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ABSTRACT KEYWORDS
Lighting plays an important role in daily life: It helps people  Visual and nonvisual task;
perform daily activities independently and safely, and also circadian rhythm;
benefits their health. This study assesses the research evidence  fallsi sleep
of lighting’s impacts on older adults in four domains: (a) per-

formance of activities of daily living and instrumental activities

of daily living; (b) circadian rhythm; (c) fall prevention and

postural stability; and (d) sleep quality. A comprehensive

review of lighting studies on older adults’ visual and nonvisual

performance was conducted using a modified PRISMA system-

atic review process. For the first domain, some older adults

had difficulty in using the toilet, preparing meals, and doing

laundry under lower illuminance. For the second domain,

brighter and bluish lighting improved older adults’ circadian

rhythm. For the third domain, low-intensity LED lighting

affixed on door frames can help older adults maintain postural

stability and prevent falling during nighttime movement.

Finally, some studies concluded that receiving outdoor day-

light during exercise was beneficial to older adults’ sleep qual-

ity. This study provides several methodological, theoretical,

and collaborative suggestions for developing a more conclu-

sive evidence base for lighting standards and strategies for

older adults.

Background and objectives

The aging population is rapidly increasing. According to U.S. Census Bureau
projections in 2012, the population age 65 years and older will be 83.7 mil-
lion in 2050, accounting for more than 20% of the total population by 2050;
the number of people age 85 years and older will reach 18 million, making
up 4.5% of the U.S. population in 2050 (Ortman, Velkoff, & Hogan, 2014).
Older adults with declining physical conditions are less able to participate in
social and physical activities due to physical environmental barriers, with
inadequate lighting being one of the barriers (Clarke & Nieuwenhuijsen,
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2009). As lighting is a ubiquitous element of the physical environment, the
Tluminating Engineering Society (IES) (ANSI/IES & RP-28-16," 2016) recog-
nizes its key role in occupants’ health and safety by noting that a supportive
visual environment with appropriate lighting should be considered as a pre-
ventive measure to reduce fall risks and sleep disorders.

However, to date, no review study has specifically examined lighting’s
impacts on the health and safety of older adults and their living environ-
ments. Existing literature reviews have analyzed bright light therapy on
older adults with dementia and the general population (Shikder, Mourshed,
& Price, 2012; van Maanen, Meijer, van der Heijden, & Oort, 2016; White,
Ancoli-Israel, & Wilson, 2013), and the effect of daylight and night lighting
on health of the general population (Aries, Aarts, & van Hoof, 2013; Beute
& Kort, 2014; Cho et al., 2015). It has been 5 years since Shikder and col-
leagues’ (2012) review on visual and psychophysiological performance® in
older adults with dementia. Given the rapidly growing aging population
and the need for housing appropriate for their needs and physical condi-
tions, the purpose of this study is to systemically analyze the existing
research of lighting’s effect on generally healthy older adults’ visual and
nonvisual performance.

Physiological changes in the visual system with increasing age lead to
impaired spatial contrast sensitivity, prolonged dark adaptation, and
decreased visual processing speed (Oweley, 2016). The prevalence of blind-
ness and vision impairment increases rapidly with age, particularly among
people older than 75years (Prevent Blindness America, 2002). With aging
eyes, many older adults confront new challenges of their environment:
They cannot see clearly under low illumination or at night; poor vision can
lead to fall accidents among older adults; and they need longer time to
adapt to dark environments, such as transitioning from bright outside to
inside, compared to younger generations (Oweley, 2016). ANSI/IES RP-
28-16 (2016) indicates that good lighting for younger adults may not be
appropriate for older adults: “They often need unusually large amounts of
light to optimize visual performance or, paradoxically, focused task lighting
because normal amounts of light are debilitating to them” (p. 4).

Also, lighting plays an important role in sleep quality. Older adults’ sleep
quality diminishes due to sleep/wake cycle and hemostasis changes (Dijk,
Duffy, & Czeisler, 2000) and decline of melatonin secretion (Cooke &
Ancoli-Israel, 2011). Appropriate sunlight exposure can regulate secretion
of melatonin, which is associated with mediation of circadian rhythms and
improvement of sleep quality among older adults (Lin & Liao, 2016).
Circadian rhythm refers to the body’s biological “clock,” a cycle directed
by the hypothalamus, that tells our bodies when to sleep, rise, and eat,
and regulates many physiological processes. This cycle is affected by
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environmental cues, such as sunlight and temperature. Recent research
documents adverse health effects resulting from disrupted circadian
rhythms (National Institute of Health, 2016). Thirty minutes per day of
sun exposure is recommended for improving older adults’ sleep quality
(Duzgun & Durmaz Akyol, 2017; Lin & Liao, 2016). However, according to
one study, older adults in nursing homes only spent 10.5minutes a day
with lighting levels higher than 1000lux; the limited time exposure to day-
light decreased older adults’ sleep quality (Shochat, Martin, Marler, &
Ancoli-Israel, 2000).

