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Environmental Noise and Effects on Sleep: An Update to the WHO Systematic
Review and Meta-Analysis
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Makayla Cordoza,'> and Mathias Basner?

BACKGROUND: Nighttime noise carries a significant disease burden. The World Health Organization (WHO) recently published guidelines for the reg-
ulation of environmental noise based on a review of evidence published up to the year 2015 on the effects of environmental noise on sleep.

OBJECTIVES: This systematic review and meta-analysis will update the WHO evidence review on the effects of environmental noise on sleep disturb-
ance to include more recent studies.

METHODS: Investigations of self-reported sleep among residents exposed to environmental traffic noise at home were identified using Scopus,
PubMed, Embase, and PsycINFO. Awakenings, falling asleep, and sleep disturbance were the three outcomes included. Extracted data were used to
derive exposure-response relationships for the probability of being highly sleep disturbed by nighttime noise [average outdoor A-weighted noise level
(Lnight) 2300-0700 hours] for aircraft, road, and rail traffic noise, individually. The overall quality of evidence was assessed using Grading of
Recommendations, Assessment, Development, and Evaluations (GRADE) criteria.

REesuLTs: Eleven studies (7= 109,070 responses) were included in addition to 25 studies (n=64,090 responses) from the original WHO analysis.
When sleep disturbance questions specifically mentioned noise as the source of disturbance, there was moderate quality of evidence for the probability
of being highly sleep disturbed per 10-dB increase in Ly for aircraft [odds ratio (OR)=2.18; 95% confidence interval (CI): 2.01, 2.36], road
(OR=2.52; 95% CI: 2.28, 2.79), and railway (OR =2.97; 95% CI: 2.57, 3.43) noise. When noise was not mentioned, there was low to very low qual-
ity of evidence for being sleep disturbed per 10-dB increase in Ly, for aircraft (OR =1.52; 95% CI: 1.20, 1.93), road (OR =1.14; 95% CI: 1.08,
1.21), and railway (OR=1.17; 95% CI: 0.91, 1.49) noise. Compared with the original WHO review, the exposure-response relationships closely
agreed at low (40 dB Lygne) levels for all traffic types but indicated greater disturbance by aircraft traffic at high noise levels. Sleep disturbance was
not significantly different between European and non-European studies.

DiscussIoN: Available evidence suggests that transportation noise is negatively associated with self-reported sleep. Sleep disturbance in this updated
meta-analysis was comparable to the original WHO review at low nighttime noise levels. These low levels correspond to the recent WHO noise limit
recommendations for nighttime noise, and so these findings do not suggest these WHO recommendations need revisiting. Deviations from the WHO
review in this updated analysis suggest that populations exposed to high levels of aircraft noise may be at greater risk of sleep disturbance than deter-
mined previously. https://doi.org/10.1289/EHP10197

Introduction

Sleep is a vital component of human life that serves many critical
roles in physical and mental health and well-being." Sufficient
quantity and quality of sleep are requirements for optimal day-
time alertness and performance, and high quality of life.?
Experimental studies suggest that restricted sleep duration causes
blood vessel dysfunction,® induces changes in glucose metabo-
lism*> and appetite regulation,(’ and impairs memory consolida-
tion.” Accordingly, epidemiological studies have consistently
found that chronic short or interrupted sleep is associated with
negative health outcomes, includinﬁg obesity,8 diabetes,’ hyper-
tension,'® cardiovascular disease,'’ all-cause mortality,'* and
poorer cognitive function."”® Chronic insufficient or disrupted
sleep is therefore of public health relevance, and sleep

“Current address: Michael G. Smith, Department of Occupational and
Environmental Medicine, School of Public Health and Community Medicine,
Institute of Medicine, University of Gothenburg, Gothenburg, Sweden.

Address correspondence to Mathias Basner, 1019 Blockley Hall, 423
Guardian Dr., Philadelphia, PA 19104 USA. Email: basner@pennmedicine.
upenn.edu

Supplemental Material is available online (https://doi.org/10.1289/EHP10197).

M.C. is supported by the National Institutes of Health (K99 NR019862). All
other authors declare they have nothing to disclose.

Received 25 August 2021; Revised 3 May 2022; Accepted 9 May 2022;
Published 11 July 2022.

Note to readers with disabilities: EHP strives to ensure that all journal
content is accessible to all readers. However, some figures and Supplemental
Material published in EHP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehpsubmissions @niehs.nih.gov. Our
staff will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives

076001-1

disturbance is considered a major adverse consequence of expo-
sure to environmental noise.'*

In Europe, there is a substantial burden of disease from envi-
ronmental noise, primarily from aircraft, road, and rail traffic.!>1°
In 2011, the World Health Organization (WHO) attributed the
majority of this disease burden to noise-induced sleep disturb-
ance, with 903,000 disability-adjusted life years lost annually in
Western Europe alone.'* Environmental noise is also a problem
outside of Europe, for example, recent data from the U.S. Bureau
of Transportation Statistics estimates that 41.7 million people in
the United States are exposed to air and road traffic noise at 24-h
average levels (Lagq,24n) >50 dB.!7 This noise level, per conver-
sion data from Brink et al.'® is equivalent to a nighttime (2300~
0700 hours) level of 45.3 dB (Lyjgh), Which is around or above
the level associated with adverse effects on sleep.'> Nighttime
noise can fragment sleep structure by inducing awakenings and
shifts to lighter, less restorative sleep.'® Importantly, these effects
do not seem to habituate fully, and arousals and awakenings
induced by aircraft noise can occur even among chronically
exposed individuals.>*~>* Although noise-induced sleep fragmen-
tation and reductions in total sleep time are less severe than in
sleep restriction studies, sleep disturbance by chronic noise expo-
sure may lead to the development of disease in the long term.
Experimental studies have found adverse effects of nocturnal air-
craft noise on parameters of endothelial function, oxidative stress,
and inflammation.>** This points to the importance of noise-
induced sleep disturbance for cardiovascular disease risk, and,
indeed, this is supported with epidemiological data where night-
time noise is more strongly associated with indicators of vascular
stiffness and hypertension compared with daytime noise.”> The
ubiquity of exposure to environmental noise in industrialized
nations, and the chronic nature of that exposure, therefore poses a
significant threat to health.?®
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In 2018, the WHO published recommendations for protecting
human health from exposure to environmental noise.'” These
guidelines included strong recommendations for target nighttime
noise levels to mitigate adverse effects of traffic noise on sleep,
which were 45 dB Lygp for road traffic, 44 dB Lygy for rail traf-
fic, and 40 dB Lyigp for air traffic. These recommendations were
based primarily on a systematic review and meta-analysis on the
effects of noise on sleep, which included studies published up to
the year 2015 only.19 There has been continued and substantial
interest and research in the domain of noise and sleep during the
intervening years. We therefore updated the earlier systematic
review and meta-analysis to include studies published up to the
year 2021. This updated analysis is restricted to field studies on
the effects of nocturnal traffic noise on self-reported sleep in
adults, and it has the overarching aim of synthesizing updated ex-
posure—response relationships for the probability of being highly
sleep disturbed.

Methods

This review and analysis was prepared following Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) 2020 statement guidelines.27 The completed PRISMA
checklist is given in Table S1. The review and analysis protocol
was defined a priori and registered in PROSPERO (record
CRD42021229587) before conducting any preliminary searches,
screening of articles, or data extraction. The University of
Pennsylvania institutional review board (IRB) determined that
the study did not meet the definition of human subjects research
given that no identifiable information was being obtained, and
therefore review or approval of the study by the IRB was not
required.

The analytic approach is described in detail below and was
consistent with the previous WHO review,'® with the following
exceptions: a) Exposures were limited to traffic noise from air-
craft, road, and rail traffic, and b) effects on sleep were limited to
self-reported questionnaire outcomes. These form the basis of the
highly sleep disturbed exposure-response relationships and cal-
culations of the burden of disease by noise and are, therefore, are
critical outcomes from a noise policy perspective. Studies on
acute noise-induced awakenings using objective measures, such
as actigraphy or polysomnography, were not included.

Eligibility Criteria

Studies were restricted to primary investigations in humans
exposed to environmental noise from aircraft, road, and rail traffic
at home. Studies investigating other sources, such as wind turbine
noise or hospital noise, were excluded. Studies were eligible only
if sound pressure levels were measured or predicted at the partici-
pant’s home. Studies with subjective evaluation of the noise lev-
els, distance to the noise source as a surrogate measure of noise
level, or noise levels not specific to a participant’s home address
were excluded. A minimum of two different noise level catego-
ries were required so that exposure-response relationships for
sleep disturbance could be constructed.

Studies were eligible if they employed prospective, retrospec-
tive, cohort, longitudinal, cross-sectional, or case—control study
designs. Laboratory studies, intervention studies, or studies in
which noise was introduced artificially were excluded due to low
generalizability in real-world settings. Studies were restricted to
original research published or accepted for publication in the year
2000 or later. Article language was restricted to English, Dutch,
French, and German.

This review and analysis focuses on self-reported sleep dis-
turbance by traffic noise. Eligible studies included at least one of
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the three most common outcomes of self-reported disturbance
that were identified in the original WHO review'?:

* Awakenings from sleep

* The process of falling asleep

» Sleep disturbance

Studies were eligible if they either explicitly mentioned noise
as the source of disturbance, for example, “How often is your
sleep disturbed by noise from aircraft?”, or included more general
sleep questions that did not explicitly mention noise, for example,
“How often do you have difficulties sleeping?”. So that the proba-
bility of being highly sleep disturbed could be determined, eligi-
ble studies were required to include outcome scales that indicated
either the severity or the frequency of symptoms or disturbance
on a nonbinary scale. A binary response scale was, however, per-
mitted if the phrasing of the question was such that a binary
response would indicate being highly sleep disturbed, for example,
“Is your sleep highly disturbed by noise from road noise?”. Studies
reporting other measures of self-reported sleep not described above
(e.g., perceived sleep quality, estimated total sleep time, morning
sleepiness), and studies on objective sleep (e.g., polysomnography,
actigraphy) or sleep medication use, were excluded.

Study Selection

All studies identified in the WHO evidence review'® for which
data were already available for meta-analysis were included in
the updated synthesis. We also identified studies published later
than the WHO review from a scoping synthesis by van Kamp
et al.”® Because van Kamp et al.?® included studies published up
to June 2019 only, we further searched four electronic databases
(Scopus, PubMed, Embase, PsycINFO), to identify more recent
relevant studies published up to 31 December 2021. This search
was done with the same search terms and strategy from van
Kamp et al.?® that were relevant for traffic noise and self-reported
sleep. The full electronic search strategy is given in Table S2.
Any studies of which we were aware but that were not identified
during the literature search were also screened for eligibility.

