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Study Objectives: To investigate the association between self-reported and objective measures of sleep and wind turbine noise (WTN) exposure. 
Methods: The Community Noise and Health Study, a cross-sectional epidemiological study, included an in-house computer-assisted interview and sleep 
pattern monitoring over a 7 d period. Outdoor WTN levels were calculated following international standards for conditions that typically approximate the 
highest long-term average levels at each dwelling. Study data were collected between May and September 2013 from adults, aged 18-79 y (606 males. 632 
females) randomly selected from each household and living between 0.25 and 11.22 kilometers from operational wind turbines in two Canadian provinces. 
Self-reported sleep quality over the past 30 d was assessed using the Pittsburgh Sleep Quality Index. Additional questions assessed the prevalence of 
diagnosed sleep disorders and the magnitude of sleep disturbance over the previous year. Objective measures for sleep latency, sleep efficiency, total sleep 
Ume, rate of awakening bouts, and wake duration alter sleep onset were recorded using the wrist worn Actiwatch2® from a subsample of 654 participants 
(289 males, 365 females) for a total of 3,772 sleep nights. 
Results: Participant response rate for the interview was 78.9%. Outdoor WTN levels reached 46 dB(A) with an arithmetic mean of 35.6 and a standard 
deviation of 7.4. Self-reported and objectively measured sleep outcomes consistently revealed no apparent pattern or statistically significant relationship to 
WTN levels. However, sleep was significantly influenced by other factors, including, but not limited to, the use of sleep medication, other health conditions 
(including sleep disorders), caffeine consumption, and annoyance with blinking lights on wind turbines. 
Conclusions: Study results do not support an association between exposure to outdoor WTN up to 46 dB(A) and an increase in the prevalence of disturbed 
sleep. Conclusions are based on WTN levels averaged over 1 y and, in some cases, may be strengthened with an analysis that examines sleep quality in 
relation to WTN levels calculated during the precise sleep period time. 
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Significance 
This study provides the most comprehensive assessment to date of the potential association between exposure to wind turbine noise (WTN) and sleep. 
As the only study to include both subjective and objective measures of sleep, the results provide a level of insight that was previously unavailable. The 
absence of an effect of WTN on sleep is based on an analysis of self-reported and objectively measured outcomes in relation to long term outdoor 
average sound levels. Knowledge in this area may be strengthened by future research to consider the potential transient changes in WTN levels 
throughout the night, which may influence subUe measures of sleep not assessed in the current study. 

INTRODUCTION 
Sleep loss has been implicated in a variety of negative health 
outcomes1 including cardiovascular abnormalities,2 immuno
logical problems,3 psychological health concerns,4 and neu
robehavioral impairment that can lead to accidents.5 Sleep 
loss may be related to total sleep time restriction and/or re
duced sleep quality in the sleep time obtained. Sleep disorders 
such as insomnia and obstructive sleep apnea are associated 
with an increased incidence of hypertension, heart failure, 
and stroke. 6•7 

Sleep can clearly be disrupted with noise. 8 It has long been 
recognized that electroencephalography (EEG) arousals can 
be induced with external environmental stimuli, but are modu
lated by sleep state.9 The World Health Organization (WT-I ) 
Guidelines for Community Noise recommend that, for con
l inuous noise. an indoor sound level of 30 dB(A) hould not 
be exceeded during the sleep period time to avoid sleep distur
bance.10 More recently, the WHO's Night Noise Guidelines for 
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Europe 11 suggest an annual average outdoor level of 40dB(A) 
to reduce negative health outcomes from sleep disturbance 
even among the most vulnerable groups. 

Sleep can be measured by subjective and objective means12 
although due to the fundamental nature of unconsciousness 
in this state, people are unable to introspect on their sleep 
state. As such, an individual may surmise the quality of his 
or her sleep, with descriptions of what his or her presumed 
sleep was like, periods of awakening, and consequences of 
the state. However, sleep state misperception is a common 
clinical phenomenon, whereby patients with some degree of 
insomnia may report much worse quality of sleep than what 
actually occurred.13 S11hjectiv~ interpretation of sleep state is 
thus subject to biased reporting from the individual and there
fore subjective and objective measures of sleep are frequently 
discordant. Therefore, objective physiological measures of 
sleep can provide a more accurate reflection of what actually 
happened during an individual's sleep and form the basis of an 
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unprejudiced understanding of the actual biological effect of 
factors such as noise on sleep. 

Although the current study is the first to include objective 
measures in the assessment of sleep quality in the context of 
wind turbine noise (WTN) exposure, the psychological experi
ence of the individual must be considered, though this factor 
may be more prone to subjective interpretation. Numerous sub
jective scales of sleep have been devised. The Pittsburgh Sleep 
Quality Index (PSQI)14 is a measure of the subjective experi
ence of sleep that has had detailed psychometric assessment, 15 

validation in numerous populations, 16- 18 and is one of the most 
common subjective methodologies used in sleep research. 

The PSQI has been administered in a study to compare sub
jective sleep quality among 79 subjects living near two different 
wind farms wherein it was reported that sleep quality was worse 
among the group living closer to the wind turbines.19 Pedersen20 

found that self-reported sleep disturbance for any reason from 
any source was inconsistently related to the level of WTN. 
Bakker et al.21 showed that self-reported sleep disturbance was 
correlated to WTN level, but when noise annoyance from wind 
turbines was brought into a multiple regression, sleep distur
bance appeared to be highly correlated to the annoyance, but 
not to WTN level and only annoyance wa · ·tali ·tically corre
lated to WTN level. This is consistent with the study by van den 
Berg et al. 22 wherein noise annoyance was reported as a better 
predictor of self-reported sleep disturbance than noise level for 
transportation, industrial, and neighbor noise. 

Several studies have provided objectively measured assess
ments of transportation noise-induced sleep disturbance. 23-

26 

Although it is clear that noise is among the many factors that 
contribute to sleep disturbance 23

·
24

·
27

•
28 there has been no study 

to date that has provided an assessment of sleep disturbance in 
the context of WT exposures using objective measures such 
as actigraphy. 

The current study was designed to objectively measure 
sleep in relation to WTN exposure using actigraphy, which has 
emerged as a widely accepted tool for tracking sleep and wake 
behavior_29.Jo The objective measures of sleep, when consid
ered together with self-report, provide a more comprehensive 
evaluation of the potential effect that WTN may have on sleep. 

This study was approved by the Health Canada and Public 
Health Agency of Canada Review Ethics Board (Protocol 
#2012-0065 and #2012-0072). 

METHOD 

Sample Design 

Target population, sample size, and sampling frame strategy 
Several factors influenced the determination of the final 
sample size, including having adequate statistical power to 
assess the study objectives, and adequate time allocation for 
collection of data, influenced by the length of the personal in
dwelling interview and the time needed to collect the physical 
measures. Overall statistical power for the study was based on 
the study's primary objective to assess WTN-associated ef
fects on sleep quality. Based on an initial sample size of 2,000 
potential dwellings, it was estimated that there would be 1,120 
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completed survey responses. For 1,120 survey responses there 
should be sufficient statistical power to detect at least a 7% 
difference in the prevalence of sleep disturbances with 80% 
power and a 5% false positive rate (Type I error). There was 
uncertainty in the power assessment because the current Com
munity Noise and Health Study, was the first to implement 
objectively measured endpoints to study the possible effects 
of WTN on sleep. How these power calculations applied to 
actigraphy-measured sleep was also unknown. In the absence 
of comparative studies, a conservative baseline prevalence for 
reported sleep disturbance of 10% was used.31

•
32 Sample size 

calculation also incorporated the following assumptions: (1) 
approximately 20% to 25% of the targeted dwellings would 
not be valid dwellings (i .e., demolished, unoccupied seasonal, 
vacant for unknown reasons, under construction, institutions, 
etc.); and (2) of the remaining dwellings, there would be a 70% 
participation rate. These assu mptions were validated (see re
sponse rates and sample characteristics related to sleep). 

Study locations were drawn from areas in southwestern 
O11tario ( N ) and Prince Edward l laud (PEL) where here 
were a sufficient number of dwellings within the vicinity of 
wind turbine installations. The ON and PEI sampling regions 
included 315 and 84 wind turbines, respectively. The wind tur
bine electrical power out-puts ranged between 660 kW to 3 MW 
(average 2,0 ± 0.4 MW). All lurbine w re modern monop le 
tower design with three pitch-controlled rotor blades (-80 m 
diameter) upwind of the lower and most had 80 m hub heights. 
All identified dwellings within approximately 600 m from a 
wind turbine and a random selection of dwellings between 
600 m and 11.22 km were selected from which one person per 
household between the ages of 18 and 79 y was randomly se
lected to participate. The final sample size in O and P I was 
l,0ll and 227, respectively. Participants were not compensated 
in any way for their participation. 

