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Study Objectives: Our study aims to explore the associations between outdoor nighttime lights (ONL) and sleep patterns in the human population.
Methods: Cross-sectional telephone study of a representative sample of the general US population age 18 y or older. 19,136 noninstitutionalized individuals
(participation rate: 83.2%) were interviewed by telephone. The Sleep-EVAL expert system administered questions on life and sleeping habits; health; sleep,
mental and organic disorders (Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision; International Classification of Sleep
Disorders, Second Edition; International Classification of Diseases, 10" Edition). Individuals were geolocated by longitude and latitude. Outdoor nighttime
light measurements were obtained from the Defense Meteorological Satellite Program’s Operational Linescan System (DMSP/OLS), with nighttime passes
taking place between 19:30 and 22:30 local time. Light data were correlated precisely to the geolocation of each participant of the general population sample.
Results: Living in areas with greater ONL was associated with delayed bedtime (P < 0.0001) and wake up time (P < 0.0001), shorter sleep duration

(P <0.01), and increased daytime sleepiness (P < 0.0001). Living in areas with greater ONL also increased the dissatisfaction with sleep quantity and quality
(P <0.0001) and the likelihood of having a diagnostic profile congruent with a circadian rhythm disorder (P < 0.0001).

Conclusions: Although they improve the overall safety of people and traffic, nighttime lights in our streets and cities are clearly linked with modifications in
human sleep behaviors and also impinge on the daytime functioning of individuals living in areas with greater ONL.
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Significance

consequences also on the daytime functioning of human beings.

The aim of this study was to quantify the relationship between the intensity of artificial Outdoor Nighttime Lights, the sleep wake schedule and the
sleep disturbances in the general population of the United States. We found that Outdoor Nighttime Lights clearly impact human sleep and have

INTRODUCTION

The introduction of electric lights at the start of the 20th cen-
tury was the beginning of a revolution in the urbanized world.
With electric lights, humans have modified the spectrum, the
intensity and timing of their light exposure compared to the
conditions under which they have evolved over the course of
several thousand years since the first large human settlements
were established.

Since the early 1970s, nighttime light emissions have been
measured by the Defense Meteorological Satellite Program’s
Operational Linescan System (DMSP/OLS), which recorded
nighttime light data on earth. In a nonurban environment,
away from artificial lights, night light levels range from ap-
proximately 1 x 107 lux in typical moonlight to 0.1-0.3 lux
during the week around the full moon.! The artificial light of
a common street light is approximately 5 lux and a parking lot
light in a shopping mall is approximately 20 lux.

Physiologically, light exposure plays a fundamental bio-
logical role entraining the circadian clock. It does this in a
way that promotes physical activity and energy intake during
the day and sleep and related processes at night.? This disrup-
tion bears important consequences on a number of circadian
rhythms that regulate our physiology and overall health. Light
entrains the suprachiasmatic nucleus (SCN), regulating the se-
cretion of melatonin, which naturally increases during dark-
ness and decreases during exposure to light (or daytime light).?
In patients with primary sleep disorders, melatonin has been
demonstrated to decrease sleep onset latency, increase total
sleep time, and improve overall sleep quality.*
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Laboratory studies have shown that exposure to a polychro-
matic white light intensity as small as 100 lux can depress mela-
tonin secretion, delay the internal biological rhythm, and reduce
sleepiness at bedtime.>® It is therefore possible that exposure to
greater outdoor nighttime lights (ONL) may significantly delay
the increase in melatonin secretion and consequently delay
sleep. Most of the US population lives in urbanized areas, ex-
posed to high levels of ONL, but the effects of this exposure on
sleep have yet to be evaluated in nonlaboratory conditions.

In this study, we examine the effects of living in areas with
greater ONL on the sleep habits of a sample representative of
the US adult population. More specifically, the study aims to
assess the relationship between ONL of different intensities
and the sleep/wake schedule and sleep disturbances.

METHODS

Nighttime Light Emissions Recorded by Satellites

DMSP/OLS sensors were used to map nighttime light emis-
sions from the Earth’s surface. We used the DMSP global radi-
ance calibrated nighttime lights’ product for the year closest to
the interview; an example is shown in Figure 1. The OLS sensor
is an oscillating scan radiometer that acquires global imageries
four times a day in two broad spectral bands, namely the vis-
ible-near infrared (VIS) and thermal infrared (TIR) bands. The
VIS band is a panchromatic band that extends between 0.5 and
0.9 um (visible to near-infrared), which is intensified at night by
means of a photomultiplier tube (PMT) allowing the detection
of very low intensity lights, with radiance emissions as low as
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Figure 1—Distribution of nighttime radiance calibrated lights. Distribution of the nighttime radiance calibrated lights composited from Defense Meteorological
Satellite Program’s Operational Linescan System acquisitions collected during the periods when the interviews were conducted.

