Outdoor exposure to residential noise,

neurodevelopment, and sleep in children and

preadolescents

Laura Pérez Crespo

TESI DOCTORAL UPF / 2022

Thesis supervisor:

Dr. Monica Guxens

Barcelona Institute for Global Health (ISGlobal)

Department of Medicine and Health Sciences

upf.

Universitat
Pompeu Fabra
Barcelona






A la meva familia, per donar-me suport en cada
decisio que prenc de la meva vida,

al Joel per compartir el dia a dia amb mi i
acompanyar-me en una aventura mes,

a la Laika i en Nuk, pel seu amor incondicional.






Agraiments

Arribar fins aqui no ha sigut un cami facil pero sens dubte hauria
sigut impossible sense 1’ajuda 1 el suport d’algunes persones a qui
vull dedicar aquest apartat de la tesis. Aquesta tesis no només és
fruit del meu esforg, sinG de tots vosaltres que m’heu fet costat
durant aquest anys.

Monica, em sento i em sentiré sempre molt afortunada de que els
nostres camins es creuessin quan vaig decidir fer el treball de final
de grau amb tu. Gracies per apostar un cop més per mi i brindar-me
I’oportunitat de fer el doctorat. Han sigut molts anys juntes on he
tingut el luxe de créixer com a investigadora perd, encara meés
important, de créixer com a persona. Gracies per treure ferro als
obstacles que ens han anat sorgint aquests anys i per trobar sempre
una solucié que s’adaptés a les meves prioritats. Sense la teva
excel-léncia, exigéncia i perfeccionisme aquesta tesis no hagués
sigut possible. Has sigut, ets i seras la meva referent.

A la meva familia, en especial als meus pares, Pau i Loli, i al meu
germa Pau. La vida em va posar a prova just quan comencava el
grau de Biologia Humana. Siné hagués sigut per la vostra
perseveranca i suport incondicional probablement ni hagués acabat
el grau ni avui estaria escrivint aquestes paraules. Gracies també per
donar-me I’oportunitat de formar-me. Em sento molt afortunada de
tenir I’educacio que tinc i sé que em donarieu totes les oportunitats
del mon. Al Joel, el meu company de vida, és la persona que més
ha viscut la part “emocional” del que suposa fer una tesis doctoral.
Gracies per estar al meu costat en la muntanya russa d’alts 1 baixos 1
saber gestionar-los. M’encanta quan em dones la teva opini6 pero
m’acabes dient: “fes el que et faci feli¢”. Espero que m’acompanyis
en moltes aventures més al llarg de la vida. A la iaia Lola i la iaia
Rosa, que probablement encara avui no saben a qué he dedicat tots
aquests anys pero estan molt orgulloses de mi i aixi m’ho han
transmes tot aquest temps. Al iaio Paco i la iaia Luisa, que ens van
deixar massa d’hora quan encara quedava un munt de coses per
viure amb ells, pero que avui em cuiden des del cel.

A la Laika i en Nuk, per omplir de pels la meva vida, per ser-hi
sempre de manera incondicional i perque sense la necessitat de dir



res, m’han transmés tot I’amor i suport possible. Laika, no saps el et
trobo a faltar... per0 estic ben segura que els nostres camins es
tornaran a trobar.

Als companys d’ISGlobal, crec (i segurament no m’equivoqui) que
mai trobaré uns companys i companyes com vosaltres i un ambient
de treball com el d’aquesta institucio. Voldria fer mencio especial a
la meva estimada sala C, les estones que he passat aqui abans del
confinament no puc descriure-les amb paraules (fins i tot la Maria
Torres volia que 1’adoptéssim a la sala ©). Realment, heu fet que
aquest cami sigui molt més facil i que anés a treballar cada dia amb
molta il-lusi6. Gosia i Alba, ha sigut un plaer fer la tesis al vostre
costat, gracies per tots els consells i per no deixar-me caure mai
quan el meu estat d’anim no estava tan amunt com voldria. Esmée i
Michelle, em vau donar I’oportunitat de supervisar les vostres
tesines de master pero el que no sabeu és que jo també vaig
aprendre moltissim de vosaltres. Gracies perqué va ser una
experiéncia molt enriquidora que tornaria a repetir sense cap dubte.

Al Ryan, Monica Lopez i companys del Erasmus MC, per acollir-
me durant tres mesos a Rotterdam com una més. Tot i que en aquell
moment vaig odiar molt el clima i volia tornar a Barcelona, ara
quan hi penso tinc molt bon record d’aquella experiéncia.

A tots els meus amics i amigues, les “Nenes”, les “Papagenas”, el
grup del GEC, el “Pizza B” etc. per brindar-me aquelles estones de

desconnexio tan necessaries que m’han proporcionat I’impuls per
seguir avancant.

Desembre de 2022

Vi



Abstract

Environmental noise pollution has become a major public health
concern due to its increase during the last decades as a result of
urbanization processes. Environmental noise can be produced by
different sources but the most prevalent source in Europe is road
traffic. Previous epidemiological and experimental studies have
indicated that environmental noise is related to several human
health effects. Although children are considered as a vulnerable
population to the effects of environmental noise, epidemiological
studies that assessed environmental noise exposure and its
relationship with neurodevelopment and sleep in children are scarce
and inconclusive.

This thesis aimed to better understand the potential
association  between environmental noise exposure and
neurodevelopment and sleep in children by: i) assessing emotional,
aggressive, and attention-deficit/hyperactivity disorder (ADHD)-
related symptoms, cognitive and motor function, and functional
brain connectivity, and ii) assessing sleep using maternal-reported
data and physiological sleep measures collected by actigraphy. To
this aim, we used existing noise maps from road traffic and multiple
(i.e., railway, aircraft, industry, and road traffic) noise, and our
study populations consisted of children from two European
prospective birth cohorts.

The exposure to outdoor residential road traffic noise was
not associated with emotional, aggressive, ADHD-related
symptoms, cognitive and motor function, functional brain
connectivity, and maternal-reported sleep disturbances in children
and preadolescents. However, residential exposure to road traffic
noise was related to shorter sleep duration and longer wake after
sleep onset in preadolescents. Similar findings were found when
multiple noise exposure was assessed. Therefore, sleep may be
compromised in preadolescents exposed to higher levels of
environmental noise. Although the effect size of the estimates of the
physiological sleep measures were small, and may have a small
impact at the individual level, it may have a greater effect at
population-level, since the majority of the population is exposed to
environmental noise, mainly from road traffic.
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Resum

La contaminacié acustica ambiental s’ha convertit en un problema
de salut pablica important pel seu augment durant les ultimes
déecades com a consequiencia dels processos d'urbanitzacié. El soroll
ambiental pot ser produit per diferents fonts, pero la font més
freqlient a Europa és el transit rodat. Estudis epidemiologics i
experimentals previs han mostrat que el soroll ambiental esta
relacionat amb diversos efectes sobre la salut humana. Encara que
els nens i nenes es consideren una poblacié vulnerable als efectes
del soroll ambiental, els estudis epidemiologics que avaluen
I'exposicié al soroll ambiental i la seva relaci6 amb el
neurodesenvolupament i el son son escassos i poc concloents.

Aguesta tesi té com objectiu entendre millor les possibles
associacions entre l'exposici6 al soroll ambiental i el
neurodesenvolupament i el son en nens i nenes. Per fer-ho: i) hem
avaluat els simptomes emocionals, agressius i relacionats amb el
trastorn per déficit d'atencid/hiperactivitat (TDAH), la funcio
cognitiva i motora i la connectivitat funcional cerebral, i i) hem
avaluat el son mitjancant dades reportades per les mares i amb
mesures del son recollides per actigrafia. Amb aquest objectiu, hem
utilitzat mapes de soroll existents del transit rodat i soroll multiple
(ferrocarrils, avions, indlstria i transit rodat). Les nostres
poblacions d'estudi consistien en nens i nenes de dues cohorts de
naixement prospectives europees.

L'exposicio residencial al soroll del transit rodat no es va
associar amb simptomes emocionals, agressius i relacionats amb el
TDAH, la funcié cognitiva i motora, la connectivitat funcional
cerebral i els trastorns del son reportats per les mares en nens i
nenes 1 preadolescents. Tanmateix, 1’exposicid residencial al soroll
del transit es va associar amb una durada del son més curta i una
vigilia més llarga després de I’inici del son en els preadolescents. Es
van trobar resultats similars quan es va avaluar I'exposici6 al soroll
maultiple. Per tant, es pot concloure que el son es pot veure
compromeés en preadolescents exposats a nivells més alts de soroll
ambiental. Tot i que I’efecte de la mida de les estimacions de les
mesures fisiologiques del son va ser petit i es pot traduir a un petit
impacte a nivell individual, pot tenir un efecte més gran a nivell
poblacional, ja que la majoria de la poblacio esta exposada al soroll
ambiental, principalment del transit rodat.






Resumen

La contaminacion acustica ambiental se ha convertido en un
problema de salud publica importante debido a su aumento durante
las ultimas décadas como consecuencia de los procesos de
urbanizacion. El ruido ambiental puede provenir de diferentes
fuentes, pero la fuente més frecuente en Europa es el tréfico rodado.
Estudios epidemiologicos y experimentales previos han indicado
que el ruido ambiental esté relacionado con varios efectos sobre la
salud humana. Aungue los nifios y nifias son considerados una
poblacion vulnerable a los efectos del ruido ambiental, los estudios
epidemioldgicos que evaluaron la exposicion al ruido ambiental y
su relacion con el neurodesarrollo y el suefio son escasos y poco
concluyentes.

Esta tesis tiene como objetivo comprender mejor las posibles
asociaciones entre la exposicion al ruido ambiental y el
neurodesarrollo y el suefio en nifios y niflas mediante: 1) la
evaluacion de los sintomas emocionales, agresivos y relacionados
con el trastorno de déficit de atencion/hiperactividad (TDAH), la
funcién cognitiva y motora y la conectividad funcional cerebral, y
ii) la evaluacion del suefio utilizando datos reportados por las
madres y medidas fisioldgicas del suefio recopiladas mediante
actigrafia. Con este objetivo, utilizamos mapas de ruido existentes
del trafico rodado y ruido multiple (ferrocarril, aviones, industria y
trafico rodado). Nuestras poblaciones de estudio consistieron en
nifios de dos cohortes de nacimiento prospectivas europeas.

La exposicidon residencial al trafico rodado no se asocié con
sintomas emocionales, agresivos y relacionados con el TDAH, la
funcidén cognitiva y motora, la conectividad funcional cerebral y los
trastornos del suefio reportados por las madres en nifios y nifias y
preadolescentes. Sin embargo, la exposicion residencial al ruido del
trafico rodado se relacion6 con una menor duracion del suefio y una
vigilia mas prolongada después del inicio del suefio en los
preadolescentes. Se encontraron hallazgos similares cuando se
evalud la exposicion al ruido mdaltiple. Por lo tanto, concluimos que
el suefio puede verse comprometido en preadolescentes expuestos a
niveles mas altos de ruido ambiental. Aunque el tamario del efecto
de las estimaciones de las medidas fisiologicas del suefio fue
pequefio y puede tener un impacto pequefio a nivel individual, se
puede traducir a un efecto mayor a nivel poblacional, ya que la
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mayoria de la poblacion esta expuesta al ruido ambiental,
principalmente del trafico rodado.
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Abbreviations

ADHD — Attention-Deficit/Hyperactivity Disorder

BOLD - Blood-oxygen-level-dependent

CBCL — Child behavioural checklist

CPRS — Conners parent rating scale

dB — DeciBels

DSM-1V — Diagnostic and statistical manual of mental disorders
4th edition

HPA — Hypothalamic-pituitary-adrenal axis

Lpoay — A-weighted long-term average sound level during the day
Loen — A-weighted long-term average sound level during the 24-h
of the day

Lnicut — A-weighted long-term average sound level during the
night

MRI — Magnetic resonance imaging

NOy — Nitrogen oxides

NO, — Nitrogen dioxide

PM, s — Particulate matter, aerodynamic diameter <2.5 um

PMjo — Particulate matter, aerodynamic diameter < 10 um

PM_oarse — Particulate matter, difference between PM1gand PMs s
PM, 5 absorbance — Absorbance of PM, s filters

rs-fMRI — Resting state functional magnetic resonance imaging
SDQ - Strengths and difficulties questionnaire

SDSC — Sleep disturbance scale for children

WHO - World Health Organization
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1. INTRODUCTION

The past decades have seen an enormous rise in population growth
and, consequently, in the urbanization processes. It has been
predicted that by 2050, 70% of the population will inhabit in urban
areas (United Nations, 2016). Urban design may provide improved
sanitation, infrastructures, and access to health services but it could
also have detrimental effects on our health and well-being (Wang,
2018). As a result of urbanization, exposure to environmental noise
has become impossible to avoid and most of the population is
exposed on a daily basis. Transportation noise (i.e., road, railway,
and aircraft noise) is a major concern in European cities, being
classified as the second most important cause of ill health in
Western Europe (European Environment Agency, 2020).
Interestingly, previous research, conducted predominantly in adults,
has indicated plausible associations for the exposure to
environmental noise and high annoyance, high sleep disturbance,
premature mortality, and cardiovascular and metabolic effects
(European Environment Agency, 2020). However, the health effects
of exposure to environmental noise are less studied compared to
other environmental factors.

1.1 Environmental noise exposure

The Environmental Noise Directive defines environmental noise as
the unwanted or harmful outdoor sound created by human activities,
including noise emitted by means of transport - road traffic, railway
traffic, aircraft traffic - and from sites of industrial activity
(European Environmental Noise Directive, 2002). Therefore, noise
in workplaces, noise from domestic and leisure activities, from
neighbors, from wind turbines, or noise from military activities is
not considered in this definition (European Environmental Noise
Directive, 2002).

The Environmental Noise Directive also describes different
noise indicators that can be used depending on the outcome, noise
source, and time window of interest for the noise effect. These
indicators are usually expressed as the equivalent sound pressure
level in decibels (dB), determined over all the days of the year, and
based on daily annual averages. The daily annual average can be



divided into different time periods of the day, resulting in the
following noise indicators:
- Lpay: A-weighted® long-term average sound level during the
day period.
- Levening: A-weighted long-term average sound level during
the evening period.
- Lnicut: A-weighted long-term average sound level during
the night period.
Loen represents the A-weighted average sound level over the entire
24-hour day of the three periods described above with an evening
(+5 dB) and night (+10 dB) weighting, given the expected greater
health impact of these time periods (European Environmental Noise
Directive, 2002).

Some quidelines have been published to provide
recommended noise exposure levels in order to reduce exposure and
improve the health of the population. According to the European
Environment Agency, high noise levels are defined as those above
55 dB Lpen and 50 dB Lyieyt (European Environment Agency,
2020). However, the World Health Organization (WHO) established
different recommendations based on the individual noise sources
(World Health Organization, 2018):

Table 1. Recommendations from the WHO environmental noise
guidelines

Noise indicator Noise threshold levels

Road Railway Aircraft
Loen 53 dB 54 dB 45 dB
LNiGHT 45 dB 44 dB 40 dB

Abbreviations: dB, decibels.

In addition, many countries have put in place national limit
values that do not necessary reflect the recommended noise levels
mentioned above (EPA Network Interest Group on Noise
Abatement (IGNA), 2019). Generally, limit values in European
countries are higher, thus less restrictive, than the levels
recommended by the WHO. For road and railway noise, around 80

1 A frequency-dependent correction that is applied to a measured or calculated
sound of moderate intensity to mimic the varying sensitivity of the ear to sound
for different frequencies.



to 90% of the countries use higher limit values than the WHO
recommendations and for aircraft noise, all countries use higher
values than the recommendation (EPA Network Interest Group on
Noise Abatement (IGNA), 2019).

Road traffic noise is the most prevalent noise source in
Europe, followed by railway, aircraft, and industry noise (European
Environment Agency, 2020). The amount of people exposed to
Lpen noise levels of 55 dB or higher is estimated to be 113 million
for road traffic noise, 22 million for railway noise, 4 million for
aircraft, and less than 1 million for industry noise. Road traffic is
also the most significant source of environmental noise during the
night (European Environment Agency, 2020). These results suggest
that at least 20% of the European population is exposed to high
levels of noise during the 24 hours of a day and more than 15%
during the night.

1.2 Children and preadolescents

Fetuses, children, and preadolescents are most susceptible to the
harmful effects of environmental noise, as their neural and immune
systems are still in development. The neurodevelopmental period is
characterized by numerous crucial processes (e.g. neurulation, cell
proliferation and migration, myelination, and synaptic pruning),
necessary for proper development (Stiles & Jernigan, 2010). The
disruption of any of these processes could lead to irreversible
alterations that manifest later in life.

During pregnancy, exposure to environmental noise could act as
a stressor that increases the levels of maternal stress hormones and
affects the hypothalamic-pituitary-adrenal (HPA) axis, impacting
the brain development of the child (Jafari et al., 2017; Lautarescu et
al., 2020). In children, it could also be a stressor that alters the HPA
axis as well as the size and neural architecture of some brain areas
(Smith & Pollak, 2020). In addition, children have less developed
coping strategies than adults to deal with environmental noise and
less control over the noise to which they are exposed (S. A.
Stansfeld & Matheson, 2003).



1.3 Environmental noise exposure and
neurodevelopment

It is widely recognized that children exposed to adverse events early
in life are at increased risk for atypical neurodevelopment which
can impact on individual’s attention, conduct, language, memory,
motor skills or other neurological functions (Nelson & Gabard-
Durnam, 2020). Although the symptoms and behaviors of
neurodevelopmental disabilities often evolve as a child gets older,
some of them are likely to be long-lasting. Epidemiological studies
investigating the possible association between exposure to
environmental noise and neurodevelopment in children are
emerging. In the present thesis, emotional, aggressive, and
attention-deficit/hyperactivity disorder (ADHD)-related symptoms,
cognitive and motor function, and functional brain connectivity are
contemplated to assess child’s neurodevelopment.

Related to emotional, aggressive, and ADHD-related
symptoms, there is previous evidence that examined its relationship
with environmental noise exposure, mainly from road traffic, in
children (Clark et al., 2020; Clark & Paunovic, 2018a, 2018b; S.
Stansfeld & Clark, 2015; Zijlema et al., 2021). However, they often
show heterogeneous results. During pregnancy, no evidence was
found of an association between residential road traffic noise and
emotional and aggressive symptoms (Hjortebjerg et al., 2016) or
ADHD-related symptoms (Hjortebjerg et al., 2016; K. V. Weyde et
al., 2017). Similarly, with relation to residential road traffic noise
exposure throughout childhood, no associations with emotional and
aggressive symptoms were found in previous studies (Forns et al.,
2016; Hjortebjerg et al., 2016). However, two studies reported that
road traffic noise exposure at schools was related with less
aggressive symptoms in children at 9-10 years of age (Crombie et
al., 2011; S. A. Stansfeld et al., 2009). Regarding ADHD-related
symptoms, most of the studies showed an association of higher road
traffic noise exposure at home or at school with higher hyperactivity
or inattention problems in children at 7-11 years of age (Forns et al.,
2016; Hjortebjerg et al., 2016; Tiesler et al., 2013; K. V. Weyde et
al., 2017). In contrast, one study found no association between road
traffic noise exposure at school and ADHD-related symptoms in
children at 10-12 years of age (Zijlema et al., 2021).



Recent years have also seen an increase of the evidence
linking environmental noise exposure and cognitive development in
children, but this is still limited and inconclusive (Clark &
Paunovic, 2018a). Some previous studies found no evidence of the
association between residential or school road traffic noise exposure
and deficits in non-verbal and language/verbal intelligence in
children aged 6-11 years (Clark et al., 2006; Julvez et al., 2021; S.
A. Stansfeld et al., 2005). However, a previous study showed that
higher noise levels at schools, mainly from road traffic, was related
to lower non-verbal intelligence in children aged 10-12 years
(Bhang et al., 2018). In addition, reading deficits were observed in
children exposed to higher levels of residential noise from multiple
sources (Cohen et al., 1973) as well as to higher levels of road
traffic noise at schools (Ljung et al., 2009). Further, it has been
reported that road traffic noise exposure is not related with working
memory (Clark et al., 2012; Julvez et al., 2021; Matheson et al.,
2010; S. A. Stansfeld et al., 2005; van Kempen et al., 2010, 2012).
In contrast, a recent study found that outdoor exposure to road
traffic at schools, but not at home, was associated with lower
development in working memory (Foraster et al., 2022). Findings
from studies that explored the association between road traffic noise
exposure and children’s short and long term memory (Clark et al.,
2012; Héroux et al., 2015; Lercher et al., 2016; Matheson et al.,
2010; S. A. Stansfeld et al., 2005; van Kempen et al., 2010, 2012)
or attentional function (Cohen et al., 1973; Foraster et al., 2022;
Julvez et al., 2021; Lercher et al., 2016; Sanz et al., 1993; van
Kempen et al., 2010, 2012; Wass et al., 2019) were not consistent
between studies. Differences in results across studies might be due
to methodological differences, such as cognitive outcome assessed,
exposure assessment approach, cognitive test used, or the age of
assessment of the outcome of interest. The relationship between
environmental noise exposure and motor function was assessed in a
single study in children between 3 and 6 years old in which no
association was found (Raess et al., 2022).

During the last years, magnetic resonance imaging (MRI)
has been increasingly used to assess neurodevelopment in
epidemiological studies. MRI is a non-invasive method using
magnetic fields to study the brain in vivo. Neuroimaging can be
divided into two main categories, namely structural imaging and
functional imaging. In this thesis only functional imaging



techniques are considered. Functional MRI relies on a blood
oxygenation level depend (BOLD) signal and can be a result of
unregulated processes in the resting brain, i.e., not induced by an
external stimulus (Glover, 2011). The BOLD signal measures
inhomogeneities in the magnetic field due to changes in the level of
oxygen in the blood. The increase of oxygenated haemoglobin leads
to an increase of the BOLD signal and consequently of the magnetic
resonance signal. To the best of our knowledge, no studies have
assessed noise in relation to brain MRI. Nevertheless, some studies
have shown that noise exposure could act as a stressor that affects
the HPA axis (Jafari et al., 2017; Lautarescu et al., 2020), leading to
increased levels of stress hormones, and such early life stress could
be related to disturbances in functional brain connectivity (De Asis-
Cruz et al., 2020; Hermans et al., 2011) .

1.4 Environmental noise exposure and sleep

Sleep is an essential biological process that serves several vital
functions. Sufficient sleep is important for optimal daily functioning
since it impacts alertness and attention, cognitive performance, and
motor skill development, among others (Paavonen et al., 2010). The
exposure to environmental noise is considered as a possible
explanation of sleep disturbances as well as to a lower amount and
quality of sleep in adults (Basner et al., 2014). However, there have
been few studies on environmental noise and sleep in children (S.
Stansfeld & Clark, 2015). Previous literature reported an association
of higher exposure to levels of outdoor nocturnal road traffic noise
and self- and parental-reported sleep disturbances in children at 7-
14 years of age (Ohrstrom et al., 2006; Skrzypek et al., 2017;
Tiesler et al., 2013; K. Weyde et al., 2017). In contrast, in other
studies, this association was not found in children of similar ages
exposed to average levels of outdoor daily road traffic noise (Lee et
al., 2021) nor in infants exposed to outdoor nocturnal transportation
noise (Blume et al., 2022). Additionally, only two studies used
actigraphy methodology to assess physiological sleep measures in
children. However, no associations were found in relation to
nocturnal exposure to road traffic noise (Ohrstrom et al., 2006) or to
transportation noise (Blume et al., 2022).



1.5 Scientific gaps

The number of studies looking into the relationship between
exposure to environmental noise, neurodevelopment, and sleep in
children and preadolescents has increased recently. However, there
are still several unanswered questions remaining. First, both
pregnancy and childhood periods might be susceptible windows of
exposure when assessing associations between environmental noise
and neurodevelopment. However, most of the existing studies
mainly focused on exposure during pregnancy or during childhood
but not on both. Second, the assessment of exposure to noise from
multiple sources including road traffic, railway, aircraft, and
industry is scarce. Studies usually assessed each noise source
separately, although most studies only included aircraft noise. An
individual can be exposed to more than one source, and therefore
the effect of the overall environmental noise exposure could be
greater and should be investigated. Third, the association between
environmental noise exposure with neurodevelopment throughout
the different lifetime periods of the children is under investigated,
given that previous studies were mainly cross-sectional.
Longitudinal designs would allow exploring the long-term effects of
environmental noise exposure on children’s neurodevelopment.
Fourth, the use of magnetic resonance imaging in addition to
neuropsychological tests to study how environmental noise
exposure might affect brain development has not been studied
before. Neuropsychological tests are very useful for detection but
cannot explain the possible biological mechanisms that underlie the
association  between environmental noise exposure and
neurodevelopment. Fifth, the use of actigraphy is needed to
replicate the observed associations between environmental noise
exposure and sleep disturbances in previous studies. Most of the
studies on the association between environmental noise exposure
and sleep have used parental- or self-reported data. However,
actigraphy data could provide more accurate and consistent
information about sleep patterns and has been scarcely used
previously.






2. OBJECTIVES

The overall aim of this thesis is to assess the relationship between
outdoor exposure to residential noise during pregnancy and
childhood, and neurodevelopment and sleep in children and
preadolescents. This is addressed through the following specific
objectives:

1.

To assess the association between prenatal and childhood
outdoor exposure to residential road traffic and multiple (i.e.,
road, railway, aircraft, and industry) noise with emotional,
aggressive, and ADHD-related symptoms in children from two
European birth cohorts (Study 1).

. To assess the association between prenatal and childhood

outdoor exposure to residential road traffic noise with cognitive
and motor function in children from two European birth cohorts
(Study I1).

To assess the association between outdoor exposure to residential
traffic-related air pollution and noise during pregnancy and
childhood, and functional brain connectivity in preadolescents
(Study I1).

To assess the association between outdoor exposure to residential
road traffic and multiple noise with sleep using both maternal-
reported and wrist-actigraphy data in preadolescents from two
European birth cohorts (Study V).
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3. METHODS

This section briefly summarizes the design and study population,
the noise and air pollution assessment, and the neurodevelopment
and sleep assessments. A more detailed explanation of the
methodology is described in each of the different studies included in
the results section.

3.1 Design and study population

This thesis is based on data from two population-based birth
cohorts: the INfancia y Medio Ambiente (INMA) Project from
Spain (Guxens et al., 2012) and the Generation R Study from the
Netherlands (Kooijman et al.,, 2016). The INMA Project is a
network of population-based birth cohorts from several regions of
Spain. However, in the present thesis, only the sub-cohort from
Sabadell city was included due to noise data availability. Both
cohorts were included as they had exhaustive information on noise
exposure and neurodevelopment, and sleep assessments. In the
INMA-Sabadell cohort, the period of recruitment in which mothers
were invited to participate was between July 2004 and July 2006
whereas in the Generation R Study was between April 2002 and
January 2006. Children were followed until 13-16 years old in both
cohorts although follow-up periods were different between them. In
Study I, 11 and IV we used data from both cohorts and in Study 111,
we used data only from the Generation R Study since MRI data was
not available in the INMA project.

3.2 Exposure assessment

1) Noise exposure assessment

In Study I, I, 111, and 1V, we used noise maps created for the
municipalities of Sabadell in Spain and of Rotterdam, Maassluis,
Rozenburg, Schiedam, and Vlaardingen in the Netherlands to
estimate the outdoor exposure to residential average noise levels.
These maps met the requirements of the European Environmental
Noise Directive (European Environmental Noise Directive, 2002).
Briefly, environmental noise exposure from both cohorts was
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estimated at each participant’s residential address where they lived
at during the periods of interest according to the study. In cases
where the child had lived in more than one address, we considered
the amount of time spent at each address to determine the average
noise levels of each participant. For both cohorts, we calculated
noise levels from road traffic source in all of the studies included in
this thesis. Additionally, in Study I and IV we calculated exposure
to multiple noise in which railway, aircraft and industry noise
sources were additionally considered, but only in the Generation R
Study. For both road traffic and multiple noise sources, the Lpen
indicator has been calculated in all the studies.

i) Air pollution assessment

In Study 111, air pollution levels were estimated using land use
regression models based on monitor campaigns carried out between
2009 and 2010 in the Netherlands and Belgium (Beelen et al., 2013;
Eeftens et al., 2012). The measurements were performed three times
during two-week periods in a year for several pollutants including
nitrogen oxides (NOy), nitrogen dioxide (NO,), particulate matter
(PM) with aerodynamic diameter less than 2.5 pm (PM,5), less than
10 um (PMjp), between 2.5 um and 10 um (PM coarse), and the
absorbance of PM;s (PM,5 absorbance) from the filters of PMys
measurements. For each pollutant, the levels of the three two-week
measurements were averaged resulting in a single annual mean
concentration. Land use regression models were applied to each
geocoded address where the participants had lived at during the
period of interest to estimate the levels of each air pollutant at each
of the participant’s addresses. Similar to noise estimates, if more
than one address was collected during the period of interest, we
took into account the amount of time that the participant had lived
at each address to weight the levels of air pollution accordingly.
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3.3 Outcome assessment

i) Neurodevelopment
Emotional, aggressive, and ADHD-related symptoms

In Study I, emotional, aggressive, and ADHD-related symptoms
were assessed using validated questionnaires completed by mothers
or teachers, which were different between the INMA-Sabadell
cohort and the Generation R Study. In the INMA-Sabadell cohort,
emotional and aggressive symptoms were assessed using the
Strength and Difficulties Questionnaire (SDQ) (Goodman et al.,
2009) and the Child Behavioral Checklist 6-18 (CBCL 6-18)
(Achenbach & Rescorla, 2001a). ADHD-related symptoms were
assessed using the ADHD Criteria of Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition (DSM-1V) (American
Psychiatric Association, 2000) and the Conner’s Parent Rating
Scale-Revised (CPRS) (Conners, 1997a). In the Generation R
Study, emotional, aggressive, and ADHD-related symptoms were
reported using the CBCL 1.5-5 and the CBCL 6-18 (Achenbach &
Rescorla, 2001a).

Cognitive and motor function

In Study I1, cognitive and motor function were measured as non-
verbal intelligence, language/verbal intelligence, memory,
processing speed, attentional function, visual attention, working
memory, cognitive flexibility, risky decision-making, and fine and
gross motor function using a battery of validated neurocognitive
tests in both cohorts and explained in detail in the methods section
of this study.

Functional brain connectivity

In Study 111, participants from the Generation R Study were invited
to receive a resting-state functional MRI (rs-fMRI) scan to assess
functional brain connectivity. The rs-fMRI data was preprocessed
and parcellated using the Human Connectome Project multimodal
parcellation (Glasser et al., 2016) resulting in 382 brain areas.
Under resting state conditions, brain regions that are functionally

13



connected show high correlation coefficients in their BOLD time
series. Therefore, we computed pair-wise correlation coefficients of
time series amongst the 382 brain areas in the parcellation. This
coefficient indicated the strength and the direction of the functional
connectivity between the different brain areas. We grouped the
brain areas into 31 brain regions based on location and common
properties and those regions into five brain functional networks and
a sixth group that comprised subcortical structures and the
cerebellum.

ii) Sleep

Sleep disturbances and physiological sleep measures were assessed
in Study IV using validated questionnaires and wrist-actigraphy,
respectively. Children’s sleep disturbances were reported by
mothers through the Sleep Disturbance Scale for Children (SDSC)
(Bruni et al., 1996) in both cohorts. We used the following SDSC
subscales in this study: problems with initiating and maintaining
sleep, excessive problems, and arousal problems (i.e., partial
awakening from deep sleep in which the subjects are partially or
totally unconscious). Sleep was also measured using accelerometers
placed on the non-dominant wrist of the participants during seven
consecutive days. Physiological sleep measures obtained were total
sleep time, sleep efficiency, sleep onset latency, and wake after
sleep onset.
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4. RESULTS

In this section, the following four scientific studies are presented:

Study I: Environmental noise exposure and emotional, aggressive,
and attention-deficit/hyperactivity disorder-related symptoms in
children from two European birth cohorts.

Study Il: Association between outdoor exposure to residential
noise and cognitive and motor function in children and
preadolescents.

Study I11: Exposure to traffic-related air pollution and noise during
pregnancy and childhood, and functional brain connectivity in
preadolescents.

Study 1V: Outdoor residential noise exposure and sleep in
preadolescents from two European birth cohorts.
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ARTICLE INFO ABSTRACT

Handling Editor: Zorana Andersen Background: Environmental noise exposure is increasing but limited research has been done on the association
with emotional, aggressive, and attention-deficit/hyperactivity disorder (ADHD)-related symptoms in children.

Keywords: Objective: To analyze the association between prenatal and childhood environmental noise exposure and

Noise pollution . emotional, aggressive, and ADHD-related symptoms in children from two European birth cohorts.

i::;zlt’ona“o" noise Methods: We included 534 children from the Spanish INMA-Sabadell Project and 7424 from the Dutch Generation

Aggresiion R Study. Average 24 h noise exposure at the participants’ home address during pregnancy and childhood periods

Behavioral symptoms were estimated using EU maps from road traffic noise and total noise (road, aircraft, railway, and industry).

Longitudinal studies Symptom outcomes were assessed using validated questionnaires: Strengths and Difficulties Questionnaire, Child
Behavioral Checklist, ADHD Criteria of Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition List,
and Conner’s Parent Rating Scale-Revised at 4, 7 and 9 years (INMA-Sabadell cohort) and 18 months, 3, 5, and 9
years (Generation R Study). Adjusted linear mixed models of prenatal and repeated childhood noise exposure
with repeated symptom outcomes were run separately by cohort and overall estimates were combined with
random-effects meta-analysis.
Results: Average prenatal and childhood road traffic noise exposure levels were 61.3 (SD 6.1) and 61.7 (SD 5.8)
for INMA-Sabadell and 54.6 (SD 7.9) and 51.6 (SD 7.1) for Generation R, respectively. Prenatal and childhood
road traffic noise exposure were not associated with emotional, aggressive, or ADHD-related symptoms. No
heterogeneity was observed between cohorts and results were comparable for total noise exposure.
Conclusions: No association was observed between prenatal or childhood road traffic or total noise exposure and
symptom outcomes in children. Future studies should include a more comprehensive noise exposure assessment
considering noise sensitivity and noise exposure at different settings such as work for pregnant women and
school for children.

1. Introduction Department of Economic and Social Affairs, 2019). Within our urban-
ized world, exposure to noise has become unavoidable due to a growing

The continuously growing world population is accompanied by a demand of transport (Erickson and Newman, 2017; European Environ-
rapid increase in urbanization, with a projected growth of 55% to 70% mental Agency, 2020). Transportation noise exposure from road traffic,
living in urban areas by 2050 (The World Bank, 2019; United Nations: railway, and aircraft is considered the second most significant
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environmental cause of ill-health in Western Europe (European Envi-
ronmental Agency, 2020). Evidence of increased risk in negative phys-
iological and psychological health due to prolonged exposure to
environmental noise is the driving force behind the guidelines and
recommendations that the World Health Organization sets in an attempt
to limit the levels of noise exposure and protect human health (World
Health Organization, 2018).

Children specifically are more vulnerable and susceptible to the
potential harmful effects of environmental noise exposure (Erickson and
Newman, 2017; Gupta et al., 2018). A suggested biological mechanism
highlights how environmental noise exposure during pregnancy can
increase the levels of maternal stress hormones and influence the
hypothalamic-pituitary adrenal axis, ultimately impacting the brain
development of the child (Beijers et al., 2014; Gitau et al., 1998;
Graignic-Philippe et al., 2014; Jafari et al., 2017; Lautarescu et al.,
2020). Children also have less developed coping strategies than adults
and less control over the levels of noise they are exposed to (Evans et al.,
1991; Gupta et al.,, 2018; Stansfeld and Matheson, 2003). Studies
investigating the association between environmental noise exposure,
mainly residential road traffic and aircraft noise, and emotional,
aggressive, and attention-deficit/hyperactivity disorder (ADHD)-related
symptoms in children often show heterogenous results (Clark et al.,
2020; Clark and Paunovic, 2018a, 2018b; Stansfeld and Clark, 2015;
Zijlema et al., 2021). Studies mainly assessed ADHD-related symptoms
and very few include emotional and aggressive symptoms. Further, most
studies focused primarily on the exposure during childhood, while
pregnancy exposure could also be a relevant window since the devel-
opmental processes of the fetus might be influenced by noise exposure-
induced maternal stress. Also, studies usually assessed the trans-
portation noise sources separately, while an individual can be exposed
to more than one source, and thus the overall effect of exposure to
multiple noise sources should also be investigated.

Therefore, this study aims to evaluate the association between pre-
natal and childhood exposure to road traffic and overall transportation
noise with emotional, aggressive, and ADHD-related symptoms in chil-
dren from two European birth cohorts.

2. Methods
2.1. Population and study design

This study was embedded in two population-based prospective
cohort studies: the Spanish INMA Project (Guxens et al., 2012) and the
Dutch Generation R Study (Hofman et al., 2004; Kooijman et al., 2016).
The INMA Project is a network of birth cohorts set up in several regions
of Spain following a common protocol, and for this analysis we only
included the INMA-Sabadell cohort due to availability on noise exposure
data. The cohort includes 778 pregnant women and their children
resident in the city of Sabadell (Catalonia, Spain) who visited the public
health center of Sabadell between July 2004 and July 2006 for an ul-
trasound in the first trimester. Inclusion criteria were 16 years or older,
singleton pregnancy, no assisted reproduction program, intention to
deliver in the reference hospital, and no communication problems. The
Generation R Study is a cohort study that recruited 9749 pregnant
women living in the city of Rotterdam, the Netherlands, with an ex-
pected delivery date between April 2002 and January 2006. Inclusion
criterium was being resident in Rotterdam when the child was born. In
our study, we included children with at least one noise exposure value
and one symptom outcome measurement (n = 534 for INMA-Sabadell
and 7424 for Generation R, Fig. S1). Ethical approval was obtained
prior to recruitment from the Clinical Research Ethical Committee of the
Municipal Institute of Healthcare (CEIC-IMAS) for the INMA-Sabadell
cohort and from the Medical Ethical Committee of Erasmus MC, Uni-
versity Medical Centre Rotterdam, in accordance with Dutch law for the
Generation R Study. Informed consent was obtained from parents in
both studies.
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2.2. Noise exposure

Existing noise maps developed in 2012 for Rotterdam and 2006 and
2012 for Sabadell were used to assess the annual levels of outdoor noise
exposure at each participant’s home address. We did not use an earlier
noise map for Rotterdam (i.e., the one of 2007) because the methodol-
ogy used to develop that earlier map differed to the one of 2012, making
the estimations incomparable. The noise maps meet the requirements of
the European Environmental Noise Directive (European Environmental
Noise Directive, 2002). The noise maps for Sabadell were based on a
model at street level that covered the entire municipal surface and the
noise map for Rotterdam was solely based on residential buildings.
Accuracy of the noise models was assured because they were developed
to assess exposure at the residential addresses. Noise maps were avail-
able for exposure levels of residential road traffic, railway, aircraft, and
industry noise. However, in the INMA-Sabadell cohort, children were
not exposed to railway, aircraft, or industry noise, so data solely from
residential road traffic was used. Noise exposure levels for the Genera-
tion R Study consisted of data from residential road traffic, railway,
aircraft, and industry.

