%97) 1+t
(%¥7) Sov

(%01) 0L1
(00°08L) 00°09€€
(%01) 6L1
(67°7) 98°6¢€

(%L) 90t
(%) LET
(%) s61
(%L) 2ot
(%6L) SSEY

(%20 veTl
(%L2) 151
(%L2) 9161
(%¥0) €€€l

(%) 6€T
(00°069) 00°0S¥€
(%5) 09T

(98°1) ¥1°0¥

(%€ 621

(269°0) €€
(2%0) 0

(2%0) 0
(%1°0) L

POXIN/AYIO
ueIsy 4N
uelsy gs

UBOLIOWI Y /UBOLIF Y

ueisedne))
Aoy
JOJUI A\
uwmnny
Jowung
Sundg
[)IIq JO UOSeaS
WS1oM [Iq MO
(3) WSom g
HIq WL

(%9°0) €€ (s399m) Y1Iq 18 9Tk [BUONEISID

221



LIT0  (10°0°90°0-) €0'0- S81°0 (10°0°50°0-) 20'0- ¢TS0 (T0'0 +0°0-) 100- S0T0 (100 °S0°0-) 00~
2010 (ZI'0°100-) SO0 2€80  (90°0°S0°0-) 100 S€T0  (T00 ‘60°0-) €0°0-  9¥T0  (T00 ‘60°0-) £0°0-
L1€0  (100°000)000 1900  (10°0°000) 100 €.£0 (000°100-)000 1580 (10°0°10°0-) 000
styo (2T0°0°S0°0-) 10°0- LSS0 (#0°0°C0°0-) 100 TITO  (S0°0 ‘10°0-) 200 OF1'0  (S0°0 10°0-) TO'0
0010 (ZI'0°10°0-)S00 8¥8'0  (90°0°S0°0-) 100 1€20 (200 °60°0-) €0°0- 0¥T0 (200 ‘60°0-) €0°0-
€€1'0 (100°50°0-) 20'0- 6120 (100 %0°0-) T0'0- 0ZF'0 (10°0°€0°0-) 10°0- 9L1°0 (100 +0°0-) 200~
€0L0 (2T00°€0°0-) 100- 09C0  (+0°0°10°0-) 100 8LF'0 (T00°€00-) 10°0- 866°0  (£0°0 “€0°0-) 00°0
01€0 (100 #0°0-) 100- L86'0  (2T00°T0°0-) 000 €¥9°0 (200 C0°0-) 000 SEL'0 (200 TO'0-) 00°0
1500 (000 ‘60°0-) ¥0'0-  €£L°0 (€00 °S0°0-) 10°0-  $000  (60°0 “C0°0) SO0 6000  (60°0 “10°0) SO°0
9¢0'0 (000 °80°0-) +0'0- +S€0 (200 °S0°0-) T0'0- SIT'0 (9070 ‘10°0-) €00 +2C0  (90°0 ‘10°0-) TO'0
oo.ow (S0°0-“S1°0-) 01°0- #91°0 (1070 ‘80°0-) €0°0- oo.ow (¥1°0°50°0) 600 1000 (€1°0 “€0°0) 80°0
oo.ow (S0°0-‘s1°0-) 01°0- 021°0 (1070 '80°0-) €0°0- oo.ow (T1'040°0) 800 +000  (11°0°C0°0) 90°0
LOY'0  (20°0°90°0-) 20'0- 9060  (¥0°0 ‘0°0-) 000 TIS0  (#0°0 °€0°0-) 000 +¥9°0  (S0°0 °€0°0-) 10°0
8¢0'0 (000 °60°0-) S0'0- 9580  (¥0°0°€0°0-) 000 6150  (S0°0 °TO'0-) 100 L9€0  (90°0 “TO0-) TO'0
onjea (1D%S6)  onfea (ID%S6)  onfea (ID%S6)  onfea (10%S6)
-d o3ueyo 0100S-Z -d o8ueyo 0100S-Z -d o8ueyo 0100S-Z -d o8ueyo 01008-Z
WSL ST A DAA/'ATA JAd IATA

WS TN
ASTING
SSTINA
SSTIN
USTING
ASTING
ASTINA
SN

SIROIIAT

SQESTIN

m.NEﬁ,H
O_Eﬁ,ﬂ

*ON
‘ON
uonnyjod 1y

‘(896=u) uonounj Sun| pue SAINSOAX JUOWIUOIIAUD UBQIN 0.12771 U] UIOM)I] SUOIIBIOOSSE 2INS0dXa-0[3UIS *§S dqe ],

222



610

6vC0

12L°0

16L°0

€L60
8710
68¢°0

8680
16€°0
1€L°0
¥98°0

9860

(#0°0 “80°0-) 20°0-
(20°0 “80°0-) €0°0-

(S0°0 ‘¥0°0-) 10°0

(#0°0 “€0°0-) 00°0

(F1°0 °ST°0-) 00°0
(€00 °LT°0~) LO'0-
(Z1°0 °S0°0-) ¥0°0

(90°0 °50°0-) 00°0
(S0°0 “€1°0-) ¥0°0-
(01°0°L0°07) T0°0
(60°0 ‘80°07) 10°0

(S0°0 °S0°0-) 00°0

0650

SIS0

VILO

910

1180
0180
85CT0

€S0
¥¢s0
L6Y'0
9¢€0

68¢°0

(#0°0 °£0°0-) 1070~
(£0°0 °90°0-) 200~

(£0°0 °S0°0-) 1070~

(#0°0 20°0-) 10°0

(ST°0°C1°0-) 2070
(80°0°01°0-) 1070~
(Z1°0 °€0°0-) ¥0°0

(90°0 “€0°0-) T0°0
(S0°0°11°0-) €00~
(11°0°50°0-) €0°0
(¥0°0 “C1°0-) ¥0°0~

(90°0 “20°0-) 20°0

6SL°0

£r o

1744

S0T0

1160
0S¢0
6280

IvL0
8850
I1L°0
L9€0

198°0

(90°0 ‘¥0°0-) 10°0
(90°0 “€0°0-) 200

(90°0 “20°0-) 20°0

(S0°0 ‘10°0-) 20°0

(Z1°0 ‘P1°0-) 1070~
(#0°0 “€T°0-) ¥0°0-
(80°0 °90°0-) 10°0

(¥0°0 °50°0-) 100~
(90°0 ‘01°0-) 200~
(60°0 “90°0-) 10°0
(11°0 “40°0-) €0°0

(#0°0 S0°0-) 00°0

0660

¢L90

06C°0

101°0

£€6°0
se0
LYo

G880
6010
8¢t'0
¥29°0

089°0

(S0°0 °S0°0-) 00°0
(90°0 ‘¥0°0-) 10°0

(90°0 “20°0-) 20°0

(90°0 “00°0) €0°0

(€T°0 ‘P1°0-) 10°0-

(S0°0 “€T°0-) ¥0°0-
(01°0 °S0°0-) €0°0

opmnq

w Q0S¢ urgnm JAAN
opmnq

w 00¢ UM JAAN
opmnq

w01 urgnm JAAN
sooeds usain)

peOI )SaIEoU

0] 9JUBISIP ISISAU]J

sujel]
092
6'65-SS
6'7S-0S

dp “GoY 05>) U ‘estou JySIN

(S0°0 “+0°0-) 00°0
(S0°0 21°0-) €0°0-
(11°0°50°0-) €0°0
(01°0 °90°0-) T0°0

ug ‘estou Jy3IN
g9<
6'v9-09
6'65-5S

gp ‘0oy

GG>) uop ‘astou I pue Juruord Aeq

(90°0 ‘¥0°0-) 10°0

uop
9SION

223



6290

Y9v°0

£98°0
68L°0

L6S°0

1€5°0

L60°0

£98°0

7290

008°0

(S0°0 °€0°0-) 10°0
(900 *€0°0-) T0°0
(#0°0 °50°0-) 00°0
(10°0 10°0-) 00°0

(90°0 °€0°0-) 10°0

(#0°0 “80°0-) 20°0-

(£0°0 “00°0) 200

(S0°0 ‘¥0°0-) 00°0

(60°0 °90°0-) 200

(20°0 “€0°0-) 00°0

8¢S°0

8L0°0

yeLo
120°0

0690

160°0

¢LE0

620

8850

8510

(200 °50°0-) 10°0-
(80°0 ©00°0) +0°0
(S0°0 °€0°0-) 10°0
(200 °00°0) 10°0

(S0°0 °€0°0-) 10°0

(100 °01°0-) S0°0-

(200 ‘10°0-) 10°0

(20°0 °90°0-) 200~

(60°0 °S0°0-) 200

(€00 ‘10°0) 10°0

LL90

€60

910
S16'0

0160

L89°0

6900

¥€6°0

9960

£v6°0

(€0°0 %0°0-) 10°0-
(#0°0 %0°0-) 00°0
(200 °90°0-) 20°0-
(10°0 °10°0-) 00°0

(#0°0 ‘¥0°0-) 00°0

(90°0 ‘¥0°0-) 10°0

(£0°0 “00°0) 200

(£0°0 ‘¥0°0-) 00°0

(S0°0 “80°0-) 20°0-

(20°0 “20°0-) 00°0

196°0

0vy0

18€°0
LO0T0

9160

$69°0

8200

eIy o

8680

8SL°0

(€0°0 °50°0-) 10°0-
(90°0 °€0°0-) T0°0
(200 °90°0-) T0°0-

(10°0 00°0) 10°0

(#0°0 ‘¥0°0-) 00°0

(#0°0 °£0°0-) 1070~

(#0°0 “00°0) 200

(20°0 °S0°0-) 200~

(90°0 °£0°0-) 00°0

(£0°0 “20°0-) 00°0

Iajng ur Q¢ urym
AJIADOOUUOD 991§
Iajng ur Q¢ urgm
Ajsuop  Suiping
Iajnq ur Q[ urgrm
Ajsuop  Suiping

Ansuap uonemndog

JUSWIUOIIAUD J[Ing

(2w 0005<)
ooeds onjq Jofew
1s9180U QouBlsI(]

Sok ‘Iopnq w
00€ © ul (W 0005<)
ooeds uoai3 Iolepy

(u
0005<) odoeds oniq
Jofew 3sa1e0U JO 9ZIS

saoeds anjg

(W 0005<)
ooeds uwoa18 ofewr
1s9180U oouelsI(]

S9A ‘I9pNq W
00€ & Ul (W 0005<)
ooeds uoai3 Iolepy

(;w
000S<) 9oeds uooid
Jofew 3sa1e0U JO 9ZIS

224



CIL0

119°0

9%9°0

0180

16%°0

80

08%°0

£6¢°0

0er0

860

(S0°0 ‘80°0-) 10°0-

(IT°0°L0°0-) 20°0

(90°0 01°0-) 20°0-

(90°0 °£0°0~) 1070~

(#0°0 ‘60°0-) 20°0-

(#0°0 S0°0-) 00°0

(90°0 “€0°0-) 200

(£0°0 °L0°0~) 200~

(£0°0 °90°0-) 20°0-

(S0°0 °S0°0-) 00°0

6¢S0

y1€0

9¢60

8CC0

8060

SEv o

8¢0°0

19C°0

€LT0

Sero

(#0°0 “80°0-) 20°0-

(#0°0 “21°0-) ¥0°0-

(S0°0 ‘60°0-) 200~

(20°0 ‘60°0-) €0°0-

(90°0 °90°0-) 00°0

(200 °S0°0-) 1070~

(00°0 “80°0-) ¥0°0-

(L0'0 “20°0-) €0°0

(90°0 “20°0-) 20°0

(10°0 ‘80°0-) €0°0-

101°0

CLLO

€6L0

8080

2960

vL6°0

¥80°0

8L8°0

6660

610

(100 °01°0-) SO0~

(60°0 °£0°0-) 1070

(90°0 “80°0-) 10°0-

(90°0 °S0°0-) 10°0

(90°0 °90°0-) 00°0

(£0°0 ‘¥0°0-) 00°0

(L0°0 “00°0) €0°0

(#0°0 S0°0-) 00°0

(#0°0 ‘¥0°0-) 00°0

(10°0 °L0°0~) €0°0-

1+0°0

9680

§es o

90

L880

12L°0

L0

ISL°0

0190

LEO00

(00°0 “21°0-) 90°0-

(L0°0 ‘60°0-) 1070~

(50°0 ‘60°0-) 200~

(#0°0 °£0°0-) 1070~

(L0°0 “90°0-) 00°0

(£0°0 ‘¥0°0-) 1070~

(90°0 “20°0-) 20°0

(S0°0 ‘¥0°0-) 10°0

(S0°0 °€0°0-) 10°0

(00°0 ‘60°0-) SO0~

I<

“IOJNq W ¢ UIpIM
sdoys snq orqng
I<

“IOpnq W Q[ uIpIM
sdoys snq orqng
I<

“IOJNq W S uIpIM
ssulf  snq - o1qnd
I<

“IOJNq W ¢ UIpIM
ssulf  snq - o1qnd
I<

“Iopnq W Q[ uIpIM
ssulf  snq - o1qnd
Anpqexrem

1onq W 00¢ urym
(xopug SSOUUAAY
s,uouueys)

XN 9s1  pue]
1olJnq W 0o¢ utym
SSOUUOLI  SONI[IOB]
19lJnq W 00 ¢ utym
Kysuap sanIIoe
PPYNq W Q01 urgm
ANADOOUUOD 991§

225



“)Iq JO UOSBIs pue ANy} S pIyo
pue ‘SHS [oA9]-ea1e ‘Adoje 10 eruyse Jo A103s1y ‘Koueudard Surmp Sunjows ‘a8e TN g Aoueugard-a1d ‘uorzeonps [eurojew 10§ pAIsnipe S[OPOIA 4

8660 (6070010000 690 (01°0°90°0-) 200 9980 (6070 °L0°0-) 100 S¥9'0  (0T°0 °L0°0-) 200 01<
0690 (80°0°€C1°0-)20°0- €120 (€0°0°S1°0-)90°0- €I1S0  (ZI'0°90°07) €00 9060 (010 ‘60°0-) 10°0 0101 1
Iopng w OQ¢

UM JUSWUOIIAUD
pooj Apreaqun

1<

06v'0  (L1°0°80°0)#0°0 1¥6'0 (TI'0°TI°0-) 000 0TEO (S0°0°91°0-)90°0- €620 (SO0 °LI°0-) 900~ ‘“IHNQ W QS UIYHM
sdoys  snq orqng

226



§TT0  (TT1°S6'0)80'T  #STO (SOT°s80)¥6'0 6£€0  (TTT°€6'0) L0T  S€€0  (IT'1°96°0) +0'1
LIS0  (TF1%80)60T SLLO (0TT1°8L°0)L6'0 LESO  (6¥T°180)0I'T 6,50  (€T1°680)S0'1
weo  (SO'T86'0)TOT  861°0 (10T°66'0)86'0 790  (€0'T ‘4600860 €660  (TO'T '86°0) 001
1910  (6TT1°960) IT'T TS0 (60'1°68°0)96'0 +¥2F'0  (6T1°06°0)80T 0TI'0  (LI'T86°0) LO'I
0€s0  (I¥'1°48°0)60'T 1280 (1T1°6L°0)86'0 $85°0  (L¥'1°080)60T 9590  (TTT88°0) +0'I
810  (6I'T°L60)LOT  €I€0 (SO'T°L8°0)S6'0 S9€0  (BI'TH60)90T +v'0  (60'T °96°0) €01
L8900  OI'T‘160)€0T 181°0 (€01 4800 €60 0650  (IT'T¥80)960 160  (60'T96°0) 201
rhr'0 (P11 46°0) #O'T  08€0 (SO'T°680)960 12L0  (0OI'T°880)860 SLTO (60T 86°0) €01
81L0  (9I'T‘08°0) L6'0  +00°0 (€60°69°0) 080 ISI'0  (TF1°S6'0)91'T  +65S0  (PI'T1°€6°0) €01
6¥S0  (#T1°68°0)S0T  €£0°0 (660°6L°0)980 LLEOD  (0€T°06°0)60T 9€1°0  (8I'1°86°0) LOI
LZS0  OI'TSL0) €60 €200 (L60°L9°0) 180 6970  (SY'T°060)+vI'T T880  (TI'T L80)660
1890  (LT'T°8L°0)96°0 LEOO (660°1L°0) %80 €820  (IF'T°060)€I'T T80  (PI'T°06°0) 101
1820  (I€T1°C60)0I'T  0S1°0 (#0'1°8L°0) 060 0£50  (6T1°880)90T 8700  (ZTTT00'D IT'I
L8L0  (€T'1°98°0) €0°'T 9700 (860°CL0)¥80 66¥'0  (0€T1°880)L0T 6900  (TTT6670)01'1
o%m (ID2%56) YO o%m (ID2%S$6) YO o%m (ID2%S$6) YO o%m (ID2%56) YO

BUIY)SE JUALIN))

JZIIYM JUIISISIJ

9Z33YM dje|

IZIIYM Aprey

ST
>m.N§ﬁ,~
_mm.mznﬁ
mm.mznﬁ
_:m.mzﬁﬁ
v_m.mzﬁﬁ
SN

:om.mzﬁﬁ
SSIOOAL]
mnmmmznﬁ
m.NEﬁ,H

o_zﬁﬁ

*ON

‘ON
uonnyjod 1y

"(869t=1) ewyse

pue (L61H=u) surdned Surzooym ym samsodxd JUSWUOIIAUD UBGIN 0.12771 U] JO SUOIJRIOOSSE dINs0dxd-9[3uIS *SS d[qe L