Wind turbine sound pressure levels at dwellings 
Outdoor sound pressure levels were estimated at each dwelling 
using both ISO 9613-133 and ISO 9613-234 as incorporated in 
the commercial software CadnaA version 4.4.35 The resulting 
calculations represent long-term (1 y) A-weighted equivalent 
continuous outdoor sound pressure levels (LAeq). Therefore, 
calculated sound pressure levels can only approximate with a 
certain degree of uncertainty the sound pressure level at the 
dwelling during the reference time periods that are captured by 
each measure of sleep. The time reference period ranges from 
1-7 d (actigraphy), to 30 d for the PSQI and the previous year 
for the assessment of the percentage highly sleep disturbed. 
Van den Berg36 has shown that, in the Dutch temperate cli
mate, the long-term average WTN level for outdoor conditions 
i 1.7 ± 1.5 dB(A) below the ound pressure level at 8 m/sec 
wind speed. Accordingly, a best estimate for the average night
time WTN level is approximately 2 dB(A) below the calculated 
levels reported in this study. 

Calculations included all wind turbines within a radius of 
10 km, and were based on manufacturers' octave band sound 
power spectra at a standardized wind speed of 8 m/sec and 
favorable sound propagation conditions. Favorable conditions 
assume the dwelling is located downwind of the noise source, a 
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stable atmosphere, and a moderate ground-based temperature 
inversion. Although variations in wind speeds and temperature 
as a function of height could not be considered in the model cal
culations due to a lack of relevant data, 8 m/sec was considered 
a reasonable estimate of the highest noise exposure conditions. 
The manufacturers' data were verified for consistency using 
on-site measurements of wind turbine sound power. The stan
dard deviation in ound levels wa e timatecl to be 4 dB(A) up 
to 1 km, and at 10 km the uncertainty was estimated to be be
tween IO dB(A) and 26 dB(A). Although calculations based on 
predictions of WTN levels reduces the risk of misclassification 
compared to direct measurements, the risk remains to some 
extent. The calculated levels in the current study represent rea
sonable worst-case estimates expected to yield outdoor WTN 
levels that typically approximate the highest long-term average 
levels at each dwelling and thereby optimize the chances of 
detecting WIN-induced sleep disturbance. The few dwellings 
beyond IO km were assigned the same calculated WTN value 
as dwellings at IO km. Unless otherwise stated, all decibel ref
erences are A-weighted. A-weighting fil ters out low fre tuen
cies in a sound that the human auditory system is less sensitive 
to at low sound pressure levels. 

In the current study, low-frequency noise was estimated by 
calculating C-weighted sound pressure levels. No additional 
benefit was observed in assessing low frequency noise be
cause C- and A-weighted levels were so highly correlated. De
pending on how dB(C) was calculated and what range of data 
was assessed, the correlation between dB(C) and dB(A) ranged 
from r = 0.84 tor= 0.97.37 

Background nighttime sound levels at dwellings 
As a result of certain meteorological phenomena (atmospheric 
stability and wind gradient) coupled with a tendency for 
background sound levels to drop throughout the day in rural/ 
semi-rural environments, WTN can be more perceptible at the 
dwelling during nighttime.38

-
41 In Canada, it is possible to esti

mate background nighttime sound pressure levels according to 
the provincial noise regulations for Alberta, Canada,42 which 
estimates ambient noise levels in rural and suburban environ
ments. Estimates are based on dwelling density per quarter 
section, which represents an area with a 451 m radius and dis
tance to heavily travelled roads or rail lines. When modeled in 
accordance with these regulations, estimated levels can range 
from 35 dB(/\) to 51 dB(A). The po sibility !hat exposure 
to high levels of road traffic noise may create a background 
sound pressure level higher than that estimated using the Al
berta regulations was considered. In O , road noise for the six
lane concrete Highway 401 was calculated using the United 
States Federal Highway Administration (FHWA) Traffic Noise 
Model43 module in the CadnaA software.35 This value was used 
when it exceeded the Alberta noise estimate, making it pos
sible to have levels above 51 dB(A). 

Data Collection 

Questionnaire administration and refusal conversion strategies 
The questionnaire instrument included modules on basic de
mographics, noise annoyance, health effects, quality of life, 
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sleep quality, sleep disorders, perceived stress, lifestyle be
haviors, and prevalence of chronic disease. To avoid bias, the 
true intent of the sh1dy, which was to assess the community 
response to wind turbines, was masked. Throughout the data 
collection, the study's official title was: Community Noise and 
Health Study. This approach is commonly used to avoid a dis
proportionate contribution from any group that may have dis
tinct views toward wind turbines. Data collection took place 
through in-person interviews between May and September 
2013 in southwestern ON and PEI. After a roster of all adults 
aged 18 t 79 y living in the dwell ing was compi led, a com
puterized method was used to randomly select one adult from 
each household. No substitution was permitted; therefore, if 
the targeted individual was not at home or unavailable, alter
nate arrangements were made to invite them to participate at 
a later time. 

All 16 interviewers were instructed to make every reason
able attempt to obtain interviews, which included visiting the 
dwelling at various times of the day on multiple occasions and 
making contact by telephone when necessary. If the individual 
refused to participate, they were then contacted a second time 
by either the senior interviewer or another interviewer. If, after 
a second contact, respondents refused to participate, the case 
was coded as a final refusal. 

Self-reported sleep assessment 
Long-term self-reported sleep disturbance included an as
sessment of the magnitude of sleep disturbance experienced 
at home (of any type for any reason) over the past year. Par
ticipants were requested to describe their level of sleep distur
bance at home over the past year using one of the following 
categories: "not at all," "slightly," "moderately," "very" or "ex
tremely," where the top two categories were collapsed and con
sidered to reflect "highly sleep disturbed." For the purposes 
of this analysis the bottom three categories reflect "low sleep 
disturbance." These categories and the classification of"highly 
sleep disturbed" is cons istent with the appr ach adopted for 
annoyance44 and facilitates comparisons to self-reported sleep 
disturbance functions developed for transportation noise 
sources.45 Data were collected on prevalence of diagnosed 
sleep disorders. In addition, participants completed the PSQI, 
which provided an assessment of sleep quality over the pre
vious 30 d. The seven components of the PSQI are scored on a 
scale from O (better) to 3 (worse); therefore the global PSQI is 
a score ranging between 0-21, where a value of greater than 5 
is thought to represent poor sleep quality.14-I6- I8 

Objectively measured sleep 
An Actiwatch2® (Philips Healthcare, Andover, MA, USA) 
sleep watch was given to all consenting and eligible participants 
aged 18 to 79 y who were expected to sleep at their current ad
dress for a minimum of3 of the 7 nights following the interview. 
There were 450 devices at hand that were cycled throughout the 
study. In order to receive the device, respondents also needed 
to have full mobility in the arm on which the watch was to be 
worn. Respondents were asked to wear the device on their wrist 
during all hours of the day and night for the 7 d following their 
interview. The Actiwatch2® provides key information on sleep 
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patterns (based on movement), including timing and duration of 
sleep as well as awakenings, and has been compared with poly
somnography in some patient samples,46 but does not replace 
polysomnography due to imperfect sensitivity and specificity 
for detecting wake periods. However, this tool can provide rea
sonable estimates for assessing subjects objectively for more 
prolonged periods of time than conventional assessment tools, 
with minimal participant burden.47 The devices were configured 
to continuously record a data point every 60 sec for the entire 7 
d period. Data analysis was conducted using Actiware® Version 
5.148 with the soflware set to default settings (i.e., sensitivity set
ting of medium and a minimum minor rest interval size of 40 
min). With these settings an epoch of 40 counts (i.e., accelerom
eter activity above threshold) or less is considered sleep and ep
ochs above 40 counts are considered wake. However, any given 
epoch is scored using a 5-epoch weighting scheme. This pro
cedure weighs the 2 epochs adjacent to the epoch in question. 
The 5-epoch weighting is achieved by multiplying the number 
of counts in each respective epoch by the following: 1/25, 1/5, 
1, 1/5, 1/25, whereby an average above 40 indicates "awake" for 
the central epoch. The sleep start parameter was automatically 
calculated by the Actiware® software determined by the first 
10 min period in which no more than one 60 sec epoch was 
scored as mobile. An epoch is scored as mobile if the number 
of activity counts recorded in the epoch is greater than or equal 
to the epoch length in 15 sec intervals (i.e ., in a 60 sec epoch an 
activity value of 4 or higher). Endpoints of interest from wrist 
actigraphy included sleep efficiency (total sleep time divided 
by measured time in bed), sleep latency (how long it took to 
fall asleep), wake after sleep onset (WASO) (the total duration 
of awakenings), total sleep time, and the number of awakening 
bouls (WAff[) (du ring a sleep period). The WJ\BT data was 
analysed as the rate of awakening bouts per 60 min in bed. 

To help interpret the measured data, respondents were asked 
to complete a basic sleep log each night of the study. The log 
coolaiued informaliou about wh lher the respondcnl slept at 
home or not, pre· net: of window in the room where they slept, 
and whether or not the windows were open. After the 7 d col
lection period, respondents were asked to return the completed 
sleep log with the actigrnph in a prepaid package. 

