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Background: Light is the primary synchronizing cue for the circadian timing system, capable
of exerting robust physiological effects, even with very dim and/or brief photic exposure. Mam-
mals, including humans, are particularly susceptible to light at night. As such, measures of
light in the sleeping environment are critical for evaluating sleep health. Sleep diaries provide
inexpensive measures of sleep, but do not typically include light information.

Methods: Four questions probing visual perception of light in the bedtime and waking envi-
ronments were added to the Consensus Sleep Diary for Morning administration. As part of a
lighting intervention study, 18 hospital Labor and Delivery Department personnel completed
the sleep diary for 1 week in each of two experimental conditions while wearing Actiwatch
devices equipped with photosensors. Diary responses were evaluated against photosensor values
from the beginning and end of each rest interval (n=194 rest intervals), as well as against sleep
measures, utilizing linear mixed models.

Results: Responses to light questions were related to actual light measures at bedtime, con-
trolling for shift type and experimental condition. In addition, subjective light information at
bedtime and waking was related to both objective and subjective sleep parameters, with data
generally indicating poorer sleep with light in the sleeping environment.

Conclusion: Questions addressing perception of light in the sleeping environment may provide
a crude yet affordable metric of relative photic intensity. Further, as responses relate to sleep
outcomes, subjective light information may yield valuable insights regarding mechanisms and
outcomes of clinical significance in sleep and circadian research.
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Introduction

The vast majority of American adults (89%) have light-emitting technology in their
room at night.! Light exerts a number of physiological effects on mammalian systems
via multiple mechanisms and pathways. It is the primary synchronizing cue for the
circadian timing system, and even relatively dim (eg, <2.41 uW/cm?, 1 lux) and/or brief
(15 seconds) photic exposures can markedly influence circadian responses and other
biological effects of light.>* Additional effects of light include acute alerting effects,’
melatonin suppression,* and reorganization of the circadian system itself.*!! While the
magnitude of each of these responses is both dose- and wavelength-dependent,*!>7 it is
the timing of light exposure that is most critical for these photobiological effects, with
particular sensitivity at the beginning and end of physiological night.!® Therefore, ambi-
ent light in the sleeping environment is a critical (yet often neglected) consideration in
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the assessment of sleep health, and data collected on light in
sleeping environments could provide an additional behavioral
point of intervention for clinicians.

Controlled laboratory studies are necessary for the rigorous
characterization of the biological effects of light; however, field
studies are important for further understanding the influence
of light on sleep and circadian health under more naturalistic
conditions. Actigraphy devices are wrist-worn activity moni-
tors used widely to assess sleep and circadian rthythms outside
the laboratory, and many models contain photosensors.'* Actig-
raphy devices continue to be one of the only ways to obtain
individual light data under ecologically valid conditions (such
as the home environment), while also enabling estimation of
sleep and activity rhythms.

However, these devices are not without their limitations.
Though there is an emerging trend for employing wearable
technologies that monitor various aspects of physiology,
including sleep,? validated actigraphy devices remain costly,
and this can be prohibitive and/or limit the scope of their
application. Additionally, while light information collected at
the wrist correlates with light at the eye, it is not an accurate
measure of photic input to the circadian system.?'*? Indeed,
most actigraphy light sensors measure light in lux, a unit of
measurement that weights each wavelength of light based on
the spectral sensitivity of the visual system.

By contrast, the circadian system has a distinct peak sensitiv-
ity to light in the short-wavelength region of the spectrum,*!¢
primarily mediated by a subset of intrinsically photosensitive
retinal ganglion cells (ipRGCs) containing the photopigment
melanopsin.?% While ipRGCs appear to contribute to color
vision to some extent,?~*? unlike rods and cones, ipRGCs show
sustained responses to light, adapting at a rate that is orders of
magnitude slower.* Therefore, while lux remains the foremost
measure available, it is at best a crude estimate of circadian input.

Further, while some newer actigraphy devices quantify
spectral quality to a certain extent (eg, Actiwatch Spectrum,
Plus and Pro, Philips Respironics, Murrysville, PA, USA), their
accuracy has also been questioned.??**3” Consequently, even
the most commonly deployed objective methods of ascertain-
ing light in the sleeping environment are not without their limi-
tations. While objective measures are generally more reliable,
subjective sleep diaries are prevalent, and were described by
Carney et al as . . . universally used as the preferred method
for collecting data over time . . . in insomnia research”.*® As
such, we were prompted to consider the utility of subjectively
reported visual perception of light in the sleeping environment;
still a proxy for circadian input, but a less costly and more
convenient one. Cost considerations cannot be discounted in

applied research and clinical practice, both of which rely on
longitudinally collected data. A free measure that is able to
provide meaningful data in place of a device that costs upward
of US$1,000 per individual would result in profound savings
for a given study or practice.

Sleep logs are always used in conjunction with actigraphy,
as self-reported information is highly recommended by the
American Academy of Sleep Medicine for editing and scoring
of activity data.* Sleep diaries are also commonly used in the
fields of sleep research and medicine to examine subjective
reports of sleep/wake patterns outside the laboratory. Sleep
diaries, in contrast to sleep logs, are more comprehensive,
typically provide stand-alone outcome measures, and their
relatively low cost makes them ideal for collecting subjec-
tive data remotely in patients and large cohorts of research
participants. Historically, most sleep diaries have contained
questions regarding the amount, quality, and timing of sleep;
however, they may have little else in common. Though efforts
to standardize sleep diaries have been made,***! more often
than not, individual labs and researchers choose to create their
own diaries, tailored for specific environments or research
questions. This translates into issues with generalizability of
results across labs and studies. To address this concern, a group
of sleep physicians and researchers developed the Consensus
Sleep Diary (CSD).* The diary is available in three versions:
a “core” one-page version to be completed in the morning
(CSD), a more detailed two-page version also completed in
the morning (CSD-M) and, a detailed two-page version to
be completed in both the evening and the morning (CSD-E).
While the CSD was an important first step toward increasing
the utility of research results by expanding the generalizability
of sleep-diary data across research teams and clinical popula-
tions, it did not include questions about light exposure.

There have been limited attempts to assess subjective
information about light.***% To our knowledge, however,
no published sleep diaries have asked respondents about light
in the sleeping environment, despite a growing appreciation
of the potent effects of light on circadian rhythms and sleep
health. We hypothesized that the addition of questions per-
taining to perception of light might aid in further understand-
ing sleep hygiene, as well as compliance and relative photic
exposure, at virtually no cost. As such, we aimed to establish
a modified sleep diary to include a subjective assessment of
light in the sleeping environment.

The four original questions, described in the Methods
section, were designed to elicit information on perceived
illumination as a way to assess relative, rather than absolute,
photic stimulation. For example, measurably more light
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should be present in sleeping environments wherein individu-
als report perceivable light, objects, and color than in those
where they do not.

Further, the questions could potentially help determine
which photoreceptors are being stimulated by a light source.
For example, a question regarding the perception of objects,
when used in conjunction with a question regarding color
visibility, could potentially help determine if the rods and/or
cones are being activated (see Figure 1). Specifically, a bed-
room fashioned with blackout curtains and other modifications
may create scotopic conditions (with only rod activation),
wherein an individual would only be able to see in shades of
gray, if at all. By contrast, natural nighttime light from the
moon and stars is typical of mesopic conditions, wherein both
rods and cones are stimulated, allowing for the perception of
color, even if it is not extremely vivid. Finally, under photopic
conditions, as is typical of indoor architectural lighting, cones
are stimulated and thus colors should be readily apparent
(Figure 1). Therefore, asking whether light and objects are
visible and whether objects can be perceived in color or in gray
may be sufficient to distinguish among the three conditions.

