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- Summary - 

The pattern of light that reaches our eyes shows large fluctuations throughout the day. 
In contrast, most studies in the field of lighting examine people’s responses to static light 
conditions that differ in intensity and/or spectrum. Yet, temporal aspects, such as the 
duration and timing of the light and the prior light exposure, also moderate the effects that a 
light condition has. All these aspects are at play simultaneously in dynamic light patterns. The 
effects of these type of patterns on our neurobehavioral responses is scarcely investigated, 
despite the high relevance of the effects of light on our experiences and behavior on a daily 
basis. The goal of the current thesis was to study the visual experiences and neurobehavioral 
responses of daytime office workers to dynamic light patterns. 

A systematic literature review was conducted to gain insight in the rationales for and effects 
of dynamic light scenarios. Dynamic light may support the alignment of our circadian rhythm, 
support our daytime functioning, induce fascination, provide information, or support the 
activity at hand. The fourteen reviewed studies tested radically different scenarios, pursued 
a variety of these before-mentioned rationales, and reported widely varying results with 
respect to circadian, acute and visual measures. The most consistent results were the positive 
effects of morning bright light on sleep in addition to acute, transient effects of light on 
alertness. Altogether, the review demonstrated that, currently, there is insufficient basis to 
unambiguously decide on the effectiveness or optimal design of dynamic light scenarios, 
which identifies the need for a more structured approach to study them. Furthermore, 
the current literature does not provide insights on whether dynamic patterns should vary 
in intensity and/or in spectrum, what type of dynamics should be employed or the timing 
thereof.

To gain understanding in the visual experiences and neurobehavioral responses to the 
most basic dynamic light pattern, we examined the onset, persistence and symmetry of 
these responses to a single step-wise light transition in two laboratory studies. Transitions 
were created using two strongly contrasting conditions that differed in illuminance and/or 
correlated color temperature (CCT). Sensation of the light was immediately and persistently 
affected by the abrupt transitions. The CCT-driven effects on comfort, acceptance and mood 
quickly dissipated after the transition, whereas the illuminance-driven effects on subjective 
alertness and vitality dissipated more slowly. The 45-min experimental light exposure elicited 
no objective neurobehavioral responses. 

In a follow-up study, we measured participants’ responses to multiple fluctuations in 
illuminance during 90 min of light exposure to investigate the integrated responses to several 
subsequent transitions. The effects of intermittent light with three cycles of ten minutes of 

Summary
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bright light and twenty minutes of dim light on alertness and visual comfort were compared 
to static dim and static bright light. Compared to static dim light, neither the intermittent nor 
the static bright light showed significant alerting effects, while visual comfort was affected 
negatively. Despite the use of gradual transitions, the bright phases in the intermittent 
condition were perceived brighter than the static, bright light and resulted in enhanced 
discomfort over time. Again, we found no differences in objective neurobehavioral responses. 
The laboratory studies showed that electric dynamic light patterns, although designed with 
the intention to support neurobehavioral responses, may indeed improve subjective alertness, 
but they tend to reduce visual comfort.

As we investigated the visual experiences and neurobehavioral responses of dynamic light on 
a minute to hour basis in the laboratory studies, a supplementary field study was conducted 
to examine these responses on a longer term. We developed two dynamic light scenarios 
that differed in timing of bright light: in one scenario bright light was centered around noon 
and in the other bright light provided a skeleton at the beginning and end of the day. The 
effects of both scenarios on visual experience, alertness, performance and sleep were tested 
in an operational office environment against a control scenario. Visual sensation and comfort 
were affected negatively by the dynamic scenarios, whereas performance and sleep were 
not affected at all. The noon scenario induced less momentary daytime sleepiness than the 
skeleton scenario, but neither differed significantly from the control scenario. In addition, 
later timing and increased variability of personal illuminance (measured at the chest) were 
related to earlier sleep onset and longer sleep duration. The field study again suggested 
that, even though fluctuations in light are beneficial for sleep, deliberately changing electric 
lighting indoors is not always appreciated by building occupants. 

Despite being constantly exposed to light fluctuations in daily life, little research specifically 
addresses how these fluctuations affect us. In this doctoral research, our visual experiences 
and neurobehavioral responses to electric fluctuations in light were uncovered. Whereas 
subjective alertness was sometimes affected by dynamic light patterns, our behavioral and 
physiological measures were not. Furthermore, electric fluctuations were consistently 
experienced more negatively than static lighting, even though more fluctuations in light 
contributed positively to sleep. Based on the unique insights from the conducted studies, we 
are reluctant to recommend dynamic light patterns in office environments, yet more research 
to light fluctuations is recommended. The findings are valuable for both researchers and 
lighting designers as they can be used to purposefully time measurements in study protocols, 
formulate hypotheses regarding underlying processes, and aid the design of light applications.







“Begin at the beginning,” the King said, very gravely, 
“and go on till you come to the end: then stop.” 

Lewis Carroll , Alice in Wonderland

General Introduction
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General Introduction

While (day)light is omnipresent in our lives, the importance of it for our functioning is 
easily underestimated. Apart from the strong human preference for daylight, the temporal 
day-night variation in intensity and spectral power distribution acts as a natural Zeitgeber 
to align our internal rhythms to the external world (Knoop et al., 2020). In addition to these 
daily variations, daylight shows annual, seasonal and weather dependent dynamics (Aries & 
Rosemann, 2015). These variations in daylight influence our personal daily pattern of exposure 
to light substantially. Additionally, the temporal pattern of our personal luminous profile is 
moderated by where we are, our body movements and our personal viewing direction.  

The past decades of research have demonstrated that light is not only a requirement for 
vision, but it also affects our well-being, health and performance via non-visual processes 
(Boyce, 2014). Importantly though, to date, most of the research in this area investigated 
how static light conditions influence human experiences and behavior, despite the variable 
nature of our light exposure in real life. In this dissertation, we study how and to what extent 
dynamic light affects our human functioning. 

Human responses to light 
The effects of light have been classified in two groups according to the two main pathways in 

the brain through which light affects us. It is important to note that these two pathways do not 
function independently and that interactions between the pathways do occur (e.g., de Kort & 
Veitch, 2014; Houser et al., 2021; Vetter et al., 2021). The pathway we have known the longest, 
and is understood best, is the image-forming or visual pathway (Boyce, 2014). Light entering 
the eye activates photoreceptors in the outer layer of the retina. These photoreceptors, the 
rods and cones, are each sensitive to a different range of wavelengths, together allowing us 
to see colors, shapes and contrasts. When activated, these rods and cones send signals via the 
optic nerves to the lateral geniculate nucleus, which in turn transmits visual information to 
the primary visual cortex. This pathway is the main driver of our visual perception, which is 
often described in terms of visual performance and visual experience. Visual performance 
pertains to the ability to see, whereas visual experience relates to the evaluation of the light 
environment.  

About two decades ago, an additional class of photosensitive cells was discovered in the 
inner layer of the human retina: the intrinsically photosensitive retinal ganglion cells (ipRGC;   
Berson et al., 2002; Hattar et al., 2002; Lucas et al., 2001). These cells receive input from 
the rods and cones, but are additionally able to respond to light directly as they contain 
the photopigment melanopsin (Hankins et al., 2008; Provencio et al., 2000). Melanopsin 
photoreception is less sensitive and slower in its response than rods and cones, yet the 
response is persistent and sustains over long durations of constant illumination (Lucas et 
al., 2014). The signals from the ipRGCs travel to various regions in the central parts of the 
brain and brainstem, including the hypothalamus and thalamus (Berson et al., 2002; Hattar 
et al., 2006). This pathway from the ipRGCs to the brain has been classified as the non-image 
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forming or non-visual pathway. Via the retinohypothalamic tract, the ipRGCs project to the 
suprachiasmatic nucleus (SCN) which controls circadian rhythms in many bodily processes, 
such as hormone secretion and regulation of the core body temperature. The circadian effects 
of light refer to the role that light has in entraining the rhythms of our body to the external 
24-hr day, affecting our sleep-wake timing and quality (van Cauter et al., 1994; Zeitzer et 
al., 2000). Furthermore, the ipRGCs are likely involved in acute effects of light, of which 
some are – but others are not – routed via the SCN (Fernandez et al., 2018). Amongst these 
acute effects, there are neuroendocrine responses which pertain to the influence that light 
has on the regulation of hormones such as melatonin (Cajochen et al., 2000; Sahin et al., 
2014). Additionally, light exerts acute neurobehavioral responses that encompass effects on 
autonomic nervous activity as well as behavioral and perceptual processes (e.g., Badia et al., 
1991; Gabel et al., 2013; Huiberts et al., 2015; Phipps-Nelson et al., 2003; Rüger et al., 2005). 
Today, the acute and circadian effects of light are generally grouped and described as the 
ipRGC-influenced light responses (IIL responses (CIE, 2018); also referred to as non-image 
forming and non-visual effects).  

Whereas the neural pathways underlying circadian phase shifting, melatonin suppression 
and the pupillary light response have been identified (Brainard et al., 2001; Jewett et al., 
1994; Lucas et al., 2003; St Hilaire et al., 2012; Thapan et al., 2001), the exact processes are 
less apparent for responses such as the effect of light on alertness, mood, performance and 
physiological arousal. Recent studies have suggested distinct pathways for mood and learning 
in mice, both originating in the ipRGCs, yet via different brain regions (Fernandez et al., 
2018). Furthermore, in the past decade, alternative, non-ipRGC driven explanations have also 
been suggested for the alerting effects of light. For example, alerting effects may originate in 
beliefs or expectations (Smolders et al., 2012), or occur via associative processes (de Vries et 
al., 2018). These alternative explanations possibly do not involve the non-visual but rather the 
visual pathway, or an interaction between both. Thus categorizing all of these experiences 
and behaviors as IIL responses may be premature. Research has already established that the 
two pathways are anatomically and functionally interconnected, as illustrated by the role of 
ipRGCs in brightness perception (Brown et al., 2012). For this reason, one should be careful 
when labeling effects of light as belonging to one or the other pathway, or even avoid it as 
long as the underlying process is unknown. It is better to call a spade a spade and be as specific 
as possible when referring to the various light-induced responses. In the current thesis, we 
will make an effort to denote effects by their name without implicating pathways. The focus 
will be on visual experiences of light, comprising visual sensation, acceptance and comfort, 
and neurobehavioral responses, comprising alertness, mood, performance and physiological 
arousal. 

Integrating all these different effects of light to support psychological and physiological 
functioning based on scientific knowledge is the core of integrative lighting (CIE, 2020). Yet, 
what specific requirements indoor lighting should meet in order to be defined as integrative 



- 17 -

1

General Introduction

1.2

lighting is still up for debate. Whereas current standards assure visual performance by 
providing guidelines for the amount of light, the distribution of light, glare uniformity and 
illuminance on walls and desks (e.g., NEN-EN 12464-1, CIE 146/147:202 and EN12464-1:2011), 
only recently some recommendations have been made regarding lighting for circadian and 
neurobehavioral effects by several distinguished organizations (e.g., CIE S 026:2018, WELL, 
CIBSE and BRE) and experts from the field (Brown et al., 2020; Stefani & Cajochen, 2021). 
These recommendations provide some guidance as to the required light levels and spectra 
during the day, evening and night to be supportive for circadian and acute neurobehavioral 
responses. Such requirements generally vary with time of day, which might suggest a need 
for dynamic light scenarios. In fact, the first commercial lighting products that provide such 
scenarios have already been brought to the market, yet up until now no strong consensus has 
been achieved on what light scenario would be required to support our psychological and 
physiological functioning in its broadest sense. The ideal scenario will depend on the context 
and the people in this context as their internal temporal patterns also impose different 
requirements on the lighting throughout the day. 

Properties of light  
The two most common parameters used to describe light are intensity and spectrum. 

However, there are two additional categories of variables that can be used to describe the 
lighting in an environment. Besides light level (i.e., the quantity of the light, intensity) and 
light spectrum (i.e., the spectral power distribution of the light), spatial and temporal patterns 
play a role in the visual, circadian and neurobehavioral responses that light can induce (Houser 
et al., 2021). In this thesis, we focus on the temporal patterns of light as especially these are 
highly relevant in dynamic light scenarios. 

When designing a dynamic light pattern, the duration of each light setting needs to be 
decided upon. With a longer exposure duration, the elicited response may become stronger. 
For example, the magnitude of circadian phase-shifts and melatonin suppression increase in a 
dose-dependent, yet non-linear manner (Chang et al., 2012). In contrast, less knowledge exists 
about the onset and persistence of responses related to alertness, mood, performance and 
physiological arousal during light exposure. Knowing whether a response occurs immediately 
and is highly transient or whether it has a late onset and outlasts the exposure duration has 
direct implications for the duration of the light setting and therefore this knowledge should 
be incorporated in a dynamic scenario. 

The timing of light exposure is another relevant aspect when developing light patterns that 
support human functioning. For several responses, we know that the timing determines 
whether a light-induced response occurs (Rüger et al., 2005). For example, melatonin can only 
be suppressed at late and very early hours as the hormone is solely secreted during the evening 
and night. Moreover, the timing of light exposure can impact the direction and magnitude of 
a circadian phase shift as captured in phase-response curves (Khalsa et al., 2003). Time-of-day 
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dependencies (morning vs. afternoon) have been studied for the effect of daytime light on 
subjective alertness and task performance as well, yet produced inconsistent results (Huiberts 
et al., 2015, 2016, 2017; Smolders et al., 2012, 2013; Smolders & de Kort, 2014).   

Potentially, these inconsistencies can be partially explained by differences in prior light 
exposure, as this temporal aspect may alter the responsiveness to the current light exposure. 
The role of prior light exposure is likely most well-known as light and dark adaptation related 
to our visual performance. The photopigments in the rods and cones are bleached when 
struck by light and need to resynthesize (Wald, 1954). Similarly, though at a much longer time 
scale, the sensitivity of ipRGCs to bright light has been suggested to be reduced following 
prior bright light, causing smaller phase shifting responses and less melatonin suppression 
(Chang et al., 2011; te Kulve et al., 2019). In addition, prior exposure to longer wavelengths 
increased intrinsic sensitivity of the ipRGCs whereas prior exposure to shorter wavelengths 
decreased their sensitivity (Chellappa et al., 2014; Mure et al., 2009). Less is known about the 
exact role of photic history in effects of light on subjective alertness and task performance, but 
a similar role of prior light exposure in alerting effects of light has been suggested (Huiberts 
et al., 2017).  

Overall, the importance of these temporal aspects (duration, timing and prior light 
exposure) received most attention for the (longer term) circadian effects of light. As some of 
the recommendations to support acute neurobehavioral responses provide guidelines with 
different light settings throughout the day, it becomes increasingly relevant to improve the 
understanding of the role of the temporal aspects for these responses too. Moreover, given the 
well-known adaptational properties of the rods and cones, the effect that dynamic lighting 
has on visual experience should also be accounted for in dynamic light patterns when striving 
for integrative lighting that is comfortable as well as biologically supportive. 

Temporal patterns of light 
Temporal aspects are very relevant due to the highly dynamic nature of our daily light 

exposure. Yet, most research on light-induced responses to date has compared multiple static 
light conditions that differed in their level and/or spectrum without explicitly considering 
the moderating role of the duration and timing of the light and the prior light exposure. In 
the past few decades, some studies did investigate fluctuating light conditions. These studies 
yielded interesting insights in the role of these temporal aspects for these responses. The 
response trajectories (i.e., the temporal development of these responses) resulted in increased 
understanding of the processes underlying the corresponding responses. For instance, 
short pulses or flashes of light alternated with dark or dim periods were able to generate 
circadian phase shifts and melatonin suppression (Gronfier et al., 2004; Najjar & Zeitzer, 2016; 
Rahman et al., 2021; Rimmer et al., 2000; Zeitzer et al., 2011). Several pulses of bright light 
even showed relatively larger phase shifts than continuous bright light exposure of a duration 
equal to the sum of the pulses. The data suggested that only the first 15 min of light exposure 
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result in a phase shifting response, and that subsequently the SCN phase resetting capacity 
is reduced for one to two hours (Rahman et al., 2018). In contrast, melatonin suppression 
increased linearly with the duration of the light exposure and every light pulse resulted in 
the same amount of melatonin suppression (Rahman et al., 2018). Furthermore, the evidence 
for the ability of intermittent light during the biological night to induce subjective alertness 
or improve task performance is mixed (Lee et al., 2020; Rahman et al., 2021; Yang et al., 
2018, 2019). Phase-shifts, melatonin suppression, improved subjective alertness and task 
performance in response to light are all typically categorized as ipRGC-influenced responses, 
suggesting a similar neural pathway. However, these different response trajectories suggest 
that the underlying processes of these circadian and acute responses differ substantially. For 
example, it seems that the signal from the SCN to the pineal gland to suppress melatonin is 
continuous, but the signal to the circadian rhythm generation areas to entrain our biological 
clock appears interrupted (Rahman et al., 2018). For the effects of light on subjective alertness 
and task performance, the underlying processes are as yet unknown, and studies investigating 
these acute neurobehavioral responses to temporal light patterns are scarce.  

On an additional note, the few studies that investigated phase-shifting effects of dynamic 
light patterns were mostly conducted during the night in the laboratory. As the light we 
are exposed to during the day naturally shows large fluctuations in intensity, distribution, 
directionality and spectrum, studies should also investigate how intermittent light affects us 
during daytime. Interestingly, in field studies, it is nearly impossible to avoid these fluctuations, 
and thus responses to dynamic light are actually frequently studied in the field. Strikingly 
however, these fluctuations are generally not taken into consideration in the quantification of 
light, when light is used as the predictor variable. In the aggregation of actual measurements 
of the light exposure, often these dynamics are ignored and the average is taken (e.g., Aan 
het Rot et al., 2008; Figueiro & Rea, 2016). Explicitly quantifying the temporal aspects in our 
natural daily light patterns is still uncommon and has yet received little attention. Some 
studies have assessed the duration of light exposure above a certain threshold to quantify 
the light exposure (Crowley et al., 2015; Espiritu et al., 1994; Hubalek et al., 2010; Peeters et 
al., 2022; Smolders et al., 2013). Although this is a good first step to account for the exposure 
duration above a certain level, additional metrics incorporating prior light exposure and the 
timing of the light would be needed to create a more accurate representation of the dynamics 
in our personal luminous profile over time.  

In this doctoral research, we intend to contribute to this important, yet understudied 
research area in the field of light and its effects on human functioning. By investigating the 
development of acute neurobehavioral responses after one, or multiple transitions in light 
settings, we aim to gain insight in the onset and persistence of these responses. From this, we 
can learn which responses co-occur and potentially even deduct hypotheses about the neural 
processes underlying these acute neurobehavioral responses. 
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Scope and setting of the thesis 
The aim of this research is to study the effects of dynamic light patterns both in the 

laboratory and in the field. The main research question is how dynamic light patterns affect 
human beings with respect to visual experiences and acute neurobehavioral responses. More 
specifically, we want to gain a better understanding of the motivation to implement dynamic 
light scenarios in office environments and to investigate what types of dynamic light patterns 
would be beneficial for human psychological and physiological functioning.   

The research in this dissertation was performed in the context of the DYNKA project (TKI 
Urban Energy, project number: TEUE117001). In the DYNKA project, the goal is to study 
how dynamic lighting and temperature can be used to create a healthy and productive office 
environment that realizes energy savings simultaneously. Apart from studying dynamic 
light and climate separately, interactions between these two ambient features are explored 
to investigate whether disadvantages of the variability in temperature could possibly be 
mitigated by the adaptations in the light pattern. The target group of these dynamic light 
patterns are healthy office occupants that have regular daytime working hours.  

Outline of the thesis 
In this thesis, the aim is to study the temporal development in visual experiences and 

neurobehavioral responses of daytime office workers to dynamic light patterns. 

First, a systematic literature review (Chapter 2) was conducted to gain insights in the 
motivations researchers (may) have to study and implement dynamic light scenarios. We 
systematically analyzed the scenarios that have been investigated so far, the type of study 
protocols that were used, and the effects that these scenarios had.  

Following this review, a set of empirical studies was conducted. We started with controlled 
laboratory studies in which the response trajectories of visual experiences and neurobehavioral 
responses to individual light transitions were investigated in detail (Chapter 3 & 4), and 
continued in the laboratory with a more complex light pattern lasting twice as long to 
investigate the potential accumulation of responses (Chapter 5). Furthermore, a field study 
was conducted to investigate the visual experience and neurobehavioral responses on a longer 
term and examine the robustness (i.e., practical relevance) of these light-induced responses 
in an operational office context (Chapter 6). In all empirical studies, we employed repeated 
measures amongst 23 to 40 participants (all within-subjects designs) to gain insight in the 
response trajectories following dynamic light patterns. Additionally, we explored potential 
interindividual variability in these responses. A multi-measure approach was employed in 
which subjective and objective assessments of experiential and neurobehavioral responses 
to light were assessed. Throughout the laboratory and field studies, we used highly similar 
measures to allow for comparison between studies.  

1.4
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In the first empirical study described in Chapter 3, we employed two highly contrasting 
conditions that differed in both intensity and spectrum to study the onset, persistence and 
symmetry of visual experiences and neurobehavioral responses to an abrupt light transition. In 
the follow-up study described in Chapter 4, we aimed to unravel the individual and combined 
role of intensity and spectrum in these responses. In addition to the onset and persistence 
following transitions in either intensity or spectrum, we investigated the interindividual 
variability in these effects. 

Subsequently, Chapter 5 describes a third laboratory study in which participants were exposed 
to an intermittent light condition. The intermittent light condition consisted of three cycles 
of ten minutes of bright light and twenty minutes of dim light. The visual experiences and 
neurobehavioral responses to the intermittent condition were compared to a continuous dim 
and a continuous bright condition to assess how these responses develop and integrate over 
time. 

Whereas laboratory studies provided us with the opportunity to study the temporal 
development of visual experiences and neurobehavioral responses to dynamic light patterns 
in detail in a controlled environment, participants were only exposed to the light conditions 
for up to 90 min. Field studies allow us to study office occupants for a longer time period, 
which can provide valuable information on human responses to repeated exposure to dynamic 
light scenarios, including light-induced moderations of sleep. In Chapter 6, a field study is 
described in which 30 employees were exposed to three different light scenarios, each for two 
weeks. A control scenario was compared to two dynamic scenarios: one in which bright light 
was centered around noon and another in which bright light was provided at the beginning 
and end of the day. Alongside the effects of the two dynamic scenarios, we quantified the 
variability in participants’ actual personal light exposure and studied the relationship between 
the employees’ personal light measurements and visual experience, subjective alertness, task 
performance and sleep.  

In the general discussion – Chapter 7 – the findings of the literature review and the empirical 
aboratory and field studies are revisited to reflect on the questions and goals presented in 
this introduction. Insights of this thesis for both practice and research are discussed, and 
conclusions are formulated. 



In the next chapter, I describe the start of my investigation into dynamic light scenarios 
with a systematic literature review performed to gain insight in what is already known about 
dynamic light scenarios. First, dynamic lighting is defined and theoretical motivations to 
implement dynamic light scenarios are described. The studies that were identified through 
the systematic literature review are analyzed with regards to the light scenarios they tested 
and the motivations for using these scenarios. Furthermore, I discuss the study design and 
measurement protocols that were employed in the studies, and the results that the dynamic 
light scenarios had on sleep-related parameters, affective states, appraisals, performance 
and physiology. In the discussion of this chapter, I return to the rationales for and effects of 
dynamic light scenarios before listing some recommendations for future studies on dynamic 
light scenarios.





The use of dynamic light scenarios for indoor environments may be motivated by the aim 
to support our circadian rhythms or provide a fascinating and/or informative environment. 
Additionally, dynamic lighting may be beneficial as it could acutely provide support at certain 
times of day, or for specific tasks or activities. A systematic literature review was performed to 
explore the dynamic scenarios that have been designed and tested to date. We explored what 
the motivations behind them were, and what the effectiveness of these scenarios was. On all 
aspects, the fourteen included articles varied substantially. The most promising effect seemed 
to be improved sleep due to an increased luminous exposure during the day. However, for 
future work, it is recommended to explicitly explain and carefully align the theoretical 
rationale, the dynamic light scenario and the study protocol, including outcome measures. 
This review suggests potential beneficial effects of dynamic light scenarios on human 
functioning, but also clearly indicates that consolidated strategies for their description and 
assessment are currently lacking.

Abstract

A systematic literature review on 
the rationale for and effects of 
dynamic light scenarios

This chapter is based on Kompier, M. E., Smolders, K. C. H. J., & de Kort, Y. A. W. (2020). A 
systematic literature review on the rationale for and effects of dynamic light scenarios. Building 
and Environment, 186. doi:/10.1016/j.buildenv.2020.107326 
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2.1.2

2.1.1

Introduction 
Electric lighting in office environments long used to be a static phenomenon; it was either 

turned on or off. In line with this, only static lighting is often studied by lighting researchers. 
With the advent of intelligent, personalized lighting systems, the question of how people 
respond to dynamic lighting is becoming more and more relevant. Dimmable light or 
predefined light settings are already available in some office environments. In the past few 
years, many companies have introduced dynamic lighting systems (e.g., Signify, OSRAM, 
Halcyon Lighting, Glumac or USAI Lighting). These systems are advertised as being able to 
create ‘…an inspiring indoor environment...’ (Signify, n.d.) or lead to ‘increased alertness in 
the morning, better concentration,…’ (Kessler, 2017). In contrast to these convincing slogans 
from industry, research on this topic is still in its early stages and far from conclusive. This 
review systematically addresses the scientific literature on dynamic light scenarios and aims 
to provide insights in rationales for implementing dynamic scenarios, their characteristics, 
the research methods used, and the empirical basis for their effectiveness.  

Definition of dynamic lighting 
Studies on dynamic lighting only occasionally provide a definition of the concept. For 

example, in the study by de Kort and Smolders (2010), dynamic lighting was characterized 
as lighting of which the ‘color temperature and illuminance vary during the day according to 
a preset protocol, aiming to support or even enhance the natural rhythm of employees’ alertness.’ 
This definition resembles those stated in Izsó et al. (2009) and Ye et al. (2018) except that, in 
these two studies, the requirement of a ‘preset protocol’ and the human-centered aims of 
the lighting were not specified. Furthermore, Izsó et al. (2009) stated that people should be 
able to perceive the variation in light over time. However, the perception of change is subject 
to individual differences and can only be evaluated in hindsight. Additionally, two lighting 
conditions can be metamers, which means that they equally activate cone photoreceptors, 
despite differences in spectral composition, or vice versa (Allen et al., 2018). Therefore, we 
also consider a lighting scenario dynamic when an abrupt or gradual change of the light is not 
consciously perceived by the observer. For this review, dynamic lighting is defined as electric 
lighting that is variable in its intensity and/or spectral power distribution over time using 
preset light settings, resulting in modified activation of at least one of the photoreceptors 
over a substantial part of the day. 

Why dynamic lighting? 
Dynamic lighting may serve multiple purposes. First of all, in contrast to the extended block-

like pattern of electric light in modern day houses and offices that we are exposed to, human 
species have evolved under the day-night cycle of natural light, with the sun’s dynamics as 
primary synchronizer of our biological clock. Our circadian rhythm is impacted by both 
the total dosage, spectrum and timing of light exposure. These aspects can influence our 
circadian rhythm in terms of its phase of entrainment and amplitude (e.g., Jewett et al., 1991, 
1994; Khalsa et al., 2003; Minors et al., 1991; Van Cauter et al., 1994; Zeitzer et al., 2000). 

2.1



- 26 -

- Chapter 2 -

This is likely one core motivation behind the application of dynamic light scenarios, although 
whether there is a role for an actual light gradient at certain times is still up for debate. Both 
parametric (i.e., based on tonic responses to continuous light exposure) and nonparametric 
(i.e., based on phasic responses to pulses or transitions) processes have been proposed (e.g., 
Daan, 2000), but neither can explain the entire entrainment process (Roenneberg et al., 2010, 
2013). Some animal-based studies appear to suggest circadian shifts in response to continuous 
light rather than due to light-dark transitions (e.g., Comas et al., 2008). On the other hand, 
human as well as other species’ phase resetting appears to be most sensitive to the initial 
minutes, or even (milli)seconds of bright light exposure (e.g., Kaladchibachi et al., 2019; Najjar 
& Zeitzer, 2016; Nelson & Takahashi, 1991; Rimmer et al., 2000).   

The light-dark rhythm that is required for the entrainment of our biological clock is, 
however, not the only dynamic aspect that is present in natural lighting. Due to the different 
positions of the sun in the sky relative to the observer on earth, natural light dynamics are 
dependent on geographical location, the time of day and the season. The illuminance and 
spectral composition of natural light are additionally influenced by weather conditions, 
which render complex dynamics in various frequency domains (Aries & Rosemann, 2015). 
Under hazy conditions, for example, a lower correlated color temperature (CCT) is measured 
compared to a clear sky (Condit & Grum, 1964). Furthermore, dynamic lighting that imitates 
daylight may be stimulating and generate a positive experience according to various theories. 
First, the variation in natural light often provides us with contextual cues that connect us 
to the world we live in (Knoop et al., 2020). For instance, relative darkness may indicate 
that it will start to rain soon. The information in these cues may provide psychological and 
physiological benefits to humans (Veitch & Galasiu, 2012). In addition, fascination induced by 
the variable aspect of daylight could, according to the Attention Restoration Theory (Kaplan, 
1995), provide an opportunity for reflection and thereby enhance the recovery from directed 
attention fatigue. This could, especially in office environments in which stress and fatigue 
commonly occur (Stansfeld & Candy, 2006), facilitate performance and positive affective 
state. Thus, apart from the dynamics in light that are required for entrainment of our internal 
clock, dynamic light could also lead to positive experiences amongst human beings due to the 
information value or fascination that can be provided by the dynamics. 

A dynamic light exposure pattern may also be motivated by the desire to optimally support 
our daytime functioning. Several studies suggest that we may acutely benefit from light at 
different times of day in terms of alertness, vitality and performance (Huiberts et al., 2015, 
2016, 2017; Smolders et al., 2012, 2013; Smolders & de Kort, 2014). Smolders et al. (2012) found 
that participants’ performance on a vigilance task improved as a consequence of bright light 
in the morning, but not in the afternoon. Subjective and physiological indicators did not 
show this time-of-day dependency in this study. In 2013, Smolders et al. did report a time-
of-day dependency for subjective vitality. Huiberts et al. (2015) reported a moderating role of 
time of day in acute effects on light, but no consistent conclusion could be drawn as different 
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variables rendered inconclusive findings. Similarly, Huiberts et al. (2017) found time-of-day 
dependencies for the effects of bright light on both subjective and performance indicators, 
albeit in different directions. Additionally, light might have stronger alerting effects when 
fatigue is higher. For example, Smolders and de Kort (2014) reported stronger effects of bright 
light on subjective sleepiness when participants were more mentally fatigued. Moreover, in 
the work by Smolders et al. (2013), prior self-reported vitality levels moderated the relationship 
between light and vitality. Furthermore, several studies have focused on counteracting 
the post-lunch dip using light treatment (Baek & Min, 2015; Kaida et al., 2006). Baek and 
Min (2015) demonstrated that white and blue-enriched light significantly reduced reaction 
times compared to darkness during the post-lunch dip. In the study by Kaida et al. (2006), 
no significant effects on performance and subjective sleepiness after lunch were found, 
but significantly higher physiological arousal was reported in natural bright light exposure 
compared to the control condition. Despite mixed results of the above-mentioned studies, 
there are indications that, depending on the time of day and individual’s affective and/or 
mental state, different light conditions across the day are needed to optimally support human 
psychological and physiological functioning. 

Light effects are not only moderated by time of day or momentary affective and/or mental 
state, effects of light have also been reported to depend on type of task or activity (e.g., Lok 
et al., 2018). Thus, the application of dynamic light scenarios could be motivated by the 
requirement of different light settings for different tasks that are performed throughout the 
day. The literature on task dependency in effects of light is not very conclusive (e.g., Baron et 
al., 1992; Gabel et al., 2015; Smolders & de Kort, 2017; Steidle et al., 2013). Warm, dim light has 
been related to a stronger preference for collaboration (Steidle et al., 2013) and in resolving 
interpersonal conflicts, whereas cool, dim light led to a stronger preference for avoidance 
behavior to solve conflicts (Baron et al., 1992). Furthermore, Gabel et al. (2015) reported task-
dependent effects of dawn simulation on cognitive performance. They showed significant 
enhancements on attention-based tasks following dawn simulation, however, inconsistent 
results were found for various executive functioning tasks (Gabel et al., 2015). Similar mixed 
results were found in the study by Smolders and de Kort (2017) in which the effect of CCT 
on various tasks was tested. In both a simple reaction time task and the attention network 
task, no significant effects of CCT were found. In contrast, in an inhibitive performance task 
and an addition task, performance enhancements were found in the warm light condition, 
although these were moderated by the time of day (Smolders & de Kort, 2017). In addition to 
the moderating role of the type of task, various studies have tested the moderating role of 
task difficulty, but these results were inconsistent too (Huiberts et al., 2015, 2016; Ru et al., 
2019). In Huiberts et al. (2015) bright light resulted in improved performance on easy tasks, 
but not on difficult tasks. The contrary was found for some tasks in Huiberts et al. (2016) and 
Ru et al. (2019). Despite the lack of clear and consistent results, the literature does suggest 
that tuning the lighting for specific task types or goals is likely necessary in order to facilitate 
performance.  
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The described literature provides multiple reasons for the employment of dynamic light 
scenarios. These perspectives may have different implications for the design of a dynamic 
light scenario. Support of our circadian rhythms is achieved by a pronounced and well-timed 
day-night variation in light exposure. On the other hand, rather different dynamics would 
be required for the design of a dynamic light scenario that aims to be fascinating and/or 
informative; potentially it would need to include more subtle, but more frequent dynamics. 
Furthermore, light conditions may be dynamically set to provide support at certain times of 
day, or to acutely support the ongoing task or activity. The current review was performed to 
systematically explore what type of dynamic scenarios have been designed and tested to date 
for daytime use, what the motivations behind them were, and what effects were demonstrated. 