107° watts/cm?/sr.*° Along with city lights, the OLS sensor also
detects gas flares, lightning, lightning-illuminated clouds and
aerosols, fires, fishing boats, bioluminescence, and auroras.
The DMSP nighttime passes take place between 19:30 and
22:30 local time, depending on the mission. The data collected
by the OLS sensor have a 6-bit quantization, with digital num-
bers ranging between 1 and 63. The 6-bit quantization greatly
limits the dynamic range of the data, which tend to saturate
over most bright city centers. The OLS acquires data on a daily
basis but not all acquisitions are included in the nighttime ONL
product. The OLS measurements are all carefully analyzed and
excluded from the nighttime lights products when the images
are taken in the presence of daylight, twilight, and moonlight,
in addition to stray light, fires, etc., so as to avoid contamination
from lights other than artificial lights from human settlements.
Since 1996, to enhance the utility of the sensor for monitoring
of nighttime lights distribution studies, OLS acquisitions during
a limited set of the dark moon nights each year are obtained at
reduced gain settings (at gains 100 times lower than the normal
acquisitions). Merging of these sparse low gain acquisitions with
images acquired at normal gain settings has allowed deriving
nighttime light products that do not saturate over bright city
lights. Compositing of acquisitions taken over several months
also allows distinguishing stable light sources, such as those
from human settlements and gas flares, and from transient lights
that may be caused by short-lived sources, such as lightning.
Cloud—screening is done based on the detection of clouds in the
thermal band.’ The nominal spatial resolution of the OLS data
is 2.7 km, which is resampled on a grid with a spatial resolution
of 1 km during the creation of the temporal image composite.”
These global radiance calibrated nighttime lights are unitless.

Address Geocoding

The address of each interviewee was geocoded to the corre-
sponding latitude and longitude using the Google Geocoding
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API service. Addresses were checked for geocoding accuracy
comparing them to address locations returned by Google
Earth and MapQuest for many randomly selected locations.
Location of the addresses were mapped and visually inspected
for consistency.

We extracted the average radiance calibrated nighttime
lights for the period closest to the date of the interview for
a 3 x 3 pixels window centered on each coordinate corre-
sponding to an interview address. The ONL data from the OLS
sensor are available as pixel based digital images where each
pixel is gridded to a 1 x 1 km pixel. To reduce the influence
of geolocation errors that may occur when compositing time
series of satellite data and to capture the average illumination
conditions of the area in which the interviewees lived at the
time of the interview, we averaged the value of the ONL over
a 3 x 3 pixels window, which corresponds to a 3 x 3 km? area.

The Sleep-EVAL General Population Survey

The interviews were carried out by phone between 2003 and
2011 using the Sleep-EVAL system.'™!" The target population
was adults (18 y and older) living in 15 states: Arizona, Cali-
fornia, Colorado, Florida, Idaho, Missouri, New York, North
Carolina, North Dakota, Oregon, Pennsylvania, South Dakota,
Texas, Washington, and Wyoming. The final sample included
19,136 individuals representative of the general population of
these states (138 million). Of 19,136 eligible adults, 15,863
completed interviews were obtained, providing an 83.2% co-
operation rate using CASRO (Council of American Survey Re-
search Organizations) standards.

Interviewers explained the goals of the study to potential par-
ticipants and requested verbal consent before conducting the in-
terview. The participants had the option of calling the principal
investigator if they wanted further information. Subjects who
declined to participate or who gave up before completing half
of the interview were classified as refusals. Excluded from the
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study were 781 subjects because they were not fluent in English
or Spanish, or suffered from a hearing or speech impairment,
or had an illness (such as dementia or Alzheimer disease, or a
terminal disease) that precluded them from being interviewed.
The interviews lasted on average 62.1 (+ 32.2) min.

The study was reviewed and approved by the Stanford Uni-
versity Institutional Review Board (IRB).

Information collected by the system included sociodemo-
graphic information, sleep/wake schedule, sleeping habits,
sleep disturbance symptoms, Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition (DSM-IV) mental
disorders'? and the International Classification of Sleep Disor-
ders sleep disorders.” International Classification of Diseases
was also included in the knowledge base of the system.