Statistical Methodology 
The analysis follows the description in Michaud et al.,49 which 
provides a summary of the study design and objectives, as 
well as a proposed data analysis. Briefly, the Cochran Mantel
Haenszel chi-square test was used to detect associations be
tween self-reported magnitude or contributing sources of sleep 
disturbance and WTN exposure groups while controlling for 
province. Because a cut-off value of 5 for the global PSQI 
score provided a sensitive and specific measure distinguishing 
good and poor sleep, the PSQI score was dichotomized with 
the objective to model the proportion of individuals with poor 
sleep quality (i.e., PSQI > 5).14 As a first step to develop the 
best model to predict the dichotomized PSQI score, univariate 
logistic regression models only adjusting for WTN exposure 
groups and province were carried out. It should be emphasized 
that variables considered in the univariate analysis have been 
previously demonstrated to be related to the modeled endpoint 
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and/or considered by the authors to conceptually have a po
tential association with the modeled endpoint. The analysis 
of each variable only adjusts for WTN category and province; 
therefore, interpretation of any individual relationship must be 
made with caution. 

The primary objective in the current analysis was to use 
multiple regression models to identify the best predictors for 
(I) reporting a PSQI score greater than 5; and (2) the actigraphy 
endpoints. All explanatory variables that were statistically sig
nificant at the 20% level in the univariate analysis for each re
spective endpoint were considered in the multiple regression 
models. To develop the best model to predict each endpoint of 
interest, the stepwise method, which guards against issues of 
multicollinearity, was used for multiple regression models. 

The stepwise regression was carried out in three different 
ways wherein the base model included: (1) WTN exposure 
category and province; (2) WTN expo ure category, province, 
and an adjustment for individuals who reported receiving per
sonal benefit from having wind turbines in the area; and (3) 
WTN category and province, stratified for those who received 
no personal benefit. 

For the analysis of PSQI, multiple logistic regression models 
were developed using the stepwise method with a 20% sig
nificance entry criterion and a 10% significance criterion to 
remain in the model. The WTN groups were treated as a con
tinuous variable, giving an odds ratio (OR) for each unit in
crease in WTN level, where a unit reflects a 5 dB A) WTN 
category. The Nagelkerkc pseudo R2 is reported for logistic 
regression models. 

Repeated-measures data from all wrist actigraphy measure
ments were modeled using the generalized estimating equa
tions (GEE) method, as available in SAS (Statistical Analysis 
System) version 9.2 PRO ENM00.50- 52 nivar iate GEE 
regression models only adjusting for WTN exposure groups, 
province, day of the week, and the interaction between WTN 
groups and day of the week were carried out. The interaction 
between WTN and province was significant for the total sleep 
time outcome in the univariate models, but was no longer sig
nificant in the multiple EE regression model. Therefore, the 
base model for the multiple GEE regression models included 
only WTN category, province, and day of the week. The same 
stepwise meU1odology that was applied to build the PSQI 
models was used to develop multiple GEE regression models 
for each actigraphy endpoint. The within-subjects correlations 
were examined with different working correlation matrix struc
tures (unstructured, compound symmetry, and autoregressive 
of first order). An unstructured variance-covariance structure 
between sleep nights was applied to all endpoints with the ex
ception of sleep latency, where compound symmetry was used. 
The advantage of the GEE method is that it uses all available 
data to estimate individual subject variability (i.e., if 1 or more 
nights of data is missing for an individual, the individual is still 
includecl in the analysis). 

The wrist actigraphy endpoints of sleep efficiency and rate of 
awakening bouts do not follow a normal distribution, because 
one is a proportion ranging between O and l (sleep efficiency) 
and the other is a count (awakening bouts). Therefore, to ana
lyze awakening bouts a Poisson distribution was assumed. The 
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Figure 1-Histogram showing the distribution of participants as a function of calculated outdoor A-weighted wind turbine noise levels. (A) The number of 
participants who self-reported on the questionnaire that wind turbines were visible from anywhere on their property. (B) The number of participants who 
self-reported that wind turbines were audible from inside or outside their home. 

number of awakening bouts was analyzed with respect to the 
total time spent in bed and is reported as a rate of awakening 
bouts per 60 min in bed. Sleep efficiency, sleep latency, and 
WASO were transformed in order to normalize the data and sta
bilize the variance. 53- 55 In the · E models, statistical tests were 
based on transformed data in order to satisfy the normality and 
constant variance assumptions. Because back-transformation 
was not possible for some endpoints, the aritlunetic mean (least 
squares mean [LSM]) is presented for all endpoints. 

All regression models for PSQI and actigraphy endpoints 
were adjusted for provincial differences. Province was initially 
assessed as an etlect modifier. Because the interaction was 
not statistically significant for any of the multiple regression 
models, province was treated as a confounder in the models 
with associated adjustments, as required. Statistical analysis 
was performed using SAS version 9.2. A 5% statistical sig
nificance level was implemented throughout unless otherwise 
stated and Tukey corrections were applied to account for all 
pairwise comparisons to ensure that the overall Type I (false 
positive) error rate was less than 0.05. 

Actigraphy Data Screening 
The sleep actigrnphy file consisted of 4,742 nights of actigraphy 
measured sleep (i.e., sleep nights) data from 781 participants. 
The following adjustments to the file were made to account for 
data that could not be processed: removal of sleep nights with 
no data (n = 15), data where the dates from the sleep watch and 
sleep log diary did not match (n = 61), recordings bey nd 7 d 
(representing data collected off wrist or during return shipment) 
(n = 56), nights with shift work (n = 630), and data related to 
sleep nights away from home (n = 132). Removal of these data 
supported the objective to relate sleep behavior to noise expo
sure from wind turbines at the participants' dwelling. Sleep 
starting after 05:00 with awakening on the same day before 
18:00 was considered day sleep and removed from the analysis 
(n = 70). One participant was removed where there appeared to 
be a watch malfunction (i.e., indicated nearly constant sleep). 
The final sample size consisted of 3,772 sleep nights and 654 
participants. Any sleep that started after midnight, but before 
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05:00 was re-coded and considered as sleep for the previous 
night to avoid having two sleep observations for the same night. 
For the remaining data, all available data was used whether the 
person wore the watch for 1 d or for the maximum 7 d. 

RESULTS 

Wind Turbine Sound Pressure Levels at Dwellings 
Calculated outdoor sound pressure levels at the dwellings de
termined by ISO 9613-!33 and ISO 9613-234 reached levels as 
high as 46 dB(A). Results are considered to have an uncertainly 
of ± 4 dB(A) within distances that would have the strongest 
effect on sleep (i.e., -600 m). Figure I illustrates the distribu
tion of participants as a function of WTN levels and identifies 
the number of participant who reported wind turbine were 
visible from anywhere on their property (panel A) and 11udiblc 
(pauel B) wbil they were eitber outside or in ide Lheir dwcll iug. 

Background Nighttime Sound Pressure Levels 
Modeled background nighttime sound (BNTS) levels ranged 
between 35 and 61 dB(A) in the sample. Average .BNTS was 
highest in the WTN group 30- 35 dB(A) and lowe t in area 
where modeled WTN levels were between 40-46 dB(A).37 In 
the univariate analysis of global PSQI, the proportion of people 
with poor sleep (i.e., global scores above 5) was statistically 
similar among the BNTS levels (P = 0.9727). For actigraphy, 
BNTS levels were only statistically significant for the endpoint 
WA (P = 0.0059). where ii was found that individuals in 
areas with louder BNTS levels tended to have longer durations 
of awakenings. WASO increased from 50.7 min (95% confi
dence interval [CI]: 46.9, 54.4) in areas with < 40 dB{A) ONTS 
to 67.2 min (95% CI: 57.0, 77.5) in areas with 2'. 55 dB(A) BNTS 
levels (see supplemental material). 

Response Rates and Sample Characteristics Related to Sleep 
A detailed breakdown of the response rates, along with per
sonal and situational variables by WTN category, is presented 
by Michaud. 37 Of the 2,004 potential dwellings, 1,570 were 
valid and 1,238 agreed to participate in the survey (606 males, 
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Table 1-Self-reported magnitude and contributing sources of sleep disturbance. 