Two reviewers (M.G.S. and M.C.) independently and man-
ually screened the title and abstract of each identified study
against the study eligibility criteria. If eligibility could not be
determined from the title and abstract alone, the full text was
reviewed. Any differences in eligibility judgments were resolved
by discussion and consensus, with input from a third reviewer
(M.B.) if needed.

Data Extraction and Synthesis

The following variables were extracted by a single investigator
from the original records for review by the authorship team: arti-
cle title, authors, publication year, traffic mode, noise level, noise
metric and time base, noise exposure methodology, sleep disturb-
ance question(s) and response scale(s), study design, country,
city, effective sample size, number of data points per respondent,
and sleep disturbance point estimates. If data could not be
extracted directly from the published articles and supplemental
materials, we directly contacted all study authors for whom con-
tact details were available to request data. We requested a list of
relevant questions on sleep and the response scales used, the total
number of respondents in 5-dB bins, and the percentage of
respondents reporting being highly sleep disturbed in each 5-dB
bin. We requested only these summary data, and no identifiable
information on any study respondents was requested or obtained.
If the study authors did not reply after they were sent two
reminders, the contact was considered a nonresponse and the
study was excluded.
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The exposure variable of interest for the meta-analysis was av-
erage nighttime outdoor A-weighted noise level from a single traf-
fic mode (air, road, and rail) during the night, hereafter termed
Luigni, measured in decibels. A-weighting is a filter network that is
used to simulate the nonlinear frequency response of human hear-
ing. The night period was defined as 2300-0700 hours, in line with
EU Environmental Noise Directive 2002/49/EC.*° In studies
where noise levels were reported as a different metric, we con-
verted to Lyjgn using the conversion formulae from Brink et al.'®
given below. Ly;gn Was not treated as a continuous variable but,
rather, was categorized into 5-dB bins, following the approach
used in the WHO review.'® For open-ended noise level categories,
we assigned a noise level that was 2.5 dB above or below the cutoff,
for instance, <50 dB and >50dB would be coded as 47.5 dB and
52.5 dB, respectively. The midpoints of each 5-dB bin were used
as the noise exposure levels in the statistical analyses.

The primary outcome of interest was the probability of self-
reporting high sleep disturbance for a given noise level. We a priori
defined three separate domains of questions that were used to deter-
mine sleep disturbance. First, “awakenings from sleep,” referring to
the period between sleep onset and final awakening. These awaken-
ings are defined as events where a participant wakes from sleep,
regains consciousness, and recalls the awakening the following morn-
ing. Second, the “process of falling asleep,” defined as the transition
from wakefulness to sleep. Third, “sleep disturbance,” defined as
the internal or external interference with sleep onset or sleep con-
tinuity. Included studies had to address at least one of these
domains in the form of at least one self-reported question. For
each of these three question types, the coding of whether a re-
spondent was highly sleep disturbed depended on the response
scale used. For responses using 5- or 11-point scales referring to
the severity of the disturbance, the top two and top three categories
were, respectively, defined as highly sleep disturbed, following previ-
ous conventions for the International Commission on the Biological
Effects of Noise (ICBEN) annoyance scale.*® For responses that
referred to the frequency of symptoms, a frequency of “often” or at
least three times per week was considered as highly sleep disturbed
because this frequency of difficulty sleeping is a diagnostic criterion
of insomnia.>' One study used a dichotomous filter question, “Do you
have any trouble with your sleep?”, to determine if a respondent
would answer a question on the frequency of difficulty falling
asleep.32 Any responses of “no” to this filter question were coded as
not highly sleep disturbed.

Study-Specific Exposure and Response Characterization

One study reported noise exposure as 24-h average levels
(LAEq,24h).33 These noise levels were converted to Lyjgh using the
following conversion equations'®:

Road traffic: Lnight(23—07) = LAEq,24h —-4.7 dB, and

Railway traffic: Lyigni(23-07) = LaEg,24n — 0.6 dB.

One study reported road noise as the day-evening-night level
(Lden),34 which was converted to Ly as follows'®:

Lyight(23-07) = Lden—8.3 dB.

One study reported noise level as Livello di Valutazione del
Aeroportuale (LVA),*® which is similar to the day-night level
(Lgn), except that the night period is 7 h (2300-0600 hours) rather
than 8 h.>® Formulae to convert directly from LVA to Lyjgn are
unavailable; therefore, we made the following assumptions in
converting to Lpjgn: The 1-h shorter night when using LVA
means that the same exposure assessed as Ly, will be lower
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because Ly, applies a 10-dB penalty to the night period. We
assume —0.7dB given that that is the difference in Ly, metrics
with a 1-h difference in the night period (8 vs. 9 h) for aircraft
noise.'® We then incorporated this difference into an appropriate
conversion equation to convert from LVA to Lnigmlgz

Ldn =LVA-0.7 dB, Lnight(23—07) = Ldn —-8.9 dB, and

Lnight(23—07) =LVA-0.7dB-8.9dB=LVA -9.6dB.

One study used a noise category that was 10-dB-wide (65-75
dB LVA).” We subdivided these data into 5-dB-wide bins,
assuming (n)/2 respondents in each bin (35 respondents per bin)
and the same prevalence of high sleep disturbance in each bin as
in the 10-dB-wide category.

Two studies assessed noise exposure as both calculated long-
term outdoor noise levels and measured indoor noise levels over
3-6 nights.’>*' We used the calculated outdoor noise levels as
the exposure metric to be consistent with other studies in the
meta-analysis.

In one study,?’ sleep in the previous night was assessed
repeatedly over several mornings. Because of these repeated
measures, we first calculated the probability of being highly dis-
turbed using all five to six responses per respondent. We then
used these probabilities to determine the number of individuals
that would have reported being highly sleep disturbed if only one
response was obtained per person. In this way, each respondent
contributed only a single data point to the analysis.

One study calculated exposure to railway traffic as including
noise from trains, trams, and subways.?” The questions regarding
“sleep disturbance by tram/subway noise” and “sleep disturbance
by train noise” in this study were therefore averaged into a single
sleep disturbance variable.

Risk of Bias and Quality of Evidence

The risk of bias at the outcome level within individual studies was
assessed using the methodology developed within the WHO
review,'? with the following two amendments to the assessment
criteria (Table 1). First, in line with recommendations for cross-
sectional studies by the National Institutes of Health,*® a study was
considered at high risk of selection bias if the response rate was
<50%, down from the 60% criterion in the WHO review. Second,
bias due to the sleep measurement outcome was not assessed
because our updated analysis focused on only a single sleep mea-
surement outcome (sleep questionnaires), whereas the WHO
review included also heart rate or blood pressure, actigraphy, poly-
somnography, and other objective physiologic measurements. The
risk of bias in each domain was assessed independently by two
investigators (M.G.S. and M.C.). All studies were included in the
meta-analysis regardless of the bias assessment.

To evaluate heterogeneity between studies, we calculated odds
ratios (ORs) for each outcome within each study using binary logis-
tic regression in SPSS (version 26; IBM Corp.). For consistency
with the WHO review, ' the range of Lyigne Was not restricted in this
analysis. Forest plots for all outcomes across studies were generated
using RevMan (version 5.4.1; Cochrane Collaboration) using an
inverse-variance (IV) random effects method. Heterogeneity
between studies for each outcome was assessed using the /7 statistic.
We interpreted I values using thresholds defined by the Cochrane
Collaboration.® Publication bias across studies was investigated
using funnel plots of the individual study estimates.

The quality of evidence across studies for the effects of expo-
sure to aircraft, road, and rail traffic noise on self-reported sleep
outcomes where noise was specified, and self-reported sleep out-
comes where noise was not specified, was assessed independently
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Table 1. Criteria for assessing risk of bias of individual studies (adapted from the WHO review

19).

Bias domain Criteria Risk of bias
A. Selection bias Random sampling, areas selected based on noise exposure, >50% response rate,” Low
inclusion criteria not contingent on sleep and health conditions
a. <50% response rate,” or High
b. Non-random sampling, or
c. Sampling not based on noise exposure, or
d. Individuals were excluded based on sleep and health criteria
Insufficient information to make a judgment Unclear
B. Information bias (exposure assessment) a. Based on measurements for at least 1 wk, or Low
b. Based on a noise map that was verified by noise measurements, or
c. Based on a noise map that was based on actual traffic data
a. Based on measurements of <1 wk, or measurements were not continuous, or High
b. Based on a noise map that was not verified by noise measurements, or the predic-
tions were not based on actual traffic data
Insufficient information to make a judgment Unclear
C. Bias due to confounding All most-important confounders accounted for in analysis Low
No accounting for important confounders High
Insufficient information to make a judgment Unclear
D. Reporting bias Complete reporting of all outcomes analyzed including nonsignificant results Low
Not all outcomes reported, underreporting methods or statistical analysis, not High
reporting conflicts of interest
Insufficient information to make a judgment Unclear

Note: WHO, World Health Organization.

“The 50% response rate criterion was based on recommendations for cross-sectional studies by the National Institutes of Health.>®

by two investigators using the Grading of Recommendations,
Assessment, Development, and Evaluations (GRADE) criteria.*°
Any differences in the risk of bias assessments for individual
studies, or in the quality of evidence across studies for each out-
come (GRADE), were resolved by consensus with input from a
third investigator if needed.

Meta-Analytic Approach

The primary goal of the meta-analysis was to generate updated
exposure-response relationships for the probability of high
sleep disturbance for each of the three disturbance types (awak-
enings, falling asleep, and sleep disturbance) for each traffic
mode (air, road, and rail). In line with the WHO review,'” we
also generated a combined estimate for high sleep disturbance
across the three different types of disturbance questions, using
the following approach: If a study included two or three rele-
vant sleep disturbance questions, the combined estimate was
calculated by averaging the responses to those questions for
each respondent within a study. This approach was adopted so
that each respondent would contribute only a single data point
to the analysis of each separate outcome. If a study included
only one sleep outcome, the combined estimate and the single
study outcome assessed would be the same.