Of note, if an individual reports perceiving objects in
color in the sleeping environment, ipRGCs are also likely
to be activated, though it will depend on the spectral com-
position of the light source, given their short-wavelength
dependence. For example, a light source with significant long-
wavelength energy and very little energy in the more potent
shorter-wavelength region may allow for visual stimulation
and color perception without stimulating ipRGCs sufficiently

Light levels (lux)  0.01 0.1 1

Starlight

No color vision/poor acuity

Absolute threshold Cone threshold

Moonlight

to alter sleep and/or circadian rhythms. We hypothesized that
the addition of four questions on light perception would pro-
vide a reasonably good estimation of relative photic intensity
(light energy per unit time per unit area) under typical archi-
tectural lighting conditions. A secondary hypothesis was that
reported perception of light would relate to sleep parameters.

Methods

Participants

Data were collected in September and October 2017 as part
of a larger study (to be published separately) examining
the effects of a lighting intervention on hormonal, sleep,
and performance rhythms of hospital staff in the Labor and
Delivery Department at the Naval Medical Center San Diego
(NMCSD). The primary component of the lighting interven-
tion was a change in workplace lighting, with additional
optional behavioral components for the home environment
(Supplementary materials). Mid-study, civil twilight began
at ~6 am and ended at ~7:45 pm. This study was conducted
in accordance with the Declaration of Helsinki. All proce-
dures were approved by the Institutional Review Board of
the NMCSD (NMCSD2012.0002), and written informed
consent was obtained for all participants.

Recruitment occurred via email and in person by study
staff during shift turnovers. At the study site, nurses and
corpsmen work day shifts (7 am—7 pm) or night shifts (7
pm—7 am). Approximately half the staff rotate every ~6
weeks between the two shift types, and nurse midwives often
work both types in the same week. Concurrent actigraphy

10 100 1,000 10,000 100,000

Indoor lighting Sunlight

Good color vision/high acuity

Rod saturation begins

Figure | Representation of photoreceptor thresholds, visual responses, and their relationship to the range of illumination from natural and artificial light sources.

Notes: This schematic illustrates estimated levels of visual stimulation for typical ambient-lighting conditions. Lux values are depicted on a logarithmic scale, focusing on
photic intensities that fall within the range of responsiveness across classical rod and cone photoreceptors. Light intensities are not absolute and depend on biological variables
(eg, pupillary response, direction of gaze) and physical properties of the stimulus (eg, spectral composition, direction of light), as described in further detail within the text.
Under scotopic conditions, a certain amount of light is required to elicit any response (absolute threshold) and only rods are activated, which is a relatively rare condition
in practice, as starlight alone begins to stimulate cone photoreceptors. With mesopic conditions, such as a moonlit night, both rod and cone photoreceptors are stimulated.
At greater intensities of light in the photopic range, “bleaching” of the photoreceptors will gradually occur, and ultimately, with very bright light, retinal damage becomes a
concern. There is likely to be significant overlap in the identified photopic range and ipRGC activation; however, ipRGC activation is not depicted in the figure due to a lack
of consensus regarding precise quantification of the range of responsiveness to light. This is further complicated by the fact that ipRGC activation may vary by a variety of
photic variables, such as the timing, spectral quality, and prior exposure history.

Abbreviation: ipRGC, intrinsically photosensitive retinal ganglion cell.
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and sleep-diary data were collected for 1 week in each
experimental lighting condition, including 1 week of baseline
assessment with standard lighting and 1 week of exposure to
anovel lighting intervention. Participants included one male
administrator (scheduled Monday to Friday, 3 pm—11 pm)
and 17 female nurses, midwives, and corpsmen (mean age
1+ SD=34.247.8 years).

Data from each participant were from one shift type only
throughout the entire experiment (eight day workers, one
admin, nine night workers) and included days off. Due to the
atypical shift type of the single administrator, data from that
participant were included in some but not all analyses (see
Methods section for more detail). Two additional participants
did not meet the data quality inclusion criteria. Participants
reported no colorblindness or other vision conditions, with
the exception of corrected vision (three day workers, one
admin, and four night workers).

Diary

Participants completed a modified version of the CSD-M each
day upon awakening from their primary rest interval. Four
novel questions were added, eliciting information on visual
perception of light in both sleeping and waking environments.
As participants were shift workers and thus slept at all hours
of the day, we used the terms bedtime (BT) and wake time
(WT), rather than “night” and “morning”, for the beginning
and end of each rest interval. Data from 194 and 193 rest
intervals were included in BT and WT analyses, respectively,
with roughly equal proportions from exclusively day workers
and exclusively night workers. Sample sizes for each analysis
by shift type are included in Tables S1-S3.

Questions were developed and reviewed by subject-
matter experts in the area of photobiological effects of light
on humans (GLG, EMH, and SAI) and examined for clarity
and readability by nonexperts. Preliminary results from a
pilot study were promising and were used to further refine
the questions, including modifying the style from open-ended
to check-box format.** Revised questions were subjected to
Lexile analysis.*® Questions for the BT environment were:
1) After turning off the light, was there any light still visible
in your room? 2) If you answered “yes”, would you describe
the light source as artificial (eg, lamp or ceiling fixture),
natural (eg, sun, stars, or moon), or both? 3) Were you able
to see objects in your room? and 4) If you answered “yes”,
did visible objects appear to be in shades of gray or in color
(even ifless vivid)? Questions regarding the waking environ-
ment were identical, with the following prompt: “When you
woke up for the day . . .” Within the text of this manuscript,

we refer to these questions as Q1-Q4 and Q5—Q8 for the
BT and WT environments, respectively. However, in the
actual diaries administered, these questions were assigned
numbers based on the logic of the extant sequencing in our
version of the diary.

During the study, four self-reported measures* were used
to assess sleep as a function of responses to the previously
described light questions: sleep-onset latency (SOL, min-
utes), wake after sleep onset (WASO, minutes), total sleep
time (TST, minutes), and sleep quality (very poor [1] to very
good [5]). As light just prior to WT was not expected to affect
sleep latency of the previous night, SOL was assessed as a
function of the four BT responses only (Q1-Q4).

Actigraphy

Each participant wore either the Actiwatch 2 or Actiwatch
Spectrum on their nondominant wrist, and was instructed
not to cover the Actiwatch with clothing or bedding. Activity
was recorded at 30-second epoch lengths. Automated rest
intervals were created in the affiliated software (Actiware
version 6.0.9) on the settings medium threshold, 5 minutes
each for sleep and waking determinations. Intervals were
examined by two trained scorers for concordance within 30
minutes of diary BT/WT. Times when the watch was noted in
the diary as “off-wrist” were excluded from analysis. When
concordance was not achieved, manual adjustments were
made by setting rest-interval start and end times at the outside
of five consecutive intervals of light at 1 lux and/or activity
at 0 counts, as described in the scoring hierarchy created by
Patel et al.* While the CSD-M asks about the daily timing and
frequency of naps, no light questions during naptime sleep
were added to our modified version. Therefore, reported naps
were excluded from analyses for this substudy.

