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BACKGROUND: Nighttime aircraft noise may affect people’s sleep, yet large-scale evidence using objective and subjective measures remains limited.

OBJECTIVE: Our aim was to investigate associations between nighttime aircraft noise exposure and objectively measured sleep disturbance using a
large UK cohort.

METHODS: We used data from 105,770 UK Biobank cohort participants exposed and unexposed to aircraft noise who lived in 44 local authority dis-
tricts near 4 international airports in England. We used a generalized linear regression model to examine cross-sectional associations between aircraft
noise Lpign (23:00 hours—07:00 hours) and 7-d actimetric measures collected 2013-2015 (n=22,102). We also used Logit and generalized estimating
equations models to examine associations between Lyjon and self-reported sleep measures at enrollment (2006-2010) and follow-up (2012-2013).
This approach allowed us to compare and contrast the results and support potential future meta-analyses on noise-related sleep disturbance.

RESULTS: Cross-sectional analyses of actimetric data suggested sleep disturbance associated with Lygn, showing higher level of movements during
the least active continuous 8-h time period [B: 0.12 milligravitational units; 95% confidence interval (CI): 0.013, 0.23]. We also saw disrupted sleep—
wake cycles as indicated by index scores of lower relative amplitude (f: —0.006; 95% CI. —0.007, —0.005), poorer interdaily stability (f: —0.010;
95% CI: —0.014, —0.006), and greater intradaily variability (B: 0.021; 95% CI: 0.019, 0.023), comparing Ly;gn; >55 dB with <45 dB. Repeated cross-
sectional analyses found a 52% higher odds of more frequent daytime dozing [odds ratio (OR) =1.52; 95% CI: 1.32, 1.75] for Lyjgh >55 dB in com-
parison with <45 dB, whereas the likelihood for more frequent sleeplessness was more uncertain (OR =1.13; 95% CI: 0.92, 1.39). Higher effect sizes
were seen in preidentified vulnerable groups, including individuals >65 y of age and those with diabetes or dementia.

ConNcLUsION: Individuals exposed to higher levels of aircraft noise experienced objectively higher levels of sleep disturbance and changes in sleep—

wake cycle. https://doi.org/10.1289/EHP14156

Introduction

The World Health Organization (WHO) Environmental Noise
Guidelines for the European Region published in 2018 recom-
mended reducing the noise levels produced by aircraft during
nighttime to below 40 dB Ly;gn [A-weighted equivalent noise level
(Leq) over the 8-h night period of 23:00 hours—07:00 hours]
because nighttime aircraft noise above this level is associated with
adverse effects on sleep.! In the United Kingdom alone, nearly
1 million people (~ 1.5% of the UK population) were affected by
aircraft noise greater than Ly 55 dB, according to the most
recently published government noise action plan in 2017.2
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Aircraft noise at night can disrupt sleep by evoking physio-
logical signals in the auditory system, because the sleeping body
continues to react to environmental stimuli.®> This disruption
potentially results in shortened sleep, sleep awakenings, stage
modifications, and autonomic responses.* The 2018 WHO
Environmental Noise Guidelines for the European Region used
self-reported percentage of the population to be highly sleep-
disturbed (%HSD) as the outcome for sleep disturbance.! Highly
sleep-disturbed people were typically those who chose scale
points close to the top of the scale (worst sleep quality) on the
sleep quality questionnaires.>® The guidelines synthesized the
findings of three studies that used nonnoise specified question-
naires and identified a 17% [odds ratio (OR) =1.17; 95% confi-
dence interval (CI): 0.54, 2.53] higher odds of self-reported high
sleep disturbance for every 10 dB increase in nighttime aircraft
noise.” Nonnoise-specified questionnaires refer to those in which
participants were asked how often they had disturbed sleep, with-
out specifically mentioning any cause of disturbance such as noise.
An update to this review using the same nonnoise-specific ques-
tionnaire approach found the odds of experiencing sleep disturb-
ance because of aircraft noise higher by 52% (OR =1.52; 95% CI:
1.20, 1.93; based on eight studies) per 10-dB increase in the aver-
age nighttime outdoor noise, based on eight studies.?

Sleep, being an unconscious process, means that self-reported
sleep disturbance may be subject to recall bias.® However, evidence
from large-scale studies using more objective methods to evaluate
sleep disturbances has been limited to date. Polysomnography
(PSG), although considered the gold standard in sleep research,’ is
relatively inconvenient and labor-intensive. The 2018 literature
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review for the WHO Environmental Noise Guidelines identified
only four studies using PSG. One study, which was rated as moder-
ate quality, found an association between aircraft noise and
polysomnography-measured probability of additional awakenings,
with an OR of 1.35 (95% CI: 1.22, 1.50) per 10 dB increase in indoor
LAS, max.”” However, it was not possible to estimate a pooled
effect due to design variability and small sample sizes.” Actimetry, a
less inconvenient and labor-intensive but still relatively objective
method involving wrist-worn devices to track sleep—wake cycles,
has been widely used and validated.'® Most published studies using
actimetric measures have relatively small sample sizes. In a study in
Switzerland, 105 subjects with actimetric data were included,'! and
in France, 112 participants with actimetric data were involved.'?
There has still been very limited large-scale evidence on aircraft
noise and sleep studies using actimetric measures, which was an im-
portant motivation for this study.

The objective of our study was to investigate the association
between nighttime aircraft noise exposure and actigraphy-
generated sleep disturbance outcomes. We also included self-
reported sleep outcomes, as the inclusion of both objective and
subjective measures to study the association between aircraft
noise and sleep disturbance in the same cohort may help better
understand the strengths and limitations of actimetric measures
and support potential future meta-analyses on noise-related
sleep disturbance. We focused on a subset of ~ 100,000 individ-
uals living near four major airports, obtained from the UK
Biobank, a large, broadly population-based, biomedical cohort
study database. Our study serves both a hypothesis-testing study
to examine the association between nighttime aircraft noise ex-
posure and sleep disturbance as well as a hypothesis-generating
one to explore potential actimetric outcomes that could act as
proxies for sleep disturbance in noise studies.

Methods

Study Population

Our study analyzed data from participants in the UK Biobank
cohort study, which has collected comprehensive health, lifestyle,
and genetic information from 502,413 volunteer participants 40—
69 y of age at recruitment between 2006 and 2010. A subset of
105,770 participants from UK Biobank were included in our study,
all of whom resided in one of the 44 Local Authority Districts
(LADs; as per the boundary May 2020), wholly or partially
encompassed within Civil Aviation Authority (CAA) Lgen (Day—
evening—night noise level) noise contours of four major interna-
tional airports [London Heathrow (LHR), London Gatwick (LGW),
Birmingham (BHX), and Manchester (MAN)] in England. The par-
ticipants who lived inside the noise contours within the 44 LADs are
in the exposed group, whereas those living outside contour but still
within the 44 LADs are comparators. The CAA Ly, and Ly;gn noise
contours and 44 Local Authority Districts are presented in Figure 1.