Data for individual studies were provided directly by the
authors of each study, binned in 5-dB-wide noise categories. One
line of data was created for each sleep disturbance question from
each study respondent. For instance, if a study had 500
respondents in the noise category with a 47.5 dB Lyjgn mid-
point, and 10% were classified as highly sleep disturbed, we
generated 450 data lines with non-highly sleep disturbed
respondents (binary outcome =0) and 50 data lines with highly
sleep disturbed respondents (binary outcome = 1). Each data line
also carried the midpoint of the 5-dB Ly;gn-exposure category, a
three-level categorical variable for traffic mode (air, road, and
rail), a dichotomous variable indicating whether questionnaire
data originated from questions that did or did not explicitly men-
tion noise as a source of disturbance in the question for each traf-
fic mode, dichotomous study location indicated a European or
non-European study, and a study identification number.
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Statistical Analysis

Exposure-response relationships were generated with the follow-
ing approach: Random study effect logistic regression models with
Liign (midpoint of the noise exposure category) as the only explan-
atory variable were performed with the NLMIXED procedure in
SAS (version 9.4; SAS Institute, Inc.). This approach accounts for
the fact that respondents were clustered within studies, and the
weight of a study increases with its sample size. Analyses were re-
stricted to levels between 40 and 65 dB Ly;gh because of inaccuracy
in predicting noise levels <40dB and that the highest exposure
limit common to all three traffic modes was 65 dB Ly;gp. Separate
regression models were run stratified by the three traffic modes
(air, road, or rail), four sleep disturbance outcome (awakenings,
falling asleep, sleep disturbance, or combined estimate of all ques-
tions within a study), and the dichotomous noise-specificity of the
disturbance question (noise mentioned or noise not mentioned), yield-
ing a total 3 X4 X2 =24 separate regression analyses. Estimate
statements were used to generate point estimates and 95% confi-
dence intervals (CIs). Data are reported as dose—response curves
and as ORs per 10-dB increase in Ly;gp.

To investigate whether a response differed depending between
European and non-European studies location, we added study
location as a covariate to the logistic regression model and
repeated the analysis for the combined estimates of sleep disturb-
ance. These analyses were restricted to the four outcomes where
both European and non-European data were available.

We performed a sensitivity analysis to investigate the risks of
exposure bias on sleep disturbance. We repeated the logistic
regression for the combined estimates of sleep disturbance, re-
stricted between 40-65 dB Lyign, and stratified analysis by stud-
ies that were judged to have a low or high risk of bias in the
exposure assessment.

Results
Study Selection

Study identification, screening and selection are summarized in
Figure 1. All 25 studies in the WHO review were included."
Twenty-one studies published between January 2014 and June
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Previous studies Identification of new studies via databases and registers Identlf_lcatlon CEIE D
via other methods
S
Records published June 2019 and
earlier identified from:
§ Scoping reviews (van Kamp 28 Studies identified from:
® Studies included in n=21) Records removed before screening: Manual identification of
g.g previous version of Records published July 2019 to —> Duplicate records removed relevant scientific projects not
€ review (n = 25) December 2021 identified from: (n=176) identified by the electronic
§ Databases (SCOPUS n = 46; literature search
PubMed n = 40; PsycINFO (n=2)
n=12; Embase n = 60)
N
S l
Records screened N Records excluded
(n=103) (n=69)
A y
Reports sought for retrieval ) Reports not retrieved Reports sought for retrieval
> (n=234) (n=0) (n=2)
=
[
e_’
A A \ 4
Reports assessed for eligibility Reports excluded: Studies assessed for eligibility
(n=34) Noise not specific to home (n=2)
address (n = 8)
Daytime noise only (n = 1)
Not self-reported sleep (n = 5)
Ineligible sleep outcome or
response scale (n = 8)
) Included in previous meta-
analysis (n=1)
New studies included in review
(n=13)
y
= Excluded from meta-analysis:
E | Total studies included in review Could not obtain data (n = 1)
= > —> . e
S (n=238) Noise exposure specific to home
- address unavailable (n = 1)
Total studies included in meta-
analysis
(n=236)
N

Figure 1. Flow diagram of study identification, screening, and selection. “Study” refers to a data collection campaign including a defined group of participants

and one or more outcomes. In one instance, a study was reported in multiple articles

4142 and is counted as n=1 study. “Report” is a journal article, preprint,

conference abstract, study register entry, clinical study report, dissertation, unpublished manuscript, government report, or other document supplying relevant

information about a particular study or studies.

2019 were identified by van Kamp et al.?® Our electronic search
additionally identified 82 studies published later than June 2019,
after excluding duplicates. After assessing the abstracts and, if
needed, the full texts, 11 new studies eligible for the meta-
analysis were identified. We also manually identified a further 2
studies that were not identified by the electronic literature
searches [the UK Survey of Noise Attitudes (Civil Aviation
Authority)*! and German Noise-Related Annoyance, Cognition
and Health (NORAH)** projects]. We manually extracted the
study documents from project We:bpage,s41’42 and judged both
studies to be eligible for inclusion after undergoing the standard
screening protocol.

Two studies initially deemed eligible could not be
included in the meta-analysis43’44 because data could not be
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obtained or noise exposure specific to the home address was
unavailable (Table S3). We therefore identified 11 studies in
total published since the WHO review to include in the meta-
analysis,zo’m’32’34’35’37’41’42’45_47 in addition to the 25 studies

included in the original review'® (Tables 2-4).

Comparison with Previous WHO Review

The effective sample size for each sleep outcome and for each
traffic mode, determined using all data in the updated analysis
(responses from the WHO analysis plus the 11 newly identified
studies) is compared against the sample sizes from the WHO
analyses in Figure 2. Sample sizes for the combined estimates
where responses to multiple questions were averaged within
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Table 2. Studies on exposure to aircraft noise and self-reported sleep outcomes (adapted from the WHO review

19).

Noise metric,

Outcome Study N Location Disturbance question and responses (level range)

Awakenings: Nguyen et al 32 559 Hanoi, Vietnam In daily life, how much do you feel disturbed Lnight, 2200-0600 hours
noise men- when an aircraft passes by in the following (32.5-62.5 dB)
tioned (total cases: When you are awakened in your sleep?

N=4,613) Not at all, hSlightly, Moderately, Very,b
Extremely
Nguyen et al.*® 1,093 Hanoi, Vietnam In daily life, when an aeroplane passes by, to Lnight, 2200-0600 hours
what degree are you disturbed in the follow- (37.5-57.5 dB)
ing cases: When you are awakened in your
sleep? Not at all, Slightly, Moderately,
Very,” Extremely”
Yano et al.*’ 776 Hanoi, Vietnam Same as above Lnignt, 2200-0600 hours
(37.5-57.5 dB)
Nguyen et al.>° 511 Da Nang City, Same as above Lnignt, 2200-0600 hours
Vietnam (37.5-57.5 dB)
Nguyen et al>>? 804 Hanoi, Vietnam Same as above Lnight, 2200-0600 hours
(37.5-52.5 dB)
Nguyen et al>? 870 Ho Chi Minh City, Same as above Lnigh, 2200-0600 hours
Vietnam (42.5-62.5 dB)

Falling asleep: Nguyen et al >>¢ 545 Hanoi, Vietnam In daily life, how much do you feel disturbed Lnight, 22000600 hours
noise men- when an aircraft passes by in the following (32.5-62.5 dB)
tioned (total cases: When it makes it difficult for you to
N =27,869) fall asleep? Not at all, Slightly, Moderately,

Very.” Extremely”
NORAH*“ 3,505 Frankfurt, Germany In the last 12 months aircraft noise has disturbed  Lyjgnt, 2200-0600 hours
2011 you when falling asleep? Not at all, Slightly, (32.5-57.5 dB)
Moderately, Very,” Extremely”
NORAH*** 3,502 Frankfurt, Germany ~ Same as above Luight, 2200-0600 hours
2012 (32.5-67.5 dB)
NORAH*“ 3,505 Frankfurt, Germany Same as above Lyignt» 2200-0600 hours
2013 (32.5-62.5 dB)
NORAH** 5,527  Berlin, Germany Same as above Luights 2200-0600 hours
2012 (32.5-52.5 dB)
NORAH** 2,947 Cologne-Bonn, Same as above Luights 2200-0600 hours
Germany 2013 (32.5-67.5 dB)
NORAH** 1,970 Stuttgart, Germany Same as above Lpight, 2200-0600 hours
2013 (32.5-52.5dB)
Nguyen et al*® 1,095 Hanoi, Vietnam In daily life, when an aeroplane passes by, at Lpight, 2200-0600 hours
what degree are you disturbed in the follow- (37.5-57.5 dB)
ing cases: When it makes it difficult for you
to fall asleep? Not at all, Slightly,
Moderately, Very,h Extremely"
Yano et al.* 780 Hanoi, Vietnam Same as above Lnigh, 2200-0600 hours
(37.5-57.5 dB)
Nguyen et al.>° 512 Da Nang City, Same as above Lnight, 22000600 hours
Vietnam (37.5-52.5 dB)
Nguyen et al 312 805 Hanoi, Vietnam Same as above Lnight, 2200-0600 hours
(37.5-52.5 dB)
Nguyen et al.” 868  Ho Chi Minh City, Same as above Luight, 2200-0600 hours
Vietnam (42.5-62.5 dB)
Schreckenberg et al.>* 2,308 Germany How much has aircraft noise in the last 12 Liight> 2200-0600 hours
months disturbed falling asleep? Not at all, (37.5-57.5 dB)
Slightly, Moderately, Very,[’ Extremely”

Sleep disturb- Rocha et al. ¥ 396 Atlanta, Georgia, Thinking about the last 12 months or so, when Lanignt, 23000700 hours
ance: noise USA you were at home, how much was your sleep (37.5-52.5 dB)
mentioned disturbed by noise from aircraft? Not at all,

(total Slightly, Moderately, Very,” Extremelyh
N=27,773) Brink et al.*%¢ 2,925 Switzerland Thinking about the last twelve months at your Lnign, 23000700 hours
home, during nighttime when you want to (22.5-62.5 dB)
sleep, how much did aircraft noise bother,
disturb, or annoy you? Not at all, Slightly,
Moderately, Very,” Extremely”
Civil Aviation 1,200 United Kingdom Thinking about the summer, when you were Liight 2300-0700 hours,
Authority41'a here at home, what number from O to 10 best summer (37.5-62.5
shows the degree to which your sleep was dB)
disturbed by noise from aeroplanes? Not at
all disturbed (0) to Extremely disturbed (10)
(HSD 8,79.” 10"
NORAH*“ 3,505 Frankfurt, Germany In the last 12 months aircraft noise has disturbed  Lyignt, 2200-0600 hours

2011

you when sleeping in the night? Not at all,
Slightly, Moderately, Very,” Extremely”

(32.5-57.5 dB)
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Table 2. (Continued.)