Method 
Studies on the effects of dynamic light scenarios during the day on human functioning 

were examined on the basis of a systematic literature search in ‘Scopus’, ‘PsycINFO’ and 
‘WebOfScience’. Articles were included based on the following keywords. First, the title of the 
paper had to include the term: ‘light’, ‘lighting’, ‘light exposure’ or ‘illumination’. Furthermore, 
the title or the abstract had to contain one of the following words referring to dynamic 
scenarios: ‘dynamic’, ‘variable’, ‘changing’, ‘daylight curve’ or ‘modulation’. Additionally, 
articles had to use preset light settings for a substantial part of the day, which was classified 
as more than four hours. The focus was on the effect of these dynamic scenarios on alertness, 
mood, health, performance, sleep, experience of the lighting, and/or comfort. Therefore, 
either the abstract or the title had to include: ‘alertness’, ‘mood’, ‘health’, ‘performance’, 
‘sleep’, ‘appraisal’, ‘experience’, ‘satisfaction’ or ‘comfort’. Only English journal articles were 
included in this review. The search coverage spanned the period from the earliest records 
of each database (‘Scopus’: 1788, ‘PsycINFO’: 1967 and ‘WebofScience’: 1945) up until the day 
of the search. The search was performed on the 10th of September, 2019 and repeated on the 
2nd of June, 2020 to update the results. This resulted in a total of 330 unique articles of which 
the title and abstract were analyzed to select relevant articles. Forty-one of these papers did 
not refer to studies on light as electromagnetic radiation in the visual part of the spectrum. 
Additionally, 57 of the articles used ‘light’ metaphorically in the title. Eighty-six articles did not 
study effects of different light conditions, and an additional 53 did not study effects of light on 
human beings. Another 74 articles were excluded as they did not test the effects of dynamic 
light according to the definition given before. Last, seven studies did not describe original 
empirical work, and three studies were excluded as the tested scenario was not longer than 
four hours. This resulted in nine journal articles that were included in this analysis. Using 
back and forward referencing, five additional journal articles were subsequently included. As 
a result, 14 articles were included in this review. The included articles are listed in Table 2.1 
(p 30-37).  

2.2
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2.3.1

Results 
In the following section, the dynamic light scenarios that were tested in the included studies 

are described. Second, we explore the theoretical rationale for employing and investigating 
these dynamic light scenarios. Last, the measurement protocols are discussed and the 
experimental findings are described to evaluate the effectiveness of the dynamic light scenario. 
In Table 2.1, a detailed overview of the study designs, light scenarios, measurement protocols 
and outcome measures of the studies is given. 

Light scenarios  
The included studies varied widely in terms of the dynamic scenarios that were tested. In 

the vast majority of studies, the luminous exposure in the dynamic condition was higher 
compared to the reference condition. Most of the studies employed brighter and more 
blueish light in the morning compared to the rest of the day. Yet, the actual illuminance and 
CCT levels, as well as the temporal dynamics in the light settings, varied substantially. Four of 
the included studies used a morning increase in illuminance and CCT, after which the light 
was dimmed towards the reference condition in one or more steps over the day (Canazei et 
al., 2019; Jensen et al., 2016; Lowden & Åkerstedt, 2012; van Lieshout-van Dal et al., 2019). 
In these studies, the light increased towards levels ranging between 200 lux and 1100 lux at 
the eye and between 3720 K to 6000 K. A fifth study used a similar scenario in the morning, 
but then kept this light setting constant until the end of the exposure period (until 14:00; 
(Canazei et al., 2014)). Moreover, in the study by Aries et al. (2020) a more subtle increase in 
morning illuminance was followed by dimming the illuminance lower than the reference 
level. Additionally, they tested a reversed scenario with dimmer light in the morning and 
brighter light in the afternoon (Aries et al., 2020). 

Four other studies used one or multiple very strong light boosts lasting one to two-and-a-half 
hours (Giménez et al., 2017; Hoffmann et al., 2008, 2010; Simons et al., 2018). These boosts 
typically were 1700 - 1800 lux in the horizontal plane with a CCT ranging between 4300 - 
6500 K. In addition, in one study the effect of six considerably shorter, but stronger boosts 
was tested (Iskra-Golec & Smith, 2008). The timing of the light boosts varied considerably 
between these studies. In addition to these studies with very strong light boosts, de Kort 
and Smolders (2010) employed two light peaks, of which the timing was similar to the study 
by Hoffmann et al. (2008, 2010), yet the manipulation was more subtle. Most studies using 
light boosts/peaks implemented a period during (or just after) lunch, in which the light was 
equal to the reference condition in terms of illuminance (Giménez et al., 2017; Hoffmann et 
al., 2008, 2010) or both illuminance and CCT (de Kort & Smolders, 2010; Simons et al., 2018).  

Furthermore, there were two related studies, both performed in schools, in which the exact 
scenario was unspecified, but the teachers could freely select the appropriate light settings for 
the students from seven presets (Barkmann et al., 2012; Wessolowski et al., 2014). Presets were 
also offered in the study by Giménez et al. (2017), in addition to the preset dynamic scenario.  

2.3
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Table 2.1. Studies investigating dynamic light scenarios

Authors 
(Publication 
Year)

Study Design Sample Light Scenarios Control over 
Light Setting

Measurement Protocol
S = Sleep
A = Affective States and 
Appraisals
P = Performance and 
Physiology

Results
Sleep

 
Affective States and 
Appraisals

Performance and 
Physiology

1 Aries, Beute 
and Fischl 
(2020) 

Field study – within subjects
Exposure during 6 
consecutive weeks:
Group A was exposed to 
Baseline for 1 week, then 
2 weeks of HighLow (HL) 
dynamic, subsequently 2 
weeks of LowHigh (LH) 
dynamic, and then 1 more 
week of Baseline lighting. 
Group B was exposed to 
1 week Baseline, 2 weeks 
LH, 2 weeks HL and 1 week 
Baseline
(Laboratory study - 
not addressed in this 
review) 

21 employees (5 
female)

No control A & P: three times on 
three consecutive days in 
week 2 to 5, three times 
pn one day in week 1 and 
6: at 10:00, 12:00 and 
14:00

Pleasantness LH ↓ + HL 
NS, sleepiness LH + HL 
NS , satisfaction LH + 
HL ↓1

Reaction time LH + 
HL NS (Vigilance Task 
Mackworth Clock test), 
reaction time LH + HL 
↓ and performance 
score LH + HL ↑ (three-
dimensional Mental 
Rotation exercise)

2 Barkmann, 
Wessolowski 
and Schulte-
Markvort (2012) 

Field study – between subjects
Exposure during 9 months: 
55 to dynamic lighting, 55 to 
reference lighting. Eleven 
teachers completed lighting 
evaluations

110 students (62 
female) of two 
elementary school 
classes and two 
secondary school 
classes

Controlled 
by teacher

A: after 9 months 
P: pre-test in ‘Standard’ 
and post-test in 
‘Concentrate’ setting after 
4 weeks

Subjective evaluation 
of system, evaluation 
of emotional and social 
school experiences

Concentration ↑2 
(Brickenkamp d2 Test 
of Attention), reading 
speed ↑ and reading 
comprehension NS 
(ELFE 1-6 for 4th grade 
and LGVT 6-12 for 10th 
grade)

3 Canazei, 
Dehoff, Staggl 
and Pohl (2014) 

Field study – mixed design
In both summer and winter: 
5 weeks reference lighting, 5 
weeks dynamic lighting

24-29 female 
permanent morning 
shift workers, (17 
with full data for 
both conditions in 
two seasons) 

No control After 4 weeks of 
adaptation:
S: once 
A: three times on three 
subsequent days: at 6:00, 
10:30 and 14:00
P (1): daily score
P (2): 1x 24-hr continuous 
measurement 

Sleep quality 
NS (PSQI), sleep 
latency ↓ (PSQI)

Anxiety/depression ↓3, 
arousal ↓3, fatigue ↓3, 
remaining dimensions 
NS3 (EWL)

1. Productivity ↑4 (mean 
handling times)
2. HR NS, HRV ↑5

4 Canazei, Pohl, 
Weninger, 
Bliem, Weiss, 
Koch, Berger, 
Firolovic and 
Marth (2019) 

Field study – between subjects
Exposure from after 
Caesarean section until the 
5th post-operative day: 36 
to dynamic lighting, 36 to 
reference lighting

72 mothers and 
their neonates

Manual 
control over 
illuminance 
during 
~20 hr 
(M). In the 
reference 
condition, 
manual on/
off control

S & A: on 2nd, 3rd, 4th and 
5th day before breakfast
P (1): mean hourly scores 
over 72 hr
P (2): 24 hr starting at 
6:00 on the 4th post-
operative day 

Sleep quality 
NS (Richards-
Campbell Sleep 
Questionnaire & 
two items from 
the PSQI) 

Mood NS (Adjective 
Mood Scale)

1. Maternal physical 
activity NS, neonatal 
physical activity ↓6

2. Maternal urinary 
melatonin NS
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Table 2.1. Studies investigating dynamic light scenarios

Authors 
(Publication 
Year)

Study Design Sample Light Scenarios Control over 
Light Setting

Measurement Protocol
S = Sleep
A = Affective States and 
Appraisals
P = Performance and 
Physiology

Results
Sleep

 
Affective States and 
Appraisals

Performance and 
Physiology

1 Aries, Beute 
and Fischl 
(2020) 

Field study – within subjects
Exposure during 6 
consecutive weeks:
Group A was exposed to 
Baseline for 1 week, then 
2 weeks of HighLow (HL) 
dynamic, subsequently 2 
weeks of LowHigh (LH) 
dynamic, and then 1 more 
week of Baseline lighting. 
Group B was exposed to 
1 week Baseline, 2 weeks 
LH, 2 weeks HL and 1 week 
Baseline
(Laboratory study - 
not addressed in this 
review) 

21 employees (5 
female)

No control A & P: three times on 
three consecutive days in 
week 2 to 5, three times 
pn one day in week 1 and 
6: at 10:00, 12:00 and 
14:00

Pleasantness LH ↓ + HL 
NS, sleepiness LH + HL 
NS , satisfaction LH + 
HL ↓1

Reaction time LH + 
HL NS (Vigilance Task 
Mackworth Clock test), 
reaction time LH + HL 
↓ and performance 
score LH + HL ↑ (three-
dimensional Mental 
Rotation exercise)

2 Barkmann, 
Wessolowski 
and Schulte-
Markvort (2012) 

Field study – between subjects
Exposure during 9 months: 
55 to dynamic lighting, 55 to 
reference lighting. Eleven 
teachers completed lighting 
evaluations

110 students (62 
female) of two 
elementary school 
classes and two 
secondary school 
classes

Controlled 
by teacher

A: after 9 months 
P: pre-test in ‘Standard’ 
and post-test in 
‘Concentrate’ setting after 
4 weeks

Subjective evaluation 
of system, evaluation 
of emotional and social 
school experiences

Concentration ↑2 
(Brickenkamp d2 Test 
of Attention), reading 
speed ↑ and reading 
comprehension NS 
(ELFE 1-6 for 4th grade 
and LGVT 6-12 for 10th 
grade)

3 Canazei, 
Dehoff, Staggl 
and Pohl (2014) 

Field study – mixed design
In both summer and winter: 
5 weeks reference lighting, 5 
weeks dynamic lighting

24-29 female 
permanent morning 
shift workers, (17 
with full data for 
both conditions in 
two seasons) 

No control After 4 weeks of 
adaptation:
S: once 
A: three times on three 
subsequent days: at 6:00, 
10:30 and 14:00
P (1): daily score
P (2): 1x 24-hr continuous 
measurement 

Sleep quality 
NS (PSQI), sleep 
latency ↓ (PSQI)

Anxiety/depression ↓3, 
arousal ↓3, fatigue ↓3, 
remaining dimensions 
NS3 (EWL)

1. Productivity ↑4 (mean 
handling times)
2. HR NS, HRV ↑5

4 Canazei, Pohl, 
Weninger, 
Bliem, Weiss, 
Koch, Berger, 
Firolovic and 
Marth (2019) 

Field study – between subjects
Exposure from after 
Caesarean section until the 
5th post-operative day: 36 
to dynamic lighting, 36 to 
reference lighting

72 mothers and 
their neonates

Manual 
control over 
illuminance 
during 
~20 hr 
(M). In the 
reference 
condition, 
manual on/
off control

S & A: on 2nd, 3rd, 4th and 
5th day before breakfast
P (1): mean hourly scores 
over 72 hr
P (2): 24 hr starting at 
6:00 on the 4th post-
operative day 

Sleep quality 
NS (Richards-
Campbell Sleep 
Questionnaire & 
two items from 
the PSQI) 

Mood NS (Adjective 
Mood Scale)

1. Maternal physical 
activity NS, neonatal 
physical activity ↓6

2. Maternal urinary 
melatonin NS
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Authors 
(Publication 
Year)

Study Design Sample Light Scenarios Control over 
Light Setting

Measurement Protocol
S = Sleep
A = Affective States and 
Appraisals
P = Performance and 
Physiology

Results
Sleep

 
Affective States and 
Appraisals

Performance and 
Physiology

5 Giménez, 
Geerdinck, 
Versteylen, 
Leffers, Meekes, 
Herremans, de 
Ruyter, Bikker, 
Kuipers and 
Schlangen 
(2017)

Field study – between subjects
All patients were exposed 
for the entire length of stay 
(median 5 days): 48 patients 
to dynamic lighting, 44 to 
reference lighting. Light 
appraisals were by 36 staff 
members

92 cardiology ward 
patients (61 out of 
196 initially enrolled 
participants were 
female)

Manual 
control over 
additional 
‘dimmable 
reading 
light, with a 
maximum
illuminance 
of 300 
lux.’ In the 
reference 
condition, 
manual on/
off control

S (1): continuous
S (2): once at intake, once 
at discharge 
A (1): daily 
A (2): daily at 9:00, 11:00, 
13:00, 15:00 
A (3): once at discharge

1. Total sleep 
duration ↑, sleep 
onset latency ↓, 
length of stay NS 
(Actigraph)
2. Sleep quality NS 
(PSQI) 

1. Mood NS (HADS), 
eye-strain ↑, eye-
fatigue ↑, difficulty 
concentrating ↑ and 
headache ↑, remaining 
dimensions NS7 (HES),
2. Sleepiness NS (KSS), 
3. Lighting appraisal ↑ 
(satisfaction)

6 Hoffmann, 
Gufler, 
Griesmacher, 
Bartenbach, 
Canazei, 
Staggl and 
Schobersberger 
(2008) 

Laboratory study – within 
subjects
3 consecutive days in 
dynamic lighting and 
3 consecutive days in 
reference lighting, with 11-
day break in between

11 male volunteers No control A: daily at beginning and 
end of the day
P: daily at 8:45, 12:45 and 
16:45

Self-assurance ↑8, 
liveliness ↑8, activity 
↑8, concentration ↑8, 
deactivation ↓8, fatigue 
↓8, stupor ↓8, remaining 
dimensions NS8 (EWL)

Urinary melatonin NS 
and neopterin NS

7 Hoffmann, 
Griesmacher, 
Bartenbach and 
Schobersberger 
(2010) 

P (1): twice each day, once 
in the morning and once 
in the afternoon
P (2): 7 times a day: 9:15, 
10:15, 11:00, 13:00, 14:00, 
14:45, 16:15

1. Flicker/fusion 
frequency NS, 
continuous attention 
test NS, reaction time 
analyses NS, vigilance 
testing NS
2. Blood pressure 
NS, HR NS, urinary 
melatonin NS, white 
and red blood count NS

8 Iskra-Golec and 
Smith (2008) 

Laboratory study - within 
subjects
Counterbalanced: Exposure 
during two sessions of 13 hr, 
with two weeks in between

20 students (15 
female)

No control A (1): at 8:00 
A (2): at the end of each 
session 
P: half hourly between 
9:30 and 18:00

1. Global vigor 
(alertness, sleepiness, 
effort, weariness) ↑9, 
Global affect (happiness, 
calmness, sadness, 
tension) NS
2. Glaring ↑, soft ↓, 
dim ↓, bright ↑, warm 
NS, comfort ↓, normal 
↓, intense ↑, cool NS 
(Light perception sheet)

Speed of spatial stimuli 
processing NS, speed on 
spatial performance NS, 
accuracy of spatial task 
performance NS, speed 
of verbal performance 
NS, Accuracy of verbal 
performance NS
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Authors 
(Publication 
Year)

Study Design Sample Light Scenarios Control over 
Light Setting

Measurement Protocol
S = Sleep
A = Affective States and 
Appraisals
P = Performance and 
Physiology

Results
Sleep

 
Affective States and 
Appraisals

Performance and 
Physiology

5 Giménez, 
Geerdinck, 
Versteylen, 
Leffers, Meekes, 
Herremans, de 
Ruyter, Bikker, 
Kuipers and 
Schlangen 
(2017)

Field study – between subjects
All patients were exposed 
for the entire length of stay 
(median 5 days): 48 patients 
to dynamic lighting, 44 to 
reference lighting. Light 
appraisals were by 36 staff 
members

92 cardiology ward 
patients (61 out of 
196 initially enrolled 
participants were 
female)

Manual 
control over 
additional 
‘dimmable 
reading 
light, with a 
maximum
illuminance 
of 300 
lux.’ In the 
reference 
condition, 
manual on/
off control

S (1): continuous
S (2): once at intake, once 
at discharge 
A (1): daily 
A (2): daily at 9:00, 11:00, 
13:00, 15:00 
A (3): once at discharge

1. Total sleep 
duration ↑, sleep 
onset latency ↓, 
length of stay NS 
(Actigraph)
2. Sleep quality NS 
(PSQI) 

1. Mood NS (HADS), 
eye-strain ↑, eye-
fatigue ↑, difficulty 
concentrating ↑ and 
headache ↑, remaining 
dimensions NS7 (HES),
2. Sleepiness NS (KSS), 
3. Lighting appraisal ↑ 
(satisfaction)

6 Hoffmann, 
Gufler, 
Griesmacher, 
Bartenbach, 
Canazei, 
Staggl and 
Schobersberger 
(2008) 

Laboratory study – within 
subjects
3 consecutive days in 
dynamic lighting and 
3 consecutive days in 
reference lighting, with 11-
day break in between

11 male volunteers No control A: daily at beginning and 
end of the day
P: daily at 8:45, 12:45 and 
16:45

Self-assurance ↑8, 
liveliness ↑8, activity 
↑8, concentration ↑8, 
deactivation ↓8, fatigue 
↓8, stupor ↓8, remaining 
dimensions NS8 (EWL)

Urinary melatonin NS 
and neopterin NS

7 Hoffmann, 
Griesmacher, 
Bartenbach and 
Schobersberger 
(2010) 

P (1): twice each day, once 
in the morning and once 
in the afternoon
P (2): 7 times a day: 9:15, 
10:15, 11:00, 13:00, 14:00, 
14:45, 16:15

1. Flicker/fusion 
frequency NS, 
continuous attention 
test NS, reaction time 
analyses NS, vigilance 
testing NS
2. Blood pressure 
NS, HR NS, urinary 
melatonin NS, white 
and red blood count NS

8 Iskra-Golec and 
Smith (2008) 

Laboratory study - within 
subjects
Counterbalanced: Exposure 
during two sessions of 13 hr, 
with two weeks in between

20 students (15 
female)

No control A (1): at 8:00 
A (2): at the end of each 
session 
P: half hourly between 
9:30 and 18:00

1. Global vigor 
(alertness, sleepiness, 
effort, weariness) ↑9, 
Global affect (happiness, 
calmness, sadness, 
tension) NS
2. Glaring ↑, soft ↓, 
dim ↓, bright ↑, warm 
NS, comfort ↓, normal 
↓, intense ↑, cool NS 
(Light perception sheet)

Speed of spatial stimuli 
processing NS, speed on 
spatial performance NS, 
accuracy of spatial task 
performance NS, speed 
of verbal performance 
NS, Accuracy of verbal 
performance NS
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Authors 
(Publication 
Year)

Study Design Sample Light Scenarios Control over 
Light Setting

Measurement Protocol
S = Sleep
A = Affective States and 
Appraisals
P = Performance and 
Physiology

Results
Sleep

 
Affective States and 
Appraisals

Performance and 
Physiology

9 Jensen, 
Markvart, 
Holst, 
Thomsen, 
Larsen, Eg and 
Nielsen (2016) 

Field study – between subjects
Exposure during 10-day 
period with at
least 2 evening or night 
shifts in a row, 2 dayshifts 
or 2 days off in a row: 55 to 
dynamic lighting, and 58 to 
reference lighting

113 intensive care 
nurses working in 
shifts

Manual 
control over 
additional 
settings: 
acute, 
calming, IV 
catheter, 
ultra 
sound, and 
surveillance

S (1): continuously worn
S (2): daily
P: on evening/night shift 
(21:00, 00:00, 3:00, 6:00 
& before sleep / 21:00, 
00:00, 3:00 & at waking 
up) and dayshift/day off 
(when waking up and 
before sleep)

1. Sleep efficiency 
NS, sleep latency 
NS, number of 
awakenings ↓ 
and length of 
awakenings NS 
(Acitgraph)
2. Sleep quality ↑10, 
degree of feeling 
rested ↑, condition 
at awakening ↑ 
(Sleep diary)

Salivatory melatonin 
NS

10 De Kort and 
Smolders (2010) 

Field study – within subjects
Dual-balanced: Group A 
was exposed to 3 weeks of 
dynamic lighting, 3 weeks 
of reference lighting and 3 
weeks of dynamic lighting, 
group B was exposed to 3 
weeks of reference lighting, 
3 weeks of dynamic lighting 
and 3 weeks of reference 
lighting

83 office workers (15 
female)

No control After 2 weeks of 
adaptation:
S, A & P: once

Sleep quality NS 
(PSQI)

Need for recovery NS, 
vitality NS, mental 
health NS, alertness NS, 
headache NS, eyestrain 
NS, experienced 
disturbances of daylight 
NS, pleasantness NS, 
experienced light 
level NS, experienced 
disturbances of lighting 
↑, satisfaction ↑

Subjective performance 
NS

11 Van Lieshout 
– van Dal, 
Snaphaan and 
Bongers (2019) 

Field study – within subjects
Counterbalanced: Group A 
was exposed to 3 weeks of 
dynamic lighting and then 3 
weeks of reference lighting, 
group B was exposed 
to 3 weeks of reference 
lighting and then 3 weeks of 
dynamic lighting

13 patients (7 female) 
diagnosed with 
dementia

No control After 2 weeks of 
adaptation:
S: continuous for 5 
subsequent days

Frequency of 
night-time bed-
leave moments 
↓ and daytime 
moments in bed ↓, 
time in ↑ and out 
of bed ↓ during 
the night, time in 
NS and out NS of 
bed during the day
(Caremonitor)

12 Lowden and 
Åkerstedt (2012) 

Field study – mixed design
Experimental group (N = 
7): 7 weeks in reference 
lighting (6 shifts) and 7 
weeks in dynamic lighting. 
Control group (N = 16): 14 
weeks in reference lighting

23 nuclear reactor 
and turbine 
operators (2 female) 
working in shifts

No control S (1) : continuously worn
A (1): bihourly
A (2) & S (2): once at the 
end of the study
P: during 1st and 3rd night 
shift (24:00, 2:00, 4:00 
& 6:00) and 2nd morning 
shift (7:00, 8:00 & 
9:00) 

1. Sleep onset NS, 
wake-up time ↑11 
, sleep length NS, 
sleep efficiency 
NS, wake time 
during sleep ↑, 
mean activity level 
during sleep NS 
(Actigraph)
2. Sleep quality NS 
(PSQI) 

1. Sleepiness,↑12 (KSS)
2. Health NS, stress NS, 
mood NS, alertness ↑, 
readability NS, glare 
NS, general perception 
of the light conditions 
NS 

Salivatory melatonin ↓13
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(Publication 
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Study Design Sample Light Scenarios Control over 
Light Setting

Measurement Protocol
S = Sleep
A = Affective States and 
Appraisals
P = Performance and 
Physiology

Results
Sleep

 
Affective States and 
Appraisals

Performance and 
Physiology

9 Jensen, 
Markvart, 
Holst, 
Thomsen, 
Larsen, Eg and 
Nielsen (2016) 

Field study – between subjects
Exposure during 10-day 
period with at
least 2 evening or night 
shifts in a row, 2 dayshifts 
or 2 days off in a row: 55 to 
dynamic lighting, and 58 to 
reference lighting

113 intensive care 
nurses working in 
shifts

Manual 
control over 
additional 
settings: 
acute, 
calming, IV 
catheter, 
ultra 
sound, and 
surveillance

S (1): continuously worn
S (2): daily
P: on evening/night shift 
(21:00, 00:00, 3:00, 6:00 
& before sleep / 21:00, 
00:00, 3:00 & at waking 
up) and dayshift/day off 
(when waking up and 
before sleep)

1. Sleep efficiency 
NS, sleep latency 
NS, number of 
awakenings ↓ 
and length of 
awakenings NS 
(Acitgraph)
2. Sleep quality ↑10, 
degree of feeling 
rested ↑, condition 
at awakening ↑ 
(Sleep diary)

Salivatory melatonin 
NS

10 De Kort and 
Smolders (2010) 

Field study – within subjects
Dual-balanced: Group A 
was exposed to 3 weeks of 
dynamic lighting, 3 weeks 
of reference lighting and 3 
weeks of dynamic lighting, 
group B was exposed to 3 
weeks of reference lighting, 
3 weeks of dynamic lighting 
and 3 weeks of reference 
lighting

83 office workers (15 
female)

No control After 2 weeks of 
adaptation:
S, A & P: once

Sleep quality NS 
(PSQI)

Need for recovery NS, 
vitality NS, mental 
health NS, alertness NS, 
headache NS, eyestrain 
NS, experienced 
disturbances of daylight 
NS, pleasantness NS, 
experienced light 
level NS, experienced 
disturbances of lighting 
↑, satisfaction ↑

Subjective performance 
NS

11 Van Lieshout 
– van Dal, 
Snaphaan and 
Bongers (2019) 

Field study – within subjects
Counterbalanced: Group A 
was exposed to 3 weeks of 
dynamic lighting and then 3 
weeks of reference lighting, 
group B was exposed 
to 3 weeks of reference 
lighting and then 3 weeks of 
dynamic lighting

13 patients (7 female) 
diagnosed with 
dementia

No control After 2 weeks of 
adaptation:
S: continuous for 5 
subsequent days

Frequency of 
night-time bed-
leave moments 
↓ and daytime 
moments in bed ↓, 
time in ↑ and out 
of bed ↓ during 
the night, time in 
NS and out NS of 
bed during the day
(Caremonitor)

12 Lowden and 
Åkerstedt (2012) 

Field study – mixed design
Experimental group (N = 
7): 7 weeks in reference 
lighting (6 shifts) and 7 
weeks in dynamic lighting. 
Control group (N = 16): 14 
weeks in reference lighting

23 nuclear reactor 
and turbine 
operators (2 female) 
working in shifts

No control S (1) : continuously worn
A (1): bihourly
A (2) & S (2): once at the 
end of the study
P: during 1st and 3rd night 
shift (24:00, 2:00, 4:00 
& 6:00) and 2nd morning 
shift (7:00, 8:00 & 
9:00) 

1. Sleep onset NS, 
wake-up time ↑11 
, sleep length NS, 
sleep efficiency 
NS, wake time 
during sleep ↑, 
mean activity level 
during sleep NS 
(Actigraph)
2. Sleep quality NS 
(PSQI) 

1. Sleepiness,↑12 (KSS)
2. Health NS, stress NS, 
mood NS, alertness ↑, 
readability NS, glare 
NS, general perception 
of the light conditions 
NS 

Salivatory melatonin ↓13
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Authors 
(Publication 
Year)

Study Design Sample Light Scenarios Control over 
Light Setting

Measurement Protocol
S = Sleep
A = Affective States and 
Appraisals
P = Performance and 
Physiology

Results
Sleep

 
Affective States and 
Appraisals

Performance and 
Physiology

13 Simons, 
Boeijen, 
Mertens, Rood 
and Jager (2018) 

Field study – within subjects
3 to 4 consecutive days in 
dynamic lighting and 3 
to 4 consecutive days in 
reference lighting, with 
wash-out period

10 intensive care 
nurses (7 female)

In the 
reference 
condition, 
manual on/
off control

A & P: before and 
after each test period 
(condition)

CES-D NS, FAS NS, 
WHOQOL-BREF ↓14

Test of divided 
attention NS, test of 
selective sustained 
attention NS

14 Wessolowski, 
Koenig, 
Schulte-
Markvart and 
Barkmann 
(2014) 

Field study – between subjects
Exposure during 9 months: 
55 to dynamic lighting, 55 to 
reference lighting. Eleven 
teachers completed lighting 
evaluations

110 students (62 
female) of two 
elementary school 
classes and two 
secondary school 
classes

Controlled 
by teacher

A (1): pre-test and after 9 
months post-test
A (2): pre-test in 
‘Standard’ and post-test in 
‘Relax’ setting

1. Fidgetiness NS 
(Conners Rating Scales), 
aggressive behavior 
NS (Aggressiveness of 
Youth Self-Report)
2. Fidgetiness ↓ (“Move-
it” optical measurement 
procedure), aggression ↓ 
and prosocial behavior 
NS (Observation System 
for Analyzing Aggressive 
Behavior in School 
Settings)

 
In case different measurement protocols were used for one category of measures, an index was placed next to the category 
indicator. Measures for which significant differences between the reference and the dynamic protocol emerged are indicated 
using ↑ for an increase and ↓ for a decrease due to the dynamic light protocol compared to the reference protocol. Nonsignificant 
different are indicated using NS.
Abbreviations: PSQI - Pittsburgh Sleep Quality Index, EWL - Mood Adjective Checklist (Eigenschaftwörterliste), HR - Heart Rate, 
HRV - Heart Rate Variability, HADS - Hospital Anxiety and Depression Scale, KSS - Karolinska Sleepiness Scale, HES - Headache 
and Eye-Strain, CES-D - the Center for Epidemiologic Studies Depression scale, FAS - the Fatigue Assessment Scale, WHOQOL-
BREF - World Health Organization Quality of Life abbreviated version

1. Satisfaction increased from morning to lunch for LH and HL, whereas satisfaction decreased in the baseline in this period
2. Only significant for the number of errors of mission, not significant for the numbers of processed characters, total errors and incorrect 

characters
3. Significant effects were time-dependent: anxiety/depression before shift only, arousal during shift only and fatigue at end of shift only. 

Remaining dimensions: anger, excitation, and self-confidence
4. Only significant for mean relative handling times in winter, not in summer
5. Only significant for high frequency power (main effect of light condition and interaction effect light x time), not significant for other 

HRV frequency bands
6. Only significant for the temporal midpoint of 10 most active hours, not for other neonatal activity measures
7. Remaining dimensions: irritability, general eye-discomfort, difficulty focusing, and blurred vision
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Authors 
(Publication 
Year)

Study Design Sample Light Scenarios Control over 
Light Setting

Measurement Protocol
S = Sleep
A = Affective States and 
Appraisals
P = Performance and 
Physiology

Results
Sleep

 
Affective States and 
Appraisals

Performance and 
Physiology

13 Simons, 
Boeijen, 
Mertens, Rood 
and Jager (2018) 

Field study – within subjects
3 to 4 consecutive days in 
dynamic lighting and 3 
to 4 consecutive days in 
reference lighting, with 
wash-out period

10 intensive care 
nurses (7 female)

In the 
reference 
condition, 
manual on/
off control

A & P: before and 
after each test period 
(condition)

CES-D NS, FAS NS, 
WHOQOL-BREF ↓14

Test of divided 
attention NS, test of 
selective sustained 
attention NS

14 Wessolowski, 
Koenig, 
Schulte-
Markvart and 
Barkmann 
(2014) 

Field study – between subjects
Exposure during 9 months: 
55 to dynamic lighting, 55 to 
reference lighting. Eleven 
teachers completed lighting 
evaluations

110 students (62 
female) of two 
elementary school 
classes and two 
secondary school 
classes

Controlled 
by teacher

A (1): pre-test and after 9 
months post-test
A (2): pre-test in 
‘Standard’ and post-test in 
‘Relax’ setting

1. Fidgetiness NS 
(Conners Rating Scales), 
aggressive behavior 
NS (Aggressiveness of 
Youth Self-Report)
2. Fidgetiness ↓ (“Move-
it” optical measurement 
procedure), aggression ↓ 
and prosocial behavior 
NS (Observation System 
for Analyzing Aggressive 
Behavior in School 
Settings)

 

8. Significant effects were time-dependent: self-assurance and liveliness on day 1 only, activity, concentration and deactivation on day 
1 and 2 only, and fatigue and stupor on day 2 only. Remaining dimensions: Extroversion, Introversion, Irritability, Sensitivity, Anger, 
Anxiety, Depression, Dreaminess

9. Only significant at 13:00, not at the other measurement points
10. Only significant for sleep quality after night shifts, not after day shifts
11. Only significant after daytime sleep, not significant during other nights 
12. Only significant before and during the second night shift, not significant for the other night or day shifts
13. Only significant after the second dayshift, not significant for the other shifts
14. Only significant for psychological health and environment, not significant for physical health, social relationships and overall quality 

of life and health.
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In 11 out of 14 studies, participants were exposed to the reference and dynamic light scenario 
during the (~8-hr) working or school day (Aries et al., 2020; Barkmann et al., 2012; Canazei 
et al., 2014; de Kort & Smolders, 2010; Hoffmann et al., 2008, 2010; Iskra-Golec & Smith, 
2008; Jensen et al., 2016; Lowden & Åkerstedt, 2012; Simons et al., 2018; Wessolowski et al., 
2014). In three of these studies, a 24-hr light scenario was developed, but the participants were 
exposed to only a part of this scenario depending on the shift they worked (Jensen et al., 2016; 
Lowden & Åkerstedt, 2012; Simons et al., 2018). In three other studies, the participants, which 
were patients in a hospital or care home, were continuously exposed to a 24-hr light scenario 
(Canazei et al., 2019; Giménez et al., 2017; van Lieshout-van Dal et al., 2019).  