The system has been tested in various contexts: in clinical
psychiatry and sleep disorders clinics."'7 In psychiatry, kappas
have ranged from 0.44 (schizophrenia disorders) to 0.78 (major
depressive disorder). Agreement for insomnia diagnoses was
obtained in 96.9% of cases (kappa 0.78); kappa for the pres-
ence of insomnia symptoms was 0.61. Overall agreement on
any breathing-related sleep disorder was 96.9% (kappa 0.94).
Kappa for snoring was 0.51, and was 0.65 for breathing pauses
during sleep. For excessive sleepiness as a symptom and circa-
dian rhythm disorders as a diagnosis, kappas between Sleep-
EVAL and three sleep specialists ranged from 0.62 to 0.70 with
an overall sensitivity of 98.3% and a specificity of 62.5%. For
narcolepsy with cataplexy, kappas between sleep specialists on
the presence of narcolepsy ranged from 0.83 to 0.93, whereas
kappas between Sleep-EVAL and each sleep specialist were
0.89, 0.93, and 1.0. Greater details on the methodology and
validation can be found elsewhere.'s

Variables
Bedtime was obtained by asking the subjects at what time they
went to bed with the intention of sleeping. The sleep latency
was obtained by asking the subjects how long it took them to
fall asleep once they went to bed with the intention of sleeping.
The nighttime sleep duration was obtained by asking the par-
ticipants how long they slept during the night. Another ques-
tion was asked about sleep duration during the day. Wake-up
time was obtained by asking the subjects at what hour they
awakened in the morning. This information was obtained for
the week and the year prior to the interview. For this study, we
used the sleep/wake schedule of the previous year.
Other sources of light at bedtime assessed were:
» The need to sleep with a light on (always or often from
a five-point Likert scale ranging from always to never)
* Bedroom considered too bright (yes/no)
» Watching TV in bed at least 4 to 5 nights/week (from
every day to never)

Other environmental factors that might influence sleep/wake
schedule:

* Presence of young children in the household. It was
divided into four categories: no underage child; age 5 y
or younger; age 6 to 12 y; age 7to 17y

» Population density of the area where the participants
lived
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* Place where the subject sleeps: bed, sofa, sofabed, on a
mattress on the floor

» Level of noise of the sleeping place: never noisy, noisy
in the daytime, noisy at night

Excessive sleepiness was defined according to the DSM-5: a
complaint of excessive sleepiness associated with recurrent
periods of irrepressible need to sleep within the same day; oc-
curring at least 3 days per week for at least 3 mo. The excessive
sleepiness was accompanied by impairment of occupational or
sociofamily functioning or caused significant distress. The
threshold for excessive sleepiness was moderate to severe som-
nolence, that is, occurrence > 3 days/week for > 1 mo.

The variables related to the work done by the respondent
(type of job/job title), work schedule/arrangement in the pre-
vious month, number of hours worked/week, and level of sat-
isfaction with current employment were also assessed. The
means and duration of the daily commute to/from work consti-
tuted additional variables. Those not working a fixed schedule
were also asked about the number of off-days between shifts
and the number of consecutive days worked on the same shift.
A history of shift work was also ascertained (i.e., duration
and number of years since leaving shift work and motives for
changing the work arrangement).

Another series of questions assessed the frequency of
somnolence in different situations. These situations were
divided into two groups: situations of low attention, such as
when reading, watching TV, sitting, relaxing, and riding as a
passenger in a car or on public transportation; and situations
of moderate to high attention, such as when working, en-
gaging in conversation, visiting friends/relatives, or driving
a motor vehicle.

Participants were also asked how frequently they were dozing
off or falling asleep for each of the aforementioned situations.

Sleep attacks are sudden episodes of falling asleep, occur-
ring at any time and place without warning (i.e., in the absence
of feeling drowsy) that are nearly impossible to prevent and
control. Sleep attacks were considered to be present if they oc-
curred > 3 days/week.

Statistics
The following statistical analyses were used: For bivariate
analyses, one-way analysis of variance and Bonferroni post
hoc analysis or unpaired two-sided Student #-test were used
to compare between ONL and multiple or two group variables,
respectively. Logistic regressions were used to compute the
odds of ONL being associated with (1) short sleep duration
(< 6 h per night); (2) late bedtime (> 24:00); (3) late wake-up
time (08:00); (4) sleep dissatisfaction; (5) excessive sleepiness;
and (6) circadian rhythm disorder. Colinearity of variables
was tested by the Belsey—Khu—Welsh test with conditioning
index < 15. A logarithmic transformation was performed on
ONL to reduce the skewness of the data. Transformed ONL
data were used for the analyses and nontransformed data were
used to draw the graphs for greater readability.