Unfortunately, in many places such as nursing homes, the built environ-
ment lacks appropriate lighting parameters and design for older adults
(Noell-Waggoner, 2006). For example, research documents insufficient day-
light exposure and limited access to outdoors in long-term care facilities
(ANSI/IES RP-28-16, 2016), and low illuminance levels in the indoor envi-
ronments (Lewis & Torrington, 2013). This systematic review was con-
ducted, in part, to identify the research evidence to date that would best
guide future practices for designing and lighting living spaces for generally
healthy older adults’ visual and non-visual performance.

Research design and methods

Shikder and colleagues’ (2012) review of the relationship between older
adults with dementia and lighting provides a valuable research framework
for analyzing lighting’s effect on older adults’ visual performance and non-
visual performance. The visual performance included task performance,
navigation and wayfinding, and safety; nonvisual-related performance
included depression, circadian sleep-wake cycle disorder, and restless
behavior among patients with dementia. This review complements Shikder
and colleagues’ review by adding research targeting healthy older adults,
which was not the focus of their review. In addition, with new studies on
lighting and older adults being published after 2012, this review includes
the current body of knowledge on lighting’s effect on older adults’ visual
and nonvisual performance.

Searching protocol

This study adopted two strategies to identify potential research studies. The
first strategy identified relevant peer-reviewed journal articles that were
listed in Web of Science. Four sets of search terms are shown in Figure 1.
Among them, terms in two sets (lighting condition, population) were used
to search articles’ titles; terms in the other two sets (built environment, vis-
ual, and nonvisual) were used to search articles’ topics. In addition, the
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«visual performance
*visual task

Figure 1. Four Sets of Searching Terms on Web of Science.

following criteria were established to identify and select articles: (a) pub-
lished in a peer-reviewed journal; (b) published after 1990°; and (c) pub-
lished in the English language. Using this search strategy, 60 journal
articles were identified.

The second strategy involved identifying relevant research reported in
the “gray literature.” The initial attempt to search Google Scholar using the
combined four sets of terms failed because the search engine has limited
space to include all the search terms. As a result, an abridged version of
the search terms was used on Google Scholar, and the publication time
period was set between 1990 and 2018. Similarly with the Web of Science
search, lighting condition and population terms were limited to title, while
built environment and visual and nonvisual terms limited to topics. The
search terms for the gray literature are shown in Figure 2. Consequently,
30 articles were identified through Google Scholar.

Another search for gray literature was made of two lighting journals:
Lighting Research & Technology and LEUKOS: The Journal of the
Illuminating Engineering Society. Since these journals focus on lighting
issues, only one set of searching terms was used: age, aging, elderly, older
adults, senior. The result was 14 articles from Lighting Research ¢&
Technology, and three articles from LEUKOS: The Journal of the
Illuminating Engineering Society. In addition, 12 articles were identified by
examining the reference lists of the articles identified in Web of Science,
Google Scholar, and lighting journals searches. In sum, the two search
strategies of the gray literature resulted in 119 articles.

Screening protocol

The screening process was developed from the PRISMA flow diagram
(Moher, Liberati, Tetzlaff, & Altman, 2009), and it was divided into four
parts: identification, screening, eligibility, and inclusion. The screening
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Condition visual
e glare *home cage *ADL
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«light distribution *visual

Figure 2. Four Sets of Searching Terms on Google Scholar.

process and the number of identified articles in each process are shown in
Figure 3.

Four screening criteria for study selections are included for this review.
The first criterion was that studies should be conducted at home, retire-
ment communities, long-term care facilities, or nursing homes.* The
second criterion ensured that studies with participants having severe mental
health or physiological conditions (e.g., dementia, Alzheimer) are excluded.
The third criterion was the study addressed topics of visual (e.g., activities
of daily living) and/or nonvisual (e.g., sleep quality, postural stabilization,
falls prevention) performance. The fourth criterion established that studies
should address lighting factors and light quality in detail, such as light
color, illumination, light distribution, glare, and the like.

After applying these screening criteria, there were 27 articles from Web
of Science, one article from Google Scholar, two articles from Lighting
Research & Technology journal, and 12 articles identified from reference,
resulting in a total of 42 articles. Among these, eight were literature
reviews. Since this current systematic review focuses on empirical,
evidence-based studies, the literature review articles were excluded. In add-
ition, the search process identified 12 lighting therapy articles. Because the
main purpose of this study is to analyze naturalistic settings and older
adults’ visual and nonvisual performance, these 12 articles were excluded,
as shown in Figure 3. As a result, the total number of empirical, evidence-
based studies for this review was 22.

General characteristic of examined studies

Overall, research topics and measuring devices related to lighting and older
adults changed over time. In the early 1990s, research was primarily con-
cerned with older adults’ sleep quality and bright light therapy, and sleep
parameters were measured by electroencephalogram (EEG). Gradually,
research expanded to consider naturalistic lighting on older adults’ naps
and nighttime sleep, and sleep parameters’ measurements changed to
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Figure 3. PRISMA Flow Diagram.

actigraphy, and melatonin concentrations. After 2000, research started to
focus on older adults’ living environments by interviewing older adults and
identifying potential lighting design problems in their homes.

