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ABSTRACT 

Population aging is one of the most urgent demographic matters of the 21st century. As a 

person ages, health expenses usually rise so as to increase vulnerability, especially where social 

and economic protections are lacking. Thus, the need for increased research on factors to support 

late-life health is more crucial than ever before. Older adults are at higher risk for sleep 

dysfunctions, depression, and cognitive impairments as aging is associated with several physical, 

biological, and social changes. Proper lighting condition is one of the non-pharmacological 

solutions that could potentially play an important role in improving health and well-being in older 

adults. In addition to the visual impact, light causes extensive emotional and biological aspects 

that influence circadian rhythms, sleep, mood, and cognitive performance.  

Appropriate lighting design should consider both visual and non-visual effects of light. 

Research suggests that a healthy lighting condition should provide individuals with exposure to 

light with the right spectrum and illuminance level at the right time; namely, lighting conditions 

during the daytime and nighttime are to be different. Hence, designers need to have a whole-day 

approach towards lighting. Timing and duration of exposure are two factors that are usually not 

considered in the process of lighting design. This study aimed to evaluate the effects of two whole-

day ambient lighting interventions on sleep quality, mood, and cognitive performance in older 

adults. Both lighting interventions were designed to create a direct/indirect ambient illumination 

that provided a high illuminance level (500 lux) in the morning (8:00 – 12:00), followed by 

gradually lower illumination throughout the rest of the day, reaching 100 lux in the evening (after 

20:00). One lighting condition (L1) delivered a constant Correlated Color Temperature (CCT) of 

2700ºK.  In the other lighting condition (L2), the CCT was changing in a range of 6500ºK – 2700ºK 

from morning towards evening. We recruited 21 healthy older adults (mean age = 78.81 years; 16 



iii 
  

females and 5 males), from three senior residential communities in Saint Louis, Missouri, and 

Chicago, Illinois. Lights were placed in the living rooms of the participants around their most 

favorite seating spot for 18 days. The study was designed as a counterbalanced crossover 

experiment, with two baseline measurements (before and after the interventions) and 18 days of 

interventions.  Participants were exposed to each lighting condition for nine days. We employed 

wrist-worn actigraphy measures (41 days) and standardized measures of sleep quality, mood, and 

cognitive performance before, during, and after interventions. As hypothesized, we found 

improvements in objective and subjective sleep metrics, mood, and cognitive functions after 

exposure to both lighting conditions; there were significantly more improvements for the L2 

intervention. This research found promising evidence that a whole-day lighting scheme with 

varying intensity and CCT, tailored to meet circadian and visual performance needs of older adults, 

could be an effective design solution to create a healthy and healing living environment in senior 

livings and promote sleep, mood, cognitive functions, and hence the quality of life in their senior 

residents. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1. Background to the Problem 
 

According to the United Nations (2015), population aging is one of the most urgent 

demographic matters of the 21st century. As life expectancy increases, the population of older 

people (over age 60) has risen, both in numbers and as a proportion of the whole population. With 

around 205 million in 1950, older people formed just less than 5% of the world’s population. In 

2015, there were around 900 million older people (12.3%). This number is expected to reach 2 

billion, about 21.5% of the world population, by 2050. It is anticipated that by 2050, the percentage 

of people over the age of 60 will exceed that of 15-years-olds and younger (Christensen et al., 

2009). As a person ages, health expenses usually rise so as to increase vulnerability, especially 

where social and economic protections are lacking. The prevalence of age-related diseases, 

including atherosclerosis, neoplastic disease, Alzheimer’s, and Parkinson’s, can create a societal 

burden. Thus, the need for increased research on factors to support late-life health is more crucial 

than ever before.  

Among many factors, sleep plays a critical role in older adults’ quality of life. Although 

there are many complaints about sleep problems by older people, there has not been proportionate 

attention researching these complaints. Research shows that more than 50% of institutionalized 

older adults complain about at least one chronic sleep disorder (Monjan, 2013). Chronic insomnia 

impacts about a third of the senior population in the United States (Scholtens, van Munster, van 

Kempen, & de Rooij, 2016a). Failure to address the root problem and to find an effective and 

applicable solution contributes to increasing prescription and over-the-counter sleep-aid use. 

Among other issues, poor sleep quality among older adults is associated with higher levels of 

depression (Chang et al., 2014), anxiety (Marcks, Weisberg, Edelen, & Keller, 2010) and falls 
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(Stone et al. 2008), as well as lower levels of cognitive and memory performance  (Niu et al., 2016; 

Waller et al., 2016; Yaffe, Falvey, & Hoang, 2014), and well-being  (Ribeiro Do Valle, Valle, 

Valle, & Fior, 2013). Furthermore, poor sleep quality increases seniors’ odds of developing 

dementia  (Tranah et al., 2011). Thus, poor sleep is a risk factor for lower quality of life for seniors.  

Despite the importance of sleep, physicians are not necessarily trained to recognize sleep 

disorders in seniors. Moreover, they might assume that sleep disorders are an inevitable part of 

aging, an assumption increasingly questioned by many researchers (Harrington & Lee-Chiong, 

2007; Monjan, 2013). There is now firm evidence that it is not only age-related processes that 

bring about sleep disorders but also environment and lifestyle factors. 

Therefore, we need to move beyond research that merely aims to find some 

pharmacological solutions to improve sleep in older adults. Instead, research that focuses on the 

environmental needs of older adults and the impacts of physical environments on their lifestyle, 

health, and well-being is needed.  

This chapter will discuss circadian rhythms, the circadian effects of light, lighting design 

for circadian rhythms, and age-related changes in circadian rhythms and visual systems. Then, it 

will provide an overview of this research including research objectives, aims, rationale and need 

for the study, and studies assumptions and limitations.  

1.2. Circadian Rhythms: Overview of Mechanisms and Processes 
 

As the earth rotates around its axis, it provides a consistent and predictable 24-hour cycle 

of the light and dark over its surface. All eukaryotic organisms in the world adapt to this 

unstoppable daily pattern by developing biological rhythms that repeat at approximately 24-hour 

intervals (Figueiro, 2013). Mammals manifest this adaptation through the time-based organization 

of behavior into periods of sleep and wake or rest and activity. Mammals that use vision as their 
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primary sense to perceive the surrounding environment typically have a diurnal pattern (active 

during the day and sleep at night). In contrast, mammals that employ audition and olfaction as 

primary senses are nocturnal (active at night and sleep during the day) (Moore, 1997).  

These biological rhythms of sleep and wake are called circadian rhythms. The word 

circadian derives from two Latin words, “circa” meaning approximately and “diem” meaning day, 

thus circadian rhythm means a rhythm that repeats itself at about every 24 hours. 

Circadian rhythms are produced and synchronized by a specific neural system called the 

Circadian timing system (CTS). CTS is an internal clock (pacemaker) located in the 

Suprachiasmatic Nuclei (SCN). This internal clock is responsible for providing an extensive series 

of biological cycles including metabolism, hormone secretion, and cardiac function  (Kondratova 

& Kondratov, 2012; Moore, 1997). It enables the organism to entrain these cycles to its particular 

photic function (diurnal or nocturnal) and location on Earth (Figueiro, 2013).  

Since SCN is a self-sustaining oscillator, it can keep its daily activity patterns for weeks 

while isolated and cultivated. It means that if humans or animals are kept in an environment 

without time cues, the cycles of rest and activity behavior and consequently, the rhythms remain 

but with a period that is different from 24 hours. It is now well-known that SCN in humans has a 

cycle which is slightly longer than 24 hours. To ensure that humans’ behavioral and physiological 

rhythms are in synchrony with the daily rhythms in the environment, this cycle should be reset and 

synchronized regularly. This process is called entrainment.  

In humans, two rhythms are commonly used to estimate the timing of circadian rhythms: 

the circadian rhythms of core body temperature and the circadian rhythms of the melatonin 

production. Melatonin is a hormone produced by pineal gland in human brain and fluctuates with 

circadian rhythms (Crowley & Eastman, 2017). Levels of melatonin have a positive correlation 
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with sleep feeling.  In other word, melatonin levels increase in the evening near individual’s sleep 

time and stay consistent during the nighttime and while one is asleep. Early in the morning and 

near one’s habitual wake-up time, melatonin levels decline and reach to their nadir during the 

daytime  (Lewy, Lefler, Emens, & Bauer, 2006). In addition, in a normally entrained condition, 

sleep timing is significantly related to the timing of the circadian rhythms of body temperature 

with a negative correlation (Lack, Gradisar, Van Someren, Wright, & Lushington, 2008). The 

minimum core body temperature occurs 5-6 hours after one’s habitual sleep time while sleepiness 

circadian rhythms are at their maximum level (such as melatonin level) (Czeisler et al., 1992). 

One’s habitual wake up time happens 1-3 hours after minimum core body temperature while it 

begins to rise (Lack & Lushington, 1996).   

Circadian rhythms govern the internal coordination of various oscillators within and among 

several organ systems to improve the overall health of an organism and provide it with the optimal 

response to its environment (Gery & Koeffler, 2010; Green, Takahashi, & Bass, 2008; Kyriacou 

& Hastings, 2010; M. E. Young, 2006). A large body of research have proven that dysfunction of 

circadian system in humans negatively influences humans’ health and well-being  (Carvalho-Bos, 

Riemersma-van der Lek, Waterhouse, Reilly, & Van Someren, 2007; Cerny & Penhaker, 2009; 

Marcks et al., 2010) and increases the risk of metabolic syndromes, cardiovascular diseases, and 

cancer, as well as mental illnesses such as depression  (Mcclung, 2011) and anxiety (Ramsawh, 

Stein, Belik, Jacobi, & Sareen, 2009).   

1.3. Light and Circadian Rhythms 
 

Light is a fundamental need for humans. It is now well-established that light is not only 

necessary to fulfill adequately visual tasks, but it also has several powerful non-visual effects on 

humans such as sleep quality, mood, and behavior through neuroendocrinal pathways other than 
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the visual system. Light is the main stimulus that regulates circadian rhythms, as well as seasonal 

cycles and neuroendocrine responses in many species including humans (Corbett, Middleton, & 

Arendt, 2012). In fact, light is a rhythm regulator or Zeitgeber (lit. “time giver”). Zeitgeber is an 

environmental agent or event that provides the cue for setting or resetting a biological clock. The 

light received through signals from a recently discovered class of photoreceptors in the retina, 

referred to as Intrinsically Photosensitive Retinal Ganglion Cells (ipRGCs) (Gooley, Lu, Chou, 

Scammell, & Saper, 2001; Hannibal et al., 2001; Schantz, Provencio, & Foster, 2000) synchronizes 

the rhythmic activity of the SCN. There are several clinical studies that have demonstrated that 

light therapy is effective for treating seasonal affective disorders, sleep problems, and circadian 

disruptions (Ashkenazy, Einat, & Kronfeld-Schor, 2009; Bellia, Bisegna, & Spada, 2011; Bellia, 

Pedace, & Barbato, 2013; Eagles, 2009).   

Light could be broken down into five main characteristics: (1) quantity, (2) spectrum, (3) 

distribution, (4) duration of exposure, and (5) timing. These light characteristics influence the 

circadian system differently from the way they influence the visual system. 

(1) Quantity: Higher level of illumination (or light quantity or intensity) is required to 

impact the circadian system to stimulate than the visual system. The human visual system operates 

across a large range of light levels from starlight to sunlight, or approximately from 1lx to 120,000 

lx. For instance, while the visual performance is near its maximum at a typical illuminance level 

of 500 lx (on the working plane), this amount of light is only near the threshold of circadian system 

activation (Rea & Figuero, 2011). Hence, relatively low light levels (rarely brighter than 300 lx), 

which are typical of indoor lighting, cannot bring about significant circadian effects (Bellia et al., 

2011; Daurat et al., 1993; Kozakov, Franke, & Scho, 2008; van Bommel, 2006).  
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(2) Spectrum: While the spectral response of the visual system has a peak sensitivity of 

555nm (yellow-green light), the spectral response of the ipRGCs and hence circadian system is 

most sensitive short light wavelength with a peak at approximately 490nm (blue light) (Corbett et 

al., 2012). 

 (3) Distribution: Whereas the visual system deals mostly with the intensity of light falling 

or reflecting off a given surface, circadian rhythm is influenced primarily by light falling onto the 

eyes. Hence, the illuminance levels on the vertical plane and at the eye level matter more so than 

those on the working plane.  

(4) Duration of Exposure: It is estimated that the visual system can fully process light as 

short as 80 milliseconds. In contrast, it takes several minutes (usually more than 30 minutes) for 

the circadian system to respond to a light exposure (Rea, Figueiro, & Bullough, 2002). For 

instance, 50% melatonin suppression by a “white” light with the CCT of 5500K and 1000 lx 

corneal intensity at night took about 33 minutes for a circadian response (McIntyre, Norman, 

Burrowes, & Armstrong, 1989).   

(5) Timing: The minimum amount of light needed for the human visual system to perform 

varies slightly over the 24-hour day (Tassi, Pellerin, Moessinger, Hoeft, & Muzet, 2000). This 

means that visual performance does not depend on the time of the day. In contrast, the circadian 

system’s response to a lighting condition is strongly related to the timing of the light exposure. 

Light can have a small or large impact on the circadian system, which result in either phase advance 

or phase delay, depending upon when during the circadian cycle the eyes detect the light (Rea & 

Figuero, 2011).  

Another influential factor related to the impacts of lighting on the circadian clock is the 

history of light exposure, which is not a characteristic of the light itself. In fact, the sensitivity of 
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the circadian system to light appears to change depending upon previous light exposures. For 

example, a person who had been in a dim room all day long would show greater response to a 

given light at night (e.g., more melatonin suppression, greater alertness levels) than would an 

individual who had experienced very high sunlight levels during the day (Hebert, Martin, Lee, & 

Eastman, 2002).  

Much research has examined the effectiveness of various light characteristics on human 

circadian systems and sleep quality, with a focus on quantity and spectrum. Studies reported a 

significant association between the quantity of light exposure and sleep quality and/or related 

parameters in all age groups. In a cross-sectional survey on 72 office workers carried out by Kozaki 

et al. (2012), office workers who spent most of their working hours inside the building were 

exposed to less illuminance level (490 – 550 lux) and reported a significantly higher levels of sleep 

difficulties compared to those work outside the office and were exposed to higher lighting levels 

(700 – 750 lux) (Kozaki, Miura, Takahashi, & Yasukouchi, 2012).  

Spectral distribution of the light source is another light characteristic evaluated with respect 

to sleep quality and other related parameters. In most studies, Correlated Color Temperature (CCT) 

has been considered as an indicator of the spectral distribution. However, it should be noted that 

sometimes CCT is not a precise measure to assess the actual spectrum of the emitted light. 

However, studies failed to address the difference between CCT and spectrum in relation to the 

non-visual effects of light. It has been reported that exposure to blue-enriched light (usually CCT 

of 5000ºK or above) shift the circadian system and is associated with melatonin suppression. 

However, reddish and yellowish light (usually CCT of 3000ºK or lower) with a typical light 

intensity (< 300 lx) does not show any impacts on circadian systems and hence sleep quality.  

Kraneburg et al. (2017) studied the influence of 7 various CCTs (1600ºK, 1950ºK, 2750ºK, 
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3900ºK, 6100ºK, 7100 ºK and 14000ºK, 200 lux) on 17 subjects (20 – 27 years old) in two 

experiments that were conducted during the daytime. The findings showed that the CCT of the 

light source significantly affected melatonin suppression in adult subjects where higher CCTs were 

associated with more melatonin suppression. Suppression was almost negligible under the CCTs 

that were less than 2750ºK. No information with regards to spectrum of the tested lighting 

conditions were provided (Kraneburg, Franke, Methling, & Griefahn, 2017). This revealed that, 

depending on the spectrum, the CCT of the light source might be an influential factor in the 

circadian effects of light.   

In addition to intensity and spectrum, timing of light exposure is among the variables 

evaluated in the literature. Timing plays a fundamental role in designing the optimal lighting 

solution as circadian system response to a specific lighting condition varies in the daytime 

compared to nighttime. For instance, bright blue light before body temperature nadir delays 

circadian phase and after nadir advances it (White, Ancoli-Israel, & Wilson, 2013). A cross-

sectional study by Auger et al. (2012) on 38 subjects (10 – 18 years) suggested that later sleep 

onset times is associated with increased evening light exposure (Auger, Burgess, Dierkhising, G, 

& Slocumb, 2012). The optimal time for delivering lighting with proper intensity and spectrum to 

stimulate circadian rhythms depends on an individual’s circadian cycle and relation to a model 

rhythm that is in sync with the natural light/dark cycle (White et al., 2013). However, in general, 

research on the association between lighting and sleep quality among different age groups 

recommends that to meet human biological needs, an optimum environmental lighting design 

should provide bright blue light during the daytime (usually early in the morning) and then both 

illumination and CCT are to decrease gradually towards night to deliver a dim and yellow light.    
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As previously mentioned, duration of exposure is another influential parameter on how a 

lighting condition impacts circadian rhythms and sleep. This factor is usually evaluated in 

conjunction with lighting intensity and/or spectrum. In general, it is stated that longer duration of 

exposure is required for lower light intensities to obtain the same circadian effect.  For instance, it 

has been reported that 2 hours of exposure to blue enriched light with 2500 lux intensity have the 

same impact as 30 minutes of exposure to the same light with 10000 lux intensity (Turner, Van 

Someren, & Mainster, 2010). Also, 50% melatonin suppression can occur after 28 minutes of 

exposure to a 3000 lux lighting condition with CCT of 5500 K or 33 minutes of exposure to the 

same light but with 1000 lux intensity (Turner et al., 2010). However, duration of exposure is 

effective only if sufficient light intensity is available. For instance, for any duration of exposure, 

we can never obtain 50% melatonin suppression with 100 lux intensity (Rea & Figueiro, 2016).  

Spatial distribution of light is the parameter that, unfortunately, has been neglected in the 

literature. No study has assessed the impacts of spatial distribution of light on circadian system or 

sleep. Moreover, the studies on other light parameters rarely provide any exact information about 

the distribution of the light intervention and tested environment. These studies usually limit their 

description of lighting to illuminance levels (most of the time on the working plane) and/or CCT 

which are not sufficient to comprehend lighting distributions. Therefore, this should be the subject 

of future studies.  

As mentioned, all these characteristics play a significant role on how a lighting condition 

impacts the human circadian system. Unfortunately, so far, no study has had the intention to 

compare the effectiveness of these parameters (e.g., CCT versus intensity or timing versus duration 

of exposure). Studies usually examined them as separate variables in comparison to a control 

condition or combined them in one intervention and evaluated their collective impacts. However, 



10 
 

by reviewing literature and comparing the findings, we may conclude that light intensity (or 

quantity) has the highest effect on circadian system and therefore sleep quality. In fact, studies that 

examined the impacts of light intensity showed more significant and firmed results compared to 

those that investigated other parameters. After intensity, timing and duration of exposure seem to 

be the most effective ones due to specific behavior of our circadian system towards lighting. For 

instance, even very bright light condition cannot influence our circadian system in five minutes. 

Also, our circadian system’s response to the same lighting condition is completely different in the 

morning from evening time. CCT or spectrum comes after these three characteristics. Although, 

the effects of light spectrum on sleep and circadian system is evident, spectrum is influential only 

when a certain amount of light level is available. For instance, exposure to a blue-enriched white 

light (>6500ºK) with 100 lux corneal intensity does not provide enough circadian stimulus 

(obtained CS value = 0.16 while at least 0.3 is recommended). We need at least the corneal 

intensity of 250 lux to make sure that this specific lighting has circadian effects (CS value for the 

250 lux = 0.31) (calculated by the CS calculation tool which will be explained later).    

1.4. Lighting Design for Circadian Rhythms Stimulation 
 

Currently, there is no agreement for the proper minimum light level threshold or optimum 

spectrum to ensure effective circadian stimulus in buildings, or for the duration at which the effects 

of light exposure saturate. However, we can extract the following principles from the literature 

related to circadian lighting design:  

- High levels of bright blue illuminance (high intensity + high CCT (or blue-enriched 

spectrum)) early in the morning to phase advance the circadian clock. 
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- Medium to high levels of illuminance (medium to high intensity + medium CCT (neutral 

white)) in the afternoon to increase alertness without exerting substantial phase shifting 

effects on the circadian clock 

- Dimmed illumination (low intensity + low CCT (yellowish white light)) in the evening to 

avoid disruption of circadian rhythms and unwanted phase delay. 

Given these principles, one can conclude that light emitted from the sun possesses all 

required characteristics for stimulating and synchronizing humans’ circadian system. The variable 

characteristics of daylight offer individuals illumination with proper intensity and spectrum at the 

best time. Many studies have demonstrated that daylight exposure significantly improves mental 

and physical health, sleep, physical activity, and performance (Boubekri et al., 2014; Hoffmann et 

al., 2008; Mirrahimi, Ibrahim, & Surat, 2012; Wallace-Guy et al., 2002). However, due to 

inconsistent weather conditions, improper architectural design, and amount of time spent indoors, 

the natural regulating effects of daylighting are not always available; therefore, the standards for 

electrical lighting systems must be quite high to replace the important influences of natural light 

on circadian rhythms. 

In the past decade, lighting industry has focused on finding a lighting technology to 

simulate daylighting indoors. Tunable White Lights (TWL) is a recent lighting technology 

invented to serve this purpose. TWLs enables alternations of lighting intensity and CCT to simulate 

daylighting in indoor environments and suit individual and environmental needs. It is hypothesized 

that this new lighting technology provides occupants with a healing lighting condition that 

improves their sleep quality, well-being, and overall health; however, no firm scientific evidence 

has been demonstrated. 
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1.5. Circadian Lighting Metrics 
 

Circadian lighting metrics emerged to study the potential circadian effects of various 

lighting conditions through quantifying light exposure in biologically meaningful units. These 

metrics enable the measurement and circadian performance evaluation of existing lighting 

conditions as well as design of new ones. 

Several researchers have proposed metrics to quantify circadian effectiveness of the 

various light sources at a specific illuminance level. Circadian Stimulus (CS) is a recent metric 

developed by Professor Mark Rea and his colleagues at the Lighting Research Center (LRC) based 

on published studies of nocturnal melatonin suppression using illuminations of various SPDs. This 

metric measures the effectiveness of a light source with a specific SPD in providing circadian 

stimulus ranging from 0 (no effect) to 0.7 (maximum suppression level achievable after one-hour 

of exposure) (Rea et al. 2012; Rea, Figueiro, Bullough, & Bierman, 2005). Studies report that 

exposure to a CS of 0.3 or greater at the corneal for at least one hour in early mornings would be 

sufficient to promote circadian entrainment in various populations (Rea & Figueiro, 2016; P. D. 

Sloane et al., 2014; C. R. Young et al., 2015). CS may need to be increased if the duration of 

exposure is shorter (Figueiro, 2008). The CS metric can be applied to convert various light sources 

to units of Circadian Lux (CLA) for relative comparison using a publicly available circadian 

stimulus calculator that can be accessed on http://www.lrc.rpi.edu/programs/lightHealth/. 

Equivalent Melanopic Lux (EML) is a more recent metric developed after Enezi et al. 

(2011) and Lucas et al. (2014) to measure the biological impacts of light on humans. As a metric, 

EML is weighted to the ipRGC’s response to light and translates how much the spectrum of a light 

source stimulates ipRGCs and influences the circadian system. Figure 1 illustrates the spectral 

efficiency function of the melanopsin-containing ipRGCs (black curve), referred to as the 
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melanopic spectral efficiency function (C (l)). The melanopic spectral efficiency function can be 

used to quantify melanopic illuminance which is reported in units of EML. To calculate EML, 

photopic lux (corneal illuminance level at the vertical plane) is multiplied by the melanopic ratio 

(R) of the light source. Melanopic ratio is the ratio of melanopic lux to photopic lux for a given 

light source. Melanopic ratio of a light source can be calculated using the online tool developed 

by Lucas et al. (2014) and available at:  

http://lucasgroup.lab.manchester.ac.uk/research/measuringmelanopicilluminance/.  

The introduction of EML as a unit enables designers to distinguish the relative “circadian 

efficacy” of various light sources (e.g., daylight vs. fluorescent) that might create the same visual 

effects. EML is used by WELL Building Standard to measure sufficient lighting for circadian 

stimulus. WELL requires exposure above various EML threshold depending on the space type, 

ranging from 125 EML (learning areas), to 200 EML (work areas), to 250 EML (break rooms), for 

at least 4 hours a day for a 32-year old individual. 

 It should be mentioned that both these circadian lighting metrics are emerging and yet to 

be validated. In this study, we merely used these metrics to test our proposed whole-day lighting 

schemes against the circadian lighting design recommendations available in literature and 

standards.  
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Figure 1. Comparison of the spectral efficiency function of the melanopsin-containing ipRGCs (C (l), black curve) and the 

visual (photopic) system (V (l), green curve) 

 

1.6. Age-related Changes that Impact Circadian Rhythms and Sleep 
 

There are several factors that bring about sleep difficulty for geriatric groups including 

health problems, medication side effects, and specific sleep disorders (Daneault et al., 2012). 

However, drastic changes in performance of the circadian system with aging is the main factor that 

has been observed as a significant cause of sleep disorder even among healthy older adults who do 

not suffer from any medical, psychiatric, or specific sleep disorders (Hofman & Swaab, 2006) 

(Boudreau, 2013; Hofman & Swaab, 2006; Monjan, 2013).  

1.6.1. Changes to the Aging Circadian system 
 

The biological process of aging impacts the activity of multiple biological systems 

including the circadian clock (Stone, Ensrud, & Ancoli-Israel, 2008; Willis, 2014). Performance 

weakening of circadian rhythms through aging has been investigated in many studies for several 

years in various model organisms such as invertebrates (Joshi, 2008; Koh, Evans, Hendricks, & 

Sehgal, 2006; Rezával et al., 2008; Zheng, Yang, Yue, Alvarez, & Sehgal, 2007), rodents (Froy, 
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2011), primates (Zhdanova, Masuda, Rosene, & Killiany, 2011), and human (Monk, 2005; Skene 

& Swaab, 2003).  

Studies on the circadian pacemaker, the main component of the circadian system, have 

indicated that SCN deteriorates with aging and specifically after the age of 80 (Skene & Swaab, 

2003; Swaab, Fliers, & Partiman, 1985). In fact, with aging, the rate of neuronal activities in SCN 

are reduced and consequently, less robust and synchronized circadian rhythms are generated  

(Cohen-Zion & Ancoli-Israel, 2014). In addition, a reduced circadian rhythm amplitude after the 

age of 50 has been reported (Hofman & Swaab, 2006). Studies on animals have shown that with 

aging the amplitude of the sleep-wake cycle (Davis et al., 1998; Valentinuzzi, Scarbrough, 

Takahashi, & Turek, 1997) as well as the amplitude of multiunit electrical activity in SCN 

(Farajnia et al., 2012) are reduced. With regards to human circadian rhythms, it has been found 

that aging decreases the amplitude of the rhythms of melatonin and other hormones (Coevorden et 

al., 1991; Mu¨nch et al., 2014; Zeitzer et al., 1999) as well as temperature amplitude (Boivin et al., 

2020; Carrier, Monk, Buysse, & Kupfer, 1997; Weitzman, Moline, Czeisler, & Zimmerman, 

1982).  

Moreover, aging influences the circadian or sleep-wake biological phase. As people age, 

the circadian phase gradually moves earlier or advances (Duffy, Zitting, & Chinoy, 2015). The 

gradual advancing in older adults’ rest-activity phase results in modifications in sleep-wake’s 

timing. Thus, a common condition among geriatric groups is advanced sleep phase syndrome 

(ASPS). Older adults who suffer from ASPS, usually feel tired earlier in the evening and wake up 

earlier in the morning and they are not able to fall back to sleep (Cohen-Zion & Ancoli-Israel, 

2014). It is evident that compared to young individuals (20-30 years old), the circadian rhythms of 

the core body temperature are earlier in older adults (>60 years old) (Kim et al., 2014). In fact, 
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although inconclusive, aging has been demonstrated as a risk factor for ASPS due to the advanced 

phase of the circadian rhythms of melatonin and body temperature (Zisapel, 2001) (Sack et al., 

2007). As discussed before, waking usually occurs 1-2 hours after the minimum core body 

temperature.  Thus, ASPS might be a consequence of earlier core body temperature troughs (E. J. 

W. Van Someren, 2000). Moreover, the time intervals between the minimum of core body 

temperature and waking time decreases as people age (Duffy, Zeitzer, & Czeisler, 2007). The 

timing of melatonin rhythms is also reported to move earlier with aging (Kripke, Elliott, 

Youngstedt, & Rex, 2007; Tozawa et al., 2003). All these modifications in circadian systems that 

occur throughout the aging process in human’s body lead to deterioration of circadian rhythms, 

reduced sleep efficiency, and alteration of hormone productions. 

1.6.2. Changes in Aging Circadian Entrainment 
 

The process of interaction among various independent rhythmical systems with each other 

is called “entrainment” (Clayton, 2012). There are several types of independent rhythmical 

systems and all include some form of periodic or semi-periodic oscillatory activities. However, 

they need to be able to be sustained independently in the absence of other rhythmical systems 

(Clayton, 2012). The pendulum clock is a classic instance of entrainment which is synchronized 

when suspended from a support (Rosenblum, Pikovsky, Kurths, Schafer, & Tass, 2001). There are 

several mechanical examples of this phenomenon. Nonetheless, entrainment also extends to some 

biological instances including resetting circadian clock through external cues such as light 

(especially sunlight), social interaction, and physical activities.   

 The process of aging is also associated with reduced exposure to external cues or 

zeitgebers that provide entrainment signals to maintain proper timing of circadian rhythms.  It has 

been observed that older adults experience a shortage of adequate zeitgebers such as bright light 
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(the most important time cue), social interactions, and physical activities (Cochen et al., 2009; 

Roenneberg & Merrow, 2007). Research constantly demonstrates that older adults living in 

institutions are often alone, inactive, and immobile (Mozley et al., 2000), spend high proportion 

of their day in bed and frequently nap during the day which impacts their sleeping patterns (Gordon 

& Gladman, 2010; Neikrug & Ancoli-Israel, 2010), and seldom engage in activity (Ibrahim & 

Dahlan, 2015). Sanchez et al. (1993) found that older adults living in assisted living facilities are 

exposed to bright light for only 35 minutes a day. This number drops to only 2 minutes a day for 

senior residents of nursing homes (Ancoli-Israel, Parker, Sinaee, Fell, & Kripke, 1989). The human 

body needs at least 1 hour of exposure to bright light to be able to synchronize circadian rhythms 

effectively. Necessary duration of exposure differs for different ages as well as various light 

intensity and characteristics (Rea et al., 2005).  

1.6.3. Age-related Changes in the Eyes 
 

age-related changes that occur in the structure and function of eyes lead to a decline in the 

amount of light reaching the retina and consequently impact the circadian timing system (Schieber, 

2006). Visual performance weakens in seniors due to changes in the aged eyes and cognition. A 

functionally important change in the eye occurring with age is a reduction in pupil size (known as 

senile meiosis). As retinal illumination and pupil area are correlated, the amount of light reaching 

the retina reduces as humans age. The retina of a 20-year-old receives 3 times more light than that 

of a 60-year-old and 6 times more than that of an 80-year-old individual (Haegerstrom-portnoy & 

Morgan, 2007). Senile meiosis is not the only age-related problem that diminishes the amount of 

light reaching the retina and affecting retinal responses to light. As humans age, absorption in the 

crystalline lens increases which is known as “lens yellowing” (Lupi, Semo, & Foster, 2012). This 

occurs mostly due to exposure to ultra violet light. Research employing electroretinography 



18 
 

(ERG), a test of retina function, shows a 50% reduction in cone response to light among seniors 

compared to young adults (aged 15–24 years). Thus, retinal sensitivity to light weakens through 

aging (Daneault et al., 2013a). “Lens yellowing” selectively reduces transmissions of short-

wavelength light (blue light) which is essential to synchronize biological rhythms (Najjar et al., 

2014). A study conducted by Kessel, Siganos, Jørgensen, & Larsen (2011) on around 1000 Danish 

adults demonstrated that the age-related increase in yellowing of the lens led to greater sleep 

disturbance reported by participants. Furthermore, research established that aging is also 

associated with changes in retinal functions in human eyes by reducing the number of intrinsically 

photosensitive retinal ganglion cells (ipRGCs) in blind mice (Semo, Lupi, Peirson, Butler, & 

Foster, 2003). Photoreceptor cells, ipRGCs, located in the retina of mammals, regulate various 

interactions between biological functions and external luminous stimuli, thus a reduced number of 

them results in less light transmission between eyes and brain. 

1.7.  Statement of the Problem 
 

Considering the physical and biological impacts of light, it is evident that the proper 

lighting plays a critical role in improving the living environment and promoting quality of life in 

older adults (Lu, Park, & Ahrentzen, 2019). However, lighting for older adults has not received 

much considerations by researchers and designers. The limited number of studies that evaluated 

the impacts of lighting on sleep quality, mood, and cognitive functions in older adults indicated 

mixed results. In most of these studies, lighting intervention includes a light box, and not an 

ambient lighting, which exposes subjects to an extra lighting source with specific characteristics 

(e.g., blue-enriched light) for only a few hours without considering the impacts of other lighting 

sources that seniors are exposed to throughout the day (Fetveit & Bjorvatn, 2005; Herljevic, 

Middleton, Thapan, & Skene, 2005; Royer et al., 2012a).  
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On the other hand, studies reported poor lighting conditions in senior livings in terms of 

light levels and spectrum (Bakker, Iofel, & Lachs, 2004; De Lepeleire, Bouwen, De Coninck, & 

Buntinx, 2007; Eilertsen, Horgen, Kvikstad, & Falkenberg, 2016; Hegde & Rhodes, 2010). 

According to these studies, light levels in senior living facilities are not even sufficient to meet 

older adults’ visual needs. Most of the conventional lightings provide a constant illuminance level 

and spectrum (or CCT) during the day and night. Such lighting conditions do not necessarily 

provide efficacious stimulation of the circadian rhythms. This issue is even more salient for older 

adults who spend over 94% of their time indoors where the natural light regulating effects of 

daylighting are usually absent.  

Therefore, we can conclude that current lighting conditions in senior living facilities are 

not well-designed to meet the visual needs of older adults living in assisted living facilities, to 

properly regulate their circadian rhythm and improve their health and wellbeing. An appropriate 

ambient lighting condition in senior living facilities would be a whole-day lighting scheme that 

provides older adults with variable illuminance and spectrum throughout the day which simulate 

daylighting in the indoor environment to respond to their visual and circadian needs. 

1.8. Research Aims and Hypotheses 
 

The intention of this study is to evaluate the impacts of variable illuminance levels and 

spectrum (and CCT) applied by TWLs on improving sleep quality, mood, cognitive functions, and 

consequently quality of life in older adults. The project focuses on defining two whole-day lighting 

schemes by using TWLs, which provide a range of illuminations, and CCTs that are changing 

throughout a day.  

It is hypothesized that the whole-day lighting scheme is an appropriate lighting solution to 

compensate for age-related changes in circadian systems and accommodate older adults’ circadian 
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lighting needs through providing a suitable illuminance level and spectrum at the right time. 

Hence, applying a whole-day lighting scheme can help synchronize older adults' circadian 

rhythms, which will result in better outcomes for sleep, mood, cognitive performance, and thus 

quality of life.  

Throughout this study, we try to find answers to the following questions: "Do the current 

lighting conditions in the living spaces meet older adults’ visual and circadian lighting needs?”, 

“Is there any significant difference between sleep quality, mood, and cognitive performance of 

older adults living in spaces with high quality daylighting compared to those with low quality 

daylighting condition?”, “Does applying a variable whole-day lighting scheme improve older 

adults’ sleep quality, mood, cognitive performance, and quality of life?”, “Does adding tuning 

spectrum to the ambient illumination provide any addition benefit for older adults?” In this regard, 

the specific aims of this study include: 

Aim 1- Understand the associations between the lighting condition in living spaces and 

subjective and objective sleep quality, as well as cognitive function, subjective mood, 

and quality of life of older adults.  

Hypothesis: We hypothesize that there is a strong association between the lighting 

condition in living spaces and objective and subjective sleep quality, subjective mood, 

cognitive function, and quality of life among older adults. 

Aim 2- Explore the impacts of a whole-day lighting scheme with variable illumination 

(bright illumination in the morning and dimmed in the evening) and constant CCT (and 

so SPD) applied by TWLs on sleep quality, mood, cognitive performance, and quality 

of life in older adults through a nine-day lighting intervention.  
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Hypothesis: We hypothesize that applying a range of illuminations that provide bright 

morning lighting to evening dimmed lighting with constant CCT of 2700ºK (and so 

SPD) improves objective and subjective sleep quality of older adults and benefits 

mood, cognitive performance, and health-related quality of life.  

Aim 3 - Investigate the beneficial influences of adding tuning spectrum to the ambient 

lighting quality through exploring the effects of a whole-day lighting scheme with 

variable illuminations and variable CCTs (as suggested in section 1.3) applied by 

TWLs on sleep quality, mood, cognitive performance, and quality of life in older adults 

through a nine-day lighting intervention and compare the results with aim 2.  

Hypothesis: We hypothesize that exposure to a whole-day lighting scheme with a 

range of illuminations and variable CCTs (and so SPDs), as suggested in section 1.3., 

improves objective and subjective sleep quality of older adults and benefits mood, 

cognitive performance, and health-related quality of life; moreover, compared to the 

lighting scheme with variable illumination and constant CCT of 2700ºK, the proposed 

lighting schedule in aim 3 provides higher levels of enhancement with regards to the 

above-mentioned variables. Therefore, we hypothesize a range of illuminations and 

CCT should both be used to improve older adults’ sleep quality, mood, cognitive 

performance, and quality of life.  

1.9. Significance and Innovation 
 

The outcome of this study will be an optimum whole-day lighting strategy which includes 

adequate illuminance levels, CCT, timing, and duration of exposure to meet older adults’ circadian 

lighting needs and visual performance requirements. This lighting arrangement can be easily 

applied by using TWLs in older adults’ dwellings as well as communal rooms and other interior 
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public spaces such as corridors in senior facilities. Hence, this study promotes architectural lighting 

design in senior livings through providing ambient lighting conditions in the dwelling units of 

older adults that promote health and well-being. The innovation of this study comes from our 

comprehensive approach towards architectural lighting design. In this comprehensive approach, 

lighting is considered as a significant ambient quality that not only assists occupants with their 

everyday visual tasks, but also has a long-term impact on their physical, psychological, and 

physiological health, thus their quality of life.  

To accomplish a comprehensive lighting design, instead of applying a short-term lighting 

intervention similar to previous studies, we designed a whole-day lighting scheme that provides 

varying light intensity and color in response to daytime and nighttime lighting needs. Moreover, 

while most of the previous studies were conducted in laboratory settings, the current study occurs 

in the real living settings of the subjects who volunteered to participate in this study. This provides 

real value to the collected data and eliminates bias that might occur in the laboratory context. To 

our knowledge, this is the first study that examines the impacts of a whole-day lighting intervention 

on sleep quality, mood, and cognitive performance in older adults in their real living environments. 

As older adults spend most of their time indoor (usually in the dwelling units) and under the 

electrical lighting conditions, the findings of this study have the potential to impact a large portion 

of the older population.  

In addition, this study is the first that tests the potential benefits of TWLs for older 

populations in a real residential environment. This is particularly important for the lighting 

industry as the findings of this study is scientific evidence to develop TWLs or other future lighting 

technologies.  
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The findings also provide even more firm evidence with respect to the significant role that 

lighting in living spaces plays in health and well-being in older adults. This increases architects’ 

awareness and encourages them to consider lighting more seriously in the design of residential 

buildings and especially in those for the older population.  

Moreover, this study can forward and assist the process of building automation and smart 

housing by providing primary information to utilize the smart lighting systems at an optimum 

level. Architects, lighting designers, and facility managers can utilize the proposed whole-day 

lighting scheme as a preset for programing smart lights in senior livings and older adults’ homes 

in general.  

Finally, findings of the study can be used as scientific evidence to improve lighting 

standards in general as well as those related to long-term care facilities (e.g., nursing homes and 

assisted living facilities). Current lighting standards mainly provide recommendations for 

horizontal illuminance levels (for visual performance) and neglect the other parameters associated 

with the circadian effects of light such as CCT (and so SPD), duration of exposure, timing, and 

corneal illumination. The final outcome of this study could be a reliable source to enhance lighting 

recommendations and requirements which can later be utilized by architects and lead to better 

indoor environmental quality. 
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CHAPTER 2: REVIEW OF LITERATURE 

This chapter provides an overview of the literature concerning lighting and sleep quality, 

mood, and cognitive functions in older adults. Although this dissertation study evaluates the effects 

of ambient lighting conditions, studies investigating environmental lighting for older adults are 

limited. Therefore, a review of the literature investigating the effects of Bright Light Therapy 

(BLT) on older adults is included as information in those studies has implications for the study of 

the ambient lighting.  

2.1. Lighting and Older Adults’ Quality of Life 
 

The World Health Organization (1995) defines “Quality of Life” as “living conditions 

associated with the corresponding goals, expectations, standards, and concerns of each individual 

living in different cultural systems.” (Whoqol Group, 1995). The quality of life is influenced by 

each person’s abilities and proficiencies as well as opportunities and facilities to support people’s 

desires and demands to achieve their various life goals (Azri, Dahlan, Masuri, & Isa, 2016). The 

universal concept of quality of life illustrates a concern with regard to improvement and alteration 

of overall conditions of humans’ qualities of life through enhancement of the physical, moral, and 

social environment (Zachariae & Bech, 2008). Quality of life among older adults living in 

institutional settings is reported as poor (Higgins & Mansell, 2009; Rashid, Ong, & Yi Wong, 

2012). Research demonstrates that health status, social interactions, and sleep quality are three 

main factors that affect older adults’ quality of life (Eyigor, Eyigor, & Uslu, 2010; Netuveli, 

Wiggins, Hildon, Montgomery, & Blane, 2006; Ribeiro Do Valle et al., 2013). Sufficient sleep 

timing and quality is necessary for human beings as it maintains the body’s circadian clock and 

restores energy for daily activities. Consequently, sleep is an essential factor in affecting the 

quality of life (Dam et al., 2008). Researchers argue that poor sleep quality influences alertness, 
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memory, cognitive performance, mood, and emotional balance (Al-Jawad, Rashid, & Narayan, 

2007; Phillips & Ancoli-Israel, 2001) as well as physical health, and consequently reduces the 

quality of life.   

Lighting has a prominent effect on sleep quality and thus can impact the quality of life of 

older adults by improving their sleep quality and through it their memory and cognitive functions, 

as well as reducing stress, anxiety, and depression.  

Very few studies have examined the associations between light exposure and older adults’ 

quality of life. In most of these studies, quality of life was measured by questionnaires as a 

secondary outcome related to mood, health, and sleep quality. The only study that assessed quality 

of life directly related to light was conducted by Grandner, Michael A., Kripke, Daniel F., Langer 

(2005). In this study, the relationship of habitual light exposure to the quality of life for older 

women was assessed by means of self-report questionnaires designed for use as part of the Women 

Health Initiative (WHI). Findings demonstrated that the increased light exposure, especially in the 

morning, is related to improved quality of life. Although this study reported a significant 

correlation between light and quality of life, the causal mechanism of the relationship between 

these two variables might be bidirectional in nature or follow complex pathways. For instance, it 

is possible that those who receive more light will experience enhancements in functioning and, 

reciprocally, those with better functioning might receive more light. However, the positive effects 

of morning bright light exposure on health-related quality of life have been reported in a more 

controlled study by Friedman et al. (2009) where the quality of life was measure by using SF-36 

questionnaires after 12 weeks of exposure to bright light (4000 lux) in the morning. These results 

are also aligned with the findings of a study by Rubiño, Gamundí, Akaarir, & Cañellas (2017). 
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2.2. Lighting and Older Adults’ Sleep Quality 

2.2.1. Bright Light Therapy 
 

Bright Light Therapy (BLT) is considered as a Complementary and Alternative Medicine 

(CAM) approach and has been increasingly applied in a variety of sleep and psychiatric conditions 

including circadian-related sleep disorders and Seasonal Affective Disorder (SAD) (Wu et al., 

2015). BLT was introduced and tested for the first time in 1984 by Rosenthal and colleagues as an 

intervention to treat SAD (Rosenthal et al., 1984). BLT is usually administrated with a light box; 

however, other devices such as visors, masks and dawn simulators have been also employed in a 

few studies (Levitt, Lam, & Levitan, 2002; R. Loving, Kripke, & Shuchter, 2002; Wirz-Justice, 

2009). Although very few studies have investigated light treatment by means other than light 

boxes, a comprehensive review by Tuunainen, Kripke, & Endo (2004) suggests that light boxes 

seem to be more effective compared to the other tested alternatives. Light boxes usually emit bright 

white light from a variety of light sources such as fluorescent, incandescent, and Light Emitting 

Diodes (LEDs). The intensity and spectral distribution of the emitted light varies depends on the 

characteristics of the light source. In order to use a light box, the patient needs to sit in front of it 

for a prescribed period of time (usually between 30 to 120 minutes) and long enough to take 

advantages of the bright light exposure. Exposure to bright light suppresses melatonin production 

and contributes to the stimulation of the circadian rhythms (Ancoli-Israel, Martin, Kripke, Marler, 

& Klauber, 2002; Maanen, Marie, Heijden, & Oort, 2016). In general, the administration time for 

BLT is morning (7 AM–9 AM) or evening (7 PM–9 PM), although a few studies have delivered 

treatment during the mid-day (Gammack, 2008). BLT might potentially cause headache, nausea, 

dry skin, and eye symptoms such as dryness, sensitivity, and vascular injection of eye tissues 
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(Terman, 2007). Moreover, in healthy older adults, BLT might bring about irritability, 

anxiousness, and agitation  (Genhart, Kelly, Coursey, Datiles, & Rosenthal, 1993).  

Given the significant effectiveness of light exposure on sleep quality, a number of studies 

have investigated the efficacy of BLT in improving sleep problems such as insomnia and ASPS 

among older adults. These studies have reported inconsistent results, with some studies showing 

positive impacts while others found minor or no impacts (see Table 1). Although the reasons for 

these inconsistencies are not completely clear yet, they might occur as a result of a large variety in 

tested sleep problems, variety in studied groups (e.g., age, physical and mental conditions), and 

differences in study design and treatment administration. Particularly, there is a considerable 

variability in the design and methodology employed in the study of community-dwelling and 

institutionalized older adults in terms of measurement tools as well as administrated light treatment 

duration (number of treatment days and daily treatment duration), timing, and characteristics such 

as illuminance levels and spectral distributions.   

All these factors could influence the efficacy of the BLT in treating sleep problems among 

older adults. For instance, an influential factor is the quality of the study design. Studies without a 

control group (Fetveit, Skjerve, & Bjorvatn, 2003; Kohsaka et al., 2000; Skjerve et al., 2004) might 

find larger effects than randomized controlled trials (R. Loving et al., 2002; R. T. Loving, Kripke, 

Knickerbocker, & Grandner, 2005), as the latter control for placebo effects.  

In addition, duration of BLT administration appears to be a factor that influences sleep 

outcomes. In a very recent study by Rubiño et al. (2017) on 37 older adults, they show that 60 

minutes of morning exposure to bright light (10000 lux) significantly improved subjective 

insomnia by 25% when measured by the Oviedo Sleep Scale. However, in another study by (Wu, 

Sung, Lee, & Smith  (2015) with a similar protocol (10000 lux BLT) but 30 minutes of exposure, 
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no statistically significant improvement in sleep quality of the treatment group in comparison with 

the control group was found.  

Moreover, the illumination of the tested BLTs varies between 400 lux and 10000 lux. Low 

light levels appear to show no impacts on improving sleep quality of older adults particularly due 

to the age-related changes in the eyes. As an example, Royer et al. (2012a) reported no significant 

changes in daytime sleepiness of participants after 4 weeks of 30 minutes BLT exposure with the 

illumination level of 400 lux. 400 lux is relatively low illuminance. Reviewing literature suggests 

that BLT with the illuminance level of over 6000 lux might be beneficial to older adults’ sleep 

quality if all other factors are administered properly. In addition to light levels, the spectral 

distribution of the BLT is another important factor in determining the beneficial impacts of BLT. 

A few studies have considered this factor and compared the effectiveness of blue-enriched and 

green lights with red light (Gasio et al., 2003; Leggett, Conroy, Blow, & Kales, 2017; Münch, 

Linhart, Borisuit, Jaeggi, & Scartezzini, 2012). However, all these studies examined the 

effectiveness of spectral distributions in combination with light intensity and not as an individual 

factor and thus the actual effect of spectral distributions administered by BLT on older adults’ 

sleep quality is not clear yet. Considering the high potential of light therapy for sleep disorders 

among older adults, it is fundamental to obtain insight in the general and specific influences of the 

lighting therapy on various sleep problems and to identify factors that impact its efficacy. 