For each noise exposure source, the day-evening-night noise indi-
cator (Lpgn) was calculated as the A-weighted average sound levels over
the entire 24 h of a day with penalties for the evening (+5 decibel (dB))
and night (+10 dB) (European Environmental Noise Directive, 2002).
The Lpay, Levening and Lyeur indicators were respectively the A-
weighted average sound levels assessed during the day (12 h for Gen-
eration R, 07:00-19:00 and 14 h for INMA-Sabadell, 07:00-21:00), the
evening (4 h for Generation R, 19:00-23:00 and 2 h for INMA-Sabadell,
21:00-23:00), and the night (8 h for both cohorts, 23:00-07:00), and
were calculated using the formulas detailed in Methods S1 (European
Environmental Noise Directive, 2002). Total noise exposure levels for
the Generation R Study were calculated using the formula detailed in
Methods S1. The levels of Lpgn of each noise exposure source were
applied to each geocoded participant’s address during the period of
interest. In one address where Lpgy was below the threshold of 40 dB,
considered as the minimum reliable value, we changed the value of that
address to 40 dB. Considering the number of days that the participant
spent at each address and weighting the noise levels accordingly, we
calculated the mean levels of Lpgy for each participant for the pregnancy
period (from conception until birth), and for different periods during
childhood, depending on the assessment of the outcomes. For the INMA-
Sabadell cohort these periods were: from birth to 4 years old, from 4 to 7
years old, and from 7 to 9 years old, and for the Generation R Study:
from birth to 18 months old, from 18 months to 3 years old, from 3 to 5
years old, and from 5 to 9 years old. In both cohorts, we considered the
mean level of Lpgy during a period of interest as missing if the child had
lived outside of the study area for more than 50% of the time. A subject
was included in the analysis if they had at least one noise exposure
measurement (Fig. S1).

2.3. Emotional, aggressive, and ADHD-related symptom assessment

Validated questionnaires were used throughout childhood to assess
emotional, aggressive, and ADHD-related symptoms in both cohorts
(Methods S2). The questionnaires used varied between cohorts and
measurement time points (Fig. S2). In the INMA-Sabadell cohort,
emotional and aggressive symptoms were assessed using the Strength
and Difficulties Questionnaire (SDQ) (Goodman et al., 2003) at 7 years
of age and the Child Behavioral Checklist 6-18 (CBCL 6-18) (Achenbach
and Rescorla, 2001) at 9 years of age. ADHD-related symptoms were
reported using the ADHD Criteria of Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (ADHD-DSM-IV) list at 4 years of age
(American Psychiatric Association, 2000) and the Conner’s Parent Rat-
ing Scale-Revised (CPRS) at 7 and 9 years of age (Conners, 1997). In the
Generation R Study, emotional, aggressive, and ADHD-related symp-
toms were reported at 18 months, 3, and 5 years of age using the CBCL
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1.5-5 questionnaire and at 9 years of age using the CBCL 6-18 ques-
tionnaire (Achenbach and Rescorla, 2001). All questionnaires were
completed by the mother, except for the ADHD-DSM-IV list, which was
done by the teacher. To make the results from the questionnaires com-
parable across cohorts, sum scores of the symptom categories were
square root transformed to reach normal distribution and then stan-
dardized by calculating the Z-score of the raw scores. A higher score
indicates more symptoms.

2.4. Potential confounding variables

Potential confounding variables for both cohorts were defined a
priori based on previous scientific literature, available data, and using a
direct acyclic graph (Hernan et al., 2002). Information for both cohorts
on parental age at enrollment (in years), parental ethnicity (Spanish or
Others for the INMA-Sabadell cohort, and Dutch, Surinamese, Turkish,
Moroccan or Others for the Generation R Study), parental education
level (low: no education, unfinished primary or primary; medium: sec-
ondary; high: university degree), parental social class based on occu-
pation (low: unskilled or (partly) skilled manual workers; medium:
financial management, administrative and other support staff, other
self-employed professionals, supervisors of manual workers, and skilled
non-manual workers; high: managers of companies, and intermediate or
higher level professionals), family status (dual or single parent),
maternal parity (nulliparous, one child, two or more children), maternal
smoking during pregnancy (yes or no), maternal alcohol use during
pregnancy (yes or no) and monthly household income (only for the
Generation R Study, (<€900, €900-1600, €1600-2220 or >€£2200) was
collected by questionnaires during pregnancy. Parental psychological
distress was measured during pregnancy using the Brief Symptom In-
ventory for the Generation R Study and at child’s 14 months using the
General Health Questionnaire for the INMA-Sabadell cohort (Derogatis,
1993; Goldberg et al., 1997). Child sex was obtained from hospital re-
cords, and parental height (cm) and weight (kg) was measured or self-
reported in the 1st trimester of pregnancy and subsequently used to
calculate the pre-pregnancy body mass index (in kg/m?) for both co-
horts. Traffic-related air pollution was not explored as co-exposure
because we did not find associations between air pollution and our
symptom outcomes in either cohort (Forns et al., 2018; Jorcano et al.,
2019).

2.5. Statistical analyses

To increase validity of results and limit attrition bias, missing values
of the potential confounding variables were 25 times imputed for all
subjects using standard procedures for multiple imputation (Table S1)
(Spratt et al., 2010; Sterne et al., 2009). The percentage of missing
values for the confounding variables was low, except for paternal
characteristics in the Generation R Study which were between 30.4%
and 48.5%. Distributions in imputed datasets were similar to those in
observed datasets (Table S2).

Children included in the analysis (534 for INMA-Sabadell cohort and
7424 for Generation R Study, Fig. S1) were more likely to have parents
with a national origin from the cohort site (Spanish or Dutch), have a
higher education level and social class, and have mothers that are older,
nulliparous, and did not smoke during pregnancy than those not
included (Table S3). Thus, inverse probability weighting was used to
correct for selection bias (Weisskopf et al., 2015; Weuve et al., 2012). In
brief, we used information available for all participants at recruitment to
predict the probability of participation in the current study and used the
inverse of those probabilities as weights in the analyses so that results
would be representative for the initial population. The variables used to
create the weights can be found in Table S4.

First, linear mixed models (LMM) were run separately per cohort to
examine the association between average prenatal noise exposure in
relation to the repeated measures of emotional, aggressive, and ADHD-
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related symptoms at 4, 7, and 9 years old for INMA-Sabadell and at 18
months, 3, 5 and 9 years for Generation R (Fig. S2). Overall estimates of
each cohort were then combined using random effects meta-analysis and
the heterogeneity of the estimates was assessed using Cochran Q test and
the I? statistic.

Second, LMM were run separately per cohort to examine the asso-
ciation between the repeated estimates of noise exposure during child-
hood in relation to the repeated measures of emotional, aggressive, and
ADHD-related symptoms. Thus, for INMA-Sabadell, LMM for emotional
and aggressive symptoms included noise exposure estimations between
birth and 7 years and between 7 and 9 years, and symptom outcome data
at 7 and 9 years. LMM for ADHD-related symptoms included noise
exposure estimations between birth and 4 years, between 4 and 7 years,
and between 7 and 9 years, and symptom outcome data at 4, 7, and 9
years. For Generation R, all LMM included noise exposure estimations
between birth and 18 months, between 18 months and 3 years, between
3 and 5 years, and between 5 and 9 years, and symptom outcome data at
18 months, 3, 5, and 9 years. Each LMM resulted in one overall child-
hood effect estimate. Overall estimates of each cohort were then com-
bined using random effects meta-analysis and the heterogeneity of the
estimates was assessed using Cochran Q test and the 12 statistic.

Third, to examine the association between each lifetime period of
childhood noise exposure and the repeated emotional, aggressive, and
ADHD-related symptoms at each time point, LMM detailed in the pre-
vious paragraph were re-run including an interaction term between
noise exposure and the age at the assessment of the symptom outcome.
These models could not be combined into random effects meta-analysis
because each cohort assessed the outcomes at different ages. Thus, effect
estimates at each age of the assessment of the symptom outcome are
presented separately per cohort.

All LMM included a random intercept to account for the non-
independence due to repeated measures of exposure and outcome per
subject. All models were first unadjusted, and then adjusted for all po-
tential confounding variables described above. We conducted a sensi-
tivity analysis where we performed all LMM with only the children that
had complete childhood noise exposure measurements. Statistical ana-
lyses were carried out using STATA (version 14.0; StataCorporation,
College Station, TX) and R (version 4.0.0; R Core Team (2020)).

3. Results

Participant characteristics of the study population from both cohorts
are shown in Table 1. The average age of mothers was 31.8 and 30.7
years in the INMA-Sabadell cohort and Generation R Study, respectively.
In the INMA-Sabadell cohort, most mothers were Spanish (90.5%), had a
medium education (43.8%), and were from a low social class (44.5%). In
the Generation R Study, the household income was mostly high (59.9%),
and most mothers were Dutch (56.2%), had a high education (48.9%),
and were from a high social class (63.9%).

Average prenatal road traffic noise exposure levels were 61.3
(standard deviation (SD) 6.1) and 54.6 (SD 7.9), whereas average
childhood road traffic noise exposure levels were 61.7 (SD 5.8) and 51.6
(SD 7.1) in the INMA-Sabadell cohort and the Generation R Study,
respectively. Average total noise exposure levels in the Generation R
Study were 55.8 (SD 7.1) during pregnancy and 52.8 (SD 6.8) during
childhood. Distribution of the noise exposure levels can be found in
Table S5 and Fig. S3. Road traffic noise exposure levels throughout the
different lifetime periods were moderately to strongly correlated (be-
tween 0.69 and 0.94 in the INMA-Sabadell cohort and between 0.48 and
0.91 in the Generation R Study, respectively). In the Generation R Study,
total noise exposure during pregnancy and childhood was moderately to
strongly correlated (between 0.49 and 0.91) and traffic and total noise
exposure were strongly correlated (between 0.95 and 0.97, Table S6).

Prenatal road traffic noise exposure was not associated with
emotional, aggressive, or ADHD-related symptoms in the unadjusted
and adjusted models for the INMA-Sabadell cohort and Generation R
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Table 1
Population characteristics of the INMA-Sabadell cohort and Generation R Study.
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Characteristics

INMA-Sabadell (n = 534)

Generation R (n = 7,424)

Noise Exposure (decibels)

Road Prenatal
Childhood

Total Prenatal
Childhood

Maternal Characteristics
Age at enrolment (years)
Pre-pregnancy body mass index (kg/m?)
Ethnicity
Spanish
Dutch
Surinamese
Turkish
Moroccan
Others
Education during pregnancy
Low
Medium
High
Social Class during pregnancy
Low
Medium
High
Psychological distress’
Parity
0
1
2+
Smoking during pregnancy (no vs. yes)
Alcohol during pregnancy (no vs. yes)
Paternal Characteristics
Age at enrolment (years)
Body mass index during pregnancy (kg/m?)
Ethnicity
Spanish
Dutch
Surinamese
Turkish
Moroccan
Others
Education during pregnancy
Low
Medium
High
Social Class during pregnancy
Low
Medium
High
Psychological distress’
Household Characteristics
Family status (dual vs. single parent)
Monthly income during pregnancy
<900€
900-1600€
1600-2200€
>2200€

61.3 (6.1) 54.6 (7.9)
61.6 (6.1) 53.7 (7.5)
- 55.8 (7.1)
— 55.2 (6.7)
31.8 (4.2) 30.7 (5.0)

22.7 (21.1; 25.4)

22.6 (20.8; 25.2)

90.5 -

- 56.2

- 7.3

- 8.1

- 5.1

9.5 23.3

24.1 8.3

43.8 42.8

32.1 48.9

44.5 3.9

32.4 32.2

23.1 63.9

9.0 (7.0; 12.0) 0.2(0.1;0.3)
56.1 56.7

37.3 30.5

6.6 12.8

73.2 84.0

77.9 59.2

33.6 (4.8) 33.2(5.5)

25.4 (23.5; 27.7)

24.9 (22.9; 27.2)

89.8 -

- 64.8
- 5.6
- 5.6
- 3.2
10.2 20.8
36.7 6.7
42.0 39.4
21.2 53.9
57.4 8.5
18.7 22.7
23.9 68.8
9.0 (7.0; 11.0) 0.1 (0.0; 0.2)
98.8 89.0
- 9.0
- 15.7
- 15.4
- 59.9

Values are percentages for categorical, mean (standard deviation) for continuous variables, and median (25th; 75th percentile) for body mass index and psycho-

pathological distress.

1 Score range 0-36 for the INMA-Sabadell cohort (assessed at child’s 14 months) and 0-4 for the Generation R Study (assessed during pregnancy).

Study, separately or combined in the meta-analysis (Fig. 1A, Table S7).
Similarly, overall childhood road traffic noise exposure showed no as-
sociation with emotional, aggressive, or ADHD-related symptoms
(Fig. 1B, Table S7). When analyzing the associations per childhood
lifetime period, there were no associations between road traffic noise
exposure and emotional, aggressive, or ADHD-related symptoms at 4, 7
or 9 years of age for the INMA-Sabadell cohort (Fig. 2A, Table S8). In the
Generation R Study, higher road traffic noise exposure was not associ-
ated with any symptoms at 18 months, 3 years, or 5 years. However,
higher road traffic noise exposure was associated with lower emotional,
but not aggressive or ADHD-related, symptoms at 9 years (Fig. 2B,
Table S8). Effect estimates were materially unchanged when looking at

prenatal and childhood total noise exposure in the Generation R Study
(Fig. S4 and Tables S7-S8). Effect estimates were also unchanged in
children with complete childhood noise exposure levels or in children
with no missing values for potential confounding variables (Tables S9
and S10).

4. Discussion
In this study, we found no evidence of an association of residential
road traffic noise exposure during pregnancy or childhood with

emotional, aggressive, and ADHD-related symptoms in children from
two European birth cohorts. Associations were also absent for total noise
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(A) Prenatal road traffic noise exposure (A 5dB) (B) Childhood road traffic noise exposure (A 5dB)
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Fig. 1. Fully adjusted associations of a 5 dB increase in prenatal (A) or childhood (B) road traffic noise exposure and standardized emotional, aggressive, or attention-
deficit/hyperactivity disorder (ADHD)-related symptom scores in the INMA-Sabadell cohort and Generation R Study. Abbreviations: ADHD, attention-deficit/
hyperactivity disorder; CI, confidence interval; dB, decibels; 2, percentage of the total variability due to between-cohort heterogeneity; p; p-value of heterogene-
ity using the Cochran’s Q test. Coefficients and 95% confidence intervals were obtained by random-effects meta-analysis. Within each cohort, linear mixed models
were adjusted for child sex, parental age, body mass index, ethnicity, education, social class and psychological distress, parity, smoking and alcohol during preg-
nancy, and family status. Generation R Study models were additionally adjusted for monthly household income.
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Fig. 2. Fully adjusted associations of a 5 dB increase in road traffic noise exposure in the INMA-Sabadell cohort (A) and the Generation R Study (B) during childhood
lifetime periods and overall childhood, and standardized emotional, aggressive, or attention-deficit/hyperactivity disorder (ADHD)-related symptom scores. Ab-
breviations: ADHD, attention-deficit/hyperactivity disorder; CI, confidence interval; dB, decibels. Coefficients and 95% confidence intervals were obtained by linear
mixed models. Linear mixed models were adjusted for child sex, parental age, body mass index, ethnicity, education, social class and psychological distress, parity,
smoking and alcohol during pregnancy, and family status. Generation R Study models were additionally adjusted for monthly household income.
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exposure in which railway, aircraft, and industry noise exposure were
additionally assessed.

Regarding emotional and aggressive symptoms, the absence of as-
sociations with environmental noise exposure during pregnancy is
consistent with a study looking at these relationships. They found no
indication of an association between prenatal road traffic noise and
emotional or aggressive symptoms (Hjortebjerg et al., 2016). Similarly,
no associations between childhood road traffic noise exposure and
emotional and aggressive symptoms were found, which is in line with
results from a few studies (Crombie et al., 2011; Forns et al., 2016;
Hjortebjerg et al., 2016; Stansfeld et al., 2009). However, two studies
observed that road traffic noise exposure at schools in the Netherlands,
Spain, and United Kingdom were related to less aggressive symptoms in
children aged 9-10 years (Crombie et al., 2011; Stansfeld et al., 2009).
They attributed their counterintuitive findings to chance, difficulties
experienced in accurately measuring road traffic noise exposure, or to
exposure misclassification (Crombie et al., 2011; Stansfeld et al., 2009).
In our study, we also found an unexpected protective association be-
tween road traffic and total noise exposure and emotional symptoms at
9 years in children from the Generation R Study. Of our population at 18
months, around 26% had missing noise exposure levels at 9 years,
because they moved outside Rotterdam and noise exposure could not be
estimated. These children had parents with a higher socio-economic
status and reported less emotional symptoms at younger ages and
more symptoms at 9 years old compared to those children who
continued living in Rotterdam. Thus, our unexpected results were most
probably due to selection bias. With limited literature available on the
association between environmental noise exposure and emotional and
aggressive symptoms, it is important that future studies include these
outcomes to better understand the possible impact on children, espe-
cially at older ages.

The relationship between environmental noise exposure and ADHD-
related symptoms has been studied more intensively. No associations
were found between prenatal environmental noise exposure and ADHD-
related symptoms in previous literature (Hjortebjerg et al., 2016; Weyde
et al., 2017). However, with relation to environmental noise exposure
throughout childhood, two cross-sectional and two longitudinal studies
in different European cities showed an association of higher road traffic
noise exposure at home or at school with higher hyperactivity or inat-
tention problems in children aged 7-11 years (Forns et al., 2016; Hjor-
tebjerg et al., 2016; Tiesler et al., 2013; Weyde et al., 2017). Further,
three other cross-sectional studies found that higher aircraft noise
exposure at school was associated with higher hyperactivity or inat-
tention problems in children from the Netherlands, United Kingdom,
and Spain aged 8-11 years (Crombie et al., 2011; Haines et al., 2001;
Stansfeld et al., 2009). In contrast, Zijlema et al. also found no associ-
ation between residential and school road traffic noise exposure and
ADHD-related symptoms in Dutch children aged 10-12 years, rather,
they observed a protective association with ADHD clinical diagnosis
(Zijlema et al., 2021). Most previous studies focused on noise exposure
at school instead of at the residential address, which could explain the
discrepancies between their results and ours (Crombie et al., 2011; Forns
et al., 2016; Haines et al., 2001; Stansfeld et al., 2009; Zijlema et al.,
2021). Noise exposure at school might become especially relevant dur-
ing the older lifetime periods of our study (compulsory age to attend
school in the Netherlands is 5 years and in Spain is 6 years), since they
spend more time at school when overall road traffic flow is higher. In
line with this idea, mothers likely spend a large portion of their preg-
nancy at their place of work, thus noise exposure at work can be relevant
to include for the estimations during the pregnancy period. Having in-
formation on noise exposure at school, work, and residential address
would give a more accurate and comprehensive estimation of the noise
levels that children are exposed to. Lastly, noise sensitivity has been
shown to be associated with more behavioral problems and ADHD-
related symptoms (Lim et al., 2018; Zijlema et al., 2021). It is defined
as lower tolerance to everyday environmental sounds, and an increased
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sensitivity is normal in younger children, while they become more
desensitized as the auditory system matures (NHS Foundation Trust,
2021; Potgieter et al., 2020). It can contribute to how children cope with
negative effects of noise, potentially moderating the association be-
tween noise exposure and symptom outcomes (Eze et al., 2020; Lim
et al., 2018; Zijlema et al., 2021). Evaluating noise sensitivity as a
possible effect modifier of the association between environmental noise
exposure and symptom outcomes can also help to give a more
comprehensive idea of the potential impact of noise exposure.

The main strength of our study is the inclusion of two population-
based birth cohorts from two different areas in Europe, and the pro-
spective nature of these studies. Also, noise exposure estimations
accounted for the time a child spent at each address. We also used
multiple imputation and inverse probability weighting to account for
selection bias, which increases the validity of our results (Sterne et al.,
2009). We included the symptom outcome scores as continuous scales,
allowing us to examine whether an association was present on a wide
spectrum, improving the statistical power of the study and reducing
outcome misclassification. Furthermore, the assessment of repeated
exposure and outcome measurements using a LMM approach is another
strength of our study. Using this approach increased the statistical power
of the analysis, allowed for a correct modelling of the non-independence
in the longitudinal data, and ensured the proper handling of missing
data (Harrison et al., 2018).

Our study also has some limitations that merit discussion. The first is
the possibility of information bias. Non-uniformity could be present in the
data, since we used different questionnaires to assess symptoms outcomes
at different ages completed by different reporters. However, we stan-
dardized the symptoms scales and results were similar across question-
naires and reporters. Also, even though multiple imputation was
performed, some potential confounding variables had high percentage of
missingness (30.4 — 48.5%). To ensure validity of the results based on the
imputed datasets, in the multiple imputation procedure we applied
models that used predictor variables that were moderately to strongly
correlated with the missing potential confounding variables and explored
the plausibility of the imputation data. Further, effect estimates were
unchanged in children with no missing values for potential confounding
variables. The possibility of non-differential exposure misclassification
should be addressed. Measurement error in the noise estimations and
including children in the analysis that lived at least 50% of the time in the
study area may have resulted in incorrect assignment of the noise expo-
sure levels of some participants. Thus, our effect estimates may be biased
towards the null and lead to incorrect estimations of the true association.
However, we aimed to improve the noise estimations as much as possible
by assessing them as a continuous exposure variable and accounting for
the changes in residential address. Also, we used the Lpgy indicator
instead of the Lyigur indicator because it includes the noise exposure
during the evening (i.e., between 19:00 and 23:00) which is also a relevant
exposure time for children and the exposure during both the evening and
the night has a greater weight than the exposure during the day. Never-
theless, Lpgy and Lnigur were highly correlated (rtho = 0.90). Further, we
could not investigate whether our results were influenced by two potential
effect modifiers such as noise sensitivity and location of the child’s
bedroom. Having information on the location of the child’s bedroom (e.g.,
if the bedroom has windows facing the street where the noise exposure is
estimated or the floor where the bedroom is located) would have reduced
the measurement error on the noise estimation and could have provided
more valid effect estimates of the association (Eze et al., 2020; Grelat
et al., 2016; Hjortebjerg et al., 2016; Pujol et al., 2012). Even though we
were able to assess multiple noise sources (road traffic, aircraft, railway,
and industry) for the Generation R Study, there were too few children
exposed to the separate noise sources to conduct source-specific analyses.
Future studies should include populations where the prevalence of these
exposure sources is higher, include a more exhaustive noise exposure
assessment, and determine the overall effect on symptom outcomes.

24



E. Essers et al.
5. Conclusion

In conclusion, in this study no association was observed between
prenatal and childhood environmental noise exposure and emotional,
aggressive, and ADHD-related symptoms in children in two European
birth cohorts. Our analyses using longitudinal data and information
from multiple noise sources showed absence of associations in line with
previous research that found no association with emotional or aggres-
sive symptoms, but not with research that more consistently showed
associations with higher ADHD-related symptoms. Further longitudinal
studies including a more comprehensive noise exposure assessment
considering noise sensitivity, exposure at work for pregnant women or at
school for children are warranted to fully understand how environ-
mental noise exposure can affect children’s health.
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Supplementary Material

FIGURE S1: Flowchart of study participants in the INMA-Sabadell

(A) and Generation R (B) cohorts.

(A) INMA-Sabadell cohort

778 mother-child
pairs in the
INMA-Sabadell
cohort
129 subjects are
missing all four noise
exposure values
649 subjects
have at least one
noise exposure
value
115 subjects are
missing symptom
outcome
" measurements

534 subjects have at least
one emotional, one
aggressive and one

ADHD-related symptom
score measurement

Abbreviations:

ADHD, attention/deficit-hyperactivity disorder;

(B) Generation R Study

9749 mother-child
pairs in the

Generation R
Study

9467 subjects
have at least one

noise exposure
value

\ J

7424 subjects have at least
one emotional, one
aggressive and one

ADHD-related symptom
score measurement

282 subjects are
missing all five noise
exposure values

2043 subjects are
missing symptom

outcome
measurements

ADHD-DSM-IV,

ADHD Criteria of Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition; CBCL, Child Behavioural Checklist; CPRS, Conners Parent Rating Scale;
SDQ, Strengths and Difficulties Questionnaire.
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Methods S1. Formulas used to calculate total noise exposure in
Generation R and the Lpgy value in the INMA-Sabadell and
Generation R cohorts.

Formula for total noise exposure levels in the Generation R Study:

road railway aircraft industry

Totalnoise =101g (1010 + 10 10 + 10 10 + 10 10 )

Formula for the day-evening-night noise indicator (Lpgn) in the
Generation R Study:

EVENING Lyigur +10

1 Lpay. Levening +5
Logy = 10lgz2((12 - 1010) + (4107 10 )+ (8- 10 10 )

Formula for the day-evening-night noise indicator (Lpgn) in the
INMA-Sabadell cohort:

Lgvening +5 Lyigyr +10

1 L
Loen = 101g- ( (14 - 1010)+ (2100 10 )+ (8-10 10 ))
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Methods S2. Description of the measurement instruments used
to determine emotional, aggressive, and attention-
deficit/hyperactivity disorder (ADHD)-related symptoms.

The Strength and Difficulties Questionnaire

The SDQ is a parental-reported questionnaire about the child
consisting of five scales related to emotional symptoms, conduct
problems, hyperactivity-inattention, peer problems and pro-social
behavior (Goodman, 1997). Each scale consists of five items, and
we used the ‘Emotional Problems’ scale to measure emotional
symptoms, and the ‘Conduct Problems’ scale to measure aggressive
symptoms. Symptom scores were calculated based on a 3-point
Linkert scale (0 = not true, 1 = somewhat true and 2 = certainly
true), generating the emotional and aggressive symptom scores
from 0 to 10 points (Goodman, 1997; Goodman et al., 2003).

Child Behavioral Checklist 1¥4-5 and 6-18

The CBCL 1%-5 and 6-18 are questionnaires that measure
behavioral and emotional problems of a child as reported by the
parents (Achenbach & Rescorla, 2001b). The CBCL 1%-5 consists
of 99 items and uses a 3-point Linkert severity scale (0 = not true, 1
= somewhat or sometimes true and 2 = very true or often true)
based on the previous 2 months. To assess emotional symptoms,
summed raw scores from the syndrome scales ‘Anxious/Depressed’
(8 items) and ‘Withdrawn’ (8 items) were used, generating an
emotional symptom score ranging from O to 32 points. For
aggressive symptoms, the raw score from the syndrome scale
‘Aggressive Behavior’ (19 items) was used, generating an
aggressive symptom score ranging from 0 to 38 points. To assess
ADHD-related symptoms, the raw score from the syndrome scale
‘Attention Problems’ (5 items) was used, generating an ADHD-
related symptom score ranging from 0 to 10 points. The CBCL 6-18
questionnaire consists of 112 items and uses the same 3-point
Linkert scale but based on the preceding 6 months. To assess
emotional symptoms, summed raw scores from the syndrome scales
‘Anxious/Depressed’ (13 items) and ‘Withdrawn/Depressed’ (8
items) were used. To assess aggressive symptoms, summed raw
scores from the syndrome scales ‘Rule-Breaking Behavior’ (17
items) and ‘Aggressive Behavior’ (18 items) were used. This
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generated an emotional symptom score ranging from 0 to 42 points
and an aggressive symptom score from O to 70 points. The
syndrome scale ‘Attention Problems’ (10 items) was used to
calculate the ADHD-related symptom score, ranging from 0 to 20
points.

ADHD Criteria of Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition

The ADHD-DSM-IV list consists of 18 items and is categorized
into two groups with nine symptoms each: ‘inattention’ and
‘hyperactivity/impulsivity’. The ADHD-related symptom score was
calculated based on a 4-point Linkert severity scale (O = never or
rarely, 1 = sometimes, 2 = often, and 3 = very often). This generated
the ADHD-related symptom score ranging from 0 to 54 points
(American Psychiatric Association, 2000).

Conner’s Parent Rating Scale-Revised

The CPRS consists of three scales (oppositional, cognitive
problems/inattention and hyperactivity), each having 9 items and
the questionnaire having 27 items in total. The CPRS uses a 4-point
Linkert severity scale (0 = not true at all, 1 = just a little true, 2 =
pretty much true and 3 = very much true) based on the preceding
month. The questionnaire also calculates a separate ADHD index
score ranging from 0 to 36 points, which was used as the ADHD-
related symptom scale (Conners, 1997b).
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used in the INMA-

FIGURE S2: Symptom outcome assessment time points and measuring instruments
Sabadell and Generation R cohorts.
ADHD-related ADHD-related ADHD-related ADHD-related ADHD-related ADHD-related
CBCL 1.5-5 CBCL 1.5-5 ADHD-DSM-IV list CBCL 1.5-5 CPRS CPRS | CBCL 6-18
Emotional Emotional Emotional Emotional Emotional
CBCL 1.5-5 CBCL 1.5-5 CBCL 1.5-5 SD|Q CBCL 6-18  CBCL 6-18
Aggressive Aggressive Aggressive Aggressive Aggressive
CRCL 1.5-5 CBCL 1.5-5 CBCL 1.5-5 SDQ CBCL 6-18 | CBCL 6-18
| i | I | >
INMA-Sabadell Cohort birth 4yr Tyr 9yr
18 mth 3yr Syr 9yr

Generation R Cohort birth
Childhood

Pregnancy

Abbreviations: ADHD, attention/deficit-hyperactivity disorder; ADHD-DSM-IV, ADHD Criteria of Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition; CBCL, Child Behavioural Checklist; CPRS, Conners Parent Rating Scale; SDQ, Strengths and Difficulties

Questionnaire.

31



TABLE S1. Details of the imputation modelling.

Software used and key setting: R (version 4.0.0; R Core Team (2020)) — mice
package (with 25 iterations) and Stata Statistical Software: Release 14. College
Station, TX: StataCorp LP (with 25 iterations)

Number of imputed datasets created: 25

Variables included in the imputation procedure for the INMA-Sabadell
cohort:

Noise exposure during pregnancy; emotional symptoms at 7 and 9 years;
behavioural symptoms at 7 and 9 years; attention symptoms at 4, 7 and 9 years;
maternal height, maternal pre-pregnancy body mass index, paternal height,
paternal pre-pregnancy body mass index, family status, maternal education level,
paternal education level, maternal parity, maternal smoking during pregnancy,
maternal alcohol use during pregnancy, maternal social class, paternal social
class, maternal country of birth, paternal country of birth, maternal age, paternal
age, sex of new-born, maternal pathological distress, paternal pathological

distress.

Variables included in the imputation procedure for the Generation R cohort:
noise exposure during pregnancy, noise exposure during childhood, emotional
symptoms at 18 months, 3, 5, and 9 years, behavioural symptoms at 18 months, 3,
5, and 9 years, attention symptoms at 18 months, 3, 5, and 9 years, maternal
country of birth, paternal country of birth, maternal education level, paternal
education level, family status, income, maternal parity, maternal smoking during
pregnancy, maternal alcohol use during pregnancy, sex of new-born, maternal
age, paternal age, maternal pre-pregnancy body mass index, paternal pre-
pregnancy body mass index, maternal social class, paternal social class, maternal

pathological distress, paternal pathological distress

Treatment of non-normally distributed variables: sqrt-transformed

Treatment of binary/categorical variables: logistic and multinomial models

Statistical interactions included in imputation models: none
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TABLE S2: Population characteristics in observed and imputed

datasets of the INMA-Sabadell cohort and Generation R Study.

Characteristics

INMA-Sabadell (n = 534)

Generation R (n =7,424)

%

%

Observed Imputed Imputed Observed Imputed Imputed
Child Characteristics
Sex (male vs. female) 51.5 51.5 0.0 50.5 50.5 0
Maternal Characteristics
Age at enrolment (years) 31.8 (4.2) 31.8 (4.2) 0.2 30.7 (5.0) 30.7 (5.0) 0
Fre-pregnanzcy body mass 22.7 22.7 21 22.6 22.6 250
index (kg/m°?) (21.1; 25.4) (21.0; 25.4) (20.8; 25.2) (20.8; 25.3)
Ethnicity 15 1.8
Spanish 90.5 90.3 - -
Dutch - - 56.2 56.0
Surinamese - - 7.3 7.3
Turkish - - 8.1 8.2
Moroccan - - 51 52
Others 9.5 9.7 233 233
Education during 21
pregnancy 7.9
Low 241 24.3 8.3 8.9
Medium 43.8 43.8 42.8 43.2
High 321 318 48.9 47.9
Soclal Class during 91 365
Low 44.5 45.6 3.9 7.9
Medium 324 31.8 32.2 36.7
High 231 22.6 63.9 55.4
Pathological distress* (7.09;'(1)2.0) (7.0%'(1)2.0) 58 (o.f;%.s) (o.f;%.s) 257
Parity 11 3.4
0 56.1 56.2 56.7 56.5
1 37.3 37.2 305 30.6
2+ 6.6 6.6 12.8 12.9
S(;”cf’\'j;’_“%,g;;””g pregnancy 72.2 73.2 15 84.0 83.9 12.2
Alcohol during pregnancy
(no vs. yes) 77.9 77.8 10.3 59.2 58.8 19.9

Abbreviations: p25, 25" percentile; p75, 75" percentile. Values are percentages
for categorical, mean (standard deviation) for continuous variables, and median
(p25; p75) for body mass index and pathological distress. * Chi-square tests for
categorical variables, two-sample t-test for normally distributed and Wilcoxon
Rank Sum test for non-normally distributed continuous variables. 2 Score range 0
— 36 for the INMA-Sabadell cohort (assessed at child’s 14 months) and 0 — 4 for
the Generation R Study (assessed during
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TABLE S2, continued: Population characteristics in observed
and imputed datasets of the INMA-Sabadell cohort and
Generation R Study.

INMA-Sabadell (n =534)

Generation R (n =7,424)

Characteristics % %
Observed Imputed Imputed Observed Imputed Imputed
Paternal Characteristics
Age at enrolment (years) 33.6 (4.8) 33.6 (4.8) 11 33.2(5.5) 33.2(5.7) 30.4
Body mass indexzduring 25.4 254 10.4 24.9 25.0 306
pregnancy (kg/m*) (23.5; 27.7) (23.5; 27.7) (22.9;27.2) (23.0; 27.2)
Ethnicity 0.7 30.8
Spanish 89.8 89.8 - -
Dutch - - 64.8 60.0
Surinamese - - 5.6 6.5
Turkish - - 5.6 6.9
Moroccan - - 3.2 3.9
Others 10.2 10.2 20.8 22.7
Education during pregnancy 11 385
Low 36.7 36.9 6.7 9.8
Medium 42.0 42.0 39.4 422
High 21.2 211 53.9 48.0
Social Class during pregnancy 13.8 485
Low 57.4 58.6 85 115
Medium 18.7 18.5 22.7 26.3
High 239 22.9 68.8 62.2
Pathological distress® (7.0?'21.0) (7.0?'21.0) 95 (0.8;'%).2) (0.8;'%).2) 41.2
Household Characteristics
Eggr‘% status (dual vs. single 98.8 98.0 9.3 89.0 88.7 7.8
z\g)onthly income during pregnancy ) 299
<900 - - 9.0 10.3
900 - 1600 - - 15.7 17.3
1600 - 2200 - - 154 15.8
> 2200 59.9 56.6

Abbreviations: p25, 25™ percentile; p75, 75" percentile. Values are percentages
for categorical, mean (standard deviation) for continuous variables, and median
(p25; p75) for body mass index and pathological distress. * Chi-square tests for
categorical variables, two-sample t-test for normally distributed and Wilcoxon
Rank Sum test for non-normally distributed continuous variables. * Score range 0
— 36 for the INMA-Sabadell cohort (assessed at child’s 14 months) and 0 — 4 for
the Generation R Study (assessed during
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TABLE S3: Population characteristics of the subjects included and not included in the analyses of the INMA-Sabadell

cohort and Generation R Study.

INMA-Sabadell (n = 778)

Generation R (n = 9749)

Characteristics Included Not Included valuel Included Not Included _value!
(n = 534) (n = 244) p-value (n = 7,424) (n = 2,325) p-value
Child Characteristics
Sex (male vs. female) 51.5 49.3 0.645 50.5 51.2 0.576
Maternal Characteristics
Age at enrolment (years) 31.8 (4.2) 30.2 (4.9) <0.001 30.7 (5.0) 27.4 (5.7) <0.001
Pre-pregnancy body mass index (kg/m?) 22.7 (21.1; 25.4) 22.5 (20.8; 25.6) 0.735 22.6 (20.8; 25.2) 22.8 (20.7; 26.2) 0.015
Ethnicity <0.001 <0.001
Spanish 90.5 77.1 - -
Dutch - - 56.2 25.8
Surinamese - - 7.3 14.9
Turkish - - 8.1 115
Moroccan - - 5.1 13.0
Others 9.5 229 233 33.8
Education during pregnancy <0.001 <0.001
Low 24.1 39.5 8.3 22.4
Medium 43.8 41.6 42.8 58.7
High 32.1 18.9 48.9 18.9
Social Class during pregnancy <0.001 <0.001
Low 445 67.4 3.9 9.8
Medium 324 24.4 322 53.0
High 23.1 8.2 63.9 37.2
Pathological distress? 9.0 (7.0; 12.0) 9.0 (7.0; 12.0) 0.982 0.2(0.1;0.3) 0.3(0.1;0.6) <0.001
Parity <0.001 <0.001
0 56.1 50.0 56.7 49.7
1 37.3 34.6 30.5 29.4
2+ 6.6 15.4 12.8 20.9
Smoking during pregnancy (no vs. yes) 73.2 64.2 0.025 84.0 74.1 <0.001
Alcohol during pregnancy (no vs. yes) 77.9 71.8 0.168 59.2 77.9 <0.001

Abbreviations: p25, 25™ percentile; p75, 75" percentile. Values are percentages for categorical, mean (standard deviation) for continuous variables, and
median (p25; p75) for body mass index and pathological distress. * Chi-square tests for categorical variables, two-sample t-test for normally distributed
and Wilcoxon Rank Sum test for non-normally distributed continuous variables. ? Score range 0 — 36 for the INMA-Sabadell cohort (assessed at child’s
14 months) and 0 — 4 for the Generation R Study (assessed during pregnancy).
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TABLE S3, continued: Population characteristics of the subjects included and not included in the analyses of the
INMA-Sabadell cohort and Generation R Study.