Wind Turbine Noise, dB(A) CMH 
P value• Variable <25 25-30 30-35 

n 83 95 304 

Self-reported sleep disturbance n (%) 
Not at all 29 (34.9) 44 (46.3) 112 (36.8) 
At least slighUyb 54 (65.1) 51 (53.7) 192 (63.2) 
Highly• 13 (15.7) 11 (11.6) 41 (13.5) 

35-40 40-46 
519 234 

208 (40.1) 85 (36.3) 
311 (59.9) 149 (63.7) 
75 (14.5) 24 (10.3) 

Overall 
1,235 

478 (38.7) 
757 (61.3) 
164 (13.3) 

0.7535 
0.4300 

Source of sleep disturbance (among participants at least slightly sleep dlsturbed) n (%) 
nd 53 51 186 
Wind turbine 0 (0.0) 2(3.9) 4 (2.2) 
Children 9 (17.0) 12 (23.5) 21 (11 .3) 
Pets 7 (13.2) 12 (23.5) 9 (4.8) 
Neighbors 6 (11 .3) 5(9.8) 9 (4.8) 
Other 41 (77.4) 35 (68.6) 162 (87.1) 
Stress/anxiety 6 (11 .3) 2(3.9) 21 (11.3) 
Physical pain 11 (20.8) 9 (17.6) 50 (26.9) 
Snoring 5(9.4) 6 (1 1.8) 17 (9.1) 

298 
45 (15.1) 
36 (12.1) 
45 (15.1) 
13 (4.4) 

232 (77.9) 
33(11.1) 
48 (16.1) 
20(6.7) 

138 
31 (22.5) 
20 (14.5) 
22 (15.9) 
5 (3.6) 

87 (63.0) 
11 (8.0) 
18 (13.0) 
12 (8.7) 

726 
82 (11.3) 
98 (13.5) 
95(13.1) 
38 (5.2) 

557 (76.7) 
73 (10.1) 

136 (18.7) 
60 (8.3) 

< 0.0001 
0.2965 
0.3582 
0.0169 
0.0128 
0.8938 
0.0289 
0.4126 

Participants were asked to report their magnitude of sleep disturbance over the last year while at home by selecting one of the following five categories: not 
at all, slightly, moderately, very, or extremely. Participants that indicated at least a slight magnitude of sleep disturbance were asked to identify all sources 
perceived to be contributing to sleep disturbance. •The Cochran Mantel-Haenszel chi-square test was used to adjust for provinces. bAt least slightly sleep 
disturbed includes participants indicating the slightly, moderately, very or extremely categories. 'Highly sleep disturbed includes participants who reported 
the very or extremely categories. The prevalence of reported sleep disturbance was unrelated to wind turbine noise levels. dOf the 757 participants who 
reported at least a slight amount of sleep disturbance, 31 did not know what contributed to their sleep disturbance. Of the remaining 726, at least one source 
was identified. Columns may not add to sample size totals as some participants did not answer questions and/or identified more than one source as the 
cause of their sleep disturbance. 

Table 2-Summary of Pittsburgh Sleep Quality Index scores. 

Wind Turbine Noise, dB(A) 
<25 25-30 30-35 35-40 40-46 Overall 

Mean (95% Cl) 
n (%)score> 5• 

6.22 (5.32, 7.11) 
40 (49.4) 

5.91 (5.05, 6.77) 
45 (48.9) 

6.00 (5.51, 6.50) 
138 (46.5) 

5.74 (5.33, 6.1 6) 
227 (44.4) 

6.09 (5.55, 6.64) 
106 (46.7) 

5.94 (5.72, 6.17) 
556 (46.0) 

•Pittsburgh Sleep Quality Index score above 5 is considered to represent poor sleep. Cl, confidence interval. 

632 females), resulting in a final overall response rate of78.9%. 
Of the 1,238 participants, 1,208 completed the PSQI in its en
tirety (97.6%) and 781 participated in the sleep actigraphy por
tion of the study (63%). Sleep actigraphy participation rates 
were in line with projections based on an unpublished pilot 
study designed to assess different sleep watch devices and par
ticipant compliance. Participation rate was equally distributed 
across WIN categories. 

The prevalence of reporting a diagnosed sleep disorder was 
unrelated to WIN levels (P = 0.3102).27 In addition, the use 
of sleep medication at least once a week was significantly re
lated to WIN levels (P = 0.0083). The prevalence was higher 
among the two lowest WIN categories (< 25 dB(A) and 
25-30 dB(A)). 37 Factors that may affect sleep quality, such 
as self-reported prevalence of health conditions, chronic ill
nesses, quality of life, and noise sensitivity were all found to 
be equally distributed across WTN categories. 37•56 In response 
to the general question on magnitude of sleep disturbance for 
any reason over the past year while at home, a total of 757 
participants (61.3%) reported at least a "slight" magnitude of 
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sleep disturbance (includes ratings of "slightly," "moderately," 
"very" and "extremely"), with a total of 164 (13.3%) classified 
as "highly" sleep disturbed (i .e., either very or extremely). The 
levels of WIN were not found to have a statistically significant 
effect on the prevalence of sleep disturbance whether the anal
ysis was restricted to only participants highly sleep disturbed 
(P = 0.4300), or if it included all participants with even a slight 
disturbance (P = 0.7535) (Table 1). When assessing the sources 
reported to contribute to sleep disturbance among all partici
pants with even slight disturbance, reporting wind turbines 
was significantly associated with WIN categories (P < 0.0001). 
The prevalence was 2'.: 15.1% among the participants living in 
areas where WTN levels were 2'.: 35 dB(A) compared to:::; 3.9% 
in areas where WIN levels were below 35 dB(A). However, 
wind turbines were not the only, nor the most prevalent, con
tributing source at these sound levels (see Table 1). 
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PSQI Scores 
For the 1,208 participants who completed the PSQI in its en
tirety, the average PSQI score across the entire sample was 
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5.94 with 95% confidence interval (Cl) (5.72, 6.17). The Cron
bach alpha for the global PSQI was 0.76 (i.e., greater than the 
minimum value of 0.70 in order to validate the score). Table 2 
presents the summary statistics for PSQI as both a continuous 
scale and a binary scale (the proportion of respondents with 
poor Jeep; i.e., P. QI ab ve 5) by WTN exposure catego
ries. Analysis of variance wa ' u ·ed Lo compare the average 
PSQI score across WIN exposure groups (after adjusting for 
provinces). There was no statistical difference observed in 
the mean PSQI scores between groups (P = 0.7497) as well 
as no significant difference between provinces (P = 0.7871) 
(data not shown). Similarly, when modeling the proportion of 
respondents with poor sleep (PSQI > 5) in the logistic regres
sion model, no statistical differences between WIN exposure 
groups (P = 0.4740) or provinces (P = 0.6997) were observed 
(see supplemental material). 

Effects of Personal and Situational Variables on PSQI Scores 
and Actigraphy 
A univariate analysis of the personal and situational variables 
in relat ion to the P Qr cores (logistic reg.re ion) and aclig
rnphy (GEE) was conducted. The list of variable considered 
was extensive and included, but was not limited to, age, sex, 
income, education, body ma ·s index, caffeine consu mption, 
housing features diagno ed leep di-orders, health condi
tions annoyance hem ·ehold complaint , and per onal benefit 
(i.e., rent, payments or other indirect benefits through com
munity improvements) from having wind turbines in the area. 
The analysis of these and several other variables in relation 
to the endpoints has been made available in the supplemental 
material. 

Multiple Logistic Regression Models for PSQI 
Table 3 provides a summary of the variables retained in the 
multiple regressions for the PSQI and actigraphy endpoints. A 
detailed description of the statistical results, including the di
rection of change and the pairwise comparisons made among 
the groups within each variable is available in the supple
mental material. 

Table 4 presents the results from stepwise multiple lo
gistic regression modeling of the proportion of respondents 
with "poor sleep" (i.e., scores above 5 on the PSQI). The 
final models for the three approaches to stepwise regression 
as Ii led in the Statistica l Methods . cctiou produced nearly 
id oticaJ resu lts to one another. Therefi re, re. ult are on ly 
presented for the regression method where the variables 
WIN category, province, and personal benefit were forced 
into the model that fit the data well (Hosmer-Lemeshow test, 
P > 0.05). Usiag stepwise regression, the predictive strength 
of the final model was 37%. There was no observed relation
ship between the proportion of respondents with poor sleep 
and WTN levels (P = 0.3165). 

Participants who had improved sleep quality after closing 
their bedroom window were found to have the same odds of 
poor sleep when compared to those who did not need to close 
their wind w (P = 0.0565). Participant. who .· lated that closing 
their window did not improve sleep qua li ty had higher odds of 
poor sleep in comparison with both those who bad improved 
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sleep quality after closing windows and those who did not need 
to clo. e windows (P .:5 0.0006, in both ca e ·). Unemployed in
dividua l had higher odd of p or sleep compan::d with those 
who were employed (OR (95% CI]: 1.55 [1.12, 2.15]). 

Long-term sleep disturbance (of any type by any source) 
was included in the tudy because dose-response relationship 
have been published for lb is measure in relation to other com
munity noise sources45 and this endpoint provides a longer 
time reference period than the previous 30 d assessed using 
the PSQI. Those who reported a very or extremely high level 
of sleep disturbance (i .e., percentage highly sleep disturbed) by 
any source while at home had 6 times higher odds of poor sleep 
assessed with the PSQI ( R [95%CI]: 6.28 [3.46, l l.40]) when 
compared to those with no, light, or moderate reported leep 
distu rbance. Pim1lly, participanls uffe ring from migraines/ 
headaches, asthma, arthritis and a diagnosed sleep disorder 
(e.g .. sleep apuea or in omnia) had higher odd · of poor sleep 
when compared 10 those not urte ring Crom these heal th and 
chronic conditions. 