However, as administration of BLT might be problematic for older adults especially those 

diagnosed with dementia and Alzheimer’s, delivering all potential benefits of light through 

environmental lighting condition could be introduced as an applicable and optimal lighting 

solution to treat sleep disorders among older adults.  
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Table 1. Studies on the impacts of BLT on sleep quality of older adults 

Citation DP Variables Measures Light Intervention Sample Findings 

   Lux level CCT °K 
/ Color 

Duration   

(Kohsaka et 
al., 2000) 

Sleep 
Structure 

Sleep Dairy 
OSA Sleep 
Inventory 

6000 lux N/A 30 mins / 
Everyday 
/ 4 
Weeks 

5 Morning bright light 
exposure significantly 
decreased time in bed, the 
number of awakenings, 
and rapid eye movement 
fragmentations.  

(Gasio et al., 
2003) 

Circadian 
Disruptions 
Sleep  
 

Actigraphy 
 

0.001 lux 
to 210 lux 

White 
light 

24 hours 
/ 
everyday 
/ 3 weeks 

9 Dawn-Dusk Simulation 
of light induced a small 
advance in the circadian 
rest–activity cycle by 
inducing an earlier onset 
of the most restful period 
of the night. 

<5 lux Red light 3 weeks 4 

(Fetveit et al., 
2003) 

Sleep 
Efficiency 

Actigraphy 6000 - 
8000 Lux 

N/A 2 hrs/ 
Everyday 
/ 2 
Weeks 

11 Sleep improved 
substantially with bright 
light exposure. Waking 
time within nocturnal 
sleep was reduced by 
nearly two h, and sleep 
efficiency improved from 
73% to 86%. 

(Kirisoglu & 
Guilleminault, 
2004) 

Sleep 
Latency 
Total sleep 
time 
Fatigue 

Sleep Log 
Actigraphy 
ESS, 
SDQ 

10000 lux N/A 20 mins / 
everyday 
/ 60 days 

46 20 minutes of bright light 
treatment leads to a lesser 
treatment response than 
45 min at 3-month follow-
up and to a return toward 
baseline at 6-month 
follow-up that was not 
seen with a 45-min 
exposure. 

 (Skjerve et 
al., 2004) 

Sleep 
Disturbance 

Actigraphy 
 

5000 - 
8000 lux 

N/A 45 mins / 
everyday 
/ 4 weeks 

10 There was an advance of 
the activity rhythm 
acrophase.  

(Loving, 
Kripke, 
Elliott, 
Knickerbocke
r, & Grandner, 
2005) 

Sleep Onset 
Sleep 
Duration 

Actigraphy 
 

1200 lux Green 
Light 

1 hours / 
everyday 
/ 4 weeks 

17 There was no significant 
effect on sleep onset time 
or sleep offset time, nor 
did total sleep time vary 
significantly by treatment. 

10 lux Red light 1 hours / 
everyday 
/ 4 weeks 

16 

(Loving, 
Kripke, 
Knickerbocke
r, et al., 2005) 

Sleep Quality Urine Sample 
Saliva Sample 
Actigraphy 

8500 lux N/A 1 hr / 3 
times a 
day 

40 No significant 
improvement in sleep 
quality and timing 

<10 lux N/A 1 hr / 3 
times a 
day 

(Figueiro et 
al., 2008) 

Sleep Blood Sample 
Saliva Sample 

10.4 ± 2.6 Red 
(peak 
wavelen
gth = 
630 nm) 

90 mins 12 After 1 h of light 
exposure, the light-
induced nocturnal 
melatonin suppression 
level was about 35% for 
the low light level and 
about 60% for the high 
light level. 

53 ± 15.5 Blue 
(Peak 
Wavelen
gth = 
474 nm) 

90 mins 
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Table 1 (cont.) 

(Friedman et 
al., 2009) 

Subjective 
Sleep 
Objective 
Sleep 

Actigraphy 
Daily Sleep Logs 
Spielman 
Insomnia 
Symptom 
Questionnaire 
ESS 
Sleep Hygiene 
Questionnaire 
Horne-O¨ stberg 
Morningness/ 
Eveningness 
Questionnaire 
 

4000 lux N/A 45 mins 
Morning 
or 45 
mins 
evening / 
everyday 
/ 4 
Weeks 

26 Scheduled light exposure 
was able to shift the 
circadian phase 
predictably but was 
unrelated to changes in 
objective or subjective 
sleep measures. 

65 lux N/A 45 mins 
Morning 
or 45 
mins 
evening / 
everyday 
/ 4 
Weeks 

25  

(Most, 
Scheltens, & 
Van Someren, 
2010) 

Sleep 
Efficiency 
Sleep-Wake 
Rhythm 

Athens Insomnia 
Scale 
Dutch Sleep 
Disorders 
Questionnaire 
PSQI 
Actigraphy 

10000 lux N/A 30 mins 
Morning 
and 30 
mins 
evening / 
2 years 

36 N/A (it is a study 
protocol) 

300 lux N/A 30 mins 
Morning 
and 30 
mins 
evening  

36 

 (Lieverse et 
al., 2011) 

Sleep 
Efficiency 

Actigraphy 
Saliva Melatonin 
Levels 
 

7500 lux >5000 
(pale 
blue) 

60 
mins/ever
y day/3 
weeks 

45 BLT improves sleep 
efficiency. 

50 lux <1000 
(red 
light) 

60 
mins/ever
y day/3 
weeks 

44 

(Münch et al., 
2011) 

Circadian 
Phase 
Alertness 

EEG 
KSS 

N/A 4100 
(White 
light) 

2 hr / 
evening / 
3 days 

10 Evening light exposure 
could benefit older adults 
with early evening 
sleepiness, without 
negatively impacting the 
subsequent sleep episode. N/A Blue-

enriched 
Light 

2 hr / 
evening / 
3 days 

N/A 

(Friedman et 
al., 2012) 

Objective 
Sleep 
Subjective 
Sleep 

Actigraphy 
ESS 
Blake–Gomez 
Sleep Hygiene  

4200 lux Bright 
White 

30 mins / 
morning 
every day 
/ 2 weeks 

27 The results suggest that a 
brief, 30-min exposure to 
bright light in the morning 
was not sufficient for 
improving sleep in older 
individuals with memory 
problems or their 
caregivers. 

90 lux Red 
Light 

30 mins / 
morning 
every day 
/ 2 weeks 

27 

(Royer et al., 
2012a) 

Sleep  
Circadian 
Rhythms 

ESS 400 lux Blue 
Light 

30 mins / 
mon-Fri / 
4 Weeks 

15 No significant changes 
were detected in reports 
of daytime sleepiness 

75 lux Red light 30 mins / 
mon-Fri / 
4 Weeks 
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Table 1 (cont.) 

(Duffy, 
Scheuermaier, 
Münch, & 
Ronda, 2013) 

Sleep 
Efficiency 
Sleep 
Duration 
 

Observation 
Sleep Dairy 

N/A 4100 
(White 
light) 

2 hr / 
evening / 
3 days 

10 There was no significant 
change in sleep efficiency 
or the duration of any 
sleep stage between 
baseline nights and the 
nights following the light 
exposures. 

N/A Blue-
enriched 
Light 

2 hr / 
evening / 
3 days 

(Wu et al., 
2015) 

Sleep 
Disturbance 

Daily Sleep 
Recording Sheet 

10000 lux N/A 30 mins / 
morning/ 
3 times a 
week / 4 
weeks 

34 There was no significant 
difference in sleep 
disruption between the 
experimental group and 
control group.  

(Leggett et al., 
2017) 

Objective 
Sleep 
Subjective 
Sleep 

Actigraphy 
Sleep Dairy 
PSQI 

506 lux Blue-
Green 
(500 nm) 

30 mins / 
everyday 
/ 2 weeks 

11 Objective and subjective 
sleep quality were 
improved.  

(Rubiño et al., 
2017) 

Sleep Oviedo sleep 10000 lux N/A 60 mins/ 
everyday 
/ 2 weeks 

37 The exposure to bright 
light during morning time 
causes significant 
improvements in sleep 
quality and insomnia 

(Mohanty & 
Patra, 2019) 

Sleep  PSQI 
Sleep Dairy 

10,000 lux Cool 30 
minutes/ 
every 
day/ 2 
weeks 
 

48 A highly significant 
increase in global score of 
quality of sleep was 
found. 

 

2.2.2. Ambient Lighting  
 

Given the fact that older adults spend the majority of their time indoors along with the 

issues associated with using BLT, improving environmental lighting appears to be an effective 

solution to meet visual and circadian lighting needs of older population. This approach becomes 

more popular from a research, practical, and ethical point of view (van Hoof, Aarts, Rense, & 

Schoutens, 2009).   

Studies that exposed community-dwelling and institutionalized older adults to ambient 

bright light through ceiling mounted luminaires indicated positive short-term and long-term effects 

including reduced nocturnal unrest, reduced fragmented sleep, a more stable sleep-wake cycle, and 

more sleep quality and efficiency (see Table 2) for both healthy and ADRD participants.  
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These studies employed various research methods and study design and used a large variety 

of tools to measure sleep-related parameters. Almost all studies included objective outcome 

measurements such as wrist actigraphy (Mishima, Okawa, Shimizu, & Hishikawa, 2001; 

Riemersma-van der Lek, Swaab, Twisk, Hol, Hoogendijk, & Van Someren, 2008; Wakamura & 

Tokura, 2001). There are a few studies that measured salivary and urinary melatonin as well as 

blood melatonin (Obayashi, Saeki, Iwamoto, Okamoto, et al., 2013; Sander, Markvart, Kessel, 

Argyraki, & Johnsen, 2015). Measuring subjective sleep parameters by questionnaires is also used 

in some other studies individually or in combination with objective measures. Pittsburg Sleep 

Quality Index (PSQI) is the most common questionnaire used in this respect. 

Most of these studies concentrated on the illuminance levels and spectrum (or CCT) as the 

main lighting characteristics associated with older adults’ sleep quality. Riemersma-van der Lek 

et al. (2008) conducted a long-term double-blinded experiment on 189 older adult subjects (85.8 

± 5.5) to test the effects of 15 months of daily, whole day bright (1000 lux) or dim (300 lux) light 

exposure applied through indirect ceiling mounted luminaires on sleep duration, nocturnal 

restlessness, and sleep efficacy of older adults. They found that exposure to bright light would 

improve sleep efficacy and duration by 3.5% and 2% respectively over time. This experiment is 

the only recent study that assessed a long-term trial of the ambient light bright light on senior 

populations.  

Sloan et al. (2007) examined the impacts of high-intensity bright light (2500 lux) in public 

areas of long-term care facilities on sleep patterns and circadian rhythms of 66 participants with 

dementia. Participants were exposed to either morning bright light (3 hours), evening bright light 

(3 hours), or whole day bright light (8 hours). This study is especially significant in that in addition 

to illuminance levels, it examined the effects of timing as an area of scientific controversy. The 
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results of this study suggested that, compared to evening, morning and whole-day bright light 

exposures are more beneficial to improve the sleep quality of older populations. Throughout the 

intervention, morning and whole-day ambient bright light exposure significantly increased night-

time sleep (16 minutes for morning exposure and 14 minutes for whole day exposure), and it was 

more effective in patients with severe or very severe dementia; moreover, while morning bright 

light produced on average 29 minutes of phase advance, evening bright light caused an average of 

15 minutes phase delay. These findings are aligned with other studies which showed the clinical 

advantages of morning light exposure on institutionalized older adults (Figueiro et al., 2019; 

Formentin et al., 2020; Skjerve et al., 2004). Therefore, light exposure should be provided during 

the daytime to take advantage of ambient bright exposure in promoting circadian entrainment 

among older adults. It has been reported that evening exposure to bright light is associated with 

sleep disruption. In a large, community-based, cross-sectional study on 857 older adult 

participants, Obayashi et al. (2014) found a significant association between the increasing 

illumination at night and poorer sleep quality, decreased sleep efficiency, prolonged sleep-onset 

latency, increased wake-after-sleep onset, shortened total sleep time, and delayed sleep-mid time.  

Spectral distribution of the light source (or CCT) is another factor evaluated with respect 

to sleep quality of older adults. van Hoof et al. (2009) conducted an experiment on 42 older adults 

(mean age: 85.6) to test the influences of prolonged exposure to bright light (∼1800 lux at 

horizontal plane and on working level) on behavior and circadian rhythms of institutionalized older 

adults with dementia. In this regard, ceiling-mounted luminaires emitting bluish (6500K) and 

yellowish (2700K) light were installed in an intervention group that was compared to a control 

group of traditional dim lighting equipment. Findings showed a significant improvement in the 

restless behavior of the intervention group exposed to blue light. This effect was not observed in 
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the yellowish light scenario. These results revealed that in addition to intensity, the spectrum and 

CCT of the light source is another influential factor in the circadian effects of light in older adults; 

however, this study measured only subjective restless behavior and did not provide any evidence 

with regards to objective and subjective sleep quality, duration, timing, and efficiency. The 

associations between sleep efficiency and duration with spectral distribution of the light was 

investigated by Figueiro et al. (2015). In this study, researchers examined the effectiveness of a 

lighting intervention with short wavelength spectral distribution (CCT of 9325 K) on circadian 

stimulation and objective and subjective sleep efficiency of 35 ADRD older adults. The intensity 

of the tested light was 400 lux at the vertical plane (120 lux at the horizontal plane). They reported 

that four weeks of bright blue light exposure resulted in significantly greater circadian entrainment, 

higher sleep efficacy, and longer sleep durations among ADRD older adults. Although less 

compelling and showing only a 2% increase in sleep efficiency, these results were consistent with 

those observed by Figueiro et al. (2014),  Figueiro, Plitnick, & Rea (2016), and Figueiro, Lesniak, 

& Rea (2011).  

In a more recent study, Van Lieshout-van Dal, Snaphaan, & Bongers (2019) evaluated the 

exposure to a dynamic lighting on sleep quality of thirteen older adults with AD. During the day, 

the participants received gradual illumination levels ranging from 600 lux at 8 a.m., 1100 lux 

between 10 a.m. to 2 p.m. and 600 lux after 5 p.m. During the day, the light was blue-enriched 

with color temperature was around 6500 K During the evening, the color temperature had a 

warmer, around 1800 K. Three biodynamic lighting armatures were placed in the common area 

for a period of three weeks and then removed for the same period. Results showed a significant 

reduction in the frequency of night-time bed leave moments (11 to 5) and day time naps (16 to 7). 

These results were aligned with those of found by Mariana et al. (2017) as well as with the 
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conclusion of a review study by White et al. (2013) which included 18 cited studies that dynamic 

lighting interventions might decrease symptoms of circadian disruption in older adults and 

improve their sleep quality.  

Whereas these studies confirmed the positive effects of morning bright blue light exposure 

on improving sleep of seniors, Sander et al. (2015) reported no significant results. In this study, 

the effects of a 3-week exposure to bright-blue-enriched indoor ambient light (5100 K) were 

compared to that of blue-suppressed light (2800 K) on subjective and objective sleep quality of 

older adults in their private homes. The light levels were kept the same for both lighting conditions 

(240-280 lux). The results were no significant differences between the two indoor lighting 

conditions in sleep or rest duration, sleep quality, and other circadian parameters such as morning-

evening types and melatonin concentration. One explanation for these findings might have 

something to do with the level of the light, which could have been too low to find a difference. 

Moreover, participants of this study were healthy older adults who independently lived in their 

private homes. This group of people are still mobile and could have activities outside the house 

where they could be exposed to daily natural light. Exposure to daily sunlight might have nullified 

the impacts of the lighting intervention.   

All these studies seem to suggest that a properly designed light/dark pattern could improve 

sleep efficiency of older persons, including those with AD, through consolidation of their circadian 

rest/activity rhythms. The results of previous studies suggest that a proper lighting solution for 

older adult should provide them with higher ambient light levels (e.g., >120 lux at the horizontal 

plane) with more short wavelength contents (e.g. 6500K or higher) during the day, while the 

evening lighting system should provide lower ambient light levels (e.g., <300 lux at the horizontal 

plane) and use light sources with less short-wavelength content (e.g. 2700 K). However, more 
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detailed studies are required to determine precise lighting exposure timing, duration, intensity, and 

spectral distribution of the source, and to propose a 24-hour lighting schedule for older adults.  

Table 2. Studies on the impacts of ambient lighting on older adults’ sleep quality. 

Citation DP Variables Measures Light Intervention Sample Findings 

   Lux level CCT °K 
/ Color 

Duration   

(Shochat, 
Martin, 
Marler, & 
Ancoli-Israel, 
2000) 

Percent Sleep 
and Wake 

Number of 
Naps 

Actigraphy N/A N/A N/A 66 The median light level 
was 54 lux and a median 
of only 10.5 min were 
spent over 1000 lux. 
Higher light levels 
predicted fewer night-
time awakenings.  

(Mishima et 
al., 2001) 

Melatonin 
levels 

Sleep Onset 

Sleep 
Efficiency 

Sleep 
Duration 

Blood Samples 

Actigraphy 

2500 lux N/A 4 hours/ 
everyday 
/ 4 weeks 

10 Supplementary exposure 
to 4 h (1000 to 1200 h, 
1400 to 1600 h) of midday 
bright light significantly 
increased melatonin 
secretion in older adults 
and improves their sleep 
quality and duration.  

(Wakamura & 
Tokura, 2001) 

Sleep Quality Actigraphy 

Saliva Sample 

3000 lux N/A 5 hours / 
everyday 
/ 1 week 

7 The findings suggest that 
diurnal bright light 
exposure for hospitalized 
older adults improves 
their sleep quality.  

(Riemersma, 
2002) 

Sleep 
Efficiency 

rest-activity 
rhythm 

Actigraphy 1000 lux N/A Whole 
day / 6 
weeks 

6 Overall interaction effect 
of light and melatonin, 
increasing the stability 
and amplitude of the rest-
activity rhythm by 8%, 
lowering nocturnal 
restlessness by 22%, and 
improving sleep 
efficiency by 3%. 

375 N/A Whole 
day / 6 
weeks 

6 

(Riemersma-
van der Lek, 
Swaab, Twisk, 
Hol, 
Hoogendijk, 
& Van 
Someren, 
2008) 

Sleep Quality Actigraphy 1000 lux N/A 10 am - 6 
pm/ 1 
year 

98 The treatments 
significantly reduced 
sleep fragmentation and 
improved sleep durations.  

375 N/A Whole 
day / 6 
weeks 

6 

(Philip D. 
Sloane, Md, 
Figueiro, & 
Cohen, 2008) 

Sleep Onset 

Sleep 
Duration 

Actigraphy 2500 lux N/A 2.5  
hours 
morning 
and 
evening 
exposure
8.5 hours 
all-day 
exposure 

66 Night-time sleep 
increased significantly in 
participants exposed to 
morning and all-day light.  
Morning light produced a 
mean phase advance of 29 
minutes and evening light 
a mean phase delay of 15 
minutes. 
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Table 2 (cont.) 

(van Hoof, 
Schoutens, & 
Aarts, 2009) 

Circadian 
Rhythms 

The Dutch 
Behavior 
Observation 
Scale for 
Intramural 

Psychogeriatric 
(GIP) 

1800 lux 6500  3 weeks 16 High intensity light with a 
high CCT (6500 K) 
improves circadian 
rhythmicity in 
institutionalized older 
adults with dementia 

1800 lux 2700  3 weeks 10 

(van Hoof, 
Aarts, et al., 
2009) 

Circadian 
Rhythms 

The Dutch 
Behavior 
Observation 
Scale for 
Intramural 

Psychogeriatric 
(GIP) 

500 lux 17000  9 12 The 17,000 K lighting 
scenario did not improve 
circadian rhythms. In 
contrary, it even resulted 
in worsened observed 
behavior. 

500 lux 2700  9 

(Missildine, 
Bergstrom, 
Meininger, 
Richards, & 
Foreman, 
2010) 

Sleep Quality Actigraphy N/A N/A N/A 48 No significant correlation 
was found between sleep 
and lighting. 

(Figueiroa, 
Hamnera, 
Higginsb, 
Hornickb, & 
Rea, 2011) 

Circadian 
Disruption 

 

Dimesimeter N/A N/A N/A 13 lower levels of light 
exposure and greater 
levels of circadian 
disruption were seen 
during the winter than 
during the summer 

(Obayashi, 
Saeki, 
Iwamoto, 
Okamoto, et 
al., 2013) 

Sleep 
Duration 

Urinary 
Melatonin 

N/A N/A N/A 516 There is significant 
association between Sleep 
duration, insomnia, and 
night time illuminance 
level. 

(Obayashi, 
Saeki, & 
Kurumatani, 
2014) 

Objective 
and 
Subjective 
Sleep Quality 

PSQI 

Actigraphy 

N/A N/A N/A 857 Exposure to light at night 
is significantly associated 
with both subjectively and 
objectively measured 
sleep quality in a 
community based elderly 
population. 

(Obayashi, 
Saeki, 
Iwamoto, et 
al., 2014a) 

Sleep onset Actigraphy N/A N/A N/A 192 Exposure to evening light 
prolongs subsequent 
sleep-onset latency in 
older adults.  

(Akei 
Ichimori, 
Tsukasaki, & 
Koyama, 
2015) 

Subjective 
Sleep Quality 

PSQI N/A N/A N/A 44 No significant 
associations between 
illuminance levels and 
subjective sleep quality 

(Figueiro et 
al., 2015) 

Circadian 
Rhythms 

Sleep 
efficiency 

Daysimeter 

Actigraphy 

PSQI 

400 lux 9325  3 weeks 34 The lighting intervention 
significantly increased 
circadian entrainment and 
sleep efficiency. 
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Table 2 (cont.) 

(Sander et al., 
2015) 

Sleep 
Duration 

PSQI 

Saliva Sample 

Actigraphy 

280 lux 5100  6 hours / 
everyday 
/ 3 weeks 

29 No significant differences 
were found between the 
two indoor lighting 
conditions in sleep or rest 
duration measured by 
diary and Actiwatch, or 
sleep quality measured 
with the Pittsburg Sleep 
Quality Index. 

240 lux 2800 6 hours / 
everyday 
/ 3 weeks 

25 

(Tsuzuki, 
Mori, Sakoi, 
& Kurokawa, 
2015) 

Sleep Quality Actigraphy N/A N/A N/A 8 Increased lighting level 
before the sleep prolongs 
the bedtime and wake 
time after sleep onset, and 
became wake-up time 
earlier. Increased lighting 
levels during the sleep 
period mount up the wake 
time after sleep onset and 
impaired the sleep 
efficiency index. 

(Karami, 
Golmohamma
di, 
Heidaripahlav
ian, 
Poorolajal, & 
Heidarimogha
dam, 2016) 

Sleepiness 

Day and 
night 
melatonin 

blood samples  

KSS 

Daylight N/A 9:00 – 
10:00 
and 
16:00 – 
17:00 
everyday 
daylight 
exposure 
for 6 
weeks 

 Daylight exposure could 
delay sleep phase and 
correction of circadian 
rhythm in elderly. 
Anxiety.  

(Nioi, Roe, 
Gow, Mcnair, 
& Aspinall, 
2017)  

Sleep Actigraphy N/A N/A N/A 16  

(Mariana G. 
Figueiro et al., 
2019) 

Circadian 
Rhythms 

Sleep 
efficiency 

Daysimeter 

Actigraphy 

PSQI 

600 lux 5000 4 weeks 46 The lighting intervention 
tailored to maximally 
entrain the circadian 
system can improve sleep 
in patients with dementia.  

(Van 
Lieshout-van 
Dal et al., 
2019) 

Bed Leave 

Daytime 
Napping  

Bed Sensors 600 lux at 
8:00, 1200 
lux at 
10:00 – 
14:00, 600 
lux at 
17:00 

Daytime: 
6500 

Evening: 
1800 

3 weeks 13 During exposure the 
average frequency of 
night-time bed leave, and 
daytime napping 
significantly decreased.  
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2.3.Lighting and Older Adults’ Mood and Depression 
 

Depression is a common symptom among older adults with the estimated prevalence of 

5% - 15% among community-dwelling older adults (Taylor, 2014). According to the American 

Geriatrics Society (2003), depression occurring with dementia is the most common disorder for 

older adults residing in nursing homes. Depression can bring about psychological distress, 

functional impairment, and consequently poorer overall health outcomes (Wu et al., 2015). In 

addition, it has been demonstrated as a risk factor for cardiovascular diseases (Ariyo et al., 2000). 

Depression among older adults is associated with cognitive impairment and could approximately 

double the risk of dementia (Saczynski et al., 2010). Moreover, these depressive symptoms could 

place more stress on caregivers in both institutional and home settings (Hickman, Barrick, 

Williams, Rose, et al., 2007). 

Researchers argue that light with correct characteristics could be as effective as medication 

in the treatment of depression if it is employed at the right time and with sufficient duration  (Akei 

Ichimori et al., 2015; Tuunainen et al., 2004). Most of these studies examine the effectiveness of 

Bright Light Therapy (BLT) for treating depression. BLT showed positive impacts on treating 

depression as an adjunct in combination with antidepressant medicine (Martiny, Lunde, Unden, 

Dam, & Bech, 2005), particularly when administered in the morning hours (Golden et al., 2005). 

A meta-analysis of BLT in the treatment of mood disorders published by Golden et al. (2005) 

reported predominantly positive benefits of BLT. They reported that BLT significantly decreased 

depression symptom severity with an effect size of 0.84. In addition, BLT showed minimal side 

effects on patients (Gallin et al., 1995; Pail et al., 2011). 

Several studies support the effectiveness of Bright Light Therapy (BLT) for treating 

depression in older adults (see Table 3). However, the characteristics of applied BLT in these 
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studies are varied in terms of illumination levels, spectrum (or CCT), duration of exposure, and 

timing. In one study, 60 hospitalized individuals (mean age 75 years) were randomized to 50 

minutes of 5000 lux morning bright light versus control for 5 consecutive days. Geriatric 

Depression Scale (GDS) scores were similar at baseline between treatment and control groups. 

With BLT, GDS scores dropped significantly among participants in the treatment group but did 

not change in control group (Y. F. Tsai, Wong, Juang, & Tsai, 2004). Moreover, in a placebo-

controlled study, 14 participants (mean age 84 years) received 5 days of bright light (10000 lux), 

dim light (300 lux), or no light therapy for 30 minutes each day. GDS scores decreased 

significantly during the BLT but did not change during the dim- or no-light period. After BLT, 

50% of the participants no longer scored in the depressed range (Sumaya, Rienzi, Deegan, & Moss, 

2001). Similar results were reported in other studies (Leggett et al., 2017; Rubiño et al., 2017; 

Skjerve et al., 2004)  where researchers investigated the effects of high intensity light on treating 

depression on older adults. Although these studies employed similar study design, they examined 

various duration of exposure to BLT from 30-180 minutes a day for 5 to 50 days. No study 

compared the effectiveness of duration of exposure on the treating effects of BLT.  

Whereas the above-mentioned studies focused merely on the light intensity of BLT, a few 

other studies added Spectrum and/or CCT as another beneficial factor that might positively impact 

depression in the aged population. Komatsu et al. (2010) examined the effects of bluish and reddish 

BLT exposure on behavioral and psychological symptoms of dementia (BPSD) in 8 Alzheimer 

Disease (AD) older adults (mean age = 80) living in geriatric healthcare facilities. Subjects 

received either blue (12,000K) or red (2,400K) light with a consistent intensity of 2000 lux from 

light-emitting diodes and were measured before the eyes in gaze direction from 9:00 am to 9:30 

am during the occupational therapy. Results of this study showed that bright light exposure in the 
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morning significantly improved BPSD symptoms among older adults with AD. In another study 

by Lieverse et al. (2011), the efficacy of BLT with high intensity blue light on depressive 

symptoms in older adults was investigated in a double-blind, placebo-controlled randomized study. 

Throughout this experiment, 45 senior participants in the treatment group were exposed to 1 hour 

of early morning BLT with pale blue light and the intensity of 7500 lux for three weeks. The other 

44 participants in the control group received red light with the intensity of 50 lux with the same 

timing and duration of exposure. Findings of this study indicated that blue BLT with higher 

intensity produces continuing improvement in mood of older adults. These results suggest that 

higher CCTs and blue-enriched light can add to the efficacy of high-intensity BLT in the process 

of depression treatment.   

Although several studies supported the effectiveness of bright light on reducing depression 

among geriatric groups, there are a few studies that reported no impacts (R. T. Loving, Kripke, 

Elliott, et al., 2005; Royer et al., 2012b; Wu et al., 2015). The conflicting findings of these studies 

suggest the need for further investigation. A significant impediment to further research on bright 

light therapy in older adults is that these individuals typically require constant reminders to remain 

seated and awake in front of a light box long enough to benefit from the bright light exposure. This 

is even more challenging for seniors with dementia or AD. These constraints limit such research 

to the subpopulation of individuals who will remain seated. Perhaps more importantly, it also 

creates a secondary, unintended component to the treatment interaction with staff who provide 

reminders to stay seated. An alternative way to deliver bright light therapy is providing an ambient 

of high-intensity, low-glare overhead lighting (Hickman, Barrick, Williams, Zimmerman, et al., 

2007). This approach relies on passive exposure, permitting older adults to engage in their normal 
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activities without restricting movement, and removes the interaction bias inherent in light box 

studies in this population.  

Reviewing literature suggests the positive impacts of ambient indirect overhead bright light 

on enhancing mood and treating depression among older adults. The effectiveness of illuminance 

levels in the ambient indoor environment is important for both the treatment and prevention of 

depression  (Shochat et al., 2000). Researchers demonstrated a significant negative correlation 

between daytime ambient illuminance levels of over 400 lux and depression scores among older 

adults (Ichimori, Tsukasaki, & Koyama, 2013). Although 400 lux is a significantly low 

illuminance compared to those used for light therapy, it seems that over 400 lux might be an 

appropriate daytime illuminance to maintain mental health of seniors if duration of exposure is 

sufficiently long. Despite the beneficial impacts of daytime ambient bright light, night time 

illuminance exposure is reported to have a positive association with the risk of depression among 

older adults (Obayashi, Saeki, Iwamoto, Okamoto, et al., 2013), possibly due to circadian phase 

delay and impaired sleep quality. 

The beneficial effects of daytime bright light on depression and mood of senior population 

have also been demonstrated in recent randomized controlled studies (Dowling, Graf, Hubbard, & 

Luxenberg, 2007; Figueiro et al., 2019; Karami et al., 2016). Findings of these studies show that 

the long-term application of whole day ambient bright light in residential settings could reduce 

depressive symptoms by a relative 19% in older adults. However, these studies merely evaluated 

the effectiveness of light intensity, and no data were provided with respect to the light 

intervention’s spectrums and CCTs, whereas these two factors might be associated with symptoms 

of depression among older people.  
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Nevertheless, thus far, studies on the effects of CCTs and spectrum on depression 

symptoms among older adults indicated no statistically significant correlation. This might be due 

to insufficient sample size, participants’ mental and physical conditions (e.g., ADRD patients), 

methodological issues, and the incorrect application of light intervention. For instance, in the study 

by van Hoof et al. (2009), they compared the usefulness of 17000 K lighting intervention on 

improving mood and behavioral symptoms of older adults with a 2700 K control condition. 

However, the intensity of light in the control condition was higher than the intervention condition 

and no significant improvement was found.  

Although the association between lighting and depression is evident, more research is 

required to investigate the optimal characteristics of the light to maintain behavioral health of older 

adults. As all lighting characteristics such as intensity, spectrum, timing, and duration might have 

some interactive influence, it is suggested that future studies focus on the combination of these 

factors to examine their interaction and find the optimum lighting solution. Moreover, considering 

the limitations of BLT and senior populations, it is fundamental to develop ambient lighting 

solutions to increase the efficiency. 
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Table 3. Impacts of lighting on older adults’ mood and depression. 

Citation Variables Measures Lighting Light Intervention Sampl
e Size 

Findings 

    
Lux 
level 

CCT °K 
/ Color Duration   

 (Skjerve 
et al., 
2004) 

Mood 

Agitation 

CMAI 

BEHAVE-
AD 

BLT 5000 - 
8000 
lux 

N/A 45 mins / 
everyday 
/ 4 weeks 

10 Behavioral symptoms 
were improved 

(Tsai, 
Wong, 
Juang, & 
Tsai, 
2004) 

Depression GDS BLT 5000 
lux 

N/A 50 mins / 
5 days 

30 Depressive symptoms 
were significantly 
reduced in the 
experimental group at 
post-test but no 
significant decline was 
found in the control 
group. 

N/A N/A N/A 30 - 
Contro
l 

(Loving, 
Kripke, 
Knicker
bocker, 
et al., 
2005) 

Mood 

Depression 

Sadness 

GDS 

SIGH-
SAD-SR 

HDRS 

 

BLT 8500 
lux 

N/A 1 hr / 3 
times a 
day 

41 16% improvement in 
GSD and HDRS 
measures.  

<10 lux N/A 1 hr / 3 
times a 
day 

(Loving, 
Kripke, 
Elliott, 
et al., 
2005) 

Mood GDS BLT 1200 
lux 

Green 
Light 

1 hours / 
everyday 
/ 4 weeks 

17 Mood improved on 
average 23% for all 
subjects, However, no 
significant statistical 
differences were found 
between treatment and 
placebo groups. 

10 lux Red light 1 hours / 
everyday 
/ 4 weeks 

(Dowlin
g et al., 
2007) 

Depression 

 

NPI-NH BLT 2500 
lux 

N/A 1 hour 
morning / 
Mon-Fri/ 
10 weeks 

29 Analyses revealed that 
light therapy 
significantly reduces 
depression scores for 
both morning and 
evening groups.   2500 

lux 
N/A 1 hour 

evening / 
Mon-Fri / 
10 weeks 

24 

(Riemers
ma-van 
der Lek 
et al., 
2008) 

Depression Cornell 
Scale for 
Depression 
in 
Dementia 

Ambient 
Lighting 

1000 
lux 

N/A 10 am - 6 
pm/ 1 
year 

98 Light ameliorated 
depressive symptoms 
by 1.5 points on the 
Cornell Scale for 
Depression in 
Dementia.  

 

 

 

 

 

300 lux N/A 10 am - 6 
pm/ 1 
year 

91 
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Table 3 (cont.) 

(Sloane 
et al., 
2008) 

Depression CSDD 

PHQ-9 

Ambient 
Lighting 

400 lux 13000 3 hours in 
the 
morning 

17 For both the CSDD 
and the PHQ-9, the 
intervention condition 
was associated with a 
statistically significant 
improvement 
compared to usual 
light, but the contrasts 
of intervention 
condition to control 
condition were not 
significant.  

400 lux 2700 3 hours in 
the 
evening 

17 

(van 
Hoof et 
al., 
2009) 

Mood The Dutch 
Behavior 
Observatio
n Scale for 
Intramural 

Psychogeri
atric (GIP) 

Ambient 
Lighting 

1800 
lux 

6500  3 weeks 16 High intensity light 
with a high CCT (6500 
K) may positively 
influence restless 
behavior.  

1800 
lux 

2700  3 weeks 10 

(van 
Hoof et 
al., 
2009) 

Mood The Dutch 
Behavior 
Observatio
n Scale for 
Intramural
Psychogeri
atric (GIP) 

Ambient 
Lighting 

500 lux 17000  9 Days 12 The 17,000 K lighting 
scenario increased the 
scores for 
depressive/sad 
behavior and anxious 
behavior. 

500 lux 2700  9 Days 10 

(Most et 
al., 
2010) 

Depression GDS BLT 10000 
lux 

N/A 30 mins 
Morning 
and 30 
mins 
evening / 
2 years 

36 N/A (it is a study 
protocol) 

300 lux N/A 30 mins 
Morning 
and 30 
mins 
evening / 
2 years 

36 

 
(Lievers
e et al., 
2011) 

Depression 
(MMD)  

HDRS BLT 7500 
lux 

>5000 K 
(pale 
blue) 

60 
mins/ever
y day/3 
weeks 

45 BLT produced 
continuing 
improvement in mood 

50 lux <1000 K 
(red 
light) 

60 
mins/ever
y day/3 
weeks 

44 

 (Royer 
et al., 
2012a) 

Depression GDS BLT 400 lux Blue 
Light 

30 mins / 
mon-Fri / 
4 Weeks 

15 No significant changes 
were detected in 
reports of depression 

75 lux Red light 30 mins / 
mon-Fri / 
4 Weeks 

 

13 
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Table 3 (cont.) 

(Ichimor
i et al., 
2013) 

Depression GDS Ambient 
Lighting 

NA N/A N/A 24 A significant negative 
correlation was found 
between time exposed 
to light over 400 Lux 
and depression scores. 

(Ichimor
i, 
Tsukasa
ki, & 
Koyama, 
2015) 

Depression GDS Ambient 
Lighting 

N/A N/A N/A 44 Depression scores 
were significantly 
related to age, level of 
required support, and 
illuminance. 

(Figueir
o et al., 
2015) 

Depression GDS 

Cornell 
Scale for 
Depression 
in 
Dementia 
(CSDD) 

Ambient 
Lighting 

400 lux 
vertical 

9325 K 3 weeks 34 The lighting 
intervention 
significantly reduced 
symptoms of 
depression in the 
participants with 
ADRD. 

(Obayas
hi, 
Saeki, 
Iwamoto
, et al., 
2014b) 

Depression  GDS Ambient 
Lighting 

N/A N/A N/A 516 These results 
suggested that 
exposure to light at 
night in home settings 
is significantly 
associated with 
depressive symptoms 
in older adults.  

(Wu et 
al., 
2015) 

Depression  GDS BLT 10000 
lux 

N/A 30 mins / 
morning/ 
3 times a 
week /4 
weeks 

34 The depression level of 
participants in the 
experimental group 
was decreased 
significantly. 
However, there was no 
significant difference 
in depression scores 
between the 
experimental group 
and control group.  

(Leggett 
et al., 
2017) 

Depressive 
Symptoms 

PHQ-9 BLT 506 lux Blue-
Green 
(500 nm) 

30 mins / 
everyday 
/ 2 weeks 

11 Depressive symptoms 
declined through the 
intervention period 

(Rubiño 
et al., 
2017) 

Depression GDS BLT 10000 
lux 

N/A 60 mins/ 
everyday 
/ 2 weeks 

37 The exposure to bright 
light during morning 
time causes significant 
improvements in 
mood.  

(Mariana 
G. 
Figueiro 
et al., 
2019) 

Circadian 
Rhythms 

Sleep 
efficiency 

Daysimeter 

Actigraphy 

PSQI 

Ambient 
Lighting  

600 lux 5000 4 weeks 46 The lighting 
intervention tailored to 
maximally improve 
mood in patients with 
dementia.  
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2.4.Lighting and Older Adults’ Memory and Cognitive Functions 
 

The influences of an aging circadian system on memory and cognitive function might be 

both sleep-dependent and sleep-independent. It is difficult to distinguish between them. As an 

example, sleep is important for memory consolidation, hence the disruption of normal sleep 

patterns as a result of age-related changes in the circadian system could be one of the contributors 

to memory impairment (Kyriacou & Hastings, 2010; Pace-Schott & Spencer, 2011). The 

association between sleep and cognitive performance has been investigated objectively by use of 

actigraphy in a few large population-based studies. These studies suggested that shorter total sleep 

duration, longer sleep-onset latencies, fragmented sleep, and lower sleep efficiency are related to 

lower cognitive performance among older adults (T Blackwell et al., 2006; Terri Blackwell et al., 

2011).  

Considering the strong associations between sleep and cognitive functions, studies 

investigating the impacts of lighting on sleep quality might provide us with data about the 

relationship between lighting and cognitive performance. Although the number of these studies 

are limited, they suggest that lighting with the right characteristics might improve memory and 

cognitive functions among healthy older adults and those with dementia (see Table 4). Graf et al. 

(2001) tested whether bright light therapy (BLT) is capable of improving cognitive functions in 

ADRD older adults through a balanced, placebo-controlled parallel-group design. Twenty-three 

participants with ADRD were randomly assigned to either evening bright (3000 lux) or dim (100 

lux) light. Effects of light on cognitive functions were assessed before and after light therapy using 

Mini-Mental State Examination (MMSE) scores. Participants treated with bright light showed a 

statistically significant increase in MMSE total scores after light therapy. This effect was not found 

for those exposed to the dim light. Results suggested that short-term evening BLT may exert 
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beneficial effects on cognitive functioning in older adults with dementia. In a more recent study, 

Rubino et al. (2017) also reported that 1 week of 60 minutes morning BLT (10000 lux) enhanced 

cognitive and memory functions of older adults diagnosed with low to moderate cognitive 

impairment. These results are aligned with findings from an earlier study by Ito et al. (1999) where 

morning BLT improved MMSE scores of 27 ADRD participants after 4 weeks of treatment. 

However, the findings from these studies do not support the hypothesis that the phase-shifting 

outcomes of BLT expound the improvement of cognitive performance. Higher cognitive and 

memory function could occur because of other biological mechanisms than phase-shifting effects 

of light such as alerting effects of BLT (Massie, Campbell, & Williams, 1995; Murphy & 

Campbell, 1996).  

One important drawback of the above-mentioned studies is the disregard of lighting 

spectrum and CCTs as potential influential factors on cognitive and memory functions. None of 

these studies reported the CCTs of the light intervention. Moreover, as is mentioned previously, 

compared to ambient lighting, BLT would provide less benefits due to the need for timed seating 

in front of a light box. Hence, it is more desirable to study and develop ambient lighting conditions 

as a relatively straightforward environmental modification to improve older adults’ cognitive 

performance.  

Studies on the association of ambient lighting and cognitive functions suggest that higher 

levels of ambient illumination (>1000 lux) could have a strong direct and independent benefit on 

improving cognitive performance and mainly on working memory and concentration (Riemersma-

van der Lek, Swaab, Twisk, Hol, Hoogendijk, & Someren, 2008) (Kretschmer, Schmidt, & 

Griefahn, 2013). However, no evidence has been reported regarding the impacts of light spectrum 

and CCTs. 
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The only study that specifically compared the effectiveness of light spectrum is conducted 

by Royer et al. (2012). This double-blinded, placebo-controlled study exposed 28 institutionalized 

older adults to either 30 minutes of 400 lux of blue light or 75 lux of red light for 4 weeks. Findings 

suggested that high intensity blue light exposure leads to significant cognitive improvements 

among older adults as measured by the MicroCog Assessment of Cognitive Functioning. However, 

as the intensity and lighting spectrum both are different in the intervention condition compared to 

control, it is not clear if the treating effects of lighting intervention are a result of higher intensity 

or blue spectrum or perhaps the interaction between these two variables. Further studies are 

required to investigate the effectiveness of these variables on cognitive and memory functions of 

older adults separately in order to develop optimal lighting solutions. 
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Table 4. Impacts of lighting on older adults’ memory and cognitive performance. 

Citation Variables Measures Lighting Light Intervention Sam
ple 
Size 

Findings 

    
Lux 
level 

CCT °K 
/ Color Duration   

(Graf et 
al., 
2001) 

Cognitive 
Functions 

MMSE BLT 3000 
lux 

N/A 2 hours / 
everyday 
/ 10 days 

13 Participants treated with 
BLT (Not DLT) showed 
a statistically significant 
increase in MMSE total 
scores after light therapy. 100 lux N/A 2 hours / 

everyday 
/ 10 days 

10 

(Riemers
ma-van 
der Lek 
et al., 
2008) 

Cognitive 
Functions 

MMSE Ambient 
Lighting 

1000 
lux 

N/A 10 am - 
6 pm/ 1 
year 

98 Light attenuated 
cognitive deterioration 
by a mean of 0.9 points 
on the Mini-Mental State 
Examination.  300 lux N/A 10 am - 

6 pm/ 1 
year 

91 

(Most et 
al., 
2010) 

cognitive 
performanc
e 

MMSE BLT 10000 
lux 

N/A 30 mins 
morning 
and 30 
mins 
evening 
/ 2 years 

36 N/A (it is a study 
protocol) 

300 lux N/A 30 mins 
morning 
and 30 
mins 
evening 
/ 2 years 

(Royer 
et al., 
2012a) 

Cognitive 
Functions 

MicroCog 
Assessmen
t of 
Cognitive 
Functionin
g 

Ambient 
Lighting 

400 lux Blue 
Light 

30 mins 
/ mon-
Fri / 4 
Weeks 

15 Blue light treatment led 
to significant cognitive 
improvements compared 
with placebo red 
light 

75 lux Red light 30 mins 
/ mon-
Fri / 4 
Weeks 

13 

(Kretsch
mer et 
al., 
2013) 

Concentrati
on 
Working 
Memory 
Divided 
Attention 

KLT-R 
TAP 
Divided 
Attention 
test 

Ambient 
Lighting 

3000 
lux 

 N/A 4 hours / 
3 night 

16  It becomes evident that 
bright light has a strong 
direct and independent 
effect on cognitive 
performance, particularly 
on working memory and 
concentration. 

300 lux  N/A 4 hours / 
3 night 

16 

(Rubiño 
et al., 
2017) 

Cognitive 
Performanc
e 

MMSE BLT 10000 
Lux 

N/A 60 mins/ 
everyday 
/ 2 
weeks 

37 The exposure to bright 
light during morning 
time causes significant 
improvements in 
Cognitive Performance.   
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CHAPTER 3: METHODOLOGY 

 
This section describes research design, variables, participants, and lighting interventions 

as well as data collection and data analysis procedures.  

3.1. Study Design 
 

We utilized a counterbalanced crossover design to examine the impacts of changing 

illuminance levels and CCTs on sleep quality, mood, and cognitive performance in older adults. 

In this design, each participant acted as their control; hence, extraneous variables such as the 

difference in health status, age, visual acuity, gender, and living conditions remained constant. 

This means that differences observed were more likely due to the effects of lighting conditions 

rather than individual differences among participants. Moreover, having each participant served 

as their own control eliminated the need for a control group; thus, fewer participants and less time 

were required to complete the study.  

As two lighting interventions were tested, we counterbalanced the study to reduce the bias 

that could result from the order of which an intervention was provided. In this regard, participants 

were randomly assigned to two groups with a different intervention order.  

3.2.  Environment 
 

We received written consent from the managers of three independent livings located in 

Saint Louis, MO, and Chicago, IL, to recruit residents for the study (two in Saint Louis). Figure 2, 

Figure 3, and Figure 4 illustrate pictures of these senior livings. We carried out the study in these 

two cities because of our strong working relationships with design firms, lighting manufactures 

representatives, and developers. Furthermore, the research costs significantly reduced as we were 

offered free technical assistance and service (e.g., lighting setups, control commissioning, moving) 
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for the study by Meglio & Associates (Signify Lighting Representative in Saint Louis, MO) and 

Chicago LightWorks (Signify Lighting Representative in Chicago, IL). No specific inclusion and 

exclusion criteria were applied in selecting the independent living facilities or participants’ 

accommodations types. The study was conducted in twenty dwelling units (fourteen in Saint 

Louis) including two single-family houses and 18 apartments between 650 – 1700 sqft.  

 

Figure 2. Affordable Senior Community I, Saint Louis, MO 

 
 

Figure 3. Affordable Senior Community II, Saint Louis, MO 



53 
 

  

Figure 4. High-end Senior Community, Chicago, IL 

 

 

3.3. Participants 
 

Recruitment for the study was conducted through holding presentations and distributing 

flyers to the residents of the above-mentioned independent livings. Residents of the communities 

were 54 years of age or older who resided independently in the villas and apartments within these 

communities.  

3.3.1. Inclusion and Exclusion Criteria 
 

Inclusion criteria included English speaking older adults 65 years of age or older residing 

in senior communities. Community-dwelling older adults are less mobile and spend most of their 

time inside the building and are exposed to the ambient lighting conditions of their rooms. This 

group of older adults are less likely to receive daylight exposure; thus, the quality of artificial 

lighting in their living environments might be critical for their sleep quality, mood, and cognitive 

functions. That is why, for the purpose of this study, we selected this group of the older population. 
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Furthermore, potential participants should show no evidence of moderate to major ADRD based 

on the Montreal Cognitive Assessment (MoCA) criteria (score of 26 and higher).  

Exclusion criteria included any evidence of moderate to major dementia based on the 

Montreal Cognitive Assessment (MoCA) test (score of 25 or lower), blindness, and current use of 

light therapy. Moreover, potential participants were excluded if they spent most of their daily time 

(more than 5 hours) outside their private residential units or if they had planned upcoming travel 

out of the time zone during the study participation period. There were no inclusion or exclusion 

criteria based on sleep and mood (e.g., depression, anxiety). 

3.3.2. Study-Wide Recruiting Methods 
 

A total of 33 individuals signed up for the study. However, after initial screening nine 

individuals were excluded. The initial screening included a screening interview survey followed 

by the MoCA test for cognitive diagnosis to determine eligibility. During this process individuals 

were excluded due to evidence of moderate to major dementia (n = 3), upcoming travel (n = 1), 

and blindness (n = 1). We also excluded four individuals as they spent most of their day time out 

of their living environments for various reasons.  