Results

ANSI/IES RP-28-16 (2016, p. 1) claims that “Loss of independence has
been identified as the greatest fear of aging, so today’s senior will be look-
ing for answers to maximize their aging vision.” Following ANSI/IES
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RP-28-16’s categorization of key lighting issues to advance independence
and autonomy among older adults and the importance of lighting’s effect
on visual and nonvisual performance, this review classified the identified
22 studies into four categories: (a) performance of activities of daily living
(ADLs)/instrumental activities of daily living (IADLs); (b) circadian
rhythm; (c) fall prevention and postural stability; and (d) sleep quality.

Performance of ADLs and IADLs

It is important that older adults can perform ADLs and IADLs independ-
ently if they want to pursue a high-quality life and live independently.
ADLs include bathing, dressing, going to the toilet, transferring, contin-
ence, and feeding (Katz, Ford, Moskowitz, Jackson, & Jaffe, 1963); IADLs
include ability to use telephone, shopping, food preparation, housekeeping,
laundry, transportation, responsibility for one’s own medications, and abil-
ity to handle finances (Lawton & Brody, 1969). Three studies examined the
relationship between indoor lighting and performance of ADLs and IADLs
(see Table 1).

Lee, Jeong, and Hirate (2009) examined 309 older adults’ lighting envir-
onment in various residential communities. One ADL, going to the toilet,
was the focus of this study, particularly for older adults who awakened at
night and went to bathroom two to three times. Residents evaluated illu-
minance levels of bathrooms, expressed concerns about lighting condition
when they went to bathroom at night, and showed their lighting preferen-
ces towards sleep-inducing lighting, such as dim light and warm color light.
Descriptive statistical tests revealed no discernible pattern among the older
adults. No measurements of illuminance levels were provided in the study.

Barstow, Bennett, and Vogtle (2011) interviewed 22 older adults with
vision loss about lighting impacts on their ADLs and IADLs. Older adults
expressed how inappropriate lighting impacted their ADLs and IADLs,
such as preparing meals, getting mail, and doing laundry. Older adults also
mentioned glare issues and their compensation strategies (i.e., avoid being
out in bright sunlight, and use window coverings to prevent glare at
home). While the interview results were useful in identifying inappropriate
lighting designs in older adults’ homes, a larger sample and specific illu-
minance level measurements are needed to enrich the understanding of
range and appropriate lighting environments for older adults.

Eilertsen, Horgen, Kvikstad, and Falkenberg (2016) measured indoor illu-
minance levels by calibrated illuminance meter at 114 homes in Norway.
The homes included apartments, detached houses, and semidetached
houses. Older adults were asked to rate their ADLs and IADLs performance
under the illuminance level, to self-rate lighting quality (i.e., illuminance
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levels, glare issues), and to self-report their visual problems. Results showed
that all rooms measured had illuminance levels significantly below the rec-
ommended lighting level of IES for older adults. Significant difference was
found in the lighting levels at home between older adults with high and
low income levels: Older adults with high income had a higher illuminance
level compared to those with low income. Surprisingly, older adults still
expressed satisfaction toward performing ADLs and IADLs although the
ambient illuminance level was lower than standard. The authors further
speculated that older adults may not be aware that low illuminance levels
can influence their vision, ADLs, and IADLs.

Together, these three studies, with their sample sizes, encompass a diver-
sity of older adults with different housing types and visual abilities, thereby
enriching the scope of lighting environment data: Eilertsen and colleagues
(2016) used Pearson’s correlations to analyze lighting level and older adults’
ability to read and write. However, two studies show a lack of in-depth
statistical analyses. Lee and colleagues (2009) only provided general
descriptive statistical results for each question; no inferential statistics or
descriptive statistics examining the relationship between detailed lighting
parameters and older adults’ visual performance were conducted. Barstow
and colleagues (2011) only provided excerpts from the interview tran-
scripts, with no further analyses, such as total identified lighting issues at
the interviewee’s home, or frequencies of concerned lighting issues among
older adults. Objective measurements of illuminance levels are typically
lacking: Only Eilertsen and colleagues (2016) used both objective and sub-
jective measurements to evaluate illuminance levels. In addition, other
aspects beyond illuminance levels (e.g., contrast) may affect daily living
activities, but were not examined in these studies.

Circadian rhythm

Four articles addressed effects of lighting on older adults’ circadian system
(see Table 2).