Characteristics

INMA-Sabadell (n = 778)

Generation R (h = 9749)

Included

Not Included

Included

Not Included

1

1
(n = 534) (n = 244) p-value (n = 7,424) (n = 2,325) p-value

Paternal Characteristics
Age at enrolment (years) 33.6 (4.8) 32.8 (6.1) 0.107 33.2(5.5) 30.8 (6.3) <0.001
Body mass index during 25.4 (23.5; 27.7) 25.3 (23.7; 27.8) 0.478 24.9 (22.9; 27.2) 25.2 (22.8; 27.8) 0.171
pregnancy(kg/m?)
Ethnicity 0.002 <0.001

Spanish 89.8 81.4 - -

Dutch - - 64.8 335

Surinamese - - 5.6 111

Turkish - - 5.6 115

Moroccan - - 3.2 8.4

Others 10.2 18.6 20.8 35.5
Education during pregnancy <0.001 <0.001

Low 36.7 53.7 6.7 18.7

Medium 42.0 345 394 52.5

High 21.2 11.8 53.9 28.8
Social Class during pregnancy 0.020 <0.001

Low 57.4 69.8 8.5 18.1

Medium 18.7 145 22.7 42.1

High 23.9 15.7 68.8 39.8
Pathological distress? 9.0 (7.0; 11.0) 9.0 (7.0; 11.0) 0.808 0.1(0.0;0.2) 0.1 (0.0;0.3) <0.001
Household Characteristics
Family status (dual vs. single parent) 98.8 97.7 0.519 89.0 72.6 <0.001
Monthly income (€) - <0.001

<900 - - 9.0 30.8

900 - 1600 - - 15.7 31.6

1600 - 2200 - - 154 129

> 2200 - - 59.9 24.6

Abbreviations: p25, 25™ percentile; p75, 75" percentile. Values are percentages for categorical, mean (standard deviation) for continuous variables, and
median (p25; p75) for body mass index and pathological distress. ! Chi-square tests for categorical variables, two-sample t-test for normally distributed
and Wilcoxon Rank Sum test for non-normally distributed continuous variables. ? Score range 0 — 36 for the INMA-Sabadell cohort (assessed at child’s
14 months) and 0 — 4 for the Generation R Study (assessed during pregnancy).
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TABLE S4. Variables used in logistic regression model to
calculate inverse probability of attrition weights in the INMA-
Sabadell cohort and Generation R Study.

INMA-Sabadell Cohort

Generation R Study

Variables
Explored Included Explored  Included

Sex new-born X X

Maternal pre-pregnancy weight X X

Maternal height X X

Maternal pre-pregnancy BMI X X X
Paternal weight X X

Paternal height X X

Paternal BMI X X

Family status X X X
Maternal education X X X
Paternal education X X X

Parity X X X X
Smoking during pregnancy X X X X
Maternal social class X X X

Paternal social class X X X
Maternal ethnicity X X X X
Paternal ethnicity X X X
Alcohol during pregnancy X X X
Maternal age X X X X
Paternal age X X X
Maternal pathological distress X X

Paternal pathological distress X X

Monthly household income X
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TABLE S5. Descriptive statistics of the noise exposure levels in

the INMA-Sabadell and Generation R cohorts.

Mean p25; p75 Min. Max. N
INMA-Sabadell (N = 534)
Road traffic noise exposure (dB)
Pregnancy 61.3 57.4;65.0 43.0 77.4 519
Birth — 4 years 61.3 58.4; 65.0 45.0 77.4 484
4 —7 years 61.6 58.0; 66.0 45.0 76.0 486
7 —9 years 61.8 58.0; 66.0 45.0 76.0 480
Generation R (N = 7,424)
Road traffic noise exposure (dB)
Pregnancy 54.6 48.0; 61.0 40.0 73.0 7054
Birth — 18 months 54.4 48.0; 60.0 40.0 73.0 7136
18 months — 3 years 53.9 48.0; 60.0 40.0 73.0 6479
3 -5 years 53.4 47.8;59.0 40.0 73.0 5816
5—9 years 53.2 47.1;58.0 40.0 73.0 5474
Total noise exposure (dB)
Pregnancy 55.8 50.1; 61.4 40.1 73.0 7054
Birth — 18 months 55.7 50.1; 60.9 40.1 73.0 7136
18 months — 3 years 55.3 49.9; 60.2 40.1 73.0 6479
3 -5 years 54.9 49.8; 59.5 40.1 73.0 5816
5—9 years 54.7 49.8;59.2 40.0 73.0 5474

Abbreviations: dB, decibels; p25, 25™ percentile; p75, 75" percentile

38



FIGURE S3: Road traffic noise exposure distribution for the
pregnancy period and the childhood periods in the INMA-
Sabadell (A) and Generation R (B) analysis cohorts.
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TABLE S6. Pearson correlations between the road traffic noise
exposure values during different lifetime periods of the child
for the INMA-Sabadell cohort (n = 534) (A), the road traffic
noise exposure values (B1) and total noise exposure values (B2),
and between the road traffic and total noise exposure values
(C) for the Generation R Study (n = 7424).

(A) road traffic Pregnancy Birth - 4 years 4-T7years 7-9years
Pregnancy 1
Birth - 4 years 0.85 1
4 -7 years 0.69 0.84 1
7 -9 years 0.69 0.77 0.94 1
(B1) road traffic Pregnancy Birth — 18 months — 3 5years 5-9years
18 months 3 years
Pregnancy 1
Birth - 18 months 0.91 1
18 months - 3 years 0.75 0.88 1
3 -5years 0.60 0.71 0.88 1
5 -9 years 0.48 0.58 0.72 0.89 1
(B2) total Pregnancy Birth - 18 months - 3-5years 5-9years
18 months 3 years
Pregnancy 1
Birth - 18 months 0.91 1
18 months - 3 years 0.75 0.89 1
3 -5 years 0.60 0.72 0.88 1
5 -9 years 0.49 0.58 0.73 0.89 1

(C) road traffic and total

Pregnancy
Birth - 18 months
18 months - 3 years
3 -5 years
5-9 years

0.97
0.97
0.96
0.95
0.95
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TABLE S7: Unadjusted and fully adjusted associations of a 5 decibel (dB) increase in prenatal or childhood road
traffic noise exposure for the INMA-Sabadell cohort, and road traffic or total noise exposure for the Generation R
Study and standardized emotional, aggressive or attention-deficit/hyperactivity disorder (ADHD)-related symptom
scores.

Emotional Symptoms Aggressive Symptoms ADHD-related Symptoms
Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted
B 95% Cl B 95% ClI B 95% ClI B 95% ClI B 95% ClI B 95% ClI
INMA-Sabadell Cohort — Road Traffic Noise Exposure (n = 534)
Prenatal -0.02 -0.08t0 0.04 -0.00 -0.06to 0.06 -0.02  -0.09 to 0.04 0.00 -0.06 to 0.06 -0.03 -0.09to 0.03 -0.00 -0.06 to 0.05
Childhood -0.03 -0.09 to 0.03 -0.01 -0.07to 0.05 -0.02 -0.08to 0.04 0.01 -0.05to0 0.07 0.00 -0.05to0 0.06 0.02 -0.03to0 0.08

Generation R Study — Road Traffic Noise Exposure (n = 7,424)

Prenatal -0.00 -0.02t0 0.02 -0.01 -0.02t0 0.01 0.00 -0.01to 0.02 0.00 -0.01to00.02 0.00 -0.01to00.01 -0.00 -0.02t00.01
Childhood 0.00 -0.02to 0.02 -0.01 -0.03t00.00 0.00 -0.01t00.02 -0.00 -0.021t00.01 0.00 -0.01t00.01 -0.01 -0.02to 0.00
Generation R Study — Total Noise Exposure (n = 7,424)

Prenatal -0.00 -0.02t00.02 -0.01 -0.03t00.01 0.00 -0.01to 0.02 -0.01 -0.03t00.01 -0.00 -0.01t00.01 -0.01  -0.02 to 0.00
Childhood  0.00 -0.02 to 0.02 -0.02  -0.04 to 0.00 0.00 -0.01to0 0.02 -0.00 -0.02to 0.01 0.00 -0.01to00.02 -0.01  -0.02 to 0.00

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; B; coefficient of the linear mixed model; CI, confidence interval;, dB, decibels.
Coefficients and 95% confidence intervals by cohort were obtained by linear mixed models. Within each cohort, linear mixed models were adjusted for
child sex, parental age, height, weight, body mass index, ethnicity, education, social class and pathological distress, parity, smoking and alcohol during
pregnancy, and family status. Generation R Study models were additionally adjusted for monthly household income.
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TABLE S8: Unadjusted and fully adjusted associations of a 5 decibel (dB) increase in road traffic noise exposure for
the INMA-Sabadell cohort, and road traffic or total noise exposure for the Generation R Study during childhood
lifetime periods and standardized emotional, attention-deficit/hyperactivity disorder (ADHD)-related symptom scores.

Emotional Symptoms Aggressive Symptoms ADHD-related Symptoms
Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted
B 95% CI B 95% CI B 95% CI B 95% CI B 95% CI B 95% CI
INMA-Sabadell Cohort — Road Traffic Noise Exposure (n = 334)
Birth to 4 years - - - - 0.00  -0.07 to 0.07 0.02 -0.05 to 0.09
4to 7 years -0.04  -0.11to 0.04 -0.01 -0.08 to 0.06 -0.03 -0.10 to 0.04 0.00 -0.07 to 0.07 0.00  -0.07t0 0.07 0.02 -0.04 to 0.09
7to 9 years -0.02  -0.09to 0.06 0.00 -0.07 to 0.07 -0.01 -0.09 to 0.06 0.02 -0.05 t0 0.09 0.01  -0.06t0 0.08 0.03 -0.04 to 0.10
Generation R Study — Road Traffic Noise Exposure (n = 7,424)
Birth to 18 months 0.01 -0.02 to 0.03 -0.01 -0.03 to 0.02 0.00 -0.02 to 0.02 -0.01 -0.02 to 0.01 -0.00  -0.02to0 0.01 -0.01 -0.03 to 0.00
18 months to 3 years 0.01 -0.02 to 0.04 -0.01 -0.04 to 0.02 0.01 -0.01 to 0.03 0.01 -0.02 to 0.03 0.01 -0.01 to 0.03 0.00 -0.02 to 0.02
3to 5 years 0.01 -0.02 to 0.04 -0.01 -0.04 to 0.02 0.00 -0.02 to 0.02 -0.01 -0.03 t0 0.01 0.00 -0.01t00.02 -0.01 -0.02 to 0.01
5to 9 years -0.03  -0.06to 0.00 -0.05%  -0.08 to -0.01 -0.00 -0.02 to 0.02 -0.01 -0.02 10 0.01 -0.00  -0.0210 0.01 -0.01 -0.03 to 0.01
Generation R Study — Total Noise Exposure (n = 7,424)
Birth to 18 months 0.00 -0.03 to 0.03 -0.01 -0.04 to 0.02 0.00 -0.02 to 0.02 -0.01 -0.03 to 0.02 -0.01 -0.02 to 0.01 -0.02 -0.03 to 0.00
18 months to 3 years 0.01 -0.02 to 0.04 -0.01 -0.04 to 0.02 0.01 -0.01 to 0.04 0.00 -0.02 to 0.03 0.01 -0.01 to 0.03 0.00 -0.02 to 0.02
3to 5 years 0.02 -0.02 to 0.05 -0.01 -0.04 to 0.03 0.00 -0.02 to 0.03 -0.01 -0.03 to 0.02 0.01  -0.01t00.03 -0.01 -0.03 t0 0.01
5to 9 years -0.03  -0.07to 0.01 -0.05*%  -0.09 to -0.01 0.00 -0.03 to 0.03 -0.00 -0.02 t0 0.01 0.00  -0.02t00.03 -0.01 -0.02 to 0.00

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; B, coefficient of the linear mixed model; CI, confidence interval; dB, decibels.
Coefficients and 95% confidence intervals by cohort and lifetime period were obtained by linear mixed models. Within each cohort, linear mixed
models were adjusted for child sex, parental age, height, weight, body mass index, ethnicity, education, social class and pathological distress, parity,
smoking and alcohol during pregnancy, and family status. Generation R Study models were additionally adjusted for monthly household income.

* Statistically significant at the 0.05 level.

42



Standardized Symptom Score
Coefficient (95% CI)

FIGURE S4: Fully adjusted associations of a 5 decibel (dB)
increase in total noise exposure in the Generation R Study
during childhood lifetime periods and overall childhood, and
standardized emotional (C1), aggressive (C2) or attention-
deficit/hyperactivity disorder (ADHD)-related (C3) symptom
scores.
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Abbreviations: ADHD, attention-deficit/hyperactivity disorder; CI, confidence
interval; dB, decibels. Coefficients and 95% confidence intervals by cohort,
noise exposure source and lifetime period were obtained by linear mixed models.
Linear mixed models were adjusted for child sex, parental age, height, weight,
body mass index, ethnicity, education, social class and pathological distress,
parity, smoking and alcohol during pregnancy, family status, and monthly
household income.
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TABLE S9: Unadjusted and fully adjusted associations of a 5 decibel (dB) increase in prenatal or childhood road
traffic noise exposure, and childhood lifetime periods for the INMA-Sabadell cohort, and road traffic or total noise
exposure for the Generation R Study and standardized emotional, aggressive, or attention-deficit/hyperactivity
disorder (ADHD)-related symptom scores in the children with complete childhood noise exposure assessments.

Emotional Symptoms

Aggressive Symptoms

ADHD-related Symptoms

Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted

B 95% Cl B 95% Cl B 95% Cl B 95% ClI B 95% ClI B 95% ClI
INMA-Sabadell Cohort — Road Traffic Noise Exposure (n = 462)
Prenatal -0.01  -0.08t0 0.05 0.01 -0.06to 0.07 -0.02  -0.09 to 0.04 0.01  -0.06 to 0.07 -0.02  -0.08 to 0.04 0.01  -0.05t00.07
Childhood  -0.02  -0.08 to 0.05 -0.00 -0.06 to 0.06 -0.02  -0.08 to 0.04 0.01  -0.05t00.07 0.00 -0.05t00.06 0.02 -0.03to 0.08
Generation R Study — Road Traffic Noise Exposure (n = 5,364)
Prenatal 0.00 -0.02to 0.03 -0.01  -0.03t0 0.01 0.00 -0.01t00.02 -0.00 -0.02 to 0.01 -0.00 -0.01to00.01 -0.01  -0.02t0 0.01
Childhood 0.00 -0.021t00.02 -0.02 -0.04 to 0.00 0.00 -0.01to0.02 -0.00 -0.02t00.01 0.00 -0.01to0.01 -0.01 -0.02 to 0.01
Generation R Study — Total Noise Exposure (n = 5,364)
Prenatal -0.00 -0.031t00.02 -0.02  -0.04 to 0.01 -0.00  -0.02 to 0.02 -0.02  -0.04t0 0.01 -0.00 -0.02to 0.01 -0.01  -0.03 to 0.00
Childhood  0.00  -0.02 to 0.03 -0.02  -0.05to 0.00 0.00 -0.01t00.02 -0.00 -0.02 to 0.01 0.00 -0.01t00.02 -0.01  -0.02t0 0.01

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; B; coefficient of the linear mixed model; CI, confidence interval; dB, decibels.
Coefficients and 95% confidence intervals by cohort were obtained by linear mixed models. Within each cohort, linear mixed models were adjusted for
child sex, parental age, height, weight, body mass index, ethnicity, education, social class and pathological distress, parity, smoking and alcohol during
pregnancy, and family status. Generation R Study models were additionally adjusted for monthly household income.
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TABLE S9, continued: Unadjusted and fully adjusted associations of a 5 decibel (dB) increase in prenatal or childhood
road traffic noise exposure, and childhood lifetime periods for the INMA-Sabadell cohort, and road traffic or total
noise exposure for the Generation R Study and standardized emotional, aggressive, or attention-deficit/hyperactivity
disorder (ADHD)-related symptom scores in the children with complete childhood noise exposure assessments.

Emotional Symptoms Agaressive Symptoms ADHD-related Symptoms
Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted
B 95% CI B 95% CI B 95% CI B 95% CI B 95% CI B 95% CI

INMA-Sabadell Cohort — Road Traffic Noise Exposure (n = 462)

Birth to 4 years - - - 001 -0.07to0.08 0.02 -0.05t0 0.09
4to 7 years -0.02  -0.10to0 0.04 -0.01 -0.08t0 0.07 -0.02 -0.10t0 0.05 0.00 -0.07t0 0.08 000 -0.07to0.07 0.02 -0.05t0 0.09
7to 9 years -0.01  -0.09t0 0.06 0.00 -0.07t0 0.08 -0.01 -0.09 to 0.06 0.02 -0.06 to 0.09 000 -0.07to0.08 0.03 -0.05t0 0.10
Generation R Study — Road Traffic Noise Exposure (n = 5,364)

Birth to 18 months 0.01 -0.02to 0.04 -0.01 -0.04t0 0.02 -0.00 -0.02t0 0.02 -0.01 -0.03t0 0.01 -0.00  -0.02t00.01 -0.01 -0.03t0 0.00
18 months to 3 years 0.01 -0.02to 0.05 -0.01 -0.04t0 0.02 0.01 -0.01to 0.04 0.01 -0.0210 0.03 001 -0.01t00.03 0.00 -0.01to 0.02
3to 5 years 0.01 -0.02to 0.04 -0.01 -0.04t0 0.03 0.00 -0.02t0 0.02 -0.00 -0.03t0 0.02 001 -0.01to0.02 -0.00 -0.02t0 0.01
5to 9 years -0.03 -0.07 to 0.00 -0.05*  -0.091t0-0.02 -0.00 -0.03t0 0.02 -0.01 -0.03t0 0.02 -0.00  -0.02t00.02 -0.01 -0.03t0 0.01

Generation R Study — Total Noise Exposure (n = 5,364}

Birth to 18 months 0.00 -0.03 to 0.04 -0.02 -0.05t0 0.02 0.00 -0.03 t0 0.03 -0.01 -0.03t0 0.02 -0.00  -0.03t00.02 -0.02 -0.04t0 0.00
18 months to 3 years 0.01 -0.03 to 0.05 -0.01 -0.05t0 0.03 0.01 -0.01to 0.04 0.00 -0.0210 0.03 001 -0.01to0.04 0.00 -0.02t0 0.03
3to 5 years 0.02 -0.02to 0.05 -0.01 -0.05t0 0.03 0.00 -0.02t0 0.03 -0.01 -0.03t0 0.02 001 -0.01t00.03 -0.00 -0.02t0 0.02
5to 9 years -0.03  -0.08t00.01 -0.06%  -0.10to-0.02 -0.00 -0.03 t0 0.03 -0.01 -0.04 t0 0.02 000 -0.02t00.03 -0.01 -0.02t0 0.01

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; B, coefficient of the linear mixed model; CI, confidence interval; dB, decibels.
Coefficients and 95% confidence intervals by cohort and lifetime period were obtained by linear mixed models. Within each cohort, linear mixed
models were adjusted for child sex, parental age, height, weight, body mass index, ethnicity, education, social class and pathological distress, parity,
smoking and alcohol during pregnancy, and family status. Generation R Study models were additionally adjusted for monthly household income. *
Statistically significant at the 0.05 level.
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TABLE S10: Unadjusted and fully adjusted associations of a 5 decibel (dB) increase in prenatal or childhood road
traffic noise exposure, and childhood lifetime periods for the INMA-Sabadell cohort, and road traffic or total noise
exposure for the Generation R Study and standardized emotional, aggressive, or attention-deficit/hyperactivity
disorder (ADHD)-related symptom scores in the children with no missing values for any potential confounding

variables.
Emotional Symptoms Aggressive Symptoms ADHD-related Symptoms
Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted
B 95% ClI B 95% ClI B 95% ClI B 95% ClI B 95% ClI B 95% ClI
INMA-Sabadell Cohort — Road Traffic Noise Exposure (n = 396)
Prenatal -0.05 -0.12t00.02 -0.04 -0.10to 0.03 -0.01 -0.08 to 0.06 0.01 -0.05to00.08 -0.32  -0.09to 0.04 -0.01 -0.08 to 0.05
Childhood -0.05 -0.12to 0.02 -0.04 -0.11t00.02 -0.01 -0.08 to 0.06 0.00 -0.07to0.07 0.01 -0.05to00.07 0.01 -0.05to00.07
Generation R Study — Road Traffic Noise Exposure (n = 2,397)
Prenatal 0.01 -0.01t00.03 -0.00 -0.02to0 0.02 0.01 -0.01to00.03 0.01 -0.01to00.03 0.00 -0.01to0.02 0.00 -0.02to 0.02
Childhood 0.01 -0.01to 0.03 0.00 -0.01to00.02 0.01 -0.00 to 0.03 0.01 -0.01t00.03 -0.00 -0.02 to 0.02 -0.00 -0.02 to 0.02
Generation R Study — Total Noise Exposure (n = 2,397)
Prenatal 0.00 -0.02to 0.03 -0.00 -0.03t00.02 0.01 -0.01to00.04 0.00 -0.02to 0.03 0.01 -0.02to 0.03 0.00 -0.02to 0.02
Childhood 0.01 -0.01to 0.03 0.00 -0.02to 0.02 0.01 -0.01to00.04 0.01 -0.01t00.03 -0.00 -0.02 to 0.02 -0.00 -0.02 to 0.02

Abbreviations:

ADHD, attention-deficit/hyperactivity disorder; B; coefficient of the linear mixed model; CI, confidence interval; dB, decibels.

Coefficients and 95% confidence intervals by cohort were obtained by linear mixed models. Within each cohort, linear mixed models were adjusted for
child sex, parental age, height, weight, body mass index, ethnicity, education, social class and pathological distress, parity, smoking and alcohol during
pregnancy, and family status. Generation R Study models were additionally adjusted for monthly household income.
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TABLE S10, continued: Unadjusted and fully adjusted associations of a 5 decibel (dB) increase in prenatal or
childhood road traffic noise exposure, and childhood lifetime periods for the INMA-Sabadell cohort, and road traffic
or total noise exposure for the Generation R Study and standardized emotional, aggressive, or attention-
deficit/hyperactivity disorder (ADHD)-related symptom scores in the children with no missing values for any potential

confounding variables.

Emotional Symptoms

Aggressive Symptoms

ADHD-related Symptoms

Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted

B 95% CI B 95% CI B 95% CI B 95% CI B 95% CI B 95% CI
INMA-Sabadell Cohort— Road Traffic Noise Exposure (n = 462)
Birth to 4 years 0.01  -0.07t0 0.09 0.00 -0.08 t0 0.08
4to 7 years -0.06 -0.15t0 0.02 -0.06 -0.14 to 0.02 -0.01 -0.09 to 0.07 0.00 -0.07 t0 0.08 -0.00  -0.08t00.08 -0.00 -0.08 t0 0.08
7to 9 years -0.03 -0.12 t0 0.05 -0.03 -0.11 to 0.05 -0.02 -0.10 to 0.07 -0.00 -0.08 to 0.08 0.04 -0.04t0 0.12 0.03 -0.04t0 0.11
Generation R Study — Road Traffic Noise Exposure (n = 2,397)
Birth to 18 months 0.02 -0.01t0 0.04 0.01 -0.02 to 0.04 0.01 -0.02 t0 0.03 -0.00 -0.03 to 0.02 -0.01  -0.04t00.01 -0.02 -0.04t0 0.01
18 monthsto 3 years  0.02 -0.01t0 0.05 0.01 -0.02 to 0.04 0.03* 0.00to 0.06 0.03* 0.00to 0.06 0.03  -0.00t00.06 0.02 -0.01t0 0.06
3to 5 years 0.01 -0.02t0 0.05 0.01 -0.02 to 0.04 0.02 -0.01to0 0.05 0.02 -0.01t0 0.05 -0.01 -0.04to0.02 -0.01 -0.04 t0 0.02
5to 9 years -0.02 -0.05t0 0.02 -0.02 -0.06 to 0.01 -0.00 -0.04 to 0.03 -0.00 -0.04 t0 0.03 0.00 -0.03 t0o 0.03 0.00 -0.03 to 0.04
Generation R Study — Total Noise Exposure (n = 2,397)
Birth to 18 months 0.01 -0.02 to 0.04 0.00 -0.03 t0 0.03 0.01 -0.02 to 0.04 -0.00 -0.03 t0 0.03 -0.02  -0.05t00.01 -0.02 -0.05t0 0.01
18 monthsto3 years  0.02 -0.01t0 0.06 0.01 -0.03 to 0.04 0.03* 0.00to 0.07 0.03 -0.00 to 0.06 0.03 -0.01t00.06 0.03 -0.01t0 0.06
3to 5 years 0.02 -0.01to 0.06 0.01 -0.02 to 0.05 0.03 -0.01 to 0.06 0.02 -0.01 to 0.06 -0.00  -0.04t00.03 -0.01 -0.04 t0 0.03
5to 9 years -0.02 -0.06 to 0.02 -0.03 -0.07 to 0.01 -0.00 -0.04 to 0.03 -0.01 -0.05 t0 0.03 0.01 -0.03 to 0.05 0.01 -0.03 to 0.05

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; B, coefficient of the linear mixed model; CI, confidence interval; dB, decibels.
Coefficients and 95% confidence intervals by cohort and lifetime period were obtained by linear mixed models. Within each cohort, linear mixed
models were adjusted for child sex, parental age, height, weight, body mass index, ethnicity, education, social class and pathological distress, parity,
smoking and alcohol during pregnancy, and family status. Generation R Study models were additionally adjusted for monthly household income. *

Statistically significant at the 0.05 level.

47



48



Study 11

Association between outdoor exposure to residential
noise and cognitive and motor function in children and
preadolescents

Laura Pérez-Crespo, Monica Lopez-Vicente, Antonia Valentin,
Maria Foraster, Henning Tiemeier, Monica Guxens

To be submitted in: Environment International

49



50



Abstract

Background: Exposure to environmental noise is increasing in
recent years but limited research has been conducted to assess the
relationship with cognitive and motor function in children and
preadolescents.

Objective: To investigate the association between outdoor exposure
to residential noise from road traffic during pregnancy and
childhood with cognitive and motor function in children and
preadolescents from two European birth cohorts.

Methods: We used data of 619 participants from the INMA-
Sabadell cohort and 7,115 from the Generation R Study. We used
noise maps to assess the average outdoor road traffic noise levels
(day-evening-night noise indicator LDEN) at each participants’
home address during pregnancy and childhood periods. We
assessed non-verbal and language/verbal intelligence, memory,
processing speed, attentional function, visual attention, working
memory, cognitive flexibility, risky decision-making, and fine and
gross motor function using a battery of validated neurocognitive
tests throughout childhood in both cohorts. Adjusted linear models,
linear mixed models, and negative binomial models were run
depending on the exposure and outcome measures separately by
cohort. Additionally, overall estimates were combined with
random-effects meta-analysis. Results were corrected for multiple
testing.

Results: Average road traffic noise exposure levels during
pregnancy and childhood were 61.3 (SD 6.0) and 61.5 (SD 5.4) dB
for the INMA-Sabadell cohort and 54.6 (SD 7.9) and 53.5 (SD 6.5)
dB for the Generation R Study, respectively. Outdoor exposure to
residential road traffic noise during pregnancy and childhood was
not associated with any of the cognitive and motor function
outcomes explored in this study (e.g. -0.92 (95% CI -2.08; 0.24) in
overall estimates of memory per an increase of 10 dB in road traffic
noise during childhood).

Conclusions: These findings suggest that outdoor exposure to noise
from road traffic at residences has no long-term effects on child’s
cognition. However, more studies evaluating this association at both
school and home settings are needed to provide recommendations
and implement environmental noise policies for protecting child’s
health. Also, future studies should include longitudinal designs to
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explore the long-term effects as well as noise fluctuations measures
instead of average noise levels.
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Introduction

Urbanization processes that have been occurring during the past
decades may have negative impacts in human well-being and health
(Wang, 2018). Exposure to environmental noise has increased as a
consequence of this urbanization growth and most of the population
is exposed to it on a daily basis. In Europe, environmental noise
remains a major health concern and it occurs from different sources,
mainly: road traffic, railway, aircraft, and industry (European
Environment Agency, 2020). Road traffic noise is the principal
environmental noise source affecting human health and it has been
estimated that at least 20% of the European population is exposed to
noise levels exceeding the recommended thresholds of 55 decibels
(dB) (European Environment Agency, 2020).

Previous epidemiological and experimental research has
indicated that environmental noise exposure is related to diverse
health effects (Héroux et al., 2015). Children are often considered
as a vulnerable population to the effects of environmental noise
because fetal life and childhood are periods of rapid growth and
brain maturation (S. Stansfeld & Clark, 2015). In addition, children
have less developed coping strategies and less control than adults to
deal with environmental noise (S. Stansfeld & Clark, 2015). The
evidence for the association between exposure to road traffic noise
and cognitive development in children is still limited (Clark &
Paunovic, 2018). No evidence was found of the association between
road traffic noise exposure both at home (Julvez et al., 2021; van
Kempen et al., 2010) and at school (Clark et al., 2012; Julvez et al.,
2021; Matheson et al., 2010; S. A. Stansfeld et al., 2005; van
Kempen et al., 2010, 2012) and working memory in children at 6-11
years old except in one study where outdoor exposure to road traffic
noise at schools, but not at home, was associated with lower
development of working memory from 7 to 10 years old (Foraster et
al., 2022). Also, findings from studies assessing the association
between road traffic noise exposure at school, at home, or at both
settings and children’s memory (Clark et al., 2012; Lercher et al.,
2016; Matheson et al., 2010; S. A. Stansfeld et al., 2005; van
Kempen et al., 2010, 2012), attentional function (Cohen et al., 1973;
Foraster et al., 2022; Julvez et al., 2021; Lercher et al., 2016; Sanz
et al., 1993; S. A. Stansfeld et al., 2005; van Kempen et al., 2010,
2012) or language/verbal and non-verbal intelligence (Bhang et al.,
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2018; Clark et al., 2006; Cohen et al., 1973; Julvez et al., 2021;
Ljung et al., 2009; S. A. Stansfeld et al., 2005) at 6-12 years old
were not consistent. Lastly, the relationship between environmental
noise exposure at home and motor function has only been
investigated previously in a single study in children aged 3 and 6
years but no association was found (Raess et al., 2022).

Overall, research on the association between road traffic
noise and cognitive and motor functions is still inconclusive.
Additionally, most studies evaluated school-outdoor road traffic
noise levels and were predominantly cross-sectional. Therefore, our
study aims to investigate the association between outdoor exposure
to residential noise from road traffic during pregnancy and
childhood with cognitive and motor function in children and
preadolescents from two European birth cohorts, the Dutch
Generation R Study and the Spanish INMA Project.
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Methods
Population and Study Design

This cross-sectional study used data from two population-based
birth cohort studies: the Spanish INfancia y Medio Ambiente
(INMA) Project (Guxens et al., 2012) and the Dutch Generation R
Study (Kooijman et al., 2016). The INMA Project is a network of
birth cohorts set up in several regions of Spain following a common
protocol. For the present study, we included the INMA-Sabadell
cohort due to data availability of the noise exposure maps. The
cohort includes 775 pregnant women and their children resident in
the city of Sabadell (Catalonia, Spain) who visited the public health
centre of Sabadell for an ultrasound in the first trimester between
July 2004 and July 2006. Mothers were eligible for the study if they
were 16 years or older, had a singleton pregnancy, and had intention
to deliver in the reference hospital. Exclusion criteria were having
assisted to a reproduction programme or having communication
problems. The Generation R Study is a prospective population-
based cohort from fetal life onwards in Rotterdam, the Netherlands.
This study contains a multi-ethnic population birth cohort including
9,610 pregnancies (Kooijman et al., 2016). Mothers were eligible
for the study if they had an expected delivery date from April 2002
until January 2006 and were living in the study area of Rotterdam.
We included a total of 7,734 children from both cohorts, 619 from
INMA-Sabadell and 7,115 from the Generation R Study, with at
least one noise exposure value and one cognitive or motor function
measurement (Supplementary Material Figure S1). Ethical approval
was obtained prior to recruitment from the Clinical Research
Ethical Committee of the Municipal Institute of Healthcare (CIEC-
IMAS) for the INMA-Sabadell cohort and from the Medical Ethical
Committee of Erasmus MC, University Medical Centre Rotterdam,
in accordance with Dutch law for the Generation R Study. We
obtained written informed consent from parents in both cohorts.

Noise exposure assessment

Existing noise maps developed in 2006 and 2012 for Sabadell in
Spain and in 2012 and 2017 for the municipalities of Rotterdam,
Maassluis, Rozenburg, Schiedam, and Vlaardingen in the
Netherlands were used to estimate the outdoor annual average

55



levels of environmental noise exposure at each participant’s
geocoded residential address. We selected these maps because they
were the available ones matching which the period from conception
until the last outcome assessment in each cohort, except for
Generation R Study where we would need to include a map from
2007. However, we did not include it because the methodology used
to develop it was different from the one used in the 2012 and 2017
maps, making the noise estimations not comparable. These maps
met the requirements of the European Environmental Noise
Directive (European Environmental Noise Directive, 2002). For the
INMA-Sabadell cohort, noise was measured using a street
categorization method taking into account the different types of
street and land uses. Additionally, street geometry, presence of
activities, type of traffic, and traffic flow were also considered to
determine the noise level. For the Generation R Study, noise was
modelled using the standardized Dutch calculation methods
(‘Standaard Rekenmethoden’, SRM), including surfaces polygon,
buildings, barriers, slope, crossings, roundabouts as well as the
corresponding emission sources for each of the specific models. The
maps from both countries were developed to estimate the noise
levels at a height of 4 meters at the most exposed facade of the
residential addresses. Noise maps were available for exposure levels
of residential road traffic, railway, aircraft, and industry noise.
However, in both cohorts, there were few children exposed to
railway, aircraft, or industry noise, and only data from road traffic
noise was used in the present study.

To estimate road traffic noise exposure, we calculated the
day-evening-night EU noise indicator (Lpgn) using the formulas
detailed in Supplementary Material Methods S1. Lpgn represents
the A-weighted average sound level over the entire 24-hour day
with penalties for the evening (+5 dB) and the night (+10 dB), as
suggested by the Environmental Noise Directive to account for the
expected greater health impact of the evening and night-time
periods. The Lpay, Levening, and Lyieut indicators were defined as
the A-weighted average sound levels assessed during the day (07:00
to 21:00 for INMA-Sabadell and 07:00 to 19:00 for Generation R),
the evening (21:00 to 23:00 for INMA-Sabadell and 19:00 to 23:00
for Generation R), and the night (23:00 to 07:00 for both cohorts),
respectively (European Environmental Noise Directive, 2002). The
levels of Lpen for both cohorts were calculated at each geocoded
address that the participants have lived at during the period of
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interest. We calculated the noise of the street closest to the geocode
at a distance of 50 meters in the INMA-Sabadell cohort. However,
in the Generation R Study, we performed an intersection of the
buildings noise data obtained from the maps with the geocodes. In
case that the geocode was outside the noise building, but in less
than 50 meters, it was assigned to the closest building. If more than
one address were available, the number of days that the participant
spent at each address was considered to derive the average noise
levels for each participant for the pregnancy period (from
conception until birth), and for different periods during childhood,
depending on the outcome assessments and the cohort. For the
INMA-Sabadell cohort these periods were: from birth to 4 years
old, from 4 to 7 years old, from 7 to 9 years old, and from 9 to 11
years old, and for the Generation R Study: from birth to 6 years old,
from 6 to 9 years old, and from 9 to 13 years old.

Cognitive and motor function

Cognitive and motor function were measured as non-verbal
intelligence, language/verbal intelligence, memory, processing
speed, attentional function, visual attention, working memory,
cognitive flexibility, risky decision-making, and fine and gross
motor function using a battery of validated neurocognitive tests
throughout childhood in both cohorts. Details of the tests used,
outcomes calculated, and their interpretation are detailed in Table 1
and Figure 1.

Potential confounding variables

The potential confounding variables were a priori defined with a
direct acyclic graph (Hernan et al., 2002) according to the existing
literature and based on data availability in each cohort. In both
cohorts, these variables were collected by questionnaires and
instruments completed by the parents. We included information for
both cohorts on parental ages at enrollment (in years), parental
countries of birth (country of the cohort vs. others), parental
education level (low: no education, unfinished primary or primary;
medium: secondary; high: university degree or higher), parental
social class based on occupation (low: semi-skilled/unskilled;
medium: skilled manual and non-manual, high:
managers/technicians), family status (dual or single parent),
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maternal parity (nulliparous vs. multiparous)), maternal smoking
during pregnancy (yes or no), and maternal alcohol use during
pregnancy (yes or no). Child sex was obtained from hospital records
and included as a covariate. Parental height (in cm) and weight (in
kg) were measured or self-reported in the first trimester of
pregnancy and body mass index (in kg/m?) was calculated based on
the collected weight and height data.