Sleep Actigraphy 
The majority of participants (56%) wore the watch for the full 
7 nights (mean number of day 5.77, 'D = 1.85). The frequency 
across the days of the week was equally distributed (data not 
shown). Response rates for the actigraph were equally distrib
uted across WTN exposure groups (P = 0.5585), although a 
higher proportion of participants were noted in PEI, in com
parison to ON (P = 0.0008). 

Table 5 presents the su nunary data for each leep actigraphy 
endpoint analyzed. Although mean values appear stable be
tween one sleep night to the next within an endpoint, the stan
dard deviation is ob. erved to ·fl uctuate between lecp nights 
(data not shown). T he observed correlation between U1e P QT 
and the actigraphy endpoints are presented as supplemental 
material. 

Multiple GEE Regression Models for Actigraphy 
Multiple regression models for the five sleep actigraphy end
points were developed. Variables that were associated with 
each endpoint (i.e., significant at the 10% level) are sum
marized in Table 3. Specific information on these variables, 
including the direction of change, P values, and pairwise com
parisons has been made available in the supplemental material. 
Table 6 presents the LSM and the P values for the exposure of 
interest, the WTN exposure categories, obtained from the GEE 
regression models for the sleep actigraphy endpoints. Unad
justed results reflect the base model (including WTN, province, 
day of the week, and the i oteract.ion between WTN ·and day 
of the week) whereas a.djusted results come from the mult iple 
regression models obtained through the stepwise method and 
take into account factors beyond the base model. The level of 
exposure to WTN was not found to be related to sleep effi
ciency (P = 0 ·1932), sleep latency (P = 0.6491), total sleep time 
(P = 0.8002), or the number of awakening bouts (P = 0.3726). 
There was an inconsistent association found between WASO 
and WIN exposure where there was a statistically significant 
reduction in WASO time observed in areas where WIN levels 
were 25-30 dB(A), in comparison with < 25 dB(A) and 40-46 
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Table 3-Variables retained in multiple generalized estimating equations and multiple logistic regression models. 

Rate of 
Slaap Efficiency Sleep Latency Total Sleep Time Awakening Bouts 

(%) (min) (min) WASO(min) (par 60 min) PSQI (scores > 5) 

B11&mod1I 

WTN levels ++ 

Province + + 

Demographic variables 

Sex ++ 

BMI group + ++ 

Age group ++ 

Marital status + 

Employment ++ ++ 

Smoking status ++ 

Caffeine consumption ++ + 

Education ++ ++ 

Situational vari1bl11 

Bedroom location ++ 

Air conditioning unit in bedroom ++ 

Bedroom on quiet side + 

Bedroom window type + 

Sleep improved by closing window ++ 

Closure of bedroom windows/other• ++ 

BNTS level ++ ++ 

Audible rail noise ++ 

Audible aircraft noise ++ 

Wind turbine related variables 

Complaint about wind turbines + 

Personal benefits ++ 

Annoyance with blinking lights ++ ++ 

Par1on1I and health related variables 

Self-reported sleep disturbance• ++ 

Sleep disturbed by pain ++ ++ 

Sleep disturbed by neighbors ++ 

Sleep disturbed by other' ++ 

Annoyed by snoring + 

Sleep medication d ++ 

Migraines ++ 

Dizziness + 

Chronic pain + 

Asthma ++ ++ 

Arthritis ++ 

Diagnosed sleep disorder + ++ 

Restless leg syndrome ++ 

A summary of significant variables retained in mulllple generalized esllmaling equations and mulUple logistic regression models for objecuvely measured and sell-reported 
sleep endpoints, respectively The specific direction or change, level or statistical significance, pail w1s1:1 i.;0111µa1 isons between variable groups and full descnp11011 ol lhe variable 
names is provided in supplemental materia l. •The source rdenti 1ed by participants as the cause of closing bedroom windows lo reduce noise levels was not road traffic, a1rcrall. 
rail or wind turbines. bEvaluates the magnitude or reported sleep dlslurbance at home from not at all to extremely, lor any reason over the previous year. •The source identified by 
parlicrpants as conlribuling to their sleep disturbance was not wind turb1nes, children, pets or neighbors. 4Use ol sleep medication was nole considered ,n the mulliple regression 
model forPSQI since It is one of the seven components that make up the global PSQI score. +,++ denotes statistically significant, P < 0.10, P < 0.05, respectively BMI, body 
mass index; SNTS, background nighttime sound level: PSQI, Pittsburgh Sleep Quality index: WTN. wind turbine nose. 
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Table 4-Multiple logistic regression model for Pittsburgh Sleep Quality Index. 

Model: WTN, Province, and Personal Benefit Forced in 
PSQI• 

Pvalue• OR (Cl)d 
Variable Groups In Variableh (n = 933, Ri = 37%, H-L P = 0.9252)h 

WTN, dB(A)' 0.3165 0.93 (0.80, 1.07) 

Province PEI/ON 0.0810 1.46 (0.95, 2.25) 

Personal benefit NoNes 0.0499 1.82 (1.00, 3.30) 

Sleep improved by closing Yes 0.0565 1.41 (0.99. 2.00) 
window (overall P value No <0.0001 8.48 (3.11 , 23.14) 
< 0.0001) Did not need to close windows Reference 

Employment No/Yes 0.0085 1.55 (1 .12, 2.15) 

Audible rail noise NoNes 0.0380 1.56 (1.03, 2.37) 

Reported cause for sleep disturbance 
other! Yes/No < 0.0001 2.55 (1 .86, 3.48) 

Self-reported sleep disturbance~ Hi.gh/Low < 0.0001 6.28 (3.46, 11.40) 

Annoyed by snoring High/Low 0.0693 2.16 (0.94, 4.94) 

Migraines YeS/No 0.0062 1.76 (1 .17, 2.64) 

Dizziness YesJNo 0.0696 1.46 (0.97, 2.20) 

Chronic pain Yes/No 0.0754 1.47 (0.96, 2.25) 

Asthma Yes/No 0.0166 2.01 (1 .14, 3.56) 

Arthritis Yes/No 0.0497 1.45 (1 .00, 2.10) 

Diagnosed sleep disorder Yes/No 0.0001 2.99 (1.71 , 5.23) 

•The logistic regression is modeling the probability of having a PSQI score above 5. ~where a reference group is not specified it is taken to be the last 
group. •p value significance is relative to the reference group. dQR (Cl) odds ratio and 95% confidence interval based on logistic regression model. •The 
exposure variable, WTN level, is treated as a continuous scale in the logistic regression mod.el. 1The source identified by participants as the cause of closing 
bedroom windows to reduce noise levels was not road traffic, aircraft. rail or wind turbines. gEvaluates the magnitude of reported sleep disturbance at home 
from not at all to extremely for any reason over the previous y~ar. hH-L P > 0.05 indicates a good fit. Cl, confidence interval; H-L. Hosmer-Lemeshow lest: 
ON, Ontario; OR, odds ratio; PEI, Prince Edward Island; PSQI, Pittsburgh Sleep Quality Index; WTN, wind turbine noise. 

dB(A) WTN categories. This was because of a higher mean 
WASO time among participants from PEI living in areas where 
WT level were less than 25 dB(A) (data not shown). 

DISCUSSION 
The effects on health and well-being associated with accumu
lated sleep debt have been well documented_l-5,57 The sound 
pressure levels from wind turbines can exceed the WHO rec
ommended annual average nighttime limit of 40 dB(A) for pre
venting health effocts from noise-induced sleep disturbance_ll 
The cal ·u lated outdoor A-weighted WTN levels in this study 
reached a maximum of 46 dB(A), with 19% of dwellings found 
to exceed 40 dB(A. Within an uncertainty of approximlltely 
4 dB(A), the calculated A-weighted levels in the current study 
can be compared to the WHO outdoor nighttime annual av
erage threshold of 40 dB(A).11 •58 With the average fayade at
tenuation with windows completely opened of 14 ± 2 dB(J\),58 

the average bedroom level at the highest fayade level, 46 dB(/\), 
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will be 32 ± 2 dB(A), which is close to the 30 dB(A) indoor 
threshold in the WHO's Guidelines for Community Noise.10 

Considering the uncertainty in the calculation model and input 
data, only dwellings in the highest WTN category are expected 
to have indoor levels above 30 dB(A) and thus sensitivity to 
sleep disturbance. However, with windows closed, indoor out
door level difference is approximately 26 dB, which should 
result in an indoor level around 20 dB(A) in the current study. 

Factors including, but not limited to, medication use, other 
health effects (including sleep disorders), caffeine consump
tion, and annoyance with blinking lights on wind turbines 
were found to statistically influence reported and/or acti
graphically measured sleep outcomes. However, there was no 
evidence for any form of sleep disturbance found in relation 
to WTN levels. Studies published to date have been incon
sistent in terms of self-reported evidence that WTN disrupts 
sleep,59-60 and none of these studies assessed sleep using an 
objectively measured method. These inconsistent findings are 
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Table 5-Summary of Actiwatch2® data. 

