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Abstract.
Background: Persons with Alzheimer’s disease and related dementias (ADRD) frequently experience sleep–wake (circadian)
cycle disturbances that lead them to remain awake at night, causing stress and fatigue for families and caregivers. Light therapy
shows promise as a nonpharmacological treatment for regulating sleep in this population.
Objective: We investigated the long-term impact of a circadian-effective lighting intervention on sleep, mood, and behavior
problems in persons with ADRD.
Methods: This 25-week clinical trial administered an all-day lighting intervention to 47 patients with ADRD in 9 senior-care
facilities, employing wrist-worn actigraphy measures and standardized measures of sleep quality, mood, and behavior.
Results: The intervention significantly improved Pittsburgh Sleep Quality Index scores, from an estimated mean ± SEM of
11.89 ± 0.53 at baseline to 5.36 ± 0.63 at the end of the intervention. Additional improvements were noted for sleep efficiency
data from actigraph measurements. The intervention significantly reduced Cornell Scale for Depression in Dementia scores
(mean ± SEM of 11.36 ± 0.74 at baseline and 4.18 ± 0.88 at the end of the intervention) and Cohen-Mansfield Agitation
Inventory scores (mean ± SEM of 47.10 ± 1.98 at baseline and 35.33 ± 2.23 at the end of the intervention).
Conclusion: A regular circadian-effective daytime lighting intervention can improve sleep at night and reduce depression
and agitation in patients with dementia living in controlled environments. More importantly, the positive effects of the tailored
lighting intervention on these outcomes appear to be cumulative over time.
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INTRODUCTION

Of the estimated 5.8 million people in the United
States living with Alzheimer’s disease [1] and related
dementias (ADRD), at least one-third experience dif-
ficulty sleeping [2, 3] and approximately two-thirds
of their estimated 18.5 million unpaid caregivers
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report sleep disturbances themselves [1, 4, 5]. The
precipitating factor for institutionalization of those
with ADRD is often a disturbed sleep–wake (cir-
cadian) cycle that leads them to remain awake at
night, causing stress and fatigue for their families and
caregivers. This behavior continues in nursing home
environments, where residents with daytime agita-
tion behavior also tend to sleep poorly at night and
nap during the day [6].

Compared to healthy older adults, persons with
ADRD demonstrate lower sleep efficiency and more-
frequent nighttime arousals, with the severity of their
sleep disturbance paralleling the level of the disease
[7, 8]. Several mechanisms have been postulated for
the prevalence of sleep disorders in ADRD, the fore-
most being a reduction in neuronal receptiveness to
environmental cues of light and dark due to the degen-
eration of the optic nerve and retinal ganglion cells
[9, 10], the loss of functionality of the “biological
clock” located in the suprachiasmatic nucleus [11,
12], and the exacerbation of the preceding two factors
by inadequate exposure to bright light compared to
healthy elderly controls [13, 14]. Moreover, changes
to the aging eye, such as reduced pupil size (pupil-
lary miosis) and lens thickening, result in a reduction
of retinal illumination by as much as two-thirds in
older persons compared to young adults [15]. These
changes also progressively reduce the transmission
of short-wavelength light to the retina, resulting in
a concurrent reduction of circadian-effective light
on the retina, and thus, a greater risk of circadian
disruption in aging adults [16]. Physiological stud-
ies have demonstrated fragmented circadian rhythms,
circadian phase delays, and diminished regularity of
circadian body temperature and hormonal cycles in
persons with ADRD [17–19].

Although widely used, little is known about the
safety and effectiveness of medications for treating
chronic sleep disturbances in persons with ADRD.
Studies have shown that prescription drugs do not
improve overall ratings of sleep quality in older
adults, including those with ADRD [20, 21]. The
problems associated with sleep-inducing medica-
tions for older people who are cognitively impaired
include increased risk for falls, fractures, and over-
dose; increased confusion; and an overall decline in
the ability to care for oneself [22–24]. Furthermore,
there are ongoing financial and practical burdens
associated with obtaining prescriptions, purchasing
sleep medications, and arranging the supervision of
their administration [1], as well as the possibility of
unintended negative side effects resulting from the

combination of sleep medications with other pre-
scriptions [25]. The treatment benefits of using sleep
medications in older individuals with ADRD may not
outweigh the potential risks [21].

Light therapy has shown great promise as a non-
pharmacological treatment to help regulate sleep in
ADRD patients. Studies have demonstrated that day-
time light exposure can consolidate and increase
nighttime sleep efficiency while increasing daytime
wakefulness and reducing evening agitation [26, 27].
More importantly, daytime light exposure has been
shown to improve memory and cognition in ADRD
patients [28]. Longer and better nighttime sleep
should diminish disruptive behaviors in people with
ADRD during the day and, by extension, have a pos-
itive impact on caregivers, both in institutions and at
home.

The circadian clock, and thus the timing of sleep,
responds best to short-wavelength light; nocturnal
melatonin suppression (a well-established marker of
the circadian system) has a peak spectral sensitiv-
ity near 460 nm [29, 30]. Light sources typically
used in elder care facilities, however, do not neces-
sarily provide enough short-wavelength stimulation
to the circadian system. In a recent 4-week field
study conducted in eight long-term care facilities,
we demonstrated that a daytime lighting intervention
designed to maximally affect the circadian system
improved patients’ sleep quality and reduced depres-
sion and agitation scores relative to a control lighting
condition delivering low levels of circadian-effective
light [31]. The successful lighting intervention was
not provided by conventional ceiling mounted lumi-
naires, but rather by tailored lighting intervention
(TLI) devices that matched the behavior patterns of
the patients and thereby provided circadian-effective
light that actually reached their eyes. It remained
unknown, however, whether an intervention of longer
duration would accrue greater benefit or result in an
adaptation to the stimulus.

To date, only one study has investigated the
long-term (maximum = 3.5 years, mean = 15 months)
impact of a lighting intervention delivering very high
levels of white light in common spaces of elder care
facilities, where patients spent most of their daytime
hours [28]. That study demonstrated that high lev-
els (1000 lx) of “white” light improved sleep and
cognition in persons with ADRD. The disadvantage
of the lighting intervention used in that study, how-
ever, was that the light levels were 10 times higher
than those normally found in such facilities, which
would increase energy use and could cause visual
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discomfort. Tailoring the light actually reaching the
eyes to the spectral and absolute sensitivities of the
circadian system, on the other hand, would permit
maximum effectiveness while minimizing energy use
and the risk of glare.