Reported differences were significant at the 0.01 level or less
(determined using the Holm-Bonferroni method for multiple
comparisons).
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Table 1—Characteristics of the sample by intensity of the nighttime radiance.
Nighttime Radiance
n Mean sD P

Age (y)
18-24 1,970 298.35 295.62
25-34 2,986 309.07 306.30 F(17.888); P < 0.0001
35-44 3,318 289.27 294.04
45-54 2,918 265.29 291.77
55-64 1,962 248.09 271.46
265 2,709 256.79 275.80

Sex
Male 7,726 284.06 297.04 t=2.104; P=0.035
Female 8,137 274.33 285.53

Marital status
Single 4,559 347.07 330.03
Married/Partners 8,409 246.22 265.01 F(121.118); P < 0.0001
Separated/Divorced 1,659 270.71 279.63
Widowed 1,236 263.21 275.30

Work status
Not working 6,240 272.73 287.13 t=-2,210; P =0.027
Working 9,623 283.19 293.79

Education
High school or less 5,270 247.04 276.65 F(84.324); P < 0.0001
Some college, no degree 5,234 269.41 270.49
Graduate 5,359 318.69 316.71

SD, standard deviation.

RESULTS

Population Distribution with Respect to Nighttime Light
Intensity

Subjects of the sample were between 18 and 99 y of age. Women
represented 51.3% of the sample. Table 1 describes the demo-
graphic characteristics of the sample in relationship to ONL.
Males, younger participants, employees, single, and graduate
school individuals were living in areas with greater ONL. Pop-
ulation size correlated with the intensity of ONL (r = 0.609;
P < 0.0001) (Figure 2). Individuals living in areas with fewer
than 50,000 inhabitants received only 33.62 (£ 49.80) of ONL
whereas those living in larger areas (more than three million
inhabitants) received 559.86 (+ 261.01) of ONL (F = 33.801;
P < 0.0001). A total of 7.4% of the sample reported that their
bedroom was too bright at night and 3.9% said they needed
a light on in order to sleep. Sleeping in a too-bright bedroom
was significantly associated with living in areas with greater
ONL (t = =7.974; P < 0.0001), which suggests that part of the
brightness of the bedroom might come from ONL. Individuals
needing a light on were living in areas with greater ONL com-
pared to the rest of the sample (t = —2.320; P = 0.02). Sleeping
in a noisy bedroom at night was reported by 8.1% of the
sample. Individuals sleeping in a noisy bedroom during night
were living in areas with greater ONL than subjects who were
sleeping in a never noisy bedroom (f= 142.612; P <0.0001). The
overwhelming majority of the participants reported sleeping in
a bed (96.6%). The remaining of the sample was sleeping on a
sofa (1.2%) or on a light mattress on the floor (2.3%)).
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Effects of Nighttime Light on Sleep/Wake Schedule

The intensity of nighttime lights strongly influences sleep
duration, bedtime, and wakeup time. Sleep/wake schedule
analyses excluded night workers and shift workers who had
their main sleep period during the daytime at the time of the
interview. Individuals sleeping less than 6 h per night were
living in areas with greater ONL than those sleeping 6 h or
more (t = —5.445; P < 0.0001) (Figure 3A). A logistic regres-
sion was performed to ascertain the effects of age, sex, occupa-
tion, ONL, and other environmental factors on the likelihood
that participants have shorter sleep duration. The model was
statistically significant (y*(19) = 252.870, P < 0.0001) and ex-
plained 2.9% (Nagelkerke R?) of the variance in short sleep
duration. After adjusting for the effects of population density,
age, sex, occupation, living with children, a bright bedroom,
sleeping with a light on, noise level in the bedroom, watching
TV in bed, and type of bed, increase in ONL was associated
with an increased likelihood of sleeping less than 6 h per night
(P =0.008) (Table 2). As seen in Table 2, sex, population den-
sity, and sleeping in a bright bedroom were unrelated to shorter
sleep duration. In addition of ONL, being a shift worker, un-
employed or a homemaker, watching TV in bed, sleeping with
a light on, sleeping in a noisy place at night, and sleeping on a
sofa or on the floor were associated with a greater likelihood of
sleeping less than 6 h per night.