Wind Turbine Noise, dB(A) 
<25 25-30 30-35 35-40 40-46 

n (weekday, weekend) (198, 78) (200,68) (705,273) (1114, 420) (526, 190) 

Sleep Actigraphy Endpoint Sleep Night Mean (SD) Mean (SD) Mean(SD) Mean (SD) Mean (SD) 
Sleep latency, min Weekday 14.53 (23.31) 13.89 (23.08) 13.02 (26.14) 13.01 (23.05) 13.01 (22.83) 

Weekend 22.85 (37.01) 10.02 (15.86) 13.23 (22.47) 15.36 (36.13) 12.94 (26.96) 

Sleep efficiency, % Weekday 84.69 (6.59) 85.64 (7.84) 84.92 (7.56) 85.24 (7.83) 85.01 (7.03) 
Weekend 83.62 (7.93) 87.73 (5.46) 84.37 (8.39) 85.01 (7.96) 84.28 (8.47) 

WASO, min Weekday 58.58 (29.45) 50.43 (34.80) 54.99 (31.63) 52.63 (30.14) 55.50 (34.19) 
Weekend 60.49 (37.14) 48.57 (27.00) 58.28 (38.69) 54.11 (35.56) 56.60 (37.53) 

Total sleep time, min Weekday 455.24 (160.65) 447.70 (165.62) 448.88 (169.37) 445.76 (166.52) 448.38 (179.82) 
Weekend 468.12 (163.83) 462.21 (139.61 ) 457.15 (167.15) 448.63 (155.09) 442.85 (174.23) 

Number of awakening bouts, Weekday 24.41 (9.49) 22.04 (10.04) 25.05 (13.53) 23.56 (9.86) 24.01 (9.81) 
count Weekend 24.89 (10.00) 22.09 (8.76) 26.09 (13.01) 24.60 (10.54) 24.35 (10.22) 

lime in bed, min Weekday 536.05 (173.73) 521.39 (176.46) 526.53 (180.77) 520.55 (173.97) 524.48 (187.30) 
Weekend 559.85 (184.18) 526.99 (154.00) 540.13 (179.72) 527.18 (166.46) 522.57 (176.14) 

Rate of awakening bouts per Weekday 2.83 (1 .00) 2,64 (1.1 2) 2.94 (1.27) 2.82 (1 .08) 2.89 (1.09) 
60 min in bed Weekend 2.77 (1 .06) 2.60 (1.06) 2.97 (1.18) 2.87 (1 .08) 2.93 (1 .14) 

SD, standard deviation; WASO, wake after sleep onset. 

Table &-Generalized estimating equations regression models for sleep actigraphy endpoints. 

Number of Awakening 
Sleep Efficiency, % Sleep Latency, min Total Sleep Time,d min WASO,min Bouts during Sleep 

n 618 526 619 647 626 

Sleep nights< 3,561 3,017 3,552 3,728 3,595 

P value unadjusted• 0.2420 0.9051 0.7222 0.0655 0.2460 

P value adjustedb 0.3932 0.6491 0.8002 0.0056 0.3726 

Unadjusted' WTN, dB(A) LSM (95% Cl)• LSM (95% Cl)• LSM (95% Cl)• LSM (95% Cl)• LSM (95% Cl)• 
< 25 84.71 (83.25, 86.17) 16.34 (11 .40, 21.28) 458.00 (428.08, 487.93) 58.83 (52.78, 64.87) 24.26 (22.28, 26.25) 
25-30 86.49 (85.12, 87.87) 12.34 (8.88, 15.80) 462.68 (427.47, 497.90) 49.11 (43.72, 54.50) 21.08 (19.14, 23.02) 
30-35 84.82 (83.86, 85.78) 12.51 (10.54, 14.49) 464.00 (441 .44, 486.57) 55.39 (52.04, 58.74) 24.57 (23.01, 26.14) 
35-40 85.33 (84.60, 86.05) 13.02 (11.39, 14.65) 449.10 (433.95, 464.24) 53.08 (50.35, 55.80) 23.37 (22.40, 24.35) 
40-46 85.01 (84.05, 85.98) 12.64 (10.50, 14.78) 445.78 (426.60, 464.96) 55.46 (51 .45, 59.47) 23.84 (22.55, 25.13) 

Adjustedb WTN, dB(A) LSM (95% Cl)• LSM (95% Cl)• LSM (95% Cl)• LSM (95% Cl)• LSM (95% Cl)• 
<25 85.62 (83.97, 87.28) 15.08 (10.03, 20.13) 462.41 (407.97, 516.84) 62.00 (55.14, 68.85) 23.19 (20.58, 25.79) 
25-30 87.28 (85,55, 89.01) 10.88 (6.45, 15.32) 453.43 (401 .10, 505.76) 51 .67 (44.14, 59.20) 20.57 (17.87, 23.26) 
30-35 85.82 (84.52, 87.13) 9.95 (7.02, 12.87) 455.22 (406.72, 503.72) 56.11 (50.81 , 61.42) 24.00 (21 .26, 26.75) 
35-40 85.97 (84.86, 87.08) 10.71 (7.88, 13.54) 466.12 (416.21 , 516.02) 57.80 (52.36, 63.24) 22.56 (20.57, 24.56) 
40-46 86.16 (84.84, 87.48) 10.92 (7.01, 14.82) 472.95 (422.09, 523.81) 62.06 (55.64, 68.48) 22.85 (20.68, 25.02) 

'The base model for the multiple generalized estimating equations (GEE) regression models for all endpoints included wind turbine noise (WTN) exposure 
groups, province, day of the week, and the interaction between WTN groups and day of the week. bA complete list of the other variables included in each 
multiple GEE regression model based on the stepwise methodology is presented in Table 3. <Sample size for the adjusted GEE regression models. dThe 
base model for total sleep lime includes the Interaction between WTN groups and province. •LSM, least squares means, for each group after adjusting for 
all other variables In the multiple GEE regression model and corresponding 95% confidence interval (Cl). P values for both the adjusted and unadjusted 
models are based on the transformed variable in order to satisfy model assumptions of normality and constant variance. 

not entirely surprising considering that sleep disturbance re
ported as a result of transportation noise exposure occurs at 
sound pressure levels that exceed WTN levels calculated in the 
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current study.27•28.45 Study results concur with those of Bakker 
et al. ,21 with outdoor WTN levels up to 54 dB(A), wherein 
it was concluded that there was no association between the 
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levels of WTN and sleep disturbance when noise annoyance 
was taken into account. 

The current study employed a wide range of self-reported 
and objectively measured endpoints related to sleep to provide 
a comprehensive assessment of the potential effects that WTN 
exposure may have on sleep. elf-reported diagnosed sleep 
disorders37 and selJ-reported h.igbly sleep di t"urbed for any 
reason were factors found to be unrelated to WTN exposure. 
Furthermore, taking medication at least once per week was 
more commonly reported among participants living in areas 
where WTN levels were below 30 dB(A). Scores on the PSQI, 
either analyzed as a proportion above 5, or as a mean score, 
were also unrelated to WTN level. Actigraphy-measured sleep 
latency, sleep efficiency, the rate of awakening bouts, and total 
sleep time were all found to be unrelated to WTN exposure. 
The only statistically significant finding found between WTN 
level and actigraphy was a reduced wake time after sleep onset 
among participants living in areas where WTN levels were 
25-30 dB(A) and this was because of a higher WA O time at 
the lowest WTN category among PEI participants. The results 
of the current study do not support conclusions that exposure 
to WTN up to 46 dB(A) has any statistically significant effect 
on self-reported or objectively measured sleep. However, an
noyance with blinking lights on wind turbines (used as aircraft 
warn ing ignals) may be related to a higher rate of awakening 
bouts and reduced total leep time. 

Thi Ludy has some important li mitations. Objective mea
sures of sleep were assessed for up to 7 d, whereas the PSQI 
and the reported highly sleep disturbed outcomes represent 
time periods of 30 d and l y, respectively. The concern is that 
7 d of actigraphy may not represent long-term average sleep 
patterns. However, the selected time frame for actigraphy 
measures is typical, and supported in the literature and consid
ered more than adequate for evaluating sleep in a nonclinical 
study sample.30

•
61 If there were situational factors (e.g. an ill 

child) that made sleep worse in the actigraphy-assessed week, 
it would not be expected to bias against the effect of wind tur
bines on sleep, and in fact, would overstate the effect of recent 
situational events as compared to the long-term theoretical 
concern about WTN-induced sleep disturbance. As previously 
discussed, the analysis of actigraphy results was based on 
nightly average sleep patterns in relation to long-term WTN 
levels. Although WT calculations would be expected to pro
duce the highest sound pressure levels at the dwelling, they 
do not take into consideration the influence that night-to-night 
variations in outdoor WTN levels may have had on actigraphy 
results. Similarly, an analysis based on long-term average 
sound level does not fully account for transient deviations 
in WTN levels that could potentially interfere with sleep. An 
analysis based on a time-matched comparison between opera
tional turbine data and actigraphy would permit a more refined 
assessment of the possible effect that night-to-night variations 
in WTN levels may have on sleep. These limitations extend to 
the fact that fluctuations in indoor sound levels during sleep 
remain unknown. 