The primary aim of present study was to extend our
earlier findings [26, 31, 32] by determining whether
a long-term, 24-week TLI delivering a high level of
circadian stimulation during the day would improve
subjective and objective measures of nighttime sleep
in persons with ADRD living in controlled environ-
ments. The secondary aim was to determine whether
the TLI would improve caregiver-assessed partici-
pant scores in measures of depression, agitation, and
quality of life in the same population. We hypothe-
sized that, compared to baseline lighting conditions,
a longer term exposure than the duration used in our
previously investigated TLI would result in greater,
longer-lasting improvements to sleep, mood, and
behavior.

METHODS

Participant selection

Participants were recruited from three assisted-
living facilities (each with a dedicated memory-care
units) and six long-term care facilities (three with
dedicated memory-care units) in the New York Cap-
ital District, South Bend, IN, and Syracuse, NY.
All participants had private bedrooms but spent the
majority of the daytime hours in common areas
supervised by facility caregivers. Rolling recruitment
for the study began in August 2014 and continued
through February 2019. Potential study participants
(N = 80) identified by the facility nurse or physician
as having sleep problems were screened by research
staff and informed consent was obtained from the
responsible family members. Fifty-one participants
who satisfied the study’s inclusion and exclusion
criteria were enrolled, and 47 participants (mean
[SD] = 85.3 years [7.1]; 57.4% were female) under-
went the study’s outcome measurements at baseline
and at least one data collection week during the light-
ing intervention (Table 1).

The study was conducted in accordance with the
Declaration of Helsinki [33] and was approved by the
Institutional Review Board at Rensselaer Polytech-
nic Institute. There was minimal risk of harm to the
participants, as no known safety risks are associated
with the devices used in the study and all comply

Table 1
Characteristics of participants

Characteristic Total

Participants, N (%) 47 (100)
Residing in assisted living facility, No. (%) 17 (36.2)
Residing in long-term care facility, No. (%) 30 (63.8)
Female, n (%) 27 (57.4)

Mean (SD) age 88.8 (6.2)
Mean (SD) MMSE score 15.2 (3.4)
Mean (SD) BIMS score 4.0 (1.7)

Male, n (%) 20 (42.6)
Mean (SD) age 80.7 (5.4)
Mean (SD) MMSE score 13.6 (2.9)
Mean (SD) BIMS score 5.6 (2.9)

MMSE, Mini-Mental State Examination; BIMS, Brief Interview
for Mental Status.

with federal regulations regarding electromagnetic
and radio interference.

Inclusion criteria required a diagnosis of demen-
tia according to Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition [34]; a Mini-
Mental State Examination (MMSE) [35] score
between 4 and 24 points (indicating severe [<12
points] to mild [<24 points] dementia) or a Brief Inter-
view for Mental Status (BIMS) [36] score between 3
and 12 points (indicating severe [<7 points] to moder-
ate [8–12 points] cognitive impairment), depending
on the particular instrument employed in the facility’s
evaluation procedures; and a score >5 points (indicat-
ing sleep disturbance) on the Pittsburgh Sleep Quality
Index (PSQI) questionnaire [37]. While not identical,
the MMSE and BIMS measures are highly correlated
[38].

Participants were excluded from the study if they
had major organ failure, a major illness, a history
of head injury, uncontrolled generalized disorders
(e.g., diabetes), obstructing cataracts, macular degen-
eration, blindness, or used psychotropic medicine.
Those with severe sleep apnea or restless legs syn-
drome were also excluded. Sleep apnea was screened
using the Sleep Apnea scale of the Sleep Disor-
ders Questionnaire [39], with a cutoff score of 29
points for men (sensitivity 75%, specificity 65%)
and 26 points for women (sensitivity 80%, specificity
67%). Restless legs syndrome was screened using the
International Restless Legs Syndrome Study Group
rating scale [40], with a cutoff score ≥11 points
(indicating at least moderate symptoms) for all par-
ticipants. Co-morbidities of participants included
hypertension, depression, anxiety, hypothyroidism,
atrial fibrillation, gastroesophageal reflux disease,
and hyperlipidemia. No exclusions were made based
on medication use except the use of psychotropic
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(sleep aid) medicine. Participants using antidepres-
sant medications were included but physicians were
asked not to change participants’ dosages during the
study period; no changes were observed nor reported.

Tailored lighting intervention (TLI)

Participants were exposed to a single daytime
(≈06 : 00–08 : 00 to 18 : 00) TLI that provided high
levels of circadian-effective light. The light deliv-
ery method (i.e., custom-built floor lamps, light
boxes, and light tables) varied depending on where
individual participants spent most of their day (Sup-
plementary Table 1). Briefly, the TLI was designed
to deliver a targeted level (0.4) of circadian stimu-
lus (CS) [41–43]. Circadian light (CLA) is irradiance
weighted by the spectral sensitivity of the retinal pho-
totransduction mechanisms stimulating the response
of the biological clock, based on nocturnal melatonin
suppression. CS is a transformation of CLA into a
relative scale from approximately 0.1 (≈10%), the
threshold for circadian system activation, to approx-
imately 0.7 (≈70%), response saturation, and is
equivalent to nocturnal melatonin suppression in per-
cent after a 1-hour exposure to light.

On the day of the lighting installation, light
levels were measured at participants’ eyes via spec-
troradiometer (model BTS256-E, Gigahertz-Optik,
Amesbury, MA). A custom software application was
developed to allow for real-time photopic illuminance
and CS measurements. Window shades were closed
during measurement to isolate the contribution of
circadian-effective light by the TLI interventions. If
the window shades could not be closed, the space’s
luminaires were not energized and a measurement
was taken to account for any additional light from
sources other than the intervention or control light.

Timers controlled all lights for the TLI, activat-
ing the lights according to individual participants’
habitual wake times (generally ≈06 : 00–08 : 00). The
lights were placed in participants’ bedrooms or in
common areas (e.g., dining room) for participants
who spent most of the day outside their bedrooms.
The existing facility lighting, delivering a CS < 0.1 at
eye level, was used in all spaces after 18 : 00.