Bedtime hour linearly increases with the intensity of ONL
(Figure 3B): the later a subject went to bed, the greater the ONL
was at his or her address. Another logistic regression was per-
formed to ascertain the effects of age, sex, occupation, ONL,
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Figure 2—Population size by nighttime radiance. Nighttime radiance was
obtained using Defense Meteorological Satellite Program’s Operational
Linescan System light brightness from a 3 km x 3 km window over the
geolocated address. The light brightness has been calculated based
on the product called “Global Radiance Calibrated Nighttime Lights.”
It composites acquisitions at high and low satellite gain. f = 1190.691;
P <0.0001.

and other environmental factors on the probability that partici-
pants have a tardier bedtime (later than 24:00). The model was
statistically significant (¥*(15) = 1154.171, P < 0.0001) and ex-
plained 13.7% (Nagelkerke R?) of the variance in late bedtime.
Table 3 presents the results of the model.

Population density, bright bedroom, noisy bedroom, and
watching TV in bed were unrelated to later bedtime. As it is
shown, each rise in ONL significantly increases the likelihood
of a late bedtime. Age was negatively associated with late
bedtime (i.e., likelihood of a late bedtime decreased with age).
Presence of children in the household was also negatively as-
sociated with later bedtime. Other factors positively associated
with late bedtime were being a man, occupation, sleeping with
a light on, and sleeping on a sofa or on the floor.

As with bedtime, wake up time became progressively later
as the ONL increased (Figure 3C). A similar logistic regres-
sion was run with a later wake up time (past 08:00) as the
dependent variable (Table 4). The model was statistically sig-
nificant (y*(15) = 1782.441, P < 0.0001) and explained 19.2%
(Nagelkerke R?) of the variance in late wake up time. Age was
negatively associated with later wake up time as was the pres-
ence of children. Each rise in ONL significantly increases the
likelihood of a late wakeup time. Other variables significantly
associated with a later wake up time were occupation, sleeping
with a light on, or sleeping in a bright bedroom and sleeping
on the floor.

Additional models were conducted to verify if insomnia dis-
orders, having a diagnostic profile congruent with a circadian
rhythm disorder, or the presence of a mental disorder would
increase the proportion of explained variance because people
with these disorders often have a later bedtime and/or wake up
time. These additions added 9.2% of explained variance for
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Figure 3—Nighttime radiance. (A) Sleep duration by nighttime ra-
diance. f=10.017; P < 0.0001. (B) Bedtime hour by nighttime radi-
ance. f=172.985; P <0.0001. (C) Wake up time by nighttime radiance.
f=29.102; P < 0.0001. Nighttime radiance was obtained using Defense
Meteorological Satellite Program’s Operational Linescan System light
brightness from a 3 km x 3 km window over the geolocated address. The
light brightness has been calculated based on the product called “Global
Radiance Calibrated Nighttime Lights.” It composites acquisitions at high
and low satellite gain.
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Table 2—Logistic regression predicting likelihood of sleep duration < 6 h based on age, sex, occupation, and environmental factors.
B SE Wald OR 95% CI Sig.

Male? 0.023 0.046 0.247 1.02 0.94-1.12 0.619
Age -0.003 0.002 2.896 1.00 0.99-1.00 0.089
Children in the house

None Reference

<5y -0.028 0.068 0.172 0.97 0.85-1.11 0.679

6-12y 0.161 0.073 4.911 1.18 1.02-1.36 0.027

1317y 0.081 0.090 0.800 1.08 0.91-1.30 0.371
Occupation

Daytime work Reference

Shiftwork 0.463 0.060 58.689 1.59 1.41-1.79 0.000

Unemployed 0.282 0.112 6.399 1.33 1.07-1.65 0.011

Homemaker 0.492 0.072 47.113 1.64 1.42-1.88 0.000

Student 0.120 0.105 1.297 113 0.92-1.39 0.255

Retired 0.138 0.090 2.330 1.15 0.96-1.37 0.127
Population density 0.003 0.011 0.068 1.00 0.98-1.02 0.794
Nighttime radiance (ONL) 0.055 0.021 7.051 1.06 1.02-1.10 0.008
Sleeping with a light on® 0.376 0.104 13.152 1.46 1.19-1.79 0.000
Sleeping in a bright bedroom® -0.146 0.088 2.721 0.86 0.73-1.03 0.099
Sleeping place

Bed Reference

Sofa 0.939 0.163 32974 2.56 1.86-3.52 0.000

Floor 0.678 0.126 28.745 1.97 1.54-2.52 0.000
Noise level of the sleeping place

Never noisy Reference

Noisy in the daytime 0.122 0.082 2.232 113 0.96-1.33 0.135

Noisy in the nighttime 0.338 0.075 20.155 1.40 1.21-1.63 0.000
Watching TV in bed® 0.156 0.046 11.693 117 1.07-1.28 0.001

aReference category: female. °Reference category: absence. Cl, confidence interval; OR, odds ratio; SE, standard error; Sig., significance.

sleep duration; 1.3% for bedtime and 0.9% for wake up time.
In all the models, ONL remained significantly associated with
shorter sleep, late bedtime and late wake up time.