UK Biobank has conducted baseline and multiple follow-up
assessment visits. The baseline assessment (instance 0; 2006—
2010) includes extensive data collected at the time of recruitment,
such as information on demographics, lifestyle factors, medical
history, physical measurements, and biological samples, etc. The
first follow-up visit (instance 1) was conducted in the period 2012—
2013. During that period, a total of 103,514 participants were
invited to participate, and of those, 20,345 participants attended
further assessments.!? For our study, we used instance 0 (2006—
2010) and follow-up instance 1 (2012-2013) data.

UK Biobank has ethical approval to function as a Research
Tissue Bank (RTB) from the North West Multi-Centre Research
Ethics Committee (MREC) under the current REC approval num-
ber (2021, 5-y cycle): 21/NW/0157. Approval for this specific
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research project application was covered by UK Biobank project
approval number 59129. Under RTB approval, our study does
not require separate ethical clearance.'

Outcomes

Because sleep disturbance has multiple aspects, we adopted an
approach using multiple actimetric measures, some of which are
novel. We additionally used self-reported measures to compare
and contrast their results with those obtained from objective meas-
ures and to aid future meta-analyses that rely on self-reported data.
Table S1 provides detailed definitions, data descriptions, and inter-
pretations for each actimetric outcome, along with the questions,
response options, and categorizations for each self-reported outcome.

Actimetric measures. Our actimetric measures include accel-
erometer derived average movements during the least active peri-
ods, time spent on sleep or in bed, and a relatively overlooked
sleep aspect: the sleep—wake cycle.

A total of 236,519 participants from the UK Biobank were
invited to measure their physical activity using the Axivity AX3
wrist-worn triaxial accelerometer between 1 June 2013 and 23
December 2015.13 Of those invited, 106,053 participants agreed to
wear the monitor, resulting in a response rate of 44.8%.'> Among
the participants who wore the monitor, 103,712 had complete acti-
metric data, with a median wear-time of 6.9 d (interquartile range:
6.5-7.0 d). For each participant, accelerometer data (5-s epoch
time series) were extracted from UK Biobank!’ and converted to
R-format for processing and analysis with GGIR (version 1.11-0;
http://cran.r-project.org).!® Participants were excluded if they
failed calibration, had fewer than 3 d of valid wear (defined as
>16 h per day), or wear-data were not present for each 15 min pe-
riod of the 24-h cycle. Valid physical activity data [valid days,
5.8+0.6 (mean + SD)] were obtained from 96,600 participants
(93.3%),'> of whom 22,101 (for the proportion of time spent on
sleep or in bed within 7 d) and 22,102 (for other actimetric meas-
ures) participants were living in any of the 44 LADs included in
this study. These valid physical activity data were then previously
processed to derive outcomes used in this study.

The first outcome is average acceleration during the least
active 8-h period, measured in milligravitational units (mg), which
provides an indication of overall activity during the rest period.'”
This outcome may be used as a proxy for participant movement or
arousal during their least active rest windows of time.'®!° The 8-h
period (average from 23:06 to 07:06 in our data) was chosen
because it aligns well with the 8-h window (23:00 hours to 07:00
hours) used in the Lyigp noise exposure metric we used in our
study.

We used the overall average proportion of time spent on sleep
or in bed (defined as nonwaking time?®) during the monitoring
7 d, which was previously derived using a published machine-
learning methodology.?® We name this outcome as time spent on
sleep or in bed to aid interpretation.

We also looked at three previously derived outcomes related
to a participant’s sleep—wake cycle: relative amplitude (RA),
intradaily variability (IV), and interdaily stability (IS).?! RA
measures the contrast in activity levels between the most active
10 h and the least active 5 h within a 24-h period. IV measures
the fragmentation of the 24-h rest—activity rhythm, whereas IS
measures the stability of the rest—activity rhythm.

All actimetric outcomes were measured at one time point (in
2013-2015). Baseline UK Biobank covariate data were used in
the models of actimetric measures for the 22,102 participants.

Self-reported measures. The first self-reported outcome was
related to sleeplessness/insomnia and was obtained through
responses to the question, “Do you have trouble falling asleep at
night or do you wake up in the middle of the night?” The second
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Figure 1. Maps of England showing Civil Aviation Authority noise contours for the four airports and the 44 local authorities included in the study. (A) Lgen
noise contour. (B) Lygn noise contour. Note: Lge, represents the day—evening—night noise level, and Lyigy, refers to the A-weighted equivalent noise level (Leg)
measured in decibels (dB) over the 8-h night period from 23:00 hours to 07:00 hours. The Local Authority District shapefile was obtained as open-source data
from https://geoportal.statistics.gov.uk/. The package used to create Figures 1A and 1B was QGIS.
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outcome was daytime dozing/sleeping, which we obtained
through responses to the question “How likely are you to doze
off or fall asleep during the daytime when you don’t mean to?
(e.g., when working, reading or driving)?” Last, we extracted
sleep duration as the final self-reported outcome, which was
obtained through responses to the question, “About how many
hours sleep do you get in every 24 h? (please include naps).”
These questions were measured at baseline (instance 0) and had
a repeated measurement (instance 1). Any responses indicating
“prefer not to say” or “do not know” were treated as missing data
and excluded from the regression.

To facilitate analysis, interpretation, and to ensure comparabil-
ity with other studies on the same topic, we grouped responses for
self-reported sleeplessness and daytime dozing. Both questions
have verbal answers with various frequencies. For example, sleep-
lessness has response options: “never/rarely,” “sometimes,” and
“usually,” whereas response options for daytime dozing include
“never/rarely,” “sometimes,” “often,” and “all of the time.” We
selected the two responses indicating the highest frequency for
each question; i.e., “sometimes” and “usually” were chosen as
the exposure group for sleeplessness, whereas “often” and “all
of the time” were selected to represent the exposure group for
daytime dozing.

Aircraft Noise Exposure

The Civil Aviation Authority (CAA) provided aircraft noise
surfaces (measured in Lge, and Lyigy) for four airports—LHR,
LGW, BHX, and MAN—for 2006 and for 2011. The noise con-
tours are shown in Figure 1. These contours were modeled using
ANCON version 2, taking into account variables such as height,
speed profile, takeoff/landing weights, and aircraft performance
data.?> Noise levels modeled by using the ANCON model
have shown significant similarities with US Federal Aviation
Administration’s Integrated Noise Model (INM) and have been
validated by comparing sound exposure level noise calculations at
grid points with noise measurements made at equivalent distances
from the airport.?® For instance, the largest variation from pre-
dicted levels, when compared with measured levels for a Boeing
747-400, was just over 2 dB.?3

Our study focused on nighttime noise, using the Lyon metric,
which is the A-weighted equivalent noise level (L.q) over the 8-h
night period of 23:00 hours—07:00 hours. The CAA provided
data truncated to a lower level of 45 dB; levels below this specific
noise exposure level are not provided.

We determined each participant’s residential noise levels
by overlaying postcode centroid points onto the CAA’s Lyjgn
noise contours. We divided the nighttime aircraft noise expo-
sure of the participants into four categories based on a 5-dB in-
crement: <45 dB, >45t0 <50 dB, >50to <55 dB, and >55 dB.
The 5-dB difference was chosen because a minimal 3-5 dB
difference may be needed for people to detect a change in
noise level.2* Approximately 5% of people in the sample were
exposed to noise above 50 dB.

