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Abstract: As a critical factor in the built environment, lighting presents considerable influence on
occupants. Previous research across static lighting conditions has found that both illuminance and
correlated color temperature (CCT) affect occupants’ physiological and psychological functioning.
However, little research has been conducted on the non-visual impacts of dynamic lighting with
daily variation in illuminance and CCT levels. The purpose of this study is to better understand the
impact of dynamic lighting on office occupants’ health, well-being and experience at a living lab.
Fifteen participants were recruited to work in three office modules for four months. Four lighting
conditions were designed and implemented in this study, including two static lighting conditions
and two dynamic lighting conditions with a specific predefined control scheme. A prototype lighting
system with enhanced control capabilities was configured and implemented to ensure the desired
lighting environment protocol. Both objective methods and subjective surveys were used to assess
the behavioral and physiological outcomes of interest, including mental stress, sleep, productivity,
satisfaction, mood, visual comfort and perceived naturalness. The results showed that the daytime
behavioral impacts were either positive or mixed. Specifically, a significant alertness increase was
observed in the afternoon, indicating a potential solution to reduce the natural feelings of sleepiness
during the workday. There was also a marginal benefit for mood. The nighttime impacts include a
significant decrease in perceived sleep quality and sleep time after subjects were exposed to dynamic
lighting. No significant differences were observed for mental stress, productivity, visual comfort,
or perceived naturalness. The findings present additional insights into the non-visual impacts of
dynamic lighting and give recommendations for further investigations.
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1. Introduction

As a critical factor in the built environment, lighting presents considerable influence on occupants
in multiple ways. In addition to the well-established effects for vision facilitation, lighting has
effects beyond vision that can impact occupants’ physiological and psychological functioning [1–5].
Applied lighting research on the effects of light or lighting on humans is inherently interdisciplinary
and would need expertise in several fields such as psychology, physiology, photobiology, architecture,
and building physics [6].

It has been found that the effects beyond vision are primarily mediated by the intrinsically
photosensitive retinal ganglion cells (ipRGCs) that contain the photopigment melanopsin [7,8],
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i.e., ipRGC-influenced responses to light (IIL responses). The ipRGCs differ from the classical rods
and cones in their inherent characteristics of spectral sensitivity [7,9]. Previous research into IIL
responses indicates that both illuminance and correlated color temperature (CCT) affect people’s
well-being, health, and performance [10]. Through interactions between ipRGCs and specific brain
regions, which include the amygdala and hypothalamus, and specifically the suprachiasmatic nucleus
and ventrolateral preoptic nucleus, light can impact circadian rhythms, alertness, cognition, heart rate,
and emotional activity [7,11–14]. While more photons (i.e., higher illuminance levels) are essential
to induce the photoreception of melanopsin in the ipRGCs, higher CCT levels can also lead to
greater IIL responses as melanopsin is most sensitive to blue light with shorter wavelengths at
approximately 460–480 nm [15–18]. In addition, it has been demonstrated that exposure to blue
light, either at night [5,19] or during the day [20,21], has impacts on occupants’ physiological and
behavioral outcomes.

With respect to physiological and behavioral functioning, one of the most fundamental ways in
which light impacts behavior is by influencing the human sleep/wake cycle [7,22]. More specifically,
light can reset the sleep/wake cycle through interactions with ipRGCs, the suprachiasmatic nucleus,
and the pineal gland. It is found that exposure to blue light in the morning entrains the human
sleep/wake cycle to synchronize to the natural 24 h light/dark, thereby permitting physiological
functions, such as sleep, to occur at the optimal time of day [23]. However, bright light exposure at
night, which is typical in indoor environments with static light settings, can become highly disruptive
to sleep [24–27].

In addition to the influence on sleep, there is evidence that lighting can affect occupants’
performance and self-reported productivity [28–30]. This is related to the impact that illuminance
and CCT levels have on occupants’ alertness and ability to concentrate [3,30–34], as well as sleep,
which impacts subsequent performance and productivity the next day [35–37]. Moreover, illuminance
and CCT can also affect occupants’ satisfaction with and comfort in the environment [30,38,39].
Improved satisfaction with environmental conditions is associated with improved job satisfaction [40],
which is in turn associated with improved job performance [41,42].

Previous studies have also shown that lighting can impact the biological and psychological
processes related to mental stress [43]. Stress is often experienced within an office environment and it
can have harmful effects on an individual’s physical and mental health [44]. Work stress is commonly
associated with situations where the demands of the job exceed the individual’s skills [45,46], but recent
research suggests that the factors of physical environment such as light can also impact occupants’
stress levels and overall well-being [47,48].

It is important to note, however, that previous experiments varied illuminance and CCT across
static conditions, which do not reflect daily variations in natural light. Dynamic LED lighting,
on the other hand, has emerged as an innovative lighting solution that can vary the CCT and
illuminance simultaneously throughout the day [43]. With the help of various types of advanced
lighting technologies and control schemes, dynamic lighting is able to mimic the daily variations in
natural light [49–51]. This may present many potential benefits to occupants, including increasing
satisfaction, increasing perceived naturalness of electric lighting, improving alertness, performance,
and synchronizing human circadian rhythms [52]. Importantly, dynamic variations in light may play a
calming role, which may indirectly alleviate stress [53,54]. Given these findings, dynamic light may be
a potential solution to decrease stress during the day in office workers, while maintaining productivity,
and improving satisfaction and sleep quality. However, there are limited studies that have looked into
the impacts of dynamic light on the above-mentioned human outcomes.

Therefore, this study was designed to better understand the impact of dynamic LED lighting
with daily variation in illuminance and CCT levels. The goal was to investigate a specific dynamic
LED lighting control strategy and evaluate its impacts on the health, well-being and experience of
the occupants in an office environment. We hypothesized that dynamic lighting would reduce stress
while maintaining productivity in the office. Moreover, we predicted that introducing dynamic
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lighting during the day, when office workers may not necessarily have direct exposure to natural light,
would improve alertness during daytime and the subsequent sleep quality during nighttime. In the
secondary analyses, we examined whether dynamic lighting affects mood, satisfaction, visual comfort,
and perceived light naturalness. This study aimed to offer additional insights for a better understanding
of the impacts of dynamic lighting on office occupants.

2. Study Design and Methods

2.1. Overall Study Design

This study employed a within-subjects design, where participants experienced each experimental
condition. Specifically, behavioral measures for each participant were compared across 4 different
predefined lighting conditions. As the main hypothesis was that dynamic lighting would improve
behavioral outcomes compared to static lighting, all subsequent analyses compared static lighting to
dynamic within a specific country.

This study was conducted across a total of approximately 4 months. Each lighting condition was
conducted continuously for 4 weeks. More specifically:

- 2 static lighting conditions that represent typical lighting settings of Japanese (JP) and U.S. offices
(i.e., JP-T and US-T conditions);

- 2 dynamic lighting conditions with varying lighting CCT and illuminance (i.e., JP-D and
US-D conditions);

- 2 weeks were assigned as the acclimation period at the beginning of this study;
- 1 additional week was assigned to handle the sleep/wake schedule changes due to daylight

savings time.

Figure 1 describes the different experimental lighting conditions during office hours. The settings
were defined based on the light fixture capability, industry interest, and several guidelines including:

- Condition 1 (JP-T) represented typical lighting conditions in Japanese offices, i.e., 500 lux/5000 K
at the horizontal desk level.

- Condition 2 (JP-D) was the dynamic lighting profile for Japanese offices. It varied in reasonable
Japanese lighting ranges, i.e., the illuminance falls between 500 and 700 lux and CCT falls between
3500 and 6000 K.

- Condition 3 (US-T) represented typical lighting conditions in US offices, i.e., 300 lux/4000 K.
- Condition 4 (US-D) was the dynamic lighting profile for U.S. offices. It varied in reasonable

U.S. lighting ranges, i.e., the illuminance falls between 300 and 500 lux and CCT falls between
3000 and 5000 K.

- Dynamic lighting profiles (i.e., JP-D and US-D) presented increased illuminance and CCT levels
in the morning compared to the corresponding static lighting level.

- Dynamic lighting profiles presented gradually decreased illuminance and CCT levels in the
afternoon to mimic the natural daylighting variations

- JP-D and US-D shared the same magnitude in illuminance variation, i.e., to present a constant
shift between them over time

- JP-D and US-D shared the same CCT variation trends that can create similar recognized color
change over time.
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Figure 1. Lighting condition design in this study. 
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This study was conducted at a living lab that is explicitly designed to investigate the interactions 
between humans and the indoor environment [55,56]. Figure 2 shows the floor plan of the study 
modules and desk layout. Three modules in the lab were combined into a 124 m2 open office (19.1 m 
length, 6.5 m width, and 2.6 m height) to conduct this study.  
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The modules implemented various building technologies such as sheer shades and 
electrochromic glass control to isolate the outdoor lighting conditions and support the electrical 
lighting system to achieve the desired indoor lighting environment. More specifically, the shading 
and glass settings were carefully configured to reduce the impact of natural lighting on the indoor 
lighting environment while still providing occupants view access outdoors to avoid possible 
reductions to their productivity [57]. 
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2.2. Office Configuration

This study was conducted at a living lab that is explicitly designed to investigate the interactions
between humans and the indoor environment [55,56]. Figure 2 shows the floor plan of the study
modules and desk layout. Three modules in the lab were combined into a 124 m2 open office
(19.1 m length, 6.5 m width, and 2.6 m height) to conduct this study.
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Figure 2. Floor plan of the study modules and desk layout.

The modules implemented various building technologies such as sheer shades and electrochromic
glass control to isolate the outdoor lighting conditions and support the electrical lighting system to
achieve the desired indoor lighting environment. More specifically, the shading and glass settings were
carefully configured to reduce the impact of natural lighting on the indoor lighting environment while
still providing occupants view access outdoors to avoid possible reductions to their productivity [57].