Statistical analyses

After checking that all the assumptions of the models (i.e., linearity
between exposure and outcomes, independence, homoscedasticity,
normality of the residuals) were fulfilled, we used linear regression
models to assess the associations between outdoor exposure to
residential road traffic noise and memory, processing speed, visual
attention, and fine and gross motor function in both cohorts. We
also performed linear regression models to assess the association of
outdoor exposure to residential road traffic noise with cognitive
flexibility and risky decision-making in the INMA-Sabadell cohort,
and with working memory in the Generation R Study. In those
outcomes with repeated measurements throughout childhood, we
performed linear mixed models with subject as random intercept to
account for the non-independence due to repeated measures of
exposure and outcome. Therefore, we ran linear mixed models to
assess the associations between outdoor exposure to residential road
traffic noise and repeated language/verbal and non-verbal
intelligence in both cohorts, and repeated working memory in the
INMA-Sabadell cohort. Finally, we used negative binomial
regression models to assess the association between outdoor
exposure to residential road traffic noise and omission and
commission errors in both cohorts. All models were adjusted for
potential confounding variables specified in the previous section.
All models were first run separately per cohort and overall estimates
of those outcomes that were assessed in both cohorts were
combined using random effects meta-analysis. The heterogeneity of
the estimates was assessed using Cochran Q test and the 12 statistic.
Analyses were corrected for multiple testing using the Bonferroni
correction to a total of 74 tests (Abdi, 2007). After the correction,
we obtained a new critical p-value for each association.
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Multiple imputation of missing values of potential
confounding variables for each cohort was performed using chained
equations where 25 complete datasets were generated and analyzed
(Spratt et al., 2010) (Supplementary Material Table S1). The
percentage of missing values for the confounding variables was
below 30% except for paternal education and social class in the
Generation R Study which were between 30.94% and 52.48%. The
distributions of the imputed datasets were similar to the non-
imputed datasets (data not shown). Of the mother-child pairs
recruited initially in the Spanish and Dutch cohorts, children
included in this analysis (619 for INMA-Sabadell cohort and 7,115
for Generation R Study) were more likely to have parents that were
older, from the country of the cohort, and with high level of
education and social class than those not included (156 for INMA-
Sabadell cohort and 2,495 for Generation R Study), and had
mothers that consumed less alcohol during pregnancy
(Supplementary Material Table S2). In addition, Dutch children
included in this analysis (n= 7,115) had mothers that had smoked
less during pregnancy, were nulliparous, and had a dual family
status compared to children from the Dutch cohort not included
(n=2,495). Thus, we used inverse probability weighting to correct
for the losses to follow-up in both cohorts and account for potential
selection bias when including only participants with available data
as compared to the full initial cohort recruited at pregnancy.

All analyses were performed using Stata version 14
(StataCorporation, College Station, TX) and R (version 3.6.0 R
Core Team (2019)).
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Results

Participant characteristics of the study population from both cohorts
are shown in Table 2. The average age of mothers was 31.7 and
30.5 years old in the INMA-Sabadell cohort and the Generation R
Study, respectively. In the INMA-Sabadell cohort, almost all
mothers were Spanish (89.3%), had a medium education (42.9%),
and were from a high social class (47.4%). In the Generation R
Study, most mothers were Dutch (54.1%), had a high education
(47.0%), and were from a high social class (62.6%).

Average road traffic noise levels during pregnancy were
61.3 (standard deviation (SD) 6.0) and 54.6 (SD 7.9) deciBels (dB),
whereas average road traffic noise levels during childhood were
61.5 (SD 5.4) and 53.5 (SD 6.5) dB in the INMA-Sabadell cohort
and the Generation R Study, respectively (Table 2). Distribution of
descriptive statistics of the noise exposure levels for the different
periods of interest for both cohorts can be found in Supplementary
Material Table S3. In addition, correlations between road traffic
noise levels throughout the different time periods of study were
moderate to strong (between 0.43 and 0.97), depending on the time
period and the study cohort (Supplementary Material Table S4).
Distributions of descriptive statistics of cognitive and motor
outcomes for both cohorts are shown in Supplementary Table S5.

Outdoor exposure to residential road traffic noise during
pregnancy or childhood was not associated with non-verbal
intelligence, language/verbal intelligence, memory or processing
speed in the unadjusted and adjusted models for the INMA-Sabadell
cohort and Generation R Study, separately or combined in the meta-
analysis (e.g. -0.92 (95% confidence interval (CI) -2.08; 0.24) in
overall estimates of memory per an increase of 10 dB in road traffic
noise during childhood) (Table 3).

Regarding attentional function, higher exposure to
residential road traffic noise during pregnancy was associated with
less commission errors and more omissions errors in the INMA-
Sabadell cohort (Incidence Risk Ratio (IRR) 0.88 (95% CI 0.81;
0.96) and 1.13 (95% CI 1.01; 1.28), respectively, per an increase of
10 dB in road traffic noise levels) (Table 4). Also, we found an
association between higher exposure to outdoor residential road
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traffic noise during childhood and less commissions errors in the
INMA-Sabadell cohort (IRR 0.85 (95% CI 0.78; 0.93) per an
increase of 10 dB in road traffic noise levels) (Table 4). However,
none of these associations survived correction for multiple testing.

We found no association between outdoor exposure to
residential road traffic noise during pregnancy and childhood and
visual attention (Table 4), fine and gross motor function (Table 5),
and working memory (Supplementary Material Table S6) for any of
the study cohorts (e.g. -0.34 (95% CI -0.95; 0.27) fine motor
function in the right hand per an increase of 10 dB in road traffic
noise levels). In INMA-Sabadell, we further assessed cognitive
flexibility and risky decision-making with no associations observed
related to outdoor noise exposure from road traffic at participants’
home addresses (Supplementary Material Table S7 and S8).
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TABLE 1. Details of cognitive and motor development assessment.

Cognitive and

motor function Test and subtest Qutcome of interest Interpretation Cohort References
domain
MSCA: Perceptive- Raw score score; lower non-verbal (MacCarthy & Cordero Pando,
performance scale intelligence INMA.- 2006)
|number of correct items; Sabadell
Raven Number of correct items | lower non-verbal (Raven, 2003)
Non-verbal . -
. ) intelligence
intelligence SON-R: Mosaics and ;1 -verbal
. Age-standardized score .lscor.e > ‘ower non (Laros & Tellegen, 1991)
Categories subtests intelligence .
WISC-V: Matrix re; lower non-verbal Generation R
. T score Lscore; lower no (Kaufman et al., 2015)
reasoning subtest intelligence
. |score; lower verbal (MacCarthy & Cordero Pando,
MSCA: Verbal scale Raw score intelligence INMA- 2006)
Semantic Verbal {a\lnlimgfsr tz];rv(?c:dnso?f |number of words; lower Sabadell (Sauzéon et al., 2004)
Fluency verbal intelligence N
repeat
Verbal Percentage correct score:
intelligence total correct answers

TVK: Receptive subtest

divided by the total
number of items
answered

|percentage correct score;
lower verbal intelligence

WISC-V: Vocabulary
subtest

T score

lscore; lower verbal
intelligence

Generation R

(Van Bon & Hoekstra, 1982)

(Kaufman et al., 2015)

Abbreviations: ANT, Attention Network Task; FTT, Finger Tapping Test; K-CPT, Conners’ Kiddie Continuous Performance Test; MSCA,
McCharty Scales of Children’s Ability; NEPSY-II, Developmental NEuroPSYchological Assessment Second Edition; SON-R, Snijders-
Oomen Niet-verbale intelligentie Test — Revisie; TMTA, Trail Making Test Part A; TMTB, Trail Making Test Part A; TVK, Talltest voor
Kinderen; WISC-1V,4th edition of Wechsler Intelligence Scale for Children-1V ; WISC V, 5th edition of Wechsler Intelligence Scale for
Children.
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TABLE 1, continued. Details of cognitive and motor development assessment.

Cognitive and

motor function Test and subtest Qutcome of interest Interpretation Cohort References
domain
. INMA.- (MacCarthy & Cordero Pando,
MSCA: Memory scale Raw score Sabadell 2006)
Memory NEPSY-I1: Memory for lscore; lower memory

faces, memory for faces
delayed and memory,
narrative memory

Scaled score

Generation R

(Brooks et al., 2009)

WISC-IV: Coding and INMA-
. Symbol search subtests Raw score Iscore; lower speed of Sabadell (Kaufman et al., 2006)
Processing speed WISC-V: Codin information processin
subtest ’ 9 T score P g Generation R (Kaufman et al., 2015)
-Omission errors: INMA-
K-CPT Number of times the Sabadell (Conners, 2006)

Attentional
function

NEPSY-II: Auditory
attention subtest

individual did not
respond to a stimuli

-Commission errors:
Number of times that the
individual respond
wrongly

Tomission errors
Tcommissions errors;
higher inattention

Generation R

(Brooks et al., 2009)

Visual attention

TMT-A

Time to complete the
task (ms)

Ttime; lower visual
attention

INMA-
Sabadell

(Tombaugh, 2004)

NEPSY-II: Visuomotor
precision subtest

Scaled score

lscore; lower visual
attention

Generation R

(Brooks et al., 2009)

Abbreviations: ANT, Attention Network Task; FTT, Finger Tapping Test; K-CPT, Conners’ Kiddie Continuous Performance Test; MSCA,
McCharty Scales of Children’s Ability; NEPSY-II, Developmental NEuroPSYchological Assessment Second Edition; SON-R, Snijders-
Oomen Niet-verbale intelligentie Test — Revisie; TMTA, Trail Making Test Part A; TMTB, Trail Making Test Part A; TVK, Talltest voor
Kinderen; WISC-1V,4th edition of Wechsler Intelligence Scale for Children-1V ; WISC V, 5th edition of Wechsler Intelligence Scale for
Children.
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TABLE 1, continued. Details of cognitive and motor development assessment.

Cognitive and
motor function Test Outcome of interest Interpretation Cohort References
domain
-Hit Reaction Time
(HRT): Mean response
time for all correct .. .
Working N-back: 3-back subtest | answers (ms) Jnliigrid + lower working g:gg ﬁ\e_ll (Pelegrina et al., 2015)
memory -d’: z (hit rate) — z (false
alarm rate)
WISC-V: Digit Span T score Iscore; lower working Generation R (Kaufman et al., 2015)
subtest memory
Task switching score: ttime: Tower task
TMT-B Time to complete the o .
task (ms) switching capacity
. Task shifting score: INMA-
ﬁ:}%%'itlli\s (Time to complet_e the N Sabadell (Tombaugh, 2004)
TMT-A and TMT-B TMT-B (ms) — Time to Tscore; lower task shifting
complete the TMT-A capacity
(ms)) / Time to complete
the TMT-A (ms))
Total number of risky
choices made in the gain . .
. . e Inumber of risky choices;
Risky decision- | - pg condition - higher risky dec?]sion- INMA- (Levin et al., 2007)
making total number of risky making Sabadell
choices in the loss
condition

Abbreviations: ANT, Attention Network Task; FTT, Finger Tapping Test; K-CPT, Conners’ Kiddie Continuous Performance Test; MSCA,
McCharty Scales of Children’s Ability; NEPSY-II, Developmental NEuroPSYchological Assessment Second Edition; SON-R, Snijders-
Oomen Niet-verbale intelligentie Test — Revisie; TMTA, Trail Making Test Part A; TMTB, Trail Making Test Part A; TVK, Talltest voor
Kinderen; WISC-1V,4th edition of Wechsler Intelligence Scale for Children-1V ; WISC V, 5th edition of Wechsler Intelligence Scale for
Children.
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TABLE 1, continued. Details of cognitive and motor development assessment.

Cognitive and
motor function
domain

Test

Outcome of interest

Interpretation

Cohort

References

Risky decision-
making

CUPS

sensitivity to expected
value in the gain
condition (i.e., number of
risk-advantageous choices
minus

number of risk-
disadvantageous choices).

sensitivity to expected
value in the loss condition
(i.e., number of risk-
advantageous choices
minus

number of risk-
disadvantageous choices).

Iscore; higher risky
decision-making

INMA-
Sabadell

(Levin et al., 2007)

Gross motor
function

MSCA: Gross motor

scale

Standard score

Iscore; lower gross motor
function

INMA-
Sabadell

(MacCarthy & Cordero Pando,
2006)

Body Coordination

Test: Walking
backwards subtest

number of steps the
participant can take on
each beam

|number of steps; lower
gross motor function

Generation

(Kiphard, 2007)

Fine motor
function

FTT

Number of taps the
participant made during
the measurement with the
left and right hand

|number of taps; lower
fine motor function

INMA-
Sabadell and
Generation R

(Lezak, 1995)

Abbreviations: ANT, Attention Network Task; FTT, Finger Tapping Test; K-CPT, Conners’ Kiddie Continuous Performance Test; MSCA,
McCharty Scales of Children’s Ability; NEPSY-II, Developmental NEuroPSYchological Assessment Second Edition; SON-R, Snijders-
Oomen Niet-verbale intelligentie Test — Revisie; TMTA, Trail Making Test Part A; TMTB, Trail Making Test Part A; TVK, Talltest voor
Kinderen; WISC-1V,4th edition of Wechsler Intelligence Scale for Children-1V ; WISC V, 5th edition of Wechsler Intelligence Scale for
Children.
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FIGURE 1: Cognitive and motor outcome assessment time points and measuring instruments used in the

INMA-Sabadell cohort and the Generation R Study.

Non-verbalIntelligence

MSCA

Verbal Intelligence

Non-verbal Intelligence

SON-R

Verbal Intelligence

Non-verbal Intelligence

Raven

Werbal Intelligence
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Verbal Intelligence

MSCA TVE SVF WISC-V
Processing speed Processing speed
WISC-IV WISC-V
Memory Memory
MSCA NEPSY-II
Attentional fimction Attentional function
K-CPT NEPSY-II
Visual attention WVisual attention
NEPSY-II TMT-A
Cognitive flexibility
TMT-A, TMT-B
Working memory Working memory Working memory
N-back N-back WISC-V
Fine motor
FIT
FIT
Gross motor Gross motor
MSCA Body Coordination Test
Risky-decision making
CUPS
INMA 4y Sy 11y
Generation R 6y 9y 13y

Abbreviations: ANT, Attention Network Task; FTT, Finger Tapping Test; K-CPT, Conners’ Kiddie Continuous Performance Test; MSCA, McCharty Scales of Children’s Ability; NEPSY-II,
Developmental NEuroPSYchological Assessment Second Edition; SON-R, Snijders-Oomen Niet-verbale intelligentie Test — Revisie; TMTA, Trail Making Test Part A; TMTB, Trail Making Test Part
A; TVK, Talltest voor Kinderen; WISC-IV,4th edition of Wechsler Intelligence Scale for Children-IV ; WISC V, 5th edition of Wechsler Intelligence Scale for Children.

67



TABLE 2. Participant characteristics of the INMA-Sabadell cohort
and Generation R Study.

Characteristics INMA-Sabadell (n = 618) Generation R (n = 7,115)
Maternal characteristics
Age at enrolment (years) 31.7 (4.3) 30.5 (5.1)
Pre-pregnancy body mass index (kg/m?) 23.7 (21.0; 25.3) 23.6 (20.8; 25.4)
Country of birth
(countryy of cohort vs. others) 893 541
Education level during pregnancy
Low 26.1 9.4
Medium 429 43.6
High 31.0 47.0
Social class during pregnancy
Low 21.2 4.3
Medium 314 331
High 474 62.6
Parity (nulliparous vs. multiparous) 57.0 56.0
Smoking use during pregnancy (no vs. yes) 85.3 83.4
Alcohol consumption during pregnancy (no vs. 78.0 59.9
yes)
Paternal characteristics
Age at enrolment (years) 33.6 (5.0) 33.4 (5.9)
Pre-pregnancy body mass index (kg/m?) 25.8 (23.5; 27.8) 25.3(22.9; 27.2)
Country of birth
(countr;/ of cohort vs. others) 8.9 56.7
Education level during pregnancy
Low 344 7.0
Medium 425 404
High 231 52.6
Social class during pregnancy
Low 22.9 8.8
Medium 18.6 23.7
High 58.5 67.5
Household characteristics
Family status (dual vs. single parent) 98.6 87.7
Child characteristics
Sex (male vs. female) 51.5 50.0
Noise exposure (decibels)
Road traffic noise (Lpgen)* (dB) 613 (6.0) 546 (7.9)
Prenatal
Childhood 61.5(5.4) 53.5 (6.5)

Values are percentages for categorical variables, mean (standard deviation) for continuous
variables, and median (25™; 75" percentile) for body mass index.

Abbreviations: dB, decibels.

! Residential outdoor annual average noise levels for the 24h of the day from road traffic.
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TABLE 3. Fully adjusted associations of a 10 decibel increase in prenatal and childhood outdoor exposure
to residential road traffic noise and standardized non-verbal and verbal intelligence, memory, and

processing speed outcomes for the INMA-Sabadell cohort and the Generation R Study.

Non-verbal intelligence Language/verbal Memory Processing speed
intelligence
Coef. (95% CI) Coef. (95% CI) Coef. (95% CI) Coef. (95% ClI)
Prenatal exposure
INMA 0.15 -1.68; 1.98 -0.81 -2.59; 0.96 -1.08 -3.23;1.07 0.16 -2.31; 2.63
Generation R 0.18 -0.24;0.59 0.38 -0.05; 0.81 0.18 -1.03; 1.39 0.29 0.32;0.89
Overall 0.18 -0.22; 0.58 0.11 -0.86; 1.09 -0.13 -1.20; 0.93 0.28 -0.31; 0.87
Childhood exposure
INMA -0.18 -1.98; 1.62 -0.95 -2.70; 0.80 -1.18 -3.39; 1.03 0.09 -2.59; 2.76
Generation R 0.01 0.44; 0.47 0.08 -0.39; 0.54 -0.82 -2.20; 0.55 0.48 -0.24;1.19
Overall -0.00 -0.44; 0.44 -0.08 -0.81; 0.65 -0.92 -2.08; 0.24 0.45 -0.22;1.14

Abbreviations: Coef; coefficient; Cl, confidence interval.

Coefficients and 95% confidence intervals by cohort were obtained by linear regression mixed models for non-verbal and verbal 1Q
and linear regression models for memory and processing speed outcomes. Models were adjusted for child sex, parental age, height,
weight, body mass index, country of birth, education, social class, parity, smoking and alcohol during pregnancy, and family status.
Overall coefficients and 95% confidence intervals were obtained by random-effects meta-analysis.

69



TABLE 4. Fully adjusted associations of a 10 decibel increase in
prenatal and childhood outdoor exposure to residential road traffic
noise and standardized attentional
outcomes for the INMA-Sabadell cohort and the Generation R Study.

function and visual

attention

Attentional function —
Commission errors

Attentional function —

Omission errors

Visual attention

IRR (95% CI) IRR (95% CI) Coef. (95% CI)
Prenatal exposure
INMA 0.88 0.81; 0.96 1.13 1.01; 1.28 0.86 -1.57; 3.29
Generation R 0.96 0.77;1.21 0.98 0.88; 1.08 1.01 -0.16; 2.18
Overall NA NA NA NA 0.98 -0.08; 2.04
Childhood exposure
INMA 0.85 0.78;0.93 1.13 0.99; 1.27 1.02 -1.60; 3.65
Generation R 0.95 0.75; 1.21 0.98 0.87;1.10 0.17 -1.18;1.51
Overall NA NA NA NA 0.35 -0.84; 1.54

Abbreviations Coef; coefficient; Cl, confidence interval; IRR, incidence risk ratio; NA,

Not Applicable.

Coefficients and 95% confidence intervals by cohort were obtained by negative binomial
models for the attentional function and linear regression models for the visual attention
outcome. Models were adjusted for child sex, parental age, height, weight, body mass
index, country of birth, education, social class, parity, smoking and alcohol during
pregnancy, and family status. Overall coefficients and 95% confidence intervals were

obtained by random-effects meta-analysis.

In bold, associations p<0.05.

70



TABLE 5. Fully adjusted associations of a 10 decibel increase in
prenatal and childhood outdoor exposure to residential road traffic
INMA-Sabadell cohort and the

noise and motor function for the

Generation R Study.

Fine motor function-

Fine motor function —

Gross motor

Right hand Left hand function
Coef. (95% CI) Coef. (95% ClI) Coef. (95% CI)
Prenatal exposure
INMA -0.31 -2.78; 2.17 0.56 -1.90; 3.06 0.28 -1.98; 2.53
Generation R -0.34 -0.98; 0.30 -0.08 -0.71; 0.55 -0.09 -0.47;0.29
Overall -0.34 -0.95; 0.27 -0.04 -0.65; 0.57 -0.07 -0.64; 0.50
Childhood exposure
INMA -1.57 -4.19; 1.05 -0.39 -3.03; 2.24 0.26 -2.06; 2.56
Generation R 0.50 -0.23;1.22 0.33 -0.39; 1.04 0.04 -0.38; 0.47
Overall -0.14 -2.02;1.74 0.28 -0.40; 0.96 0.05 -0.38; 0.47

Abbreviations Coef; coefficient; Cl, confidence interval
Coefficients and 95% confidence intervals by cohort were obtained by linear regression
models. Models were adjusted for child sex, parental age, height, weight, body mass index,
country of birth, education, social class, parity, smoking and alcohol during pregnancy,
and family status. Overall coefficients and 95% confidence intervals were obtained by
random-effects meta-analysis.
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Discussion

The present study investigated the association of outdoor exposure to
residential noise from road traffic during pregnancy or childhood with a
large number of cognitive and motor function outcomes, some of them
assessed repeatedly from preschool age until preadolescence in two
European birth cohorts. We found no evidence of an association between
outdoor exposure to residential noise from road traffic and any of the
outcomes.

To date, only few studies have looked into the association between
road traffic noise and cognitive function in children (Clark & Paunovic,
2018; Foraster et al., 2022; Thompson et al., 2022). Regarding non-verbal
and language/verbal intelligence, some previous epidemiological studies
did not find a relationship with residential or school road traffic noise
exposure in children aged 6 to 11 years (Clark et al., 2006; Julvez et al.,
2021; S. A. Stansfeld et al., 2005), similarly to our findings. In contrast, a
study carried out in children aged 10-12 years found that those exposed to
higher noise levels at schools, mainly from road traffic, had lower non-
verbal intelligence scores than those exposed to lower noise levels (Bhang
et al., 2018). Also, it was observed reading deficits in children exposed to
higher levels of residential noise from several sources (Cohen et al., 1973)
or to higher road traffic noise at schools (Ljung et al., 2009). Of note,
noise levels reported in our study were lower than those reported in these
previous studies (Bhang et al., 2018; Cohen et al., 1973; Ljung et al.,
2009). The overall mixed findings on the association between noise
exposure and non-verbal and language/verbal intelligence suggest that
more research is needed, in particular assessing noise exposure at school
settings together with residential noise exposure to have a more
comprehensive exposure assessment.

Our results on the absence of association between road traffic
noise exposure and memory or working memory in children were
consistent with some previous studies (Clark et al., 2012; Julvez et al.,
2021; van Kempen et al., 2010, 2012) but not with some others (Foraster
et al., 2022; Lercher et al., 2016; Matheson et al., 2010; S. A. Stansfeld et
al., 2005). Lercher et al. reported that higher exposure to residential road
traffic and railway noise was related with worse memory in children
around 9 years old (Lercher et al., 2016). In contrast, Matheson et al. and
Stansfeld et al. found an unexpected association between exposure to road
traffic noise at schools and better memory (Matheson et al., 2010; S. A.
Stansfeld et al., 2005) in children aged 9-10 years. A recent study found
that school outdoor exposure to road traffic was related to slower
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development in working memory in children aged 7-10 years (Foraster et
al., 2022). But this association was not found for exposure to road traffic
noise at participants’ residential addresses. In addition, this study
measured noise fluctuations at schools defined as the average number of
noise peaks during the measurement period. They observed that exposure
to higher number of noise peaks in the classrooms were associated with
slower working memory, while this association was not found in relation
to indoor annual average noise levels in the classrooms. This novel
finding can support the hypothesis that noise fluctuation might be more
disruptive for children’s neurodevelopment than average noise levels
(Foraster et al., 2022). Unfortunately, individual exposure assessment to
investigate noise fluctuation could not be carried out in our study. Further
research is needed to assess noise fluctuation measures to investigate
whether this type of exposure may have a higher impact on child’s
cognitive development than average noise levels.

Also, our null results between road traffic noise exposure and
attentional function in children were consistent with the majority of the
previous literature (Cohen et al., 1973; Julvez et al., 2021; Lercher et al.,
2016; S. A. Stansfeld et al., 2005). However, two studies found that
children attending schools with higher road traffic noise levels made more
errors in the most difficult parts of the attention tests (van Kempen et al.,
2010, 2012). Also, Foraster et al. reported that both outdoor and indoor
exposure to road traffic noise at school was associated with greater
inattentiveness in children aged 7-10 years whereas home-outdoor noise
exposure was not associated with attentional function (Foraster et al.,
2022). Children and preadolescents spend most of the time at schools
when road traffic noise levels are increased. Therefore, it could be
possible that exposure to noise at school, instead of at home, may have
more negative effects on concentration and learning processes.

The main strength of our study is the availability of data in
children and preadolescents from two population-based birth cohorts from
two different European countries and the longitudinal nature of these
cohort studies. Also, the assessment of noise exposure that accounted for
the time that child spent at each address during the entire follow-up and
the assessment of cognitive function using a battery of validated
neurocognitive tests at different ages. We have also used multiple
imputation and inverse probability weighting to reduce the potential
selection bias (Spratt et al., 2010; Weuve et al., 2012). Furthermore, the
assessment of repeated exposure and outcome measurements for some of
the cognitive outcomes using linear mixed models increased the statistical
power of the analysis, allowing the correct modeling of the non-
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independence in the longitudinal data and accounting for the missing data
(Harrison et al., 2018).

However, our study has some limitations that merit to be
discussed. The main limitation of the study is that the noise levels
corresponded to outdoor residential noise rather than indoor noise levels
in the child’s bedroom. Also, we were not able to include noise
assessment at schools due to data availability. Thus, misclassification due
to underestimation or overestimation of accurate noise exposure cannot be
excluded in the present study. Furthermore, we considered modeled
average noise levels that did not account for noise fluctuations, while
these fluctuations could be more disruptive for children’s cognition than
average noise levels (Foraster et al., 2022). Another limitation is the
possibility of the introduction of measurement error due to the lack of
information on noise sensitivity (i.e., the physiological and psychological
individual perception and the degree of reactivity to noise) or on the
location and floor’s level of the child’s bedroom. Related to the outcome
assessment, information bias might be introduced since we used different
validated neurological tests to assess cognitive outcomes at different ages
and also between cohorts. However, we standardized all the cognitive
scales to make them comparable between ages and study cohorts, and
results were quite consistent across ages and study cohorts.
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Conclusions

In conclusion, this study indicates that outdoor exposure to residential
road traffic noise during pregnancy and childhood was not associated
with several cognitive and motor function outcomes in children. Future
research including indoor noise measurements both at school and home
environments should be contemplated to further explore the association.
Furthermore, noise fluctuations as well as populations with higher
prevalence of people exposed to other noise sources (i.e., railway, aircraft,
or industry) should be considered in future studies in order to include a
more comprehensive noise exposure assessment and explore the overall
effect on the cognitive and motor development during childhood and
preadolescence periods.
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Supplementary Material

FIGURE S1: Flowchart of study participants of INMA-Sabadell
cohort (A) and Generation R Study (B).
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METHODS S1: Formulas used to calculate the road traffic Lpgy values of
noise exposure in the INMA-Sabadell cohort and the Generation R Study.

Formula for the day-evening-night noise indicator (Lpgn) in the INMA-
Sabadell cohort:

Levenine + 5 Lo+ 10

Lozw = lﬂlgﬁ{ (14 - 10 o 3+ (2 - 10 1o J+ (8 - 10 o 1)

Formula for the day-evening-night noise indicator (Lpgn) in the
Generation R Study:

i LEVENING + 5 Lypgpr+ 10

Losy = 101g52( (1210 0 )+ (410 2 )+ (B-10 2 )
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TABLE S1. Details of the imputation modelling.

Software used and key setting: Stata Statistical Software: Release 14.2 (Stata

Corporation, College Station, Texas) — lce command (with 10 cycles)

Number of imputed datasets created: 25

Variables included in the imputation procedure for both cohorts:

Road traffic noise exposure, non-verbal intelligence, verbal intelligence, memory,
processing speed, attentional function, visual attention, working memory, cognitive
flexibility, risky decision-making, gross motor, fine motor, maternal age at enrolment,
maternal height, maternal weight, maternal pre-pregnancy body mass index, maternal
country of birth, maternal education level, maternal social class, maternal parity,
maternal smoking use during pregnancy, maternal alcohol consumption during
pregnhancy, paternal age at enrolment, paternal height, paternal weight, paternal pre-
pregnancy body mass index, paternal country of birth, paternal education level, paternal

social class, family status, child age, and child sex.

Treatment of binary/categorical variables: logistic and multinomial models

Statistical interactions included in imputation models: none
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TABLE S2: Population characteristics of the subjects included and not included in the analyses of the INMA-

Sabadell cohort and the Generation R Study.

INMA-Sabadell (n = 775)

Generation R (n =9,610)

Characteristics

Included Not Included p- Included Not Included p-
(n=619) (n = 156) value! (n=7,115) (n = 2,495) value!
Maternal characteristics
Age at enrolment (years) 31.7 (4.3) 29.9 (5.0) <0.001 30.5(5.1) 28.4 (5.6) <0.001
Pre-pregnancy body mass index (kg/m?) 23.7 (21.0; 25.3) 24.0 (20.8; 26.3) 0.408 23.6 (20.8; 25.4) 23.8(20.7; 25.7) 0.154
Country of birth
(countr;/ of the cohort vs. others) 893 745 0.000 541 387 <0.001
Education level during pregnancy 0.001 <0.001
Low 26.1 40.2 9.4 16.3
Medium 429 449 43.6 52.7
High 31.0 14.9 47.0 31.0
Social Class during pregnancy <0.001 <0.001
Low 21.2 6.7 43 6.2
Medium 314 233 331 41.2
High 474 70.0 62.6 52.6
Parity (nulliparous vs. multiparous) 57.0 48.9 0.153 56.0 52.3 0.002
igs‘)oki“g use during pregnancy (no vs. 85.3 82.9 0.506 83.4 777 <0.001
Alcohol consumption during pregnancy 78.0 693 0026 599 729 <0.001
(no vs. yes)

Values are percentages for categorical, mean (standard deviation) for continuous variables, and median (25™ percentile; 75"

percentile) for body mass index and preadolescents’ age at sleep questionnaire assessment for Generation R Study.

! Chi-square tests for categorical variables, two-sample t-test for normally distributed and Wilcoxon Rank Sum test for non-normally

distributed continuous variables.
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TABLE S2, continued: Population characteristics of the subjects included and not included in the analyses of
the INMA-Sabadell cohort and the Generation R Study.

Characteristics

INMA-Sabadell (n = 775)

Generation R (n =9,610)

Included Not Included p- Included Not Included p-
(n=619) (n = 156) value! (n=17,115) (n = 2,495) value'
Paternal characteristics
Age at enrolment (years) 33.6 (5.0) 32.5(6.3) 0.036 33.4 (5.9) 31.6 (6.3) <0.001
Pre-pregnancy body mass index (kg/m?) 25.8 (23.5; 27.8) 25.8 (23.7; 27.8) 0.748 25.3(22.9; 27.2) 25.4 (22.9; 27.5) 0.211
Country of birth
(countr))//of the cohort vs. others) 88.9 803 0.004 56.7 418 <0.001
Education level during pregnancy 0.032 <0.001
Low 34.4 45.3 7.0 13.7
Medium 425 385 404 43.1
High 23.1 16.2 52.6 43.2
Social Class during pregnancy 0.023 <0.001
Low 22.9 14.6 8.8 135
Medium 18.6 11.0 23.7 31.1
High 58.5 74.4 67.5 55.4
Household characteristics
Family status (dual vs. single parent) 98.6 97.8 0.551 87.7 79.5 <0.001
Preadolescents’ characteristics
Sex (male vs. female) 515 47.9 0.477 50.0 52.6 0.024

Values are percentages for categorical, mean (standard deviation) for continuous variables, and median (25" percentile; 75"
percentile) for body mass index and preadolescents’ age at sleep questionnaire assessment for Generation R Study.
! Chi-square tests for categorical variables, two-sample t-test for normally distributed and Wilcoxon Rank Sum test for non-normally

distributed continuous variables.
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TABLE S3. Descriptive statistics of the noise exposure levels in the

INMA-Sabadell cohort and the Generation R Study.

Mean  SD p25;p75 Min. Max. N

Road traffic noise exposure (dB)

INMA-Sabadell (N = 619)

Pregnancy 61.3 6.0 58.0;650 430 774 633
Birth — 4 years 61.4 58 58.4;650 450 774 601
4 -7 years 61.5 6.1 583;656 450 76.0 592
7 —9years 61.7 6.1 58.0;66.0 450 76.0 587
9 —11 years 61.8 57 59.0;65.0 46.0 76.0 567
Generation R (N = 7,115)

Pregnancy 54.6 79 48.0;61.0 400 730 7058
Birth — 6 years 53.8 7.0 48.0;58.9 400 73.0 5982
Birth — 9 years 53.5 6.8 48.0;589 400 73.0 5704
6 — 13 years 53.3 6.5 47.9;581 400 73.0 5315

Abbreviations: dB, decibels; p25, 25" percentile; p75, 75" percentile; SD, standard

deviation.
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TABLE S4. Pearson correlations between the road traffic noise
exposure values during different lifetime periods of the child for the
INMA-Sabadell cohort (n = 619) (A) and for the Generation R Study

(n=7,115) (B).

(A) road traffic Pregnancy  Birth—4years 4-—7years 7-9years 9-—11years
Pregnancy 1
Birth - 4 years 0.85 1
4 -7 years 0.71 0.82 1
7 -9 years 0.69 0.79 0.97 1
9 — 11 years 0.61 0.69 0.71 0.87 1
(B) road traffic . .
Pregnancy Birth — 6 years Birth—9years  6— 13 years
Pregnancy 1
Birth — 6 years 0.75 1
Birth - 9 years 0.67 0.97 1
6 — 13 years 0.43 0.76 0.87 1
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TABLE S5. Descriptive statistics of the cognitive and motor outcomes in the INMA-Sabadell cohort and the
Generation R Study.

INMA-Sabadell Generation R
Mean SD p25; p75 Mean SD p25; p75
Non-verbal intelligence

4 years 100 15 88.42; 112.15 - - -

6 years - - - 100.72  15.19 91; 111

9 years 100 15 91.35; 112.76 - - -

13 years - - - 100 15 98.9; 110
Verbal intelligence

4 years 100 15 90.65; 110.24 - - -

6 years - - - 99.99 14.99 90.44; 109.99

9 years 100 15 88.13; 109.78 - - -

13 years - - - 99.97 1497 86.81; 111.89
Memory 100 15 91.28; 109.78 100 15 90.86; 110.53
Processing speed 100 15 90.84; 108.64 100 15 87.7;109.95
Attentional function —

Commission errors

4 years 22.83 10.85 15; 31 - - -

6 years - - - 1.82 7.62 0;1
Attentional function —

Omission errors

4 years 27.28 17.28 13; 37 - - -

6 years - - - 2.29 3.21 0;3
Visual attention 100 15 90.18; 106.91 100 15 92.25; 109.82

Abbreviations: d, detectability; HRT, Hit Reaction Time; ms, milliseconds; p25, 25" percentile; p75, 75™ percentile; SD, standard deviation.
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TABLE S5, continued: Descriptive statistics of the cognitive and motor outcomes in the INMA-Sabadell cohort

and the Generation R Study.

INMA-Sabadell Generation R
Mean SD p25; p75 Mean SD p25; p75
Working memory — Digit Span - - - 100 15 91.9;108.1
Working memory — HRT (ms)

9 years 799.24 237.81 637.67; 947.33 - - -

11 years 550.56 138.97 449.00; 651.00 - - -
Working memory —d’

9 years 1.49 1.05 0.78;2.21 - - -

11 years 1.89 0.81 1.39; 2.80 - - -
Cognitive flextbility - 67500.00 26187.00  50341.29; 7594093 . . .
Task switching (ms)

Cognitive flexibility — .

Task shifting 0.11 0.37 0.12;0.25

R_lsky def:lsm_n—makln_g - Nu_m_ber of 362 2 45 2:6 i i i
risky choices in the gain condition

R_lsky de_msm_n—maklng - Ngn_wber of 2 97 2 60 15 i i i
risky choices in the loss condition

Risky demsmn—m_aklng - .Sensm\./l_ty 14.30 572 10 18 i i i
to expected value in the gain condition

Risky deusmn-m_akmg - Sensmyl_ty 15.42 5.86 12: 20 i i i
to expected value in the loss condition

Gross motor function

4 years 100 15 91.36; 109.76 - - -

9 years - - - 26.23 8.55 20; 32
Fine motor function — right hand 100 15 91, 109.98 99.98 15 89.94; 110.55
Fine motor function — left hand 100 15 89.87;111.13 100 15 89.36; 110

Abbreviations: d, detectability; HRT, Hit Reaction Time; ms, milliseconds; p25, 25™ percentile; p75, 75" percentile; SD, standard deviation.
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TABLE S6. Fully adjusted associations of a 10 decibel increase
in prenatal and childhood outdoor exposure to residential road
traffic noise and standardized working memory outcomes for
the INMA-Sabadell cohort and the Generation R Study.

Working memory - Working memory - Working memory —
Digit Span score N-back test — HRT (ms) N-back test — d’
Coef.  (95% ClI) Coef. (95% CI) Coef. (95% ClI)
Prenatal exposure
INMA NA NA -0.83 -21.60; 19.94 -0.06 -0.16; 0.04
Generation R 020 -0.41;0.81 NA NA NA NA
Childhood exposure
INMA NA NA -3.37 -25.15; 18.41 -0.03 -0.13; 0.07
Generation R -0.08  -0.80; 0.64 NA NA NA NA

Abbreviations Coef., coefficient; CI, confidence interval; d’, detectability; HRT,
Hit Reaction Time (in milliseconds (ms)); NA, Not Applicable.

Coefficients and 95% confidence intervals by cohort were obtained by linear
regression models and linear mixed models for the Generation R Study and the
INMA-Sabadell cohort, respectively. Models were adjusted for child sex, parental
age, height, weight, body mass index, country of birth, education, social class,
parity, smoking and alcohol during pregnancy, and family status.
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TABLE S7. Fully adjusted associations of a 10 decibel increase
in prenatal and childhood outdoor exposure to residential road
traffic noise and cognitive flexibility for the INMA-Sabadell

cohort.
Cognitive flexibility — Cognitive flexibility —
Task switching (ms) Task shifting
Coef. (95% ClI) Coef. (95% ClI)
Prenatal exposure
INMA 1128.78  -2908.34; 5165.89 0.00 -0.06; 0.06
Childhood exposure
INMA 1060.26  -3304.70; 5425.22 -0.01 -0.07; 0.06

Abbreviations Coef., coefficient; Cl, confidence interval; ms, milliseconds.
Coefficients and 95% confidence intervals were obtained by linear regression
models. Models were adjusted for child sex, parental age, height, weight, body

mass index, country of birth, education, social class, parity, smoking and alcohol
during pregnancy, and family status.
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TABLE S8. Fully adjusted associations of a 10 decibel increase in prenatal and childhood outdoor exposure to residential road
traffic noise and risky decision-making for the INMA-Sabadell cohort.