227



L89°0

9880

6680

9890

¥10°0
0SC0
9900

1244V
¢L6'0
800
¥88°0

0S¢0

(PE'T°C8°0) SO'T
(9Z7'1°C8°0) 20°1

(€TT1°€8°0) 10T

(TI'T ‘¢8°0) L6°0

(€8°2°T0°T) 69°1
(IZ1°87°0)9L°0
(06'T ‘86°0) 9€'I

(9€'T °L8°0) 60'1
(9%'1 ‘89°0) 66°0
(161 °96°0) 9¢'1
(TH'1°L9°0) L6°0

O T060) IT'T

€LLO

0650

L9€0

LYE0

7290
8850
£69°0

10v°0
61L°0
0€S°0
LLEO

06€°0

(921 ‘¥8°0) €0'T
(9Z'1°88°0) SO'T

(LTT1°C6'0) 80°T

(90°'T ‘¥8°0) ¥6°0

(Lrreroert
(6271 99°0) 16°0
9ZTT°1L°0) ¥6°0

(IT°T°LL°0) €6°0
(6T°169°0) ¥6°0
(€TT°L9°0) 1670
(I1S'1°98°0) #1°1

(0T'T‘8L°0) €670

LT60

8260

Lo

6810

VLLO
¢s80
811°0

LS 0
168°0
S9¢0
SL90

y€S°0

(0€'T°SL°0) 66°0
(0€'T°6L°0) 10T

(0T'T°LL'0)96°0

(€TT1°160)90°T

(88'T “€¥°0) 06°0
(89'T°59°0) SO'T
(T6'T1°€6°0) ¥E'T

(8€'T ‘¥8°0) 80'1
(6S°T°L9°0) €0'1
(9L'1°18°0) 0T'1
(0¥'109°0) 16°0

(LE'T°S8°0) 80T

IST°0

¥9C°0

86€°0

€L60

13240
¥20°0
80

Sy1o
L90°0
SL6'0
LEV0

12540

Iajng

w 00S UM TAAN
Iajng

w 00g UM TAAN
Iajng

w Q0T UM TAAN
sooeds usaln)

(#O'T ‘8L°0) 06°0
(90°'T “28°0) €60
(90°'T ‘¥8°0) $6°0

peodjsaleau

(60'1°26'0) 00°1 0} OOUEJSIP OSIOAU]

oygel],
(TO1°18°0) #1°1 09<
(#9'1 ‘401 0€°1 6'65-SS
(9T'1°€8°0) T0'1 6'15-0S

dp “Goy 05>) U ‘estou 1SN
(STT°L6'0) 011
(IS'1°66°0) TT'1 9=

u ‘esiou Jy3IN

(PTT°18°0) 00°T 6'79-09
(PT'T°SL°0) 260 6'65-SS
ap ‘g

GG>) udp ‘osiou JySIu pue JuruoAd Aeq
(1771 °66°0) LO'1 usp]
NN

228



(LO'T‘18°0) €670

Iajng ur Q¢ urgm
ANADOOUUOD 19318
Iajng ur Q¢ urym
Ayisuop  Suipying
ajnq ur Q[ urgrm
Ayisuop  Suipying
Ansuap uonemndog

JUSWIUOIIAUD J[Ing

(2w 0005<)
ooeds onjq Iolew
1s91B0U oouBlsI(]

Sok ‘Iopnq w
00€ ® ul (W 0005<)
ooeds woa13 iolepy

(u
0005<) 9deds on|q
Jofew 3saresu Jo 9zIg

saoeds anjg

(W 0005<)
ooeds wuoa13 Iolewr
1s9180U oouelsI(]

S9A ‘I9pNq W
00€ ® Ul (;W 000$<)
ooeds woa13 iolepy

(;w
000S<) 2oeds uoai3
Jofew 3saresu Jo 9zIg

229



6€5°0

88L°0

€S10

L080

9¢6'0

S6S°0

€870

910

c0T0

¥96°0

(IZ1°0L°0) 260

(ZS'1°€L°0) SO'T

(P81 °16°0) 671

(SET°6L°0) €0'T

(PET9L°0) 10T

(STT1°88°0)SO'T

(60°T°9L°0) 1670

(€' 1 P6°0)9T'1

(SCTP60) TI'T

(ZT1°18°0) 00°T

188°0

0690

LY1°0

(430

110°0

1S€°0

¢sL0

870

189°0

620

(LTT°18°0) 20T

(62°1°89°0) ¥6°0

(I9°1°¢6'0) TT'T

(€€°T°98°0) LO'T

(€6'0°LS°0) L0

(80'T ‘18°0) €6°0

(61°T°88°0) 20'I

(TI'1°8L°0) ¥6°0

(€T'T°€8°0) L60

(80'T°LL'0) 1670

cclo

1€0°0

0vS0

LSS0

60C°0

0S1°0

Lo

11€°0

SLTO

ILY°0

(LO'T ‘65°0) 6L°0

(S6'0°T€°0) ¥S°0

(€9'1°8L°0) TI'T

(LY'T°18°0) 60T

(€T'T°LS°0) 080

(IT'1°S6'0)9T°1

(LTT98°0) €01

(PP'1°68°0) €1°1

(8ECT160) TI'T

(8€'T°98°0) 60°T

290

169°0

0160

6890

o

000

860

8LS0

6590

290

(67T1°€60)0T°T

(0€'T ‘¥8°0) SO'T

(61T °C8°0) 66°0

(0T'T°68°0) €0°T

(LO'T°9L°0) 060

(ST'T‘P6°0) ¥0O'T

(IT'T°06°0)00°T

(ST'T160)¥0'T

(ST'T°26°0) €01

OI'T°160) €01

1=
“JoJng W (Og UNpM

sdoys  snq  o1qng
I<

“Iopnq w Q] Iy
sdoys  snq  o1qng
I<

“Iopnq W OOS UM
sour;  snq  o1qng
I<

“Iopnq W O0g UM
sour;  snq o1qng
I<

“Iopnq w001 Iy
sour;  snq  o1qng
Anpiqevrem

1ofjnq

w OO¢ unpIm (xopuy
SSOUUIAH S,UOUUBYS)
XN 9s[]  pueTq]
Iajng ur 0 ¢ urym
SSQUUOLL  SaNI[IOB]
Iajng ur Q¢ urym
Kysuap sanIIoe
Iajnq ur Q[ urgm
ANADOOUUOD 19318

230



“JMIq JO UOSBIS PUB ‘AJIOIUYID ‘X3S S PIYD

pue ‘SHS [oA9]-ea1e ‘Adoje 10 euuypse Jo A103s1 ‘Aoueudard Surmp Sunjows ‘a8e [N g Aoueugard-a1d ‘uoreonps [eurojew 10§ pAIsnipe S[OPOIA 4

60L°0 (9€'T ‘¥9°0) €60 P¥E0 (6T'T°T9°0)$8°0 6LE0 (TI0TLLO)YTT  LE6O (921 °8L°0) 66°0 01<
I11°0 (60'T ‘P¥°0) 69°0 8980 (OV'T°L9°0) L60  0SL0 (P81 99°0) 60'T  TS6°0 (8T'T°LL'0) 6670 0101 1
Iopng w OQ¢

UIgiim - JUSWUOIIAUD

pooj Apreaqun

<

(LY'T1°15°0)980 TS0 (8T ‘18°0) 60°'T ‘“THNQ W (S UNPIM

19L°0 (S8'T¢9°0) 60'T €060 (9S'T°L9°0) €O'T  L8S0
sdoys  snq  o1qng

231



193nq

6£7°0 (£0°0°80°01) 20°0-  088°0  (S0°0°S0°0-) 000 L6T0 (L0°0°T0°0-) €0°0  €6T°0 (80°0 °T0°0~) €0°0 W 00 UM ACN
. A ‘N ‘ene |v . . A N S |v . . A ‘N STA” |v . . A ‘N STA” |v . HVNO.H }so1eau
6980 ($0°0°€00-) 000 2650 ($0°0C00-) 100 L0Z0O (SO0 ‘10°0-) 200 +I1°0 (SO0 ‘10°0-) 200 0} SOUBISI OSIBAU
1950 (0T0°T10)S00  Ly80 (ST'0°SI09) 100 06L°0 Lo ero o fero 09=
91°0~) 20°0- 91°0~) 20°0-
6vC0 (#0°0 °91°0-) 90°0-  #18°0 (80°0 0T°07) 100~  LEEO ‘ (500 0Z€°0 ‘ (00 6'65-SS
€1°0°) ¥0°0- ¥1°0-) SO°0-
01€0 (€10 v0°0) 00 0ST0 (TI'0°€0'0-) +0'0  18L°0 (80°0°90°0-) 100 LI¥'0 (IT°0P0°0-) €0°0 6'75-0S
JO 0s>UT
‘as1ou WYIIN
. S . N . (900 . (+0°0 _
87L°0 (80°0°CI'07) C00-  Lbr0 (S0°0°TI'0-) €0°0- 6150 U107 €00 S6T0 $1°0-) S0°0- G9<
2090 (IT°0°900)200 96t'0 (IT°0°S0°0°) €00 LS90 (60°0°90°0-) 200 90t'0 (IT°0°S0°0-) €0°0 6'%9-09
€99°0 (IT°0°L0°0) 200 +9€0 (00 ‘CI'0°)¥0°0- 68€0 (110 40°0-) €00  1¥9°0 (01°0°90°0-) 200 6'65-SS
Y §S>upT
‘os1ou Jy31u pue FuruoAd Aeq
100°0> -0 %o% P70 (20°0 L0°0-) €0°0- 100°0> (F1°0°S0°0) 0T°0 1000> (41°0 ¥0°0) 60°0 STNd
7S0°0 (00°0 ‘0T°07) SO0 9990 (500 °€0°0-) 10°0 1020 (LO'0 ‘T10°0-) €00 €01°0 (80°0 ‘T0°0-) ¥0°0 ON
onfea-d (1D%S6) onjea-d (I1D%S6)  onjeA (ID%S6)  onea (1D%56)
J3ueyo 2100s-Z J3ueyd 21008-Z -d  o3ueyo 2109s-z -d  o3ueyo 2109s-z
%SLSTIA DAA/'ATA DAA TATA

(8961=U) uonounj uny YPIm saInsodxd JUSWUOIIAUS UBQIN 0.1271 U1 JO SUOTIEId0sse arnsodxa-a[dnniy *9S dqe L

232



“JMIq JO UOSeas pue AJIoIuyld S, P[IYd pue ‘SHS [9AJ[-aIe ‘Ad0oje 10 BUIYISE JO AI0ISIY
‘Koueugaxd Suump Surjows ‘a8e ‘NG Aoueu3aid-oid ‘uoneonps [euIdjRW 10J PaIsnipe A[[eUonIppe 219M S[OpoW [y "IAYJ0 [oed 10J pajsnipe
QIOM S[OpOW JUIWUOIAUD }[Ing pue sadeds anjq ‘sdoeds uoaId ‘Orjel] JUSWUOIAUD }[Ing pue sooeds on[q ‘sooeds uoa1d ‘oyyyen ‘uonnjjod
Ie 10} paisn(pe o10m S[OPOW SSION JUSUIUOIIAUD }[Ing pue saoeds anjq ‘saoeds uoais ‘oijjen ‘asiou 10j pajsnlpe a1om spowr uonnjjod Iy 4

Tojyng w 00¢

urgm Ayisusp Suipying
(2w 000 <) 2deds anjq
Jolew jsareau Jo 9zIg

ws0  (L00v00-)T00 2L00 (6070 °00°0)¥00  S09°0 (90°0°€0°0-) 100  TLI'O (80°0 ‘T0°0-) €0°0

8800  (¥0°0000) 200  6£70 (£0°0°100°) 100 6500 (€0°0°00°0) 200  L10°0  (¥0°0 ©00°0) 200

233



peO1 }s0189U
0}  OOUEJSIP  OSIOAU]

09<

6'65-SS

6'7S-0$

Joy 0§>Ur ‘astou WYSIN
§9<

6'%9-09

6'65-SS

Joy SS>uapT ‘osiou ySru pue FuruoAd Aeq

8,90 (TI'T¥8°0)L60 L9€0 (LOT480)S60 LSO (FTT160)90T L9960 (80'1 ‘T6°0) 00'1
§S00  (#6'T°86°0)69'T  8TT0O  (0TTEY0)SET 0990 (H8'1°8€0)#8°0 8EL0 (TSTTL0)SO'T
Lzo  (STT87°0)8L°0 1480  (0OF'1°L90)L60 8980 (ILT49°0)#0T 8500 (651 °66°0)9T'1
9,00 (06'T°L60)9ET €960 (PETPL0)00T 8€10 (161°160)TET 6460 (€T'T18°0) 001
6680 (6¥'1°69°0)860 L98°0 (PF1°€L0)€0T  #S6'0 (T9T1°€90) 10T  91T0 (9%'1 ‘T6'0) 9T'1
2010 (061560 ¥ET L9200  (0€T°0L0)S60  L8E0 (9L1°08°0) 61T 9680 (TT'T08°0) 660
0€8'0 (TF'1°99°0)L6'0  8%T0 (LST68°0)8I'T  +€9°0 (6€1°650)060 S8E€0 (EI'T ¥L0) 160
SLS0  (BT'T'9L0)S60 1+00 (660 °690) T80 S¥T0 (871160091 0650 (01T °S8°0) L60
7960 (TTT°18°0)660 8ET°'0  (FO'T ‘4L'0)88°0 LILO (0€T°€8°0)#0'T 970 (0TI ‘S6°0) LO'T
anjea-d (1D%56) 4O anjea-d (10%56) MO o%m (10%56) MO o%m (1D%56) MO

BUIY)SE JUI.LIN)) AZYM - ZIIYM e - IZIIYM Ap1ey

JUISIS.NJ

m,NEﬁ,H
‘ON

'(8691=1) ewyse pue

(L61t=u) suroped Suizooym s saInsodxd JUSWUOIIAUD UBQIN 0.42771 U1 JO SUONeId0sse dmnsodxd-odnniA *LS dqe L

234



“JMIq JO UOSBIS PUB ‘AJIOIUYID ‘X3S S P[IYD Pue ‘SHS [9Ad]-eare ‘Adoje 10 euuyise Jo A10ISIy
‘Koueugaxd Suump Sunjows ‘a8e ‘NG Aoueu3aid-oid ‘uoneonps [euIdjRW 10J PaIsnipe A[[euonIppe 219M S[opoW [y "IAYJ0 [oed 10J pajsnipe
JIOM S[OpOW JUSWUOIAUD }[Ing pue sadeds anjq ‘sdoeds uoaId ‘Orjel] JUSWUOIAUD }[Ing pue saoeds on[q ‘sooeds uoaid ‘oyyen ‘uonnjjod
Ie J0J paisn(pe o10m S[OPOW SION JUSUIUOIIAUD }[Ing pue sdaoeds anjq ‘sadeds uoais ‘oijjen ‘asiou 10j pajsnlpe a1om spow uonnjjod Iy 4

. . . ) €1 . s ) O . e ) fp 13nq W 00¢
L6€0  (9£1°88°0)60'1 7600 (Tr1°66'0)61'T  L86'0 (STT'8L'0)00L  +86°0 (E'1 '88'0)66°0 o Aysuop Surpymg
: e 76 : ) 0 : T een) e : ) ey @000§<) ddrds anjq
1600 (101°68°0)26'0 8000  (LI'TT0DOI'T #8100 (P01 '€8'0) €60 #¥L°0 (SOTY6'0) 660 ooy 1s0rm0u jo oz
1ynq

LIg0  (PE17T80IS0T  L0TO  (6CT°€60)¥I'T  T68'0 (PET'8L0)TOT 0870 (LOT080) €60 1 (0 wynm AN

235



(%12) 9t (%62) 678 (%0€) 99t

(%62) St¢ (%L7) 88L (%57) €8¢

100°0> (%62) tie (%22) 9 (%€0) Lv€E
810 (%P) v (%9) €€1 (%%) 79
$€5°0 (%) 6V (%9) €v1 (%9) 69
¥66°0 (%09) ¥6S (2%08) LSPI (%09) 1LL
166°0 (9%9¢) 8Tt (269€) ¥S01 (%9¢) 85S¢
(%ST) LLT (%ST1) 8¢ (%91) 8€T

(%01) ST1 (%8) st (%6) €1

0L9°0 (%SL) 768 (%LL) ¥€TT (%69L) €911
100°0> (%bP) 928 (%61) TP (%€9) S18
€200 (68°¢) L1°€T P1'y) vS €T (17y) €s°¢€T
¥01°0 (Z9'v) 0T 1€ (Y0'S) L8'0¢ (06'%) 60°T€
onjea-d (FS11=1) € J39sN) (L06T=1) T 139)8n]) (€€ST=1) T J39SN[D

uwmny
Jowwung

Sundg

)Iq JO UOSBag

% “WSIOM YIIQ MO

S9A ‘Ypa1q W1

J[eudJ XdS

SINSLIRIRYD PIIYD)

S3A ‘Adoje 10 BUUISE JO AIOISTH
KoueuSoxd Sunm(

Koueu3oid a10jog

IoAON

% ‘Sunjowrs

MO[ ‘uonjeonpy

(zwy/3y) TINg Aoueudaxd-o1g
(s189K) 28V

SONSLIDNIBIBYD [BUINBIA

'$oInsodxa ueqIn Jo SI0)SN[O AY) UI SONSLIOJORIBYD PIYO PUk [BUIIEIA *8S dqe L

236



'S9[qeLIEA [801I0S0)E0 10 159) o1enbs-1yo pue ‘SojqerIeA panqLysIp AJjeuIou
-UoU SNONUTUOD I0] 1S3} () ASWIYA -UUBJA ‘SO[qELIEA PAINQLUSIP A[[EULIOU SNONUIIUOS IOJ 1S9 } S JUopn)§ SuIsn pajenofes d1om SOOUIII(

76€°0 (%8) T$ (%9) L¥1 (%5) 69 % ‘BUIYISE JUALIN))
(%6) 98 (%11) 62¢ (%€1) 8¢€1 JuSISIO

(%9) 9 (%S) 111 (%) 9F e

(%67) TLT (%L7) 6LS (%tT) 85T Ajreq

9200 (%9¢) s€¢ (%8$) €5T1 (%6$) ¥€9 TOAON
suraped Surzoayp

S0€0 (LO'D) 00 (01'1) 90 (60'1) 9t°0 (01008-2) %SL-STIH A
1S5°0 (S6°0) €1°0- (L6°0) 600~ (96'0) 01°0- (01008-2) DAA/' AT
ST8°0 (T6'0) 61°0 (96'0) 0T°0 (160) 120 (01008-2) DAL
€L9°0 (L6°0) #1°0 (66'0) 91°0 (L6°0) 81°0 (01005-2) TAHA
6£0°0 (b€°0) 8L°6 (9€°0) 08°6 (b€°0) 8L°6 (sreak) a3y
(%L) €8 (%8) 6£T (%9) 26 PIOXINAIYIO

(%$) 19 (%9) €L1 (%L) 901 UEISY

(%9) 69 (%6) 6tC (%9) L6 UESLIOWY /UBSL Y

100°0> (%28) 1L6 (%LL) 9¥TT (%18) 8€TI1 UEISEINE)