2.3. Lighting System Design

A prototype lighting system developed by Universal Lighting Technologies and Douglas Lighting
Controls (owned by Panasonic) was selected and installed in the modules to create reliable dynamic
lighting control for this study. As shown in Figure 3, the system included an advanced lighting
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controller unit that can provide programming capabilities and an array of LED luminaires that can
vary both the illuminance and CCT.
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In order to ensure sufficient control flexibility to satisfy study requirements, the luminaires layout
was carefully designed and separated into 15 control groups, each of which can be configured with
various settings. The layout of the desks was also carefully designed to benefit the lighting spatial
uniformity across all the desks. Once the luminaire and desk layouts were confirmed, initial lighting
tests were conducted at the desk level to identify the control settings at different time of the day.
The settings were then programmed in the advanced lighting controller to create the desired lighting
profiles for all the lighting conditions.

2.4. Participants

2.4.1. Participant Exclusion Criteria

Fifteen participants (Male = 9, Mage = 38) were recruited across various work units at a large
midwestern medical institution. Individuals with a history of the following were excluded in the
participant selection:

- diagnosed sleep disorders,
- severe vision problems,
- sensitivity to light resulting in headaches or seizures,
- cognitive abilities interfering with typical office work,
- physical disabilities interfering with typical office work,
- severe mood disorders, and
- drug or alcohol dependency.

Individuals who were in their office for less than 50% of the time or participating in a performance
improvement plan were not considered for this study. Finally, due to the lengthy nature of this study,
women who were pregnant or intending to become pregnant during this study were not considered
for this study. Eligible participants underwent a screening process that included a medical chart
review, including OTC medication assessment and travel that was more than two time zones away
throughout this study. Based on the chart review, the participants who did not meet the requirements
were excluded. All participants gave written informed consent before the start of this study. This study
followed a standard subject recruitment procedure and did not have compulsion in the selection of
participants. The study design was reviewed and approved by the institutional review board (IRB) at a
well-recognized non-profit academic medical center.

One of the participants traveled internationally (>2 time zones) for 7 days during the middle of
a condition (US Dynamic). Sleep data for those travel dates and the following week were excluded
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from the final analysis to control for abrupt changes to their sleep schedule due to jet lag. At the
start of this study, all participants completed validated questionnaires establishing demographics,
baseline perceived sleep quality, and chronotype. The final sample size was predominantly white and
middle class. With respect to chronotype, participants categorized themselves as mostly moderate
morning and intermediate types. Finally, with respect to baseline perceived sleep quality, participants
rated themselves as slightly above the cut-off score of 5, indicating slightly worse sleep quality
(<5 indicates good sleep quality).

2.4.2. Demographic Information

For a breakdown on the group’s demographics, please refer to Table 1.

Table 1. Demographics breakdown of participants in this study.

Race Number

White 12
Hispanic or Latino 2

Asian 1

Income Number

Less than $10,000 1
$35,000 to less than $50,000 1
$50,000 to less than $75,000 4

$75,000 or more 7
Preferred not to answer 2

Education Number

Some college or technical school 4
College graduate 11

2.4.3. Chronotype

Given that a person’s chronotype can impact the exposure to light a person receives [58,59] and
may even influence their behavioral response to light [60], we measured participants’ chronotype using
the Morning–Eveningness Questionnaire (MEQ) [25,61] prior to the start of the experiment, as shown
in Table 2.

Table 2. Chronotype information of participants in this study.

Chronotype (Morning–Eveningness Questionnaire) Number

Definite morning 1
Moderate morning 5

Intermediate 8
Moderate evening 1
Definite evening 0

Baseline Sleep and Stress Measures Average (SD)

Sleep Quality (Pittsburgh Sleep Quality Index) 5.33 (2.69)
Perceived Stress Scale 25.73 (6.94)

Job Stress Scale 12.13 (3.78)

The MEQ is a well-validated and widely used self-report questionnaire developed to measure
whether an individual’s circadian rhythm produces peak alertness in the morning, evening, or in
between. It has a 19-item scale, where participants answer multiple choice questions about their
sleep/wake habits. Responses are coded to determine whether that individual is more active in the
morning or evening. In the current study, the MEQ was administered prior to the start of the experiment
to measure the chronotype of participants. Scoring of MEQ used parameters set by a more recent
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validation study [62] accounting for middle-aged individuals, which more accurately reflects the likely
demographics of the current study.

2.5. Environmental Measurement Methods

As the primary environmental factor in this study, lighting condition was carefully configured
and measured in both the study design and operation phases. In the study design phase, the lighting
system was configured based on the spatial distribution measurement. In the study operation phase,
the actual lighting environment was measured continuously to evaluate the temporal lighting variation
caused by various types of interferences. The non-visual impact of the dynamic lighting was also
theoretically analyzed using the measured lighting SPD data. Additionally, other indoor environment
parameters as well as the building system operations.

The measurement was conducted using the lab’s environmental monitoring and control platform,
equipped with an advanced building automation system (BAS), sensor technology, and internet of
things (IoT) capabilities. The schematic chart of the IoT system can be found in Figure 4 and additional
information can be found in our previous publications [55,56].

More specifically, 144 environmental sensors of the following types were deployed in the modules
following the sensor deployment map shown in Figure 5. More details on the sensor selection and
configuration can be found in [63].

- Lighting environment: wireless real-time sensors (Lux1000 and Color Lux1000, Wovyn LLC,
Heber City, UT, USA) were deployed at the horizontal desk surfaces and vertical window surfaces
to measure the illuminance and CCT.

- Thermal environment: wireless real-time sensors (Monnit Corp., South Salt Lake, UT, USA) were
deployed at each desk to measure the thermal environmental parameters that may affect occupant
performance and satisfaction, including temperature, relative humidity, and radiant temperature.

- Acoustic environment: a real-time acoustic analyzer (XL2 audio and acoustic analyzer with M2211
microphone, NTi Audio Inc., Schaan, Liechtenstein) was deployed to measure the equivalent
sound level for acoustic evaluations.

- Indoor air quality: measure the module-level ventilation rates for indoor air quality evaluations.
- Building operations: measure operational parameters of the building system, including the shades

operation and electrochromic glass control.
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2.6. Behavioral Outcome Measurement Methods

This study aimed to measure the efficacy of using dynamic light to reduce stress in the office
environment while also maintaining productivity and improving sleep quality. Changes in these
primary behavioral outcomes of interest were measured using objective and/or subjective approaches.
Physiological stress responses were measured using the Empatica E4, a non-intrusive multisensory
monitoring device, whereas sleep behaviors were measured using the Early Sense contact-free sleep
system. Assessments with subjective scales were administered daily and monthly through Qualtrics
(Qualtrics, Provo, UT, USA) on their phone or computer. The design of the subjective surveys is
described below in each subsection.

The sleep diary and sleep sensor data were collected daily from all participants. Participants
completed short surveys five times a day to measure perceived stress, alertness, and mood. In addition,
participants completed additional surveys at the end of each workday to measure perceived productivity,
satisfaction with the environment, and visual comfort. Finally, participants received surveys at the
end of each condition (monthly) to measure changes in perceived sleep quality, perceived stress
(work-related and overall), and perceived naturalness of the light.

2.6.1. Stress

Previous studies have shown that both the illuminance and CCT influence heart rate and core body
temperature but not cortisol (stress hormone) concentration [4,43,64]. Heart rate variability [65,66],
skin temperature [67], and electrodermal activity (EDA), also known as galvanic skin response
(GSR) [65], have been correlated with mental stress. In order to assess physiological and psychological
indices of stress, we used the following objective and subjective measures.

• Objective physiological measurements

Built-in sensors in smartphones and wearable devices have become an increasingly popular way
to detect stress features in a non-intrusive manner. For this study, we continuously monitored the
psychophysiological metrics related to sympathetic arousal states Empatica E4, as shown in Figure 6.
The Empatica E4 is a non-intrusive wireless multisensory device for real-time data acquisition. It is
equipped with four embedded sensors, including EDA, photoplethysmograph, 3-axis accelerometer,
and skin temperature allowing the monitoring of different psychophysiological body responses [68].
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Analysis of the EDA signals retrieved from the wearable device was performed. EDA is a measure
of the changes in conductance of the skin due to thermoregulation or physiological arousal and it
is directly related to the amount of sweat secretion by the sweat glands [69,70]. The EDA signal is
characterized by two main components. The first component is skin conductance level (SCL), a slowing
changing part that reflects the tonic level of electrical conductivity of the skin. The second component
is skin conductance response (SCR), a phasic component that reflects fast changes in the EDA signal.
SCRs can further be classified in specific SCRs, the signals of which are characterized by a fast change
by a stimulus [71]. Non-specific SCRs (NS-SCRs) occur in the absence of an external stimulus. Both SCL
and SCR are sensitive to stress-related events [72,73]. For analysis of the EDA data, a continuous
decomposition analysis (CDA) was conducted to extract the tonic component of the skin conductivity
signal, SCL and calculate NS-SCRs characteristics given the relatively long-term EDA measures. In this
study, differences in tonic and phasic retrieved information for each experimental condition including
baseline were evaluated using repeated-measures ANOVAs and independent group t-tests.

• Daily subjective stress measurement

Participants were asked to rate the intensity of their stress using a 7-point Likert scale, 1 (not at all)
to 7 (extremely), at five different time points (9:00 AM, 11:00 AM, 1:00 PM, 3:00 PM, and 5:00 PM).
The specific time points were selected to reflect intervals before, during, and after illuminance and CCT
changes in the dynamic lighting conditions. Moreover, participants were asked to rate their level of
physical activity during the five different time points as light (walking slowly, sitting using a computer
or standing light work), moderate (walking briskly) and vigorous (jogging, carrying heavy loads),
as this could impact stress levels.

• Monthly subjective stress measurement

The perceived stress scale (PSS-10) was used to assess the degree to which situations in participants’
lives are appraised as stressful [74]. PSS-10 is one of the most widely used psychological instruments to
measure levels of experienced stress. It consists of 10 individual items related to participants’ feelings
of how unpredictable, overloaded or uncontrollable they find their lives. It requires the person to
fill out how often they have felt that way on a scale from 0 (never) to 5 (very often). The PSS-10 was
administered monthly at the end of each lighting condition.

In addition, we asked participants to fill out a monthly questionnaire about the levels of job stress
experienced during each lighting condition. The job stress scale is a 5-item index focused on worker’s
experience of stress in the work environment and questions are descriptive of the emotional states
experienced by employees. The scale has been shown to have good reliability [75].

