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Study Objectives: Environmental noise exposure disturbs sleep and impairs recuperation, and may contribute to the increased risk for (cardiovascular)
disease. Noise policy and regulation are usually based on average responses despite potentially large inter-individual differences in the effects of traffic noise
on sleep. In this analysis, we investigated what percentage of the total variance in noise-induced awakening reactions can be explained by stable inter-
individual differences.

Methods: We investigated 69 healthy subjects polysomnographically (mean + standard deviation 40 + 13 years, range 18—68 years, 32 male) in this
randomized, balanced, double-blind, repeated measures laboratory study. This study included one adaptation night, 9 nights with exposure to 40, 80, or 120
road, rail, and/or air traffic noise events (including one noise-free control night), and one recovery night.

Results: Mixed-effects models of variance controlling for reaction probability in noise-free control nights, age, sex, number of noise events, and study night
showed that 40.5% of the total variance in awakening probability and 52.0% of the total variance in EEG arousal probability were explained by inter-individual
differences. If the data set was restricted to nights (4 exposure nights with 80 noise events per night), 46.7% of the total variance in awakening probability and
57.9% of the total variance in EEG arousal probability were explained by inter-individual differences. The results thus demonstrate that, even in this relatively
homogeneous, healthy, adult study population, a considerable amount of the variance observed in noise-induced sleep disturbance can be explained by inter-

individual differences that cannot be explained by age, gender, or specific study design aspects.
Conclusions: It will be important to identify those at higher risk for noise induced sleep disturbance. Furthermore, the custom to base noise policy and
legislation on average responses should be re-assessed based on these findings.
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Significance

Sleep hygiene is a prerequisite for sufficient good quality sleep. Environmental noise is ubiquitous, disturbs sleep and impairs recuperation. This
polysomnographic study demonstrates large individual differences in the degree of noise-induced sleep fragmentation despite a relatively homogeneous,
healthy, and adult study population. It will thus be important to identify biomarkers of susceptibility for noise-induced sleep disturbance. These markers
will help develop mitigation and therapeutic strategies. At the same time, noise policy needs to reflect the large individual differences in the susceptibility
to noise-induced sleep disturbance. It may not be enough simply protecting an “average” sleeper.

INTRODUCTION

Environmental noise exposure disturbs sleep, impairs sleep
recuperation, and may contribute to long-term negative health
consequences."> Noise policy and regulation are usually based
on average responses, although anecdotal reports suggest sub-
stantial inter-individual differences in the effects of traffic
noise on sleep even in relatively homogeneous and healthy
populations (Figure 1A).*> Sleep spindles have been identified
as a potential biomarker of the susceptibility of the sleeping or-
ganism to noise intrusions.* However, the magnitude of inter-
individual differences in susceptibility to noise-induced sleep
disturbance relative to within-subject variability observed
during repeated exposure to noise has not been systematically
studied. In this analysis, we investigated what percentage of the
total variance of noise-induced awakenings and EEG arousals
can be explained by stable inter-individual differences.

METHODS

Between 2004 and 2006, we performed a laboratory study on
single and combined effects of road, rail, and aircraft noise on
sleep in the sleep laboratory of the DLR-Institute of Aerospace
Medicine in Cologne, Germany.® We investigated 69 healthy
subjects (mean = SD 39.7 + 13.2 years, range 18—68 years,
32 male) for 11 consecutive nights. Subjects were medically
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screened and without relevant hearing impairment as estab-
lished via audiometry. Night 1 served as adaptation and night
11 as recovery. Nine different noise scenarios (including one
noise-free control night) were played back during exposure
nights 2 to 10. Three subjects (3/72 = 4.2%) were excluded
from this analysis because they reported pain or nausea during
the noise-free control night. Traffic noise events were recorded
with class 1 sound level meters in the bedroom of residents
living close to a road, railway, or airport. Each sleep cabin
was acoustically calibrated to assure accurate playback of re-
corded noise events. Playback of each noise event started at
the beginning of a 30-s sleep epoch. There were 9 different
noise scenarios with single, double, and triple exposure nights.
The 3 single-exposure nights each consisted of 40 noise events
from one traffic mode only, i.e., aircraft (Al), road (RO), or
rail (RA). Noise events belonged to 1 of 5 maximum sound
pressure level (SPL) categories: 45, 50, 55, 60, or 65 dB. SPLs
were A-weighted with the time constant set to slow. Single ex-
posure nights consisted of 8 noise events from each of the SPL
categories. There were 3 double exposure nights: Aircraft plus
road noise (AIRO), aircraft plus rail noise (AIRA), and road
plus rail noise (RORA). Each of the double exposure nights
consisted of 40 noise events from both of the respective single
exposure nights, i.e., 80 noise events in total. There was one
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Figure 1—(A) Hypnograms of the most sensitive (black, above) and the
most resilient (red, below) subject exposed to 64 aircraft noise events
with maximum sound pressure levels of 65 dB(A) are shown. The most
sensitive subject woke up with a probability of 88%, whereas the most
resilient subject woke only up in 3.3% of aircraft noise events. Adopted
from Basner et al.® (B,C) Average awakening (B) and average EEG
arousal (C) probability are shown for each of the 69 subjects and for each
of the 8 exposure nights (represented by different symbols; Al aircraft
noise; RO, road traffic noise; RA, rail noise). The subjects are ordered
from smallest (left) to largest (right) average reaction probability. The
variance explained by stable inter-individual differences varied between
39.1% to 48.4% for awakenings and 50.3% to 65.3% for EEG arousals
depending on model and data set.
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triple exposure night (AIRORA) consisting of all 120 noise
events from the single exposure nights.