Noise metric,

Outcome Study N Location Disturbance question and responses (level range)
NORAH* 3,502 Frankfurt, Germany Same as above Lnight, 2200-0600 hours
2012 (32.5-67.5 dB)
NORAH*“ 3,505 Frankfurt, Germany Same as above Luight, 2200-0600 hours
2013 (32.5-62.5 dB)
NORAH*“ 5,519 Berlin, Germany Same as above Luight, 2200-0600 hours
2012 (32.5-52.5 dB)
NORAH*“ 2,939 Cologne-Bonn, Same as above Luight, 2200-0600 hours
Germany 2013 (32.5-67.5 dB)
NORAH*“ 1,973 Stuttgart, Germany Same as above Luight, 22000600 hours
2013 (32.5-52.5 dB)
Schreckenberg et al>* 2,309 Germany How much has aircraft noise in the last 12 Lnight, 2200-0600 hours
months disturbed sleeping during the night? (37.5-57.5 dB)
Not at all, Slightly, Moderately, Very,b
Extremely”

Awakenings: Rocha et al.** 309 Atlanta, Georgia, How often did the following occur during the Lnight, 23000700 hours
noise not men- USA past month: You had trouble sleeping (37.5-52.5 dB)
tioned (total because you wake up in the middle of the
N=3,726) night or early morning? Not during the past

month, Less than once a week, Once or twice
a week, Three or more times a week”
Basner et al.>%¢ 39 Philadelphia, During the past month, how often have you had  Lyigh, 2300-0700 hours
Pennsylvania, trouble sleeping because you wake up in the (47.5-57.5 dB)
USA middle of the night or early morning? Not
during the past month, Less than once a
week, Once or twice a week, Three or more
times a week”
Carugno et al.>>* 400  Bergamo, Italy Frequent nocturnal awakening (last month)? LVA, 2300-0600 hours
No, Yes” (57.5-72.5 dB)
Brink et al. (2003 1,450 Switzerland How often do you have the following symp- Lnight, 2200-0600 hours
study)™ toms: Problems with sleeping through? (27.5-62.5 dB)
Never, Rarely, Sometimes, Often, Very
Often,b Alwaysb
Brink et al. (2001 1,528 Switzerland Same as above Lyignt, 2200-0600 hours
study)™ (27.5-62.5 dB)

Falling asleep: Smith et al. > 33 Atlanta, Georgia, Please evaluate last night’s sleep: falling asleep  Lpjght, 2300-0700 hours
noise not men- USA was Very easy (0) to Very difficult (10) (37.5-57.5 dB)
tioned (total (HSD 8,79, 10"

N =4375) Nguyen et al >>¢ 620 Hanoi, Vietnam Do you have any trouble with your sleep? Lnight, 22000600 hours
Difficult to fall asleep? Rarely/not at all, (32.5-62.5 dB)
Once or twice a week, Three or more times
per week”
Rocha et al. ¥ 309 Atlanta, Georgia, How often did the following occur during the Laight, 2300-0700 hours
USA past month: You had trouble sleeping (37.5-52.5 dB)
because you cannot get to sleep within 30
minutes? Not during the past month, Less
than once a week, Once or twice a week,
Three or more times a week”
Basner et al > 39  Philadelphia, During the past month, how often have you had  Lyjgnt, 2300-0700 hours
Pennsylvania, trouble sleeping because you cannot get to (47.5-57.5 dB)
USA sleep within 30 minutes? Not during the past
month, Less than once a week, Once or twice
a week, Three or more times a week”
Carugno et al.>> 400 Bergamo, Italy Long time to fall asleep (last month)? No, Yes?  LVA, 2300-0600 hours
(57.5-72.5 dB)
Brink et al. (2003 1,450 Switzerland How often do you have the following symp- Lnight, 2200-0600 hours
study)*® toms: Problems falling asleep? Never, (27.5-62.5 dB)
Rarely, Sometimes, Often, Very Often,b
Always"
Brink et al. (2001 1,528 Switzerland Same as above Lnight, 22000600 hours
studﬁy)ss (27.5-62.5 dB)

Sleep disturb- Brink® 195 Switzerland During the last 4 weeks, have you suffered from  Lyjgnt, 2200-0600 hours

ance: noise any of the following disorders or health prob- (32.5-52.5 dB)

not mentioned
(total N =195)

lems? Difficulty in sleeping or insomnia?
Not at all, Somewhat, Very Much”

Note: HSD, highly sleep disturbed; Lyign, nighttime noise; LVA, Livello di Valutazione del Aeroportuale; NORAH, Noise-Related Annoyance, Cognition and Health; WHO, World

Health Organization.

“Studies not included in the WHO review."”
"Response alternatives designated as highly sleep disturbed.
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Table 3. Studies on exposure to road traffic noise and self-reported sleep outcomes (adapted from the WHO review

19).

Outcome Study N Location Disturbance question and responses Noise metric (level range)
Awakenings: Bodin et al.* 2,438  Sweden Do you experience any of the following Lgg,24n (37.5-62.5 dB)
noise men- because of road traffic noise? You wake
tioned (total up? Never, Sometimes, Often”
N=10,177) Phan et al.>’ 1,454  Hanoi, Vietnam How much are you disturbed by awakening Luight, 22000600 hours
Shimoyama et al.*® during nighttime by road traffic? Not at (62.5-77.5 dB)
all, Slightly, Moderately, Very,”
Extremely”
Phan et al.”’ 1,460  Ho Chi Minh City, Same as above Luight, 2200-0600 hours
Shimoyama et al.*® Vietnam (67.5-77.5 dB)
Phan et al.”’ 479  Da Nang, Vietnam Same as above Luight, 22000600 hours
Shimoyama et al.*® (57.5-67.5 dB)
Phan et al.”’ 680  Hue, Vietnam Same as above Lnight, 2200-0600 hours
Shimoyama et al.*® (52.5-72.5 dB)
Phan et al.”’ 777  Thai Nguyen, Same as above Lnignt, 2200-0600 hours
Shimoyama et al.>® Vietnam (52.5-67.5 dB)
Sato et al.>® 1,291 Gothenburg, Sweden Does the road traffic noise cause the follow- Lnight, 22000700 hours
ing conditions? Awakening? No, Little (42.5-72.5 dB)
Disturbed, Rather Disturbed, Very
Disturbed”
Sato et al.”’ 819  Kumamoto, Japan Same as above Lnight, 2200-0700 hours
(47.5-71.5 dB)
Sato et al.>? 779  Sapporo, Japan Same as above Lnigh, 2200-0700 hours
(52.5-67.5 dB)
Falling asleep: NORAH** 3,162  Frankfurt, Germany In the last 12 months road traffic noise has Lnight, 2200-0600 hours
noise men- 2012 disturbed you when falling asleep? Not at (32.5-72.5 dB)
tioned (total all, Slightlz, Moderately, Very,b
N=13,374) Extremely
Bodin et al.* 2,444  Sweden Do you experience any of the following Lgq,24n (37.5-62.5 dB)
because of road traffic noise? Difficulties
falling asleep. Never, Sometimes, Often”
Phan et al.”’ 1,471 Hanoi, Vietnam How much are you disturbed in falling asleep  Lpight, 2200-0600 hours
Shimoyama et al.>® by road traffic? Not at all, Slightly, (62.5-77.5 dB)
Moderately, Very,” Extremely”
Phan et al.”’ 1,458  Ho Chi Minh City, Same as above Lyignt, 2200-0600 hours
Shimoyama et al.>® Vietnam (67.5-77.5 dB)
Phan et al.>’ 481 Da Nang, Vietnam Same as above Lnight, 2200-0600 hours
Shimoyama et al.>® (57.5-67.5 dB)
Phan et al.>’ 682  Hue, Vietnam Same as above Lyignt, 2200-0600 hours
Shimoyama et al.*® (52.5-72.5 dB)
Phan et al.>’ 781 Thai Nguyen, Same as above Luight, 2200-0600 hours
Shimoyama et al.>® Vietnam (52.5-67.5 dB)
Sato et al.>’ 1,302  Gothenburg, Sweden Does the road traffic noise cause the follow- Lnight, 2200-0700 hours
ing conditions? Difficulty to fall asleep? (42.5-72.5 dB)
No, Little Disturbed, Rather Disturbed,
Very Disturbed”
Sato et al.”’ 814  Kumamoto, Japan Same as above Luight, 22000700 hours
(47.5-71.5 dB)
Sato et al.>’ 779  Sapporo, Japan Same as above Luight, 22000700 hours
(52.5-67.5 dB)
Sleep disturb- NORAH** 3,162  Frankfurt, Germany In the last 12 months road traffic noise has Luight, 22000600 hours
ance: noise 2012 disturbed you when sleeping in the night? (32.5-72.5 dB)
mentioned Not at all, Slightly, Moderately, Very,b
(total Extremelyb
N =30,590) Brink et al.*®¢ 5,222 Switzerland Thinking about the last twelve months at Lanignt, 23000700 hours
your home, during nighttime when you (22.5-72.5 dB)
want to sleep, how much did road noise
bother, disturb, or annoy you? Not at all,
Slightly, Moderately, Very,” Extremely”
Evandt et al.>"¢ 12,305  Norway How disturbed have you been by noise during  Lpjgh, 2300-0700 hours
the night (falling asleep and waking up) (37.5-67.5 dB)
from road noise in the last 12 months? Not
at all, Slightly, Rather, Very,b Extremelyb
Brown et al.®® 8,841  Hong Kong How much is your sleep disturbed by road Luyign: (42.5-67.5 dB)
traffic noise? 11 point scale used from 0
(not disturbed at all) to 10 (extremely dis-
turbed) (HSD 8,79.” 107
Hong et al.’! 550  Korea How much have you been disturbed in your Lnignt, 22000700 hours

sleep by road traffic noise at night when
you are sleeping in your house over the
last 12 months? 11 point scale used from 0

(50.0-73.0 dB)
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Table 3. (Continued.)