Risky decision-making —
Number of risky choices

Risky decision-making —
Sensitivity to expected value in
the loss condition

Risky decision-making -
Sensitivity to expected value
in the gain condition

Risky decision-making —
Number of risky choices in
the loss condition

in the gain condition
Coef. (95% CI) Coef. (95% CI) Coef. (95% ClI) Coef. (95% CI)
Prenatal exposure
INMA -0.25 -0.64; 0.15 -0.39 -0.82; 0.36 0.06 -0.92;1.03 -0.34 -1.39; 0.70
Childhood exposure
INMA -0.20 -0.65; 0.24 -0.47 -0.95; 0.01 0.59 -0.50; 1.68 0.28 -1.45;0.89

Abbreviations Coef., coefficient; Cl, confidence interval
Coefficients and 95% confidence intervals were obtained by linear regression models. Models were adjusted for child sex, parental age, height,

weight, body mass index, country of birth, education, social class, parity, smoking and alcohol during pregnancy, and family status.
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L. Pérez-Crespo et al.
1. Introduction

The world’s population is continuously growing and urbanization is
rapidly increasing. Although urbanization is related to improved human
health and wellbeing, it could also worsen air and noise quality (Wang,
2018). In urban areas, traffic is the most important source of both air
pollution and noise. The health effects of air pollution have been widely
investigated, and the central nervous system has been demonstrated as a
target organ negatively affected by air pollutants (Block et al., 2012). Air
pollution exposure has been linked to neuronal death, synaptic toxicity,
and altered gene expression in the brain (Thomson, 2019; U.S. EPA,
2019). Also, the exposure to both noise and air pollution could be a
stressor affecting the hypothalamic—pituitary-adrenal (HPA) axis,
increasing the levels of stress hormones, affecting the brain (Jafari et al.,
2017; Thomson, 2019). Air pollution and noise can affect the brain at
any age, but the developing brain is particularly vulnerable because of
its immature metabolic system and because many crucial neuro-
developmental processes take place during fetal life and childhood
(Stiles & Jernigan, 2010).

Previous epidemiological studies have suggested that exposure to air
pollution and noise may be related to impaired cognitive function and
neurodevelopmental disorders, although evidence is still inconsistent
across studies (Clark & Paunovic, 2018; Costa et al., 2020; Stansfeld &
Matheson, 2003; Stansfeld & Clark, 2015; Volk et al., 2021). During the
last years, magnetic resonance imaging (MRI) has opened up new pos-
sibilities in epidemiological research for investigating the structure and
the functioning of the brain. Blood oxygenation level dependent (BOLD)
imaging is the standard technique to generate images in functional MRI
studies and measures inhomogeneities in the magnetic field due to the
difference in magnetic properties between oxygenated and deoxygen-
ated blood (Gauthier & Fan, 2019). BOLD signals can result from
spontaneous processes, i.e. not induced by an external stimulus and
conscious mentation (Glover, 2011). Spontaneous brain activity is
organized in resting state networks defined by their spatiotemporal
configuration and functional roles (Biswal et al., 1995; Fox & Raichle,
2007). Biswal et al. were the first to show that this spontaneous brain
activity was consistent in regions belonging to the somato/sensory
motor network (Biswal et al., 1995). Their results were confirmed later
and extended to other networks such as the visual, auditory, and lan-
guage processing networks (Hampson et al., 2002; van de Ven etal.,
2004). Task negative (also known as Default Mode Network) and task
positive networks are the strongest anticorrelated resting state networks
in the brain (i.e. when one is active, the other one is in its inactive state)
(Fox etal., 2005). Additionally, functional connectivity studies have
reported a number of other neural networks that are strongly func-
tionally connected during rest (Thomas Yeo et al., 2011).

Only a limited number of studies have used brain MRI to assess its
association with air pollution exposure in children, most of them
investigating the brain structure (Burnor etal., 2021; Calderdn-
Garciduenas et al., 2008, 2011; Cserbik et al., 2020; Guxens et al., 2018;
Lubczynska et al., 2020, 2021; Mortamais et al., 2017, 2019; Peterson
etal., 2015; Pujol et al., 2016a; Pujol et al., 2016b), and only one
investigating functional brain connectivity (Pujol et al., 2016b).
Regarding air pollution exposure and brain functional connectivity,
Pujol et al. found that exposure at school was associated with lower
functional integration and segregation in key brain networks relevant to
both inner mental processes and stimulus-driven responses in children
from 8 to 12 years of age. They used a focused seed-voxel based
approach instead of exploring connectivity across all functional net-
works. The best of our knowledge, no studies have assessed noise in
relation to brain MRI.

Using the Generation R Study, previous studies found an association
between traffic-related air pollution and several brain structure
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alterations, including altered brain volumes, reduced cortical thickness,
increased surface area, and lower fractional anisotropy and higher mean
diffusivity in white matter microstructure (Guxens et al., 2018; Lubc-
zynska et al., 2020, 2021). Thus we hypothesized that higher exposure
to air pollution could also be associated with altered functional brain
connectivity in resting-state networks. Furthermore, previous evidence
indicated that environmental noise exposure is related to impairment in
cognitive functions in children, but there is no evidence of brain alter-
ations that underlie this association. Also, the single study on functional
brain connectivity of Pujol et al. explored the exposure in childhood, not
being able to identify specific windows of susceptibility. The pregnancy
period and first years of life would be critical to the optimal foundation
and assembling of large-scale brain functional networks, and we hy-
pothesized that they could be especially more affected by the exposure
of traffic-related air pollution and noise compared to other exposure
periods. Therefore, the aim of this exploratory study was to investigate
the association between the exposure to traffic-related air pollution and
noise during different specific windows of susceptibility in pregnancy
and childhood periods, and functional brain connectivity in pre-
adolescents from 9 to 12 years of age. We used a multimodal atlas to
explore the functional connectivity amongst a wide-swath of brain areas.

2. Methods
2.1. Population and study design

This study was embedded in the Generation R Study, a population-
based birth cohort from fetal life onwards in the city of Rotterdam,
the Netherlands (Kooijman et al., 2016). Pregnant women with an ex-
pected delivery date between April 2002 and January 2006 were eligible
for participation in the study. We included only singleton pregnancies,
resulting in 9,610 pregnant women recruited for the study. Children still
enrolled in the study at the age of 9 to 12 years, were invited to
participate in an MRI scanning session. The written informed consent
was obtained from 3,992 mothers and their children, of which 3,439
received a rs-fMRI scan (White et al., 2018). From this total, 2,197
children had good quality imaging scans as well as data on traffic-related
air pollution and noise, and hence were included in this analysis. Ethical
approval was obtained from the Medical Ethical Committee of Erasmus
MC, University Medical Centre Rotterdam, in accordance with Dutch
law.

2.2. Traffic-related air pollution exposure

Air pollution exposure levels were estimated at all reported home
addresses of each participant from conception until children’s age at
MRI assessment, following a standard procedure that is detailed in
previous literature (Beelen et al., 2013; Eeftens et al., 2012a). In brief,
within the ESCAPE (European Study of Cohorts for Air Pollution Effects)
project, air pollution monitoring campaigns were performed in the
Netherlands and Belgium in the warm, cold, and intermediate seasons
between February 2009 and February 2010 (Cyrys et al., 2012; Eeftens
et al., 2012b). Nitrogen oxides (NOy) and nitrogen dioxide (NO2) were
measured in three two-week periods within one year in 80 sites (Cyrys
etal., 2012). In addition, measurements of particulate matter (PM) with
aerodynamic diameter of less than 10 um (PM; ) and of less than 2.5 ym
(PM,,5) were also carried out three times during two-week periods in 40
sites (Eeftens et al., 2012b). From the PM; 5 measurements, we used the
filters to measure the absorbance of PM, s (PMy s absorbance), as a
marker for black carbon. For each pollutant, the levels of the three two-
week measurements were averaged, resulting in one annual mean con-
centration for each pollutant.

Next, land use regression models were developed for each pollutant
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based on the measurements of the monitoring campaigns, and on a va-
riety of potential land use predictors (e.g. proximity to the nearest road,
traffic intensity on the nearest road, and population density) (Beelen
etal., 2013; Eeftens et al., 2012a). To estimate the levels of each air
pollutant at each of the participant addresses, these models were applied
to each geocoded address where the participants had lived at during the
period of interest (i.e. since conception until the date of MRI assess-
ment). If more than one address was collected during the period of in-
terest, we took into account the number of days that the participant had
lived at each address and weighted the air pollution levels accordingly
(8.9% of children had moved during pregnancy, 44.6% from birth to 3
years, 24.5% from 3 to 6 years, and 19.7% from 6 years of age to the MRI
assessment). To back- and forward- extrapolate the concentrations
during each period of interest, daily data from seven available routine
background monitoring network sites were used where data was
collected on daily basis covering the entire period of interest of each
participant, i.e. from conception until the age at MRI assessment (Sup-
plementary Material Methods S1) (Brunekreef, 2012). This resulted in a
single, time-adjusted mean concentration of each pollutant for each
participant for several time periods: i) for the pregnancy period, ii) from
birth until 3 years old, iii) from the day after 3 years until 6 years old
(hereafter from 3 years until 6 years old), and iv) from the day after 6
years old until the age at MRI assessment (hereafter from 6 years old
until the age at MRI assessment). These study periods are based on the
prenatal development, infancy and toddlerhood, early childhood, and
middle childhood developmental periods (Centers for Disease Control
and Prevention, 2022).

2.3. Road traffic noise exposure

To estimate the annual average exposure to noise at all reported
home addresses of each participant during pregnancy and childhood, we
used existing EU noise maps developed in 2012 for the municipalities of
Rotterdam (including Maassluis, Rozenburg, Schiedam, and Vlaardin-
gen) (European Environmental Noise Directive, 2002). Noise maps are
created every 5 years. However, we did not use the noise maps created in
2007 because the methodology was different and the estimations not
comparable. The maps used in the present study were developed
following the requirements of the European Environmental Noise
Directive, and for different noise sources including residential road
traffic, railway, aircraft, and industry noise. However, for this study,
only noise levels from residential road traffic were included, since only a
smaller proportion of children had levels above 40 deciBels (dB),
considered as the minimum reliable value, for the other noise sources
(52.6% for railway noise, 19.2% for aircraft noise, and 19.6% for in-
dustry noise).

We used the day-evening-night level noise indicator (Lgen). It was the
A-weighted average sound level over 24-hours, with a penalty of 10 dB
for night time noise (Lnigh) and an additional penalty of 5 dB for evening
noise (Levening) due to higher nuisance perception and greater health
impacts during those hours (World Health Organization, 2018). Lgen Was
constructed by the following formula:

'y Levening + 5 i

1 Lday Lnight + 10
Lden = 10lg~— (12 x 1022 1 4 5 10 8 x 10
o g24< TR 10 x 10 )

Lday> Levening, and Lyjgnt were the A-weighted equivalent continuous
sound pressure level when the reference time interval is the day (from
7:00 to 19:00), the evening (from 19:00 to 23:00), and the night (from
23:00 to 7:00), respectively (European Environmental Noise Directive,
2002). Levels of Lgen Were assigned to each geocoded home address
where the participants had lived during the study period. If more than
one address was collected during the period of interest, we took into
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account the number of days that the participant spent at each address
and weighted the noise levels accordingly (percentages detailed in the
Traffic-related air pollution exposure section). We calculated the mean
levels of Lqep for each participant for the same time periods as above: i)
for the pregnancy period, ii) from birth until 3 years old, iii) from 3 until
6 years old), and iv) from 6 years old until the age at MRI assessment.
When a child spent 50% of the time or more living outside of the mu-
nicipality of Rotterdam for a study time period, we considered the noise
exposure of that time period as missing (4.6% in pregnancy, 8.9% in
birth to 3 years, 22.3% in 3 to 6 years, and 25.2% in 6 years of age to the
MRI assessment).

2.4. Resting-state functional MRI acquisition

Prior to the MRI scanning session, all children were first familiarized
with the MRI scanning environment during a 30-minute mock scanning
session to reduce the possibility of failure to complete the scanning
session (White et al., 2018). During the rs-fMRI session, children were
instructed to stay awake and with their eyes closed. MRI imaging data
were acquired on a study-dedicated 3 Tesla GE Discovery MR750w MRI
System (General Electric, Milwaukee, WI, USA) scanner using a standard
8-channel head coil. Structural T1-weighted images were obtained using
a 3D coronal inversion recovery fast spoiled gradient recalled (IR-
FSPGR, BRAVO) sequence using ARC acceleration (TR = 8.77 ms, TE =
3.4 ms, TI = 600 ms, flip angle = 10°, matrix = 220 x 220, field of view
(FOV) = 220 x 220 mm, slice thickness = 1 mm). A total of 200 volumes
of rs-fMRI data were obtained using an interleaved axial gradient
recalled echo planar imaging sequence sensitive to BOLD contrast. The
scan parameters for functional imaging data were as follows: repetition
time = 1760 msec, echo time = 30 msec, flip angle = 85°, acquisition
matrix = 64 x 64, field of view = 230 x 230 mm, number of slices = 36,
slice thickness = 4 mm, in-plane resolution = 3.4 - 3.4 mm. The total
duration of the scan was 5 min and 52 s (White et al., 2018). Imaging
scans with excessive motion were defined based on whether they had at
least one of the following motion parameters criteria: maximum abso-
lute motion higher than 3 mm, mean relative translation higher than 0.5
mm, and root mean square relative motion higher than 0.5 mm. Scans
were also visually inspected and screened for major artifacts (e.g. from
dental retainers) as well as whole-brain coverage (e.g. missing from field
of view). Children with scans considered as being of poor quality
following the above criteria were excluded for the analyses. Participants
with air pollution data and high quality scans included in the present
study had similar characteristics compared with those of children with
air pollution data but with poor quality scans not included in these
analyses (Supplementary Material Table S1). The rs-fMRI data was
subsequently preprocessed using the standardized fMRIPrep software
(Esteban etal., 2019). After pre-processing the data, de-spiking was
applied, and the cerebrospinal fluid, white matter and global signals, as
well as motion parameters (and their quadratic terms and temporal
derivatives) were regressed out of the data (Satterthwaite et al., 2013).
Next, the Human Connectome Project (HCP) multimodal parcellation
was applied to the data for functional connectivity analysis in grayor-
dinate space (Glasser et al., 2016) as well as the FreeSurfer subcortical
segmentation included in fMRIPrep software (Esteban et al., 2019). It
has been reported that in subjects under resting state conditions, time
series of voxels within functionally connected regions of the brain have
high cross-correlation coefficients (Cordes et al., 2001). Pair-wise cor-
relation coefficients of residualized time series amongst the 382 brain
areas in the parcellation were computed and subsequently transformed
using Fisher transformation to Z scores to reach a normal distribution.
Given overlap issues with the HCP parcellation and FreeSurfer regions of
interest (ROIs), two of the brain areas in the parcellation related to the
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Table 1
Population characteristics of the subjects included and not included in the analyses of the study.
Participant characteristics Distribution
Included (n = 2,197) Non-included (n = 7,413) p-value1
Maternal education level <0.001
Low 5.9 13.0
Medium 39.7 48.1
High 54.4 38.9
Paternal education level <0.001
Low 5.2 9.4
Medium 37.2 42.7
High 57.6 47.9
Monthly household income during pregnancy (€) <0.001
<900 6.7 14.6
900-1600 13.1 20.1
1600-2200 14.4 15.2
> 2200 65.8 50.1
Maternal Country of birth <0.001
Dutch 59.1 47.2
Other Western 9.1 8.3
Non-western 31.8 44.5
Paternal Country of birth <0.001
Dutch 69.8 58.4
Other Western 6.2 7.1
Non-western 24.0 34.5
Family status <0.001
Married 52.3 49.1
Living together 37.5 35.2
No partner 10.2 15.7
Maternal parity (nulli vs. multiparous) 56.4 54.8 0.001
Maternal smoking use during pregnancy <0.001
Never 78.8 71.8
Smoking use until pregnancy known 9.2 8.2
Continued smoking use during pregnancy 12.0 20.0
Maternal alcohol consumption during pregnancy <0.001
Never 41.0 52.5
Alcohol consumption until pregnancy known 14.5 13.2
Continued alcohol consumption during pregnancy 44.5 34.3
Maternal age at intake (years) 31.3 (4.8) 29.5 (5.5) <0.001
Paternal age at intake (years) 33.6 (5.4) 32.4 (5.8) <0.001
Maternal height (cm) 168.2 (7.4) 166.8 (7.4) <0.001
Paternal height (cm) 182.8 (7.6) 181.2 (8.0) <0.001
Pre-pregnancy maternal body mass index (kg/mz) 23.4 (20.8; 25.1) 23.7 (20.7; 25.6) 0.212
Pre-pregnancy paternal body mass index (kg/mz) 25.2 (22.9; 27.2) 25.3 (22.9; 27.4) 0.291
Maternal psychological distress during pregnancy? 0.2(0.1; 0.3) 0.3(0.1;0.4) <0.001
Paternal psychological distress during pregnancy? 0.1 (0.0; 0.2) 0.2 (0.0; 0.2) 0.005
Maternal intelligence quotient score 98.4 (90.0; 107.0) 94.4 (84.0; 107.0) <0.001
Child’s sex (boy vs. girl) 51.0 48.9 0.086
Child’s age at scanning session (years) 10.2 (0.6) 10.1 (0.6) <0.001

Values are percentages for categorical, mean (standard deviation) for continuous variables, and median (25th percentile; 75th percentile) for body mass index and
psychopathological distress. ! Chi-square tests for categorical variables, two-sample t-test for normally distributed and Wilcoxon Rank Sum test for non-normally

distributed continuous variables. 2 Score range from 0 to 4.

HCP hippocampus complex were excluded in these analyses. Therefore,
the included pair-wise correlation coefficients amongst 380 brain areas
resulted in a correlation matrix with 144,400 connectivity scores that
indicated the strength and the direction of the functional connectivity
amongst the different brain areas, resulting in a total of 71,820 unique
connectivity scores between brain areas. We grouped the brain areas
into 31 regions based on location and common properties (e.g. archi-
tecture, task-fMRI profiles, or functional connectivity) (Glasser et al.,
2016) (Supplementary Material Table S2). Next, we grouped those 31
regions into 5 different brain functional networks: auditory, somato-
sensory/motor, visual, task positive, and task negative (Glasser et al.,
2016), and a 6th group comprising subcortical structures and the cere-
bellum (Supplementary Material Table §2).

2.5. Covariates
Covariates were defined a priori using a direct acyclic graph

(Hernan, 2002) based on up-to-date knowledge of the scientific litera-
ture, and on data availability within the Generation R cohort. We

included the following characteristics variables collected by question-
naires during pregnancy: parental ages at enrollment in the cohort (in
years), parental education levels (low: primary education or lower,
medium: secondary education, high: university degree or higher),
parental countries of birth (Dutch, other Western, or non-Western),
maternal smoking during pregnancy (never, smoking use until preg-
nancy known, continued smoking use during pregnancy), maternal
alcohol consumption during pregnancy (never, alcohol consumption
until pregnancy known, continued alcohol consumption during preg-
nancy), maternal parity (nulliparous, one child, two or more children),
marital status (married, living together, no partner), and monthly
household income (< €900, €900 — 1600, €1600 — 2220 or > €2200).
Since previous studies showed an association between prenatal parental
psychological distress and child brain functional connectivity, as well as
between air pollution exposure and parental psychological distress (Sass
etal., 2017), we also included parental psychological distress assessed
with the Brief Symptom Inventory (Derogatis, 2011) as a covariate. We
also included the parental weights and heights (in kilograms and cen-
timeters, respectively) measured or self-reported at the first trimester of
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pregnancy and thereafter used to calculate the pre-pregnancy body mass
index (in kg/mz). Maternal intelligence was also assessed using the
Ravens Advanced Progressive Matrices Test, set I (Raven, 1962). Child’s
sex (boy or girl) was obtained from hospital records at birth, and child’s
age (in years) at the scanning session was also collected. Additionally, as
motion has been shown to be a major concern in rs-fMRI research
(Power et al., 2012), we have extracted framewise displacement values
from the fMRIPrep output.

2.6. Statistical analyses

The study population was limited to children with available data on
traffic-related air pollution and noise exposure and good quality resting
state imaging scans (n = 2,197). We first performed multiple imputation
of missing values of potential confounding variables using chained
equations to generate 25 complete datasets (Spratt et al., 2010) (Sup-
plementary Material Table S3). The percentage of missing values for the
confounding variables was below 30%, except for paternal education
level and paternal psychological distress during pregnancy, which were
34.7% and 37.4%, respectively. Distributions in imputed datasets were
very similar to those observed (Supplementary Material Table S4).

Children included in the analysis (n = 2,197) were more likely to
have Dutch parents, with a higher education level, and from a higher
household income compared with children who were not included (n =
7,413) (Table 1). To correct for the losses to follow-up we used the in-
verse probability weighting. This technique allows accounting for se-
lection bias that potentially arises when only participants with available
exposure and outcome data are included as compared to a full initial
cohort recruited at pregnancy (Weuve et al., 2012). The variables used
to create the weights can be found summarized in Supplementary Ma-
terial Table S5.

After confirming that the assumptions of the linear regression models
(i.e. normality of the residuals, linearity between exposure and out-
comes, homoscedasticity, no collinearity between covariates) were ful-
filled, we performed linear regression models to assess the association
between the exposure to each traffic-related air pollutant and noise
exposure variable and each brain area pair correlation, adjusting for all
potential confounding variables described previously (Supplementary
Material Methods S2). Models were performed separately for each air
pollutant and the road traffic noise variable. Models were also per-
formed for each exposure period separately. Several sensitivity analyses
were performed: i) we evaluated the association between air pollution
and functional brain connectivity excluding those children with expo-
sure estimates above or below of 4 standard deviations of the mean, ii)
we evaluated the potential effect modification of sex by adding a
product interaction between each air pollutant and the road traffic noise
variable separately and sex. In the case of interaction terms statistically
significant (p < 0.05), we would quantify the potential differences by
performing stratified analysis by sex. Due to the high correlation be-
tween the air pollutants that were associated with functional brain
connectivity, multi-pollutant analyses were not carried out.

All analysis were corrected for multiple testing using false discovery
rate at p < 0.05 level (Benjamini & Hochberg, 1995). Statistical analyses
were carried out using STATA (version 14.0; Stata Corporation, College
Station, TX) and R (version 3.4.2; R Core Team (2017)).

3. Results
3.1. Descriptive results

Participant characteristics of the study population are shown in
Table 1. Mean NOy and PMjy 5 exposure levels during pregnancy were
39.7 ug/m°, ranging from 24.2 pg/m® and 90.8 pg/m°, and 19.5 pg/m?,
ranging from 15.4 pg/m® and 31.0 pg/m®, respectively (Fig. 1 and
Supplementary Material Table S6). Mean road traffic noise exposure
levels during pregnancy were 54.7 dB, ranging from 40 dB and 73 dB
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(Fig. 1 and Supplementary Material Table S6). The individual traffic-
related air pollutants and noise exposure levels between the different
time periods were low to highly correlated, ranging from 0.26 for NO,
between pregnancy and childhood period from 6 years to the age at MRI
assessment, to 0.90 for road traffic noise between the childhood periods
from 3 to 6 years and from 6 years of age to the age at MRI assessment
(Supplementary Material Table S7), Correlations between the concen-
trations of traffic-related air pollutants also varied depending on the
pollutant and the period of interest (e.g. correlations between NOy and
PM 5 during pregnancy and between NOz and PM3 5 absorbance during
pregnancy were 0.39 and 0.86, respectively) (Supplementary Material
Figure S1). Noise exposure levels were low to moderately correlated
with the concentrations of traffic-related air pollutants (e.g. correlation
between road traffic noise and PM; was 0.17 during pregnancy (Sup-
plementary Material Fig. S1). The mean of the correlations between
brain areas was 0.12, ranging from —0.49 to 1.68 after Fisher trans-
formation, and 24.1% of the correlations were negative (data not
shown).

3.2. Air pollution exposure and functional brain connectivity

Higher exposures to NO, and PM; 5 absorbance from birth to 3 years
of age, and to NOy from 3 to 6 years of age were associated with higher
functional brain connectivity (Fig. 2 and Supplementary Material
Table S8). In contrast, exposure to PM;o and PM; 5 were not associated
with functional brain connectivity.

3.2.1. NO3 exposure and functional brain connectivity

Higher exposure to NO, from birth to 3 years of age was associated
with 2 higher correlation coefficients between brain areas (Fig. 2 and
Supplementary Material Table S8). For these associations, we observed
0.11 higher correlation coefficient per 10 pg/m? increase in NO5 (Sup-
plementary Material Table S8). The mean values of these correlation
coefficients were positive, therefore, the exposure to NO; increased the
positive correlation. Both connections were inter-network: regions
belonging to the visual and auditory networks were connected with
regions belonging to the task positive network, respectively (Fig. 2 and
Supplementary Material Table S8). Additionally, one of the connections
was inter-hemispheric while the other was intra-hemispheric (Supple-
mentary Material Fig. 2 and Table S8). No associations were found be-
tween higher exposure to NO; during pregnancy, from 3 to 6 years, and
6 years of age to the age at MRI assessment, and any correlation co-
efficients between brain areas.

3.2.2. Noy exposure and functional brain connectivity

Higher exposure to NOy from 3 to 6 years of age was associated with
2 higher correlation coefficients between brain areas (Fig. 2 and Sup-
plementary Material Table S8). For these associations, we observed 0.07
higher correlation coefficient per 20 pg/m® increase in NOy (Supple-
mentary Material Table S8). The pattern on how the functional con-
nectivity increased was similar to that of NO,, as the mean values of
these correlation coefficients were positive, which means that exposure
to NOy increased the positive correlation. Both connections were inter-
network (visual with task positive network) and intra-hemispheric
(Supplementary Material Fig. 2 and Table S8). No associations were
found between exposure to NOy during pregnancy, from birth to 3 years,
and from 6 years of age to the age at MRI assessment, and any corre-
lation coefficients between brain areas.

3.2.3. PMy 5 absorbance exposure and functional brain connectivity
Higher exposure to PM; 5 absorbance from birth to 3 years of age was
related to 22 higher correlation coefficients between brain areas (Fig. 2
and Supplementary Material Table S8). For these associations, we
observed between 0.16 and 0.19 higher correlation coefficients per 10°
Sm~! increase of PMy 5 absorbance (Supplementary Material Table S8).
Almost all the mean values of these correlation coefficients were
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Fig. 1. Traffic-related air pollution and road traffic noise exposure levels during pregnancy and childhood periods from birth to 3 years, from 3 to 6 years, and from
6 years to the age at MRI assessment. Abbreviations: NO,, nitrogen dioxide in pg/m® NOx, nitrogen oxides in pg/m? PM, particulate matter with different aero-

dynamic diameters: <10 pm (PM;0) in ug/m3; <2.5 pm (PMy5) in ug/m3; absorbance of PM, s filters (PM, sabsorbance) in 10°m™

positive, meaning more exposure to PM, 5 absorbance was related to
stronger positive correlations between regions, except for three con-
nections which had negative mean correlation coefficients (right lateral
occipital (area 1) with left lateral intraparietal dorsal area, left parieto-
occipital sulcus (area 2) with the right superior parietal cortex (area
7PC), and right frontal opercular cortex (area 4) with the right lateral

1

temporal cortex (TE1 posterior area)), and thus connectivity shifted
from negative to positive with increasing PM3 5 absorbance. The brain
areas of these three connections belong to regions of the visual, task
positive, and task negative networks. Most of the connections related
with the exposure to PM; 5 absorbance were inter-network (16 of 22)
between brain regions predominantly belonging to the task positive and
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Fig. 2. Adjusted associations between exposure to air pollution at each time period and functional brain connectivity in preadolescents. Brain areas were grouped
into 31 brain regions (described below) and into 5 different brain functional networks: visual, auditory, somatosensory/motor, task positive, task negative (also
known as Default Mode Network (DMN)), and a 6th group with the subcortical structures and the cerebellum: AA, Auditory Association Cortex; AB, Nucleaus
Accumbens; ACMP, Anterior Cingulate and Medial Prefrontal Cortex; AG, Amygdala; CB, Cerebellum; CD, Caudate; DSP, DorsoLateral Prefrontal Cortex; DSV, Dorsal
Stream Visual Cortex; EA, Early Auditory Cortex; EV, Early Visual Cortex; HC, Hippocampus; IF, Inferior Frontal Cortex; IFO, Insular and Frontal Opercular Cortex; IP,
Inferior Parietal Cortex; LT, Lateral Temporal Cortex; MT, Medial Temporal Cortex; MTC, MT + Complex and Neighboring Visual Areas; NOx, nitrogen oxides; NO2,
nitrogen dioxide; OPF, Orbital and Polar Frontal Cortex; PA, Pallidum; PC, Posterior Cingulate Cortex; PLMC, Paracentral Lobular and Mid Cingulate Cortex; PM,
Premotor Cortex; PM2.5absorbance, absorbance of PM2.5 filters; PO, Posterior Opercular Cortex; PU, Putamen; PV, Primary Visual Cortex; SM, Somatosensory and
Motor Cortex; SP, Superior Parietal Cortex; TPOJ, Temporo-Parieto-Occipital Junction; TM, Thalamus; VDC, Ventral Diencephalon; VSV, Ventral Stream Visual
Cortex. Associations from linear regression models adjusted for maternal and paternal education, ethnicity, age, body mass index, and psychological distress during
pregnancy, maternal smoking and alcohol use during pregnancy, parity, and intelligence quotient, family status, household income, child’s gender and age at the
scanning session, and mean framewise displacement that survived correction for multiple testing using false discovery rating. All associations showed positive
coefficients and the color of the connection represents the strengths of the association (the darkness of the color indicates a larger beta coefficient). Linear regression
models were performed separately for each air pollutant.

task negative networks, and half of them were inter-hemispheric (Sup- 4. Discussion

plementary Material Fig. 2 and Table S8). No associations were found

between higher exposure to PM; 5 absorbance during pregnancy, from 3 In this study, we found that higher exposures to NO2 and PMa 5
to 6 years, and from 6 years of age to the age at MRI assessment, and any absorbance from birth to 3 years, and to NOy from 3 to 6 years of age
correlation coefficients between brain areas. were associated with higher functional brain connectivity among several

brain regions in preadolescents from 9 to 12 years of age. PMj 5 absor-
bance showed a higher number of associations with functional brain
connectivity. Also, the childhood period from birth to 3 years was the
period with the highest susceptibility to air pollution. Most associations
were found with functional brain connections between brain regions
that are part of the task positive and the task negative networks. Also,
slightly more than half of the identified connections were intra-
hemispheric. We found no evidence of associations between PM;y,
PMy 5, or road traffic noise during pregnancy or childhood, and brain
functional connectivity.

To our knowledge, this is the first study exploring the associations of
the exposures to traffic-related air pollution and noise during pregnancy
and childhood, and whole-brain functional connectivity. Previous evi-
dence of such associations is limited to a single study (Pujol et al.,

3.3. Road traffic noise and functional brain connectivity

Exposure to road traffic noise was not associated with functional
brain connectivity (Supplementary Material Table S9).

3.4. Sensitivity analyses

Excluding children with air pollution exposure estimates above or
below of 4 standard deviations of the mean showed similar results (data
not shown). Sensitivity analyses assessing the interaction of each air
pollutant and road traffic noise separately with sex yielded to non-
significant results (data not shown).
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2016b) where higher exposure to NO; and elemental carbon at schools
in children from 8 to 12 years of age were associated with lower inte-
gration and segregation in key brain networks. Our findings indicated
that most of the functional connections associated with exposure to air
pollution were between brain regions belonging to different networks
(20 of 26), which would suggest an indicator of lower segregation.

In our study, we investigated functional connectivity during resting
conditions. Under these conditions, the brain is engaged in spontaneous,
intrinsic activity (i.e. not attributable to specific inputs or intended to
generate specific outputs) (Hausman etal., 2020). Brain areas with
higher connectivity in relation to exposure to air pollution were located
in most of the networks explored but mainly in brain regions that are
part of the task negative and task positive networks. Increased connec-
tivity within the task negative network during rest could be interpreted
as a sign of increased self-referential thoughts, and less activity in
cognitive-control networks such as attention and inhibitory control
(Whitfield-Gabrieli & Ford, 2012). Consistent with these findings, some
previous studies also found an association of exposure to air pollution
with impaired attentional function and inhibitory control, measured
using neuropsychological tests (Basagana et al., 2016; Chiu et al., 2013;
Guxens et al., 2018; Pujol et al., 2016a; Sentis et al., 2017; Sunyer et al.,
2015, 2017). Additionally, previous evidence found an association be-
tween the exposure to air pollution and thinner cortex as well as alter-
ations in cortical surface in regions belonging to the task negative
network (Cserbik et al., 2020; Guxens et al., 2018; Lubczynska et al.,
2021). While Guxens et al. reported that children exposed to higher
levels of air pollution during pregnancy had thinner cortex in several
regions of both hemispheres, Cserbik et al. reported hemispheric-
specific differences in the associations between air pollution exposure
during childhood and cortical thickness and surface area. We also found
higher functional connectivity in brain areas belonging to the task
positive network during resting conditions. For optimal cognitive pro-
cessing, the task positive and task negative networks should have an
opposite relationship, i.e., the activation of one network would inhibit
the other, to avoid the other’s interference in the coordination of a
neural process (Cheng et al., 2020). Task negative tend to be activated
during resting conditions while task positive tend to be activated during
attention-demanding tasks and includes our conscious attention towards
the external environment. Therefore, increased connectivity of the task
positive network during resting conditions, in addition to the activation
of both networks at the same time, could be an indicator of functional
brain connectivity impairment. Previous evidence also described
thinner cortex and a decrease in cortical surface in regions that are part
of the task positive network in relation to the exposure to air pollution
(Guxens et al., 2018; Lubczynska et al., 2021).

The specific windows of exposure of air pollution on functional brain
connectivity have not been previously explored. We have identified the
first years of life as sensitive periods of exposure. Consistent findings of
both fetal and neonatal rs-fMRI studies have hypothesized that the
foundations of resting-state networks are already laid before 37 weeks of
gestation, with rapid neural growth in the last trimester of pregnancy
(Doria etal., 2010). However, some networks appear to be more
developed than others (e.g., visual and auditory networks). Addition-
ally, changes in network size, represented by a percentage of brain
volume, have been observed during first years of life, and several resting
state networks also showed a significant increase in functional connec-
tivity during first years of life (Lin et al., 2008). The development of
connectivity networks during first years of life could be the explanation
of why the exposure to air pollution from birth to 3 years of age was
related to more changes in brain functional connectivity than the
exposure to air pollution during the other periods of interest in our
study. From the age of 2 years onwards, neurodevelopment is charac-
terized by a gain in higher-order cognitive abilities, such as attention
and memory (de Bie et al., 2012), and functional networks continue in
development between childhood and adulthood. It has been described
that the structure of these functional networks differed between children
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and adults, shifting from a local anatomical architecture in children (i.e.,
correlations between brain regions close in space) to a more distributed
architecture in adults (i.e., correlations between brain regions more
distant in space) (Fair et al., 2009). In addition, synaptic pruning and
myelination take place until late the second decade of life (Williamson &
Lyons, 2018). During synaptic pruning, the brain eliminates extra con-
nections that are no longer needed. Both neurodevelopmental events
result in an increased signal propagation that allows for a more efficient
communication between distant regions, allowing for a more effective
response to any processing demand. Finally, functional neuroimaging
investigations have shown that inter-hemispheric connectivity appears
at birth and slowly shifts during development to a predominant intra-
hemispheric connectivity in the adult, as a result of the process of
brain’s lateralization (Tzourio-Mazoyer, 2016). In the results of this
study, we found that half of the connections associated with air pollution
in the exposure period from birth to 3 years of age were intra-
hemispheric while the connections we found in the exposure period
from 3 to 6 years of age were all intra-hemispheric, although these last
results should be interpreted with caution due to the small number of
connections identified.

In the present study, we identified NO, NOy and PM, 5 absorbance
as the traffic-related pollutants associated with functional brain con-
nectivity. The same pollutants were identified in the previous study on
air pollution exposure at school and functional brain connectivity (Pujol
et al.,, 2016b). In Europe, NOx and NO; gasses in the air are predomi-
nantly produced by an incomplete combustion of hydrocarbons, mainly
originating from diesel fuel (European Environment Agency, 2019). The
absorbance of PMy 5 is considered as a measure of exposure to black
carbon particles. Black carbon refers to the sooty black material emitted
during incomplete combustion. Diesel-powered vehicles intensively
used in urban areas are an important source, though not the unique
source (European Environment Agency, 2019).

Regarding the association between exposure to road traffic noise and
functional brain connectivity, we did not find any association in pre-
adolescents exposed to higher road traffic noise during pregnancy or
childhood in our study. Nevertheless, some studies have shown that
noise exposure could act as a stressor that affects the HPA axis leading to
an increased level of stress hormones (Jafari et al., 2017; Lautarescu
etal., 2020). During pregnancy, these hormones could cross the fetal-
placental barrier and influence brain development (Lautarescu et al.,
2020), while in children, they could alter the size and neuronal archi-
tecture of some brain areas (Smith & Pollak, 2020). Such early life stress
could be also related to disturbances in functional brain connectivity (De
Asis-Cruz et al., 2020; Hermans et al., 2011; van Marle et al., 2010).
Additionally, it has been demonstrated that noise exposure might have
negative effects on children’s cognition, mainly on memory and reading
outcomes (Clark & Paunovic, 2018; S. Stansfeld & Clark, 2015). How-
ever, the evidence on the effect of noise exposure on children’s cognition
remains inconsistent and further studies are warranted. There is no
previous evidence evaluating the effect of the exposure to road traffic
noise in brain’s structure and function. Our null results could be due to
the fact that we evaluated long-term exposure to noise instead of acute
exposure. Previous studies found an association between the acute
exposure to noise generated by MRI and altered functional brain con-
nectivity (Andoh et al., 2017; Pellegrino et al., 2022).