% “Aoruyg
(%12) 6¥¢C (%22 8+9 (%20 LEE RENNTVY

237



21’0 (10°0°90°0-) €0°0- 1¥1°0  (10°0°50°0-) T0°0- LLEO (200 “40°0-) 10°0- 6010 (1070 ‘S0°0-) TO'0- ST

€L1o  (I1°0°20°0-)S00 €060  (90°0°90°0-) 000 T61'0 (TO'0°01°0-) #0'0- 0610 (200 “01°0°) #0°0- ASTNG
2050 (100°100) 000 8100  (20°0°000) 100 O0vI'0 (00°0°7100-) 100- €980 (1070 10°0-) 00°0 SSTNJ
¥S€0 (200 °S0°0-) C0'0- 8IS0 (#0°0 'T0°0-) 100 LLOO  (90°0°000) €00  1#00  (90°0 “00°0) £0°0 ST
9910 (I1°0°20°0°) SO0 9260  (90°0°90°0-) 000 881°0 (200 °01°0-) #0'0- €81°0 (200 °01°0-) +0°0- WS TN
8¢1'0 (10°0°60°0-) T0'0- €910 (100 40°0-) C0'0- 6920 (1070 %0°0-) 10°0- 0800 (000 ‘S0°0-) TO0- AN
6190 (200 v0°0-) 100~ LLTO  (+0'0°10°0-) 100 16€0 (1070 %0°0-) 100- 8¥80 (200 °€0°0-) 00°0 ST
6€1'0 (100 “40°0-) T0'0- 9260  (T0°0°C0°0-) 000 6£#°0 (10°0°€0°0-) 100-  €Lv'0 (100 °€0°0-) 10°0- ST
1€0°0 (000 ‘60°0-) S0°0- 008°0  (#0°0 °€0°0-) 100 #90°0  (L0°0 “00°0) ¥0'0 9500  (80°0 “00°0) +0°0 3SIOAT
6100 (10°0-60°0-) S0°0- 0Tt'0 (200 °S0°0-) 10°0- +€#'0  (S0°0 'T0°0-) 100 TS9O  (S0°0 °€0°0-) 10°0 SAESTAL]
oo.oﬁ (90°0-91°0-) 11°0-  ¥15°0  (€0°0 °90°0-) 200~ €00'0  (11°0°C0°0) £0'0 1100 (11°0°10°0) 90°0 SUNd
>
oo.oﬁ (50°0-°S1°0-) 01°0-  69€'0 (200 ‘90°0-) T0'0- 8000  (01'0°C0°0)90°0 €00 (6070 “00°0) SO0 o
>
L0€0 (20°0°L0°0-) TO0- €080  (+0°0°€0'0-) 000 €280 (€070 #0°0-) 000 0960  (+0°0 +0°0-) 00°0 *ON
1€0°0 (000 °60°0-) S0°0- 1690  (S0°0°€0°0-) 100 L1600  (+0°0 “40°0-) 000 TL90  (S0°0 “€0°0-) 10°0 ON
uonnyjod 1y
oneA (ID%S6)  onfea (1D%S6)  onjea (1D%S6)  onjea (1D%56)
-d o8ueyo 0100S-Z -d o3ueyo 0100S-Z -d o3ueyo 0100S-Z -d o8ueyo 0100S-Z
WSLSTIHA DAA/'AAA DAd IAHA

(Y€ Lp=u) samdwoards dqronpoxdar yim udIp[iyd A[uo
Surpnpour uorouny un| pue saINSOdXd JUIWUOIIAUD URGIN 0.1 Ul UIIMII(Q SUONBID0SSE dInsodxd-0[3ulS *6S d[qe L

238



SSL0

9660

£0¢0

899°0

80

€090
SITo
L8Y0

9560
8LT0
2960
0LL0

$680

(20°0 “€0°0-) 00°0

(#0°0 “80°0-) 20°0-
(20°0 “80°0-) €0°0-

(90°0 ‘¥0°0-) 10°0

(S0°0 “20°0-) 10°0

(IT°0°61°0°) ¥0°0-
(#0°0 “L1°0-) 90°0-
(Z1°0 °90°0-) €0°0

(S0°0 “90°0-) 00°0
(+0°0 ‘¥1°0-) SO0~
(60°0 “60°0-) 00°0
(01°0 °L0°07) 10°0

(S0°0 “S0°0-) 00°0

9LE0

8080

£69°0

9¢6'0

0vS0

L080
1280
SPeo

9¢9°0
S8¥°0
190
1€C°0

8170

(€0°0 ‘10°0-) 10°0

(S0°0 °90°0-) 1070~
(#0°0 °90°0-) 1070~

(#0°0 ‘¥0°0-) 00°0

(#0°0 “20°0-) 10°0

(Z1°0°ST°0-) 20°0-
(80°0 °01°0-) 10°0-
(IT°0 ‘¢0°0-) ¥0°0

(90°0 “+0°0-) 10°0
(S0°0°11°0-) €0°0-
(01°0 °90°0-) T0°0
(€00 °€1°0-) SO0~

(90°0 “€0°0-) 200

86C0

196°0

c6C0

610

SLO0

9990
8¥¢€0
6260

8050
6010
9%9°0
1cy0

9090

(10°0 ‘¥0°0-) 1070~

(L0°0 ‘P0°0-) 1070
(L0°0 “20°0-) 20°0

(L0'0 ‘10°0-) €0°0

(90°0 “00°0) €0°0

(0T°0°9T°0-) €0°0-
(S0°0 “€1°0-) ¥0°0-
(80°0 °£0°0-) 00°0

(€0°0 °90°0-) 200~
(S0°0°11°0-) €0°0-
(60°0 “90°0-) 200
(11°0 °50°0-) €0°0

(£0°0 °90°0-) 1070~

8CS0

2990

6010

691°0

00

LOS0
LSE0
1€9°0

LELO
LYTO0
SLY0
180

L66°0

(200 °€0°0-) 1070~

(90°0 ‘¥0°0-) 10°0

(L0°0 °€0°0-) 20°0

(L0'0 ‘10°0-) €0°0

(90°0 “00°0) €0°0

(60°0 ‘81°0-) SO0~
(S0°0 “€1°0-) ¥0°0-
(01°0 °90°0-) 20°0

(;w
000S<) 9oeds uooil
Jolew jsareau Jo 9zIg

R_inq

w 00§ urmm JAAN
R_inq

w 00¢ UM JAAN
R_inq

w o0l umpm JAAN
sooeds usain)

peol jsareau

0] QJ0UBISIP ISIdAU]

sujel]
092
6'65-SS
6'7S-0S

dp “Goy 05>) U ‘estou 1SN

(£0°0 °90°0-) 10°0-
(€00 °€1°0-) SO0~
(11°0°50°0-) €0°0
(60°0 °L0°0-) 10°0

u ‘estou Jy3IN
go<
6'%9-09
6'65-SS

gp ‘oy

GG>) uopT ‘esiou Jysiu pue Suruoas Aeq

(S0°0 “S0°0-) 00°0

uopT
9SION

239



IL8°0

0290

ILLO

6550

L86°0

LS80

L16°0

090°0

1L9°0

6850

(S0°0 °50°0-) 00°0
(S0°0 °€0°0-) 10°0
(S0°0 %0°0-) 10°0
(€0°0 °90°0-) 10°0-
(10°0 °10°0-) 00°0
(+0°0 “50°0-) 000

(L0°0 “90°0-) 00°0

(#0°0 “00°0) 200

(£0°0 °S0°0-) 10°0-

(01°0 °90°0-) 20°0

81C0

9vL0

9¢1°0

9v6°0

6€0°0

6€C0

L10°0

9190

810

€S0

(200 °L0°0-) €0°0-
(€00 %0°0-) 10°0-
(L0'0 °10°0-) €0°0
(#0°0 %0°0-) 00°0

(200 °00°0) 10°0
(L0°0 “T0°0-) 200

(10°0- 21°0°) LO'O-

(20°0 ‘10°0-) 00°0

(10°0 °90°0-) €0°0-

(60°0 °S0°0-) 200

¥6£°0

6850

S06°0

6L1°0

€LLO

STy o

0S¢0

091°0

£99°0

66L°0

(200 °90°0-) 20°0-
(€00 %0°0-) 10°0-
(#0°0 %0°0-) 00°0
(€0°0 °90°0-) 10°0-

(10°0 ‘10°0-) 00°0

(20°0 °90°0-) 20°0-

(80°0 °€0°0-) €0°0

(£0°0 “00°0) 10°0

(£0°0 °S0°0-) 1070~

(90°0 “80°0-) 10°0-

Ss1ro

L1970

STy o

90€0

181°0

£59°0

LY80

cclo

1ZAN0]

66L°0

(10°0 “80°0-) €0°0-
(€00 °50°0-) 10°0-
(90°0 *€0°0-) 20°0
(200 °90°0-) 20°0-

(200 °00°0) 10°0
(€0°0 ’50°0-) 10°0-

(S0°0 °90°0-) 1070~

(£0°0 “00°0) 10°0

(10°0 °L0°0~) €0°0-

(80°0 °90°0-) 10°0

ynq 0o urpm
AJADOUUOY 991G
ajnq wr OO¢ urm
ANADOUUOD 991§
jnq w OO¢ urm
Aysuop  Suipying
ynq 0o urgpm
Aysuop  Suipying
Ansuap uonemndog

JUSWIUOIIAUD J[Ing

(2w 0005<)
ooeds on[q Iolew
1S91B9U QouBlsI(]

Sok ‘Iopnq w
00€ ® Ul (W 000$<)
ooeds woa13 iolepy

(u
0005<) 9deds onjq
Jolew jsareau Jo 9zIg

saoeds anjg

(W 0005<)
ooeds wuoa13 Iolewr
1S91B9U oouelsI(]

Sok ‘Iopnq w

00€ ® Ul (W 000$<)
ooeds woa13 iolepy

240



6180

$6C0

9080

8¢L0

L1Y°0

820

9960
6LT0

454\

L6Y'0

(F1°0°11°0-) 2070

(£0°0 °0T°0~) ¥0°0-

(01°0 °80°0-) 10°0

(L0°0 ‘60°0-) 1070~

(#0°0 ‘60°0-) €0°0-

(€00 °0T°0-) €0°0-

(#0°0 ‘¥0°0-) 00°0
(L0°0 “20°0-) 200

(£0°0 °L0°0~) 200~

(£0°0 90°0-) 20°0-

€9L°0

Sy o

L0

80

c6€0

£€8°0

S0¢0
0t0°0

¢sS0

L6Y'0

(0T°0 °€1°0-) 20°0-

(£0°0 “80°0-) 200~

(S0°0°1T°0-) €0°0-

(S0°0 °01°0-) €0°0-

(£0°0 “80°0-) €0°0-

(L0°0 °S0°0-) 1070

(20°0 °90°0-) 20°0-
(00°0 “80°0-) ¥0°0-

(90°0 “€0°0-) 10°0

(S0°0 °€0°0-) 10°0

(4340

0¢C0

SEV 0

L080

096°0

6650

8680
L60°0

LT60

6660

(L0°0 °9T°0~) ¥0°0-

(20°0 ‘60°0-) ¥0°0-

(IT°0°S0°0-) €0°0

(90°0 ‘80°0-) 10°0-

(90°0 “S0°0-) 00°0

(80°0 ‘¥0°0-) 200

(#0°0 “€0°0-) 00°0
(L0'0 ‘10°0-) €070

(#0°0 “S0°0-) 00°0

(#0°0 ‘¥0°0-) 00°0

S6C0

8L0°0

1L9°0

IS0

LY9°0

050

9280
yero

G060

6LL°0

(S0°0 “81°0-) 90°0-

(10°0 “21°0-) S0°0-

(01°0 °90°0-) 20°0

(S0°0 ‘01°0-) 200~

(#0°0 °£0°0-) 1070~

(80°0 ‘¥0°0-) 200

(£0°0 ‘¥0°0-) 00°0
(90°0 “20°0-) 200

(S0°0 ‘¥0°0-) 00°0

(S0°0 ‘¥0°0-) 10°0

I<

“IONq W QS UM
sdois snq o1qng
I<

“IONq W Q¢ UM
sdois snq o1qng
I<

“IONq W Q] Urgm
sdois snq o1qng
I<

“IONq W QS UM
saulp - snq  olqnd
I<

“IONq W Q€ UryMm
saulp  snq - olqnd
I<

“IONq W Q] Urym
sourp  snq  rqnd
Anpqesrem

1ofjnq

W O0€ urgm (Xopug
SSOUUAAY S,uouueys)
XN 9s[]  pueq]

Iajng ur Q¢ urm
SSQUUOLI  SonI[IoB]

Iajng ur Q¢ urym
Aysuap sanIIoe

241



")Iq JO UOSBIs pue AJoIUuy)o S pIyo
pue ‘SHS [oA9]-ea1e ‘Adoje 10 eruyse Jo A103s1y ‘Aoueudard Suump Sunjows ‘a8e ‘TN g Aoueusard-a1d ‘uoreonps [eurojewt 10§ pAIsnipe S[OPOIA 4

9290 (TI'0°800) 200 0990 (11°0°L00) 200 1€90 (01'0°90°0-) 200 Stv'0  (TI'0°S0°0-) €0°0 01=
8960 (IT0°IT°0) 000 92€0 (SO°0°ST°0°)S00- STEO0 (F1°0°S0°0°) SO0 1650  (€1°0°L0°0) €070 01 91 |
Iopnq w OQ¢

UnpIm JUSUWUOIAUD
pooj Apreaqun

242



(Iro

088°0 (LI'0°ST°0-) 100  +0L0 (IT°0°L1°0-) €0°0- 80L0 91°0-) €00~ LLYO (60°0 ‘02°0) SO°0- 09<
§9¢'0 (9070 °S1°0-) S0°0-  88L°0 (80°0°I1°0-) 10°0- T9+°0 Z1°0) Mwo% S0 (900 ‘€1°07) ¥0°0- 6'65-SS
€L£0 (€1'0°60°0-)+00  0S€0 (I11T°040°0-) #0°0  8LLO @o.o-mm.m #1500 (01°0 °S0°0-) €0°0 6'7S-0S
Y 05>Uu]
‘as1ou WYIIN
S$9°0 (8070 TI'0-) T00-  68€0 (SO0 °E€I0-) #0'0- 6750 11°0) Mwo% ¥82°0 (+0°0 ‘¥1°0-) SO0~ G9<
98,0 (01°0°80°07) 100 290 (01°0°90°0-) TO0 660 “mo.o-%mw.m ¥9€0  (T1°0 ‘0°0-) #0°0 6'79-09
0950 (I1°0°90°0-) €00 9€T°0 (£0°0 ‘€1°0-) SO°0- 600 avo.o-vﬁ.m 66L°0  (60°0°L0°0-) 10°0 6'65-SS
JoY §6>udpT
‘os1ou Jy31u pue FuruoAd Aeq
100°0> -91°0) mo% 999'0 ($0°0 ‘90°0-) 10°0- 1000 (TI'0‘€0°0) 800 +000  (TI'0 “T0°0) LO'0 SINd
1S0°0 (000 °01°0-) S0°0- 16+°0 (90°0°€0°0-) TO'0  +8%°0 “mo.o-mm.m 8670  (L0°0°T0°0-) £0°0 WON
onjeA-d (1D%S6) onjea-d (ID%S6)  onjea (ID%S6)  onjea (1D%56)
J8ueyo 21008-Z J8ueyo 21008-Z -d  o8ueyo 2100s-z -d J3ueyd 21008-Z
WSLSTIHA DAA/'ATA DAd IATA

‘(Y€ Ly=u) satndwoards a[qronpordar yym udIp[ryo
ATuo Surpnjour uonduny Sun| Ym sarnsodxo JudWUOIIAUD UBGIN 0.49771 U] JO SUONRI0SSE arnsodxa-ordnny *01S dqe L

243



“JMIq JO UOSeas pue AJIoIuyld S, pP[IYd pue ‘SHS [9AJ[-eaIe ‘Adoje 10 BUIYISE JO AI0ISIY
‘Koueugaxd Suump Sunjows ‘a8e ‘NG Aoueu3aid-oid ‘uoneonps [euIdjeW 10J PaIsnipe A[[euonIppe 219M S[opoW [y "IAYJ0 [oed 10J pajsnipe
JJOM S[OpOW JUSWUOIAUD }[Ing pue sddeds anjq ‘saoeds uoaId “Orjel] JUSWUOIAUD }[Ing pue saoeds on[q ‘sooeds uoaid ‘oyyen ‘uonnjjod
Ie 10} paisn(pe o10m S[OPOW SSION JUSUIUOIIAUD }[Ing pue sdoeds anjq ‘saoeds uoais ‘oijjen ‘asiou 10j pajsnlpe a1om spowr uonnjjod Iy 4

. e Y T . o T rerlY g . (900 . el Iopnq w (OO € uIyim
L¥8°0  (90°050°0-) 100 STI'0  (80°0°10°07) ¥0°0  ¥S+'0 ‘o0 200 OS1O (80°0°10°07) €0°0 Kysuop Supping
. e . . el T . e . . e .~ (W 000S<) 9oeds anjq
7900 (#0°0°000) 200 Ls¥'0  (20°0°10°0-) 100 6210 (€0°0°00°0) 100 8L00  (€0°0°00°0) T0'0 oy s0xe0u Jo oz1g
(800 1o3nq

T00) g0 PO (00000 iy ey (aaN

. A.“.uv. . A.“.uv. . Aav . Aav peol jsareau
€rs0 (00 C0°0-) 100 S090 (#0°0 C00-)TO0 SLOO (900 000) €00 S€0°0 90°0 000) €00 0} SOUEJSIP ASIOAU]

LZv'0 (€0°0“80°0°) 200~ 98L°0 (90°0 ‘¥0°0-) T0°'0  991°0

244



“)Iq JO UOSEIS PuB ANOIULI0
S.pIyo pue ‘Adoje 10 ewyise Jo A10is1y ‘Aoueudard Suump Junjows ‘a8e TNg AoueuSord-a1d ‘uoneonps [eurojewt J0j pasnlpe arom S[OPON
(00E1=U) T 19I1SN])) 20UIJAI oY) 03 paredwod a1k SUOIJRIOOSSY 4,

0900 (00°0°81°0-)600- 1S€0 (#0°0°T1°0-) €0°0-  *%Stscddd
96€°0 (#0°0 ‘TI'0-) +0°0-  8LS0 (S0°0 “80°0-) TO'0- DAJ/'ATA
00€'0 (#0°0 ‘TI'0-) ¥0'0-  1¥L°0 (S0°0 “L0°0-) 10°0- OAd
9¢1°0 (200 ‘¥1°0-) 90°0- 610 (¥0°0 “60°0-) €00~ DCE|

anjea-d  (1D%S6) ewnsy

p86=u
€ 1aIsnp)

anjea-d  (1D%S6) ewnsy

0SpT=u
z 1dIsn)