Covariates

The covariates used were selected based on a directed acyclic
graph (DAG), as depicted in Figure S1. The DAG graph was
plotted based on reviews of the mechanisms of the health impacts
of noise exposure'2> and other related studies.'>%-2

The demographic variables in this study consist of sex (male
or female), age in 2006 (the time point of the first nighttime air-
craft noise exposure measurement) and 2011 (the time point of
the second nighttime aircraft noise exposure measurement), as
well as body mass index (BMI) (continuous). We controlled for
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self-reported ethnicity (White, Mixed, Asian or Asian British,
Black or Black British, Chinese or others). Ethnicity may be
associated with important aspects of disadvantage, including
employment and earnings disparities,?® as well as experiences of
racism and discrimination in the United Kingdom.? The catego-
ries of ethnicity used in our study followed those of the UK
Biobank dataset.*”

The Hedonic price model suggests an inverse association
between noise exposure and house prices,3'3 implying a link
between aircraft noise exposure and deprivation. We therefore
controlled for socioeconomic factors. These include self-reported
average yearly household income before tax (<£18,000, £18,000—
£30,999, £31,000-51,999, £52,000-£100,000, or >£100,000),
and calculated Townsend deprivation index (continuous) at the
output area (a small census area) in which participants’ postcode
was located at recruitment. Townsend index is an area-based score
of social deprivation (accounting for unemployment, overcrowd-
ing, noncar ownership, and nonhome ownership).*

Self-reported mental health or lifestyle factors include “ever
seen a psychiatrist or doctor (GP) for nerves, anxiety, tension, or
depression” (yes or no), smoking status (never, previous or current),
and alcohol consumption (daily or almost daily, 3—4 times a week,
1-2 times a week, 1-3 times a month, special occasions only or
never). We also incorporated the total number of vigorous or mod-
erate physical activities (in days) reported by each participant per
week. In cases where a participant engaged in both vigorous and
moderate activities on a single day, we counted that day as 1.

Environmental covariates included modeled nighttime road traf-
fic noise (<45 dB, >45to <50 dB, >50to <55 dB, and >55 dB),
nighttime rail traffic noise (<45 dB, >45to <50 dB, >50to <55
dB, and >55 dB), average annual nitrogen dioxide (NO,) concen-
tration(continuous), average annual particulate matter with aerody-
namic diameter <2.5 pm (PM;s) concentration (continuous) and
greenspace percentage within a buffer of 1,000 m (continuous).
Nighttime road noise at participants’ home postcodes was calcu-
lated using the CNOSSOS-EU framework using 2013 data such as
traffic counts, speeds, surface roughness, building heights, wind
profiles, and temperatures.’>¢ Rail noise levels were extracted
from 2011 noise maps created by Extrium on behalf of the
Department for Environment, Food and Rural Affairs (DEFRA).?
NO; concentrations for 2009 were modeled using UK-specific
Land Use Regression (LUR) model.>® PM, 5 concentrations were
modeled using LUR for the European Study of Cohorts for Air
Pollution Effects (ESCAPE).> We used the percentage of green-
space within a 1,000-m radius of each participant calculated by
Wheeler et al.*

We additionally used the number of years a participant had
lived at current address (continuous).

Field IDs or return IDs of all variables used in our study and
their description can be found in Table S2.

Statistical Analysis

Descriptive statistics were used to provide a summary of the
sleep outcomes, environmental variables, and covariates.

For actimetric data that only had one measurement, we used a
cross-sectional design with baseline instance and 2011 aircraft
noise data. We employed generalized linear regression models
with a gamma distribution and identity link to investigate the
association of noise exposure with actimetric sleep measures,
accounting for all covariates. A gamma distribution was chosen
due to its suitability for modeling positive values, whereas the
identity link function was used so that the coefficient can be inter-
preted as the incremental change in the outcome per noise cate-
gory in comparison with the reference group (<45 dB).
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We employed a repeated cross-sectional design to examine the
association between nighttime aircraft noise and self-reported
sleep outcomes using instance 0 (2006-2010) and instance 1
(2012-2013). We used 2006 aircraft noise levels with UK Biobank
instance 0 and 2011 noise levels with instance 1. We used a
random-effects logit model, adjusting for all covariates, to analyze
the association between nighttime aircraft noise and self-reported
sleeplessness and daytime dozing, considering both sleeplessness
and daytime dozing are binary. We employed a generalized esti-
mating equations (GEE) model with random effects, adjusting for
all covariates, to examine the association between nighttime air-
craft noise and self-reported sleep duration. Some covariates like
sex, ethnicity, household income, and some environmental varia-
bles (road noise levels, rail noise levels, NO,, PM; s, and green-
space proportion) were only available at baseline and thus baseline
covariate values were used for the follow-up instance.

To account for potential differences in the noise characters
across four airports, we clustered variance by four airports (LHR,
LGW, BHX, and MAN), except for self-reported sleep duration
as the GEE model did not support cluster robust variance.

To check the robustness of our findings, we conducted multi-
ple sensitivity analyses. We performed regression analyses while
excluding subgroups of participants susceptible to misclassifica-
tion with noise exposure levels. For each sensitivity analysis, we
excluded one subgroup at a time. These include participants with
hearing difficulty, those who have moved homes since recruit-
ment, and those who engaged in night-shift work.

To examine for interactions, we stratified our data based on var-
ious sociodemographic factors, including sex (male or female),
ethnicity (White or non-White), age (=65 y), and low and high
household income groups. The national median was between
£29,073 and £32,000 between 2006 and 2022.4! We thus defined
incomes <£18,000 and £18,000—£30,999 as the low household
income group and categorized the remaining income levels as the
high household income group. Some home/family caregivers had
considerable caregiving burden,* leading to experiences of stress,*?
distress,*? depressive symptoms,** and/or sleep disturbances.*> We
stratified our data based on participants’ involvement in home/
family caregiving.

The relationship between sleep and health conditions is com-
plex. Poor sleep can be associated with higher blood pressure,*®
mental health,*’ as well as neurological conditions.*® There is a
bidirectional relationship between sleep and diabetes. Poor sleep
can be linked to a higher risk of developing type 2 diabetes,*’
whereas diabetes can also negatively impact sleep quality through
symptoms such as nocturia and restless legs syndrome.’® We
therefore examined associations in participants with certain
health conditions known to be linked to sleep problems: diabetes
(self-reported doctor-diagnosed at baseline), hypertension (based
on self-reported doctor-diagnosed cases at baseline, self-reported
use of medication to treat hypertension at baseline, or recorded
blood pressure readings showing systolic blood pressure >140 or
diastolic blood pressure >90 at baseline), high BMI (greater than
median 26.64 or less than median, measured at baseline), demen-
tia (diagnosis up to 2020 using multiple ascertainment sources),
mental health issues [defined as having seen a psychiatrist or doctor
(GP) for nerves, anxiety, tension, or depression at baseline], and
sleep disorder (self-reported, primary care—diagnosed or hospital
diagnosed up to 2023).