2.6.2. Sleep and Circadian Rhythms

Previous lighting interventions have been found to impact participants’ circadian systems and
thus their subsequent sleep quality after office hours. In this study, participants’ sleep was assessed
based on the measurement using the following objective and subjective approaches.
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• Objective real-time sleep tracking

Changes in sleep across conditions were measured using a contact-free system based on a
piezo-electric sensor called Early Sense Live, as shown in Figure 7. Heart rate, respiration rate,
and movement were collected and analyzed to calculate various sleep parameters. The Early Sense
Live has been validated by the manufacturer against polysomnography, the sleep measurement gold
standard [76].
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Figure 7. Early Sense for continuous real-time sleep tracking.

Participants received the device along with instructions to install the sensor under their mattress
at home. An automatic sleep algorithm developed by Early Sense was used to classify wake, sleep,
and sleep stage in 30 s increments. These were combined across the night to calculate the following sleep
parameters: total sleep time (TST), sleep onset (when someone fell asleep), sleep onset latency (how long
it took someone to fall asleep), bedtime (when someone got into bed), wake time (time someone woke
up in the morning), wake after sleep onset (WASO-number of times awakened), time getting out of bed,
time in each sleep stage (light sleep, deep sleep, rapid eye movement-REM sleep), and sleep efficiency
(total sleep time/total time in bed). Finally, to assess any shifts in individuals’ biological rhythms due
to their daytime light exposure, the midpoint of sleep was calculated. Note that only weekday data
were analyzed due to insufficient data during the weekends. Nights with irregular sleep patterns of
total sleep times <2 h or >12 h were excluded from the analysis.

• Daily subjective measurement—sleep diary

To corroborate and validate sleep measurements obtained from the Early Sense Live, participants
were asked to keep a sleep diary where they reported bed and wake times, total sleep time, perceived
nighttime awakenings, daytime naps, bedtime habits, and daily caffeine intake. In addition, to measure
participants’ perceptions of how well they slept, they were asked rate their sleep quality on a 5-point
Likert scale—1 (very bad) to 5 (very good). Diaries were administered through survey software for
all participants for the duration of this study on both work days and non-work days. As with the
objective sleep data, only weekday data from sleep diaries were analyzed.

• Daily subjective measurement—alertness

At the same time points as the daily subjective stress measurements (see Section 2.6.1), participants
rated their alertness using the Stanford Sleepiness Scale (SSS), a well-validated psychometric tool for
populations aged 18 and older [77]. The SSS is a one-item self-report questionnaire which measures
sleepiness throughout the day. Participants rated alertness on a 7-point Likert scale—1 (feeling active,
wide awake, alert) to 7 (no longer fighting sleep, sleep onset soon).
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• Monthly sleep quality measurement

To measure the lasting impact of the different lighting conditions on perceived sleep quality,
participants completed the Pittsburgh Sleep Quality Index (PSQI) [78]. The PSQI is a self-report
questionnaire developed to assess sleep quality over a 1 month interval. It consists of 19 individual
items which are organized into 7 components that subsequently produce one global score of sleep
quality. The PSQI is well-validated in both clinical and research settings and is intended to be used
with ease across different populations. In this study, the PSQI was administered monthly at the end of
each lighting condition.

2.6.3. Productivity

Participants were given a set of questions from the Cost-effective Open-Plan Environments (COPE)
survey, a widely used questionnaire adapted by the Center for Building Performance and Diagnostics
at Carnegie Mellon University to capture satisfaction at a given moment [40,79]. The survey was
adapted in this study, including only perceived daily productivity, satisfaction with the environment,
and the extent to which participants believe the environment is impacting their productivity. The COPE
was administered at the end of each workday through Qualtrics survey software.

2.6.4. Secondary and Exploratory Outcomes

This study also aimed at measuring the efficacy of using dynamic light to improve satisfaction,
comfort, perceived naturalness of electric lighting, and mood (positive affect and negative affect).
Changes in these outcomes were measured and compared across conditions in exploratory analyses.

• Satisfaction

Participants’ satisfaction with lighting conditions, other environmental conditions, and with the
overall environment was measured using the COPE survey on a 7-point scale.

• Visual comfort

Participants’ visual comfort was measured using the Headache and Eye Strain Scale (H and
ES) [30], assessing the impact of the different dynamic lighting conditions on daily visual comfort
compared to the corresponding static condition. The scale consists of items which assess the severity
of symptoms such as eye fatigue, blurred vision, and headache. This scale was administered at the end
of each workday through survey software. Possible scores for individual items range from 1 (none) to
4 (severe).

• Mood

Participants’ mood was measured using the Positive Affect Negative Affect Schedule (PANAS)
survey [80]. Mood and, more broadly, a person’s affective state—which can encompass their experience
of emotional states, feelings, and mood—is typically defined on two dimensions which function
independent of each other. Mood may also affect occupants’ stress levels. Positive affect (PA) describes
a person’s enthusiasm and energy level and can also be used to quantify a person’s ability to cope
with adversity. Negative affect (NA), on the other hand, may indicate a person’s distress or anxiety.
PA and NA were measured through the PANAS survey, which consists of 10 positive and 10 negative
adjectives for feelings. For each of the 20 emotions, participants are asked to rate the extent to which
they experience that emotion on a 5-point Likert scale. Participants were asked how they felt at the
same time points as when they were asked to report their alertness and subjective stress response.
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• Naturalness

With variant illuminance and CCT levels, dynamic lighting may appear more natural. Participants’
perceptions of the naturalness of light were measured using the monthly survey approach. A light
naturalness scale designed in [52] was used to assess participants’ perception of how natural the
light is. Participants rated the naturalness at the end of each workday on a 7-point Likert scale
(very unnatural to very natural). This scale was administered monthly, at the end of each lighting
condition, through survey software.

2.7. Statistical Analysis Method

Linear mixed-effects analyses were performed using the lme4 (Version 1.1-15) [81] package in R
(Version 3.4.1, R Foundation for Statistical Computing, Vienna, Austria) [82] to measure the relationship
between each dynamic lighting condition and its corresponding static condition and the previously
defined outcomes, specifically, stress, perceived productivity, sleep, mood, alertness, environmental
satisfaction, and perceived naturalness of lighting.

Mixed-effect analyses are a standard approach in the behavior science area and have been proven
strong and effective in analyzing similar occupant outcomes. These allowed researchers to model
the variation in how each participant reacted to each lighting condition. For each of the outcomes
mentioned above, environmental condition (static lighting, dynamic lighting) was a fixed effect.
For perceived daily stress, monthly ratings of job-related stress and perceived stress were used as
covariates to measure their impact on daily stress measurements. Intercepts for the random effect
of participants and by-participant random slopes for the effect of condition were included in each
model. Satterthwaite’s approximation using the lmerTest package (Version 2.0-36) [83] was used to
obtain significance values for parameter estimates. Confidence intervals for fixed-effect estimates were
obtained using the effects package (Version 4.0-1) [84]. Statistical significance was defined as two-sided
p-values < 0.05.

3. Lighting Configuration and Environmental Data Analysis Results

3.1. Evaluation of the Lighting Settings for This Study

The illuminance and correlated color temperature (CCT) at all desks were measured to support
the lighting controller configuration, as well as the evaluation of the desk layout and luminaire layout
design for a uniform light environment.

The spatial distributions analysis results showed that the standard deviation of the illuminance/CCT
measurements was less than 20 lux/40 K for all conditions, indicating a uniform illuminance/CCT
distribution. The difference between the average measurement and the design value was less than
10 lux/100 K, indicating a satisfactory lighting controller configuration.

3.2. Analysis of the Actual Lighting Environment during This Study

To ensure a consistent lighting environment during this study, the actual lighting environment
was monitored continuously using wireless lighting sensors in the study operation phase. Compared to
the measurements performed during the design phase, the actual lighting environment measurement
needed to account for various types of interferences including daylighting, occupant movement,
and unexpected lighting sources such as screens. The measured data can help to understand
the magnitude of the interference, as well as to detect any significant deviations from the design
lighting profiles.

3.2.1. Temporal Illuminance Variations

During this study, 15 illuminance sensors were placed at the desk surfaces to measure the temporal
illuminance variations. The data were collected once per minute and we calculated the 15 min average
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for the analysis and plotting, as shown in Figure 8. The figure includes the data for all desks throughout
the study period. Grey dots represent measurement data, while the red line represents the average
value at that minute. It can be observed that the variations caused by the interference (i.e., the width of
the grey area) is less than 50 lux for the most of the time, and the red line closely follows the designed
lighting profiles. There is an increase at approximately 1:00–2:00 PM across all conditions due to
external solar radiation, but the slight increase does not significantly impact the average illuminance to
the extent that it no longer falls within the acceptable range. The transition period (i.e., 2:00–5:00 PM)
profiles in the dynamic conditions are reasonably smooth, indicating satisfactory configuration and
dynamic illuminance control capabilities of the installed lighting system.
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3.2.2. Temporal Lighting Correlated Color Temperature Variations

A total of 15 CCT sensors were placed at the side desks to measure the temporal CCT variations,
as summarized in Figure 9. Compared to the illuminance data discussed in the above section, the grey
area size for CCT is smaller, indicating relatively less interference on the CCT in this study. The red
line is close to the designed lighting profiles, and the transition period (i.e., 2:00–5:00 PM) profiles
in the dynamic conditions are reasonably smooth. This indicates satisfactory configuration and
dynamic CCT control capabilities of the installed lighting system. There is a decrease between 1:00 and
3:00 PM because of the external solar radiation and tinted glass, but the decrease, again, falls within an
acceptable range of deviation.
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The temporal illuminance and CCT variation data proved the efficacy of the designed approach,
i.e., integrated operation of the sheer shades and electrochromic glass, to ensure the desired
lighting environment.

