Environmental Research 225 (2023) 115502

Contents lists available at ScienceDirect

environmental

[esedel

Environmental Research

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/envres

Check for

Outdoor residential noise exposure and sleep in preadolescents from two @&
European birth cohorts

Laura Pérez-Crespo ¢, Esmée Essers > %9, Maria Foraster >, Albert Ambrés >,
Henning Tiemeier "/, Monica Guxens %"

@ ISGlobal, Barcelona, Catalonia, Spain

Y Universitat Pompeu Fabra, Barcelona, Spain

¢ Spanish Consortium for Research on Epidemiology and Public Health (CIBERESP), Instituto de Salud Carlos III, Spain

4 Department of Child and Adolescent Psychiatry/Psychology, Erasmus MC, University Medical Centre, Rotterdam, The Netherlands
€ PHAGEX Research Group, Blanquerna School of Health Science, Universitat Ramon Lull (URL), Barcelona, Spain

fDepartment of Social and Behavioral Science, Harvard T.H. Chan School of Public Health, Boston, USA

ARTICLE INFO ABSTRACT

Handling Editor: Jose L Domingo 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 used data of 1245 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
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Actigraph;
Chilgreﬂ Y address for the year before the sleep assessment. Sleep disturbances were reported by mothers through the Sleep
Adolescence Disturbance Scale for Children and objectively recorded using GeneActiv wrist-actigraphy during seven subse-

quent 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 min (95%CI -6.87; —0.37) and 6.88 min (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 associ-
ations 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.

Birth cohort

1. Introduction

In recent decades, the increase in population growth rates has
resulted in nearly half of the current world population living in urban-
ized 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 esti-
mated that more than 100 million European citizens are exposed to an
average daily noise level (day-evening-night noise indicator, Lpgy) 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 Lpgy noise exposure and to 45 dB for night exposure
(night-time noise indicator, Lyjgur) for road traffic noise (World Health
Organization, 2018).
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Sleep is an essential biological process that serves several vital
functions, including promotion of neuroplasticity and neural develop-
ment (Meerlo et al., 2015). Since these neural processes occur from early
life through adolescence, sleep may be particularly important during
these life stages (Rice and 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 respon-
sivity, 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 expo-
sure to higher sleep disturbances as well as shorter sleep time and
quality of sleep in adults (Basner and McGuire, 2018; Evandt et al.,
2017; Janson et al., 2020). However, the relationship between envi-
ronmental 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
(Ohrstrom et al., 2006; Skrzypek et al., 2017; Tiesler et al., 2013; Weyde
et al., 2017). However, there are existing studies that found no associ-
ation in children of similar ages 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 informa-
tion alongside parental- or self-reports, has been scarcely used. Also,
previous literature has mostly ignored other noise sources such as rail-
way, aircraft, or industry, which could play a different role in sleep
patterns. It has been suggested that aircraft and railway noise exposures
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.

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 Ambi-
ente (INMA) Project (Guxens et al., 2012) were used. The Generation R
Study includes a multi-ethnic population birth cohort of 9610 preg-
nancies (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 ultra-
sound examination between July 2004 and July 2006. Mothers were
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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 1477 children from
both cohorts, 1245 from Generation R and 232 from INMA-Sabadell,
with information on environmental noise exposure and sleep distur-
bances or physiological sleep measures at mean age of 12.3 years old
(Supplementary Material Fig. S1). Ethical approval was obtained before
recruitment from the Medical Ethical Committee of Erasmus MC, Uni-
versity 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 (CEIC-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 Rot-
terdam, 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 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 poly-
gon, 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 (m) 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 m, 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 m. 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 Sup-
plementary 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 (Lpgy) using the formulas
described in Supplementary Material Methods S2. Lpgy represents the
A-weighted average sound level over the entire 24-h 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 effects of the evening and night-time periods. The indicators
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Lpay, Levening, and Lyjgur 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 Environ-
mental Noise Directive, 2002). We used the Lpgy indicator instead of
Lnigur since children generally go to bed earlier in the evening, when
road traffic noise levels are usually higher than during the night (Skinner
and Grimwood, 2000). From now on, we will refer to road traffic Lpgy
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 compo-
nents 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 vari-
ables 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)).
2.4. Physiological sleep measures

Sleep was objectively measured with a GeneActiv tri-axial wrist
accelerometer placed on the non-dominant wrist during seven consec-
utive days in both cohorts (Cabré-Riera et al., 2021; Koopman-Verhoeff
et al., 2019a; Koopman-Verhoeff et al., 2019b). 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
become fully awake and do not attempt to fall asleep again. Finally, we
calculated the mean of each of the preceding physiological sleep mea-
sures 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 Fig. 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 pri-
mary 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)
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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.