Field monitoring procedures and analyses

Circadian stimulus (CS)
During the data collection weeks, each participant

wore a Daysimeter [44] device as a pendant (i.e.,
at chest height) during waking hours and placed the

device next to their bed during sleep. The Daysime-
ter is a small device that continuously records light
exposures (using a red-green-blue [RGB] solid-state
photosensor package) and activity levels. Caregivers
were instructed to ensure that participants did not
cover the device with blankets or garments. Upon
downloading, the RGB values were converted into
values of CS [41–43] and into values photopic illumi-
nance, the common measure of light in architectural
spaces [45]. In order to minimize the impact of
skewed data (e.g., a brief increase in CLA due to
sunlight hitting the Daysimeter’s sensor), geometric
mean values for CLA were calculated for transforma-
tion into the CS values used in the analysis.

Questionnaires
Four questionnaires were completed by nighttime

caregivers to assess participants’ subjective sleep
quality, depression, agitation, and quality of life. The
primary outcome measure was the PSQI because it
addressed sleep quality [37]. The PSQI is a tool for
measuring sleep quality in clinical populations. It is
composed of 19 items that generate seven compo-
nent scores (subjective sleep quality, sleep latency,
sleep duration, habitual sleep efficiency, sleep dis-
turbances, use of sleep medication, and daytime
dysfunction). The sum of the seven component scores
yields one global score. Global scores >5 points indi-
cate sleep disturbances.

Secondary outcome measures included the Cornell
Scale for Depression in Dementia (CSDD) [46], the
Cohen-Mansfield Agitation Inventory (CMAI) [47],
and the Minimum Data Set Activities of Daily Living
Scale (MDS-ADL) [48].

The CSDD [46] is a 19-item tool that evaluates the
presence and extent of mood-related signs, behav-
ioral disturbances, physical signs, cyclic functions,
and ideational disturbances. The items are measured
on a 0–3 point scale, with total scores >12 indicating
probable major depression.

The CMAI [47] assesses the frequency of manifes-
tations of agitation behavior observed in participants
by caregivers. The CMAI consists of 29 agitation
behaviors, each rated on a 7-point scale of frequency.
Higher CMAI scores indicate greater frequency of
agitation, with scores >45 indicating clinically sig-
nificant agitation.

The MDS-ADL [48] measures activities related to
personal care and includes bathing, dressing, getting
in or out of bed or a chair, using the toilet, and eating.
Scores range from zero (total independence or no or
little help with an activity) to four (total dependence,
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full staff participation in activity during the entire
week). A higher total score is associated with greater
dependence in the performance of personal care.

Actigraphy
Participants wore an actigraph (Actiwatch 2,

Philips Respironics, Murraysville, PA) on their non-
dominant wrist that recorded rest–activity rhythms
for the calculation of interdaily stability (IS) and
intradaily variability (IV) [49] as primary outcomes.
IS is a ratio that quantifies the extent to which
all recorded 24-hour activity profiles resemble each
other, which represents the day-by-day regularity of
the sleep–wake pattern. Higher IS ratios indicate bet-
ter interdaily stability. IV is a ratio that quantifies
the fragmentation of the rhythm, or the frequency
and extent of transitions between periods of rest and
activity. Lower IV ratios indicate better intradaily
variability. The actigraphy data were also used to
obtain estimates of sleep parameters, including actual
sleep time (the amount of time between sleep start and
sleep end that is scored as sleep according the acti-
graph software), actual sleep time percentage, actual
wake time (the amount of time between sleep start
and sleep end that is scored as wake according the
actigraph software), actual wake time percentage,
sleep efficiency (percentage of actual sleep between
sleep onset and final waking), sleep onset latency (the
amount of time between lights out and sleep onset),
and daytime naps. Actigraphy data were analyzed
using Philips Respironics Actiware software (version
6.0.9).

Study protocol

This within-subjects field study was conducted
over a 6-month period (Fig. 1). The TLI commenced
upon completion of a 1-week baseline assessment,
and data were collected during weeks 3, 9, 17, and
25 of the study (see Fig. 1). The facility’s night-shift
caregiver who was most familiar with a particu-

lar participant’s sleep and behavior completed the
questionnaires, performing all assessments. Partici-
pants wore the Daysimeter and actigraph during the
data collection weeks. Research staff returned to the
facility at the end of the baseline week for installa-
tion of the TLI, and again returned at the beginning of
weeks 3, 9, 17, and 25 to request that participants wear
the Daysimeter and actigraph for the ensuing week.
At the end of each respective study week, the ques-
tionnaires were administered and the devices were
collected from the participants by research staff.

Statistical analysis

Participants were included in the analyses only
if they had usable data for the baseline measure-
ment and at least one data collection week during the
lighting intervention. Two participants were excluded
from the actigraphy analysis because they did not
wear the actigraph during one or more data collec-
tion weeks. Fifteen participants did not complete all
25 weeks of the study (Supplementary Table 2).

Linear mixed-effects models (LMEMs) were con-
structed for data analysis using SPSS, version 24.0,
for Windows (SPSS Inc., Chicago, IL). The crite-
rion for statistical significance in all analyses was
p < 0.05. While the central focus of the study’s pri-
mary and secondary aims was the efficacy of the TLI,
we also assessed the statistical effects of participants’
sex and level of dementia (cognitive state). For the
cognitive state variable, participants were placed into
one of two categories (i.e., mild–moderate dementia
or severe dementia) based on their BIMS or MMSE
scores, when available (see Participant Selection).
(The mild and moderate categories were merged due
to the small number of participants in the moder-
ate range [n = 3]). No BIMS or MMSE scores were
available for nine participants. However, as these
individuals resided in an assisted living facility where
the admission criteria were limited to residents with
mild–moderate dementia, explicitly excluding those

Fig. 1. The study protocol. The 25-week protocol was composed of a 1-week baseline measurement period (week 1) and four additional
data collection weeks (weeks 3, 9, 17, and 25) during the course of the tailored lighting intervention (TLI).
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determined to have severe dementia, the nine par-
ticipants without BIMS or MMSE assessments were
coded as mild–moderate for purposes of the data
analysis.