In practice, some mismatch between diary and activity
patterns is to be expected. For this study, reasonable concor-
dance between the watch and diary was crucial for analysis,
given that we were examining the diary responses pertaining
to light in the BT and WT environments. As such, data for
any intervals wherein either the photosensor or activity-based
times did not agree within 2 hours of the diary (for either the
start or stop of the rest interval) were deemed unreliable and
excluded from analyses (21 intervals total across 9 partici-
pants). Further, a participant had to have had at least four rest
intervals (two from each experimental lighting condition) to
be included in analyses. Actigraphy-derived measures (SOL,
WASO, TST, and sleep efficiency [SE]) were used to quantify
sleep for each rest interval. As with the diary responses, sleep
latency was only assessed relative to BT responses.
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Light in the environment was measured using the Acti-
watch photosensors and quantified to examine the sensitivity
of the diary questions relative to objective light measures.
As absolute light levels derived from Actiwatch photosensors
may not accurately reflect circadian input,?>*¢ and because
raw illumination values can vary by orders of magnitude and
thus render averages less meaningful, we utilized the time
above light threshold (TALT) variable in Actiware. The TALT
variable returns the number of minutes within the defined
interval that the light exceeds a user-defined threshold. The
number of minutes of light exposure above a certain threshold
is frequently used to assess light levels in the field in sleep and
circadian research.*’-3 As the questions specifically pertained
to perception of light immediately before sleep initiation and
upon awakening, and ipRGCs integrate light over time, we
examined a TALT of 10 Iux (TA10) for both the 2-hour and
1-hour intervals inside each of the rest-interval start and stop
times for each participant (eg, for a rest interval from 10 pm
to 6 am, we examined TALT from 10 pm to 12 am and 4 am
to 6 am, as well as 10 pm—11 pm and 5 am—6 am; Figure 2).

Analysis

Primary data analyses were performed on all rest intervals
using mixed linear models in SPSS 23.0 (IBM, Armonk, NY,
USA), with subject as a random factor and question response as
a fixed factor. As this data set was drawn from a larger interven-

12 pm 6 pm

Sat
Sun
Mon
Tue
Wed
Thu

Fri

Sat
12 pm 6 pm

Figure 2 Actigram from a participant working day shifts (7 am—7 pm).

12 am

12 am

tion study that included two experimental lighting conditions
and two different major shift types, main effects of both condi-
tion and shift and a shift-response interaction were included
in original models of diary responses to the light-related ques-
tions (Supplementary materials). No main effects of condition
were found (all P>0.08). A main effect of shift type (day vs
night) on TST was found for one variable only: visibility of
color at BT (P<0.05); therefore, shift type and its interaction
with item response were included in that model. Data from
the single administrator were not included in any model that
included shift type, and means for all outcome variables for
that participant fell well within a single SD (on average, only
32.7% of the SD of the sample; see Supplementary material
for means and frequencies by shift type). Estimated marginal
means are reported; chi-squared analyses were performed on
response frequency data. All statistical tests were evaluated at
the P<0.05 a-level, and Bonferroni adjustments were made
when performing multiple comparisons.

Additionally, there were a few isolated rest intervals
where one or more diary sleep responses were missing or
unquantifiable (ie, reported as “unknown” or “a while”;
one SOL and nine WASO responses), which contributed to
small differences in overall sample sizes between analyses.
When responses were inconsistent with previous responses
(eg, a participant reported no light in the sleeping environ-
ment for Q1 but endorsed “natural” for Q6), responses were

6 am 12 pm

6 am 12 pm

Notes: Time is represented from noon to noon on the x-axis, with days represented on the y-axis. Black markings and thin yellow lines denote activity and light levels across
the day, respectively. Rest intervals appear in light blue, with sleep onset and offset represented as dark blue vertical lines, with blue shading between. Red markings appear
underneath the activity when identified by the Actiware algorithm as “wake”. Yellow and orange bars above the rest-interval start and stop times indicate the |- and 2-hour

windows of the photosensor analyses.
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excluded from analyses (two responses for two rest intervals
total, Figure 3). Cases with missing values were excluded
pairwise, and sample sizes are reported in the tables. Finally,
our light-based questions and instructions were submitted
to Lexile analysis (http:/lexile.com/analyzer), as was the
original CSD.*

Results

Lexile analysis

Lexile analysis revealed that the text of the novel questions
corresponded to fifth-grade reading levels (~10-11 years
of age; 700-800 for BT, 800900 for WT). Mean sentence
length for questions was 11.50 and 11.83 words for BT and
WT, respectively. Instructions corresponded to third-grade
reading levels (8-9 years of age; 500—600), with a mean
sentence length of 12.50 words. While these sentence lengths
and Lexile scores are somewhat higher than those reported
for the CSD-M, values are comparable to those of the core
diary (CSD) instructions.

Response frequencies

With regard to the BT environment, light was reported in 139
of 194 cases (71.6%), with 40.6%, 32.6%, and 26.8% of light

BT responses

Light (194)*
Z ~N
Yes (139) No (55)
i \ (1)
Type (138)*
|
Artificial (45) Natural (56) Both (37)
Objects (194)
pd ~.
Yes (149) No (45)
Color (145)*
-
Color (58) Gray (87)

Figure 3 Flowchart of response frequencies for the four light questions at BT and WT.

reported as natural, artificial, or both, respectively (Figure 3).
Objects were reported as visible in 149 of 194 (76.8%) cases,
and 40.0% of those reportedly appeared in color. For the
waking environment, light was reported in 161 of 192 cases
(83.9%), with 68.3%, 9.3%, and 22.4% reported as natural,
artificial, or both, respectively. Objects were reported as vis-
ible in the waking environment for 183 of 193 (94.8%) cases,
70.5% of which reportedly appeared in color.

Additionally, responses differed between BT and WT.
Light was reported more frequently upon waking than at
BT (*=8.30, P<0.01), and light was more likely to be
natural than artificial or both (x*,=30.99, P<0.001; both post
hoc tests P<0.05). Similarly, there was higher reporting of
objects being visible in the waking environment (> =25.75,
P<0.001), and those objects were more likely to appear in
color (>, =30.69, P<0.001). Further, a majority of participants
who completed both BT and WT light questions (Q1 and Q5)
had dynamic responses for one or more of them across the
study period (eg, reported light on some nights, but not on
others; 12 of 18 or 66.7%). Across all subjects, more variation
occurred for WT responses: BT responses varied for only 7
of 18 participants, whereas WT responses varied for 10 of 18,
though this difference did not reach significance ()*=1.00,

WT responses

Light (192)
Z ~
Yes (161) No (31)
l (1M
Type (161)
|
Artificial (15) Natural (110) Both (36)
Objects (193)
Z AN
Yes (183) No (10)
Color (183)
Color (129) Gray (54)

Notes: Bolded text is used for questions and unbolded text for responses. Numbers in parentheses indicate the number of individuals who responded to that item. An
asterisk denotes P<0.05 for differences in TAIOQ for the 2-hour interval post- and pre-BT and WT, respectively, by response (see Table | for means). Parenthetical values
outside boxes are erroneous or logically inconsistent responses that were excluded from analyses (see “Methods” section for details).