"» Soawoards arqronpoadax
UM udIp[Iyd A[uo 3urpnpour uonounj Junp YIm S19sn[d dInsodxd ueqin 0.9in ul JO SUONRIVOSSY ‘IS dqeL

245



peodjsaleau

899°0 ($0°0°€0'0) 100 SLLO (€00 ‘#0°0) 000 LITO (S0°0°10°07)20°0 18T0 (S0°0°10°07) TO'0 0} SOUBISI FSIOAU]
96L°0 ‘ (€10 1080 (91°0°C1'0) 200 6260 ‘ (€10 §76'0  (€1'0°S1°0-) 10°0- 09<
81°0-) 00" ¥1°0°) 10°0-

. (s00 ) (L00 ) (s00 . N e
6ST0 L1°0°) 90°0- W90 o coo-  TE0 ‘€1°0°) $0°0- €870 ($0°0 °S1°0-) S0°0 6'65-SS
1290 (C1'0°L0°0-)20°0 CI¥'0 (TI'0°50°0-) €00 660 (I1°0°50°0-) €00 L6T0 (€1°0 “40°0-) +0°0 6'7S-0S

Y 05>Uu]
‘as1ou WYIIN

. (900 ) (900 ) (s00 . N _
1.0 ‘€1°0°) $0°0- SIS0 <100 co0- 2670 11°0°) €0°0- L6T0 (+0°0 ‘€1°0-) SO0 G9<
$66'0 (600°60°0-) 000 SS90 (I1°0°L0°0-)T00 LLEO (TI'040°0-) #0'0 €820 (E£1°0 %0°0-) SO0 6'79-09
S08°0 (I1°0°60°0-) 100 SSLO h:.%wwo.o- ¥8%°0 (21°0°50°0-) €00 8850  (I1°0°90°0-) 00 6'65-SS

JY §6>udpT

‘os1ou Jy31u pue FuruoAd Aeq

€000 -fﬁ.%o%.o- 1880 (S0°0°90°0-) 000 €000 (€1°0°€0°0)80°0 T00'0  (¥1°0°€0°0) 80°0 SINd

€500 h%.%wmo.o- 2160 (400 ‘40°0-) 000 1SS0 (S0°0 ‘€0°0-) 100 0I+'0  (90°0 ‘T0°0-) 200 WON
onjeA (ID%S6)  onjea (ID%S6)  onjea (ID%S6)  onfea (1D%56)

-d J3ueyo 2100s-Z -d  o8ueyo 2100s-z -d J3ueyo 2100s-Z -d a3ueyd 2100s-Z

%SLSTIHA DAA/'ATA OAd IATA

10} pasnlpe uonouny Sunj yPrm

"(8961=U) sainsodxa JudwuoIIAUd ueqin [ejewsod
S9Insodxo JUSWIUOIIAUD UBQIN 021 Ul JO SUONBIOOSSE AINs0dxo-9[3uIS 7S dIqeL

246



“[MIq JO UOSBIS pue AJIOIUY)d S PIIYO pue ‘SHS [9Ad[-BaIe ‘Adoje 10 BUIY)SE JO
K103s1y “‘Aoueugard Surmp Sursjows ‘a8 NG AoueuSard-a1d ‘uoneonps [eurojew ‘omsodxa [ejeujsod Surpuodsarios J19y) 10§ paisnipe S[OPOIAL.

. 00 o . T 0e) e . %0 0) 00 . ) Ta 13nq W 00¢
Lzr'0 (6007100 %00 T¥1°0 (8007100 €00 ¥L60  (#0°0°%0°0) 000 #2S'0 (900 €00 100 i fyrsuop Swippng

. e ) o el ane ) e . ) e . (cwr 000$<) 9doeds anjq
z€c0  (€0°0°10°07) 100 118°0 (200 20°0-) 000 TOI'0  (£0°0 00°0) C0'0  680°0  (+#0°0 “00°0) 200 10[2U SOIEOU JO JZIS

. (zoo ) o el T ) o e A . o el T Iopng
961°0 ‘60°0-) $0°0- LT80 (SO0 ‘40°0-) 100 LS80 (SO0 ‘40°0-) 000 8LL0 (90°0 +0°0-) 10°0 W 00 UM TACN

247



Table S13. Single-exposure associations of in wutero urban
environment exposures with asthma adjusted for postnatal urban
environment exposures (n=4698) 2.

Current asthma

OR (95%CI) p-value
NO: 1.04 (0.87, 1.25) 0.682
PMas 1.00 (0.77, 1.29) 0.994
Day evening and night noise,
Lden<55 Ref
55-59.9 1.00 (0.65, 1.52) 0.987
60-64.9 1.40 (0.96, 2.03) 0.079
265 0.93 (0.61, 1.41) 0.718
Night noise, Ln<50 Ref
50-54.9 1.31 (0.90, 1.90) 0.161
55-59.9 0.74 (0.44, 1.22) 0.235
260 1.55 (0.89, 2.69) 0.122
Inverse distance to nearest
road 1.01 (0.87, 1.17) 0.875
Size of nearest major blue
space (>5000 m?) 0.90 (0.82, 0.99) 0.029
Building density within 300 m
buffer 1.10 (0.89, 1.35) 0.388

aModels were not performed for wheezing patterns because the outcome was
measured before the exposure.

Models adjusted for their corresponding postnatal exposure, maternal education,
pre-pregnancy BMI, age, smoking during pregnancy, history of asthma or atopy,
area-level SES, and child’s sex, ethnicity, and season of birth.
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ABSTRACT

Objective: The linkage of large electronic health records of parent and child
pairs could provide a powerful resource for research. We aimed to create a new
large birth cohort linking mother- and father-child pairs in the Information

System for Research in Primary Care (SIDIAP) database in Catalonia (Spain).

Study Design and Setting: Children born from 2005-2018 were linked to their
potential parent using the number of affiliation to the social security (NASS),
the NASS status, the age of the potential parent, and the surname of parent and
child. A sub-sample of 7,307 and 4,420 children with valid personal
identification code (PIC) of mother or father, respectively, was used to validate
parent-child linkage. Descriptive comparisons between linked and unlinked

children were conducted.

Results: From 778,318 children in our study population, 719,858 (92.5%) were
linked to at least one parent. 529,430 (68.0%) and 334,018 (42.9%) children
were linked to a potential mother or father only, respectively. 143,590 (18.5%)
children were linked to both parents. Linked parent-child pairs were
representative of the overall population. In the validation sub-sample, 95.5% of
mother-child pairs and 91.0% of father-child pairs were confirmed as true

matches.

Conclusion: In this study, we successfully linked large longitudinal parent-
child EHR data, providing a powerful birth cohort for future cohort studies in
SIDIAP focused on the effects of parent’s health and early life exposures in a

wide range of child’s outcomes.
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Strengths and limitations of this study
e This study presents the linkage of a large sample size of longitudinal
parent-child electronic health records in primary care.
e Children were linked to both mother and father.
e A validation study was performed and only approximately 5% of
linkages were not confirmed.
e The proportion of unconfirmed linkages was higher in children from

non-Spanish nationalities and living in most deprived areas.
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INTRODUCTION

Parents health, as well as prenatal and early life events and exposures, are
determinants of children’s development and adult health!2. Medication
use during pregnancy is common; it has been estimated that up to 80% of
women use at least one medication during pregnancy®. However, studies
on the benefits and risks of drug exposures during pregnancy for both
women and child are limited given that pregnant women are usually
excluded from clinical trials for ethical and legal concerns*. The linkage
of large health records of parent and child pairs could provide a powerful
resource for investigating parent and children health associations,
particularly for studies of pharmacovigilance, drug and vaccine safety
during pregnancy, as well as the study of uncommon exposures or

conditions from mother and father that could affect child’s health.

Databases of routinely collected electronic health records (EHR) are
becoming an increasingly valuable resource for epidemiology, as
reflected by the number of recent studies using EHR data from primary
care settings published in high impact journals®=®. These databases allow
research on a wide range of topics and with greater statistical power than
typically available in traditional cohort studies given the use of
information from large and representative samples of the population®!3.
The Information System for Research in Primary Care (SIDIAP) database
includes extensive data on mother, father and child’s health which are
collected routinely in primary care centres in Catalonia, Spain'‘.
However, the EHRs of parents and their children have still not been

linked in SIDIAP.
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Given the potential of linked parent and child EHR data for future
research studies, we aimed to create a new parent-child birth cohort by
linking EHR data of both mother- and father-child pairs in the SIDIAP
database for children born from 2005 to 2018 in Catalonia. We also
aimed to perform a validation of this linkage in a sub-sample of the

population for which a direct linkage was available.

METHODS

Setting

This study was based on a large prospective population-based database

from the SIDIAP (www.sidiap.org) platform in Catalonia, Spain. Since

2005, all visits in primary care centres of the Catalan Health Institute are
recorded electronically. SIDIAP contains information recorded by health
professionals in pseudo-anonymised patients’ EHR for nearly six million
people at primary care practices in Catalonia'*. SIDIAP population is
highly representative of the entire Catalan region in terms of geographic,
age, and sex distributions!>. It includes data collected during routine
visits, including clinical diagnoses (International Classification of
Diseases 10% revision [ICD-10]), laboratory test results, prescribed and
dispensed drugs, vaccination, hospital referrals, anthropometric and
clinical measurements performed during routine visits, demographic and
lifestyle information. Additionally, it also includes specific paediatric and
pregnancy follow-up data, and environmental exposures data
(Supplementary Table 1). The high quality of these data has been
previously documented'#-'®, and SIDIAP has been successfully applied to

epidemiological studies of key exposures and outcomes'’2°. Therefore,
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SIDIAP provides an excellent source of population-based data and

reliably reproduces the actual conditions of clinical practice.

Study population

The Spanish health system is based on universal coverage with free
access for all citizens. In primary care, children are visited by
paediatricians and paediatric nurses until 15 years of age and they have a
follow-up program for preventive activities and health promotion®!.
Children enter SIDIAP when they are assigned to a primary care centre,
and are followed-up until the end of data collection, transferred out, or
death. In Spain, legal partners, children or grandchildren up to 18 years of
age are co-insured with a main insurance member without extra cost if
they are not employed. Therefore, all subjects below the age of 18 should
be registered in the national health system with the number of affiliation
to the social security (NASS) of their parents, grandparents, or legal
tutor. In this study, all subjects in SIDIAP born from January 1st 2005 to
December 31st 2018 and with a valid NASS were included.

Parent and child linkage

Children were linked to their potential parent by a Third Trusted Party
(TTP) when 1) their NASS corresponded to the NASS of a female aged
from 15 to 49 years (for a potential mother) or the NASS of a male aged
15 to 65 years (for a potential father) at the moment of the child’s birth,
i) the NASS status of the child was “beneficiary” and the female/male
candidate was the “holder”, and iii) the first or second surname of the
child corresponded to the surname of the potential parent (this last

condition was only used for potential mothers aged 14 to 18 or 46 to 49
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years in order to avoid linkage with possible siblings or grandparents).
Additional information on date of birth obtained from the child’s EHR
and date of delivery obtained from the potential mother EHR was used in
order to link mother and child when a NASS of the child was not linked
to a female candidate. In this case, the first or second surname of the

child had to correspond to the surname of the potential mother.

Linkage validation

The software used to register individuals’ EHR data allows the
registration of the personal identification code (PIC) of parents in the
child’s EHR. The PIC is a unique identification code for healthcare
access of persons living in Catalonia. Although this information is not
collected routinely, 7,307 and 4,420 children had a valid PIC of mother
and father, respectively, registered in their EHR from 2005 to 2016. We

used this information to validate the parent-child linkage.

Statistical analyses

Flowcharts were created to show the process of linkage including
detailed population exclusions and the final number of linked pairs.
Descriptive comparisons of those linked and unlinked children were
conducted by child’s sex (girls and boys), year of birth, nationality
(Spanish and non-Spanish), and the ecological MEDEA index of
deprivation®? as a socioeconomic status indicator. The MEDEA index is
calculated by census tract level in urban areas, categorised in quintiles,
where the first and fifth quintiles are the least and most deprived areas,
respectively. Rural areas were categorised separately since the index was

not validated in these areas 2. The proportion of confirmed linked pairs
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was calculated for the sub-sample of the population with an available PIC
of their parents in their EHR. All data analyses were performed using R
studio version 2.13.0.

All linkage of data using personal identifying variables were performed
by the Catalan Health Institute as a TTP. Pseudo-anonymised linked pairs
were then included to the SIDIAP platform. This study was approved by
the Clinical Research Ethics Committee of the IDIAPJGol in Barcelona
(P16/179).

Patient and Public Involvement statement

Participants of this study were not involved in setting the research
question or the outcome measures, nor were they involved in the design
or implementation of the study. No patients were asked to advise on

interpretation or writing of results.

RESULTS

Overall linkage

From 778,318 children born from 2005 to 2018 in SIDIAP, 719,858
(92.5%) were linked to at least one of both parents, 529,430 (68.0%)
were linked to a potential mother, 334,018 (42.9%) were linked to a
potential father, and 143,590 (18.4%) were linked to both parents (Figure
1). The proportion of children linked to their mothers was higher than
those linked to their fathers during the full study period (Table 1). The
percentage of linkage of parent-child pairs between 2005 and 2018
ranged between 86.5% (in 2018) and 95.2% (in 2013; data not shown).
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We observed a small tendency of decrease in the number of parent-child

pairs linked from 2015 onwards (Table 1).

Mother-child linkage

Overall, 428,855 mother-child pairs were linked through the NASS
information and 100,788 through the dates of birth and delivery data
(Figure 1). Following the algorithm criteria, the main reason for
exclusion in the linkage through NASS was the age restriction of the
potential mother at child’s birth; 270,463 and 2,627 were excluded
because the candidate mother was aged under 14 or above 49 years,
respectively. There were 6,488 pairs, whose candidate mothers were aged
14 to 18 or 46 to 49, that were excluded because they did not meet the
surname criteria, and 3,859 pairs excluded because children were linked
to multiple women. Contrarily to the NASS linkage, the main reason for
exclusion in the linkage through dates of birth and delivery data was the

surname criteria (120,048 pairs excluded).

The proportion of linked children to their potential mothers was similar
across sex but differed by year of birth, the MEDEA index and
nationality (Table 1). The lowest percentages of linkage were observed
among children born in 2005 (55.9%) and 2006 (57.9%), while the
highest were observed in 2014 (72.8%), followed by 2013 (72.4%) and
2015 (72.1%). Regarding the MEDEA index, the highest proportion of
linkages were observed among children in the 4th quintile (75.8%) and
from rural areas (71.0%), and the lowest were observed among children
from the 1st and 5th quintiles (least and most deprived area; 66.3% and
66.8%, respectively). Finally, the proportion of mother-child linkages
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was lower among children with non-Spanish nationalities compared to

Spanish children (51.0% vs. 70.7%, respectively).

Those linked to their potential mothers were representative of the overall
population in terms of sex, year of birth, and the MEDEA index (Table
1). Except for a lower proportion of children of non-Spanish nationalities
as compared to the overall population (10.1% vs. 13.5%, respectively).
Children unlinked to a potential mother were also similar to the overall
population in terms of sex, and the MEDEA index, but differed by year
of birth and nationality. Unlinked children were more likely to be born at
the first years of the study period and to be from non-Spanish

nationalities compared to the overall population.

Father-child linkage

From 633,514 men and child pairs with matching NASS number,
335,970 (53.0%) were linked to a potential father (Figure 1). The main
reason for the exclusion of linked pairs was the age restriction, with
289,343 and 668 pairs excluded because the candidate father was aged
below 14 or above 65 years, respectively. Additionally, 4,620 pairs were
excluded because they did not meet the surname criteria and 4,849 were

excluded because they were matched to multiple potential fathers.

The proportion of linked children to their potential fathers was similar
across sex but differed by year of birth, the MEDEA index and
nationality (Table 1). The percentage of father-child linkage per year was
43.4% in 2005 and increased until 2009 (47%), but then started to
decrease, with the lowest percentage of linkage observed among children

born in 2018 (34.2%). Also, the proportion of father-child linkages
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increased from 36.8% among children living in the least deprived areas
(1st quintile of the MEDEA index) to 48.8% in children from most
deprived areas (5th quintile of the MEDEA index). Contrarily to mother-
child linkages, the proportion of father-child linkages was higher among
children with non-Spanish nationalities compared to Spanish children

(57.8% vs. 40.6%, respectively).

These children linked and unlinked to their potential fathers were
representative of the overall population in terms of sex and year of birth,
but differed by the MEDEA index and nationality. Higher proportions of
children from most deprived areas and of non-Spanish nationalities were
observed among the group of children linked to their fathers compared to
all children (19.0% vs. 16.7% of children in the 5th quintile of the
MEDEA index, and 18.1% vs. 13.5% of children from non-Spanish
nationalities, respectively). On the other hand, unlinked children were
more likely to be from least deprived areas and of Spanish nationality

compared to the overall population.

Linkage validation

There were 7,307 and 4,420 children with available PIC of their mother
and father registered in their EHR, respectively, which allowed us to
validate the parent-child linkage. These subsamples of children with
available PIC information of parents were representative of the paediatric
SIDIAP population in terms of sex, rurality, and nationality
(Supplementary Table 2). However, they differed in year of birth, with a

higher proportion of younger cohorts, and in socioeconomic status since a
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higher proportion of children from the most deprived areas (quintile Sth
of the MEDEA index) was observed among children with PIC
information of mother and father (20.6% and 18.7%, respectively)
compared to the overall population (16.8%).

From the children with available PIC, 5,353 and 2,236 children were
linked to a potential mother or father, respectively, using the algorithms
described above (Table 2). Finally, 95.5% of mother-child pairs and
91.0% of father-child pairs were confirmed as true matches. The
percentage of confirmed mother- and father-child pairs did not vary by
child’s sex, but differed by child’s year of birth, the MEDEA index, and
nationality. A higher percentage of mother- and father-child pairs were
confirmed among children born in 2015 (97.5% and 94.9%, respectively)
and 2016 (96.6% and 95.3%) compared to children born in 2005 (93.3%
and 90.1%) and 2006 (94.8% and 85.8%). Also, children from the least
deprived areas had a higher percentage of confirmed linkages with both
mother and father (98.1% and 92.4%, respectively) compared to children
from the most deprived areas (93.2% and. 88.4%), as well as children
with Spanish nationality (95.7% and 92.2%) compared to children with
non-Spanish nationalities (93.6% and 86.2%)).