The possibility that wind turbine operators may have inten
tionally altered the output of their turbines in order to reduce 
potential WTN effects on sleep has been one of the concerns 
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raised during the external peer review of this paper. When the 
Community Noise and Health Study was originally announced 
several months preceding data collection the study locations 
were unknown. Although awareness of the precise study lo
cations would have become greater as data collection com
menced, the deployment of the sleep watches took place over 
several months among a subsample of participants across the 
entire study sample. Furthermore, the reforence period time for 
selt:reported sleep disturbance was over the previous year and 
previous 30 d (PSQI). Finally, the subsets of sound power mea
surements were consistent with manufacturer-supplied data. 
In the authors' opinion, there is no evidence to suggest that 
wind turbine operators intentionally altered the output of their 
turbines to minimize potential effects on sleep at any point 
in the study. 

CONCLUSIONS 
The potential association between WTN levels and sleep 
quality was assessed over the previous 30 d using the PSQI, 
the previous year using percentage highly sleep disturbed, to
gether with an assessment of diagnosed sleep disorders. These 
self-reported measures were considered in addition to several 
objective measures including total sleep time, sleep onset la
tency, awakenings, and sleep efficiency. In all cases, in the final 
analysis there was no consistent pattern observed between any 
of the self-reported or actigraphy-measured endpoints and 
WTN levels up to 46 dB(A). Given the lack of an associa
tion between WTN levels and sleep, it should be considered 
that the study design may not have been sensitive enough to 
reveal effects on sleep. However, in the current study it was 
demonstrated that the factors that influence sleep quality (e.g. 
age, body mass index, caffeine, health conditions) were re
lated to one or more self-reported and objective measures of 
sleep. This demonstrated sensitivity, together with the obser
vation that there was consistency between multiple measures 
of self-reported sleep disturbance and among some of the self
reported and actigraphy measures, lends strength to the robust
ness of the conclusion that WTN levels up to 46 dB(A) had no 
statistically significant effect on any measure of sleep quality. 

The WHO's11 health-based limit for protecting against sleep 
disturbance is an annual average outdoor level of 40 dB(A). 
This level was exceeded in 19% of the cases, but by no more 
than 6 dB(A) and as such represents a limit to detecting a po
tential effect on sleep. It is therefore important to acknowledge 
that no inferences can be drawn from the current results to 
areas where WTN levels exceed 46 dB(A). Likewise, assuming 
a baseline prevalence of 10%, the study was designed so that 
the statistical power would be sufficient to detect at least a 7% 
difference in the prevalence of self-reported sleep disturbance. 
A larger sample size would be required to detect smaller dif
ferences . The statistical power of a study design is a limitation 
that applies to all epidemiological studies. 

Although it may be tempting to generalize the current study 
findings to other areas, this would have required random selec
tion of study locations from all communities living near wind 
turbines in Canada. Despite the fact that participants in the 
study were randomly selected, the locations were not and for 
this reason the level of confidence one has in generalizing the 
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results to other areas can only be based on a certain level of 
scientific judgment regarding the level of exposure and the 
similarity between the current study sample and others. De
spite limitations in generalizing the results of this analysis 
beyond the study sample, the current study is the largest and 
mo t comprehensive analysis of both self-re p rtcd and objec
tively measured lcep di tu rbanc in relation to WTN level 
published to date. 

REFERENCES 
I. Zaharna M, Guilleminault C. Sleep, noise and health: review. Noise 

Health 2010;12:64- 9. 

2. Schwartz SW, Cornoni-Huntley J, Cole SR , Hays JC, Blazer DG, 
Schocken D. Are sleep complaints an independent risk factor for 
myocardia l infarction? Ann Epideroiol 1998;8:384-92. 

3. Orzel-Gryglewska J. Consequences of sleep depr ivation. Int J 0cc 
Med Environ Health 2010;23:95-114. 

4. Pilcher JJ, Huffcutt AI. Effec ts of sleep deprivation on performance: a 
meta-analysis. Sleep 1996;19:318- 26. 

5. George CF. Sleep apnea, alertness, and motor vehicle crashes. Am J 
Respir Crit Care Med 2007;176:954- 6. 

6. Young T, Peppard PE, Gottlieb DJ. Epidemiology of obstructive sleep 
apnea: a population health perspective. Am J Respir Cril Care Med 
2002;165:1217-39. 

7. Grandner MA, Perlis ML. Short sleep duration and insomnia 
associated with hypertension incidence. Hypertens Res 2013;36:932-3. 

8. Hume Kl, Brink M, Basner M. Effects of environmental noise on sleep. 
Noise Health 2012;14:297- 302. 

9. Dang-Vu TT, Bonjean M, Schabus M, et al. Interplay between 
spontaneous and induced brain activity during human non-rapid eye 
movement sleep. Proc Nat Acad Sci US A 2011;108:15438-43. 

JO. World Health Organization (WI-I . Guidelines for Community 
Noise. Berglund B, Lindvall T, Schwcla DH (eds). Geneva: World 
Health Organiza tion. 1999. http://www.who.int/docstore/peh/noisc/ 
guidelines2.html. 

11. WHO. Night Noise Guidelines for Europe. Hurtley C (ed). Copenhagen 
Denmark: WHO Regional Office for Europe. 2009. http: //www.euro. 
who.int/data/assets/pdf _ fi le/00 I 7/43316/E92845 .pdf. 

12. Kirsch DB. A neurologist's guide to com mon subjective and objective 
sleep assessments. Neurol Clin 2012;30:987-1006. 

13. McCall WV, Edinger JD. Subjec tive total insomnia: an example of 
sleep state misperception. Sleep !992;15:71-3. 

14. Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The 
Pittsburgh Sleep Quality Index: a new instrument for psychiatric 
practice and research. Psych Res 1989;28:193-213. 

15. Carpenter JS, Andrykowski MA. Psychometric evaluation of the 
Pittsburgh Sleep Quality lndex. J Psychosom Res 1998;45:5-13. 

16. Backhaus J, Junghanns K, Broocks A, Riemann D, Hohagen F. Test
retest reliability and validity of the Pittsburgh Sleep Quality Index in 
primary insomnia. J Psychosom Res 2002;53:737- 40. 

17. Smyth CA. Evalunt ing s leep (1unlity in older ndulls: the Piltsburgh 
leep Quality Index cnn be used to detect sleep di turbnnccs or deficits . 

Am JNurs 2008;108:42-50; quiz 50-1. 

18. Spira AP, Beaudreau SA, Stone KL, et al. Reliability and validity of 
the Pittsburgh Sleep Quality Index and the Epworth Sleepiness Scale 
in older men. J Gerontol A Biol Sci Med Sci 201 2;67:433- 9. 

19. Nissenbaum MA, Aramini JJ, Hanning CD. Effects of industrial wind 
turbine noise on sleep and health. Noise Health 2012;14:237-43. 

20. Pedersen E. Hea lth aspects associated with wind turbine noise: results 
from three field studies. Noise Cont rol Eng J 2011;59:47- 53. 

21. Bakker, RH, Pedersen E, van den Berg GP, Stewart RE, Lok W, 
'Bouma J. lmpnct of wind turbine sound on o.nnoynncc. ·c ll~rcportecl 
sleecp dislurbnnce and psycbolog icnl d istn:ss . Sci otal ·nviron 
2012;425:42- 51. 

SLEEP, Vol. 39, No. 1, 2016 108 

22. on den Berg 1:, Verhagen C. Uitenbrock D. The rc(Mion between 
score~ on noise nnnoynnec (I nd noise di turbed sh:ep inn public heu lt h 
survey. Im J c nvi.ro n Res Public Health '2 014: 11 :2314- 27. 

23. Horne JA. Pnnkhurst Ft. Rey ner LA, l:hune K, Diomond ID. A !fo ld 
tudy of sleep dis turbuncc: cffi:c l ofoi crnl't noi e and oth~ foctor · on 

5,742 night of notimc1ricnlly monitored sleep in n lorgc subject snmplc . 
• lecp 1994;17:146- 59. 

24, 6 hrst rom E, HndzibajnunoV"ic · , llolmc,~ M, Sven son 1-1 . ffects of 
rood lrnflic noise on slce1, : ·t udic on ch ild ren and ndull s. J · nv iron 
Psycho! 2006:26: 116- 26. 

25. Muzct A. Environm,mtnl noise, sleep nnd hcnlth. lcep Med 'Rev 
2007: I l : 135- 42. 

26. Fyhri A. Ansvung GM. Noise, s leep ond poor heolth: modeling the 
relnlionsh ip between road trn fTic noi e nnd cnrdiovusou lar problems. 

ei Toi.ii Envi ron 2010;408:4935- 42. 