We employed a complete case approach to analyze the data.
Any observations with missing values in any of the variables
included in the regression analysis were excluded.

All statistical analyses were conducted using Stata software
(version 18; STATA Corp.), and the significance level was set at
p<0.05.
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Results

Descriptive Summary

The descriptive summary of sleep outcomes, socio-economic
variables, environmental variables, mediators and moderators
can be found in Table 1. We had a total of 105,770 partici-
pants, with 57,381 (54.3%) identifying as female. Ethnicity in-
formation was available for 104,739 individuals, with 91,251
(86.3%) identifying as White, 5,194 (4.9%) as Asian, and
4,386 (4.1%) as Black. Participants were recruited at ages 40—
70 y when attending the baseline assessment. In 2006 the
mean age of participants stood at 53.7 y [standard deviation
(SD) =8.3], spanning an age range from 35 to 72 y of age.

Descriptive analysis of sleep variables. We present a Venn
diagram to show the number of participants who lived near the
four airports and had valid responses to the outcomes included in
our study in Figure 2. Among the 105,770 participants, 22,101
had actimetric-generated average proportions of time spent on
sleep or in bed (7-d average; defined as nonwaking behavior?°)
using the variable ID 40046 in the UK Biobank. Actimetry
identified that they spent an average of 36% (SD =5%) of their
time on sleep or in bed. This is equivalent to 8 h and 38 min
per day on average. A few individuals had actimetric data that
passed the quality control as outlined in a previous paper?° but
had either a very low or very high number of hours spent
sleeping or in bed according to the algorithm. These include a
total of 3, 5, 6, and 17 participants who had less than a 2-h, 2—
3-h, 3—4-h, or 4-5-h period asleep or in bed, respectively. In
addition, one participant spent more than 18 h sleeping or in
bed.

A total of 22,102 participants had actimetric variables relating
to average acceleration during the least active 8-h period and sleep-
wake cycle. The average acceleration was 4.5 mg (SD =1.8). The
mean relative amplitude, intradaily variability and interdaily stabil-
ity were 0.88 (SD =0.05), 0.66 (SD =0.17), and 0.66 (SD=0.11),
respectively.

When looking at self-reported data, respondents reported
an average of 7 h and 6 min (n=105,770; SD=1 h and 6 min)
of sleep per day in the baseline survey and 7 h and 12 min
(n=6,143; SD=1h and 6 min) in the follow-up survey. A total
of 73.6% (n="77,806) in instance 0 and 77.1% (n=4,737) in
instance 1 reported that they “sometimes” or “usually” experi-
enced sleeplessness. However, most respondents in both
instances indicated that they “never/rarely” or “sometimes”
experienced daytime dozing [95.7% (n=101,179) in instance O
and 97.4% (n=15,984) in instance 1]. Almost identical results
on self-reported sleeplessness, daytime dozing, and sleep du-
ration were seen when restricted to the ~20% of the partici-
pants in our sample with actimetric data.

Descriptive analysis of aircraft noise variables. Nighttime
aircraft noise data (Lyign,) for all four airports considered were
available for 2006 and 2011. In 2006, 7,829 (7.4%), 3,841
(3.6%), and 1,733 (1.6%) participants experienced Lygn levels
of >45to <50 dB, >50to <55 dB, and >55 dB, respectively. By
2011, these numbers had slightly decreased to 7,383 (7.0%),
3,491 (3.3%), and 1,404 (1.3%), respectively.

Nighttime road noise levels were available for 2013 for
105,763 participants: 44,474 (42.1%) experienced nighttime
road noise levels <45 dB; 38,046 (36.0%) at >45to <50 dB;
13,434 (12.7%) at >50to <55 dB; and 9,809 (9.3%) at >55 dB,
respectively. For railway noise (available for 2011), 102,627
(97.0%) participants were exposed to levels <45 dB. A total of
1,672 (1.6%), 882 (0.8%), and 589 (0.6%) participants experi-
enced noise levels of >45to <50 dB, >50to <55 dB, and >50
dB, respectively.
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Table 1. Descriptive summary of UK Biobank data sleep variables, socioeconomic variables, and environmental variables used in study of airport noise and

sleep [for continuous variables: mean + SD (min-max) (n, % of N), or for categorical variables: n (% of N)].

Variable name

Baseline (instance 0: 2006-2010)

N =105,770

First follow-up (instance 1: 2012-2013)

N=6,143

Sleep variables
Average acceleration over least-active continuous 8 h (mg)
(Baseline n=22,102, 20.9%)
Proportion of time spent on sleep or in bed (7-d average)
(Baseline n=22,101, 20.9%)
Relative amplitude (unitless)
(Baseline n=22,102, 20.9%)
Intra-daily variability (unitless)
(Baseline n=22,102, 20.9%)
Interdaily stability (unitless)
(Baseline n=22,102, 20.9%)
Sleep duration [decimal time (24-h clock)]
(Baseline n = 105,770, 20.9%; first follow-up n=6,143, 100%)
Sleeplessness/insomnia
Never or rarely
Sometimes or usually
Missing
Self-reported daytime dozing
Never, rarely or sometimes
Often or all of the time
Missing
Social demographic variables
Sex
Female
Male
Missing
Ethnicity
White
Mixed
Asian or Asian British
Black or Black British
Chinese
Other
Missing
Average household income before tax
<£18,000
£18,000—£30,999
£31,000—£51,999
£52,000—£100,000
>£100,000
Missing
Age in 2006 (baseline) and 2011 (first follow-up) (y)
Townsend deprivation index at recruitment

(Baseline n = 105,648, 99.9%; first follow-up n= 6,138, 99.9%)

Environmental variables
Nighttime aircraft noise 2006 (dB)
<45
>45to <50
>50-<55
>55
Nighttime aircraft noise 2011 (dB)
<45
>45to <50
>50to <55
>55
Nighttime road traffic noise (dB)
<45
>45to <50
>50to <55
>55
Missing
Nighttime rail traffic noise (dB)
<45
>45to <50
>50to <55
>55
Average annual PM; 5 concentration (pg/ m?)
(Baseline n= 104,318, 98.6%; first follow-up n=16,127, 99.7%)
Average annual NO, concentration (ug/m?)