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, ho-
moscedasticity, 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 vari-
ance to avoid overdispersion to assess the relationship between road
traffic noise exposure with problems of arousal. We calculated preva-
lence ratios (PR) rather than odds ratios (OR), because OR can over-
estimate 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 con-
founding 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 = 1245) included in the analysis were more likely
to have older parents, parents from the Netherlands, and with higher
education and social class than children who were not included in the
analysis (n = 8365). 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.

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 and 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
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Table 1
Participant characteristics of the INMA-Sabadell cohort and Generation R Study.

Characteristics INMA-Sabadell (n Generation R (n =
= 232) 1245)
Sleep disturbances
Disorders of initiating and 2.5(2.4) 5.5 (3.3)
maintaining sleep”
Disorders of excessive somnolence” 2.0(2.2) 3.2(2.4)

Disorders of arousal (yes vs. no) 32.2 20.4
Physiological sleep measures

Total sleep time (hours) 7.2 (0.6) 7.5 (0.8)
Sleep efficiency (%) 85.0 (4.4) 84.6 (5.8)
Sleep onset latency (minutes) 7.7 (12.4) 41.5 (35.7)
Wake after sleep onset (minutes) 40.3 (22.4) 79.0 (42.5)

Preadolescents’ characteristics
Sex (male vs. female) 51.7 48.0

Age at sleep questionnaire 11.1 (0.6) 12.7 (1.5)
assessment (years)

Maternal characteristics

Age at enrolment (years) 31.8 (4.3) 32.2(4.2)

Country of birth (country of cohort 92.0 81.1
vs. others)

Education level during pregnancy

Low 25.5 2.7

Medium 40.6 35.4

High 33.9 61.9

Social class during pregnancy

Low 23.3 1.3

Medium 32.2 27.4

High 44.5 71.3

Parity (nulliparous vs. multiparous) 55.5 56.7

Smoking use during pregnancy (no 85.6 87.1
vs. yes)

Alcohol consumption during 76.6 44.8
pregnancy (no vs. yes)

Paternal characteristics

Age at enrolment (years) 34.0 (5.3) 34.6 (5.1)

Country of birth (country of cohort 91.2 83.5
vs. others)

Education level during pregnancy

Low 34.8 3.6

Medium 43.2 35.6

High 22.0 60.8

Social class during pregnancy

Low 20.1 5.7

Medium 18.0 17.1

High 61.9 77.2

Household characteristics

Family status (dual vs. single parent) 98.5 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.

b Higher scores indicate more sleep disturbances. Score range: 0-25.

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). Addi-
tional descriptive statistics of the noise exposure levels for both cohorts
are shown in Table 2 and Supplementary Material Fig. 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), from 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
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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 (Lpgyn)” (dB) 61.3 5.9
Generation R (N = 1245)
Road traffic noise (Lpgyn)® (dB) 53.2 7.3
Multiple noise (Lpgx)” (dB) 54.4 6.7

58.0; 65.0 46.0 76.0

48.0; 58.0 40.0 72.0
49.5; 58.8 40.0 72.0

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

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

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

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 me-
dium education level in the INMA-Sabadell cohort (e.g., 40.6% of the
mothers).

3.2. Association between road traffic 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 (95%
CI 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 min (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 min (95% CI -0.09; 0.27), and 1.42 min (—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 base-
ment, ground, or first floor did not show relevant differences with the
main analysis of the 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 min (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 min (95% CI 1.15; 12.61) per 10 dB increase in road traffic
noise) when analysis were restricted to those preadolescents (Table 4).