Abbreviations: BT, bedtime; WT, wake time; TALT, time above light threshold; TA10, TALT of lux.
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P=0.32). For all four items, standard errors in outcome mea-
sures tended to be higher for the same question for WT than
BT (for TALT values, P<0.01; for objective sleep measures,
P<0.05; for subjective measures, P=0.10).

Reported light and photic illumination

BT environment (Q1-Q4)

For the 2-hour interval after BT, we found greater TA10 when
light was reported, when that light was artificial, and when
color was reported (Table 1, all P<0.05). No relationship was
found between the object question (Q3) and TA10 (P=0.15).
When the 1-hour interval was examined, these findings were
replicated for the light (Q1) and type of light question (Q2;
both P<0.05), and no statistically significant relationship was
found for either the object or color question (both P>0.07).

WT environment (Q5—-Q8)

No relationship between the WT questions and any measure
of light was found (all 7>0.11). BT and WT as a function
of reported type of light were examined. The average BTs
for rest intervals wherein no light or only artificial light was
reported were 10:52 pm and 11:24 pm, respectively. By con-
trast, the average BT for rest intervals where natural light was
reported was in the morning—at 6:54. For intervals wherein
both were reported, it fell between, at 2:35 am. Similarly,
the average WTs were 4:59 am and 4:49 am for no light
and artificial light, respectively. By contrast, the average
WT for rest intervals where natural light was reported was

Table | Reported light and photopic illumination (TA10)

in late morning, at 10:35, and even later, 11:19 am, when
both were reported in the waking environment.

Reported light and objective sleep

BT environment (Q1-Q4)

Responses to all questions about light in the sleeping envi-
ronment related to actigraphy-based TST (Table 2). TST was
higher when no light was reported (P<0.001), when objects
were not reported as visible (P<0.01), and when visible
objects were reported as appearing in shades of gray, rather
than in color (P<0.05). When light in the sleeping environ-
ment was reported, TST was higher when that light was
artificial as compared to natural (P<0.05). Neither WASO,
SE, nor SOL varied by response to any of the four BT ques-
tions (all P>0.12).

WT environment (Q5—-Q8)

With regard to the waking environment, TST was lower
when artificial light was reported than either natural light or
both (both P<0.05). WASO, which is dependent upon TST,
was higher in natural light than in artificial light (P<0.05).
No other relationships between reported light in the waking
environment and objective sleep were found (all P>0.09).

Reported light and subjective sleep

BT environment (Q1-Q4)

Largely consistent with objective actigraphy results, BT
responses were related to TST for three of the four BT

After turning off the light/when you woke up for the day, was there any light still visible in your room?

Sensor BT, mean * SEM WT, mean = SEM

Yes No P-value (n) Yes No P-value (n)
TAIO 2 hours 5.1212.14 0.24+2.63 <0.05 (194) 8.3613.15 3.98+4.53 0.26 (192)
TAI10 | hour 3.34£1.15 0+1.53 <0.05 (194) 4.78+1.69 2.6812.61 0.38 (192)
If you answered “yes”’, would you describe the light source as artificial (eg, lamp or ceiling fixture), natural (eg, sun, stars, or
moon), or both?

Artificial Natural Both P-value (n) Artificial Natural Both
TAIO 2 hours 9.06+3.51 5.63+3.44 0+3.98 <0.05 (138) 3.4216.01 9.33+3.52 6.7615.04 0.63 (l61)
TAIO | hour 6.0912.14 3.68+2.08 0+2.46 <0.05 (138) 1.34+3.56 5.99£1.90 2.69+2.88 0.38 (161)
Were you able to see objects in your room?

Yes No P-value (n) Yes No
TAI10 2 hours 4.6212.12 0.96+2.84 0.15 (194) 8.00+3.15 1.3316.77 0.29 (193)
TAIO | hour 3.08£1.12 0.04+1.68 0.07 (194) 4.59+1.68 1.58+4.05 0.44 (193)
If you answered “yes”, did visible objects appear to be in shades of gray or in color (even if less vivid)?

Color Gray P-value (n) Color Gray
TAI10 2 hours 8.39+2.68 1.95+2.50 <0.05 (145) 9.35+3.21 4.61+3.87 0.16 (183)
TAIO | hour 5.10£1.15 1.61£1.53 0.08 (145) 5.54%1.71 2.26+2.16 0.11 (183)

Notes: Responses to BT and WT light questions and corresponding estimated marginal mean light values + SEM for each response. Light questions and responses shown
by column, organized by BT and WT. TAIOQ refers to time above light threshold of 10 lux, in minutes, measured in the |- and 2-hour intervals inside BT and WT. See Table

S| for frequencies, means, and analyses by shift type.

Abbreviations: BT, bedtime; WT, wake time; TALT, time above light threshold; TAI0, TALT of 10 lux.
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Table 2 Reported light and objective sleep

After turning off the light/when you woke up for the day, was there any light still visible in your room?
Actigraphy | BT, mean £ SEM WT, mean * SEM

Yes No P-value (n) | Yes No P-value (n)
SOL 7.31£1.11 7.18%1.65 0.94 (194)
TST 376.71+11.62 | 446.61+17.03 <0.001 (194) | 401.87+14.18 | 354.93+24.54 0.05 (192)
WASO 52.92+4.13 51.84+5.65 0.85 (194) 54.11£3.93 44.89+6.93 0.18 (192)
SE 86.43+0.98 87.43+1.22 0.21 (194) 86.81+1.00 86.51%1.47 0.81 (192)
If you answered “yes”, would you describe the light source as artificial (eg, lamp or ceiling fixture), natural (eg, sun, stars, or
moon), or both?

Acrtificial Natural Both Acrtificial Natural Both
SOL 10.63+1.92 5.81%1.77 5.84+2.17 0.12 (138)
TST 413.38+19.98 | 346.16+18.71 | 372.92+22.81 | <0.05 (138) 325.83+33.13 | 407.37£16.69 | 401.11+26.13 | <0.05 (161)
WASO 58.04+6.78 51.93+6.41 48.55+7.78 0.59 (138) 30.38+9.08 57.98+4.52 46.6417.12 <0.05 (161)
SE 85.97+1.42 85.91+1.37 87.53+1.64 0.65 (138) 87.79+1.83 86.20+0.99 88.85+1.49 0.25 (l6l)
Were you able to see objects in your room?

Yes No Yes No
SOL 7.40+1.07 6.81+1.81 0.77 (194)
TST 380.90+11.37 | 447.65£18.91 <0.01 (194) 396.49+13.07 | 364.74+39.49 0.42 (193)
WASO 52.90+4.08 51.6816.23 0.85 (194) 53.04+3.85 44.01£11.32 0.42 (193)
SE 86.59+0.98 87.52+1.33 0.44 (194) 86.7610.98 87.54+2.22 0.71 (193)
If you answered ‘“yes”, did visible objects appear to be in shades of gray or in color (even if less vivid)?