Although initially considered for inclusion in the
analysis, participant age was ultimately excluded as
a variable because Pearson’s product-moment cor-
relations between age and the outcomes revealed
nonsignificant results (p > 0.05) for all but one of the
measures (CSDD at week 3 only).

Data collection week (i.e., at baseline and during
the lighting intervention), sex, and cognitive state
were entered into the model as fixed effects and par-
ticipant was entered as a random effect. Significant
effects due to main factors (i.e., data collection week,
sex, and cognitive state) and/or their interactions were
followed up with multiple comparisons using two-
sided t-tests with Sidak correction for Type I errors.
Cohen’s d is reported as a measure of effect size for
significant differences. Estimated mean and standard
error of the mean (SEM) values are reported.

RESULTS

Circadian stimulus (CS)

In order to verify the efficacy of the TLI, unpaired
t-tests were performed comparing measurements of
CS at baseline and during weeks 3, 9, 17, and 25. The
mean CS participants received during the interven-
tion was significantly greater compared to baseline.
CS values did not reach the target CS of 0.4, most
likely because the Daysimeter was being covered by
sweater and blankets, as was observed by the research
team during site visits. Site measurements using a
sprectroradiometer confirmed that the TLI was deliv-
ering the target CS values.

Primary aim

Subjective assessment of sleep quality (PSQI)
Consistent with the study’s primary aim, the

LMEM for PSQI revealed a significant effect of data
collection week (Table 2A). Mean PSQI scores were
significantly lower at weeks 3, 9, 17, and 25 com-
pared to baseline (Fig. 2A, Supplementary Table 3).
The scores were also significantly lower at weeks
9, 17, and 25 compared to week 3. At the end of
week 25, the estimated mean PSQI score was 5.36,
which is virtually at the threshold score (>5) indicat-
ing sleep disturbances. There was also a significant

main effect of sex (see Table 2A), with males exhibit-
ing greater sleep disturbances than females. The mean
PSQI score for males (mean ± SEM = 9.09 ± 0.62)
was significantly higher than that for females
(mean ± SEM = 6.93 ± 0.53).

Objective assessment of sleep quality
(actigraphy)
Interdaily stability (IS) and intradaily variability
(IV). No significant effects were associated with IS,
but the LMEM for IV revealed a significant main
effect of cognitive state (see Table 2A). On average,
participants with severe dementia showed signifi-
cantly lower IV values (mean ± SEM = 0.95 ± 0.07)
than those with mild–moderate dementia (mean ±
SEM = 1.13 ± 0.05).

Actual Sleep Time. The LMEM for actual sleep time
revealed significant main effects of sex and cognitive
state (see Table 2A). The mean value was signifi-
cantly greater for females (mean ± SEM = 516.95 ±
20.55 min) than for males (mean ± SEM = 448.91
± 23.43 min). In addition, actual sleep time was also
greater in those with mild-moderate dementia (mean
± SEM = 531.16 ± 17.23 min) than in those with
severe dementia (mean ± SEM = 434.70 ± 25.97
min).

Actual sleep time percentage. The LMEM for actual
sleep time percentage revealed a significant main
effect of sex (see Table 2A). On average, actual sleep
time percentage for females (mean ± SEM = 93.14
± 0.98) was significantly greater than that for males
(mean ± SEM = 89.91 ± 1.12).

Actual wake time. No significant effects were associ-
ated with this outcome measure, nor did actual wake
time differ significantly across the data collection
weeks.

Actual wake time percentage. The LMEM for actual
wake time percentage revealed a significant main
effect of sex (see Table 2B). On average, actual wake
time percentage for males (mean ± SEM = 10.23 ±
1.20) was significantly greater than that for females
(mean ± SEM = 6.71 ± 1.05).

Sleep efficiency. The LMEM for sleep efficiency
revealed a significant main effect of data collection
week (see Table 2B). Sleep efficiency was signif-
icantly greater at weeks 3, 17, and 25 compared
to baseline; the differences between baseline and
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Table 2A
LMEM results for the study’s primary aim, by outcome measure

Outcome Estimated Mean ± SEM, Main effect/interaction df Error F p
by week

Subjective outcome (questionnaire)
Sleep quality (PSQI) Baseline = 11.89 ± 0.53 Data collection week 4 98.34 24.39 <0.001

Week 3 = 8.74 ± 0.53 Sex 1 43.18 6.90 0.01
Week 9 = 7.23 ± 0.55 Cognitive state 1 43.18 2.78 0.10
Week 17 = 6.82 ± 0.60 Data collection week × sex 4 98.34 0.79 0.54
Week 25 = 5.36 ± 0.63 Data collection week × cognitive state 4 98.34 1.76 0.14

Sex × cognitive state 1 43.18 0.00 0.99
Data collection week × sex × cognitive state 4 98.34 0.49 0.74

Objective outcomes (actigraphy)
IS Baseline = 0.36 ± 0.03 Data collection week 4 96.90 1.30 0.28

Week 3 = 0.35 ± 0.03 Sex 1 40.73 1.11 0.30
Week 9 = 0.41 ± 0.03 Cognitive state 1 40.73 0.04 0.84
Week 17 = 0.35 ± 0.03 Data collection week × sex 4 96.90 1.29 0.28
Week 25 = 0.40 ± 0.03 Data collection week × cognitive state 4 96.90 0.31 0.871

Sex × cognitive state 1 40.73 0.38 0.54
Data collection week × sex × cognitive state 4 96.90 0.74 0.57

IV Baseline = 1.05 ± 0.06 Data collection week 4 89.67 0.23 0.92
Week 3 = 1.05 ± 0.06 Sex 1 39.62 0.06 0.81
Week 9 = 1.03 ± 0.06 Cognitive state 1 39.62 4.40 0.04
Week 17 = 1.07 ± 0.06 Data collection week × sex 4 89.67 0.92 0.46
Week 25 = 1.01 ± 0.06 Data collection week × cognitive state 4 89.67 1.98 0.11

Sex × cognitive state 1 39.62 0.22 0.64
Data collection week × sex × cognitive state 4 89.67 0.17 0.95

Actual sleep time Baseline = 473.69 ± 18.28 Data collection week 4 119.92 0.34 0.86
Week 3 = 478.10 ± 18.60 Sex 1 42.34 4.77 0.04
Week 9 = 481.30 ± 18.83 Cognitive state 1 42.34 9.57 0.003
Week 17 = 491.00 ± 20.30 Data collection week × sex 4 119.92 0.61 0.66
Week 25 = 490.56 ± 20.31 Data collection week × cognitive state 4 119.92 0.99 0.42