DISCUSSION

In this study, we were able to create a new birth cohort by linking the
EHR of 719,858 (92.5%) children born from 2005 to 2018 to the EHR of
at least one potential parent in SIDIAP; 68% of them were linked to a
potential mother, 42.9% to a potential father, and 18.5% to both parents.
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Linked children were representative of the overall paediatric population
in SIDIAP in terms of sex, year of birth, and the MEDEA deprivation
index, but children from non-Spanish nationalities might be
underrepresented. In a subsample of the population for which the parent
identification code was registered in the child's’ EHR, 95.5% of mother-
child pairs and 91.0% of father-child pairs linkages were confirmed.
Unlinked children were more likely to be born in the first years of
SIDIAP data collection, and to be from non-Spanish nationalities than the

overall population.

Previous studies have linked maternal and child health data from a
variety of sources including national medical prescription registries,
congenital anomaly registries, national hospital discharge and birth
registries, EHR and administrative claims databases®*!. The methods
used were diverse and specific to the characteristics of each specific
database. Some studies linked mothers and children through probabilistic

approaches using maternal name, age, municipality?$-32

, through a
common birth record” or only diagnostic codes®®. Similarly to the
approach we followed in our study, a number of studies linked mothers
and children through deterministic approaches using family identification

numbers®®, national health service numbers**?3, dates of birth and

discharge?®*, maternal and child characteristics?’” or algorithms
combining the previous information®. In the present study, we were able
to perform a direct linkage of parent-child EHR data in SIDIAP thanks to
the access to personal data through a TTP, including surnames and co-
insurance numbers. The combination of personal data to additional

information such as age of potential parent, or date of birth and date of
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delivery for potential mothers, helped avoiding possible misclassification
of linkage to other female/male co-insurance (e.g. brother/sister or

grandparents).

In our study we were able to link 92.5% of children to at least one of their
parents, 68% to a potential mother and, 42.9% to a potential father. This
is in line with the percentage of mother-child linkage reported in previous
studies which ranged from 45 to 95%?3. The comparability of the
percentage of linked father and child pairs with other studies is difficult
given that only few studies have previously linked large father-child
health records, and often only the overall parent-child linkage rates are

reported3!-37-38,

In a population subset, we were able to confirm the linkage in 95.5% and
91.0% of mother- and father-child pairs, respectively, which is
comparable with the percentage of true matches (from 95% to 91%)

reported in previous mother-child linkage studies®-’.

In our study,
unsuccessful linkages were more common during the first years of data
collection, in children living in most deprived areas, and children from
non-Spanish nationalities. These results suggest that co-insurance with a
different family member (other than mother or father) and/or uninsurance

status might be more frequent in these population subgroups.

Strengths and Limitations

The main strength of this study is the large sample size of linked parent-
child pairs with available longitudinal data routinely collected by health

professionals in EHR, which will allow future studies focused on the role
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of parental exposures on child’s health. Another strength is the
collaboration with the main health provider in Catalonia which allowed
us to perform a deterministic linkage, and the validation of the linkage of
a pseudo-anonymised EHR database. It will also allow the continuous
linkage of parent-child pairs of future newborns in SIDIAP, as well as the
follow-up of the population linked in this study. Finally, several studies
have shown the role of paternal exposures on child’s health such as the
association between paternal mental illness and risk of injuries in
children and adolescents, or the correlation between increased paternal
body mass index (BMI) and increased BMI in childhood**!. In this
study we were able to link the longitudinal EHR of 334,018 children to
their potential fathers, providing a useful tool to investigate the impact of
father’s exposures and conditions on child’s health and development. In
addition, this newly created birth cohort contains detailed information on
parental sociodemographic and lifestyle characteristics, pregnancy
follow-ups, repeated health and development assessments through
childhood, and environmental exposures. This provides a valuable source
of data for future research on parental and child health in addition to early

life determinants of children’s health.

This study also has a number of limitations. Although we were able to
use date of birth and date of delivery to link mother-child pairs for those
children with a missing NASS of a potential mother, this was not
possible for all children since SIDIAP does not include information from
women using the private healthcare system for pregnancy follow-up and
delivery. In the validation of our linkage algorithm, we found that

approximately 5% of linkages were not confirmed. Finally, the
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proportion of unconfirmed linkages was higher in children from non-
Spanish nationalities and living in most deprived areas. Future studies are
needed in order to better understand these unconfirmed linkages and to
investigate whether parent-child linkage can be improved in these

population subgroups.

Conclusion

In conclusion, we successfully linked and validated the linkage of large
longitudinal health records of parents and children in a primary care
Spanish population, providing a powerful resource for future studies
focused on the effects of parent’s health and early life exposures in a

wide range of child’s health and development outcomes.
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TABLES AND FIGURES

Figure 1. Flowchart of parent-child linkage from 2005 to 2018 in SIDIAP.
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6. DISCUSSION

6.1. General Discussion

In this Thesis we evaluated some common environmental exposures
during pregnancy and their effects on respiratory health during
childhood. Given the importance of the early life period, we set up a
new birth cohort based on EHR to set the basis for future studies on
parental and child health from a real-world data perspective. The
results of the different studies have been presented and discussed in
Chapter 5 of this Thesis. This section aims to provide a general
discussion of the methodological considerations and contributions to
current knowledge. This section also reflects on the implications this
Thesis has for public health and policy and provides suggestions for

future research.

6.2. Methodological considerations

6.2.1. Study design and population

Birth cohorts

The use of prospective population-based birth cohorts in three of the
studies included in this Thesis is a strength. Because of their
prospective nature, birth cohort studies provide a valuable source of
information to study causal relations of early life environmental
exposures with childhood development and health. Birth cohorts
allowed the collection of detailed information on the necessary
exposures, covariates, and outcomes of interest in the consecutive

follow-ups. The use of several birth cohorts from different European
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regions in paper III is also a strength. This allowed us to capture the
heterogeneity in the levels of exposures across regions, their
background characteristics (e.g., different confounding structures)
and susceptibilities across populations. In addition, in paper I1I we
performed IPD meta-analyses. This approach provided a large
sample size that enabled us to assess the small effects usually
associated with exposure to environmental hazards such as
bisphenols (222) and to assess sex as a potential effect modifier. Also,
by performing prospective IPD meta-analyses, we increased the
strength of evidence without relying on published data and thus
limited potential publication bias and reviewer selection bias, which
are common limitations of retrospective meta-analysis (223).
However, birth cohorts also present some limitations. First, birth
cohorts usually are limited in their sample size because they require
a considerable amount of time and economic resources. Although we
included a large number of participants in all the studies (from 1308
in paper II to 5624 in Study IV), sample size was limited to study
some specific exposures such as BPS and BPF, with very few women
with detectable levels during pregnancy, and outcomes such as
wheezing patterns, with a low proportion of children classified as
late-onset wheezers in papers III and IV. Second, as in any birth
cohort, loss to follow-up was present and this may have led to bias if
losses were related to the studied exposure, to the outcome, or to a
relevant characteristic of the study population. In our studies, loss to
follow up resulted in the selection of higher educated and more likely
to be of European origin mothers. However, we assumed that losses

happened at random or completely at random as they were not related
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to the exposure or the outcome of interest. Third, information on
some outcomes and covariates was collected through questionnaires.
Although that is the most common approach in birth cohort studies
to acquire such data, this implies the risk of recall bias and self-
reporting bias in the information collected. Fourth, birth cohorts
included in this Thesis were not initially designed to study the effects
of bisphenols and hence the biosample collection strategy followed
(i.e., collection of one or two spot urine samples) was not the most
adequate to assess exposure to these compounds. Finally, birth
cohorts provide information on past exposures (between 11 and 22
years for cohorts included in this Thesis) which may not reflect

current populations exposure levels.

Real-world data

In paper V, we created a new parent-child cohort by linking their
EHR. The main strengths of this novel cohort are its big sample size
and the availability of data not only from mothers but also from
fathers, which is information usually not available in most birth
cohorts. This cohort was created from the SIDIAP population, which
includes pseudo-anonymised information from a population sample
that is representative of the overall Catalan population. Because EHR
information is routinely collected, this cohort provides the source to
conduct large studies with abundant data without the high costs that
are usually needed in birth cohorts. Also, it allows researchers to
conduct retrospective follow-ups, facilitating the creation of large
longitudinal studies that are feasible in terms of time and costs. This

is an open cohort that will be periodically updated. This means

289



that newborns entering the SIDIAP database every year will be
automatically linked and included in the cohort, assuming a
successful linkage process. However, this cohort also presents some
limitations related to the nature of real-world data. First, the data
available is routinely collected in clinical practice, and thus is not
collected purely for research purposes. Second, despite the cohort
contains a number of health data, it may lack information on relevant
lifestyle or non-healthcare related characteristics that can be collected
in other study designs like birth cohorts. However, this cohort
includes socioeconomic data on deprivation index, nationality, type
of residential area (urban, rural), individual income level (<18,000€,
18,000€ to 100,000€, >100.000€ per year) and type of occupation
(active, retired). Third, there is the risk of under-reporting of some
health factors. For example, there may be a portion of the population
that despite having an ICS centre assigned, they may not make use of
it (i.e., using private healthcare instead). In addition, this cohort
includes the population assigned to a healthcare centre belonging to
the ICS. Therefore, information of the population who attend
healthcare facilities from other providers is not available. However,
this might not result in selection bias because the ICS is the main
provider, it covers around 80% of the Catalan population (205) and
presents characteristics that are representative of the overall
population (206). Linked parent-child pairs were also representative
of the overall paediatric population of Catalonia in terms of sex, year
of birth, and deprivation index. However, those from non-Spanish
nationalities might be underrepresented because the linkage

algorithm tended to be less successful among parent-child pairs from
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a non-Spanish nationality. Thus, further studies are needed in order
to better understand the reasons for unconfirmed linkages and to
investigate whether parent-child linkage can be improved in these

population subgroups.

6.2.2. Exposure assessment

OCs

In paper II, OCs were measured from maternal serum during
pregnancy and/or cord blood samples at birth. The persistent nature
of OCs, with half-lives of years, enables to estimate the overall
exposure during pregnancy with a single measurement (224). Thus,
in paper 11, the risk of exposure misclassification is low. Since cord
blood is considered the best proxy of prenatal OCs exposure (225),
we estimated cord serum OCs in those participants that had only
maternal serum measurements. We were able to create cohort-
specific conversion factors from participants from INMA Gipuzkoa
and INMA Valencia cohorts that had measurements in maternal
serum and in cord blood. We performed sensitivity analyses using the
maternal serum OCs measurements instead and results remained
robust. Because OCs are lipophilic (i.e., accumulate in adipose
tissue), we repeated the analyses using serum lipid-adjusted
concentrations. Again, results remained robust. Levels of OCs in
blood have been reported in previous studies to be generally highly
correlated (76,226,227), thus making it difficult to ascertain the
effects related to each specific compound. In our study population the

correlations were generally low (e.g., r=0.14 for DDE and HCB) but
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high between PCBs (e.g., r=0.88 for PCB-153 and PCB-180). In
addition, we performed multipollutant models including all main
OCs (p,p-DDE, HCB, and XPCB) and results remained robust,
which clarified the interpretation of the results obtained for each
specific compound. Although we are aware of the existence of more
advanced statistical approaches that allow the identification of the
compound within a mixture more associated with the outcome, such
as weighted quantile sum and Bayesian kernel machine regression,
these methods were not fully developed at the beginning of this
Thesis, and we did not apply them. Last, all the examined PCBs were
non-dioxin-like. These PCBs have different biochemical and
toxicological properties compared to dioxin-like PCBs, and therefore
may have different effects on health (228). Thus, our results cannot

be extrapolated to all PCBs.

Bisphenols

In paper III, we assessed BPA, BPF, and BPS from maternal urine
samples collected during pregnancy. We adjusted bisphenols
concentrations for creatinine to correct for urine dilution by dividing
bisphenols concentrations by the concentration of urinary creatinine.
This has been the most used standardisation approach to adjust for
urine dilution in previous studies (229) although there are other
methods such as specific gravity (230). In paper III we determined
exposure to bisphenols from 1 or 2 spot urine samples. Because
bisphenols are non-persistent organic pollutants with short half-lives
(i.e., hours), the assessment from 1 or 2 spot urine samples might

have led to exposure misclassification. However, misclassification is
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suspected to be non-differential (i.e., not related to the outcome).
Therefore, this is likely to have attenuated our results, biasing the
estimates towards the null, without increasing the risk of bias towards
false-positive results (231). Also, the high within-day and between-
week variability (232) also limited the assessment of critical windows
of exposure in our study (i.e., trimesters). Although we assessed BPF
and BPS, measurements were only available in four of the eight
cohorts included, and the number of samples with detectable levels
was generally low. Thus, we were not able to consider the exposure
as continuous and categorised them into detected and undetected. In
our population, mothers among the detected group tended to smoke
less and had a higher educational level compared to those among the
undetected group. We suspect mothers with higher education and a
healthier lifestyle tend to use more BPA-free products which in turn
may contain BPA substitutes, as observed for parabens (233).
Although we adjusted our models for lifestyle and socioeconomic
factors, residual confounding cannot be ruled out, plus our results
might reflect a selection of wealthier and healthier subsample than
the associations with the exposures. A strength of paper III was the
use of eight ongoing birth cohorts, but that implied that the exposures
were measured at different laboratories. In order to ensure
comparability of results between cohorts, we conducted an
interlaboratory comparison. Although we observed poor correlations
between Granada and Cordoba laboratories in relation to the other
laboratories (Pearson r<0.5), after excluding INMA Gipuzkoa
(Granada laboratory) or INMA Sabadell (Coérdoba laboratory)

cohorts from the analyses, results did not change.
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Urban environment

A strength of paper IV is that we assessed a wide range of exposures
related to the urban environment. We included 44 exposures that gave
information on the maternal exposure levels of air pollution, noise,
traffic, green and blue spaces, and built environment during
pregnancy. This wide exposure approach might have helped to avoid
publication bias and provided a better adjustment for confounding
co-exposures, compared to single pollutant approaches. Exposure
assessment of air pollutants was adjusted for temporal variability,
thus limiting to some extent possible measurement error. Also, we
included information on area-level SES, which provided an added
value for the assessment of the associations of urban environment
with childhood respiratory health. SES plays an important role in the
associations of the urban environment with respiratory health in
childhood. Disentangling the effects of SES on the associations of
urban exposures with health outcomes is not straightforward and is
likely to vary across urban settings (234,235). Thus, by considering
area-level SES, in addition to individual level SES information, we

could diminish the possible confounding of exposures due to SES.

Exposure assessment of the urban environment variables has some
methodological considerations. First, exposures were assessed as the
mean exposure levels during pregnancy estimated at the home
address of the mothers. Although this is a common approach in
population-based studies, especially those with big sample size, the
estimation of exposures at the home address may not reflect the actual

exposure of the mothers not considering their movements across the
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city with various levels of urban exposures, other micro-
environments such as the workplace, or time spent outdoors, for
example. A more detailed and accurate exposure assessment such as
personal monitoring could reduce exposure misclassification.
However, personal monitoring is laborious and is highly time and
economic costly. Second, measurement error bias might be of a
different magnitude across exposures. Thus, the comparison of each
exposure associations with respiratory health should be interpreted
cautiously. However, as exposure assessment was independent of the
health outcomes explored, we expect that any misclassification bias
would be non-differential, and therefore might have attenuated the
effect estimates without increasing the risk of false positives. Third,
among non-time varying exposures or highly correlated exposures in
time (e.g., green and blue spaces), we cannot exclude that observed
effects might not purely reflect the exposure during pregnancy but
the postnatal exposure. To ensure the associations reflected the
exposures during pregnancy and were not confounded by postnatal
exposures, we further adjusted our analyses by postnatal exposures
measured the year prior to the outcomes assessment, and most results
remained robust. Last, although we assessed a wide range of
exposures, we did not include other exposures also related to the
urban environment that might be of relevance to childhood
respiratory health (e.g., ultrafine particles, volatile organic
compounds, type and quality of green spaces, pollens, light exposure

at night) and merit further investigation.
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6.2.3. Outcome assessment

Lung function

In papers II, IIT and IV, lung function was measured from spirometry
tests. Spirometry is a highly valuable tool to obtain an objective
measure of lung function. In the three papers, spirometry was
performed following the ATS/ERS guidelines (219). In all cases,
lung function was measured by trained personnel and following
common protocols established by the ATS/ERS guidelines, which

reduced the risk of measurement error.

In paper II we assessed lung function in pre-school children (mean
age 4 years). The validity of lung function testing by spirometry in
pre-school children has been debated for many years. Performing
spirometry tests in that age-range is challenging because of the poor
cooperation of the participants (236). However, many studies have
shown that it is possible to obtain reliable lung function
measurements at these ages (132,237-240). In addition, the
ATS/ERS stated that spirometry in children aged <6 years is possible
(241). In paper 11, to ensure the optimal reliability, spirometry tests
were performed by pulmonologists or trained nurses that followed
the ATS/ERS recommendations for that age and ensured a maximal
collaboration of children. In addition, and for all spirometries
performed within the INMA cohorts (used for papers II and III), we
developed a protocol (Appendix G) to perform an additional cleaning
process of spirometries in which a trained researcher thoroughly

inspects each of the obtained spirometries and determines their
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acceptability and reproducibility for their use in analyses. However,
in the rest of the HELIX cohorts (BiB, EDEN, MoBa, and RHEA)
(paper III), the additional cleaning process of spirometries was not
done manually and the shape of each curve was not inspected. It was
automatised following the ATS/ERS criteria. To ensure that this
cleaning process did not introduce bias, 243 examinations from
INMA were cleaned using both approaches (i.e., inspecting each
curve manually vs the automatised cleaning process). The same
manoeuvre was selected from both approaches in 79% of the cases.
For the remaining 21%, the correlation between the FEV: of the
different curves selected was very high (Pearson correlation r=0.96)
(74). Measurement error of spirometry in all papers (papers II, III,
and IV) was also examined by repeating the analyses among children
who had reproducible spirometries. In all cases, results remained
robust. Despite minimizing possible bias due to measurement error,
lung function estimates need to be carefully interpreted since the
spirometry measurement error might be greater than the estimates,

when the estimates are expected to be small.