Eligible participants were scheduled for a visit at their apartment where details of the study 

were reviewed. From 24 eligible individuals, 21 remained in the study. The other three eligible 

individuals withdrew from the study for personal reasons. The participants were not told about the 

specific objectives of the study; however, they had been informed that the study was about the 

effects of lighting on sleep, mood, and well-being. The Institutional Review Board of the 

University of Illinois at Urbana-Champaign (UIUC) approved the research study, and all 

volunteers gave informed written consent as required by UIUC regulations and standards. 
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Following completion of the screening questionnaires and obtaining informed consent 

forms, participants were requested to wear an actiwatch to monitor their activity/rest cycle and 

light exposure for 41 days. They were asked to start wearing the actiwatch nine days prior the 

intervention session. We provided participant with the actiwatch two days prior the actigraphy 

starts so that they could acclimate to wear the new device. Moreover, the initial assessment of 

participants’ subjective sleep, mood, cognitive performance, and health-related quality of life were 

conducted in this step.  

All these procedures except the initial screening (Inclusion/Exclusion, Consent Form, and 

Cognitive Diagnosis) were repeated three more times on day 17th, 26th, 41st of the study, twice 

during the lighting interventions, and once 14 days after the lighting intervention period. All 

meetings with the participants were held in the participant’s living room at their favorite seating 

spot. We also kept meeting time constant for all sessions, as DVs may vary throughout the day. 

For instance, if the baseline measurements for one participant were conducted at 10:00 hr, we 

repeated all the other measurements at 10:00 hr.  

3.4. Procedures Involved  
 

This data collection process took 41 days for each participant and included five sections: 

(1) Baseline Measurement 1 (B1), (2) Lighting Intervention 1 (L1), (3) Lighting intervention 2 

(L2), (4) washout period, (5) Baseline Measurement 2 (B2).  

The Duration of B1 section was nine days and encompassed a pre-test assessment of 

variables and nine days of actigraphy under the conventional lighting conditions in the 

participants’ dwelling units.  The first two days of this section were for participants to acclimate 

with the new device on their wrist and hence not considered in the data analysis. Thereafter, we 

supplied the lighting in the participants’ homes (lighting intervention installation) and performed 
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in-home lighting assessments. The process of lighting setup and measurements took for 2-3 hours 

for each participant. Participants were exposed to each lighting intervention for another nine days 

(Intervention session) while they continued wearing the actiwatch. We measured subjective 

variables and cognitive performance on the last day of each intervention. Here again, the first two 

days of each intervention section were for participants to adapt to the new lighting condition and 

thus not accounted for in the actigraphy data analysis. Furthermore, as it was a counterbalance 

study design, the 21 participants were randomly divided into two groups (group A and group B) 

that experienced different orders of lighting interventions.  

Following the intervention sessions, there was a one-week washout period during which 

the experimental lights were removed from the participants’ living room and the original lighting 

conditions were returned to the participants’ living room. B2 section began right after the washout 

period and lasted for seven days. This section included 7-day of actigraphy and the post-

intervention assessment of subjective variables and cognitive performance which were performed 

on the last day of B2 section. Table 5 shows the procedures involved in the data collection.  

Table 5. Data Collection Procedures. 

Section Procedures Data Collection Period 
1 - 9 10 - 18 19 - 27 28 - 34 35 - 41 

Screening Screening X     

B1 Pre-assessment X     

L1 Lighting intervention setups  X    

Intervention assessments  X    

L2 Intervention assessments   X   

Washout Lights removal and return to conventional lighting    X  

A Post-intervention assessment     X 

 

3.5. Lighting Interventions 
 

In this study, we evaluated the effects of two lighting interventions on sleep, mood, and 

cognitive functions of participants. Both lighting interventions were whole-day lighting schemes 
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designed according to available research, standards, and circadian lighting metrics to meet the 

specific lighting needs of older adults.  

3.5.1. Luminaires  
 

In order to apply lighting interventions, a tunable white luminaire with high efficiency and 

lumen output was needed. After comprehensive market research, FloatPlane by Ledalite from 

Signify Lighting was selected for the study (Figure 5). The FloatePlane is a tunable white LED 

luminaire that offers a wide range of CCTs from 2700°K to 6500°K with a high lumen output of 

4500 lumen/4ft. FloatPlane is available in a variety of mounting options (e.g., suspended, ceiling-

mounted, and wall-mounted) and distributions (e.g., direct, direct/indirect). For the purpose of this 

study, four-foot suspended linear FloatPlane luminaires with a direct/indirect distribution (25% 

down / 75% up) were specified. The specifications of this luminaire were aligned entirely with the 

study criteria to apply whole-day lighting interventions. 

Figure 6 illustrates the relative combined SPD of the luminaire at 6500°K and 2700°K. 

Utilizing the online tool developed by Lucas et al. (2014), the luminaire provided the Melanopic 

Ratio ranging between 0.45 and 0.97 (0.45 at 2700°K and 0.97 at 6500°K).  

 

Figure 5. FloatPlane Linear Suspended Tunable White LED Luminaire by Ledalite, Signify 
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Figure 6. FloatPlane relative combined spectral power at 2700°K (left) and 6500°K (right). 

3.5.2. Lighting Intervention 1 (L1) 
 

The L1 was a whole-day lighting intervention which designed to evaluate the effects of 

varying illumination with constant CCT on the study variables. During this intervention, 

participants were exposed to a lighting condition with high illuminance levels (500 lux corneal) in 

the morning (8:00 – 12:00) and then the illuminance level descended gradually towards evening 

and reached to 100 lux (corneal) after 20:00 as indicated in Table 6. The CCT remained constant 

throughout the day at 2700°K. This is the common CCT used in residential spaces.. Illuminance 

levels in the L1 intervention were determined based on current literature and recommended 

numbers for CS and EML values. This lighting condition provided the CS of 0.38 at 500 lux 

corneal illuminance level for 4 hours in the morning (8:00 – 12:00) and the CS of 0.12 or less in 

the evenings (after 20:00).  Moreover, considering the Melanopic ratio of 0.45 of the selected 

luminaires at 2700°K, we could achieve the EML of 225 lux in the morning which is in the range 

recommended by WELL Building Standard.  
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Table 6. Illuminance levels, timing, and CCT during L1. 
 

Time Illuminance (lux) CCT (oK) CS / (Cla) R/EML 

6:00 – 7:00 200 2700 0.21 / 170 0.45 / 90 

7:00 – 8:00 400 2700 0.34 / 340 0.45 / 180 

8:00 – 12:00 500 2700 0.38 / 425 0.45 / 225 

12:00 – 16:00   400 2700 0.34 / 340 0.45 / 180 

16:00 – 18:00 300 2700 0.29 / 255 0.45 / 135 

18:00 – 20:00 200 2700 0.21 / 170 0.45 / 90 

20:00 – 22:00 100 2700 0.12 / 85 0.45 / 45 

22:00 – 6:00  <33 2700 0.04 / 28 0.45 / 15 
 

As previously mentioned, timing and duration of exposure are other essential factors in 

designing an effective lighting scheme that meets the circadian needs of occupants. Table 7 shows 

a summary of the three daily time periods proposed by Andersen, Mardalijevic, & Lockley (2012) 

to categorize time-varied light exposures according to their expected non-visual effect. We utilized 

this table to define timing in the lighting interventions. However, as we did not intend to advance 

or delay the circadian clock in older adults, we adjusted the hours in the proposed lighting schemes 

based on the daily melatonin levels in healthy older adults (Figure 7) retrieved from 19 studies 

reviewed by Scholtens, van Munster, van Kempen, & de Rooij (2016). During the L1, older adults 

received the highest light levels from 8:00 to 16:00, which was the time that their melatonin level 

was at its lowest rate and the light had both entraining and alerting effects. This timing and duration 

of exposure were hypothesized to decrease daytime sleepiness and improve alertness, mood, 

cognitive performance, and nighttime sleep quality.  
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Table 7. Subdivision of day based on non-visual effect (Mark Andersen et al., 2012). 

Daily Time Period Non-Visual Effect Description 
6:00 – 10:00  Circadian resetting High levels of bright illuminance can serve to phase advance the clock 

in the majority of people. 
10:00– 18:00  Alerting effects of light High levels of illuminance may lead to increased levels of subjective 

alertness without exerting substantial phase shifting effects on the 
clock 

18:00 – 6:00  Bright light avoidance Hight levels of illumination exposure is to be avoided so as not to 
disrupt the natural wake-sleep cycle 

 

 

 
Figure 7. Mean, minimum and maximal melatonin levels in healthy older people. Weighted mean levels are plotted. Vertical bars 

represent the minimal and maximal levels found at each time point (Scholtens et al., 2016b, 2016a) 

3.5.3. Lighting Intervention 2 (L2) 
 

L2 was developed to examine the effectiveness of adding tuning spectrum to the ambient 

illumination on sleep quality, mood, and cognitive performance in older adults. L2, like L1, was a 

whole-day lighting scheme that included the same illuminance levels and timing schedule. 

However, unlike L1 that provided a constant CCT of 2700°K, in L2, the CCT was changing in a 

range of 2700°K – 6500°K throughout the day. A review of the literature demonstrates that 

exposure to bright blue light in the morning is beneficial to physical, physiological, and behavioral 

health in older adults, whereas nighttime exposure to bright light is associated with poorer sleep 

quality and mood (see Chapter 2 for citations). L2 exposed participants to a lighting condition that 

provided a high CCT (6500°K) and high illuminance level (500 lux) in the morning (8:00 – 12:00) 
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and then both CCT and illumination decreased gradually every hour throughout the day and 

reached 2700°K and 100 lux respectively in the evening (after 20:00) as indicated in Table 8. 

Variable CCTs, in addition to variable illuminations, delivered more effectiveness in terms of 

circadian lighting. Circadian lighting calculations showed that L2 provided the CS of 0.47 at 500 

lux corneal light level for 4 hours in the morning (8:00 – 12:00) and the CS of 0.12 or less in the 

evenings (after 20:00). Moreover, considering the Melanopic ratio of 0.97 of the selected 

luminaires at 6500K, the EML of 485 lux in the morning was obtained which was more than twice 

as large than the EML in L1.  

Table 8. Illuminance levels, timing, and CCT during L2. 
 

Time Illuminance (lux) CCT (oK) CS / (Cla) R/EML 

6:00 – 7:00 200 4000 0.19 / 146 0.71 / 143 

7:00 – 8:00 400 5000 0.31 / 294 0.82 / 247 

8:00 – 12:00 500 6500 0.47 / 688.5 0.97 / 485 

12:00 – 16:00   400 4500 0.35 / 353 0.76 / 308 

16:00 – 18:00 300 3500 0.23 /183 0.66 / 197 

18:00 – 20:00 200 3000 0.16 / 121 0.53 / 105 

20:00 – 22:00 100 2700 0.12 / 85 0.45 / 45 

22:00 – 6:00  <33 2700 0.04 / 28 0.45 / 14.85 
 

3.5.4. Lighting Setups 
 

Lighting interventions were manipulated by placing 4 to 5 of the selected luminaires in the 

living rooms of the participants and at the height of 6 feet. All the luminaires were installed on 

Manfrotto stands and provided a direct/indirect lighting distribution (75%up/25% down). To 

ensure the conceptual lighting intervention ideas would be transformed into successful installations 

in the participants’ apartments, we employed the use of a lighting mock-up one week before the 

data collection process started in December 2018.  
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Figure 8 and Figure 9 illustrate the lighting mock-up that was performed at one of the 

conference rooms at Meglio & Associates Office. This lighting mock-up took two days during 

which we worked with the engineers from Meglio & Associates to test the concept and also define 

default lighting presets for each intervention.  

The lighting setup at the participants’ living room was done on the day 10th of the study 

(first day of intervention). It was decided to place the lighting system only in the living room and 

only around the main sitting spot for two reasons; first, the limited number of luminaires and 

control systems (21 luminaires and four control sets), and second participants spent most of their 

active time in their living room. They used their bedrooms only for sleep when they usually kept 

their lights off.  
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6:00 – 7:00, 200 Lux, 2700ºK 7:00 – 8:00, 400 Lux, 2700ºK 

  
8:00 – 12:00, 500 Lux, 2700ºK 12:00 – 16:00, 400 Lux, 2700ºK 

  
16:00 – 18:00, 300 Lux, 2700ºK 18:00 – 20:00, 200 Lux, 2700ºK 

  
20:00 – 24:00, 100 Lux, 2700ºK 24:00 – 6:00, 100 Lux, 2700ºK (upon request) 

 

Figure 8. L1 mock-up at Meglio & Associate office 
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6:00 – 7:00, 200 Lux, 3000ºK 7:00 – 8:00, 400 Lux, 5000ºK 

  
8:00 – 12:00, 500 Lux, 6500ºK 12:00 – 16:00, 400 Lux, 4500ºK 

  
16:00 – 18:00, 300 Lux, 3500ºK 18:00 – 20:00, 200 Lux, 3000ºK 

 
 

 

20:00 – 24:00, 100 Lux, 2700ºK 24:00 – 6:00, 100 Lux, 2700ºK (upon participants request) 
 

Figure 9.  L2 mock-up at Meglio & Associate office 
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Before setting up the luminaires, participants were informally interviewed during which 

they were asked about their main seating position, seating direction, and the type of task that they 

performed while they were seated. Then the luminaires were set up around that main seating zone 

to provide the highest corneal illuminance levels in most gazing directions. As participants were 

older adults who spent most of their time in their residential units and were not very active, they 

usually had one specific seating spot. The typical tasks performed in the living rooms were 

watching TV (mostly vertical plane), working with a computer (vertical plane), or reading (could 

be vertical or horizontal). 

The lighting system usually was placed in an L-shape or U-shape geometry. This 

arrangement of luminaires helped with the uniformity of lighting distribution as the light was 

transmitted and reflected from various directions to/around the designated spot. However, the 

layout for placing luminaires was varied depends on the furniture layout, main gazing directions, 

type of tasks that were performed (e.g., reading, watching TV) and the limitations of floor plans 

(e.g., size of room and geometry). As the living area of each participant was unique (in terms of 

material, color, daylight availability, and size), the light intensity and CCT were adjusted 

accordingly to meet the required numbers defined in the lighting intervention. Hence, lighting 

setup and programming have always been done based on the specific characteristics of each living 

space.  

3.6.  Measures 

3.6.1. Independent Variables – Lighting Measurements 
 

The current lighting condition in the living area of the participants as well as the lighting 

during each intervention were measured. Ambient illuminance levels, Correlated Color 

Temperatures (CCT), and spectrum were the main independent variables measured in this study, 
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using the Sekonic C-7000 Spectrometer. Measurements of lighting parameters were conducted 

around the primary sitting zone of the living area, where the luminaires were placed, and in both 

vertical and horizontal planes. To assure that the measurements were precise enough to indicate 

the accurate lighting exposure, we measured lighting variables in six points around the main 

seating zone on both vertical and horizontal planes (three verticals on three gazing directions at 

the eye level [seated] and three horizontals at the working plane). The measurement heights were 

also unique for each participant based on their height and the height of the chair they used. We 

repeated the measurement process for each lighting condition defined in each intervention in all 

defined gazing directions and working points. Hence, for each participant, we perform 90 

measurements in total (6 for current lighting + 42 for L1 + 42 for L2).  

In addition to the direct light measurements by a spectrometer, the actiwatches used in the 

study for the objective evaluation of the sleep also collected multiple light measurements including 

white and RGB illuminance levels and white light exposure (sum of all valid illuminance data in 

lux on a logarithmic scale for all epochs from the start time to the end time of a given interval 

multiplied by the epoch length in minutes). However, as this was a wrist-worn device, it could not 

measure the corneal illuminations and hence was only suitable for a very rough indication, such as 

how long people were exposed to the lighting interventions.  

To assess the adequacy of the visual lighting levels, measured illuminance levels were 

compared to values recommended for older adults by the ANSI/IES RP-28-16, Lighting for the 

Visual Environment for Seniors and the Low Vision Population as well as an Adapted Standard 

(AS) by De Lepeleire et al. (2007). With regards to the appropriateness of the circadian lighting, 

circadian lighting metrics were employed to calculate Circadian Stimulus (CS) and EML of the 

ambient lighting condition. 
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3.6.2. Dependent Variables – Sleep 
 

 Both subjective and objective measures of sleep were obtained. The subjective measures 

were assessed by reliable and valid sleep questionnaires (which took around 5 - 15 minutes each 

time). These allowed us to attain information on sleep disturbance, overall quality of sleep, sleep-

related impairments, and daytime sleepiness. Objective sleep and wake were assessed by 41-day 

actigraphy. Study participants were instructed to wear an actigraph on the non-dominant wrist for 

24 hours a day for 41 consecutive days except when bathing. 

Sleep Questionnaires: The following well-established and validated sleep questionnaires 

were used to obtain subjective sleep data. Participants completed the Pittsburgh Sleep Quality 

Index (PSQI), PROMIS Sleep Disturbance, PROMIS Sleep Related Impairments, and the Epworth 

Sleepiness Scale (ESS). Below is a summary of the key features of each questionnaire. 

The Pittsburgh Sleep Quality Index (PSQI): The Pittsburgh Sleep Quality Index (PSQI) is 

a self-rated 21-item questionnaire that assesses the quality and patterns of sleep in an older adult. 

It distinguishes “poor” from “good” sleep by measuring subjective sleep quality, sleep latency, 

sleep duration, habitual sleep efficiency, sleep disturbances, use of sleep medication, and daytime 

dysfunction over the last month (Nebes et al., 2009). Scoring of the answers is based on a 0 to 3 

scale, whereby 3 reflects the negative extreme on the Likert Scale. A global sum of “5” or greater 

indicates a “poor” sleep quality of an individual (see Appendix B). The PSQI has internal 

consistency and a reliability coefficient (Cronbach’s alpha) of 0.83 for its seven components. 

Numerous studies using the PSQI in a variety of older adult populations internationally have 

supported high validity and reliability (Backhaus et al., 2002).  

PROMIS Sleep-Related Impairment Item Bank (PROMIS_SRI): This instrument assesses 

perceptions of alertness, sleepiness, and tiredness during usual waking hours, and the perceived 
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functional impairments during wakefulness associated with sleep problems or impaired alertness 

within the past seven days. The Sleep-Related Impairment item bank measures the level of waking 

alertness, sleepiness, and function within the context of overall sleep-wake function, but does not 

directly evaluate cognitive, affective, or performance impairments (Hanish, Lin-dyken, & Han, 

2018; Kooten et al., 2018). It uses a 5-point Likert scale with higher scores indicate greater sleep-

related impairments (see Appendix B). In reference to the PSQI, The Sleep-Related Impairment 

was significantly correlated (r = 0.7) (Cella et al., 2010) and shows internal consistency and a 

reliability coefficient (Cronbach’s alpha) of 0.95 for a sixteen-item form (healthmeasures.net).  

PROMIS Sleep Disturbance (PROMIS-SD) Item Bank: This instrument assesses 

perceptions of sleep quality, sleep depth, and restoration associated with sleep; perceived 

difficulties and concerns with getting to sleep or staying asleep; and perceptions of the adequacy 

of and satisfaction with sleep. The PROMIS Sleep Disturbance Scale does not include symptoms 

of specific sleep disorders, nor does it provide subjective estimates of sleep quantities (e.g., the 

total amount of sleep, time to fall asleep, or amount of wakefulness during sleep) (Hanish et al., 

2018; Kooten et al., 2018). Like PROMIS-SRI, it uses a 5-point Likert scale with higher scores 

indicate greater sleep disturbance (see Appendix B).  In reference to the PSQI, The Sleep 

Disturbance was significantly correlated (r = 0.85) (Cella et al., 2010) and shows internal 

consistency and a reliability coefficient (Cronbach’s alpha) of 0.90 or above (Yu et al., 2012).  

Epworth Sleepiness Scale (ESS): The Epworth Sleepiness Scale is a widely-used 

questionnaire developed in the field of sleep medicine as a measure of a patient's daytime 

sleepiness. The test is a list of eight situations in which participants rate their tendency to become 

sleepy on a scale of 0, no chance of dozing, to 3, high chance of dozing. The total score is based 

on a scale of 0-24 (see Appendix B). ESS scores of 11-24 represent increasing levels of excessive 
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daytime sleepiness. ESS has a high level of internal consistency and a reliability coefficient of 0.88 

as measured by Cronbach's alpha (Johns, 1992). ESS has been used in several studies to evaluate 

the impacts of lighting on older adults’ sleep quality which confirms the validity and reliability of 

this questionnaire (see Chapter 2).  

Actigraphy: Participants were asked to wear a wrist actigraph for 41 consecutive days. 

Actigraphy is demonstrated as a valid and objective method for evaluating sleep-wake parameters 

in natural settings (Ancoli-Israel et al., 2002). Actigraphy has been used in numerous studies to 

measure the objective sleep outcomes among older adults in relation to light (see Chapter 2). We 

employed the Actiwatch system (Actiwatch, Mini Mitter, Bend, Oregon). It is designed for long-

term monitoring of gross motor activity in humans and has an accelerometer capable of sensing 

motion with a minimal resultant force of 0.01 x g (Actiwatch, 2001).  

Actigraphy has been used successfully with a variety of populations (Galland et al., 2018; 

Meltzer et al., 2019). Actigraphy has been validated against polysomnography and been shown to 

have high sensitivity (0.965) and accuracy (0.863) but with limitations in specificity (0.329) and 

is recommended as a valid tool for estimating sleep in the field (Hjetland, Nordhus, Pallesen, & 

Cummings, 2020).  

Study participants were instructed to wear an actigraph on the non-dominant wrist for 24 

hours a day for 41 consecutive days except when bathing. Valid data were recorded for a range of 

33 to 41 days, with the average participant yielding 37.4 days of actigraphy data meeting inclusion 

criteria for analysis, as determined by <4 hour off-wrist time per day. Analysis was conducted on 

Actiware software version 5 (Philips Respironics) with 30-sec sampling epochs. Actigraphy 

variables analyzed include night time sleep duration (total minutes between the start time and end 

time of a given interval scored as sleep on nights), daytime sleep duration (total minutes between 
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the start time and end time of a given interval scored as sleep during the active period), night time 

sleep onset latency (time elapsed between the start time of a given rest interval and the following 

sleep start time on nights following workdays and free days), night time sleep efficiency (the 

percentage of scored total sleep time to interval duration minus total invalid time for the given rest 

period on nights following workdays and free days), and average daytime white light exposure 

(sum of all valid illuminance data in lux on a logarithmic scale for all epochs from the start time 

to the end time of a given interval multiplied by the epoch length in minutes from 7:00 – 18:00 

(active period)), and average nighttime white light exposure (sum of all valid illuminance data in 

lux on a logarithmic scale for all epochs from the start time to the end time of a given interval 

multiplied by the epoch length in minutes from 18:00 – 7:00 (rest period)).  

3.6.3. Dependent Variables – Mood 
 

Subjective mood was measured by means of standard questionnaires including Geriatric 

Depression Scale (GDS) and Positive and The Negative Affect Schedule (PANAS).  

Geriatric Depression Scale (GDS): GDS is one of the most common questionnaires that 

are used by researchers to study the impact of lighting on older adults’ mood and depression (see 

Table 3). GDS is a 30-item self-report assessment used to identify depression in older adults (see 

Appendix B). GDS is a widely used depression screening device which has high internal 

consistency (Cronbach's alpha of 0.85), and high test-retest coefficient reliability (0.83) (Kieffer 

& Reese, 2002). This questionnaire requires a yes/no answer and therefore the scale is particularly 

easy to administer. The scale focuses mainly on the worries of patients and the way they conceive 

and interpret their quality of life. In particular, it avoids questions concerning somatic complaints 

which are common among older adults. Although it does not contain items that assess agitated or 

psychotic behavior, it is designed to register a cognitive (i.e., thought content) dimension of 
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depression, and is highly correlated with the Beck Depression Inventory (Fountoulakis, Tsolaki, 

& Kazis, 2000).  

The Positive and Negative Affect Schedule (PANAS): PANAS is a 20-item self-report 

measure of positive and negative effect (see Appendix B). NA and PA reflect dispositional 

dimensions, with high-NA epitomized by subjective distress and unpleasant engagement, and low 

NA by absence of these feelings. In contrast, PA represents the extent to which an individual 

experiences pleasurable engagement with the environment (Antunes, Couto, Vitorino, Monteiro, 

& Daniel, 2019). The PANAS has strong reported validity with such measures as general distress 

and dysfunction, depression, and state anxiety. Reliability and Validity reported by (Humboldt, 

Monteiro, & Leal, 2017) was moderately good. For the Positive Affect Scale, the Cronbach alpha 

coefficient was 0.86 to 0.90; for the Negative Affect Scale, 0.84 to 0.87. 

3.6.4. Dependent Variables–Cognitive Performance 
 

Cognitive performance was measured by means of standard assessment tools such as 

Montreal Cognitive Assessment (MoCA), Trail-Making Teas A & B (TMT – A & B), and Digit 

Symbol Substitution Test (DSST).   

Montreal Cognitive Assessment (MoCA): The Montreal Cognitive Assessment was used to 

screen the cognitive function of older adults and evaluate their eligibility to participate in the study. 

MoCA was developed as a brief cognitive-screening questionnaire to detect patients with mild 

cognitive impairment (MCI) and mild Alzheimer’s (AD). These patients usually score within the 

normal range on the most commonly used cognitive screening tools such as Mini-Mental State 

Examination (MMSE) (Nasreddine et al., 2005). The latest version of MoCA is a one-page 30-

point test which can be administrated in 10 minutes (see Appendix B). This test includes 7 

subscores: visuospatial/executive (5 points), naming (3 points), memory (5 points for delayed 
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recall), attention (6 points), language (3 points), abstraction (2 points), and orientation (6 points). 

To better adjust the MoCA for individuals with lower levels of education, 2 points is added to the 

total MoCA score for those with 4-9 years of education and 1 point for 10-12 years of education 

(Johns et al., 2010). The suggested cutoff point on MoCA is 26 which means that individuals with 

a score of 26 or more are considered normal. Studies reported that MoCA has a good validity and 

reliability and detects MCI with 90-96 percent range of sensitivity and specificity of 87 percent 

with 95 percent coefficient interval (Doerflinger, 2012; Wittich, Phillips, Nasreddine, & Chertkow, 

2010). 

Trail Making Test A & B (TMT-A & B): TMT is a timed test that provides information on 

visual search, scanning, speed of processing, mental flexibility, and executive function.  TMT 

consists of two parts. TMT-A requires an individual to draw lines sequentially connecting 25 

encircled numbers distributed on a sheet of paper. TMT-B requires participants to continuously 

scan a page to identify numbers and letters in a particular order while shifting from the number to 

letter set (see Appendix B). A faster time for completion (in seconds) represents better cognitive 

functioning. TMT-A purportedly measures attention, visual search and motor function, whereas 

TMT-B is seen as a measure of executive functioning, speed of attention, visual search and motor 

function (Dobbs & Shergill, 2013). Moreover, the difference of scores in TMT-A and TMT-B (B 

– A) indicates cognitive flexibility (Vazzana et al., 2011). Studies show a high validity (Ashendorf 

et al., 2009; Tombaugh, 2004; Wagner, Helmreich, Dahmen, Lieb, & Tadi, 2011) and reliability 

of TMT-A and B in testing cognitive function of older adults with test-retest reliability of 0.78 and 

0.73 as well as inter-rater reliability coefficients of 0.99 and 0.93, for TMT-A and TMT-B 

respectively (Cangoz, Karakoc, & Selekler, 2009). 
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Digit Symbol Substitution Test (DSST):  The DSST is a paper-and-pencil test that is used 

as a tool to evaluate cognitive functioning. The test is presented on a single sheet and requires that 

the participants fill in a series of symbols that are matched to each number according to a key 

located on the top of the page (see Appendix B). The number of correct symbols within the allowed 

time (90 seconds) is measured as the score. DSST measures processing speed, working memory, 

visuospatial processing, and attention. The DSST is one of the most commonly used tests in all of 

neuropsychology, owing to several inherent properties including brevity, reliability, and the 

minimal impact of language, culture, and education on test performance. It has undergone repeated 

and rigorous psychometric validation such as test-retest reliability and discriminant validity in a 

range of patient samples (Jaeger, 2018). 

3.6.5. Dependent Variables: Health-Related Quality of Life 
 

Health-related quality of life in participants were assessed by means of SF-8 instrument. 

The SF-8 was developed by QualityMetric and provides a generic measure of physical and mental 

health status which is not specific to age, disease or treatment groups. This instrument uses single 

item scales addressing eight domains of general health, physical functioning, role limitations as a 

result of physical and mental health issues, physical pain, vitality, social functioning, and mental 

health (see Appendix B). SF-8 showed a very good internal consistency reliability (overall 

Cronbach’s alpha = 0.749) and known-groups validity (Lang et al., 2018).  

3.7.  Assumptions and Delimitations 
 

The following assumptions were considered: 

- Participants provided honest answers when rating their sleep and mood. 

- Participants put forth maximum effort during all cognitive tests. 
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- Participants kept the same daily routines during the study period and no significant change 

occurred in their lifestyle, such as their medicines, daily tasks, food, etc.  

- Participants spent at least seven hours in their apartment during the wake time (8:00 – 

22:00) throughout the study period.  

Delimitation of the study were the following:  

- Participants were delimited to those who were residents of the retirement community.  

- Participants were delimited to those who were 65 years of age or older.  

- Participants were delimited to those who did not show any evidence of medium to major 

dementia.  

-  Participants were delimited to those who resided in their current accommodation for more 

than 12 months.  

- Participants were delimited to those who were retired and spent more than 7 hours of their 

wake time home.  

- The study was delimited to three lighting conditions: Participants Conventional Lighting, 

Lighting Intervention 1 (L1), and Lighting Intervention 2 (L2) 

- The study was delimited to a repeated measures design because it was conducive to the 

population and the effects of lighting conditions being studies. The design allowed 

participants to serve as their own controls, eliminating the need for a control group. This 

study design made the study more efficient and kept the variability low.  

3.8.  Data Management  
 

A paper file was created for each participant which included demographic data and all the 

questionnaires and tests filled by participants throughout the four sections of the study.  All the 

information in the paper file was handwritten by the author (myself) and participants. An 
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identification number was assigned to each participant. Data were cleaned up and recorded on 

Excel sheets before entering that in SPSS for the statistical analysis. Data recorded in the Excel 

and SPSS did not indicate participants’ identifying information and participants were identified 

only by the assigned ID number. All the data, including paper and digital files, were maintained in 

a locked file cabinet in the author’s home office. Consent forms with identifying information were 

kept in a separate locked file cabinet. Digital files were all password protected. Data collected will 

be maintained for a minimum of 36 months after completion of the study and will be marked to 

destroy after that time period.  

3.9.  Statistical Analysis 
 

Data were managed and analyzed using IBM SPSS 26.0 statistical software. Descriptive 

statistics were employed to summarize sample characteristics (age, gender, accommodation type, 

and education levels), including means and standard deviations for continuous data as well as 

frequencies for categorical data.  

Due to the difference in living conditions, lifestyle, and population type, participants were 

divided into two groups based on their building of residence (affordable versus high-end). An 

Independent-Samples t-test was employed to compare baseline mean scores for DVs based on the 

senior living type. Moreover, baseline mean scores for DVs were compared based on the baseline 

daylighting condition in the apartments (HQDLR versus LQDLR).  

We employed a mixed model analysis of variance (Mixed ANOVA) (4 x 2) to analyze the 

main effect of group (order of exposure) on DVs. There was no significant effect of group nor any 

interactions between the group and lighting conditions, suggesting that the effect of lighting 

conditions on DVs is independent of the order of exposure and so the order can be overlooked.  
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In the next round of analysis, due to the small sample size, the effect of order was ignored 

to increase the power of the analysis. Here, the main effect of lighting condition on DVs was 

analyzed using a one-way general linear model repeated measure analysis of variance (RM 

ANOVA), a robust method for analyzing repeated measures data. The study included three lighting 

conditions with four levels of measurements, B1, L1, L2, and B2. Since the lighting conditions at 

two baselines were the same, mean of B1 and B2 was calculated and considered as one lighting 

condition, called Baseline. Then, a RM ANOVA with three levels of conditions (Baseline, L1, and 

L2) was employed to examine the main effect of lighting on DVs. A one-way RM ANOVA was 

run for the following DVs: Night-Time Sleep Duration (NSD), Daytime Sleep Duration (DSD), 

Sleep Efficiency (SE), Sleep Onset Latency (SOL), Sleep Disturbance (SDist), Sleep-Related 

Impairments (SRImp), Daytime Sleepiness (DSle), Sleep Quality (SQ), Depression, Positive 

Affects (PA), Negative Affects (NA), Health-Related Quality of Life (QL), and three measures of 

cognitive functions (TMT-A, TMT-B, DSST).  

Moreover, in order to further explore changes depending on treatment effects and to better 

understand stabilization of possible effects within the follow-up period, further post- hoc analyses 

with paired-samples t-tests were applied for Baseline – L1, Baseline – L2, and L1 – L2. We also 

examined the relationships between DVs and their possible mediating effect by utilizing the SPSS 

Macro provided by Preacher & Hayes (2004) which enabled an estimation of the indirect, direct, 

and total effects in simple mediation models. 

Additionally, we ran a RM ANOVA with four levels of measurements (B1, L1, L2, and 

B2) to investigate the changing pattern of DVs in the course of study as well as any potential 

carryover effects of lighting observed at B2. However, to avoid redundancy, the results of this 

analysis along with its related paired samples t-tests were shown in Appendix A.   
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In the next round of analysis, the effect of senior living types and baseline daylighting 

conditions, as well as the interaction of them with the lighting conditions, were analyzed using a 

Mixed ANOVA. For all analyses, statistical significance was set at 95% (P < 0.05). Moreover, in 

all ANOVA analysis, the assumption of sphericity was tested using Mauchly’s Test of Sphericity, 

if significant (means the sphericity assumption was violated), the Greenhouse-Geisser correction 

was utilized to report the ANOVA’s results. 
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CHAPTER 4: RESULTS 

4.1. Descriptive Results 
 

A number of 21 participants met the inclusion/exclusion criteria and signed the informed 

consent to participate in the study. Table 9 and Table 10 illustrate demographic data of participants 

in each senior living facility and study group respectively. Out of 21 participants, 76.2% (n = 16) 

were female and 23.8% (n = 5) were male with a mean age of 78.81 (SD = 8.13). On average, 

participants had resided in their current dwelling unit for 7.57 years (SD = 4.98). Eighty six percent 

of participants (n = 18) lived alone. As shown in Table 9, 33.3% (n = 7) had a 12th-grade education, 

23.8% (n = 5) had some college or associated degree, 14.3% (n = 3) had a bachelor’s degree, 23.8% 

(n = 5) had master’s degree, and 4.8% (n = 1) had a doctorate degree.  

Table 9. Demographic data in each senior living facility. 

Variables Affordable I Affordable II High-End  
Number of Participants 3 11 7 
Gender    

Female 3 (100%) 8 (72.7%) 5 (71.4%) 
Male 0 (0%) 3 (27.3) 2 (28.6%) 

Age    
Mean 76 73.64 82.14 
SD 7.55 8.82 4.41 
Range 69 - 84 65 - 91 78 - 91 
Median 75 70 82 

Race    
White 3 (100%) 10 (90.9%) 7 (100%) 
African-American 0 (0%) 1 (9.1%) 0 (0%) 
Asian 0 (0%) 0 (0%) 0 (0%) 
Others 0 (0%) 0 (0%) 0 (0%) 

Living Status    
Alone 3 (100%) 11 (100%) 4 (57.15%) 
With Someone 0 (0%) 0 (0%) 3 (42.86%) 

Education    
12th grade 1 (33.3%) 6 (54.5%) 0 (0%) 
Some College/Associated  2 (66.7%) 3 (27.3%) 0 (0%) 
Bachelor’s  0 (0%) 1 (9.1%) 2 (28.6%) 
Master’s 0 (0%) 1 (9.1%) 4 (57.1%) 
Doctorate 0 (0%) 0 (0%) 1 (14.3%) 

Years of Residency    
Mean 4 9.45 6.14 
SD 5.2 5.87 0.9 
MoCA    
Mean 29.33 27.54 27.85 
SD 1.15 1.21 2.04 
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Table 10. Demographic data in each group. 

Variables Group A Group B 
Number of Participants 11 10 
Gender   

Female 9 (81.8%) 7 (70%) 
Male 2 (18.2%) 3 (30%) 

Age   
Mean 77.27 76.30 
SD 8.38 8.26 
Range 66 - 91 65 - 91 
Median 78 77 

Race   
White 11 (100%) 9 (90%) 
African-American 0 (0%) 1 (10%) 
Asian 0 (0%) 0 (0%) 
Others 0 (0%) 0 (0%) 

Living Status   
Alone 11 (100%) 7 (70%) 
With Someone 0 (0%) 3 (30%) 

Education   
12th grade 2 (18.2%) 5 (50%) 
Some College/Associated  4 (36.4) 1 (10%) 
Bachelor’s  3 (27.3%) 0 (0%) 
Master’s 2 (18.2%) 3 (30%) 
Doctorate 0 (0%) 1 (10%) 

Years of Residency   
Mean 6.27 9 
SD 3.95 5.77 
MoCA   
Mean 28.45 27.30 
SD 1.63 1.34 

 

One inclusion criterion for this study included a score of 26 or above on the MoCA test. 

The mean score of the 21 participants on the MoCA test was 27.90 (SD = 1.58) with a range of 26 

– 30 (Table 9 and Table 10). Participants were asked about their medical conditions in relation to 

eye diseases, sleep problems, and psychological issues. Among them, 9.5% (n = 2) reported 

psychological/psychiatric (mood, anxiety, depression), 14.1% (n = 3) had macular degeneration, 

and only 19% (n = 4) reported having sleep problems (e.g., insomnia, daytime sleepiness, sleep 

apnea). No participant took medications for their sleep. However, the 2 participants with 

psychiatric problems took psychoactive medications and they continued taking them during the 

period of the study.  
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4.2.  Lighting Measurements and Analysis 

4.2.1. Baseline Lighting 
 

Baseline lighting measurements were performed in twenty living rooms and around the 

main seating area during the daytime between 10:00 – 14:00 h. The first assessment was conducted 

between December and March 2019 in the two affordable senior livings in Saint Louis, MO. In 

October and November 2019, the high-end senior living in Chicago, IL, was assessed. No 

modification was applied to the lighting for the baseline measurements. For instance, if a 

participant kept the window blinds closed during the daytime, the illumination was measured with 

closed blinds.   

Two references were used to evaluate the illuminance levels and CCT at the baseline and 

interventions: (1) ANSI/IES RP-28-16, Lighting for the Visual Environment for Seniors and the 

Low Vision Population and (2) an Adapted Standard (AS) by De Lepeleire et al. (2007). ANSI/IES 

RP-28-16 recommends a horizontal illuminance level of 200 lux or higher for ambient lighting 

and 500 - 750 lux for task lighting in the living spaces. De Lepeleire et al. (2007) developed an 

adapted standard for older adults based on The European Standard for Light and Lighting of Indoor 

Work Places (ES). Given the fact that an individual’s need for light increases inevitably at the rate 

of 1% per year after the age of 20 years, they increased illuminance levels recommended by ES by 

55%. Hence, a horizontal illuminance level of 155 lux or higher for ambient illuminations and 775 

lux for task lighting were suggested. The results of lighting measurements were compared to both 

references. None of these references provides any guidance with regards to vertical illuminance 

levels and CCTs. The corneal illuminance level along with spectrum plays an important role in the 

circadian effects of lighting. Two evaluate those variables, CS and EML values were utilized. In 
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the study, we set the critical threshold for CS at the mean value of 0.3 and for EML at the mean 

value of 220 as recommended by literature and WELL Standard, respectively.  

Table 11, Figure 10 and, Figure 11 show the results of baseline lighting measurements. As 

shown, the mean horizontal illuminance level is 51.32 (SD = 3.50), 13.80 (SD = 99.88), 443.36 

(SD = 199.01) lux in Affordable I, Affordable II, and High-end senior livings respectively. Results 

indicated that 66.7% of measured horizontal illuminances in the living rooms of participants fell 

below the 200lux threshold defined by ANSI/IES RP-28-16. In fact, among the fourteen living 

spaces assessed in the affordable senior livings, only one had a mean illuminance level higher than 

200 lux. In the High-end senior living, a higher mean horizontal illumination was observed and 5 

out of 6 living rooms met the ANSI/IES RP-28-16 threshold. Comparing the results with AS 

revealed that only 21.4% (n = 3) of the living rooms in the Affordable senior livings had a mean 

horizontal illuminance level higher than 155 lux. However, in High-end, all the assessed living 

rooms met the AS threshold. In general, corneal illumination was higher than horizontal in all 

living spaces as most of the light came through the windows (daylighting) and participants usually 

did not use electrical lighting during the daytime. Again, the High-end senior living tended to score 

best in the corneal illuminance level with a mean of 278.47 lux (SD = 146.17).  

In terms of CCT, Corneal and Horizontal CCT appeared to be similar. The mean horizontal 

CCT was varied in a range of 2600°K - 5600°K with the highest mean horizontal CCT of 

5230.81°K (SD = 427.23) at the High-end senior living. The range of mean corneal CCT was 

2922.67°K – 5713.00°K with the highest mean number obtained at the High-end senior living 

(Mean CCT = 4887.05°K, SD = 199.01).  

The measured spectrum data and vertical illuminance levels were used to calculate CS, R 

Ratio, and EML in the living rooms. The calculations showed a mean daytime CS of 0.03, 0.13, 
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and 0.28 as well as the EML of 16.86, 103.69, and 250.76 in Affordable I, Affordable II, and the 

High-end senor living respectively. Around 76% of the living spaces fell below the 0.3 CS and 

220 EML threshold during the daytime with more frequency in Affordable I (100%) and 

Affordable II (81.8%). Lack of sufficient amount of daylighting and, of course, no permanent 

ceiling or wall electrical lighting system were the main reasons for low levels of CS and EML in 

these living rooms which were called low quality daylighting living rooms (LQDLR). Out of 20 

living rooms, only five provided sufficient daytime circadian lighting based on the CS and EML 

threshold values. All these living rooms were the ones with quality access to natural light in which 

participants kept all the window blinds open almost all the time; hence, they were called high 

quality daylighting living rooms (HQDLR). Although the mean EML in the High-end senior 

living, is higher than the 220 setpoint, only three out of six living rooms (50%) were actually above 

this set point. This occurred due to a broad SD and range of calculated EMLs in this senior living 

(Range: 35.5 – 503.39, SD = 149.54).  

Given these results, it could be concluded that the overall lighting condition was better in 

the High-end senior living compared to the Affordable ones. An independent t-test analysis 

revealed a significant higher corneal illumination (t = 2.459; P < 0.05) and higher horizontal 

illuminance level (t = 4.69; P < 0.05) in the High-end facility.  
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Table 11. Results of baseline lighting measurements in each senior living. 

Variable Affordable I Affordable II High-end 
Number 3 11 6 
Corneal Illumination    

Mean Illuminance level 21.24 119.5 278.47 
Illuminance level SD  3.50 125.6 146.17 
Min - Max 18.87 – 25.27 11.5 – 358.5 41.47 – 513.67 
Mean CCT °K 4363.22 4221.7 4887.05 
CCT SD 1434.55 945.56 199.01 
Min – Max °K 2966.00 – 5713.00 2922.67 – 5552.00 4194.00 – 5629.00 

Horizontal Illumination     
Mean Illuminance level 51.32 113.80 443.36 
Illuminance level SD  3.50 99.88 199.01 
Min - Max  29.53 – 68.67  19.07 – 349.00 177.87 – 658.00 
Mean CCT °K 4578.56 4205.58 5230.81 
CCT SD 1434.56 1367.30 427.23 
Min – Max °K 2966.00 – 5713.00 2676.00 – 6947.00 4543.67 – 5602.33 

Comparison with ANSI/IES RP-28-16    
< 200 100% (n = 3) 90.9% (n = 10) 16.6% (n = 1) 
³ 200 0% (n = 0) 0.9% (n = 1) 83.3% (n = 5) 
< 750 0% (n = 0) 0% (n = 0) 0% (n = 0) 
³ 750 0% (n = 0) 0% (n = 0) 0% (n = 0) 

Comparison with AS    
< 155 100% (n = 3) 72.7% (n = 8) 0% (n = 0) 
³ 155 0% (n = 0) 27.3% (n = 3) 100% (n = 6) 
< 775 0% (n = 0) 0% (n = 0) 0% (n = 0) 
³ 775 0% (n = 0) 0% (n = 0) 0% (n = 0) 

CS     
Mean CS  0.03 0.13 0.28 
SD 0.02 0.14 0.14 
Min - Max 0.02 – 0.05 0.01 – 0.4 0.05 – 0.46 
< 0.30 100% (n = 3) 81.8% (n = 9) 50% (n = 3) 
³ 0.30 0% (n = 0) 18.2% (n = 2) 50% (n = 3) 

EML    
Mean EML 16.86 103.69 250.76 
EML SD 9.20 124.77 149.54 
EML Min - Max 10.13 – 27.34 9.16 – 369.37 35.30 – 503.39 
Mean R Ratio 0.76 0.78 0.88 
R Ratio SD 0.29 0.18 0.10 
R Ratio Min - Max 0.52 – 1.08 0.48 – 1.00 0.76 – 0.98 
< 220 100% (n = 3) 81.8% (n = 9) 50% (n = 3) 
³ 220 0% (n = 0) 18.2% (n = 2) 50% (n = 3) 
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Figure 10. Corneal lighting condition at baseline 

 

 

Figure 11. Horizontal lighting condition at baseline 

 

4.2.2. Lighting Intervention 1 (L1) 
 

Figure 12 shows an example of L1 lighting intervention in one living room in the 

Affordable II facility in Saint Louis. As shown, under this lighting intervention, the color (CCT 

and spectrum) of the light was consistent throughout the day and only the intensity was changing. 

In most of the units and due to a negligible amount of daylighting, lighting intervention 

measurements were conducted during the daytime between 10:00 and 16:00. All the window 



85 
 

blinds were closed to minimize the effects of natural light on the outcomes. If the closed window 

blinds could not reduce natural light effects sufficiently, we performed measurements after 17:00. 

It should be noted that we covered windows only for the purpose of lighting measurements; to 

make sure that participants would receive targeted illuminance levels defined in  Table 6 and Table 

8. During the interventions, participants were allowed to open or close blinds as needed and based 

on their routine lifestyle. Hence, it was possible that one participant received higher illuminance 

levels on a sunny day and if they decide to keep blinds open.  

   

7:00 – 8:00, 400 Lux, 2700°K 8:00 – 12:00, 500 Lux, 2700°K 12:00 – 16:00, 400 Lux, 2700°K 
   

16:00 – 18:00, 300 Lux, 2700°K 18:00 – 20:00, 200 Lux, 2700°K 20:00 – 24:00, 100 Lux, 2700°K 
 

Figure 12. An example of L1 in a living room in the Affordable II Senior Living 

Table 12 shows lighting measurement outcomes under L1. As shown, the average obtained 

corneal illuminance levels were very close to the target numbers defined in Table 6. The average 

corneal illuminance level at 8:00 was 519.16 lux which was slightly more than 500 lux required 

for L1 intervention at this time. The evening illuminance level had been determined to be at 100 

lux or less and the average measured was at 94.47. No criteria for horizontal illuminance was set 

in this study. It was hypothesized that by achieving the required illumination for circadian effects, 
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the visual lighting needs defined by ANSI/IES RP-28-16 and De Lepeleire et al. (2007) would be 

met. The hypothesis appeared to be correct as the average horizontal illuminance levels throughout 

the day were always higher than the 200 and 155 lux setpoints with the highest average horizontal 

illumination of 754.83 at 8:00. 

Table 12. L1 Lighting measurements. 

 Time Minimum Maximum Mean SD 
Corneal Illuminance      
 6:00  185.00 250.33 210.32 13.37 
 7:00 393.33 441.33 409.11 10.31 
 8:00 491.00 585.00 519.61 26.76 
 12:00 393.33 441.33 409.11 10.31 
 16:00 279.00 327.00 304.65 11.76 
 18:00 158.67 220.33 200.14 15.35 
 20:00 74.90 106.00 94.47 9.37 
Horizontal Illuminance      
 6:00  335.33 475.00 396.21 35.95 
 7:00 594.33 705.33 648.52 31.27 
 8:00 704.33 839.00 754.83 44.62 
 12:00 594.33 705.33 648.52 31.27 
 16:00 354.00 695.67 449.86 77.23 
 18:00 277.00 372.33 326.75 24.36 
 20:00 201.33 298.00 238.44 28.81 
Corneal CCT°K      
 6:00  2499.67 2792.67 2677.83 82.04 
 7:00 2517.33 2772.67 2667.43 68.63 
 8:00 2527.00 2789.67 2655.11 73.46 
 12:00 2517.33 2772.67 2667.43 68.63 
 16:00 2523.67 2851.33 2675.54 94.49 
 18:00 2474.67 2831.00 2684.62 80.90 
 20:00 2479.33 2940.00 2708.46 101.54 
Horizontal CCT°K      
 6:00  2636.00 2859.00 2717.95 63.19 
 7:00 2627.67 2885.00 2689.63 65.45 
 8:00 2626.00 2819.67 2688.41 53.31 
 12:00 2627.67 2885.00 2689.63 65.45 
 16:00 2626.67 2844.00 2690.54 50.45 
 18:00 2519.33 2858.33 2721.60 85.46 
 20:00 2525.00 2846.00 2726.65 86.62 
CS      
 6:00  0.19 0.24 0.22 0.02 
 7:00 0.31 0.36 0.34 0.01 
 8:00 0.35 0.40 0.38 0.02 
 12:00 0.31 0.36 0.34 0.01 
 16:00 0.25 0.31 0.28 0.02 
 18:00 0.19 0.24 0.22 0.02 
 20:00 0.09 0.13 0.11 0.01 
EML      
 6:00  81.89 112.15 93.11 8.00 
 7:00 159.68 192.98 179.06 8.77 
 8:00 201.96 265.95 226.16 15.99 
 12:00 160.07 192.69 179.06 8.50 
 16:00 112.46 155.14 133.20 9.67 
 18:00 68.23 101.03 88.45 8.80 
 20:00 31.86 50.92 42.42 5.57 
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Although the CCT of the luminaires was fixed at 2700°K, due to the varied color and 

material characteristics at each living room, a range of corneal CCT (2474°K - 2940°K) and 

horizontal CCT (2519°K - 2885°K) were obtained. However, the average corneal CCT throughout 

the day was between 2655°K – 2708°K which was very closed to the target CCT. In addition to 

the CCT, the spectrum data of the L1 were recorded for the purpose of circadian lighting 

calculations. Similar to CCT, the spectrum of the light was affected by the dominant wall, floor, 

ceiling, and furniture color in the living room. Hence, the peak wavelength of the lighting under 

L1 intervention was varying in the range of 608 – 612 nm all the time during the day, excluding 

daylighting. Figure 13 shows the absolute corneal SPD of the L1 in the same living room shown 

in Figure 12.  