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 min (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 (Supplemen-
tary Tables S5 and S6).
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Table 3
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Fully adjusted cross-sectional associations between a 10 dB increase in road traffic noise exposure and sleep disturbances score in preadolescents.

Disorders of initiating and maintaining sleep”

Disorders of excessive somnolence” Disorders of arousal (yes vs. no)

N Coefficient (95% CI)
Road traffic noise (Lpgy”)
Overall 1432
Living in the basement, ground, or first floor 460

0.02 (—0.03; 0.08)
0.08 (—0.02; 0.18)

Coefficient (95% CI) PR (95% CD

—0.04 (-0.10; 0.02)
—0.01 (-0.12; 0.10)

1.03 (0.89; 1.18)
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, maternal parity, smoking

and alcohol during pregnancy, and family status.
Abbreviations: CI, confidence interval; dB, decibels; PR, prevalence ratio.
@ Values were square root transformed.

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

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 (minutes)

Sleep efficiency (%)

Sleep onset latency” (minutes) Wake after sleep onset (minutes)

N Coefficient (95% CI)
Road traffic noise (Lpen")
Overall 1367
Living in the basement, ground, or first floor ~ 432

—3.62 (-6.87; -0.37)
—5.63 (-10.98; -0.29)

Coefficient (95% CI)

—0.12 (—0.53; 0.28)
—0.22 (—0.83; 0.38)

Coefficient (95% CI) Coefficient (95% CI)

0.09 (—0.09; 0.27)
0.21 (-0.12; 0.55)

1.42 (-1.60; 4.44)
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, maternal parity, smoking and alcohol during pregnancy, and family status.Statistically significant associations in

bold (p-value <0.05).
Abbreviations: CI, confidence interval; dB, decibels.
2 Values are square root transformed.

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

4. Discussion

The present study examined the association between outdoor resi-
dential Lpgy 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 addi-
tion, road traffic and multiple noise exposure were associated with
longer wake after sleep onset in children who were living in the base-
ment, 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 esti-
mates 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 out-
door 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 (Ohrstrém 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 (Ohrstrom 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 rela-
tionship between road traffic noise exposure and sleep in children and
preadolescents.

There are some potential explanations for the differing results
observed between previous studies conducted in children. First, 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-Gonzalez and Malmierca, 2014). Interestingly, Tiesler et al. re-
ported 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). Un-
fortunately, we did not have information if the child had slept alone or
not. Second, 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). Third, 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. dif-
ficulty 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
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discarded. Additionally, discrepancies on the results between studies
carried out in child and adult populations may be related to differences
in noise sensitivity in those populations. 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 and Mer-
ikangas, 2004).

Strengths of the present study include a large sample size compared
with similar previous studies in children using physiological sleep
measures, an analysis of children from two population-based birth co-
horts from two different European countries, the assessment of noise
exposure considering the amount of time the child lived at each geo-
coded 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 pre-
adolescents. 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 misclassifi-
cation bias.

However, our study also has some limitations that need to be dis-
cussed. 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 misclassifi-
cation 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 ac-
curate effect estimates of the association. Only two previous studies
among children considered bedroom window orientation in their ana-
lyses (Ohrstrom et al., 2006; Tiesler 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 . In the other study,
Tiesler et al. also found that nocturnal road traffic noise at the least
exposed fagade, but not at the most exposed facade, 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 bed-
rooms facing a quieter facade of the dwellings were exposed to lower
levels of road 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 (Bauer and Blunden, 2008; Kushnir and Sadeh,
2013; Werner et al., 2008), but it cannot provide information about
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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 sleepwalk-
ings, 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 be-
haviors. 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 limi-
tation 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 ana-
lyses 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 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).

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 associa-
tion was attributable to road traffic noise as it is the most predominant
noise source. Road traffic or multiple noise exposures were not associ-
ated 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 expo-
sure to environmental noise. In future studies, efforts should be made to
measure sleep longitudinally using wrist-actigraphy data, which pro-
vides more accurate and consistent information about sleep patterns of
children.