In papers II, III, and IV, the effects of several environmental
exposures in relation to childhood lung function was examined in
eight different birth cohort studies. To reduce possible bias due to
between-cohort variation, all analyses were adjusted for cohort. In
addition, we used the validated GLI age-, height-, sex-, and ethnicity-
adjusted z-scores (220) to ensure comparability of lung function
estimates across cohorts, especially in papers III and IV, where

populations included were ethnically more diverse.
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We based the lung function assessment on the FEVi, FVC, and
FEVI/FVC parameters. Additionally, in papers III and IV we also
explored FEF2s.75%. FVC, FEVI/FVC and FEF2s.75% are parameters
more prone to measurement error, as they are highly dependent on a
correct complete forced exhalation. This needs to be considered when
interpreting results related to these parameters. However, we would
like to highlight the added value of FEF2s5.75% as an early marker of
small airways impairment (242). Thus, it is worth putting efforts in
obtaining reliable measurements in order to further explore this
parameter in future studies. In our studies we did not consider neither
lung function trajectories nor spirometric phenotypes (i.e.,
obstructive, abnormally low FEV1/FVC, and restrictive, abnormally
low FVC but normal FEV1/FVC). Both approaches allow a more
accurate identification of young children at higher risk of disease
(9,243). Therefore, identifying early life environmental exposures in
relation to lung function trajectories and spirometric phenotypes

among children would be of relevance.

In our studies we did not perform the bronchodilator test for a better
identification of an obstructive pattern because of the complications
of performing that test in a birth cohort setting. Indeed, in the INMA
Sabadell cohort we performed a pilot study when children were aged
11 years old to know if parents were in favor of administrating a

bronchodilator to the child, and the majority of them did not accept.
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Wheeze and asthma

Wheeze and asthma outcomes were explored in papers III and IV.
These outcomes were assessed from parental reported questionnaires
adapted from the ISAAC study, which is a validated tool and the most
common approach to assess these outcomes in population-based birth
cohort studies (23). Strengths on the outcome assessment in this
Thesis include the assessment of wheezing patterns across childhood
and the use of a validated asthma definition proposed by the
MeDALL project (24) in paper III. In paper 1V, a slightly more
conservative definition was used. However, some limitations need to

be discussed.

The reporting of outcomes from questionnaires might have led to
recall bias and misclassification bias. For example, parents may not
remember wheeze episodes suffered by their children if those are not
particularly recurrent or do not progress to asthma. This is of concern
in the wheezing patterns assessment in paper III. The data on
wheezing episodes available across ages differed between cohorts. In
Generation R and INMA cohorts, information on wheezing before
the age of 4 years was available at two to four time points, whereas
in BiB, EDEN, MoBa, and RHEA, data on wheezing before 4 years
was only available at one time point. In these cohorts wheezing until
4 years was asked as “ever had wheezing until 4 years” and/or “had
wheezing in the last year at the age of 4 years”. We suspect that in
these latest cohorts a considerable proportion of children that had
wheezing episodes between 0 and 3 years were wrongly classified as

never wheezers. However, when excluding these cohorts from the
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models, estimates did not change. In paper 1V, data on wheezing
episodes was available for every year until the age of 5 years, but
there was no information until 9 years of age. We suspect a
proportion of children were wrongly classified as not having wheeze
in the school-age period and might have affected late and persistent

wheezing classification.

We considered doctor diagnose asthma, wheeze in the previous year,
and asthma medication use in the previous year to define asthma. In
paper 111, asthma was defined as present if two of the three former
conditions were met. In paper IV, a slightly stricter definition was
used: doctor diagnose of asthma with either wheeze or asthma
medication use in the previous year. However, assessing asthma in
epidemiologic studies is challenging. When considering populations
from different countries, variations in asthma may also reflect
international differences in the asthma diagnosis practices or
adherence to the guidelines (244). Another main challenge, and
related to the previous, is the absence of a general consensus for its
definition, which in part is consequence of its inherent heterogeneity
(26). Asthma is an umbrella disease that covers many phenotypes.
Until these phenotypes are better characterised and those are used in
studies assessing environmental risks of asthma, the risk of outcome
misclassification will be present, resulting in a dilution of risk
estimates (26). Further, different asthma definitions across studies
impedes the comparison of results and adds inconsistencies in
reported estimates. An example of this was presented in a review

(245) of 122 cohort studies assessing risk factors of childhood
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asthma. They identified 60 different definitions of asthma were used.
They estimated an overall agreement of 61% using the four most
common definitions. This means that up to 39% of participants would

be differently classified depending on the definition used (245).

Last, we did not assess other outcomes which might be of relevance
such as respiratory tract infections, atopy, allergic sensitisation,
biomarkers of inflammation, or the presence comorbidity such as the
atopic triad (i.e., atopic dermatitis, allergic rhinitis, and asthma)
(246), among others. Wheezing, especially at younger ages, might be
a consequence of respiratory tract infections (247), and atopy is
frequently present in children with asthma or presenting other
respiratory or allergic symptoms that need to be considered under the
asthma umbrella concept (248). This goes in line with the need to
distinguish asthma phenotypes in children and use those as outcomes

in studies instead.

6.3. Contribution to the current knowledge

This Thesis contributed to the understanding on the effects of
common environmental exposures during pregnancy on children’s
respiratory health including chemical pollutants and exposures
related to the urban environment, added new insights on the role of
urban environments on children’s respiratory health from a wide
range of exposures perspective, and provided a new data source to
develop studies on parental-child health, perinatal health, and early
life exposures using Real-World Data. More specifically, and in

concordance to the Thesis objectives, this Thesis contributed to the
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understanding of: 1) the current knowledge on the effects of prenatal
exposure to organic pollutants on children’s lung function, 2) the
effects of prenatal exposure to organochlorine compounds on
children’s lung function, 3) the effects of prenatal exposure to
bisphenols on children’s respiratory health, 4) the effects of maternal
exposure to the urban environment during pregnancy on children’s
respiratory health, and 5) the creation of a new parent-child cohort

linking EHR from the SIDIAP database in Catalonia.

6.3.1. Chemical pollutants

Current state of the evidence

In paper I, we provided a narrative review of the current evidence on
the effects of prenatal exposure to organic pollutants on lung function
in the offspring. We examined persistent organic pollutants (OCs and
PFASs) and non-persistent organic pollutants (bisphenols, parabens,
triclosan, benzophenone-3, phthalates, and currently used pesticides).
We found insufficient evidence for all the assessed organic
pollutants, with few studies available and inconsistent results across

them.

Regarding OCs, only three studies have assessed prenatal exposure
OCs in relation to children’s lung function, including the study (paper
IT) developed as part of this Thesis. The three of them found evidence
of lower lung function in relation to prenatal exposure to OCs, mainly
p.p -DDE. Evidence on prenatal exposure to bisphenols was focused
on BPA. Of the five studies that explored the association with

childhood lung function, only one reported decreased lung function
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at 4y. The other studies reported null associations. There was no
evidence on other bisphenols. In paper I we further discussed
potential causes of inconsistencies and limitations of the studies
conducted on the topic including exposure assessment, outcome
assessment, statistical approaches, and their external validity. Based
on the limitations, we provided recommendations for future research.
Some of these recommendations were considered to conduct a meta-
analysis of the association of prenatal bisphenol exposure with

children’s respiratory health in paper II1.

Organochlorine Compounds

In paper II we highlighted the importance for the study of OCs
because, although OCs were banned since the 1980s (65), we showed
that population born two decades later were still exposed to them. We
detected quantifiable levels of p,p"-DDE, HCB, PCB-138, PCB-153,
and PCB-180 in more than 80% of the studied population. p,p-DDE
was the most prevalent compound and the one with the highest
median concentrations. This showed that current populations, and
consequently future generations, are and will be still exposed to these

compounds.

In paper II, we examined the association of prenatal exposure to OCs
with lung function at 4 years and 7 years of age in three INMA birth
cohorts. We observed that prenatal p,p'-DDE was associated with
reduced lung function during childhood, especially FEVi and at
medium levels of exposure. We also observed reduced FVC at low

exposure levels of HCB at 7 years and we did not find consistent
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associations with any of the explored PCBs. In paper II we
additionally included a repeated measurement analyses in a
subsample of children that had lung function tested at 4 and 7 years
of age. In these analyses we observed an overall association between
prenatal exposure to p,p -DDE and reduced FEV1 across childhood.
These results are in line with two previous studies. In a Danish birth
cohort exposed they reported an association of very high levels of
p.p -DDE, HCB, and PCBs with increased risk of airway obstruction
(FEV1/ FVC < 75%) at 20 years of age (73). In a recent study
assessing the totality of environmental exposures during pregnancy
on lung function, p,p’-DDE tended to be associated with reduced
FEV1 at school-age, but results did not reach statistical significance
(74). In paper 11 we observed reduced lung function in relation to
p.p -DDE even at levels much lower compared to those observed in
the Danish birth cohort (73). Similar to previous studies on OCs and
respiratory health, we observed associations at certain exposure
concentrations, and not necessarily at the highest exposure levels.
This contributed to the existing evidence on non-monotonic
exposure-response that OCs may follow. This means that increasing
concentrations will not necessarily have greater effects on the
complete exposure range, and that lower exposures may be also of

concern.

Bisphenols

In paper III, we assessed BPA and two emerging substitutes: BPF and
BPS. This study was the first to assess prenatal exposure to BPF and

BPS in relation to children’s respiratory health. This is of importance
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because these substitutes are becoming more present in daily life
products as a result of production restriction and health concerns of
BPA (83,249). In addition, BPF and BPS have similar biochemical
structure and mechanisms of action than BPA and thus, may have

similar deleterious health effects (86,250).

We detected concentrations of BPA among 90% of the samples
across cohorts. This is of relevance because highlights the
widespread exposure to BPA, which is of special concern in
vulnerable populations such as pregnant women. Exposure to BPF
and BPS was lower (detected in 40% and 70% of samples,
respectively). However, it needs to be noted that such detection levels
reflect exposures from 2002 to 2008, which not necessarily are the
current levels. We would expect current exposure levels to BPA
substitutes to be higher nowadays because of their progressive
production and use in the market in the last decade due to the
increasing concerns and stricter regulations of BPA. Therefore,

further studies assessing the emerging BPA substitutes are needed.

Before this Thesis, the number of studies assessing prenatal BPA
exposure in relation to childhood respiratory health was limited and
results were inconsistent. In paper III, we observed that prenatal
exposure to BPA increased the odds of asthma and wheeze at school-
age among girls. This did not seem to be explained by lung function
adaptations, but rather through immunomodulatory mechanisms.
This could be explained by the ability of bisphenols to cross the
placenta (251) and interfere with the developing respiratory and
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immune systems by binding to a number of receptors related to
inflammatory and oxidative stress pathways that have been observed
in in vitro, animal, and human studies (91,252-254). Although
animal studies have observed deleterious effects on the structural
development of the lung after prenatal exposure to BPA (87,255), we
could not confirm that in our study. In our study, BPA was positively
associated with lung function at school age but only among boys,
estimates were very small and generally towards the null, and
associations disappeared in sensitivity analyses. Most previous birth
cohort studies did not find associations between prenatal BPA and
lung function at school age (74,93,94). Only one cohort study
associated prenatal BPA exposure with a decrease in %FEV: at 4
years but this association disappeared at 5 years of age (92). Our
findings of an association between prenatal BPA and increased risk
of asthma-related symptoms during childhood are in line with some

(92,93,95-98) but not all (99—101) of previous studies.

Also, paper III adds evidence for potential sex-dependent effects of
BPA exposure, only assessed in few studies that yielded
contradicting results (96-98). The lack of consistency of sex-specific
effects of previous studies might be partly explained by their small
sample size. By combining eight cohorts and performing a meta-
analysis with the largest sample size of studies on the topic to date,
we were able to assess the sex-dependent effects with greater power
than previous studies. Such sex-dependent effects could be explained
by the hormonal activity of bisphenols. As an estrogenic chemical,
BPA may exert different effects on male and female due to the

complicated internal environment, such as different hormone level,
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hormone type, and metabolic rate of BPA (256). Fluctuations of sex
hormones and their consequences on immune functions can play a
role in asthma pathogenesis, as observed in asthma incidence in
hormonally changing periods such as puberty, pregnancy, and

menopause (257).

6.3.2. Urban environment

In paper IV, we assessed a broad range of exposures related to the
urban environment. This study was the first to assess the prenatal
urban environment in relation to respiratory outcomes other than lung
function. In this study we assessed multiple respiratory outcomes
through childhood that provided a broader picture to understand the

effects of urban exposures on respiratory health.

We observed that the median air pollution levels to which mothers
were exposed during pregnancy (NO2>=38.48 (7.48) pg/m’, PMio=
31.36 (6.14) pg/m*, PM2s= 19.72 (3.83) ng/m?®) were slightly below
the current EU regulations (40 pg/m® for NO2 and PMio, and 25
ug/m? for PM2s), but above the threshold recommended by the WHO
40pg/m> for NOz, 20 pg/m® for PMio, 10 pg/m? for PMas. Almost
half of the mothers were exposed to daily noise levels above the EU
regulations (Lden>55 dB) and 37% were exposed to night noise
levels above the EU regulations (Ln>50 dB). Remarkably, exposure
to natural spaces was high. Most mothers had access to major (>5,000

m?) green (80%) and blue (54%) spaces.

In paper IV, we were able to explore the associations of the urban

environment during pregnancy with childhood respiratory health by
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combining three complementary approaches: 1) single-exposure
analyses (ExWAS), 2) multiple exposure analyses (adjusting by co-
exposures), and 3) cluster analysis of multiple exposures. Single-
exposure analyses tested exposure-by-exposure associations with the
outcomes. This approach displays a high sensitivity compared to
other regression methods in the context where multiple exposures are
examined (258). However, it presents two main limitations. First, this
approach presents a high false discovery rate compared to other
methods. To reduce false-positive results, we corrected for multiple
hypothesis testing using an adapted version of the Bonferroni
correction that takes into account the correlation structure of the data
(259). Second, it does not control for between-exposure confounding.
To overcome this limitation, we also performed two multiple-
exposures analyses (approaches 2 and 3). In multiple-exposures
analyses (approach 2), we adjusted by the models by co-exposures
considering their causal structure. With this approach we reduced the
rate of false-discoveries by adjusting for the most appropriate set of
co-exposures. By taking into account the causal structure of
exposures, we reduced the risk of over-adjustment of the models.
Last, because each urban setting is unique, we performed a cluster
analysis (approach 3) to evaluate specific urban exposure patterns of
the study population in relation to children’s respiratory health.
However, this approach does not allow to capture the specific effect

estimates of each exposure with the outcome.

An added value of paper 1V is that we examined the associations

taking into account the area-level SES in addition to individual level
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SES characteristics. We adjusted single and multipollutant models by
area-level SES and we standardised the exposures by area-level SES
in cluster analyses. By standardising the exposures, we avoided the
influence of the wvariance by SES, and minimised residual
confounding by SES. The way how SES influences on studies of
urban exposures and health is not clear. While in the US studies have
shown an association of higher deprivation with more harmful
environments, in the EU findings have been mixed (234). In our study
population levels of exposure across SES quintiles was mixed. We
did not observe an increasing pattern of air pollution with increasing
deprivation, observing the highest median levels of NO2 in quintiles
4 (highly deprived) and 2 (low deprived). Highest levels of noise
were observed in the two most deprived quintiles. Quintiles 1 (least
deprived) and 3 (medium deprived) presented the highest levels of
green spaces, and quintiles 1, 2, and 4, the highest levels of blue
spaces. Therefore, in our study population, some but not all harmful

environments were related to higher deprivation.

In paper 1V, results showed that in single and multiple exposure
analyses, higher maternal exposure to NO2 and PMazs during
pregnancy was associated with lower lung function only in mid-to-
small airways in the child. Our results highlight the relevance of
FEF2s5.75% as an early marker of small airways impairment (242).
Counterintuitively, higher levels of PMz s increased FEV1 and FVC.
However, these associations were no longer observed when
considering the urban environment as a whole in cluster analyses

where we standardised exposures by area-level SES. Similar results
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were observed in the first study that assessed the totality of the
prenatal urban exposures in relation to childhood lung function (74).
A positive association was observed between inverse distance to the
nearest road (i.e., a proxy of traffic related air pollution) and lung
function; the authors considered it a spurious finding (74). Air
pollution exposure during pregnancy can affect the lung and immune
system development because air pollutants inhaled by the mother
during pregnancy can cross the placenta (117). Our results for FEF2s.
75% are in line with a previous study where higher prenatal NOx was
not associated with FEV1, FVC or FEV1/FVC, but was with lower
FEF25.75% (21). Some single exposure studies (only assessing the
effects air pollution) reported associations of higher exposure during
pregnancy to PMzs and PMio with lower FEV1, FVC or FEVI/FVC
(121,130,131,133) while others reported no associations
(74,130,135,136). Our contradictory results of higher PMz.s with
higher FEV1 and FVC should be further explored before any strong
conclusions could be made. Our study did not shed light on the
current inconsistent evidence regarding prenatal exposure to air
pollution and wheezing and asthma during childhood (121,129-136).
We observed counterintuitive associations with wheeze and asthma
outcomes because higher exposure to PM2s was associated with
decreased risk of persistent wheeze and no association was observed
with asthma. In our population, air pollutants, mainly PMs, had
narrow ranges, which IQR between 0.39 pg/m? in PM2sabs and 6.14
ug/m® in PMio. This might have biased the effect estimates by

limiting adequate comparison groups, as lower exposed participants
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were already exposed to high levels of air pollution that were very

similar to those highly exposed.

This is the first study to show that high road traffic noise levels were
associated with increased risk of early wheezing and asthma at 10
years of age. The two studies that have explored these associations
reported null findings (74,171). This is also the first study to show an
association of increasing size of the nearest major blue spaces with
higher lung function and lower odds of asthma. Only one previous
study assessed this and did not find any association (74). However,
in that study they assessed blue spaces as their presence in a 300m
buffer, to which we did not find any associations either. Given the
potential health benefits of blue spaces and the scarcity of studies
conducted, further research is guaranteed. We did not find any
association with green spaces exposure. We observed narrow ranges
of green spaces (IQR for NDVI was 0.14), which might also have
underestimated the effect of green spaces on respiratory health by
lack of adequate comparison groups. Also, we based our exposure
assessment of green and blue spaces on availability and accessibility,
but we did not have information on other characteristics about the
quality, safety or use of such spaces that might be relevant for

exposure-health assessments.