 
 

Figure 13. An example of corneal absolute SPD in main gazing direction during the L1 intervention in the living room shown 
in Figure 12. During the L1, the SPD of the light was programmed to remained constant during the day so as the CCT. 

 
Circadian lighting calculations also showed promising numbers. The average morning 

(8:00 -12:00) CS value for L1 was 0.38 (SD = 0.02), with all living rooms having the morning CS 
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of more than 0.35 (see Table 12). The average nighttime CS value was as low as 0.11 with a small 

range of 0.09 – 0.13. Moreover, the L1 intervention provided an EML of 220 or higher in the 

morning (8:00 – 12:00) in 12 living rooms with a total average of 226.16 (SD = 15.99). The lowest 

obtained morning EML was 201.96. As illustrated in Table 12, the EML value decreased gradually 

throughout the day and achieved to an average of 42.42 (SD = 5.57) after 20:00.   

L1 intervention significantly increased daytime average corneal illuminance (df = 19, t = 

11.28, p < 0.001), average horizontal illuminance (df = 19, t = 12.5, p < 0.001), average EML (df 

= 19, t = 2.83, p < 0.001), and average CS (df = 19, t = 6.9, p < 0.001) in the all living rooms 

compared to the baseline (Figure 14).  

 

  
  

  
Figure 14. Comparison of the corneal illuminance, horizontal illuminance, EML, and CV value between baseline and morning 

L1 (8:00 – 12:00). 
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4.2.3. Lighting Intervention 2 (L2) 
 

L2 lighting intervention was designed to provide varying illuminance levels and CCTs (and 

so SPD) in the living rooms of participants. Figure 15 shows an example of L2 lighting intervention 

in one living room in the Affordable II Senior Living. As illustrated, L2 exposed participants to 

bright cool lighting in the morning (8:00 – 12:00) and then both illuminance levels and CCT 

decreased gradually throughout the day to create a dimmed warm lighting in the evening time 

(after 20:00). Similar to L1 intervention, in most apartments, all the measurements of L2 were 

conducted during the daytime between 10:00 and 16:00 with closed window blinds to remove 

daylighting effects. If the closed window blinds could not reduce natural light effects sufficiently, 

we performed measurements after 17:00.  

   

7:00 – 8:00, 400 Lux, 5000°K 8:00 – 12:00, 500 Lux, 6500°K 12:00 – 16:00, 400 Lux, 4500°K 
   

16:00 – 18:00, 300 Lux, 3500°K 18:00 – 20:00, 200 Lux, 3000°K 20:00 – 24:00, 100 Lux, 2700°K 
 

Figure 15. An example of L2 in a living room in the Affordable II senior living 
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As shown in Table 13, the average obtained corneal illuminance levels were aligned with 

target numbers defined in  Table 8 for L2 interventions. The average corneal illuminance levels 

from 8:00 – 12:00 was 508.14 lux (SD =16.44) which was slightly higher that the 500 lux aimed 

for this intervention at this time. The corneal illuminance level of 500 lux or above was achieved 

in 15 living rooms (75%) with the highest measured number of 547.67 lux. The lowest measured 

corneal illuminance was 488 lux which was not significantly different from the target number of 

500 lux.   

With respect to the horizontal illumination, L2 intervention provided a horizontal 

illuminance of 200 lux or above in all tested living rooms at all times with the highest average of 

743.06 lux (SD = 42.72) in the morning (8:00 – 12:00). This is higher than the setpoints defined 

by ANSI/IES RP-28-16 and De Lepeleire et al. (2007) and means that the visual lighting criteria 

were met.  
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Table 13. L2 Lighting measurements. 

 Time Minimum Maximum Mean SD 
Corneal Illuminance      
 6:00  181.67 229.00 209.02 10.42 
 7:00 364.00 485.00 406.70 23.03 
 8:00 488.00 547.67 508.14 16.44 
 12:00 354.33 457.67 406.40 25.77 
 16:00 274.67 326.00 301.22 14.59 
 18:00 174.67 223.33 197.08 12.66 
 20:00 74.90 106.00 94.47 9.37 
Horizontal Illuminance      
 6:00  348.00 477.00 405.98 35.56 
 7:00 588.67 679.00 624.56 22.59 
 8:00 658.67 829.00 743.06 42.72 
 12:00 574.67 678.00 613.02 29.02 
 16:00 378.00 525.33 452.33 44.77 
 18:00 275.00 344.33 311.73 22.75 
 20:00 201.33 298.00 238.44 28.81 
Corneal CCT°K      
 6:00  3805.00 4538.00 4162.60 175.72 
 7:00 4546.67 5109.67 4925.41 157.15 
 8:00 5101.33 5802.33 5522.56 226.83 
 12:00 4264.33 4573.00 4475.68 68.74 
 16:00 3348.67 3578.67 3473.71 60.01 
 18:00 2977.00 3257.00 3098.65 69.16 
 20:00 2479.33 2940.00 2708.46 101.54 
Horizontal CCT°K      
 6:00  3970.67 4731.33 4336.70 193.71 
 7:00 4757.33 5915.67 5119.83 274.72 
 8:00 5126.00 6046.67 5693.94 283.06 
 12:00 4316.33 4859.67 4489.49 120.29 
 16:00 2993.33 3573.00 3343.75 150.87 
 18:00 2519.33 3540.33 3181.57 216.29 
 20:00 2525.00 2846.00 2726.65 86.62 
CS      
 6:00  0.17 0.24 0.21 0.02 
 7:00 0.35 0.41 0.37 0.01 
 8:00 0.41 0.46 0.44 0.01 
 12:00 0.33 0.38 0.35 0.01 
 16:00 0.19 0.24 0.21 0.01 
 18:00 0.22 0.27 0.24 0.01 
 20:00 0.09 0.13 0.11 0.01 
EML      
 6:00  123.48 159.63 150.41 7.73 
 7:00 301.83 386.53 330.02 18.70 
 8:00 409.27 481.07 441.23 16.79 
 12:00 269.29 347.83 308.25 19.91 
 16:00 167.76 218.39 192.00 11.47 
 18:00 94.32 123.57 106.02 6.96 
 20:00 31.86 50.92 42.42 5.57 

 

As mentioned previously, as part of the L2 intervention, the CCT was programmed to 

change gradually from cool light (6500°K) in the morning to warm light (2700°K) in the evening 

to meet the circadian lighting needs criteria. Hence, all the lights were set on the maximum CCT 
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to provide the CCT of 6500°K between 8:00 – 12:00. However, as indicated in Table 13, the 

average obtained morning corneal CCT was 5522.26°K (SD = 226.83). In fact, in none of the 

tested living rooms, the CCT of 6500°K was obtained. The highest measured corneal CCT was 

5802.33°K. This occurred due to the effects of surface color and materials on the ambient lighting 

color. The average horizontal CCT is slightly higher than the corneal one with 5693.94°K (SD = 

283.06) and a range of 5101.26 – 6046.67.  

Recorded spectral data showed that L2 delivered lighting with a peak wavelength of 452nm 

and 608nm in the morning and evening, respectively. Figure 16 illustrates the absolute corneal 

SPD of lighting in L2 from morning to evening at the living room shown in Figure 15. 
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7:00 - 8:00 h, Main Gazing Direction, CCT 5154°K, 
Peak Wavelength: 453nm 
 

8:00 - 12:00 h, Main Gazing Direction, CCT 5635°K, 
Peak Wavelength: 452nm 
 

  
12:00 - 16:00 h, Main Gazing Direction, CCT 
4587°K, Peak Wavelength: 453nm 
 

16:00 - 18:00 h, Main Gazing Direction, CCT 4587°K, 
Peak Wavelength: 609nm 
 

  
18:00 – 20:00 h, Main Gazing Direction, CCT 
3119°K, Peak Wavelength: 605nm 
 

18:00 – 20:00 h, Main Gazing Direction, CCT 2609°K, 
Peak Wavelength: 612nm 
 

Figure 16. An example of absolute Corneal SPD from 7:00 – 20:00 h in L2 in the living room shown in Figure 15. 

 

 

0

0.002

0.004

0.006

0.008

0.01

0.012

38
0

39
2

40
4

41
6

42
8

44
0

45
2

46
4

47
6

48
8

50
0

51
2

52
4

53
6

54
8

56
0

57
2

58
4

59
6

60
8

62
0

63
2

64
4

65
6

66
8

68
0

69
2

70
4

71
6

72
8

74
0

75
2

76
4

77
6

Sp
ec

tra
l P

ow
er

 (W
/n

m
)

Wavelength (nm)

Absolute Corneal SPD

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

38
0

39
2

40
4

41
6

42
8

44
0

45
2

46
4

47
6

48
8

50
0

51
2

52
4

53
6

54
8

56
0

57
2

58
4

59
6

60
8

62
0

63
2

64
4

65
6

66
8

68
0

69
2

70
4

71
6

72
8

74
0

75
2

76
4

77
6

Sp
ec

tra
l P

ow
er

 (w
/n

m
)

Wavelength (nm)

Absolute Corneal SPD

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

38
0

39
2

40
4

41
6

42
8

44
0

45
2

46
4

47
6

48
8

50
0

51
2

52
4

53
6

54
8

56
0

57
2

58
4

59
6

60
8

62
0

63
2

64
4

65
6

66
8

68
0

69
2

70
4

71
6

72
8

74
0

75
2

76
4

77
6

Sp
ec
tra

l	p
ow

er
	(W

/n
m
)

Wavelength (nm)

Absolute Corneal SPD

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

38
0

39
2

40
4

41
6

42
8

44
0

45
2

46
4

47
6

48
8

50
0

51
2

52
4

53
6

54
8

56
0

57
2

58
4

59
6

60
8

62
0

63
2

64
4

65
6

66
8

68
0

69
2

70
4

71
6

72
8

74
0

75
2

76
4

77
6

Sp
ec

tra
l p

ow
er

 (W
/n

m
)

Wavelength	(nm)

Absolute Corneal SPD

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

38
0

39
2

40
4

41
6

42
8

44
0

45
2

46
4

47
6

48
8

50
0

51
2

52
4

53
6

54
8

56
0

57
2

58
4

59
6

60
8

62
0

63
2

64
4

65
6

66
8

68
0

69
2

70
4

71
6

72
8

74
0

75
2

76
4

77
6

Sp
ec

tra
l p

ow
er

 (W
/n

m
)

Wavelength (nm)

Absolute Corneal SPD

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

38
0

39
2

40
4

41
6

42
8

44
0

45
2

46
4

47
6

48
8

50
0

51
2

52
4

53
6

54
8

56
0

57
2

58
4

59
6

60
8

62
0

63
2

64
4

65
6

66
8

68
0

69
2

70
4

71
6

72
8

74
0

75
2

76
4

77
6

Sp
ec

tra
l p

ow
er

 (W
/n

m
)

Wavelength (nm)

Absolute Corneal SPD



94 
 

Circadian lighting calculations show the significant effects of the spectrum on the CS and 

EML values. The average morning (8:00 -12:00 h) CS value for L1 was 0.44 (SD = 0.01), with all 

living rooms having the morning CS of more than 0.41 (see Table 12). The average night time CS 

value was as low as 0.11, with a small range of 0.09 – 0.13. Moreover, the L1 intervention provided 

an EML of 409 or higher in the morning (8:00 – 12:00 h) in all living rooms with a total mean of 

441.23 (SD = 16.79). This is twice more than the EML setpoint of 220. The highest obtained 

morning EML was 481.07. As illustrated in Table 12, the EML value decreased gradually 

throughout the day and achieved to an average of 42.42 (SD = 5.57) after 20:00.   

L2 intervention significantly increased daytime mean corneal illuminance (df = 19, t = 

10.29, P < 0.05), mean horizontal illuminance (df = 19, t = 11.98, P < 0.05) compared to the 

baseline. However, no significant difference was observed in the mean corneal illuminance levels 

(df = 19, t = 1.21, p > 0.05) and horizontal illuminance levels (df = 19, t = 1.40, p > 0.05) between 

L1 and L2 (Figure 17).  

Moreover, as illustrated in Figure 18. L2 intervention provided a significant increase in 

mean morning EML value compared to L1 (df = 19, t = 54.430, p < 0.001) and baseline (df = 19, 

t = 9.14, p < 0.001). Same significant increase was observed in the average morning CS value of 

L2 intervention in comparison to L1 (df = 19, t = 14.839, p < 0.001) and baseline (df = 19, t = 8.27, 

p < 0.001).  
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Figure 17. Comparison of corneal and horizontal illuminance levels in Baseline, L1, and L2. 

 

  
Figure 18. Comparison of EML and CS in Baseline, L1, and L2. 

 

4.2.4. Light exposure as measured by actigraphy 
 

Results from actigraphy confirmed average light exposure difference during the L1 and L2 

interventions compared to the both baselines (B1 and B2) with more light exposure during the L2 

intervention (Figure 18). As shown, under the L1, actigraphy measured a significantly higher light 

exposure during the active time (AT) (145,897.49 lux-min versus 85,547.44 lux-min; df = 20, t = 

- 4.69, P < 0.05) compared to B1. The same results were observed under the L2 intervention with 

significantly AT higher light exposures (190,256.29 lux-min versus lux-min, df = 20, t = -4.40, P 

< 0.05). There was no significant difference in AT light exposure between B1 and B2 (85,547.44 

lux-min versus 85,707.30 lux-min, df = 20, t = 0.018, P = 0.986) nor between L1 and L2 
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(145,897.49 lux-min versus 190,256.29 lux-min, df = 20, t = -2.00, P = 0.06). Although it was not 

significant, the average AT light exposure in L2 was higher than L1 (Figure 19).  

Moreover, no significant difference was found in the Rest Time (RT) light exposure 

between B1 and B2 (3049.25 lux-min versus 2781.06 lux-min, df = 20, t = 0.491, p = 0.629), L1 

and B1 (11117.91 lux-min versus 3049.25 lux-min, df = 20, t = -1.87, p = 0.076), L2 and B1 

(8261.74 lux-min versus 3049.25 lux-min, df = 20, t = -1.03, p = 0.314), L1 and L2 (11117.91 lux-

min versus 8261.74 lux-min, df = 20, t = -0.654, p = 0.629). However, the average RT light 

exposure was higher under L1 and L2 interventions compared to the baselines.  

 

 
 

Figure 19. Active Time (AT) and Rest Time (RT) light exposure comparison measured by actigraphy. 

 

Despite the significant difference in daytime illuminance levels between HQDLR and 

LQDLR apartments, no significant difference was observed in the AT light exposure in older 

adults residing in these units (df = 19, t = 0.90, p = 0.379). There was also no significant difference 
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in the AT and RT light exposure between participants based on senior living buildings (df = 19, t 

= 0.345, p = 0.734) or groups (df = 20, t =-1.36, p = 0.141) at B1.   

Moreover, actigraphy data were utilized to measure daily direct daylight exposure in 

participants. In this regard, the duration of time spent in illuminance level of 1000 lux or over was 

investigated. This threshold was derived from studies by Bellia et al. (2013), Hubalek, Brink, & 

Schierz (2010) and Nioi et al. (2017). The duration of time spent in 1,000 lux or greater has been 

defined in previous studies as an indicator of time outdoors (Scheuermaier, Laffan, & Duffy, 

2010). Our analysis showed that the mean duration of time above 1000 lux was 19.53 minutes (SD 

= 13.51), with a range of 4.84 to 50.71 minutes. This shows that participants spent a very short 

duration of time outdoors under the direct sunlight. The was no significant difference between 

participants based on senior living types (df = 19, t = 1.186, p = 0.250) or the baseline daylighting 

condition in their apartment (df = 19, t = 0.479, p = 0.638).  

4.3.  Effect of Order  
 

As previously mentioned, the study was counterbalanced by assigning participants into two 

groups where they received a different order of lighting interventions (L1 – l2 and L2 – L1). The 

effect of order of exposure on DVs as well as the interaction between order and lighting conditions 

were analyzed using a general linear mixed model of analysis of variances (ANOVA). There was 

no significant effect of order or interaction between order and lighting conditions on the DVs, 

suggesting that the effect of lighting on DVs was not dependent on the order of exposure to L1 

and L2 interventions. Table 14 shows the results. 
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Table 14. Results of Mixed ANOVA to test the effect of order on DVs and the interaction between order and lighting.  

  F MSE p value   h2
p 

Order      
  NSD 0.69 36480.40 0.42 0.04 
 SE 3.91 57.04 0.06 0.17 
 SOL 0.80 792.92 0.38 0.04 
 DSD 1.73 32448.02 0.20 0.08 
 SDist 0.38 840.27 0.55 0.02 
 SRImp 0.03 346.47 0.87 0.00 
 SQ 4.62 26.07 0.05 0.20 
 DSle 0.01 27.60 0.92 0.00 
 GDS 0.81 69.61 0.34 0.04 
 PA 0.09 131.23 0.77 0.01 
 NA 0.09 39.44 0.77 0.01 
 QL 0.05 122.20 0.84 0.00 
 TMT-A 0.85 1416.64 0.37 0.04 
 TMT-B 0.55 3121.57 0.47 0.03 
 DSST 2.56 1395.59 0.13 0.12 
Lighting * Order      
 NSD 0.23 - 0.87 0.03 
 SE 2.92 - 0.06 0.00 
 SOL 0.68 - 0.57 0.01 
 DSD 1.04 - 0.35 0.04 
 SDist 1.11 - 0.35 0.06 
 SRImp 1.36 - 0.26 0.07 
 SQ 2.90 - 0.07 0.13 
 DSle 0.68 - 0.60 0.03 
 GDS 2.80 - 0.07 0.13 
 PA 0.17 - 0.91 0.01 
 NA 0.55 - 0.55 0.03 
 QL 2.60 - 0.10 0.12 
 TMT-A 0.23 - 0.70 0.01 
 TMT-B 0.13 - 0.88 0.01 
 DSST 2.89 - 0.06 0.13 

 

4.4.  Objective Sleep Quality as Measured by Actigraphy 

4.4.1. Baseline Sleep  
 

Actigraphy data indicated no significant difference in Nighttime Sleep Duration (NSD), 

Daytime (DSD), Sleep Efficiency (SE), and Sleep Onset Latency (SOL) among participants based 

on senior living types or apartments’ daylighting condition (Table 15 and Table 16). In data 

analysis throughout this dissertation study, Affordable I and Affordable II senior livings in Saint 

Louis were considered as one senior living type due to their similar architectural and demographic 

characteristics and called “Affordable”. The high-end senior living in Chicago was considered as 
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another type and called “High-end”. Hence, to evaluate the effects of senior living type, 

participants were divided into two groups based on the facility type they resided in.   

Table 15. Results of t-tests for actigraphy measures between buildings.  

Variable Affordable High-end p value 
Number 14 7  
NSD (minutes)    

Mean 459.41 407.27 0.11 
SD 91.21 34.33  

DSD    
Mean (minutes) 237.17 202.59 0.48 
SD 94.83 80.65  

SE    
Mean (%) 82.14 81.36 0.95 
SD 4.36 4.76  

OSL    
Mean (minutes) 28.46 32.20 0.66 
SD 20.40 17.98  

 

Table 16. Results of t-tests for actigraphy measures in HQDLR and LQDLR. 

Variable HQDLR LQDLR p value 
Number 5 16  
NSD (minutes)    

Mean 481.71 429.64 0.212 
SD 109.29 68.21  

DSD    
Mean (minutes) 204.31 232.31 0.557 
SD 98.09 89.46  

SE    
Mean (%) 80.73 82.23 0.519 
SD 5.81 4.54  

OSL    
Mean (minutes) 25.94 30.88 0.629 
SD 14.05 20.87  

 

4.4.2. Night time Sleep Duration (NSD) 
 

A one-way RP ANOVA with three levels of repeated measures factors was conducted to 

compare the effect of lighting conditions on nighttime sleep duration (NSD) before and after L1 

and L2 interventions. There was a significant effect of lighting condition on NSD (F [2, 40] = 

11.00, p < 0.001, MSE = 585.474, h2p = 0.36). The patterns of the average NSD across the study 

are illustrated in Figure 20 and Figure 21. As shown, the average NSD increased with the L1 
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intervention from 436.06 (SD = 091.38) in Baseline to 455. 58 (SD = 95.64) and increased even 

more with the L2 intervention and reached to 741.00 (SD = 107.84).  

 

Figure 20. Effect of lighting condition on nighttime sleep duration (NST). 

  

 
Figure 21. Drop-line mean of nighttime sleep duration (NSD) for each lighting condition in the course of study for each 

participant. Each color represents the score of one participant. 

 
As the one-way RM ANOVA confirmed the significant effects of lighting, in order to 

further investigate the effects of interventions on NSD, three paired samples t-tests were employed 

to make post hoc comparisons between lighting conditions. The pairwise comparison indicated a 
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significant difference between mean NSD at Baseline and L1 (df = 20, t = -2.87, p = 0.009), 

Baseline and L2 (df = 20, t = -3.83, p = 0.001), L1 and L2 (df = 20, t = -2.60, p = 0.02). Moreover, 

no significant difference was observed between B1 and B2 (df = 20, t = 1.25, p = 0.26), suggesting 

no lasting effect of interventions on NSD (see Appendix A for the results of RM ANOVA with 

four levels repeated measures and related paired-wise analysis). The results are illustrated in Table 

17.  

Table 17. Results from Paired Sample t-test for nighttime sleep duration (NSD).  

 Mean Difference (min) SD t (df = 20) p Value 
Pair 1 (Baseline, L1) -19.52 31.15 -2.87 0.009 
Pair 2 (Baseline, L2) -34.94 41.82 -3.83 0.001 
Pair 3 (L1, L2) -15.42 28.16 -2.51 0.021 
Pair 4 (B1, B2) 11.95 43.71 2.65 0.22 

 

4.4.3. Sleep Efficiency (SE) 
 

A one-way RM ANOVA with three levels of repeated measures factors confirmed the 

significant effect of lighting condition on sleep efficiency (SE) of participants (F [2, 40] = 9.56, p 

< 0.001, MSE = 9.49, h2
p = 0.32). As shown in Figure 22 and Figure 23, compared to Baseline, L1 

intervention slightly increased the mean ES from 81.64% (SD = 4.76) to 82.78 (SD = 5.61), while, 

L2 intervention increased that more and reached to 85.68 (SD = 4.66).  
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Figure 22. Effect of lighting conditions on sleep efficiency (SE). 

 

 
 
Figure 23. Drop-line mean of sleep efficiency (SE) for each lighting condition in the course of study for each participant. Each 

color represents the score of one participant. 

 

In order to further investigate the effects of interventions on ES, three paired samples t-

tests were employed to make post hoc comparisons between lighting conditions. Table 18 shows 

the t-test results obtained for SE. The t-test analysis revealed a significant difference between 
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Baseline and L2 (df = 20, t = -3.97, p = 0.001) as well as L1 and L2 (df = 20, t = -2.82, p = 0.010). 

There was no significant difference between Baseline and L1 (df = 20, t = -1.43, p = 0.168), 

suggesting that whole-day lighting with varying lighting intensity did not significantly improve 

SE in older adults. Moreover, we did not observe any significant difference between B1 and B2 

(df = 20, t = 0.59, p = 0.560). This confirms that interventions did not have any carryover effect 

on SE in participants (see Appendix A for the results of RM ANOVA with four levels of repeated 

measures and related paired-wise analysis).  

Table 18. Results from Paired Sample t-test for sleep efficiency (SE) across the study. 

 Mean Difference (min) SD t (df = 20) p Value 
Pair 1 (B1, L1) -1.14 3.64 -1.43 0.168 
Pair 2 (B1, L2) -4.03 4.65 -3.97 0.001 
Pair 3 (L1, L2) -2.89 4.70 -2.82 0.010 
Pair 4 (B1, B2) 0.46 3.56 0.59 0.560 

 

4.4.4. Daytime Sleep Duration (DSD) 
 

For the daytime sleep duration, the one-way repeated measures ANOVA indicates no 

significant effects of lighting conditions (F [2, 40] = 1.37, p = 0.265, MSE = 1819.80, h2
p = 0.06), 

suggesting that the tested lighting interventions did not have any significant effects on DSD. Figure 

24 and Figure 25 show the patterns of the mean of DSD across the study. Although insignificant, 

this pattern reveals a reducing trend in the mean DSD after L2 intervention. In fact, L2 intervention 

reduced the mean DSD in participants by 19.30 minutes compared to Baseline. L1 intervention 

decreased DSD slightly by 0.86 minutes.  
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Figure 24. Effect of lighting conditions on daytime sleep duration (DSD). 

 

 
Figure 25. Drop-line mean of daytime sleep duration (DSD) for each lighting condition in the course of study for each 

participant. Each color represents the score of one participant. 

 

4.4.5. Sleep Onset Latency (SOL) 
 

Actigraphy data for sleep onset latency (SOL) exhibited a significant main effect of lighting 

(F [2, 40] = 6.15, p = 0.005, MSE = 161.194, h2
p = 0.235). The pattern of SOL in the course of the 
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study is illustrated in Figure 26 and Figure 27. Whereas L1 increased the mean SOL from 29.83 

minutes (SD = 16.01) in the Baseline to 34.96 minutes (SD = 21.68), L2 intervention significantly 

decreased the mean SOL to 21.35 minutes (SD = 13.14). This pattern suggests that varying 

intensity alone is not sufficient to reduce SOL in older adults. However, adding tuning color quality 

to varying intensity could be an effective lighting solution. Table 19 shows the results of the t-test 

analysis. We found a significant difference between Baseline and L2 (df = 20, t = 2.60, p = 0.017) 

and between L1 and L2 (df = 20, t = 2.93, p = 0.008). However, there was no significant difference 

between the mean SOL in Baseline and L1 (df = 20, t = -1.38, p = 0.18). We also observed no 

significant difference between B1 and B2, suggesting that the lighting interventions had no lasting 

impact of SOL in participants (see Appendix A for the results of RM ANOVA with four levels 

repeated measures and related paired-wise analysis).   

 
Figure 26. Effect of lighting conditions on sleep onset latency (SOL). 

 
 



106 
 

 
Figure 27. Drop-line mean of sleep onset latency (SOL) for each lighting condition in the course of study for each participant. 

Each color represents the score of one participant. 

 
Table 19. Results from Paired Sample t-test for sleep onset latency (SOL) across the study. 

 Mean Difference (min) SD t (df = 20) p Value 
Pair 1 (B1, L1) -5.25 17.47 -1.38 0.18 
Pair 2 (B1, L2) 8.35 20.55 1.86 0.08 
Pair 3 (L1, L2) -13.60 21.30 2.93 0.01 
Pair 4 (B1, B2) -0.26 17.07 -0.07 0.945 

 

4.5.  Subjective Sleep as Measured by Questionnaires 

4.5.1. Baseline Subjective Sleep 
 

Self-rating questionnaires were employed to assess the effectiveness of lighting 

interventions on subjective sleep quality. Sleep disturbance (SDist), sleep-related impairment 

(SRImp), sleep quality (SQ), and daytime sleepiness (DSle) were measured using PROMIS SD, 

PROMIS SRI, PSQI, and ESS respectively. There was no significant difference between average 

scores obtained in baseline (B1) based on the senior living type or the daylighting conditions in 

the living rooms. Table 20 and Table 21 show the results.   
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Table 20. Results of t-tests for self-rating measures between buildings. 

Variable Affordable High-end p value 
Number 14 7  
SDist    

Mean 58.86 54.71 0.61 
SD 14.80 21.01  

SRImp    
Mean  38.43 28.29 0.57 
SD 12.13 7.30  

SQ    
Mean  7.71 5.86 0.33 
SD 4.16 3.76  

DSle    
Mean  7.21 5.29 0.18 
SD 2.86 3.15  

 

Table 21. Results of t-tests for self-rating measures in HQDLR and LQDLR. 

Variable HQDLR LQDLR p value 
Number 5 16  
SDist    

Mean 64.80 55.19 0.272 
SD 20.92 15.22  

SRImp    
Mean  33.20 35.63 0.695 
SD 6.30 12.99  

SQ    
Mean  8.60 6.63 0.353 
SD 2.97 4.29  

DSle    
Mean  6.00 6.75 0.641 
SD 3.74 2.89  

 

4.5.2. Sleep Disturbance (SDist) 
 

A one-way RM ANOVA revealed a significant effects of lighting conditions on the SDist 

scores of participants measured by PROMIS-SD (F [2, 40] = 17.04, p < 0.001, MSE = 34.30, h2
p 

= 0.46). The mean score for SDist significantly decreased from 54.83 (SD = 14.35) in Baseline to 

52.52 (SD =17.00) after L1 and decreased even more to 44.76 (SD = 13.98) after L2 intervention. 

The difference between the mean score for SDist in Baseline and L2 (df = 20, t = 6.00, p < 0.001) 

as well as L1 and L2 (df = 20, t = 3.91, p = 0.001) were significant. Figure 28, Figure 29, and Table 

22 show the results. We found no significant difference between Baseline and L1 (df = 20, t = 

1.32, p = 0.20). This confirms that a whole-day varying intensity alone is not sufficient to improve 
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SDist in older adults. There was no significant difference between mean scores for SDist in B1 

and B2 (df = 20, t = 1.59, p = 0.13), suggesting that the lighting interventions did not have any 

lasting impact on SDist (see Appendix A for the results of RM ANOVA with four levels of 

repeated measures and related paired-wise analysis).  

 
Figure 28. Effect of lighting conditions on sleep disturbance (SDist) in participants measured by PROMIS-SD. 

 

 
Figure 29. Drop-line mean of sleep disturbance measured by PROMIS-SD for each lighting condition in the course of study 

for each participant. Each color represents the score of one participant. 
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Table 22. Results from Paired Sample t-test for sleep disturbance measured by PROMIS-SD scores across the study. 

 Mean Difference SD t (df = 20) p Value 
Pair 1 (B1, L1) 2.31 8.00 1.32 0.201 
Pair 2 (B1, L2) 10.07 7.70 6.00 < 0.001 
Pair 3 (L1, L2) 7.76 9.09 3.91 0.00 
Pair 4 (B1, B2) 5.29 15.26 1.59 0.13 

 

4.5.3. Sleep-Related Impairments (SRImp) 
 

Results from the PROMIS-SRI exhibited a significant effect of lighting conditions on the 

SRImp scores in participants (F [2, 40] = 13.60, p < 0.001, MSE = 16.87, h2
p = 0.41). The mean 

score for SRImp decreased from 33.00 (SD = 10.59) in Baseline to 30.67 (SD = 8.67) after L1 

intervention, the difference was nonsignificant, though. L2 intervention decreased the mean score 

for SRImp more to 26.48 (SD = 8.65) which was significantly different from Baseline (df = 20, t 

= 4.83, p < 0.001) and L1 (df = 20, t = 3.88, p = 0.001). Figure 30, Figure 31, and Table 23 show 

the results.  

 
Figure 30.Effect of lighting conditions on sleep-related impairment (SRImp) measured by PROMIS-SRI. 
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Figure 31. Drop-line mean of sleep-related impairment (SRImp) measured by PROMIS-SRI for each lighting condition in the 

course of study for each participant. Each color represents the score of one participant. 

 
Moreover, a paired-wise comparison revealed a significant difference between B1 and B2 

(df = 20, t = 3.10, p = 0.01) which might indicate the carryover effect of lighting interventions on 

SRImp (see Appendix A for the results of RM ANOVA with four levels of repeated measures and 

related paired-wise analysis). 

Table 23. Results from Paired Sample t-test for sleep-related impairment measured by PROMIS-SRI scores across the study. 

 Mean Difference  SD t (df = 20) p Value 
Pair 1 (B1, L1) 2.33 5.61 1.91 0.07 
Pair 2 (B1, L2) 6.52 6.73 4.45 < 0.001 
Pair 3 (L1, L2) 4.19 4.95 3.88 0.001 
Pair 4 (B1, B2) 4.10 6.06 3.10 0.01 

 

4.5.4. Sleep Quality (SQ) 
 

Seventeen participants (81%) had baseline assessment scores of five or greater for SQ 

measured by PSQI, suggesting they suffered from poor sleep quality. The frequency of participants 
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with poor sleep quality reduced to 62% (n = 13) after L1 and L2 interventions. This frequency 

started to increase after the intervention was discontinued and reached 71% (n = 15) at B2.  

A one-way RM ANOVA confirmed the significant effects of lighting conditions on the 

subjective sleep quality (SQ) measured by PSQI (F [2, 40] = 4.83, p = 0.013, MSE = 1.99, h2
p = 

0.20). Figure 32 and Figure 33 show the pattern of SQ throughout the course of the study with a 

lower mean score indicating a higher SQ in participants. As illustrated, the mean score for SQ 

improved from 6.48 (SD = 2.95) in Baseline to 6.33 (SD = 3.34) after L1 and improved even more 

after L2 and reached to 5.24 (SD = 2.70).  

The paired-wise comparisons for the main effect of lighting on SQ revealed a significant 

difference between Baseline and L2 (df = 20, t = 2.58, p = 0.018) as well as between L1 and L2 

(df = 20, t = 2.61, p = 0.017). There was no significant difference between Baseline and L1 (df = 

20, t = 0.354, p = 0.727) (Table 24).  

In fact, after the intervention had been removed, the mean score for SQ score started 

increasing (mean of SQ at B2 = 5.86, SD = 2.60); however, after two weeks, the mean score for 

SQ was still lower than the L1 intervention. This might reflect a carryover effect of lighting 

interventions on subjective sleep quality in participants (see Appendix A for the results of RM 

ANOVA with four levels of repeated measures and related paired-wise analysis). 



112 
 

 
Figure 32. Effect of lighting conditions on sleep quality (SQ) measured by PSQI. 

 

 
Figure 33. Drop-line mean of sleep quality measured by PSQI for each lighting condition in the course of study for each 

participant. Each color represents the score of one participant. 

 

Table 24. Results from Paired Sample t-test for sleep quality (SQ) measured by PSQI scores across the study. 

 Mean Difference  SD t (df = 20) p Value 
Pair 1 (Baseline, L1) 0.14 1.85 0.35 0.727 
Pair 2 (Baseline, L2) 1.24 2.20 2.58 0.018 
Pair 3 (L1, L2) 1.10 1.92 2.61 0.018 
Pair 4 (B1, B2) 1.24 3.35 1.70 0.112 
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4.5.5. Daytime Sleepiness (DSle) 
 

Mean scores for DSle measured by ESS exhibited no significant effect of lighting condition 

(F [2, 60] = 2.270, p = 0.116, MSE = 3.72, h2
p = 0.10). The mean scores for DSle was dropped 

from 6.76 (SD = 2.63) in Baseline to 5.90 (SD = 3.21) in L1 and dropped even more after L2 and 

reached to 5.52 (SD = 3.27), suggesting a reducing trend in the DSle after exposure to the lighting 

interventions. Figure 34 and Figure 35 show the results.  

 

 
Figure 34. Effect of lighting conditions on daytime sleepiness (chance of dozing) in participants measured by ESS.  
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Figure 35. Drop-line mean of daytime sleepiness (chance of dozing) measured by ESS for each lighting condition in the 

course of study for each participant. Each color represents the score of one participant. 

 

4.6.  Depression  
 

GDS were employed to evaluate depression in participants through the course of study. 

Eight participants (39%) had the initial score of nine or greater, suggesting they were depressed. 

Only one out of eight was the resident of the high-end senior living. In fact, an independent t-test 

analysis revealed a significant difference between the baseline mean score for depression in 

participants based on senior living types (t = 2.66, p = 0.02). No significant difference was found 

in the baseline mean score for depression based on the daylighting conditions (t = 0.646, p = 0.526).  

Table 25 and Table 26 show the results.  

Table 25. Results of t-tests for Depression between buildings. 

Variable Affordable High-end p value 
Number 14 7  
Depression    

Mean 9.50 3.71 0.021 
SD 4.69 4.72  
Frequency (≥ 9) 7 (50%) 1 (14.3%)  
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Table 26. Results of t-tests for Depression in HQDLR and LQDLR. 

Variable HQDLR LQDLR p value 
Number 5 16  
Depression    

Mean 6.20 8.00 0.526 
SD 5.50 5.43  
Frequency (≥ 9) 1 (20%) 7 (43.8%)  

 

A one-way RM ANOVA was run to investigate the effects of lighting on depression scores 

in older adults. The mean scores for depression exhibited a significant effect of lighting on 

depression (F [1.54, 30.76] = 13.69, p < 0.001, MSE = 3.18, h2
p = 0.41). As the assumption of 

Sphericity was violated (Mauchly’s Test of Sphericity: p = 0.01), the GreenHouse-Geisser 

correction was used to report the RM ANOVA results. The patterns of the depression scores across 

the study are illustrated in Figure 36 and Figure 37. As shown, the mean score for depression 

slightly decreased with L1 intervention from 6.95 (SD = 4.67) in Baseline to 6.10 (SD = 4.49), 

decreased more with L2 and reached 4.14 (SD = 3.62).  

Table 27 shows the results of t-test analysis. There was a significant difference between 

the mean score for depression between Baseline and L1 (df = 20, t = 2.18, p = 0.042), Baseline and 

L2 (df = 20, t = 4.23, p < 0.001), as well as L1 and L2 (df = 20, t = 3.50, p = 0.002).  

We found no significant difference in mean scores for depression between B1 and B2 (df 

= 20, t = 1.62, p = 0.12), suggesting that the lighting interventions did not have any significant 

carryover effect on depression (see Appendix A for the results of RM ANOVA with four levels 

repeated measures and related paired-wise analysis). 
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Figure 36. Effect of lighting conditions on depression measured by GDS. 

 
Figure 37. Drop-line mean of depression measured by GDS for each lighting condition in the course of study for each 

participant. Each color represents the score of one participant. 

 

Table 27. Results from Paired Sample t-test for depression measured by GDS. 

 Mean Difference  SD t (df = 20) p Value 
Pair 1 (Baseline, L1) 0.86 1.80 2.18 0.042 
Pair 2 (Baseline, L2) 2.81 3.05 4.23 < 0.001 
Pair 3 (L1, L2) 1.95 2.56 3.50 < 0.001 
Pair 4 (B1, B2) 1.24 3.51 1.62 0.12 
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The interaction between lighting and depression was also tested. In this regard, participants 

were divided into two groups based on their GSD scores in B1: Depressed (GSD score of 9 or 

greater) and not depressed (GDS score of 8 or lower). Then, a mixed ANOVA was run to compare 

the mean score for depression in these two groups as well as the interactions between lighting and 

baseline depression. There was a significant main effect of lighting (F [1.54, 29.24] = 9.76, p = 

0.001, MSE = 3.55, h2
p = 0.34), baseline depression (F [1, 19] = 5.00, p = 0.037, MSE = 40.60, h2

p 

= 0.208), and interaction between lighting and baseline depression (F [1.54, 29.24] = 4.29, p = 

0.032, h2
p = 0.18). This suggested that the effects of lighting on depression is dependent on the 

baseline depression level, with more effects on depressed participants. Figure 38 shows the results.  

 
Figure 38. Comparison of the main effect of lighting on depression for depressed versus not depressed participants. 

 

4.7.  Mood: Positive and Negative Affects 
 

PANAS was employed to assess mood in the course of the study. The analysis of the 

baseline mean scores for Positive Affects (PA) exhibited a significant difference between senior 

living types (Affordable versus High-end) (df = 19, t = -3.62, p < 0.001). No significant difference 
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was found in the mean score for Negative Affects (NA) between senior living types (df = 19, t = 

1.23, p = 0.15).  Moreover, there was no significant difference in the mean score for PA and NA 

based on the daylighting conditions. The results are illustrated in Table 28 and Table 29. In general, 

participants in the High-end senior living showed a higher mean score for PA and a lower mean 

score for NA compared to the affordable ones. 

Table 28. Results of t-tests for Positive and Negative Affects measured by PANAS between buildings. 

Variable Affordable High-end p value 
Number 14 7  
PA    

Mean 26.64 36.71 < 0.001 
SD 6.31 5.31  

NA    
Mean  15.21 12.86 0.24 
SD 4.74 2.41  

 

Table 29. Results of t-tests for Positive and Negative Affects measured by PANAS between participants in HQDLR and 
LQDLR. 

Variable HQDLR LQDLR p value 
Number 5 16  
PA    

Mean 34.20 28.69 0.163 
SD 7.16 7.48  

NA    
Mean  15.20 14.19 0.650 
SD 2.78 4.61  

 

A one-way RM ANOVA indicated a significant effect of lighting conditions on PA in 

participants (F [2, 40] = 12.76, p < 0.001, MSE = 8.56, h2
p = 0.39). The mean score for PA 

increased with L1 from 31.50 (SD = 6.51) in Baseline to 33.48 (SD = 6.48). L2 increased the mean 

score for PA even more to 36.05 (SD = 4.50) (Figure 39 and Figure 40).  
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Figure 39. Effect of lighting conditions on positive affect (PA) measured by PANAS. 

 
Figure 40. Drop-line mean of positive affect (PA) measured by PANAS for each lighting condition in the course of study for 

each participant. Each color represents the score of one participant. 
 

 

The pairwise comparison for the main effect of lighting on PA reflected a significant 

difference between Baseline and L1 (df = 20, t = -2.51, p = 0.021), B1 and L2 (df = 20, t = -4.35, 

p < 0.001), L1 and L2 (df = 20, t = -3.01, p = 0.007). Table 30 shows the results. We also found a 
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significant difference between mean score of PA in B1 and B2 (df = 20, t = -2.29, p = 0.033), 

suggesting the lighting intervention may have lasting effects on the PA (see Appendix A for the 

results of RM ANOVA with four levels of repeated measures and related paired-wise analysis). 

Table 30. Results from Paired Sample t-test for positive affect (PA) measured by PANAS in across the study. 

 Mean Difference  SD t (df = 20) p Value 
Pair 1 (Baseline, L1) -1.98 3.61 -2.51 0.021 
Pair 2 (Baseline, L2) -4.55 4.80 -4.35 < 0.001 
Pair 3 (L1, L2) -2.57 3.92 -4.35 0.007 
Pair 4 (B1, B2) -3.00 6.02 -2.29 0.033 

 

A one-way RM ANOVA indicated no significant effect of lighting conditions on NA in 

participants (F [2, 40] = 2.54, p = 0.09, MSE = 3.01, h2
p = 0.11). However, a reducing trend was 

observed after the interventions (Figure 41 and Figure 42). In fact, the mean score for NA 

decreased from 13.88 (SD = 3.36) in Baseline to 13.71 (SD = 3.38) in L1 and decreased more to 

12.76 (SD = 3.38) after L2.  

 
Figure 41. Effect of lighting conditions on negative affect (NA) measured by PANAS. 
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Figure 42. Drop-line mean of negative affect (NA) measured by PANAS for each lighting condition in the course of study for 

each participant. Each color represents the score of one participant. 

 

4.8.  Health-Related Quality of Life (QL) 
 

SF-8 was employed to assess health-related quality of life (QL) in participants, with lower 

scores indicating a higher QL. Analysis of the initial assessment of QL in B1 confirmed a 

significant difference between senior living types with a lower mean score (higher QL) for 

participants in the High-end senior living (df = 19, t = 3.56, p < 0.001). There was no significant 

difference in the mean score for QL based on the daylighting conditions (df = 19, t = 0.955, p = 

0.352). Table 31 and Table 32 show the results.  

Table 31. Results of t-tests for health-related quality of life (QL) measured by SF-8 between buildings. 

Variable Affordable High-end p value 
Number 14 7  
QL    

Mean 23.71 12.86 < 0.001 
SD 12.86 3.13  
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Table 32. Results of t-tests for health-related quality of life (QL) measured by SF-8 in HQDLR and LQDLR. 

Variable HQDLR LQDLR p value 
Number 5 16  
PA    

Mean 17.00 21.06 0.352 
SD 5.05 8.98  

 

A one-way RM ANOVA confirmed the significant main effect of lighting on QL (F [2, 40] 

= 5.22, p = 0.010, MSE = 6.54, h2
p = 0.21). Figure 43 and Figure 44 show the pattern of QL in the 

course of the study. L1 intervention improved mean score for QL from 28.12 (SD = 6.13) in 

Baseline to 16.76 (SD = 5.38) and then L2 improved that even more to 15.57 (SD = 5.44).  

The pairwise comparison for the main effect of lighting on QL reflected a significant 

difference between Baseline and L2 (df = 20, t = 3.06, p = 0.006). There was no significant 

difference in the mean score for QL between Baseline and L1 (df = 20, t = 1.59, p = 0.128), and 

L1 and L2 (df = 20, t = 1.78, p = 0.09). Table 33 shows the results.  

 
Figure 43. Effect of lighting conditions on health-related quality of life measured by SF-8. 
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Figure 44. Drop-line mean of health-related quality of life measured by SF-8 for each lighting condition in the course of study 

for each participant. Each color represents the score of one participant. 

 

Table 33. Results from Paired Sample t-test for health-related quality of life. 

 Mean Difference  SD t (df = 20) p Value 
Pair 1 (Baseline, L1) 1.36 3.92 1.59 0.128 
Pair 2 (Baseline, L2) 2.55 3.81 3.06 0.006 
Pair 3 (L1, L2) 1.19 3.06 1.78 0.09 
Pair 4 (B1, B2) 3.95 6.41 2.83 0.010 

 

Moreover, a significant difference was found between the mean score for QL in B1 and B2 

(df = 20, t = 2.83, p = 0.010) which might be as a result of carryover impacts of interventions on 

the QL (see Appendix A for the results of RM ANOVA with four levels of repeated measures and 

related paired-wise analysis).  

4.9.  Cognitive Performance 
 

Three tests were employed to evaluate cognitive performance in participants throughout 

the study course: TMT-A, TMT-B, and DSST. There was no significant difference between mean 

scores for TMT-A, TMT-B, and DSST based on senior living types or the daylighting conditions. 

The results are shown in Table 34 and Table 35.  
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Table 34. Results of t-tests for Cognitive Performance tests between buildings. 

Variable Affordable High-end p value 
Number 14 7  
TMT-A    

Mean (Sec) 59.61  41.97  0.20 
SD 32.53 17.49  

TMT-B    
Mean (Sec) 131.83 94.16 0.12 
SD 49.50 50.15  

DSST    
Mean  38.43 46.57 0.15 
SD 9.82 14.91  

 

Table 35. Results of t-tests for Cognitive Performance tests in HQDLR and LQDLR. 

Variable HQDLR LQDLR p value 
Number 5 16  
TMT-A    

Mean (Sec) 45.37 56.34 0.478 
SD 17.92 31.94  

TMT-B    
Mean (Sec) 105.13 123.67 0.498 
SD 58.47 50.71  

DSST    
Mean  44.60 40.06 0.476 
SD 18.50 9.83  

 

4.9.1. TMT-A Test 
 

TMT-A measures cognitive performance in relation with attention, visual search ability, 

and motor functions. The score of the TMT-A test is reported based on the time (seconds) took for 

each participant to complete the task, with less time indicating greater cognitive performance. A 

one-way RM ANOVA confirmed the significant effect of lighting conditions on the mean score 

for TMT-A in participants (F [1.41, 28.22] = 41.05, p < 0.001, MSE = 44.54, h2
p = 0.67). As the 

assumption of sphericity was violated (p = 0.006), the Green-Geisser correction was used to report 

RM ANOVA results. Both lighting interventions appeared to reduce the time needed to complete 

TMT-A task in participants, suggesting an improvement in attention, visual search, and motor 

function of cognition. As shown in Figure 45 and Figure 46, L1 intervention improved the mean 
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score for TMT-A from 48.18 sec (SD = 23.11) in Baseline to 40.94 sec (SD = 20.58), the mean 

score improved even more with L2 and reached 32.52 sec (SD = 15.57).  