Credit author statement

Laura Pérez-Crespo: conceptualization, formal analysis, method-
ology, writing — original draft, visualization. Esmée Essers: formal
analysis, writing — review & editing. Maria Foraster: conceptualiza-
tion, methodology, writing — review & editing. Albert Ambrds:
methodology, writing — review & editing. Henning Tiemeier: concep-
tualization, writing — review & editing, funding acquisition. Monica
Guxens: conceptualization, methodology, writing — review & editing,
supervision, funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The authors do not have permission to share data.



L. Pérez-Crespo et al.
Acknowledgements

The Generation R Study is conducted by the Erasmus Medical Centre
in close collaboration with the Faculty of Social Sciences of the Erasmus
University Rotterdam, the Municipal Health Service Rotterdam area,
Rotterdam, the Rotterdam Homecare Foundation, Rotterdam and the
Stichting Trombosedienst & Artsenlaboratorium Rijnmond (STAR-
MDC), Rotterdam. We gratefully acknowledge the contribution of chil-
dren and parents, general practitioners, hospitals, midwives, and phar-
macies in Rotterdam. The general design of Generation R Study is made
possible by financial support from the Erasmus Medical Center, Rot-
terdam, the Erasmus University Rotterdam, the Netherlands Organiza-
tion for Health Research and Development (ZonMw), the Netherlands
Organization for Scientific Research (NWO), and the Ministry of Health,
Welfare and Sport. Henning Tiemeier received funding from the
Netherlands Organization for Health Research and Development (NWO-
grant 016. VICL.170.200). Monica Guxens received funding from the
French Agency for Food, Environmental and Occupational Health &
Safety under the grant agreement number EST-2016 RF-21 and the
Spanish Institute of Health Carlos III (PI17/01340). Monica Guxens is
funded by a Miguel Servet II fellowship (CPII18/00018) awarded by the
Spanish Institute of Health Carlos III. We thank DCMR Milieudienst
Rijnmond for providing the noise data. The geocodification of the ad-
dresses of the Dutch study participants was done within the framework
of a project funded by the Health Effects Institute (HEI) (Assistance
Award No. R-82811201). We acknowledge support from the Spanish
Ministry of Science and Innovation and the State Research Agency
through the “Centro de Excelencia Severo Ochoa 2019-2023” Program
(CEX 2018-000806-S), and support from the Generalitat de Catalunya
through the CERCA Program.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envres.2023.115502.

References

Bagley, E.J., Kelly, R.J., Buckhalt, J.A., El-Sheikh, M., 2015. What keeps low-SES
children from sleeping well: the role of presleep worries and sleep environment.
Sleep Med. 16 (4), 496-502. https://doi.org/10.1016/j.sleep.2014.10.008.

Basner, M., McGuire, S., 2018. WHO environmental noise guidelines for the European
region: a systematic review on environmental noise and effects on sleep. Int. J.
Environ. Res. Publ. Health 15 (3). https://doi.org/10.3390/IJERPH15030519.

Basner, M., Miiller, U., Elmenhorst, E.M., 2011. Single and combined effects of air, road,
and rail traffic noise on sleep and recuperation. Sleep 34 (1), 11-23. https://doi.org/
10.1093/SLEEP/34.1.11.

Bauer, K., Blunden, S., 2008. How accurate is subjective reporting of childhood sleep
patterns? A review of the literature and implications for practice. Curr. Pediatr. Rev.
4 (2), 132-142. https://doi.org/10.2174/157339608784462025.

Blume, C., Schoch, S.F., Vienneau, D., Roosli, M., Kohler, M., Moeller, A., Kurth, S.,
Usemann, J., 2022. Association of Transportation Noise with Sleep during the First
Year of Life: A Longitudinal Study, vol. 203. Environmental Research. https://doi.
org/10.1016/J.ENVRES.2021.111776.

Bruni, O., Ottaviano, S., Guidetti, V., Romoli, M., Innocenzi, M., Cortesi, F., Giannotti, F.,
1996. The Sleep Disturbance Scale for Children (SDSC) Construct ion and validation
of an instrument to evaluate sleep disturbances in childhood and adolescence.