Our study has several strengths: i) the large sample size of study
participants with resting state functional imaging data; ii) the longitu-
dinal exposure assessment and prospective nature of the study; iii) the
use of multiple imputation and inverse probability weighting to reduce
the selection bias in the study; iv) the availability for a large number of
socioeconomic and lifestyle factors to control for confounding; v) the
standardized and validated traffic-related air pollution and road traffic
noise measurement assessments across different time periods to assess
sensitive windows of exposure. However, some limitations should also
be considered. One of our main limitations related to the exposure
assessment is the possibility of measurement error in the air pollution
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estimates. Air pollution monitor campaigns were performed between
2009 and 2010 and we used back- and forward- extrapolated concen-
tration levels for the periods of interest of our study, which have been
shown to remain spatially stable over time for periods up to 8 or 18 years
(Eeftens et al., 2011; Gulliver et al., 2013), however, we cannot discard
the introduction of measurement error. Exposure to air pollution and
road traffic noise was assessed at the residential home addresses of the
study participants, while pregnant women could have spent a large
amount of time at work, and children older than 6 years also possibly
spent many hours in school settings in the hours that road traffic was
higher. This fact could have introduced measurement error on the
exposure estimations, and lead to non-differential misclassification,
which in turn could have led to underestimation of the effect estimates.
Misclassification could also occur if participants changed home ad-
dresses and this change was not documented. We used air pollution and
noise average levels for the entire pregnancy and for different periods
during childhood. Although it has been reported that some neuro-
developmental outcomes are related to a specific exposure window, we
did not use statistical methods with higher temporal resolution due to
computational reasons. Therefore, the effects could be underestimated.
Another limitation that should be addressed is that although we used
multiple imputation for missing data, some variables have more than
30% of participants with missing data (e.g. paternal education level and
paternal psychological distress during pregnancy). However, the dis-
tributions in the imputed datasets were very similar to those observed.
Furthermore, we cannot discard the possibility of residual confounding
due to the unavailability of other, potentially relevant, confounding
variables such as parental social class or genetic and family factors
related to both air pollution and brain development. Also, information
on some effect modifiers, such as noise sensitivity, location of the child’s
bedroom, and other noise sources should be included to more accurately
estimate the effects of noise exposure and reduce the measurement error
in the noise pollution estimates.

5. Conclusions

In conclusion, we observed associations of exposure to NOy NO, and
PM, 5 absorbance from birth to 3 years, and from 3 to 6 years of age,
with higher functional brain connectivity in preadolescents from 9 to 12
years of age. NOy and NO;, gasses as well as the absorbance of PM; 5 are
mainly produced by diesel-powered vehicles in urban areas. PMy 5
absorbance was the traffic-related air pollutant most frequently associ-
ated with functional brain connectivity, and the period from birth to 3
years of age was the time window most susceptible to the effects of air
pollution. The associations found in our study are in brain areas pre-
dominantly located in the task positive and task negative networks. An
increased connectivity in these networks during resting conditions could
be an indicator of differential functional connectivity in children
exposed to higher levels of air pollution. No association was observed
between exposure to road traffic noise and brain functional connectivity.
Future longitudinal studies with repeated brain functional connectivity
measures, and including multipollutant approaches, are warranted to
better understand the associations found in this study.
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Supplementary Material

METHODS S1. Details of the back- and forward-
extrapolation method in air pollution exposure assessment.

To back- and forward- extrapolate the concentrations during each
period of interest, we used daily data from seven available routine
background monitoring network sites. The procedure for back- and
forward- extrapolate was performed in the following steps:

1. Collect daily air pollution data for routing monitoring sites
covering both the period of interest of our study and the
period that ESCAPE measurements were conducted.

2. Calculate the yearly concentration for the routine monitoring
sites covering the measurement period of the ESCAPE

(Croutine-ESCAPE)-

3. Calculate for the routine monitoring sites for each day the
ratio between the daily concentration (Cgaily) and the yearly
average covering the ESCAPE measurement period:
Ratioroutine: Caailys Croutine-ESCAPE.

4. Calculate for each day the back- or forward-extrapolated
concentration by multiplying the ratio with the modelled
ESCAPE yearly mean concentration (LUR models) for each
SUbjECt (CESCAPE): Cextrapolated = CESCAPE * Ratioroutine.

5. For each subject the back- and forward- extrapolated

concentration for each study period was calculated using the
daily back-extrapolated concentrations.
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TABLE S1. Population characteristics of the subjects with high
quality scans included in the analyses and with poor quality
scans not included in the analyses of the study.

Participant characteristics

Maternal education level
Low
Medium
High
Paternal education level
Low
Medium
High
Monthly household income during
pregnancy (€)
<900
900 — 1600
1600 — 2200
> 2200
Maternal Country of birth
Dutch
Other Western
Non-western
Paternal Country of birth
Dutch
Other Western
Non-western
Family status
Married
Living together
No partner

Maternal parity (nulli vs. multiparous)
Maternal smoking use during pregnancy

Never

Smoking use until pregnancy known

Continued smoking use during
pregnancy

Maternal alcohol consumption during

pregnancy
Never

Alcohol consumption until pregnancy

known

Continued alcohol consumption during

pregnancy

Distribution
High quality Poor quality p-value!
scans (n=2,197) scans (n=478)
0.511
5.9 7.0
39.7 41.1
54.4 51.9
0.856
5.2 4.4
37.2 38.0
57.6 57.6
0.152
6.7 7.0
13.1 17.1
14.4 115
65.8 64.4
0.089
59.1 60.6
9.1 6.0
318 334
0.513
69.8 69.7
6.2 4.6
24.0 25.7
0.352
52.3 53.0
375 34.8
10.2 12.2
56.4 60.0 0.363
0.297
78.8 77.8
9.2 7.8
12.0 14.4
0.693
41.0 42.9
14.5 45.0
445 42.1

Abbreviations: p25, 25" percentile; p75, 75" percentile. Values are percentages
for categorical, mean (standard deviation) for continuous variables, and median
(p25; p75) for body mass index and psychopathological distress. * Chi-square
tests for categorical variables, two-sample t-test for normally distributed and
Wilcoxon Rank Sum test for non-normally distributed continuous variables.

%Score range from 0 to 4.
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TABLE S1, continued. Population characteristics of the
subjects with high quality scans included in the analyses and
with poor quality scans not included in the analyses of the

study.
Distribution
Participant characteristics High quality Poor quality p-value*
scans (n=2,197) scans (n=478)
Maternal age at intake (years) 31.2 (4.8) 31.2 (4.9) 0.769
Paternal age at intake (years) 33.6 (5.4) 33.2 (4.9) 0.211
Maternal height (cm) 168.2 (7.4) 167.9 (7.2) 0.377
Paternal height (cm) 182.8 (7.6) 182.4 (8.0) 0.478
Pre-pregnancy maternal body mass index . 23.4 (20.5;
m .
kg/m? 23.4(20.8; 25.1) 048 0.483
Pre-pregnancy paternal body mass index . 25.3 (23.0;
m .

kg/m? 25.2(22.9; 27.2) 275 0.672
Maternal pzsychologlcal distress during 0.2 (0.1:0.3) 0.3(0.1:0.3) 0.411
pregnancy’

Paternal pséychologlcal distress during 0.1 (0.0; 0.2) 0.1 (0.0;0.2) 0.340
pregnancy’

Maternal intelligence quotient score 98.4 (90.0; 107.0) 96i%§9(§)).0; 0.031
Child’s sex (boy vs. girl) 51.0 45.8 0.041
Child’s age at scanning session (years) 10.2 (0.6) 10.1 (0.6) 0.002

Abbreviations: p25, 25" percentile; p75, 75" percentile. Values are percentages
for categorical, mean (standard deviation) for continuous variables, and median
(p25; p75) for body mass index and psychopathological distress. * Chi-square
tests for categorical variables, two-sample t-test for normally distributed and

Wilcoxon Rank Sum test for non-normally distributed continuous variables.

%Score range from 0 to 4.
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TABLE S2. List of the brain areas obtained after Human
Connectome Project multimodal parcellation grouped into
brain regions and into functional brain networks.

Visual network

Primary Visual Cortex
Primary Visual Cortex

Early Visual Cortex
Second Visual Area
Third Visual Area
Fourth Visual Area

Dorsal Stream Visual Cortex
Sixth Visual Area
Area V3A
Seventh Visual Area
IntraParietal Sulcus Area 1
Area V3B
Area V6A

Ventral Stream Visual Cortex
Eight Visual Area
Fusiform Face Complex
Posterior InferoTemporal Complex
VentroMedial Visual Area 1
VentroMedial Visual Area 2
VentroMedial Visual Area 3
Ventral Visual Cortex

MT + Complex and Neighboring Visual Areas
Medial Superior Temporal Area
Area Lateral Occipital 1
Area Lateral Occipital 2
Area Lateral Occipital 3
Middle Temporal Area
Area PH
Area VAt
Area FST
Area V3CD
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TABLE S2, continued. List of the brain areas obtained after
Human Connectome Project multimodal parcellation grouped
into brain regions and into functional brain networks.

Somatosensory/Motor network

Primary Motor Cortex
Primary Sensory Cortex
Area 1
Area 2
Area 3a
Paracentral Lobular and Mid Cingulate Cortex
Area 5m
Area 5m ventral
Area 23c
Area 5L
Dorsal Area 24d
Ventral Area 24d
Supplementary and Cingulate Eye Field
Area 6m anterior
Area 6mp
Premotor Cortex
Frontal Eye Fields
Premotor Eye Field
Area 55b
Dorsal area 6
Ventral area 6
Rostral Area 6
Area 6 anterior
Posterior Opercular Cortex
Area 43
Area OP4/PV
Area OP1/SlI
Area OP2-3/VS

Frontal Opercular Area 1
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TABLE S2, continued. List of the brain areas obtained after
Human Connectome Project multimodal parcellation grouped

into brain regions and into functional brain networks.

Auditory network

Early Auditory Cortex
Primary Auditory Cortex
Area 52
Retroninsular Cortex
Area PFcm
ParaBelt Complex
Lateral Belt Complex
Medial Belt Complex
Area STSd anterior
Area STSd posterior
Area STSv anterior
Area STSv posterior

Task positive network

Insular and Frontal Opercular Cortex
Posterior Insular Area 2
Middle Insular Area
Pirform Cortex
Anterior Ventral Insular Area
Anterior Agranular Insula Complex
Frontal Opercular Area 2
Frontal Opercular Area 3
Frontal Opercular Area 4
Area Posterior Insular 1
Insular Granular Complex
Area Frontal Opercular 5

Para-Insular Area
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TABLE S2, continued. List of the brain areas obtained after
Human Connectome Project multimodal parcellation grouped

into brain regions and into functional brain networks.

Task positive network

Superior Parietal Cortex
Medial Area 7P
Lateral Area 7P
Lateral Area 7A
Medial Area 7A
Area 7PC
Area Lateral IntraParietal ventral
Ventral IntraParietal Complex
Medial IntraParietal Area
Area Lateral IntraParietal dorsal
Anterior IntraParietal Area
Inferior Parietal Cortex
Area PFt
Area PGp
Area Intraparietal 0
Area Intraparietal 1
Area Intraparietal 2
Area PF opercular
Area PF Complex
Area PFm Complex
Area PGi
Area PGs
Inferior Frontal Cortex
Area 44
Area 45
Area 471
Area anterior 47r
Area posterior 47r
Area IFJa
Area IFJp
Area IFSp
Area IFSa
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TABLE S2, continued. List of the brain areas obtained after
Human Connectome Project multimodal parcellation grouped
into brain regions and into functional brain networks.

Task positive network

Dorsolateral Prefrontal Cortex
Superior Frontal Language Area
Area 8Av
Area 8Ad
Area 8B Lateral
Area 9 Posterior
Area 8C
Area posterior 9-46v
Area anterior 9-46v
Area 46
Area 9-46d
Area 9 anterior
Interior 6-8 Transitional Area
Superior 6-8 Transitional Area

Task negative network

Medial Temporal Cortex
Entorhinal Cortex
PreSubiculum
Perirhinal Ectorhinal Cortex
ParaHippocampal Area 1
ParaHippocampal Area 2
ParaHippocampal Area 3
Area TF

Lateral Temporal Cortex
Area TG dorsal
Area TE1 anterior
Area TE1 posterior
Area TE1 Middle
Area TE2 anterior
Area TE2 posterior
Area PHT
Area TG Ventral
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TABLE S2, continued. List of the brain areas obtained after
Human Connectome Project multimodal parcellation grouped
into brain regions and into functional brain networks.

Task negative network

Temporo-Parieto-Occipital Junction
PeriSylvian Language Area
Superior Temporal Visual Area
Area TemporoParietoOccipital Junction 1
Area TemporoParietoOccipital Junction 2
Area TemporoParietoOccipital Junction 3

Posterior Cingulate Cortex
RetroSplenial Complex
Parieto-Occipital Sulcus Area 2
PreCuneus Visual Area
Area 7m
Parieto-Occipital Sulcus Area 1
Area 23d
Area ventral 23 a+b
Area dorsal 23 a+b
Area 31p ventral
ProStriate Area
Dorsal Transitional Visual Area
Area 31pd
Area 3la
Area anterior 32 prime
Area posterior 24

Orbital and Polar Frontal Cortex
Area 47m
Area 10d
Area anterior 10p
Polar 10p
Area 11|
Area 13|
Orbital Frontal Complex
Area 47s
Area posterior 10p
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TABLE S2, continued. List of the brain areas obtained after
Human Connectome Project multimodal parcellation grouped
into brain regions and into functional brain networks.

Subcortical structures and cerebellum

Cerebellum
Thalamus

Caudate

Putamen

Pallidum

Amygdala
Accumbens

Ventral Dienchepalon
Hippocampus

Functional brain networks are written in bold format; Brain regions are written in
regular format; Brain areas are written in italic format.
Brain areas described above were explored for both hemispheres.
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TABLE S3. Details of the imputation modelling.

Software used and key setting: Stata Statistical Software: Release 14.2 (Stata

Corporation, College Station, Texas) — Ice command (with 10 cycles)

Number of imputed datasets created: 25

Variables included in the imputation procedure:

Traffic-related air pollution during pregnancy (PM,s, PM, 5 absorbance, PM;o, PMcoarse,
NO,, NO,), noise exposure during pregnancy, maternal age, paternal age, maternal
education level, paternal education level, maternal country of birth, paternal country of
birth, maternal smoking during pregnancy, maternal alcohol consumption during
pregnancy, maternal parity, family status, monthly household income, maternal
pathological distress, paternal pathological distress, maternal weight, paternal weight,
maternal height, paternal height, maternal pre-pregnancy body mass index, paternal pre-

pregnancy body mass index, maternal IQ, child’s sex, child’s age at the scanning session.

Treatment of binary/categorical variables: logistic and multinomial models

Statistical interactions included in imputation models: none
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TABLE S4. Population characteristics in observed and imputed
datasets of the population study.

Distribution
Participant characteristics Observed Imputed % Imputed
(N=2,197) (N=54,925)
Maternal education level 7.5
Low 59 6.7
Medium 39.7 40.5
High 54.4 52.8
Paternal education level 34.7
Low 5.2 74
Medium 37.2 40.2
High 57.6 52.4
Monthly household income during
pregnancy (€) 21.0
<900 6.7 8.2
900 — 1600 131 14.5
1600 — 2200 14.4 14.7
> 2200 65.8 62.6
Maternal Country of birth 1.7
Dutch 59.1 58.7
Other Western 9.1 9.2
Non-western 318 323
Paternal Country of birth 28.4
Dutch 69.8 61.6
Other Western 6.2 6.3
Non-western 240 321
Family status 7.7
Married 52.3 52.3
Living together 375 375
No partner 10.2 10.2
Maternal parity 56.4 56.1 3.2

(nulli vs. multiparous)

Abbreviations: p25; 25" percentile; p75, 75" percentile. Values are
percentages for categorical, mean (standard deviation) for continuous

variables, and median (p25; p75) for body mass index and psychopathological

distress.! Score range from 0 to 4.

124



TABLE S4, continued. Population characteristics in observed and
imputed datasets of the population study.

Distribution
Participant characteristics Observed Imputed % Imputed
(N=2,197) (N=54,925)

Maternal smoking use during pregnancy

Never 78.8 78.7 122

Smoking use until pregnancy known 9.2 9.1

Continued smoking use during 12.0 12.2

pregnancy
Maternal alcohol consumption during
pregnancy

Never 41.0 414 194

Alcohol consumption until pregnancy 14.5 14.2

known

Continued alcohol consumption 445 44.4

during pregnancy
Maternal age at intake (years) 31.2 (4.8) 31.3(4.8) 0.0
Paternal age at intake (years) 33.6 (5.4) 33.8(5.7) 115
Maternal height (cm) 168.2 (7.4) 168.2 (7.4) 10.0
Paternal height (cm) 182.8 (7.6) 182.6 (8.6) 27.6
Pre-pregnancy maternal body mass index 23.4(20.8: 25.1) 23.4 (20.6; 24.9) 245
(kg/mz) . .0, . B .0, . .
Pre-pregnancy paternal body mass index . )
(kg/m?) 25.2 (22.9; 27.2) 25.1(22.8; 27.0) 27.7
Maternal plsychologlcal distress during 0.2(0.1; 0.3) 0.3(0.1; 0.3) 233
pregnancy
Paternal piychologlcal distress during 0.1 (0.0; 0.2) 0.1 (0.0; 0.2) 374
pregnancy
Maternal intelligence quotient score 98.4 (90.0; 107.0) 98.0 (90.0; 107.0) 8.9
Child’s sex (boy vs. girl) 51.0 51.0 0.0
Child’s age at scanning session (years) 10.2 (0.6) 10.2 (0.6) 0.0

Abbreviations: p25; 25" percentile; p75, 75" percentile. Values are
percentages for categorical, mean (standard deviation) for continuous
variables, and median (p25; p75) for body mass index and psychopathological

distress.! Score range from 0 to 4.
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TABLE S5. Variables used in logistic regression model to

calculate inverse probability of attrition weights in the study.

Variables Explored Included
Maternal education level X X
Paternal education level X

Monthly household income during pregnancy X X
Maternal Country of birth X

Paternal Country of birth X X
Family status X

Maternal parity X X
Maternal smoking use during pregnancy X X
Maternal alcohol consumption during pregnancy X X
Maternal age at intake X X
Paternal age at intake X

Maternal height X

Paternal height X

Maternal weight X

Paternal weight X
Pre-pregnancy maternal body mass index X
Pre-pregnancy paternal body mass index X

Maternal psychological distress during pregnancy X X
Paternal psychological distress during pregnancy X

Maternal intelligence quotient score X X
Child’s sex X X
Child’s age at scanning session X
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METHODS S2. Formulas of the regression models used to
analyse the associations between traffic-related air
pollution and noise and functional brain connectivity in
preadolescents.

The dependent variable in the present study is a correlation
matrix with pair-wise correlation coefficients amongst 380
brain areas, where Y, is each pair-wise correlation coefficient
between 2 different brain areas:

1l’:11 ?12 Yirn
O
Y‘nl YII:E Frzm

We performed a linear regression model for each correlation
coefficient of the matrix (Ynm):

Ynm= [BO"‘ BiXnm+ P2Xom+ .+ Bpxnm] + &m

where P is the intercept, B, the slope coefficients for each
independent variable, X, the independent variables (exposure
and covariates), and &,y the model’s error term.
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For example, for NO, exposure during pregnancy, and the
correlation coefficient Y11, we set up this model:

Y11= B0 + B1NO>;; + B,Maternal_education;; +
BsPaternal_education;; + BsMaternal_Ethnicity;; +
BsPaternal_Ethnicity;; + BsMaternal_age;; + B7Paternal_age;; +
BsMaternal_bodymassindexi; + BoPaternal_bodymassindexi; +
BioMaternal_psychologicaldistress;, +
B1:Paternal_psychologicaldistress;; + Bi2Maternal_smoking;; +
B1sMaternal_alcoholy; + B14sMaternal_paritys; +
BisMaternal_intelligencequotient;; + BigFamilystatus;; +
B17Householdincomes; + B1sChild_age;; + B1gChild_sex;; +

BaoMeanFramewiseDisplacement;; + &11

We set up these models successively for all the correlation
pair-wise coefficients of the correlation matrix.

Linear regression models were performed separately for each
air pollutant and study period. Road traffic noise was also
assessed separately from traffic-related air pollutants in a
single model for each study period.
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TABLE S6: Air pollution and road traffic noise exposure levels during pregnancy and childhood periods from: birth
to 3 years, from 3 to 6 years, and from 6 years of age to the age at MRI assessment.

Childhood 6 years- MRI

Pregnancy Childhood 0-3 years Childhood 3-6 years assessment
Pollutant Mean p25 p50 p75 Mean p25 p50 p75 Mean p25 p50 p75 Mean p25 p50 p75
NOx 635 494 590 735 549 443 505 614 495 395 453 56.4 438 349 400 495
NO, 39.7 350 389 435 353 321 350 378 328 293 329 358 294 261 293 322
PMyqo 312 282 305 340 28.1 268 278 291 257 247 255 26.6 23.7 226 235 246
PM, 5 195 178 189 212 177 171 175 181 163 159 162 16.6 151 146 151 155
PM, sabsorbance 1.7 15 17 19 16 15 16 17 16 14 15 17 14 12 13 15
Road traffic noise 547 48.0 540 60.0 542 48.0 540 60.0 534 478 520 58.1 53.1 470 520 58.0

Abbreviations: NO,, nitrogen dioxide in pg/m® NOx, nitrogen oxides in pg/m®; PM, particulate matter with different aerodynamic diameters: <10pm
(PMyp) in pg/m% <2.5um (PM, ) in pg/m?>; absorbance of PM, s filters (PM, sabsorbance) in 10°m™; p25, 25™ percentile; p50, 50" percentile, p75, 75"
percentile. Road traffic noise measured in decibels (dB).
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TABLE S7. Pearson’s correlations of the levels of the pollutants
and road traffic noise between time periods (pregnancy,
childhood from birth to 3 years, from 3 to 6 years, and from 6

years of age to the age at MRI assessment).

. 6 years —
NO, Pregnancy Birth — 3 years 3 -6 years MRI assessment
Pregnancy 1
Birth — 3 years 0.69 1
3 years- 6 years 0.26 0.60 1
6 years- MRI
assessment 0.26 0.48 0.90 1
. 6 years —
NOx Pregnancy Birth — 3 years 3 -6 years MR assessment
Pregnancy 1
Birth — 3 years 0.78 1
3 years- 6 years 0.43 0.72 1
6 years- MRI
assessment 0.38 0.59 0.90 1
. 6 years —
PM,5 Pregnancy Birth — 3 years 3 -6 years MRI assessment
Pregnancy 1
Birth — 3 years 0.58 1
3 years- 6 years 0.15 0.47 1
6 years- MRI
assessment 0.60 0.61 0.38 1
. 6 years —
PMyo Pregnancy Birth — 3 years 3 -6 years MRI assessment
Pregnancy 1
Birth — 3 years 0.61 1
3 years- 6 years 0.23 0.61 1
6 years- MRI
assessment 0.46 0.58 0.68 1

Abbreviations: MRI, magnetic resonance imaging; NO,, nitrogen dioxide; NOx,
nitrogen oxides; PM, particulate matter with different aerodynamic diameters:
<10um (PMyp); <2.5um (PM,;5); absorbance of PM, s filters (PM, sabsorbance).
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TABLE S7, continued. Pearson’s correlations of the levels of the
pollutants and road traffic noise between time periods
(pregnancy, childhood from birth to 3 years, from 3 to 6 years,
and from 6 years of age to the age at MRI assessment).

. 6 years —
PM, 5 absorbance Pregnancy Birth — 3 years 3 -6 years MR assessment
Pregnancy 1
Birth — 3 years 0.72 1
3 years- 6 years 0.33 0.66 1
6 years- MRI
assessment 0.30 0.49 0.88 1
. . . 6 years —
Road traffic noise Pregnancy Birth — 3 years 3 -6 years MRI assessment
Pregnancy 1
Birth — 3 years 0.86 1
3 years- 6 years 0.60 0.83 1
6 years- MRI
assessment 0.50 0.70 0.90 1

Abbreviations: MRI, magnetic resonance imaging; NO,, nitrogen dioxide; NOy,
nitrogen oxides; PM, particulate matter with different aerodynamic diameters:
<10pum (PMyp); <2.5um (PM,;s); absorbance of PM, s filters (PM, sabsorbance).
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FIGURE S1. Pearson’s correlations between the different
traffic-related air pollutants and noise during pregnancy,
childhood from birth to 3 years, from 3 to 6 years, and from 6
years of age to the age at MRI assessment.
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Abbreviations: NO,, nitrogen dioxide; NOy, nitrogen oxides; PM, particulate
matter with different aerodynamic diameters: <10um (PMyg); <2.5pm (PMys);
absorbance of PM, 5 filters (PM, sabsorbance).
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TABLE S8. Fully adjusted associations between exposure to air
pollutants and road traffic noise during pregnancy, childhood
from birth to 3 years old, from 3 to 6 years old, and from 6
years old to MRI assessment and brain functional connectivity
in preadolescents that survived correction for multiple testing
using false discovery rating.

Childhood 0-3y Childhood 3-6y
exposure exposure

Adjusted  Correlation
Air pollutant — Brain connection Coef (95% CI) Coef (95% CI) R-squared  coefficient

NO, (A 10 pg/m®)

Visual — Task positive
Dorsal Stream Visual Cortex — Superior
Parietal Cortex
Left V3A area - Right ventral
intraparietal complex area 0.11 (0.07;0.15) --- 0.063 0.149

Auditory — Task positive
Auditory association cortex - Insular and
Frontal Opercular Cortex
Left TA2 area — Left Insular granular
complex area 0.11 (0.07;0.15) --- 0.122 0.725

NOy (A 20 pg/m®)

Visual — Task positive
MT+ Complex and Neighboring Visual
Areas - Inferior Frontal Cortex
Right Lateral Occipital 3 Area - Right
Area IFJp 0.07 (0.04;0.10) 0.053 0.161
MT+ Complex and Neighboring Visual
Areas - Insular and Frontal Opercular
Cortex
Right Lateral Occipital 3 Area - Right
Area Frontal Opercular 5 - - 0.07 (0.04; 0.10) 0.127 0.132

PM, sabsorbance (A 10°m™)

Visual — Visual
Dorsal Stream Visual Cortex — MT+
Complex and Neighboring Visual Areas
Left V3A area - Right Area Lateral
Occipital 3 0.19 (0.12;0.27) -- 0.064 0.597

Visual — Auditory
Dorsal Stream Visual Cortex —
Auditory Association Cortex

Left Area V6 - Right Area STGa 0.17 (0.10;0.25) --- --- 0.057 0.108

Right Area V6A - Right Area STGa 0.19 (0.11;0.26) -- 0.132 0.048
MT+ Complex and Neighboring Visual
Areas - Early Auditory Cortex

Left Area Lateral Occipital 3 -Right

Retrolnsular Cortex 0.17 (0.10;0.25) --- - 0.129 0.157
Left Area Lateral Occipital 3 -Right
Primary Auditory Cortex 0.18 (0.10;0.25) --- - 0.116 0.104

Associations from linear regression models adjusted for maternal and paternal
education, ethnicity, age, body mass index, and psychological distress during
pregnancy, maternal smoking and alcohol use during pregnancy, parity, and
intelligence quotient, family status, household income, and child’s gender and age
at the scanning session, and mean framewise displacement. Linear regression
models were performed separately for each air pollutant.
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TABLE S8, continued. Fully adjusted associations between
exposure to air pollutants and road traffic noise during
pregnancy, childhood from birth to 3 years old, from 3 to 6
years old, and from 6 years old to MRI assessment and brain
functional connectivity in preadolescents that survived
correction for multiple testing using false discovery rating.

Childhood 0-3y Childhood 3-6y
exposure exposure

Adjusted  Correlation
Air pollutant — Brain connection Coef (95% CI) Coef (95% CI) R-squared coefficient

PM, sabsorbance (A 10°m™)

Visual — Task positive
Dorsal Stream Visual Cortex —
Superior Parietal Cortex
Left Area V3A — Right Ventral
IntraParietal Complex 0.18 (0.11;0.26) --- --- 0.061 0.150
MT + Complex and Neighboring Visual
Areas - Superior Parietal Cortex
Right Area Lateral Occipital 1 — Left
Area Lateral IntraParietal dorsal 0.17 (0.10;0.25) --- 0.091 -0.011

Visual — Task Negative
MT + Complex and Neighboring Visual
Areas - Temporo-Parieto-Occipital Junction
Left Area Lateral Occipital 1 — Right
TemporoParietoOccipital Junction 3
area 0.18 (0.10;0.26) --- 0.067 0.163

Auditory — Task positive
Auditory Association Cortex —
Insular and Frontal Opercular Cortex
Left Area TA2 - Left Insular granular
complex area 0.17 (0.09;0.25) --- --- 0.118 0.725

Auditory — Task Negative
Auditory Association Cortex —
Medial Temporal Cortex
Right Area STGa - Right
PreSubiculum - 0.17 (0.10;0.24) --- --- 0.047 0.130
SomatoSensory/Motor —
SomatoSensory/Motor

Premotor Cortex - Premotor Cortex
Right Premotor Eye Field - Right
Ventral Area 6 0.17 (0.10;0.24) --- --- 0.079 0.430

Task positive — Task positive
DorsoLateral Prefrontal Cortex - Superior
Parietal Cortex
Right Area anterior 9-46v - Right
Anterior Area IntraParietal 0.17 (0.09;0.24) --- --- 0.137 0.148
DorsoLateral Prefrontal Cortex —
Inferior Parietal Cortex
Right Area anterior 9-46v - Right
Area IntraParietal 2 0.17 (0.10;0.25) --- 0.115 0.487

Associations from linear regression models adjusted for maternal and paternal
education, ethnicity, age, body mass index, and psychological distress during
pregnancy, maternal smoking and alcohol use during pregnancy, parity, and
intelligence quotient, family status, household income, and child’s gender and age
at the scanning session, and mean framewise displacement. Linear regression
models were performed separately for each air pollutant.
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TABLE S8, continued. Fully adjusted associations between
exposure to air pollutants and road traffic noise during
pregnancy, childhood from birth to 3 years old, from 3 to 6
years old, and from 6 years old to MRI assessment and brain
functional connectivity in preadolescents that survived
correction for multiple testing using false discovery rating.

Childhood 0-3y Childhood 3-6y
exposure exposure

Adjusted  Correlation
Air pollutant — Brain connection Coef (95% CI) Coef (95% CI) R-squared coefficient

PM,zabsorbance (A 10°m™)

Task positive — Task Negative
Posterior Cingulate Cortex - Superior
Parietal Cortex
Left Parieto-Occipital Sulcus Area 2 -
Right Area 7PC 0.16 (0.09;0.23) --- 0.051 -0.124
Insular and Frontal Opercular Cortex -
Lateral Temporal Cortex
Left Middle Insular Area —

Right Area PHT 0.17 (0.10;0.25) --- 0.043 0.144
Right Area Frontal Opercular 5 -

Right Area PHT 0.18 (0.10;0.26) --- 0.043 0.156
Right Posterior Insular Area 2 - Right

Area PHT 0.19 (0.11;0.26) -- 0.043 0.202
Right Frontal Opercular Area 4 -

Right Area PHT 0.19 (0.12;0.27) -- 0.048 0.154
Right Middle Insular Area —

Right Area PHT 0.17 (0.10;0.26) --- 0.050 0.160
Right Frontal OPercular Area 4 -

Right Area TE1 posterior 0.17 (0.10;0.25) --- 0.072 -0.143

Task Negative — Task Negative
Temporo-Parieto-Occipital Junction -
Posterior Cingulate Cortex
Left TemporoParietoOccipital Junction 1
area - Right Area 31pd 0.17 (0.09;0.25) --- 0.135 0.073
Temporo-Parieto-Occipital Junction -
Anterior Cingulate and Medial Prefrontal
Cortex
Right Superior Temporal Visual Area -
Left Area 25 0.17 (0.09;0.24) --- 0.117 0.020

Associations from linear regression models adjusted for maternal and paternal
education, ethnicity, age, body mass index, and psychological distress during
pregnancy, maternal smoking and alcohol use during pregnancy, parity, and
intelligence quotient, family status, household income, and child’s gender and age
at the scanning session, and mean framewise displacement. Linear regression
models were performed separately for each air pollutant.
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FIGURE S2. Hemispheric differences of the brain connections associated with exposure to air pollutants during

pregnancy, childhood from birth to 3 years, from 3 to 6 years, and from 6 years of age to the age at MRI assessment.
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FIGURE S2, continued. Hemispheric differences of the brain connections associated with exposure to air pollutants
during pregnancy, childhood from birth to 3 years, from 3 to 6 years, and from 6 years of age to the age at MRI
assessment.
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Brain areas were grouped into 31 brain regions (described below) and into 5 different brain functional networks: visual, auditory, somatosensory/motor, task
positive, task negative (also known as Default Mode Network (DMN)), and a 6th group with the subcortical structures and the cerebellum:

AA, Auditory Association Cortex; AB, Nucleaus Accumbens; ACMP, Anterior Cingulate and Medial Prefrontal Cortex; AG, Amygdala; CB, Cerebellum; CD,
Caudate; DSP, DorsoLateral Prefrontal Cortex; DSV, Dorsal Stream Visual Cortex; EA, Early Auditory Cortex; EV, Early Visual Cortex; HC, Hippocampus;
IF, Inferior Frontal Cortex; IFO, Insular and Frontal Opercular Cortex; IP, Inferior Parietal Cortex; LT, Lateral Temporal Cortex; MT, Medial Temporal Cortex;
MTC, MT+ Complex and Neighboring Visual Areas; NOX, nitrogen oxides; NO2, nitrogen dioxide; OPF, Orbital and Polar Frontal Cortex; PA, Pallidum; PC,
Posterior Cingulate Cortex; PLMC, Paracentral Lobular and Mid Cingulate Cortex; PM, Premotor Cortex; PM2.5absorbance, absorbance of PM2.5 filters; PO,
Posterior Opercular Cortex; PU, Putamen; PV, Primary Visual Cortex; SM, Somatosensory and Motor Cortex; SP, Superior Parietal Cortex; TPOJ, Temporo-
Parieto-Occipital Junction; TM, Thalamus; VDC, Ventral Diencephalon; VSV, Ventral Stream Visual Cortex.

Associations from linear regression models adjusted for maternal and paternal education, ethnicity, age, body mass index, and psychological distress during
pregnancy, maternal smoking and alcohol use during pregnancy, parity, and intelligence quotient, family status, household income, child’s gender and age at the
scanning session, and mean framewise displacement that survived correction for multiple testing using false discovery rating. The color of the connection
represents if the connection was intra-hemispheric (light red indicates connections of the left hemisphere and dark red of the right hemisphere) or inter-
hemispheric (in blue). Linear regression models were performed separately for each air pollutant.
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TABLE S9. Range of coefficient estimates and p-values of the fully
adjusted associations between exposure to road traffic noise during
pregnancy, childhood from birth to 3 years old, from 3 to 6 years old,
and from 6 years old to MRI assessment and brain functional
connectivity in preadolescents after correction for multiple testing

using false discovery rating.

Coefficient P-value

Min. Max. Min. Max.
Pregnancy -0.04 ; 0.06 0.06 ; 0.99
Childhood 0-3 years -0.05; 0.06 0.18;0.99
Childhood 3-6 years -0.04; 0.09 0.09;0.99
Childhood 6y- MRI -0.05;0.10 0.16 ; 0.99

Abbreviations: Min., minimum; Max. maximum.
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Abstract

Objective: To examine whether outdoor residential exposure to
annual average road traffic and multiple (i.e., road traffic, railway,
aircraft, industry) noise levels is related with preadolescents' sleep
using maternal-reported and wrist-actigraphy data in two European
birth cohorts.

Methods: This cross-sectional study wused data of 1,245
preadolescents from the Dutch Generation R Study and 232 from
the Spanish INMA-Sabadell cohort with a mean age of 12.3 years
old. We used noise maps to assess average outdoor road traffic and
multiple noise levels (day-evening-night noise indicator, Lpgn) at
each child’s residential address for the year before the sleep
assessment. Sleep disturbances were reported by mothers through
the Sleep Disturbance Scale for Children and objectively recorded
using GeneActiv wrist-actigraphy during seven subsequent days.
Linear and Poisson regression models adjusted for several potential
confounding variables were performed.

Results: The mean (SD) exposure to road traffic noise was 53.2 dB
(7.3) in the Generation R Study and 61.3 dB (5.9) in the INMA-
Sabadell cohort. Exposure to road traffic was related with reduced
total sleep time and longer wake after sleep onset (e.g. -3.62
minutes (95%CI -6.87; -0.37) and 6.88 minutes (95%CI 1.15;
12.61) per an increase of 10 dB in road traffic noise, respectively)
collected by wrist-actigraphy. We observed no association between
road traffic exposure and maternal-reported sleep disturbances.
Results were similar for multiple noise exposure.

Conclusions: These findings indicate that sleep may be
compromised for preadolescents living in areas highly exposed to
outdoor residential noise. Future studies using longitudinal designs
to further explore these associations during the different stages of
sleep development across childhood and adolescence are warranted.
Also, wrist-actigraphy measurements which provide more accurate
information and may be complementary to the parental- and self-
reported data should be considered.
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1. Introduction

In recent decades, the increase in population growth rates has
resulted in nearly half of the current world population living in
urbanized environments (United Nations, 2016). In urban areas,
exposure to environmental noise, especially road traffic noise, is an
important and growing public health problem (Salter et al., 2015). It
has been estimated that more than 100 million European citizens are
exposed to an average daily noise level (day-evening-night noise
indicator, Lpgn) from road traffic of at least 55 decibels (dB)
(European Environment Agency, 2020). Other prevalent sources of
environmental noise in Europe are railway, aircraft, and industry
noise (European Environment Agency, 2020). The World Health
Organization (WHO) established different noise recommendations
based on the individual noise sources and the noise indicators. For
example, WHO recommends reducing noise levels to 53 dB for
Lpen Noise exposure and to 45 dB for night exposure (night-time
noise indicator, Lnigut) for road traffic noise (World Health
Organization, 2018).