3.3. Theoretical Quantification of the Non-Visual Impact of the Dynamic Lighting

3.3.1. Lighting Property Data Analysis

In addition to the illuminance and CCT measurement, the spectral power distribution (SPD) data
were measured in the lighting configuration phase. This was performed at each desk surface for all
the representative lighting conditions. As shown in Figure 10, the blue band of the installed LED
lighting luminaires peaks at approximately 450 nm. In the current lighting literature, there are multiple
theories on the physiological effects of lighting. While some researchers consider 430–500 nm as the
bioactive blue range [85], others believe that the range around 460 nm at which circadian stimulus
peaks [86] and the 480 nm at which melanopsin SPD sensitivity peaks [87] should be paid more
attention. In a recent study by Martin Moore-Ede et al., a noval human Circadian Potency spectral
sensitivity curve is derived with a peak at 477 nm [88]. From the SPD measurements, it can be seen that
the luminaires implemented in this study can considerably change the magnitude of spectral power
within the bioactive band (i.e., 430–500 nm) across different lighting conditions, but the difference at
the 460 nm (circadian stimulus peak) band or 480 nm (melanopsin sensitivity peak) band is relatively
less considerable.
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3.3.2. Non-Visual Impact Estimation and Analysis

Based on the measured SPD data shown in Section 3.3.1, the non-visual impacts of the dynamic
lighting on the human circadian rhythm were theoretically quantified using two state-of-the-art
approaches. One is the Equivalent Melanopic Lux (EML) approach based upon a melanopsin-only
spectral weighting of irradiance, and the other one is the circadian stimulus (CS) approach based on
the circadian stimulus [89–91].

As can be seen in Figure 11, the CS and EML profiles in the dynamic lighting conditions
have similar trends to the illuminance and CCT profiles in the corresponding lighting condition.
In addition, a remarkable difference can be observed between the dynamic and static lighting
conditions. Although these results cannot directly indicate the impacts of dynamic lighting on the
investigated human outcomes in this study, they provide valuable insights to understand the magnitude
of the impact on human circadian rhythm.
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3.4. Evaluation of Indoor Non-Lighting Environment and System Operations

In addition to the lighting environment measurement, the non-lighting environment was also
comprehensively measured, including the thermal environment, acoustic environment, and the indoor
air environment. The system operations were also measured to detect any operational faults of this
study. It was found that during the study operation these factors were in the normal range for a typical
office building [92]. For more details on the measurement and assessment of these parameters in a
living lab, please refer to [63].

4. Behavioral Data Analysis Results

For each of the reported results, dynamic lighting was compared to static lighting within a specific
country (i.e., US-T vs. US-D conditions; JP-T vs. JP-D conditions).

4.1. Mental Stress Analysis

4.1.1. Subjective Stress Analysis

The subjective stress analysis found no significant differences between static and dynamic lighting
in either of the country-specific conditions. This means that when participants were asked to comment
on their overall stress at different time points during the day, or the overall stress and job-related stress
across the entire lighting condition, they perceived no significant difference after being exposed to
dynamic lighting compared to when they were exposed to the corresponding static lighting.

4.1.2. Objective Stress Analysis

Analysis of the EDA signals retrieved from the wearable device was performed using MATLAB®

(MathWorks, Natick, MA, USA) and Ledalab®. The skin conductivity level (SCL) measured during
a fixed time period for 12 study participants at all study conditions were extracted and compared.
There were three participants excluded from the SCL fixed time analysis given the lack of consistency
in the times spent in the office across conditions. Comparisons of SCL at fixed times between the
country-specific conditions revealed no significant differences.

In order to compare the amount of phasic activity across the different conditions, the mean NS-SCR
amplitudes were computed from the CDA analysis for all subjects without restricting the data to
specific time periods. Comparisons of NS-SCR amplitude values within subjects for static vs. dynamic
conditions within a specific country were conducted. These results indicate that stress or arousal events
were on average the same for static vs. dynamic conditions for both countries.

The average phasic driver which results from sudomotor nerve activity across the different
experimental conditions was also quantified as a measure of the intensity of the phasic responses.
Similar to the NS-SCR amplitude analysis, the average phasic driver was measured for all subjects
without restricting the data to specific time periods. These results indicate that the sympathetic activity
related to stress or other arousal events was on average the same for static vs. dynamic conditions for
both countries.

Overall, there was no difference in the sympathetic activity related to stress or arousal across static
and dynamic conditions for both countries, based on the objective stress analysis using EDA-extracted
features. This finding aligns with those obtained in the subjective stress analysis.

4.2. Sleep Analysis

4.2.1. Perceived Sleep Quality

• Daily sleep quality

Participants’ daily perceived sleep quality was compared between static and dynamic lighting
in either of the country-specific conditions, based on the measurements of participants’ daily diary
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responses. There was no significant difference in sleep quality between static and dynamic lighting in
the US-specific lighting conditions.

There was, however, a significant decrease in perceived sleep quality in the JP-D lighting condition
compared to the JP-T condition. Additionally, when accounting for week number in our analyses,
we found that the perceived sleep quality became progressively worse as the JP-D dynamic condition
progressed. One explanation for this decrease could be that as the condition progressed, time in deep
sleep—a restorative sleep stage—decreased, indicating that although people sleep the same amount,
it was not as restorative and restful.

• Monthly sleep quality

There were no significant differences in sleep quality, as measured by the PSQI, between static
and dynamic lighting in either of the country-specific parameters. This means that when participants
were asked to evaluate their overall sleep quality across the month, they perceived their sleep quality
to be approximately the same after being exposed to dynamic lighting during the day as it did when
they were exposed to static lighting. This was observed in the two country-specific conditions.

4.2.2. Nighttime Sleep Analysis

Changes in the following nighttime sleep parameters across conditions were analyzed based on
the continuous objective sleep data measured by Early Sense Live as well as the subjective data from
the sleep diary. Table 3 lists the results for continuous objective sleep measurements.

• Total sleep time

There was a significant difference in total sleep time between US-T and US-D lighting conditions.
Specifically, participants slept approximately 32 min less after being exposed to dynamic lighting
compared to static lighting (p < 0.001). Within the JP-specific lighting conditions, there were no
significant differences in total sleep time between static and dynamic lighting.

• Sleep onset

There was a significant difference in sleep onset in the US-specific lighting conditions. Specifically,
participants fell asleep approximately 20 min later after being exposed to dynamic lighting compared
to static lighting (p = 0.035). Within the JP-specific lighting conditions, there were no significant
differences in sleep onset time between static and dynamic lighting, which means that participants
went to bed at approximately the same time.

• Time in deep sleep

There was no significant difference in the amount of time participants spent in deep sleep in the
US-specific lighting conditions, which means that participants spent approximately the same amount
of time in deep sleep in both static and dynamic conditions. In the JP-specific conditions, however,
the time spent in deep sleep progressively decreased throughout the dynamic condition such that
participants received approximately 24 min less deep sleep (p = 0.054).

• Time in light sleep

There was a significant difference in the amount of time spent in light sleep in the US-specific
lighting conditions. Specifically, participants slept approximately 20 min less after being exposed to
dynamic lighting compared to static lighting (p = 0.022). Within the JP-specific lighting conditions
there were no significant differences in light sleep between static and dynamic lighting.
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• Other sleep parameters

Analysis was also conducted for several other sleep parameters, including sleep onsite latency,
sleep efficiency, wake after sleep onset, and time in REM sleep. There were no significant differences in
these parameters between static and dynamic lighting in either of the country-specific parameters.

Table 3. Results for continuous objective sleep measurements.
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4.2.3. Alertness—Perceived Feeling of Sleepiness during Daytime

Within the US conditions, there were no significant differences in alertness between the static and
dynamic lighting conditions throughout the day. Within the JP conditions, however, alertness increased
at 1:00 PM in the afternoon in the dynamic lighting condition, compared to that under static lighting
condition (p = 0.015). Results for daily alertness measurement are summarized in Table 4.
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4.3. Productivity Analysis

There were no significant differences in perceived productivity, as measured by the COPE,
between static and dynamic lighting in either of the country-specific parameters. This means that when
participants were asked to evaluate their productivity across the month—as well as their perceptions
on how the environment may have contributed to their productivity—they perceived no difference
after being exposed to dynamic lighting during the day compared to when they were exposed to static
lighting. This effect was observed in the two country-specific conditions.

4.4. Secondary Measures Analysis

4.4.1. Satisfaction

• Satisfaction with lighting

There were no significant differences in satisfaction with lighting between static and dynamic
lighting in either of the country-specific parameters. This means people felt equally satisfied with the
lighting conditions in both the static and dynamic conditions. This effect was observed in the two
country-specific conditions.

• Satisfaction with other environmental parameters

Within the US condition, there were no significant differences between the static and dynamic
lighting conditions in satisfaction for other environmental parameters, including the air quality, acoustic
conditions, visual privacy, etc. This means that participants were equally satisfied with their overall
environment in both lighting conditions.

Within the JP condition, interestingly, even though the only environmental parameter that changed
across this study was the indoor lighting levels, participants felt more satisfied with the background
noise (p = 0.024) and acoustic privacy (p = 0.027) in the dynamic condition compared to the static
condition. In addition, participants felt marginally more satisfied with cleanliness of the work area
(p = 0.054) and air movement in the office (p = 0.078) in the dynamic condition compared to the static
condition. Previous research [93] demonstrates that people may view their environment holistically
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and perceive changes or improvements in certain aspects of their environment (i.e., better air quality)
when modifications in other factors have occurred (i.e., room becomes brighter due to increased
access to windows). However, as seen above, participants did not perceive any improvement in their
lighting environment, which makes this explanation unlikely, as previous work shows that participants
still notice what was actually altered. In addition, during the JP-T condition, minor construction
occurred in some of the nearby modules, which concluded towards the beginning of the dynamic
condition. Therefore, these ratings may reflect participants’ satisfaction with the conclusion of the
nearby construction.

4.4.2. Visual Comfort

There were no significant differences in visual comfort between static and dynamic lighting in either
of the country-specific parameters. This means people felt no negative effects (symptoms of headache
or eyestrain) for the different lighting conditions. This effect was observed in the two country-specific
conditions. In both country conditions, participants indicated that they experienced more glare from
the overhead lighting in the dynamic condition, but this discomfort was relatively minor.

4.4.3. Mood Analysis

• Positive affect

In the US-specific lighting conditions, there was a marginal decrease in positive affect (PA) at
5:00 PM in the afternoon in the dynamic condition compared to the static condition (p = 0.073). In the
JP conditions, PA marginally increased at 3:00 PM in the dynamic condition compared to the static
condition (p = 0.079). These marginal differences indicate that although a difference was present, it did
not quite meet the requirements for statistical significance. Detailed results for the PANAS mood
measurements (PA) are listed in Table 5.