Outcome Study N Location Disturbance question and responses Noise metric (level range)

(not disturbed at all) to 10 (extremely dis-
turbed) (HSD 8,” 9, 10”)

Ristovska et al.®? 510  Macedonia Do you think that your sleep was disturbed Luight, 2300-0700 hours
due to night-time noise or noise events (42.5-62.5 dB)
during the night in the last twelve months
and more? Not at all, Very little,

Moderate, High®, Very High”

Awakenings: Martens et al.>*¢ 14,622  The Netherlands How often during the past 4 weeks did you Lgen (32.5-72.5 dB)
noise not men- awaken during your sleep time and have
tioned (total trouble falling asleep again? Never,
N =137,338) Seldom, Sometimes, Often,” Most of the
time,b Alwaysb
Evandt et al.>"* 12,113 Norway Have you noticed any of the following in the ~ Lpjgn¢, 2300-0700 hours,
last 12 months? Repeatedly waking with (37.5-67.5 dB)

difficulty falling back to sleep? No/rarely,
Less than once a week, 1-2 times per
weeké 3-5 times per week,” Almost every
night
Bodin et al.*? 2,519  Sweden Do you wake up at night? Rarely/never, A LAEq,24n (37.5-62.5 dB)
few times per month, A few times a week,
Almost every day”

Frei et al.®* 1,231 Switzerland How often does it happen, that you wake up Lnigh, 2200-0600 hours
at night multiple times? Never, Rarely, (27.5-62.5 dB)
Sometimes, Often”

Halonen et al.** 6,853  Finland How many times during the past 4 weeks Luight, 22000700 hours
have you had the following symptoms? (42.5-57.5 dB)

Frequently waking up during the night.
Never, 1 per month, 1 per week, 2—4 per
week,” 5-6 per week,” nearly every night”

Falling asleep: Bartels et al.*’ 2,188  Sweden During the past 12 months, how often have Lnight, 2200-0600 hours
noise not men- you had problems falling asleep in the eve- (22.5-72.5 dB)
tioned (total ning? Never/seldom, A few times per
N =39,625) month, Once per week, Several times per

week,” Every day”
Martens et al.**¢ 14,616  The Netherlands How often during the past 4 weeks did you Lgen (32.5-72.5 dB)

have trouble falling asleep? Never,
Seldom, Sometimes, Often,b Most of the
time,b Alwaysh

Evandt et al.>"¢ 12,276  Norway Have you noticed any of the following in the ~ Lpign, 2300-0700 hours,
last 12 months? Difficulty falling asleep? (37.5-67.5 dB)
Nof/rarely, Less than once a week, 1-2
times per week, 3—5 times per week,h
Almost every night

Bodin et al.* 2,520  Sweden Do you have problems falling asleep? Rarely/  Lagq,24n (37.5-62.5 dB)
never, A few times per month, A few
times a week, Almost every day”

Frei et al.®* 1,232 Switzerland How often does it happen, that you cannot Lyignt, 2200-0600 hours
fall asleep well? Never, Rarely, (27.5-62.5 dB)
Sometimes, Often”

Halonen et al.** 6,793  Finland How many times during the past 4 weeks Luight, 22000700 hours
have you had the following symptoms? (42.5-57.5 dB)

Difficulty falling asleep? Never, 1 per
month, 1 }Zer week, 2—4 per Week,b 5-6
per week,” Nearly every night”
Sleep disturb- Martens et al.>** 14,619  The Netherlands How often during the past 4 weeks did you Lgen (32.5-72.5 dB)
ance: noise feel that your sleep was not quiet (moving
not mentioned restlessly, feeling tense, speaking, etc.)
(total while sleeping? Never, Seldom,
N =24,093) Sometimes, Often,” Most of the time,"
Always”

Frei et al.® 1,229  Switzerland How often does it happen that your sleep is Lnight, 2200-0600 hours
restless? Never, Rarely, Sometimes, (27.5-62.5 dB)
Often”

Brink et al.”® 8,245 Switzerland During the last 4 weeks, have you suffered Lnight, 22000600 hours
from any of the following disorders or (32.5-77.5 dB)
health problems? Difficulty in sleeping, or
insomnia? Not at all, Somewhat, Very
Much”

Note: HSD, highly sleep disturbed; Lagqo4n, air and road traffic noise at 24-h average levels; Lgen, day-evening-night level; Lygn, nighttime noise; NORAH, Noise-Related
Annoyance, Cognition and Health; WHO, World Health Organization.

“Studies not included in the WHO review.'?

PResponse alternatives designated as highly sleep disturbed.
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Table 4. Studies on exposure to railway noise and self-reported sleep outcomes (adapted from the WHO review

19).

Outcome Study N Location Disturbance question and responses Noise metric (level range)
Awakenings: noise Bodin et al.* 2,344 Sweden Do you experience any of the following because of  Lagg,24n (37.5-62.5 dB)
mentioned (total railway noise? You wake up? Never,
N =5311) Sometimes, Often”
Sato et al.%® 1,418  Hokkaido, Japan How much are you disturbed by awakening during  Lyign¢, 2200-0700 hours
nighttime by train Eassing? Not at all, Slightly, (27.5-62.5 dB)
1,549 Kyushu, Japan Moderately, Very, Extremely” Luight, 22000700 hours
(27.5-72.5)
Falling asleep: noise NORAH* 3,266 Frankfurt, In the last 12 months railway noise has disturbed Luight, 2200-0600 hours

mentioned (total

N =9,786)
Bodin et al.** 2,342
Schreckenberg66 1,198
Sato et al.% 1,418
1,562
Sleep disturbance: NORAH**¢ 3,266
noise mentioned
(total N = 21,094)
Brink et al.*®¢ 3,543
Evandtet al.>™ 12,476
Schreckenberg“’ 1,199
Hong et al.%! 610
Awakenings: noise Evandt et al.>” 12,577
not mentioned
(total N = 16,383)
Bodin et al.*? 2,575
Frei et al.% 1,231
Falling asleep: noise Evandtetal®“ 12,745
not mentioned
(total N = 16,553)
Bodin et al.* 2,576
Frei et al.% 1,232
Sleep disturbance: Frei et al.® 1,229
noise not men-
tioned (total Brink et al.”® 4,685

N =5.914)

Germany 2012

Sweden

Germany

Hokkaido, Japan

Kyushu, Japan

Frankfurt,
Germany 2012

Switzerland

Norway

Germany

Korea

Norway

Sweden

Switzerland

Norway

Sweden

Switzerland
Switzerland

Switzerland

you when falling asleep? Not at all, Slightly,
Moderately, Very,” Extremely”

Do you experience any of the following because of
railway noise? Difficulties falling asleep?
Never, Sometimes, Often”

To what extent have the following outcomes of
railway noise occurred in the past 12 months?
Railway noise disturbs when falling asleep. Not
at all, Slightly, Moderately, Very,” Extremely”

How much are you disturbed in falling asleep by
train passing? Not at all, Slightly, Moderately,
Very.” Extremely”

In the last 12 months railway noise has disturbed
you when sleeping in the night? Not at all,
Slightly, Moderately, Very,” Extremely”

Thinking about the last twelve months at your
home, during nighttime when you want to sleep,
how much did railway noise bother, disturb, or
annoy you? Not at all, Slightly, Moderately,
Very,” Extremely”

How disturbed have you been by noise during the
night (falling asleep and waking up) from rail
noise in the last 12 months? Not at all, Slightly,
Rather, Very,b Extremelyb

To what extent have the following outcomes of
railway noise occurred in the past 12 months?
Railway disturbs when sleeping during the
night. Not at all, Slightly, Moderately, Very,”
Extremely

How much have you been disturbed in your sleep
by railway noise at night when you are sleeping
in your house over the last 12 months? 11 point
scale used from O (not disturbed at all) to 10
(extremely disturbed) (HSD 8,° 9.” 10%)

Have you noticed any of the following in the last
12 months? Repeatedly waking with difficulty
falling back to sleep? No/rarely, Less than once
a week, 1-2 times per week, 3-5 times per
week,” Almost every night”

Do you wake up at night? Rarely/never, A few
times per month, A few times a week, Almost
every day”

How often does it happen, that you wake up at
night multiple times? Never, Rarely,
Sometimes, Often”

Have you noticed any of the following in the last
12 months? Difficulty falling asleep? No/rarely,
Less than once a week, 1-2 times per week, 3-5
times per week,” Almost every night”

Do you have problems falling asleep? Rarely/
never, A few times per month, A few times a
week, Almost every day”

How often does it happen, that you cannot fall
asleep well? Never, Rarely, Sometimes, Often”

How often does it happen that your sleep is rest-
less? Never, Rarely, Sometimes, Often”

During the last 4 weeks, have you suffered from
any of the following disorders or health prob-
lems? Difficulty in sleeping, or insomnia? Not
at all, Somewhat, Very Much”

(27.5-82.5 dB)

LaEq,24n (37.5-62.5 dB)

Laighi» 2200-0600 hours
(42.5-82.5 dB)

Lnig, 22000700 hours
(27.5-62.5 dB)

Lnigh, 2200-0700 hours
(27.5-72.5 dB)

Lnigh, 2200-0600 hours
(27.5-82.5 dB)

Luight, 23000700 hours
(22.5-77.5 dB)

Laigh, 2300-0700 hours,
(37.5-67.5 dB)

Lyignt, 2200-0600 hours
(42.5-82.5 dB)

Lnignt, 2200-0700 hours
(47.1-70 dB)

Luight, 23000700 hours,
(37.5-67.5 dB)

Lgq,24n (37.5-62.5 dB)

Luight> 2200-0600 hours
(27.5-57.5 dB)

Laight, 2300-0700 hours,
(37.5-67.5 dB)

Lagq,24n (37.5-62.5 dB)

Lnight, 2200-0600 hours
(27.5-57.5 dB)

Lnight, 22000600 hours
(27.5-57.5 dB)

Lnight, 22000600 hours
(32.5-77.5 dB)

Note: HSD, highly sleep disturbed; Lagq,24n, air and road traffic noise at 24-h average levels; Lyjgn, nighttime noise; NORAH, Noise-Related Annoyance, Cognition and Health;

WHO, World Health Organization.
“Studies not included in the WHO review."’
bResponse alternatives designated as highly sleep disturbed.
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m Update (WHO 2018 + newly identified studies)

Figure 2. Effective sample sizes for (A) aircraft, (B) road, and (C) rail for each sleep disturbance question in the present updated analysis, determined from the origi-
nal WHO analysis plus the 11 newly included studies, compared with sample sizes from the WHO 2018 review only."® Note: WHO, World Health Organization.
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Study or Subgroup

Odds Ratio

IV, Random, 95% ClI

Year

Aircraft: Noise specific
Nguyen et al. [53]
Schreckenberg et al. [54]
Nguyen et al. [51, 52]
Nguyen et al. [50]
NORAH [42]

Nguyen et al. [48]

Yano 2015 [49]

SoNA 2017 [41]

Brink 2019 [46]

Rocha 2019 [45]
Nguyen 2020 [32]
Subtotal (95% ClI)

4.65 (2.96, 7.31)
2.44 (2.05, 2.91)
1.46 (0.99, 2.16)
1.14 (0.69, 1.88)
2.83 (2.68, 2.98)
2.70 (2.13, 3.42)
2.34 (1.69, 3.24)
2.04 (1.47, 2.83)
4.48 (3.76, 5.32)
3.72 (2.61, 5.31)
6.90 (4.78, 9.96)
2.84 (2.32, 3.47)

2009
2009
201
2013
2015
2015
2015
2017
2019
2019
2020

Heterogeneity: Tau? = 0.09; Chi? = 87.86, df = 10 (P < 0.00001); I> = 89%

Test for overall effect: Z=10.16 (P < 0.00001)

Aircraft: Non noise specific
Brink 2005 (2003 data) [55]
Brink 2005 (2001 data) [55]
Brink 2011 [56]
Carugno 2018 [35]
Basner 2019 [20]
Rocha 2019 [45]
Nguyen 2020 [32]
Subtotal (95% CI)