Paired sample t-test confirmed a significant difference for the mean score for TMT-A 

between Baseline and L1 (df = 20, t = 6.03, p < 0.001), Baseline and L2 (df = 20, t = 7.17, p < 

0.001), and L1 and L2 (df = 20, t = 5.06, p < 0.001).  Table 36 shows the results. There was also a 

significant difference between the mean score for TMT-A in B1 and B2 (df = 19, t = 3.55, p < 

0.001), probably occurred as a result of practicing the test or carryover effects of interventions on 

cognitive functions (see Appendix A for the results of RM ANOVA with four levels repeated 

measures and related paired-wise analysis).   

 
Figure 45. Effectiveness of the L1 and L2 Interventions on cognitive performance measured by TMT-A test. Less time to 
complete the task indicates a higher level of cognition in relation to attention, visual search ability, and motor function. 



126 
 

 
Figure 46. Drop-line mean score for cognitive performance measured by TMT-A under each lighting condition in the course 

of the study for each participant. Each color represents the score of one participant. 

 

Table 36. Results from Paired Sample t-test for cognitive performance measured by TMT-A. 

 Mean Difference  SD t (df = 20) p value 
Pair 1 (Baseline, L1) 7.24 5.50 6.03 < 0.001 
Pair 2 (Baseline, L2) 15.66 10.01 7.17 < 0.001 
Pair 3 (L1, L2) 8.42 7.62 5.06 < 0.001 
Pair 4 (B1, B2) 14.33 14.33 3.55 < 0.001 

 
 

4.9.2. TMT-B Test 
 

TMT-B measures cognitive performance through examining cognitive alternation, 

executive functioning, and speed of attention. Similar to TMT-A, the score of the cognitive 

performance obtained from TMT-B is reported based on the time (seconds) took for each 

participant to complete the task, with less time indicating greater cognitive performance. There 

was a significant effect of lighting conditions on TMT-B scores (F [1.54, 30.78] = 30.15, p < 0.001, 

MSE = 398.82, h2
p = 0.60).  The mean score for TMT-B at Baseline was 108.68 sec (SD = 46.01), 

it was improved after L1 (mean = 93.06, SD = 37.66), and improved even more after L2 (mean = 

67.13, SD = 27.21) (Figure 47 and Figure 48).  
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The pairwise comparison for the main effect of lighting reflected a significant difference 

between Baseline and L1 (df = 20, t = 3.40, p = 0.003), Baseline and L2 (df = 20, t = 6.18, p < 

0.001), and L1 and L2 (df = 20, t = 5.61, p < 0.001). Table 37 shows the results. We also observed 

a significant difference between B1 and B2 (df = 20, t = 3.48, p < 0.001), probably occurred as a 

result of practicing the test or carryover effects of interventions on cognitive functions (see 

Appendix A for the results of RM ANOVA with four levels repeated measures and related paired-

wise analysis).   

 
Figure 47. Effectiveness of the L1 and L2 Interventions on cognitive performance measured by TMT-B test. Less time to 

complete the task indicates a higher level of cognition in relation to cognitive alternation, executive functioning, and speed of 
attention. 
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Figure 48. Drop-line mean score for cognitive performance measured by TMT-B under each lighting condition in the course 

of the study for each participant. Each color represents the score of one participant. 

 

Table 37. Results from Paired Sample t-test for cognitive performance measured by TMT-B. 

 Mean Difference  SD t (df = 20) p value 
Pair 1 (Baseline, L1) 15.63 21.04 3.40 0.003 
Pair 2 (Baseline, L2) 41.56 30.82 6.18 < 0.001 
Pair 3 (L1, L2) 25.93 21.19 5.61 < 0.001 
Pair 4 (B1, B2) 21.19 27.89 3.48 < 0.001 

 

4.9.3. The Difference Between TMT-A and TMT-B (B – A) 
 

The difference between scores (time required to complete the task) of TMT-A and TMT-

B is considered as a measure of cognitive flexibility that is relatively independent of manual skills. 

A one-way RM ANOVA reflected the significant effect of lighting conditions on difference of the 

two scores (B – A) (F [1.53, 30.56] = 4800.475, p < 0.001, MSE = 387.450, h2
p = 0.38). Both 

lighting interventions decreased the difference of the TMT-A and TMT-B scores compared to the 

Baseline; however, only the difference between L2 and Baseline reached statistical significance 

(df = 20, t = 3.91, p = 0.001), suggesting that L2 significantly improved cognitive flexibility in 
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participants. Figure 49 - Figure 50 and Table 38 show the results (see Appendix A for the results 

of RM ANOVA with four levels repeated measures and related paired-wise analysis).  

 
Figure 49. Effects of lighting condition on cognitive flexibility measured by the difference between scores of TMT-A and 

TMT-B (B – A). 

 
Figure 50. Drop-line mean score for score difference of TMT-A and TMT-B (B – A) under each lighting condition in the 

course of the study for each participant. Each color represents one participant. 
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Table 38. Results from Paired Sample t-test for difference of TMT-A and TMT-B Scores. 

 Mean Difference  SD t (df = 20) p value 
Pair 1 (Baseline, L1) 8.39 20.11 1.91 0.071 
Pair 2 (Baseline, L2) 25.90 30.33 3.91 0.001 
Pair 3 (L1, L2) 17.51 21.24 3.78 0.001 
Pair 4 (B1, B2) 10.09 24.92 1.86 0.078 

 

4.9.4. DSS Test 
 

DSST measures cognitive performance in relation to processing speed, working memory, 

visuospatial processing, and attention. A one-way RM ANOVA confirmed the significant effect 

of lighting conditions on DSST score (F [2, 40] = 22.98, p < 0.001, MSE = 6.92, h2
p = 0.54). The 

lighting interventions increased the mean score for DSST from 43.10 (SD = 12.15) in Baseline to 

46.29 (SD = 11.47) in L1 and 48.90 (SD = 13.32) in L2. Figure 51 and Figure 52 show the pattern 

of mean scores for DSST in the course of study. The mean score for DSST started worsening after 

the intervention had been discontinued and reached to 45.67 in B2 which was significantly higher 

than the B1 (mean = 41.14, SD = 12.03) (see Appendix A for the results of RM ANOVA with four 

levels repeated measures and related paired-wise analysis).   

 
Figure 51. Effectiveness of the L1 and L2 Interventions on cognitive performance in participants measured by DSST. 
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Figure 52. Drop-line mean score for DSST under each lighting condition in the course of the study for each participant. Each 

color represents one participant. 

 

A pairwise comparison on the main effect of lighting conditions on the DSST scores 

exhibited a significant difference between Baseline and L1 (df = 20, t = -3.80, p = 0.001), Baseline 

and L2 (df = 20, t = -3.12, p = 0.005), and L1 and L2 (df = 20, t = 5.61, p < 0.001). The difference 

between B1 and B2 was also significant (df = 20, t = -4.62, p < 0.001). Table 39 shows the results. 

Table 39. Results from Paired Sample t-test for cognitive performance measured by DSST. 

 Mean Difference  SD t (df = 20) p value 
Pair 1 (Baseline, L1) -2.88 3.47 -3.80 0.001 
Pair 2 (Baseline, L2) -23.72 34.83 -3.12 0.005 
Pair 3 (L1, L2) -2.62 4.31 -2.79 < 0.001 
Pair 4 (B1, B2) -4.52 4.49 -4.62 < 0.001 

 

4.10. Mediating Effects of Dependent Variables  
 

To examined the relationships between DVs and their possible mediating effect, we utilized 

the SPSS Macro provided by Preacher & Hayes (2004) which enabled an estimation of the indirect, 

direct, and total effects in simple mediation models. For this purpose, mediation analyses, 
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according to Baron & Kenny (1986), were employed by testing the categorical independent 

variable  “Lighting Condition” with two levels (Baseline and L2) and the DVs and mediators as 

explained in the following sections. We only chose to compare the L2 condition as this lighting 

condition showed more significant and promising effects on the DVs compared to L1.  

4.10.1. The Mediating Effect of Sleep on Cognitive Performance 
 

To examine the mediating effects of sleep on cognitive performance, we deployed a 

mediation analysis by testing the scores on TMT-A, TMT-B, DSST as DVs and NSD, SE, SDist, 

SRImp, and SQ as mediators.  

TMT-A: Our analysis showed that SDist (B = -0.72, p = 0.018) and SRImp (B = 0.070, p 

= 0.016) tended to have a significant direct effect on the TMT-A scores. Lower SRImp was 

associated with less time required to complete the TMT-A task, suggesting a higher visual search 

ability and motor functions.  However, contrary to our expectation, the relationship between SDist 

and TMT-A scores was negative, meaning a higher SDist resulted in improved TMT-A scores.  

Using the bootstrap method to detect mediation effects, we measured a significant indirect 

effect of lighting condition on TMT-A scores through SDist. The 95% bootstrap confidence 

interval for the indirect effects did not include zero (95% CI: [0.58, 16.00]). This result indicated 

that SDist mediated the relationship between light exposure and cognitive performance in relation 

to visual search ability and motor functions. There was no significant indirect effect of lighting 

condition on TMT-A scores through SRImp (95% CI: [-13.72, 0.93]).  

There was no significant effect of NSD (B = 0.01, p = 0.738), SE (B = -0.13, p = 0.818), 

and SQ (B = 0.01, p = 0.991), on TMT-A scores; Hence, according to Baron and Kenny (1986), 

the mediating role of these DVs on scores for TMT-A could be ruled out.  
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TMT-B: The statistical analysis reflected that SDist (B = -1.45, p = 0.008) and SE (B = -

2.20, p = 0.036) had a significant direct effect on the scores for TMT-B. The negative correlation 

revealed that a higher SE is associated with improved scores in TMT-B, suggesting an 

enhancement in cognitive alternation. However, contrary to our expectations, it appeared that a 

higher SDist resulted in less time required to complete the TMT-B task.  

The 95% bootstrap confidence intervals indicated a significant indirect effect of light 

exposure on TMT-B scores through SDist (95% CI: [1.21, 29.22]). This result indicated that SDist 

mediated the relationship between light exposure and cognitive alternation. There was no 

significant indirect effect of lighting condition on TMT-B scores through SE (95% CI: [-19.64, 

0.15]).  

Our analysis indicated no significant effect of NSD (B = 0.05, p = 0.346), SRImp (ß = 0.84, 

p = 0.284), and SQ (ß = 3.06, p = 0.157), on TMT-B scores; Hence, according to Baron and Kenny 

(1986), the mediating role of these DVs on scores for TMT-B could be ruled out.  

DSST: We measured a significant direct effect of SDist (B = 0.57, p = 0.001) and SQ (ß = 

-1.62, p = 0.0.022) on DSST scores. The standard regression coefficient indicated that improved 

SQ (lower SQ scores) were significantly associated with higher scores in DSST, suggesting an 

increase in cognitive functions. Nonetheless, similar to the TMT-A and TMT-B, more SDist 

appeared to improve DSST scores.  

The 95% bootstrap confidence intervals showed a mediation effect of SDist in the 

relationship between light exposure and DSST scores (95% CI: [-0.85, -0.05]). However, no 

mediation effect of SQ was measured (95% CI: [-0.04, 0.41]). 
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There was no significant effect of NSD (B = -0.029, p = 0.061), SRImp (B = -0.49, p = 

0.057), and SE (B = 0.034, p = 0.92), on DSST scores, suggesting no mediating role of these DVs 

on cognitive performance.  

4.10.2. The Mediating Effect of Mood and Depression on Cognitive Performance 
 

To examine the mediating effect of depression and mood on cognitive performance, we 

deployed a mediation analysis by testing the scores on TMT-A, TMT-B, DSST as DVs and 

depression (GDS scores) and PA as mediators.  

TMT-A: No significant direct effect of depression (B = -0.69, p = 0.33) and PA (ß = -0.88, 

p = 0.084) on TMT-A scores was found. Thus, these DVs did not have any mediation effects in 

the relationship between light exposure and cognitive performance measured by TMT-A.  

TMT-B: Both depression (B = -3.71, p = 0.001) and PA (B = -4.82, p < 0.001) were 

significantly related with TMT-B scores. A more positive mood (PA) resulted in a better cognitive 

alternation measured by TMT-B. However, contrary to our expectation, a lower level of depression 

was associated with more time required to complete the TMT-B task and hence, a drop in cognitive 

functions. These results indicated that depressed people might have better cognitive alternation 

ability. The 95% bootstrap confidence intervals revealed a significant mediation effect of 

depression (95% CI: [0.81, 18.84]) and PA (95% CI: [-33.08, -4.04]) on the relationship between 

lighting and cognitive functions measured by TMT-B.  

DSST: We found a significant direct effect of PA on cognitive function measured by DSST 

(B = 0.72, p = 0.020). A more positive mood (PA) resulted in higher DSST scores and, so cognitive 

performance. The mediation analysis also revealed that PA significantly mediated the relationship 

between light exposure and DSST scores (95% CI: [0.30, 5.60]). No significant correlation was 

found between depression and DSST scores (ß = 0.46, p = 0.270); thus, there was no significant 
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indirect effect of lighting condition on cognitive performance measured by DSST through 

depression.  

4.10.3. The Mediating Effect of Sleep on Depression  
 

To examine the mediating effects of sleep on depression, we ran a mediation analysis by 

testing the depression (GDS scores) as DV and NSD, SE, SDist, SRImp, and SQ as mediators. A 

significant direct effect of SRImp (B = 0.27, p < 0.001), SQ (B = 0.42, p = 0.039), and SE (B = 

0.26 p = 0.01) on depression was measured. While a more SRImp was associated with more 

depression in our participants, improved SQ (lower scores) resulted in lower depression. 

Nevertheless, the correlation between SE and depression was positive, suggesting that higher SE 

predicted higher depression in older adults. This was in contrast to our expectations.  

The 95% bootstrap confidence intervals exhibited a mediation effect of SRImp (95% CI: 

[-3.34, -0.11]) and SE (95% CI: [0.18, 2.01]) on the relationship between light exposure and 

depression. However, we found no mediating effect of SQ (95% CI: [-1.41, 0.16]). Moreover, 

there was no significant direct association between NSD (B = -0.002 p = 0.63) and SDist (B = -

0.08, p = 0.095) with depression and hence no mediating effect of these DVs.  

4.10.4. The Mediating Effect of Cognitive Performance on Depression  
 

To examine the mediating effect of cognitive performance on depression, a mediation 

analysis was utilized by testing depression (GDS scores) as DVs and scores for TMT-A, TMT-B, 

and DSST as mediators. No significant direct effect of cognitive performance on depression was 

measured, TMT-A (B = -0.003, p = 0.931), TMT-B (B = -0. 001, p = 0.732), and DSST (B = -

0.02, p = 0.741). Hence, the mediating role of cognitive performance measured by these three tests 

on depression could be ruled out. 
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4.10.5. The Mediating Effect of Positive Mood (PA) on Depression 
 

Our analysis exhibited a significant direct relationship between PA and depression (B = -

0.37, p < 0.001). The negative correlation coefficient indicated that a more positive mood resulted 

in lower depression levels in older adults. Moreover, a significant mediating role of PA on the 

relationship between lighting and depression was measured (95% CI: [-2.42, -0.32]).  

4.10.6. The Mediating Effect of Sleep on Positive Mood (PA) 
 

To examine the mediating effects of sleep on depression, we ran a mediation analysis by 

testing the PA as DV and NSD, SE, SDist, SRImp, and SQ as mediators. A significant direct effect 

of SDist (B = 0.22, p = 0.009), SRImp (B = -0.28, p = 0.026), and SQ (B = -0.80, p = 0.020) on 

PA was found. While a more SRImp was associated with a drop in PA, improved SQ (lower scores) 

resulted in higher levels of positive mood in participants. Nevertheless, the correlation between 

SDist and PA was positive, suggesting that a higher SDist predicted a decreased PA in older adults. 

This is in contrast to our expectations. Moreover, the 95% bootstrap confidence intervals exhibited 

a mediation effect of SRImp (95% CI: [0.001, 4.076]) on the relationship between light exposure 

and PA. No mediation effect of SDist (95% CI: [-5.34, 0.09]) and SQ (95% CI: [-0.34, 3.12]) was 

found.  

There was no significant direct association between NSD (B = -0.003 p = 0.66) and SE (B 

= -0.11, p = 0.489) with PA and hence no mediating effect of these DVs.  

4.10.7. The Mediating Effect of Cognitive Performance on Positive Mood (PA) 
 

To examine the mediating effect of cognitive performance on PA, a mediation analysis was 

utilized by testing PA as DVs and scores for TMT-A, TMT-B, and DSST as mediators. A 

significant direct effect of cognitive performance measured by TMT-B was exhibited (B = -0.10, 
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p < 0.001). TMT-B measured cognitive alternation ability. These results suggested that a higher 

ability in cognitive alternation resulted in improved PA in older adults. We also found the 

mediation effect of cognitive alternation ability on the relationship between lighting and PA (95% 

CI: [0.94, 6.08]).  

There was no significant association between cognitive performance measured by TMT-A 

(B = 0.04, p = 0.361) and DSST (B = -0.01, p = 0.872) with PA, and consequently no mediating 

role.  

4.10.8. The Mediating Effect of Depression on Positive Mood (PA) 
 

Our analysis exhibited a significant direct relationship between depression and PA (B = -

0.71, p < 0.001). The negative correlation coefficient indicated that more depression predicted 

lower levels of PA in older adults. Moreover, a significant mediating role of depression on the 

relationship between lighting and PA was measured (95% CI: [0.21, 3.44]).  

4.10.9. The Mediating Effect of Cognitive Performance on Sleep  
 

To examine the mediating effect of cognitive performance on sleep, a mediation analysis 

was employed by testing NSD, SDist, SRImp, SE, and SQ as DVs and scores on TMT-A, TMT-

B, and DSST as mediators. The mediation analysis exhibited no direct effect of cognitive 

performance measured by the three tests on NSD, SDist, and SRImp. Therefore, the mediating 

effect of cognitive performance on the relationship between light exposure and NSD, SDist, and 

SRImp did not exist. Table 40 illustrates the results.  

The regression analysis showed that scores in TMT-A and TMT-B significantly predicted 

SQ (B = -0.05, p = 0.037) and SE (B = -0.58, p = 0.004) respectively. More precisely, an improved 

score in TMT-B resulted in a better SE in older adults which showed the positive effect of higher 
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cognitive alternation on SE. However, contrary to our expectation, better scores in TMT-A (less 

time to complete the task) was associated with a lower SQ (higher scores in PSQI). We also found 

a mediating effect of cognitive performance measured by TMT-A (95% CI: [0.21, 3.44]) and 

TMT-B (95% CI: [0.21, 3.44]) on the relationship of lighting with SQ and SE respectively. There 

was no significant direct effect of cognition measured by TMT-B (B = -0.002, p = 0.907) and 

DSST (B = -0.07., p = 0.097) on SQ; hence no significant mediating role in relation between 

lighting and SQ. Likewise, we found that the scores in TMT-A (B = 0.03, p = 0.339) and DSST 

(B = -0.07, p = 0.282) did not significantly predict SE and therefore the mediating effect also did 

not exist.  

Table 40. Results of mediation analysis for cognitive performance and sleep 

Variables  NSD SDist SRImp SQ SE 
 B p Value  B p Value  B p Value  B p Value  B p Value  
TMT-A -0.21 0.790 -0.17 0.145 -0.04 0.555 -0.05 0.037 0.03 0.339 
TMT-B -0.05 0.913 -0.87 0.173 -0.06 0.113 -0.002 0.907 -0.06 0.004 
DSST -2.04 0.132 -0.11 0.595 -0.20 0.119 -0.07 0.097 -0.07 0.281 

 

4.10.10. The Mediating Effect of Depression on Sleep 
 

To examine the mediating effect of depression on sleep, a mediation analysis was 

employed by testing NSD, SDist, SRImp, SE, and SQ as DVs and depression (GDS scores) as a 

mediator. There was a significant direct effect of depression on SDist, SRImp, SQ, and SE. Table 

41 indicates the results. Lower depression resulted in improved SDist, SRImp, and SQ in 

participants. However, it appeared that a lower GDS score was associated with a decrease in SE 

which was not expected. Depression was also shown as a significant mediator in relationship 

between lighting and SDist (95% CI: [-9.09, -0.43]), SRImp (95% CI: [-6.82, -0.34]), SQ (95% 

CI: [-1.38, -0.003]), and SE (95% CI: [-2.93, -0.13]).  
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No significant direct effect of depression on NSD was measured; thus, depression did not 

mediate the impact of light exposure on NSD.  

4.10.11. The Mediating Effect of Mood on Sleep 
 

We examined the mediating effect of mood on sleep by utilizing a mediation analysis that 

tested NSD, SDist, SRImp, SE, and SQ as DVs and PA (positive mood) as a mediator. PA 

significantly predicted SE (B = 0.28, p = 0.011); more precisely, a more positive mood was 

associated with an improved SE. However, PA did not mediate the relationship between light 

exposure and SE (95% CI: [-0.01, 2.51]). There was no significant direct effect of PA on NSD, 

SDist, SRImp, and SE, and therefore the mediating role of PA on the relationship between lighting 

and these sleep metrics can be ruled out (see Table 41).  

Table 41. Results of mediation analysis for depression, mood, and sleep 

Variables  NSD SDist SRImp SQ SE 
 B p Value  B p Value  B p Value  B p Value  B p Value  
Depression -1.84 0.598 1.77 0.001 1.44 < 0.001 0.25 0.012 0.60 <0.001 
PA -1.27 0.614 0.58 0.099 0.20 0.29 -0.04 0.612 0.28 0.011 

 

4.11. Effect of Senior Livings Buildings  
 

Participants were recruited from three different buildings: two affordable senior livings 

(Affordable I and Affordable II) and one high-end senior living (High-end). The effect of senior 

living type on DVs as well as the interaction between the senior living type and the lighting 

condition were analyzed using a general linear mixed model ANOVA. There was a significant 

effect of senior living type on depression (F [1, 19] = 5.00, p = 0.04, MSE = 40.60, h2
p = 0.19), 

PA (F [1, 19] = 7.38, p = 0.01, MSE = 66.40, h2
p = 0.28), and QL (F [1, 19] = 18.58, p < 0.001, 

MSE = 29.53, h2
p = 0.49). Moreover, there was a significant interaction between senior living 

types and lighting conditions on Depression (F [2, 38] = 4.29, p = 0.02, h2
p = 0.18), PA (F [1, 19] 
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= 3.94, p = 0.03, h2
p = 0.17), SE (F [2, 38] = 2.57, p = 0.04, h2

p = 0.11), and SRImp (F [2, 38] = 

3.92, p = 0.03, h2
p = 0.17), suggesting that the effect of lighting conditions on these DVs depends 

on the senior living types. In fact, the lighting condition is more influential in affordable senior 

livings compared to the high-end one. Table 42 and Figure 53, Figure 54, Figure 55, and Figure 

56 indicate the results.  

Table 42. Results of Mixed ANOVA to test the effect of senior living type on DVs and the interaction between senior living 
type and lighting.  

  F MSE p value   h2
p 

Senior Living Type      
  NSD 2.10 26499.63 0.16 0.10 
 SE 4.05 40.45 0.06 0.18 
 SOL 1.88 552.20 0.19 0.09 
 DSD 1.17 23543.62 0.29 0.06 
 SDist 0.01 654.11 0.91 0.00 
 SRImp 1.63 221.35 0.22 0.08 
 SQ 0.50 23.75 0.49 0.03 
 DSle 0.66 20.78 0.43 0.03 
 GDS 5.00 40.60 0.04 0.21 
 PA 7.38 66.40 0.01 0.28 
 NA 0.00 29.53 0.98 0.00 
 QL 18.58 44.16 < 0.01 0.49 
 TMT-A 1.05 1134.47 0.32 0.05 
 TMT-B 2.48 3409.42 0.13 0.12 
 DSST 2.26 416.44 0.15 0.11 
Senior Living Type 
* Lighting 

     

 NSD 2.57 - 0.09 0.12 
 SE 3.54 - 0.04 0.16 
 SOL 0.96 - 0.38 0.05 
 DSD 1.07 - 0.35 0.05 
 SDist 1.96 - 0.16 0.09 
 SRImp 3.92 - 0.03 0.17 
 SQ 0.82 - 0.45 0.04 
 DSle 0.00 - 0.97 0.00 
 GDS 4.29 - 0.02 0.18 
 PA 3.94 - 0.03 0.17 
 NA 1.10 - 0.34 0.06 
 QL 0.42 - 0.66 0.02 
 TMT-A 2.81 - 0.07 0.13 
 TMT-B 0.35 - 0.71 0.02 
 DSST 0.44 - 0.65 0.02 
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Figure 53. Effect of Senior living types on the Depression measured by GDS. 

 
 

 
Figure 54. Effect of Senior living types on the PA. 
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Figure 55. Effect of Senior living types on the SE. 

 
Figure 56. Effect of Senior living types on the SRImp. 

 

4.12. Effect of Daylighting  
 

As previously mentioned, five out of twenty apartments met the setpoints for CS (≥ 0.3) 

and EML (≥ 220) and were categorized as the ones with high quality daylighting conditions. In 

this section, the effect of daylighting condition in the apartments on DVs and the interaction of 

that with the tested lighting conditions were analyzed. In this regard, HQDLRs were compared 
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with LQDLRs through running a general linear mixed model ANOVA. There was no significant 

effect of daylighting on DVs or the interaction of daylighting and lighting conditions, suggesting 

that the effect of lighting on the DVs was not impacted by the daylighting condition in the 

apartments. Table 43 shows the results.  

Table 43. Results of Mixed ANOVA to test the effect of daylighting on DVs and the interaction between daylighting and 
lighting. 

  F MSE p value   h2
p 

Daylighting      
  NSD 1.46 27333.05 0.24 0.07 
 SE 0.58 47.63 0.46 0.03 
 SOL 0.00 606.79 0.99 0.00 
 DSD 0.36 24523.13 0.56 0.02 
 SDist 3.48 553.11 0.08 0.16 
 SRImp 0.02 240.09 0.90 0.00 
 SQ 1.69 22.38 0.21 0.08 
 DSle 0.05 21.45 0.83 0.00 
 GDS 0.10 51.04 0.76 0.01 
 PA 0.71 88.87 0.41 0.04 
 NA 0.31 29.05 0.58 0.02 
 QL 0.03 50.00 0.87 0.00 
 TMT-A 0.73 1152.63 0.40 0.04 
 TMT-B 0.61 3733.80 0.44 0.03 
 DSST 0.40 456.47 0.54 0.02 
Lighting * Daylighting      
 NSD 0.95 - 0.40 0.05 
 SE 0.48 - 0.62 0.03 
 SOL 0.04 - 0.96 0.00 
 DSD 0.07 - 0.93 0.00 
 SDist 1.20 - 0.15 0.10 
 SRImp 1.78 - 0.18 0.09 
 SQ 0.44 - 0.65 0.02 
 DSle 1.77 - 0.18 0.09 
 GDS 3.03 - 0.06 0.14 
 PA 0.61 - 0.55 0.03 
 NA 0.30 - 0.73 0.02 
 QL 0.82 - 0.45 0.04 
 TMT-A 0.13 - 0.88 0.01 
 TMT-B 0.07 - 0.93 0.00 
 DSST 0.20 - 0.82 0.01 
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CHAPTER 5: DISCUSSION 

There are six sections in this chapter. Section 5.1 and 5.2 discuss the current lighting 

conditions in the living spaces of older adults and its association with their sleep, mood, and 

cognitive performance. Sections 5.3 explains lighting conditions under lighting interventions. 

Sections 5.4 and 5.5 discuss the effects of applying a whole-day lighting scheme on sleep, mood, 

and cognitive performance in older adults respectively. Section 5.6 and 5.7 address the impact of 

living conditions on DVs as well as the carryover effects of lighting interventions on them.  

5.1. Current Lighting in the Living Spaces of Older Adults 
 

Corneal and horizontal illuminations were measured in the living spaces of participants 

and around their main seating spot. Measurements included illuminance levels, CCT, and 

spectrum. Results demonstrated poor lighting conditions in 80% of the assessed living spaces. The 

lighting conditions in the living spaces for older adults were poor due to low illuminance, 

inappropriate CCT, and hence low delivered morning EML and CS.  

The measurements showed that illuminance levels in 60% of the living rooms were far 

below ANSI/IES RP-28-16’s recommendations, such that residents of these spaces were almost 

living in darkness. Though, there was a broad range of interior ambient illumination, from sun-

filled to very dark living rooms. Earlier studies confirmed poor lighting conditions in the dwelling 

units of older adults (Eilertsen et al., 2016; Hegde & Rhodes, 2010). Overall, the lighting condition 

was poorer in Affordable senior livings compared to the High-end living arrangements. In fact, 

only one out of fourteen measured living spaces in affordable senior livings met the illuminance 

threshold of 200 lux recommended by ANSI/IES RP-28-16. In High-end senior living, five out of 

six measured living spaces met the illuminance threshold. These results are aligned with those 

stated in a previous study (Eilertsen et al., 2016) which confirms that older adults with higher 
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income have higher average illuminance levels than those living in affordable senior living 

facilities. One explanation for lower illuminance levels in affordable senior livings could be 

characteristics of the building’s facade, which result in poor daylighting. Daylight systems in these 

buildings were limited to one window in the living room which was sometimes covered by window 

blinds. In contrast, the high-end senior living facility evaluated in this study was a relatively new 

high-rise residential building with floor-to-ceiling curtain walls that provided good quality 

daylighting in most apartments, particularly for those located in higher floors. However, the 

electrical lighting system in all twenty living rooms was limited to a few floor lamps placed by the 

residents; no permanent ceiling or wall lighting system was utilized. Our observations and informal 

conversations with the participants revealed that daylighting was the only daytime lighting source 

in all these apartments: floor lamps were only used in the evening. As the measurements were 

conducted in the daytime, the results, in fact, indicated the daylighting condition in these living 

spaces. Consequently, apartments with more access to daylight had a higher average illumination. 

Measured living rooms in the high-end senior living facility were in levels 24 – 47, which were 

expected to have higher daylight access. The only apartment in affordable senior living that met 

the ANSI/IES RP-28-16’ recommendations was located on 8th floor, which was the top floor.  

Low illuminance levels have been associated with reduced visual performance (Bakker et 

al., 2004) and increased risk of fall (Brawley, 2001). Moreover, as corneal illuminance plays a 

significant role in circadian lighting, low illumination results in lower EML and CS values. Our 

lighting measurements data showed that the daytime CS value and EML fell below the 

recommended setpoints in 60% of the apartments; 94% of them were the ones with the average 

horizontal illuminance levels lower than 200 lux. Poor circadian lighting is associated with sleep 
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problems (Akie Ichimori et al., 2013, 2015; Obayashi, Saeki, Iwamoto, et al., 2014a) and 

depression (Akie Ichimori et al., 2015; van Hoof, Aarts, et al., 2009).  

5.2. Ambient Lighting in Living Rooms and Sleep, Mood, and Cognitive Functions 
 

Tested living rooms in this study were divided into two groups: HQDLR and LQDLR. 

HQDLR category included the living rooms that had an EML of 220 or greater or CS of 0.3 or 

greater as recommended by WELL Building Standards and literature. Five out of twenty 

apartments were categorized as HQDLR and the rest were placed in the LQDLR group. Results 

showed no significant difference between HQDLR and LQDLR in terms of sleep, depression, 

mood, health-related quality of life, and cognitive performance. However, participants residing in 

HQDLR apartments exhibited longer NSD, shorter DSD, and better mean scores for PA, QL, 

TMT-A, TMT-B, and DSST as well as shorter SOL and lower mean scores for depression, DSle, 

and SRImp. These results indicated some associations between the lighting conditions in the living 

rooms and sleep, mood, and cognitive performance in older adults. Previous studies demonstrated 

a significant relationship between the daily light exposure and sleep in older adults. In a study by 

Münch et al. (2017) on 66 institutionalized older adults, a significant effect of daily light exposure 

on night-time sleep quality was proven. These results were aligned with those from other previous 

studies (Figueiroa et al., 2011; Shochat et al., 2000). Moreover, a significant negative correlation 

between daytime illuminance levels in the dwelling units of older adults and depression scores has 

been demonstrated (e.g., Ichimori et al., 2015). No previous study examined the association 

between daily light exposure or illuminations in the living environments with cognitive functions 

in older adults. However, research on other age groups revealed a significant positive correlation 

between illuminance levels and cognitive functions (Chellappa, Gordijn, & Cajochen, 2011) with 

daily higher illuminance level exposure resulting in higher cognitive performance. Moreover, 
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studies that exposed participants to bright light indicated significant improvements in the cognitive 

performance of participants in all age groups, including older adults (e.g., Graf et al., 2001; Keis, 

Helbig, Streb, & Hille, 2014; Sun, Lian, & Lan, 2019).  

Therefore, results from our study along with previous studies suggest that environments 

without proper illumination that delivers light/dark cycles could decrease depression and promote 

sleep quality and cognitive performance in healthy older adults. One unexpected outcome was the 

lower SE and higher mean score for SDist and SQ in HQDLRs compared to the LQDLRs. This 

result was in contrary to former research that indicated bright light exposure during the daytime 

decreased sleep disturbance  and increase subjective sleep quality in older adults (Friedman et al., 

2009; Kohsaka et al., 2000; Lieverse et al., 2011).  

Moreover, our analysis showed that participants spent a very short duration of time 

outdoors under the direct sunlight (19.53 minutes on average); no significant difference was found 

between HQDLRs and LQDLRs. Previous studies reported similar findings. Nioi et al., (2017) 

reported that older adults (72 – 99 years) spent only 3 minutes exposed to the illuminance level of 

1000 or greater during winter; duration of exposure was higher in summer up to 46 

minutes. Shochat et al. (2000) reported a median of 10.5 minutes of exposure to the illuminance 

level of more than 1000. There are two limitations associated with the results here. First, the data 

collection was performed in winter when, naturally, older adults spend less time outside due to 

cold weather. Second, lighting data collected by actigraphy might be inaccurate as it is possible 

that participants covered the actiwatch by their sleeves while they were outdoor.  

Non-significant results found in this part of our study might be as a result of small sample 

size. Moreover, our data collection about the number of hours participants spent outside of their 

dwelling units might be inaccurate. It is possible that participants with lower illuminance levels in 
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their apartments spent more time outside and thus received more sunlight exposure. Additionally, 

we did not measure evening illuminations in the living rooms. There are some studies that found 

a significant positive correlation between nighttime illuminance levels and poor sleep quality and 

depression (Obayashi, Saeki, Iwamoto, Ikada, & Kurumatani, 2013; Obayashi, Saeki, Iwamoto, et 

al., 2014b; Obayashi, Saeki, Iwamoto, Okamoto, et al., 2013; Obayashi, Saeki, & Kurumatani, 

2014; Yannielli & Harrington, 2001). When it comes to the non-visual effects of light, whole-day 

lighting conditions matter; thus, future studies should consider measuring illumination from 

morning to evening to obtain a more comprehensive understanding of daily light exposure and its 

associations with sleep, mood, and cognitive function.  

5.3. Lighting Conditions in the Living Rooms Under Interventions 
 

Corneal and horizontal illuminance levels significantly increased by both lighting 

interventions. Under L1 and L2, all the tested living rooms met the recommended numbers by 

ANSI/IES RP-28-16 and AS throughout the day; even the mean for evening horizontal 

illumination (after 20:00) was 238.5 lux with the minimum of 201 lux which was higher than the 

200 lux setpoint. In the morning, the mean horizontal illumination increased up to 754 lux. This 

was even sufficient as task lighting for older adults.  

Moreover, the actigraphy data confirmed a significant increase in the AT and RT light 

exposure during the lighting interventions. Despite the close mean corneal and horizontal 

illuminance levels in L1 and L2, actigraphy data showed a significantly higher AT light exposure 

in L2. One explanation could be through the way that the actiwatch measures white light exposure. 

L2 intervention provided a cool daytime lighting with high CCT (6500ºK – 4500ºK), as opposed 

to the L1 with a constant warm lighting with a low CCT of 2700ºK. The actiwatch detected more 

white light from cool lighting with CCT compared to the warm lighting with low CCT; that is why 
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it showed a higher white light exposure in L2 than L1. In addition, anecdotally, we realized that 

almost all participants preferred L2 intervention over L1, as they felt L2 is more similar to natural 

lighting. Therefore, it was possible that participants spent more time in their living rooms under 

L2 than L1. Moreover, actigraphy data revealed a significant increase in the RT light exposure. 

Although we did not measure the baseline evening lighting in the tested living rooms, the increase 

in the RT light exposure proved that the evening lighting in these apartments did not meet 

ANSI/IES RP-28-16, hence, it was insufficient for the aged vision of their residents. However, it 

is not clear why the RT light exposure in L1 is higher than L2 because both interventions set 

illuminance levels and CCT exactly the same after 20:00.  

With respect to the circadian lighting, both lighting interventions provided high EML and 

CS values in the morning for circadian stimulation, hence increased morning EML and CS values 

significantly compared to the baseline with significantly more increase with L2. Under the 

interventions, all apartments met the WELL Building Standards and LRC recommendations for 

circadian lighting. As opposed to morning lighting, the EML and CS were very low after 20:00 to 

prevent any unwanted disruption of the circadian rhythms. The evening lighting interventions were 

designed to provide visual lighting needs without causing any significant circadian effects. We 

achieved that by providing the minimum ambient horizontal illuminance level of 200 lux and the 

lowest possible CCT of 2700ºK (this was the lowest CCT that could be obtained from the 

luminaires used in this study). We do not have any data about the evening EML and CS in the 

baseline. This is one of the limitations of this study that should be considered in the future research. 

However, the increase in the RT light exposure measured by the actiwatches could indicate an 

increase in the evening EML and CS during the interventions. This increase was inevitable, as we 

had to meet the minimum recommendations for the visual needs of older adults in the evening. 
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However, as it was shown in the results sections and will be explained later, this higher evening 

EML and CS value during the interventions did not cause any damage to participants’ sleep, mood, 

or cognitive performance.  

There are some other explanations that should be mentioned here. First of all, lighting 

measurements of the interventions were performed without daylighting contributions. However, 

in some apartments and based on the participants’ habits, the contribution of daylighting on the 

ambient illumination was significant. In those apartments, regardless of the sky condition, 

daylighting increased the corneal and horizontal illuminance levels and influenced the CCT in the 

living rooms. The increase in illuminance levels varied in each living room based on the window 

to wall ratio, blinds status, window orientation, and apartment location. Higher illuminance levels 

during the daytime did not provide any negative impact on our intervention as it would have 

resulted in higher EML and CS values and potentially improved visual and circadian system 

performance.  

On the other hand, daylighting might increase the CCT of the lighting interventions, which 

would also be in favor of our lighting interventions by increasing the circadian effects. However, 

this should be considered in the interpretation of the results, especially for the L1 intervention. 

Daylighting, in fact, could increase CCT and hence influence spectrum of lighting in the L1 

intervention which was designed to deliver a low CCT of 2700ºK with the peak wavelength of 612 

- 614nm. The within-subject comparison performed in this study eliminated several issues 

associated with various daylighting conditions in the apartments, as the effect of daylighting on 

DVs was measured in the baseline and if any observed improvement could be considered as a 

result of the interventions.  
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5.4.  Effects of a Whole-Day Ambient Lighting with Varying Illuminance Levels and 
Constant CCT on Sleep, Mood, and Cognitive Performance  

 
Among other factors, the magnitude of non-visual effects of lighting drastically depends 

on the light intensity (Rea & Figuero, 2011). This study hypothesized that exposure to a whole-

day lighting scheme with high intensity morning and dimmed evening illumination would result 

in improved sleep, mood, and cognitive performance in older adults, regardless of CCT and 

spectrum. To test this hypothesis, participants were exposed to the L1 intervention for nine days 

during which they received a morning illuminance level of 500 lux or higher (8:00 – 12:00). Then, 

the illuminance level was decreased gradually throughout the day, reaching 100 lux in the evening 

(after 20:00). The CCT of the lighting was kept constant at 2700ºK. Positive effects of a whole-

day lighting scheme with varying intensity and constant CCT were found on sleep, mood, and 

cognitive function.  

Nine days of exposure to the L1 intervention significantly increased NSD by 19.52 minutes 

on average compared to Baseline. Improvements were also observed in SE, SDist, and SRImp 

after exposure to L1; nonetheless, they did not reach statistical significance. The positive effect of 

daytime bright light exposure on sleep quality has been confirmed in previous studies. Sloane et 

al. (2007) found that 2.5 hours of morning bright light and 8 hours of whole-day bright light with 

the illuminance levels of 2500 lux significantly improved nighttime sleep duration by 16 minutes. 

In a long-term study by Riemersma-van der Lek et al. (2008), a whole-day bright light exposure 

with an illuminance level of 1000 lux increased sleep duration by 27 minutes in community-

dwelling older adults. 

Moreover, no significant effect of the L1 intervention was exhibited on DSD, DSle, self-

rated SQ, and SOL. This finding was not aligned with results from previous research. Bright light 

exposure during the daytime had been shown to decrease DSD and DSle (Alessi et al., 2005; 
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Martin et al., 2006) and improve SQ (Leggett et al., 2017). Additionally, it was shown that 

exposure to bright light in early morning decreased SOL (Sloane et al., 2007). However, in our 

study, SOL increased by 5.12 minutes after exposure to L1. One explanation for this result could 

be the applied illuminance levels in the morning. In fact, in this study, the morning illuminance 

level provided by L1 was 500 lux which was dramatically lower than that tested by Sloane et al. 

(2007). It is possible that 500 lux of illumination with 2700ºK CCT was not sufficient to influence 

SOL in older adults. The same explanation could be applied for the lack of significant differences 

found in DSD, DSle, and self-rated SQ.  

Exposure to L1 also decreased depression in older adults with more decrease in older adults 

with depressive symptoms. The mean depression score was significantly dropped from 6.95 in the 

Baseline to 6.10 after the L1 intervention (P < 0.05). Moreover, a significant improvement was 

found in PA with a 1.98-point increase after nine days of exposure to L1. Similar findings were 

exhibited in previous studies, (Lieverse et al., 2011; R. T. Loving, Kripke, Elliott, et al., 2005; 

Riemersma-van der Lek et al., 2008; Royer et al., 2012b)  which demonstrated the positive effect 

of bright light exposure on mood and depressive symptoms. Lieverse et al. (2011) reported that 

three weeks of one-hour exposure to bright light (750 lux) in the morning improves depressive 

symptoms by 43% in older adults. Nonetheless, there were a good number of studies that did not 

find any significant effect of lighting exposure on depression and mood in older adults. Most of 

these studies are those that tested BLT, which forced participants to sit in front of a lightbox for a 

certain period.  

The L1 intervention did not influence NA and QL in our participants. The number of 

studies evaluating the effect of lighting intensity on NA and QL is limited. In fact, to our 

knowledge, this was the first study to investigate the effect of varying lighting intensity on NA and 
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QL. Nonetheless, a significant association between daily light exposure and QL has been 

demonstrated (Grandner, Michael A., Kripke, Daniel F., Langer, 2005; Akie Ichimori et al., 2013).  

With respect to cognitive performance, exposure to the L1 intervention significantly 

improved mean scores for all three cognitive tests. The L1 intervention significantly improved 

mean scores for TMT-A by 15.00%, TMT-B by 14.37%, and DSST by 6.00%. There are a limited 

number of clinical trials that investigate the direct impacts of bright light exposure on cognitive 

functions. In general, results from these trials showed a positive association between exposure to 

bright light and cognitive performance. Graf et al. (2001) reported that bright light significantly 

improved MMSE scores versus dim light placebo. In a more comprehensive study that included 

cognitive functions as an outcome measure, Reimersma-van der Lek et al. (2008) found a 

significant improvement in cognitive scores and the intervention prevented a decline over the long 

duration of the study. In a more recent study, Kretschmer and colleagues (2013) proved that bright 

light had a strong direct effect on cognitive performance which was independent from sleepiness 

and mood.  

These results suggest that a whole-day lighting scheme with varying intensity and a 

constant CCT of 2700ºK with delivery of a high illuminance level in the morning and dimmed 

lighting in the evening could be an effective solution to improve sleep, mood, and cognitive 

performance in older adults. In this study, we only tested the CCT of 2700ºK. The results might 

be different for other CCTs. For instance, exposure to blue-enriched lighting has been 

recommended in the morning, but not in the evening. Hence, applying a dimmed illumination with 

high CCT in the evening might cause unwanted circadian disruptions which might result in poor 

sleep, mood, and cognitive function. Future studies should aim to extend these findings by testing 

varying intensity aligned with other constant CCTs.  
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Furthermore, the morning illuminance level provided by L1 in this study was at 500 lux 

(corneal) which was relatively lower than most previous studies. Nevertheless, we found 

significant improvements in some sleep metrics, mood, and cognitive function. In fact, one main 

advantage of this study was that the morning bright light was provided through ambient 

illumination instead of a light box. Therefore, participants received light for longer hours while 

they were performing their life routines. Other studies with no significant findings usually applied 

lighting interventions through light boxes. This shows the importance of providing bright light 

through ambient illumination.  

5.5.  Effects of a Whole-Day Ambient Lighting with Varying Illuminance Levels and 
CCTs on Sleep, Mood, and Cognitive Performance  

 
The magnitude of the impact of spectrum and CCT on sleep, mood, and cognitive function 

has been debated among lighting researchers. This debate has continued due to the mixed results 

obtained from research. Some studies did not find any significant difference between blue-enriched 

illumination and red- or yellow-enriched illumination (e.g., Royer et al., 2012; Wu, Sung, Lee, & 

Smith, 2015), whereas others reported a strong effect of spectrum on sleep, mood, and cognitive 

function (e.g., Figueiro & Rea, 2012; Sloane, Md, Figueiro, & Cohen, 2008; van Hoof, Schoutens, 

& Aarts, 2009). These findings are why some researchers have argued that varying CCT is not 

necessary to stimulate circadian rhythms. As a result, technologies like tunable white luminaires 

were labeled as not worth the extra cost.   

To investigate if adding tuning spectrum to the ambient illumination with varying intensity 

would provide any additional benefits to sleep, mood, and cognitive functionality, the L2 

intervention was designed. L2 delivered a high illuminance level and high CCT in the morning 

(500 lux and 6500ºK). Then, both intensity and CCT were decreased gradually throughout the day 
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to provide dimmed lighting with low CCT in the evenings (> 100lux and 2700ºK). The intensity 

of the light in L2 was the same as what was provided by L1 and the only difference was in the 

CCT. Participants were exposed to L2 for another nine days. Positive effects of the L2 intervention 

were found on sleep, mood, and cognitive performance as compared to Baseline and L1.  

Actigraphy data confirmed a significant improvement in NSD, SE, and SOL after exposure 

to L2. Nine days of exposure to L2 significantly increased NSD by 34.94 minutes from Baseline 

and by 15.42 minutes compared to L1. L2 also significantly improved SE by 4.03% from Baseline. 

Moreover, as opposed to L1 that had no significant effect on SOL and DSD, we observed a 

significant drop in SOL and a reducing trend in DSD after exposure to L2.  

From self-rating sleep questionnaires, an improvement was found in subjective sleep under 

L2 with significantly higher scores for SQ and a statistically meaningful drop in SDist, SRImp, 

and DSle as compared to Baseline and L1. Participants exhibited an 18.37% decreased in SDist, 

19.76% decrease in SRImp, 19.14% increase in SQ, and 18.43% decline in DSle. These results 

suggested a meaningful improvement in subjective and objective sleep quality in older adults.  

Results from the only other study with a whole-day dynamic lighting intervention with 

varying intensity and CCT support our findings. Van Lieshout-van Dal and colleagues (2019) 

reported that three weeks of exposure to a dynamic ambient lighting with an intensity of 600 – 

1100 lux and CCT of 6500ºK in the daytime (8:00 – 17:00 hr) and 600 lux with 1800ºK in the 

evenings (after 17:00 hr) significantly improved NSD from 408 to 495 minutes on average and 

decreased nighttime awakening and DSD (Van Lieshout-van Dal et al., 2019). These results are 

also consistent with the conclusion of a review study by White et al. (2013), including 18 cited 

studies that a lighting interventions with varying intensity and CCT might mitigate symptoms of 

circadian disruption in community-dwelling older adults. 
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It should be further noted that most previous studies did not specifically examine the impact 

of a whole-day lighting intervention with varying intensity and CCT, and to our knowledge, none 

implemented the intervention in the real dwelling units of older adults. Instead, these studies were 

conducted either in a lab environment or in the common rooms of senior living facilities. However, 

previous studies demonstrated the positive effects of exposure to bright light with high CCT in the 

morning on sleep quality in older adults (Figueiro et al., 2014; Lieverse et al., 2011; van Hoof, 

Aarts, et al., 2009). In most of these studies, researchers used 3 – 4 weeks of interventions to 

influence circadian clock and hence sleep quality. Nevertheless, we were able to find significant 

results after only nine days of exposure.  

Along with sleep, depression and mood have also been examined as DVs in previous 

studies like the one by Figueiro et al. (2014), but none of those studies were a whole-day lighting 

scheme. Except for the study by Figuerro et al. (2014), the intervention in most studies included 

vertical bright blue light applied by a light box for a certain period of time (30 – 120 minutes). A 

significant effect of lighting with high intensity and high CCT on depressive symptoms and mood 

were demonstrated (Leggett et al., 2017; Loving, Kripke, Knickerbocker, & Grandner, 2005). 