Table 5. Results for the PANAS mood measurements (PA).
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• Negative affect

There were no significant differences in negative affect (NA) between static and dynamic lighting
in either of the country-specific parameters. This means the frequency at which people felt negative
emotions during the day did not change in both the static and dynamic conditions. This effect was
observed in the two country-specific conditions.
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4.4.4. Perceived Naturalness of the Light

There were no significant differences in the perceived naturalness of the light between static and
dynamic lighting in either of the country-specific parameters. This means that when participants were
asked how natural they found the dynamic lighting in the office compared to the static office lighting,
they perceived the naturalness to be approximately the same. This effect was observed in the two
country-specific conditions.

5. Discussions

5.1. Daytime Impacts

Test results showed that the behavioral impacts presented by dynamic lighting during daytime
were either positive or mixed. Specifically, a significant alertness increase was observed at 1:00 PM
in the afternoon in the JP-D condition compared to the JP-T condition. This time point represents a
cognitive dip, where, due to circadian patterns, most people feel sleepier and less alert. Therefore,
this finding indicates that dynamic lighting may be an effective solution to reduce the natural feelings
of sleepiness during the workday.

It is also observed that a marginal increase in positive affect (PA) in mood occurred at 3:00 PM
in the JP-D condition, while a marginal decrease in PA occurred at 5:00 PM in the US-D condition.
This somewhat dichotomous difference could be potentially explained by differences in illuminance
and CCT between country-specific conditions, i.e., the JP conditions implemented higher illuminance
levels by 200 lux and higher CCT by 500–1000 K than the US-specific conditions. Previous research
demonstrates that bright light is an effective treatment for seasonal mood disorders as it helps improve
affect [94], reduce distress [95], and improve mood in office workers [96]. However, the current
study did not allow us to systematically isolate the impact of illuminance vs. CCT and, as such,
further research is needed.

No significant differences were observed in metrics of mental stress, productivity, visual comfort,
or perceived naturalness, although the measurement methodologies are all well adopted in the field
and other previous studies on static lighting have shown promising results related to illuminance and
CCT. Note that we used the findings of some outcomes to corroborate or explain the findings of the
other outcomes. For example, the mood analysis showed that there were no significant differences in
NA between static and dynamic lighting in either of the country-specific parameters. This may explain
why the stress levels did not differ significantly across the conditions, according to the previous studies
that explored the correlation between anxiety symptoms and ratings of NA [97].

5.2. Nighttime Impacts

Different from the daytime impacts, the nighttime impacts presented by dynamic lighting are
mainly negative. For the JP-specific lighting conditions, participants’ daily sleep diary responses
indicated a significant decrease in perceived sleep quality in the JP-D condition compared to the JP-T
condition. This finding was further corroborated by the analysis of the measurement by the real-time
sleep-tracking system on deep sleep, a restorative sleep stage. It was observed that the time spent in
deep sleep progressively decreased throughout the JP-D condition, such that participants received
approximately 24 min less deep sleep than in the JP-T condition. This finding indicates that although
participants slept the same amount in both conditions, their sleep may not be as restful and therefore
can lead to a significant decrease in their perceived sleep quality.

For the US-specific lighting conditions, participants experienced approximately 32 min less in total
sleep time. Despite this reduction in total sleep time, participants did not experience a corresponding
drop in sleep quality, which means that even though participants slept less, they may have still gotten
good quality sleep.

Participants had 20 min less light sleep in the US-D condition compared to the US-T lighting.
This decrease corresponds with the decrease observed in total sleep time, as the two measures are
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linked due to light sleep accounting for approximately 50% of total sleep across the night in healthy
people. In addition, a significant difference was observed in sleep onset, i.e., participants fell asleep
approximately 20 min later after being exposed to US-D lighting. Despite the reduction in sleep time
as well as the increase in sleep onset time, participants did not report experiencing significantly worse
sleep quality. This means that although they went to sleep later and slept less overall, they may have
still gotten quality sleep due to the fact that the amount of time spent in deep sleep and REM sleep did
not change significantly.

5.3. Recommendations for Future Studies

One likely reason of the negative sleep impacts is that the dynamic lighting control profile may
need to be further optimized to generate stronger effects beyond vision. In this study, the SPD peak
value in the blue range in both dynamic and static lighting conditions was at approximately 450 nm.
This is within the bioactive blue range (430–500 nm) [85]. However, it is not the most sensitive peak
according to some other studies. For example, some scholars believe that the circadian stimulus peaks
at approximately 460 nm [86] and the melanopsin SPD sensitivity peaks at approximately 480 nm [87].
A very recent study by Martin Moore-Ede et al. derived a novel human circadian potency spectral
sensitivity curve which peaks at 477 nm [88]. Therefore, a lighting system that can generate the peak
spectral power at approximately 460–480 nm may present potential stronger physiological, biological
and behavioral effects. This can be a critical improvement in future studies.

Another explanation of the negative sleep impacts could be that participants’ exposure to
bright-blue light in the morning was not sufficient to entrain their circadian rhythm. In other
words, the difference in the total amount of blue light dosage between dynamic and static lighting
conditions was not significant enough. Previous studies on static lighting that observed perceived
sleep quality improvement had much longer exposures to blue lights and drastic CCT outcomes.
For instance, Viola et al. exposed people to a static bright blue-enriched light of 17000 K for 8 h [30].
Therefore, future studies can consider revising the dynamic lighting profiles by increasing the morning
illuminance/CCT levels and/or postponing the decrease in the illuminance/CCT levels in the afternoon.

The authors believe that further studies on the impact of dynamic lighting on human psychology
and physiology are needed. Particularly, identifying the optimized levels of illuminance, CCT, and peak
blue light spectrum in the morning versus in the afternoon would be the key for entrain human
circadian systems. In future studies, a longer test period is recommended in which more lighting
conditions can be introduced to unambiguously separate the contributions of illuminance and CCT.

Another limitation of this study is that there were no measurements of the lighting exposure of
subjects after office hours. We did not find any mature tools that can perform continuous eye-level
lighting monitoring, but it may be available soon with the rapid development of sensor and wearable
technologies. More comprehensive and objective monitoring of the participants’ behavior and sleep
habits after work hours would also be beneficial. Such after-office-hour information may provide
additional insights into the effectiveness of introducing dynamic lighting in offices and homes.

6. Conclusions

This study was designed to better understand the impact of dynamic LED lighting, with daily
variation in illuminance and CCT levels, on the well-being and experience of the occupants in an office
environment. Given that there are limited studies in the field for dynamic lighting, we designed this
study to be broad and exploratory to cover more potential effects on human psychology and physiology.

Fifteen participants were recruited to work in three office modules in a living lab for four months.
Four lighting conditions were designed and implemented, including two static lighting conditions and
two dynamic lighting conditions with a specific predefined control scheme. A prototype lighting system
with enhanced illuminance and CCT control capabilities was installed, configured and programmed.
The measured lighting data showed that the integrated operation of this lighting system and advanced
shading technologies can successfully create a spatially uniform lighting environment and ensure
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the desired dynamic lighting profile. The lighting system design and control method can be a good
reference for future human studies with indoor lighting.

The results showed that the impacts of dynamic lighting on daytime behavior were either positive
or mixed. Specifically, a significant alertness increase was observed in the afternoon, indicating a
potential solution to reduce the natural feelings of sleepiness during the workday. There was also a
marginal benefit for mood. The nighttime impacts included a significant decrease in perceived sleep
quality and sleep time after subjects were exposed to dynamic lighting. There was no significant
difference observed for mental stress and productivity, our primary outcomes, indicating that the
investigated dynamic lighting profiles would not be an effective approach to reduce occupant stress
levels or increase occupant productivity. No significant differences were observed for visual comfort or
perceived naturalness. The findings present additional insights into the non-visual impacts of dynamic
lighting and give recommendations for further investigations.

Author Contributions: R.Z. led the overall study design and coordination, and conducted the lighting system
design and environmental data analysis; C.C. led the design and analysis of the sleep measurement; S.A. led the
design and analysis of the stress measurement; A.J. led the design and analysis of the productivity and mood
measurement; J.Z. conducted the analysis of dynamic lighting’s non-visual impact; P.P. and S.L. supported the IRB
application, study operation and data analysis; B.A.B. supervised the study design and operation. All authors
have read and agreed to the published version of the manuscript.

Funding: This research is collaboratively funded by Panasonic Life Solutions and Well Living Lab.

Acknowledgments: The authors would like to thank Nick Clements and Syed Shabih Hasan for constructive
comments on the study design, Jeyakumar Raman for IT support, and Kevin Hovde, Christian Ramos, and Joleen
Bernau for subject recruitment and study operation coordination. We are also grateful for the financial support
from Panasonic Life Solutions and technical cooperation with its research team. Specifically, we would like to
thank Hiroki Noguchi for insights and comments on the study design, Masaaki Ikehara for contributions on the
lighting system design and lighting controller configuration, and Michael Stelts for luminaire certification and
installation coordination. We would like to thank Barbara Spurrier, Tomoo Otsuka, and Takaaki Yoshikawa for
building up the alliance partnership and the administrative support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the study operation,
data collection, analyses, or interpretation, in the writing of the manuscript, or in the decision to publish the results.

References

1. Bellia, L.; Bisegna, F.; Spada, G. Lighting in indoor environments: Visual and non-visual effects of light
sources with different spectral power distributions. Build. Environ. 2011, 46, 1984–1992. [CrossRef]

2. International WELL Building Insititute (IWBI). The WELL Building Standard; IWBI: New York, NY, USA, 2015.
3. Fleischer, S.; Krueger, H. Effect of brightness distribution and light colours on office staff. Eur. Light. 2001.

[CrossRef]
4. Rüger, M.; Gordijn, M.C.M.; Beersma, D.G.M.; de Vries, B.; Daan, S. Time-of-day-dependent effects of bright

light exposure on human psychophysiology: Comparison of daytime and nighttime exposure. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 2006, 290, R1413–R1420. [CrossRef]

5. Lockley, S.W.; Evans, E.E.; Scheer, F.A.J.L.; Brainard, G.C.; Czeisler, C.A.; Aeschbach, D. Short-wavelength
sensitivity for the direct effects of light on alertness, vigilance, and the waking electroencephalogram in
humans. Sleep 2006, 29, 161–168. [PubMed]

6. Veitch, J.A.; Fotios, S.A.; Houser, K.W. Judging the scientific quality of applied lighting judging the scientific
quality of applied lighting research. J. Illum. Eng. Soc. 2019, 15, 97–114.