J. Sleep Res. 5 (4), 251-261. https://doi.org/10.1111/j.1365-2869.1996.00251 .x.

Cabré-Riera, A., van Wel, L., Liorni, 1., Koopman-Verhoeff, M.E., Imaz, L., Ibarluzea, J.,
Huss, A., Wiart, J., Vermeulen, R., Joseph, W., Capstick, M., Vrijheid, M., Cardis, E.,
RO0sli, M., Eeftens, M., Thielens, A., Tiemeier, H., Guxens, M., 2021. Estimated all-
day and evening whole-brain radiofrequency electromagnetic fields doses, and sleep
in preadolescents. Environ. Res. 112291 https://doi.org/10.1016/j.
envres.2021.112291.

Eberhardt, J., 1983. The Disturbance by Road Traffic Noise of the Sleep of Prepubertal
Children as Studied in the Home. Proceedings of the Fourth International Congress
on Noise as a Public Health Problem : Turin, Italy, June 21-25, 1983, 1983. Centro
Ricerche e Studi Amplifon, Milan y.

Espelt, A., Mari-Dell’olmo, M., Penelo, E., Bosque-Prous, M., 2016. Estimacién de la
Razon de Prevalencia con distintos modelos de Regresion: ejemplo de un estudio
internacional en investigacion de las adicciones. Adicciones 29 (2), 105-112.
https://doi.org/10.20882/ADICCIONES.823.

Environmental Research 225 (2023) 115502

European Environment Agency, 2020. Environmental Noise in Europe, 2020.
Publications Office of the EU. https://op.europa.eu/en/publication-detail /-/publica
tion/ed51a8¢9-6d7e-11ea-b735-01aa75ed71al/language-en.

European Environmental Noise Directive, 2002. Directive 2002/49/EC. https://eur-lex.
europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32002L0049&from=en.

Evandt, J., Oftedal, B., Hjertager Krog, N., Nafstad, P., Schwarze, P.E., Marit Aasvang, G.,
2017. A population-based study on nighttime road traffic noise and insomnia. Sleep
40 (2). https://doi.org/10.1093/sleep/zsw055.

Gau, S.S.F., Merikangas, K.R., 2004. Similarities and differences in sleep-wake patterns
among adults and their children. Sleep 27 (2), 299-304. https://doi.org/10.1093/
SLEEP/27.2.299.

Guxens, M., Ballester, F., Espada, M., Fernandez, M.F., Grimalt, J.O., Ibarluzea, J.,
Olea, N., Rebagliato, M., Tarddn, A., Torrent, M., Vioque, J., Vrijheid, M., Sunyer, J.,
2012. Cohort profile: the INMA—INfancia y Medio ambiente—(environment and
childhood) project. Int. J. Epidemiol. 41 (4), 930-940. https://doi.org/10.1093/ije/
dyr054.

Hernan, M.A., Hernandez-Diaz, S., Werler, M.M., Mitchell, A.A., 2002. Causal knowledge
as a prerequisite for confounding evaluation: an application to birth defects
epidemiology. Am. J. Epidemiol. 155 (2), 176-184. https://doi.org/10.1093/AJE/
155.2.176.

Holley, S., Hill, C.M., Stevenson, J., 2010. A comparison of actigraphy and parental
report of sleep habits in typically developing children aged 6 to 11 years. Behav.
Sleep Med. 8 (1), 16-27. https://doi.org/10.1080/15402000903425462.

Janson, E., Johannessen, A., Holm, M., Franklin, K., Holst, G.J., Gislason, T., Jogi, R.,
Lindberg, E., Svartengren, M., Janson, C., 2020. Insomnia associated with traffic
noise and proximity to traffic—a cross-sectional study of the Respiratory Health in
Northern Europe III population. J. Clin. Sleep Med. 16 (4), 545-552. https://doi.org/
10.5664/jcsm.8274.

Kamp, I. van, Waye, K.P., Gidlof-Gunnarsson, A., 2015. The effects of noise disturbed
sleep in children on cognitive development and long term health. Journal of Child
and Adolescent Behaviour 3 (1). https://doi.org/10.4172/2375-4494.1000179.