27. Flddl Pcarsons K, Tabaohnick BG, Howe R. Effcors on lcep 
disturbance of changes in u irorol't noise near 1hrcc airport s. J Aeou~t 
Soc Am 2000;107:2535- 47. 

28. M ichuud DS. Fidell S. Pcnr ·ons K, Campbell K , Keilh · . Review of 
fie ld sludic. of niroruft noise-induced s leep d isturbance. J Ac oust Soc 
Am 2007;121:32- 41. 

29. Ancol i-lsrncl S. Cole R, Alcss.i C, Cliambcrs M. Moorer ft W, Pollnk 
CP. T he role of nctigraphy in the · tudy of ~Jeep and oirc:idiun rhythms. 
Sleep 2003:26:342- 92. 

30. adeh A. The role and v:i lidjty of actig rnphy in skcp medicine: un 
updntc. Sleep Med Rev 201 1;15:259- 67. 

31. Riemnnn I) • • picgclhnld~r K, E.:,pic C, e t 11 I. hrunic insom nia: 
clinicnl nod rcsenrol1 clmllcngc:s -- an ngcnda. Pbnrnrncop~ycbinu·y 
201 1;44:I- 14. 

32. Tjeplo:mo M. lnso1nniu. Toron10: . Inti tics nnndn, C'o1nlogue 2-003 
1-Jca lth RcJJOrts . 2005;17:9- 25. hu p://www.sta lcon.gc.ca/pub/82-
00J-xn 00500l/orticlcl8707-cng.pdf. 

33. lutcrnati an.I Orgonizution for Standnrd izntion (1, 0). l O 9613-1 -
Acous tics. A11enuation of sound during propngot ion outdoors. Part I: 
cnlculntion of the nbsorption of sou nd by the atmosphere. Geneva; 
lntcruntionul Orgnniwtion fo r tnndordizntion, 1993. 

34. I 0 . 1S0-9613 -2 -Acoustics. Attenuution of sound du ring propogutiou 
outdoors. Pan 1 : gc1lcrn l method of co lcufation. Gcucvo: lntcrnmionnl 
Org1mizntion for Standnrdi7.nlion , 1996. 

35. DatnKustik Gmbll®. udnaA vcrsion 4.4. oft ware for lmmission 
:Protection. 2014. www.d~1nlrns1ik.co111. 

J6. Von den 13erg F. rilcria for wi nd form Noise: Lmox and l.dc11. Proc. 
Acous1ies '08. Paris , June: 29-July 4 21)08. hll p://docs.wiud-wntch .org/ 
vnndcnbcrg-wind-fonn-noise-Lmnx-Ldcn.pdf 

7. Michaud OS. , c:ll~rcported and objectively mcnsurcd outcomes 
assessed in the l·leallh nnod:l wind turbi ne nois<: nnd hcn lth study: 
results suppOrl an incn:nsc in community a1111oynucc .• nn Francisco, 

A: lnterooisc. IN e USA. August 9- 12 , 201 5. 

38. Pedersen E, vn n den Berg F, Bakker R. Bouma , J. Con rood lrnffio 
mu. k llUnd from wind tu rbines? RcSJJ nsc lo wind lllrbinc sound nl 
different lc.vc ls ofrond traffic sound. · nerg Pol 2010:38:2520 - 7. 

9. Pedersen E, vt1n den Berg f . Why is wind turbine noise so poorly 
mo kcd by rood tra ffi c noLc? Lisbon, Por tuga l: .lntcrnoise , Ju ne 
13- 16, 2010. 

40. van den Berg F. The cflec ts of wind turbi ne noise on people. In 
Bowdlcr R , Leve11t.lmll G, eds . Wind lu rbinc noi~c . Drciuwood, UK: 
Multi- cience, 20 11 :129- 52. 

41. vnn den 13.:rg f . Wind turbine 11 ise: :m oven •it.:wol'ncous1icol 
perforrnnncc ond effects on residents. Victor Harbor, Aust.ml in: 
Proceedings of Acouslic . November 17- 20. 2013. 

42. Albcr1'11 Utilit ies ommission (/\UC'). Ruic 01 2-Noiesc onlrol. 201 
htt p:/fwww. 11c ... l,,.,a/u., t.s-n:gulutio11s-11nd-nuc-rn lcs/ rulcs/Poges/ 
Rulc012.uspx. 

43. United totes Dcpartmclll ofTrnnspor tat ion. Fl-1\VA Traffic Noise 
Model . Technica l Mnmml. Wn~hins ton D.C.: Federa l Highway 
Administration, 1998. 

Wind Tz,rbine Noise Effects on Sleep- Michaud et al. 



44. ISO. ISO/TS-15666 - Acoustics -Assessment of noise annoyance by 
means of social and socio-acoustic surveys. Geneva: International 
Organization for Standardization, 2003, 

45. Miedema HM, Vos H. Assoc iations between self-reported sleep 
disturbance and environmental noise based on reanalys"s of pooled 
data from 24 studies. Behav Sleep Med 2007;5:l - 20. 

46. Alsaadi, SM, McAuley JH, Hush JM, et al. Assessing sleep 
disturbance in low back pain: the validity of portab le instruments. 
PLOS One 2014;9:e95824. 

47. Martin JL, Hakim AD. Wrist actigraphy. Chest 2011;139: 1514-27. 

48. Philips Respironics. Actiware® and Actiware CT® Software Manual: 
Actiwatch® Communication and Sleep Analysis Software Version 5.1 , 
2008:3- 47. 

49. Michaud DS, Keith SE, Feder K, et al. Selt~reported and obj ectively 
measured health indicators among a sample of Canadians living within 
the vicinity of industrial wind turbin.,s: social survey and sound level 
modeling methodology. Noise News Int 2013 ;21:14- 27. 

50. SAS Institute Inc. SAS (Statistical Analysis System) Software package 
Version 9.2 . Cary, NC: SAS Institute Inc., 2014. www.sas.com. 

51. Liang KY, Zeger SL. Longitudinal data analysis using generali zed 
linear models. Biometrika 1986;73:13-22. 

52. Stokes ME, Davis CS, Koch GG. Categorical data analysis using the 
SAS System, Second Edition. Cary, NC: SAS Institute Inc. , 2000. 

53. Sokal RR, Rohlf JF. Biometry: the principles and practice of statistics 
in biological research. 2nd edition. San Francisco, CA: W H Freeman 
and Company, 1981:859. 

54. 'ncdecor GW. Cochron WG. S111tisticul Methods. 8th ed ition. Ame.~, 
IA: Iowa State University Press, 1989. 

55. Rao PV. Statistical research methods in the life sciences. Pacific Grove, 
CA: Duxbury Press, 1998. 

56. Feder K, Michaud DS, Marro L, e t al. Impacts on quality oflife 
associated with e"posure to wind turbine noise. Environ Res 
2015; 142:227-38. 

SLEEP, Vol. 39, No. 1, 2016 109 

57. Lim AS, Kowgier M, Yu L, Buchman AS, Bennett DA. Sleep 
fragmentation and the risk of incident Alzheimer's disease and 
cognitive decline in older persons. Sleep 2013;36:1027-32. 

58. Health Canada. Wind Turbine Noise and Health Study: Summary of 
Results. Ottawa, Hea lth Canada, November, 2014. http://www.hc-sc . 
gc.ca/ewh-semt/noise-bruit/turbine-eoliennes/summary-resume
eng.php. 

59. Knopper LD, Ollson CA. Health effocts and wind turbines: a review of 
the literature . Environ Health 2011;10:78. 

60. McCunney R, Mundt KA, Colby WD, Dobie R, Kaliski K, Blais K. 
Wind turbines and health: a critica l review of the scientific literature. 
J 0cc Environ Med 2014;56:el08-30. 

61. Littner M, Kushida CA, Anderson WM, et al. Practice parameters for 
the role of ac tigraphy in the study of sleep and circadian rhythms: an 
update for 2002. Sleep 2003;26:337- 41. 

ACKNOWLEDGMENTS 
The authors acknowledge the support they received throughout the study 
from Serge Legault and Suki Abeysekera at Statistics Canada, and are 
especia lly grateful to the volunteers who participated in this study. 

SUBMISSION & CORRESPONDENCE INFORMATION 
Submitted for publication February, 2015 
Submitted in fina l revised form August, 2015 
Accepted for publication August, 2015 
Address correspondence to: David S. Michaud, PhD, Health Canada, 
Environmental and Radiation Health Sciences Directorate, Consumer 
and Clinical Radiation Protection Bureau, 775 Brookfield Road , Ottawa, 
Ontario, Canada, KIA IC!; Tel: (613) 954-6670; Fax: (613) 941-1734; Email : 
david.michaud@canada.ca 

DISCLOSURE STATEMENT 
This was not an industry supported study. The study was funded by Health 
Canada. The authors have indicated no financial conflicts of interest. 

Wind Tz1rbine Noise Effects on Sleep-Michaud et al. 