Overall, the investigated scenarios showed substantial differences in terms of the luminous 
exposure, spectrum and the temporal pattern. These striking differences in light scenarios 
may be explained by different underlying motivations for the employed light scenarios.

Motivation for investigating dynamic lighting 
Half of the studies did not explicitly state why dynamic lighting was studied (Canazei et al., 

2014; Giménez et al., 2017; Hoffmann et al., 2008, 2010; Simons et al., 2018; van Lieshout-
van Dal et al., 2019). Simons et al. (2018) did express a focus on alerting effects of light, but 
without describing why a dynamic light application was used for this purpose. The same 
holds for Hoffman et al. (2008, 2010) who argued that in most office environments the light 
conditions do not suffice to positively affect employees’ performance and well-being. They 
suggested that higher illuminance and CCT would be required, but they did not explain the 
use of dynamic lighting specifically. Similarly, three studies referred to lighting standards that 
are relatively low in comparison to the natural light exposure outside (Canazei et al., 2014; 
Giménez et al., 2017; van Lieshout-van Dal et al., 2019). Giménez et al. (2017) reported that 
the applied light boost in the morning was used to advance the circadian rhythm and prevent 
sleep-compromising phase delays, but, again, did not provide an explicit motivation for the 
use of a dynamic light scenario. 

Iskra-Golec and Smith (2008) did explicitly address the motivation to study dynamic lighting 
and aimed to investigate whether the prior reported beneficial effects of intermittent light 
on human circadian rhythms extend to alertness and affective state. Similarly, Lowden 
and Åkerstedt (2012) argued that dynamic scenarios would have positive effects on internal 
rhythms and hypothesized that bright light in the morning will help to increase alertness 
and reset the circadian clock, whereas an end-of-day decrease in light level simulates the 
natural decrease in daylight availability. De Kort and Smolders (2010) and Jensen et al. (2016) 
described the aim to support the natural alertness and work rhythm of the employees, but 
also referred to the analogy with natural light explicitly. Canazei et al. (2019) and Aries et 
al. (2020) described this daylight analogy as well when motivating the implementation of 
dynamic light scenarios. In addition, Aries et al. (2020) raised the question whether dynamic 
light scenarios should imitate or supplement daylight. 
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In contrast, the dynamic lighting in Barkmann et al. (2012) and Wessolowski et al. (2014) 
was aimed at supporting specific tasks. More specifically, they designed light settings, such as 
‘Concentrate’ or ‘Relax’, that could be freely used in specific teaching situations. 

Study design and measurement protocols  
Presumably, the varying motivations for studying dynamic light scenarios underlie the 

included measures and therefore also the different measurement protocols to at least some 
extent. Furthermore, the measurement protocols have been partially determined by the 
overall study design. In the study by Lowden and Åkerstedt (2012), one experimental group 
was exposed to both the dynamic and the reference condition, whereas a control group was 
continuously exposed to reference lighting. Furthermore, in seven studies a within-subjects 
design was employed (Aries et al., 2020; de Kort & Smolders, 2010; Hoffmann et al., 2008, 
2010; Iskra-Golec & Smith, 2008; Simons et al., 2018; van Lieshout-van Dal et al., 2019). In the 
study by Canazei et al. (2014), the majority of the participants also completed all conditions, 
but in each condition up to twelve participants did not complete the full design. Last, a 
between-subjects design was employed in five studies (Barkmann et al., 2012; Canazei et al., 
2019; Giménez et al., 2017; Jensen et al., 2016; Wessolowski et al., 2014).  

Exposure duration of each condition in this selection of studies ranged between three days 
and nine months. Seven studies tested the effect of the dynamic light scenario on at least one 
of the measures after an adaptation period of several days or even months (Barkmann et al., 
2012; Canazei et al., 2014, 2019; de Kort & Smolders, 2010; Giménez et al., 2017; Lowden & 
Åkerstedt, 2012; van Lieshout-van Dal et al., 2019).  

The sampling resolution varied also between and within the studies. Apart from four 
exceptions (Canazei et al., 2014; de Kort & Smolders, 2010; Giménez et al., 2017; Lowden & 
Åkerstedt, 2012), effects of the light conditions on sleep-related measures were examined 
using measurements after a full day of exposure either based on actigraphy (Giménez et al., 
2017; Jensen et al., 2016; Lowden & Åkerstedt, 2012; van Lieshout-van Dal et al., 2019) or on 
sleep diaries (Canazei et al., 2019; Jensen et al., 2016). In three of the studies, subjective sleep 
quality was assessed only once per condition (Canazei et al., 2014; de Kort & Smolders, 2010; 
Lowden & Åkerstedt, 2012). In the between-subjects design by Giménez et al. (2017), the 
effects on subjective sleep quality were assessed using a pre- and post-exposure assessment. 

The affective states were also assessed at different frequencies. In six studies, the affective 
states were measured multiple times per day (Aries et al., 2020; Canazei et al., 2014; Giménez 
et al., 2017; Hoffmann et al., 2008; Iskra-Golec & Smith, 2008; Lowden & Åkerstedt, 2012). 
Furthermore, Giménez et al. (2017) assessed mood and Headache and Eye-Strain (HES) 
symptoms on a daily basis. In the study by Simons et al. (2018), the effects on the affective states 
were assessed before and after the three days of exposure to the dynamic or the reference 
condition. De Kort and Smolders (2010) included various affective states in the questionnaire 



- 40 -

- Chapter 2 -

2.3.4.1

2.3.4

that was completed once per condition. Similarly, the light conditions were mostly evaluated 
only once at the end of each condition (Barkmann et al., 2012; de Kort & Smolders, 2010; 
Giménez et al., 2017; Lowden & Åkerstedt, 2012). Only in the study by Aries et al. (2020) the 
satisfaction with the light conditions was measured repeatedly throughout each day. 

For the performance measures, pre- and post-assessments were taken in three studies 
(Barkmann et al., 2012; Simons et al., 2018; Wessolowski et al., 2014), repeated measures 
during the exposure in three other studies (Aries et al., 2020; Hoffmann et al., 2010; Iskra-
Golec & Smith, 2008), and a one-time subjective assessment in a seventh study (de Kort & 
Smolders, 2010). Daily scores were calculated for both productivity (Canazei et al., 2014) and 
physical activity levels (Canazei et al., 2019). In three studies, physiological indicators probing 
melatonin, neopterin, blood pressure, heart rate, and red and white blood counts were 
measured repeatedly (Canazei et al., 2019; Hoffmann et al., 2008, 2010; Jensen et al., 2016).  

Experimental findings 
Sleep  
Half of the studies (Canazei et al., 2014, 2019; de Kort & Smolders, 2010; Giménez et al., 2017; 

Jensen et al., 2016; Lowden & Åkerstedt, 2012; van Lieshout-van Dal et al., 2019) embedded 
sleep-related measures in their measurement protocol. Two out of the four studies that 
included measures on sleep timing reported significantly shorter sleep onset latency (assessed 
through PSQI in Canazei et al., 2014 and using actigraphy in Giménez et al., 2017). In contrast, 
Jensen et al. (2016) did not find a significant effect of the dynamic scenario on sleep latency 
assessed by actigraphy. Lowden and Åkerstedt (2012) found no statistically significant 
differences in sleep onset assessed by actigraphy, but reported a significant later wake up time 
after daytime sleep of the shift workers during the dynamic protocol. 

Furthermore, sleep duration significantly increased as a result of the dynamic protocol in the 
study by Giménez et al. (2017). Similarly, participants spent significantly more time in and less 
time out of bed during the night in the dynamic condition in the study by van Lieshout-van 
Dal et al. (2019). In contrast, no statistically significant effects of the dynamic light scenario on 
sleep duration were found in the study by Lowden and Åkerstedt (2012).  

Mixed results were found for sleep efficiency, or measures related to it. Neither study that 
examined sleep efficiency found a significant effect of dynamic light (Jensen et al., 2016; 
Lowden & Åkerstedt, 2012), whereas both studies that tested the difference in number of 
awakenings during the night, found a decrease as a result of the dynamic protocol (Jensen et 
al., 2016; van Lieshout-van Dal et al., 2019). Additionally, the total time of awakenings during 
the night significantly decreased in the dynamic condition in the study by van Lieshout-van 
Dal et al. (2019). In contrast, Lowden and Åkerstedt (2012) reported an increase of time awake 
during the sleep episode, and Jensen et al. (2016) found no statistically significant effect of the 
dynamic scenario.  
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Self-reported sleep quality significantly improved during the dynamic scenario in only one 
(Jensen et al., 2016) out of five studies that measured it; the others found no statistically 
significant differences in sleep quality between the dynamic lighting condition and the 
reference condition (Canazei et al., 2014, 2019; de Kort & Smolders, 2010; Giménez et al., 
2017).  

Affective states and appraisals  
Affective states and appraisals were examined in eleven studies (Aries et al., 2020; Barkmann 

et al., 2012; Canazei et al., 2014, 2019; de Kort & Smolders, 2010; Giménez et al., 2017; 
Hoffmann et al., 2008; Iskra-Golec & Smith, 2008; Lowden & Åkerstedt, 2012; Simons et al., 
2018; Wessolowski et al., 2014). Of the six studies that included alertness-related variables, 
such as KSS, fatigue and vitality (Aries et al., 2020; de Kort & Smolders, 2010; Giménez et 
al., 2017; Iskra-Golec & Smith, 2008; Lowden & Åkerstedt, 2012; Simons et al., 2018), only 
two studies reported a statistically significant increase in alertness at only one specific 
measurement period (see Table 2.1; Iskra-Golec & Smith, 2008; Lowden & Åkerstedt, 2012). 
Furthermore, mood questionnaires were included in eight studies (Aries et al., 2020; Canazei 
et al., 2014, 2019; Giménez et al., 2017; Hoffmann et al., 2008; Iskra-Golec & Smith, 2008; 
Lowden & Åkerstedt, 2012; Simons et al., 2018). Aries et al. (2020), Canazei et al. (2014) and 
Hoffmann et al. (2008) were the only studies in which some of the measured dimensions of 
mood significantly changed as a result of the dynamic light exposure (see Table 2.1). Similar 
to the effects on alertness, these effects were often time-dependent; significant differences 
occurred only at specific moments or on certain days. Moreover, in the overall long-term 
analysis by Wessolowski et al. (2014), no statistically significant effects of the long term use of 
designated task lighting were found on self-reported fidgetiness or aggressiveness, although a 
significant decrease in momentary observed fidgetiness and aggressiveness under designated 
task lighting was found.  

Five out of six studies reported significant effects of the light conditions on appraisals (Aries 
et al., 2020; Barkmann et al., 2012; de Kort & Smolders, 2010; Giménez et al., 2017; Iskra-Golec 
& Smith, 2008; Lowden & Åkerstedt, 2012). The dynamic scenario in the study by Iskra-Golec 
and Smith (2008) was evaluated as less normal, glaring, uncomfortable and intense. In line 
with this, Aries et al. (2020) reported a lower satisfaction as a result of the dynamic protocols. 
In contrast, participants indicated more satisfaction with the dynamic protocol respectively 
in the studies by Giménez et al. (2017) and by de Kort and Smolders (2010), but also more HES 
symptoms and disturbances by the artificial dynamic lighting. In the study by Barkmann et 
al. (2012) no significance testing was reported, but a general positive evaluation was given, 
although some students reported disturbances due to the dynamic light condition. In the 
study by Lowden and Åkerstedt (2012) no statistically significant differences in light appraisals 
between the dynamic and reference condition were found. 
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2.4.1

2.3.4.3 Task performance  
Reaction time and performance score on a mental rotation task were positively affected 

in the study by Aries et al. (2020), whereas vigilance was not. In the study by Barkmann et 
al. (2012), the designated task lighting led to a significant decrease in the number or errors 
of omission and increased reading speed, but did not affect reading comprehension. Task 
performance was not significantly affected in the other studies (Hoffmann et al., 2010; Iskra-
Golec & Smith, 2008; Simons et al., 2018). Subjective performance as assessed in the study by 
de Kort and Smolders (2010) was not significantly affected by the dynamic light condition. 
Last, Canazei et al. (2014) reported an increase in productivity as result of exposure to the 
dynamic scenario in winter, but not in summer.  

Physiology  
Canazei et al. (2014) reported increased high frequency power of HRV in the first half of 

the morning shift in the dynamic scenario compared to the reference scenario. Based on 
saliva sampling, Lowden and Åkerstedt (2012) found significantly decreased melatonin 
concentrations during the second morning shift in the dynamic condition, but not in the other 
shifts. The remaining studies that sampled melatonin reported no statistically significant 
effects (Canazei et al., 2019; Hoffmann et al., 2008, 2010; Jensen et al., 2016). Additionally, no 
significant effects on blood pressure, heart rate, red and white blood counts (Hoffmann et al., 
2010), and neopterin (Hoffmann et al., 2008) were found. 

Discussion 
Below we will reflect on the dynamic scenarios that have been studied, what motivated their 

design and what their effects were on sleep, alertness, mood, light appraisals, task performance 
and physiological arousal. Furthermore, we provide some recommendations that should be 
considered when studying dynamic light scenarios.  

The effects of the dynamic scenarios 
Half of the studies in this review included at least one sleep-related measure. Despite the 

varied assortment of scenarios and study paradigms, the majority of these studies suggested 
that the dynamic scenarios had the potential to positively affect sleep. Based on the included 
studies, a horizontal illuminance of more than 1500 lux at the end of the morning seems to 
be related to a shorter sleep onset latency compared to horizontal illuminance of 1000 lux 
or less. Similarly, the other sleep-related effects may be attributed to the higher luminous 
exposure in the morning during the dynamic scenarios. However, many other factors could 
also play a role in the circadian effects of light. For instance, these effects may also depend 
on the exact timing and the spectral composition of the light, and whether the dosage is 
provided over several hours or delivered in short, repeated light pulses (Duffy & Wright, 2005). 
Generally, the employed scenarios used light settings that were brighter and/or more blue-
enriched than their reference conditions. Yet, there was a wide variation in temporal pattern, 
illuminance and CCT of these light settings. The diversity in protocols prevents us from 

2.3.4.4
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drawing any conclusions regarding the most appropriate timing of a high luminous exposure 
or the required balance between the length and height of a light boost to maximize positive 
effects of the scenario, neither do these studies allow us to infer the effectiveness of stepwise 
versus gradual increases in light. The effect of gradual increases of light in the early morning 
(i.e., dawn simulation) on sleep inertia and sleepiness in healthy and clinical participants has 
been established quite firmly (e.g., Danilenko et al., 2000, 2009; Gabel et al., 2015; Giménez 
et al., 2010; Leppämäki et al., 2003; Terman et al., 1989; van de Werken et al., 2010). However, 
dynamic aspects in light during the day have only been investigated sparsely and focused on 
acute alerting effects and visual comfort rather than sleep and circadian entrainment (e.g., 
Hartstein et al., 2020; Izsó et al., 2009; Ye et al., 2018).  

Overall, mood and alertness did not improve with the employed daytime dynamic light 
scenarios, but significant effects were found at specific measurement moments. Unfortunately, 
no trend concerning a specific time of day or light setting that was most effective could be 
identified. The study by Hoffmann et al. (2008) did seem to suggest habituation to the light 
scenario as the significant effects emerged during the first few days of exposure, but then 
disappeared. Any effects of dynamic light scenarios on mood pertained particularly to the 
arousal dimension of the circumplex model of affect (Russell, 1980). The studies that reported 
significant effects hinted at increased alertness and arousal as a result of the exposure to 
the dynamic lighting. The absence of aggregated effects in combination with the presence 
of momentary effects during the brighter and bluer light exposure suggests that the light 
settings employed in the dynamic scenarios may acutely, but not persistently, affected 
alertness and mood. This is in line with the literature on acute alerting effects of bright and/
or blue-enriched light exposure during the day (e.g., Lok et al., 2018; Souman et al., 2018).  

Whether these alerting effects also transfer to increased productivity is often hard to establish. 
Only Canazei et al. (2014) included a measure of productivity and found a positive effect, 
albeit season-dependent. Task performance was included more often than productivity, but 
only few significant effects were found. None of these studies included parallel assessments of 
mental effort, which is unfortunate as this might explain the lack of performance differences 
(Lasauskaite & Cajochen, 2018). The improved task performance on the mental rotation task 
in the study by Aries et al. (2020) did seem to demonstrate an overall effect of the dynamic 
scenario as the luminous exposure between the dynamic and reference scenario did not differ 
substantially, but the difference in temporal pattern of the lighting between the two dynamic 
scenarios had no statistically significant effect on the task performance. In contrast, whether 
the improved task performance in the study by Barkmann et al. (2012) should be attributed 
to the exposure to variable lighting over multiple months or to the use of the designated 
task lighting remains unknown. Whether the positive effects of the dynamic regime on task 
performance would also translate to productivity should be further studied. 
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Last, mainly null effects were reported on the physiological indicators employed in the current 
selection of studies. Negative physiological effects, such as headaches and eye problems, were 
reported in the self-reported evaluation of the employed light settings. These negative effects 
occurred in studies with a wide range of light levels (700 – 4000 lux and 3500 – 6500 K) 
which employed both gradual and abrupt transitions (de Kort & Smolders, 2010; Giménez et 
al., 2017; Iskra-Golec & Smith, 2008). Generalizing these results to a recommended dynamic 
light scenario is nearly impossible due to the substantial differences in the employed dynamic 
scenarios and measurement protocol.  

Why dynamic lighting? 
In the current set of studies, the motivation for employing dynamic light was often not 

explicitly discussed. In a few studies, a reference was made to low lighting standards, or low 
indoor lighting levels compared to outdoors. However, the employed dynamic scenarios 
did not solely contain periods with brighter light, but also periods with light similar to the 
reference level. This suggests an implicit strategy of “more light when needed, less light when 
possible”. This strategy was never explicitly explained but might imply a secondary focus on 
energy savings. Additionally, lighting may be dimmed after a sufficiently high and/or long 
light boost to avoid feelings of psychological and physiological discomfort, such as headaches. 
Furthermore, the light might be targeted to provide the right light setting at a time of day to 
suit the participants’ daily work rhythm. An increase in morning light exposure may support 
the circadian rhythm of the participants, and a light boost may temporarily increase the 
participants’ alertness and/or productivity, whereas dimming down the light may facilitate 
relaxation or a nap (van Bommel, 2006). This might, additionally, provide information to the 
participants in a way similar to natural lighting (Knoop et al., 2020). A few studies explicitly 
referred to daylight in motivating their research. However, natural light varies in intensity and 
spectral power distribution due to the modification of light during its transmission through 
the atmosphere. As the angle of incidence changes, the intensity and spectral quality of the 
light vary as well, which would argue for daylight imitation protocols that are dependent 
on geographical location and season. Neither the included studies, nor the companies that 
employ dynamic lighting applications, seem to have considered variations representative 
of season or geographical location. Additionally, the implemented scenario that supposedly 
imitates daylight was often not described in detail as Aries et al. (2015) already indicated. 
Therefore, the scenarios and their effects cannot be easily compared nor can firm conclusions 
be drawn.  

Despite some overlap in the rationale behind dynamic light scenarios, the scenarios always 
differed considerably. Dynamic light scenarios are also expected to differ with the specific goal 
that is pursued. For instance, aiming for an improvement in the sleeping pattern amongst 
elderly with dementia likely requires different light exposures than appropriately stimulating 
students in a classroom.  

2.4.2
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Recommendations 
Both the wide variation in lighting schemes and the diversity of measures and measurement 

protocols in the current review suggest a need for a more structured approach in the design 
and study of dynamic light scenarios. Dynamic scenarios may be motivated by a range of 
considerations, such as optimized circadian entrainment or acute alerting effects. In addition, 
dynamic scenarios may be employed to provide, for example, user comfort, a stronger 
connection to nature or to save energy, and likely even combinations of these. Importantly 
though, the specific dynamic light scenario would – and should – likely vary with the intended 
targeted outcome. For both research and dissemination purposes, it is essential that we 
specify these targets and explain what underlying process(es) we suspect or theorize to be the 
driving principles behind these dynamic scenarios.  

The main outcome parameters should subsequently be leading in the study protocols 
used to assess the effectiveness of the dynamic light scenarios. For example, when dynamic 
lighting is implemented to achieve long-term effects such as improved sleep or feelings of 
well-being, the included measures should reflect this and be probed during multiple days 
or preferably weeks. Furthermore, this review revealed that sleep measures taken on a 
daily basis showed significant effects of the dynamic light scenarios, whereas retrospective 
measures regarding sleep on a more aggregated level did not. Therefore, it is recommended 
to use a measurement resolution that is as fine-grained as possible. Similarly, if the lighting 
is aimed at generating acute alerting effects, a high measurement resolution is required, as 
only studies that included multiple measurements of alertness and mood throughout the 
exposure period reported some significant effects. Repeated measures can help to identify in 
which light settings acute effects may occur, and whether these are moderated by the time 
of day or other contextual parameters. Light appraisals were, independent of the goal and 
design of the study, generally measured at the end of the exposure period. However, this only 
provides an overall insight in the user experience of the dynamic light scenario. Repeated 
measures of the experience are appropriate when examining whether disturbance is caused 
by a specific light setting or gradient, and whether these effects disappear or diminsh due 
to adaptation. The timing of physiological measures is largely dependent on the chosen 
target and the employed measure. In a design that, for instance, focuses on circadian effects 
of the dynamic scenario, assessments of dim light melatonin onset (DLMO) are expected, 
whereas in the current studies only repeated assesments of (sometimes diurnal) melatonin 
concentrations were taken. In contrast, a design focusing on acute effects of the scenario is 
expected to include physiological indicators of arousal, which should be measured repeatedly 
or continuously along with the other acute measures, during the actual light manipulation.  

Last, some of the studies used difference-scores between pre- and post-exposure 
measurements as well as differences between consecutive measurements during the dynamic 
light exposure. When these subsequent measurements are done in different light conditions, 
it cannot be concluded whether potential effects are acute effects due to the difference in 
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momentaneous light exposure or due to long-term effects caused by the scenario that was 
presented between the measurements. Therefore, it is recommended to test long-term 
effects of a dynamic light scenario using pre- and post-measurements under identical light 
conditions. 

Conclusion 
Thorough and structured investigations of dynamic light scenarios are scarce, yet in the 

current selection, several dynamic light scenarios successfully targeted circadian as well as 
acute effects, with only minimal negative consequences for the visual experience. Based on 
the similarities in the included studies, the increased luminous exposure during the morning/
day seems to be relevant, particularly in generating sleep-related benefits. However, due to 
the large differences in the light scenarios, it is hard to exactly pinpoint the most effective 
characteristics. Dependent on the goal, dynamic lighting may be designed to provide different 
light settings for different tasks, but also to support entrainment of the internal clock. These 
varying motivations for employing dynamic light scenarios indicate that they cannot be 
captured by one single light scenario. Based on the current insights in circadian and acute 
effects of light, human-centered dynamic light scenarios can be (tentatively) developed, 
although a ‘one scenario serves all’ solution is unlikely to emerge, given the diversity in 
aims (e.g., facilitation of sleep, alertness, comfort, energy saving, task performance, or 
connectedness with real daylight), in the targeted user groups and in application contexts.  

This review demonstrates that the research on dynamic light scenarios currently seems 
to be rather unstructured. On the one hand, much is unknown about the specific dynamic 
pattern that could beneficially influence human beings, which could be studied using very 
fundamental, highly controlled, laboratory-based studies with substantially shorter exposure 
times. Yet on the other hand, we also need to systematically assess the effectiveness of 
dynamic scenarios, in real contexts and under extended exposure times. To this end, it is 
important that we develop a vocabulary and framework to describe the rationale for - and the 
design of - dynamic light scenarios, as well as sound methodologies to test them. The current 
review subtly suggests that dynamic light scenarios hold promise for human functioning, but 
also clearly indicates that, currently, we lack consolidated strategies for their description and 
assessment.  

2.5
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The systematic literature review of Chapter 2 demonstrated that consolidated research 
strategies on dynamic light scenarios are lacking. In the next chapter, I start my own 
investigation towards the effects of dynamic light patterns by studying the most simple 
dynamic element that exists: an abrupt step-wise transition. The effects of this element 
were studied in a controlled-laboratory setting on a broad range of outcome parameters 
representing visual experiences and neurobehavioral responses. The goal of the study was to 
uncover the temporal trajectories of these responses that the single light transition resulted 
in. Therefore, repeated measurements were used directly following the transition. This 
resulted in detailed insights in the onset, persistence and symmetry of the responses, which 
are important to understand in order to be able to design and study dynamic light scenarios.





Abstract

Knowledge on the onset, persistence, and symmetry of effects of light transitions on humans 
is relevant when designing dynamic light scenarios and, additionally, can shed light on the 
dominance of underlying processes. We examined temporal trajectories in measures of 
alertness, arousal and comfort after abrupt light transitions that were created using two 
strongly contrasting light conditions (warm, dim light vs. cool, bright light). In this controlled 
within-subjects experiment, 38 healthy subjects participated in four separate sessions of 90 
min. Subjective experiences (alertness, comfort and mood) and objective measures of vigilance 
(PVT performance), arousal (HR, HRV, SCL), and thermoregulation (skin temperature and 
DPG) were studied. The comparison of the temporal trajectories following the transition in 
light for the different variables indicates a complex interplay of underlying physiological and 
psychological processes driving these effects.

This chapter is based on Kompier, M. E., Smolders, K. C. H. J., van Marken Lichtenbelt, W. D., & 
de Kort, Y. A. W. (2020). Effects of light transitions on measures of alertness, arousal and comfort. 
Physiology & Behavior, 223. doi:/10.1016/j.physbeh.2020.112999

Effects of light transitions on 
measures of alertness, arousal 
and comfort 
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Introduction
Light enables us to perceive our environment, to see colors, shapes and contrasts, and it 

influences how we experience the world around us through the image forming (IF) pathway 
of light (Boyce, 2014). Furthermore, there is a so-called non-image forming (NIF) pathway 
through which light exerts circadian and acute effects (Cajochen et al., 2014). These different 
physiological pathways give rise to fundamental differences in the response dynamics of 
appraisals, mental states and behaviors to transitions in a light scene. These concern, for 
instance, the onset of an effect, the persistence of an effect over time, or whether back-and-
forth transitions generate symmetrical effects. These aspects are important to understand 
when designing dynamic light scenarios. 

Visual perception and light appraisal
Onset, persistence and (a)symmetry have been thoroughly investigated for the effects of 

light-dark transitions on visual perception (Boyce, 2014). For instance, when moving from 
darkness into bright light, adaptation occurs within seconds. As soon as the eye is fully 
adapted, visual ability persists until the light changes again. The effect of light on visual ability 
is asymmetrical: when light is suddenly dimmed down, full recovery of visual ability may 
take more than 60 min, which clearly contrasts the fast adaptation in the opposite transition 
(Boyce, 2014). Contrarily, the response dynamics of many other variables, for instance visual 
appraisals and visual comfort, are still largely unknown, as they are often measured only once 
at the end of the experimental light condition (e.g., Iskra-Golec & Smith, 2008; Smolders & 
de Kort, 2014). Although we know that factors such as light intensity, spectrum, uniformity 
and color rendering quality of light impact the subjective judgement of the momentary light 
condition (Carlucci et al., 2015), these processes are mediated and moderated by various 
physiological and psychological processes (Veitch, 2001). Only when these processes stabilize, 
a visual comfort judgement of a certain light condition can remain constant. 

Mood
The processes underlying the effects of light on mood are understood even less than those on 

lighting appraisals. Light has been suggested to affect mood via lighting appraisals (Veitch et al., 
2011). Intensity-induced moderations in some dimensions of mood have been demonstrated 
both in the laboratory (Daurat et al., 1993; Kaida et al., 2007; Leichtfried et al., 2015; Smolders 
et al., 2012) and in the field (e.g., Aan het Rot et al., 2008; Partonen & Lönnqvist, 2000). The 
same holds for effects of correlated color temperature (CCT; e.g., Baron et al., 1992; Knez & 
Enmarker, 1998; McCloughan et al., 1999; Mills et al., 2007; Smolders & de Kort, 2017; Viola et 
al., 2008). Yet, the research on effects of illuminance and spectrum on mood lacks information 
about the response dynamics of these effects. 

Temperature perception and thermoregulation
Apart from air and radiant temperature, air velocity, relative humidity, clothing and 

metabolism, temperature perception is thought to be influenced by illuminance and 

3.1
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spectrum of light conditions. Temperature perception comprises sensation, acceptance and 
comfort with the thermal environment. With regards to sensation, the hue-heat hypothesis 
states that blueish light is associated with coolness and, therefore, an environment in blueish 
light is experienced as cooler, although scientific evidence is mixed at best (Candas & Dufour, 
2005; Ho et al., 2014). Additionally, bright light might evoke associations with the sun, and 
therefore feel warmer (Xu & Labroo, 2014). Light intensity has also been suggested to be able 
to induce changes in skin temperatures (te Kulve et al., 2017), and may thereby also affect 
thermal sensation (Bulcao et al., 2017). Moreover, prior research has suggested that changes 
in visual comfort correlate with changes in thermal comfort (te Kulve et al., 2018) and thus 
may follow a similar response dynamic as visual appraisals. Furthermore, effects of light on 
thermoregulation have been linked to feelings of sleepiness and alertness (Kräuchi et al., 
1999). Studying the interaction between light and thermal responses is relatively new and 
there is a lot of work that remains to be done before knowledge on the thermal response 
dynamics can be implemented in dynamic light scenarios.

Alertness and arousal
Light is often suggested to induce alerting and arousing effects. Arousal is defined as 

physiological activation of the brain in relation to a person’s sleep-wake state, whereas the 
very closely related concept of (tonic) alertness also includes some cognitive processing and 
is often considered synonymous with vigilance and sustained attention (Oken et al., 2006). 
Although the existence of alerting and arousing effects of light is generally accepted, a close 
look into the literature shows rather inconsistent results (for reviews see Lok et al., 2018; 
Souman et al., 2018). Moreover, only few studies specifically examined how long it takes before 
bright light leads to increased alertness or arousal and whether this effect persists over time. 
Although Rüger et al. (2005) and Phipps-Nelson et al. (2003) investigated the persistence of 
the alerting effect of light using repeated measurements, detailed information about the onset 
and symmetry of this subjective alerting response is missing. Chang et al. (2012) confirmed a 
persistent response of self-reported alertness to bright light exposure of different durations. 
Additionally, intermittent bright light pulses exerted immediate and persistent alerting effects 
(Iskra-Golec & Smith, 2008). Yet, other studies yielded mixed alertness-enhancing effects of 
light in terms of onset and persistence (Huiberts et al., 2015; Smolders et al., 2012; Smolders 
& de Kort, 2017).

In parallel to subjective responses, alerting and arousing effects of light on human physiology 
have been studied (Chang et al., 2013; Huiberts et al., 2016, 2017; Prayag et al., 2019; Rechlin 
et al., 1995; Rüger et al., 2005; Sahin et al., 2014; Sahin & Figueiro, 2013; Smolders et al., 2016, 
2012; Smolders & de Kort, 2014). Two studies, both focusing on the temporal development of 
the effects of light on physiology, showed a decrease in electroencephalographic activity (EEG) 
in response to light within a few minutes (Prayag et al., 2019; Smolders et al., 2016). Prayag 
et al. (2019) showed a pupillary response within one minute, whereas cardiac activity and the 
distal-to-proximate gradient (DPG) responded slightly later. The pupil and EEG responded 
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persistently, but cardiac activity and the DPG continuously increased during the 50-min light 
exposure (Prayag et al., 2019). 

Although the existence of short-term effects of light on alertness and arousal has been shown 
in several studies (e.g., Huiberts et al., 2015, 2016, 2017; Phipps-Nelson et al., 2003; Prayag et 
al., 2019; Ru et al., 2019; Sithravel et al., 2018; te Kulve et al., 2017), the onset and persistence 
of these light effects often cannot be defined as analyses are regularly performed using the 
average of multiple measurements over time (e.g., Phipps-Nelson et al., 2003) or for one specific 
time interval (e.g., te Kulve et al., 2017). Few studies used high resolution measurements for 
more detailed insights in the onset and persistence of the effects (e.g., Huiberts et al., 2015, 
2016; Smolders et al., 2012, 2016). Moreover, most studies investigated only increases in light 
levels (e.g., Prayag et al., 2019; Ru et al., 2019; Sithravel et al., 2018). Boyce et al. (1997) were 
one of the first and few to study the effects of both increases and decreases in light levels on 
performance and alertness during the night. The missing information on what happens when 
light levels decrease during daytime leads to a lack of knowledge concerning the symmetry of 
these daytime effects. 

Rationale
We examined the onset, persistence and symmetry of subjective experiences and objective 

measures of vigilance, arousal and thermoregulation in response to light transitions with 
several purposes. First, by studying these effects for multiple variables simultaneously 
response patterns of the subjective and objective measures can be compared, through 
which evidence for underlying processes may be unraveled. Secondly, the findings help to 
optimize the resolution and timing of measurements in a study protocol. Last, pleasant 
and effective dynamic light scenarios can be further developed using this information. The 
following research question is posed: How do subjective experiences and objective measures 
of vigilance, arousal and thermoregulation develop over time after an acute light transition?