These results are consistent with our findings. In fact, L2 significantly decreased the mean score 

for depression by 40% from Baseline and 32% as compared to L1; more reduction was observed 

in depressed older adults. We also observed a significant increase in PA and a dropping trend in 

NA after L2 which showed an improvement in mood.  

Furthermore, L2 provided more improvement in cognitive function than L1. Participants’ 

mean score in all three cognitive tests increased significantly by 20.57%, 27.86%, and 5.63% in 

TMT-A, TMT-B, and DSST respectively as compared to L1. None of the previous studies 

examined the effect of a whole-day lighting scheme with varying intensity and CCT on cognitive 
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function in older adults. However, a previous study demonstrated a strong association between 

bright blue lighting exposure and cognitive functionality in older adults (Royer et al., 2012b). 

Research on young individuals recognized blue light as a potent mean for cognitive stimulation. 

We previously reported the effect of light intensity on cognition. However, it is evident that the 

positive effect of light is greater using blue wavelength light, suggesting an involvement of ipRGC 

cells and circadian system (Cajochen et al., 2005; Vandewalle et al., 2011).  Motamedzadeh et al. 

(2017) found a significant impact of blue-enriched lighting (17,000ºK) on the reduction of working 

memory errors (Motamedzadeh, Golmohammadi, Kazemi, & Heidarimoghadam, 2017). However, 

the lighting effects on cognitive performance changes with aging. Daneault et al. (2014) reported 

that older brains remained capable of showing sustained responses to light in several brain areas, 

but the effect of blue light on brain responses declined with aging in areas typically involved in 

visual functions and alertness (V Daneault et al., 2013). In this study, we were able to obtain 

meaningful improvement in cognitive functions of older adults by exposing them to a whole-day 

lighting scheme with higher intensity and CCT (blue wavelength) in the morning. This shows by 

adjusting the illuminance levels and spectrum, it is possible to compensate for age-related changes 

in visual, circadian, and cognitive systems; hence, lighting could be used as an additional means 

of helping cognitive performance in older healthy individuals.  

Our findings from this section suggest that the addition of color tuning quality to an 

ambient illumination with varying intensity could provide additional benefits to sleep, mood, and 

cognitive performance in older adults. The L2 intervention delivered a 500lux illumination with 

CCT of 6500ºK in the morning. The higher morning CCT significantly increased the circadian 

stimulating effect of lighting when compared to L1.  Many previous studies examined higher 

intensities (1000 lux – 2500 lux) and CCTs (9000ºK – 17000ºK). However, the main advantage of 
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our intervention was to provide a whole-day lighting scheme which increased duration of exposure 

and included a significant difference between daytime and nighttime lighting. This is essential to 

meet circadian lighting needs.  

Although significant improvements in sleep, mood, and cognitive function were observed 

under L2, a more efficient whole-day lighting scheme for older adults might be available by 

optimizing the spectrum. The luminaire used in this study produced 6500ºK illumination with the 

peak wavelength of 454 nm. The human circadian system is more sensitive to light with a peak 

wavelength of 480 nm. Hence, lower lighting intensity would be required for a lighting with the 

peak wavelength of 480 nm to achieve the same circadian effect. Unfortunately, most tunable 

white light sources available in the market do not provide the optimized spectrum. To compensate, 

we need to increase the intensity, which consumes more energy. Future lighting technology should 

consider that. On the other hand, in designing lighting for older adults, we should always consider 

their visual performance. This means that the illuminance level should not fall below a certain 

point. ANSI/IES RP-28-16 recommended a horizontal ambient illuminance level of 200 lux. 

Whether it is sufficient or not for older adults requires more investigation. What is important to 

consider are the visual and circadian effects of light in designing healthy, comfortable lighting for 

this population.  

5.6.  Effects of Living Conditions on Sleep, Mood, and Cognitive performance  
 

In this study, the effect of living condition on the sleep, mood, and cognitive function was 

evaluated in two ways: Daylighting Condition and Senior Living Types. 

In sections 5.1 and 5.2, we described current lighting conditions in the living spaces of our 

participants. We concluded that as there was no lighting system in the living rooms used during 

the daytime, lighting measurement in baseline could represent daylighting conditions. We also 
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explained how we categorized living rooms into two categories: HQDLR and LQDLR. As 

explained, there was no significant difference in sleep, mood, and cognitive performance between 

participants in HQDLR and LQDLR.  

Interestingly, we also could not find any significant differences in DVs under L1 and L2 

between these two groups. Moreover, no interaction was found between daylighting condition and 

interventions (lighting condition). These results suggest that the effects of L1 and L2 interventions 

on sleep, mood, and cognitive function in older adults were independent from the daylighting 

conditions in their living room. In other words, even in living rooms with high quality daylighting, 

residents could benefit from the lighting interventions. This is new information that has not been 

discussed in previous studies. It should be noted that data collection for this study was conducted 

during the Fall and Winter seasons when less daylight is available due to the sun position and there 

are more cloudy days. This factor is especially prevailing in climates like those in Chicago and 

Saint Louis where the study was conducted. Future studies should repeat similar protocols in 

Spring and Summers as well as other climates to investigate the interaction of daylighting 

condition and lighting interventions in more depth.  

In addition to the conventional daylighting condition, we analyzed the effect of senior 

living types on sleep, mood, and cognitive function to find any significant difference at the baseline 

or after the interventions. Two senior living types were included in this study: one high-end and 

two affordable ones. These two types were varied in term of architecture (apartment size, finishes, 

amenities, and architectural styles [high-rise versus low-rise]) as well as population. The high-end 

senior living facility was a high-rise building located in downtown Chicago with larger units, large 

windows, city or lake views for units in upper floors, and extra amenities such as a dining area, 

breakfast area, chapel, training rooms, large-sized well-equipped gym, and a swimming pool. The 
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affordable senior living facilities were low-rise buildings with smaller units, small windows, and 

no especial outside view. Amenities included a common room and a mid-sized gym. In terms of 

population demographics, residents in the high-end senior living had an overall higher education 

and income.  

We found significant differences in mood (depression and PA) and QL between residents 

of high-end versus affordable senior living facilities. Participants from the high-end senior living 

facility exhibited significantly lower levels of depression along with significantly higher PA and 

QL. One explanation for that could be the higher income of the residents in the high-end senior 

living facility. There is a well-established inverse association between socioeconomic status and 

depression as well as quality of life among older adults (Ma & Mcghee, 2013; Murata, Kondo, 

Hirai, Ichida, & Ojima, 2008). 

In addition to socioeconomic status, architectural and environmental elements could play 

a significant role in older adults’ quality of life. In fact, built environments have been recognized 

as a dimension of quality of life, impacting individuals’ performance by supporting their abilities 

(World Health Organization Quality of Life Assessment (WHOQOL), Group, 1998). As people 

age, they become more dependent on their environment to compensate for increasing cognitive, 

physical, and sensory limitations (Brawley, 2001). Moreover, several interrelated factors such as 

functional and cognitive impairments, chronic diseases, diminished social networks, low levels of 

physical activity, and sleep quality all affect dependency and quality of life in older adults (Lupi 

et al., 2012; Ribeiro Do Valle et al., 2013). These factors are significantly influenced by the design 

and quality of the physical environment (Anderiesen, Scherder, Goossens, & Sonneveld, 2014; 

Cohen-Mansfield et al., 2012; Maximov, 2000). 
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In this study, we only focused on lighting as one of the main environmental elements 

affecting quality of life in older adults. However, there are other environmental factors such as 

neighborhood characteristics, ambient quality of the space (e.g., indoor air quality, noise and 

acoustics, thermal comfort), spatial organization, as well as building size and location. Besides 

lighting, we did not systematically analyze other environmental features in participants’ dwelling 

units, as it was not our focus. Hence, our data is not sufficient to evaluate their impacts on 

depression and mood. 

There was no significant difference in cognitive performance and sleep quality between 

participants in high-end and affordable senior living facilities, indicating no significant effect of 

senior living type on these variables. However, we found a significant interaction between senior 

living type and lighting condition for depression, PA, SE, and SRImp, suggesting the effect of 

lighting condition (which mean lighting interventions) on these DVs is dependent on the senior 

living type. Our results showed that applying lighting interventions in affordable senior living 

facilities offered more improvements in depression, PA, SRImp, and SE to residents than those 

residing in high-end senior living facility. One explanation for that could be the fact that 

participants in the affordable senior living showed a higher level of depression and SRImp as well 

as lower levels of PA at the Baseline. Another reason might be related to the overall lower 

illuminance levels in the affordable senior living facilities. In the high-end senior living facility, 

the mean for baseline corneal illuminance level was approximately twice more. That caused a more 

dramatic change in the lighting condition by the interventions in the affordable senior living 

facilities compared to the high-end one.  

Our analysis showed no significant interactions between senior living type and lighting 

conditions with respect to NSD, DSD, SOL, SDist, DSle, NA, QL, as well as the results for TMT-
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A, TMT-B, and DSST, suggesting that the effect of lighting conditions on these variables were 

independent from the senior living type and perhaps income and educational levels. 

5.7.  Carryover Effects of Lighting  
 

To examine the potential carryover effects of 18-day lighting intervention, we had all 

participants wear the actiwatch for another two weeks (including one week of washout) after the 

conclusion of the intervention phase. The final study visit was performed after a 2-week follow-

up period when participants completed self-rating sleep and mood questionnaires as well as 

cognitive tests. Then, in our analysis, we compared scores from B1 and B2 to assess any possible 

carryover effect of light.  

Mean Scores for SRImp, PA, QL, TMT-A, TMT-B, and DSST remained significantly 

improved in B2 compared to Baseline 1. We also observed lower scores for depression, SDist, and 

SQ in B2, although the difference between B1 and B2 did not reach statistical significance. These 

results showed that lighting interventions had a long-lasting effect on sleep, mood, and cognitive 

performance. The carryover effect of light on subjective ratings of sleep and depression as well as 

cognition tests after the intervention was removed is consistent with other studies (Figueiro et al., 

2015, 2016; Riemersma-van der Lek, Swaab, Twisk, Hol, Hoogendijk, & Van Someren, 2008; 

Sun et al., 2019; E. J. van Someren et al., 1996). From a practical perspective, this suggests that 

the daytime exposure to bright blue light might not have to be delivered every day, enabling older 

adults to vary their daily routines as needed without fear of sudden relapse.  

Although the lasting effect of light is well-evident in research, in our study, there might be 

other factors that played a role in improved scores in B2, especially in terms of mood and 

cognition. For instance, we cannot overlook the effect of practice on better outcomes in cognitive 

TMT-A, TMT-B, and DSST cognitive tests. When participants were taking these tests in B2, they 
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had practiced taking the tests three times before. Even a two-week break could not totally remove 

the effect of this previous practice. That might be one main reason for better outcomes for cognitive 

performance. Moreover, in the last study meeting, participants expressed their excitements about 

completing the study as well as receiving compensation for their participation. This occurred 

primarily for those in the affordable senior living facilities. That excitement could have an impact 

on their mood, which resulted in improved outcomes for PA, depression and QL. It is essential to 

consider these factors in assessing the carryover effects of light.  

5.8. Relationship Between Sleep, Mood, Depression, and Cognitive Performance 
 

In this study, we examined whether any of the tested DVs played a mediating role in the 

relationship between lighting and other DVs. According to our analysis, there was a significant 

direct effect of sleep, positive mood, and depression on cognitive performance. More precisely, 

while lower levels of SRImp resulted in an improved visual search ability and motor functions 

measured by TMT-A, better SE and SQ predicted higher levels of cognitive performance measured 

by TMT-B (cognitive alternation) and DSST (attention, working memory, and processing speed) 

respectively. In contrary to the assumption that the high levels of SDist might decrease cognitive 

performance, in the present study, we observed that higher levels of SDist tended to enhance 

various metrics of cognitive performance. One explanation could be that sleep disturbance is 

associated with increased stress levels which result in improved arousal levels and thus cognitive 

performance (Vgontzas et al., 2007). The deployed mediation analysis also revealed a mediation 

effect of SDist in the relationship between light exposure and cognitive performance. Nevertheless, 

as the effect of SDist on cognitive performance was positive (more SDist led to better cognitive 

function), according to Mackinnon, Krull, & Lockwood (2000), an inconsistent mediation or 

suppression effect could be indicated. This special case of mediation is called negative 
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confounding because sleep disturbance resulted in an underestimation of the L2 intervention effect 

on cognitive performance (Kretschmer et al., 2013; Mackinnon et al., 2000). In other words, SDist, 

decreased the magnitude of the relationship between lighting and cognitive performance. 

According to our statistical analysis, L2 intervention resulted in a significant increase in cognitive 

performance and a significant decrease in SDist in older adults. On the other hand, lower levels of 

SDist was associated with improved cognitive functions. Given the fact that cognitive performance 

significantly improved after L2 exposure, it is evident that lighting has a direct effect of cognitive 

performance measured in the present study that is independent of SDist.  

We found no significant mediation effect of SRImp, SE, and SQ on the relationship 

between lighting and cognitive performance. Moreover, there was no significant direct or 

mediating effect of NSD on cognitive performance.  

Furthermore, both PA and depression indicated a significant direct effect on cognitive 

performance measured by DSST and TMT-B, respectively.  More PA was associated with higher 

scores in DSST and TMT-B, suggesting a better cognitive alternation, attention, working memory, 

and processing speed. These results are in line with previous research which demonstrated that 

psychological well-being is related to cognitive performance (Ziegler, Mood, Characteristics, Ex-

, & Ziegler, 2010). PA also indicated a significant mediating effect on the relationship between 

lighting and cognitive performance, suggesting that a positive mood may improve the effect of 

lighting on cognition.  

In contrast to the assumption that lower depression levels might cause enhance cognitive 

functions (Donovan et al., 2017), in this study, we observed that a lower depression level is 

associated with lower levels of cognitive alternation measured by TMT-B test. Additionally, 

depression significantly mediated the effect of lighting on cognitive performance. However, 



165 
 

similar to SDist, there was a negative confounding effect, as depression led to an underestimation 

of the L2 intervention effect of on cognitive performance. Hence, we may conclude that lighting 

has a direct effect on cognitive performance which is independent of depression levels in older 

adults.   

Depression also showed a significant direct effect on SDist, SRImp, SQ, and SE. Lower 

depression resulted in an improved SDist, SRImp, and SQ in participants. However, it appeared 

that a lower GDS score was associated with a decrease in SE which was not expected. No specific 

reason was found to explain the positive effect of depression on SE. Depression also showed a 

significant mediating effect on the relationship between lighting exposure and SDist, SRImp, and 

SQ. This was new information demonstrated in this study. Previous research confirmed the 

association between depression and various sleep metrics (Fang, Tu, Sheng, & Shao, 2019); 

however, none evaluated the mediation role of depression in the effect of lighting on sleep. In the 

present study, we observed that depressive symptoms intervene in the effect of light on sleep.      

In addition to depression, it appeared that cognitive functions directly affected SQ and SE, 

namely, a higher cognitive performance predicted better SQ and lower SE in older adults. In terms 

of SQ, our results are aligned with literature. In fact, the positive relationship between SQ and 

cognitive functions has been well-established in previous research (e.g., Lo, Groeger, Cheng, Dijk, 

& Chee, 2016; Mellor et al., 2018); however, most of these studies limited their findings to the 

effect sleep on cognition and none investigated the other side of this relationship (impact of 

cognitive performance on sleep). Future studies should concentrate on examining the direct effect 

of cognitive functions on various metrics of sleep. With respect to SE, though, the results were not 

as assumed. One reason might be related to the fact that higher cognitive functions are associated 

with higher stress levels which may reduce SE in older adults.  
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Cognitive performance also exhibited a significant mediating role in the relationship 

between light exposure and SQ and SE. This suggests that cognitive performance in older adults 

intervenes in how a lighting condition affects SQ. However, as there was a negative direct effect 

of cognitive performance on SE, a negative confounding effect is evident. Hence, cognitive 

performance, in fact, underestimates the impacts of lighting on SE, suggesting the direct effect of 

lighting on SE. There was no significant direct or mediating effect of cognitive performance on 

depression and other sleep metrics (SDist, SRImp, and NSD).  

Regarding the relationship between PA and sleep, apart from the significant prediction of 

SE by PA, there was no empirical statistical evidence to support the direct or mediating effect of 

PA on sleep metrics measured in this study. These findings indicate that the impact of lighting on 

SDist, SRImp, SE, and NSD is independent of mood, depression, and cognitive performance in 

older adults. 

In line with previous studies (Kretschmer et al., 2013; Mellor et al., 2018; Nima, 

Rosenberg, Archer, & Garcia, 2013), we found a significant bidirectional relationship between PA 

and depression, where higher PA is associated with lower depression in older adults. Moreover, 

both PA and depression significantly mediated their relationship with lighting exposure. This was 

new information, as none of the previous studies evaluated the mediating role of mood on the 

effect of lighting on depression or inversely.  

Additionally, our analysis reflected the direct effect of sleep on depression and PA. While 

a more SRImp led to more depression and less PA in older adults, improved SQ resulted in a lower 

depression level and higher PA. However, the results for SE and SDist were in contrast with the 

assumption that better SE and lower SDist may improve mood and decrease depression in older 

adults (Fang et al., 2019). As previously mentioned, it might have occurred due to the higher stress 
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levels that might be presented in the depressed population. SRImp was the only sleep metric that 

exhibited a significant mediating effect on the relation of lighting with PA and depression, 

suggesting that the effect of lighting on mood and depression is independent of SQ, SE, SDist, and 

NSD.  

There was no empirical statistical evidence to support the direct effect of cognitive 

functions on depression; hence, no mediating effect existed. Likewise, no mediating effect of 

cognitive performance on the relationship between lighting and PA was observed. However, the 

cognitive alternation measured by TMT-B showed a significant direct effect of PA with higher 

TMT-B scores resulted in a more positive mood.  

These analyzes demonstrated the significant relationships between sleep, mood, 

depression, and cognitive performance in older adults as well as some levels of mediating effects 

in the relation of lighting with each of them. Although the mediation role of DVs was not the main 

objective of this study, we performed secondary data analysis to deepen our understanding of how 

light exposure is linked with sleep, mood, and cognition in older adults. The number of studies 

evaluating the mediating effects of these DVs in relation to health-related outcomes of light is 

minimal. In fact, the only study that we found was the one conducted by Kretschmer et al., 2013, 

where no mediating effect of sleep or mood on cognitive performance was observed. Future studies 

should expand these results by focusing on the mediation roles of sleep, mood, cognitive functions, 

perhaps other potential variables on the relationship between light and health in older adults. Such 

studies could help architects and lighting designers to find the most optimum lighting solution to 

improve indoor environmental quality in older adults’ living spaces. For instance, if it appears that 

light has a direct momentary effect on mood and cognitive performance that is not mediated by 

sleep, application of biological lighting even in circulating areas (e.g., corridor, lobby) would 
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matter. On the other hand, if sleep is the primary mediator on the relation of light exposure with 

mood and cognitive functions, designers should concentrate in providing biological lighting only 

in rooms that occupants spend an extended time such as living rooms, bedrooms, and communal 

spaces, as an adequate duration of exposure (usually more than 30 minutes) is needed for light to 

develop some levels of circadian effects in older adults.  
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CHAPTER 6: CONCLUSION 

This chapter opens with a brief review of the study’s major findings with their architectural 

design implications, provides some design recommendations for designing architectural lighting 

and daylighting systems in the dwelling units of older adults, and concludes with a discussion of 

limitations and suggestions for future research.  

6.1. Review of Major Findings 
 

The present study demonstrated that lighting conditions in the living rooms of healthy older 

adults residing in senior living facilities are a significant environmental element affecting their 

sleep, mood, cognitive functions, and consequently their quality of life.  

We found that applying a whole-day lighting scheme with varying intensity (high intensity 

lighting daytime and dimmed lighting nighttime) and CCT of 2700ºK in living rooms can 

significantly improve mood, cognitive performance, and nighttime sleep duration in older adults; 

however, it does not provide any significant effect on other sleep metrics (DSD, SE, SOL, SDist, 

SRImp, DSle). Nevertheless, adding tuning spectrum could promote the effectiveness of a whole-

day lighting scheme with varying intensity. In fact, we demonstrated that a whole-day ambient 

lighting scheme with varying intensity and CCT that provides a blue-enriched high intensity 

daytime lighting and yellow-dimmed evening lighting could significantly improve several 

objective and subjective metrics of sleep (NSD, SE, DSD, SOL, SDist, SRImp, and DSle), mood 

(depression, PA), and cognitive performance in community-dwelling older adults.  

Although the intervention duration was relatively shorter than similar studies (9 days 

versus 14 – 28 days), we were able to obtain meaningful results. Four related features of the 

lighting interventions probably led to the successful outcomes: (1) both interventions were 

designed to improve the ambient lighting in the living rooms of older adults. The ambient 
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application of the interventions allowed participants to perform their daily tasks while they were 

benefiting from the intervention. (2) The interventions were applied in the actual dwelling units of 

older adults instead of the lab environment or common areas in senior living facilities. That made 

our experiment convenient for our participants which probably resulted in them spending more 

time under the interventions; hence, the duration of exposure increased. To our knowledge, the 

present study is the first that examined the effectiveness of a whole-day lighting intervention in 

the actual dwelling units of older adults. (3) The whole-day lighting scheme was designed to 

provide sufficient corneal illuminance level, spectrum, and duration of exposure in the morning to 

stimulate circadian rhythms in older adults. This lighting not only met the lighting standard 

recommendations for visual tasks, but also reached adequately high levels with respect to circadian 

lighting requirements (0.48 CS and 485 EML). In fact, we could deliver twice more EML than the 

WELL Building Standard recommendation to compensate for age-related changes in the eyes and 

circadian system. (4) We delivered the light through a direct/indirect lighting distribution with 

more indirect lighting. This is the most effective method of delivering high intensity lighting to 

older adults. While direct light is needed for performing tasks (e.g., reading, writing), indirect 

lighting distribution provides high corneal illuminance levels by reflecting luminous from the 

surfaces; hence, it eliminates glare and results in pleasant, bright lighting. This is especially 

important for older adults as their eyes are very sensitive to glare.  

The other interesting finding includes the non-significant influence of daylighting quality 

in the living rooms on the effectiveness of the lighting interventions. This finding indicates that 

high quality daylighting alone is not sufficient to meet circadian lighting needs of older adults, 

particularly during the Fall and Winter seasons or in climates with high ratio of days with overcast 

sky conditions. Instead, we need to complement daylighting by designing a high-standard 
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electrical lighting system to compensate for lack of daylighting during cloudy days. In the next 

section, architectural lighting design ideas will be provided to promote healthy indoor 

environments for older adults.  

6.2. Design Implications for Architectural Lighting in Senior Livings 
 

A number of policy and design implications can be derived from this research. Here, we 

will briefly discuss implications for daylighting design, residential lighting design, and lighting 

standards for older adults.  

Given the rapidly aging population, the need for designing appropriate housing that is 

responsive to older adults’ physical and cognitive needs has increased. Older adults spend most of 

their time indoors and especially in their dwelling unit (Kunduraci, 2017); thus, the living 

environments for older adults should fulfill their needs. Our study provides more strong evidence 

that lighting plays a significant role in creating a healthy, comfortable living environment for older 

adults by responding to their visual and circadian needs. Lighting allows older adults to identify 

their surroundings, perform their tasks, and feel safe. Moreover, results of our study proved that 

lighting in the dwelling units of older adults is one main environmental element affecting their 

sleep, mood, cognitive function, and consequently their overall health, well-being, and quality of 

life; yet, lighting is usually overlooked by architects and interior designers, especially when it 

comes to residential environments.  

Lighting design is, in fact, the process of integrating light with architectural design to create 

a comfortable, healthy, and safe indoor environment. Well-designed lighting for older adults 

should provide sufficient illuminance levels and spectrum that fulfill their needs and compensate 

for age-rated changes in visual and circadian systems. What we recommend is a whole-day lighting 

scheme that provides a high circadian stimulation in the daytime and low circadian effects in the 
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evenings. To achieve that, we suggest that the lighting scheme delivers a high intensity and CCT 

(blue-enriched spectrum) in the morning and then both the intensity and CCT decrease gradually 

throughout the day to provide a dimmed warm light in the evenings. The positive effects of such 

lighting application on sleep, mood, and cognitive function of older adults were shown in this 

study.  

Considering the results from our study and other previous inquiries, we suggest a morning 

EML of 450 – 500 for older adults. In our study, we obtained the EML of 485 by producing 500 

lux corneal illumination at 6500ºK. Corneal illumination could be less if the light source produces 

more optimized spectrum (higher CCT, or spectrum with peak wavelength of 480 nm). In order to 

prevent any unwanted circadian disruptions, the EML of 45 – 50 is recommended for the evening 

light. In this regard, the corneal illumination of 100 lux or less with a low CCT of 2700ºK or less 

is recommended. We could achieve the nighttime EML of 45 with 100 lux at 2700ºK. The 

illuminance level should be lower for higher CCTs; however, higher CCTs are not recommended 

for nighttime.  The illuminance levels, both daytime and nighttime, should meet visual lighting 

needs of older adults. This is especially important for nighttime lighting. We need to be careful 

about our targeted illuminance levels at nighttime and should not prioritize circadian effects over 

visual needs at any time; both are equally important. Lighting standards for older adults 

recommend ambient illumination of at least 200 lux at working plane (i.e., 18 inches high 

horizontal). We need to ensure that the nighttime lighting meets this threshold. To reduce the 

circadian impact at night, the best approach is to decrease CCT and provide warm lighting as 

previously recommended.  

Only a whole-day lighting scheme that follows natural light/dark cycles will satisfy our 

lighting needs and can promote indoor environmental quality in living spaces. This whole-day 
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lighting scheme is best achieved by integrating daylighting systems with electrical lighting and 

smart control systems. In the next section, we will provide some design approaches for daylighting 

and electrical lighting systems in the residential units of older adults.  

6.2.1. Daylighting Design  
 
“Architecture appears for the first time when the sunlight hits a wall. The sunlight did not know 

what it was before it hit a wall.” Louis Kahn 

Daylight is, in fact, the most ideal source of illumination in the buildings. It is natural, 

sustainable, and energy efficient; at the same time, it possesses everything to satisfy humans’ 

visual, emotional, and biological lighting needs. Humans have evolved under influence of daylight 

and the natural light/dark cycle. The dynamic nature of daylight delivers the correct spectrum and 

intensity at the right time; thus, it naturally provides high circadian stimulation during the daytime 

and no circadian effect at night. Research has demonstrated that proper daily daylight exposure is 

associated with improved sleep quality, mood, alertness, physical activity, and productivity in 

different age groups, including older adults (M Andersen, Mardaljevic, & Lockley, 2012; Borisuit, 

Linhart, Scartezzini, & Munch, 2014; Boubekri et al., 2014; Brawley, 2001; Mirrahimi et al., 

2012).  

Given all the advantages associated with natural light, daylighting should always be the 

first and main daytime lighting source in residential units of older adults. Daylighting systems 

should be designed to provide sufficient corneal and horizontal illuminance levels in dwelling units 

of older adults, especially in the living rooms. Several design approaches are available for an 

efficient daylighting design, yet when we design for older adults, it requires specific considerations 

to provide comfort and safety.  
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Architects could promote daylighting in the dwelling units of older adults by designing 

windows of appropriate size. The size of windows is determined based on the climate, window 

orientation, space size, and room type. A comprehensive study is needed to quantitatively analyze 

daylighting in interior spaces and so develop the optimum facade design that is energy efficient 

while transferring enough daylight inside the building.  

However, windows alone might not be enough to create quality daylighting in the entire 

indoor space. Daylight levels in a space dramatically drop as the distance from the window 

increases. Hence, providing an evenly distributed lighting with daylighting is not always possible. 

One solution is to design a skylight which is only applicable in single-family houses. Skylights are 

particularly recommended in cold climates as it increases solar heating in winter. Extra natural 

light and solar heat from skylights come with some costs, though. On the downside, skylights 

might cause excessive heat during the summer; that is why they are not usually recommended in 

hot climates. To reduce extra heat, architects might consider placing skylights on the north-facing 

roof section, adding shades or blinds (preferably smart shades), and glazing with appropriate U-

Factor.  

Skylights might also end up generating excessive sunlight and glare in interior spaces. A 

quality daylighting design for older adults needs to be glare-free as age-related changes in the eyes 

bring about an extreme sensitivity to glare. Hence, any possible source of glare, such as windows 

and skylights, should be carefully selected, designed, and located in the dwelling units of older 

adults. Glazing types with low Visual Transmittance (VT) could reduce glare; this is especially 

suggested in hot and sunny climates. A more desirable approach is to use interior and exterior 

shading such as blinds, shades, or drapes. Architecture can be vastly benefitted by designing 

meaningful shadings that are integrated with the architectural forms to create a residential building 
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for older adults that is beautiful, sustainable, energy efficient, healthy, and comfortable. In this 

respect, architects might consider promoting their design through utilizing smart daylighting 

systems and kinetic architecture (Figure 57 – 58).  

  
Figure 57. The Ballet Mécanique apartment block in Zürich has panels that unfold to become balconies or sun louvres. Source: 

https://howtospendit.ft.com/house-garden/205120-kinetic-architecture-that-s-moving-with-the-times 

 

 
Figure 58. Sharifi-Ha House, designed by dRMM. The rooms turn around and can fold into the building or project out 

overhanging the street. Source: https://www.commercialinteriordesign.com/thoughts/irans-hogwarts-style-house-has-rotating-
rooms 
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In addition to designing quality daylighting indoors, architects can improve older adults’ 

daily daylight exposure through special configurations and design strategies that connects indoor 

and outdoor spaces and enhance outdoor activities. Some examples are sun rooms, patios, and 

small-scale central courtyards, seating and activity spaces near windows, and walkable outdoor 

spaces. For instance, a well-designed garden that is placed close to the dwelling units (especially 

close to the living rooms) could be an effective design solution to encourage gardening, which 

results in more sunlight exposure, social interaction, and physical activity among older adults, 

while also improving views and aesthetics. These design ideas not only increase daily daylighting 

exposure indoors and outdoors, but also create destinations of interest, which is an important factor 

in wayfinding and spatial planning in senior living facilities. 

Although there are several benefits associated with daylighting and it should always be the 

primary lighting source, it alone does not always provide sufficient illuminance levels and 

spectrum in dwelling units. One main reason is daylighting inconsistency. Daylight availability 

significantly varies on a cloudy day compared to a sunny day. This is particularly important in 

climates with a significant portion of annual overcast sky conditions such as those in Saint Louis 

and Chicago. This issue becomes worse when it comes to northern climates and Scandinavian 

countries where people deal with an extreme scarcity of daylight during the winter. 

Furthermore, as previously mentioned, the daylight levels drastically decrease as we 

distance from windows as well as by changing the gazing directions. This fact makes it almost 

impossible to provide sufficient illuminance levels from daylighting everywhere indoors. Other 

factors effecting daylight access inside the dwelling units include building location, urban density, 

and surrounding building heights. These factors could limit an architect’s ability to provide quality 

daylighting for all dwelling units in a senior living facility. Therefore, architects need to 
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complement their daylighting design with a quality electrical lighting system that supports the 

visual and circadian lighting needs of older adults. 

6.2.2. Electrical Lighting System 
 

Combined with daylighting, electrical lights should create a pleasant glare-free evenly-

distributed lighting in the dwelling units of older adults to fulfill their visual, emotional, and 

circadian lighting needs. In this regard, we recommend applying a layered lighting design approach 

which, in general, comprises of three layers: (1) ambient lighting, (2) task lighting, and (3) accent 

lighting. In this study, our focus was on the ambient illumination layer. Ambient lighting plays a 

significant role in both the visual and circadian effects of light especially for older adults; hence, 

it is the main and core lighting layer. Ambient lighting, also known as general lighting, creates an 

even illumination throughout the space, enabling performance of basic visual tasks such as 

walking, talking, and identifying the space. Moreover, as the major layer of illumination with the 

highest exposure time, it significantly impacts the circadian system. However, this is the layer 

most overlooked by architects in the architectural lighting design of residential buildings, 

particularly in living rooms and bedrooms. In most residential units, ambient lighting throughout 

the daytime is provided merely by daylighting. However, as we previously mentioned, daylighting 

alone cannot satisfy older adults’ lighting needs, and we need to complement daylighting with 

illumination provided by electrical light sources.  

An ideal electrical lighting system encompasses TWLs that are integrated with smart time-

based control systems and programmed to automatically alter lighting intensity and spectrum (or 

CCT) to suit visual and circadian lighting requirements throughout the day. In combination with 

daylighting, this lighting system should deliver illumination with high EML and CS in the morning 

to stimulate circadian rhythms. Then, it should change gradually throughout the day to decrease 
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EML and CS. The illumination should provide a very low EML and CS at night to prevent any 

unwanted circadian disruptions, such as phase shifting delay. Both CCT and intensity of the light 

should change to achieve sufficient EML and CS throughout the day while satisfying emotional 

and energy-related aspects of lighting.  

In this study, we recommended an EML of 450 – 500 in the morning. This is a relatively 

high EML obtained through high illuminance levels. For instance, we produced an EML of 480 

by 500 lux corneal illuminance level. The high illuminance levels might result in excessive glare 

in the living spaces. A good lighting design should be glare-free with no direct or reflected view 

of the light sources and provide unified distributions with soft shadows. To achieve that, we 

propose an indirect or direct/indirect lighting distribution approach in the design. Indirect lighting 

distribution is created by utilizing indirect luminaires as well as some architectural lighting design 

features such as cove lighting, grazers, and wall-washers. Direct/indirect lighting distribution is 

also highly recommended, as it benefits both ambient and task lighting layers. Direct/indirect 

lighting can be applied by using direct/indirect luminaires (such as the one we used in this study) 

or a combination of direct luminaires (e.g., downlights, recessed, and ceiling mounted luminaires) 

and indirect luminaires (e.g., pendant or wall-mounted luminaires with 100% up-light).  

Nighttime lighting is as important as daytime lighting because nighttime lighting plays a 

significant role in safety and fall prevention among older adults, especially during the rest and 

sleep hours. An adequate nighttime lighting design in the dwelling units of older adults was found 

to be positively associated with a reduction in falls (Shikder, Mourshed, & Price, 2012). In contrast 

to daytime lighting, lighting at night should deliver the least circadian effect. In fact, the only 

purpose of nighttime lighting is to enable performing visual tasks. Thus, it should provide 

sufficient illumination for older adults to identify their surroundings and allow them to orient 
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themselves in the environment. Proper illuminance levels for visual and perceptual comprehension 

in various room types of the living spaces of older adults are provided in ANSI/IES RP-28-16. 

Architects and lighting designers can refer to this handbook to determine required illuminance 

levels for each room. With respect to the CCT, we propose a CCT of 2700ºK or lower for nighttime 

lighting. Moreover, to increase visual and perceptual acuity, we recommend a nighttime accent 

lighting layer to highlight vertical and horizontal features such as doors and wall extensions. Linear 

strip lights and wall-mounted step lights with amber light and low intensity are recommended for 

this purpose. The nighttime accent lighting layer should be integrated with motion sensors to 

eliminate the need for finding light switches at night.  

The key aspect in designing lighting for both the visual and circadian systems is to maintain 

the difference between lighting in daytime and nighttime. Therefore, TWLs and smart control 

systems are essential to succeed. TWLs enable altering color and intensity whereas smart control 

systems automate the color and intensity alteration throughout the day. Smart time-based control 

systems simplify the application of healthy lighting for older adults by removing the need to 

change lighting scenes throughout the day. In this study, we proposed a whole-day lighting scheme 

(L2) and showed the beneficial effects of applying this scheme on sleep, mood, and cognitive 

performance in older adults. This whole-day lighting scheme provides exact corneal illuminance 

levels, CCT, and timing, which can be used as a preset to program smart lighting systems in the 

dwelling units of older adults. However, more studies should be conducted to examine other 

presets that might work.  

Furthermore, to save energy and maintain consistent daily illuminance levels, daylight 

sensors should be incorporated to integrate the smart lighting system with daylighting. Daylight 

sensors adjust smart light’s intensity based on daylight availability in the room and contribute to 
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saving electrical energy, reducing unwanted light intensity, and sustaining pleasant illumination. 

More energy can be saved by utilizing occupancy sensors.  

Another important factor in designing a successful lighting scheme is to consider each 

individual’s needs. This is usually referred to as personalized lighting or customized lighting. 

Personalized lighting is a fast-growing approach that considers both visual and non-visual aspects 

of light according to each individual’s needs, allowing architects to conceive the lighting able to 

meet all physical, psychological, and physiological conditions of their end users. Smart lighting 

can play an important role in creating successful personalized lighting through promoting 

controllability, flexibility, and convenience. Incorporating the Internet of Things and machine 

learning into the smart lighting design is a more recent trend in the lighting industry and will 

advance the idea of personalized lighting in the years to come.  

Higher costs, obligations, and sometimes energy codes are the main obstacle in utilizing 

quality lighting with smart lighting systems in senior living and the dwelling units of older adults. 

However, higher costs and code requirements should not allow architects, designers, and 

developers to easily overlook all the advantages associated with high quality automated lighting 

and should not stop them from implementing the proposed design lighting solution in the 

residential spaces of older adults. Increasing public awareness of how residential lighting can make 

a significant contribution in the lives of older adults may promote changes that we are looking for 

in the approaches of developers, designers, and policy makers to lighting. More scientific studies 

similar to this study that propose quantitative lighting design solutions (e.g., illuminance levels, 

EML, CS, CCT) rather than qualitative solutions (e.g., brighter, cooler) and find firm evidence 

could foster public awareness and encourage designers and developers to consider lighting more 

seriously in the design of residential spaces for older adults.  
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6.2.3.  Implications for lighting standards 
 

Given the results from this study, along with previous ones about the effects of lighting on 

sleep, mood, cognitive performance, and quality of life in older adults, it is essential for lighting 

design standards to address the non-visual aspects of light as well. Lighting design standards for 

older adults merely focus on the visual aspects of light and specify the required horizontal 

illuminance levels for visual tasks. Future improvements to the lighting design standards and 

guidelines should include the non-visual aspects such as spectrum, corneal illuminance levels, and 

the timing and duration of exposure. We agree that it is too early to define a threshold for the 

vertical illuminance levels, CCT, or duration of exposure to satisfy lighting needs of older adults. 

This prevents defining detailed recommendations for these parameters. However, current research 

including the present study provides sufficient quantitative information with regards to effective 

EML and CS values for older adults. Even though circadian lighting metrics need further validation 

and improvements, proposed numbers can be used to determine corneal illuminance levels and 

CCT throughout the day. Future research should concentrate on validating current circadian 

lighting metrics and perhaps propose others.  

In addition, lighting design standards as well as nursing home and senior living design 

guidelines should emphasize the importance of daylighting and specify required design solutions 

that promote daily indoor and outdoor daylight exposure in older adults. It is essential for architects 

to remember that daylighting and electrical lighting systems are not separated; they work with each 

other, affect each other, and complement each other. Hence, a good lighting design integrates 

electrical lighting and daylighting. Architects usually focus merely on daylighting design without 

considering the effects of electrical lighting systems, ending up to incomplete and usually 

unsuccessful lighting in residential units. Future architectural design and lighting design guidelines 
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and standards should emphasize the combination of lighting and daylighting systems. These 

changes would encourage architects to consider electrical lighting design as an integrative part of 

the architectural design process.   

6.3.  Research Limitations and Suggestions for Future Research  
 

The present study contains some limitations that need to be discussed. Perhaps, one main 

limitation for this study was the small sample size. Research budget and time constrains resulted 

in only 21 valid set of data from participants for analysis. Another reason for the small sample size 

might be the study length which required 41 days of participation. Some individuals thought that 

the compensation was not enough for this long-time commitment. Moreover, the fact that we 

needed to place lights in the living room sounded inconvenient for most individuals. Hence, 

although we presented the study in four senior living facilities, only 33 individuals signed up for 

the study, and after screening and applying the inclusion/exclusion criteria, we were able to obtain 

data from 21 participants. Future research should Increase sample size and diversity to include 

gender, living status, physical and psychological health conditions, climate, senior living locations, 

and activity levels in the analysis. A larger sample size would also allow for greater generalizing 

of the results.  

Another limitation concerns the data collection time. We had specifically aimed for 

conducting the study during the cold months (mostly Fall and Winter seasons) where the amount 

of sunlight is normally low in Saint Louis and Chicago. However, this limits us to generalize the 

results for other seasons. The high contribution of daylighting during summer might depreciate the 

effectiveness of the whole-day lighting schemes examined in this research. Future research should 

consider exploring the effects of whole-day lighting interventions in warm months (June – 
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September) to understand whether there are any seasonal differences in the lighting needs of older 

adults.  

Moreover, a possible limitation worth discussing is the lack a control group. we performed 

a within-subject analysis in which each participant acted as their own control. This design is chosen 

to control for most of the possible non-specific treatment effects. However, it is not possible to 

control all the non-specific treatment effects such participants’ excitement about the new lighting 

system in their living rooms, the excitement about being involved in scientific research, or the 

compensation. Hence, future research should expand these findings by including a control group 

that will receive the same lighting systems in the apartments with no alteration in the ambient 

illuminance levels and CCT compared to the baseline. A control group would allow for a 

meaningful comparison to be drawn by minimizing the effects of other variables such as 

excitement about the new lighting systems, research bias, and environmental factors.  

Due to research budget constraints, this study is also limited to apply the whole-day lighting 

schemes only in the living rooms and around the main seating spot. Healthy older adults tend to 

be more active and usually manage their daily house chores such as cooking, laundry, and cleaning. 

Hence, they may spend some time in other spaces such as their kitchen or bedrooms. In that case, 

it is possible that our active participants were not exposed to the lighting interventions as much as 

we assumed. If research budget allows, future studies should expand these findings by applying 

the lighting interventions in all rooms in the dwelling units. In addition, future research needs to 

carefully monitor, daily sunlight exposure, weather conditions, and the number of hours 

participants spend inside their dwelling units (and perhaps in each room) during the participation 

period. 
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Lastly, the present study is limited by the short during of exposure to the lighting 

interventions (only nine days). We had to keep exposure duration short for two reasons: (1) study 

time constrains and (2) to decrease participation duration in order to increase the chance of 

participant recruitment. Most previous studies applied 2 – 4 weeks to affect circadian clock and 

hence sleep. Although we were able to obtain significant results, a longer duration of exposure 

would have revealed any long-term effect of lighting interventions on sleep, mood, and cognitive 

performance as well as how sustainable these effects are. Hence, future studies need to expand 

intervention duration; this could be a short-term period from 2 – 6 weeks or a long-term period 

from 2 to 6 months.  

Other suggestions for future studies include: (1) exploring older adults’ opinion about their 

current lighting condition at the baseline, the whole-day lighting interventions during the 

intervention period, and then compare them after the intervention was removed. This will allow 

researchers to comprehend older adults’ lighting preferences and (2) investigating the interactive 

experience of older adults with smart lighting systems to understand their preferences and behavior 

as well as their impact on the efficiency of these systems.  

 

 

 

 

 

 

 



185 
 

REFERENCES 

 
Al-Jawad, M., Rashid, A. K., & Narayan, K. A. (2007). Prevalence of undetected cognitive 

impairment and depression in residents of an elderly care home. Medical Journal of Malaysia, 

62(5), 375–379. 

Alessi, C. A., Martin, Ã. J. L., Webber, Ã. A. P., Uk, M., Kim, E. C., Harker, J. O., … Mph, Ã. 

(2005). Nursing Home Residents, 803–810. https://doi.org/10.1111/j.1532-

5415.2005.53251.x 

Ancoli-Israel, S., Martin, J. L., Kripke, D. F., Marler, M., & Klauber, M. R. (2002). Effect of light 

treatment on sleep and circadian rhythms in demented nursing home patients. Journal of the 

American Geriatrics Society, 50(2), 282–289. https://doi.org/10.1046/j.1532-

5415.2002.50060.x 

Ancoli-Israel, S., Parker, L., Sinaee, R., Fell, R. L., & Kripke, D. F. (1989). Sleep fragmentation 

in patients from a nursing home. The Journal of Gerontology, 44(1), M18-21. 

https://doi.org/10.1093/geronj/44.1.M18 

Anderiesen, H., Scherder, E. J. A., Goossens, R. H. M., & Sonneveld, M. H. (2014). A systematic 

review - physical activity in dementia: The influence of the nursing home environment. 

Applied Ergonomics, 45(6), 1678–1686. https://doi.org/10.1016/j.apergo.2014.05.011 

Andersen, M, Mardaljevic, J., & Lockley, S. (2012). A framework for predicting the non-visual 

effects of daylight – Part I: photobiology- based model. Lighting Research & Technology, 

44(1), 37–53. https://doi.org/10.1177/1477153511435961 

Andersen, Mark, Mardalijevic, J., & Lockley, S. (2012). A framework for predicting the non-visual 

effects of daylight – Part I : photobiology- based model. Lighting Resaerch Technology, 44, 

37–53. https://doi.org/10.1177/1477153511435961 



186 
 

Antunes, R., Couto, N., Vitorino, A., Monteiro, D., & Daniel, A. (2019). Physical activity and 

affect of the elderly : Contribution to the validation of the Positive and Negative Affect 

Shedule ( PANAS ) in the Portuguese population. Journal of Human Sport & Exercise, (June 

2019), 1–15. https://doi.org/10.14198/jhse.2020.152.08 

Ariyo, A. A., Haan, M., Tangen, C. M., Rutledge, J. C., Cushman, M., & Dobs, A. (2000). 

Depressive Symptoms and Risks of Coronary Heart Disease and Mortality in Elderly 

Americans. Circulation, 102(15), 1773–1779. 

Ashendorf, L., Jefferson, A. L., Connor, M. K. O., Green, R. C., Stern, R. A., Nourse, E., … 

Hospital, V. (2009). NIH Public Access, 23(2), 129–137. 

https://doi.org/10.1016/j.acn.2007.11.005.Trail 

Ashkenazy, T., Einat, H., & Kronfeld-Schor, N. (2009). Effects of bright light treatment on 

depression- and anxiety-like behaviors of diurnal rodents maintained on a short daylight 

schedule. Behavioural Brain Research, 201(2), 343–346. 

https://doi.org/10.1016/j.bbr.2009.03.005 

Auger, R. R., Burgess, H. J., Dierkhising, R. A., G, R. S., & Slocumb, N. L. (2012). LIGHT 

EXPOSURE AMONG ADOLESCENTS WITH DELAYED SLEEP PHASE DISORDER : 

A PROSPECTIVE COHORT STUDY. Chronobiol Int, 28(10), 911–920. 

https://doi.org/10.3109/07420528.2011.619906.LIGHT 

Azri, M. A., Dahlan, A., Masuri, M. G., & Isa, K. A. M. (2016). Sleep Quality among Older 

Persons in Institutions. Procedia - Social and Behavioral Sciences, 234, 74–82. 

https://doi.org/10.1016/j.sbspro.2016.10.221 

Backhaus, J., Junghanns, K., Broocks, A., Riemann, D., & Hohagen, F. (2002). Test-retest 

reliability and validity of the Pittsburgh Sleep Quality Index in primary insomnia. Journal of 



187 
 

Psychosomatic Research, 53(3), 737–740. https://doi.org/10.1016/S0022-3999(02)00330-6 

Bakker, R., Iofel, Y., & Lachs, M. S. (2004). Lighting levels in the dwellings of homebound older 

adults. Journal of Housing for the Elderly, 18(2), 17–27. 

https://doi.org/10.1300/J081v18n02_03 

Baron, R. M., & Kenny, D. A. (1986). The Moderator-Mediator Variable Distinction in Social 

Psychological Research : Conceptual , Strategic , and Statistical Considerations. Journal of 

Personality and Social Psychology, 51(6), 1173–1182. 

Bellia, L., Bisegna, F., & Spada, G. (2011). Lighting in indoor environments: Visual and non-

visual effects of light sources with different spectral power distributions. Building and 

Environment, 46(10), 1984–1992. https://doi.org/10.1016/j.buildenv.2011.04.007 

Bellia, L., Pedace, A., & Barbato, G. (2013). Lighting in educational environments: An example 

of a complete analysis of the effects of daylight and electric light on occupants. Building and 

Environment, 68, 50–65. https://doi.org/10.1016/j.buildenv.2013.04.005 

Blackwell, T, Yaffe, K., Ancoli-Israel, S., Schneider, J. L., Cauley, J. A., Hillier, T. A., … Stone, 

K. L. (2006). Poor sleep is associated with impaired cognitive function in older women: the 

study of osteoporotic fractures. J Gerontol A Biol Sci Med Sci, 61(4), 405–410. 

https://doi.org/61/4/405 [pii] 

Blackwell, Terri, Yaffe, K., Ancoli-Israel, S., Redline, S., Ensrud, K. E., Stefanick, M. L., … 

Stone, K. L. (2011). Association of Sleep Characteristics and Cognition in Older Community-

Dwelling Men: the MrOS Sleep Study. Sleep, 34(10), 1347–1356. 

https://doi.org/10.5665/SLEEP.1276 

Boivin, D. B., Czeisler, C. A., Dijk, D., Duffy, J. F., Folkard, S., Minors, D. S., … Waterhouse, J. 