The study by Figueiro and colleagues (2008b) examined effects of a 24-
hour lighting scheme on older adults’ sleep quality. This study selected four
bedrooms in a long-term care facility. Before installation, all the lamps
were incandescent. Newly installed lamps set the living room with illumin-
ance level ranging from 200 to 475 lux at cornea and with cooler color tem-
perature (6500K) during daytime. Color temperature is the color
appearance (warm or cool) of a light source measured in degrees Kelvin
(K) (ANSI/IES RP-28-16, 2016). The newly added lighting system with
timers turned on lights approximately from 6:45 to 18:00, and then turned
off lights at 18:00 (only low-illuminance-level incandescent lamps allowed).
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This purpose of the lighting system is to give cooler color temperature and
higher illuminance level during daytime and warmer color temperature and
lower illuminance level at night. In the study, 10 female participants were
recruited. However, only four completed the study, with age ranging from
80 to 98years. The Pittsburg Sleep Quality Index (PSQI) questionnaire
evaluated older adults’ sleep quality subjectively, and actigraphs measured
rest/activity rhythms objectively. Dependent variables, subjective and
objective sleep quality, were collected twice: once before the installation of
a new light system and once after installation. The t-test results showed (a)
no statistically significant difference between the PSQI before and after the
lighting intervention; (b) although sleep efficiency did not reach statistical
significance, descriptive statistics showed sleep efficiency increased after the
lighting intervention. Given the very small sample size of four individuals,
caution needs to be given to the results. Nonetheless, the study does lend
support to researchers and designers exploring and further validating new
lighting systems for sleep quality.

Friedman and colleagues (2009) manipulated illuminance levels and
examined their effects on sleep quality among older adults with insomnia.
Twenty-one older adults with an average age of 63.6years participated in
the experiment, involving exposure to two controlled illuminance levels (65
or 4000 lux) at two times (morning or evening) for 45 minutes per day and
lasting 12 weeks. Otherwise, the pattern of older adults’ daily light exposure
did not change. Objective measurements (actigraphy and polysomnogra-
phy) and subjective measurements (sleep log and questionnaires) were used
to assess sleep quality. The study also verified older adults’ consistent
adherence to lighting treatment by checking their wrist-worn lighting
meters. However, the findings indicated no significant difference between
the scheduled morning or evening bright light (40001ux), and morning or
evening dim light (65lux). Although some changes were identified in sub-
jective measurements of sleep, the researchers suggested that changes in the
subjective measurements were possibly due to sleep hygiene instructions or
participation effects.

Zeitzer, Friedman, and Yesavage (2011) continued to analyze the data of
the study conducted by Friedman and colleagues (2009), with the main
purpose being to analyze ambulatory daytime light exposure’s influence on
phase delays and advances under the settings of bright light on morning
and evening. Researchers concluded that greater light exposure during day-
time hours may diminish the effectiveness of evening bright light on chang-
ing circadian phase. The impact of daylight exposure level on bright
lighting treatment remained uncertain.

Sander, Markvart, Kessel, Argyraki, and Johnsen (2015) investigated the
impact of blue-enriched and blue-suppressed light on 29 older adults’
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sleep quality. Older adults were randomly assigned to two groups: One
group was exposure to blue-enriched environment for 3 weeks, the lighting
intervention paused for 1 week, then exposed to a blue-suppressed environ-
ment. The other group was exposed to blue-suppressed environment for 3
weeks, paused for 1 week, and then to a blue-enriched environment for 3
weeks. The blue-enriched light correlated color temperature (CCT) was 5100K
and illuminance level was 280 lux; the blue-suppressed light CCT was 2800K
and the illuminance level 240lux. Correlated color temperature (CCT) is
defined as “the absolute temperature of a blackbody radiator whose chromati-
city most nearly resembles that of the light source and blackbody chromaticity
and is measured in units of Kelvin®” (ANSI/IES RP-28-16, 2016, p. 102).
Lighting intervention, the blue-enriched or blue-suppressed lighting, was con-
ducted between 8:00 and 13:00. Then the illuminance level was controlled at
the same level: 140lux between 13:00 and 18:00, 100lux between 18:00 and
bedtime. Multiple outcome measurements were adopted: saliva melatonin,
chromatic pupilometer, sleep diary, self-evaluated sleep quality, PSQI, and
Morningness-Eveningness questionnaire. However, overall, no significant dif-
ference was found in sleep phase and circadian rhythm between the blue-
enriched and blue-suppressed light conditions. A possible explanation can be
the feasibility of lighting color temperature intervention at home: It was
unacceptable to the older adults at home to set color temperature as high as a
lab-controlled situation (17,000K). The researchers explained that high color
temperature can possibly be an effective stimulator for circadian rhythm.

Overall, these studies were conducted either at participants’ homes or at
nursing homes, and participants were able to maintain their regular daily
activities. Since there were no strict outdoor activity restrictions and with the
unavoidability of daylight passing through the window, the outdoor daylight
might affect the lighting intervention effect itself, as mentioned in the studies
(Sander et al., 2015; Zeitzer et al., 2011). Also, older adults’ health conditions
and ages vary across studies. In addition, studies varied in terms of measured
exposure time of certain illuminance level thresholds. As Friedman and col-
leagues (2009) suggest, changing the length of lighting intervention and light-
ing intervention time of a day may differently affect sleep quality of aging
population. No consensus was reached across studies on how different light-
ing and measurement parameters impacted older adults’ circadian rhythm,
notably of illuminance levels, the color of light, intervention time during a
day, and intervention/experiment durations change.