Sex × cognitive state 1 42.34 0.35 0.56
Data collection week × sex × cognitive state 4 119.92 0.89 0.48

Actual sleep time percentage Baseline = 90.73 ± 0.94 Data collection week 4 113.30 0.69 0.60
Week 3 = 91.67 ± 0.97 Sex 1 40.29 4.73 0.04
Week 9 = 91.05 ± 0.98 Cognitive state 1 40.29 0.11 0.74
Week 17 = 92.33 ± 1.08 Data collection week× sex 4 113.30 0.79 0.53
Week 25 = 91.84 ± 1.07 Data collection week × cognitive state 4 113.30 0.85 0.50

Sex × cognitive state 1 40.29 0.65 0.43
Data collection week × sex × cognitive state 4 113.30 0.96 0.43

PSQI, Pittsburgh Sleep Quality Index; IS, interdaily stability; IV, intradaily variability. Statistically significant (p < 0.05) results are shown
in bold.

week 9 were close to significance, but not statisti-
cally significant after Sidak correction (Fig. 2B; see
Supplementary Table 3).

Sleep onset latency. The LMEM for sleep onset
latency revealed significant main effects of data col-
lection week and cognitive state (see Table 2B).
Post hoc comparisons after Sidak correction revealed
that sleep onset latency was statistically signifi-
cantly lower at week 9 compared to week 3 and
week 25 (Fig. 2C; see Supplementary Table 3).
Sleep onset latency was also significantly greater in
participants with severe dementia than in those with
mild-moderate dementia.

Daytime naps. No significant effects were associated
with this outcome measure, nor did daytime naps
differ significantly across the data collection weeks.

Secondary aim

Subjective assessment of depression (CSDD)

The LMEM for CSDD revealed a significant main
effect of data collection week (Table 3). Mean CSDD
scores were significantly lower at weeks 3, 9, 17, and
25 compared to baseline (Fig. 3A, Supplementary
Table 4). Mean CSDD scores were also significantly
lower at week 25 compared to week 3. Lower CSDD
scores indicate less depression.
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Fig. 2. Results for the study’s primary aim, showing the statistically significant effect of data collection week (A–C). Compared to baseline
and the first data collection week of the lighting intervention (week 3), participants’ mean PSQI scores decreased (i.e., improved) significantly
as the lighting intervention progressed, falling to close to the threshold for the absence of sleep disturbances (scores < 5, dashed line) by week
25 (A). Compared to baseline, participants’ mean sleep efficiency values increased significantly (i.e., improved) at data collection weeks 3,
17, and 25 (B). Sleep onset latency decreased (i.e., improved) between data collection weeks 3 and 9 but increased between weeks 9 and 25
(C). The values represent estimated means and the error bars indicate SEM. PSQI, Pittsburgh Sleep Quality Index; *p < 0.05; ***p < 0.001.

Table 2B
LMEM results for the study’s primary aim (continued), by outcome measure

Outcome Estimated Mean ± SEM, Main effect/interaction df Error F p
by week

Actual wake time Baseline = 45.57 ± 5.10 Data collection week 4 114.37 0.33 0.86
Week 3 = 43.67 ± 5.23 Sex 1 38.57 2.37 0.13
Week 9 = 47.32 ± 5.32 Cognitive state 1 38.57 1.60 0.21
Week 17 = 42.04 ± 5.89 Data collection week × sex 4 114.37 0.88 0.48
Week 25 = 41.19 ± 5.88 Data collection week × cognitive state 4 114.37 1.95 0.11

Sex × cognitive state 1 38.57 0.66 0.42
Data collection week × sex × cognitive state 4 114.37 0.59 0.67

Actual wake time percentage Baseline = 8.92 ± 0.99 Data collection week 4 112.56 0.41 0.80
Week 3 = 8.49 ± 1.01 Sex 1 40.35 4.85 0.03
Week 9 = 8.97 ± 1.02 Cognitive state 1 40.35 0.27 0.61
Week 17 = 7.81 ± 1.12 Data collection week × sex 4 112.56 0.76 0.55
Week 25 = 8.16 ± 1.11 Data collection week × cognitive state 4 112.56 1.35 0.26

Sex × cognitive state 1 40.35 0.60 0.44
Data collection week × sex × cognitive state 4 112.56 1.40 0.24

Sleep efficiency Baseline = 84.53 ± 1.19 Data collection week 4 99.56 7.92 <0.001
Week 3 = 88.04 ± 1.22 Sex 1 40.27 3.59 0.07
Week 9 = 87.56 ± 1.23 Cognitive state 1 40.27 0.74 0.40
Week 17 = 90.22 ± 1.33 Data collection week × sex 4 99.56 0.95 0.44
Week 25 = 89.74 ± 1.32 Data collection week × cognitive state 4 99.56 1.18 0.32

Sex × cognitive state 1 40.27 2.07 0.16
Data collection week × sex × cognitive state 4 99.56 1.62 0.18

Sleep onset latency Baseline = 14.08 ± 2.84 Data collection week 4 99.99 4.10 0.004
Week 3 = 15.30 ± 2.90 Sex 1 39.30 2.34 0.13
Week 9 = 5.91 ± 2.96 Cognitive state 1 39.30 4.14 0.049
Week 17 = 11.50 ± 3.30 Data collection week × sex 4 99.99 1.85 0.13
Week 25 = 18.86 ± 3.39 Data collection week × cognitive state 4 99.99 1.00 0.41

Sex × cognitive state 1 39.30 4.06 0.05
Data collection week × sex × cognitive state 4 99.99 1.24 0.30

Daytime naps Baseline = 69.58 ± 6.84 Data collection week 4 105.53 0.58 0.68
Week 3 = 65.09 ± 7.00 Sex 1 40.54 1.03 0.32
Week 9 = 68.16 ± 7.12 Cognitive state 1 40.54 0.77 0.39
Week 17 = 72.80 ± 7.86 Data collection week × sex 4 105.53 0.31 0.87
Week 25 = 61.14 ± 7.89 Data collection week × cognitive state 4 105.53 0.07 0.99