7. Hattar, S.; Liao, H.W.; Takao, M.; Berson, D.M.; Yau, K.W. Melanopsin-containing retinal ganglion cells:
Architecture, projections, and intrinsic photosensitivity. Science 2002, 295, 1065–1070. [CrossRef] [PubMed]

8. Hankins, M.W.; Peirson, S.N.; Foster, R.G. Melanopsin: An exciting photopigment. Trends Neurosci. 2008,
31, 27–36. [CrossRef]

9. Berson, D.M.; Dunn, F.A.; Takao, M. Phototransduction by retinal ganglion cells that set the circadian clock.
Science 2002, 295, 1070–1073. [CrossRef]

10. Van Duijnhoven, J.; Aarts, M.P.J.; Aries, M.B.C. Systematic review on the interaction between office light
conditions and occupational health: Elucidating gaps and methodological issues. Indoor Built Environ. 2019,
28, 152–174. [CrossRef]

http://dx.doi.org/10.1016/j.buildenv.2011.04.007
http://dx.doi.org/10.3929/ETHZ-A-004362002
http://dx.doi.org/10.1152/ajpregu.00121.2005
http://www.ncbi.nlm.nih.gov/pubmed/16494083
http://dx.doi.org/10.1126/science.1069609
http://www.ncbi.nlm.nih.gov/pubmed/11834834
http://dx.doi.org/10.1016/j.tins.2007.11.002
http://dx.doi.org/10.1126/science.1067262
http://dx.doi.org/10.1177/1420326X17735162


Int. J. Environ. Res. Public Health 2020, 17, 7217 24 of 27

11. Czeisler, C.A.; Allan, J.S.; Strogatz, S.H.; Ronda, J.M.; Sánchez, R.; Ríos, C.D.; Freitag, W.O.; Richardson, G.S.;
Kronauer, R.E. Bright light resets the human circadian pacemaker independent of the timing of the sleep-wake
cycle. Science 1986, 233, 667–671. [CrossRef]

12. Gooley, J.J.; Rajaratnam, S.M.W.; Brainard, G.C.; Kronauer, R.E.; Czeisler, C.A.; Lockley, S.W. Spectral responses
of the human circadian system depend on the irradiance and duration of exposure to light. Sci. Transl. Med.
2010, 2. [CrossRef] [PubMed]

13. Lucas, R.J. Mammalian inner retinal photoreception. Curr. Biol. 2013, 23, R125–R133. [CrossRef] [PubMed]
14. Vandewalle, G.; Maquet, P.; Dijk, D.-J. Light as a modulator of cognitive brain function. Trends Cogn. Sci.

2009, 13, 429–438. [CrossRef] [PubMed]
15. Provencio, I.; Rodriguez, I.R.; Jiang, G.; Hayes, W.P.; Moreira, E.F.; Rollag, M.D. A novel human opsin in the

inner retina. J. Neurosci. 2000, 20, 600–605. [CrossRef] [PubMed]
16. Dacey, D.M.; Liao, H.-W.; Peterson, B.B.; Robinson, F.R.; Smith, V.C.; Pokorny, J.; Yau, K.-W.; Gamlin, P.D.

Melanopsin-expressing ganglion cells in primate retina signal colour and irradiance and project to the LGN.
Nature 2005, 433, 749–754. [CrossRef] [PubMed]

17. Brainard, G.C.; Hanifin, J.P. Action spectrum for melatonin suppression: Evidence for a novel circadian
photoreceptor in the human eye. In Biologic Effects of Light 2001; Springer: Boston, MA, USA, 2002; pp. 463–474.

18. Thapan, K.; Arendt, J.; Skene, D.J. An action spectrum for melatonin suppression: Evidence for a novel
non-rod, non-cone photoreceptor system in humans. J. Physiol. 2001, 535, 261–267. [CrossRef]

19. Cajochen, C.; Münch, M.; Kobialka, S.; Kräuchi, K.; Steiner, R.; Oelhafen, P.; Orgül, S.; Wirz-Justice, A.
High sensitivity of human melatonin, alertness, thermoregulation, and heart rate to short wavelength light.
J. Clin. Endocrinol. Metab. 2005, 90, 1311–1316. [CrossRef]

20. Vandewalle, G.; Gais, S.; Schabus, M.; Balteau, E.; Carrier, J.; Darsaud, A.; Sterpenich, V.; Albouy, G.; Dijk, D.J.;
Maquet, P. Wavelength-dependent modulation of brain responses to a working memory task by daytime
light exposure. Cereb. Cortex 2007, 17, 2788–2795. [CrossRef]

21. Vandewalle, G.; Schmidt, C.; Albouy, G.; Sterpenich, V.; Darsaud, A.; Rauchs, G.; Berken, P.-Y.; Balteau, E.;
Degueldre, C.; Luxen, A.; et al. Brain responses to violet, blue, and green monochromatic light exposures in
humans: Prominent role of blue light and the brainstem. PLoS ONE 2007, 2, e1247. [CrossRef]

22. Skene, D.J.; Lockley, S.W.; Thapan, K.; Arendt, J. Effects of light on human circadian rhythms. Reprod. Nutr. Dev.
2019, 39, 295–304. [CrossRef]

23. Pittendrigh, C.S. Temporal organization: Reflections of a darwinian clock-watcher. Annu. Rev. Physiol. 1993,
55, 17–54. [CrossRef] [PubMed]

24. Lewy, A.J.; Wehr, T.A.; Goodwin, F.K.; Newsome, D.A.; Markey, S.P. Light suppresses melatonin secretion in
humans. Science 1980, 210, 1267–1269. [CrossRef] [PubMed]

25. West, K.E.; Jablonski, M.R.; Warfield, B.; Cecil, K.S.; James, M.; Ayers, M.A.; Maida, J.; Bowen, C.; Sliney, D.H.;
Rollag, M.D.; et al. Blue light from light-emitting diodes elicits a dose-dependent suppression of melatonin
in humans. J. Appl. Physiol. 2011, 110, 619–626. [CrossRef] [PubMed]

26. Reiter, R.J.; Tan, D.-X.; Korkmaz, A.; Erren, T.C.; Piekarski, C.; Tamura, H.; Manchester, L.C. Light at night,
chronodisruption, melatonin suppression, and cancer risk: A review. Crit. Rev. Oncog. 2007, 13, 303–328.
[CrossRef] [PubMed]

27. Gooley, J.J.; Chamberlain, K.; Smith, K.A.; Khalsa, B.S.; Rajaratnam, S.M.W.; van Reen, E.; Zeitzer, J.M.;
Czeisler, C.A.; Lockley, S.W. Exposure to room light before bedtime suppresses melatonin onset and shortens
melatonin duration in humans. J. Clin. Endocrinol. Metab. 2011, 96, 463–472. [CrossRef] [PubMed]

28. Mills, P.R.; Tomkins, S.C.; Schlangen, L.J.M. The effect of high correlated colour temperature office lighting
on employee wellbeing and work performance. J. Circadian Rhythms 2007, 5, 2. [CrossRef]

29. Phipps-Nelson, J.; Redman, J.R.; Dijk, D.-J.; Rajaratnam, S.M.W. Daytime exposure to bright light, as compared
to dim light, decreases sleepiness and improves psychomotor vigilance performance. Sleep 2003, 26, 695–700.
[CrossRef]

30. Viola, A.U.; James, L.M.; Schlangen, L.J.M.; Dijk, D.-J. Blue-enriched white light in the workplace improves
self-reported alertness, performance and sleep quality. Scand. J. Work. Environ. Health 2008, 34, 297–306.
[CrossRef]

31. Mukae, H.; Sato, M. The effect of color temperature of lighting sources on the autonomic nervous functions.
Ann. Physiol. Anthropol. 1992, 11, 533–538. [CrossRef]

http://dx.doi.org/10.1126/science.3726555
http://dx.doi.org/10.1126/scitranslmed.3000741
http://www.ncbi.nlm.nih.gov/pubmed/20463367
http://dx.doi.org/10.1016/j.cub.2012.12.029
http://www.ncbi.nlm.nih.gov/pubmed/23391390
http://dx.doi.org/10.1016/j.tics.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19748817
http://dx.doi.org/10.1523/JNEUROSCI.20-02-00600.2000
http://www.ncbi.nlm.nih.gov/pubmed/10632589
http://dx.doi.org/10.1038/nature03387
http://www.ncbi.nlm.nih.gov/pubmed/15716953
http://dx.doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x
http://dx.doi.org/10.1210/jc.2004-0957
http://dx.doi.org/10.1093/cercor/bhm007
http://dx.doi.org/10.1371/journal.pone.0001247
http://dx.doi.org/10.1051/rnd:19990302
http://dx.doi.org/10.1146/annurev.ph.55.030193.000313
http://www.ncbi.nlm.nih.gov/pubmed/8466172
http://dx.doi.org/10.1126/science.7434030
http://www.ncbi.nlm.nih.gov/pubmed/7434030
http://dx.doi.org/10.1152/japplphysiol.01413.2009
http://www.ncbi.nlm.nih.gov/pubmed/21164152
http://dx.doi.org/10.1615/CritRevOncog.v13.i4.30
http://www.ncbi.nlm.nih.gov/pubmed/18540832
http://dx.doi.org/10.1210/jc.2010-2098
http://www.ncbi.nlm.nih.gov/pubmed/21193540
http://dx.doi.org/10.1186/1740-3391-5-2
http://dx.doi.org/10.1093/sleep/26.6.695
http://dx.doi.org/10.5271/sjweh.1268
http://dx.doi.org/10.2114/ahs1983.11.533


Int. J. Environ. Res. Public Health 2020, 17, 7217 25 of 27

32. Deguchi, T.; Sato, M. The effect of color temperature of lighting sources on mental activity level.
Ann. Physiol. Anthropol. 1992, 11, 37–43. [CrossRef]

33. Lucas, R.J.; Peirson, S.N.; Berson, D.M.; Brown, T.M.; Cooper, H.M.; Czeisler, C.A.; Figueiro, M.G.; Gamlin, P.D.;
Lockley, S.W.; O’Hagan, J.B.; et al. Measuring and using light in the melanopsin age. Trends Neurosci. 2014,
37, 1–9. [CrossRef] [PubMed]