Sleep latency and extra sleeping times on weekends and
days off were unrelated to ONL.

Sleep Disturbances

We found that ONL increased the risk of being dissatisfied
with sleep quality and/or quantity (Table 5). This association
remained significant in a logistic regression assessing the ef-
fects of age, sex, occupation, ONL, and other environmental
factors (%*(19) = 485.999, P = 0.0001) on global sleep dissatis-
faction and explained 5.8% of the variance in dissatisfaction
with sleep. In this model, ONL was significantly associated
with global sleep dissatisfaction (odds ratio [OR]: 1.05 [1.02—
1.09]). Global sleep dissatisfaction accompanied with whether
difficulty initiating sleep, nocturnal awakenings, or early
morning awakenings were not significantly associated with
ONL. Individuals living in areas with greater ONL were more
likely to have having a diagnostic profile congruent with a
circadian rhythm disorder (Table 5). A similar logistic regres-
sion was carried on. The model explained 5.4% of the variance
(%*(19) = 93.714, P < 0.0001). ONL remained significantly as-
sociated with circadian rhythm disorder (OR: 1.28 [1.11-1.48]).
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DSM-5 insomnia disorders diagnosis, sleep-related breathing
disorders, and restless legs syndrome were unrelated to ONL.
Confusional arousals were also significantly associated with an
increased ONL (Table 5). Again, a logistic regression was per-
formed to ascertain the effects of age, sex, occupation, ONL,
and other environmental factors on the probability that par-
ticipants have confusional arousals. The model was significant
x2(19) = 841.183, P < 0.0001 and explained 7.1% of the variance
in confusional arousals. ONL was significantly associated with
confusional arousals (OR: 1.07 [1.02—1.12]; P = 0.007).

Excessive sleepiness accompanied with impaired func-
tioning (e.g., the individual had difficulty performing daily
tasks or had difficulty in his or her sociofamily relationships)
was significantly associated with an increased ONL (Table 5).
The association remained significant in the logistic regression
model. ONL was significantly associated with excessive sleep-
iness (OR: 1.20 [1.12-1.29]; P < 0.0001).

DISCUSSION

The results of this study show that individuals living in areas
with greater ONL were at greater risk of reporting symptoms
consistent with a circadian rhythm sleep disorder. These
symptoms manifested into delayed bedtime, delayed wake-
up time, and reduced nighttime sleep. Living in areas with
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Table 3—Logistic regression predicting likelihood of bedtime after 24:00 based on age, sex, occupation, and environmental factors.
B SE Wald OR 95% ClI Sig.

Male? 0.298 0.052 33.015 1.35 1.22-1.49 0.000
Age -0.031 0.002 179.756 0.97 0.97-0.97 0.000
Children in the house

None Reference

<5y -0.641 0.076 71.268 0.53 0.45-0.61 0.000

6-12y -0.342 0.089 14.674 0.71 0.60-0.85 0.000

1317y -0.507 0.125 16.523 0.60 0.47-0.77 0.000
Occupation

Daytime work Reference

Shiftwork 1.263 0.070 328.636 3.54 3.09-4.05 0.000

Unemployed 1.160 0.114 103.877 3.19 2.55-3.99 0.000

Homemaker 1.144 0.087 173.555 3.14 2.65-3.72 0.000

Student 1.119 0.098 130.933 3.06 2.53-3.711 0.000

Retired 1.187 0.110 115.570 3.28 2.64-4.07 0.000
Population density -0.002 0.012 0.032 1.00 0.97-1.02 0.858
Nighttime radiance (ONL) 0.146 0.024 37.656 1.16 1.11-1.21 0.000
Sleeping with a light on® 0.435 0.115 14.239 1.55 1.23-1.94 0.000
Sleeping in a bright bedroom® 0.049 0.090 0.299 1.05 0.88-1.25 0.584
Sleeping place