Color Gray Color Gray
SOL 8.09+1.68 7.24+1.47 0.69 (145)
TST 366.10£14.07 | 413.56£11.78 <0.05 (145) 391.80+14.02 | 408.08+19.14 0.43 (183)
WASO 50.1345.76 55.94+5.22 0.40 (145) 55.95+4.04 46.15+5.47 0.09 (183)
SE 85.98+1.23 86.75%1.14 0.57 (145) 86.35+0.97 87.70+1.20 0.23 (183)

Notes: Responses to light questions and corresponding estimated marginal means of actigraphy-based sleep variables = SEM for each response. Responses to light questions
are shown by column, organized by BT and WT, and sleep variables are shown in rows. See Table S2 for frequencies, means, and analyses by shift type.
Abbreviations: BT, bedtime; WT, wake time; SOL, sleep-onset latency; TST, total sleep time; WASO, wake after sleep onset; SE, sleep efficiency.

questions (Table 3). Diary-based TST was higher when no
light was reported (P=0.001), when objects were reported as
not visible (P<0.05), and when visible objects were reported
as appearing in shades of gray, rather than in color (P<0.01).
In addition, reported sleep quality was higher when no light
was reported (P<0.01) and when objects were reported as
not visible (P<0.01). No other analyses were statistically
significant (all P>0.11).

WT environment (Q5-Q8)

There were no relationships found between self-reported
sleep measures and reported light in the waking environment
(all P>0.10). Subjective measures of sleep were positively
related to their respective objective measures in our experi-
ment (both P<0.05 for SOL/SOL and WASO/WASO; P<0.01
for SE/sleep quality; P<0.001 for TST/TST). Reported BTs
for day and night workers between consecutive workdays
were 10:37 pm and 9:24 am, respectively, and average WTs
were 5:20 am and 3:20 pm. Between consecutive days off,
average BTs were 11:06 pm and 12:25 am for day and night

workers, respectively, and average WTs were 9:14 am and
9:22 am.

Discussion

The addition of only a few items to existing sleep diaries
provides meaningful information about light in the sleep envi-
ronment, which may in turn have implications for both sub-
jective and objective measures of sleep and related outcomes.
Responses to our four additional questions, specifically those
regarding perceived light, light source, and perceived color,
corresponded to differences in objective quantification of
light levels in the sleeping environment, suggesting external
validity (Table 1). Our findings regarding average BT and WT
for those reporting natural light in the sleeping environment
also support the external validity of the questions. Although
responses were completed at WT and thus more temporally
linked to WT-photosensor data, we found no statistically sig-
nificant relationships between WT responses and photosensor
light measures. However, mean patterns were similar to those
observed for BT. Variability was higher for the same question
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Table 3 Reported light and subjective sleep

After turning off the light/when you woke up for the day, was there any light still visible in your room?
Diary BT, mean + SEM WT, mean * SEM

Yes No P-value (n) | Yes No P-value (n)
SOL 25.54+5.25 13.84+7.27 0.12 (192)
TST 390.95+14.08 | 474.52+21.91 0.001 (174) | 415.32+16.43 | 366.42+29.61 0.10 (172)
WASO 14.39+2.80 7.87+3.94 0.11(183) 13.34+2.77 9.08+4.70 0.35 (181)
Qual 3.22+0.09 3.6510.13 <0.01 (194) | 3.36+0.09 3.2110.17 0.39 (192)
If you answered “yes”, would you describe the light source as artificial (eg, lamp or ceiling fixture), natural (eg, sun, stars, or
moon), or both?

Artificial Natural Both Artificial Natural Both
SOL 25.1749.15 25.1749.15 23.39+10.44 0.95 (137)
TST 402.68+25.98 | 361.40£25.98 | 412.24+28.33 | 0.28 (128) 345.82+45.36 | 427.67+21.13 | 387.33£32.99 | 0.18 (148)
WASO 19.06+4.96 9.12+4.80 16.7615.73 0.27 (131) 4.4316.96 15.04+3.43 12.18+5.60 0.35 (150)
Qual 3.21£0.17 3.0620.16 3.4240.19 0.31 (138) 3.24+0.24 3.4110.12 3.3310.19 0.79 (161)
Were you able to see objects in your room?

Yes No Yes No
SOL 25.00+5.26 13.2948.12 0.16(192)
TST 399.87+£14.58 | 458.31+26.08 <0.05 (174) | 412.39£15.13 | 368.18+47.53 0.35(173)
WASO 14.05+2.81 7.76+4.37 0.16 (183) 12.78+2.72 11.73£7.60 0.89 (182)
Qual 3.24+0.09 3.6840.15 <0.01 (194) | 3.35+0.08 3.15+0.29 0.49 (193)
If you answered “yes”, did visible objects appear to be in shades of gray or in color (even if less vivid)?

Color Gray Color Gray
SOL 20.21+7.85 28.8247.11 0.36 (144)
TST 354.00+22.98 | 425.13+20.25 <0.01 (135) | 416.59£17.43 | 400.36+23.13 0.51 (164)
WASO 14.51+4.26 13.98+3.90 091 (137) 14.50+2.87 8.6513.76 0.14 (172)
Qual 3.23£0.15 3.2140.14 0.92 (145) 3.31£0.10 3.4510.14 0.37 (183)

Notes: Responses to light questions and corresponding estimated marginal means of diary-based sleep variables + SEM for each response. Responses to light questions
shown by columns, organized by BT and WT, and sleep variables are shown in rows. Reported SOL, TST, WASO, and Qual on a scale from | to 5. See Table S3 for

frequencies, means, and analyses by shift type.

Abbreviations: BT, bedtime; WT, wake time; SOL, sleep-onset latency; TST, total sleep time; WASO, wake after sleep onset; Qual, quality.

for WT than BT, and sample sizes were less equal across
a given question for WT responses than they were for BT
(Figure 3), with more light, natural light, objects, and color
reported at WT. It is thus possible that with a larger sample
size, we might see correspondence between WT responses
and light measurements as well.

We also demonstrated that the questions were sensitive to
changes in the environment within the same individual. For
the majority of respondents, responses differed both from
BT to WT and across days. Therefore, these daily questions
were more sensitive to change than a one-time questionnaire
regarding light in the typical sleeping environment (eg, the
National Sleep Foundation’s 2014 Sleep in America Poll)."
This sensitivity was supported also by our findings of more
frequent reports of light, natural light, objects, and color in
the waking environment than the BT one. Additionally, there
were very few logically incompatible responses (eg, describ-
ing light source after endorsing “no light”), which suggests
that the questions are sound and the wording and instructions

sufficiently clear. The results of the Lexile analysis also indi-
cated a reasonable level of text complexity. Further, given
the hierarchical nature of our questions, we expected that the
number of individuals who endorsed a type of light would
be equal to or fewer than those who endorsed any light, and
that fewer would endorse color than objects. This expected
pattern held, suggesting the questions have some internal
consistency (Figure 3).

Importantly, responses to these questions appear to relate
to clinically relevant measures of both self-reported and
actigraphy-derived sleep variables (Tables 2 and 3). This may
be a consequence of the timing of sleep relative to the solar
day, but may also reflect acute, alerting, or phase-shifting
effects of light. As our study population consisted of shift
workers, BT and WT were highly variable in our population.
Consistently, however, sleep appears to be better with less
reported light in the sleeping environment.