34. Souman, J.L.; Tinga, A.M.; Pas, T.S.F.; van Ee, R.; Vlaskamp, B.N.S. Acute alerting effects of light: A systematic
literature review. Behav. Brain Res. 2018, 337, 228–239. [CrossRef] [PubMed]

35. Lim, J.; Dinges, D.F. Sleep deprivation and vigilant attention. Ann. N. Y. Acad. Sci. 2008, 1129, 305–322.
[CrossRef] [PubMed]

36. Chee, M.W.; Chuah, L.Y. Functional neuroimaging insights into how sleep and sleep deprivation affect
memory and cognition. Curr. Opin. Neurol. 2008, 24, 417–423. [CrossRef]

37. Banks, S.; Dinges, D.F. Behavioral and physiological consequences of sleep restriction. J. Clin. Sleep Med.
2007, 3, 519–528. [CrossRef]

38. Leder, S.; Newsham, G.R.; Veitch, J.A.; Mancini, S.; Charles, K.E. Effects of office environment on employee
satisfaction: A new analysis. Build. Res. Inf. 2016, 44, 34–50. [CrossRef]

39. Choi, J.H.; Loftness, V.; Aziz, A. Post-occupancy evaluation of 20 office buildings as basis for future IEQ
standards and guidelines. Energy Build. 2012, 46, 167–175. [CrossRef]

40. Veitch, J.A.; Charles, K.E.; Farley, K.M.J.; Newsham, G.R. A model of satisfaction with open-plan office
conditions: COPE field findings. J. Environ. Psychol. 2007, 27, 177–189. [CrossRef]

41. Judge, T.A.; Thoresen, C.J.; Bono, J.E.; Patton, G.K. The job satisfaction-job performance relationship:
A qualitative and quantitative review. Psychol. Bull. 2001, 127, 376–407. [CrossRef]

42. Harter, J.K.; Schmidt, F.L.; Hayes, T.L. Business-unit-level relationship between employee satisfaction,
employee engagement, and business outcomes: A meta-analysis. J. Appl. Psychol. 2002, 87, 268–279.
[CrossRef]

43. De, Y.; Phd, K.; Smolders, K. Effects of dynamic lighting on office workers: First results of a field study with
monthly alternating settings. Lighting Res. Technol. 2010. [CrossRef]

44. Larzelere, M.M.; Jones, G.N. Stress and health. Prim. Care Clin. Off. Pract. 2008, 35, 839–856. [CrossRef]
45. Stellman, J.M.; International Labour Office. Encyclopaedia of Occupational Health and Safety; International

Labor Office: Genève, Switzerland, 1998; ISBN 9221092038.
46. Smoot, S.L.; Gonzales, J.L. Cost-effective communication skills training for state hospital employees.

Psychiatr. Serv. 1995, 46, 819–822.
47. Evans, G.W.; Mccoy, J.M. When buildings don’t work: The role of architecture in human health.

J. Environ. Psychol. 1998, 18, 85–94. [CrossRef]
48. Liebl, A.; Haller, J.; Jödicke, B.; Baumgartner, H.; Schlittmeier, S.; Hellbrück, J. Combined effects of acoustic

and visual distraction on cognitive performance and well-being. Appl. Ergon. 2012, 43, 424–434. [CrossRef]
[PubMed]

49. Lee, A.T.L.; Chen, H.; Tan, S.-C.; Hui, S.Y.R. Precise dimming and color control of LED Systems based on
color mixing. IEEE Trans. Power Electron. 2016, 31, 65–80. [CrossRef]

50. Chen, H.-T.; Tan, S.-C.; Hui, S.Y.R. Nonlinear dimming and correlated color temperature control of bicolor
white LED systems. IEEE Trans. Power Electron. 2015, 30, 6934–6947. [CrossRef]

51. Mott, M.S.; Robinson, D.H.; Walden, A.; Burnette, J.; Rutherford, A.S. Illuminating the Effects of Dynamic
Lighting on Student Learning. SAGE Open 2012, 2, 1–9. [CrossRef]

52. Haans, A. The natural preference in people’s appraisal of light. J. Environ. Psychol. 2014, 39, 51–61. [CrossRef]
53. Nute, K.; Weiss, A.; Kaur-Bala, J.; Marrocco, R. The animation of the weather as a means of sustaining

building occupants and the natural environment. Int. J. Environ. Sustain. 2013, 8, 27–40.
54. Smolders, K.C.H.J.; de Kort, Y.A.W. Investigating daytime effects of correlated colour temperature on

experiences, performance, and arousal. J. Environ. Psychol. 2017, 50, 80–93. [CrossRef]
55. Hasan, S.S.; Jamrozik, A.; Campanella, C.; Aristizabal, S.; Zhang, R.; Clements, N. Living labs: Measuring human

experience in the built environment. In Proceedings of the 2018 CHI Conference on Human Factors in
Computing Systems, Montreal, QC, Canada, 21–26 April 2018.

56. Aristizabal, S.; Porter, P.; Clements, N.; Campanella, C.; Zhang, R.; Hovde, K.; Lam, C. Conducting human-
centered building science at the well living lab. Technol. Archit. Des. 2019, 3, 161–173. [CrossRef]

http://dx.doi.org/10.2114/ahs1983.11.37
http://dx.doi.org/10.1016/j.tins.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24287308
http://dx.doi.org/10.1016/j.bbr.2017.09.016
http://www.ncbi.nlm.nih.gov/pubmed/28912014
http://dx.doi.org/10.1196/annals.1417.002
http://www.ncbi.nlm.nih.gov/pubmed/18591490
http://dx.doi.org/10.1097/WCO.0b013e3283052cf7
http://dx.doi.org/10.5664/jcsm.26918
http://dx.doi.org/10.1080/09613218.2014.1003176
http://dx.doi.org/10.1016/j.enbuild.2011.08.009
http://dx.doi.org/10.1016/j.jenvp.2007.04.002
http://dx.doi.org/10.1037/0033-2909.127.3.376
http://dx.doi.org/10.1037/0021-9010.87.2.268
http://dx.doi.org/10.1177/1477153510378150
http://dx.doi.org/10.1016/j.pop.2008.07.011
http://dx.doi.org/10.1006/jevp.1998.0089
http://dx.doi.org/10.1016/j.apergo.2011.06.017
http://www.ncbi.nlm.nih.gov/pubmed/21802069
http://dx.doi.org/10.1109/TPEL.2015.2448641
http://dx.doi.org/10.1109/TPEL.2014.2384199
http://dx.doi.org/10.1177/2158244012445585
http://dx.doi.org/10.1016/j.jenvp.2014.04.001
http://dx.doi.org/10.1016/j.jenvp.2017.02.001
http://dx.doi.org/10.1080/24751448.2019.1640535


Int. J. Environ. Res. Public Health 2020, 17, 7217 26 of 27

57. Jamrozik, A.; Clements, N.; Hasan, S.S.; Zhao, J.; Zhang, R.; Campanella, C.; Loftness, V.; Porter, P.; Ly, S.;
Wang, S.; et al. Access to daylight and view in an office improves cognitive performance and satisfaction and
reduces eyestrain: A controlled crossover study. Build. Environ. 2019, 165, 106379. [CrossRef]

58. Vollmer, C.; Michel, U.; Randler, C. Outdoor Light at Night (LAN) is correlated with eveningness in
adolescents. Chronobiol. Int. 2012, 29, 502–508. [CrossRef] [PubMed]

59. Martin, J.S.; Hébert, M.; Ledoux, É.; Gaudreault, M.; Laberge, L. Relationship of chronotype to sleep, light
exposure, and work-related fatigue in student workers. Chronobiol. Int. 2012, 29, 295–304. [CrossRef]
[PubMed]

60. Kantermann, T.; Forstner, S.; Halle, M.; Schlangen, L.; Roenneberg, T.; Schmidt-Trucksäss, A. The stimulating
effect of bright light on physical performance depends on internal time. PLoS ONE 2012, 7, e40655. [CrossRef]

61. Horne, J.A.; Ostberg, O. A self-assessment questionnaire to determine morningness-eveningness in human
circadian rhythms. Int. J. Chronobiol. 1976, 4, 97–110.

62. Taillard, J.; Philip, P.; Chastang, J.-F.; Bioulac, B. Validation of horne and ostberg morningness-eveningness
questionnaire in a middle-aged population of french workers. J. Biol. Rhythms 2004, 19, 76–86. [CrossRef]

63. Clements, N.; Zhang, R.; Jamrozik, A.; Campanella, C.; Bauer, B. The spatial and temporal variability of
the indoor environmental quality during three simulated office studies at a living lab. Buildings 2019, 9, 62.
[CrossRef]

64. Scheer, F.A.J.L.; Buijs, R.M. Light affects morning salivary cortisol in humans. J. Clin. Endocrinol. Metab. 1999,
84, 3395–3398. [CrossRef]

65. Healey, J.A.; Picard, R.W. Detecting stress during real-world driving tasks using physiological sensors.
IEEE Trans. Intell. Transp. Syst. 2004. [CrossRef]

66. Choi, J.; Gutierrez-Osuna, R. Using heart rate monitors to detect mental stress. In Proceedings of the
Sixth International Workshop on Wearable and Implantable Body Sensor Networks, Berkeley, CA, USA,
3–5 June 2009. [CrossRef]

67. Yamakoshi, T.; Yamakoshi, K.; Tanaka, S.; Nogawa, M.; Park, S.B.; Shibata, M.; Sawada, Y.; Rolfe, P.; Hirose, Y.
Feasibility study on driver’s stress detection from differential skin temperature measurement. In Proceedings
of the 2008 30th Annual International Conference of the IEEE Engineering in Medicine and Biology Society,
Vancouver, BC, Canada, 20–25 August 2008; pp. 1076–1079.