It is expected that the onset of effects of light through the IF pathway, such as visual comfort, 
occur relatively fast after a transition. Based on the knowledge of the visual system and its 
adaptive properties (Boyce, 2014), these effects are expected to dissipate over time. Based 
on the modeling work by Veitch et al. (2011), it is expected that the effect of light on mood 
is mediated by visual comfort and will thus follow a similar pattern. Effects on subjective 
alertness are expected to emerge within 15 min of bright light exposure (Iskra-Golec & Smith, 
2008; Smolders et al., 2012; Smolders & De Kort, 2014) and persist towards the end of the light 
exposure (Chang et al., 2013; Smolders et al., 2012; Smolders & De Kort, 2014). Expectations 
for the cardiac and electrodermal activity (EDA) are that they will start to respond after 15 min 
of light exposure and then will continue to increase (Prayag et al., 2019). Thermoregulation 
is expected to respond slowly towards the end of 45-min light exposure (te Kulve et al., 2017) 
and, dependent on the pathway, thermal appraisals will follow either thermoregulation 
(Candas & Dufour, 2005) or visual comfort (te Kulve et al., 2018). 
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Method

Design
To study effects of an abrupt light transition, we worked with two strongly contrasting 

settings (warm, dim light vs. cool, bright light) of 45 min. We tested the effects of these 
light settings separately for each of the baseline settings, resulting in four conditions (see 
Figure 3.1). Participants experienced all four conditions in random order using partial 
counterbalancing. Phase I functioned as the baseline phase, Phase II as the experimental 
phase. Outcome parameters were subjective experiences (alertness, comfort and mood) and 
objective measures of vigilance (PVT performance), arousal (HR, HRV, and skin conductance 
level) and thermoregulation (skin temperature and DPG). 

Participants 
Healthy participants without visual or auditory impairment were recruited via the J.F. 

Schouten School for User-System Interaction Research database and screened through an 
eligibility questionnaire. The following exclusion criteria applied: extreme chronotype 
(Midsleep < 3.8 or > 6.6 based on Zavada, Gordijn, Beersma, Daan, & Roenneberg (2005), 
as assessed by the Munich Chronotype Questionnaire; Roenneberg, Wirz-Justice, & 
Merrow (2003)), pregnancy, medication other than the contraceptive pill, hypertension or 
cardiovascular diseases, and intercontinental travelling over the past three months. Thirty-
eight subjects (19 female; Mage = 24, SDage = 2.9; range = 20-31 years old) completed all four 
conditions. Descriptors of the participants can be found in Table 3.1. The study was approved 
by the institutional ethical review board. Participants were informed beforehand that they 
would participate in a study on the effects of indoor environmental conditions on their 
behavior and feelings. All participants gave their written informed consent and received a 
monetary compensation for participation. 

Figure 3.1. The four light conditions to which 
participants were exposed in separate sessions 
on different days. a) warm, dim light, no 
transition; b) warm, dim light, transition to 
cool, bright; c) cool, bright light, no transition; 
d) cool, bright light, transition to warm, dim

3.2

3.2.1

3.2.2
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Table 3.1. Participant descriptors 

N = 38 Mean (SD) Range

Body Mass Index (kg/m2) 22.0 (2.5) [18, 30]

Midsleep (MSFsc) 4.9 (0.7) [3.8, 6.5]

Sleep Quality (PSQI) 4.2 (1.5) [1, 9]

General Health (SF-36) 73 (13) [40, 100]

Light Sensitivity - Eye Problems 2.2 (0.9) [1, 5]

Light Sensitivity - Headache 1.4 (0.7) [1, 3]

Light Sensitivity - Sunglasses 2.2 (1.2) [1, 5]

Thermal Sensitivity 3.2 (1.1) [1,4]

Setting and Apparatus 
The experiment was conducted in a climate chamber at the Eindhoven University of 

Technology. The dimensions of the room were 3.6 x 5.4 x 2.7m3 (W x L x H). This room was 
split in two with a partition wall to create two work spaces in the room, as can be seen in 
Figure 3.2, with a laptop on each desk (for a photo see Appendix D). The reflectance of the 
various surfaces in the room were measured using a Minolta Luminance Meter LS-100. The 
walls of the climate room were off-white with a reflectance of 80.9 %, whereas the white wall 
separating the two working areas had a reflectance of 91.8 %. The grey floor had a reflectance 
of 27.7 %, and the desk was light grey with a reflectance of 49.0 %. Indoor climate was kept at 
a constant level during all sessions (air velocity = 0.04 ± 0.03 m/s; relative humidity = 47.2 ± 3.0 
%, air temperature = 20.4 ± 0.6 °C and black bulb temperature = 20.0 ± 0.6 °C). 

A set of four ceiling-mounted luminaires (PowerBalance Tunable Whites; RC464B LED80S/
TWH PSD W60L60) was installed above each desk. With these luminaires, the two light 
settings were created. These activated all photoreceptors differently (see Table 3.2), and 
should result in a radically different visual and non-visual experience. The warm, dim light 
setting (WD) had a CCT of 2708 K and 97 lux on the eye, measured using a Konica Minolta 

Figure 3.2. Schematic drawing of the room (see Appendix D for a photo of the room) 
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Spectrophotometer CL-500A. The cool, bright light setting (CB) had a CCT of 5854 K and 1021 
lux on the eye. Figure 3.3 shows the spectral power distribution of the light settings that were 
measured in the vertical plane for the viewing direction facing the laptop. Participants’ gaze 
was not fixed during the experiment and they could freely move their head and eyes.

                   Table 3.2. α-opic EDI of the light settings (at the eye position)

Light setting Warm, dim light Cool, bright light

S-cone-opic EDI (ED65
v,sc in lux) 26 901

M-cone-opic EDI (ED65
v,mc in lux) 75 982

L-cone-opic EDI (ED65
v,lc in lux) 99 1010

Rhodopic EDI (ED65
v,r in lux) 46 891

Melanopic EDI (ED65
v,mel in lux) 37 855

Measures
Measures before each experimental session
Sleep timing, duration and quality before each experimental session were measured using 

the Consensus Sleep Diary (Carney et al., 2012). In addition, questions on behavior, caffeine 
and food consumption before the session were administered (see Appendix A). Furthermore, 
participants wore a light sensor at the chest (LightLog) from the moment they got up until the 
start of the session (more details about the LightLog can be found in section 6.2.5.6, a photo of 
the sensor in Appendix C). These measures were merely used as control variables.

Figure 3.3. Spectral power distribution of the light settings 
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Subjective measures 
The subjective measures that participants completed repeatedly during each session were 

completed on a laptop and can be found in Appendix B. Thermal appraisals were measured 
using three items based on ASHRAE Standard 55 (ASHRAE, 2004). Thermal acceptance 
(AcceptanceT) was evaluated using a binary scale (Acceptable/Unacceptable), thermal sensation 
(SensationT) with a seven-point scale ranging from Cold to Hot, and thermal comfort (ComfortT) 
with two 3-point rating scales. The ComfortT response scale ranged from Very Uncomfortable 
(-2) to Just Uncomfortable (0) and from Just Comfortable (1) to Very Comfortable (3). Participants’ 
visual appraisals were measured using items that were aligned with these thermal appraisal 
items. Participants evaluated visual acceptance of the lighting (AcceptanceV), for both perceived 
illuminance and color they evaluated sensation (SensationVI and SensationVC) and comfort 
(ComfortVI and ComfortVC). The latter two correlated highly and had a Cronbach’s α of .85. 
Therefore, these were averaged into one visual comfort measure: ComfortV. 

Participants evaluated their mood on eight items using 5-point scales ranging from Definitely 
not (1) to Definitely (5). The following items were used: Calm, Tense, Sad, Happy, Lively, Drowsy, 
Sleepy and Awake. The latter four variables were combined using factor loadings (0.70*Lively 
+ 0.88*Awake - 0.90*Sleepy - 0.87*Drowsy) into Vitality with a Cronbach’s α of .86. As Tense 
and Calm had a Cronbach’s α of .55 and Sad and Happy of .46, these were kept as separate 
variables for the analyses. The variables Tense and Sad were recoded into binary variables 
(recode key: 1 = 0 and 2-5 = 1) and Calm into three categories (recode key: 1-3 = 1, 4 = 2 and 
5 = 3) to account for skewed distributions. The Karolinska Sleepiness Scale (KSS) was used 
to measure the subjective sleepiness/alertness of participants on a 9-point Likert scale 
(Åkerstedt & Gillberg, 1990). Responses were given on a scale that ranged from Extremely alert 
(1) to Extremely sleepy (9). Lastly, participants evaluated the effort they had exerted to complete 
the psychomotor vigilance task (PVT) on a visual analogue scale ranging from None (0) to Very 
Much (20). On a similar scale, participants evaluated the effort they made in the spare time 
between measurement blocks on reading a physical copy of a book that was provided by the 
experimenters.

Performance task
In the 5-min auditory version of the PVT (Dinges & Powell, 1985), participants responded as 

fast as possible to short auditory stimuli of 400 Hz by pressing the space bar of the keyboard 
of the laptop. The inter-stimulus interval at each trial was randomly drawn from a uniform 
distribution between 6 and 25 s. The mean reaction speed was used as an indicator of vigilance. 

Physiological measurements
Electrocardiography and EDA were used as physiological indicators of arousal. Both were 

measured using TMSi software (for photos of the sensors see Appendix C). For heart rate 
(HR) and heart rate variability (HRV), participants attached three electrodes; one on the left 
clavicula, one on the soft tissue below the right clavicula and one on the soft tissue right 
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below the ribs on the left side of the body. Electrodes for EDA were attached to the first 
phalanx of the middle finger and the ring finger of the non-dominant hand. Outlier and 
artefact detection was done using institutional software (Boschman, 2015, 2018a, 2018b). The 
root mean square of successive differences (RMSSD) was used as marker for HRV. The mean 
skin conductance level (SCL) in micro Siemens during the 5-min PVT was used as a tonic 
measure of EDA. For the analyses, we used the mean HR, RMSSD and SCL over the period 
during the 5-min PVT, which started two to three minutes into each measurement block.

Skin temperatures were measured using iButton (DS1925) dataloggers with a sample interval 
of 300 s, which were attached using Fixomull Stretch tape. Mean skin temperature (Taverage) was 
calculated as an average of 14 ISO-defined body sites (NEN-EN-ISO 9886, 2004). The scapula, 
paravertebral, upper chest, and abdomen skin temperature were averaged as the proximal 
skin temperature (Tproximal). The distal skin temperature (Tdistal) was calculated using an average 
of the finger tip, instep, hand, and forehead skin temperature. To avoid a disproportional 
distribution, fingertip and hand temperatures were averaged before. Extra buttons were placed 
at the under arm and the middle finger to assess peripheral vasoconstriction (Rubinstein & 
Sessler, 1990). Taverage and the DPG (Tdistal  – Tproximate) during the 5-min PVT were computed.

Procedure
The study was conducted between November 14th and December 21st, 2018. Subjects 

participated in four sessions of 90 min each, generally not on consecutive days to exclude 
session-to-session effects1. Experimental sessions were scheduled during the entire working 
day, but sessions were always scheduled at the same time of day within participants. During 
the sessions, participants wore a cotton long-sleeved shirt, long jogging trousers, underwear, 
socks and shoes (estimated clothing value of 0.7 clo, including insulation of the chair). 

1 One participant had two sessions on subsequent days due to practical limitations in the planning.

Figure 3.4. Experimental procedure of one session
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Upon arrival, participants were welcomed and invited into the climate chamber. After taking 
their seat behind the desk with the laptop, they completed a start questionnaire, after which 
they were given instructions. Subsequently, they applied the sensors and practiced the PVT 
for three minutes. Then, they read a book that was provided by the experimenters until the 
actual measurements started. After the adaptation period of 30 min, physiological arousal 
and thermoregulation were tracked continuously for the remaining 60 min of each session. 
Subjective and performance measures were taken every 15 min during this period. Participants 
took two to three minutes to complete the subjective measures and subsequently performed 
the 5-min PVT. As participants completed these questionnaires and task in seven to eight 
minutes, there was spare time between measurement blocks during which participants 
read in the provided book. After the first 45 min, during which the baseline measurement 
was completed, the experimental phase started. In this phase, participants completed three 
repeated measurement blocks which were identical to the baseline measurement. Figure 3.4 
shows a schematic representation of this procedure for one session. For the three subsequent 
sessions, the procedure was identical, except for the debriefing at the end of the fourth session. 

Statistical Analyses
Normality distributions were checked and outliers were removed to clean the data. For binary 

variables, no statistical analyses were done, but only percentages were calculated and visually 
inspected. The results of these inspections for Tense and Sad can be found in Appendix H. 

Using linear mixed modeling with Participant as random intercept, we tested potential 
differences in the control variables (prior sleep, behavior, light exposure, food consumption) 
assessed at session level between the experimental conditions and time of day. As these did not 
exist, no control variables were added in the models. Subsequently, the relationships between 
the control variables at block level and the dependent variables were examined visually using 
correlation plots to determine plausible covariates to include. Differences between outcome 
variables at baseline were tested using linear mixed modeling with measurements nested 
within Participant, of which the results can be found in the Appendix E. As baseline differences 
existed for some outcome variables, baseline scores were added as a covariate in the model. 

The main analyses examined the effect of the transition for the two sessions that started in 
WD light separate from those starting in CB light. In these mixed model analyses, Participant 
(P) and Session (S; nested within Participant) were added as random intercepts within the 
model. The models for each of the different dependent variables further included Measurement 
Block (1/2/3), Transition (yes/no), the interaction Transition*Block and Time of day (morning/
afternoon) as fixed predictor variables. The Baseline score and Reading effort were included as 
covariates. Reading effort was added as an indicator of participants’ effort spent in between 
assessments. 
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The model was specified as follows:

Yijk = B0 + P00k + S0j + B1∙Blockijk + B2∙Transitionjk + B3 ∙Transitionjk∙Blockijk + B4∙TimeOfDayk + 
B5∙Ybaseline,jk + B6∙ReadingEffortijk + eijk

Based on the models, contrast analyses were performed to test differences between the two 
conditions per block to examine the onset of the effect. Main effects were tested using contrast 
analyses in which the average score in the constant (no transition) condition was compared 
with the average score in the transition condition. For all main analyses, an α of .01 was used 
as cut-off for statistical significance to account for the multiple dependent variables studied.

Last, exploratory analyses were done to test whether the antecedent light setting (i.e., light 
setting in Phase I) played a role in the acute effects of light. Using contrast analyses, the 
measurements in the conditions for which the light condition in Phase II was the same – 
but the antecedent setting was different – were compared with each other per measurement 
block. For these analyses, a cut-off value (α) of .05 was used as these were exploratory analyses. 

RStudio 1.1.463 was used for all preparatory and statistical analyses. For the preparatory 
steps, the ‘psych’ and ‘plyr’ packages were used. The following packages were used for the 
statistical analysis: ‘emmeans’, ‘Hmisc’, ‘lme4’ and ‘lmerTest’. All visualizations were made 
using ‘ggplot2’.

Results
Onset and persistence of responses for all dependent variables were tested. The symmetry 

of the responses is visualized by presenting the sessions starting in WD light and the sessions 
starting in CB light side by side. In this section, the results of the contrast analyses are 
described. In Table 3.3, the test statistics of the main effect of the transition can be found, 
whereas Figures 3.5 and 3.6 show the contrasts per measurement block. A complete overview 
of the contrasts per measurement block and the full model statistics can be found in the 
Appendix F and G.

Onset, persistence and symmetry
Visual appraisals 
Participants’ sensation of both illuminance and color changed, according to expectations, 

immediately after the transition from WD to CB lighting (Figures 3.5a-b). This transition 
resulted in a brighter and cooler perception of the light. Participants’ evaluations remained 
constant throughout the remainder of the session. Similarly, the transition from CB to 
WD immediately led to a less bright and warmer perception of the light. Again, this effect 
persisted throughout the light condition. Visual acceptance of the light setting (Figure 3.5c) 
was generally high in the constant WD condition (AcceptanceV,B1 = 97%, AcceptanceV,B2 = 100% 
and AcceptanceV,B3 = 92%), whereas right after the transition condition to CB light, only 68% 
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of the participants rated the lighting acceptable. Fifteen minutes later, in the same lighting, 
acceptance votes increased to 87%, and remained at a similar level for the remainder of the 
session. In the constant CB condition, fewer participants accepted the light compared to the 
constant WD condition (AcceptanceV,B1 = 95%, AcceptanceV,B2 = 92% and AcceptanceV,B3 = 89%). 
The transition condition from CB to WD lighting also showed a drop in acceptance with the 
lowest acceptance right after the transition (79%), albeit not as low as right after the transition 
from WD to CB light. Participants’ acceptance vote increased to 87% and 89% after fifteen and 
thirty minutes respectively. Participants’ visual comfort2 showed a significant decrease right 
after the transition (in measurement block 1) from WD to CB lighting (Figure 3.5d). Despite 
the absence of significant differences in the other measurement blocks, comfort with the 
light was, on average, lower after the transition to CB lighting compared to the constant WD 
condition. For the reverse transition, participants’ visual comfort levels did not significantly 
differ between conditions.

Table 3.3. Contrast estimates for main effect of transition for warm, dim and cool, 
bright lighting during baseline separately 

Dependent 
Variable

WD to CB vs. Constant WD CB to WD vs. Constant CB

Δ T p Δ T p 

SensationVI 2.2 15.5 < 0.001 -2.2 -15.0 < 0.001

SensationVC -2.2 -10.4 < 0.001 2.4 12.2 < 0.001

ComfortV -0.7 -3.2 0.003 -0.2 -1.2 0.23

SensationT 0.1 0.4 0.67 0.2 1.4 0.16

ComfortT 0.1 0.4 0.69 0.1 0.3 0.75

Calm -0.1 -0.9 0.36 0.2 2.2 0.04

Happy -0.0 -0.0 0.99 0.1 1.6 0.12

Vitality 1.0 3.0 0.005 0.4 1.2 0.24

Alertness (KSS) -0.7 -2.8 0.008 -0.1 -0.3 0.76

Mean RT 1.8 0.3 0.75 -1.4 -0.3 0.73

Mean SCL 0.0 0.2 0.86 -0.5 -0.2 0.03

Mean HR -0.3 -0.4 0.68 0.1 0.2 0.88

Mean HRV -1.0 -0.7 0.51 0.1 0.1 0.95

Taverage 0.0 0.8 0.42 -0.0 -1.1 0.28

DPG -0.2 -1.7 0.11 -0.2 -1.6 0.12

Note: Statistically significant differences are presented in bold. Δ: the 
estimated differences between the two conditions, T: T-ratio and p: p-value

2 The separate analyses of visual comfort regarding the illuminance and CCT showed similar trends.
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Figure 3.5. Trajectory of response parameters with WD light (left) and CB light (right) during the baseline 
measurement for: a) sensation of light intensity, b) sensation of color temperature, c) visual acceptance (in % - no 
stat. testing), d) visual comfort, e) thermal sensation, f) thermal acceptance (in % - no stat. testing), g) thermal 
comfort, h) calm and i) happy. Error bars are standard errors (SE). Comparisons between the two conditions were 
done for each measurement block: ** indicates p < 0.01, * p < 0.05
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Thermal appraisals 
Neither transition in lighting significantly affected SensationT compared to the constant 

conditions. The thermal environment was generally accepted in all four conditions, and this 
percentage decreased slightly over time in both constant and transition conditions. ComfortT 

did not differ significantly in the transition conditions compared to the constant conditions 
(Figure 3.5e-g). 

Figure 3.6. Trajectory of response parameters with WD light (left) and CB light (right) during the baseline 
measurement for: a) vitality, b) sleepiness, c) mean reaction time for PVT, d) mean SCL, e) mean HR, f) mean HRV, 
g) average skin temperature and h) distal-to-proximate gradient. Error bars are SE. Comparisons between the two 
conditions were done for each measurement block: ** indicates p < 0.01, * p < 0.05
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Mood 
Participants reported fewer calm feelings right after the transition from WD to CB light, 

compared to the constant WD light condition (Figure 3.5h). Participants’ calmness increased 
again within fifteen minutes in the CB light and stabilized at a similar level as in the constant 
WD condition. No statistically significant overall effect (i.e., across blocks) of the transition 
from WD to CB was found. Despite an upward trend from baseline to Block 1, the transition 
from CB to WD lighting did not yield significant contrasts, nor was an overall effect of the 
transition found. Feelings of happiness did not significantly differ between the light conditions 
(Figure 3.5i). 

Subjective vitality and sleepiness 
Right after the transition from WD to CB lighting, participants felt more vital and less sleepy 

(or more alert) compared to the constant condition (Figure 3.6a-b). This effect diminished 
within fifteen minutes and disappeared within thirty minutes into the new light setting. On 
average, participants did feel significantly more vital and less sleepy (or more alert) after the 
transition to CB lighting compared to the constant WD condition. No significant effects 
emerged as a result of the transition from CB to WD lighting. 

Vigilance and arousal 
The mean PVT reaction time was not significantly affected by either light transition, as can 

be seen in Figure 3.6c. Furthermore, SCL did not respond to the transition from WD to CB 
lighting, but in the reverse condition from CB to WD participants’ SCL was significantly 
lower compared to the constant CB condition in the last measurement blocks (Figure 3.6d). 
The overall effect of this transition was not significant. Mean HR was not influenced by the 
transition in lighting, neither was mean HRV (Figure 3.6e-f). 

Thermophysiology 
Thermophysiological responses are depicted in Figure 3.6g-h. Participants’ mean skin 

temperature and DPG were not significantly affected by the light transitions. 

Effects of antecedent setting
To explore the effects of the antecedent light setting (i.e., the light setting in Phase I), we 

performed complementary analyses, comparing the outcome measurements in the same light 
settings in Phase II after differing settings in Phase I. As we have no baseline measurement 
prior to Phase I for these comparisons, the results should be interpreted with care and they 
are reported as exploratory analyses. The test statistics can be found in the Appendix G. 

Visual appraisals 
Participants’ sensations of illuminance and color significantly differed across all three 

measurement blocks for both light settings in Phase II, as a result of the antecedent setting 
(Figure 3.7a-b). After exposure to CB lighting, participants experienced the WD lighting as 
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significantly less bright and warmer than they did in the constant WD condition. Moreover, 
the participants evaluated the lighting brighter and cooler in all measurement blocks when 
they first had been exposed to WD lighting compared to the continuous exposure to CB light. 
Although acceptance of the light was very high in the constant WD light, acceptance of the 
WD light was lower (AcceptanceV,B1 = 79%; Figure 3.7c) right after the antecedent exposure 
to CB light. After 15 min, acceptance of the WD light increased again (AcceptanceV,B2 = 87%, 
AcceptanceV,B3 = 89%). In CB light, this effect was even stronger. Participants’ comfort with the 
light in the WD condition was significantly lower right after the transition from CB light and 
this difference disappeared in Block 3 (Figure 3.7d). Similarly, participants’ comfort with the 
light in the constant CB condition was significantly lower in Block 1 and 2, but not in Block 3 
when the antecedent lighting was WD. 

Thermal appraisals 
The thermal sensation in the WD condition was significantly warmer right after initial 

exposure to CB lighting compared to the constant WD condition (Figure 3.7e). In the next 
measurement block, this difference disappeared. The thermal sensation in the CB condition 
was cooler in the second measurement block only when the antecedent lighting was WD 
compared to the continuous CB light setting. Thermal comfort and acceptance were not 
influenced by the antecedent light setting (Figure 3.7f-g). 

Mood 
Participants’ reports of calm feelings in WD lighting were significantly higher in the last 

measurement block when the antecedent setting had been CB lighting (Figure 3.7h). Feelings 
of happiness were not significantly affected by the antecedent light setting (Figure 3.7i). 

Subjective vitality and sleepiness 
In the WD lighting, feelings of vitality were not affected by the antecedent light setting (Figure 

3.8a). In contrast, participants did indicate a higher level of vitality in the CB light setting right 
after the WD antecedent setting compared to constant CB lighting. No significant effects 
of the antecedent light setting were visible for people’s subjective experience of sleepiness 
(Figure 3.8b).

Vigilance and arousal 
PVT performance and the physiological variables (HR, HRV, SCL) did not show significant 

effects of the antecedent light setting in either condition, as can be seen in Figure 3.8c-f. 

Thermoregulation 
Average skin temperature in neither condition was affected by antecedent light setting 

(Figure 3.8g). In contrast, the DPG was lower in the WD lighting in the second and third 
measurement block when participants had been exposed to CB light before (Figure 3.8h). In 
the CB condition, no statistically significant effects of antecedent light exposure emerged. 
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Figure 3.7. Trajectory of response parameters with measurements in WD light (left) and CB light (right) for: a) 
sensation of light intensity, b) sensation of color temperature, c) visual acceptance (in % - no stat. testing), d) visual 
comfort, e) thermal sensation, f) thermal acceptance (in % - no stat. testing), g) thermal comfort, h) calm and i) 
happy. Error bars are SE. Comparisons between the two conditions were done for each measurement block: ** 
indicates p < 0.01, * p < 0.05
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Figure 3.8. Trajectory of response parameters with measurements in WD light (left) and CB light (right) for: : 
a) vitality, b) sleepiness, c) mean reaction time for PVT, d) mean SCL, e) mean HR, f) mean HRV, g) average skin 
temperature and h) distal-to-proximate gradient. Error bars are SE. Comparisons between the two conditions were 
done for each measurement block: ** indicates p < 0.01, * p < 0.05
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Discussion
In this study, we aimed to examine the temporal trajectories of how people respond to light 

transitions. Studying these trajectories for multiple variables simultaneously may allow us to 
unravel underlying processes by comparing response patterns. Additionally, the findings can 
be used in determining the required measurement resolution and timing in measurement 
protocols. Last, knowledge on these response dynamics is required to design dynamic light 
scenarios that can be applied in, for instance, office environments.

Onset, persistence and symmetry 
The most prevalent responses within 45 min after a light transition emerged amongst the 

subjective indicators. Visual appraisals, feelings of calmness, alertness and vitality responded 
immediately to the transition. It appears that subjective experiences are induced immediately, 
if at all; those subjective experiences that showed no immediate response (thermal responses, 
happiness) also did not emerge later in the 45-min measurement period. The SCL did show 
a modest gradual increase in constant CB light compared to the transition from CB to WD 
light, which might indicate the late onset of a NIF-driven activating mechanism. However, 
none of the other physiological indicators (HR, HRV, Taverage, DPG) responded to the abrupt 
light transition, nor did PVT performance. These results contradict the results in the study by 
Prayag et al. (2019) in which very rapid and often transient effects of light were visible on both 
cognitive performance and physiological arousal. This difference may be explained by the 
method of analysis, as we analyzed the physiological responses during the PVT to control for 
the potential effect of task type. The PVT mostly started two to three minutes after the start of 
the measurement block, which implies that the physiological response immediately after the 
transition was not quantified. Furthermore, the study by Prayag et al. (2019) was conducted 
in the evening after dark adaptation. Moreover, the fast response dynamics in their study 
occurred independent of the different light conditions (blue-enriched vs. red-enriched light). 
This indicates that, although physiological responses to light can be exerted quickly during 
periods of melatonin production when contrasting very dim light (Ev < 5 lux) with light pulses 
(Ev = 120-140 lux), this does not necessarily occur with variations in light levels between 100 
and 1000 lux at the eye during daytime. This indication is in line with the study by Rüger et al. 
(2005) in which effects of bright light (5000 lux) compared to very dim light (Ev < 10 lux) were 
found on physiological variables during the night but not during the day. 

Notably, effects on visual sensation were persistent throughout the 45 min of the experimental 
setting, whereas visual acceptance and comfort showed transient responses. These results 
can be explained by an adaptation process which – despite the persistence in the sensation 
of the light setting – causes the acceptance and comfort votes to change. Apparently, visual 
parameters can have different response trajectories, just as Prayag et al. (2019) showed for 
several physiological responses. This implies that neither the speed of the onset, nor the 
transience or persistence of a response can be taken as an indicator for the underlying pathway 
at play. Remarkably, subjective calmness showed a fast transient response pattern similar to 
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the visual acceptance and comfort, whereas effects on subjective alertness and vitality were 
less transient and slowly diminished in the remainder of the light setting. These latter results 
are largely in line with Smolders et al. (2012) and Smolders and de Kort (2014) who reported 
persistent bright light effects on alertness and vitality. Although the light setting seemed to 
have a continuous effect on the subjective alertness and vitality, it remains unclear which 
neural pathway is responsible for this response. 

Whereas the sensation of the changing light settings showed a symmetry in responses, the 
acceptance and comfort votes of the light settings were asymmetrical and suggested that the 
CB light was evaluated more negative than the WD light, particularly if the CB light followed 
WD light. The fact that the amplitude of these responses depended on the direction of the 
transition was quite unexpected, especially since the responses in terms of sensation did 
appear to be symmetrical. We have no explanation for these findings, and recommend to 
replicate and investigate this more deeply in future studies. Similar to the asymmetry in the 
response patterns of acceptance and comfort votes, the participants felt less sleepy and more 
vital when the light transitioned from WD toward CB lighting, but not after the transition 
from CB to WD lighting. This alerting response pattern was in line with the study by Sithravel 
et al. (2018), in which only the conditions with increasing illuminance significantly facilitated 
participants’ level of alertness, whereas the constant and decreasing light conditions had no 
statistically significant effects.

Effects of antecedent setting 
The exploratory analyses seemed to show that the antecedent setting also moderated 

participants’ responses. The different antecedent settings immediately led to different visual 
appraisals of the experimental light setting, as well as moderations in thermal sensation and 
vitality. Calm feelings and the DPG were also affected by the antecedent light setting, but only 
later in the session. The antecedent light setting did not affect happiness, thermal comfort 
and the objective measurements of vigilance and arousal.

The visual sensation of the light setting and the DPG were the only outcome variables that 
persistently responded to the different antecedent light settings (i.e., where the effect of 
antecedent setting remained visible throughout the subsequent light setting). An increase in 
the DPG (i.e., bigger temperature difference between distal and proximal temperature) has 
been related to a decrease in sleepiness (Kräuchi et al., 1999), which might be explained by 
a continued activating effect of the prior CB light. However, as this effect was not visible in 
the constant CB condition and for none of the other physiological indicators of arousal, we 
hesitate to draw any firm conclusions and recommend further investigation. 

The only symmetrical response occurred in the visual sensation of the light settings. When 
the antecedent setting was different from the experimental setting, participants’ visual 
experience persistently and symmetrically polarized towards the extremes of the scale. This 

3.4.2



- 70 -

- Chapter 3 -

polarization could possibly be explained by a bias through anchoring of the response range 
(Fotios & Houser, 2009). For the exploratory analysis, the conditions that were compared 
differed in their light setting during the measurement in Phase I. According to the theory of 
Fotios and Houser (2009), participants have likely developed the internal criteria for a response 
scale during this measurement. Based on these criteria, they would make their subsequent 
responses within that session. Therefore, participants’ interpretation of the response scale 
may have depended on the setting in Phase I, resulting in these polarized responses. In 
contrast to this bias, the findings could also possibly be explained by the relative nature of our 
perceptual system. Judgments on the brightness and color of the momentary light setting are 
based on – and influenced by – previously experienced light settings (Boyce, 2014). Thus, a 
light setting might be experienced differently, depending on the antecedent setting.

Reflections and implications
When comparing the temporal trajectories of the outcome measures, we saw many different 

patterns, which suggests that multiple physiological and psychological processes may be 
at play. The IF pathway may be important for the rapid onset of visual appraisals and the 
initial alerting, vitalizing and calming effects. However, we cannot be sure as Prayag et al. 
(2019) also found very rapid responses on physiological measures and attributed these to NIF 
processes, even though they did not always emerge exclusively for blue-enriched light. Some 
of the immediate responses in the current study were persistent throughout the exposure to 
the experimental light settings, whereas others dissipated over time. The latter suggests that 
gradual adaptation starts after stimulus onset affecting visual acceptance, visual comfort and 
calm feelings, but not sensation, alertness, and vitality. Generally, adaptation processes are 
linked to the IF processes in the brain, but adaptation may also emerge in NIF processes. Yet, 
adaptation via the NIF pathway is generally assumed to be much slower, and not typically 
seen in, for instance, experiments studying melatonin suppression over the course of 
multiple hours (Mclntyre et al., 1989; Zeitzer et al., 2000). Therefore, the persistent responses 
of subjective alertness and vitality and the late onset response of SCL are more suggestive 
of a role of NIF processes through which effects slowly build up, although this cannot be 
concluded firmly given the current intervention, which addressed both visual experiences 
and neurobehavioral responses. The asymmetrical responses that mainly showed effects of 
the transition to CB light suggest acute alerting and activating effects of light transitions to 
brighter and more blue light, despite lower visual comfort.

Interestingly, subjective and objective responses in this study did not always show similar 
patterns nor a direct relationship whereas this was expected at some points. This emphasizes 
the importance of taking both subjective and objective measurements. Moreover, these 
transient and persistent trajectories have direct implications for determining the optimal 
time interval between light transition and measurement when evaluating visual appraisals, 
mood and correlates of alertness and arousal.

3.4.3
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Overall, abrupt transitions in lighting had various consequences; sometimes desirable and 
sometimes undesirable. When people need a mental boost or a calming experience while 
working, light transitions may be employed to provide this at low cost. For instance, abrupt 
changes may be used to (temporarily) induce vitality, alertness or calmness. To this end, based 
on the current findings, one should consider not only the target setting to jump to, but also 
the antecedent setting that people start from, as the direction of the transition is important 
and may render different outcomes. Additionally, our results suggest that abrupt changes in 
light may be used to alter the perception of the thermal environment. Insights such as these 
may be employed when designing a dynamic light scenario for office environments. Even 
though such subjective experiences do not always translate into performance enhancements, 
they are relevant in and of themselves because of their contribution to people’s perception of 
quality of life (Albrecht, 1994). 

Limitations and future research
Some limitations deserve to be mentioned. CCT and illuminance were manipulated 

simultaneously to maximize both the difference in visual experience and melanopic 
activation. However, because of this combined manipulation, effects cannot be attributed to 
either illuminance or CCT. Future studies should dissect these by separately manipulating 
illuminance and spectrum. Secondly, based on prior research (e.g., An et al., 2009; Huiberts et 
al., 2017; Rüger et al., 2005; Smolders et al., 2012; Smolders & de Kort, 2017), it is hypothesized 
that an individuals’ responsiveness to light could depend on the time of day. In this study, 
participants were asked to come to the laboratory at the same time of day for each session 
to control for these effects within participants. Whether time of day moderated the effect of 
light on the dependent variables between participants could not be tested due to group sizes. 
Therefore, we recommend another study with a larger sample size to examine whether these 
effects depend on the time of day.