Fall prevention and postural stability

Four studies investigated lighting and older adults’ postural stability (see
Table 3).
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Brooke-Wavell, Perrett, Howarth, and Haslam (2002) examined visual
environment and postural stability in a lab-controlled environment.
Participants were 33 healthy women with average age 69.7 years. The envir-
onment” produced five lighting conditions: (a) normal lighting with 186 lux;
(b) moderate lighting with 101ux; (c) dim lighting with 1lux; (d) older adults
closed their eyes; and (e) repeated dot patterns projected onto a wall with
optic flow. Participants were assigned to the five lighting conditions ran-
domly and were asked to stand in an electronic force platform with a data
logger recording their center of gravity and lateral and anteroposterior sway.
Sway velocity was calculated based on these recordings. Researchers con-
cluded that participants had significantly poorer postural stability when they
closed their eyes and under a dim lighting environment.

Figueiro and colleagues (2008a) examined the effects of new lighting sys-
tems with low illuminance levels on older adults’ postural stabilization and
fall prevention. Figueiro and colleagues (2008a) examined whether a novel
lighting system—LED (light-emitting diode) lights affixed to the door
frame—could assist older adults in controlling postural orientation and
maintaining postural stability. Twelve older adults were asked to perform a
Sit to Stand test (STS) in front of the door, which could be tilted left, tilted
right, and positioned correctly. The objective measurements of sway vel-
ocity indicated that the novel lighting system had a positive impact on
older adults’ postural orientation and stability. Later, older adults expressed
their preference for the new lighting system that produced 1lux with infra-
red sensors to the incandescent lamps when they go to the bathroom
at night.

In the second study, Figueiro, Plitnick, Rea, and Gras (2011) conducted
experiments with 24 older adults to exam the effects of lighting cues—spe-
cifically adding a laser line demarcating a pathway in low illuminance
ambient environment—on falling. The researchers measured participants’
gait and step length using GAITRite Mat (an objective measurement that
had been validated in other studies) in three ambient lighting conditions:
(a) ceiling-mounted fixtures providing 650lux; (b) night light providing
0.015lux; and (c) night light and laser lines along a pathway providing
0.015]ux. Older adults were divided into two groups based on their previ-
ous frequency of falls: One group was high risk of fall with average age 82
years, and the other group was low risk with average age 75 vyears.
Researchers found that the high fall risk group had a significant increase in
velocity and a significant reduction in step length variability under the
third lighting condition compared to the low fall risk group. Although
average age differed in the two groups, the study suggested older adults can
reduce falls if lighting cues of adequate contrast are added to the low illu-
minance ambient environment.
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Together, these studies using inferential statistical methods, independent
t-test, and analysis of variance (ANOVA) indicated that low illuminance
level had a negative impact on older adults’ postural stability. However, the
studies were conducted under controlled environmental conditions, and
participants were healthy older adults without visual problems. As sug-
gested by Figueiro and colleagues (2011), older adults usually have some
visual problems and it is common for them to encounter low illuminance
levels at night. Consequently, samples with diverse visual capabilities in real
settings are needed to validate the innovative lighting system. A pilot study
conducted by Chari and colleagues (2016) described using a night light sys-
tem designed by Figueiro in health care settings with a large sample size
(approximately 7500 patients). The lighting will be installed around the
exterior door frame, above the washbasin, and behind the toilet. Results are
not yet available.

Sleep quality

Daylight and night light both play roles in sleep quality among older
adults. This section describes and summarizes 11 studies that explored
lighting and sleep in naturalistic settings of older adults (see Table 4).

Hood, Bruck, and Kennedy (2004) explored the relationship of three fac-
tors, daily light exposure, daytime activity, and sleep quality, among 33
healthy older subjects. Sensors were used to record five parameters of sub-
jects’ activities: activity, movement, immobility, extended immobility, and
fragmentation index. Light meters were used to measure ambient light
exposure, with three thresholds of light levels being 500, 3000, and
10,000 lux. PSQI was used to measure older adults’ subjective sleep quality,
and nocturnal immobility was used to measure sleep quality objectively.
They concluded that daily activity was beneficial to sleep quality, and older
adults had substantive sleep quality improvement given exposure to ambi-
ent light with illuminance over 3000 lux.

Two studies (Alessi et al, 2005; Martin et al, 2006) investigated 492
older adults who lived in four nursing homes in Los Angeles; the purpose
was to find factors related to abnormal circadian rhythm, daytime sleepi-
ness, and nighttime sleep disturbance. Both studies found that those older
adults whose lifestyles included staying in their rooms for approximately
one-third of the day or who were seldom engaged in outdoor activities had
daytime sleepiness and nighttime sleep disruption. Martin and colleagues
(2006) also concluded that older adults receiving little bright light had
excessive daytime sleepiness and nighttime sleep disruption.