Our study was the first that applied a cluster analysis approach in
relation to childhood respiratory health. Other studies have applied it
in relation to other health effects such as obesity (260) and blood

pressure (261). Although this approach has some limitations such as
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that it cannot identify the urban exposure mostly associated with the
outcome, it allows to distinguish children sharing similar urban
exposure patterns. In our study, we observed that living during
pregnancy in an area characterised by higher air pollution, noise,
urbanisation, and lower levels of natural spaces was associated with
lower FEF25.75% and increased risk of early and late wheeze but lower
risk of persistent wheeze. Finally, it is important to highlight that the
study of the totality of the urban exposures in relation to health is an
ongoing developing field and there is no consensus on which is the

best strategy to follow to address their combined effect.

6.3.3. Linkage of parent-child EHRs

In paper V, we were able to successfully link the EHR of 719,858
children born from 2005 to 2018 to the EHR of at least one potential
parent in SIDIAP, which represents 92.5% of the SIDIAP paediatric
population born in that period. Two thirds of children were linked to
their potential mother and 42.9% to their potential father.
Additionally, 143,590 (18.5%) children could be linked to the EHR
of both parents. We developed the linkage through a deterministic
approach by combining information on the parents’ and children’s
NASS, ages, surnames, and dates of delivery and birth. We further
validated the linkage algorithm in a subgroup of 7,307 mother-child
pairs and 4,420 father-child pairs with available information on their
PIC, which is a unique identification code for healthcare access that
allows a direct link of parents to their children. Overall, the validation
confirmed 95.5% of mother-child pairs and 91.0% of father-child

pairs.
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With this linkage we did not aim to create a novel algorithm, but to
apply a similar approach to those previously developed in other
settings to the specific characteristics of the SIDIAP database to
create a new parent-child cohort. Previous studies followed diverse
approaches that were specific to the characteristics of each setting.
Some opted for probabilistic approaches using for example maternal
age, municipality, birth records or diagnostic codes (262-265).
Others, similar to our approach, followed deterministic approaches
through family identification numbers, national healthcare numbers
or combined the previous with other characteristics such as dates of
birth and discharge, and maternal and child characteristics (266—
271). The choice of probabilistic or deterministic approaches is made
depending on the information availability. Many national registries
in Europe anonymise their EHR, which enhances the use of
probabilistic approach using sociodemographic or clinical
characteristics, while others make universal identification numbers
available. Universal identifiers, such as the NASS, facilitate the use
and reliability of deterministic linkages (272). In paper V we were
able to perform a deterministic linkage of parent-child EHR data in
SIDIAP thanks to the access to personal data through a Third Trusted
Party, including surnames and co-insurance numbers. The
combination of personal data to additional information such as age of
potential parent, or date of birth and date of delivery for potential
mothers, helped avoiding possible misclassification of linkage to

other female/male co-insurance (e.g., brother/sister or grandparents).
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This new cohort contains information with the potential to be used
for different study designs (e.g., birth cohort, case-control, case-
crossover). In addition, the EHR of each study participant has been
linked to other databases including environmental exposures,
socioeconomic, pharmacy, and hospital data. Thus, this new cohort
also provides a valuable source of data for future research on parental
and child health in addition to early life determinants of children’s
health. It includes detailed information on: 1) Parental and children’s
EHR including diagnostic codes, specialist referrals, hospital
discharge, and laboratory and clinical measurements; 2) Prescriptions
and dispensations of medications; 3) Sexual and reproductive health
information, including also all pregnancy assessments (e.g.,
ultrasounds, mode of delivery, gestational age); 4) Children’s health
and development information from the “Childhood with Health”
(Infancia amb Salut) (273) program that periodically assesses
multiple health and developmental outcomes in children attending
the Catalan public healthcare services from birth to 14 years of age
(e.g., birth outcomes, breastfeeding, weight, height, BMI, puberty
development, psychomotor  development, oral  health,
ophthalmologic assessments); 5) Sociodemographic characteristics
(e.g., age, nationality, area-level SES, individual income level,
occupation status); and 5) Environmental exposures estimated at the
census tract level (e.g., air pollution, noise, green spaces, built

environment).
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6.4. Implications for Public Health and Policy

The promotion of safe and healthy environments, especially during
vulnerable periods of life such as pregnancy and childhood, should
be a major public health priority. Determinants of health and disease
in these periods are of utmost importance as their effects may track
into adult life. Therefore, by aiming at prevention strategies in early
life, the beneficial effects may not be reduced to pregnant women and

children’s health, but to the overall population’s health.

As shown earlier, the exposures studied in this Thesis are ubiquitous.
This in itself should be a public health concern. Although the
observed effects of chemical pollutants and urban environment on
children’s respiratory health may not be clinically relevant at an
individual level, they are important from an etiological perspective
and at a population level. As mentioned in paper I, an example of the
relevance of small effects of environmental exposures at the
populations health level is the case of lead exposure in children and
the reduction of the intelligence quotient (IQ) by 6 points (274,275).
This reduction at a population level is estimated to nearly double the
number of people with an intellectual disability (i.e., IQ below 70)
(276). Thus, even in the absence of consistent evidence about the
detrimental health effects of a given exposure, the precautionary

principle should prevail.
Overall, the results of this Thesis suggest that early life exposure to

common environmental pollutants affect children’s respiratory

health. These exposures are some of the most common exposures.
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They are present in food, daily life products, and compose the
environments where most of the world’s population live in. Because
of'that, this is not a matter of concern only to the Biomedical or Public
Health field, but also, and most importantly, to international
institutions with capacity to regulate the presence of those exposures.
In this sense, it is important to consider this as a global issue that
requires common strategies and regulations across countries.
Individual measures to reduce harmful exposures can be taken, and it
is important that populations are aware of them and of changes they
can make to reduce them. However, the focus must be put on
legislative bodies capable of making global and lasting changes. Only
in this way we will achieve changes that revert into healthier and

lasting effects on the population.

Specifically, the findings of this Thesis suggest that prenatal
exposure to OCs negatively influences children’s lung function. OCs
were banned in the EU in 1983, and worldwide in 2004 when the
Stockholm Convention entered into force (65). However, the use of
p,p-DDT is permitted for malaria vector control in endemic
countries (277), which has generated a strong debate in the
international community. This Thesis adds evidence on the
detrimental effects of prenatal p,p -DDE, a metabolite of p,p -DDT,
on children’s lung function. Results of this Thesis provide further
evidence for policy makers to include in the debate. This Thesis also
adds evidence to add in the debate of currently used pesticides. The
ban of persistent pesticides such as p,p -DDT has led to the extensive

use of non-persistent alternatives pesticides (e.g., organophosphate
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pesticides or glyphosate) (278) that can also have detrimental health
effects. The massive use of aggressive pesticides in agriculture is a
consequence of the global agri-food market and is a threat to human
health and the ecosystems. Based on the precautionary principle and
from lessons learned from p,p’-DDT, pesticides suspected to have
health effects should be reduced, if not eliminated. An alternative is
to opt for a more locally focused production of food that does not rely

on the extensive use of such pesticides.

This Thesis suggests that prenatal exposure to BPA negatively
influences children’s respiratory health. Our results provide a better
understanding on the role of bisphenols in the causation of respiratory
symptoms and asthma. This suggests important opportunities for
asthma prevention since exposure to these chemicals is modifiable.
When the Thesis started, policies to reduce exposure to BPA were in
place in some countries such as France, but such measures were not
widespread. For example, in Spain there is no national regulation on
endocrine disrupting chemicals. In 2017, the European Chemical
Agency considered BPA as a “substance of very high concern”
(84,85). Consequently, in the last years, BPA production has been
restricted in some countries, arising the emergence of substitutes such
as BPF and BPS (86). From 2020, the EU has banned the use of BPA
in thermal papers (Commission regulation 2016/2235) but has not
included any regulation on its analogues. Hence, the results of this
Thesis appear in a crucial moment in which regulation and exposure
guidelines for endocrine disrupting chemicals are in the spotlight in

Europe. We did not find conclusive evidence for BPF and BPS. We
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were limited in their assessment by the small number of samples with
detectable levels. However, they reflect levels from 2002-2008 which
not necessarily are current levels, that we expect to be higher.
Because they can have similar toxicity than BPA (250), similar
regulations should be taken for the substitutes. Current EU chemical
legislation is based on substance-by-substances approaches instead
of chemical classes. This means that current regulation is focused on
BPA, obviating analogues with suspected similar toxicity (279).
Thus, regulation needs to move forward by limiting entire chemical

classes instead of individual compounds.

This Thesis also suggests that the urban environment during
pregnancy might shape children’s respiratory health until school-age.
Urban planning is of greatest importance in determining the health of
the population. How a city is designed determines how people in that
city live and what they are exposed to (280). Results from this Thesis
suggest that living during pregnancy in an urban environment
characterised by higher levels of air pollution, noise, urbanisation,
and lower levels of natural spaces may negatively affect children’s
respiratory health. These results add evidence to the existing on how
inadequate urban planning negatively affects the health of its
inhabitants (194,281). It is important that policy makers shift
priorities from private to active and public transportation modes (i.e.,
cycling, walking). In addition, urban planning needs to be inclusive
in order to promote healthier environments in an equitable manner by
reducing social inequalities that do not leave any collective or

neighbourhood behind. Thus, improving urban planning in order to
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minimise harmful and maximise beneficial urban exposures, along
with reducing social inequalities related, is key to ensure a healthy
respiratory development in childhood, that in turn, will result in a

reduction of respiratory morbidity later in life.

Last, in this Thesis we provided a new birth cohort through the
linkage of EHR of 719,858 parent-child pairs that can be of relevance
for Public Health and policy decision making as it contains data
reflecting current populations health status and trends. Also, it can
help detect vulnerable populations in terms of disease or healthcare
use or accessibility. Further, it provides a relevant monitoring and
surveillance tool in a real-world context. In addition, it can be used
to examine the status of healthcare delivery (e.g., practice patterns,
quality of care) and safety and effectiveness of drugs and vaccines.
Pharmacovigilance studies are of key importance, especially among
pregnant women, who are usually excluded from clinical trials for
obvious ethical concerns (282). A good and most current example of
the potential of this cohort to support policy decision-making is its
capacity to monitor COVID-19 infections in pregnant women and
their related pregnancy and birth outcomes, and to perform
pharmacovigilance and safety studies of vaccination among pregnant

women and children.

6.5. Future research

6.5.1. Study designs and populations

Birth cohorts are usually limited in their sample size, which may

hinder the assessment of some environmental exposures on health,
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especially when effects are expected to be small. In this sense,
collaborations across existing birth cohorts offer a powerful
opportunity. These can increase the level of evidence to explore
smaller effects and identify vulnerable groups across countries. An
example of current collaborative research to expand and improve
studies on early life determinants of health is the Horizon2020-
funded LifeCycle Project, that joins 19 birth and childhood cohorts
(283).

The linkage methodology used to create the EHR-based parent-child
cohort tended to be less successful among subgroups of the
population. Future studies are needed to explore the reasons for the
unsuccessful linkages in order to improve the algorithm and link the
maximum number of parents and children, regardless of their
sociodemographic characteristics. This new cohort offers many
opportunities for future research using real-world data because it
contains detailed information on a number of maternal, paternal,
environmental, clinical, and sociodemographic factors as well as
extensive information on children’s health and development. Future
studies could broaden the scope of their research questions with
longer follow-up time. Future studies could make use of this cohort
for studies assessing urban environmental exposures on children’s
respiratory health, as it has been done with other health outcomes

(284).
6.5.2. Environmental exposures

In paper I we showed that most of the current evidence regarding

organic pollutants is based on the same few birth cohorts, often
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limited in their sample size, which limits the generalisation of the
results in other population settings with different use of chemicals
and thus of exposure levels, and different sociodemographic
characteristics. Also, in most studies on non-persistent organic
pollutants such as bisphenols, the exposure was assessed from a
single or few spot urine samples, which might have led to
misclassification and attenuation of the results. Therefore, further
studies, with larger sample size to study susceptible groups,
conducted in different population settings, with a thoughtful
sampling design, and including a number of repeated non-persistent
pollutant measurements during several days of the week in the three
trimesters of pregnancy are needed. This thoughtful sampling design
has already been applied in some recently established birth cohorts
demonstrating its feasibility in large population-based studies (285).
Also, in order to improve current EU chemical legislation, further
research is needed on the assessment of temporal variabilities of non-

persistent pollutants exposure in relation to health outcomes.

Most previous studies on OCs and bisphenols have followed single-
exposure approaches. However, populations are exposed to many
pollutants simultaneously. Further studies are needed assessing
multiple exposures and chemical mixtures as well as consider non-
linear exposure-outcome relationships that are commonly observed
in endocrine disrupting chemicals. Further, future studies should also
include chemicals with increasing presence in the market such as

BPF or BPS, of which very little is known.
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The studies included in this Thesis, as the vast majority of
epidemiological studies evaluating the health effects of chemical
pollutants, rely on concentrations of chemicals determined in
maternal biospecimens as a proxy of foetal exposure. However, these
levels do not consider the modification of the mother’s physiology
due to pregnancy, the transfer of chemicals to the foetus, and the
variations of chemicals exposure by the mother (286). The impact of
pregnancy on the maternal levels of chemicals can be predicted by
physiologically based pharmacokinetic (PBPK) models that employ
a compartmental structure that incorporates anatomic and
physiologic characteristics of the body and its tissues to map
chemical movement. Future studies assessing the respiratory effects
of chemical pollutants can consider the application of materno-foetal

PBPK models to estimate the internal dose of the foetus.

Regarding urban environmental exposures, several improvements on
the exposure assessment can be considered for future studies. For
example, the use of personalised exposure assessments that account
for the time, location, and activity patterns during the exposure
assessment period, provides a more accurate assessment. However,
the higher precision obtained is in expenses of very high costs and
complexity in their implementation in birth cohorts. Also, better
assessments on the type, the quality, and the use of urban and natural
spaces could improve the understanding of how these features
influence children’s respiratory health. In relation to this, more
studies are needed to understand the pathways by which prenatal

urban exposures can influence children’s respiratory health. In
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addition, little is known about the complex relationship between
urban exposures in relation to children’s respiratory health. Further
studies assessing possible interaction, mediation, or confounding

between co-existing urban exposures is needed.

6.5.3. Respiratory outcomes in childhood

Most previous cohort studies, as the ones included in this Thesis,
have used spirometry parameters at a specific time point as a measure
of children’s lung function. However, studying lung function
trajectories and spirometric phenotypes in relation to early life
environmental exposures would be of relevance for future research.
These approaches may allow a better understanding on the influence
of the early life predictors because they allow a more accurate
identification of children at higher risk of later disease (9,243). Also,
it is important that future studies examine whether the effects seen

during childhood persist at later ages.

Further research needs to focus on improving asthma
characterisation. As discussed in a previous chapter, asthma is an
umbrella term that covers many heterogeneous phenotypes. Those
phenotypes are not fully characterised, which implies that studies
assessing environmental effects on a general definition of asthma are
at risk of outcome misclassification (26). Thus, further research is
needed to improve the characterisation of asthma phenotypes that
would, in turn, help establishing a consensus on a better asthma
assessment in observational studies and reduce its outcome
misclassification. In this sense, large studies using real-world data

such as the cohort presented in paper V offer a good opportunity. In
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large cohorts using real-world data, disease phenotyping and

characterisation is feasible, as demonstrated previously (287).

In line with the need to improve asthma phenotyping, assessing other
often related outcomes such as respiratory tract infections, atopy,
biomarkers of inflammation, or the presence of comorbidity such as
the atopic triad (i.e., atopic dermatitis, allergic rhinitis, and asthma)
(246,288) would be of relevance. This would not only improve the
characterisation of the outcome assessed, but also provide some
insights on the underlying mechanisms by which environmental

exposures affect children’s respiratory and immune health.
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7. CONCLUSIONS

In the last decade the number of studies assessing the effects of
prenatal exposure to organic pollutants on childhood lung
function have increased; however, the evidence is still limited
and inconsistent. It is unclear whether inconsistencies might
reflect true null effects or methodological limitations such as
limited sample size or exposure misclassification in the case of

non-persistent organic pollutants.

Spanish populations born between 2004-2007 were widely
exposed to OCs during prenatal life, with 80% of samples
presenting detectable levels of p,p-DDE, HCB, and PCBs. The
most prevalent OC was p,p’-DDE. Prenatal exposure to p,p -
DDE was associated with lower lung function until 7 years of

age, especially FEV1, and at medium levels of exposure.

In six EU birth cohorts established between 1999-2010, exposure
to BPA was prevalent with 90% of maternal samples presenting
detectable levels. BPF and BPS were only detected in 27% and
49% of samples, respectively. Prenatal exposure to BPA was
associated with higher risk of asthma and wheeze among school-

age girls.

The urban environment during pregnancy, especially air
pollution, road traffic noise, and availability of blue spaces, is of
relevance to the offspring’s respiratory health through

childhood. Living during pregnancy in an urban environment
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characterised by higher levels of air pollution, noise,
urbanisation, and lower levels of natural spaces may contribute

to poorer respiratory health during childhood.

We created a new birth cohort by linking the EHR of 719,858
children born from 2005 to 2018 to the EHR of at least one
potential parent in SIDIAP, which represents 93% of the SIDIAP
paediatric population born in that period. This new cohort
provides a valuable source of data for future research on parental
and child health in addition to early life environmental

determinants of children’s health.
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Barcelona-Boston Lung Conference, Barcelona, 2018. Oral
presentation “Prenatal exposure to organochlorine compounds and

lung function until early adulthood”.

D) Grants and awards

International Society for Environmental Epidemiology — Early
Career Researchers Conference award for 2" best abstract of the

conference. February 2021.

LifeCycle fellowship. Grant for a 6-months stay at the Erasmus
Medical Center (The Netherlands), funded from the European
Union’s Horizon 2020 research and innovation programme under

grant agreement No 733206. January-July 2020.
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ISGlobal PhD symposium award for best oral presentation. Grant to
attend and cover expenses of courses or conferences of interest.

November 2019.
Barcelona-Boston Lung Conference award for oral presentation.
Grant to attend and cover expenses of the American Thoracic Society

International Conference, San Diego (US). January 2018.

E) Additional academic training during the PhD

Real World Epidemiology, Oxford Summer School. NDORMS,
University of Oxford. 2019.

Weighed Quantile Sum, ISEE Pre-conference workshop.

International Society for Environmental Epidemiology. 2019.

Causal Diagrams: Draw Your Assumptions Before Your

Conclusions. Harvard University through edX platform. 2018.

Multipollutant models, ISEE Young Pre-conference workshop.

International Society for Environmental Epidemiology. 2018.

How to create a visually stunning scientific poster. PRBB intervals.

2018.

Introduction to R. ISGlobal. 2017.