Kooijman, M.N., Kruithof, C.J., van Duijn, C.M., Duijts, L., Franco, O.H., van
Ijzendoorn, M.H., de Jongste, J.C., Klaver, C.C.W., van der Lugt, A., Mackenbach, J.
P., Moll, H.A., Peeters, R.P., Raat, H., Rings, E.H.H.M., Rivadeneira, F., van der
Schroeff, M.P., Steegers, E.A.P., Tiemeier, H., Uitterlinden, A.G., et al., 2016. The
Generation R Study: design and cohort update 2017. Eur. J. Epidemiol. 31 (12),
1243-1264. https://doi.org/10.1007/510654-016-0224-9.

Koopman-Verhoeff, M.E., Serdarevic, F., Kocevska, D., Bodrij, F.F., Mileva-Seitz, V.R.,
Reiss, ., Hillegers, M.H.J., Tiemeier, H., Cecil, C.A.M., Verhulst, F.C., Luijk, M.P.C.
M., 2019a. Preschool family irregularity and the development of sleep problems in
childhood: a longitudinal study. J. Child Psychol. Psychiatry Allied Discip. 60 (8),
857-865. https://doi.org/10.1111/JCPP.13060.

Koopman-Verhoeff, M.E., Bolhuis, K., Cecil, C.A.M., Kocevska, D., Hudziak, J.J.,
Hillegers, M.H.J., Mileva-Seitz, V.R., Reiss, L.K., Duijts, L., Verhulst, F., Luijk, M.P.C.
M., Tiemeier, H., 2019b. During day and night: childhood psychotic experiences and
objective and subjective sleep problems. Schizophr. Res. 206, 127-134. https://doi.
org/10.1016/j.schres.2018.12.002.

Kushnir, J., Sadeh, A., 2013. Correspondence between reported and actigraphic sleep
measures in preschool children: the role of a clinical context. J. Clin. Sleep Med. 9
(11), 1147-1151. https://doi.org/10.5664/JCSM.3154.

Lee, J., Park, J., Lee, J., Ahn, J.-H., Sim, C.S., Kweon, K., Kim, H.-W., 2021. Effect of noise
on sleep and autonomic activity in children according to source. J. Kor. Med. Sci. 36
(37), e234. https://doi.org/10.3346/jkms.2021.36.e234.

McDowall, P.S., Galland, B.C., Campbell, A.J., Elder, D.E., 2017. Parent knowledge of
children’s sleep: a systematic review. Sleep Med. Rev. 31, 39-47. https://doi.org/
10.1016/j.smrv.2016.01.002.

Medic, G., Wille, M., Hemels, M.E., 2017. Nature and Science of Sleep Short-And Long-
Term Health Consequences of Sleep Disruption. https://doi.org/10.2147 /NSS.
$134864.

Meerlo, P., Benca, R.M., Abel, T., 2015. Sleep, neuronal plasticity and brain function. In:
Current Topics in Behavioral Neurosciences, vol. 25. Springer Berlin Heidelberg.
http://link.springer.com/10.1007/978-3-662-46878-4.

Ohrstrom, E., Hadzibajramovic, E., Holmes, M., Svensson, H., 2006. Effects of road traffic
noise on sleep: studies on children and adults. J. Environ. Psychol. 26 (2), 116-126.
https://doi.org/10.1016/j.jenvp.2006.06.004.

Pérez-Gonzalez, D., Malmierca, M.S., 2014. Adaptation in the auditory system: an
overview. Front. Integr. Neurosci. 8 https://doi.org/10.3389/fnint.2014.00019.
Potgieter, 1., Fackrell, K., Kennedy, V., Crunkhorn, R., Hoare, D.J., 2020. Hyperacusis in
children: a scoping review. BMC Pediatr. 20 (1), 319. https://doi.org/10.1186/

512887-020-02223-5.

Rice, D., Barone, S., 2000. Critical periods of vulnerability for the developing nervous
system: evidence from humans and animal models. Environ. Health Perspect. 108
(Suppl. 3), 511-533. https://doi.org/10.1289/ehp.00108s3511.

Salter, C.M., Ahn, R., Yasin, F., Hines, R., Kornfield, L., Salter, E.C., Burke, T.F., 2015.
Community noise, urbanization, and global health: problems and solutions.
Innovating for Healthy Urbanization 165-192. https://doi.org/10.1007/978-1-
4899-7597-3_8/COVER.