Three observational studies conducted by Obayashi and colleagues (2012,
2014a, 2014b) examined the relationship between light exposure and
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circadian rhythm among aging population under daily life settings.
Obayashi and colleagues (2012) attempted to find associations between
melatonin and daylight by measuring daylight and night light exposure.
Daylight—referred to lighting exposure out-of-bed period—had two met-
rics: average of illuminance level during out-of-bed time, and total minutes
of light at least 1000 lux. Night light®—referred to light exposure during in-
bed period—had three metrics: average illuminance level in-bed time, total
minutes of light of at least 10]lux, and total minutes of light of at least
100 lux. Researchers concluded there was a positive relationship between
daylight exposure and urinary melatonin excretion in the older adults at
home. That is, increased daylight exposure was beneficial to older adults’
sleep quality.

Two years later, Obayashi and colleagues (2014a) examined the effect of
night light exposure on 857 participants’ sleep quality under home setting.
Participants’ average age was 72.2 years. The older adults were divided into
quartiles according to illuminance level exposure at night. The interquartile
range of illuminance level at night was between 0.1 and 3.4lux, and the
median illuminance level was 0.81lux. Older adults’ sleep quality was eval-
uated by using an actigraph, urinary tests (melatonin metabolite), and
PSQI. Researchers found that older adults’ sleep quality decreased when the
illuminance level at night increased.

Also, Obayashi, Saeki, and Kurumatani (2014b) addressed the relation-
ship between evening light exposure and sleep-onset latency among 192
subjects with a mean age of 69.9 years. Researchers measured each partici-
pant’s evening light exposure by a wrist-worn lighting meter; during the
out-of-bed time, that is, 4 hours before in-bed time, the median evening
light exposure was 27.3lux. During the 2hours after in-bed time, the
median nighttime light was 0.1lux. Sleep onset latency was measured by a
previously validated Actiwatch. Researchers concluded that exposure to
evening light in residential settings prolonged subsequent sleep-onset
latency in the older adults.

Dzierzewski and colleagues (2014) examined the relationship between
older adults’ exercise behaviors and sleep. One purpose of the study was to
explore whether exercising outdoors or indoors benefited sleep quality,
since exercising outside tended to get increased exposure to bright daylight.
Older adults were asked to rate the frequencies they were engaging in 20-
minute bouts of mild, moderate, and vigorous activities. Participants were
asked to estimate the time they spent on sleep latency and wake time after
sleep onset. However, researchers did not find that exposure to bright day-
light had an effect on older adults’ relationship between exercise and sleep.

Tsuzuki, Mori, Sakoi, and Kurokawa (2015) aimed to see the effect of
seasonal change of thermal environment and illuminance levels on sleep
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quality in older adults by using actigraphy for five consecutive days on four
different seasons. There were eight healthy male participants with an aver-
age age of 64years. Sleep parameters included time in bed, sleep latency,
sleep period time, wake after sleep onset, and sleep efficiency index.
Environmental parameters included amount and duration of illuminance,
temperature, and humidity levels. This was the first study combining envir-
onmental variables in examining their impact on sleep quality. Researchers
concluded that increased lighting level during 4 hours before sleeping weak-
ened sleep quality as measured by bedtime delayed, wake-up time the next
morning becoming earlier, and wake-up after sleep onset prolonged. In
addition, increased temperature and humidity during sleep impaired sleep
quality by increasing the wake time after sleep onset. However, there was a
positive relationship between exposure to increased illuminance level dur-
ing daytime and sleeping time.

Ichimori, Tsukasaki, and Koyama (2015) measured indoor and outdoor
illuminance, and investigated light exposure and sleep quality among frail
older adults. The indoor illuminance logger was placed in either living
rooms or bedrooms, depending upon the places where participants spent
time most. The outdoor illuminance level was measured by a light meter
installed on the roof of a research facility. Median illuminance level during
activity time was 538lux, and median illuminance level in bed was 3lux.
Participants’ sleep quality was measured by PSQI. However, there was no
significant relationship between illuminance level and sleep quality. Possible
explanations for nonsignificant findings may be that participants were frail
older adults, and the study only used subjective measurements of sleep
quality since using objective measurement by EEG would take time to
explain the technique to older adults who lived at home and the research-
ers considered the EEG measurement was a burden to the older adults.

Karami, Golmohammadi, Heidaripahlavian, Poorolajal, and
Heidarimoghadam (2016) examined the effect of sunlight exposure on sleep
quality among 19 older adults with average age of 80 years in a nursing
home. The study lasted for 6 weeks, and the intervention was to ask older
adults to be exposed to sunlight twice daily: 30 minutes from 9 to 10 a.m.
and 30 minutes from 4 to 5p.m. The estimated sunlight illuminance level
was 50,000 lux in the horizontal and 20,000lux in the vertical. Blood samples
were collected to examine the melatonin levels before and after intervention,
and older adults were asked to subjectively rate their sleep quality by ques-
tionnaire: Karolinska Sleepiness Scale (KSS). Researchers concluded that day-
light exposure can improve older adults’ sleep by delaying sleep phase.