The craft of the scientific research article. PRBB intervals. 2017.
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F) Education and outreach activities

Supervision of a Master’s Thesis “Exposure to parabens and
benzophenone-3 during pregnancy and lung function in school-aged
children” from the Master in Public Health. Universitat Pompeu

Fabra.

Invited speaker for “Research Methodology” course of the Bachelor
in Nursery. Escola Superior d’Infermeria del Mar, Universitat

Pompeu Fabra.

Seminar on Endocrine Disrupting Chemicals. Cicle formatiu de Grau
Superior of Nutrition (equivalent to Certificate of Higher Education).
IES Guineueta.

Creation of a yearly newsletter for families participating in the INMA

Sabadell population-based birth cohort (years 2017, 2019, and 2020).

Article “Endocrine disruptors: what are they and how they affect us?”
for Diputaci6 de Barcelona. Available from:
https://www.diba.cat/web/salutpublica/butlletins/-
/mewsletter/35521038/92/287977102/els-disruptors-endocrins-que-

son-i-com-ens-afecten-

Article “Endocrine disruptors: a threat for health, even at low doses”
for DKV Salud. Available from:

https://360.dkvseguros.com/sociedad/consumo/disruptores-

endocrinos
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Contribution to the article “Health risks of Bisphenol A” for Instituto
Profesional de Estudios de la Salud (IP Salud).

G) INMA Spirometry cleaning protocol
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October 2019

Document developed by Alicia Abellan, Judith GarciaAymerich, Anna Delgado, Raquel
Garcia, and Maribel Casas from the INMA WG on Respiratory and Allergies and revised
by Felip Burgos from the Hospital Clinic

So far spirometries in INMA have been cleaned following different protocols; there is a need to
harmonize the cleaning process in order to compare the spirometry results within and between
cohorts and periods. Hence, the objective of this document is to describe the spirometry
cleaning procedure. This protocol has been performed based on the ATS/ERS guidelines [1, 2],
and the MeDALL, HELIX, and Generation R spirometry cleaning protocols.

We recommend that the cleaning process detailed as follows is conducted by a trained

fieldworker with previous experience.

Abbreviations:

BEYV back extrapolated volume

FEF forced expiratory flow

FET forced expiratory time

FEV, forced expiratory volume in 1 second
FVC forced vital capacity

PEF peak expiratory flow

PEFT peak expiratory flow time

1. BEFORE CLEANING: SPIROMETRY TEST

Spirometry tests should be performed following the INMA Spirometry protocol (available in the
14-16 years follow-up document: “Examen clinico visita 14-16 afios_080119”). During the
examination, we recommend saving all the curves performed for a given child. Each child can
perform a maximum of 8 manoeuvres. Ideally, from each child we should obtain 3 acceptable
and reproducible curves. However, there are cases in which none or only 1 or 2 acceptable

curves can be achieved.

www.proyectoinma.org

378



g @
AN . .
]nm INMA Spirometry cleaning protocol

Infancia y Medio Ambiente

2. SPIROMETRY CLEANING

The process of cleaning spirometry tests consists mainly on two parts: quality control and

selection of parameters.

a. QUALITY CONTROL

During the quality control we mainly determine which curves are acceptable and which ones are
not. Note that we exclude technically non acceptable curves; we do not exclude curves that
show respiratory problems such obstruction or restriction (see examples below). Acceptable

curves must fulfil all the acceptability criteria (see step 2).

STEP 1. For each curve, generate the following variables (in bold) to evaluate the quality of
the curves
e BEV_ok identifying a fast start. Takes values 1="yes” if BEV<0.1L and PEFT<0.10s;
and 0="no” otherwise.
e FET_ok identifying a complete expiration. Takes values 1="yes” if 1s < FET < 10s;
and 0="no” otherwise.
e Good_shape _curve. Takes value 1=“yes” if the following three conditions are

accomplished; and 0="no” otherwise.

i Has a good start: sharp rise during the first second. No hesitation and no cough
(check visually on the flow-volume curve; see Figure 1A).

ii. Has a good shape: no cough during the entire exhalation, no inhalation, no early
termination or cut-off, the curve is constantly descending, no artefacts in the
descending curve (check visually on the flow-volume curve; see Figure 1A)

ii. The volume-time curve has a plateau shape (check visually on the volume-time

curve; see Figure 1B).

e Some curves with a bad shape can have an acceptable FEV, or FVC. For example, there
are cases in which the curve has a good start, and therefore an acceptable FEV, but then
there is an early termination (after the 1 second), meaning that FVC is not acceptable
(please see examples of these curves at the end of the document). So, ONLY for those

curves with Good_shape curve="no”, indicate whether the curve has an acceptable

FEV, but not FVC (or viceversa) on the variables:

o FEVI1_acceptable: 1="yes”; 0="no”
o FVC_acceptable: 1="yes”; 0="no”

www.proyectoinma.org
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Figure 1. Flow-volume and Volume-time curves

A. Flow-volume curve B. Volume-time curve
Volume (L)
4 FVC
3 I/ FEV,
2
1
-- = FEF75 ~
Volume v
N 0 2 4 6 8
FUE : = Time (s)

Figure adapted from Van Schalkwyk et al, 2004.

STEP 2. Select curves that are acceptable ' OR those with acceptable FEV, or FVC'™
Please note that in some INMA cohorts, the technician only records those acceptable; in this

case, this step can be omitted. Please, check with your cohort if curves recorded have already

been selected from those acceptable.

I A curve is acceptable if BEV_ok="yes” AND FET ok="yes” AND
Good_shape curve="“yes”

Optional: A grade from each test is automatically given by the spirometer (from A to F).

A and B indicate a good quality grad; C indicates that the test needs to be checked; D,

E, and F indicate that the test is of poor quality. We do not usually use this criterion

because a test could have a grade E but have some acceptable curves. Please, always

check visually each curve to fulfill the rest of the acceptability criteria.

I FEV1_acceptable=“yes” OR FVC_acceptable=“yes” points out curves with acceptable
FEV, or FVC

STEP 3. Determine if the spirometry test is reproducible

For each examination (identified by the variables “RecNum” and “SerNr” directly given by the
spirometer) and considering only acceptable curves™ (please note that curves without good
shape but FEV, or FVC acceptables™ are not used for the following calculations), generate the

following variables (in bold):

WwWww.proyecto inma.org
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e N _accep indicating the total number of acceptable curves.

e FVC_reproducible_100 indicating whether the stringent (100 mL) reproducibility
criterion is met. Takes the value 1="yes” when the difference between the largest
FVC and the second largest FVC is < 100mL; 0="no” otherwise.

e FVC_reproducible 150 indicating whether the loose (150 mL) reproducibility
criterion is met. Takes the value 1="“yes” when the difference between the largest
FVC and the second largest FVC is < 150mL; 0="no” otherwise.

e FEVI1_reproducible_100. Idem but for FEV,

e FEVI1_reproducible_150. Idem but for FEV,

o Accept_Repro_ATSERS defining the acceptability and reproducibility according
to ATS/ERS guidelines. Take the following values:

0="Less than 2 acceptable curves”
1="2 acceptable curves but not reproducible”
2="At least 2 (>2) curves acceptable and reproducible”

*Note: we have decided to consider that a child has acceptable and reproducible test if at
least 2 curves are acceptable and reproducible (and not 3) because we have
compared FEV, and FVC parameters in INMA children with 2 curves and those
with equal or more than 3 curves and overall there are no big differences [see

document in the INMA intranet: “INMA_spiro-curves_acceptable Céline Roda™].

b. SELECTION OF PARAMETERS

The dataset may contain more than one value for each lung function parameter (FVC, FEV,...)
since it may contain more than one curve per child (e.g. if a test has 3 acceptable curves, the
dataset will contain 3 values of FVC).
To restrict to only one value for each of the lung function parameters, follow the steps below:
1. Select the highest FVC
2. Select the highest FEV,
* Note that in addition to acceptable curves™, those curves with bad shape but acceptable FVC
or FEV,™ are also taken into account, respectively.
**Note: Highest FVC and FEV, can be from different curves
3. Select the remaining parameters (FEF,s.;5 etc) from the curve with the highest value of
(FVC +FEV))

[a]

*** Note that only acceptable curves™ are considered.

www.proyectoinma.org
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Send the final dataset to the INMA Data Manager containing the following variables:

cohort8 (5=“Sabadell”, 8=“Sabadell2”,...)

PatientID (child ID)

Date (date of the test)

FVC: Forced Vital Capacity (in L; the selected value)

FEV1: Forced Expiratory Volume in 1 sec (in L; the selected value)
FEF25: Forced Expiratory Flow 25% (in L/s; the selected value)
FEF50: Forced Expiratory Flow 50% (in L/s; the selected value)
FEF75: Forced Expiratory Flow 75% (in L/s; the selected value)
FEF2575: Forced Expiratory Flow 25-75% (in L/s; the selected value)
N_accep: Number of acceptable curves

FVC_reproducible_100 (yes/no)

FVC_reproducible_150 (yes/no)

FEV, reproducible_100 (yes/no)

FEV,_reproducible_150 (yes/no)

Accept_Repro_ATSERS (0, 1, 2 — see above)

3. RECOMMENDATIONS FOR ANALYSES USING SPIROMETRY DATA

After some descriptive analyses and after contacting experts in the field (see ANNEX) we
recommend:

1. To include all children with at least one acceptable curve in the main analyses and to

perform two additional sensitivity analyses restricting first to children with at least two
acceptable curves (reproducible or not reproducible), and second to children with at
least two acceptable and reproducible curves.

2. To consider the following parameters: FVC, FEV, FEV|/FVC, and FEF;s ;.

3. To construct z-scores of the lung function parameters applying the GLI-2012 equations

and include such parameters in the analyses.

www.proyectoinma.org
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4. EXAMPLES OF SPIROMETRY CURVES

Visual examples of acceptable curves extracted from Miller et al, 2005:

. 12 1
0 10 4
8 87
6 6
o L
ER ¢
-z »
4 47
5 'z_
8
012 3 4 5 6 °1€°|u3r’ne:56

Volume L

FIGURE 5. Flow=volume loop of a normal sub-

FIGURE 4. Flow-volume loop of a normal subject.
ject with end expiratory curvilinearity, which can be

seen with ageing.

12 12

10 4 10

8 8

6 6

» 4 ﬂ 4
> 2 z 2

°

£ o L o
4 -4

6 - -6

8- -8

Volume L Volume L

FIGURE 6. Moderate airflow limitation in a FIGURE 7. Severe airflow limitation in a subject
subject with asthma. with chronic obstructive pulmonary disease.
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FIGURE 8. Variable intra-thoracic upper airvay FIGURE 9. variable extra-thoracic upper airway
obstruction. obstruction.

Visual examples of curves obtained from clinical practice with children using EasyWare
software:

1) Early termination. FEV) is acceptable but FVC cannot be evaluated.

Informacion paciente Informacion test

Nombre A Fecha del test 17.11.2015

D 785 Tiempo del test  16:20

Edad 8(24.07.2007) Tiempo post ——

Altura 134cm Modo del test DIAGNOSTIC

Peso 26kg, BMI 14.5 Valores de Ref. Zapletal

Sexo masculin Interpret. Systema  GOLD/Hardie

Grupo étnico  caucasico Seleccién valor ME.PRUEBA

Fumador no ID Técnico

Asma no Auto calidad st

BTPS (In/Es) -—/1.02

Resultados (8)

@Lineabasal () () Linea basal / Posttest

Volumen[L]

12 14 16

0 1 2 3 4 5 6 7 8
0 2 4

3 8 10
Tiempo [s]

Prueba Gitimo cerca: Nombre del revisor:  Indi quelIN
Espirometria normal
| Precaudén: Ningunas aceptables pruebas - Interprete con cuidado.

;  ATSOS

DGR

2) Artefact on the curve. Causes: cough, tongue obstructing the exhalation, etc. If FEV| is

not affected by the artefact we can consider it acceptable.

www.proyectoinma.org
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Ver Resultados del Test - N 59499 RecNo 1201 ) . - -

6n paciente formacién test |
Nombre: H Fecha del test 17.06.2015
D 713 Tiempo del test 17:26
Edad 8 (12.06.2007) Tiempo post i
Altura 124am Modo del test DIAGNOSTIC
Peso 28kg, BMI 18.2 Valores deRef.  Zapletal
sex0 femenino Interpret, Systema  GOLD/Hardie
Grupoétnico  caucasico Selecdiénvalor  ME.PRUEBA
Fumador no 1D Técnico
Asma no Auto calidad st

BTPS (In/Es) -—/1.02

() Posttest

3 4 5
Volumen [L]

Volumen [L]

6 8 1
Tiempo [s]

eb da por titmo cerca: mbre del

3) PEFT > 0.10s. Not acceptable.

Ve Rt o et SN 5989 RN 78 L - - ]

Informacién paciente Informacién test

e Nombre L Fechadeltest  25.11.2015
D 771 Tiempo del test 12:45

@ Edad 8(14.07.2007) Tiempo post ==
Altura 142 cm Modo del test DIAGNOSTIC
Peso 46kg, BMI 22.3 Valores de Ref. Zapletal 0.88
Sexo femenino Interpret. Systema  GOLD/Hardie
Grupo étnico africano Seleccon valor MEJ.PRUEBA
Fumador no ID Técnico
Asma no Auto calidad SI

BTPS (In/Es) -—/1.02

8 10
Tiempo [s]

Prueba repasada por titimo cerca:

4) Artefacts and early termination. Not acceptable.
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\Ver Resultados del Test - SN 59499 necuoﬁ_- ; J J—

() Posttest

3 4 5
Volumen [L]

8 10
Tiempo [5]

Prueba repasada por (ltimo cerca: Nombre del revisor: Indica menor que LLN

Num.: 1517

5) Acceptable curve. This is a typical obstructive pattern. It is common to see it in

asthmatic children.
Ver Resultados del Test - SN 59499 RecNo 1447 , T . (L]
B p—. —
Informacién paciente Informacién test
Nombre: P Fecha del test 11.11.2015
D 730 Tiempo del test :30
Edad 8 (22.06.2007) Tiempo post i
Altura 120cm Modo del test DIAGNOSTIC
Peso 28kg, BMI 19.4 Valores de Ref. Zapletal
Sexo masculino Interpret. Systema  GOLD/Hardie
Grupo étnico caucasico Seleccién valor MEJ.PRUEBA
Fumador no 1D Técnico
Asma no Auto calidad SI
BTPS (In/Es) -=/1.02
Resultados (5)

() Posttest () Linea basal / Posttest

4 5
Volumen [L]

Volumen [L]

O N wa gDy
o

6 8 10
Tiempo [s]

Prueba da por dltimo cerca:

QC Grado C (Lineabasal);  ATSOS

@ E Num.: 1447

6) Acceptable curve. The “belly shape” of the descending curve is common in young

people when the pulmonar pressure is not evenly distributed.
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fer Resultados del Test - SN 59499 RecNo 98(  —— _ o (-

Informacion paciente Informacion test

o Nombre D Fecha del test 02.12.2014
D Tiempo del test 1235

12 Edad 9 (06.04.2005) Tiempo post i
Altura 128em Modo del test DIAGNOSTIC
Peso 26kg, BMI 15.9 ValoresdeRef.  Zapletal
Sexo masculino Interpret. Systema  GOLD/Hardie
Fumador no ID Técnico

9 Asma no Auto calidad S

BPS(nfE) /102

Flujo [L/s]

@

3 4 5
VYalumen [L]

Indica menor que LLN
Espirometria normal

QCGrado A (Linea basal);  ATS05

5 Tiem|e:lo[:] & v Avanzado | m Num.: 980

Yolumen [L]
O = e o @

10
www.proyectoinma.org
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ANNEX

Adyvice from experts

We contacted three experts seeking for advice on the criterion to adopt when including

spirometry tests in our studies. We asked how many acceptable curves (1, 2, >2) should have

each child to be included, whether they had to be reproducible or not, and the most suitable lung

function parameters to be included in the analyses.

12

Dr Manuel Sanchez-Solis de Querol (Pacdiatrics professor from Hospital Clinico
Universitrio Virgen de la Arrixaca, Murcia. NELA Cohort in Murcia).

He advices to include those children with at least 1 acceptable curve and perform a
sensibility analysis restricting to at least 2 acceptable curves afterwards.

He explains that in young children it is better to consider FEV, s instead of FEV,
because among the youngest, sometimes FEV, almost equals their FVC so you are

measuring the same twice.

Dr Liesbeth Duijts (Paediatrician, Pulmonologist, Epidemiologist at the Erasmus MC-
Sophia Children's Hospital, University Medical Center Rotterdam and Generation R
cohort in the Netherlands).

She also advices to include those children with at least 1 acceptable curve and perform a
sensibility analysis restricting to at least 2 acceptable curves, and at least 2 acceptable
and reproducible curves afterwards.

She encourages the use of sex-, age-, height-, and ethnicity adjusted z-scores of the

following lung function parameters: FVC, FEV, FEF,s 75, and FEF ;5.

Dr Enrico Lombardi (Responsabile SOSA Broncopneumologia Pediatrica, Firenze -
Italy).

*Stefano Guerra recommended him for his experience in lung function in children from
both research and clinical practice.

He suggests making a comparison of spirometry parameters between those children in
INMA with only one curve and those with 2 or more based on the z-scores. [Céline
Roda did this comparison and overall the results are the same in children having only 1
curve and those having equal or more than 2 curves - see document in the INMA

intranet: “INMA_spiro-curves_acceptable Céline Roda”].

www.proyectoinma.org
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13

He recommends using the following parameters: FVC, FEV,, FEV/FVC and FEF,s ss.
He does not recommend using FEV 75 since he thinks FEV/ is sensitive enough.
We need to check each curve manually — as a reviewer he would ask if the inspiration
and expiration are good (plateau of at least 1 sec. etc).
We can include those kids with only one acceptable curve and do sensitivity analysis
excluding them to see whether the results change
To test the short-term repeatability of the lung function tests, he recommended
performing reversibility tests if possible. If not, what they do is to repeat the
spirometry 15 minutes after the first spirometry in a subset of children. Potential sources
of variability can be: different breathing patterns, different level of engagement and co-
operation by the child, and any minute to minute fluctuations in airways calibre due to
changes in airway tone. Reference paper:

e C(Calogero C, Lombardi E. Respiratory impedance and bronchodilator

response in healthy Italian preschool children. Pediatr Pulmonol. 2013

Nov;45(11):1086-94. doi: 10.1002/ppul.21292. PMID: 20672294
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