1.20 (0.92, 1.57) 2005
1.22 (0.94, 1.58) 2005
0.33 (0.06, 1.73) 2011
1.40 (0.79, 2.50) 2018
24.43 (0.38, 1582.99) 2019
1.49 (1.08, 2.07) 2019

2.74 (1.99, 3.77) 2020
1.48 (1.06, 2.06)

Heterogeneity: Tau? = 0.12; Chi? = 23.78, df = 6 (P = 0.0006); I> = 75%

Test for overall effect: Z=2.29 (P = 0.02)

Total (95% Cl) 2.30 (1.87, 2.82)

Heterogeneity: Tau? = 0.15; Chi? = 190.63, df = 17 (P < 0.00001); I? = 91%

Test for overall effect: Z = 7.91 (P < 0.00001)

Odds Ratio Risk of Bias
IV, Random, 95% CI ABCD
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Test for subgroup differences: Chi? = 10.85, df = 1 (P = 0.0010), I? = 90.8%

Figure 3. Forest plot for the odds of being highly sleep disturbed by aircraft noise per 10-dB increase in Lyign (combined estimate derived from all relevant
outcomes within studies). Subgroups are presented for questions that mentioned noise as the source of the disturbance, and questions that did not specify noise
as the source of the disturbance. Risk of bias: A: selection bias; B: exposure assessment; C: confounding; D: reporting bias. Green (+) denotes low risk of bias,
red (-) denotes high risk of bias, yellow (?) denotes unclear risk of bias. Plots were generated using an inverse-variance (IV) random effects method across the
full noise range for each individual study (not restricted to 40-65 dB Lyign). Note: CI, confidence interval; df, degrees of freedom; Lyign, nighttime noise;

NORAH, Noise-Related Annoyance, Cognition and Health.

studies are given in Figure S1. For all three traffic modes, our
updated analysis includes a substantially higher number of
respondents for all self-reported disturbance questions.

Sleep Disturbance by Noise: Individual Studies

ORs for the probability of being highly sleep disturbed by noise for
each study are shown in Figure 3 (aircraft), Figure 4 (road traffic),
and Figure 5 (railway). Also shown is the risk of bias assessment
for each study (Table S4 for the rationale for each judgment). With
a 10-dB increase in Ly, there was a statistically significant proba-
bility of being sleep disturbed by noise for all three traffic modes.
This increased probability was independent of whether noise was
specifically mentioned in the sleep question. There were significant
differences between the subgroups for each traffic mode, and the
ORs were lower in studies that did not specifically mention noise.
There was considerable heterogeneity (/> > 75%) for all three traffic
modes when the sleep question mentioned noise. There was sub-
stantial heterogeneity (50% < I? <90%) between studies of aircraft
and road traffic when the sleep question did not specifically mention
noise. The heterogeneity between studies of railway noise was
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deemed unimportant (/> <40%) when the sleep question did not
specifically mention noise.

Sleep Disturbance by Noise: Overall Analysis

The ORs for the probability of being highly sleep disturbed by
nighttime noise, calculated using data from all studies and re-
stricted to 40-65 dB Lygn;, are presented in Table 5. When the
question mentioned noise as the source of disturbance, there was
a higher probability of being significantly disturbed by noise for
all three outcomes, as well as for the combined estimate. When
the question did not mention noise, significant relationships were
observed only for aircraft and road noise, and for only some of
the sleep disturbance outcomes. A substantial proportion of stud-
ies into road and railway noise were judged as having a high risk
of exposure assessment bias when the question mentioned noise.
We decided post hoc to perform a sensitivity analysis for these
traffic types, to elucidate the influence of these risks of bias on
sleep disturbance. There was a greater probability of being highly
sleep disturbed by noise in studies with a low risk of exposure
assessment bias compared with studies with a high risk of expo-
sure assessment bias (Table S5).
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Figure 4. Forest plot for the odds of being highly sleep disturbed by road noise per 10-dB increase in Lyig; (combined estimate derived from all relevant out-
comes within studies). Subgroups are presented for questions that mentioned noise as the source of the disturbance, and questions that did not specify noise as
the source of the disturbance. Risk of bias: A: selection bias; B: exposure assessment; C: confounding; D: reporting bias. Green (+) denotes low risk of bias,
red (-) denotes high risk of bias, yellow (?) denotes unclear risk of bias. Plots were generated using an inverse-variance (IV) random effects method across the
full noise range for each individual study (not restricted to 40-65 dB Lyign). Note: CI, confidence interval; df, degrees of freedom; Lygn, nighttime noise;

NORAH, Noise-Related Annoyance, Cognition and Health.

The ORs for the probability of being highly sleep dis-
turbed, stratified by studies performed in Europe and outside
of Europe, are given in Table S6. Analyses were restricted to
aircraft, road, and railway traffic when the question mentioned
noise, plus aircraft traffic when noise was not specifically men-
tioned, because these were the outcomes where sleep disturb-
ance data were available for both locations. Non-European
study respondents were more highly sleep disturbed by rail-
way traffic when noise was mentioned in the question and by
aircraft traffic when noise was not specifically mentioned.
Non-Europeans were also less disturbed by road traffic when
noise was mentioned. However, none of these effects were
significant.

Exposure—Response Curves: Questions Specifically
Mentioning Noise

The exposure-response curves for the probability of being highly
sleep disturbed, derived using data from questions that specifically
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mentioned noise, are given in Figure 6. Second-order polynomial
equations for each curve are given in Table S7. Disturbance was
substantially higher for aircraft noise for all three disturbance ques-
tions than for road or railway noise of the same level. Disturbance
was similar for road and rail noise at low noise levels, and it was
slightly higher for railway noise than road noise at higher noise
levels.

We compared the updated exposure-response curves to
curves derived using only the 11 new studies published since the
WHO review'? (Figure 7). This was done for the combined esti-
mate only, given that there was a limited sample size for certain
sleep questions in these recent studies. For aircraft noise, the
recent studies indicated a higher probability of being highly sleep
disturbed compared with the analysis incorporating all available
data. For road traffic noise, the point estimates were slightly
higher at the highest noise levels in the recent studies compared
with the overall analysis (2.6% higher at 65 dB Lygh). For rail-
way noise, the recent studies were essentially identical to the
overall analysis.
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Figure 5. Forest plot for the odds of being highly sleep disturbed by railway noise per 10-dB increase in Lyjgy; (combined estimate derived from all relevant
outcomes within studies). Subgroups are presented for questions that mentioned noise as the source of the disturbance, and questions that did not specify noise
as the source of the disturbance. Risk of bias: A: selection bias; B: exposure assessment; C: confounding; D: reporting bias. Green (+) denotes low risk of bias,
red (-) denotes high risk of bias, yellow (?) denotes unclear risk of bias. Plots were generated using an inverse-variance (IV) random effects method across the
full noise range for each individual study (not restricted to 40-65 dB Lyign). Note: CI, confidence interval; Lyjgn, nighttime noise; NORAH, Noise-Related
Annoyance, Cognition and Health.
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The exposure-response curves calculated in the original
WHO review'® are given in Figure 6. Relationships for the
sleep disturbance question were not calculated in the WHO
review due to an insufficient number of studies at the time.
Point estimates for aircraft noise are generally slightly higher in
the present analyses compared with the previous relationships,
particularly at higher noise levels, although they still lie within
the 95% Cls of the WHO review. Point estimates for the falling

asleep and combined estimate outcomes are almost identical for
road and rail traffic in the present analysis compared with the
WHO review. For each disturbance question and traffic mode,
all of the previous curves lie within the 95% CIs of the updated
analyses. As expected, given that no additional studies were
included for awakenings by aircraft or road traffic, exposure—
response curves for these outcomes were identical to curves in
the WHO review.

Table 5. Odds ratios per 10-dB increase in Lyg for the percent highly sleep disturbed by aircraft, road, and railway traffic noise.

Noise mentioned as source of disturbance Noise not mentioned as source of disturbance

Noise source Outcome Studies (n)*  Sample size (n)* OR per 10dB (95% CI)  Studies (n)* Sample size (n)* OR per 10 dB (95% CI)
Aircraft noise ~ Awakenings 6 4,137 2.34 (1.87,2.93) 5 2,571 1.11 (0.81, 1.53)
Falling asleep 8 17,107 2.09 (1.91, 2.28) 7 3,120 1.67 (1.27,2.19)
Sleep disturbance 5 15,345 2.28 (2.03, 2.56) 1 153 1.22 (0.08, 18.20)
Combined estimate 11 19,488 2.18 (2.01, 2.36) 8 3,275 1.52 (1.20, 1.93)
Road noise Awakenings 8 5,355 1.75 (1.24, 2.47) 5 29,358 1.10 (1.01, 1.20)
Falling asleep 9 7,754 2.31 (1.85,2.89) 6 31,136 1.15 (1.08, 1.23)
Sleep disturbance 6 26,372 2.57 (2.26, 2.93) 3 18,052 1.15(0.93, 1.43)
Combined estimate 14 31,738 2.52 (2.28,2.79) 7 38,380 1.14 (1.08, 1.21)
Railway noise ~ Awakenings 3 3,576 2.54 (1.49, 4.33) 3 3,197 1.09 (0.78, 1.53)
Falling asleep 5 6,730 2.70 (2.14,3.42) 3 3,219 1.27 (0.84, 1.90)
Sleep disturbance 5 7,262 3.35(2.75, 4.09) 2 1,168 1.27 (0.11, 15.15)
Combined estimate 8 10,846 2.97 (2.57,3.43) 4 4,326 1.17 (0.91, 1.49)

Note: ORs were calculated in logistic regression models with Lyig, included as the only fixed effect and study included as a random effect, restricted to the noise exposure range 40—
65 dB Lyign- Models were run separately for each traffic mode and for sleep questionnaire outcomes that did or did not mention noise. The combined estimate was calculated using
average responses of the awakening, falling asleep, and sleep disturbance questions within studies. CI, confidence interval; Ly;gn;, nighttime noise; OR, odds ratio.

“In the Lyjgy range 40-65 dB for which ORs were calculated.
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Exposure—Response Curves: Questions Not Specifically
Mentioning Noise

The exposure—response curves for the probability of being highly
sleep disturbed, derived using data from general sleep questions
that did not specifically mention noise, are given in Figure 8.
Second-order polynomial equations for each curve are given in
Table S7. With increasing Lyign, there was a small increase in
disturbance for all questions, although the gradient of the expo-
sure-response curves was generally smaller compared with ques-
tions that mentioned noise (Figure 6). The differences between
the three traffic modes were also less clear compared with ques-
tions mentioning noise (Figure 6).

Quality of Evidence for Being Highly Sleep Disturbed by
Noise

Funnel plots of the combined estimate for each traffic mode are
given in Figure S2. The plots were approximately symmetrical,
indicating a low likelihood of publication bias.