Nioi, Roe, Gow, McNair, and Aspinall (2017) examined the summer and
winter daylighting exposure’s effect on older adults’ sleep quality with 20
participants of ages 72 to 99years. A wrist-worn Actiwatch was able to
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detect activity movement and sleep. Objective sleep metrics included sleep
onset latency, sleep efficiency, wake after sleep onset, and total sleep time;
subjective sleep quality measurement (PSQI) was also used. Light-sensitive
photodiodes mounted on the Actiwatch were used to measure the exposed
illuminance level. Twenty older adults participated in the summer data col-
lection process for 4 days, with mean morning illuminance level at 466 lux
and the time of exposure over 1000lux at 46 minutes. Sixteen older adults
remained in the winter data collection for 4 days: The mean morning illu-
minance level was 65lux and the time exposure over 1000lux was
3 minutes. According to the researchers, older adults significantly increased
physical activities and received longer daylight exposure over 1000lux in
the summer. However, this study did not find significant differences in
sleep quality, neither in objective nor in subjective measurements.
Researchers considered that small sample size and participants without
severe cognitive decline might explain the nonsignificant findings in sleep
quality between seasons.

In sum, eight of the 11 studies in this section suggested daylight expos-
ure benefits older adults’ sleep quality, and nighttime/evening lighting
exposure has a negative impact on older adults’ sleep quality. Three studies
(Dzierzewski et al., 2014; Ichimori et al., 2015; and Nioi et al., 2017) did
not identify the outdoor light exposure and sleep quality improvement.
Although studies (Nioi et al., 2017; Tsuzuki et al., 2015) mentioned sea-
sonal change illuminance levels’ effect on the older adults’ sleep, researchers
reached different conclusions since the sleep and lighting parameters and
participants’ demographics differed. Due to complex factors involved in
analyzing sleep quality and lighting exposure, the majority of studies in this
section adopted logistic/linear/multivariate regression to find a suitable
model to represent their findings. Notably, it was difficult to isolate day-
light, physical activity, and sleep quality separately, and physical activity
can be a confounding variable indirectly influencing older adults’ sleep
quality (Hood et al., 2004). More contextual factors and potential mediating
and moderating factors need to be considered, such as different stages of
older adulthood and geographical differences in terms of amount of sun-
light (Dzierzewski et al., 2014). While the small number of research studies
does not allow for reaching consensus, the findings are provocative and
warrant more studies to examine the relationship of natural daylight expos-
ure, and sleep and exercise.

Discussion and implications

This section highlights lighting’s effect on older adults’ health and perform-
ance, and discusses future research directions.
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Highlights of research findings

The previous section not only described individual studies but also sum-
marized and assessed the research within each thematic domain. While the
review reveals a number of patterns among the studies, the research in this
area is not formative or substantial enough to reach definitive conclusions
due to the small number of studies in certain research domains, the diver-
sity of sample characteristics, and various measurements involved in the
studies. Nonetheless, emerging patterns deserve increased research attention
and suggest practical application to designing and modifying residential set-
tings for older adults. It appears that aging eyes adapt poorly to extremely
bright light or dim light; thus, appropriate illuminance levels are needed to
support older adults’ ADLs and IADLs performance (Ishihara, Ishihara,
Nagamachi, Osaki, & Hiramatsu, 2004). Although some studies mention
that generally poor lighting condition can contribute to older adults’ fall
accidents at home, no detailed lighting parameters (i.e., lighting illuminance
levels, lighting color, types of lamps) or strategies are discussed. The lab-
controlled studies included in this literature review provide detailed lighting
strategies for helping older adults navigate safely at home. For example, vis-
ual cues by outlining a pathway at night from bed to bathroom can ensure
safety by increasing postural stability and preventing falling. Increased day-
light exposure also can benefit older adults’ sleep quality at night. In add-
ition, with the development of tunable LED lamps, more innovative LED
interventions are expected to maintain older adults’ safe navigations at
night and improve circadian rhythms.

These overall findings are derived from a systematic review process, con-
ducted and reviewed by three researchers, although the review process was
not carried out independently. In addition, assessments for risk of bias
within and across studies, based on the research integrity or validity of
each study, were not untaken here. Nonetheless, the process was systematic
(i.e., operated under an established protocol), thoroughly documented, and
followed an interactive critique process among the researchers, lending
itself to transparency. Further, since this systematic review only includes
evidence-based studies (i.e., no research reports that had not gone through
a journal-based peer review process), other potential relationships between
lighting and health may be absent in the overall findings. For example, one
research report not included in this review concludes that tunable LED
lamps are not only beneficial to older adults’ safe navigation but also help-
ful in maintaining circadian rhythms (Davis, Wilkerson, Samla, & Bisbee,
2016). Clearly while this review identifies a number of important relation-
ships between lighting and older adults’ performance based on the peer-
reviewed research to date, it also suggests directions for future research.
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Future directions

Strengthen experimental methods and measurements

Based on the research to date in this field, caution must be heeded in
extrapolating solid research conclusions, in part because of limitations in
research approaches (e.g., nonexperimental studies) and measurements
(e.g., lack of consistency in providing actual metrics of illuminance level
point or contrast levels), as noted previously. Further, there are no consist-
ent lighting and sleep measurements among the identified studies. For
example, although some studies gave rationales for why certain lighting
thresholds play a role in older adults™ sleep quality, the lighting thresholds
in the studies varied considerably, from 1000 to 2500 lux.