Bed Reference

Sofa 0.748 0.184 16.484 2.11 1.47-3.03 0.000

Floor 0.581 0.140 17.295 1.79 1.36-2.35 0.000
Noise level of the sleeping place

Never noisy Reference

Noisy in the daytime 0.021 0.088 0.056 1.02 0.86-1.21 0.813

Noisy in the nighttime 0.137 0.084 2.660 115 0.97-1.35 0.103
Watching TV in bed® 0.028 0.051 0.296 1.03 0.93-1.14 0.587

aReference category: female. °Reference category: absence. Cl, confidence interval; OR, odds ratio; SE, standard error; Sig., significance.

greater ONL was also associated with greater dissatisfaction
with sleep quality and/or quantity and a greater likelihood of a
diagnostic profile congruent with a circadian rhythm disorder.
As a consequence, individuals living in areas with greater ONL
are more likely to be sleepy during the day.

The effects of increased ONL on delaying both bedtime
and wakeup time and decreasing sleep duration are consistent
with an expected suppression of melatonin secretion caused by
light exposure.”® %’ Interestingly, these associations remained
strongly significant even after controlling for possible con-
founders such as age, sex, population density, light in the bed-
room, and noise.

Laboratory studies have shown that the use of a bedside
light was sufficient to alter sleep patterns in healthy subjects
by increasing stage 1 sleep, decreasing slow wave sleep (stages
3 and 4) and increasing the arousal index.?® In our study, both
sleeping with a light on and external artificial light appeared
to play a significant part in the alteration of the sleep cycle
even after we included other environmental factors such as
noise, population density, bright bedroom, and watching TV
in bed. Several experimental studies have demonstrated that
exposure to bright light at night provokes a phase delay of the
brain’s pacemaker ranging from 1 to 3 h depending on the
experimental conditions (light intensity and duration of the
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exposure).??*! Since 2013, the cardinal symptom for insomnia
has been defined by DSM-5 as a global dissatisfaction with
sleep quantity or quality.’*** This symptom can be accompa-
nied by difficulty initiating sleep, nocturnal awakenings, or
early morning awakenings.'® Some studies have suggested
that greater exposure to light at night increases the presence
of insomnia, especially in elderly people.*> We found that ONL
increased the risk of being dissatisfied with sleep quality and/
or quality but was unrelated to insomnia disorder. Short sleep
was also associated with greater ONL. However, short sleep
can be observed in various sleep disorders, not just with in-
somnia. Individuals with a circadian rhythm disorder often
complain of insomnia symptom(s) and/or excessive sleepi-
ness. We did find that individuals living in areas with greater
ONL were associated with a greater risk of having a diagnostic
profile congruent with a circadian rhythm disorder. Excessive
sleepiness and fatigue reported by individuals living in areas
with greater light at night can be the result of shorter sleep but
can also be the result of bad quality sleep. As Cho et al.”® have
demonstrated, individuals exposed to light at night spent less
time in slow wave sleep, which is associated with the restor-
ative function of sleep.

The satellite data show that changes in light intensity alone
are associated with widespread effect on sleep patterns, likely
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Table 4—Logistic regression predicting likelihood of wakeup time after 08:00 based on age, sex, occupation, and environmental factors.

B SE Wald OR 95% CI Sig.

Male® 0.058 0.049 1.389 1.06 0.96-1.17 0.238
Age -0.037 0.002 301.471 0.96 0.96-0.97 0.000
Children in the house

None Reference

<5y -1.032 0.075 187.107 0.36 0.31-0.41 0.000

6-12y -1.172 0.105 124.976 0.31 0.25-0.38 0.000

1317y -0.997 0.132 56.932 0.37 0.29-0.48 0.000
Occupation

Daytime work Reference

Shiftwork 1.342 0.073 338.473 3.83 3.32-4.42 0.000

Unemployed 1.951 0.106 338.404 7.03 5.71-8.66 0.000

Homemaker 1.855 0.083 504.543 6.40 5.44-7.52 0.000

Student 1.336 0.095 196.936 3.81 3.16-4.59 0.000

Retired 2.065 0.100 424.990 7.88 6.48-9.59 0.000
Population density 0.012 0.011 1.085 1.01 0.99-1.04 0.298
Nighttime radiance (ONL) 0.065 0.022 8.938 1.07 1.02-1.11 0.003
Sleeping with a light on® 0.396 0.109 13.337 1.49 1.20-1.84 0.000
Sleeping in a bright bedroom® 0.238 0.085 7.829 1.27 1.07-1.50 0.005
Sleeping place