Sex × cognitive state 1 40.54 0.12 0.73
Data collection week × sex × cognitive state 4 105.53 0.59 0.67

Statistically significant (p < 0.05) results are shown in bold.
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Table 3
LMEM results for the study’s secondary aim, by outcome measure

Outcome Estimated Mean ± SEM, Main effect/interaction df Error F p
by week

Depression (CSDD) Baseline = 11.36 ± 0.74 Data collection week 4 97.05 15.26 <0.001
Week 3 = 7.47 ± 0.74 Sex 1 43.85 0.05 0.82
Week 9 = 6.02 ± 0.76 Cognitive state 1 43.85 3.23 0.08
Week 17 = 5.95 ± 0.84 Data collection week × sex 4 97.05 0.74 0.56
Week 25 = 4.18 ± 0.88 Data collection week × cognitive state 4 97.05 0.79 0.53

Sex × cognitive state 1 43.85 0.58 0.45
Data collection week × sex × cognitive state 4 97.05 0.36 0.84

Agitation (CMAI) Baseline = 47.10 ± 1.98 Data collection week 4 94.91 10.41 <0.001
Week 3 = 40.89 ± 1.98 Sex 1 42.15 0.84 0.36
Week 9 = 37.54 ± 2.01 Cognitive state 1 42.15 1.13 0.30
Week 17 = 36.80 ± 2.13 Data collection week × sex 4 94.91 1.90 0.12
Week 25 = 35.33 ± 2.23 Data collection week × cognitive state 4 94.91 2.70 0.04

Sex × cognitive state 1 42.15 0.003 0.96
Data collection week × sex × cognitive state 4 94.91 0.82 0.52

Quality of life (MDS-ADL) Baseline = 12.38 ± 1.25 Data collection week 4 89.89 0.96 0.43
Week 3 = 12.78 ± 1.25 Sex 1 42.71 0.04 0.85
Week 9 = 11.98 ± 1.26 Cognitive state 1 42.71 0.81 0.37
Week 17 = 12.89 ± 1.30 Data collection week × sex 4 89.89 3.23 0.02
Week 25 = 13.41 ± 1.32 Data collection week × cognitive state 4 89.89 1.20 0.32

Sex × cognitive state 1 42.71 0.12 0.73
Data collection week × sex × cognitive state 4 89.89 1.27 0.29

CSDD, Cornell Scale for Depression in Dementia; CMAI, Cohen-Mansfield Agitation Inventory; LMEM, Linear mixed-effects model;
MDS-ADL, Minimum Data Set Activities of Daily Living Scale. Statistically significant (p < 0.05) results are shown in bold.

Subjective assessment of agitation (CMAI)
The LMEM revealed a significant main effect of

data collection week and a significant interaction
between data collection week and cognitive state (see
Table 3). The lighting intervention was more effec-
tive for the group diagnosed with severe dementia
compared to those in the mild-moderate group. For
the mild-moderate group, CMAI scores were signifi-
cantly lower at week 9 compared to baseline; for the
severe group, CMAI scores were significantly lower
at weeks 3, 9, 17, and 25 compared to the baseline
week scores (Fig. 3B, Supplementary Table 5). Lower
CMAI scores indicate reduced frequency of agitation.

Subjective assessment of quality of life
(MDS-ADL)

The LMEM revealed a significant interaction
between data collection week and sex for MDS-ADL
(see Table 3). Post hoc comparisons did not, however,
revealed any significant effects. In general, males
had higher scores and their scores increased over the
course of the study, while females scores remained
lower and more steady. A higher MDS-ADL score
is associated with greater dependence in the perfor-
mance of personal care.

DISCUSSION

In the previously published, short-term phase of
this study [31], we demonstrated that an all-day TLI
designed to maximally affect the circadian system
reduced sleep disturbances and symptoms of depres-
sion and agitation in patients with ADRD, which is
consistent with other studies [28, 49–51]. The results
of the present within-subjects field study demonstrate
that a long-term exposure to the TLI improved sub-
jective and objective measures of sleep, as well as
subjective measures of depression and agitation, in
participants with moderate to late-stage ADRD.

After the 6-month TLI, participants’ mean PSQI
scores were significantly reduced from greater than
11 at baseline to close to 5 (see Table 2A), the
latter value being virtually at the threshold for the
absence of sleep disturbances (scores <5 indicate no
sleep disturbances), with a very large effect size (see
Supplementary Table 3). It is noteworthy that PSQI
scores continuously declined over the course of the
study, consistent with our previous studies [26, 32].
Thus, long-term daytime light exposures appear to
be required to observe positive outcomes for per-
sons with dementia, perhaps explaining why so many
past studies have not found an improvement in sleep
disturbances with a lighting intervention [52].
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Fig. 3. Results for the study’s secondary aim, showing the statistically significant effect of data collection week for CSDD (A) and the
significant interaction between data collection and cognitive state for CMAI (B). Mean CSDD scores were significantly lower at weeks 3,
9, 17, and 25 compared to baseline, and significantly lower at week 25 compared to week 3. Lower CSDD scores indicate less depression
and scores >7 (dashed line) indicate the presence of depression. CMAI scores for the mild-moderate group were significantly lower only
at week 9 compared to baseline (circled asterisks). CMAI scores for the severe group, on the other hand, were significantly lower at weeks
3, 9, 17, and 25 compared to baseline. Lower CMAI scores indicate reduced frequency of agitation. The values represent estimated means
and the error bars indicate SEM. CSDD, Cornell Scale for Depression in Dementia; CMAI Cohen-Mansfield Agitation Inventory; *p < 0.05;
***p < 0.001.

With respect to objective measures of rest–activity
rhythms and sleep, it was interesting to observe
that, contrary to expectations, participants with
mild–moderate dementia were more disrupted (i.e.,
greater fragmentation of the rest–activity rhythm, as
exhibited by higher IV scores) than those with severe
dementia, perhaps because dementia patients become
more sedentary as the disease progresses. The IV
ratio quantifies the frequency and the extent of transi-
tions between periods of rest and activity, so a person
who is more sedentary will exhibit fewer transitions
between rest and activity. Contrary to the results of
a study by Van Someren et al. [49], who exposed
ADRD patients to light for 4 consecutive weeks, our
results did not show any effect of the intervention on
measures of rest-activity patterns. These differences
may be attributable to the length of our studies or the
differences in the severity of dementia exhibited by
participants in each of the studies.