With this study design, exposures with different traffic
modes were comparable according to number and maximum
SPL of noise events. Additionally, the equivalent continuous
sound levels La.q (i.e., average noise levels across the night)
of the single exposure nights of aircraft and rail traffic noise
were identical. Due to the shorter duration of road traffic noise
events, the Laq of the road traffic single exposure night was
lower. In order to get an equivalent L, ¢, the number of road
noise events was doubled in one exposure night (RORO). Ad-
ditionally, there was one night free of any traffic noise which
had an L, ¢q of 30 dB(A), caused by the constant sound of the
air-conditioning system.

To balance the study design, each exposure was applied in
each study night position once, and there were 9 study periods
with 8 subjects each. Because sound insulation of sleep cabins
was not absolute, in each study period, all 8 subjects received
the same noise pattern in the same night. Aside from one noise-
free control night, there were no noise-free nights interposed
between 2 exposure nights, i.e., there were no washout periods.
A more detailed description of the study design can be found
in Basner et al.’

Electrophysiological signals included EEG (C3-A2, C4-Al),
EOG, submental EMG, ECG, respiratory movements, and
finger pulse amplitude. Sleep stages were scored according to
the standards of Rechtschaffen et al.® The study was approved
by the local ethics committee. Subjects gave written informed
consent prior to study participation and were free to discon-
tinue any time without explanation.

Our outcomes of interest were noise-induced sleep frag-
mentation, operationalized as awakenings (R&K sleep stage
changes from stages S1-S4 and REM to wake or movement
time) and EEG arousals (as defined by Bonnet et al”). A
noise event was excluded from the analysis if the subject
was already awake in the 30-s epoch preceding noise onset
(for awakenings) or if there was an EEG arousal in a 10-s
time window preceding noise-onset (for EEG arousals). For
eligible noise events, the next 60 s were screened for a sleep
stage change to awake or movement time (i.e., an awakening)
or for the onset of an EEG arousal. For each exposure night,
average noise-induced awakening and EEG arousal prob-
ability was calculated by dividing the number of awakenings/
EEG arousals through the number of eligible noise events.
Spontaneous awakening and EEG arousal probability was de-
termined in a similar way using the noise-free control nights.
For each noise event and each subject, we first determined
elapsed time after sleep onset. We then used this time as the
onset of a virtual or sham noise event relative to sleep onset
in the noise-free control night. Spontaneous awakening and
arousal probability was then determined in the same way it
was determined in the noise nights (i.e., by screening a 60-s
window in the noise-free control night for an awakening and
an EEG arousal if the subject was not awake and arousal-
free prior to virtual noise onset, respectively). Sixteen of 552
exposure nights (2.9%) were excluded from the analysis be-
cause less than half of the 8-h TIB period could be analyzed
due to signal loss.
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Table 1—Intra-class correlations for awakenings and EEG arousals.

noise exposure nights AIRO, AIRA, RORA, and RORO only.

Awakenings EEG Arousals
Model 0,2 o2 IcC 0,2 0.2 IcC
Full Data Set
Int 22.320 33.554 0.399 96.304 70.798 0.576
Int Peont 21.566 33.554 0.391 71.794 70.812 0.503
Int Peont Sex Age Nevent Night 21.071 30.979 0.405 71.624 66.154 0.520
Restricted Data Set
Int 20.647 22.002 0.484 93.723 49,850 0.653
Int Peont 19.879 21.996 0.475 69.632 49.878 0.583
Int Poont Sex Age Neven: Night 18.970 21.638 0.467 68.389 49.668 0.579

0v%, between-subject variance; .2, within-subject variance; ICC, intra-class correlation; Int, Intercept; Peon, Awakening/EEG Arousal probability in noise-
free control nights; Age, age centered at 39.7 years; Ne.exi, number of noise events in given exposure night (40, 80, or 120); Night, number of study night
(range: 2-10); Sex, Nevents, and Night were entered as categorical variables with 2, 3, and 9 levels, respectively. The restricted data set contained data for