Yet the research to date suggests potentially important links and effects
between lighting and older adults’ health and performance. In developing a
stronger evidence base, future research needs to strengthen and include
those research approaches and metrics that can identify, examine, and sub-
stantiate effective lighting thresholds for improving sleep quality. For
example, various sleep measurements are identified in the review: Some stud-
ies preferred to use questionnaires since objective measures could burden
participants. Others (e.g., Ichimori et al., 2015) thought objective measures
such as EEG increased strain on research participants and were inapplicable
in their homes. Further, others (e.g., Hood et al.,, 2004) expressed technical
difficulties in adopting polysomnography in natural settings. Future research
pursuits need to assess and compare these various measurement techniques
in establishing valid and reliable metrics, perhaps leading to adoption of
multifaceted subjective and objective sleep measurements.

Lastly, while some studies demonstrate valid, well-crafted and thoroughly
described statistical analyses, others lack important statistical analysis steps
and descriptions. Few studies mentioned conducting power analysis to
ensure reaching statistically significant conclusions, except one study by
Alessi and colleagues (2005). In the future, power analysis should be under-
taken to establish sufficient sample sizes before collecting and analyzing data.

Incorporating mediating/moderating and contextual factors

Although many studies explored the relationship between daylight exposure
and sleep quality, no consensus was reached. In part, this reflects the lack
of a theoretical model that drives this research arena. Such theoretical mod-
els would demand inclusion of contextual, mediating and moderating fac-
tors, such as physical activity, different age groups of older adults, and the
like. Some confounders that may impact older adults’ sleep include sleep
hygiene, noises, sunlight, and physical activity levels during waking periods.
If a climate with abundant sunlight can encourage older adults to go
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outside, research studies and models could incorporate whether the amount
of daylight exposure or outdoor exercise is a key contributing factor to
older adults’ sleep quality in such regions. In addition, future studies need
to include other related physical environment factors, such as noise, that
may interact or coincide with lighting and affect sleep quality.

Collaborative multidisciplinary research

A multidisciplinary team of lighting designers, clinicians, and medical
researchers might advance future research in a more comprehensive man-
ner by generating a comprehensive theoretical model and research design
of lighting impact on older adults’ visual and nonvisual performance.
Those studies with clinical and medical staff (Barstow et al., 2011; Figueiro
et al., 2011; Friedman et al., 2009; Sander et al., 2015) provided a valuable
professional examination of visual acuity and diagnosis of older adults’ vis-
ual impairment, and objective physiological measurements—factors often
lacking in studies conducted without clinical and health collaborators.
Given the complexity in the field of lighting and aging eyes, changing
demographics among older adults, and limited research providing mature
conclusions in lighting effect on older adults’ visual and nonvisual perform-
ance, it would be promising to conduct multidisciplinary research to sup-
plement the body of knowledge in this field.

Developing new evidence-based lighting standards

During the review process, although two studies do not fall into the four
analyses categories mentioned in the preceding, Lasagno, Issolio, Pattini,
and Colombo (2014) and Lewis and Torrington (2013) provide insightful
suggestions to the future lighting standards development based on their
studies’ results: Lighting design should address the transitional areas
between exterior and interior (such as corridors and halls), increase illu-
minance levels in the kitchen and bathroom, increase daylight permeability,
make lighting control accessible to the older adults, and others. Lasagno
and colleagues (2014) emphasize the importance of having diversity factors
to enrich the research results and help lighting standards development,
such as population diversity, climate zones, building orientations, and spa-
tial complexity. In addition, lighting standards should cover illuminance
levels for nonvisual tasks instead of giving thresholds for visual tasks only
(Lasagno et al., 2014). While these are viable suggestions, the depth of
research in this arena still is insufficient for establishing new evidence-
based lighting standards. However, with such a goal in mind, professional
lighting, health care, and seniors’ housing organizations might work
together in developing a multidisciplinary research agenda for the field and
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its application to creating and renovating improved living environments for
older adults.

Notes

1. The lighting standard for seniors is titled “Lighting and the Visual Environment for
Seniors and the Low Vision Population.” It includes quality and quantity of lighting
for vision, design guide, light source, daylight, light for seniors’ health, and
lighting controls.

2. In Shikder and colleagues’ review, the psychophysiological performance included
depression, circadian sleep-wake cycle disorder, and restless behavior among patients
with dementia. Since this review mainly focuses on generally healthy older adults, no
restless behavior is examined. For consistency throughout the review, Shikder’s review
aspects are referred as visual and nonvisual performance.

3. It happened that all search results were published after 1990.

4. Since very few systematic studies on illuminance effects on older adults’ falls have
been conducted in residential settings, two laboratory-based studies on this topic
were included.

5. This study is performed under lab-controlled environment. The reason to include this
particular lab study is that a subsequent study by Figueiro et al. (2008a) is built upon
this research.

6. In the studies of Obayashi and colleagues (2012, 2014a, 2014b), the night light is
measured by portable lighting meters placed 60cm above the floor, near the bed,
facing the ceiling.
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