Several additional interesting findings emerged from
this study regarding the relationship between reported light
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in the sleeping environment and sleep itself. For example,
objective TST was longer for individuals who reported arti-
ficial light in the sleeping environment rather than natural
(Table 3). This likely relates to the finding that individuals
reporting artificial light in the sleeping environment had a
much more “typical” nighttime BT around 11 pm, whereas
those reporting natural light were going to bed in the early
morning, averaging around 7 am.

In terms of the waking environment, TST was shorter in
duration when artificial light was reported, likely a reflection
of the earlier WT for those reporting artificial light in the
waking environment. While WASO, generally considered to
be a measure of sleep disturbance, was ~30 minutes higher
when natural rather than artificial light was reported in the
waking environment, it is dependent upon TST and thus may
reflect the higher (~+1.25-hour) TST in those reporting natu-
ral light upon waking (ie, with a longer sleep interval, there
is less homeostatic sleep pressure and more opportunity for
wakefulness during sleep). While the pattern of sleep results
we found may reflect the shift-working composition of our
sample, particularly for the type of light questions (Q2 and
QO6), results were robust and consistent across both subjec-
tive and objective sleep measures, especially for questions
regarding the sleeping environment (Tables 2 and 3). Further,
while our data were collected before and after a lighting
intervention, which could potentially affect sleep outcomes
(but not our primary outcome, objective light measures), this
was accounted for in our modeling.

Our findings suggest modern sleeping environments
often include the presence of some light, which is consistent
with previous reports (89%)' and underscores the utility of
assessing ambient light as it pertains to sleep hygiene and
health. The slightly lower frequencies we found here of light
in 71.6% of BT environments and 83.9% of WT environ-
ments may reflect differences in methodology. Specifically,
our unique shift worker population is likely to employ more
heterogeneous BT sleep strategies, and our real-time nightly
measures may capture more detail than a general retrospec-
tive description of a “typical” night. Further, we selected a
window of 1-2 hours after and before BT and WT, respec-
tively, to capture the home-lighting environment. Given the
inaccuracy inherent in using subjective reporting, as well as
the circadian system’s slow integration of light information
over time, a relatively large window of time surrounding
BT and WT seemed appropriate; however, it is possible that
the results observed here would differ if a smaller window
were used.

We did not specifically ask individuals to describe the
specifications of the artificial light source, as we did not wish
to make the diary much longer, and prior work examining the
validity of a subjective light question found specific details
regarding the artificial light source did not add significant
value.*? It remains possible, however, that the addition of
such information may provide further benefit, depending on
the reason for assessment. For example, with the emergence
of new lighting technologies (eg, light-emitting diodes) that
have more variable spectral characteristics, this information
may become increasingly useful.

Our study was not specifically designed to test the validity
of the diary, and consequently it was somewhat underpow-
ered. Because the light questions were interdependent (eg,
respondents cannot answer questions about the source of
light if there is no light visible), samples were smaller for
the light source and object questions and smallest for the
questions regarding color, which requires endorsement of
seeing objects (and likely light). Therefore, diary responses
regarding light in the sleeping environment may relate more
closely to objective measures than what we have reported
here. Additional future steps should include the refinement,
removal, and/or addition of light-focused questions. For
example, a graded response, rather than a binary choice,
would provide more information as to how vividly colors
appear. Additionally, because we based our diary on the CSD-
M, all of our responses, including those regarding light in the
BT environment, were collected in the morning. However, the
fact that we found a stronger relationship between objective
light measures and the sleeping environment (rather than the
waking), seems to argue against this as a limitation.

As mentioned earlier, Actiwatch photosensors are not the
optimal photosensors to determine the precise relationship
between participant-reported and objective estimates of light
exposure. In particular, for examining light exposure during
sleep, the watches can become covered by bedclothes, and
thus an additional photosensor on a bedside table may pro-
vide more reliable measures of photic exposure during sleep.
While we did ask participants to keep the actigraphy watches
uncovered, it is probable that some devices were covered peri-
odically during measurement. However, there is no reason to
suspect that this occurred in any systematic way, and this is
supported by the fact that we were able to discern differences
between response conditions (eg, more minutes of measured
light >10 lux when individuals reported perceiving light than
when they did not). Further, while covered photosensors
might lead to an underestimation of the amount of light in
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the environment and thus to reduced correspondence between
subjective and objective measures, they could not result in any
false-positive findings. In addition, while the TALT variable
was the best choice for this equipment, additional and more
accurate measures would be useful for future studies. Other
research has also used thresholds for the field measurement
of light as a way of handling the accuracy issue. For example,
a recent study found that dim-light melatonin onset in the
laboratory was related to the timing of first exposure to light
both >10 and >180 lux in the home,** and other studies have
used thresholds of 10 lux to represent exposure to dim light.>

Further work should also control for or take into account
objectively measured visual function, including assessment
of acuity and/or colorblindness, as well as yellowing of the
lens that occurs with age, though the latter was not a concern
in our relatively young population. Finally, the use of shift
workers (and primarily female nurses) in this study could be
considered a limitation in terms of generalizability; however,
the shift worker population may also be perceived as an asset.
Statistically significant relationships were found between our
questions and objective light measures, even in individuals work-
ing and sleeping at different times of day, not just at night. As
such, these questions appear to be robust, flexible, and may not
require significant adaptation for future use in other populations.
Nonetheless, future research should examine multiple versions
of the diary in both shift working populations and those working
more standard daytime schedules, as well as including a better
balance of males and females. A study designed explicitly to
test the utility of these new questions about light should also
include multiple time points of reporting and more accurate
photosensors (including those capable of measuring spectral
composition) in the direction of gaze and at the level of the eyes.

Conclusion

In sum, our data suggest that questions eliciting information
on subjective light in the sleeping environment can be inte-
grated easily into sleep diaries, are related to objective light
measures, and are related to objective and subjective measures
of sleep. These questions are thus likely to have utility when
examining sleep-related outcomes for both research and clini-
cal purposes. As these questions about light are a tool that
can be employed easily at little or no cost, we felt that the
relationships demonstrated here warranted reporting so that
future experiments of the size and scope required to refine this
sleep-diary enhancement can be designed and implemented.
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Table S| Reported light and photopic illumination for day- and nightshift workers (TA10)

After turning off the light/when you woke up for the day, was there any light still visible in your room?

BT responses

WT responses

Yes No P-value (n) | Yes No P-value (n)
Day 1.73+1.83 (62) | 0.45+2.30 (28) (90) 1.87+2.56 (63) 1.44+3.09 (25) (88)
Night | 4.76+1.72 (67) | 0£2.23 (26) (93) 6.47+2.36 (87) 1.77+4.69 (6) (93)
Both 3.24+1.26 (129) | 0£1.60 (54) 0.05 (183) 4.17+1.74 (150) | 1.61£2.81 (31) 0.31 (181)
If you answered ‘‘yes”’, would you describe the light source as artificial (eg, lamp or ceiling fixture), natural (eg, sun, stars, or
moon), or both?

Artificial Natural Both Artificial Natural Both
Day 4.77£3.25 (35) 1.69+4.54 (18) | 0+5.69 (8) (61) 0.361+3.67 (15) | 2.76+3.22 (32) | 2.20+3.96 (16) | (63)
Night | 5.41+4.22 (7) 5.1143.04 (37) | 4.07+3.71 (23) | (67) NA 6.98+2.55 (68) | 4.18+4.22 (19) | (87)
Both 5.09+2.66 (42) | 3.40+2.73 (55) | 0+3.40 (31) 0.01*(128) | 0.36+3.67 (15) | 4.87+2.05 (100) | 3.19+2.89 (35) | 0.70 (150)
Were you able to see objects in your room?