68. Garbarino, M.; Lai, M.; Bender, D.; Picard, R.W.; Tognetti, S. Empatica E3—A wearable wireless multi-sensor
device for real-time computerized biofeedback and data acquisition. In Proceedings of the 4th International
Conference on Wireless Mobile Communication and Healthcare—Transforming Healthcare Through
Innovations in Mobile and Wireless Technologies (MOBIHEALTH), Athens, Greece, 3–5 November 2014.
[CrossRef]

69. Lykken, D.T.; Venables, P.H. Direct measurement of skin conductance: A proposal for standardization.
Psychophysiology 1971, 8, 656–672. [CrossRef] [PubMed]

70. Gersak, G.; Drnovsek, J. Electrodermal activity patient simulator. PLoS ONE 2020, 15. [CrossRef] [PubMed]
71. Boucsein, W. Electrodermal Activity; Springer: Berlin/Heidelberg, Germany, 2012; ISBN 978-1-4614-1126-0.
72. Benedek, M.; Kaernbach, C. A continuous measure of phasic electrodermal activity. J. Neurosci. Methods 2010,

190, 80–91. [CrossRef]
73. Boucsein, W.; Fowles, D.C.; Grimnes, S.; Ben-Shakhar, G.; Roth, W.T.; Dawson, M.E.; Filion, D.L. Society for

psychophysiological research Ad Hoc committee on electrodermal measures publication recommendations
for electrodermal measurements. Psychophysiology 2012, 49, 1017–1034.

74. Mahfoud, M.; Chaaya, H.; Osman, G.; Naassan, Z. Validation of the Arabic version of the Cohen perceived
stress scale (PSS-10) among pregnant and postpartum women. BMC Psychiatry 2010, 10.

75. Shea, T.; De Cieri, H. Workplace Stress Evaluation Tools: A Snapshot Review. 2011. Available online: https:
//research.iscrr.com.au/__data/assets/pdf_file/0011/297758/Workplace-stress-evaluation-tools-snapshot.pdf
(accessed on 1 May 2020).

76. Tal, A.; Shinar, Z.; Shaki, D.; Codish, S.; Goldbart, A. Validation of contact-free sleep monitoring device with
comparison to polysomnography. J. Clin. Sleep Med. J. Clin. Sleep Med. 2017, 13, 517–522. [CrossRef]

77. Hoddes, E.; Zarcone, V.; Smythe, H.; Phillips, R.; Dement, W.C. Quantification of sleepiness: A new approach.
Psychophysiology 1973, 10, 431–436. [CrossRef]

http://dx.doi.org/10.1016/j.buildenv.2019.106379
http://dx.doi.org/10.3109/07420528.2011.635232
http://www.ncbi.nlm.nih.gov/pubmed/22214237
http://dx.doi.org/10.3109/07420528.2011.653656
http://www.ncbi.nlm.nih.gov/pubmed/22390242
http://dx.doi.org/10.1371/journal.pone.0040655
http://dx.doi.org/10.1177/0748730403259849
http://dx.doi.org/10.3390/buildings9030062
http://dx.doi.org/10.1210/jcem.84.9.6102
http://dx.doi.org/10.1109/TITS.2005.848368
http://dx.doi.org/10.1109/P3644.12
http://dx.doi.org/10.4108/icst.mobihealth.2014.257418
http://dx.doi.org/10.1111/j.1469-8986.1971.tb00501.x
http://www.ncbi.nlm.nih.gov/pubmed/5116830
http://dx.doi.org/10.1371/journal.pone.0228949
http://www.ncbi.nlm.nih.gov/pubmed/32023317
http://dx.doi.org/10.1016/j.jneumeth.2010.04.028
https://research.iscrr.com.au/__data/assets/pdf_file/0011/297758/Workplace-stress-evaluation-tools-snapshot.pdf
https://research.iscrr.com.au/__data/assets/pdf_file/0011/297758/Workplace-stress-evaluation-tools-snapshot.pdf
http://dx.doi.org/10.5664/jcsm.6514
http://dx.doi.org/10.1111/j.1469-8986.1973.tb00801.x


Int. J. Environ. Res. Public Health 2020, 17, 7217 27 of 27

78. Buysse, D.J.; Reynolds, C.F.; Monk, T.H.; Hoch, C.C.; Yeager, A.L.; Kupfer, D.J. Quantification of subjective
sleep quality in healthy elderly men and women using the Pittsburgh Sleep Quality Index (PSQI). Sleep 1991,
14, 331–338.

79. Park, J. Are Humans Good Sensors? Using Occupants as Sensors for Indoor Environmental Quality
Assessment and for Developing Thresholds that Matter. Carnegie Mellon University. 2015. Available online:
https://kilthub.cmu.edu/ndownloader/files/12247823 (accessed on 1 May 2020).

80. Watson, D.; Clark, L.A.; Tellegen, A. Development and validation of brief measures of positive and negative
affect: The PANAS scales. J. Pers. Soc. Psychol. 1988, 54, 1063–1070. [CrossRef]

81. Bates, D.; Mächler, M.; Bolker, B.M.; Walker, S.C. Fitting linear mixed-effects models using lme4. J. Stat. Softw.
2015, 67, 1–48. [CrossRef]

82. RC Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2017.

83. Kuznetsova, A.; Brockhoff, P.B.; Christensen, R.H.B. lmerTest package: Tests in linear mixed effects models.
J. Stat. Softw. 2017, 82, 1–26. [CrossRef]

84. Fox, J. Effect displays in R for generalised linear models. J. Stat. Softw. 2003, 8, 1–27. [CrossRef]
85. Moore-Ede, M. Taking the obesity and diabetes risk out of light at night. In Proceedings of the Lighting for

Health and Wellbeing, Newport Beach, CA, USA, 30 October 2017.
86. Figueiro, M.; Rea, M. Quantifying circadian light and its impact. J. Am. Inst. Arch. 2017.
87. Bailes, H.J.; Lucas, R.J. Human melanopsin forms a pigment maximally sensitive to blue light supporting

activation of G(q/11) and G(i/o) signalling cascades. Proc. Biol. Sci. 2013, 280, 20122987. [CrossRef]
88. Moore-ede, M.; Heitmann, A.; Guttkuhn, R. Circadian potency spectrum with extended exposure to

polychromatic white LED Light under workplace conditions. J. Biol. Rhythms 2020, 35, 405–415. [CrossRef]
89. Rea, M.; Figueiro, M.; Bullough, J.; Bierman, A. A model of phototransduction by the human circadian

system. Brain Res. Rev. 2005, 50, 213–228. [CrossRef]
90. Lucas, R.J. Irradiance Toolbox User Guide; University of Manchester: Manchester, UK, 2013.
91. Rong, S.; Samantha, A.; Zhao, J.; Lyu, C.; Zhang, R. Circadian lighting and its smart control strategy: A review.

Illum. Eng. J. 2017, 28, 10–15.
92. ASHRAE. Standard 55: Thermal Environmental Conditions for Human Occupancy; ASHRAE: Atlanta, GA,

USA, 2004.
93. Jamrozik, A.; Ramos, C.; Zhao, J.; Bernau, J.; Clements, N.; Wolf, T.V.; Bauer, B. A novel methodology to

realistically monitor office occupant reactions and environmental conditions using a living lab. Build. Environ.
2018, 130, 190–199. [CrossRef]

94. Pail, G.; Huf, W.; Pjrek, E.; Winkler, D.; Willeit, M.; Praschak-Rieder, N.; Kasper, S. Bright-light therapy in the
treatment of mood disorders. Neuropsychobiology 2011, 64, 152–162. [CrossRef]

95. Partonen, T.; Lonnqvist, J. Bright Light Improves Vitality and Alleviates Distress in Healthy People.
J. Affect. Disord. 2000, 57, 55–61. [CrossRef]

96. Küller, R.; Ballal, S.; Laike, T.; Mikellides, B.; Tonello, G. The impact of light and colour on psychological
mood: A cross-cultural study of indoor work environments. Ergonomics 2006, 49, 1496–1507. [CrossRef]
[PubMed]

97. Voogt, E.; van der Heide, A.; van Leeuwen, A.F.; Visser, A.P.; Cleiren, M.P.H.D.; Passchier, J.; van der Maas, P.J.
Positive and negative affect after diagnosis of advanced cancer. Psychooncology 2005, 14, 262–273. [CrossRef]
[PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://kilthub.cmu.edu/ndownloader/files/12247823
http://dx.doi.org/10.1037/0022-3514.54.6.1063
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.18637/jss.v082.i13
http://dx.doi.org/10.18637/jss.v008.i15
http://dx.doi.org/10.1098/rspb.2012.2987
http://dx.doi.org/10.1177/0748730420923164
http://dx.doi.org/10.1016/j.brainresrev.2005.07.002
http://dx.doi.org/10.1016/j.buildenv.2017.12.024
http://dx.doi.org/10.1159/000328950
http://dx.doi.org/10.1016/S0165-0327(99)00063-4
http://dx.doi.org/10.1080/00140130600858142
http://www.ncbi.nlm.nih.gov/pubmed/17050390
http://dx.doi.org/10.1002/pon.842
http://www.ncbi.nlm.nih.gov/pubmed/15386769
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Study Design and Methods 
	Overall Study Design 
	Office Configuration 
	Lighting System Design 
	Participants 
	Participant Exclusion Criteria 
	Demographic Information 
	Chronotype 

	Environmental Measurement Methods 
	Behavioral Outcome Measurement Methods 
	Stress 
	Sleep and Circadian Rhythms 
	Productivity 
	Secondary and Exploratory Outcomes 

	Statistical Analysis Method 

	Lighting Configuration and Environmental Data Analysis Results 
	Evaluation of the Lighting Settings for This Study 
	Analysis of the Actual Lighting Environment during This Study 
	Temporal Illuminance Variations 
	Temporal Lighting Correlated Color Temperature Variations 

	Theoretical Quantification of the Non-Visual Impact of the Dynamic Lighting 
	Lighting Property Data Analysis 
	Non-Visual Impact Estimation and Analysis 

	Evaluation of Indoor Non-Lighting Environment and System Operations 

	Behavioral Data Analysis Results 
	Mental Stress Analysis 
	Subjective Stress Analysis 
	Objective Stress Analysis 

	Sleep Analysis 
	Perceived Sleep Quality 
	Nighttime Sleep Analysis 
	Alertness—Perceived Feeling of Sleepiness during Daytime 

	Productivity Analysis 
	Secondary Measures Analysis 
	Satisfaction 
	Visual Comfort 
	Mood Analysis 
	Perceived Naturalness of the Light 


	Discussions 
	Daytime Impacts 
	Nighttime Impacts 
	Recommendations for Future Studies 

	Conclusions 
	References