45+1.8(1.6-39.2)
0.36 +0.05 (0.02-0.73)
0.88 +0.05 (0.28-0.97)
0.66+0.18 (0.22-2.04)
0.66+0.11 (0.04-0.98)

07 h:06 m =01 h:06 (1 h-23 h)

27,308 (25.8%)
77,806 (73.6%)
656 (0.6%)

101,179 (95.7%)
3,213 (3.0%)
1,378 (1.3%)

57,381 (54.3%)
48,387 (45.7%)
2 (0.0%)

91,251 (86.3%)
1,120 (1.1%)
5,194 (4.9%)
4,386 (4.1%)

612 (0.6%)
2,176 (2.1%)
1,031 (1.0%)

17,083 (16.2%)
19,213 (18.2%)
21,678 (20.5%)
20,328 (19.2%)
7,941 (7.5%)
19,527 (18.5%)
53.7+8.3(35.0-72.0)
—-0.4+3.4(-6.3-10.2)

92,367 (87.3%)
7,829 (7.4%)
3,841 (3.6%)
1,733 (1.6%)

93,492 (88.4%)
7,383 (7.0%)
3,491 (3.3%)
1,404 (1.3%)

44,474 (42.1%)

38,046 (36.0%)

13,434 (12.7%)
9,809 (9.3%)
5(0.0%)

102,627 (97.0%)
1,672 (1.6%)
882 (0.8%)
589 (0.6%)
10.2 + 1.0 (8.2-20.7)

37.4+10.1 (4.5-79.2)

07 h:12 m =01 h:06 (1 h-16 h)

1,403 (22.8%)
4,737 (17.1%)
3(0.0%)

5,984 (97.4%)
145 (2.4%)
14 (0.2%)

3,286 (53.5%)
2,857 (46.5%)
0 (0.0%)

5,929 (96.5%)
34 (0.6%)
56 (0.9%)
49 (0.8%)
22 (0.4%)
34 (0.6%)
19 (0.3%)

1,076 (17.5%)
1,638 (26.7%)
1,497 (24.4%)
1,042 (17.0%)
307 (5.0%)
583 (9.5%)

61.6+7.8 (44.0-78.0)
—-1.8+3.0(-6.2-9.2)

5,904 (96.1%)
190 (3.1%)
39 (0.6%)
10 (0.2%)

2,889 (47.0%)

2,172 (35.4%)

669 (10.9%)
413 (6.7%)
0 (0.0%)

6,020 (98.0%)
54 (0.9%)
48 (0.8%)
21 (0.3%)

10.1+1.0 (8.2-18.9)

31.0+£7.0(5.3-61.8)
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Table 1. (Continued.)

Variable name

Baseline (instance 0: 2006-2010)

N=105,770

First follow-up (instance 1: 2012-2013)
N=6,143

Greenspace percentage, buffer 1,000 m (%)
(Baseline n = 104,795, 99.1%; first follow-up n=6,107, 99.4%)
Covariates

Ever seen a psychiatrist or doctor (GP) for nerves, anxiety, tension or depression

No
Yes
Missing
Smoking
Never
Previous
Current
Missing
Alcohol consumption
Daily or almost daily
3 or 4 times a week
Once or twice a week
1-3 times a month
Special occasions only
Never
Missing
Vigorous or moderate physical activity per week (in days, range)
(Baseline n = 102,658; 97.1%; first follow-up n=6,083; 99.0%)
Time at current address (years)
(Baseline n=102,071; 96.5%; first follow-up n=6,047; 98.4%)
Body mass index (kg/m?)
(Baseline n=104,731; 99.0%; first follow-up n=6,124; 99.7%)
Moderators or mediators
Presence of hearing difficulties
No
Having hearing difficulties or completely deaf
Missing
Nightshift work
Sometimes, usually or always

Never/rarely, do not know, prefer not to answer, did not answer or

Never moved since recruitment

Yes

No

Missing
Looking after home/family®

Yes

No or missing
Diabetes”

Yes

No

Missing
Hypertension®

Yes

No

Missing
Dementia?

Yes

No or missing
Sleep disorder”

Yes

No or missing

34.0+ 17.5 (4.4-98.1)

69,598 (65.8%)
34,203 (32.4%)
1,949 (1.8%)

56,981 (53.9%)

35,914 (34.0%)

11,917 (11.3%)
958 (0.9%)

23,671 (22.4%)
22,887 (21.6%)
23,862 (22.6%)
11,164 (10.6%)
13,104 (12.4%)
10,437 (9.9%)
645 (0.6%)

37423 (0.0-7.0)
17.3+11.7 (1.0-70.0)

27.2+4.8 (12.6-68.1)

73,468 (69.5%)
23,524 (22.2%)
54 (0.1%)

5,393 (5.1%)
100,377 (94.9%)

76,883 (72.7%)
28,880 (27.3%)
7 (0.0%)

6,025 (5.7%)
99,745 (94.3%)

6,278 (5.9%)
98,492 (93.1%)
1,000 (0.9%)

53,690 (50.8%)
51,949 (49.1%)
131 (0.1%)

1,605 (1.5%)
104,165 (98.5%)

4,028 (3.8%)
101,742 (96.2%)

40.4+20.0 (8.0-98.1)

4,057 (66.0%)
2,042 (33.2%)
44 (0.7%)

3,616 (58.9%)
2,189 (35.6%)
324 (5.3%)

14 (0.2%)

1,185 (19.3%)
1,594 (25.9%)
1,566 (25.5%)

676 (11.0%)
682 (11.1%)
439 (7.1%)
1 (0.0%)
3.8+2.2(0.0-7.0)

22.6+ 12.8 (1.0-79.0)

26.9 +4.7 (14.9-58.9)

3,899 (63.5%)
1,916 (31.2%)
4(0.1%)

163 (2.7%)
5,980 (97.3%)

4,660 (75.9%)
1,483 (24.1%)
0 (0.0%)

234 (3.8%)
5,909 (96.2%)

394 (6.4%)
5,742 (93.5%)
7(0.1%)

3,562 (58.0%)
2,581 (42.0%)
0 (0.0%)

91 (1.5%)
6,052 (98.5%)

129 (2.1%)
6,014 (97.9%)

Note: This table displays mean + SD (min-max) [, % of N] for continuous variables, or n (% of N) for categorical variables. All actimetric outcomes were measured at one time point (2013—
2015) and are presented in the baseline column, as they were linked to the baseline UK Biobank assessments. Aircraft noise levels for 2006 are also in the baseline column because they were
only used with baseline data. Aircraft noise levels for 2011 are included in both baseline and first follow-up columns, because they were used with baseline for actimetric measures and with first
follow-up for self-reported measures. —, no data; dB, decibel; NO,, nitrogen dioxide; PM, s, fine particulate matter with aerodynamic diameter <2.5 pm; SD, standard deviation.

“Looking after home/family is a labor market status. It means the participant who were neither employed nor unemployed due to home/family responsibilities.

Diabetes was self-reported at baseline based on doctor diagnosis.

“Hypertension was based on self-reported doctor-diagnosed cases at baseline, self-reported use of medication to treat hypertension at baseline, or recorded blood pressure readings

showing systolic blood pressure >140 or diastolic blood pressure >90 at baseline.
Dementia was identified using multiple ascertainment sources from baseline through 2020.

“Sleep disorders were based on self-report, primary care diagnosis or hospital diagnosis up to 2023.

Analytic Results

Actimetric measured outcomes. The final number of participants
involved in regressions using actimetric outcomes was 18,398—
18,399. The loss of participants is due to missing covariates.
Figure 3 (Table S4) shows that individuals exposed to Lyign
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>55 dB exhibited 0.12 mg (95% CI: 0.013, 0.23) higher average
acceleration during the least active 8-h period than those exposed to
<45 dB. A similar pattern of association was seen when looking at
>45 dB to <50 dB or >50 dB to <55 dB. These overall findings pres-
ent a gradient, indicating that risks rose with increasing noise level.
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Total eligible participants:

Actimetric outcomes:

N=22,101-22,102 with valid
one timepoint actimetric data
for

i) overall average proportion
of time spent sleeping;

ii) average acceleration
during the least active 8-
hour;

iii) sleep-wake cycle
outcomes including relative
amplitude, intra-daily
variability and Inter-daily
stability

N=105,770 Participants lived in any of the 44 local
authorities included in our study.