Random subject effect mixed-effect models of variance
(variance component covariance structure, uncorrected de-
grees of freedom) were run with Proc Mixed in SAS (Version
9.3, SAS Institute, Cary, NC). The intra-class correlation (ICC)
coefficient was calculated according to Van Dongen et al.® by
dividing estimates of between-subject variance by the sum of
between- (0,?) and within-subject (c,*) variance. As subjects
with higher spontaneous awakening/EEG arousal probability
could also be more susceptible to noise, we also ran a model
controlling for spontaneous awakening/EEG arousal prob-
ability in noise-free nights. Finally, we investigated the robust-
ness of the ICC to the effects of age and gender (that potentially
contribute to between-subject variance) and study night and
number of noise events per night (that potentially contribute
to within-subject variance) in a third mixed-effect model. In a
sensitivity analysis, we re-ran the mixed models for a data set
restricted to the 4 nights with exposure to 80 noise events from
air, road, and/or rail traffic noise (i.e., AIRO, AIRA, RORA,
and RORO). Due to the similarity of these exposure scenarios,
we expected a reduction of within-subject variance relative to
the analysis with all exposure nights.

RESULTS

Figure 1B shows average awakening probability and Figure 1C
shows average EEG arousal probability for each of the 8 ex-
posure nights and for each of the 69 subjects. Subjects were
ordered from lowest (left) to highest (right) average reaction
probability across exposure nights. Table 1 shows within- and
between-subject variance and ICCs for the 3 mixed models
stratified by outcome (awakening; EEG arousal) and by data
set (full; restricted). ICCs for awakenings ranged between
0.391 and 0.405 in the full data set and between 0.467 and
0.484 in the restricted data set. ICCs for EEG arousals were
higher and ranged between 0.503 and 0.576 in the full data set
and between 0.579 and 0.653 in the restricted data set. A 10%
increase in spontaneous awakening probability was statisti-
cally nonsignificantly associated with a 3.9% increase in noise-
induced awakening probability (SE 2.3%; P = 0.0849), and
accounting for spontancous awakening probability decreased
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oy’ only marginally by 3.4% (full model). In contrast, a 10% in-
crease in spontaneous EEG arousal probability was associated
with a statistically significant 7.7% increase in noise-induced
EEG arousal probability (SE 1.7%; P <0.0001), and accounting
for spontaneous EEG arousal probability decreased c,> by
25.5% (full model). Additionally, accounting for age, sex,
study night, and number of noise events per night caused only
minor changes (< 8%) in oy, 6,7, and ICC. If the data set was
restricted to nights with exposure to 80 noise events (black
symbols in Figures 1B and 1C), 6, decreased by 30% to 34%
for awakenings and by 25% to 30% for EEG arousals.

DISCUSSION
Traffic noise causes sleep fragmentation through increases in
the number of awakenings, shorter EEG arousals, and cardiac
activations that have been shown to affect daytime sleepi-
ness.> Importantly, whether a sleeper reacts to a given noise
event during the night not only depends on the acoustical prop-
erties of the noise event (like sound level rise time or spectral
composition), but also on the significance of the noise for the
sleeper,'® situational moderators (e.g., elapsed sleep time, cur-
rent sleep stage), and personal moderators (e.g., sex, age, noise
sensitivity). Despite anecdotal reports of large individual dif-
ferences in noise sensitivity, we are not aware of any studies
systematically investigating how much of the total variance in
noise-induced sleep fragmentation can be attributed to stable
differences between-subjects.

Our results demonstrate marked inter-individual differ-
ences in the susceptibility of sleeping subjects to nocturnal
traffic noise exposure. A considerable amount of the variance
(varying between 39.1% and 65.3% depending on data set, out-
come, and model) observed in noise-induced sleep fragmenta-
tion was explained by inter-individual differences, indicating
“moderate stability” according to conventional standards.'
These inter-individual differences could neither be explained
by individual characteristics (i.e., age or gender) nor by study
design characteristics (i.e., study night or number of noise
events per night). As expected, restricting the data set to expo-
sure nights with 80 noise events per night was associated with
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lower within-subject variability and higher ICCs compared to
the full data set. A floor effect related to relatively low awak-
ening probabilities produces lower inter-individual variability
and could explain why ICCs were slightly higher for EEG
arousals compared to awakenings.

Importantly, the data were derived in a controlled laboratory
setting and in a relatively homogeneous, healthy, adult study
population. ICC estimates are therefore likely conservative
and expected to be higher in real world situations. Further-
more, although the noise scenarios were similar, they were not
identical. If we had used identical noise scenarios, we would
expect lower within-subject variance and, again, higher ICCs.
This was corroborated by an analysis restricting the data set to
nights with more similar noise exposure. Finally, awakening
and EEG arousal probability estimates were based on 63 and
61 noise events, respectively, on average (range 21-119). The
imprecision associated with this relatively modest sample size
likely increased within-subject variability, and lowered ICCs.

In conclusion, our analyses demonstrate non-negligible inter-
individual differences in the susceptibility to noise-induced
sleep disturbance. It will thus be important to identify those at
higher risk for noise-induced sleep disturbance. Furthermore,
the custom to base noise policy and legislation on average re-
sponses should be re-assessed based on these findings."
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