An interesting topic for future research would be variation of the transition speed. In this 
study abrupt transitions were used, which led to both significant positive and negative 
results. It is worth studying whether these negative results on, for instance, visual comfort 
disappear when using more gradual transitions and whether the positive results on subjective 
alertness remain visible. Furthermore, to be able to generalize the results, the research should 
be replicated with participants from different cultural backgrounds. Finally, as this laboratory 
study lasted only 90 min, the results should be validated in longer experiments and in field 
settings before they can be implemented in the built environment.

Conclusion
Response trajectories following transitions in lighting are different for subjective experiences 

and objective measures of vigilance, arousal, and thermoregulation. Most variables that 
responded to the light manipulation represented subjective experiences and responded 
immediately after the transition in lighting. From the performance and the physiological 

3.5
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indicators, only SCL and DPG were affected by the different types of light exposure. 
Furthermore, this study shows no direct relationship between subjective and objective 
responses, confirming that subjective responses are valuable sources of information and 
that a multi-measure approach is preferred when studying effects of light. Comparing the 
temporal trajectories of the subjective experiences and objective indicators shows a complex 
pattern concerning the onset, persistence and symmetry of the responses. Presumably, 
there are various underlying pathways that can explain these effects, but more fundamental 
research is needed to unravel those. Irrespective thereof, findings do consistently suggest that 
acute effects of daytime light exposure exist. Abrupt light transitions may be used in the built 
environment to alter subjective experiences. If and where effects of light transitions towards 
cool, bright light emerged, they generally were alerting and activating, yet not necessarily 
comfortable. 
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The study in Chapter 3 showed that the most prevalent responses within 45 min after a light 
transition emerged amongst the subjective indicators. Some of these responses were largely 
persistent, whereas others were transient. The responses for vitality, alertness, acceptance 
and comfort were more pronounced for the transition to cool, bright light than for the 
transition to warm, dim light. However, due to the design of the study in Chapter 3, the effects 
could not be attributed to either illuminance or CCT. In the next chapter, a follow-up study 
is described in which a 2 (illuminance: bright vs. dim) by 2 (CCT: warm vs. cool) design was 
employed to be able to disentangle the effects of illuminance and CCT. Additionally, random 
slope analyses were performed to gain insight in the degree to which the responses varied 
between participants. The study was performed in a mild cold environment as effects of light 
effects on thermal perception are expected to be more pronounced in such an environment.





Detailed insights in both visual experiences and neurobehavioral responses of light due 
to manipulations in illuminance and correlated color temperature (CCT) are needed to 
optimize study protocols as well as to design light scenarios for practical applications. This 
study investigated temporal dynamics and interindividual variability in subjective evaluations 
of sensation, comfort and mood as well as subjective and objective measures of alertness, 
arousal and thermoregulation following abrupt transitions in illuminance and CCT in a mild 
cold environment. The results revealed that effects could be uniquely attributed to changes 
in illuminance or CCT. No interaction effects of illuminance and CCT were found for any of 
these markers. Responses to the abrupt transitions in illuminance and CCT always occurred 
immediately and exclusively amongst the subjective measures. Most of these responses 
diminished over time within the 45-min light manipulation. In this period, no differences 
in responses were found for objective measures of vigilance, arousal or thermoregulation. 
Significant interindividual variability occurred only in the visual comfort evaluation in 
response to changes in the intensity of the light. The results indicate that the design of 
dynamic light scenarios aimed to enhance human alertness and vitality requires tailoring to 
the individual to create visually comfortable environments. 

Abstract

Abrupt light transitions in
illuminance and correlated color 
temperature result in different 
temporal dynamics and 
interindividual variability for 
sensation, comfort and alertness 

This chapter is based on Kompier, M. E., Smolders, K. C. H. J., & de Kort, Y. A. W. (2021). Abrupt 
light transitions in illuminance and correlated colour temperature result in different temporal 
dynamics and interindividual variability for sensation, comfort and alertness. PLoS ONE, 16(3), 
1–24. doi:/10.1371/journal.pone.0243259
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Introduction
The light in our direct surroundings affects us in more ways than many of us are aware of 

and has implications for what we see, how we behave and how we feel. Researchers studying 
responses to light today speak of two major pathways through which light acts on human 
physiology and psychology: a visual pathway and a non-visual, or non-image forming, pathway 
(de Kort & Veitch, 2014). The first pathway originates in the rods and cones in our eyes, which 
allow us to see the environment around us (Boyce, 2014). As a strongly visually oriented species, 
the focus of research and standards was for a long time directed towards the requirements 
for light to assure proper visual performance, experience and comfort (Begemann et al., 
1997; van Hoof et al., 2012). In the past two decades, the intrinsically photosensitive retinal 
ganglion cells (ipRGC) have been identified and studied as the primary driver for the second 
overarching pathway: light-induced effects beyond vision (Cajochen, 2007; Duffy & Wright, 
2005). Such effects include the alignment of our internal 24-hr rhythm to the external rhythm 
of the world, so-called circadian effects (Duffy & Wright, 2005). Other ipRGC-influenced light 
responses (IIL) acutely influence our health, well-being and performance (Cajochen, 2007). 
Importantly, the relevant photoreceptors and underlying sensory systems show marked 
differences in terms of temporal, spatial, spectral and intensity-related processes (Cajochen 
et al., 2000; Chang et al., 2012; Duffy & Wright, 2005; Khalsa et al., 2003; Revell et al., 2006; 
Zeitzer et al., 2000). 

To create light scenarios that positively promote health and well-being in terms of both 
visual experiences and light effects beyond vision, we may require light that is dynamic in 
illuminance and correlated color temperature (CCT; see also Chapter 2). Several studies have 
investigated effects of such dynamic scenarios and hint towards positive circadian and acute 
effects (Aries et al., 2020; Canazei et al., 2014; de Kort & Smolders, 2010). However, these 
studies all differed considerably in the outcome parameters that were investigated and the 
measurement protocols that were used. In addition, the timing of the measurements within 
the light scenario and the exposure duration per condition varied substantially, preventing 
the formulation of clear-cut conclusions (Chapter 2). Preceding structured investigations of 
the overall effects of a day-long dynamic light scenario, the effects of such scenarios’ individual 
elements (e.g., the transitions vs. the static parts) should be studied. More specifically, it 
is important to investigate and be aware of the changes in subjective states, behavior and 
physiology that may develop over time following a transition in light conditions. In the 
current study, we aim to examine the temporal trajectories of alertness, arousal, comfort and 
mood – and individual differences therein – immediately following an abrupt transition in 
light concerning illuminance and/or CCT using repeated measurements.

Effects of light on, for instance, sleep, human physiology, alertness and cognitive performance 
have been described for various exposure durations and levels of both illuminance (Hubalek 
et al., 2010; Sithravel et al., 2018; Slama et al., 2015) and CCT (Chellappa et al., 2011; Huang et 
al., 2015; te Kulve, Schlangen, Schellen, et al., 2018). Although the knowledge gained through 

4.1
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these studies is very valuable, most studies do not provide detailed information about the 
short-term development over time of the light-induced responses (e.g., in terms of comfort, 
alertness, arousal and mood) that a change in light induces. Knowledge on the time it takes 
for an effect to emerge (onset) and whether the effect persists throughout the entire light 
exposure (persistence) is indispensable in the design of study protocols as well as practical 
light applications. This knowledge can be gained by continuous or repeated measurements 
of the dependent variable of interest after the onset of the light exposure. Although some 
laboratory studies did study participants’ responses to specific light conditions repeatedly 
on an hourly basis throughout the light exposure (Lockley et al., 2006; Rüger et al., 2005), 
more frequent repeated measurements within one hour after onset of the light manipulation 
are also needed to determine the detailed temporal trajectories of the outcome parameters. 
Several studies reported that effects of a light manipulation on indicators of subjective 
alertness, physiological arousal and performance measures, if they emerged, were immediate 
and persistent (Chapter 3; Huiberts et al., 2016; Phipps-Nelson et al., 2003; Smolders et 
al., 2018; Smolders & de Kort, 2014). Others, however, reported delayed onset of effects on 
performance (Huiberts et al., 2015; Smolders et al., 2012) or self-reported alertness (Shamsul et 
al., 2013). One study reported significant effects of CCT on one of the performance tasks only 
mid-way throughout one hour of exposure (Smolders & de Kort, 2017). Another study (Prayag 
et al., 2019) reported fast responses (within the first 5 min) which then stabilized throughout 
50 min for some measures (e.g., pupil response, EEG, heart rate), whereas other measures 
showed continued gradual incline or decline (e.g., HRV, DPG). The before-mentioned studies 
focused mainly on IIL responses and studied either illuminance or CCT, whereas the visual 
experience of light and potential interactions between illuminance and CCT are also crucially 
important in optimizing study protocols as well as light scenarios for practical applications.

In the study in Chapter 3, we examined temporal dynamics of visual experiences and light 
effects beyond vision – sensation, comfort, mood, self-reported alertness and physiology – 
after abrupt transitions in illuminance and CCT and reported markedly different trajectories 
for different indicators. Unfortunately, the changes in illuminances were always confounded 
with changes in CCT. Increases in both illuminance and CCT enhance the stimulation of the 
ipRGCs that are traditionally held responsible for the acute alerting effects of light (Brainard 
et al., 2001; Thapan et al., 2001), but their effects on visual appraisals may work in opposite 
directions. Despite its alerting potential, cool, bright light is – at times – experienced as 
unsatisfying and uncomfortable (Wei et al., 2014), which then may also result in compromised 
alertness and performance (de Kort, 2019). This demonstrates that the effects of illuminance 
and CCT may converge and hence strengthen each other for some measures, but diverge, 
potentially neutralizing each other for other measures. Studies investigating the effects of 
illuminance and CCT simultaneously, yet independently, are still quite scarce and generally 
do not focus on the temporal trajectories of the outcome variables in response to the 
manipulation of one or both of these parameters (Min et al., 2013; Noguchi & Sakaguchi, 
1999; Park et al., 2013; Ru et al., 2019; Wei et al., 2014). This stresses the importance to study 
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the temporal dynamics of responses to both light parameters simultaneously and disentangle 
these two factors. 

To complicate matters, the literature on effects of illuminance and CCT has repeatedly 
suggested that the responsiveness to light is susceptible to large interindividual differences. 
Sometimes the lack or subtlety of effects of light on subjective sleepiness/alertness during 
daytime is attributed to interindividual differences (de Zeeuw et al., 2019; Huiberts et al., 
2016; Smolders et al., 2018). A certain light manipulation may be beneficial for some people, 
but detrimental for others, resulting in small and/or nonsignificant overall effects, whereas 
on an individual level the effects are of great practical relevance. Some studies have explicitly 
shown the existence of substantial interindividual variability in responsiveness for different 
measures (e.g., visual comfort and circadian phase shifting responses of light; Ho Mien et 
al., 2014; Phillips et al., 2019; Veitch & Newsham, 2000). Potential explanations for these 
interindividual differences in responsiveness to light could be the dependence on individual’s 
prior light exposure and thus be more situational (Chang et al., 2011; te Kulve et al., 2019), 
but it could also have a genetic basis and reflect trait rather than state differences (Santhi et 
al., 2012; Souman et al., 2018). In this study, we take a first step in statistically examining the 
existence of such significant interindividual variability in responses to light.

In order to investigate the temporal dynamics of the independent and joint effects of 
illuminance and CCT, we studied the effects of abrupt step-wise increases in illuminance 
and CCT on participants’ evaluations of the ambient environment and their functioning. In 
this study, we additionally examined the extent to which interindividual variability affects 
the responses to transitions in CCT and/or illuminance of the light. The employed study 
design also allows for a partial replication of the study as described in Chapter 3 on response 
dynamics after an abrupt light transition. Despite the lack of effects on physiological and 
behavioral measures in Chapter 3, these were included here too to allow for replication of 
these null results. Whereas the study in Chapter 3 was performed in thermoneutral conditions, 
the current study was performed in a mild cold environment as there are indications that 
slight discomfort may be a prerequisite for cross-modal interactions between thermal and 
visual comfort (te Kulve, Schlangen, & van Marken Lichtenbelt, 2018). The research question 
which the current study sought to answer was to what extent an abrupt transition from 
dim to bright light, or from warm to cool light, influences subjective evaluations of visual 
comfort and mood as well as subjective and objective measures of alertness, arousal and 
thermoregulation over time. We hypothesized fast, but transient responses of the subjective 
parameters (e.g., comfort, alertness and mood) based on the results of Chapter 3. Moreover, 
we sought to investigate the extent to which systematic interindividual variability occurs 
in these light-induced effects. It was hypothesized that these would exist for alertness and 
visual comfort, but not for the other variables. Last, we aimed to study the extent to which 
transitions in the illuminance and CCT of the light interact. These interaction effects were 
expected to particularly prevail in the effect on visual comfort.
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Method

Design
 Temporal dynamics of responses to abrupt light transitions were examined in a laboratory 

study with a two (illuminance: bright vs. dim) by two (CCT: cool vs. warm) within-subjects 
design. Each session lasted 90 min, and started with a baseline period of 45 min in which 
warm, dim light was administered. At the start of the 45-min experimental period following 
this baseline period, the light was changed to one of the four experimental light conditions 
(see also Figure 4.1). The experimental light conditions were a) cool, bright light; b) cool, dim 
light; c) warm, bright light; and d) warm, dim light. Participants were exposed to all of them in 
separate sessions on separate days, yet at the same time of day. The order of the conditions in 
these sessions was counterbalanced. Self-report, performance and physiological markers were 
used as outcome measures. The study was approved by the institutional ethical review board 
(HTI Ethical Review Board - experiment ID 963). Participants gave their written informed 
consent and received a monetary compensation for their participation.

Participants
Twenty-three healthy participants (13 female; Mage = 23, SDage = 2.0; range = 18-26 years old) 

were recruited via the J.F. Schouten School for User-System Interaction Research database 
from the Eindhoven University of Technology. None of the participants reported visual or 
auditory deficits, or were an extreme chronotype (assessed using the Munich Chronotype 
Questionnaire (Roenneberg et al., 2003)). Additionally, none of the participants used 

Figure 4.1. The four light experimental light conditions and the experimental procedure of one session. 
(A) cool, bright light (CB), (B) cool, dim light (CD), (C) warm, bright light (WB), and (D) warm, dim light 
(WD). Participants were exposed to these four conditions in separate sessions on different days in partial 
counterbalanced order. Q: Questionnaire, PVT: Psychomotor Vigilance Task, and BDST: Backward Digit Span 
Task

4.2

4.2.1

4.2.2
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medication other than the contraceptive pill or suffered from hypertension or cardiovascular 
disease. Last, none of them travelled intercontinentally in the past three months. Further 
descriptors can be found in Table 4.1. 

Table 4.1. Participant descriptors

N = 23 Mean (SD) Range

Body Mass Index (kg/m2) 22 (3.0) [18, 30]

Midsleep (MSFsc) 4.7 (1.1) [2.4, 6.9]

Sleep Quality (PSQI) 4.0 (2.4) [1, 10]

General Health (SF-36) 74 (14) [45, 100]

Light Sensitivity - Eye Problems 1.8  0.8) [1, 4]

Light Sensitivity - Headache 1.7 (0.9) [1, 3]

Light Sensitivity - Sunglasses 2.7 (1.3) [1, 5]

Thermal Sensitivity 3.0 (1.1) [1,4]

Setting and apparatus
An office setting with two separate desks was created in a climate chamber with a floor area 

of 18.0 m2 and a ceiling height of 2.7 m (the same as in Chapter 3, a photo can be found in 
Appendix D). With a Minolta Luminance Meter LS-100, the reflectance of the various surfaces 
in the room were measured (off-white walls: 80.9 %, white partition wall: 91.8 %, grey floor: 
27.7 %, light grey desk: 49.0 %). The intended air temperature in the room was 17.0 °C, but 
presumably due to the heat production of the participants the operative air temperature was 

Figure 4.2. Spectral power distributions of the light settings

4.2.3
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18.0 °C ± 0.1 (air velocity = 0.01 m/s ± 0.00; relative humidity = 67.4 % ± 7.2, and black bulb 
temperature = 17.6 °C ± 0.1). Still, according to the online CBE thermal comfort tool these 
environmental conditions are classified as ‘Cool’. 

The four light settings were created using a set of four ceiling-mounted luminaires 
(PowerBalance Tunable Whites; RC464B LED80S/TWH PSD W60L60) above each desk. 
Figure 4.2 shows the spectral power distribution of the four light settings and Table 4.2 shows 
the alpha-opic equivalent daylight illuminances (EDI), illuminance and CCT of all four light 
settings. 

Table 4.2. Illuminance, CCT and α-opic EDI of the light settings (at the eye position) 

Light setting Cool, bright 
light

Cool, dim 
light

Warm, bright 
light

Warm, dim 
light

Illuminance (Ev in lux) 1012 101 1004 98

CCT (K) 5880 5890 2676 2722

S-cone-opic EDI (ED65
v,sc in lux) 900 90 268 27

M-cone-opic EDI (ED65
v,mc in lux) 974 98 777 76

L-cone-opic EDI  (ED65
v,lc in lux) 1001 100 1021 99

Rhodopic EDI  (ED65
v,r in lux) 887 89 477 47

Melanopic EDI  (ED65
v,mel in lux) 853 86 386 39

Measures
Subjective measures
Visual experience was probed as visual sensation, acceptance and comfort with items identical 

to the items in Chapter 3. Participants’ visual sensation was measured with two separate 
items for perceived brightness and color (SensationVI and SensationVC) on 7-point rating scales 
ranging from Very Low (-3) to Very High (3) and Very Cool (-3) to Very Warm (3) respectively. 
Furthermore, participants evaluated acceptance of the lighting (AcceptanceV) on a binary scale 
(Acceptable/Unacceptable). Participants were also asked to assess comfort with the intensity 
and color of the white lighting (ComfortVI and ComfortVC, respectively) on 6-point rating scales 
ranging from Very Uncomfortable (-2) to Just Uncomfortable (0) and from Just Comfortable (1) 
to Very Comfortable (3). These two scores were averaged into ComfortV as they had an internal 
consistency (Cronbach’s α) of .81. 

Thermal experience was probed with three items, which were based on ASHRAE Standard 
55 (ASHRAE, 2004). Thermal sensation (SensationT) was evaluated on a 7-point scale ranging 
from Cold (-3) to Hot (3), thermal acceptance (AcceptanceT) on a binary scale (Acceptable/
Unacceptable), and thermal comfort (ComfortT) on a 6-point rating scale ranging from Very 
Uncomfortable (-2) to Just Uncomfortable (0) and from Just Comfortable (1) to Very Comfortable 
(3). Additionally, self-assessed shivering (SAS) was evaluated on a VAS ranging from Not at all 
(1) to Yes, I shiver (10) as was used in te Kulve, Schlangen, and van Marken Lichtenbelt (2018).

4.2.4
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Subjective sleepiness was measured using the Karolinska Sleepiness Scale (KSS) with a 
response scale ranging from Extremely alert (1) to Extremely sleepy (9) (Åkerstedt & Gillberg, 
1990). Six mood-related items (Lively, Awake, Sleepy, Drowsy, Tense, and Calm) were selected 
from the activation–deactivation adjective checklist (Thayer, 1989). Additionally, we included 
the items Happy and Sad based on prior work (Huiberts et al., 2017; Smolders et al., 2012). 
Vitality was calculated using the items Lively, Awake, Sleepy, and Drowsy (Cronbach’s α = .82) 
that were evaluated on 5-point scales ranging from Definitely not (1) to Definitely (5). Vitality 
was calculated using the factor loadings that were derived through Principal Component 
Analysis (0.70*Lively + 0.86*Awake - 0.82*Sleepy - 0.84*Drowsy). Participants evaluated their 
mood state (Tense, Calm, Sad, and Happy) on identical response scales. Tense and Sad were 
excluded from the analysis as the variance in the responses was too low. Calm was recoded 
into three categories (recode key: 1-3 = 1, 4 = 2 and 5 = 3) to correct for the skewed response 
distribution. 

Performance tasks
In terms of performance, we measured executive functioning and vigilance components. The 

4-min Backward Digit Span Task (BDST) was used as an indicator of executive functioning 
(The Psychological Corporation, 2002). Participants were presented with auditory sequences 
of numbers that ranged from four to eight digits. They completed two trials per digit-span 
length, resulting in ten trials per measurement block. After hearing the digits, participants 
typed the sequence in reversed order, within a time limit (2 + 2.3 s per digit). No performance 
feedback was given. The total number of correct responses was used as the measure for 
executive functioning.

A 5-min auditory Psychomotor Vigilance Task (PVT) was used as a measure of sustained 
attention (Dinges & Powell, 1985). Participants were asked to keep their dominant rested 
on the space bar and respond as fast as possible by pressing the space bar to short auditory 
stimuli of 400 Hz. Stimuli were presented without a prior warning signal and lasted 200 
ms. The inter-stimulus intervals (ISI) were randomly chosen and ranged between 6 and 25 s. 
Stimuli followed each other immediately with only the ISI in between (i.e., without inter trial 
interval) and no performance feedback was given. Each stimulus without a key response was 
coded as missing and counted as a lapse. Responses that deviated more than three standard 
deviations from the mean were identified per measurement block in each session. These were 
excluded during post-processing and counted as additional lapses. The mean reaction time 
in ms of the valid responses during these 5 min was used as dependent measure for sustained 
attention.

Physiological measurements
Electrocardiography and electrodermal activity (EDA) measurements were done using TMSi 

software to collect physiological indicators of arousal (see Appendix C for a photo of the 
equipment). For heart rate (HR) and heart rate variability (HRV), participants attached one 

4.2.4.2
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electrode on the left clavicula, one on the soft tissue below the right clavicula and one on the 
soft tissue right below the ribs on the left side of the body. The EDA electrodes were attached 
to the first phalanxes of the middle and ring finger of the non-dominant hand to measure skin 
conductance level (SCL) in micro Siemens. Institutional software was used for outlier and 
artefact detection (Boschman, 2015, 2018a, 2018b). Mean HR, HRV (determined as root mean 
square of successive differences) and SCL during the 5-min PVT were used in the analyses.

Sixteen iButton (DS1925) dataloggers (sample interval 300 s, for photo see Appendix C) 
attached using Fixomull Stretch tape were used to measure bodily temperatures. The iButtons 
were placed on 14 ISO-defined body sites (NEN-EN-ISO 9886, 2004), based on which average 
skin temperature was calculated. Additionally, iButtons were placed at the under arm and 
the middle finger to assess peripheral vasoconstriction (Rubinstein & Sessler, 1990). The 
proximal skin temperature (Tproximal) was computed by averaging the temperature measured at 
the scapula, paravertebral, upper chest, and abdomen. The distal skin temperature (Tdistal) was 
computed by averaging the fingertip, instep, hand, and forehead skin temperature. To avoid 
a disproportional distribution, fingertip and hand temperatures were averaged first. Average 
skin temperature (Taverage) and the DPG (Tdistal – Tproximate) during the 5-min PVT were calculated 
to assess thermoregulation.

Control measures
Participants wore a light sensor at the chest (LightLog) from the moment they got up until 

the start of the session (for more details about the LightLog see section 6.2.5.6, for a photo 
of the sensor see Appendix C). Furthermore, the Core Consensus Sleep Diary (Carney et al., 
2012) was administered to assess sleep timing, duration and quality of the night before the 
experimental session. In addition, information on behavior, caffeine and food consumption 
was gathered at the start of the session (see Appendix A). During the session, participants 
additionally evaluated the effort they had invested in the reading task and both performance 
tasks on a visual analogue scales ranging from None (0) to Very Much (20). 

Procedure
The study was conducted between May 24th and June 24th, 2019. Participants completed all 

experimental sessions at the same time of day (8:45, 10:45, 13:30 or 15:30) to overcome time-of-
day effects within participants. The sessions were generally scheduled at least one day apart to 
avoid session-to-session effects. Two participants had two of the four sessions on subsequent 
days due to practical limitations in the planning. Participants’ clothing was standardized at an 
estimated clothing value of 0.7 clo, including insulation of the chair.

After welcoming the participants, the adaptation period of 30 min in warm, dim light in 
the mild cold environment started. While adapting to this environment, control measures 
were taken and participants were instructed. Additionally, participants applied the sensors 
for the physiological measurements and they practiced both the PVT and the BDST. After this 
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adaptation period, the physiological measurements were started and continued for 60 min 
until the end of the session. During this period, the self-report measures and performance 
tasks were sampled every 15 min. The self-reports were completed in on average 84 ± 35 s, after 
which the 5-min PVT and the 4-min BDST were performed. The first measurement, always 
in warm, dim light, was used as a baseline measurement. In the spare time throughout the 
procedure, participants read a book that was provided by the experimenters. The procedure, as 
shown in Figure 4.1, was identical for all sessions. At the end of the fourth session, participants 
were thanked, debriefed and compensated. 

Statistical analysis
MATLAB R2017b was used for all data processing and RStudio 1.1.463 for all analyses. The 

‘psych’ and ‘plyr’ packages were used for the preparatory analyses; for the statistical analysis 
the packages ‘emmeans’, ‘Hmisc’, ‘lme4’ and ‘lmerTest’ were used. The ‘ggplot2’-package was 
used for all visualizations. Outliers were identified by looking at the normal distributions and 
removing cases that deviated more than three standard deviations from the mean. From the 
binary variables percentual scores were calculated and visual inspections were done instead 
of statistical analyses. 

The main analyses examined the effect of Illuminance and CCT over time after the abrupt 
light transition. In these mixed model analyses, Participant (P) and Session (S; nested within 
Participant) were added as random intercepts within the model. The models for each of the 
different dependent variables further included CCT (Warm/Cool), Illuminance (Bright/Dim), 
Block (1/2/3), the two-way interactions CCT*Illuminance, CCT*Block and Illuminance*Block, 
the three-way interaction CCT*Illuminance*Block and Time of day (morning/afternoon) 
as fixed predictor variables. The Baseline score was added to account for potential baseline 
differences and Reading effort as an indicator of participants’ effort spent in between 
assessments. No other control variables were used as no statistically significant differences 
existed between neither the experimental conditions nor morning vs. afternoon sessions in 
the control variables assessed at session level. Furthermore, we examined whether random 
slopes for either Illuminance or CCT at the participant level significantly improved the model 
to examine the existence of significant interindividual differences in the responses. Only in 
case the addition of the random slope resulted in a significant improvement compared to the 
model without random slope as determined by a likelihood-ratio test, the random slope was 
added to the final model. The model was specified as follows: 

Yijk = B0 + P00k + S0j + B1∙Blockijk + (B2+ P2k)∙CCTjk + (B3+ P3k)∙Illuminancejk + B4∙CCTjk∙Illuminancejk + 
B5∙CCTjk∙Blockijk + B6∙Illuminancejk∙Blockijk + B7∙CCTjk∙Illuminancejk∙Blockijk + B8∙TimeOfDayk 

+ B9∙Ybaseline,jk + B10∙ReadingEffortijk + eijk 

Based on the models, contrast analyses were performed to examine the onset and persistence 
of the effect of Illuminance and CCT separately per measurement block. For all analyses, an 
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α of .01 was used as cut-off for statistical significance to account for the multiple dependent 
variables studied.

Results
Onset and persistence of the effects of Illuminance and CCT were tested for all dependent 

variables using the repeated measurements within the sessions. Existence of structural 
interindividual variability in the responses to transitions in Illuminance and CCT was 
investigated with random slope models. For conciseness, we report only the estimated 
marginal means and coefficients of the significant parameters in this section. Additionally, the 
statistics for the main predictors (Illuminance, CCT, Block, Illuminance*CCT, Illuminance*Block 
and CCT*Block) for all dependent variables are presented in Table 4.3. Further statistics for 
the other predictors (TimeOfDay, ReadingEffort, Ybaseline and CCT*Illuminance*Block), the full 
model and the null model for all dependent variables are presented in Appendix I. Additionally, 
Appendix J provides the contrast estimates for the main effects of Illuminance and CCT and 
Appendix K reports on the contrast estimates for Illuminance and CCT per measurement 
block. Significance of the latter is also indicated in Figures 4.3 and 4.5 using an asterisk (*) for 
significant effects (p < 0.01) for Illuminance and a plus (+) for CCT.

Visual experience
Participants’ sensation of the brightness of the light (Figure 4.3a) was significantly affected 

by Illuminance. As expected, the bright conditions were perceived significantly brighter 
(Estimated Marginal Mean (EMM) ± Standard Error (SE) = 1.36 ± 0.13) than the dim conditions 
(-0.28 ± 0.13). Additionally, there was a significant main effect of Block and an interaction 
of Illuminance and Block (see Table 4.3). The brightness sensation of both bright conditions 
decreased slightly over the three measurement blocks. Yet, Figure 4.3a shows that the effect 
of Illuminance emerged right after the transition and persisted throughout the remaining 
two measurement blocks. Participants’ sensation of the color of the white light (Figure 4.3b) 
was significantly affected by CCT. In line with the expectations, the warm conditions were 
perceived as warmer (0.29 ± 0.14) compared to the cool light conditions (-1.24 ± 0.14). In addition, 
there was a significant interaction effect of CCT and Block, reflecting a slightly diminishing 
difference between warm and cool conditions in the second and third measurement block 
compared to the first. Still, a statistically significant difference in sensation of the color of the 
light persisted across all measurement blocks as can be seen in Figure 4.3b. 

Visual inspection of the results for visual acceptance suggest a lower visual acceptance of the 
light conditions after transitioning to the cool light conditions compared to both warm light 
conditions (Figure 4.3c). Over time, the percentage of persons rating the light setting as acceptable 
increased. For visual comfort, there was a statistically significant main effect of CCT (Figure 
4.3d), but not of Illuminance. However, the effect of Illuminance on ComfortV was structurally 
influenced by interindividual differences (χ2 (2) = 18.82, p < 0.001); the change in illuminance 
of the light led to widely varying visual comfort votes by the participants (range = -0.50 to 1.57).

4.3
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Table 4.3. Statistics for the main predictors for all outcome parameters

Dependent 
variable

Illuminance CCT Block Illuminance* 
CCT

Illuminance*
Block

CCT*
Block

F p F p F p F p F p F p

SensationVI F1,65 = 
145.79

< 0.001 F1,66 = 
4.25

0.04 F2,182 = 
13.46

< 0.001 F1,66 = 
5.75

0.02 F2,181 = 
11.15

< 0.001 F2,182 = 
0.10

0.91

SensationVC F1,69 = 
0.00

1.00 F1,69 = 
90.16

< 0.001 F2,181 = 
0.88

0.42 F1,69 = 
0.00

0.94 F2,181 = 
0.26

0.77 F2,181 = 
16.83

< 0.001

ComfortV F1,68 = 
0.31

0.58 F1,68 = 
7.79

< 0.01 F2,183 = 
4.85

< 0.01 F1,68 = 
3.36

0.07 F2,183 = 
1.32

0.27 F2,183 = 
4.83

< 0.01

Vitality F1,66 = 
10.78

< 0.01 F1,66 = 
0.48

0.49 F2,182 = 
3.87

0.02 F1,67 = 
0.95

0.95 F2,182 = 
1.89

0.15 F2,182 = 
1.13

0.32

Sleepiness 
(KSS)

F1,67 = 
8.24

< 0.01 F1,67 = 
0.18

0.67 F2,183 = 
3.75

0.03 F1,69 = 
0.22

0.64 F2,183 = 
1.97

0.14 F2,183 = 
1.38

0.25

Mean RT 
(PVT)

F1,48  = 
0.37

0.54 F1,47 = 
0.72

0.40 F2,153 = 
0.08

0.92 F1,48 = 
0.21

0.65 F2,151 = 
0.06

0.94 F2,152 = 
3.52

0.03

Effort PVT F1,59 = 
1.59

0.21 F1,58 = 
0.04

0.84 F2,172 = 
1.16

0.31 F1,60 = 
0.12

0.73 F2,171 = 
1.72

0.18 F2,172 = 
1.18

0.31

Correct 
(BDST)

F1,65 = 
0.00

1.00 F1,65 = 
0.15

0.70 F2,183 = 
1.91

0.15 F1,67 = 
0.03

0.85 F2,183 = 
0.47

0.62 F2,183 = 
1.31

0.27

Effort 
BDST

F1,67 = 
6.58

0.01 F1,66 = 
0.06

0.80 F2,182 = 
0.52

0.60 F1,68 = 
1.82

0.18 F2,182 = 
1.65

0.20 F2,182 = 
0.02

0.98

Mean SCL F1,62 = 
0.02

0.88 F1,62 = 
0.66

0.42 F2,164 = 
18.48

< 0.001 F1,63 = 
1.52

0.22 F2,163 = 
2.17

0.12 F2,164 = 
0.96

0.38

Mean HR F1,65 = 
1.68

0.20 F1,65 = 
1.75

0.19 F2,167 = 
1.75

0.18 F1,67 = 
0.32

0.58 F2,167 = 
1.03

0.36 F2,167 = 
1.27

0.28

Mean HRV F1,86 = 
0.88

0.35 F1,86 = 
1.82

0.18 F2,169 = 
28.76

< 0.001 F1,87 = 
0.09

0.76 F2,169 = 
0.13

0.88 F2,169 = 
1.14

0.32

Calm F1.69 = 
0.16

0.69 F1,67 = 
0.31

0.26 F2,184 = 
0.96

0.39 F1,69 = 
0.15

0.70 F2,183 = 
1.03

0.36 F2,183 = 
0.67

0.51

Happy F1,66 = 
0.32

0.58 F1,65 = 
3.20

0.08 F2,180 = 
2.62

0.08 F1,65 = 
0.06

0.81 F2,180 = 
2.23

0.11 F2,180 = 
3.38

0.04

SensationT F1,67 = 
0.37

0.55 F1,67 = 
0.20

0.65 F2,182 = 
11.76

< 0.001 F1,68 = 
0.11

0.75 F2,181 = 
0.52

0.60 F2,181 = 
0.86

0.43

SAS F1,61 = 
0.02

0.90 F1,61 = 
1.42

0.24 F2,177 = 
9.16

< 0.001 F1,62 = 
0.57

0.45 F2,177 = 
0.41

0.66 F2,177 = 
0.49

0.61

ComfortT F1,63 = 
1.95

0.17 F1,63 = 
3.41

0.07 F2,179 = 
4.07

0.02 F1,64 = 
0.07

0.80 F2,178 = 
1.02

0.36 F2,179 = 
0.50

0.61

Taverage F1,69 = 
0.43

0.51 F1,69 = 
1.29

0.26 F2,181 = 
298.73

< 0.001 F1,69 = 
6.50

0.01 F2,181 = 
0.18

0.84 F2,181 = 
0.03

0.97

DPG F1,69 = 
1.19

0.28 F1,69 = 
0.04

0.83 F2,183 = 
22.54

< 0.001 F1,70 = 
0.21

0.65 F2,182 = 
2.20

0.11 F2,183 = 
0.42

0.66

Note: Statistically significant effects are presented in bold. F: F-value and p: p-value
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Figure 4.4a clearly shows that the bright light was evaluated as more comfortable than the 
dim light by some participants, but less comfortable by others. In contrast, the effect of CCT 
on ComfortV showed no statistically significant interindividual differences in responsiveness 
(χ2 (2) = 0.26, p = 0.88). Figure 4.4b indicates that the difference in CCT of the light conditions 
led to comparable changes in visual comfort evaluations for all participants; the warm light 

Figure 4.3. Trajectories of response parameters: a) sensation of light intensity, b) sensation of color temperature, 
c) visual acceptance (in % - no statistical testing), d) visual comfort, e) vitality, f) sleepiness, g) mean reaction time 
for PVT, h) effort during the PVT, i) correct responses for BDST, j) effort during the BDST and k) calm, and l) 
happy. Error bars are standard errors (SE). Contrasts for Illuminance and CCT were done for each measurement 
block: * indicates p < 0.01 for Illuminance, + p < 0.01 for CCT



- 89 -

4

Abrupt transitions in illuminance and CCT result in different responses for sensation, comfort and alertness

conditions were, on average, experienced as more comfortable (1.27 ± 0.10) compared to the 
cool light conditions (0.92 ± 0.10). Figure 4.3d shows that the effect of CCT on ComfortV was 
only statistically significant in the first two measurement blocks after the transition. Last, 
Reading effort (B = -0.03 ± 0.01) and Baseline visual comfort (B = 0.28 ± 0.09) had a significant 
effect on the visual comfort of the light condition. ComfortV decreased with a higher self-
reported reading effort.