N=21,980 (instance 0)
and N=2,258 (instance
1) participants had all
self-reported &
actimetric outcomes.

Self-reported outcomes:

N=104,550-105,114 (instance
0) & N=6,126-6,140 (instance
1) with valid self-reported

data for:

i) Sleep duration;

ii) daytime dozing;

iii) sleeplessness/insomnia.

Figure 2. Venn diagram depicting the number of UK Biobank participants with valid values for each outcome.

From actimetry data, individuals exposed to noise levels >55
dB spent ~0.7% (95% CI: 0.6%, 0.7%) more time on average on
sleep or in bed, equivalent to ~ 10 min per day in comparison
with those exposed to <45 dB (Table S5). Conversely, for those
exposed to noise levels >50 dB to <55 dB, there was an approxi-
mate 0.6% lower (~ 8 min) in average sleep or bed time (95% CI:
-0.9%, —0.3%).

Figure 4 presents sleep—wake cycle results. Gradients with
increasing noise levels were seen for all three sleep—wake cycle
outcomes. For relative amplitude (Table S6), when compared
with participants exposed to <45 dB, higher Ly, Was associ-
ated with a lower RA by —0.003 (95% CI: —0.005, —0.002;
>45 dB to <50 dB), —0.004 (95% CI: —0.005, —0.003; >50 dB
to <55 dB), and —0.006 (95% CI: —0.007, —0.005; >55 dB),
respectively, where negative values indicate higher levels of activity
during sleep and/or lower activity during the day.

Moreover, intradaily variability (IV) measures were higher by
0.006 (95% CI: —0.001, 0.013; >45 dB to <50 dB), 0.008 (95%
CI: 0.002, 0.015; >50 dB to <55 dB), and 0.021 (95% CI: 0.019,
0.023; >55 dB), respectively, where positive values indicate a
more fragmented sleep—wake rhythm indicative of circadian dys-
function (Table S7).
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Interdaily stability (Table S8) had a lower level by —0.008
(95% CI: —0.010, —0.006; >50 dB to <55 dB), and —0.010 (95%
CL: —0.014-0.006; >55 dB), respectively, where negative values
indicate weaker alignment with light and other environmental cues
that regulate the biological clock.

Self-reported outcomes. A total of 84,537 to 84,759 partici-
pants had full observations and were involved in regressions using
self-reported outcomes. Results from repeated cross-sectional
analysis (Figure 5; Table S9) shows among participants exposed to
noise levels of 55 dB or higher nighttime aircraft noise, there was a
13% higher likelihood of reporting sleeplessness sometimes or
usually (OR =1.13; 95% CI: 0.92, 1.39) in comparison with indi-
viduals exposed to noise levels below 45 dB, albeit with wide con-
fidence intervals. When looking at daytime dozing reported by
~ 3% of the study population (Table 1; Table S10), those exposed
to noise levels of 55 dB or higher had an ~ 52% higher likelihood
(OR=1.52; 95% CI: 1.32, 1.75). No association was found
between nighttime noise and self-reported sleep duration (Table
S11) due to large uncertainty.

Sensitivity analysis. We performed analyses on subsets of the
sample that excluded individuals prone to noise misclassification.
The results are presented in Figures S2-S9 (Table S4-S11), with
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Outcome: average acceleration and proportion of time spent on sleep or in bed

Ave. acceleration during the least active 8-hour N=18,399 % Time spent on sleep N=18,398
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Figure 3. Cross-sectional association between nighttime aircraft noise and actimetry data on average acceleration, measured in milligravitational units (mg)
during the least active 8 h, and percentage of time spent on sleep or in bed using UK Biobank cohort (n=18,398-18,399). Note: The figures display the point
estimate (f), and 95% ClIs. B represents the increment in the absolute value of the outcome when exposed to higher aircraft noise categories, in comparison
with those exposed to <45 dB. Lyigy refers to the A-weighted equivalent noise level (L.q) measured in decibels (dB) over the 8-h night period from 23:00
hours to 07:00 hours. All models have been adjusted for sex; ethnicity; age in 2006; BMI; ever seen a psychiatrist or doctor (GP) for nerves, anxiety, tension,
or depression; smoking status; alcohol consumption; total number of vigorous or moderate physical activities (in days) a participant typically reported doing in
a week; average yearly household income before tax; Townsend deprivation index at recruitment by place of residence; nighttime road traffic noise; nighttime
rail traffic noise; NO, concentration; PM; s concentration; and greenspace percentage within a buffer of 1,000 m. The numeric results can be found in Excel
Tables S1 and S2. BMI, body mass index; CI, confidence interval; GP, general practitioner.

each graph including the previously presented results from the
full sample as a reference. The findings from these sensitivity
analyses remain consistent with the main results, suggesting our
conclusions are robust to different types of potential exposure
misclassification.

In subset analyses considering demographic and sociodemo-
graphic factors that might influence susceptibility to sleep distur-
bances, the results are presented in Figures S10-S17 (Table S4-
S11). Most subgroups showed broadly similar patterns of associa-
tions with actimetric data as those in main results, but with varying
coefficient sizes and less clear patterns, likely related to smaller
sample size. There was no evidence that those with lower income
or in non-White ethnic groups were experiencing disproportionate

impacts. However, we did find that elderly individuals exposed
to Lyjghe =55 dB had an approximate 5.4% higher (~ 1 h and 8
min within a 24-h period on average) actigraphy-measured
sleep duration.

In the third set of sensitivity analyses (Figures S18—-S25; Table
S4-S11), we examined participants reporting health conditions
known to be linked to sleep problems. Analyses of actimetric data
suggested potential vulnerabilities among participants with diabe-
tes, dementia, or sleep disorder, although based on smaller num-
bers with wide confidence intervals. We found people with
diabetes or dementia exposed to noise levels >55 dB (in compari-
son with <45 dB) exhibited significantly lower relative amplitude,
with associations being ~ 11 and 17 times higher than those found