Yes No Yes No
Day 1.56£1.75 (70) | 0.5612.63 (20) (90) 1.79+£2.50 (83) 1.05+5.14 (6) (89)
Night | 4.43+1.67 (68) | 0£2.26 (25) 93) 6.37+2.36 (89) 1.37+5.50 (4) (93)
Both 3.00£1.21 (138) | 0.21+1.73 (45) 0.10 (183) 4.08+1.72 (172) | 1.21£3.76 (10) 0.42 (182)
If you answered ‘“‘yes”’, did visible objects appear to be in shades of gray or in color (even if less vivid)?

Color Gray Color Gray
Day 1.58+2.65 (22) | 2.07+2.25 (44) (66) 2.33+2.62 (46) 1.10£2.71 (37) (83)
Night | 6.45+2.20 (33) | 2.40+2.20 (35) (68) 7.28+2.38 (73) | 2.17+3.84 (16) (89)
Both 4.01£1.72 (55) | 2.24£1.57 (79) 0.38 (134) 4.81+1.77 (119) | 1.63£2.35 (53) 0.15(172)

Notes: Response frequencies, estimated marginal means, errors, and P-values for main effect of response type by type of shift (day/night) for minutes above 10 lux (TA10).
Light questions and responses shown by column, organized by BT and WT. TALT was measured in the |- and 2-hour intervals inside BT and WT. Values here are for the
I-hour interval. Values vary slightly here from those reported in Table |, due to inclusion here of only day and night workers (no administrator) and of shift and its interaction
with response in all models. All P-values are for main effects for response only. *P<0.05, response—shift interaction.

Abbreviations: BT, bedtime; WT, wake time; NA, not applicable; TALT, time above light threshold; TAI0, TALT of 10 lux.

Table S2 Reported light and objective sleep (actigraphy) by shift type

After turning off the light/when you woke up for the day, was there any light still visible in your room?
BT, mean + SEM WT, mean * SEM
Yes No P-value (n) | Yes No P-value (n)
SOL
Day 8.73£1.73 5.97+2.40
Night 5.33+1.64 9.08+2.40
Both 7.03£1.19 7.52+1.70 0.79
TST
Day 409.67+17.31 | 433.40+24.16 431.92420.27 | 373.60+27.83
Night 355.65+16.38 | 468.91+24.13 387.97+18.16 | 349.59+49.30
Both 382.66+11.92 | 451.15£17.08 <0.001* 409.95£13.61 | 361.59+28.30 0.09
WASO
Day 50.92+6.59 45.43+8.48 52.17+6.37 42.08+8.37
Night 54.36+6.20 58.27+8.28 55.63+5.76 51.62+14.18
Both 52.641+4.52 51.85+5.93 0.89 53.90+4.29 46.8518.23 0.38
SE
Day 87.60+1.50 89.13£1.82 87.94%1.51 88.16+1.82
Night 85.77+1.41 86.80+1.75 86.20+1.39 83.48+2.78
Both 86.69+1.03 87.97+1.27 0.25 87.07+1.02 85.82+1.66 0.40
(Continued)
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Table S2 (Continued)

If you answered “yes”, would you describe the light source as artificial (eg, lamp or ceiling fixture), natural (eg, sun, stars, or
moon), or both?
Artificial Natural Both P-value (n) | Artificial Natural Both P-value (n)
SOL
Day 10.18+2.30 8.53+3.33 4.78+4.80
Night 11.51+4.41 4.80+2.20 4.20+2.84
Both 10.85+2.49 6.661+2.00 4.49+2.79 0.20
TST
Day 421.28+23.92 | 384.53+34.89 | 408.19+49.76 343.89+33.00 | 455.59+26.55 | 426.45+34.78
Night 420.65+43.93 | 330.66+22.83 | 373.52429.55 NA 388.97+£19.68 | 386.09+36.22
Both 420.97+25.01 | 357.60+20.85 | 390.86+28.94 | 0.14 343.89+33.00 | 422.28+16.52 | 406.27+25.11 | <0.05
WASO
Day 52.88+8.85 49.49+12.99 48.88+17.90 30.93+9.90 56.08+8.46 51.75£10.63
Night 70.11£14.52 54.08+8.35 48.21+10.80 NA 59.41+6.55 40.57+11.31
Both 61.50+8.50 51.79+7.72 48.55£10.45 0.51 30.93+9.90 57.74+5.35 46.16+7.76 <0.05
SE
Day 87.24+1.84 87.21+2.68 88.57+3.61 88.16+1.98 87.92+1.70 88.77+2.13
Night 84.17+2.81 84.99+1.73 87.97+2.21 NA 85.71+1.32 88.60+2.26
Both 85.71+1.68 86.10+1.60 88.27+2.12 0.56 88.16x1.98 86.82+1.08 88.69+1.55 0.54
Were you able to see objects in your room?
Yes No P-value (n) | Yes No P-value (n)
SOL
Day 8.96x1.58 3.96+2.74
Night 5.43+1.55 8.84+2.38
Both 7.19£1.11 6.40x1.81 0.69%*
TST
Day 415.23+16.85 | 422.67+28.83 419.13+18.57 | 371.59+52.62
Night 358.74+16.44 | 465.50+24.97 386.36+17.62 | 371.96+£59.47
Both 386.98+11.77 | 444.08£19.07 <0.01* 402.74+12.80 | 371.77+£39.71 0.44
WASO
Day 50.56+6.37 44.69+9.81 50.20+6.06 35.28+15.32
Night 54.70+6.10 57424841 55.42+5.73 54.66+16.94
Both 52.63+4.41 51.05+6.46 0.81 52.81+4.17 44.97£11.42 0.49
SE
Day 87.89+1.49 88.68+2.08 87.95x1.47 89.88+3.05
Night 85.82+1.42 86.72+1.80 86.07+1.39 85.29+3.27
Both 86.85+1.03 87.70+1.38 0.50 87.01+1.01 87.58+2.24 0.79
If you answered ‘“yes”, did visible objects appear to be in shades of gray or in color (even if less vivid)?
Color Gray P-value (n) P-value (n)
SOL
Day 11.48+2.67 8.23+2.07
Night 5.22+2.19 5.67+2.18
Both 8.35£1.73 6.95£1.50 0.53
TST
Day 441.19+£21.78 | 398.68+15.82 433.88+20.42 | 400.14+21.95
Night 291.00+17.82 | 428.45+17.46 364.24+17.56 | 488.82+33.78
Both 366.10+14.07 | 413.56+11.78 <0.05,** 399.06+13.46 | 444.48+20.14 <0.05%
WASO
Day 61.99£10.70 43.9519.33 56.811+6.94 42.06%7.31
Night 39.83+8.93 68.67+8.95 53.77+6.17 62.93+10.90
Both 50.91+6.97 56.31+6.46 0.49* 55.29+4.64 52.50+6.56 0.68
SE
Day 86.2512.11 88.44+1.84 87.37+1.58 88.60+1.63
Night 86.11£1.76 85.55+1.76 86.11+1.43 85.91+2.30
Both 86.18+1.37 87.00+1.28 0.59 86.74+1.07 87.26x1.41 0.69

Notes: Responses to light questions and corresponding estimated marginal means of actigraphy-based sleep variables = SEM for each response. Responses to light questions
are shown by column, organized by BT and WT, and sleep variables are shown in rows. Values vary slightly here from those reported in Table 2, due to inclusion here of only
day and night workers (no administrator) and of shift and its interaction with response in all models. All P-values are for main effects for response only. *P<0.05, response—shift
type interaction; **P<0.05, shift type. Subject numbers by response and shift type are the same as those reported in Table SI.