Sleep efficiency improved compared to baseline,
but this effect was gradual, with the greatest improve-
ments being observed at data collection weeks 17
and 25. Sleep onset latency also showed a gradual
pattern with a significant, sharp decrease in sleep
onset latency at week 9, but it slowly increased and

was marginally greater than baseline levels in week
25. Sleep onset latency was also greater in those
with severe dementia (see Supplementary Table 3).
Together, these results suggest that changes in acti-
graphic measures of sleep take a longer time to
register than changes observed in subjective measures
and, in some cases (e.g., sleep onset latency), may not
persist for a long period of time.

Despite studies showing that subjective scales
are not as reliable as actigraphy data [53–55], the
present results suggest that proxy data from care-
givers may detect early signs of behavioral or social
improvements that are not necessarily readily regis-
tered by actigraphy. In this regard, a 2014 Cochrane
review [52] of the effectiveness of light therapy for
treating dementia symptoms reported results from
three studies [56–59] showing that 2–10 weeks of
treatment did not significantly increase sleep effi-
ciency values (measured via wrist actigraphy), which
led the review’s authors to conclude that light ther-
apy is ineffective for improving that outcome in
persons with ADRD. Our results suggest that a
longer exposure duration can be effective for improv-
ing rest–activity consolidation and sleep in this
population; indeed, the longer the duration of the
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TLI, the greater the improvement in some measures
of sleep.

The present results did not reveal any other sig-
nificant effects of the TLI on objective measures of
sleep. Actual sleep time increased by about 16 min-
utes between baseline and week 25, but the increase
was not statistically significant. These improvements
are similar to those found by McCurry et al. [58] and
Riemersma van de Lek et al. [28], who showed statis-
tically nonsignificant increases in sleep duration of 27
and 36 minutes, respectively, after a 6-month lighting
intervention.

With respect to the study’s secondary aim, the
present results showed a significant improvement in
depression scores starting at week 3 and continuing
over the course of the protocol. At baseline, the partic-
ipants’ mean CSDD score of 11 was within the range
for mild depression (8–12 points), but after 3 weeks
of exposure to the TLI the mean score was reduced to
<7 (no depression) and at the end of week 25 was fur-
ther reduced to 4 (see Fig. 4A). These results are not
consistent with those of Hickman et al., who did not
see significant effects from 3-week morning, evening,
or all-day light treatments on depressive symptoms
[60]. Those investigators reported a strongest effect of
morning light that was more favorable in women than
in men. In the present study, the females outnumbered
the males by about 30%, which may explain why
we observed positive results in the CSDD outcome
for the TLI. These results are, however, consistent
with those of Riemersma van de Lek et al. [28], who
showed an significant improvement of 1.5 points in
CSDD scores at 3.5-year follow up (or a relative 19%
improvement) and an improvement of 1.8 points at
1.5-year follow up. In the present study, there was an
improvement of 7 points in CSDD scores, which is
remarkably higher.

Finally, with respect to agitation scores, a CMAI
score >45 is considered to indicate clinically signifi-
cant agitation. The participants’ mean baseline score
of 47 was significantly reduced to 35 after exposure
to the 6-month intervention. Consistent with our pre-
vious study [31], a reduction in agitation with the
TLI was observed early in the treatment (i.e., at week
9). The interaction between lighting intervention and
cognitive state showed that the intervention was more
effective among those with severe dementia, who also
had a higher mean CMAI score at the beginning of the
study. Riemersma van de Lek et al. [28] did not find
a significant effect of light on CMAI scores, but they
did observe a 3.9-point reduction in CMAI scores
when combining light and oral melatonin. Of course,

their results may be explained by the longer length of
their study. It should be noted that a systematic review
of the clinical effectiveness of light therapy for man-
aging agitation in persons with ADRD concluded that
none of the examined studies, which delivered light
therapy for periods of 30 minutes to 2 hours per day
over the course of 7 days to 10 weeks, revealed a pos-
itive effect [61]. This lack of positive effect, again,
underscores the importance of controlling the stimu-
lus and lengthening the treatment duration to obtain
positive results.

Although the present study was not designed to
compare differences in sex and cognitive state with
respect to sleep and rest–activity parameters, our
data showed some other interesting interactions. In
general, males exhibited greater PSQI scores, lower
actual sleep time percentages, lower actual sleep
times, and greater actual wake time percentages.
Future studies should further investigate sex differ-
ences in sleep measures. Participants with severe
dementia also exhibited less-disrupted rest–activity
rhythms (demonstrated by their significantly lower
IV scores), reduced actual sleep times, and greater
impact from the TLI on agitation (CMAI) scores. It
is reasonable to assume that persons with a higher
level of dementia may have greater difficulty with
mobility and tend to maintain a more regular, less-
active pattern over the course of the day. This does
not mean, however, that they experience better sleep
than those with mild-moderate dementia.

Several possible limitations should be addressed,
the most notable perhaps being that the present study
was performed in a somewhat heterogeneous group
of ADRD patients who are representative of those
living in more-controlled environments. But we see
this as a strength because the study should be con-
sidered a practical clinical trial that, like the one
performed by Riemersma-van der Lek and colleagues
[28], provides healthcare decision makers with a
more realistic set of results. One could argue that the
present study fits into the category of pragmatic clin-
ical trial, wherein the efficacy of interventions such
as the ones used in the present study are tested in
real-life settings.