M. (2020). Sleep-Wake Cycle. Arch Gen Psychiatry, 54, 145–152. 



188 
 

Borisuit, A., Linhart, F., Scartezzini, J.-L., & Munch, M. (2014). Effects of realistic office 

daylighting and electric lighting conditions on visual comfort, alertness and mood. Lighting 

Research and …, 0, 1–18. https://doi.org/10.1177/1477153514531518 

Boubekri, M., Cheung, I. N., Reid, K. J., Wang, C. H., & Zee, P. C. (2014). Impact of Windows 

and Daylight Exposure on Overall Health and Sleep Quality of Offi ce Workers : Journal of 

Clinical Sleep Medicine, 10(6), 603–611. https://doi.org/10.5664/jcsm.3780 

Boudreau, E. A. (2013). Sleep Pathology in the Elderly. Encyclopedia of Sleep. Elsevier Inc. 

https://doi.org/10.1016/B978-0-12-378610-4.00518-0 

Brawley, E. C. (2001). Environmental design for Alzheimer’s disease: a quality of life issue. Aging 

& Mental Health, 5 Suppl 1(March 2015), S79–S83. https://doi.org/10.1080/713650005 

Cajochen, C., Mu, M., Kobialka, S., Kra, K., Steiner, R., & Oelhafen, P. (2005). High Sensitivity 

of Human Melatonin , Alertness , Thermoregulation , and Heart Rate to Short Wavelength 

Light, 90(3), 1311–1316. https://doi.org/10.1210/jc.2004-0957 

Cangoz, B., Karakoc, E., & Selekler, K. (2009). Trail Making Test: Normative data for Turkish 

elderly population by age, sex and education. Journal of the Neurological Sciences, 283(1–

2), 73–78. https://doi.org/10.1016/j.jns.2009.02.313 

Carrier, J., Monk, T., Buysse, D., & Kupfer, D. (1997). Sleep and morningness-eveningness in the 

‘ middle ’ years of life ( 20-59y ). Journal of Sleep Research, 6, 230–237. 

Carvalho-Bos, S. S., Riemersma-van der Lek, R. F., Waterhouse, J., Reilly, T., & Van Someren, 

E. J. W. (2007). Strong association of the rest-activity rhythm with well-being in demented 

elderly women. American Journal of Geriatric Psychiatry, 15(2), 92–100. 

https://doi.org/10.1097/01.JGP.0000236584.03432.dc 

Cella, D., Riley, W., Stone, A., Rothrock, N., Reeve, B., Yount, S., … Lai, J. (2010). The Patient-



189 
 

Reported Outcomes Measurement Information System ( PROMIS ) developed and tested its 

first wave of adult self-reported health outcome item banks : 2005 e 2008. Journal of Clinical 

Epidemiology, 63(11), 1179–1194. https://doi.org/10.1016/j.jclinepi.2010.04.011 

Cerny, M., & Penhaker, M. (2009). Circadian Rhythm Processing. IFAC Proceedings Volumes 

(Vol. 42). IFAC. https://doi.org/10.3182/20090210-3-CZ-4002.00058 

Chang, K. J., Son, S. J., Lee, Y., Back, J. H., Lee, K. S., Lee, S. J., … Hong, C. H. (2014). Perceived 

sleep quality is associated with depression in a Korean elderly population. Archives of 

Gerontology and Geriatrics, 59(2), 468–473. https://doi.org/10.1016/j.archger.2014.04.007 

Chellappa, S. L., Gordijn, M. C. M., & Cajochen, C. (2011). Can light make us bright? Effects of 

light on cognition and sleep. Progress in Brain Research (1st ed., Vol. 190). Elsevier B.V. 

https://doi.org/10.1016/B978-0-444-53817-8.00007-4 

Clayton, M. (2012). What is entrainment? Definition and applications in musical research. 

Empirical Musicology Review, 7(1–2), 49–56. Retrieved from http://dro.dur.ac.uk/10102/ 

Cochen, V., Arbus, C., Soto, M. E., Villars, H., Tiberge, M., Montemayor, T., … Vellas, B. (2009). 

Sleep disorders and their impacts on healthy, dependent, and frail older adults. Journal of 

Nutrition, Health and Aging, 13(4), 322–329. https://doi.org/10.1007/s12603-009-0030-0 

Coevorden, A. V. A. N., Mockel, J., Laurent, E., Coevqrden, V. A. N., Decoster, C., Ve, P. N. I., 

& Cauter, E. V. E. V. A. N. (1991). Endocrine Rhyth S and Sleep in Aging Men. Time, 651–

661. 

Cohen-Mansfield, J., Marx, M. S., Freedman, L. S., Murad, H., Thein, K., & Dakheel-Ali, M. 

(2012). What affects pleasure in persons with advanced stage dementia? Journal of 

Psychiatric Research, 46(3), 402–406. https://doi.org/10.1016/j.jpsychires.2011.12.003 

Cohen-Zion, M., & Ancoli-Israel, S. (2014). Aging and Sleep. Encyclopedia of the Neurological 



190 
 

Sciences (Second Edition), 4, 72–75. https://doi.org/10.1016/b978-0-12-385157-4.00574-1 

Corbett, R. W., Middleton, B., & Arendt, J. (2012). An hour of bright white light in the early 

morning improves performance and advances sleep and circadian phase during the Antarctic 

winter. Neuroscience Letters, 525(2), 146–151. https://doi.org/10.1016/j.neulet.2012.06.046 

Crowley, S. J., & Eastman, C. I. (2017). Human Adolescent Phase Response Curves to Bright 

White Light. Journal of Biological Rhythms, 32(4), 074873041771342. 

https://doi.org/10.1177/0748730417713423 

Czeisler, C. A., Dumont, M., Duffy, J. F., Steinberg, J. D., Richardson, G. S., Brown, E. N., … 

Ronda, J. M. (1992). Association of sleep-wake habits in older people with changes in output 

of circadian pacemaker. The Lancet, 340(8825), 933–936. https://doi.org/10.1016/0140-

6736(92)92817-Y 

Dam, T., Ewing, S., Ancoli-Israel, S., Ensrud, K., Redline, S., & Stine, K. (2008). Association 

between Sleep and Physical Function in Older Men: The MrOS Sleep Study. J Am Geriatr 

Soc, 56(9), 1665–1673. https://doi.org/10.1111/j.1532-5415.2008.01846.x.Association 

Daneault, V, Vandewalle, G., Najjar, R., Mongrain, V., Dumont, M., Hébert, M., & Carrier, J. 

(2013). Age-related changes in circadian rhythms during adulthood. The Encyclopedia of 

Sleep, 113–117. https://doi.org/10.1016/B978-0-12-378610-4.00292-8 

Daneault, Véronique, Vandewalle, G., Hébert, M., Teikari, P., Mure, L. S., Doyon, J., … Carrier, 

J. (2012). Does Pupil Constriction under Blue and Green Monochromatic Light Exposure 

Change with Age? Journal of Biological Rhythms, 27(3), 257–264. 

https://doi.org/10.1177/0748730412441172 

Daneault, Vir, Vandewalle, G., Najjar, R., Mongrain, V., Dumont, M., Hébert, M., & Carrier, J. 

(2013). Age-related changes in circadian rhythms during adulthood. The Encyclopedia of 



191 
 

Sleep (Vol. 3). Elsevier Inc. https://doi.org/10.1016/B978-0-12-378610-4.00292-8 

Daurat, A., Aguirre, A., Foret, J., Gonnet, P., Keromes, A., & Benoit, O. (1993). Bright light affects 

alertness and performance rhythms during a 24-h constant routine. Physiology and Behavior, 

53(5), 929–936. https://doi.org/10.1016/0031-9384(93)90271-G 

Davis, F. C., Viswanathan, N., Basheer, M., Thakkar, P. J., Shiromani, J., Lu, D., … Frank, R. 

(1998). hamsters Stability of circadian timing with age in Syrian. American Journal of 

Physiology -Regulatory, Integrative and Comparative Physiology, 275, 960–968. Retrieved 

from http://ajpregu.physiology.org/content/275/4/R960.full.html#ref-list-1 

De Lepeleire, J., Bouwen, A., De Coninck, L., & Buntinx, F. (2007). Insufficient Lighting in 

Nursing Homes. Journal of the American Medical Directors Association, 8(5), 314–317. 

https://doi.org/10.1016/j.jamda.2007.01.003 

Dobbs, B., & Shergill, S. (2013). How effective is the Trail Making Test ( Parts A and B ) in 

identifying cognitively impaired drivers ?, Age and Aging, 42, 577–581. 

https://doi.org/10.1093/ageing/aft073 

Doerflinger, D. M. C. (2012). Mental Status Assessment in Older Adults : Montreal Cognitive 

Assessment : MoCA Version 7.1 (Original Version). The Hartford Institute for Geriatric 

Nursing, 104(3), 1–2. Retrieved from https://consultgeri.org/try-this/general-

assessment/issue-3.2.pdf 

Donovan, N. J., Wu, Q., Rentz, D. M., Sperling, R. A., Marshall, G. A., & Glymour, M. M. (2017). 

Loneliness , depression and cognitive function in older adults. Geriatr Psychiatry, 32, 564–

573. https://doi.org/10.1002/gps.4495 

Dowling, G. A., Graf, C. L., Hubbard, E. M., & Luxenberg, J. S. (2007). Light treatment for 

neuropsychiatric behaviors in Alzheimer’s disease. Western Journal of Nursing Research, 



192 
 

29(8), 961–975. https://doi.org/10.1177/0193945907303083 

Duffy, J. F., Zeitzer, J. M., & Czeisler, C. A. (2007). Decreased sensitivity to phase-delaying 

effects of moderate intensity light in older subjects. Neurobiology of Aging, 28(5), 799–807. 

https://doi.org/10.1016/j.neurobiolaging.2006.03.005 

Duffy, J. F., Zitting, K. M., & Chinoy, E. D. (2015). Aging and circadian rhythms. Sleep Medicine 

Clinics, 10(4), 423–434. https://doi.org/10.1016/j.jsmc.2015.08.002 

Duffy, J., Scheuermaier, K., Münch, M., & Ronda, J. (2013). Two hours of evening light produces 

significant circadian phase delay shifts in older adults. Sleep Medicine, 14(2013), e24. 

https://doi.org/10.1016/j.sleep.2013.11.018 

Eagles, J. M. (2009). Light therapy and seasonal affective disorder. Psychiatry, 8(4), 125–129. 

https://doi.org/10.1016/j.mppsy.2009.01.005 

Eilertsen, G., Horgen, G., Kvikstad, T. M., & Falkenberg, H. K. (2016). Happy living in darkness ! 

Indoor lighting in relation to activities of daily living , visual and general health in 75-year-

olds living at home. Journal of Housing For the Elderly, 30(2), 199–213. 

https://doi.org/10.1080/02763893.2016.1162256 

Enezi, J., Revell, V., Brown, T., Wynne, J., Schlangen, L., & Lucas, R. (2011). A “ melanopic ” 

spectral efficiency function predicts the sensitivity of melanopsin photoreceptors to 

polychromatic lights, 26(4), 314–323. https://doi.org/10.1177/0748730411409719 

Eyigor, S., Eyigor, C., & Uslu, R. (2010). Assessment of pain, fatigue, sleep and quality of life 

(QoL) in elderly hospitalized cancer patients. Archives of Gerontology and Geriatrics, 51(3). 

https://doi.org/10.1016/j.archger.2009.11.018 

Fang, H., Tu, S., Sheng, J., & Shao, A. (2019). Depression in sleep disturbance : A review on a 

bidirectional relationship , mechanisms and treatment. Journal of Cellular and Molecular 



193 
 

Medicine, 23, 2324–2332. https://doi.org/10.1111/jcmm.14170 

Farajnia, S., Michel, S., Deboer, T., vanderLeest, H. T., Houben, T., Rohling, J. H. T., … Meijer, 

J. H. (2012). Evidence for neuronal desynchrony in the aged suprachiasmatic nucleus clock. 

The Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 32(17), 

5891–5899. https://doi.org/10.1523/JNEUROSCI.0469-12.2012 

Fetveit, A., & Bjorvatn, B. (2005). Bright-light treatment reduces actigraphic-measured daytime 

sleep in nursing home patients with dementia: a pilot study. The American Journal of 

Geriatric Psychiatry : Official Journal of the American Association for Geriatric Psychiatry, 

13(5), 420–423. https://doi.org/10.1176/appi.ajgp.13.5.420 

Fetveit, A., Skjerve, A., & Bjorvatn, B. (2003). Bright light treatment improves sleep in 

institutionalised elderly--an open trial. International Journal of Geriatric Psychiatry, 18(6), 

520–526. https://doi.org/10.1002/gps.852 

Figueiro, M. (2013). An Overview of the Effects of light on human circadian rhythms: Implications 

for new light sources and lighting systems design. Journal of Light & Visual Environment, 

37(2), 51–61. https://doi.org/IEIJ130000503 

Figueiro, M. G., Gras, L., Qi, R., Rizzo, P., Rea, M., & Rea, M. S. (2008). A novel night lighting 

system for postural control and stability in seniors. Lighting Research and Technology, 40(2), 

111–126. https://doi.org/10.1177/1477153507084198 

Figueiro, Mariana G. (2008). A proposed 24 h lighting scheme for older adults. Lighting Research 

and Technology, 40(August 2007), 153–160. https://doi.org/10.1177/1477153507087299 

Figueiro, Mariana G., Hunter, C. M., Higgins, P. A., Hornick, T. R., Jones, G. E., Plitnick, B., … 

Rea, M. S. (2015). Tailored lighting intervention for persons with dementia and caregivers 

living at home. Sleep Health, 1(4), 322–330. https://doi.org/10.1016/j.sleh.2015.09.003 



194 
 

Figueiro, Mariana G., Plitnick, B. A., Lok, A., Ejones, G. E., Higgins, P., Rhornick, T. R., & Srea, 

M. S. (2014). Tailored lighting intervention improves measures of sleep, depression, and 

agitation in persons with Alzheimer???s disease and related dementia living in long-term care 

facilities. Clinical Interventions in Aging, 9, 1527–1537. https://doi.org/10.2147/CIA.S68557 

Figueiro, Mariana G., Plitnick, B., & Rea, M. S. (2016). Research Note : A self-luminous light 

table for persons with Alzheimer ’ s disease. Lighting Res. Technol, 48, 253–259. 

https://doi.org/10.1177/1477153515603881 

Figueiro, Mariana G., Plitnick, B., Roohan, C., Sahin, L., Kalsher, M., & Rea, M. S. (2019). Effects 

of a Tailored Lighting Intervention on Sleep Quality , Rest – Activity , Mood , and Behavior 

in Older Adults With Alzheimer Disease and Related Dementias : A Randomized Clinical 

Trial. Journal OfClinical Sleep Medicine, 15(12). 

Figueiro, Mariana G, Lesniak, N. Z., & Rea, M. S. (2011). Implications of controlled short-

wavelength light exposure for sleep in older adults. BMC Research Notes, 4(1), 334. 

https://doi.org/10.1186/1756-0500-4-334 

Figueiro, Mariana G, & Rea, M. S. (2012). Lack of short-wavelength light during the school day 

delayes dim light melatonin onset (DLMO) in middle school students. Neuro Endocrinol Lett, 

31(1), 92–96. Retrieved from selected 

Figueiroa, M. G., Hamnera, R., Higginsb, P., Hornickb, T., & Rea, M. (2011). Field Measurements 

of Light Exposures and Circadian Disruption in Two Populations of Older Adults Mariana. 

Journal of Alzheimer’s Disease, 193(1), 118–125. 

https://doi.org/10.1016/j.jneumeth.2010.08.011.Autogenic 

Formentin, C., Carraro, S., Turco, M., Zarantonello, L., Angeli, P., & Montagnese, S. (2020). 

Effect of Morning Light Glasses and Night Short-Wavelength Filter Glasses on Sleep-Wake 



195 
 

Rhythmicity in Medical Inpatients, 11(January), 1–9. 

https://doi.org/10.3389/fphys.2020.00005 

Fountoulakis, K., Tsolaki, M., & Kazis, A. (2000). Target symptoms for fluvoxamine in old age 

INTRODUCTION : International Journal of Psychiatry in Clinical Practice, 4, 127–134. 

Friedman, L., Spira, A. P., Hernandez, B., Mather, C., Sheikh, J., Ancoli-Israel, S., … Zeitzer, J. 

M. (2012). Brief morning light treatment for sleep/wake disturbances in older memory-

impaired individuals and their caregivers. Sleep Medicine, 13(5), 546–549. 

https://doi.org/10.1016/j.sleep.2011.11.013 

Friedman, L., Zeitzer, J. M., Kushida, C., Zhdanova, I., Noda, A., Lee, T., … Yesavage, J. A. 

(2009). Scheduled bright light for treatment of insomnia in older adults. Journal of the 

American Geriatrics Society, 57(3), 441–452. https://doi.org/10.1111/j.1532-

5415.2008.02164.x 

Galland, B. C., Short, M. A., Terrill, P., Rigney, G., Haszard, J. J., Coussens, S., … Biggs, S. N. 

(2018). Establishing normal values for pediatric nighttime sleep measured by actigraphy: a 

systematic review and meta-analysis. Sleep, 41(4), 1–16. 

https://doi.org/10.1093/sleep/zsy017 

Gallin, P. F., Terman, M., Reme, C. E., Rafferty, B., Terman, J. S., & Burde, R. M. (1995). 

Ophthalmologic examination of patients with seasonal affective disorder, before and after 

bright light therapy. American Journal of Ophthalmology, 119(February), 202–210. 

https://doi.org/10.1016/S0002-9394(14)73874-7 

Gammack, J. K. (2008). Light therapy for insomnia in older adults. Clinics in Geriatric Medicine, 

24(1), 139–149. https://doi.org/10.1016/j.cger.2007.08.013 

Gasio, P. F., Kräuchi, K., Cajochen, C., Van Someren, E., Amrhein, I., Pache, M., … Wirz-Justice, 



196 
 

A. (2003). Dawn-dusk simulation light therapy of disturbed circadian rest-activity cycles in 

demented elderly. Experimental Gerontology, 38(1–2), 207–216. 

https://doi.org/10.1016/S0531-5565(02)00164-X 

Genhart, M. J., Kelly, K. A., Coursey, R. D., Datiles, M., & Rosenthal, N. E. (1993). Effects of 

bright light on mood in normal elderly women. Psychiatry Research Research, 47, 87–97. 

Gery, S., & Koeffler, H. P. (2010). Circadian rhythms and cancer. Cell Cycle, 9(6), 1097–1103. 

https://doi.org/10.4161/cc.9.6.11046 

Golden, R., Gaynes, B., Ekstorm, D., Hamer, R., Jacobsen, F., Suppes, T., … Nemeroff, C. (2005). 

The efficacy of light therapy in the treatment of mood disorders: A review and meta-analysis 

of the evidence. American Journal of Psychiatry, 162(4), 656–662. 

https://doi.org/10.1176/appi.ajp.162.4.656 

Gooley, J. J., Lu, J., Chou, T. C., Scammell, T. E., & Saper, C. B. (2001). Melanopsin in cells of 

origin of the retinohypothalamic tract. Nature Neuroscience, 4(12), 1165. 

https://doi.org/10.1038/nn768 

Gordon, A., & Gladman, J. (2010). Sleep in care homes. Reviews in Clinical Gerontology, 20(4), 

309–316. https://doi.org/10.1017/S0959259810000250 

Graf, A., Wallner, C., Schubert, V., Willeit, M., Wlk, W., Fischer, P., … Neumeister, A. (2001). 

The effects of light therapy on mini-mental state examination scores in demented patients. 

Biological Psychiatry, 50(01), 725–727. https://doi.org/10.1016/S0006-3223(01)01178-7 

Grandner, Michael A., Kripke, Daniel F., Langer, R. D. (2005). Light exposure is related to social 

and emotional functioning and to quality of life in older women. Psychiatry Research, 31(9), 

1713–1723. https://doi.org/10.1109/TMI.2012.2196707.Separate 

Green, C. B., Takahashi, J. S., & Bass, J. (2008). The meter of metabolism. Cell, 134(5), 728–742. 



197 
 

https://doi.org/10.1016/j.cell.2008.08.022 

Haegerstrom-portnoy, G., & Morgan, M. W. (2007). Normal age-related vision changes. In 

Rosenbloom & Morgan’s vision and aging (pp. 31–48). Elsevier Inc. 

https://doi.org/10.1016/B978-0-7506-7359-4.50007-2 

Hanish, A. E., Lin-dyken, D. C., & Han, J. C. (2017). PROMIS Sleep Disturbance and Sleep-

Related Impairment in Adolescents: Examining Psychometrics Using Self-Report and 

Actigraphy, HHS Public Access. Nursing Research, 66(3), 246–251. 

https://doi.org/10.1097/NNR.0000000000000217.PROMIS 

Hannibal, J., Jamen, F., Nielsen, H. S., Journot, L., Brabet, P., & Fahrenkrug, J. (2001). 

Dissociation between light-induced phase shift of the circadian rhythm and clock gene 

expression in mice lacking the pituitary adenylate cyclase activating polypeptide type 1 

receptor. The Journal of Neuroscience :, 21(13), 4883–4890. 

Harrington, J. J., & Lee-Chiong, T. (2007). Sleep and older patients. Clinics in Chest Medicine, 

28(4), 673–684. https://doi.org/10.1016/j.ccm.2007.07.002 

Hebert, M., Martin, S. K., Lee, C., & Eastman, C. (2002). The effects of prior light history on the 

suppression of melatonin by light in humans. Journal of Pineal Research, 33, 198–203. 

Hegde, A. L., & Rhodes, R. (2010). Assessment of living facilities and residents ’ perceptions. 

Journal of Applied Gerontology, 29(3), 381–390. 

Herljevic, M., Middleton, B., Thapan, K., & Skene, D. J. (2005). Light-induced melatonin 

suppression: Age-related reduction in response to short wavelength light. Experimental 

Gerontology, 40(3), 237–242. https://doi.org/10.1016/j.exger.2004.12.001 

Hickman, S. E., Barrick, A. L., Williams, C. S., Zimmerman, S., Connell, B. R., Preisser, J. S., … 

Sloane, P. D. (2007). The effect of ambient bright light therapy on depressive symptoms in 



198 
 

persons with dementia. Journal of the American Geriatrics Society, 55(11), 1817–1824. 

https://doi.org/10.1111/j.1532-5415.2007.01428.x 

Higgins, L., & Mansell, J. (2009). Quality of life in group homes and older persons’ homes. British 

Journal of Learning Disabilities, 37(3), 207–212. https://doi.org/10.1111/j.1468-

3156.2009.00550.x 

Hjetland, G. J., Nordhus, I. H., Pallesen, S., & Cummings, J. (2020). An actigraphy-based 

validation study of the sleep disorder inventory in the nursing home. Frontiers in Psychology, 

11(March), 1–13. https://doi.org/10.3389/fpsyt.2020.00173 

Hoffmann, G., Gufler, V., Griesmacher, A., Bartenbach, C., Canazei, M., Staggl, S., & 

Schobersberger, W. (2008). Effects of variable lighting intensities and colour temperatures 

on sulphatoxymelatonin and subjective mood in an experimental office workplace. Applied 

Ergonomics, 39(6), 719–728. https://doi.org/10.1016/j.apergo.2007.11.005 

Hofman, M. A., & Swaab, D. F. (2006). Living by the clock: The circadian pacemaker in older 

people. Ageing Research Reviews, 5(1), 33–51. https://doi.org/10.1016/j.arr.2005.07.001 

Hubalek, S., Brink, M., & Schierz, C. (2010). Office workers’ daily exposure to light and its 

influence on sleep quality and mood. Lighting Research & Technology, 42(1), 33–50. 

https://doi.org/10.1177/1477153509355632 

Humboldt, S. Von, Monteiro, A., & Leal, I. (2017). Validation of the PANAS : A measure of 

positive and negative affect for use with cross-national older adults. Review of European 

Studies, 9(2), 10–19. https://doi.org/10.5539/res.v9n2p10 

Ibrahim, S. A. S., & Dahlan, A. (2015). Engagement in occupational activities and purpose in life 

amongst older people in the community and institutions. Procedia - Social and Behavioral 

Sciences, 202(December 2014), 263–272. https://doi.org/10.1016/j.sbspro.2015.08.230 



199 
 

Ichimori, Akei, Tsukasaki, K., & Koyama, E. (2015). Illuminance, subjective sleep quality, and 

psychosomatic health in elderly individuals requiring care: A survey of japan’s Hokuriku 

region in winter. Journal of Community Health Nursing, 32(2), 104–114. 

https://doi.org/10.1080/07370016.2015.1026158 

Ichimori, Akie, Tsukasaki, K., & Koyama, E. (2013). Measuring illuminance and investigating 

methods for its quantification among elderly people living at home in Japan to study the 

relationship between illuminance and physical and mental health. Geriatrics and Gerontology 

International, 13(3), 798–806. https://doi.org/10.1111/ggi.12021 

Jaeger, J. (2018). Digit Symbol Substitution Test: The case for sensitivity over specificity in 

neuropsychological testing. Journal OfClinical Psychopharmacology, 38(5), 513–519. 

https://doi.org/10.1097/JCP.0000000000000941 

Johns, M. W. (1992). Reliability and factor analysis of the Epworth Sleepiness Scale. Sleep, 15(4), 

376–381. https://doi.org/10.1093/sleep/15.4.376 

Joshi, S. (2008). Nonpharmacologic therapy for insomnia in the elderly. Clinics in Geriatric 

Medicine, 24(1), 107–119. https://doi.org/10.1016/j.cger.2007.08.005 

Karami, Z., Golmohammadi, R., Heidaripahlavian, A., Poorolajal, J., & Heidarimoghadam, R. 

(2016). Effect of daylight on melatonin and subjective general health factors in elderly people. 

Iran J Public Health, 45(5), 636–643. 

Keis, O., Helbig, H., Streb, J., & Hille, K. (2014). Influence of blue-enriched classroom lighting 

on students ’ cognitive performance. Trends in Neuroscience and Education, 3(3–4), 86–92. 

https://doi.org/10.1016/j.tine.2014.09.001 

Kessel, L., Siganos, G., Jørgensen, T., & Larsen, M. (2011). Sleep disturbances are related to 

decreased transmission of blue light to the retina caused by lens yellowing. Sleep. 



200 
 

https://doi.org/10.5665/SLEEP.1242 

Kieffer, K. M., & Reese, R. J. (2002). A reliability generalization study of the geriatric depression 

scale. Educational and Psychological Measurement, 62(6), 969–994. 

https://doi.org/10.1177/0013164402238085 

Kim, S. J., Benloucif, S., Reid, K. J., Weintraub, S., Kennedy, N., Wolfe, L. F., & Zee, P. C. 

(2014). Phase-shifting response to light in older adults. Journal of Physiology, 592(1), 189–

202. https://doi.org/10.1113/jphysiol.2013.262899 

Kirisoglu, C., & Guilleminault, C. (2004). Twenty minutes versus forty-five minutes morning 

bright light treatment on sleep onset insomnia in elderly subjects. Journal of Psychosomatic 

Research, 56(5), 537–542. https://doi.org/10.1016/j.jpsychores.2004.02.005 

Koh, K., Evans, J. M., Hendricks, J. C., & Sehgal, A. (2006). A Drosophila model for age-

associated changes in sleep:wake cycles. Proceedings of the National Academy of Sciences 

of the United States of America, 103(37), 13843–13847. 

https://doi.org/10.1073/pnas.0605903103 

Kohsaka, M., Fukuda, N., Kobayashi, R., Honma, H., Sakakibara, S., Koyama, E., … Matsubara, 

H. (2000). Effect of short duration morning bright light in elderly men: Sleep structure. 

Psychiatry and Clinical Neurosciences, 54(3), 367–368. https://doi.org/10.1046/j.1440-

1819.2000.00718.x 

Komatsu, T., Togo, F., Mitani, T., Togashi, H., Satoh, E., Ikegami, M., & Ohta, K. (2010). Effects 

of light exposure on BPSD symptoms in institutional elderly peoples with dementia of the 

Alzheimer type and caregiver’s burden. Alzheimer’s & Dementia, 6(4), S332–S333. 

https://doi.org/10.1016/j.jalz.2010.05.1114 

Kondratova, A. a, & Kondratov, R. V. (2012). The circadian clock and pathology of the ageing 



201 
 

brain. Nature Reviews. Neuroscience, 13(5), 325–335. https://doi.org/10.1038/nrn3208 

Kooten, J., van Litsenburg, R., Yoder, W., Kaspers, G., & Terwee, C. (2018). Validation of the 

PROMIS Sleep Disturbance and Sleep-Related Impairment item banks in Dutch adolescents. 

Quality of Life Research, 27, 1911–1920. 

Kozaki, T., Miura, N., Takahashi, M., & Yasukouchi, A. (2012). Effect of reduced illumination on 

insomnia in office workers. Journal of Occupational Health, 54(4), 331–335. 

https://doi.org/10.1539/joh.12-0049-FS 

Kozakov, R., Franke, S., & Scho, H. (2008). Approach to an effective biological spectrum of a 

light source. LEUKOS - Journal of Illuminating Engineering Society of North America, 4(4), 

255–263. https://doi.org/10.1582/LEUKOS.2008.04.04.004 

Kraneburg, A., Franke, S., Methling, R., & Griefahn, B. (2017). Effect of color temperature on 

melatonin production for illumination of working environments. Applied Ergonomics, 58, 

446–453. https://doi.org/10.1016/j.apergo.2016.08.006 

Kretschmer, V., Schmidt, K. H., & Griefahn, B. (2013). Bright-light effects on cognitive 

performance in elderly persons working simulated night shifts: Psychological well-being as 

a mediator? International Archives of Occupational and Environmental Health, 86(8), 901–

914. https://doi.org/10.1007/s00420-012-0826-9 

Kripke, D. F., Elliott, J. A., Youngstedt, S. D., & Rex, K. M. (2007). Circadian phase response 

curves to light in older and young women and men. Journal of Circadian Rhythms, 5(1), 4. 

https://doi.org/10.1186/1740-3391-5-4 

Kunduraci, A. C. (2017). Lighting design for the aging eyes. International Journal of Science and 

Technology, 3(3), 185–194. 

Kyriacou, C. P., & Hastings, M. H. (2010). Circadian clocks: genes, sleep, and cognition. Trends 



202 
 

in Cognitive Sciences, 14(6), 259–267. https://doi.org/10.1016/j.tics.2010.03.007 

Lack, L. C., Gradisar, M., Van Someren, E. J. W., Wright, H. R., & Lushington, K. (2008). The 

relationship between insomnia and body temperatures. Sleep Medicine Reviews, 12(4), 307–

317. https://doi.org/10.1016/j.smrv.2008.02.003 

Lack, L. C., & Lushington, K. (1996). The rhythms of human sleep propensity and core body 

temperature. Journal of Sleep Research, 5, 1–11. 

Lang, L., Zhang, L., Zhang, P., Li, Q., Bian, J., & Guo, Y. (2018). Evaluating the reliability and 

validity of SF- 8 with a large representative sample of urban Chinese. Health and Quality of 

Life Outcomes, 1–8. 

Leggett, A. N., Conroy, D. A., Blow, F. C., & Kales, H. C. (2017). Bright light as a preventive 

intervention for depression in late-life: A pilot study on feasibility, acceptability, and 

symptom improvement. American Journal of Geriatric Psychiatry, 7–11. 

https://doi.org/10.1016/j.jagp.2017.11.007 

Levitt, A. J., Lam, R. W., & Levitan, R. (2002). A comparison of open treatment of seasonal major 

and minor depression with light therapy. Journal of Affective Disorders 71, 71, 243–248. 

Lewy, A. J., Lefler, B. J., Emens, J. S., & Bauer, V. K. (2006). The circadian basis of winter 

depression. Proceedings of the National Academy of Sciences of the United States of America, 

103(19), 7414–7419. https://doi.org/10.1073/pnas.0602425103 

Lieverse, R., Van Someren, E. J. W., Nielen, M. M. A., Uitdehaag, B. M. J., Smit, J. H., & 

Hoogendijk, W. J. G. (2011). Bright light treatment in elderly patients with nonseasonal major 

depressive disorder. Archives of General Psychiatry, 68(1), 61. 

https://doi.org/10.1001/archgenpsychiatry.2010.183 

Lo, J. C., Groeger, J. A., Cheng, G. H., Dijk, D., & Chee, M. W. L. (2016). Self-reported sleep 



203 
 

duration and cognitive performance in older adults : a systematic review and meta-analysis, 

17, 87–98. https://doi.org/10.1016/j.sleep.2015.08.021 

Loving, R., Kripke, D., & Shuchter, S. (2002). Bright light augments antidepressant effects. 

Depression and Anxiety, 16, 1–3. https://doi.org/10.1002/da.10036 

Loving, R. T., Kripke, D. F., Elliott, J. A., Knickerbocker, N. C., & Grandner, M. A. (2005). Bright 

light treatment of depression for older adults. BMC Psychiatry, 5(1), 41. 

https://doi.org/10.1186/1471-244X-5-41 

Loving, R. T., Kripke, D. F., Knickerbocker, N. C., & Grandner, M. A. (2005). Bright green light 

treatment of depression for older adults [ISRCTN69400161]. BMC Psychiatry, 5, 1–8. 

https://doi.org/10.1186/1471-244X-5-42 

Lu, X., Park, N., & Ahrentzen, S. (2019). Lighting effects on older adults ’ visual and nonvisual 

performance : a systematic review lighting. Journal of Housing For the Elderly, 0(0), 1–27. 

https://doi.org/10.1080/02763893.2018.1562407 

Lucas, R. J., Peirson, S. N., Berson, D. M., Brown, T. M., Cooper, H. M., Czeisler, C. A., … 

Brainard, G. C. (2014). Measuring and using light in the melanopsin age. Trends in 

Neurosciences, 37(1), 1–9. https://doi.org/10.1016/j.tins.2013.10.004 

Lupi, D., Semo, M., & Foster, R. G. (2012). Impact of age and retinal degeneration on the light 

input to circadian brain structures. Neurobiology of Aging, 33(2), 383–392. 

https://doi.org/10.1016/j.neurobiolaging.2010.03.006 

Ma, X., & Mcghee, S. M. (2013). A cross-sectional study on socioeconomic status and health-

related quality of life among elderly Chinese, 17–19. https://doi.org/10.1136/bmjopen-2012-

002418 

Maanen, A. Van, Marie, A., Heijden, K. B. Van Der, & Oort, F. J. (2016). The effects of light 



204 
 

therapy on sleep problems : A systematic review and meta-analysis. Sleep Medicine Reviews, 

29, 52–62. https://doi.org/10.1016/j.smrv.2015.08.009 

Mackinnon, D. P., Krull, J. L., & Lockwood, C. M. (2000). Equivalence of the mediation, 

confounding and suppression effect. Prevention Science, 1(4), 173–181. 

Marcks, B. A., Weisberg, R. B., Edelen, M. O., & Keller, M. B. (2010). The relationship between 

sleep disturbance and the course of anxiety disorders in primary care patients. Psychiatry 

Research, 178(3), 487–492. https://doi.org/10.1016/j.psychres.2009.07.004 

Mariana, G., Geerdinck, L., Versteylen, M., Leffers, P., Meekes, G., Herremans, H., … Schlangen, 

L. (2017). Room light and sleep , appraisal and mood Patient room lighting influences on 

sleep, appraisal and mood in hospitalized people. Journal of Sleep Research, 26, 236–246. 

https://doi.org/10.1111/jsr.12470 

Martin, J. L., Alam, T., Harker, J. O., Josephson, K. R., & Alessi, C. A. (2006). Daytime sleeping, 

sleep disturbance , and circadian rhythms in the nursing home, American Journal of Geriatric 

Psychiatry, 14 (2), 121–129. 

Martiny, K., Lunde, M., Unden, M., Dam, H., & Bech, P. (2005). Adjunctive bright light in non-

seasonal major depression : results from clinician-rated depression scales. Acta Psychiatr 

Scand, 112, 117–125. https://doi.org/10.1111/j.1600-0447.2005.00574.x 

Massie, D. L., Campbell, K. L., & Williams, A. F. (1995). Traffic accident involvement rates by 

driver age and gender. Accident Analysis and Prevention, 27(1), 73–87. 

https://doi.org/10.1016/0001-4575(94)00050-V 

Maximov, V. V. (2000). Environmental factors which may have led to the appearance of colour 

vision. Philosophical Transactions of the Royal Society of London. Series B, Biological 

Sciences, 355(1401), 1239–1242. https://doi.org/10.1098/rstb.2000.0675 



205 
 

Mcclung, C. A. (2011). Circadian rhythms and mood regulation: Insights from pre-clinical models. 

European Neuropsychopharmacology, 21(SUPPL.4), S683–S693. 

https://doi.org/10.1016/j.euroneuro.2011.07.008 

McIntyre, I. M., Norman, T. R., Burrowes, G. D., & Armstrong, S. M. (1989). Giuantal melatonin 

suppression by exposure to low intensity light in man. Life Science, 45(22), 327–332. 

Mellor, A., Bucks, R. S., Maul, J., Sanders, K. A., Mcgowan, H., & Waters, F. (2018). Sleep and 

cognition in older adults : Does depression matter ? An actigraphy and polysomnography 

study. Archives of Psychology, 2(1), 1–29. 

Meltzer, L. J., Short, M., Booster, G. D., Gradisar, M., Marco, C. A., Wolfson, A. R., & Carskadon, 

M. A. (2019). Pediatric motor activity during sleep as measured by actigraphy. Sleep, 42(1), 

1–10. https://doi.org/10.1093/sleep/zsy196 

Mirrahimi, S., Ibrahim, N. L. N., & Surat, M. (2012). Effect of daylighting on student health and 

performance. Computational Methods in Science and Engineering, 5(4), 127–132. 

Mishima, K., Okawa, M., Shimizu, T., & Hishikawa, Y. (2001). Diminished melatonin secretion 

in the elderly caused by insufficient environmental illumination. Journal of Clinical 

Endocrinology and Metabolism, 86(1), 129–134. https://doi.org/10.1210/jc.86.1.129 

Missildine, K., Bergstrom, N., Meininger, J., Richards, K., & Foreman, M. D. (2010). Sleep in 

hospitalized elders: a pilot study. Geriatric Nursing, 31(4), 263–271. 

https://doi.org/10.1016/j.gerinurse.2010.02.013 

Mohanty, S., & Patra, R. (2019). Effects of light therapy on quality of sleep among elderly women 

at selected old age home, Bhubaneswar, Odisha. Journal o n Nursing, 9(1), 2050. 

Monjan, A. A. (2013). Healthy Aging and Sleep. Encyclopedia of Sleep. Elsevier Inc. 

https://doi.org/10.1016/B978-0-12-378610-4.00026-7 



206 
 

Monk, T. H. (2005). Aging human circadian rhythms: conventional wisdom may not always be 

right. Journal of Biological Rhythms, 20(0748–7304; 0748–7304; 4), 366–374. 

https://doi.org/10.1177/0748730405277378 

Moore, R. Y. (1997). Circadian rhythms: basic neurobiology and clinical applications. Annu. Rev. 

Med, 48, 253–266. https://doi.org/10.1146/annurev.med.48.1.253 

Most, E. I., Scheltens, P., & Van Someren, E. J. (2010). Prevention of depression and sleep 

disturbances in elderly with memory-problems by activation of the biological clock with 

light--a randomized clinical trial. Trials, 11, 19. https://doi.org/10.1186/1745-6215-11-19 

Motamedzadeh, M., Golmohammadi, R., Kazemi, R., & Heidarimoghadam, R. (2017). The effect 

of blue-enriched white light on cognitive performances and sleepiness of night-shift workers: 

A field study. Physiology and Behavior, 177(December 2016), 208–214. 

https://doi.org/10.1016/j.physbeh.2017.05.008 

Mozley, C. G., Challis, D., Sutcliffe, C., Bagley, H., Burns, A., Huxley, P., … Huxley, P. (2000). 

Psychiatric symptomatology in elderly people admitted to nursing and residential homes. 

Aging & Mental Health, 4(2), 136–141. https://doi.org/10.1080/13607860050008655 

Münch, M., Plomp, G., Thunell, E., Kawasaki, A., Scartezzini, J. L., & Herzog, M. H. (2014). 

Different colors of light lead to different adaptation and activation as determined by high-

density EEG. NeuroImage, 101, 547–554. https://doi.org/10.1016/j.neuroimage.2014.06.071 

Münch, M., Linhart, F., Borisuit, A., Jaeggi, S. M., & Scartezzini, J.-L. (2012). Effects of prior 

light exposure on early evening performance, subjective sleepiness, and hormonal secretion. 

Behavioral Neuroscience, 126(1), 196–203. https://doi.org/10.1037/a0026702 

Münch, M., Scheuermaier, K. D., Zhang, R., Dunne, S. P., Guzik, A. M., Silva, E. J., … Duffy, J. 

F. (2011). Effects on subjective and objective alertness and sleep in response to evening light 



207 
 

exposure in older subjects. Behavioural Brain Research, 224(2), 272–278. 

https://doi.org/10.1016/j.bbr.2011.05.029 

Münch, M., Schmieder, M., Bieler, K., Goldbach, R., Fuhrmann, T., Zumstein, N., … Cajochen, 

A. W.-J. and C. (2017). Bright light delights: effects of daily light exposure on emotions, 

restactivity cycles, sleep and melatonin secretion in severely demented patients. Current 

Alzheimer Research. 

https://doi.org/http://dx.doi.org/10.2174/1567205014666170523092858 

Murata, C., Kondo, K., Hirai, H., Ichida, Y., & Ojima, T. (2008). Association between depression 

and socio-economic status among community-dwelling elderly in Japan : The Aichi 

Gerontological Evaluation Study. Health & Place, 14, 406–414. 

https://doi.org/10.1016/j.healthplace.2007.08.007 

Murphy, P. J., & Campbell, S. S. (1996). Enhanced performance in elderly subjects following 

bright light treatment of sleep maintenance insomnia. Journal of Sleep Research, 5(3), 165–

172. 

Nasreddine, Z., Philips, N., Bedirian, V., Charbonneau, S., Whitehead, V., Collin, I., … Chertkow, 

H. (2005). The Montreal Cognitive Assessment , MoCA : a brief screening. Jornal of 

American Geriatric Society, 53, 695–699. 

Nebes, R. D., Buysse, D. J., Halligan, E. M., Houck, P. R., & Monk, T. H. (2009). Self-reported 

sleep quality predicts poor cognitive performance in healthy older adults. Journals of 

Gerontology - Series B Psychological Sciences and Social Sciences, 64(2), 180–187. 

https://doi.org/10.1093/geronb/gbn037 

Neikrug, A., & Ancoli-Israel, S. (2010). Sleep disturbances in nursing homes. The Journal of 

Nutrition, Health & Aging, 14(3), 207–211. Retrieved from 



208 
 

http://link.springer.com/article/10.1007/s12603-010-0051-8 

Netuveli, G., Wiggins, R. D., Hildon, Z., Montgomery, S. M., & Blane, D. (2006). Quality of life 

at older ages: evidence from the English longitudinal study of aging (wave 1). 

J.Epidemiol.Community Health, 60(4), 357–363. https://doi.org/10.1093/bmb/ldn003 

Nima, A. Al, Rosenberg, P., Archer, T., & Garcia, D. (2013). Anxiety , Affect , Self-Esteem , and 

Stress : Mediation and Moderation Effects on Depression. PLoS ONE, 8(9), e73265. 

https://doi.org/10.1371/journal.pone.0073265 

Nioi, A., Roe, J., Gow, A., Mcnair, D., & Aspinall, P. (2017). Seasonal differences in light 

exposure and the associations with health and well-being in older adults : an exploratory 

study. Health Environments Research & Design Journal, 10(5), 64–79. 

https://doi.org/10.1177/1937586717697650 

Niu, J., Han, H., Wang, Y., Wang, L., Gao, X., & Liao, S. (2016). Sleep quality and cognitive 

decline in a community of older adults in Daqing City, China. Sleep Medicine, 17, 69–74. 

https://doi.org/10.1016/j.sleep.2015.07.033 

Obayashi, K., Saeki, K., Iwamoto, J., Ikada, Y., & Kurumatani, N. (2013). Exposure to light at 

night and risk of depression in the elderly. Journal of Affective Disorders, 151(1), 331–336. 

https://doi.org/10.1016/j.jad.2013.06.018 

Obayashi, K., Saeki, K., Iwamoto, J., Okamoto, N., Tomioka, K., Nezu, S., … Kurumatani, N. 

(2013). Exposure to light at night, nocturnal urinary melatonin excretion, and 

obesity/dyslipidemia in the elderly: A cross-sectional analysis of the HEIJO-KYO study. 

Journal of Clinical Endocrinology and Metabolism, 98(1), 337–344. 

https://doi.org/10.1210/jc.2012-2874 

Obayashi, K., Saeki, K., Iwamoto, J., Okamoto, N., Tomioka, K., Nezu, S., … Kurumatani, N. 



209 
 

(2014a). Effect of exposure to evening light on sleep initiation in the elderly: A longitudinal 

analysis for repeated measurements in home settings. Chronobiology International, 31(4), 

461–467. https://doi.org/10.3109/07420528.2013.840647 

Obayashi, K., Saeki, K., Iwamoto, J., Okamoto, N., Tomioka, K., Nezu, S., … Kurumatani, N. 

(2014b). Effect of exposure to evening light on sleep initiation in the elderly: A longitudinal 

analysis for repeated measurements in home settings. Chronobiology International, 31(4), 

461–467. https://doi.org/10.3109/07420528.2013.840647 

Obayashi, K., Saeki, K., & Kurumatani, N. (2014). Association between light exposure at night 

and insomnia in the general elderly population: The HEIJO-KYO cohort. Chronobiology 

International, 31(9), 976–982. https://doi.org/10.3109/07420528.2014.937491 

Pace-Schott, E. F., & Spencer, R. M. C. (2011). Age-related changes in the cognitive function of 

sleep. Progress in Brain Research, 191. Elsevier B.V. https://doi.org/10.1016/B978-0-444-

53752-2.00012-6 

Pail, G., Huf, W., Pjrek, E., Winkler, D., Willeit, M., & Kasper, N. P. S. (2011). Bright-Light 

Therapy in the Treatment of Mood Disorders. Neuropsychobiology, 64, 152–162. 

https://doi.org/10.1159/000328950 

Phillips, B., & Ancoli-Israel, S. (2001). Sleep disorders in the elderly. Sleep Medicine, 2(2), 99–

114. https://doi.org/10.1016/S1389-9457(00)00083-6 

Preacher, K. J., & Hayes, A. F. (2004). SPSS and SAS procedures for estimating indirect effects 

in simple mediation models. Behavior Research Methods, Instruments, & Computers, 36(4), 

717–731. 

Ramsawh, H. J., Stein, M. B., Belik, S.-L., Jacobi, F., & Sareen, J. (2009). Relationship of anxiety 

disorders, sleep quality, and functional impairment in a community sample. Journal of 



210 
 

Psychiatric Research, 43(10), 926–933. https://doi.org/10.1016/j.jpsychires.2009.01.009 

Rashid, A., Ong, E. K., & Yi Wong, E. S. (2012). Sleep quality among residents of an old folk’s 

home in Malaysia. Iranian Journal of Nursing and Midwifery Research, 17(7), 512–519. 

Retrieved from https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3730455/ 

Rea, M. S., Figgueiro, M. G., Bierman, M., & Hamner, M. (2012). Modelling the spectral 

sensitivity of the human circadian system. Lighting Resaerch Technology, 44(4), 386–396. 

https://doi.org/10.1177/1477153511430474 

Rea, M. S., & Figueiro, M. G. (2016). The nicu lighted environment. Newborn and Infant Nursing 

Reviews, 16(4), 195–202. https://doi.org/10.1053/j.nainr.2016.09.009 

Rea, M. S., Figueiro, M. G., & Bullough, J. D. (2002). Circadian photobiology : an emerging 

framework for lighting practice and research. Lighting Research & Technology, 34(3), 177–

187. 