Vitality, sleepiness and performance
The significant main effect of Illuminance on vitality (Figure 4.3e) indicated that vitality 

was, on average, higher in the bright light conditions (1.18 ± 0.29) compared to the dim light 
conditions (0.18 ± 0.29). However, the contrast analyses revealed that bright light led to 
significantly increased vitality in the first two measurement blocks after the transition only. 
Random slope analyses showed no statistically significant interindividual differences. Vitality 
was significantly influenced by Reading effort (B = -0.19 ± 0.03) and Baseline level of vitality (B 
= 0.40 ± 0.07). Vitality decreased with increasing self-reported reading effort. The response 
pattern for sleepiness was highly similar, but – as expected – reversed (Figure 4.3f). Illuminance 
had a statistically significant main effect on sleepiness, indicating that the bright conditions 
were related to a lower sleepiness (4.57 ± 0.21) compared to the dim light conditions (5.22 ± 
0.21). Again, this effect was only significant in the first two measurement blocks. Sleepiness 
was additionally affected by Reading effort (B = 0.11 ± 0.02) and the level of sleepiness at 
baseline (B = 0.33 ± 0.08). Sleepiness increased with a higher self-reported reading effort. 

The response time during the PVT showed neither statistically significant main nor 
interaction effects of Illuminance and CCT (Figure 4.3g), nor interindividual differences of 
these effects. Baseline response time significantly predicted the response time on the PVT (B 
= 0.51 ± 0.06). Similarly, Baseline BDST score was a significant predictor for the number of 
correct responses on the BDST (Figure 4.3i; B = 0.35 ± 0.05). No main or interaction effect of 
Illuminance and CCT on the score of the BDST occurred in any of the measurement blocks. 

Figure 4.4. Individual differences in the visual comfort evaluation. 
Individual values of visual comfort are calculated using the EMM + P00k + 
P3k * x based on the model with random slopes for a) Illuminance and b) 
CCT

4.3.2
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Also for the self-reported exerted effort during the tasks no main or interaction effects of 
Illuminance and CCT were found (Figure 4.3h and 4.3j). The effort exerted in the PVT was 
only significantly affected by Reading effort (B = 0.33 ± 0.05) and the effort during the baseline 
measurement (B = 0.35 ± 0.07). For the effort exerted in the BDST only the effort during the 
baseline measurement was statistically significant (B = 0.71 ± 0.05). Furthermore, in the third 
measurement block, the effort exerted in the BDST was significantly lower in the bright light 
compared to the dim light (Figure 4.3j). 

Mood
Participants’ calmness ratings were significantly influenced by Baseline level (B = 0.50 ± 0.07) 

and the three-way interaction of Illuminance, CCT and Block suggesting slightly different 
trajectories for all conditions (Figure 4.3k). Yet, no main and interaction effects of Illuminance 
and CCT in these responses occurred in any of the measurement blocks. Happiness showed 
a significant effect of its Baseline score (Figure 4.3l; B = 0.61 ± 0.08). In the first measurement 
block, there was also a significant difference between the warm and cool conditions: the 
transition to cool light led to a decrease in reported happiness in the first measurement block. 
These effects turned nonsignificant in the following two measurement blocks.

Physiological arousal
SCL, HR and HRV were not significantly influenced by the light conditions (Figure 4.5a-c) nor 

by interindividual differences in the response to these light conditions. All three parameters 
were significantly affected by their Baseline level (B = 1.02 ± 0.05; B = 0.89 ± 0.03 and B = 0.87 
± 0.05, respectively). SCL and HRV were, additionally, significantly influenced by Block, both 
showing an increase over time in the experimental session. 

Thermal experience
Thermal sensation of the participants (Figure 4.5d) was significantly influenced by Block and 

Baseline thermal sensation (B = 0.35 ± 0.09). SensationT decreased over time, but in none of the 
measurement blocks a significant main or interaction effect of Illuminance or CCT occurred. 
Similarly, self-assessed shivering (Figure 4.5g) was only significantly affected by Block and 
Baseline level (B = 0.46 ± 0.13). Self-assessed shivering increased over time in session. Visual 
inspection of the percentage of persons rating the environment as thermally acceptable 
suggested a decrease over time in all conditions (Figure 4.5e). The visual inspection also 
suggested a lower thermal acceptance in the warm light conditions, however, this difference 
already seemed to exist in the baseline. ComfortT (Figure 4.5f) was significantly affected by 
Baseline level (B = 0.21 ± 0.08) and Reading effort (B = -0.04 ± 0.01). Participants’ thermal comfort 
significantly decreased over time and with increasing reading effort. The thermal experiences 
were not affected by the changes in the light conditions and showed no statistically significant 
interindividual variability in their responses to the light conditions.

4.3.3
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Thermoregulation
For the average skin temperature, there was no statistically significant main or interaction 

effect of Illuminance and CCT in any of the measurement blocks (Figure 4.5h), nor were 
there statistically significant interindividual differences in these effects. The average skin 
temperature was significantly affected by Block and Baseline skin temperature (B = 0.98 ± 0.03). 
Average skin temperature decreased over time. Similarly, the DPG (Figure 4.5i) was significantly 
influenced by Block and Baseline DPG (B = 1.14 ± 0.03). Over the three measurement blocks, 
the DPG decreased (i.e., the difference between distal and proximal temperatures increased). 

Figure 4.5. Trajectories of response parameters: a) mean SCL, b) mean HR, c) mean HRV, d) thermal sensation, 
e) thermal acceptance (in % - no statistical testing), f) thermal comfort, g) self-assessed shivering, h) average 
skin temperature, and i) distal-to-proximate gradient. Error bars are SE. No significant differences existed for 
Illuminance and CCT in any of the measurement blocks

4.3.6
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Discussion
With this laboratory study, we aimed to study the impact of an abrupt transition in 

illuminance, in CCT, and the interaction thereof, on temporal trajectories of alertness, 
arousal, comfort and mood. Furthermore, we investigated the presence of interindividual 
variability in these temporal response dynamics. Healthy participants were exposed to four 
experimental light conditions and repeatedly completed subjective measures of comfort, 
alertness and mood, and performance measures probing vigilance and executive functioning, 
while we continuously tracked physiological indicators of arousal and thermoregulation. 
We largely replicated findings reported in Chapter 3, but – due to the adapted design of the 
current study – effects could now be uniquely attributed to changes in illuminance or CCT. 
Additionally, no statistically significant interaction effects of CCT and illuminance were 
found for any of the parameters. The extent to which the abrupt transitions in illuminance 
and/or CCT influenced subjective evaluations of comfort and mood as well as subjective and 
objective measures of alertness, arousal and thermoregulation over time can be described in 
terms of the onset and persistence of the response trajectory.

Onset - acute effects of an abrupt transition
The abrupt transitions in illuminance and CCT led to an immediate change in brightness 

and color sensation. Whereas the change in brightness perception could be clearly attributed 
to change in illuminance of the light, both color sensation and visual comfort showed a main 
effect of the transition in CCT only. More specifically, participants reported diminished visual 
comfort directly after the transition to cool light compared to the warm light conditions. 
Furthermore, participants reported feeling less happy right after transitioning to cool light 
compared to warm light. Significant decreases in sleepiness and increases in vitality also 
occurred immediately after the transition to bright light compared to the continuous dim 
light, which is in line with the findings in Chapter 3. In contrast, none of the task performance 
and physiological arousal parameters showed either a direct or delayed response within 45 
min after the abrupt transition in illuminance and/or CCT. A potential reason for the lack 
of response to the light conditions in terms of task performance could be the compensatory 
influence of the exerted effort on the task (Lasauskaite & Cajochen, 2018); in some conditions 
the light might have resulted in better performance, but in the conditions in which light 
did not positively affect the performance, participants may have exerted more effort and 
thereby compensated for the absent effect of light. For both the PVT and the BDST the self-
reported exerted effort was indeed slightly lower in bright light compared to dim light, albeit 
not statistically significantly so. This emphasizes the importance of including assessments 
of the effort or task engagement for performance tasks. Additionally, the analysis of other 
parameters such as lapses, standard deviation or the variability of the reaction time (Steinborn 
et al., 2018) during the PVT may yield more insight in the responses of the participants during 
the PVT, and the potential shift in response as a consequence of the light transitions or the 
time in session. To ensure sufficient variation in these parameters, a PVT with more trials 
(e.g., achieved by having a longer duration of the task in total or shorter ISIs within the task) 

4.4
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than the PVT version employed in the current study would be required. With respect to 
longer performance tasks, it is important to realize that simple reaction time tasks can affect 
participants by inducing mental fatigue and strain (Langner et al., 2010). Longer tests should 
therefore preferably also be accompanied by additional subjective state measurements such 
as task engagement, distress, and worry to examine how performing such a task affects one’s 
subjective state and to be able to control for this (Matthews et al., 2002). Yet, the absence of 
effects of different light conditions on performance and physiological arousal measures is 
not uncommon, and prior studies have reported that effects on these measures may depend 
on certain times of day, exposure duration, task difficulty, or season (Huiberts et al., 2015, 
2016, 2017; Rüger et al., 2005). Although this could also explain why light did not affect these 
responses in the present study, we should question whether the acute effects of light on 
performance tasks and physiological arousal are practically relevant if they only occur in very 
specific contexts. Last, in this study no direct evidence for cross-sensory effects of illuminance 
or CCT on thermal experience was found, although various theories (e.g., hue-heat hypothesis 
(Huebner et al., 2016), brightness associations (Wang et al., 2019) or physiological effects (te 
Kulve et al., 2017)) hypothesize such effects. In sum, this study demonstrated that subjective 
responses to an abrupt transition in illuminance and/or CCT, if they emerge, always emerged 
virtually immediately and that task performance and physiological measures did not respond 
within the first 45 min after an abrupt transition.

Persistence – sustained effects of an abrupt transition
Not all effects that occurred right after the transition persisted throughout the entire 

duration of exposure. Only the sensation of the color and brightness of the light remained 
significantly different between conditions across all three measurement blocks, even though 
the difference diminished slightly. As in Chapter 3, the contrast between the persistent 
response for the visual sensation and the transient response for visual comfort and acceptance 
can be explained by adaptation to the light setting. Although participants’ sensation of the 
light persisted, the adaptation of the eye likely led to altered acceptance and comfort votes. 
The abrupt transition to cool light led to an immediate decrease in visual comfort, but this 
effect disappeared over time. This is partially in contrast to the review by Fotios (2017) who 
discussed that pleasantness ratings may reach a plateau at 6 min after light onset in certain 
settings. He also demonstrated that – overall – the effects of CCT on ratings of brightness 
and pleasantness are negligible and seem largely independent of adaptation time, yet low 
illuminances should be avoided. In contrast, in the current study the visual comfort of the 
participants improved gradually after an initial drop following the light transition to cool, 
bright light. This suggests that initially participants may not appreciate an abrupt transition 
to cool light, but when time passes their visual comfort seems to return towards the original 
level. Potentially, more gradual light conditions can prevent this initial transient decline in 
comfort. Happiness also responded temporarily to the transition in CCT, which was not in 
line with Chapter 3, where no statistically significant effects of a transition from warm, dim 
to cool, bright lighting on happiness were found. The effects of the light conditions on vitality 

4.4.2



- 94 -

- Chapter 4 -

and alertness, on the other hand, were in line with earlier studies (Chapter 3; Huiberts et 
al., 2016; Phipps-Nelson et al., 2003; Smolders et al., 2018; Smolders & de Kort, 2014). The 
effects of illuminance on vitality and alertness persisted, at least throughout the first 20 min 
after the transition. In this study, we demonstrated that the change in illuminance of the 
light, rather than the change in CCT, was significantly related to a change in sleepiness and 
vitality. The ED65

v,mel of the bright compared to the dim conditions implied a tenfold increase, 
whereas the ED65

v,mel ‘merely’ doubled from the warm to the cool condition. In line with this, 
the – nonsignificant – difference in sleepiness and vitality between warm vs. cool light was 
about one fifth of the size of the effect of illuminance. Rather than attributing the alerting 
effect to illuminance or CCT per se, the melanopic activation that a light setting can achieve 
is a more likely explanation for this acute alerting effect (Brown, 2020; Hommes & Giménez, 
2015), as was also suggested in the study by Ru et al. (2019). In this respect, it is important to 
note that the factor two difference in ED65

v,mel between the warm, bright and the cool, bright 
light condition did not lead to a significant difference in sleepiness or vitality. 

Interindividual variability
In this study, we additionally examined whether significant interindividual variability 

existed for the main effects of illuminance and CCT. To test the existence of this variability, 
random slopes for illuminance and CCT were added separately at the participant level in 
the models. The interindividual variability reported here therefore reflects variation between 
persons that is stable throughout the period during which participants completed the four 
sessions. More specifically, this variability is likely trait-like and potentially a function of 
person characteristics, such as lens characteristics or chronotype. Additionally, variation in 
responsiveness to light may also emerge due to behavioral and situational differences. These 
differences would be reflected in the baseline assessment, which was included as a fixed 
effect in the model, but not as a random effect. Significant interindividual variability was 
exclusively found for the effect of illuminance on visual comfort, which might explain the 
absence of a main effect of illuminance on visual comfort. Both the direction and the extent 
to which individuals’ visual comfort was affected were highly dependent on the individual; 
the transition to a higher illuminance was considered more comfortable by some and less 
comfortable by others. Examining the origin of this interindividual variation in responses to 
light requires between-subject comparisons which were not performed in this study as we 
considered the power for these comparisons too low. 

Although individual variability in preferred light conditions has been demonstrated before 
(Juslén et al., 2005; Veitch & Newsham, 2000), the current study is – to our knowledge – the 
first to demonstrate that individual variability for the effect of illuminance on visual comfort 
exists, but not for the effect of CCT. This finding, of course, applies only to the employed 
target audience, stimulus range, duration and timing, and requires further investigations in 
order to generalize. No significant interindividual variability in the alerting responses was 
found, despite suggestions thereof in prior studies (de Zeeuw et al., 2019; Smolders et al., 
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2018). This might be explained by the homogeneity in the sample; limited variation in factors 
such as age and chronotype likely results in little variation in responsiveness to light (Gaggioni 
et al., 2014). 

Theoretical reflections and practical implications
In the current study, we successfully disentangled the effects of illuminance and CCT on 

measures of subjective experiences and comfort. The results indicated that manipulations 
of illuminance and CCT did not interact in their alerting effects, and effects could be 
attributed to illuminance only. However, the difference in melanopic activation due to 
the contrasting light conditions may very well be the driving force behind the significant 
effect that was found (Brown, 2020). Although effects of illuminance and CCT on visual 
sensation were straightforward and consistent between persons, visual comfort showed 
marked interindividual variability. This means that increases in illuminance may result in a 
decline in visual comfort for some people, but have contrasting effects for others. None of the 
other outcome parameters that were included in this study showed statistically significant 
interindividual variability in their responses to changes in illuminance or CCT, indicating 
similar responses to light for the relatively homogenous sample that was included in this 
study. Furthermore, the absence of effects on performance tasks, physiological arousal and 
thermal experience indicated that no overall daytime effects of light on these parameters 
emerged, at least not within 45 min of exposure, which is largely consistent with recent 
reviews (Lok et al., 2018; Souman et al., 2018). 

The different parameters that relate to alertness, arousal and vigilance showed varying 
response patterns, demonstrating the nuanced differences between how subjective alertness, 
physiological arousal and behavioral vigilance can be influenced. This emphasizes that 
interpretation and explanation of effects of light on these parameters and their underlying 
processes requires a multi-measure approach (Hanifin et al., 2019). Last, the occurrence of 
both transient and persistent responses underlines the delicacy in timing of measurements 
within a measurement protocol and thereby the importance of repeated measurements. 

Limitations and future research
Although this study was conducted in a relatively controlled environment, some limitations 

could not be overcome. In the climate chamber, two office-like workplaces were created 
to assure that two participants could participate simultaneously. Despite the use of a 
partitioning wall, participants may have been aware of each other, which potentially impacted 
concentration on tasks. Furthermore, the sample was predominantly young and healthy, 
which limits generalizability. The homogeneous sample may have also resulted in the inability 
to identify interindividual variability for some outcome parameters as these may depend on 
factors such as chronotype and age which showed little variation in our participant sample. 
To be able to generalize the results to the general population, larger and more heterogenous 
samples should also be included in future studies. Participants completed all sessions at 
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the same time of day to control for variation due to time of day within participants, but 
interaction effects due to time of day between participants could not be tested due to power 
considerations. Future studies should investigate the effect of seasonality and time of day on 
the results (Huiberts et al., 2016, 2017; Rautkylä et al., 2010) and examine the current effects 
in more naturalistic settings using longer exposure durations before the results can be applied 
in a dynamic light scenario for office environments. Last, we suggest that future research 
investigates more closely how visual comfort evolves over the day, extending the work on 
discomfort glare (Altomonte et al., 2016; Kent et al., 2017) to visual comfort, to see whether 
dynamically changing light conditions throughout the day could be stimulating and lead to 
increased visual comfort.

Conclusion
In the current study, we demonstrated that abrupt transitions in illuminance and/or CCT 

led to different temporal response dynamics for subjectively evaluated appraisals, mood and 
alertness. Illuminance and CCT did not render significant interaction effects on these markers, 
but each affected a selection (e.g., vitality and sleepiness were moderated by illuminance 
and visual comfort by CCT). Responses to the abrupt transitions in illuminance and CCT 
occurred always immediately and exclusively amongst the subjective markers. No obvious 
responses were found in objective measures of vigilance or arousal. Although subjective 
alertness benefitted immediately and for at least 20 min from higher light levels, we saw 
no measurable effect for physiological arousal and task performance. Thermal comfort and 
thermoregulation were also not significantly influenced by the light manipulations. In the 
visual comfort evaluations (and only there) we detected statistically significant interindividual 
variability in responses to changes in the intensity of the light. The results indicate that the 
design of dynamic light scenarios that are beneficial for human alertness and vitality requires 
tailoring to the individual to create visually comfortable environments. 
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The results of the study in Chapter 4 were largely in line with Chapter 3. Both showed mainly 
immediate subjective responses to abrupt light transitions. Chapter 4 uniquely identified 
illuminance as the main driver for the alerting effects. In the next chapter, I studied a more 
complex light pattern with multiple transitions in illuminance to investigate how these 
responses integrate over time. This intermittent condition was compared to a continuous 
dim and a continuous bright light condition. The duration of each condition was lengthened 
to 90 min in order to study response trajectories for a period twice as long compared to the 
studies described in Chapter 3 and 4. Repeated assessments of subjective, behavioral and 
physiological indicators of alertness as well as subjective visual comfort were taken during 
each light condition. In the analysis, again interindividual variability in responses was 
investigated, apart from the effects of the light conditions across all participants.





Intermittent bright light during the night has shown to be able to generate circadian phase-
shifting effects, suppress melatonin and induce alertness, but little attention has been 
devoted to the effects of diurnal intermittent bright light. Our typical natural daytime light 
exposure can be described as an intermittent light pattern. Therefore, it is highly relevant to 
investigate whether intermittent light also has acute alerting effects during daytime. In this 
study, forty participants were exposed to an intermittent (100 lux – 1000 lux), a continuous 
dim (100 lux) and a continuous bright light condition (1000 lux) each lasting 90 min. 
Repeated assessments of subjective, behavioral and physiological indicators of alertness as 
well as subjective visual comfort were taken during each light condition. Results show that 
alertness-related parameters were not significantly affected by the light conditions: neither 
the intermittent nor the bright condition improved alertness compared to the dim condition. 
Visual comfort was highest in the dim condition, followed by the intermittent and bright 
conditions respectively, even though the visualizations showed marked decreases in visual 
comfort during the bright light phases in the intermittent condition. The results illustrate 
the diversity in processes underlying these visual experiences and neurobehavioral responses.

Abstract

Visual comfort and acute 
alerting effects of diurnal 
intermittent bright light

This chapter is based on Kompier, M. E., Smolders, K. C. H. J., Schlangen, L. J. M., & de Kort, Y. A. W. 
(under review). Visual comfort and acute alerting effects of diurnal intermittent bright light. 
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Introduction 
The light that we typically are exposed to in daily life is highly dynamic and varies substantially 

throughout the day (Espiritu et al., 1994; Hébert et al., 1998; Okudaira et al., 1983; Savides 
et al., 1986). These unpredictable variations in the luminous environment are largely due to 
situational and behavioral factors (Roenneberg & Foster, 1997). Situational factors may include 
the time of day and the weather, for instance. Behavioral factors comprise, among others, 
one’s location or gaze direction (Peeters et al., 2020). In the highly dynamic luminous profile 
that results from this, the cumulative exposure to bright light (e.g., more than 1000 lux at the 
eye) across the day is relatively short and varies approximately between one half hour and 
two-and-a-half hours (Crowley et al., 2015; Espiritu et al., 1994; Hébert et al., 1998; Hubalek 
et al., 2010; Peeters et al., 2020; Savides et al., 1986; Smolders et al., 2013). This brighter light 
exposure is typically not bundled in one consecutive period, but is randomly distributed 
in shorter pulses of minutes up to about half an hour spread across the day (Hébert et al., 
1998; Okudaira et al., 1983; Savides et al., 1986). This results in a luminous profile containing 
intermittent exposure to brighter light, in which periods above a certain bright light threshold 
alternate with periods below this threshold.

The effects of intermittent light during the night on the circadian system have attracted 
quite some research attention (Gronfier et al., 2004; Najjar & Zeitzer, 2016; Rahman et al., 
2021; Rimmer et al., 2000; Zeitzer, Ruby, et al., 2011). Bright light pulses (~9500 lux at the 
eye) – ranging from 5 to 46 min, alternated with 20 to 60 min of darkness in between pulses 
– timed around the core body temperature minimum have been demonstrated to effectively 
generate phase-shifts (Gronfier et al., 2004; Rimmer et al., 2000). For example, intermittent 
light in which the effective duration of the bright light exposure was reduced by 37 % resulted 
in a decrease of only 10 % of the phase-shifting response compared to a continuous bright 
light episode of the same intensity (Rimmer et al., 2000). At certain interstimulus intervals, 
microsecond flashes of light appeared to even induce larger phase delays than continuous 
equiluminous light (Najjar & Zeitzer, 2016). In intermittent light, the photic drive induced by 
the initial pulse is retained while the photoreceptors – bleached by this initial pulse – have 
the opportunity to recover and regain their sensitivity to light (at least partially) during the 
stimulus free/dark interval (Rimmer et al., 2000). The persistent and sustained firing of the 
intrinsically photoreceptive retinal ganglion cells (ipRGC) might play a role in the retention 
of the photic drive in response to brief light pulses (Lucas et al., 2014). Furthermore, the 
intrinsic light sensitivity of ipRGCs can be influenced by their photic history, for instance, 
prior exposure to longer wavelengths can increase their intrinsic sensitivity whereas prior 
exposure to shorter wavelengths can decrease their sensitivity (Chellappa et al., 2014; Mure 
et al., 2009). Similarly, brighter preceding light exposure has been implicated to reduce the 
sensitivity to subsequent light exposure (Chang et al., 2011, 2013; Hébert et al., 2002; te Kulve 
et al., 2019; Zeitzer, Friedman, et al., 2011). Prior studies have concluded that in many species 
the critical duration of a light pulse to achieve a phase-shifting response appears to be only 5 
to 10 min (Kronauer et al., 1999), though later studies have also demonstrated the effectiveness 
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of millisecond flashes in phase-shifting responses under highly-controlled conditions (Najjar 
& Zeitzer, 2016; Zeitzer, Ruby, et al., 2011). 

Apart from these circadian effects, Yang et al. (2018, 2019) have shown that three cycles of 30 
min of bright light (1000 lux at the eye) alternated with 30 min of dim light (<5 lux at the eye) 
before bedtime can significantly induce continuous alertness improvements and momentary 
performance increments. Interestingly, hourly bright 10-min breaks (4700 lux at the eye) in 
the study by Lee et al. (2020) decreased melatonin suppression compared to 10-min breaks 
in medium light intensity (430 lux at the eye) during a simulated night shift (1:00-6:00) with 
550 lux at the eye. In contrast, a scenario with 10-min breaks in dim light (<1 lux at the eye) 
increased melatonin suppression compared to the condition with medium and bright light 
in the breaks. This would suggest that periods with lower light levels allow regeneration 
of photopigments in between bright light periods, and thereby might also benefit acute 
neurobehavioral responses. Yet, no statistically significant effects on subjective alertness or 
task performance were found in that study (Lee et al., 2020). 

Although the acute and circadian effects of intermittent light in the evening or night are 
highly relevant, the effects of intermittent bright light during daytime are potentially even 
more important as the light we are exposed to during the day is highly dynamic and results 
in frequent transitions between illuminance levels. However, most studies investigating 
acute alerting effects of diurnal light have focused on static light of one intensity during 
several minutes up to hours (e.g., Huiberts et al., 2016; Ru et al., 2019; Rüger et al., 2005; 
Smolders et al., 2012). To our knowledge, only one laboratory study has investigated to what 
extent intermittent bright light affects daytime behavior and experiences compared to static 
exposure to ordinary room light (Iskra-Golec & Smith, 2008, 2011). Compared to 300 lux at 
the eye, six cycles of 15 min of bright light (4000 lux at the eye) alternated with 45 min of 300 
lux at the eye between 11:00 and 17:00 improved global vigor (alertness, sleepiness, effort and 
weariness) and task performance during the late morning. Yet, intermittent bright light was 
found to be less comfortable as compared to ordinary room light (Iskra-Golec & Smith, 2008), 
potentially due to the unusually high level of indoor bright lighting and/or by the abrupt 
transitions that were employed in the intermittent scenario (Chapter 3 & 4). More gradual 
transitions may ameliorate the visual experience of an intermittent bright light scenario 
(Chraibi et al., 2019). This is important as visual comfort may play a mediating role in the 
effect of light on alertness and mood (Veitch et al., 2011). Additionally, light scenarios designed 
for practical, real-life applications should strive to optimize both visual experience and acute 
alerting effects in integrative lighting solutions (CIE, 2020). Therefore, in the current study 
we investigated the effects of daytime intermittent bright light on both alertness and visual 
comfort using fast, but gradual transitions.

Prior research has shown that alerting effects of diurnal light on healthy participants are 
typically small and inconsistent (Lok et al., 2018; Souman et al., 2018). One potential explanation 
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for this could be a ceiling level of alertness during daytime (Lok et al., 2019). Following partial 
sleep deprivation, the baseline alertness during the day is expected to decrease, leaving more 
room for improvements in alertness upon an environmental (light) intervention (Phipps-
Nelson et al., 2003). The current study therefore employed sleep restriction (to 5 hr) for 
one night to study to what extent intermittent light can induce alertness in comparison to 
both constant bright (~1000 lux at the eye) and constant dim (~100 lux at the eye) light. 
We expected that intermittent light would generate alerting effects comparable to those 
generated by continuous bright light. Furthermore, we examined to what extent intermittent 
light is perceived as visually comfortable in comparison to continuous bright and continuous 
dim light. By using fast, but gradual transitions in the intermittent light scenario, we expected 
to limit the visual discomfort that may result from abrupt transitions between bright and 
dim light. Last, we compared the temporal trajectories of both alertness and visual comfort 
during the static and intermittent light conditions to investigate the response dynamics of 
these variables.

Method

Design
A balanced crossover design was employed to test the effects of intermittent light (IL; 100 

- 1000 lux at the eye) on alertness and comfort against a static dim (DL; 100 lux at the eye) 
and static bright (BL; 1000 lux at the eye) light condition. The intermittent light consisted of 
three cycles of ten minutes of bright light followed by twenty minutes of dim light (Figure 5.1). 
Participants were exposed to each of the three 90-min conditions while repeatedly reporting 
on their alertness and visual comfort. Before each condition, there was a 10-min baseline 
measurement in dim light (100 lux).

Figure 5.1. Visualization of the three experimental lighting conditions and measurement protocol of 
one session. IL = intermittent light, BL = bright light, DL = dim light, Ass nr = assessment number 
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Participants experienced all light conditions on one day and the order was counterbalanced 
between participants. The first session started at, on average, 10:28 (median: 10:24, range: 
10:14 to 10:45), the second one at 12:26 (median: 12:24, range: 12:10 to 12:47) and the third one 
at 14:22 (median: 14:30, range: 14:01 to 14:59). Between sessions, participants received a light 
snack and could visit the restroom. 

The study was approved by the institutional ethical review board. This study’s design and 
hypotheses were preregistered via the Open Science Framework (doi:10.17605/OSF.IO/
UM29Q).

Participants
Power calculations were done using data from Chapter 3 and 4 with the Superpower package 

in R (Caldwell et al., 2021) and the spreadsheet belonging to Lakens (2017). These analyses are 
described in the preregistration and yielded a required sample size of 41 participants. Forty-
three participants (14 female) were recruited via a participant database and convenience 
sampling. They completed a screening questionnaire before selection. Participants were 
generally healthy (SF-36 (van der Zee & Sanderman, 2012); MGH = 80.7, SDGH = 13.7), had no 
visual or auditory deficits, were between 18 and 30 years old (Mage = 22.7, SDage = 3.0), were free 
from medical and psychiatric disorders, and did not take medication structurally, apart from 
birth control. Furthermore, participants were normal chronotypes (3.8 < midsleep < 6.8 based 
on (Zavada et al., 2005), assessed using the Munich Chronotype Questionnaire (Roenneberg 
et al., 2003)), reported no sleeping problems (Pittsburgh Sleep Quality Index < 6 (PSQI; 
(Buysse et al., 1989)), and slept habitually between 7 and 9 hr per night. Last, participants had 
not travelled between time zones or worked night shifts in the three months prior to the start 
of the study. 

Sleep restriction protocol
Participants slept according to their regular schedule for three nights and then followed a 

sleep restriction protocol of 5 hr (between 1:00 and 6:00) on the night before the start of the 
study. Adherence was assessed using actigraphy (wrist-worn Axivity AX3 trackers) and the 
Core Consensus Sleep Diary (Carney et al., 2012). One participant did not adhere properly and 
was therefore excluded. Two others terminated the experimental session before completing 
all conditions. The forty included participants (13 female) had a mean sleep duration (Mrestriction) 
of 4.6 hr during the sleep restricted night (standard deviation: SDrestriction = 0.4, rangerestriction= 
2.8 – 5.2), which was on average 3.1 hr less than on the three nights before (Mregular = 7.7 hr, 
SDregular = 1.3, rangeregular= 4.9 – 11.6). Furthermore, participants did not consume alcohol, drugs, 
caffeine or nicotine in the 24 hr before the start of the study. At the start of the experimental 
day, the mean KSS score was 5.1 (SDKSS-start = 1.8, rangeKSS-start  = 2.0 – 8.0).
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Figure 5.3. Normalized spectral power distribution of the bright (solid line) and dim (dashed line) light settings

Setting
The experiment was conducted in rooms without daylight access measuring 2.5 x 3.6 m2 fitted 

with a desk and a desktop computer (see Figure 5.2, a photo of the setting is available in 
Appendix D). The reflectance (ρ) of surfaces in the room was assessed by means of a calibrated 
JETI Specbos 1201 spectroradiometer, using ρ = (L ∙ π )/Ev, where L is the luminance and Ev 
the illuminance. The front and back walls of the room were off-white (ρ = 0.85), the curtain 
was light grey (ρ = 0.73) and the left wall was grey (ρ = 0.45). The doors were white (ρ = 0.94), 
the desk was light grey (ρ = 0.75) and the floor dark grey (ρ = 0.33). Indoor climate was kept as 
constant as possible during all sessions, however due to use of fluorescent lamps considerable 
heat was produced. One iButton was placed 2.5 m from the participant at desk height (0.77 m) 
to measure the room temperature at a 10-min sampling interval (MTair-dim ± SD = 22.3 ± 2.0 °C; 
MTair-intermittent = 22.5 ± 2.0 °C; MTair-bright = 22.9 ± 2.0 °C).