The GRADE profile for the assessment of the quality of evi-
dence across studies is given in Table 6. In the assessment, we
deemed that for the majority of studies to be considered high
quality (study limitations domain), there should be a low risk of
selection bias and also a low risk of exposure assessment bias. If
there was a high risk for one or both of these biases in the major-
ity of studies, then overall study quality was deemed low. The
overall quality of evidence for nighttime noise from aircraft,
road, and railway traffic was rated as moderate when the question
mentioned noise. When the question did not mention noise, the
quality of evidence was low for aircraft and road traffic noise and
very low for railway noise.

Discussion

Noise-Specific Sleep Disturbance

In an update to the latest WHO evidence review and meta-
analysis for the effects of traffic noise on self-reported sleep dis-
turbance,'® we found significant exposure—response relationships
for being highly sleep disturbed by nighttime aircraft, road, and
railway traffic when the sleep questions explicitly mentioned
noise. With increasing nighttime noise levels, and for all three
traffic modes, there were increased probabilities of reporting
awakenings, having difficulties falling asleep, or having disrupted
or disturbed sleep. When the sleep disturbance outcomes were
combined for each traffic mode separately, the resulting expo-
sure-response curves for road and railway noise were very simi-
lar to those calculated in the WHO review (Figure 6). The
similarity in the exposure-response curves improves confidence
in the earlier estimates, which informed recent WHO recommen-
dations for ni%httime noise from road (45 dB Lyign) and rail
(44 dB Luighy)- > For aircraft noise, our updated estimates show
a higher probability of being highly sleep disturbed at high
Lpigh levels. At 40 dB Ly;gn, however, which is the WHO rec-
ommendation for nighttime aircraft noise,'> our updated esti-
mates closely match the point estimates from the previous
evidence review.

The ORs for aircraft noise were lower than for both road and
railway noise. This is a consequence of the properties of ORs as a
relative measure, given that a much higher proportion of people
were sleep disturbed by aircraft noise at low reference noise lev-
els. The exposure-response curves show that aircraft noise was
in fact more disturbing than road or rail noise of the same level.
This finding, although also seen in the original WHO review," is
superficially surprising in light of experimental studies showing
that aircraft noise is less disruptive to physiological sleep than
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road or rail traffic.®” The reasons for higher self-reported disturb-
ance by aircraft are unclear but could result from the timing of
aircraft noise events. Nighttime noise levels from aircraft are typ-
ically dominated by passenger plane takeoffs and landings that
occur at the very start and the very end of the night period (2300-
0700 hours). The early night is a period when many people are
trying to fall asleep, and the end of the night is a period when
people may be awakened by noise more easily, or have greater
difficulty falling back asleep after awakenings, because sleep
pressure has been dissipated over the preceding night. Noise
around these times could therefore have a greater impact on self-
reported disturbance than at other times of night. Such an expla-
nation is supported by the higher disturbance for specific ques-
tions on awakenings and difficulties falling asleep owing to
aircraft noise.

It is also possible that the higher disturbance by aircraft is a
result of exposure misclassification. In most studies, noise was
assessed at the most exposed fagade, and the exposure levels spe-
cifically in the bedroom are not known. Noise levels in the bed-
room for road and railway traffic are most likely lower, on
average, than at the most exposed facade, because bedrooms may
be located on quieter sides of the building. There is probably less
exposure misclassification for aircraft noise, especially for homes
that lie under flight paths, given that the positions of aircraft as
noise sources are more dynamic relative to the home. Finally, it
is possible that particular characteristics of air traffic are some-
how more disturbing than road or rail noise of the same level.
Aircraft noise events have a much longer duration than the other
traffic modes, and so there are longer windows to become cogni-
zant of the noise and attribute it as a source of sleep disturbance.
However, each of these explanations cannot be thoroughly
explored without additional temporal, spatial, and acoustical data
for the noise sources.

Non-Noise-Specific Sleep Disturbance

The probability of being highly sleep disturbed was less clear
when studies used general sleep questions that did not mention
noise. For those sleep outcomes, all ORs were in the same direc-
tion and >1.0, suggesting potentially increasing disturbance with
noise level. However, the effect sizes were smaller compared
with noise-specific questions, and they were significant for only a
minority of outcomes (5 of 12) assessed across all traffic modes.

Differences in sleep disturbance between studies employing
general sleep questions and studies that specifically mention
noise could result from heterogeneity between studies generally,
which is discussed in detail later. When a question mentions a
particular traffic source, a respondent may be better able to cor-
rectly attribute noise-induced sleep disturbance to that source,
which could also explain the higher effect sizes in studies men-
tioning noise. Misattributing noise as the reason for an endoge-
nous sleep is also possible, for instance, if respondents awaken
spontaneously in the absence of noise, and a noise event that is
later recalled coincidentally occurs during the awakening bout. A
further important effect modifier could be noise sensitivity.
Because noise-sensitive individuals may be more likely to report
sleep disturbance than their less-sensitive counterparts,®®7° they
might rate themselves as more sleep disturbed to questions ex-
plicitly mentioning noise.

Risk of Bias, Quality of Evidence, and Study Heterogeneity

Most newly included studies were rated as having a high risk of
selection bias. In most cases, this was due to response rates being
<50%. Low survey response rates in public health research are
becoming increasingly common,”! something that can increase
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Figure 6. Probability of being highly sleep disturbed (%HSD) by nighttime noise, determined via questions that mention noise as the source of disturbance,
stratified by disturbance question and traffic mode. Exposure—response relationships were derived using all available data, from the original WHO review'® and
the 11 newly identified studies. Results of the present updated analysis (solid purple lines with dotted 95% Cls) are compared against results of the 2018 WHO
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the risk of nonresponse bias.”> However, nonresponse bias can
occur in studies with both low and high response rates.”> More
important than response rates is that the survey responses are rep-
resentative of the target population sampled,’* and surveys can
still be representative even with lower response rates. Lacking
nonresponse analyses, we cannot be certain of the representative-
ness of the exposure-response relationships, although the high
risk of selection bias in the included studies does not necessarily
mean that the sleep outcomes are unrepresentative of the overall
population exposed to noise. Further studies with increased
response rates would decrease the likelihood of nonresponse bias.

Sensitivity analysis revealed that sleep disturbance was lower in
studies with a high risk of exposure assessment bias. One possible ex-
planation is that road and railway noise exposure in the bedroom was
overestimated in studies judged to have a high risk of bias. This
would, in effect, shift the exposure—response relationships to the right
in these studies. Alternatively, differences in sleep disturbance could
be confounded by the fact that all studies with high risk of exposure
assessment bias were published between 2002 and 2010, whereas the
low risk of bias studies were from published more recently, between
2013 and 2021. It is plausible that the higher probability of high sleep
disturbance in newer studies is attributable to nonacoustical factors,
such as changes in attitudes to noise. Temporal changes in self-
reported response would align with observed trends for increasing
annoyance by a given level of traffic noise, although these trends have
been observed predominantly for aircraft rather than road or rail traf-
fic.”> There have also been changes in the acoustical character of
noise, with newer vehicles being typically quieter but with noise
occurring more often as traffic flows increase, which may negatively
influence perceived sleep disturbance.

The overall quality of evidence differed between studies where
sleep disturbance questions did or did not mention noise. The
assessment of a moderate quality of evidence for sleep disturbance
when the question mentioned noise agrees with the assessment in
the WHO review.'” When the question did not specifically men-
tion noise, we graded the quality of evidence for exposure to rail-
way noise as very low, again agreeing with the WHO review, and
the quality of evidence as low for aircraft and road traffic noise,

Environmental Health Perspectives

076001-17

which is one level higher than the very low quality assessment in
the WHO review. The reason for the upgrade for aircraft and road
noise was due to the statistically significant trends for awakenings
(road only), falling asleep, and the combined estimates, that were
not found previously. Since the previous review, three major
cross-sectional studies involving road traffic noise exposure, with
a combined sample size of ~29,000 respondents, were pub-
lished.>**7*7 The exposure—response relationships for non-noise-
dependent disturbance are thus more representative, and with sub-
stantially greater power, than previously found.

There was substantial heterogeneity between studies for all out-
comes except studies of railway noise that employed general sleep
questionnaires. The heterogeneity could result from variations in
the specific phrasing of the sleep disturbance question across stud-
ies, even when ostensibly measuring the same outcome. There was
also a diverse range of response scales, with 11-point numerical
and 3-, 4-, or 5-point verbal scales used to assess sleep disturbance,
further diversified by assessing either the severity or the frequency
of disturbance. These questions were administered in 14 nations,
hence, there may be linguistic differences in the interpretation of
certain phrases, as well as cultural differences in attitudes to sleep
or noise, as well as contextual differences generally across specific
studies. Questions also differed in the reference time frame for
sleep disturbance, varying from the last 12 months to the last 4 wk
to referencing specific noise events or no time frame at all. Finally,
self-reported response to noise can be modified by contextual fac-
tors separate from noise level alone, including lifestyle, access to
green space, access to quiet areas, social interaction, recreational
activities, and local economy of the neighbourhood.”® One or sev-
eral of these factors could have contributed to study heterogeneity
within specific sleep outcomes, across studies of different traffic
modes, or across studies that used either general sleep questions or
noise-specific disturbance questions.

Study Location

The majority of new studies originated from Europe. All newly
included studies of road**-7#>4¢*" and railway®”***¢ noise were
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Figure 8. Probability of being highly sleep disturbed (%HSD) by nighttime noise, determined via questions that did not specifically mention noise as the source
of disturbance, stratified by disturbance question and traffic mode. Exposure-response relationships were derived using all available data, from the original
WHO review'? and the 11 newly identified studies. Dotted lines indicate 95% Cls. Parameter estimates were calculated in logistic regression models with Lyign
included as the only fixed effect and study included as a random effect, restricted to the noise exposure range 40-65 dB Lyjen. Models were run separately for
each traffic mode and disturbance question. The combined estimate was calculated using average responses of the awakening, falling asleep, and sleep disturb-
ance questions within studies. Note: CI, confidence interval; Lyjgn;, nighttime noise; WHO, World Health Organization.
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Table 6. GRADE Evidence profile (adapted from the WHO review'?).