Outcome: sleep-wake cycle change; N=18,399

Relative amplitude

Intra-daily variability

Inter-daily stability
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Figure 4. Cross-sectional association between nighttime aircraft noise and sleep—wake cycle using UK Biobank cohort (n = 18,399). Note: Sleep—wake cycle
outcomes including RA, IV, and IS, all unitless. A higher RA value indicates greater activity during the day and reduced activity during sleep. A high IV sug-
gests a more fragmented rhythm indicative of circadian dysfunction. A higher IS score indicates a strong alignment with light and other environmental cues
that regulate the biological clock. The figures display the point estimate () and 95% Cls. B represents the increment in the absolute value of the outcome when
exposed to higher aircraft noise categories, in comparison with those exposed to <45 dB. Ly;gn refers to the A-weighted equivalent noise level (L.q) measured
in decibels (dB) over the 8-h night period from 23:00 hours to 07:00 hours. All models have been adjusted for sex; ethnicity; age in 2006; BMI; ever seen a
psychiatrist or doctor (GP) for nerves, anxiety, tension, or depression; smoking status; alcohol consumption; total number of vigorous or moderate physical
activities (in days) a participant typically reported doing in a week; average yearly household income before tax; Townsend deprivation index at the time of
recruitment from the national census output areas associated with the participant’s place of residence; nighttime road traffic noise; nighttime rail traffic noise;
NO, concentration; PM; s concentration; and greenspace percentage within a buffer of 1,000 m. The numeric results can be found in Excel Tables S3, S4, and
S5. BMI, body mass index; CI, confidence interval; GP, general practitioner; IS, interdaily stability; IV, intradaily variability; RA, relative amplitude.
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Outcome: self-reported sleep measures

Sleepless N=84,759 Sleep duration N=84,555 Daytime dozing N=84,537
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Figure 5. Repeated cross-sectional association between nighttime aircraft noise and self-reported sleep outcomes using UK Biobank cohort (n=284,537-
84,759). Note: The figures “Sleepless” (left) and “Daytime Dozing” (right) illustrate the ORs and 95% Cls, whereas the “Sleep Duration” (middle) figure
presents the point estimate () and 95% Cls. The OR represents the likelihood of someone reporting more severe sleep disturbance outcomes when exposed to
noise levels >55 dB in comparison with those exposed to <45 dB; B represents the increment in the absolute value of the outcome when exposed to higher air-
craft noise categories, in comparison with those exposed to <45 dB. Lygy refers to the A-weighted equivalent noise level (L.q) measured in decibels (dB) over
the 8-h night period from 23:00 hours to 07:00 hours. All models have been adjusted for sex; ethnicity; age in 2006 and 2011; BMI; ever seen a psychiatrist or
doctor (GP) for nerves, anxiety, tension, or depression; smoking status; alcohol consumption; total number of vigorous or moderate physical activities (in days)
a participant typically reported doing in a week; average yearly household income before tax; Townsend deprivation index at the time of recruitment from the
national census output areas associated with the participant’s place of residence; nighttime road traffic noise; nighttime rail traffic noise; NO, concentration;
PM, s concentration; and greenspace percentage within a buffer of 1,000 m. The numeric results can be found in Excel Tables S6, S7, and S8. BMI, body mass

index; CI, confidence interval; GP, general practitioner; OR, odds ratio.

in the entire sample. Diabetic participants exposed to aircraft
Lpight >55 dB also demonstrated the highest intradaily variabili-
ty and lowest interdaily stability, with effect sizes estimateld
between 6 and 10 times greater than the pooled effects when all
participants were included. The odds for participants with a
sleep disorder who were exposed to >55 dB, in comparison with
those with a sleep disorder but exposed to <45 dB, was 300%
higher. They also spent nearly 24 min (longest among all sub-
groups) more in sleep or in bed.

Discussion

Many studies relying on subjective reports of sleep quality have
found that aircraft noise is associated with disturbed sleep. This
study is one of the first to provide objective evidence of impacts
of aircraft noise on sleep using actimetry data, with particular
strengths of a very large sample size and recruitment being inde-
pendent of interest in aircraft noise.

Specifically, we observed a higher level of average accelera-
tion during the least active 8-h period in individuals exposed to
the highest levels of aircraft noise in comparison with those in
the lowest noise group. We also saw sleep—wake cycle changes.
Participants exposed to higher nighttime aircraft noise experi-
enced a diminished contrast between daytime activity and night-
time rest (as measured by relative amplitude).’! Their rest—
activity rhythm was less stable and less synchronized with the
24-h light-dark cycle (as measured by interdaily stability).?!->?
They also showed fragmented rest—activity rhythm (as measured
by intradaily variability).>>>* However, we found aircraft noise
had no clear impact on objectively measured length of time on
sleep or in bed, which agrees with findings on noise exposure and
self-reported sleep length in our and other studies.'?

Our results on self-reported outcomes suggest mixed
results. We noted that nighttime aircraft noise was associated
with daytime dozing, with a substantial association size, which
again suggests some evidence of poor nighttime sleep among
people exposed to high level of aircraft noise at night.?”->*
However, although we found a slightly higher likelihood of
self-reported sleeplessness among people exposed to higher
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levels of aircraft noise, such an association was not statisti-
cally significant. Furthermore, self-reported shorter hours of
sleep were observed among those exposed to high noise levels,
which contrasts with our previous evidence of a slightly longer
time sleep or in bed measured actimetrically.

Several factors could contribute to differing results from acti-
metric and self-reported outcomes. Sleep is an unconscious pro-
cess, and its subjective evaluation can be challenging.® The
potential for recall bias in self-reported sleep measures may
account for the contrasting evidence observed. In particular, when
looking at self-reported sleep duration, people may not estimate
their sleep well and/or estimate it to whole numbers (e.g., 7 h, 8 h),
and some may have included daytime naps in the total reported
sleep duration. The algorithm used for actimetric defined sleep du-
ration from an Oxford group?® may include time in bed and is less
strict than some algorithms.>3¢ This approach may lead to a clas-
sification bias: an individual who is immobile yet awake can be
inaccurately categorized as being in a sleep phase.'? Some studies
have found substantial differences between self-reported and phys-
iologically derived measures of sleep, including those related to
noise-induced sleep disturbance.®5” For example, a 2017 study
(DEBATS Study) conducted in France with 1,244 participants liv-
ing near three airports discovered that an increase of 10 dB(A) in
aircraft noise level at night was associated with an OR of 1.63 (95%
CI: 1.15, 2.32) for self-report of sleeping <6 h during the sleeping
period of the day.?® However, a subset of 112 individuals with acti-
metric data showed longer total sleep time (TST) and time in bed
(TB) among those exposed to high levels of aircraft noise.'?

Given the more objective nature of actimetric measures, evi-
dence of aircraft noise association with actigraphy-derived sleep
measures based on a large-scale cohort can complement current
studies that predominantly use subjective measures. We showed
that actigraphy provides detailed and subtle sleep measures that
are not captured by questionnaires. Future research is recom-
mended to examine the association between noise exposure from
not only aircraft but also road and railway sources and actimetric
measures of sleep disturbance, sleep efficiency, and staging in
large cohorts.
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Our findings may have a broader health implication. Nighttime
exposure to aircraft noise was associated with a slightly higher av-
erage acceleration, indicating a higher level of participant move-
ment during rest periods.'®!° We observed a 0.12 mg difference in
those exposed to higher aircraft noise over the least active 8 h,
which compares to an average acceleration in the least active 8 h in
the UK Biobank cohort of 3.8 mg. The differences are small, and,
at present, it is unclear how meaningful they may be, because little
research has been conducted on this measure to date.