Figure 5.2. Floorplan of the laboratory 
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Each room was equipped with eight recessed Philips Savio (TBS770 3x54W/827/865HDFAC-
MLOCVC) luminaires that covered the entire ceiling. Each luminaire contained three 
fluorescent tubes of 54 W, of which two were 6500 K and one was 2700 K, and was equipped 
with an acrylate micro-lens optic cover. 

Illuminance at the eye (in the vertical plane) was measured using the calibrated 
spectroradiometer. Figure 5.3 shows the normalized spectral power distributions of the bright 
(1000 lux) and dim (100 lux) light settings, with equal CCT. Table 5.1 displays the alpha-opic 
equivalent daylight illuminances (EDI), alpha-opic daylight efficacy ratios (DER), illuminance, 
CCT and color fidelity index (Rf) of the settings. Transitions between the settings spanned 2 s 
to create markedly visible, yet gradual light transitions.

Table 5.1. Illuminance, CCT, Color fidelity index, α-opic EDI, and α-opic DER of the light 
settings (at the eye position) 

Light setting Dim light Bright light

Illuminance (lux) 111 1069

CCT (K) 4067 3989

Color fidelity index (Rf) 84 82

α-opic EDI 
(in lux)

α-opic DER α-opic EDI 
(in lux)

α-opic DER

S-cone-opic 76 0.68 594 0.56

M-cone-opic 97 0.87 936 0.88

L-cone-opic 111 1.00 1062 0.99

Rhodopic 76 0.69 717 0.67

Melanopic 67 0.61 624 0.58

Measures
Subjective experiences 
Participants’ visual sensation was evaluated with two items probing experienced intensity 

and color (SensationVI and SensationVC) on 7-point rating scales ranging from Very Low (-3) to 
Very High (3) and Very Cool (-3) to Very Warm (3) respectively. Participants rated their acceptance 
of the lighting (AcceptanceV) on a binary scale (Acceptable/Unacceptable). Subjective visual 
comfort (ComfortV) was assessed on a 6-point rating scale ranging from Very Uncomfortable 
(-2) to Just Uncomfortable (0) and from Just Comfortable (1) to Very Comfortable (3), all as in 
Chapter 3 and 4. 

Mood was probed using eight items, of which six (Calm, Tense, Lively, Drowsy, Sleepy, Awake) 
from the Activation-Deactivation checklist (Thayer, 1989) and two (Happy, Sad) from 
Smolders et al. (2012). Response scales ranged from Definitely Not (1) to Definitely (5). As Lively, 
Awake, Sleepy (R) and Drowsy (R) had a Cronbach’s α of .89, these scores were averaged into 
one variable: Vitality. Calm and Tense had a Cronbach’s α of .74, and were also averaged after 
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reverse coding Tense. Sad was excluded from the analysis due to low variance. Subjective 
sleepiness was assessed using the Karolinska Sleepiness Scale (KSS) with a response scale 
ranging from Extremely Alert (1) to Extremely Sleepy (9) (Åkerstedt & Gillberg, 1990). 

Thermal sensation (SensationT) was evaluated on a 7-point scale ranging from Cold (-3) to Hot 
(3) based on ASHRAE 55 (ASHRAE, 2004); thermal acceptance (AcceptanceT) on a binary scale 
(Acceptable/Unacceptable), and thermal comfort (ComfortT) on a 6-point rating scale identical 
to the one for visual comfort and as used in Chapter 3 and 4. These items are out of scope for 
this chapter, and thus not analyzed here.

Cognitive performance 
In an auditory psychomotor vigilance task (PVT) of five minutes (Dinges & Powell, 1985), 

participants responded as fast as possible to short auditory stimuli of 400 Hz that lasted 200 
ms each, while keeping their dominant hand rested on the space bar and eyes focused on 
a fixation cross. Trials were terminated when participants pressed the spacebar or after 2 s 
without response. The inter-stimulus interval was randomly drawn from a range between 1 
and 9 s. Mean reaction time (MRT), 10% fastest reaction times (MRT10%fast), 10% slowest reaction 
times (MRT10%slow), standard deviation of reaction time (SDRT), and the coefficient of variation 
in reaction time (CVRT = (SDRT / MRT) x 100) were used as indicators of vigilance. Three items 
from the Short Stress State Questionnaire (SSSQ; (Helton & Nöswall, 2010)) assessed the 
motivation during the PVT on 5-point Likert scales ranging from Not at all (1) to Extremely (5) 
(see Appendix L). PVT motivation was calculated as the mean of the three items (Cronbach’s 
α = .93).

Electrodermal activity
Electrodermal activity (EDA) was measured using TMSi software with two electrodes placed 

on the first phalanx of the index and middle fingers. Processing and artefact detection was 
done using institutional software (Boschman, 2015). Mean tonic skin conductance level (SCL) 
during the PVT, measured in micro Siemens, was taken as an indicator of arousal.

Pupillometry
The pupil diameter was measured using a Tobii 4C Eye-tracker with a frequency of 90 Hz. For 

each assessment, the recording between the start and end times of each PVT was processed. 
First, observations that deviated more than two standard deviations from the mean of the 
90 surrounding samples were identified as outliers using a Hampel function and set to 
missing. Missing values were interpolated using a shape-preserving piecewise cubic spline 
interpolation (pchip in Matlab 2017b), and then the 5-min recording was resampled to 25 Hz. 
After the first and last 10 s of each recording were removed, the recording was subdivided 
in three segments of 2048 samples (~81.92 s). Standard deviation of the pupil diameter was 
computed for each segment (SDPD). The Pupillary Unrest Index (PUI) and the power in the 
frequency domain of 0 to 0.8 Hz during the PVT were computed according to the methods 
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described in Lüdtke et al. (1998). The PUI was calculated by resampling the data to 1.5625 
Hz (128 samples per segment). The absolute values of the difference from the mean in each 
segment were summed and normalized per minute. To calculate the power in the 0 – 0.8 Hz 
frequency domain (Pupil Power), the data in each segment were detrended and a hamming 
window was applied. Then a Fast Fourier Transform was performed and the total power in 
the region from 0 – 0.8 Hz was calculated.

After removing the segments with a mean percentage of interpolated values above 30%, the 
mean Pupil Power, PUI and SDPD of the three segments were taken as physiological indicators 
of sleepiness. 

Skin temperature gradient 
Two iButtons were attached to the underarm and fingertip of the left hand to provide an 

indication of vasoconstriction of the participants (Rubinstein & Sessler, 1990). The distal-
to-proximal gradient was calculated but is out of scope of this chapter and therefore not 
analyzed here.

Evaluation of the light per condition
Two self-formulated items probed Satisfaction and Pleasantness on 7-point Likert scales that 

ranged from Very Unsatisfied (1) to Very Satisfied (7), and Very Unpleasant (1) to Very Pleasant 
(7) respectively (see Appendix L). The items were averaged into one Light Appraisal variable 
(Cronbach’s α = 0.93). Headache and Eye-Strain Symptoms (HES) were evaluated on eight 
4-point scales ranging from Absent (0) to Severe (3) (Giménez et al., 2017; Viola et al., 2008) and 
averaged into one HES-factor (Cronbach’s α = .85). 

Start questionnaire 
Upon arrival in the laboratory, participants completed a questionnaire probing the means and 

duration of transport to the study location and the amount of time spent outside in daylight 
prior to their visit (identical to the one use in Chapter 3 & 4). Food and beverage intake were 
measured using multiple-choice questions; momentary sleepiness was assessed using the KSS 
(Åkerstedt & Gillberg, 1990). These control variables were considered as potential covariates 
in the analyses.

Procedure
The study was conducted between April 12th and June 3rd, 2021. Subjects participated in three 

subsequent sessions of 100 min on one day. Upon arrival at 10:00, participants were welcomed 
and completed the start questionnaire. Subsequently, they received further instructions, 
applied the sensors and practiced the PVT for three minutes. Participants briefly read a 
magazine until the baseline period started. In the 10-min baseline assessment, participants 
completed the subjective measures, performed the 5-min PVT and evaluated their motivation 
during the task. After the baseline assessment, identical assessments followed every 10 

5.2.5.5

5.2.5.6

5.2.5.7

5.2.6



- 109 -

5

5

Visual comfort and acute alerting effects of diurnal intermittent bright light

min in the 90-min experimental light condition. In between assessments participants read 
magazines provided by the experimenters. At the end of each session, participants evaluated 
the light conditions before they could visit the bathroom and consumed a calorie-controlled 
snack (~300 kcal). Subsequently, the baseline for the next experimental light condition started 
(second ~12:30 and third ~14:20). The procedure of the experimental sessions is shown 
in Figure 5.1. At the end of the day, participants were debriefed and received a monetary 
compensation for their participation.

Statistical analysis
All statistical analyses were done in Rstudio 1.3.1073 with the ‘lme4’, ‘lmer’, ‘emmeans’ and 

‘Hmisc’-packages. Visualizations were created using ‘ggplot2’. Observations that deviated 
more than three standard deviations from the mean were identified as outliers and coded as 
missing. Non-normally distributed variables were transformed (log transformations for SCL 
and the pupil metrics) or recoded (Calm into three categories: 1-3.5 = 1, 4-4.5 = 2, 5 = 3). The 
binary variable (AcceptanceV) was not analyzed statistically, but only examined visually. For 
all statistical tests, an α-criterion of .01 was used to account for the multitude of dependent 
variables.

Linear mixed models (LMM) were used to test the differences in alertness and visual 
experience-related parameters between the light conditions. We tested the main effect Light 
condition across all experimental assessments. In addition to these preregistered analyses, 
exploratory LMM analyses were done on two subsets of the data to explore the differences 
between conditions for the bright and dim phases of the intermittent light separately. 
One set contained the data of assessments 1, 4 and 7 of all light conditions (referred to as 
intermittent-bright set), the other contained all data of assessments 2, 3, 5, 6, 8 and 9 (referred 
to as intermittent-dim set). Post-hoc contrasts with Tukey correction tested the differences 
between the three light conditions in the complete set, in the intermittent-bright set and 
in the intermittent-dim set respectively. Cohen’s f2 was calculated for all fixed effects in the 
models using f2=  (RAB

2 - RA
2)/(1-RAB

2) , in which R2 is the marginal R2 (Selya et al., 2012). Cohen’s 
f2 reflects the unique portion of variance accounted for by parameter B. In the result section, 
we report the post-hoc contrasts as well as the other fixed effects of the models. The statistics 
of the main effect of Light condition are reported in Appendix M. 

Subjective vitality, sleepiness, PVT metrics, SCL, pupil variation metrics and mood were 
analyzed using separate LMMs with Participant and Session (1,2,3; nested within Participant) 
included as random intercepts. Random slopes for the effect of condition were explored to 
test interindividual differences (see Appendix N). To correct for the effect of time-in-session, 
a parabolic function was fitted to the data of the continuous dim condition, and subsequently 
subtracted from the actual scores during all conditions for each of the dependent variables. 
The fixed effects were Light condition (as factor), General health, Room temperature and the 
Baseline score. Covariates were included if they correlated sufficiently (i.e., a significant 

5.2.7
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correlation > .4) with the dependent variable, and did not show multicollinearity with other 
predictors (based on VIF scores). The intermittent condition and the bright condition were 
expected to produce similar alertness levels, therefore we tested the equivalence of the scores 
of the alertness-related parameters averaged over all experimental assessments in these 
conditions using the two one-sided tests procedure for dependent samples (Lakens, 2017). 
Table 5.2 shows the employed upper and lower equivalence bounds in these analyses, which 
were set to 51.3 % of the standard deviation of the respective variable as described in the 
preregistration. 

Table 5.2. Upper (ΔU) and lower (ΔL) equivalence bounds 
that were used in the equivalence test for the alertness-
related parameters 

SD ΔU ΔL

Vitality 0.95 -0.49 0.49

KSS 1.95 -1 1

MRT 73.35 -37.62 37.62

MRT10%slow 150.85 -77.36 77.36

MRT10%fast 63.9 -31.95 31.95

SDRT 29.85 -15.31 15.31

CVRT 5.55 -2.85 22.85

Mean SCL 0.30 -0.15 0.15

Pupil Power 0.40 -0.21 0.21

PUI 0.15 -0.08 0.08

SDPD 0.20 -0.10 0.10

In the models for the comfort-related variables, Participant and Session (1,2,3; nested within 
Participant) were also included as random intercepts. Light condition was added as a fixed 
factor, and Room Temperature and Baseline scores as covariates. For these variables (and for 
mood), we tested differences between the intermittent and bright condition rather than 
equivalence as we did not expect the outcomes to be equivalent. The power for the main 
effect of Light condition and the contrasts can be found in Appendix M. 

For the end-of-condition variables Light appraisal and HES-factor, two-level models were 
used with only Participant as random intercept. Light condition was the only fixed effect in 
the model and marginal R2 was calculated as effect size measure of the main effect. Again, 
post-hoc analyses tested contrasts with Tukey correction. Power is reported in Appendix M.

The dataset as used for the analysis is available via the Open Science Framework (doi:10.17605/
OSF.IO/BSA9N).
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Results 

Alertness
Subjective vitality and sleepiness
Overall, subjective vitality did not significantly differ between the dim (Estimated Marginal 

Mean (EMM) ± Standard Error (SE) = 3.39 ± 0.08), intermittent (3.40 ± 0.08) and bright light 
conditions (3.48 ± 0.08; Figure 5.4a). This is in line with the equivalence test between the 
intermittent and bright condition (t(39) = 2.34, p = 0.01), yet in contrast with what we expected 
regarding differences with the dim condition. The pooled vitality scores for assessments 
1, 4 and 7 (i.e., the intermittent-bright set) also showed no significant differences between 
conditions (all p’s > 0.25; dim: 3.40 ± 0.08, intermittent: 3.56 ± 0.08, and bright: 3.51 ± 0.08). 
Likewise, no significant differences (all p’s > 0.41) existed between the dim (3.39 ± 0.09), 
intermittent (3.31 ± 0.09), and bright light (3.47 ± 0.09) conditions for assessments 2, 3, 5, 
6, 8 and 9 (i.e., the intermittent-dim set). Baseline vitality (F1,116 = 125.69, p < 0.001, B ± SE = 
0.64 ± 0.06, f2 = 0.61) and Room temperature (F1,115 = 8.86, p = 0.003, B ± SE = -0.06 ± 0.02, f2 < 
0.01) both significantly predicted self-reported vitality; a higher vitality score at baseline and a 
lower room temperature during assessments predicted higher vitality. General health was not 
significantly associated with vitality (F1,32 = 1.25, p = 0.27, f2 = 0.01).

Similarly, there was no statistically significant difference in sleepiness between the 
intermittent (4.75 ± 0.17) and bright conditions (4.60 ± 0.17) compared to the dim condition 
(4.69 ± 0.17; Figure 5.4b). The equivalence test for the intermittent and bright condition also 
indicated equivalence of these two conditions (t(39) = -2.47, p = 0.009). Sleepiness scores 
in the intermittent-bright set again showed no statistically significant differences between 
the dim (4.70 ± 0.15), intermittent (4.44 ± 0.15) or bright (4.60 ± 0.15) conditions (all p’s > 
0.45). Similarly, in the intermittent-dim set no statistically significant differences (all p’s > 
0.47) occurred between the dim (4.68 ± 0.19), intermittent (4.91 ± 0.18) and bright conditions 
(4.62 ± 0.18). Baseline KSS (F1,77 = 148.80, p < 0.001, B ± SE = 0.74 ± 0.05, f2 = 0.74) and Room 
temperature (F1,106 = 7.90, p = 0.002, B ± SE = 0.12 ± 0.04, f2 < 0.01) both had a significant 
positive relationship with self-reported sleepiness. General health did not significantly predict 
sleepiness (F1, 35 = 0.50, p = 0.48, f2 < 0.01). 

Cognitive performance
There were no significant differences between the dim and intermittent or bright light 

conditions for the MRT, MRT10%fast, MRT10%slow, SDRT, CVRT or PVT Motivation (all p’s > 0.05; Figure 
5.4c-h). The equivalence tests indicated equivalence between the intermittent and bright light 
conditions for all PVT metrics (t(39) = 2.53-4.90, all p’s < 0.01). Moreover, the models testing 
the effect of Light condition in intermittent-bright and intermittent-dim sets separately 
showed no significant differences between the conditions for any of the performance metrics 
(all p’s > 0.08). Baseline PVT scores (MRT, MRT10%fast, MRT10%slow, SDRT, CVRT and PVT Motivation) 
did significantly and positively predict the respective PVT scores (all F’s > 16.80, B ± SE = 0.34-
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0.92 ± 0.04-0.10, all p’s ≤ 0.001, f2 = 0.06 – 4.14). None of the PVT metrics were significantly 
associated with the Room temperature (all F’s < 4.69, all p’s > 0.03, all f2’s ≤ 0.01) or General 
health (F’s < 4.99, p’s > 0.03, all f2’s ≤ 0.09), except that the latter was associated with the 
motivation during the PVT (F1,23 = 8.13, p = 0.009, B ± SE = 0.02 ± 0.01, f2 = 0.18). 

Figure 5.4. Temporal trajectory of a) vitality, b) sleepiness, c) mean reaction time for PVT, d) standard deviation 
for the PVT, e) mean reaction time for the 10% slowest responses of the PVT, f) coefficient of variation for the 
PVT, g) mean reaction time for the 10% fastest responses of the PVT, and h) PVT motivation. The graphs are 
based on the models without the correction for time in session. The error bars represent SE
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5.3.1.3 Skin conductance level
There were no significant differences in SCL in the intermittent (0.48 ± 0.03) or bright 

(0.48 ± 0.03) light conditions compared to the dim light condition (0.44 ± 0.03; see Figure 
5.5a). Equivalence between the intermittent and bright condition was accepted (t(39) = 4.02, 
p < 0.001). The separate models for intermittent-bright set and intermittent-dim set also 
showed no significant differences between the light conditions (all p’s > 0.24). Baseline SCL did 
positively predict SCL in the experimental assessments (F1,80 = 145.44, p < 0.001, B ± SE = 0.44 ± 
0.03, f2 = 0.60). Room temperature nor perceived General health predicted SCL significantly (F1, 

830 = 1.04, p = 0.31, f2 = 0.04 and F1, 30 = 1.54, p = 0.22, f2 = 0.04, respectively). 

Pupil measurements
As can be seen in Figure 5.5b-d, variation in the pupil diameter1 was significantly larger in 

the dim light condition (Pupil power: -1.70 ± 0.04, PUI: 0.96 ± 0.01, and SDPD: -0.63 ± 0.02) 
compared to the intermittent light condition (Pupil power: -1.91 ± 0.04, PUI: 0.87 ± 0.01, SDPD: 
-0.73  ± 0.02; all p’s < 0.001) or the bright light condition (Pupil power: -2.33 ± 0.04, PUI: 
0.71 ± 0.01, SDPD: -0.94 ± 0.02; all p’s < 0.001). Additionally, the difference in pupil variation 
between the intermittent and bright condition did not significantly lie within the equivalence 
bounds (all t(39) < -2.54, all p’s > 0.99), suggesting inequivalent variation in pupil diameter 
between the intermittent vs. bright condition. When investigating the intermittent-bright 
set separately, there was significantly higher variation in the dim light condition compared 
to both the intermittent (p < 0.001) and constant bright light condition (p < 0.001). In the 
separate set with only the intermittent-dim phases, both the dim and the intermittent light 
conditions had significantly higher variation than the bright light condition did (both p‘s < 
0.001). Furthermore, Baseline variation in the pupil diameter was significantly and positively 
associated with pupil variation in the assessments (all F’s > 30.76, B ± SE = 0.47-0.65 ± 0.08-
0.09; all p’s < 0.001, f2 = 0.19-0.31). Room temperature and General health were not significantly 
associated with variation in pupil diameter (all F’s < 1.70, all p’s > 0.20, all f2’s < 0.01). 

Mood
Overall, there was no statistically significant difference in calmness between the dim (2.24 ± 

0.07), intermittent (2.15 ± 0.07) and bright conditions (2.03 ± 0.07; all p > 0.02; Figure 5.5e). 
However, in the separate analysis of the intermittent-bright set, calmness was higher in the 
dim condition (2.28 ± 0.07) compared to both the intermittent (1.98 ± 0.07; p = 0.003) and 
the bright conditions (1.99 ± 0.07; p = 0.005). Between the latter two, there was no significant 
difference (p = 0.99). In contrast, there were no statistically significant differences between 
the three conditions when looking only at the intermittent-dim set (all p’s > 0.11). Calmness 
at baseline and Room temperature both significantly and positively predicted calmness (F1,62 = 
60.19, p < 0.001, B ± SE = 0.51 ± 0.07, f2 = 0.40 and F1, 69 = 9.90, p = 0.002, B ± SE = 0.06 ± 0.02, 
f2 = 0.08, respectively). Perceived General health was not significantly related to calmness (F1,17 

= 6.53, p = 0.02, f2 < 0.01). 

 1 For reference, the mean pupil diameter across all assessments in dim light was 3.44 mm (median = 3.41, 
range = 2.24 - 4.55), in bright light the mean pupil diameter was 2.36 mm (median = 2.37, range = 1.88 - 3.20).
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Figure 5.5. Temporal trajectory of a) mean SCL, b) pupil power, c) PUI, d) SDPD, e) calm, f) happy, g) sensation of 
light intensity, h) sensation of color temperature, i) visual acceptance (in % - no statistical testing), and j) visual 
comfort. The graphs are based on the models without the correction for time in session. The error bars represent 
SE
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Happiness did not significantly differ between conditions (dim: 3.59 ± 0.11, intermittent: 3.53 
± 0.11, bright: 3.54 ± 0.11; all p’s > 0.71; Figure 5.5f). This pattern also occurred when analyzing 
the assessment sets separately for the intermittent-dim and intermittent-bright phases (all p’s 
> 0.44). Baseline happiness and perceived General health were both significantly and positively 
associated with happiness (F1,106 = 11.58, p < 0.001, B ± SE = 0.24 ± 0.07, f2 = 0.08 and F1,28 = 8.28, 
p = 0.008, B ± SE = 0.02 ± 0.01, f2 = 0.16, respectively). Room temperature showed no significant 
relationship with happiness (F1, 565 = 3.28, p = 0.07, f2 < 0.01). 

Visual Comfort
Figure 5.5g shows that, across all assessments, the dim condition (-0.19 ± 0.09) was not 

perceived significantly different from the intermittent one (0.08 ± 0.09; p = 0.05), but both were 
experienced dimmer than the bright light condition (1.32 ± 0.09; p < 0.001). Yet, the close-up 
analyses of the intermittent-bright set showed that SensationVI in the intermittent condition 
(2.20 ± 0.11) was significantly higher than in the bright condition (1.49 ± 0.11; p < 0.001). Both 
were perceived also significantly brighter than the dim light condition in these phases (-0.25 
± 0.11; both p’s < 0.001). In contrast, the analysis of the intermittent-dim set showed that the 
intermittent-dim condition (-0.98 ± 0.10) was perceived significantly dimmer than the dim 
light condition in these assessments (-0.18 ± 0.10; p < 0.001). The bright condition (1.25 ± 0.10) 
was perceived significantly brighter than the dim and intermittent-dim conditions in this 
set (both p’s < 0.001). Baseline SensationVI significantly predicted SensationVI (F1,113 = 18.28, p < 
0.001, B ± SE = 0.28 ± 0.07, f2 =0.04), whereas Room temperature did not (F1,57 = 1.12, p = 0.30, f2 
< 0.01). Even though the CCT of the light did not change, the bright condition (-0.91 ± 0.12) 
was perceived significantly cooler than the dim (0.27 ± 0.12; p < 0.001) and the intermittent 
light condition (0.33 ± 0.12; p < 0.001), while no significant differences existed between the 
dim and intermittent condition (p = 0.93; Figure 5.5h). The close-up analysis showed that 
in the intermittent-bright set, the dim condition (0.33 ± 0.14) was perceived significantly 
warmer than the intermittent (-1.33 ± 0.14; p < 0.001) and bright light condition (-0.98 ± 0.14; 
p < 0.001). No significant differences existed between the SensationVC of the intermittent and 
bright conditions in these assessments (p = 0.15). In the intermittent-dim set, all conditions 
differed significantly from each other (all p’s < 0.001): the bright condition (-0.88 ± 0.12) was 
perceived significantly cooler than the dim condition (0.24 ± 0.12), and the both the bright 
and the dim condition were perceived significantly cooler than the intermittent condition 
(1.15 ± 0.12). Neither Baseline SensationVC nor Room temperature predicted SensationVC during 
assessments (F1,116 = 3.85, p = 0.05, f2 < 0.01 and F1,70 = 2.73, p = 0.10, f2 < 0.01, respectively).

A visual inspection of the visual acceptance votes suggested highest acceptance in the 
dim light condition (Figure 5.5i). During the second and third intermittent-bright phases 
(assessment 4 and 7), acceptance of the bright setting was lower than in the continuous bright 
condition, whereas in the intermittent-dim phases the acceptance of the dim setting was very 
close to the acceptance of the static dim condition. 
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Across all assessments, the dim light condition (1.69 ± 0.10) was significantly more comfortable 
than the intermittent (1.24 ± 0.10; p = 0.001) and bright light conditions (1.13 ± 0.10; p < 0.001; 
Figure 5.5j), but the latter two did not significantly differ (p = 0.59). Yet, when only focusing 
on the intermittent-bright set, the intermittent condition (0.56 ± 0.14) was perceived as less 
comfortable than both the dim (1.68 ± 0.14; p < 0.001) and the bright light condition (1.04 ± 
0.14; p = 0.01). The dim condition was also perceived significantly more comfortable than the 
bright condition (p < 0.001). In the intermittent-dim set, the intermittent condition (1.58 ± 
0.11) did not differ with respect to the experienced visual comfort from the dim (1.68 ± 0.11; p = 
0.78) or bright conditions (1.19 ± 0.11; p = 0.02), but the visual comfort in the bright condition 
was significantly lower than in the dim condition (p = 0.003). Baseline ComfortV significantly 
predicted visual comfort in the assessments (F1,114 = 25.34, p < 0.001, B ± SE = 0.32 ± 0.06, f2 = 
0.09), whereas Room temperature did not (F1,104 = 0.62, p = 0.43, f2 < 0.01).

In the dim light condition (5.69 ± 0.20), significantly more pleasantness and satisfaction with 
the lighting were reported compared to the intermittent (4.84 ± 0.20; p = 0.001) and bright 
conditions (4.62 ± 0.20; p < 0.001). No significant differences existed between the bright and 
intermittent condition (p = 0.60). There were no statistically significant differences between 
the dim (1.10 ± 0.10), intermittent (1.14 ± 0.10) and bright condition (1.30 ± 0.10; all p’s > 0.08).

Discussion
Bright light pulses during the night have shown to effectively modulate circadian rhythms 

(Gronfier et al., 2004; Rahman et al., 2021; Rimmer et al., 2000). Short bursts of light during 
the night can also suppress melatonin, although disproportionately less so than phase 
shifting (Rahman et al., 2021), and it can mitigate declines in alertness (Yang et al., 2018, 
2019). However, whether intermittent light during daytime can elicit acute alerting effects 
remains to be established (Iskra-Golec & Smith, 2008). We compared diurnal intermittent 
bright light to continuous dim and continuous bright light for subjective, behavioral and 
physiological indicators of alertness. In addition, visual comfort experienced with each of 
the three light conditions was investigated. Results showed that the highest visual comfort 
was experienced in the dim light condition. No significant alerting effects of the bright or 
the intermittent light condition were found, as well as no statistically significant effects for 
happiness, skin conductance or performance metrics. Furthermore, the dim-bright pattern of 
the intermittent light condition was clearly visible in the temporal trajectories of the visual 
experience and pupil variation metrics. 

Alerting effects of light
Despite conditions with markedly different illuminances (100 vs. 1000 lux), an exposure 

duration of 90 min, a relatively large, partially sleep-deprived sample and repeated 
measurements, no statistically significant differences were found between the intermittent, 
bright and dim light conditions with respect to subjective alertness, task performance or skin 
conductance levels. This contrasts our own findings for subjective alertness in Chapter 3 and 

5.4.1
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4, as well as many other studies (e.g., Huiberts et al., 2015; Kaida et al., 2006; Leichtfried et al., 
2015; Phipps-Nelson et al., 2003; Smolders et al., 2012; Vandewalle et al., 2006). However, this 
is also not the first study in which no significant alerting effects of bright light during the day 
were found (Lok et al., 2018; Souman et al., 2018) and the reason for these inconsistent results 
of daytime light exposure across studies has not been established to date. The data showed 
a large standard deviation for the alertness-related variables, indicating high variance in the 
responses which could not be attributed to the different light conditions. 

Participants may have responded differently to the light manipulation due to interindividual 
differences in the vulnerability to sleep loss (van Dongen et al., 2004; Vandewalle et al., 
2009). However, random slope analyses (see Appendix N) indicated that interindividual 
differences only affected the results significantly for the 10 % fastest response times and 
the color sensation of the light. Furthermore, intraindividual variability in sleepiness may 
have occurred at the start of each condition due to variations in sleepiness across the day. 
Although potential differences in the baseline scores of each condition were accounted for in 
the models of the alertness-related parameters, the effect of bright or intermittent light may 
vary with one’s momentary alertness or homeostatic sleep pressure. With one night of sleep 
restriction before the experimental day, we reduced participants’ baseline level of alertness to 
avoid a potential ceiling effect. However, for some participants alertness levels were still high 
at the start of some sessions leaving little room for the bright and intermittent conditions 
to improve alertness (Lok et al., 2019; Smolders & de Kort, 2014). For other individuals, sleep 
pressure may have been too high for alerting effects in response to bright and intermittent 
light to emerge (Gabel et al., 2015; St Hilaire et al., 2017). 

The lack of differences in subjective alertness or vitality between the dim and intermittent 
condition contradicted the expectations based on the findings of Iskra-Golec and Smith 
(2008), who investigated the effect of 6 hr of exposure to intermittent light. They reported 
increased global vigor and performance in the late morning as a result of 15-min bright 
light pulses of 4000 lux alternated with 300 lux for 45 min. Iskra-Golec and Smith (2008) 
found the alerting effects in the late morning only, yet in the current study responses were 
averaged over the entire day and time-dependent variations were not investigated due to 
power limitations. Although the current analyses yielded no significant main effects on the 
alertness-related parameters, a subtle reflection of the intermittent light pattern could be 
observed in the graphical visualizations of the vitality, sleepiness and calmness data. The 
visualizations showed systematic, albeit subtle, variations in line with the bright light periods 
in the intermittent light condition. The direction of these delicate variations in the responses 
is in line with the acute and momentary changes in subjective experiences as a result of light 
transitions that have been reported before (Chapter 3 & 4). To further explore the differences 
between the three conditions, we subdivided the data for assessments 1, 4 and 7 (intermittent-
bright set) and assessments 2, 3, 5, 6, 8 and 9 (intermittent-dim set). In the intermittent-bright 
set, only calmness was significantly lower in the intermittent and bright condition compared 
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to the dim condition, which could be indicative of cognitive associations between light 
settings and arousal/activity related concepts (e.g., Schietecat et al., 2018).

Similar to the subjective experiences related to alertness, no significant effects of intermittent 
or bright light on task performance were found. Despite the high power of the current study, 
the results reported by Phipps-Nelson et al. (2003) could not be replicated. They reported 
improved task performance in static bright light amongst sixteen sleep restricted individuals. 
The bright light levels in both studies were similar, yet the dim light was <5 lux on the 
eye in the study of Phipps-Nelson et al. (2003) whereas we employed 100 lux on the eye. 
This could indicate that 100 lux is already enough to improve performance on the PVT as 
compared to darkness or very dim light settings. Yet, this would also imply that increases 
in luminous exposure in real office environments are not likely to be an effective strategy to 
boost performance, especially since nowadays most tasks in office environments are screen-
based and thus self-illuminated. The visualizations of the PVT metrics seemed to suggest a 
worsening of performance in intermittent light in the second half of the session. Potentially, 
the alterations in light were mentally exhausting and compromised PVT performance 
(Langner et al., 2010). Although the motivation for the task seemed to decrease over time in 
every condition, there were no differences in motivation between the light conditions. Thus, 
a compensatory change in motivation is not a likely explanation for the null effects of the 
light condition with respect to performance metrics. It remains important to further study in 
which exact conditions bright light can improve task performance. 

Visual experience of the light conditions
Both the repeated assessments of visual comfort and the one-time end-of-session measures 

of satisfaction and pleasantness demonstrated marked differences between the three 
conditions with respect to visual comfort. Overall, the dim light condition was perceived 
as most comfortable, and on average the intermittent condition was evaluated as more 
comfortable than the bright condition. These differences could not be explained by the self-
reported headache or eye-strain symptoms for which no significant differences were found 
between the light conditions. The most reported complaints were ‘difficulty concentrating’, 
‘difficulty focusing’ and ‘eye fatigue’, but the severeness was not significantly different in all 
three conditions and may have been due to general fatigue as a result of the partial sleep 
deprivation. 

Clearly, the sensation of each new light setting was influenced by the prior light setting in 
such a way that the difference between the light conditions was amplified and an ‘overshoot’ 
in sensation occurred. This emphasizes the relative nature of our perceptual system as was 
already described in Chapter 3. The temporal trajectories of both the visual color and intensity 
sensation in comparison to visual acceptance and visual comfort further demonstrated the 
role of adaptation as was also discussed in Chapter 3 and 4. The visualization of the temporal 
trajectory of visual comfort demonstrated that in the bright light condition visual comfort 
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increased after an initial drop and then stabilized rapidly. However, still the bright condition 
was consistently evaluated as less comfortable than the dim light condition. The graphical 
visualization of the repeatedly assessed visual experience highlights the added value of 
recurrent measurements during a light condition in contrast with one-time retrospective 
measures. Repeated measurements are highly important for constant and fluctuating light 
conditions to gain detailed insights in the response dynamics. The decrease in acceptance for 
every subsequent bright light pulse in the intermittent condition was intriguing. When solely 
looking at the main effects one may conclude that the intermittent condition was perceived 
more comfortable than the bright condition, but instead the repeated measures indicated 
that the bright light in the intermittent condition was evaluated as more uncomfortable than 
the static bright light. This might be (partially) attributed to the transition speed to the bright 
phase of the intermittent light. Even though the employed transition in this study spanned 
2 s, slower transitions may be required for such a large change in illuminance to diminish a 
drop in experienced visual comfort (Chraibi et al., 2019). Extreme care should be taken when 
using electric light fluctuations, as the bright light phases in a fluctuating light scenario may 
result in reduced visual comfort.