Domain Criterion

Assessment

Grade change

Sleep disturbance questions:
noise mentioned
Start level
Study limitations

Longitudinal = high; others = low
Majority of studies low quality

Inconsistency Conflicting results; high I?
Indirectness Direct comparison; same PECO
Precision CIs contain 25% harm or benefit

Publication bias Indicated by funnel plot
Judgment after —

downgrades
Dose-response Significant trend
RR>2
Effect in spite of confounding

working toward the null

Overall judgment —

Magnitude of effect
Confounding adjusted

Sleep disturbance questions:
noise not mentioned
Start level
Study limitations

Longitudinal =high; others =low
Majority of studies low quality

Inconsistency Conflicting results; high I?
Indirectness Direct comparison; same PECO
Precision CIs contain 25% harm or benefit

Publication bias

Judgment after
downgrades

Dose-response

Indicated by funnel plot

Significant trend

RR>2
Effect in spite of confounding
working toward the null

Magnitude of effect
Confounding adjusted

All cross-sectional studies

Aircraft and railway: majority of studies
have low risk of selection bias (10/19)
and exposure assessment bias (14/19)

Road: majority of studies have low risk of
selection bias (11/15) and high risk of
exposure assessment bias (10/15)

High heterogeneity between studies
(I* > 85%)

Same PECO

CIs narrower than 25% except for few out-
comes at high noise levels

Symmetrical plots

Statistically significant trend for all
outcomes

OR >2 for 11 of 12 outcomes

Not observed

All cross-sectional studies

Majority of studies have high risk of selec-
tion bias (10/18) and low risk of expo-
sure assessment bias (15/18)

Railway: unimportant heterogeneity
between studies (77 = 0%)

Aircraft and road: substantial to consider-
able heterogeneity between studies
(65% < I* <75%)

Same PECO

Wide ClIs

Symmetrical plots

Aircraft: statistically significant trend for
falling asleep and combined estimate

Railway: not significant

Road: statistically significant trend for
awakenings, falling asleep and combined
estimate

OR <2 for all outcomes

Not observed

Low quality
Aircraft and railway: no
downgrade

Road: downgrade one level

Downgrade one level

No downgrade
No downgrade

No downgrade

Aircraft, road, and railway:
very low quality

Upgrade one level

Upgrade one level
No upgrade

Aircraft, road, and railway:
moderate quality

Low quality
Downgrade one level

Railway: no downgrade

Aircraft and road: downgrade
one level

No downgrade

Downgrade one level

No downgrade

Aircraft, road, and railway:
very low quality

Railway: no upgrade

Aircraft and road: upgrade

one level

No upgrade
No upgrade

Overall judgment — — Railway: very low quality
Aircraft and road: low quality
Note: —, not applicable; CI, confidence interval; GRADE, Grading of Recommendations, Assessment, Development, and Evaluations (criteria); OR, odds ratio; PECO, Patient/

Problem, Exposure, Comparison and Outcome (framework); RR, risk ratio, WHO, World Health Organization.

European, as were the majority of respondents across the studies
of aircraft noise.*>*'**>*® Although there was one study of air-
craft noise from Asia,** and three from the United States,”**"*>
these studies were small, with sample sizes ranging from n =33
to n=>559. European studies continue to be overrepresented
(Figure S3). However, we found no statistically significant differ-
ences in sleep disturbance between European and non-European
studies. On one hand, this suggests that there are, in fact, no dif-
ferences in response between the two locations, that the degree of
sleep disturbance by noise is rather global in nature, and that
results of the present analyses are relevant outside of Europe.
Conversely, the point estimates were rather different between
study location for several sleep disturbance outcomes. This could
indicate underlying cultural differences in attitudes to noise and
perceived sleep disturbance that have not been captured in studies
to date. Future investigations outside of Europe may uncover

Environmental Health Perspectives

relevant international differences, as well as increasing confi-
dence that existing studies are representative of noise-induced
sleep disturbance among these underinvestigated regions.

Considerations on Self-Reported Sleep Disturbance

076001-19

Our overall findings of self-reported disturbance by noise should
be treated with some caution when considering noise-induced
effects on sleep. Sleep is, by its nature, an unconscious process,
meaning that its subjective evaluation is difficult. Accordingly,
there can be substantial differences between self-reported and
physiologically derived measures of sleep and noise-induced
sleep disturbance.”””® Self-report may also suffer from recall
bias, particularly when questions relate to the preceding 12
months, as was typical for questions on sleep disturbance in most
studies included in our meta-analysis. It is likely that responses to
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Table 7. Summary of meta-analytic and evidence quality findings.

Sleep outcome Noise source Studies (n)”

OR per 10-dB
Respondents (n)* Quality of evidence Noise metric increase (95% CI)

Self-reported sleep disturbance in adults Aircraft 11
Noise specified as source of disturbance Road 14
Railway 8

Self-reported sleep disturbance in adults Aircraft 8
Noise not specified as source of disturbance Road 7
Railway 4

19,488 Moderate Luight 2.18 (2.01, 2.36)
31,738 Moderate Luigh 2.52 (2.28,2.79)
10,846 Moderate Laight 2.97 (2.57, 3.43)
2,571 Low Luigh 1.52 (1.20, 1.93)
38,380 Low Luight 1.14 (1.08, 1.21)
4,326 Very low Luight 1.17 (0.91, 1.49)

Note: ORs were calculated in logistic regression models with Ly, included as the only fixed effect and study included as a random effect, restricted to the noise exposure range 40—
65 dB Lyjgn. Models were run separately for each traffic mode and for sleep questionnaire outcomes that did or did not mention noise. Data shown are for the combined estimates
calculated using average responses of the awakening, falling asleep, and sleep disturbance questions within studies. Ly;gh, nighttime noise; OR, odds ratio.

“In the Lyjgn range 40-65 dB for which ORs were calculated.

questions on these timescales are driven by noise exposure in the
more recent past. However, self-reported sleep outcomes are
methodologically convenient and inexpensive to implement in
field studies, meaning that we could perform the meta-analysis
with a number of studies and sample size that would not have
been possible if focusing on physiologic outcomes. As such, we
have higher confidence in the accuracy and representativeness of
the analysis. A further advantage is that self-reported disturbance
is a valuable end point per se, considered by the WHO as a pri-
mary health outcome. By focusing our analysis on these out-
comes, the results may be useful in future estimates of the
disease burden of environmental noise® and recommendations
for nighttime noise limits,'> both of which derive from self-
reported sleep disturbance. Finally, self-reported outcomes cap-
ture habitual sleep quality and disturbance, unlike physiologic
measurements that capture only acute effects within single nights.
It does, however, remain unclear how long-term self-reported
sleep disturbance by noise relates to overall health.

Future large-scale field studies with objective measurements of
noise and sleep can offer mechanistic insights linking nocturnal
noise, sleep disruption, and epidemiological observations of the
development of cardiovascular and metabolic disease associated
with exposure to environmental noise in addition to the derivation
of exposure—response relationships.®! A better understanding of
the underlying pathophysiological pathways is especially valuable
when considering vulnerable populations who may be at increased
risk of disturbance. These vulnerable groups include the elderly,
who can suffer from age-related declines in sleep quantity and
qualitysz; populations who may have already poor sleep quality,
such as people with mental health or sleep disorders®; and popula-
tions with obesity, who are at increased risk of suffering from ob-
structive sleep apnea, as well as having increased risk for
cardiometabolic diseases generally.®*® Infants, children, and
adolescents can also be considered as vulnerable groups because
of the importance of sleep of sufficient quality and duration for
development.30-86-87

Limitations

Data could not be obtained for two studies that were initially
deemed to be eligible for inclusion. It is unlikely that including
the study of road traffic noise** would have substantially altered
the updated relationships because the sample size was low
(n=225) compared with the overall sample size for all road traf-
fic studies (n=31,738). Including the study of aircraft noise,*
however, may have altered the sleep outcomes where noise was
not mentioned for falling asleep, sleep disturbance, and the com-
bined estimate. Compared with sample sizes of n=4,379 for
questions on falling asleep and just n =195 for sleep disturbance
questions that were included in our analysis, the omitted study
had a sample size of n =2,831, which would have reflected a sub-
stantial proportion of the total data set. The change in effect size
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that would have resulted from including this study is unclear
because the relevant sleep-disturbance questions were single
items that formed only part of the insomnia severity index (ISI).
Because only overall results from the ISI were published, we do
not know whether the relevant items were related to noise expo-
sure, or to what extent.

A limitation of the meta-analysis was that many studies mod-
eled noise exposure at the most exposed facade of the residence,
and thus noise levels specifically at the bedroom fagade are
unknown. This means there is probably some exposure misclassi-
fication, with lower noise levels if the bedroom faces away from
the noise source. This is more likely for road and railway noise
than aircraft noise, with the latter source being less fixed in posi-
tion relative to the bedroom. This would, in effect, shift the expo-
sure-response curves to the left, leading to an increased
probability of disturbance at lower noise levels, given that noise
levels at the bedrooms are, on average, probably lower than
assuming they are all positioned at the most exposed facade. This
was supported by two studies in the meta-analysis that found that
a lower proportion of respondents were highly sleep disturbed by
road traffic noise*® or reported insomnia symptoms®’ when the
bedroom faced away from the street. Furthermore, disturbance
was lower when the difference in noise level between the bed-
room and the most exposed facade was greater.*® A second limi-
tation of the meta-analysis is that we did not adjust for potentially
relevant effect modifiers. We adopted this approach so that results
would be directly comparable to those in the WHO review, which
also did not include such adjustments.19 Sleep, and its disturb-
ance by noise, may differ depending on age, sex, socioeconomic
status, and preexisting sleep disorders. Further, sleep disturbance
is not unique to noise exposure and may arise from other environ-
mental stressors, including air pollution,®**° vibration (from, for
instance, freight trains on railway lines),”! light,”® and tempera-
ture and humidity.”*** Future studies should consider the conse-
quences of exposure to multiple stressors, and their interactions
on sleep.

Summary of Evidence

Our main objective was to update the WHO meta-analysis on
sleep disturbance by traffic noise with evidence published after
2015."° The main findings and quality of evidence are summar-
ized in Table 7. There was a significant probability of being
highly sleep disturbed by nocturnal noise from aircraft, road, and
railway noise when the disturbance question mentioned noise,
and the quality of evidence for these outcomes was moderate.
Exposure-response curves were similar to the WHO review for
road and railway noise in our updated analysis, and we found an
increased probability of being highly sleep disturbed by aircraft
noise at high noise levels. Because of the number of studies pub-
lished since 2015, for the first time, we were able to generate ex-
posure—response relationships for sleep outcomes that did not
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explicitly mention noise. Point estimates for these outcomes were
smaller than questions mentioning noise, and were often not stat-
istically significant, and the quality of evidence was graded
lower, from low to very low. Our findings do not suggest that the
recent WHO recommendations for nighttime noise need to be
revisited,'> although quantitative assessments of sleep disturb-
ance by aircraft noise at high exposure levels should consider the
implications of our analysis. We did not find significant indica-
tions of international differences in sleep disturbance by noise,
but future large-scale studies in non-European nations may neces-
sitate a reevaluation of the evidence.
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