One might also see a significant limitation in the
study’s use of professional caregivers to answer the
questionnaires, thereby potentially introducing an
element of bias. We chose to collect proxy data
because all of the participants were moderately to
severely demented and thus limited in their ability to
provide self reports. Caregivers’ responses, however,
did not always favor the outcomes associated with the
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Table 4
LMEM results for comparison between the present study and our previously published study [31], by outcome measure

Outcome Estimated Mean ± SEM, Main effect/interaction df Error F p
by lighting intervention

and data collection period

Sleep quality (PSQI) Active Baseline 11.04 ± 0.48 Lighting intervention 1 89.22 3.78 0.06
Intervention 6.88 ± 0.50 Data collection period 1 85.78 30.38 <0.001

Control Baseline 9.80 ± 0.49 Lighting intervention × 1 85.78 12.44 0.001
Intervention 8.41 ± 0.49 data collection period

Depression (CSDD) Active Baseline 10.72 ± 0.80 Lighting intervention 1 87.65 0.06 0.811
Intervention 5.65 ± 0.84 Data collection period 1 84.80 56.69 <0.001

Control Baseline 10.73 ± 0.83 Lighting intervention × 1 84.80 14.20 <0.001
Intervention 9.61 ± 0.83 data collection period

Agitation (CMAI) Active Baseline 45.06 ± 2.05 Lighting intervention 1 87.44 0.09 0.77
Intervention 37.21 ± 2.11 Data collection period 1 82.79 19.53 <0.001

Control Baseline 42.70 ± 2.11 Lighting intervention × 1 82.79 9.01 0.004
Intervention 41.20 ± 2.11 data collection period

PSQI, Pittsburgh Sleep Quality Index; CSDD, Cornell Scale for Depression in Dementia; CMAI, Cohen-Mansfield Agitation Inventory;
LMEM, Linear mixed-effects model. Statistically significant (p < 0.05) results are shown in bold.

TLI. For example, the MDS-ADL scores remained
stable (see Table 3), which would be expected given
that physical functioning of older adults is influenced
by multiple comorbid factors other than just sleep
quality. Another possible limitation was the use of the
PSQI as a subjective scale to assess sleep disturbances
because one of the components in the PSQI relates
to the partner or roommate. It should be emphasized,
however, that the PSQI instrument provides an oppor-
tunity for raters to respond that the participant does
not have a partner or roommate, which was always

the case among the single-room participants in our
study. Moreover, we also evaluated the scores for
PSQI components 1–4 only (sleep-related compo-
nents) and observed the same results; therefore, we do
not see a reason why the raters’ responses would have
skewed their evaluations of the participants’ sleep
disturbances.

More importantly, the present results demonstrate
that any element of bias that might have been intro-
duced by the caregivers’ questionnaire responses
could not possibly account for the strong effect size
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observed in the post hoc analyses (see Supplemen-
tary Tables 3–5). Moreover, among the few studies
that have collected longitudinal data on the effects
of light on sleep and behavior in ADRD patients for
as long as 6 months, one study showed participants’
depression scores (CSDD) increasing from 7.6 to 9.3
and their agitation scores (CMAI) increasing from 45
to 47 during exposure to that study’s control condi-
tion (no additional lighting) [28]. The trend for these
measures, in other words, is typically toward decre-
ments rather than improvements in the absence of an
effective lighting intervention.

Another limitation of the study lies in our
employing a within-subjects experimental design
that compared the effects of the TLI with base-
line measures. Given the protocol’s length, however,
employing a crossover design would have been too
burdensome on the participants, facility staff, and
researchers. It should be stressed that these results are
consistent with our previously published, recent ran-
domized, crossover, placebo-controlled study [31].
In this related short-term study [31], the same out-
come measures and procedures were employed, with
the addition of a placebo lighting intervention (the
control) that was administered in a randomized,
crossover, within-subjects protocol. (The control
delivered a CS < 0.1, which is below the threshold
for activation of the circadian system.) While that
study’s results showed a small, but statistically non-
significant effect of the placebo condition, the results
from the active lighting intervention (CS = 0.3) were
significantly different from the baseline values with
large effect sizes.

Nonetheless, to confirm that our present results
were not an artifact of the study’s experimental
design, we performed secondary analyses using data
collected for the same outcome measures in our
previous study [31]. Briefly, that 14-week random-
ized, placebo-controlled, crossover design clinical
trial administered an all-day active or control TLI
to 46 patients with ADRD in eight long-term care
facilities for two 4-week periods (separated by a 4-
week washout). Baseline data (weeks 1 and 10) were
collected prior to each 4-week lighting intervention
period. We used these two sets of baseline data as a
control group (no lighting intervention was employed
during these 2 weeks) and compared them to data
from week 1 (baseline, no lighting intervention) and
week 9 (active lighting intervention) of the present
study (Supplementary Fig. 1). The hypothesis was
that there would be no difference between week 1
of both studies, but that there would a significant

difference between weeks 9 (present study where
TLI was administered from weeks 2 to 25) and 10
(the previous study’s second baseline data collection
week). Figure 4, Table 4, and Supplementary Table 6
show the comparative results of the PSQI, CSDD,
and CMAI outcome measures for both studies. As
expected, statistically significant interactions were
found for these outcomes. While sleep disturbance,
depression, and agitation scores were not signifi-
cantly different between the two groups at baseline,
these scores were significantly lower in the active
lighting intervention group but not in the control at
weeks 9 (present study) and 10 (previous study). With
respect to actigraphic measures, IS, sleep efficiency,
and actual sleep times were significantly higher and
sleep onset latency was significantly shorter during
the intervention compared to baseline. IV was sig-
nificantly lower in the intervention compared to the
control condition. These results suggest that, in a
between-subjects analyses and compared to a con-
trol group, the intervention was similarly effective
for improving study outcomes.

Lastly, the present study was limited by not
collecting markers of circadian entrainment nor
distinguishing between the participants diagnosed
with Alzheimer’s disease from those experiencing
related dementias to test the effectiveness of the TLI
between groups with overlapping symptoms. The
infeasibility of obtaining core body temperature min-
imum [62] or dim light melatonin onset [63] data
(both well-stablished markers of circadian phase)
in this population precluded assessments of circa-
dian entrainment. Future studies could be designed
to collect, perhaps, urinary melatonin as a surrogate
measure of circadian entrainment. A vision test was
not performed, but we excluded those known to have
blindness, macular degeneration, or cataracts, which
would have most affected the participants’ response
to the TLI.

The present results extend from our short-term field
studies [26, 31, 32] to demonstrate, in a long-term
study, that light tailored to maximally affect the cir-
cadian system, especially when carefully delivered
and measured in the field, can continuously improve
sleep quality, depressive symptoms, and agitation in
patients with ADRD. The TLI was also well tolerated
by the participants, which is crucial for the effec-
tive delivery of a lighting intervention in real-world
applications. Together, these data converge to support
the inference that correctly specified, daytime TLIs
can lead to positive, clinically important outcomes
for persons with ADRD.
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