Sleep is an essential biological process that serves several
vital functions, including promotion of neuroplasticity and neural
development (Meerlo et al., 2015). Since these neural processes
occur from early life through adolescence, sleep may be particularly
important during these life stages (Rice & Barone, 2000). Sleep
disruption has been related with numerous short- and long-term
health consequences (Medic et al., 2017). Short-term consequences
include increased stress responsivity, somatic problems, cognitive,
memory, and performance deficits as well as emotional and
behavioral problems. Long-term consequences of sleep disruption
include hypertension, dyslipidemia, cardiovascular diseases, weight
related health issues, metabolic syndrome, and diabetes mellitus
type 2. Several studies have linked environmental noise exposure to
higher sleep disturbance as well as shorter sleep time and quality of
sleep in adults (Basner & McGuire, 2018; Evandt et al., 2017;
Janson et al, 2020). However, the relationship between
environmental noise and its influence on children’s sleep is less
well-known (Kamp et al., 2015). Some previous studies reported
that children aged 7-14 exposed to higher levels of outdoor
nocturnal road traffic noise levels showed more self- and parental-
reported sleep disturbances (Ohrstrém et al., 2006; Skrzypek et al.,
2017; Tiesler et al., 2013; Weyde et al., 2017). However, there are
existing studies that found no association in children of similar ages
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exposed to outdoor daily average noise levels from road traffic (Lee
et al., 2021) or in infants during their first year of life exposed to
outdoor nocturnal transportation noise (i.e., road, railway, and
aircraft) (Blume et al., 2022). To the best of our knowledge, only
two prior studies using actigraphy to evaluate physiological sleep
measures in children have found no associations with exposure to
road traffic (Ohrstrom et al., 2006) or transportation noise (Blume et
al., 2022).

Overall, research examining whether environmental noise
from road traffic is related to sleep disturbances in children is
inconclusive. Wrist-actigraphy, which can provide valuable and
complementary information alongside parental- or self-reports, has
been scarcely used. Also, previous literature has mostly ignored
other noise sources such as railway, aircraft, or industry, which
could play a different role in sleep patterns. It has been suggested
that aircraft and railway noise exposure are more disturbing than
road traffic noise, and may last longer than road traffic noise events,
which may be too short to be perceived by the individuals and fail
to wake them up (Basner et al., 2011). Additionally, the majority of
the population is exposed to more than one noise source, and, while
individual source limit values may not be exceeded, the overall
noise exposure may be greater due to the cumulative effects of
exposure to multiple noise sources. Thus, this study aims to
investigate the association between road traffic and multiple noise
exposure (i.e. road, railway, aircraft, and industry) and sleep, using
maternal-reported and wrist-actigraphy data in preadolescents from
two birth cohorts in Europe.
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2. Methods
2.1 Population and Study Design

For this cross-sectional study, data from the Dutch Generation R
Study (Kooijman et al., 2016) and the Spanish INfancia y Medio
Ambiente (INMA) Project (Guxens et al., 2012) were used. The
Generation R Study includes a multi-ethnic population birth cohort
of 9,610 pregnancies (Kooijman et al., 2016). Mothers were
included in the study if they had an expected date of delivery
between April 2002 and January 2006 and lived in the study area of
Rotterdam, the Netherlands. The INMA Project is a network of
population-based birth cohorts established in several regions of
Spain following a common protocol. In the present study, we
included the INMA-Sabadell cohort because noise maps were
available only in this cohort. The cohort includes 775 pregnant
women and their children residing in the city of Sabadell
(Catalonia, Spain) who visited the public health centre of Sabadell
for a first trimester ultrasound examination between July 2004 and
July 2006. Mothers were included in the study if they were 16 years
or older, had a singleton pregnancy, and intended to deliver at the
reference hospital. Exclusion criteria were participation in a
reproduction programme or having communication problems. We
included a total of 1,477 children from both cohorts, 1,245 from
Generation R and 232 from INMA-Sabadell, with information on
environmental noise exposure and sleep disturbances or
physiological sleep measures at mean age of 12.3 years old
(Supplementary Material Figure S1). Ethical approval was obtained
before recruitment from the Medical Ethical Committee of Erasmus
MC, University Medical Centre Rotterdam, in accordance with
Dutch law for the Generation R Study and from the Clinical
Research Ethical Committee of the Municipal Institute of
Healthcare (CIEC-IMAS) for the INMA-Sabadell cohort. We
obtained written informed consent from parents in both cohorts and
from all the participants in the Generation R Study.

2.2 Noise exposure assessment

We used noise maps created in 2012 for the municipalities of
Rotterdam, Maassluis, Rozenburg, Schiedam, and Vlaardingen in
the Netherlands and of Sabadell in Spain to estimate the outdoor
exposure to residential annual average levels of environmental
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noise. These maps met the requirements of the European
Environmental Noise Directive (European Environmental Noise
Directive, 2002). For the Generation R Study, noise was modelled
using the standardized Dutch calculation methods (‘Standaard
Rekenmethoden’, SRM), including surfaces polygon, buildings,
barriers, slope, crossings, roundabouts as well as the corresponding
emission sources for each of the specific models. Briefly, in the
SRM method, the noise level at the geocoded point is determined by
the noise emission of the source and other factors that denote the
attenuation from source to receiver due to geometric spreading, air
absorption, ground impedance, noise barriers as well as wind
directions and temperature gradients (Supplementary Methods S1).
For the INMA-Sabadell cohort, noise was measured using a street
categorization method taking into account the different types of
street and land uses. Additionally, street geometry, presence of
activities, type of traffic, and traffic flow were also considered to
calculate the noise level. Both maps were developed to estimate the
noise levels at a height of 4 meters at the most exposed facade of
the residential addresses. Environmental noise exposure for both
cohorts was calculated at each participant’s geocoded address where
they lived at during the year prior to the sleep assessment. If more
than one address was available, the amount of days that the
participant spent at each address was considered to derive the
average noise levels for each participant of the year prior the sleep
assessment. For the Generation R Study, we performed an
intersection of the buildings noise data from the maps with the
geocodes. In cases where the geocode was outside the noise
building, but within 50 meters, it was assigned to the closest
building. For the INMA-Sabadell cohort, we calculated the noise
level of the street closest to the geocode at a distance of 50 meters.
Using the residential noise levels, we calculated exposure to road
traffic for both cohorts. In the Generation R Study, exposure to
multiple noise in which railway, aircraft, and industry noise sources
was additionally considered by adding up the four different noise
sources in the sound pressure scale as indicated in the formulas
detailed in Supplementary Material Methods S2. For both cohorts,
noise maps have integer resolution for road traffic noise and for the
other noise sources in the Generation R Study. However, noise
maps for multiple noise have decimal resolution in the Generation R
Study. Additionally, in both study areas, noise was subtracted from
the maps in categories of 1 dB. For both road traffic and multiple
noise, we calculated the day-evening-night EU noise indicator
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(Loen) using the formulas described in Supplementary Material
Methods S2. Lpen represents the A-weighted average sound level
over the entire 24-hour day with penalties for the evening (+5dB)
and the night (+10dB), as suggested by the Environmental Noise
Directive to account for the expected greater health effects of the
evening and night-time periods. The indicators Lpay, Levening, and
Lnieut Were defined as the A-weighted mean sound levels obtained
during the day (07:00 to 19:00 for Generation R and 07:00 to 21:00
for INMA-Sabadell), the evening (19:00 to 23:00 for Generation R
and 21:00 to 23:00 for INMA-Sabadell), and the night (23:00 to
07:00 for both cohorts), respectively (European Environmental
Noise Directive, 2002). We used the Lpgy indicator instead of
Lnieut Since children generally go to bed earlier in the evening,
when road traffic noise levels are usually higher than during the
night (Skinner & Grimwood, 2000). From now on, we will refer to
road traffic Lpey and multiple Lpgy as road traffic noise exposure
and multiple noise exposure.

2.3 Sleep disturbances

Children’s sleep disturbances were reported by mothers through the
Sleep Disturbance Scale for Children (SDSC) in both cohorts
(Bruni et al.,, 1996). SDSC is a 26-item scale validated
questionnaire that provides a standardized measure of sleep
disturbances in children and adolescents for the previous six
months. The items were grouped into six components which
evaluated the most common sleep disturbances during childhood
and adolescence. In this study, we used the following SDSC
components: i) problems with initiating and maintaining sleep, ii)
excessive somnolence, and iii) arousal problems (i.e. partial
awakening from deep to light sleep, or from sleep to a state of being
awake in which the subjects are partially or totally unconscious).
We treated the first two components (problems with initiating and
maintaining sleep (range = 0 - 35) and excessive somnolence (range
= 0 - 25)) as continuous variables in which a higher rating indicates
more sleep disturbances. Arousal problems were categorized due to
its skewed distribution in our study population (presence of arousal
problems (yes) vs. no arousal problems (no)).
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2.4 Physiological sleep measures

Sleep was objectively measured with a GeneActiv tri-axial wrist
accelerometer placed on the non-dominant wrist during seven
consecutive days in both cohorts (Cabreé-Riera et al., 2021,
Koopman-Verhoeff et al., 2019; Koopman-Verhoeff et al., 2019).
The accelerometers recorded raw data of sleep/wake measurements,
that were processed using the R-package GGIR (van Hees et al.,
2015). Using this method, the following physiological sleep
measures were obtained for each day: total sleep time (in hours),
sleep efficiency (in %), sleep onset latency (in minutes), and wake
after sleep onset (in minutes). Total sleep time refers to the total
amount of time asleep during the night, extracting the time scored
as awake in between. Sleep efficiency is defined as the ratio of total
sleep time to the total time in bed. Sleep onset latency is the time a
child needs to fall asleep, indicating the time from being fully
awake to falling asleep. Wake after sleep onset is the amount of
time a child spends awake, starting from the time they fall asleep
until the time they fully awake and without trying to fall asleep
again. Finally, we calculated the mean of each of the preceding
physiological sleep measures over the seven days.

2.5 Potential confounding variables

Potential confounding variables were defined a priori using a direct
acyclic graph (Hernan et al., 2002) based on updated knowledge of
the scientific literature and data availability in each cohort
(Supplementary Material Figure S2). In both cohorts, these
variables were collected via questionnaires and instruments
completed by the parents. We included information on
preadolescent’s sex (male or female) and age (in years), parental
ages at enrollment (in years), country of birth (country of the cohort
vs. others), education level (low: no education, unfinished primary
or primary; medium: secondary; high: university degree or higher),
social class based on occupation (low: semi-skilled/unskilled;
medium: skilled manual and non-manual; high:
managers/technicians) and family status (dual or single parent),
maternal parity (nulliparous vs. multiparous)), smoking during
pregnancy (yes or no), and alcohol use during pregnancy (yes or no)
for both cohorts.
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2.6 Statistical analyses

We applied a square root transformation to best approximate the
normality of the residuals for the following variables: problems
with initiating and maintaining sleep, excessive somnolence, and
sleep onset latency. After ensuring that assumptions of the linear
regressions models (i.e., normality residual, linearity between
exposure and outcomes, homoscedasticity, no collinearity) were
met, we applied linear regression models to assess the association of
road traffic noise exposure with problems with initiating and
maintaining sleep, excessive somnolence, total sleep time, sleep
efficiency, sleep onset latency, and wake after sleep onset. We
performed Poisson regression models with robust variance to avoid
overdispersion to assess the relationship between road traffic noise
exposure with problems of arousal. We calculated prevalence ratios
(PR) rather than odds ratios (OR), because OR can overestimate PR,
especially when the prevalence of the outcome is moderate or high
(prevalence rates above 10%) in cross-sectional studies (Espelt et
al., 2016). Associations were analyzed performing pooled analysis
that combined data from both cohorts when we assessed the
exposure to road traffic noise. We adjusted the statistical models for
cohort and all potential confounding variables described in the
previous section.

As sensitivity analyses, we assessed i) the association
between road traffic noise exposure and each of the sleep outcomes
restricted to children living in the basement, ground, or first floor to
reduce the measurement error of noise exposure; ii) the associations
between road traffic noise exposure and each of the sleep outcomes
stratified by cohort; and iii) the association between multiple noise
exposure with all the sleep outcomes in the Generation R Study.

To increase the validity of the results and limit attrition bias,
we performed multiple imputation of missing values of potential
confounding variables by using chained equations to generate 25
complete datasets for each subset of the analysis and separately for
each cohort (Spratt et al., 2010) (Supplementary Material Table S1).
The percentage of missing data was less than 30% for all the
confounding variables, except for paternal social class in the
Generation R Study which was approximately 33%. The imputed
datasets showed similar distributions to the observed datasets (data
not shown). Preadolescents from the Generation R Study (n=1,245)
included in the analysis were more likely to have older parents,
parents from the Netherlands, and with higher education and social
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class than children who were not included in the analysis (n=8,365).
Preadolescents from the INMA-Sabadell cohort (n=232) included in
the analysis had similar characteristics to those who were not
included (n=543), with the exception of parental country of birth
and paternal age (Supplementary Material Table S2). Inverse
probability weighting was also used to correct for the losses to
follow-up in both cohorts, i.e. to account for potential selection bias
when including only participants with available data compared with
the full cohort recruited at pregnancy (Weisskopf et al., 2015;
Weuve et al., 2012). The variables used to generate the weights can
be found in Supplementary Material Table S3.

We used Stata version 14 (StataCorporation, College
Station, TX) to perform the statistical analyses.
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3. Results
3.1 Descriptive analysis

In the INMA-Sabadell cohort, 32.2% of preadolescents reported
arousal problems compared to 20.4% in the Generation R Study
(Table 1). Total sleep time was an average of between 7.2-7.5 hours
and sleep efficiency was around 85% in both cohorts. Sleep onset
latency and wake after sleep onset were weakly and positively
correlated with disorders of initiating and maintaining sleep (r=0.16
and 0.10, respectively) (Supplementary Material Table S4).
Average road traffic noise exposure levels were 53.2 dB (standard
deviation (SD) 7.3) in the Generation R Study and 61.3 dB (SD 5.9)
in the INMA-Sabadell cohort. Multiple noise exposure levels were
54.4 dB (SD 6.7) in the Generation R Study (Table 2). Correlation
between road traffic and multiple noise exposure was 0.94 in the
Generation R Study (data not shown). Additional descriptive
statistics of the noise exposure levels for both cohorts are shown in
Table 2 and Supplementary Material Figure S3. Descriptive
participant characteristics of the study population can be found in
Table 1. The average age of preadolescents in the Generation R
Study was 12.7 years, ranging from 10.3 to 15.6 years old. In the
INMA-Sabadell cohort, the mean age was 11.1 years, ranging from
9.8 to 12.7 years old. Most parents in these cohorts were from the
country of the cohort (Dutch or Spanish), had a high social class
(e.g., 71.3% and 44.5% of the mothers in Generation R Study and
INMA-Sabadell cohort, respectively), and most of the mothers did
not smoke during pregnancy (87.1% and 85.6% in Generation R
Study and INMA-Sabadell cohort, respectively). However, the
education level of both parents differed between the cohorts, with
most of the parents having a high education level in the Generation
R Study (e.g., 61.9% of the mothers) and a medium education level
in the INMA-Sabadell cohort (e.g., 40.6% of the mothers).

3.2 Association between road traffic and multiple noise
exposure, sleep disturbances, and physiological sleep measures

Road traffic noise exposure was not associated with problems of
initiating and maintaining sleep, excessive somnolence, and arousal
problems (0.02 points (95% confidence interval (CI) -0.03; 0.08), -
0.04 points (95% CI -0.10; 0.02), and prevalence ratio (PR) 1.03
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(95% CI1 0.89; 1.18) per 10 dB increase in road traffic noise,
respectively) (Table 3).

When we assessed the physiological sleep measures, we
found that greater road traffic noise exposure was associated with
reduced total sleep time (-3.62 minutes (95% CI -6.87; -0.37) per 10
dB increase in road traffic noise) (Table 4). However, road traffic
noise exposure was not associated with the rest of physiological
sleep measures: sleep efficiency, sleep onset latency, and wake after
sleep onset (-0.12% (95% CI -0.53; 0.28), 0.09 minutes (95% CI -
0.09; 0.27), and 1.42 minutes (-1.60; 4.44) per 10 dB increase in
road traffic noise, respectively).

3.3 Sensitivity analysis

Analyses restricted to preadolescents who were living in the
basement, ground, or first floor did not show relevant differences
with the main analysis of the analysis study population when sleep
disturbances were explored (Table 3). However, we found that road
traffic was more strongly associated with shorter total sleep time (-
5.63 minutes (95% CI -10.98; -0.29) per 10 dB increase in road
traffic noise). Additionally, road traffic noise exposure was
associated with longer wake after sleep onset (6.88 minutes (95%
Cl 1.15; 12.61) per 10 dB increase in road traffic noise) when
analysis were restricted to those preadolescents (Table 4 and
Supplementary Table S6).

When these associations were stratified by cohorts, most
associations remained (Supplementary Material Tables S5 and S6).
However, we found that road traffic exposure for preadolescents
who were living in the basement, ground, or first floor were
associated with reduced sleep efficiency in the INMA-Sabadell
cohort (e.g. -2.02% (95% CI -3.87; -0.18) per 10 dB increase in
road traffic noise) and with longer wake after sleep onset in the
Generation R Study (e.g. 9.15 minutes (95% CI 2.69; 15.60) per 10
dB increase in road traffic noise) (Supplementary Material Tables
S5 and S6).

Effect estimates of the associations between multiple noise
exposure and all the sleep outcomes in the Generation R Study were
similar than those of the associations with road traffic noise
exposure (Supplementary Table S5 and S6).
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TABLE 1. Participant characteristics of the INMA-Sabadell
cohort and Generation R Study.

Characteristics

INMA-Sabadell (n = 232)

Generation R (n = 1,245)

Sleep disturbances

Disorders of initiating and maintaining sleep*
Disorders of excessive somnolence?
Disorders of arousal (yes vs. no)
Physiological sleep measures

Total sleep time (hours)

Sleep efficiency (%)

Sleep onset latency (minutes)

Wake after sleep onset (minutes)
Preadolescents’ characteristics

Sex (male vs. female)

Age at sleep questionnaire assessment (years)
Maternal characteristics

Age at enrolment (years)
Country of birth (country of cohort vs. others)
Education level during pregnancy

Low

Medium

High
Social class during pregnancy

Low

Medium

High
Parity (nulliparous vs. multiparous)
Smoking use during pregnancy (no vs. yes)

Alcohol consumption during pregnancy (no vs.

yes)
Paternal characteristics
Age at enrolment (years)
Country of birth
(country of cohort vs. others)
Education level during pregnancy
Low
Medium
High
Social class during pregnancy
Low
Medium
High
Household characteristics
Family status (dual vs. single parent)

2.5(2.4)
2.0(2.2)
322

7.2 (0.6)
85.0 (4.4)
7.7 (12.4)
40.3 (22.4)

51.7
11.1 (0.6)

31.8 (4.3)
92.0

255
40.6
33.9

23.3
32.2
445
55.5
85.6

76.6

34.0 (5.3)
91.2

34.8
43.2
220

20.1

18.0
61.9

98.5

5.5 (3.3)
3.2 (2.4)
20.4

7.5(0.8)
84.6 (5.8)
415 (35.7)
79.0 (42.5)

48.0
12.7 (1.5)

32.2 (4.2)
81.1

2.7
354
61.9

13
27.4
71.3
56.7
87.1

44.8

34.6 (5.1)
835

3.6
35.6
60.8

5.7

17.1
77.2

94.4

Values are percentages for categorical variables and mean (standard deviation)
for continuous variables. *Higher scores indicate more sleep disturbances. Score
range: 0 — 35. *Higher scores indicate more sleep disturbances. Score range: 0 —

25.
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TABLE 2. Descriptive statistics of the noise exposure levels in
the INMA-Sabadell cohort and Generation R Study.

Mean SD p25;p75  Min.  Max.

INMA-Sabadell (N = 232)

Road traffic noise (LDEN)1 (dB) 61.3 5.9 58.0; 65.0 46.0 76.0
Generation R (N = 1,245)

Road traffic noise (Lpgy)" (dB) 53.2 7.3 48.0;58.0 40.0 720
Multiple noise (Lpgn)? (dB) 54.4 6.7 495;58.8 40.0 720

Abbreviations: dB, decibels; Min., minimum; Max., maximum; p25, 25"
percentile; p75, 75" percentile; SD, standard deviation.

! Residential outdoor annual average noise levels for the 24h of the day from road
traffic.

2 Residential outdoor annual average noise levels for the 24h of the day in which
road traffic, railway, aircraft, and industry sources are considered.
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TABLE 3. Fully adjusted cross-sectional associations between a 10 dB increase in road traffic noise exposure and
sleep disturbances score in preadolescents.

Disorders of initiating Disorders of excessive Disorders of arousal
and maintaining sleep’ somnolence! (yes vs. no)
N Coefficient (95% CI) Coefficient (95% CI) PR (95% CI)
Road traffic noise (Lpgn)?
Overall 1,432 0.02 (-0.03; 0.08) -0.04 (-0.10; 0.02) 1.03 (0.89; 1.18)
Living in the basement, ground, or
first floor 460 0.08 (-0.02; 0.18) -0.01 (-0.12; 0.10) 0.96 (0.74; 1.24)

Coefficients and 95% confidence intervals (CI) were obtained by linear and prevalence ratio and 95% CI by Poisson with robust variance regression
models. All models were adjusted for cohort, preadolescent sex and age at sleep questionnaire assessment, parental age, country of birth, education,
social class, parity, smoking and alcohol during pregnancy, and family status.

Abbreviations: Cl, confidence interval; dB, decibels; PR, prevalence ratio.

! Values were square root transformed.

? Residential outdoor annual average noise levels for the 24h of the day from road traffic.
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TABLE 4. Fully adjusted cross-sectional associations between a 10 dB increase in road traffic exposure and physiological
sleep measures in preadolescents.

Total sleep time Sleep efficiency Sleep onset latency’ Wake after sleep onset
(minutes) (%) (minutes) (minutes)
N Coefficient (95% CI) Coefficient (95% CI) Coefficient (95% CI) Coefficient (95% CI)

Road traffic noise (Lpgn)?

Overall 1,367 -3.62 (-6.87; -0.37) -0.12 (-0.53; 0.28) 0.09 (-0.09; 0.27) 1.42 (-1.60; 4.44)
Living in the basement, ground, or
first floor 432 -5.63 (-10.98; -0.29) -0.22 (-0.83; 0.38) 0.21 (-0.12; 0.55) 6.88 (1.15; 12.61)

Coefficients and 95% confidence intervals were obtained by linear regression models adjusted for cohort, preadolescent sex and age at sleep questionnaire
assessment, parental age , country of birth, education, social class, parity, smoking and alcohol during pregnancy, and family status.

Statistically significant associations in bold (p-value <0.05).

Abbreviations: Cl, confidence interval; dB, decibels.

Values are square root transformed.

? Residential outdoor annual average noise levels for the 24h of the day from road traffic.
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4. Discussion

The present study examined the association between outdoor
residential Lpey road traffic and multiple noise exposure, and
maternal-reported sleep disturbances as well as physiological sleep
measures in preadolescents from two birth cohorts set up in Europe.
No associations were found between road traffic and multiple noise
exposure and sleep disturbances reported by mothers. In contrast,
actigraphy data showed that greater road traffic was related to
shorter sleep duration. In addition, road traffic and multiple noise
exposure were associated with longer wake after sleep onset in
children who were living in the basement, ground, or first floor. Our
findings were mainly driven by the Generation R Study due to the
large sample size. However, road traffic noise levels were higher in
the INMA-Sabadell cohort and effect estimates for some sleep
outcomes were also higher when we stratified the analyses by
cohort. Therefore, we could expect stronger associations if the
sample size in the INMA-Sabadell cohort would have been larger.

To date, few studies have looked into the association
between environmental noise and sleep in children (Blume et al.,
2022; Lee et al., 2021; Ohrstrom et al., 2006; Skrzypek et al., 2017;
Tiesler et al., 2013; Weyde et al., 2017). The results of our study
were not fully consistent with previous research. Four studies found
associations between outdoor residential nocturnal road traffic noise
exposure and some sleep outcomes reported by the parents such as
poorer sleep quality and excessive sleepiness during the day
(Ohrstrom et al., 2006), more sleep disorders (Skrzypek et al., 2017;
Tiesler et al., 2013), greater difficulty falling asleep (Tiesler et al.,
2013), and shorter sleep duration, but only in girls (Weyde et al.,
2017). In contrast, two studies found no evidence for a relationship
between exposure to nocturnal road traffic in children aged 9-12
years (Ohrstrém et al., 2006) or transportation noise (i.e., road,
railway, and aircraft) in infants during their first year of life (Blume
et al., 2022) and sleep measured by actigraphy. In our study, we
found that road traffic noise exposure was associated with total
sleep time using wrist-actigraphy data, in line with one of the
previous studies that found an association only when the analysis
was restricted to infants without siblings (Blume et al., 2022).
Overall, there is little agreement among studies, but some studies
suggest a possible relationship between road traffic noise exposure
and sleep in children and preadolescents.
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There are some potential explanations for the differing
results observed between previous studies. First, children seem to
be 10-15 dB less sensitive to noise as compared to adults and
therefore they may be less likely to awaken due to noise events than
adults (Eberhardt, 1983). However, children are considered to be at
particular risk due to the neural processes that occur in this stage of
life, and also because they tend to have earlier bedtimes and longer
periods of sleep than adults, which may coincide with periods of
heavy road traffic (Gau & Merikangas, 2004). Second, some
individual habituation to noise may occur. This happens when
neurons adapt to repetitive auditory stimuli, but respond to stimuli
with different physical properties and therefore process them
differently (Pérez-Gonzélez & Malmierca, 2014). Interestingly,
Tiesler et. al reported an association between nocturnal road traffic
noise at the least exposed facade and maternal-reported sleeping
problems in children, and this association was stronger when
models were adjusted for sleeping alone in a room (Tiesler et al.,
2013). It has also been shown that infants without siblings who are
therefore accustomed to lower levels of noise, may be more
susceptible to nocturnal transportation noise and consequently to its
adverse effects (Blume et al., 2022). Unfortunately, we did not have
information if the child had slept alone or not. Third, the degree of
misclassification between outdoor and indoor noise in the bedroom
as well as differences in the exposure and outcomes measures used
may affect the comparability of the studies (Basner et al., 2011).
Finally, there is evidence of an association between socioeconomic
status (SES) and sleep, showing that low-SES children reported
shorter sleep duration and self-reported subjective sleep
disturbances (e.g. difficulty falling asleep or maintaining sleep),
compared with high-SES children (Bagley et al., 2015). Parental
education has also been linked to preadolescent’s sleep, with earlier
sleep times, shorter sleep latencies, and more regular sleep routines
for their children (McDowall et al., 2017). Families with lower
socioeconomic resources may have more difficulty providing an
optimal sleep environment for their children. They are also more
likely to live in noisy neighborhoods and in smaller and crowded
dwellings. In our study, we adjusted the main analysis for several
SES indicators, including parental education, parental social class,
country of birth, and maternal smoking during pregnancy among
others. Nevertheless, residual confounding cannot be completely
discarded.
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Strengths of the present study include a relatively large
sample size, especially for physiological sleep measures, using two
population-based birth cohorts from two different European
countries, the assessment of noise exposure considering the amount
of time the child lived at each geocoded address, and the availability
of sleep measures using both maternal-reported and wrist-
actigraphy data. We have also included information about the floor
of the bedroom that could have led to more accurate noise
estimations to reduce the measurement error in assessing noise
exposure. Adjustments were made for many confounding variables
that may be related to environmental noise exposure and sleep in
preadolescents. Additionally, multiple imputation and inverse
probability weighting were used in order to reduce the potential
selection bias (Spratt et al., 2010; Weuve et al., 2012). Finally, we
treated most of the sleep outcomes as continuous variables, to avoid
outcome misclassification bias.

However, our study also has some limitations that need to be
discussed. The main limitation of the study was its cross-sectional
design. Longitudinal studies may be necessary to further explore
whether environmental noise exposure is associated with sleep
during the different stages of sleep pattern development across
childhood and adolescence periods. Although reverse causality
cannot be completely discarded, we do not expect that families with
more sleep problems had moved to areas with higher environmental
noise exposure. A further limitation is that the noise levels
corresponded to estimated outdoor noise levels instead of noise
levels in the bedroom. Unfortunately, as all other large
epidemiological studies, we did not have this data, nor did we have
information on noise insulation characteristics, if windows were left
open or closed during the night, and noise from neighbors,
restaurants, or cafés. Therefore, we cannot exclude the possibility of
misclassification due to under- or overestimation of true noise
exposure levels. Nevertheless, one of the most important sources of
misclassification for long-term noise exposure is the effect of
shielding due to the orientation of the bedroom towards the noise
source (here mainly the street). Future studies should include data
related to the child’s bedroom (i.e., location of the bedroom,
orientation of the windows, floor’s level, etc.) in order to reduce the
measurement error and provide more accurate effect estimates of
the association. Only two previous studies considered bedroom
window orientation in their analyses (Ohrstrém et al., 2006; Tiesler
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et al., 2013). In one study, an approximation of the road traffic noise
levels at night was done by subtracting 10 dB when the window of
the bedroom was facing a courtyard instead of the most exposed
facade (Ohrstrém et al., 2006). They found an association between
higher noise exposure at night and increased awakenings and
reduced sleep quality was found. In the other study, Tiesler et al.
also found that nocturnal road traffic noise at the least exposed
facade, but not at the most exposed fagade, was associated with
more sleeping problems, especially with problems falling asleep,
after adjustment for the orientation of the child’s room window
(Tiesler et al, 2013). However, these findings seems
counterintuitive because bedrooms facing a quieter facade of the
dwellings were exposed to lower levels of rad traffic noise.
Furthermore, in our study we assessed sleep disturbances reported
by mothers together with physiological sleep measures. Actigraphy
consistently reports more accurate data than parental questionnaires,
but it cannot provide information about bedtime routines that can
influence the child’s sleep, which can be collected by
questionnaires. A limitation of actigraphy is that since sleep
parameter estimation is based on monitoring activity, absence of
movement that may occur during quiet activities could be registered
as sleep periods and on the other hand movements during restless
sleep episodes (typical in young children) could be interpreted as
sleepwalkings, biasing the sleep estimations. Another limitation is
that actigraphy only reflected the sleep of a one-week period in our
study. However, questionnaires also introduce limitations since they
are susceptible to recall bias and parents are sometimes unaware of
their children’s behaviors. Therefore, parental reports and
actigraphy data provide differing, but complementary information
about a child’s sleep habits (Holley et al., 2010). Additionally,
information on children’s self-reported sleep habits as well as sleep
medication use were not collected and could not be included in the
present study. Another limitation is that we were not able to conduct
separate source analyses in the Generation R Study because the
population exposed to railway, aircraft, and industry noise sources
was too small to perform them. These analyses would have been
interesting to further explore the effect of each noise source on
children’s sleep. For example, road traffic noise tends to be constant
and children can habituate to it. Although constant noise exposure
can alter sleep structure and continuity, habituated children will less
likely consciously perceive noise events. In contrast, aircraft and
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railway sources are characterized by intermittent noise with higher
peak noise levels and less predictability, being scored as more
disturbing than road traffic noise (Basner et al., 2011). Finally, the
study did not consider individual noise sensitivity which could
influence the results (Potgieter et al., 2020).
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5. Conclusions

In conclusion, this study indicates that long-term outdoor exposure
to residential road traffic noise, the most prevalence noise source in
Europe, was associated with reduced total sleep time and longer
wake after sleep onset collected by wrist-actigraphy in
preadolescents. Results were similar for multiple noise exposure,
although most of the association was attributable to road traffic
noise as it is the most predominant noise source. Road traffic or
multiple noise exposures were not associated with sleep
disturbances reported by mothers. Although the observed estimates
were relatively small, these results might be more meaningful at the
population-level due to the high prevalence of exposure to
environmental noise. In future studies, efforts should be made to
measure sleep longitudinally using wrist-actigraphy data, which
provides more accurate and consistent information about sleep
patterns of children.
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Supplementary Material

FIGURE S1: Flowchart of the participants in the study.

Mothers enrolled during pregnancy,
n=10,385

Generation R, n=9,610

Preadolescents with information on
noise exposure during the year before
sleep assessment, n= 9,912

Generation R, n=9,501
INMA-Sabadell, n=411

764 lost to follow up or without
information on noise exposure

Generation R, n= 400
INMA-Sabadell, n= 364

Preadolescents with information on
noise exposure and at least one sleep
disturbance (subscale of the SDSC) or
one sleep physiological measure, n=
1,477

Generation R, n=1,245

8,435 without information on sleep
disturbances or sleep physiological
measures

Generation R, n= 8,256

L Main analyses

Preadolescents with
information on noise
exposure and at least one
sleep disturbance
measured by SDSC
questionnaire (dims, does
or da subscale), n= 1,432

Generation R, n= 1,226
INMA-Sabadell. n= 206

Preadolescents with
information on noise
exposure and at least one
mean physiological sleep
measure (total sleep time,
sleep efficiency, sleep
onset latency or wake after
sleep onset), n= 1,367

Generation R, n= 1,191
INMA-Sabadell. n=176
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METHODS S1: Formula used in the standardized Dutch
calculation SRM methods.

LDEN,L' = LE,L’ - AGeo,i - AAir,i - AGround ji _ABarrier,i - CMeteo — 58.6

in which Lpgy is the noise level at the observation point. Lg is the
noise emission of the source and “A” terms denote the attenuation
from source to receiver due to geometric spreading (Ageo), air
absorption (Aair), ground impedance (Agound), and Noise Barriers.
Cwmeteo IS @ frequency independent meteorological correction
accounting for varying wind directions and temperature gradients.
The constant of 58.6 dB is a correction for dimension changes.
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METHODS S2: Formulas used to calculate the Lpegn road
traffic noise values in the INMA-Sabadell cohort and
Generation R Study and Lpgy multiple noise values in the
Generation R Study.

Formula for the day-evening-night noise indicator (Lpgy) in the
INMA-Sabadell cohort:

Lgvening +5 Lyigyr +10

1 L
Loy = 101g52( (14 - 1010 )+ (210 10 )+ (8-10 10 ))

Formula for the day-evening-night noise indicator (Lpgyn) in the
Generation R Study:

EVENING + Lyigur +10

1 Lpay Lpvening +5
Lopy =10lg=2((12 - 1010 )+ (4- 10 1 )+ (8-10 10 )

Formula for multiple noise exposure levels in the INMA-Sabadell
cohort and Generation R Study:

railway aircraft industry

road
Multiple noise =101g ( 1010 + 100 10 + 100 10 + 100 10 )
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FIGURE S2: Direct acyclic graph for the hypothesized causal
association between noise exposure and sleep.

8. @

Preadolescent sex Parental a;’\\Q
Preadolescent age ‘ Parental country of birt\
Bedroom floor 'Q“ ‘

" =
. Family status
Smoking

Alcohol

The green node represents the exposure variable and the blue node with I
indicates the outcome variable. The green pathway between them indicates the
causal path. Other blue nodes are ancestors of the outcome and pink nodes are

ancestors of both the exposure and outcome. Pink pathways indicate a biasing
path.

168



TABLE S1. Details of the imputation modelling.

Software used and key setting: Stata Statistical Software: Release 14 (Stata

Corporation, College Station, Texas) — lce command (with 10 cycles)

Number of imputed datasets created: 25

Variables included in the imputation procedure for both cohorts:

Road traffic noise exposure, disorders of initiating and maintaining sleep,
disorders of excessive somnolence, disorders of arousal, total sleep time, sleep
efficiency, sleep onset latency, wake after sleep onset, maternal age at enrolment,
maternal country of birth, maternal education level, maternal social class,
maternal parity, maternal smoking use during pregnancy, maternal alcohol
consumption during pregnancy, paternal age at enrolment, paternal country of
birth, paternal education level, paternal social class, family status, preadolescent

age, and preadolescent sex.

Treatment of non-normally distributed variables: sgrt-transformed

Treatment of binary/categorical variables: logistic and multinomial models

Statistical interactions included in imputation models: none
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TABLE S2: Population characteristics of the subjects included and not included in the analyses of the INMA-
Sabadell cohort and Generation R Study.

Characteristics

INMA-Sabadell (n = 775)

Generation R (n =9,610)

Included

Not Included

Included

Not Included

(n=232) (n = 543) p-value’ (n=1,245) (n = 8,365) p-value’

Maternal characteristics
Age at enrolment (years) 31.8(4.3) 31.2 (4.5) 0.053 322 (4.2) 29.6 (5.4) <0.001
Country of birth
(countr;//of the cohort vs. others) 920 84.0 0.003 811 546 <0.001
Education level during pregnancy 0.100 <0.001

Low 255 29.5 2.7 125

Medium 40.6 444 354 477

High 33.9 26.2 61.9 39.8
Social Class during pregnancy 0.084 <0.001

Low 233 17.4 1.3 5.4

Medium 322 29.5 27.4 36.3

High 445 53.2 71.3 58.3
Parity (nulliparous vs. multiparous) 55.5 56.1 0.877 56.7 54.8 0.201
Smoking use during pregnancy (no vs. yes) 85.6 84.7 0.746 87.1 81.2 <0.001
Alcohol consumption during pregnancy (no 76.6 76.1 0.880 448 66.3 <0.001

VS. yes)

Values are percentages for categorical, mean (standard deviation) for continuous variables, and median (25™ percentile; 75"

percentile) for preadolescents’ age at sleep questionnaire assessment for Generation R Study.

! Chi-square tests for categorical variables, two-sample t-test for normally distributed and Wilcoxon Rank Sum test for non-

normally distributed continuous variables.
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TABLE S2, continued: Population characteristics of the subjects included and not included in the analyses of

the INMA-Sabadell cohort and Generation R Study.

INMA-Sabadell (n = 775)

Generation R (n =9,610)

Characteristics Included Not Included et Included Not Included et
(n = 232) (n = 543) p-value (n = 1,245) (n = 8,365) p-value
Paternal characteristics
Age at enrolment (years) 34.0 (5.3) 33.1(5.1) 0.031 34.6 (5.1) 32.7(6.1) <0.001
Country of birth
(country of the cohort vs. others) a2 855 0.030 835 482 <0.001
Education level during pregnancy 0.799 <0.001
Low 34.8 37.3 3.6 9.4
Medium 43.2 41.1 35.6 42.2
High 22.0 21.7 60.8 48.4
Social Class during pregnancy 0.793 <0.001
Low 20.1 22.6 5.7 10.6
Medium 18.0 174 17.1 27.0
High 61.9 60.0 77.2 62.4
Household characteristics
Family status (dual vs. single parent) 98.5 98.5 0.962 94.4 84.2 <0.001
Preadolescents’ characteristics
Sex (male vs. female) 51.7 50.5 0.757 48.0 51.1 0.041
Age at sleep questionnaire assessment (years) 11.1 (0.6) 10.9 (0.6) <0.001 11.6 (10.3;11.8) 11.7 (10.6;11.9) 0.209

Values are percentages for categorical, mean (standard deviation) for continuous variables, and median (25" percentile; 75"

percentile) for preadolescents’ age at sleep questionnaire assessment for Generation R Study.