Rea, M. S., Figueiro, M. G., Bullough, J. D., & Bierman, A. (2005). A model of phototransduction 

by the human circadian system. Brain Research Reviews, 50(2), 213–228. 

https://doi.org/10.1016/j.brainresrev.2005.07.002 

Rea, M. S., & Figuero, M. G. (2011). What is “Healthy Lighting?” International Journal of High 

Speed Electronics and Systems, 20(02), 321–342. 

https://doi.org/10.1142/S0129156411006623 

Rezával, C., Berni, J., Gorostiza, E. A., Werbajh, S., Fagilde, M. M., Fernández, M. P., … Ceriani, 

M. F. (2008). A functional misexpression screen uncovers a role for enabled in progressive 

neurodegeneration. PLoS ONE, 3(10). https://doi.org/10.1371/journal.pone.0003332 

Ribeiro Do Valle, C., Valle, E., Valle, L., & Fior, C. A. (2013). Quality of life and sleep disorders 

in elderly. Sleep Medicine, 14(2013), e291. https://doi.org/10.1016/j.sleep.2013.11.714 



211 
 

Riemersma-van der Lek, R. F., Swaab, D. F., Twisk, J., Hol, E. M., Hoogendijk, W. J. G., & 

Someren, E. J. W. Van. (2008). Effect of bright light and melatonin on cognitive and 

noncognitive function in elderly residents of group care facilities. Jama, 299(22), 2642. 

https://doi.org/10.1001/jama.299.22.2642 

Roenneberg, T., & Merrow, M. (2007). Entrainment of the human circadian clock. Cold Spring 

Harb Symp Quant Biol, 72, 293–299. https://doi.org/10.1101/sqb.2007.72.043 

Rosenblum, M., Pikovsky, A., Kurths, J., Schafer, C., & Tass, P. (2001). Phase synchronization : 

from theory to data analysis. Neuro-Informatics, 4(August 2001), 279–321. 

Rosenthal, N. E., Sack, D., Gillin, C., Lewy, A., Goodwin, F., Davanport, Y., … Wehr, T. (1984). 

Seasonal affective disorder: a description of the syndrome and preliminary findings with light 

therapy. Archives of General Psychiatry, 41(1), 74–80. 

Royer, M., Ballentine, N. H., Eslinger, P. J., Houser, K., Mistrick, R., Behr, R., & Rakos, K. 

(2012a). Light therapy for seniors in long term care. Journal of the American Medical 

Directors Association, 13(2), 100–102. https://doi.org/10.1016/j.jamda.2011.05.006 

Royer, M., Ballentine, N. H., Eslinger, P. J., Houser, K., Mistrick, R., Behr, R., & Rakos, K. 

(2012b). Light therapy for seniors in long term care. Journal of the American Medical 

Directors Association, 13(2), 100–102. https://doi.org/10.1016/j.jamda.2011.05.006 

Rubiño, J. A., Gamundí, A., Akaarir, M., & Cañellas, F. (2017). Effects of differences in the 

availability of light upon the circadian rhythms of institutionalized elderly. Chronobiology 

International, 00(00), 1–14. https://doi.org/10.1080/07420528.2017.1356840 

Sack, R. L., Auckley, D., Auger, R. R., Carskadon, M. a, Wright, K. P., Vitiello, M. V, & 

Zhdanova, I. V. (2007). Circadian rhythm sleep disorders: part II, advanced sleep phase 

disorder, delayed sleep phase disorder, free-running disorder, and irregular sleep-wake 



212 
 

rhythm. Sleep, 30(11), 1484–1501. 

Saczynski, J. S., Beiser, A., Seshadri, S., AuerbachS., Wolf, P. A., & Au, R. (2010). Depressive 

symptoms and risk of dementia. Neurology, 75(1), 35–41. 

Sander, B., Markvart, J., Kessel, L., Argyraki, A., & Johnsen, K. (2015). Can sleep quality and 

wellbeing be improved by changing the indoor lighting in the homes of healthy, elderly 

citizens? Chronobiology International, 32(8), 1049–1060. 

https://doi.org/10.3109/07420528.2015.1056304 

Schantz, M. Von, Provencio, I., & Foster, R. G. (2000). Recent developments in circadian 

photoreception : more than meets the eye. IOVS, 41(7), 1605–1607. 

Scheuermaier, K., Laffan, A. M., & Duffy, J. F. (2010). Light exposure patterns in healthy older 

and young adults. Journal of Biological Rhythms, 25(2), 113–122. 

https://doi.org/10.1177/0748730410361916 

Schieber, F. (2006). Vision and aging. In Handbook of the Psychology of Aging (pp. 129–161). 

https://doi.org/10.1146/annurev-vision-111815-114550 

Scholtens, R. M., van Munster, B. C., van Kempen, M. F., & de Rooij, S. E. J. A. (2016a). 

Physiological melatonin levels in healthy older people: A systematic review. Journal of 

Psychosomatic Research, 86(2016), 20–27. https://doi.org/10.1016/j.jpsychores.2016.05.005 

Scholtens, R. M., van Munster, B. C., van Kempen, M. F., & de Rooij, S. E. J. A. (2016b). 

Physiological melatonin levels in healthy older people: A systematic review. Journal of 

Psychosomatic Research, 86, 20–27. https://doi.org/10.1016/j.jpsychores.2016.05.005 

Semo, M., Lupi, Ã. D., Peirson, Ã. S. N., Butler, J. N., & Foster, R. G. (2003). Light-induced c-

fos in melanopsin retinal ganglion cells of young and aged rodless / coneless ( rd / rd cl ) 

mice. Neuroscience, 18(October), 3007–3017. https://doi.org/10.1046/j.1460-



213 
 

9568.2003.03061.x 

Shikder, S., Mourshed, M., & Price, A. (2012). Therapeutic lighting design for the elderly: a 

review. Perspectives in Public Health, 132(6), 282–291. 

https://doi.org/10.1177/1757913911422288 

Shochat, T., Martin, J., Marler, M., & Ancoli-Israel, S. (2000). Illumination levels in nursing home 

patients: effects on sleep and activity rhythms. J Sleep Res, 9(4), 373–379. 

https://doi.org/10.1046/j.1365-2869.2000.00221.x 

Skene, D. J., & Swaab, D. F. (2003). Melatonin rhythmicity: Effect of age and Alzheimer’s disease. 

Experimental Gerontology, 38(1–2), 199–206. https://doi.org/10.1016/S0531-

5565(02)00198-5 

Skjerve, A., Holsten, F., Aarsland, D., Bjorvatn, B., Nygaard, H. A., & Johansen, I. M. (2004). 

Improvement in behavioral symptoms and advance of activity acrophase after short-term 

bright light treatment in severe dementia. Psychiatry and Clinical Neurosciences, 58(4), 343–

347. https://doi.org/10.1111/j.1440-1819.2004.01265.x 

Sloane, P. D., Figueiro, M., Garg, S., Cohen, L. W., Reed, D., Williams, C. S., … Zimmerman, S. 

(2014). Effect of home-based light treatment on persons with dementia and their caregivers. 

Lighting Research and Technology, 47, 1–16. https://doi.org/10.1177/1477153513517255 

Sloane, Philip D., Md, M., Figueiro, M., & Cohen, L. (2008). Light as therapy for sleep disorders 

and depression in older adults. Clin Geriatr., 16(3), 25–31. 

Sloane, Philip D., Williams, C. S., Mitchell, C. M., Preisser, J. S., Wood, W., Barrick, A. L., … 

Zimmerman, S. (2007). High-intensity environmental light in dementia: Effect on sleep and 

activity. Journal of the American Geriatrics Society, 55(10), 1524–1533. 

https://doi.org/10.1111/j.1532-5415.2007.01358.x 



214 
 

Stone, K. L., Ensrud, K. E., & Ancoli-Israel, S. (2008). Sleep, insomnia and falls in elderly 

patients. Sleep Medicine, 9(SUPPL. 1), 18–22. https://doi.org/10.1016/S1389-

9457(08)70012-1 

Sumaya, I. C., Rienzi, B. M., Deegan, J. F., & Moss, D. E. (2001). Bright light treatment decreases 

depression in institutionalized older adults: a placebo-controlled crossover study. The 

Journals of Gerontology.Series A, Biological Sciences and Medical Sciences, 56(6), M356-

60. 

Sun, C., Lian, Z., & Lan, L. (2019). Work performance in relation to lighting environment in office 

buildings. Indoor and Built Environment, 28(8), 1064–1082. 

https://doi.org/10.1177/1420326X18820089 

Swaab, D. F., Fliers, E., & Partiman, T. S. (1985). The suprachiasmatic nucleus of the human brain 

in relation to sex, age and senile dementia. Brain Research, 342(1), 37–44. 

https://doi.org/10.1016/0006-8993(85)91350-2 

Tassi, P., Pellerin, N., Moessinger, M., Hoeft, A., & Muzet, A. (2000). Visual resolution in humans 

fluctuates over the 24h period. Chronobiology International, 17(2), 187–195. 

https://doi.org/10.1081/CBI-100101042 

Taylor, W. D. (2014). Depression in the elderly. The New England Journal of Medicine, 371(13), 

1228–1236. https://doi.org/10.1056/NEJMcp1402180 

Terman, M. (2007). Evolving applications of light therapy. Sleep Medicine Reviews, 11(6), 497–

507. https://doi.org/10.1016/j.smrv.2007.06.003 

Tombaugh, T. N. (2004). Trail Making Test A and B: Normative data stratified by age and 

education. Archives of Clinical Neuropsychology, 19(2), 203–214. 

https://doi.org/10.1016/S0887-6177(03)00039-8 



215 
 

Tozawa, T., Mishima, K., Satoh, K., Echizenya, M., Shimizu, T., & Hishikawa, Y. (2003). 

Stability of sleep timing against the melatonin secretion rhythm with advancing age: clinical 

implications. Journal of Clinical Endocrinology and Metabolism, 88(10), 4689–4695. 

https://doi.org/10.1210/jc.2003-030147 

Tranah, G. J., Blackwell, T., Stone, K. L., Ancoli-Israel, S., Paudel, M. L., Ensrud, K. E., … Yaffe, 

K. (2011). Circadian activity rhythms and risk of incident dementia and mild cognitive 

impairment in older women. Annals of Neurology, 70(5), 722–732. 

https://doi.org/10.1002/ana.22468 

Tsai, Y.-F., Wong, T. K. S., Juang, Y.-Y., & Tsai, H.-H. (2004). The effects of light therapy on 

depressed elders. International Journal of Geriatric Psychiatry, 19(6), 545–548. 

https://doi.org/10.1002/gps.1125 

Tsuzuki, K., Mori, I., Sakoi, T., & Kurokawa, Y. (2015). Effects of seasonal illumination and 

thermal environments on sleep in elderly men. Building and Environment, 88, 82–88. 

https://doi.org/10.1016/j.buildenv.2014.10.001 

Turner, P. L., Van Someren, E. J. W., & Mainster, M. A. (2010). The role of environmental light 

in sleep and health: Effects of ocular aging and cataract surgery. Sleep Medicine Reviews, 

14(4), 269–280. https://doi.org/10.1016/j.smrv.2009.11.002 

Tuunainen, A., Kripke, D. F., & Endo, T. (2004). Light therapy for non-seasonal depression 

(Cochrane Review). Wiley & Sons, Ltd, Chichester, UK. 

Valentinuzzi, V. S., Scarbrough, K., Takahashi, J. S., & Turek, F. W. (1997). Effects of aging on 

the circadian rhythm of wheel-running activity in C57BL/6 mice. The American Journal of 

Physiology, 273(6 Pt 2), R1957-64. Retrieved from 

http://www.ncbi.nlm.nih.gov/pubmed/9435649 



216 
 

van Bommel, W. J. M. (2006). Non-visual biological effect of lighting and the practical meaning 

for lighting for work. Applied Ergonomics, 37(4 SPEC. ISS.), 461–466. 

https://doi.org/10.1016/j.apergo.2006.04.009 

van Hoof, J., Aarts, M. P. J., Rense, C. G., & Schoutens, A. M. C. (2009). Ambient bright light in 

dementia: Effects on behaviour and circadian rhythmicity. Building and Environment, 44(1), 

146–155. https://doi.org/10.1016/j.buildenv.2008.02.005 

van Hoof, J., Schoutens, A. M. C., & Aarts, M. P. J. (2009). High colour temperature lighting for 

institutionalised older people with dementia. Building and Environment, 44(9), 1959–1969. 

https://doi.org/10.1016/j.buildenv.2009.01.009 

Van Lieshout-van Dal, E., Snaphaan, L., & Bongers, I. (2019). Biodynamic lighting e ff ects on 

the sleep pattern of people with dementia. Building and Environment, 150(November 2018), 

245–253. https://doi.org/10.1016/j.buildenv.2019.01.010 

van Someren, E. J., Hagebeuk, E. E., Lijzenga, C., Scheltens, P., de Rooij, S. E., Jonker, C., … 

Swaab, D. F. (1996). Circadian rest-activity rhythm disturbances in Alzheimer’s disease. 

Biological Psychiatry, 40(4), 259–270. https://doi.org/10.1016/0006-3223(95)00370-3 

Van Someren, E. J. W. (2000). Circadian and sleep disturbances in the elderly. Experimental 

Gerontology, 35(9–10), 1229–1237. https://doi.org/10.1016/S0531-5565(00)00191-1 

Vandewalle, G., Archer, S. N., Wuillaume, C., Balteau, E., Degueldre, C., Luxen, A., … Maquet, 

P. (2011). Effects of Light on Cognitive Brain Responses Depend on Circadian Phase and 

Sleep Homeostasis, 26(3), 249–259. https://doi.org/10.1177/0748730411401736 

Vazzana, R., Bandinelli, S., Lauretani, F., Volpato, S., Iorio, A. Di, Abate, G., … Ferrucci, L. 

(2011). Trail making test predicts physical impairment. Journal of American Geriatric 

Society, 58(4), 719–723. https://doi.org/10.1111/j.1532-5415.2010.02780.x.TRAIL 



217 
 

Vgontzas, A. N., Pejovic, S., Zoumakis, E., Lin, H. M., Bixler, E. O., Basta, M., … Gp, C. (2007). 

Daytime napping after a night of sleep loss decreases sleepiness , improves performance , and 

causes beneficial changes in cortisol and interleukin-6 secretion. Journal of Physiol 

Endocrinol Metab, 292, 253–261. https://doi.org/10.1152/ajpendo.00651.2005. 

Wagner, S., Helmreich, I., Dahmen, N., Lieb, K., & Tadi, A. (2011). Reliability of three alternate 

forms of the trail making tests A and B. Archives of Clinical Neuropsychology, 26(4), 314–

321. https://doi.org/10.1093/arclin/acr024 

Wakamura, T., & Tokura, H. (2001). Influence of bright light during daytime on sleep parameters 

in hospitalized elderly patients. Journal of Physiological Anthropology and Applied Human 

Science, 20(6), 345–351. https://doi.org/10.2114/jpa.20.345 

Wallace-Guy, G. M., Kripke, D. F., Jean-Louis, G., Langer, R. D., Elliott, J. A., & Tuunainen, A. 

(2002). Evening light exposure: Implications for sleep and depression. Journal of the 

American Geriatrics Society, 50(4), 738–739. https://doi.org/10.1046/j.1532-

5415.2002.50171.x 

Waller, K. L., Mortensen, E. L., Avlund, K., Osler, M., Fagerlund, B., Lauritzen, M., & Jennum, 

P. (2016). Subjective sleep quality and daytime sleepiness in late midlife and their association 

with age-related changes in cognition. Sleep Medicine, 17(2016), 165–174. 

https://doi.org/10.1016/j.sleep.2015.01.004 

Weitzman, E. D., Moline, M. L., Czeisler, C. A., & Zimmerman, J. C. (1982). Chronobiology of 

aging: Temperature, sleep-wake rhythms and entrainment. Neurobiology of Aging, 3(4), 299–

309. https://doi.org/10.1016/0197-4580(82)90018-5 

White, M., Ancoli-Israel, S., & Wilson, R. (2013). Senior living environments: Evidence-based 

lighting design strategies [CEU]. Health Environments Research and Design Journal, 7(1), 



218 
 

60–78. https://doi.org/10.1177/193758671300700106 

Whoqol Group. (1995). The World Health Organization Quality of Life assessment (WHOQOL): 

position paper from the World Health Organization. Social Science & Medicine, 41(10), 

1403–1409. https://doi.org/10.1016/0277-9536(95)00112-K 

Willis, S. L. (2014). Aging, Overview. Encyclopedia of the Neurological Sciences (Second 

Edition), 1, 76–80. https://doi.org/http://dx.doi.org/10.1016/B978-0-12-385157-4.00428-0 

Wirz-Justice, A. (2009). From the basic neuroscience of circadian clock function to light therapy 

for depression: On the emergence of chronotherapeutics. Journal of Affective Disorders, 

116(3), 159–160. https://doi.org/10.1016/j.jad.2009.04.024 

Wittich, W., Phillips, N., Nasreddine, Z. S., & Chertkow, H. (2010). Sensitivity and specificity of 

the Montreal Cognitive Assessment modified for individuals who are visually impaired. 

Journal of Visual Impairment & Blindness, June, 360–368. 

Wu, M.-C., Sung, H.-C., Lee, W.-L., & Smith, G. D. (2015). The effects of light therapy on 

depression and sleep disruption in older adults in a long-term care facility. International 

Journal of Nursing Practice, 21(5), 653–659. https://doi.org/10.1111/ijn.12307 

Yaffe, K., Falvey, C. M., & Hoang, T. (2014). Connections between sleep and cognition in older 

adults. The Lancet Neurology, 13(10), 1017–1028. https://doi.org/10.1016/S1474-

4422(14)70172-3 

Yannielli, P. C., & Harrington, M. E. (2001). Neuropeptide Y in the mammalian circadian system: 

Effects on light-induced circadian responses. Peptides, 22(3), 547–556. 

https://doi.org/10.1016/S0196-9781(01)00356-4 

Young, C. R., Jones, G. E., Figueiro, M. G., Soutière, S. E., Keller, M. W., Richardson, A. M., … 

Rea, M. S. (2015). At-sea trial of 24-h-based submarine watchstanding schedules with high 



219 
 

and low correlated color temperature light sources. Journal of Biological Rhythms, 30(2), 

144–154. https://doi.org/10.1177/0748730415575432 

Young, M. E. (2006). The circadian clock within the heart: potential influence on myocardial gene 

expression, metabolism, and function. American Journal of Physiology. Heart and 

Circulatory Physiology, 290(1), H1–H16. https://doi.org/10.1152/ajpheart.00582.2005 

Yu, L., Buysse, D. J., Germain, A., Moul, D. E., Stover, A., Dodds, N. E., … Pilkonis, P. A. (2012). 

Development of short forms of the PROMIS TM Sleep Disturbance and Sleep-Related 

Impairment Item Banks, 6–24. https://doi.org/10.1080/15402002.2012.636266 

Zachariae, B., & Bech, P. (2008). [Quality of life concept]. Ugeskrift for Laeger, 170(10), 821—

825. Retrieved from http://europepmc.org/abstract/MED/18364164 

Zeitzer, J. M., Daniels, J. E., Duffy, J. F., Klerman, E. B., Shanahan, T. L., Dijk, D. J., & Czeisler, 

C. A. (1999). Do plasma melatonin concentrations decline with age? American Journal of 

Medicine, 107(5), 432–436. https://doi.org/10.1016/S0002-9343(99)00266-1 

Zhdanova, I. V, Masuda, K., Rosene, D. L., & Killiany, R. J. (2011). Aging of Intrinsic Circadian 

Rhythms and Sleep in a Diurnal Nonhuman Primate , Macaca mulatta. Journal of Biological 

Rhythms, 26(2), 149–159. https://doi.org/10.1177/0748730410395849 

Zheng, X., Yang, Z., Yue, Z., Alvarez, J. D., & Sehgal, A. (2007). FOXO and insulin signaling 

regulate sensitivity of the circadian clock to oxidative stress. Proceedings of the National 

Academy of Sciences of the United States of America, 104(40), 15899–15904. 

https://doi.org/10.1073/pnas.0701599104 

Ziegler, R., Mood, R. Z., Characteristics, S., Ex-, M. P. A. M., & Ziegler, R. (2010). Mood , source 

characteristics , and message processing : a mood-congruent expectancies approach to cite 

this version : HAL Id : hal-00851024. Journal of Experimental Social Psychology, 46(5), 



220 
 

743–752. https://doi.org/10.1016/j.jesp.2010.04.014 

Zisapel, N. (2001). Pathophysiology and potential approaches to management. CNS Drugs, 15(4), 

311–328. https://doi.org/1172-7047/01/0004-0311/$22.00/0 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
 
 
 
 
 
 



221 
 

APPENDIX A. DATA ANALYSIS WITH TWO BASELINE MEASURES 

A.1.      Objective Sleep Quality as Measured by Actigraphy 

A.1.1.   Night time Sleep Duration (NSD) 

A one-way RP ANOVA with four levels of repeated measures factors was conducted to 

compare the effect of lighting on night time sleep duration (NSD) before, during, and after L1 and 

L2 interventions. There was a significant effect of lighting condition on NSD (F [3, 60] = 7.786, 

p < 0.001, MSE = 837.782, h2
p = 0.28). The patterns of the average NSD across the study are 

illustrated in Figure 59. As shown, the average NSD increased with the L1 intervention, increased 

even more with the L2 intervention, and start returning to baseline levels after the intervention had 

been discontinued.  

 

 
Figure 59. Pattern of NSD across the study. 

 
As the one-way RM ANOVA confirmed the significant effects of lighting, in order to 

further investigate the effects of interventions on NSD, six paired samples t-tests were employed 

to make post hoc comparisons between lighting conditions. Results of this analysis are illustrated 

in Table 44. The pairwise comparison indicated a significant difference between mean score for 

NSD in participants at B1 and L2 (df = 20, t = -3.37, p < 0.001), L1 and L2 (df = 20, t = -2.60, p = 
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0.02), L1 and B2 (df = 20, t = 2.65, p = 0.02), and L2 and B2 (df = 20, t = 3.48, p < 0.001). No 

significant difference was observed between B1 and B2 (df = 20, t = 1.25, p = 0.26), nor between 

B1 and L1 (df = 20, t = -2.00, p = 0.06). Compared to B1, the average NSD was increased by 13.54 

minutes and 28.96 minutes after L1 and L2 interventions respectively.  

Table 44. Results from Paired Sample t-test for NSD across the study. 
 Mean Difference (min) SD t (df = 20) p Value 
Pair 1 (B1, L1) -13.55  30.91 -2.01 0.06 
Pair 2 (B1, L2) -28.97  39.39 -3.37 < 0.001 
Pair 3 (L1, L2) -15.42 28.16 -2.51 0.02 
Pair 4 (L1, B2) 25.50 44.05 3.48 0.02 
Pair 5 (L2, B2) 40.92 53.87 -3.37 0.00 
Pair 6 (B1, B2) 11.95 43.71 2.65 0.22 

 

A.1.2.   Sleep Efficiency (SE) 

A one-way RM ANOVA with four levels of repeated measures factors confirmed the 

significant effect of lighting condition on the average sleep efficiency (SE) of participants (F [3, 

60] = 7.86, p < 0.001, MSE = 9.76, h2
p = 0.28). As shown in Figure 60, compared to B1, L1 

intervention slightly increased the average ES by 0.91%, however, L2 intervention increased that 

more by 3.82%. The average SE started returning to baseline levels after the intervention had been 

discontinued.  
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Figure 60. Pattern of SE across the study. 

 
In order to further investigate the effects of interventions on ES, six paired samples t-tests 

were employed to make post hoc comparisons between lighting conditions. Table 45 shows the t-

test results obtained for SE. The t-test analysis revealed no significant difference between the 

average SE in B1 and L1 (df = 20, t = -1.19, p = 0.25) nor between L1 and B2 (df = 20, t = 1.38, p 

= 0.18) suggesting that whole-day lighting with varying lighting intensity did not significantly 

improved SE in older adults.  However, there was a significant difference between B1 and L2 (df 

= 20, t = -3.68, p < 0.001), L1 and L2 (df = 20, t = -2.82, p = 0.01), and L2 and B2 (df = 20, t = 

3.74, p < 0.001). These results confirm the significant effects of adding tuning spectrum to the 

ambient illumination on SE in older adults.   

 
Table 45. Results from Paired Sample t-test for DSD across the study. 
 Mean Difference (min) SD t (df = 20) p Value 
Pair 1 (B1, L1) -0.90  3.48 -1.19 0.25 
Pair 2 (B1, L2) -3.80  4.73 -3.68 < 0.001 
Pair 3 (L1, L2) -2.89 4.70 -2.82 0.01 
Pair 4 (L1, B2) 1.37 4.55 1.38 0.18 
Pair 5 (L2, B2) 4.26 5.22 3.74 < 0.001 
Pair 6 (B1, B2) 0.46 3.56 0.59 0.56 
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A.1.3.  Daytime Sleep Duration (DSD) 

For the daytime sleep duration, the one-way repeated measures ANOVA indicates no 

significant effects of lighting conditions (F [3, 60] = 1.30, p = 0.43, MSE = 2826.96, h2
p = 0.06) 

suggesting that the tested lighting interventions did not have any significant effects on DSD. Figure 

61 shows the patterns of the average DSD across the study. Although insignificant, this pattern 

reveals a reducing trend in the average DSD after L2 intervention. In fact, L2 intervention reduced 

the average DSD in participants by 8.12 minutes. In contrast, L1 increased the average DSD by 

10.32 minutes. 

 
 

Figure 61. Pattern of DSD across the study. 
  

A.1.4.   Sleep Onset Latency (SOL) 

Actigraphy data for sleep onset latency (SOL) exhibited a significant main effect of lighting 

(F [3, 60] = 3.88, p = 0.013, MSE = 171.97, h2
p = 0.16). The pattern of OSL in the course of the 

study is illustrated in Figure 62. Whereas the average SOL increased from 26.70 minutes (SD = 

19.26) in the B1 to 34.96 minutes (SD = 21.68) at L1, L2 intervention significantly decreased the 

average SLO to 21.35 minutes (SD = 13.14). Table 46 shows results of t-test analysis. There was 
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no significant difference between the average SOL in B1 and L1 (df = 1, t = -1.38, p = 0.18), L1 

and B2 (df = 20, t = 1.12, p = 0.28), as well as B1 and B2 (df = 20, t = -0.07, p = 0.95).  

 
Figure 62. Pattern of SOL across the study. 

 

 

Table 46. Results from Paired Sample t-test for SOL across the study. 
 Mean Difference (min) SD t (df = 20) p Value 
Pair 1 (B1, L1) -5.25 17.47 -1.38 0.18 
Pair 2 (B1, L2) 8.35 20.55 1.86 0.08 
Pair 3 (L1, L2) -13.60 21.30 2.93 0.01 
Pair 4 (L1, B2) 4.98 20.46 1.12 0.28 
Pair 5 (L2, B2) -8.62 13.11 -3.01 0.01 
Pair 6 (B1, B2) -0.26 17.07 -0.07 0.945 

 

A.2.     Subjective Sleep as Measured by Questionnaires 

A.2.1.  Sleep Disturbance (SDist) 

A one-way RM ANOVA revealed a significant effects of lighting conditions on the SDist 

scores of participants measured by PROMIS-SD (F [3, 60] = 8.71, p < 0.001, MSE = 66.26, h2
p = 

0.30). The mean score for SDist significantly decreased from 57.48 (SD = 16.70) in B1 to 52.52 

(SD =17.00) after L1 and decreased even more to 44.76 (SD = 13.98) after L2 intervention. The 

difference between the mean score for SDist in L1 and L2 was significant (df = 20, t = 3.91, p < 

0.001). Figure 63 and Table 47 show the results. The mean score for SDist started to return to the 
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baseline after the intervention had been discontinued. There was no significant difference between 

mean scores for SDist in B1 and B2 (df = 20, t = 1.59, p = 0.13) nor between L1 and B2 (df = 20, 

t = 0.12, p = 0.91).  

 
Figure 63. Pattern of SDist across the study. 

 
 

Table 47. Results from Paired Sample t-test for SDist scores across the study. 
 Mean Difference SD t (df = 20) p Value 
Pair 1 (B1, L1) 4.95 8.46 2.68 0.01 
Pair 2 (B1, L2) 12.71 12.04 4.84 < 0.001 
Pair 3 (L1, L2) 7.76 9.09 3.91 < 0.001 
Pair 4 (L1, B2) 0.33 13.15 0.12 0.91 
Pair 5 (L2, B2) -7.43 9.48 -3.59 < 0.001 
Pair 6 (B1, B2) 5.29 15.26 1.59 0.13 

 

A.2.2.  Sleep-Related Impairments (SRImp) 

Results from the PRMIS-SRI exhibited a significant effects of lighting conditions on the 

SRImp scores in participants (F [3, 60] = 12.29, p < 0.001, MSE = 20.94, h2
p = 0.38). The mean 

score for SRImp significantly decreased from 35.05 (SD = 11.65) in B1 to 30.67 (SD = 8.67) after 

L1 intervention. L2 intervention decreased the mean score for SRImp even more to 26.48 (SD = 

8.65) which was significantly different from B1 (df = 20, t = 4.83, p < 0.001) and L1 (df = 20, t = 

3.88, p < 0.001). Figure 64 and Table 48 show the results. As shown in Figure 23, the mean score 
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for SRImp started to increase after the intervention had been removed, nevertheless, the difference 

between B1 and B2 remained significant (df = 20, t = 3.10, p = 0.01).  

 
Figure 64. Pattern of SRImp across the study. 

 
Table 48. Results from Paired Sample t-test for SRImp scores across the study. 
 Mean Difference  SD t (df = 20) p Value 
Pair 1 (B1, L1) 4.38 5.77 3.48 < 0.001 
Pair 2 (B1, L2) 8.57 8.14 4.83 < 0.001 
Pair 3 (L1, L2) 4.19 4.95 3.88 < 0.001 
Pair 4 (L1, B2) -0.29 6.94 -3.14 0.85 
Pair 5 (L2, B2) -4.48 6.52 -3.14 0.01 
Pair 6 (B1, B2) 4.10 6.06 3.10 0.01 

 

A.2.3.   Sleep Quality (SQ) 

A one-way RM ANOVA confirmed the significant effects of lighting conditions on the 

subjective sleep quality (SQ) measured by PSQI (F [1.96, 39.21] = 3.63, p = 0.036, MSE = 5.43, 

h2
p = 0.36). Here, the GreenHouse-Geisser correction was used to report the RM ANOVA results 

as the Mauchly’s Test of Sphericity was significant (p = 0.006) and the assumption of sphericity 

was violated.  

Figure 65 shows the pattern of SQ throughout the course of the study with lower mean 

score indicating a higher SQ in participants. As illustrated, the mean score for SQ decreased from 

7.10 (SD = 4.04) in B1 to 6.33 (SD = 3.34) after L1 and decreased even more after L2 and reached 
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to 5.24 (SD = 2.70). After the intervention had been removed, the mean score for SQ score started 

increasing (mean = 5.86, SD = 2.60), however, after two weeks, the mean score for SQ was still 

lower than the L1 intervention suggesting the lasting effects of L2 intervention on subjective sleep 

quality in participants.  There was significant difference between B1 and L2 (df = 20, t = 2.47, p = 

0.02) and L1 and L2 (df = 20, t = 2.61, p = 0.02). Paired-sample t-test showed no significant 

difference between other pairs for SQ. Results are shown in Table 49.  

 
Figure 65. Pattern of SQ across the study. 

 
Table 49. Results from Paired Sample t-test for SQ scores across the study. 
 Mean Difference  SD t (df = 20) p Value 
Pair 1 (B1, L1) 0.76 2.59 1.35 0.19 
Pair 2 (B1, L2) 1.86 3.44 2.47 0.02 
Pair 3 (L1, L2) 1.10 1.92 2.61 0.02 
Pair 4 (L1, B2) 0.48 2.40 0.91 0.37 
Pair 5 (L2, B2) -0.62 1.86 -1.53 0.14 
Pair 6 (B1, B2) 1.24 3.35 1.70 0.11 

 

Seventeen participants (81%) had baseline assessment scores of five or greater for SQ 

measured by PSQI, suggesting they suffered from poor sleep quality. The frequency of participants 

with poor sleep quality reduced to 62% (n = 13) after L1 and L2 interventions. This frequency 

started to increase after the intervention was discontinued and reached to 71% (n = 15) at B2.  
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A.2.4.  Daytime Sleepiness (DSle) 

Mean scores for DSle measured by ESS exhibited no significant effect of lighting condition 

(F [3, 60] = 2.00, p = 0.12, MSE = 4.34, h2
p = 0.09). The mean scores for DSle was dropped from 

6.57 (SD = 3.03) in B1 to 5.90 (SD = 3.21) in L1 and dropped even more after L2 and reached to 

5.52 (SD = 3.27), suggesting a reducing trend in the mean score for DSle after exposure to the 

lighting interventions. Figure 66 shows the results.  

 
Figure 66. Pattern of DSle across the study. 

 
A.3.     Depression  

Due to the significant difference between the mean score for depression between buildings, 

the buildings were analyzed separately in this section. In this regard, two one-way RM ANOVA 

were run to investigate the effects of lighting on depression scores in older adults. The mean score 

for depression in the Affordable senior livings exhibited a significant effect of lighting on 

depression (F [1.84, 23.97] = 8.77, p < 0.001, MSE = 9.50, h2
p = 0.40). As the assumption of 

Sphericity was violated (Mauchly’s Test of Sphericity: p = 0.04), the GreenHouse-Geisser 

correction was used to report the RM ANOVA results. The patterns of the depression scores across 

the study are illustrated in Figure 67. As shown, mean score for depression decrease with L1 
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intervention from 9.50 (SD = 4.67) to 7.29 (SD = 4.25), decreased even more with L2 and reached 

to 4.93 (SD = 3.39), and started to retain to the baseline after the intervention was discontinued.  

Table 50 shows the results of t-test analysis for the Affordable senior livings. There was a 

significant difference between the mean score for depression between B1 and L1 (df = 13, t = 2.54, 

p = 0.03), B1 and L2 (df = 13, t = 3.61, p < 0.001), L1 and L2 (df = 13, t = 2.94, p = 0.01), as well 

as L2 and B2 (df = 13, t = -4.58, p < 0.001). However, no significant difference was found between 

B1 and B2 (df = 13, t = 1.31, p = 0.22) as well as L1 and B2 (df =13, t = -1.39, p = 0.19).   

 
Figure 67. Pattern of deression across the study in Affordable senior livings. 

 

Table 50. Results from Paired Sample t-test for depression in Affordable senior livings. 
 Mean Difference  SD t (df = 13) p Value 
Pair 1 (B1, L1) 2.21 3.26 2.54 0.03 
Pair 2 (B1, L2) 4.57 4.74 3.61 0.00 
Pair 3 (L1, L2) 2.36 3.00 2.94 0.01 
Pair 4 (L1, B2) -0.79 2.12 -1.39 0.19 
Pair 5 (L2, B2) -3.14 2.57 -4.58 0.00 
Pair 6 (B1, B2) 1.43 4.11 1.30 0.22 

 

A one-way RM ANOVA confirmed no significant effect of lighting on depression scores 

in participants residing at the High-end senior living (F [3, 18] = 2.28, p = 0.12, MSE = 1.07, h2
p 

= 0.28). Although nonsignificant, the mean score for depression in this group of participants, 
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decreased from 3.71 (SD = 4.72) in B1 to 2.57 (SD = 3.82) after L2 intervention, indicating a 

decreasing trend (Figure 68).  

 
Figure 68. Pattern of depression across the study in High-end senior living. 

 
The interaction between lighting and depression was also tested. In this regard, participants 

were divided in two groups based on their baseline GSD scores: Depressed (GSD score of 9 or 

greater) and not depressed (GDS score of 8 or lower). Then, a mixed ANOVA was run to compare 

the mean score for depression in these two groups as well as the interactions between lighting and 

baseline depression. There was a significant main effect of lighting (F [3, 57] = 14.68, p < 0.001, 

MSE = 3.74, h2
p = 0.44), baseline depression (F [1, 19] = 39.57, p < 0.001, MSE = 23.55, h2

p = 

0.68), and interaction between lighting and depression (F [3, 57] = 6.02, p < 0.001, MSE = 23.55, 

h2
p = 0.24). This suggested that the effects of lighting on depression depended on the baseline 

depression level with more effects on depressed participants.  

 

A.4.     Mood: Positive and Negative Affects 

A one-way RM ANOVA indicated a significant effect of lighting on PA in participants 

residing in the Affordable senior livings (F [3, 39] = 10.63, p < 0.001, MSE = 15.39, h2
p = 0.45). 
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The mean score for PA increased with L1 from 26.64 (SD = 6.31) in B1 to 31.29 (SD = 6.32). L2 

increased the mean score for PA even more and reached to 35.00 (SD = 3.98). The mean score for 

PA started to return to the baseline after the interventions had been removed (Figure 69).  

 
Figure 69. Pattern PA across the study in Affordable senior livings. 

 
The pairwise comparison for the main effect of lighting on PA in the Affordable facilities 

reflected a significant difference between B1 and L1 (df = 13, t = -3.43, p < 0.001), B1 and L2 (df 

= 13, t = -4.72, p < 0.001), L1 and L2 (df = 13, t = -3.54, p < 0.001), L2 and B2(df = 13, t = 2.77, 

p = 0.02) as well as B1 and B2(df = 13, t = -2.47, p = 0.03). There was no significant difference 

between L1 and B2 (df = 13, t = 0.19, p = 0.85). Table 51 shows the results.  

 
Table 51. Results from Paired Sample t-test for PA in Affordable senior livings across the study. 
 Mean Difference  SD t (df = 13) p Value 
Pair 1 (B1, L1) -4.64 5.06 -3.43 < 0.001 
Pair 2 (B1, L2) -8.36 6.31 -4.96 < 0.001 
Pair 3 (L1, L2) -3.71 3.93 -3.54 < 0.001 
Pair 4 (L1, B2) 0.29 5.58 0.192 0.85 
Pair 5 (L2, B2) 4.00 5.41 2.77 0.02 
Pair 6 (B1, B2) -4.36 6.59 -2.47 0.03 

 

There was no significant effect of lighting on PA in participants residing in the High-end 

senior living (F [3, 18] = 0.68, p = 0.57, MSE = 4.74, h2
p = 0.10). However, a slight improvement 

was observed after the intervention exposure as the mean score for PA increased from 36.71 (SD 
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= 5.31) in B1 to 37.86 (SD = 4.49) in L1 and then increased more after L2 and reached 38.14 (SD 

= 5.05). In B2 the mean score for PA in the High-end facility started reducing (mean = 37.00, SD 

= 5.66) to towards the B1. Figure 70 shows this trend.  

 
Figure 70. Pattern of PA across the study in High-end senior living. 

 

As there was no significant difference mean score for NA based on buildings, all 

participants were analyzed in one group. A one-way RM ANOVA indicated no significant effect 

of lighting on NA in participants (F [1.68, 33.59] = 1.872, p = 0.17, MSE = 9.79, h2
p = 0.086). 

However, a reducing trend was observed after the interventions (Figure 71). In fact, the mean score 

for NA decreased from 14.43 (SD = 4.20) in B1 to 13.71 (SD = 3.38) in L1 and decreased more to 

12.76 (SD = 3.38) after L2. The mean score for NA increased to 13.33 (SD = 3.69) two weeks 

after the intervention was removed in B2.  
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Figure 71. Pattern of NA across the study. 

 
A.5.     Health-Related Quality of Life (QL) 

Due to the significant difference between the mean score for QL in participants based on 

buildings, participants of the High-end senior living were analyzed separately from those in the 

Affordable ones. A one-way RM ANOVA confirmed the significant main effect of lighting on QL 

in the residents of the Affordable facilities (F [1.55, 20.16] = 5.98, p = 0.01, MSE = 32.698, h2
p = 

0.32). As the sphericity assumption was violated (p < 0.001), the Greenhouse – Geisser correction 

was used to report the RM ANOVA results. Figure 72 shows the pattern of QL in the course of the 

study. L1 intervention improved mean score for QL from 23.71 (SD = 7.67) in B1 to 19.21 (SD = 

4.41) and then L2 improved that even more to 17.93 (SD = 4.97). The mean score for QL increased 

in B2 (mean = 18.21, SD = 4.76), suggesting the QL started to demote after the intervention was 

discounted.   

The pairwise comparison for the main effect of lighting on QL in Affordable senior livings 

reflected a significant difference between B1 and L1 (df = 13, t = 2.29, p < 0.001), B1 and L2 (df 

= 13, t = 2.74, p < 0.001), and B1 and B2 (df = 13, t = 2.87, p < 0.001). There was no significant 

difference between mean score for QL between L1 and L2 (df = 13, t = 1.31, p = 0.21), L1 and B2 
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(df = 13, t = 0.94, p = 0.37), and L2 and B2 (df = 13, t = -0.47, p = 0.65). Table 52 shows the 

results.  

 
Figure 72. Pattern of QL across the study in Affordable senior livings. 

 
 
Table 52. Results from Paired Sample t-test for QL in Affordable senior living across the study. 
 Mean Difference  SD t (df = 13) p Value 
Pair 1 (B1, L1) 4.50 2.37 2.29 0.04 
Pair 2 (B1, L2) 5.77 7.91 2.74 0.02 
Pair 3 (L1, L2) 1.29 3.67 1.31 0.21 
Pair 4 (L1, B2) 1.00 4.00 0.94 0.37 
Pair 5 (L2, B2) -0.29 2.27 -0.47 0.65 
Pair 6 (B1, B2) 5.50 7.18 2.87 0.01 

 

No significant effect of lighting was found in the QL for participants residing in the High-

end facility (F [3, 18] = 2.22, p = 0.12, MSE = 2.12, h2
p = 0.27). However, the pattern of mean 

score for QL exhibited an improvement trend with the L1 and L2 interventions. As shown in Figure 

73, L1 improved mean score for QL from 12.86 (SD = 3.13) in B1 to 11.86 (SD = 3.49) and then 

L2 improved that more to 10.86 (SD = 2.48). The mean score for QL slowly started to return to 

the baseline after the intervention was removed and reached to 12.00 (SD = 3.32) in B2.  
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Figure 73. Pattern of QL across the study in High-end senior living. 

 
A.6.     Cognitive Performance 

A.6.1.  TMT-A Test 

The score of the cognitive performance obtained from TMT-A test is reported based on the 

time (seconds) took for each participant to complete the test, with less time indicating greater 

cognitive performance. A one-way RM ANOVA confirmed the significant effect of lighting on 

the mean score for TMT-A in participants (F [1.32, 26.34] = 26.26, p < 0.001, MSE = 138.52, h2
p 

= 0.57). As the assumption of sphericity was violated, the Green-Geisser correction was used to 

report RM ANOVA results. Both lighting interventions appeared to reduce the time needed to 

complete TMT-A in participants, suggesting an improvement in the cognitive performance. As 

shown in Figure 74, L1 intervention improved the mean score for TMT-A from 53.73 sec (SD = 

29.19) in B1 to 40.94 sec (SD = 20.58), the mean score improved even more under L2 and reached 

to 32.52 sec (SD = 15.57), however, it started to worsen after the intervention was discontinued 

and went up to 42.63 sec (SD = 17.86) in B2.  

Paired sample t-test confirmed a significant difference for the mean score for TMT-A 

between B1 and L1 (df = 20, t = 5.38, p < 0.001), B1 and L2 (df = 20, t = 5.87, p < 0.001), L1 and 

L2 (df = 20, t = 5.06, p < 0.001), L2 and B2 (df = 20, t = -8.67, p < 0.001), as well as B1 and B2 
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(df = 20, t = 3.55, p < 0.001). There was no significant difference between L1 and B2 (df = 20, t = 

-116, p = 0.26). Table 53 shows the results.   

 

 
Figure 74. Pattern of TMT-A scores across the study. Less time to complete the task indicates higher level of cognitive 

performance. 
 

Table 53. Results from Paired Sample t-test for TMT-A test. 
 Mean Difference  SD t (df = 20) p value 
Pair 1 (B1, L1) 12.79 10.89 5.38 < 0.001 
Pair 2 (B1, L2) 21.21 16.57 5.87 < 0.001 
Pair 3 (L1, L2) 8.42 7.62 5.06 < 0.001 
Pair 4 (L1, B2) -1.69 6.69 -1.16 0.26 
Pair 5 (L2, B2) 5.34 5.34 -8.67 < 0.001 
Pair 6 (B1, B2) 14.33 14.33 3.55 < 0.001 

 
 
 
A.6.2.  TMT-B Test 

Similar to TMT-A, the score of the cognitive performance obtained from TMT-B test is 

reported based on the time (seconds) took for each participant to complete the test, with less time 

indicating greater cognitive performance. There was a significant effect of lighting on TMT-B test 

scores (F [2.01, 40.28] = 24.17, p < 0.001, MSE = 594.55, h2
p = 0.55).  The mean score for TMT-

B improved after L1 (mean = 93.06, SD = 37.66), improved even more after L2 (mean = 67.13, 
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SD = 27.21), and started to return to baseline after the intervention was removed in B2 (mean = 

98.09, SD = 44.09) (Figure 75).  

The pairwise comparison for the main effect of lighting reflected a significant difference 

between B1 and L1 (df = 20, t = 3.86, p < 0.001), B1 and L2 (df = 20, t = 6.25, p < 0.001), L1 and 

L2 (df = 20, t = 5.61, p < 0.001), L2 and B2 (df = 20, t = -4.93, p < 0.001), and B1 and B2(df = 20, 

t = 3.48, p < 0.001). Nevertheless, no significant difference was observed between L1 and B2 (df 

= 20, t = -1.32, p = 0.20). Table 54 shows the results.  

 
Figure 75. Pattern of TMT-B scores across the study. Less time to complete the task indicates higher level of cognitive 

performance. 
 

Table 54. Results from Paired Sample t-test for TMT-B test. 
 Mean Difference  SD t (df = 20) p value 
Pair 1 (B1, L1) 26.22 31.12 3.86 < 0.001 
Pair 2 (B1, L2) 52.15 38.22 6.26 < 0.001 
Pair 3 (L1, L2) 25.93 21.19 5.61 < 0.001 
Pair 4 (L1, B2) -5.03 17.50 -1.32 0.20 
Pair 5 (L2, B2) -30.96 28.76 -4.93 < 0.001 
Pair 6 (B1, B2) 21.19 27.89 3.48 < 0.001 

 

A.6.3.  Difference Between TMT-A and TMT-B (B – A) 

A one-way RM ANOVA confirmed the significant effect of lighting on score difference 

between TMT-A and TMT-B (B – A) (F [1.99, 39.77] = 5260.83, p < 0.001, MSE = 545.98, h2
p = 
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0.33). The difference of the two scores decreased from 65.54 seconds in B1 to 52.11 in L1; L2 

decreased the difference even more and reached to 34.60. The difference between TMT-A and 

TMT-B scores started returning to the B1 after the interventions were discontinued (Figure 76).  

 

 

Figure 76. Pattern of difference between TMT-A and TMT-B (B - A) across the study. 
 

A pairwise comparison exhibited a significant difference between B1 and L1 (df = 20, t = 

2.13, p = 0.045), B1 and L2 (df = 20, t = 3.85, p = 0.001), L1 and L2 (df = 20, t = 3.78, p = 0.01), 

as well as L2 and B2 (df = 20, t = 3.40, p = 0.003). There was no significant difference between 

L1 and B2 was insignificant (df = 20, t = 0.90, p = 0.378) and B1 and B2 (df = 20, t = 1.86, p = 

0.078). Table 55 shows the results.  

Table 55. Results from Paired Sample t-test for the difference between TMT-A and TMT-B scores. 
 Mean Difference  SD t (df = 20) p value 
Pair 1 (B1, L1) 13.43 28.84 2.13 0.045 
Pair 2 (B1, L2) 30.94 36.86 3.85 0.001 
Pair 3 (L1, L2) 17.51 21.24 3.78 0.001 
Pair 4 (L1, B2) 3.34 16.97 0.90 0.378 
Pair 5 (L2, B2) 20.85 28.14 3.40 0.003 
Pair 6 (B1, B2) 10.09 24.92 1.86 0.078 
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A.6.4.  DSS Test 

A one-way RM ANOVA confirmed the significant effect of lighting on DSST score (F [3, 

60] = 25.03, p < 0.001, MSE = 8.73, h2
p = 0.56). L1 and L2 increased the mean score for DSST 

increased from 41.14 (SD = 12.03) in B1 to 46.29 (SD = 11.47) and 28.90 (SD = 13.32) 

respectively. The mean score for DSST started worsening after the intervention had been 

discontinued and reached to 45.67 in B2 which was still higher the B1. Figure 77 the pattern of the 

mean score for DSST in the course of study.  

 
Figure 77. Pattern of DSST across the study. 

 
A pairwise comparison on the main effect of lighting on the DSST score exhibited a 

significant difference between B1 and L1 (df = 20, t = -5.04, p < 0.001), B1 and L2 (df = 20, t = -

7.94, p < 0.001), L1 and L2 (df = 20, t = -2.79, p = 0.01), L2 and B2 (df = 20, t = 4.32, p < 0.001), 

as well as B1 and B2 (df = 20, t = -4.62, p < 0.001). The difference between L1 and B2 was 

insignificant (df = 20, t = 0.81, p = 0.43). Table 56 shows the results.  
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Table 56. Results from Paired Sample t-test for DSST. 
 Mean Difference  SD t (df = 20) p value 
Pair 1 (B1, L1) -5.14 4.67 -5.04 < 0.001 
Pair 2 (B1, L2) -7.76 4.48 -7.94 < 0.001 
Pair 3 (L1, L2) -2.62 4.31 -2.79 0.01 
Pair 4 (L1, B2) 0.62 3.51 0.81 0.43 
Pair 5 (L2, B2) 3.24 3.43 4.32 < 0.001 
Pair 6 (B1, B2) -4.52 4.49 -4.62 < 0.001 
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APPENDIX B. QUESTIONNAIRES BOOKLET  
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