Skinner, C.J., Grimwood, C.J., 2000. The UK National Noise Incidence Study 2000/2001.
Skrzypek, M., Kowalska, M., Czech, E., Niewiadomska, E., Zejda, J.E., 2017. Impact of
road traffic noise on sleep disturbances and attention disorders amongst school
children living in Upper Silesian Industrial Zone, Poland. Int. J. Occup. Med.

Environ. Health. https://doi.org/10.13075/ijomeh.1896.00823.

Spratt, M., Carpenter, J., Sterne, J.A.C., Carlin, J.B., Heron, J., Henderson, J., Tilling, K.,
2010. Strategies for multiple imputation in longitudinal studies. Am. J. Epidemiol.
172 (4), 478-487. https://doi.org/10.1093/aje/kwql37.


https://doi.org/10.1016/j.envres.2023.115502
https://doi.org/10.1016/j.envres.2023.115502
https://doi.org/10.1016/j.sleep.2014.10.008
https://doi.org/10.3390/IJERPH15030519
https://doi.org/10.1093/SLEEP/34.1.11
https://doi.org/10.1093/SLEEP/34.1.11
https://doi.org/10.2174/157339608784462025
https://doi.org/10.1016/J.ENVRES.2021.111776
https://doi.org/10.1016/J.ENVRES.2021.111776
https://doi.org/10.1111/j.1365-2869.1996.00251.x
https://doi.org/10.1016/j.envres.2021.112291
https://doi.org/10.1016/j.envres.2021.112291
http://refhub.elsevier.com/S0013-9351(23)00294-3/sref8
http://refhub.elsevier.com/S0013-9351(23)00294-3/sref8
http://refhub.elsevier.com/S0013-9351(23)00294-3/sref8
http://refhub.elsevier.com/S0013-9351(23)00294-3/sref8
https://doi.org/10.20882/ADICCIONES.823
https://op.europa.eu/en/publication-detail/-/publication/ed51a8c9-6d7e-11ea-b735-01aa75ed71a1/language-en
https://op.europa.eu/en/publication-detail/-/publication/ed51a8c9-6d7e-11ea-b735-01aa75ed71a1/language-en
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32002L0049&amp;from=en
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32002L0049&amp;from=en
https://doi.org/10.1093/sleep/zsw055
https://doi.org/10.1093/SLEEP/27.2.299
https://doi.org/10.1093/SLEEP/27.2.299
https://doi.org/10.1093/ije/dyr054
https://doi.org/10.1093/ije/dyr054
https://doi.org/10.1093/AJE/155.2.176
https://doi.org/10.1093/AJE/155.2.176
https://doi.org/10.1080/15402000903425462
https://doi.org/10.5664/jcsm.8274
https://doi.org/10.5664/jcsm.8274
https://doi.org/10.4172/2375-4494.1000179
https://doi.org/10.1007/s10654-016-0224-9
https://doi.org/10.1111/JCPP.13060
https://doi.org/10.1016/j.schres.2018.12.002
https://doi.org/10.1016/j.schres.2018.12.002
https://doi.org/10.5664/JCSM.3154
https://doi.org/10.3346/jkms.2021.36.e234
https://doi.org/10.1016/j.smrv.2016.01.002
https://doi.org/10.1016/j.smrv.2016.01.002
https://doi.org/10.2147/NSS.S134864
https://doi.org/10.2147/NSS.S134864
http://link.springer.com/10.1007/978-3-662-46878-4
https://doi.org/10.1016/j.jenvp.2006.06.004
https://doi.org/10.3389/fnint.2014.00019
https://doi.org/10.1186/s12887-020-02223-5
https://doi.org/10.1186/s12887-020-02223-5
https://doi.org/10.1289/ehp.00108s3511
https://doi.org/10.1007/978-1-4899-7597-3_8/COVER
https://doi.org/10.1007/978-1-4899-7597-3_8/COVER
http://refhub.elsevier.com/S0013-9351(23)00294-3/sref32
https://doi.org/10.13075/ijomeh.1896.00823
https://doi.org/10.1093/aje/kwq137

L. Pérez-Crespo et al.

Tiesler, C.M.T., Birk, M., Thiering, E., Kohlbdck, G., Koletzko, S., Bauer, C.P., Berdel, D.,
Von Berg, A., Babisch, W., Heinrich, J., Wichmann, H.E., Schoet-zau, A.,

Mosetter, M., Schindler, J., Hohnke, A., FrankeK, Laubereau, B., Gehring, U.,
Sausenthaler, S., et al., 2013. Exposure to road traffic noise and children’s
behavioural problems and sleep disturbance: results from the GINIplus and LISAplus
studies. Environ. Res. 123, 1-8. https://doi.org/10.1016/J.ENVRES.2013.01.009.