However, one previous study found that a higher level of par-
ticipant movement during rest periods of +0.4 mg was linked to
a higher risk of adverse outcomes from COVID-19.18 A +1.5 mg
increase in acceleration (the SD difference) was associated with a
3.0 cm increase in waist circumference adiposity, a 0.9% increase
in % fat, a 0.2-point decrease in fitness as measured by the Short
Physical Performance Battery (SPPB) score, a reduction of 1.4
repetitions in the sit-to-stand test, and an increase of 1.5 bpm in
resting heart rate.>

To interpret findings on RA, we looked at previous studies.
One study using UK Biobank data (91,105 participants) found
that a one-quintile reduction (~—0.02 to —0.05 difference in
absolute value) was associated with increased risks of lifetime
major depressive disorder (OR =1.06; 95% CI: 1.04, 1.08), life-
time bipolar disorder (OR=1.11; 95% CI: 1.03, 1.20) and greater
mood instability (OR =1.02; 95% CI: 1.01, 1.04).>° A pooled
analysis across three studies involving 578 healthy participants
showed individuals with the least robust 24-h rest—activity pattern
(bottom quintile of relative amplitude) had a BMI that was
2.65kg/m? higher than those with the most robust pattern (top
quintile).%%%" Another UK Biobank study found that RA 1 SD
higher than the mean (~+0.02) was associated with ~5 cm
lower waist circumference.® If these results can be directly com-
pared with our findings, our identified differences (—0.006) in
RA would correspond to an approximate increase of 1.5 cm in
waist circumference among individuals exposed to noise levels
>55 dB in comparison with those exposed to levels <45 dB.
Specific subgroups like individuals with diabetes (—0.06) and
those who look after home/family (—0.02) showed greater differ-
ences in RA when exposed to nighttime aircraft noise, which are
in the range previously associated with mental health effects.>®

With respect to interdaily stability/intra-daily variability, a
study from the United States that focused on 1,734 elderly individ-
uals (=65 y of age) found a more stable 24-h activity rthythm (as
measured by interdaily stability) was associated with a lower mor-
tality risk [hazard ratio (HR) =0.83;95% CI: 0.71, 0.96] per 1 SD
(approximately 0.1), whereas a more fragmented rhythm as meas-
ured by IV was associated with a higher mortality risk (HR = 1.22;
95% CI: 1.04, 1.44) per 1 SD (around 0.1).2 We found in our study
that elderly participants (>65 y of age), exposed to aircraft noise
>55 dB Lyign, had an associated 0.08 increase in IV. If results can
be directly compared and associations are causal, our results might
imply a comparable increase in mortality ratio related to frag-
mented activity rhythms. This implication needs to be investigated
in follow-up studies.

Interdaily stability values are also associated with metabolic
health. A 2020 literature review reported that among a subgroup
of 1,137 older individuals, higher interdaily stability values (sug-
gesting greater stability of 24-h rest—activity patterns), were asso-
ciated with 31%, 27%, and 24% lower odds of having metabolic
syndrome, type-2 diabetes, and obesity, respectively.6!-62

Disruption of circadian rhythms is of concern because of the
potential for wider health impacts.®® There is robust evidence
derived from both animal models and human epidemiological
research that demonstrates circadian disruption to be significant
risk factors for cardiovascular disease,** and growing interest in
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the relationship between environmental noise and cancer, particu-
larly breast cancer.®>¢ One theory for this link is the reduction
in melatonin levels caused by disrupted circadian rhythm, which
may subsequently contribute to an increased cancer risk.%>67
Circadian misalignment and diminished amplitude of rhythms
have been demonstrated to predict the onset of neurodegenerative
diseases.®® This pathway could again potentially explain the
largely unknown mechanisms underlying the association between
noise exposure and neurodegenerative disorders such as demen-
tia, a topic that has attracted increasing attention in recent
years.®~72 Additional studies are needed to establish whether
nighttime aircraft noise may be impacting on melatonin levels,
and circadian thythm.

A key strength of our paper lies in the large sample size,
which, to the best of our knowledge, is the largest to date to look
at aircraft noise and device-based measures of sleep disturbance.
Although a large sample size can raise concerns about overpow-
ered statistical analysis, we conducted multiple sensitivity analy-
ses on subsamples with smaller sample sizes, and our results
remained largely consistent. The research design involving self-
reported outcomes is repeated cross-sectional, which is another
strength. Furthermore, actimetry has been widely used and vali-
dated'® and provides rich outcomes that may not be available through
questionnaires. Our study serves as a hypothesis-generating investi-
gation to explore potential actimetric derived outcomes that could be
used as proxies for sleep disturbance in future noise studies.

Our paper has some limitations. First, there may be misclassi-
fication of noise levels, which could affect the accuracy of our
findings. In particular, the noise contours used were assessed for
2011, whereas actimetric data were measured between 2013 and
2015. In addition, building sound-proofing is likely to vary and
create differences in individual exposures.® We adopted a com-
plete case approach to analyze the data, which could introduce
bias.”® Some unmeasured health or disease variables might have
influenced the sleep outcomes, which we were unable to adjust
for in our study. Our sleep outcomes may be subject to biases.
Different devices and algorithms used to process actigraphy data
could introduce bias. An individual who was immobile may be
classified as being in a sleep phase even when they were awake,
or conversely, someone with a sleep disorder could be classified
as awake, due to movement, despite being asleep.'>!> There was
uncertainty about how to address negative values during the grav-
ity removal process, as well as the best method to identify non-
wear episodes.'> However, actigraphy has the advantage of being
easily performed in larger samples while preserving participants’
natural sleep habits in their homes.!? Some studies, including a
retrospective analysis involving 27 patients, have shown that
actigraphy and ambulatory polysomnography can yield compara-
ble results in assessing chronic insomnia.”* In a meta-analysis of
eight studies that compared sleep architecture estimates between
wrist-worn actigraphy and polysomnography, authors found that
actigraphy-based sleep staging had some ability to classify differ-
ent sleep stages in comparison with polysomnography.”>-76

We note that flight activity at all the airports in our study is
increasing, so consideration will need to be given to potential for
increased noise exposure and associated public health impacts.
Heathrow, Gatwick, Birmingham, and Manchester, among many
other major airports in Europe, are set to expand to accommodate
an anticipated increase in passenger numbers by nearly 42% from
2017 to 2040, as projected by the European Environmental
Agency.”” Heathrow is planning to build a third runway, supported
by the UK government through the Airports National Policy
Statement.”® Gatwick plans to make more regular use of its
Northern Runway,” and Manchester and Birmingham airports are
considering transforming or expanding their terminals.30-8!
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Conclusion

We know from many studies relying on subjective report of sleep
quality that aircraft noise is associated with disturbed sleep. This
study is one of the first to provide evidence on the association
between aircraft noise and objective measures of sleep using
actimetry data from a large sample near four major international
airports in England. Aircraft noise at night was associated with
increased movement during the least active continuous 8-h peri-
ods (a proxy for sleep) and a disrupted sleep—wake cycle, which
has been associated with wider health impacts including mental
health, BMI, diabetes, and mortality risk. However, we found air-
craft noise had minimal impact on objectively measured length of
time in bed, which agrees with self-reported sleep length in our
and other studies. Our results have significant policy implica-
tions, highlighting the necessity for authorities to formulate strat-
egies that mitigate sleep disturbances caused by aircraft noise.
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