Bed Reference

Sofa 0.264 0.196 1.818 1.30 0.89-1.91 0.178

Floor 0.485 0.138 12.348 1.63 1.24-2.13 0.000
Noise level of the sleeping place

Never noisy Reference

Noisy in the daytime 0.013 0.085 0.024 1.01 0.86-1.20 0.876

Noisy in the nighttime -0.117 0.083 1.969 0.89 0.76-1.05 0.161
Watching TV in bed® 0.051 0.048 1.115 1.05 0.96-1.16 0.291

2Reference category: female. ® Reference category: absence. Cl, confidence interval; OR, odds ratio; SE, standard error; Sig., significance.

Table 5—Sleep disturbances and disorders by intensity of the nighttime radiance.

Nighttime Radiance
Prevalence Mean SD P
Dissatisfaction with sleep quantity and/or quality
Absent 275.05 290.77 t=-2.757
Present 28.5% 289.16 292.15 P=0.005
Confusional arousals (= 1 t/mo)
Absent 269.65 284.47 t=-3.502
Present 15.1% 307.02 323.53 P <0.0001
Excessive sleepiness
None or mild 268.46 285.87 f=24.528
Moderate 17.6% 285.82 290.58 P <0.0001
Severe 8.8% 323.72 314.76
Excessive sleepiness with impaired functioning
Absent 262.82 277.60 t=-13.444
Present 71% 386.11 368.23 P <0.0001
Fatigue level
None 276.13 291.04
Mild 3.8% 315.64 299.21 f=8.445
Moderate 4.4% 318.31 306.91 P <0.0001
Severe 3.9% 264.79 262.89
DSM-5 circadian rhythm disorders
Absent 270.15 285.88 t=-5.275
Present 1.7% 365.54 347.91 P <0.0001

DSM-5, Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition; SD, standard deviation.

SLEEP, Vol. 39, No. 6, 2016 1318 Artificial Lights and Sleep Behavior—Ohayon and Milesi



through a suppression of early evening secretion of melatonin,
electroencephalographic activation, and decreased sleepi-
ness. Suppression of melatonin is regulated by the nonimage-
forming photoreceptors, a type of photoreceptor that unlike
rods and cones do not contribute to vision but to perceiving
illumination conditions. Our study suggests that ambient light
outside the home is playing a greater role than the simple act
of keeping a light on in the bedroom for the night. Ambient
radiance explained a significant amount of variance in bedtime
and sleep duration after controlling for a bright room, using
a light at night or watching TV in bed. ONL and population
density are clearly correlated and certainly have both an effect
on sleep behaviors. In our results, ONL outweighed population
density in terms of importance on sleep behaviors: when ONL
and population density were entered together in regression
models, population density was always nonsignificant. Bed-
room brightness was also associated with living in areas with
greater outdoor nighttime lights, pointing to the importance
of properly darkening a bedroom at night for improved sleep
quality.

However, it has to be kept in mind that this study is purely
observational: We found several significant associations with
outdoor nighttime lights and sleep behaviors but because of
the nature of this study, actual level of lights could not be as-
sessed. We did not ask for the presence of curtains in the bed-
room windows and the opacity of the curtains nor for the use
of a sleeping mask. As our results show, there are also other
environmental factors than outdoor lights that were associated
with alterations in sleep behaviors; for example, the presence
of young children or occupation status. It should also be kept in
mind that all of our models explained only partially the modifi-
cations in sleep/wake behaviors. One could have expected that
different sleep/wake patterns would have been associated with
living in urban or rural areas. In all our multivariate models,
population density was not significantly related to sleep/wake
schedule, which means that other factors played a greater role.

The satellite data used in this study did not allow for mea-
suring the changes in spectrum introduced by different types
of light fixtures because the OLS sensor is a panchromatic
straddling the visible and near-infrared portions of the elec-
tromagnetic spectrum. However, it is possible that changes in
spectrum associated with the evolution of lighting technology
may also affect the sleep patterns of the population. Selective
effects of the light spectrum on sleep indicators have been doc-
umented in laboratory studies. How the effects of changes in
light spectrum manifest themselves in the general population
under environmental conditions should be studied with the de-
sign of multispectral nighttime sensors.

As cities grow and new developments are added, the number
of street lights increases, brightening our neighborhoods even
more. Because of enhanced effects with traditional lighting
technology such as high-pressure sodium lights, lighting has
an effect beyond the simple illumination of streets.*
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