United Nations, 2016. The World’s Cities in 2016: Data Booklet/United Nations.
Department of Economic and Social Affairs, Population Division, United Nations.

van Hees, V.T., Sabia, S., Anderson, K.N., Denton, S.J., Oliver, J., Catt, M., Abell, J.G.,
Kiviméki, M., Trenell, M.I., Singh-Manoux, A., 2015. A novel, open access method to
assess sleep duration using a wrist-worn accelerometer. PLoS One 10 (11),
e0142533. https://doi.org/10.1371/journal.pone.0142533.

Weisskopf, M.G., Sparrow, D., Hu, H., Power, M.C., 2015. Biased exposure-health effect
estimates from selection in cohort studies: are environmental studies at particular
risk? Environ. Health Perspect. 123 (11), 1113-1122. https://doi.org/10.1289/
EHP.1408888.

Environmental Research 225 (2023) 115502

Werner, H., Molinari, L., Guyer, C., Jenni, O.G., 2008. Agreement rates between
actigraphy, diary, and questionnaire for children’s sleep patterns. Arch. Pediatr.
Adolesc. Med. 162 (4), 350-358. https://doi.org/10.1001/ARCHPEDI.162.4.350.

Weuve, J., Tchetgen Tchetgen, E.J., Glymour, M.M., Beck, T.L., Aggarwal, N.T.,
Wilson, R.S., Evans, D.A., Mendes de Leon, C.F., 2012. Accounting for bias due to
selective attrition: the example of smoking and cognitive decline. Epidemiology 23
(1), 119-128. https://doi.org/10.1097 /EDE.0b013e318230e861.

Weyde, K., Krog, N., Oftedal, B., Evandt, J., Magnus, P., @verland, S., Clark, C.,
Stansfeld, S., Aasvang, G., 2017. Nocturnal road traffic noise exposure and children’s
sleep duration and sleep problems. Int. J. Environ. Res. Publ. Health 14 (5), 491.
https://doi.org/10.3390/ijerph14050491.

World Health Organization, 2018. Environmental Noise Guidelines for the European
Region. http://www.euro.who.int/_data/assets/pdf file/0008/383921/noise-guide
lines-eng.pdf?ua=1.


https://doi.org/10.1016/J.ENVRES.2013.01.009
http://refhub.elsevier.com/S0013-9351(23)00294-3/sref36
http://refhub.elsevier.com/S0013-9351(23)00294-3/sref36
https://doi.org/10.1371/journal.pone.0142533
https://doi.org/10.1289/EHP.1408888
https://doi.org/10.1289/EHP.1408888
https://doi.org/10.1001/ARCHPEDI.162.4.350
https://doi.org/10.1097/EDE.0b013e318230e861
https://doi.org/10.3390/ijerph14050491
http://www.euro.who.int/__data/assets/pdf_file/0008/383921/noise-guidelines-eng.pdf?ua=1
http://www.euro.who.int/__data/assets/pdf_file/0008/383921/noise-guidelines-eng.pdf?ua=1

	Outdoor residential noise exposure and sleep in preadolescents from two European birth cohorts
	1 Introduction
	2 Methods
	2.1 Population and study design
	2.2 Noise exposure assessment
	2.3 Sleep disturbances
	2.4 Physiological sleep measures
	2.5 Potential confounding variables
	2.6 Statistical analyses

	3 Results
	3.1 Descriptive analysis
	3.2 Association between road traffic noise exposure, sleep disturbances, and physiological sleep measures
	3.3 Sensitivity analysis

	4 Discussion
	5 Conclusions
	Credit author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