! Chi-square tests for categorical variables, two-sample t-test for normally distributed and Wilcoxon Rank Sum test for non-

normally distributed continuous variables.
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TABLE S3. Variables used in logistic regression model to calculate inverse probability of attrition weights in

the INMA-Sabadell cohort and Generation R Study.

INMA-Sabadell Cohort

Generation R Study

Sleep

Physiological

Sleep disturbances

Physiological

Variables disturbances sleep measures . sleep measures
analysis analysis analysis analysis
Explored Included Included Included Included

Maternal age X X X
Maternal height X
Maternal weight X X
Maternal country of birth X X X X
Maternal education level during pregnancy X X X
Maternal social class during pregnancy X X
Maternal parity X X X
Maternal smoking use during pregnancy X X X
Maternal alcohol consumption during pregnancy X X X
Paternal age X X
Paternal height X X X
Paternal weight X X X
Paternal country of birth X X X X
Paternal education level during pregnancy X X
Paternal social class during pregnancy X X
Family status X X X
Preadolescent sex X X

X X X X X

Preadolescent age at sleep questionnaire assessment

172



FIGURE S3. Road traffic noise exposure distribution in the
INMA-Sabadell cohort (A) and Generation R Study (B).

(A) INMA-Sabadell cohort

Road traffic noise
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TABLE S4. Spearman correlations between sleep disturbances
and physiological sleep measures in the study population from

both cohorts (n=1,477).

@ @ B @ 6 6
Problems with initiating and 1.00
maintaining sleep (1)
Excessive somnolence (2) 041 1.00
Total sleep time (hours) (3) - - 1.00
0.08 0.07
Sleep efficiency (%) (4) - - 042 1.00
0.03 0.01
Sleep onset latency (minutes) (5) 0.16 0.02 - - 1.00
0.10 0.17
Wake After Sleep Onset (minutes) 0.10 0.03 - - 0.29 1.00
(6) 0.07 0.79

Values are rho coefficients from spearman correlations.
Statistically significant associations in bold (p-value <0.05).

Abbreviations: min, minutes.
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TABLE S5. Fully adjusted cross-sectional associations between a
10 dB increase in road traffic and multiple noise exposure and
sleep disturbances score in preadolescents by cohorts.

Disorders of initiating
and maintaining sleep®

Disorders of
excessive
somnolence!

Disorders of
arousal
(yes vs. no)

N Coefficient (95% ClI)

Coefficient (95% CI)

PR (95% Cl)

Road traffic noise

(I—DEN)2

INMA-Sabadell
Overall 206 -0.25 (-0.23; 0.18)
Living in the
basement, ground, 71 0.16 (-0.22; 0.55)

or first floor
Generation R

Overall
Living in the
basement, ground, 389
or first floor

1,226 0.02 (-0.04; 0.08)

0.07 (-0.04; 0.17)

0.16 (-0.38; 0.06)

-0.24 (-0.63; 0.15)

-0.03 (-0.09; 0.03)

-0.01 (-0.12; 0.10)

0.90 (0.63; 1.31)

0.39 (0.15; 0.99)

1.05 (0.90; 1.23)

0.99 (0.75; 1.31)

Multiple noise (Lpgn)®
Generation R
Overall
Living in the
basement, ground, 389
or first floor

1,226 0.02 (-0.04; 0.09)

0.08 (-0.04; 0.19)

-0.02 (-0.09; 0.04)

0.03 (-0.09; 0.15)

1.09 (0.92; 1.29)

1.07 (0.80; 1.44)

Coefficients and 95% confidence intervals (Cl) were obtained by linear and prevalence
ratio and 95% CI by Poisson with robust variance regression models. All models were
adjusted for cohort, preadolescent sex and age at sleep questionnaire assessment,
parental age, country of birth, education, social class, parity, smoking and alcohol
during pregnancy, and family status.

Abbreviations: CI, confidence interval; dB, decibels; PR, prevalence ratio.

! Values were square root transformed.

? Residential outdoor annual average noise levels for the 24h of the day from road
traffic.

® Residential outdoor annual average noise levels for the 24h of the day in which road
traffic, railway, aircraft, and industry sources are considered.
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TABLE S6. Fully adjusted cross-sectional associations between
a 10 dB increase in road traffic and multiple noise exposure and
physiological sleep measures in preadolescents stratified by
cohorts.

floor

Total sleep Sleep Sleep onset Wake after
time efficiency latency* sleep onset
(min) (%) (min) (min)
N Coefficient Coefficient Coefficient Coefficient
(95% CI) (95% CI) (95% CI) (95% CI)
Road traffic noise
(LDEN)Z
INMA-Sabadell
-6.54 -0.95 -0.19 1.87
Overall 176 (1711;402) (-217:026)  (-0.78;0.40)  (-4.25;7.99)
Living in the
basement, 62 -13.67 -2.02 0.58 -5.55
ground, or first (-31.15; 3.81)  (-3.87;-0.18) (-0.72; 1.88) (-15.25; 4.15)
floor
Generation R
-3.42 -0.12 0.12 1.87
Overall LI91  (689;007)  (-056:031)  (0.08:031)  (-1.47:522)
Living in the
basement, 370 -4,54 -0.15 0.18 9.15
ground, or first (-10.36;1.29)  (-0.81; 0.50) (-0.19; 0.55) (2.69; 15.60)
floor
Multiple noise
(I—DEN)3
Generation R
-2.87 -0.18 0.14 2.60
Overall L1 (670:095)  (-066:030)  (-0.07;0.36) (-1.07; 6.27)
Living in the
basement, 370 -5.44 -0.23 0.27 11.28
ground, or first (-12.01;1.13)  (-0.97; 0.51) (-0.14; 0.68) (4.04; 18.53)

Coefficients and 95% confidence intervals were obtained by linear regression
models adjusted for cohort, preadolescent sex and age at sleep questionnaire
assessment, parental age, country of birth, education, social class, parity, smoking
and alcohol during pregnancy, and family status.
Statistically significant associations in bold (p-value <0.05).
Abbreviations: Cl, confidence interval; dB, decibels.
! Values are square root transformed.
? Residential outdoor annual average noise levels for the 24h of the day from road

traffic.

¥ Residential outdoor annual average noise levels for the 24h of the day in which
road traffic, railway, aircraft, and industry sources are considered.
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5. DISCUSSION

The results obtained of the different studies included in the present
thesis have been already presented and discussed individually in
more detail in the previous section (see Section 4, Results). In this
section, | will summarize and interpret the main findings and
provide a general discussion about the methodological issues of the
different studies. The implications of the research for public health
and policy making as well as ideas and recommendations for future
research directions will be also considered in this section.
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Table 2. Main study findings of this doctoral thesis

Study

What is known

What this study adds

Main results

Main conclusions

Study 1. Environmental
noise exposure and
emotional, aggressive,
and attention-
deficit/hyperactivity
disorder-related
symptoms in children
from two European
birth cohorts

= Emotional, aggressive and
ADHD-related symptoms
are not related with
environmental noise
exposure during pregnancy

= Exposure to road traffic and
aircraft noise during
childhood are associated
with higher hyperactivity or
inattention problems in
children

= Inclusion of two relevant
exposure periods: pregnancy
and childhood

Assessment of the overall
effect of exposure to
multiple noise sources
instead of transportation
noise sources separately

= Longitudinal design

= Road traffic noise exposure

during pregnancy or childhood
was not associated with
emotional, aggressive, and
ADHD-related symptoms in
children

Associations were also absent
for multiple noise exposure in
which railway, aircraft and
industry noise exposure are
also assessed

The absence of
associations found in
this study are in line
with previous
research that found
no association with
emotional or
aggressive
symptoms, but not
with research that
showed associations
with higher ADHD-
related symptoms

Study I1. Association
between outdoor
exposure to residential
noise and cognitive and
motor function in
children and
preadolescents

Previous studies assessing
the relationship between
road traffic noise exposure
and non-verbal and
language/verbal intelligence,
memory and attentional
function showed
inconsistent findings

Exposure to road traffic
noise is not associated with
working memory except in
one of the existing studies

= Comprehensive assessment
of cognition and motor
function using a large
battery of tests to assess
many cognitive domains

= Assessment of the road
traffic noise exposure at
participant’s residences
instead of schools

= Longitudinal design

Outdoor exposure to
residential road traffic noise
was not associated with any of
the cognitive and motor
function outcomes

Outdoor exposure to
residential road
traffic noise during
pregnancy and
childhood does not
seem to be associated
with a large number
of cognitive and
motor functions in
different ages from
early childhood to
preadolescence
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Table 2, continued: Main study findings of this doctoral thesis

Study

What is known

What this study adds

Main results

Main conclusions

Study I11. Exposure to
traffic-related air
pollution and noise
during pregnancy and
childhood, and
functional brain
connectivity in
preadolescents

= Traffic-related air pollution
exposure is related to
several brain structure
alterations in children. It is
also associated with altered
brain connectivity in
children, although this is
limited to a single previous
study

Noise could act as stressor
affecting the HPA axis.
Early life stress is related
to disturbances in
functional brain
connectivity

= Exposure assessment during
pregnancy and first years of
life, which is a critical period
to the optimal foundation and
assembling of brain
functional networks

= Use of multimodal atlas to

explore the whole functional
brain connectivity instead of
seed-voxel based approaches

= Assessment of the

association between road
traffic noise and functional
brain connectivity

Exposure to NO,, NO, and
PM, 5 absorbance during first
years of life showed higher
functional brain connectivity
among several brain regions

Most of the identified

associations were between brain

regions of the task positive and
task negative networks, mainly
inter-network, and half of them
intra-hemispheric

Exposure to road traffic noise
was not related with functional
brain connectivity

An increased
connectivity in brain
areas predominantly
located in the task
positive and task
negative networks could
be an indicator of
differential functional
brain connectivity in
preadolescents exposed
to higher levels of air
pollution

Road traffic noise
exposure did not affect
functional brain
connectivity in
preadolescents

Study V. Outdoor
residential noise
exposure and sleep in
preadolescents from two
European birth cohorts

Sleep disruption is related
to many short- and long-
term health effects

= Exposure to outdoor
nocturnal road traffic is
associated with some
reported sleep disturbances
in children

= Assessment of sleep

including physiological sleep
measures measured by wrist-
actigraphy, along with
maternal-reported sleep
disturbances

= Assessment of the overall

effect of exposure to multiple
noise sources

Exposure to road traffic and
multiple noise was related with
reduced total sleep time and
longer wake after sleep onset
collected by actigraphy

Exposure to road traffic and
multiple noise was not
associated with maternal-
reported sleep disturbances

Sleep may be
compromised for
preadolescents living in
areas highly exposed to
outdoor residential
noise

Note: HPA, hypothalamic—pituitary—adrenal axis; Lpgy, day-evening-night noise indicator; Ly,gnt, hight-time noise indicator; MRI, magnetic resonance image; NO,, nitrogen
dioxide; NOy, nitrogen oxides; PM, s absorbance, absorbance from filters of particulate matter with aerodynamic diameter < 2.5um.
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5.1. Main findings and interpretation

The main findings originated in the studies presented in this thesis
indicate that: i) outdoor exposure to residential noise is not
associated with neurodevelopment including emotional and
behavioural symptoms, cognitive and motor function, and
functional brain connectivity, and ii) outdoor exposure to
residential noise is related with physiological sleep measures, but
not with maternal-reported sleep disturbances.

1) Outdoor exposure to residential noise is not associated
with neurodevelopment

In this thesis, we explored emotional, aggressive, and ADHD-
related symptoms, cognitive and motor function, and functional
brain connectivity as outcomes of neurodevelopment in children
and preadolescents, divided into three studies:

In Study I, we assessed the association between prenatal and
childhood outdoor exposure from road traffic and multiple noise
with emotional, aggressive, and ADHD-related symptoms. We
found that prenatal and childhood exposure to residential road
traffic was not associated with emotional, aggressive, and ADHD-
related symptoms for the INMA-Sabadell cohort and Generation R
Study when we considered the entire exposure periods of
pregnancy and childhood. Also, results did not show heterogeneity
between cohorts. However, when we analyzed the associations per
lifetime period of childhood, we found that higher road traffic noise
exposure was associated with lower emotional, but not aggressive
or ADHD-related symptoms, at 9 years old in children from the
Generation R Study. No associations were found for the rest of the
lifetime periods in this cohort or in the INMA-Sabadell cohort.
Furthermore, effect estimates were similar when we looked at
prenatal and childhood exposure to residential multiple noise in the
Generation R Study. The unexpected protective result between
higher road traffic and multiple noise exposure and lower
emotional symptoms at 9 years in the Generation R Study could be
due to selection bias. The sample of children that have moved out
of the noise maps of the municipalities of Rotterdam, Maassluis,
Rozenburg, Schiedam, and Vlaardingen, who therefore have more
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missing noise values, increases with age (around 4% of the
population had missing noise levels at 18 months compared to
around 26% at 9 years). Those children have less emotional
symptoms at younger ages (18 months and 3 years) and more
emotional symptoms at 9 years than children who did not move
outside of the noise map areas. Therefore, we are missing
information on these children that have increased emotional
symptoms, which could provide an explanation for the protective
association.

In general, our null findings are in line with the previous
literature that assessed the exposure to residential road traffic noise
during pregnancy (Hjortebjerg et al., 2016) and childhood (Forns et
al., 2016; Hjortebjerg et al., 2016) and emotional and aggressive
symptoms in children aged 7-11 years. In contrast, two previous
studies showed that road traffic noise exposure at schools in
children aged 9-10 years was associated with less emotional
symptoms (Crombie et al., 2011; S. A. Stansfeld et al., 2009).
However, these findings were attributed to chance, inaccurate
measures of road traffic noise exposure, or exposure
misclassification. The relationship between road traffic noise
exposure and ADHD-related symptoms has been more
comprehensively studied. In that case, our null findings were
consistent with studies that assess this relationship at home during
pregnancy (Hjortebjerg et al., 2016; K. V. Weyde et al., 2017), but
not with studies looking to road traffic noise exposure throughout
childhood, which showed an association of higher road traffic noise
at home or at school with higher hyperactivity or inattention
problems in children aged 7-11 years (Forns et al., 2016;
Hjortebjerg et al., 2016; Tiesler et al., 2013; K. V. Weyde et al.,
2017).

In Study 11, we assessed the association between prenatal and
childhood outdoor exposure from road traffic noise with cognitive
and motor function. No associations were found with any of the
cognitive and motor function outcomes evaluated in this study. In
INMA-Sabadell cohort, higher exposure to residential road traffic
noise was related with more omission errors (i.e., number of times
that the participant did not respond to the stimuli) during pregnancy
and less commission errors (i.e., number of times that the
participant responds incorrectly) during pregnancy and childhood
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periods. However, these associations disappeared after correction
for multiple testing.

The findings of our study related to language/verbal and
non-verbal intelligence are in line with some of the existing studies
that found no relationship in children aged 6 to 11 years exposed to
higher levels of road traffic noise (Clark et al., 2006; Julvez et al.,
2021; S. A. Stansfeld et al., 2005). In contrast, a study carried out
at schools in children with similar ages found that children exposed
to higher levels of noise, mainly from road traffic, had lower non-
verbal intelligence compared to children exposed to lower noise
levels (Bhang et al., 2018). Reading deficits have also been
observed in relation to residential multiple noise exposure (Cohen
et al., 1973) as well as to road traffic noise exposure at schools
(Ljung et al., 2009). However, these previous studies reported
greater noise levels compared to our study (Bhang et al., 2018;
Cohen et al., 1973; Ljung et al., 2009). Consistency between
studies that assessed road traffic noise exposure and memory in
children was limited. Our null findings were aligned with some
previous studies (Clark et al., 2012; van Kempen et al., 2010, 2012)
but not with others (Lercher et al., 2016; Matheson et al., 2010; S.
A. Stansfeld et al., 2005). While one of the studies found worsened
memory in children exposed to higher residential levels of road and
rail traffic noise (Lercher et al., 2016), two other studies found an
unexpected association related to improved memory in children
exposed to higher school levels of road traffic noise. Both studies
included children around 9 years old (Matheson et al., 2010; S. A.
Stansfeld et al., 2005). Related to working memory capacity, the
majority of the previous studies found no evidence for the
association between exposure to road traffic noise and poorer
working memory capacity in children aged 6-11 years (Cohen et
al., 1973; Julvez et al., 2021; Lercher et al., 2016; S. A. Stansfeld et
al., 2005), similar to our findings. Only one recent study found that
higher outdoor levels of road traffic noise at schools was related to
slower development in working memory in children between 7 and
10 years old (Foraster et al., 2022). Also, our results on the
association between road traffic noise exposure and attentional
function in children were consistent with some prior studies (Cohen
etal., 1973; Julvez et al., 2021; Lercher et al., 2016; S. A. Stansfeld
et al., 2005), in which no evidence of this association was found.
Nevertheless, it has been reported that higher levels of road traffic
noise at schools was related to worsened results in attention tests
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(van Kempen et al., 2010, 2012) as well as greater inattentiveness
(Foraster et al., 2022).

The Study 111 was the first epidemiological study exploring the
association between the residential exposure to traffic-related air
pollution and noise, and whole-brain functional connectivity during
pregnancy and childhood in preadolescents.

Regarding exposure to traffic-related air pollution, we found
that higher exposure to NO;, and PM, s absorbance from birth to 3
years of age, and to NO, from 3 to 6 years of age was associated
with increased functional brain connectivity. No associations were
found between exposure to PM,5 and PMy, and functional brain
connectivity for any of the study periods. The relationship between
traffic-related air pollution exposure and functional brain
connectivity has been explored previously in a single study (Pujol
et al.,, 2016). However, they used a focused seed-voxel based
approach to evaluate the functional connectivity of the brain, which
does not allow for examining the connectivity between all brain
areas. In this study, they found that exposure to NO; at schools was
associated with lower integration (i.e., interactions between
networks) and segregation (i.e., interactions inside the same
network) in key brain networks in children aged 8-12 years. Graph
theoretical analyses are the best approach to explore brain
integration and segregation. Although these approaches were not
implemented in our study, our findings suggested lower
segregation given that most of the functional connections
associated with air pollution were between brain regions belonging
to different brain networks. Furthermore, most of the associations
related to air pollution exposure were between brain regions of the
task positive and task negative networks. These networks have an
opposite relationship; the activation of one network would inhibit
the other. Therefore, the increased connectivity of both networks at
the same time could be an indicator of functional connectivity
impairment. Additionally, the task positive network tends to be
activated during attention-demanding tasks, and greater
connectivity during resting conditions could also indicate
differential brain connectivity in those children exposed to higher
air pollution levels. Previous literature has also shown structural
brain alterations in regions belonging to the task negative and task
positive networks (Cserbik et al., 2020; Guxens et al., 2018;
Lubczynska et al., 2021).
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Regarding exposure to road traffic noise, we found no
evidence related to functional brain connectivity in preadolescents.
To the best of our knowledge, no prior studies have assessed
exposure to environmental noise in relation to brain using MRI
techniques. Noise could act as a stressor affecting the HPA axis and
increasing stress hormones (Jafari et al., 2017; Lautarescu et al.,
2020). These hormones could influence proper brain development
with alterations in size and neuronal architecture of some brain
areas (Smith & Pollak, 2020). Also, early life stress has been
related to disturbances in functional brain connectivity (De Asis-
Cruz et al., 2020; Hermans et al., 2011). Therefore, we
hypothesized that exposure to road traffic noise, which could act as
a stressor, could have an impact in functional brain connectivity in
preadolescents. However, we evaluated long-term exposure to road
traffic noise instead of acute exposure, which could explain our
null findings. Indeed, some previous studies found that acute
exposure to noise from MRI machines during the scans is related to
altered functional brain connectivity (Andoh et al., 2017; Pellegrino
etal., 2022).

i) Outdoor exposure to residential noise is related with
physiological sleep measures

The relationship between outdoor exposure to residential road
traffic and multiple noise and sleep in preadolescents was assessed
in Study IV. In this study, we used maternal-reported data to assess
sleep disturbances and wrist-actigraphy to assess physiological
sleep measures.

We found that outdoor residential road traffic and multiple
noise exposure were not related with sleep disturbances reported by
mothers. We used Lpgy instead of LyighT, because children tend to
go to bed earlier in the evening. A study that also used road traffic
Lpen Noise observed no association between sleep and road traffic
noise exposure (Lee et al., 2021), similar to our findings. However,
some previous studies that used Lyigur found a relationship
between outdoor exposure to residential road traffic noise exposure
and poorer sleep quality and excessive somnolence during the day
(Ohrstrom et al., 2006), more sleep disorders (Skrzypek et al.,
2017; Tiesler et al., 2013), greater difficulty to fall asleep (Tiesler
et al., 2013), and shorter sleep duration (K. Weyde et al., 2017).
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Although parental questionnaires could provide information
about bedtime routines, actigraphy generally reports more accurate
data based on monitoring activity. This study indicated that outdoor
exposure to residential road traffic noise was associated with
reduced total sleep time and longer wake after sleep onset in
preadolescents. Results were similar when we assessed multiple
noise exposure in the Generation R Study. A limited number of
studies previously used actigraphy to assess this association (Blume
et al., 2022; Ohrstrém et al., 2006). In general, these two studies
found no evidence for a relationship between exposure to Lnigut
road traffic noise and sleep in children aged 9-12 years (Ohrstrom
et al., 2006) and to Lnieut transportation (i.e., road, railway, and
aircraft) noise and sleep in infants during their first year of life
(Blume et al., 2022). However, when analyses were restricted to
infants without siblings, an association between LyjcHt €xposure to
transportation noise and reduced total sleep time was observed,
consistent with our findings (Blume et al., 2022).
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5.2. Methodological considerations

All the studies included in this thesis were based on two
prospective population-based birth cohorts with a follow-up from
fetal life onwards. They followed similar protocols to assess
environmental noise exposure, neurodevelopment, and sleep. We
relied on relative large sample sizes including individuals from
both cohorts set up in different countries with different
characteristics, which increases the external validity and the
generalizability of the results. Additionally, we were the first in
assessing the relationship of exposure to traffic-related air pollution
and noise with functional brain connectivity amongst all brain areas
in preadolescents. However, imaging data was only available in
one of the cohorts. The prospective design of the cohorts allowed
for an extensive assessment of the association between exposures
from early life with long-term health effects. Also, we corrected the
results for multiple testing since the inclusion of multiple tests
increases the likelihood of type error I, which means that increases
the possibility to obtain significant results that can be attributable to
chance. However, being too strict with the correction might
increase the likelihood of type error Il, meaning that actual true
effects are being rejected as not significant based on the correction,
which reduces the potentiality of the findings.

Nevertheless, the studies presented in this thesis have also several
limitations, mainly related to the study design and exposure and
outcome assessments. These limitations will be discussed
separately in the following sections:

i) Study design
Confounding

As a result of their prospective nature, birth cohorts provide a rich
source of potential confounding variables, including child and
parental socioeconomic and lifestyle variables, which enables
statistical models to be adjusted accordingly. However, in order to
increase the comparability when analyzing more than one cohort,
potential confounding variables were selected based on data
availability in both cohorts. Despite the comprehensive control for
various potential confounding variables in this thesis, we cannot
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discard residual confounding. It is possible that other potential
confounding variables were not considered or that we considered
them, but were unable to include due to poor measurements or lack
of measurement, for example for information on parental social
class or genetic and family factors in Paper 111 or sleep medication
in Paper 1V. Therefore, residual confounding could introduce bias
leading to inaccurate estimates of the main associations.

Selection hias

The prospective nature of birth cohorts allows for the enrollment of
subjects who have not yet developed the health outcomes of
interest. Therefore, selection bias due to enrollment procedures is
not usual. In addition, in our studies, we applied inverse probability
weighting to correct for the losses to follow-up and account for
potential selection bias when including only participants with
available data compared to the full initial cohort at the recruitment
in the studies. Even so, we cannot completely avoid selection bias
as we have observed in Study I in which children who have moved
outside the noise maps presented more emotional symptoms at 9
years old. In that case, selection bias could have led to unexpected
findings between higher residential exposure to road traffic noise
and less emotional symptoms in children at age of 9 years old.

Changes in the outcome over time

Having repeated measurements of outcome data allows analyzing
long-term effects and changes in the outcome over time in relation
to the exposure. Repeated measurements of the outcome data were
only available in Study I and Il. However, in these studies we
looked at the overall association of the noise exposure on the
outcomes but including the measurements at the different time
points in the model without exploring the potential developmental
changes of the outcomes over time. Future studies should collect
repeated measurements and consider this approach to explore the
changes in neurodevelopment and sleep related to the exposure to
environmental noise.
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i) Exposure assessment
Exposure misclassification

Epidemiological studies need accurate data on exposure to
correctly assess the relationship between the exposure and the
health outcome of interest. Nevertheless, in most studies addressing
noise-related health problems, exposure levels are often modeled to
estimate individual levels for each participant. Personal noise
measurements would be a more precise method to assess individual
levels of exposure. However, in cohort studies with large number
of participants, the use of personal measurements are time-
consuming and very expensive. Additionally, personal noise
measurements are often carried out for a short period of time and
therefore do not reflect the long-term exposure as compared to
noise models. Although exposure misclassification is inherent to
any study, modeled exposure is more likely to be prone to
misclassification. In this thesis, noise exposure was modeled to
estimate the individual noise levels at participants’ home addresses
using existing noise maps. One source of misclassification is that
noise estimates corresponded to outdoor noise levels instead of
indoor noise levels when indoor noise may be more relevant
because individuals spend approximately 90% of their time indoors
(Schweizer et al., 2006). Indoors, people are exposed to noise from
both outdoor and indoor sources being a complex mixture of noise
migrating from outdoor sources such as transportation noise,
together with noise generated by indoor sources such as children
and equipment including television and musical instruments.
However, indoor noise measurements are more lenghtly and costly
than outdoor modeled noise. In our studies, we considered the
residential mobility taking into account the amount of time a child
spent at each address during the study period. However, exposure
could be misclassified if participants changed addresses and this
change was not documented and therefore not accounted for in our
analyses. Another source of misclassification could emerge if the
exposure to noise of a participant during the entire day would be
different from the residential exposure. For example, children
spend most of their time at schools and if these were located in
noisy areas, the children therefore being exposed to high levels of
noise, their assigned modeled noise exposure levels might not
represent their true levels. This could under- or overestimate noise
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exposure, which can modify the strength of the association. Also,
most of the previous studies used average noise levels to estimate
individual noise exposure. However, noise fluctuations defined as
the average number of noise peaks during the measurement period
might be more disruptive than average noise levels and thus
exposure could be misclassified. Finally, in studies assessing the
relationship between environmental noise exposure and sleep, Lpen
or Lyieut are the most used noise indicators. However, a better
indicator for residential noise exposure would be the combination
of Levening and LyiguT, Since children and preadolescents spend
most of the evening at home and often go to bed earlier than adults.

Measurement error

Another limitation related to the exposure assessment is the
possibility of introduction of measurement error. There is
increasing uncertainty about the extent of exposure measurement
error in studies addressing noise-related health problems. For noise
exposure assessment based on measurements or models, the
measurement error is more likely to be non-differential and thus not
related to the outcome. Error in exposure assessment is a mixture of
classical-like and Berkson-like errors. Classical-like error tends to
attenuate the risk estimates (i.e., biased toward the null) whereas
Berkson-like error causes little to no bias in the measurements
although confidence intervals are inflated (Vienneau et al., 2019).
In this thesis, errors may be related to uncertainty in the exposure
proxy since we were not able to account for isolation
characteristics, location of the bedroom, window orientation, or
individual noise sensitivity. Residential floor level was only
considered in Study 1V but indicated that linkage by floor could be
crucial for reducing measurement error.

iii) Outcome assessment
Heterogeneity in neuropsychological tests

The inclusion of various cohorts increases the sample size, the
statistical power, and the representativeness of the study population
to the general population. However, one of the limitations that
could emerge related to such an approach is the heterogeneity in
methodological issues in each cohort. Each cohort was conducted
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independently and followed its own protocols. Although protocols
were similar between cohorts, there could be discrepancies between
assessments, collected data, and timelines. In this thesis, the main
discrepancy was related to the outcome data, especially in the
neuropsychological tests used. In Study I and Il, we tried to
mitigate this heterogeneity by selecting those tests, or subtests, that
represent similar neuropsychological domains in both cohorts in
order to increase the comparability between them. We have also
aimed to increase the comparability by standardizing some test
scores to mean of 1 and standard deviation of O in Study I and to a
mean of 100 and standard deviation of 15 in Study Il. However, we
should contemplate the influence of this heterogeneity in the final
estimates.

Sleep assessment

In Study IV preadolescents’ sleep was assessed using maternal-
reported questionnaires and wrist-actigraphy to have a more
comprehensive assessment of preadolescents’ sleep. Nowadays, the
only widely accepted method for clinically monitoring sleep is the
polysomnography (De Zambotti et al., 2019). Even so, it is an
expensive and intrusive method, disrupts natural sleep patterns, and
is not commonly used in epidemiological studies. An alternative
method to objectively measure sleep is actigraphy, which is less
invasive and can be used over multiple nights in the child’s natural
environment (Werner et al., 2008). However, it has some
limitations since sleep parameter estimation is based on monitoring
activity. Therefore, absence of movement that may occur during
quiet activities can be registered as sleep periods or movements
during restless sleep episodes (typical in young children) can be
interpreted as sleepwalkings, impacting the sleep estimations.
Nevertheless, actigraphy consistently reports more accurate data
than subjective methods such as parental questionnaires. Parental
questionnaires are widely used because they are simple and
economically preferred and can give information about bedtime
routines that can influence the child’s sleep and cannot be
measured with polysomnography or actigraphy (Werner et al.,
2008). However, they are susceptible to recall bias and parents
sometimes are not aware of their children’s behaviors. Therefore,
parental questionnaires and actigraphy data provide differing but
complementary information about a child’s sleep habits, and the
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usage of only one of them is insufficient to perform a
comprehensive assessment of sleep.
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5.3. Implications for public health and
policymaking

In general, the findings of the studies presented in this thesis,
suggest that exposure to higher levels of environmental noise
during pregnancy and childhood is not associated with various
neurodevelopmental conditions. Nevertheless, inadequate sleep is
related to environmental noise exposure. In turn, sleep disruption
has been related with diverse short-term and long-term health
consequences including increased stress responsivity, somatic
problems, cognitive, memory, and performance deficits,
hypertension, cardiovascular diseases, and weight related health
issues, among others (Medic et al., 2017). Although the effect size
of the estimates of the physiological sleep measures were small,
and may have a small impact at the individual level, it may have a
greater effect at population-level, since the majority of the
population is exposed to environmental noise, mainly from road
traffic. Therefore, if the association is causal, noise abatement
policies that target the entire population would contribute to sleep
improvement which could benefit millions of people.

There should be specific noise policies at the population
level that aim to ensure correct noise management and reduce noise
pollution. Considering that road traffic is the main source of noise
in cities, policies may seek for a reduction of the vehicles’ noise
emission levels by incentives for electric vehicles or low emission
zones, along with other noise policies. For example, noise barriers
also prevent propagation between noise sources and receivers.
Therefore, another strategy to reduce road traffic noise is to
promote noise barriers alongside major roads combined with
replacement of traditional asphalt with more efficient options such
as porous and rubber asphalt pavements (Ling et al., 2021).
Furthermore, besides the growing evidence that vegetation itself
affects noise perception positively (Gascon et al., 2015), it has been
observed that natural elements, such as plants and trees, could
absorb noise (Lacasta et al., 2016) and therefore should be
considered in combating noise pollution in urban environments.
The mitigation of the negative effects of noise pollution can also be
carried out through designing buildings in a manner that minimizes
the exposure to noise, and making use of acoustic insulation (e.g.,
stone wool structure or double-glazed windows). Insulation
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changes to buildings can also significantly reduce heating and
cooling bills, and help protect the environment by reducing carbon
emissions into the atmosphere. Although noise exposure is of
involuntary nature, individual choices can have an impact on
personal exposure, such as avoid very noisy leisure activities or
opting for alternative means of transport such as public or active
transportation instead of cars.

Our findings should be confirm and the risks associated
with environmental noise should be quantified so that they can be
used for prevention. As a result, it would be possible to determine
how much morbidity can be attributed to environmental noise, as
well as which health benefits would result from reducing
environmental noise exposure.
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5.4.Future research directions

The evidence exploring the potential effects of environmental noise
exposure to child’s neurodevelopment and sleep is still limited and
inconclusive. However, since levels of noise are increasing in the
recent decades as a result of urbanization processes, it is important
to understand its effects in our health. Several uncertainties remain
that suggest recommendations for future research studies on
environmental noise exposure, neurodevelopment, and sleep:

Related to the exposure:

To assess environmental noise exposure both at homes and
schools since children spend most of their time in these
settings, which would allow for a comprehensive exposure
assessment.

To perform noise models that estimate indoor noise levels,
taking insulation into account, and therefore provide more
precise values of exposure.

To assess the effects of the exposure to other noise sources
including the cumulative noise resulting from the exposure
to multiple noise sources.

To assess noise fluctuation measures to investigate whether
this type of exposure is more disruptive and has more
impact on child’s neurodevelopment and sleep than average
noise levels.

Related to the outcome:

To additionally assess sleep using physiological sleep
measures by actigraphy to complement parental-reported
and self-reported data.

To use MRI techniques to assess brain alterations related to
noise in addition to neuropsychological tests.

Related to the study design:

To replicate existing findings and our results in other
population-based studies worldwide to increase the
consistency of evidence. Larger sample sizes are
recommended.
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e To collect repeated measures on neurodevelopment and
sleep outcomes in order to perform longitudinal studies to
investigate the changes in the outcome over time.
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6. CONCLUSIONS
The main conclusions of this thesis are:

e Outdoor exposure to residential road traffic and multiple
noise during pregnancy and childhood was not associated
with emotional, aggressive, and ADHD-related symptoms
in children.

e Outdoor exposure to residential road traffic noise during
pregnancy and childhood was not related with cognitive and
motor function in children and preadolescents.

e Qutdoor exposure to residential road traffic noise exposure
was not associated with functional brain connectivity in
preadolescents.

e Outdoor exposure to residential road traffic and multiple
noise was not associated with any maternal-reported sleep
disturbances in preadolescents.

e Preadolescents exposed to higher levels of residential road
traffic noise showed reduced sleep duration.

e Preadolescents exposed to higher levels of residentital road
traffic and multiple noise showed higher wake after sleep
onset.
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8. APPENDIX

Courses

Year

International Programme of Advanced Epidemiology
and Statistics - Causal Inference with Directed Graphs.
Llatzaret de Mao, Spain.

International Programme of Advanced Epidemiology
and Statistics - Causal Mediation and Interaction
Analysis. Llatzaret de Mao, Spain.

International Programme of Advanced Epidemiology
and Statistics - Methods to deal with attrition and
missing data. Llatzaret de Mad, Spain.

FSL Course: functional and structural brain image
analysis. Split, Croatia.

PRBB Intervals Programme: Say it so it stays: oral
presentation skills for scientists.

PRBB Intervals Programme: Time management in
science: how to get the best out of your day.

PRBB Intervals Programme: Becoming a scientific
writer: Putting the "Why" before the "How".

Harvard EdX course by Miguel Herndn on Causal
Diagrams.

Workshop on Causal Mediation Analysis by Tyler J.
VanderWeele.

2017

2017

2017

2019

2020

2020

2021

2021

2021

Conferences — oral presentations

Year

XXXVII Reunion Cientifica Anual de la Sociedad
Espafiola de Epidemiologia. Oviedo, Spain. Temporal
trends and geographical variability of the prevalence
and incidence of attention deficit/hyperactivity disorder
among children in Catalonia.

ISEE-Young — online. Residential Road Traffic Noise
Exposure and Emotional, Aggressive and ADHD
Symptoms in Children from Two European Birth
Cohorts.

ISEE-Young — online. Residential traffic noise and air
pollution exposure and functional brain connectivity in
preadolescents aged 9 to 12 years.

13th ICBEN Congress on Noise as a Public Health

Problem - online. Association between environmental
noise exposure and sleep problems in children.

2019

2021

2021

2021
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e XXXIX Reunién Cientifica de la SEE. Ledn, Spain. 2021
Traffic-related air pollution and noise exposure and
functional brain connectivity in preadolescents aged 9
to 12 years.

e XXXIX Reunién Cientifica de la SEE. Ledn, Spain. 2021
Association between environmental noise exposure and
sleep problems in children

e XXXIX Reunion Cientifica de la SEE. Lebdn, Spain. 2021
Environmental Noise Exposure and Emotional,
Aggressive, and ADHD-related Symptoms in Children
from Two European Birth Cohorts.

Conferences — poster presentations Year

e XXXVI Reunion Cientifica Anual de la Sociedad 2018
Espafiola de Epidemiologia. Lisboa, Portugal.
Prevalence and incidence of autism spectrum disorders
in Catalonia, Spain

« ISEE, Utrecht. Attention deficit/hyperactivity disorder in 2019
Catalonia, Spain: a new Population-Based Case-
Control Study to Investigate Environmental Factors

« ISEE, Utrecht. Estimated whole-brain and lobe-specific 2019
RF-EMF doses and brain volumes in preadolescents.

Conferences — attendance Year

e INSAR Annual Meeting. Rotterdam, The Netherlands 2018

o 152 Jornadas Cientificas INMA, Donostia 2018

e RespiraMl. L'inquinamento atmosferico e la nostra 2019
salute. Milan, Italy

Others Year

e Interview about the health effects of air pollution for a 2018
student of Audiovisual Media Degree.

o Participate in the Nit de Recerca Europea with a talk 2018
about the health effects of air pollution in a secondary
school of Barcelona

e Supervise the master thesis of two students from 2019
Maastricht University 2020

o Contribute as a peer-reviewer to the Environmental 2019
Pollution journal

e Award for the best video of the PhD ISGlobal 2019
Symposium

o Radio interview on Radio Mar del Plata. Argentina 2022
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