Abbreviations: BT, bedtime; WT, wake time; NA, not applicable; SOL, sleep-onset latency; TST, total sleep time; WASO, wake after sleep onset; SE, sleep efficiency.
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Table S3 Reported light and subjective sleep (diary) by shift type

After turning off the light/when you woke up for the day, was there any light still visible in your room?

Dove

BT (mean * SEM) WT (mean * SEM)
Yes No P-value (n) | Yes No P-value (n)
SOL (D)
Day 30.4618.17 12.60+10.77
Night 22.22+7.67 15.26+10.78
Both 26.34+5.60 13.9317.62 0.12 (181)
TST (D)
Day 397.58+24.01 | 469.66+33.68 429.22427.33 | 371.87+36.37
Night 385.64+21.35 | 481.76+33.73 408.67+23.80 | 360.80+62.92
Both 391.61£16.06 | 475.71+23.84 0.001 (163) | 418.94+18.12 | 366.33+£36.34 0.14 (16l)
WASO (D)
Day 10.45+4.19 6.05+5.45 9.33+4.28 8.12+5.63
Night 19.05+3.93 10.00+5.74 17.4613.87 7.5019.62
Both 14.75+2.87 8.02+3.96 0.10 (174) 13.40+2.89 7.81+5.57 0.31 (172)
Qual (D)
Day 3.310.15 3.71+0.20 3.5240.15 3.17£0.21
Night 3.09+0.14 3.64+0.20 3.23£0.13 3.45+0.38
Both 3.20+0.10 3.67+0.14 <0.01 (183) | 3.37£0.10 3.31£0.21 0.76 (181)
If you answered ‘“‘yes’’, would you describe the light source as artificial (eg, lamp or ceiling fixture), natural (eg, sun, stars, or
moon), or both?
Artificial Natural Both P-value (n) | Artificial Natural Both P-value (n)
SOL (D)
Day 30.20+£11.70 | 36.80+17.04 | 20.20+23.91
Night 13.93+£20.14 | 23.32£11.03 | 22.69+14.29
Both 22.06£11.65 | 30.06+10.15 |21.44+13.93 | 0.82 (127)
TST (D)
Day 399.37+35.68 | 366.23+48.59 | 452.54+66.55 353.58+48.10 | 470.85+36.06 | 375.65+48.32
Night 425.69+53.10 | 354.59+31.45 | 410.04+40.23 NA 408.97+27.31 | 407.89+47.86
Both 412.534£31.99 | 360.41+28.94 | 431.29+38.88 | 0.25 (118) 353.58+48.10 | 439.91+22.61 | 391.77£34.00 | 0.14 (137)
WASO (D)
Day 12.56+6.06 1.8418.72 18.97+12.02 3.88+7.41 10.02+5.95 14.00+7.80
Night 33.9149.74 14.10+5.64 22.84+7.38 NA 19.06+4.6 10.24+9.06
Both 23.23+5.74 7.9745.19 20.91+7.05 0.09 (122) 3.88+7.41 14.54+3.76 12.12+5.98 0.50 (141)
Qual (D)
Day 3.4010.21 3.13£0.30 3.3810.41 3.32+0.25 3.7440.20 3.3840.26
Night 2.70+0.34 2.9410.19 3.39+0.25 NA 3.20+0.15 3.3340.28
Both 3.0510.20 3.04+0.18 3.39+0.24 0.43 (128) 3.32+0.25 3.4710.13 3.3540.19 0.53 (150)
Were you able to see objects in your room?
Yes No P-value (n) | Yes No P-value (n)
SOL (D)
Day 28.79+8.24 12.33£12.89
Night 22.51+7.88 14.09+11.28
Both 25.65+5.70 13.21+8.57 0.16 (181)
TST (D)
Day 410.93+24.49 | 447.36+43.91 421.45+24.47 | 371.64+63.23
Night 391.894+22.40 | 463.08+36.18 407.99+22.42 | 361.07£79.16
Both 401.41£16.59 | 455.22+28.45 0.08 (163) 414.72+16.59 | 366.35£50.66 0.34 (162)
WASO (D)
Day 9.9614.15 6.08+6.45 8.9614.05 11.23+10.38
Night 18.90+3.98 9.9614.15 17.02+3.85 12.33+11.53
Both 14.43+2.88 8.01+4.40 0.16 (174) 12.99+2.80 11.78+7.76 0.87 (173)
Qual (D)
Day 3.38+0.15 3.59+0.24 3.48+0.14 2.75+0.40
Night 3.07£0.14 3.731£0.21 3.2310.14 3.57+0.45
Both 3.22+0.10 3.66+0.16 <0.05 (183) | 3.35%0.10 3.16£0.30 0.52 (182)
(Continued)
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Table S3 (Continued)

If you answered “yes”, did visible objects appear to be in shades of gray or in color (even if less vivid)?

0.97 (153)

0.18 (163)

Color Gray
SOL (D)
Day 33.84+13.37 | 26.47+11.07
Night 11.91£10.96 | 32.63£10.99
Both 22.8818.64 29.55+7.80
TST (D)
Day 376.14+44.82 | 422.28+34.98
Night 335.13+33.50 | 436.75+33.84
Both 355.641+27.98 | 429.52+24.34
WASO (D)
Day 17.79+7.49 5.12+6.41
Night 12.96+6.22 24.76+6.20
Both 15.38+4.87 14.94+4.46
Qual (D)
Day 3.44+0.25 3.37+0.22
Night 3.07+0.21 3.00+0.21
Both 3.2540.16 3.18+0.15

P-value (n)

0.52 (133)
447.01+31.63 | 394.03+30.66
399.82+25.60 | 450.31+48.78

<0.05 (124) | 423.42+20.34 | 422.17+28.81
10.58+4.52 6.90+4.73
18.58+3.98 10.16£7.15

0.94* (128) 14.58+3.01 8.53+4.29
3.52+0.18 3.44+0.19
3.11+0.15 3.71+0.28

0.71 (134) 3.3240.12 3.58+0.17

0.14 (172)

Notes: Responses to light questions and corresponding estimated marginal means of diary-based sleep variables + SEM for each response. Responses to light questions
shown by column, organized by BT and WT, and sleep variables shown in rows. SOL, WASO, TST, and Qual assessed on a scale of |-5. Values vary slightly here from those
reported in Table 3, due to inclusion here of only day and night workers (no administrator) and of shift and its interaction with response in all models. All P-values are for
main effects for response only. *P<0.05, response—shift type interaction; Subject numbers vary slightly for each analysis.
Abbreviations: BT, bedtime; WT, wake time; SOL, sleep-onset latency; TST, total sleep time; WASO, wake after sleep onset; Qual, quality; NA, not applicable.
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