Exploration of pupil variability
In this study, we also explored whether variations in the pupil diameter can be indicative 

of sleepiness in light conditions in a similar way as they do in the dark (Maccora et al., 
2019). Changes in pupil diameter occur continuously as a result of variability in neuronal 
stimulation of the circular sphincter and radial dilator pupillae muscles (Merritt et al., 2004). 
We found clear differences in pupil variations between the three light settings, but these were 
likely directly related to the pupil size as a result of the brightness of the light. In iso-luminant 
light settings, no differences in the amount of variation existed between the intermittent and 
continuous light conditions, which is in line with the lack of significant differences in the 
alertness-related variables. More research with sufficient systematic variation in sleepiness 
is necessary to examine whether pupil variation metrics can function as an indicator of 
sleepiness in lit environments.

Reflections and implications
With intermittent bright light, we expected to be able to generate acute alerting effects, as 

preceding light exposure can alter the sensitivity to subsequent light (Chang et al., 2011, 2013; 
te Kulve et al., 2019). In this study, intermittent light could not improve momentary or overall 
alertness, which may be because of the dim light being too bright for the photoreceptors to 
recover and (partially) regain their sensitivity to light (Rimmer et al., 2000), though Iskra-Golec 
and Smith (2008) found some alerting effects with pulses of 4000 lux at the eye alternated 
with 300 lux at the eye in between pulses. Whereas the main aim of this study was to examine 
whether intermittent bright light would be able to exert alerting effects similar to the effects 
bright light can have (Chapter 3 & 4, Huiberts et al., 2015; Kaida et al., 2006; Leichtfried et al., 
2015; Phipps-Nelson et al., 2003; Smolders et al., 2012; Vandewalle et al., 2006), our results 
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emphasized that bright light does not always generate alerting effects. While the research 
community is aware of the delicacy when it comes to these effects and still exerts great efforts 
to unravel the processes behind potential alerting effects of daytime light exposure (Lok 
et al., 2019), applications and lighting solutions have already been developed and are being 
advertised as solutions for dips in alertness. 

Furthermore, an increasing amount of attention is being paid to the importance of integrative 
lighting, in which both visual experience, acute alerting and circadian effects of light settings 
are combined to optimally benefit human users. This study demonstrated that bright light 
conditions, and especially transitions towards bright light, are perceived as less comfortable 
compared to continuous dim light. Rapid transitions to or from higher illuminances can even 
compromise user acceptance and comfort, and thus it is a risky undertaking to carelessly apply 
bright light at every opportunity to align the circadian rhythm or possibly increase alertness. 

Third, comparisons of the trajectories of response parameters demonstrate the marked 
variability in response dynamics for different outcome measures. For instance, graphical 
visualizations of trajectories for subjective sleepiness, vitality and calmness were quite 
similar, but clearly distinct from the response patterns related to task performance and skin 
conductance. All of these also differed markedly from the response trajectories of visual 
sensation and visual comfort. These temporal dynamics can help in understanding processes, 
or at the very least they illustrate the diversity in underlying pathways. Similar to studies 
suggesting decoupling of the processes and pathways responsible for circadian phase shifting 
vs. melatonin suppression (Rahman et al., 2018) and for learning vs. mood (Fernandez et al., 
2018), we argue that there must be multiple pathways underlying the range of responses 
tracked in the current study (sensation vs. comfort vs. subjective alertness/vitality vs. mood 
vs. cognitive performance vs. physiological arousal). This warrants a word of caution against 
the overgeneralization of pathways as either being visual/image-forming or nonvisual/non-
image forming/ipRGC-influenced as this may result in overly simple solutions or rules of 
thumb for ‘integrative light’ (CIE, 2020). 

The variance and dynamic nature of temporal responses also emphasize the importance of 
explicitly considering the timing of measurements in research. Especially the comparison of 
the repeated measurements with the one-time, retrospective measure of visual experience 
illustrated that, when using a one-time measure, detailed insights in the development of the 
variable of interest might be missed. Furthermore, a multi-measure approach with repeated 
subjective, behavioral and physiological assessments identifies the (diversity in) response 
dynamics of light-induced responses. 

Limitations and future research
A limitation to the current study is the variable room temperature due to the use of 

fluorescent tubes to create the desired light settings. Although we attempted to compensate 
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the generated additional heat in the bright light settings with the use of air-conditioning, 
the temperature was not entirely stable within and between experimental sessions and 
conditions. The temperature in the room was continuously monitored and this variability 
in the temperature was accounted for statistically in the analyses by including the room 
temperature of every assessment as a covariate in the models, yet still room temperature 
may have masked effects of the light conditions. Furthermore, all sessions were completed on 
one experimental day, and thus the effects were tested at different circadian phases and sleep 
pressure levels. Despite complete counterbalancing of the order of the conditions between 
participants, this may have induced an additional variability in the responses. However, also 
in real-life conditions circadian phase and sleep pressure at a given clock time will vary across 
individuals. Moreover, even when testing the different conditions on different days at the 
same internal (i.e., circadian) or external (i.e., clock) time, factors such as time spent outdoors, 
prior light exposure, or sleep quality of the night before the session might result in increased 
variability in the responses. 

Conclusion
In this study, intermittent light did not generate alerting effects compared to continuous 

dim light, yet neither did continuous bright light. Even amongst partially sleep deprived 
participants, exposure to 1000 lux for one-and-a-half hours was not enough to decrease 
self-reported sleepiness or increase task performance or physiological arousal. Whereas the 
circadian benefits of daytime light exposure are well established (Boubekri et al., 2014; Brown 
et al., 2020; Hébert et al., 2002; Papatsimpa et al., 2021; Schlangen & Price, 2021; White et al., 
2013), further research is needed to identify under exactly which circumstances light is able to 
acutely improve daytime alertness. Moreover, the ambition to strive for integrative lighting 
dictates that the visual experience of light should be explicitly considered as well. The graphical 
visualizations emphasized the importance of repeated assessments timed deliberately in the 
measurement protocol, not only throughout one light setting but also during the transition 
into a new light setting, as the only way to gain insight in the comprehensive experience of 
a light condition. A detailed exploration of such dynamics will help to further characterize 
and understand the marked variability in the neural processes underlying light-induced 
responses. Furthermore, when employing bright light in daytime contexts with the aim to 
increase alertness, visual quality and comfort of the lighting conditions (and their transitions) 
should be sufficiently secured.

5.5



The laboratory studies in Chapter 3, 4 and 5 provided detailed insights in the temporal 
development of visual experiences and neurobehavioral responses to dynamic light patterns. 
In these controlled environments, only self-reported experiences changed following single 
and multiple abrupt transitions. Especially the visual experiences were more negative in 
response to the employed dynamic light patterns. In the next chapter, the main aim was to 
examine the relevance and robustness of these effects in an operative office environment. I 
conducted a field study in which 30 employees were exposed to three different light scenarios, 
each for two weeks. A control scenario was compared to two dynamic scenarios: one in 
which bright light was centered around noon and another in which bright light was provided 
at the beginning and end of the day. Alongside the effects of the two dynamic scenarios, 
we quantified the variability in participants’ actual personal light pattern and studied the 
relationship between the employees’ personal illuminance and visual experience, subjective 
alertness, task performance and sleep. 





In this field study, we tested the effects of dynamic light scenarios and personal illuminance 
on visual experience, sleepiness, cognitive performance and sleep in an operational office. Two 
dynamic light scenarios, different in timing but with equal luminous exposure, were tested 
against a reference scenario in a counterbalanced crossover design. Frequent assessments 
of visual experience, alertness, performance and sleep showed that in both dynamic light 
scenarios visual comfort was slightly lower compared to the constant scenario. Additionally, 
sleepiness was lowest in the scenario with the brighter light timed around noon, whereas 
task performance and actual sleep were not significantly affected. The measured personal 
illuminance did not predict sleepiness and performance, yet variation and timing thereof did 
positively relate to sleep onset and duration. When studying or implementing light scenarios 
aiming to deliver integrative lighting, the spatial and behavioral context should be considered 
as well.

Abstract

This chapter is based on Kompier, M. E., Smolders, K. C., Kramer, R. P., van Marken Lichtenbelt, W. 
D., & de Kort, Y. A. (2022). Contrasting dynamic light scenarios in an operational office: Effects on 
visual experience, alertness, cognitive performance, and sleep. Building and Environment, 212.
doi:/10.1016/j.buildenv.2022.108844.
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Introduction
Environmental conditions in offices greatly influence people’s health, as many employees 

spend almost one third of their time in an office environment (WHO, 2017). The light in 
the office, including both daylight and electric light, is one of the working conditions that 
affects office workers in various meaningful ways. The light must not disturb occupants, 
such that they feel visually satisfied and can focus on their work. In addition, light can 
support employees’ performance and alertness (Cajochen, 2007), but also indirectly promote 
alertness via improved sleep (Rogers et al., 2003; Yoo et al., 2007). Whereas control over 
daylight is limited, electric light can be adjusted to achieve what is called ‘integrative lighting’. 
Integrative lighting refers to lighting that is designed to support human psychological and 
physiological functioning based on empirical evidence on the effects of light via both visual 
and non-visual pathways (CIE, 2020). Although the exact timing, duration, intensity and 
spectral characteristics of the required light likely depend on the context, general guidelines 
for practical applications have been written recently (e.g., Brown et al., 2020; Houser et al., 
2021; Stefani & Cajochen, 2021). 

The many different responses to light (i.e., visual, acute and circadian) have been studied 
extensively, but still numerous questions remain in every subdomain (for reviews see: 
e.g., Boyce, 2014; Cajochen, 2007; Duffy & Wright, 2005; Houser et al., 2021; Lok et al., 
2018; Souman et al., 2018; Vetter et al., 2021). While the neural processes underlying visual 
performance have been quite accurately determined (Boyce, 2014), the experience of visual 
comfort is less well understood (Borisuit et al., 2015; Boyce et al., 2003; Pierson et al., 2018; 
Veitch & Galasiu, 2012; Veitch & Newsham, 2000). The effects of light beyond vision (circadian 
and acute effects) are suggested to highly depend on the activation of intrinsic photoreceptive 
retinal ganglion cells (ipRGC), which constitute a photoreceptor class different from classical 
rod and cone photoreceptors. It is quite well established that ipRGCs are of tremendous 
importance in light-induced resetting of the circadian clock and melatonin suppression 
(Spitschan, 2019), and thus affect sleep timing and quality. Additionally, ipRGC activation 
supposedly impinges transiently on alertness, mood, cognitive performance and a variety of 
physiological parameters (Cajochen, 2007; Lazzerini Ospri et al., 2017), but the exact processes 
underlying these acute effects are less clear or even unknown (LeGates et al., 2014; LeGates & 
Kvarta, 2020; Milosavljevic, 2019). Controlled laboratory studies investigating isolated visual, 
acute or circadian responses can provide valuable insights in understanding the relationship 
between light and neurobehavioral responses, yet additionally it is incredibly important to 
evaluate whether these effects also hold in real life, for example in an office environment, for 
which field studies are required. Furthermore, the visual, acute and circadian responses are 
effective simultaneously in real life (Houser & Esposito, 2021), yet most studies on the effects 
of light in the field targeted only a selection of these responses. For instance, when studying 
acute or circadian effects of light in the field, often the visual experience is not evaluated at all 
(e.g., Boubekri et al., 2014; Canazei et al., 2014; Jensen et al., 2016). Other studies did test both 
acute responses and visual experiences, yet probed (a selection of) the responses at the end 
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of the exposure period only (e.g., de Kort & Smolders, 2010). With repeated measurements of 
visual, acute, and circadian responses throughout the exposure period in an operational office 
environment, the relevance and robustness of these different types of effects can be identified 
more closely. The current study aims to investigate the effects of two different light scenarios 
on visual experience, alertness, cognitive performance, and sleep simultaneously – using 
repeated measurements during two weeks of exposure to each scenario – in an operational 
office environment.

Several field studies have investigated the relationship between the natural variation in 
luminous exposure and the experiences of individuals. Some studies reported that increased 
luminous exposure significantly relates to higher levels of vitality (Boubekri et al., 2014; 
Smolders et al., 2013), better mood (Aan het Rot et al., 2008) and better sleep quality (Boubekri 
et al., 2014; Hubalek et al., 2010). In contrast, others found no significant relation between 
luminous exposure and alertness (Hubalek et al., 2010; van Duijnhoven et al., 2018), mood 
(Smolders et al., 2013) or sleep (Figueiro & Rea, 2016). Research has shown that increased 
melanopic stimulation induced via spectral changes (e.g., constant exposure to cool light 
of 17000 K) can benefit building occupants’ alertness, arousal, concentration and mood 
compared to warm (2900 K) or neutral (4000 K) white light (Iskra-Golec et al., 2012; Mills 
et al., 2007; Viola et al., 2008). These findings denote that the effective luminous exposure 
is crucial in supporting daytime alertness and performance. Therefore, more light than 
currently recommended by the standards is potentially needed (Canazei et al., 2014; Giménez 
et al., 2017; Hoffmann et al., 2008, 2010). Additionally, others have shown, albeit in laboratory 
settings, that the timing of bright light is essential in generating the desired circadian (Khalsa 
et al., 2003; Minors et al., 1991) and acute effects (Huiberts et al., 2015, 2017; Smolders et al., 
2012; Smolders & de Kort, 2014). 

Embracing the importance of the timing of bright light to elicit these desired effects may 
result in dynamic light scenarios, which has been defined as electric lighting that is variable 
in its intensity and/or spectral power distribution over time (Chapter 2). Studies investigating 
such dynamic light scenarios showed that relatively brighter and bluer light in the morning 
compared to the evening can induce positive circadian effects (Giménez et al., 2017; Jensen et 
al., 2016; Stefani et al., 2021). Moreover, acute alerting effects of the employed dynamic light 
scenario may occur at specific times of day (Hoffmann et al., 2008; Iskra-Golec & Smith, 2008; 
Lowden & Åkerstedt, 2012). If and when the dynamic light scenario had circadian or acute 
alerting effects, these were generally positive, yet the visual experience was also sometimes 
compromised (Aries et al., 2020; Giménez et al., 2017; Iskra-Golec & Smith, 2008; Chapter 3 
& 4; for a review see Chapter 2). Most of these studies employed higher luminous exposure 
in the dynamic scenario compared to the control scenario. This prevents attributing effects 
uniquely to the total luminous exposure or to the timing and dynamics of light during the 
day. Two recent field studies explicitly maintained the luminous exposure of the electric 
lighting, while varying its timing (i.e., brighter in the morning vs. afternoon: Aries et al., 2020; 
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Peeters et al., 2021). Both reported a mix of positive, null and negative effects, and emphasized 
the challenges related to conducting field studies due to the lack of experimental control. 
Among other things, office workers’ personal illuminance varies substantially throughout the 
day, even under constant electric light settings. These variations may be attributed to various 
factors such as façade design and daylight variations as a result of time of day, season and 
building location (Alzoubi & Al-Zoubi, 2010; Treado et al., 1984). Additionally, considerable 
variance occurs between and within building occupants, for instance due to the exact 
location and orientation of their workstation, and their spatial behavior inside and outside 
the building (Peeters et al., 2020; for simulation based analyses see Ámundadóttir et al., 2013; 
Danell et al., 2020; Rockcastle et al., 2020).

Although testing light scenarios in the field is indeed complicated, field studies allow for 
prolonged monitoring and have a high ecological validity which is essential for the validation 
of laboratory findings in operational office environments. The current longitudinal study 
contrasted two dynamic electric light scenarios similar in luminous exposure, but different 
in their timing of bright light. The dynamic scenarios were tested against each other and 
against a constant base level light condition with a lower luminous exposure. One dynamic 
scenario imitated the general temporal pattern of daylight, as daylight is often suggested 
to be beneficial for human functioning and well-being (Beute & de Kort, 2014), although 
studies investigating such scenarios are actually quite scarce (Kessler, 2017; Signify, n.d.; van 
Lieshout-van Dal et al., 2019). In this scenario, the light setting gradually increased just before 
noon to brighter light and after 3.5 hr of exposure the setting decreased to base level light. 
In the second scenario, the brighter light was instead timed at the beginning and end of the 
workday rather than around noon, resulting in the same luminous exposure. This scenario 
was inspired by the skeleton photoperiods used in chronobiological studies, in which short 
periods of light mark the beginning and end of the diurnal phase (e.g., Pittendrigh & Minis, 
1964). Morning light exposure can induce phase advances (Zeitzer et al., 2000), which may aid 
entrainment of the biological clock to the social clock (Roenneberg et al., 2003) and reduce 
social jetlag. Additionally, to diminish unintended phase delays by evening light exposure 
(Zeitzer et al., 2000), the sensitivity for evening light was reduced by providing brighter light 
at the end of the workday (Münch et al., 2012; te Kulve et al., 2019). To maximize the effect 
from the lighting manipulation at the eye and in the visual environment, the light scenarios 
were implemented using a combination of ceiling luminaires and customized desk luminaires 
that provided light from the front in the vertical plane. Furthermore, personal light sensors 
were used to measure the personal illuminance as prior research has shown that employed 
light scenarios are not always reflected in person-bound light measurements (Peeters et 
al., 2020). Additionally, highly frequent measurements of the participants’ experiences and 
behavior were taken to allow studying of the acute effects of the bright light periods and to be 
insensitive to any retrospective biases that post-hoc measurements might introduce (Chapter 
3 & 4).
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The study investigated to what extent dynamic light scenarios and personal illuminance 
affect office workers’ visual experience, alertness, cognitive performance and sleep. It 
was hypothesized that in the weeks with a higher luminous exposure, participants would 
sleep better, and thus be more alert and perform better than in the static light condition. 
Furthermore, by comparing the dynamic scenarios, we examined the extent to which the 
timing of exposure to brighter light moderates these light-induced responses. We expected 
that participants’ sleep, alertness and performance would be best in the weeks during which 
the bright light provided a skeleton around the diurnal phase (i.e., timed at the beginning and 
end of the workday). Additionally, we examined the relationship between measured personal 
illuminance and visual experience, alertness, performance and sleep. We hypothesized that 
participants would feel more vital and less sleepy when exposed to a higher illuminance 
during the prior 30 min. 

Method

Design
Two experimental dynamic scenarios (Noon and Skeleton; Figure 6.1) were tested against each 

other and against a static condition with base-level light among a group of office workers using 
a counterbalanced crossover design. The Control scenario had a lower luminous exposure 
compared to both dynamic scenarios, whereas the Noon and Skeleton scenarios had a similar 
average luminous exposure across the day, but differed in timing of the bright light exposure. 
The Noon scenario offered a brighter light setting around noon whereas the Skeleton scenario 
offered brighter light settings at the start and end of the workday. Participants repeatedly 
completed experience sampling questionnaires resulting in high frequency, in-the-moment 
measurements of subjective visual experience and sleepiness. Additionally, cognitive 
performance was targeted using a performance task that was administered twice a day, and 
sleep was assessed using actigraphy measurements. This field study consisted of six sampling 
weeks in total, during which each scenario lasted two weeks. The order of the scenarios was 
counterbalanced between three groups of participants. The study was preregistered at the 
Open Science Framework (doi:10.17605/OSF.IO/MVQF7) and approved by the institutional 
ethical review board.

Figure 6.1. Schematic overview of the light scenarios as set in the building. The 
black box provides an indication of common work hours amongst the participants 
(8:30 – 17:30), but sometimes people arrived and left earlier or later

6.2

6.2.1
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The study was performed between the 27th of January and the 13th of March, 2020. Due to 
technical failures, the data of the first week of the study was not used. Furthermore, the 
governmental measures to control the outbreak of the COVID-19 pandemic led to a drastic 
drop in responses for the last week of the study. 

Participants
Thirty participants (16 female, 12 male, 2 no answer) were recruited via their group managers 

based on their group’s location in one office building. With their managers’ permission, 
information sessions were organized for the employees after which potential participants 
had time to decide upon their participation. Table 6.1 shows the descriptive information of 
the participants that were included. Participation was voluntary and participants gave their 
written informed consent before the start of the data collection. During the data collection, 
participants could follow their regular routines (i.e., work consisting of mainly computer-
based tasks and live meetings), but were regularly prompted with questionnaires and tasks. 
Participants were compensated with € 50,- if they responded to more than 80 % of the 
experience sampling questionnaires, else they were paid proportionally. 

Table 6.1. Participant descriptors 

N = 30 Mean (SD) Range

Age (y) 42.2 (12.4) [25, 65]

Body Mass Index (kg/m2) 25.4 (5.19) [18.6, 39.0]

Midsleep (MSFsc) 3.46 (0.91) [1.32, 5.88]

Sleep Quality (PSQI) 2.93 (0.69) [1, 4]

General Health (SF-36) 75.2 (14.4) [40, 100]

Light Sensitivity 2.83 (0.79) [1, 4]

Yes No

Medication 5 24

Intercontinental flight 1 27

Setting 
This study was conducted in open office spaces in a recently renovated university building 

at the Eindhoven University of Technology campus. All participants received an extra desk 
luminaire that was positioned behind their computer screen. This extra desk luminaire was 
custom-made for this study, using dimmable and CCT adjustable LED panels of 46.5 W (Hue 
Aurelle Rectangular Ceiling Light, Signify, Eindhoven) and measured 120 by 30 cm (see Figure 
6.2a-b). The building is also standard fitted with suspended LED-based ceiling luminaires 
(TrueLine Pendel, Signify, Eindhoven). The windows in the building span the entire façade. 
The distance of the desks to the east-oriented or west-oriented windows varied from 1.20 to 
4.80 m. The majority (25 out of 30) of the participants’ desks were placed perpendicular to the 
closest windows, with their main viewing directions parallel to the windows. Five participants 
had their desk parallel to the windows; three of them sat with their back towards the window, 

6.2.2
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and the other two faced the window. Eleven participants sat closest to the east-oriented 
windows and nineteen to the west-oriented windows. In Figure 6.c-e, the floorplans of a few 
of the office areas are shown. The daylight in the office areas was measured on a 10-min 
interval near the east and west oriented windows. For each observation of each participant, 
we calculated the mean log-transformed illuminance from measurements taken vertically at a 
height of 1.30 m of the closest oriented window in the 30 min before the observation (Daylight 
illuminance at the window) and included these measurements in the analyses to account for 
variations in daylight exposure. The furniture and decoration throughout the building was 
identical, apart from yellow/grey accents (dividers and carpeting) in one part of the building 
and blue accents in the other. The indoor climate was maintained as constant as possible and 
monitored throughout the study period with a sampling rate of 10 min (mean air speed = 
0.08 ± 0.06 m/s, relative air humidity = 32.3 ± 5.4 %, air temperature = 22.0 ± 0.7 °C and globe 
temperature = 22.0 ± 0.9 °C). 

Figure 6.2. The setting and luminaires. a) Desks in the yellow/grey accented area with desks perpendicular to the 
east-oriented windows (monitors were removed for the photo); b) Example setting with one monitor in  a blue 
accented area; c-e) Floorplans with the position of a selection of the participants using [x]: in blue accented area with 
desks parallel (c) or perpendicular (d) to the west-oriented windows and in yellow/grey accented areas with desks 
perpendicular to the east-oriented windows (e)
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Light manipulation
In the control scenario, illuminance (combination of daylight and electric light, ceiling and 

desk mounted combined) were roughly 500 - 600 lux measured horizontally on the desks and 
approximately 300 lux measured vertically at the eye. In the Noon scenario, this same light 
level was initially employed as the base setting, but light intensities of the desk and ceiling 
luminaires were increased (approximately +300 lux horizontally and +175 lux vertically) for 
3.5 hr between 11:15 and 14:45. In the Skeleton scenario, this brighter light was used in the 
morning (before 10:15) and in the late afternoon (after 15:45; together amounting to about 3.5 
hr when spending 9 hr in the office building), with the base setting in between these phases. 
The light settings were designed to clearly provide different light settings, with the brighter 
setting being as bright as possible without inducing glare. The light gradually transitioned 
from the base setting to the brighter setting, or vice versa, in 60 min. A schematic overview 
of the scenarios in which the timing of the transitions in the light scenarios is indicated can 
be found in Figure 6.1. Table 6.2 provides a quantification of the light settings in a reference 
office space with and without daylight, in terms of α-opic Equivalent Daylight Illuminance 
(EDI; measured vertically at the eye and horizontally on the desk). 

Table 6.2. Illuminance, irradiance, CCT and α-opic EDI of the light settings used in the three scenarios 

Light setting With daylight Without daylight

Brighter setting Base setting Brighter setting Base setting

Vertical Horizontal Vertical Horizontal Vertical Horizontal Vertical Horizontal

Illuminance (lux) 502 919 333 595 344 602 177 261

Irradiance in 380-
780nm (W/m2)

1.68 3.10 1.16 2.11 1.07 1.86 0.55 0.80

CCT (K) 4689 4706 5105 5175 4083 3985 4189 3985

S-cone-opic EDI 
(ED65

v,sc in lux)
360 661 257 462 218 369 117 158

M-cone-opic EDI 
(ED65

v,mc in lux)
461 847 313 564 303 529 157 229

L-cone-opic EDI 
(ED65

v,lc in lux)
500 916 331 593 343 602 176 261

Rhodopic EDI 
(ED65

v,r in lux)
394 729 279 509 239 414 125 180

Melanopic EDI 
(ED65

v,mel in lux)
367 684 264 487 215 372 113 162

Note: The measurements were conducted both in vertical (at the eye level) and horizontal orientation (on the desk 
level) in a reference office highly similar to the offices that were included in the study (in one of the blue-accented 
areas, with a monitor on the desk, both perpendicular to the window, at 1.4 m from the west-oriented window). The 
measurements with daylight were done on a cloudy day at the 24th of January 2020, around 12:30 in Eindhoven. The 
normalized spectral power distribution of the light settings without daylight can be found in Appendix Q

6.2.4
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Measures
Participants completed four different types of questionnaires. After enrollment, participants 

completed an intake questionnaire in which descriptive information was gathered. On the 
measurement days, participants received a daily morning questionnaire (the sleep diary), 
eight questionnaires throughout the day (experience sampling questionnaires) and a daily 
evening questionnaire (the day evaluation). Furthermore, they completed a performance task 
twice a day and wore several sensors.

Intake questionnaire
In the intake questionnaire which participants completed before they started the experiment, 

information on participants’ age, gender, weight, height, medication use and travel behavior 
was gathered. Furthermore, participants completed the Munich Chronotype Questionnaire 
(Roenneberg et al., 2003), the subjective sleep quality subscale from the Pittsburg Sleep 
Quality Index (Buysse et al., 1989), and five items on general health selected from the RAND-
36 (van der Zee & Sanderman, 2012). Last, participants judged their sensitivity to bright light 
on a five-point scale ranging from None (1) to A lot (5). These parameters were used to describe 
the sample and considered as control parameters in the analyses.

Sleep diary
Participants completed the Core Consensus Sleep Diary (Carney et al., 2012, comments 

section excluded) in the morning of every measurement day on their smartphone. From these 
items, sleep duration, midsleep and sleep quality were calculated, which were also considered 
as control parameters in the analyses. 

Experience sampling questionnaire
Participants received eight experience sampling questionnaires (ESQ) on their smartphones 

per day, in which they reported their experiences concerning their environment, current 
feelings and recent behavior. Four items were used to assess visual experience, similar to 
Chapter 3 and 4. Participants judged whether the lighting was ‘Acceptable’ or ‘Unacceptable’ on 
a binary scale (AcceptanceV). Participants’ experience of the intensity (SensationVI) and color of 
the light (SensationVC) were assessed separately, both on seven-point scales: ranging from Very 
low (-3) to Very high (+3) and from Very cold (-3) to Very warm (+3) respectively. Furthermore, 
participants assessed comfort regarding the visual environment (ComfortV) using the 
following response options: Very uncomfortable (-2), Uncomfortable (-1), Just uncomfortable (0), 
Just comfortable (1), Comfortable (2) and Very comfortable (3). Moreover, three items on thermal 
experience were included in the ESQ, as in Chapter 3 and 4. The data of these three items are 
reported elsewhere. 

The Karolinska Sleepiness Scale (KSS) was used to measure momentary sleepiness, with a 
response scale ranging from Very alert (1) to Sleepy, difficulties to remain awake (9) (Åkerstedt & 
Gillberg, 1990). Additionally, participants’ eating and drinking behavior of the last half hour 
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before completing the questionnaire was assessed. Food intake was qualified as one of three 
categories (nothing, a snack, and a meal), and Beverages as one of five categories (nothing, warm 
drink with caffeine, warm drink without caffeine, cold drink with caffeine, and cold drink without 
caffeine). Last, participants indicated whether or not they were currently positioned behind 
their desk with the desk luminaire. 

Day evaluation questionnaire
At the end of each measurement day, participants were asked to complete a day evaluation 

on their smartphone. In this evaluation, participants rated their job performance using one 
item which was derived from the World Health Organization Health and Work Performance 
Questionnaire (WHO-HPQ). The response scale ranged from Worst performance anyone could 
have on the job (1) to Performance of a top worker (10). Furthermore, participants indicated 
their working hours and reported which the clothing they wore. For the clothing, they could 
choose one of six descriptive categories ranging from 0.40 to 0.91 Clo. The description of 
all clothing categories can be found in Appendix O. These parameters were considered as 
control variables.

Performance task
A spatial planning task from Cambridge Brain Sciences was used as a measure for cognitive 

performance. The Hampshire tree task, a modern version of the Tower of Londen/Tower 
of Hanoi task, aims to target planning performance primarily (Hampshire et al., 2012). 
Participants were presented with a tree-shaped frame with nine beads numbered from 1 to 
9. Their task was to reorder these beads as efficiently as possible into a configuration with 
ascending numerical order running from left-to-right, top-to-bottom. Within three minutes, 
participants solved as many trials as they could, while the difficulty of the trial progressively 
increased, requiring more moves and more advanced planning. Each trial was scored by 
multiplying the minimum number of required moves to solve the trial by two and subtracting 
the number of moves the participant needed to solve the trial. The summation of the scores 
for the individual trials was used as the outcome measure for task performance. The task was 
performed on a computer, and twice per day participants were notified by email to do the 
performance task. Some participants made multiple attempts upon the probe, however, only 
scores from the first attempt (i.e., one set of trials) that each person completed within 60 min 
after the email notification were included in the analyses. 

Personal illuminance sensor
Participants wore a light sensor on their clothes near their clavicula to measure the personal 

illuminance throughout the day (see photo in Appendix C). The sensor was worn from the 
moment of getting up until going to bed on the measurement days. Personal illuminance 
was measured using an optical sensor (TAOS TCS34725) with four photosensitive areas of 
which three were covered with different filters (R, G and B). Based on the raw sensor values, 
the tristimulus values were calculated using parameter estimates that were acquired by 
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a least squares fit from a calibration using a calibrated reference cell (JETI Specbos 1201 
spectroradiometer). All values between sunrise (6:56 – 8:24) and sunset (17:17 – 18:29) that 
were smaller than 1 or had a standard deviation of the 10 surrounding points below 0.02 
were set to missing, after which all remaining values were log-transformed. Subsequently, 
the mean log-transformed illuminance for each half hour preceding the completion of an 
experience sampling questionnaire was used as the measure of personal light exposure 
(Personal illuminance) in the analyses of visual experiences, sleepiness and performance. 

For the analyses at the day level, the percentage of time exposed to light above the threshold 
of 100 lux (TaT100) between 2:00 on the measurement day and 2:00 the day after was calculated 
as well as the mean timing thereof (MLiT100) according to the methods employed in Reid et al. 
(2014). The threshold of 100 lux was chosen as in nighttime dose-response curves 100 lux has 
been identified as the 50 % suppression point (Cajochen et al., 2000). As the current study was 
conducted during daytime, we also considered higher thresholds. Analyses with a threshold of 
200 lux are presented in Appendix P. The number of observations exceeding the threshold of 
500 lux were considered too few to run analyses with. In addition, the disparity index (DI) was 
calculated according to Fernández-Martínez et al. (2018) to quantify the temporal variation 
in personal illuminance within each day while taking into account the chronological order of 
the values. The index assesses the variability by summing the natural logarithm of the ratio 
between subsequent measurements using Formula 1.

 (1)  

In this formula Ev is the illuminance at time i, n is the series length and constant k is 1, which 
is added to avoid zero values. This measure is independent of the mean of the series and 
incorporates the timing of different illuminance levels throughout the day.

Sleep-wake parameters
Participants wore an Axivity tracker (Axivity, n.d.; see photo in Appendix C) to measure their 

personal movement to estimate their sleep-wake rhythms. Participants were instructed to 
wear the tracker around the non-dominant wrist for 24 hr, starting in the morning of each 
measurement day until the next morning. The tracker measured acceleration (0 – 5 g) in the 
x-, y- and z-direction with a frequency of 50 Hz. The raw data were processed using 0.5 and 
15 Hz as cut-off frequencies and according to Formula 2 the Signal Vector Magnitude (SVM 
in g) was calculated. 

  (2)  

The SVM was resampled to 32 Hz and the highest acceleration within each second was taken 
as the score for this second (max(SVMm,s )), in line with the Actiwatch User Manual (CamNtech 
Ltd, 2008). Subsequently, the activity count per minute (ACm) was calculated by summing 
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the max(SVMm,s) for each minute and adding the activity count of the surrounding minute 
reduced by a factor of 5 and the activity count of the surrounding two minutes reduced by a 
factor of 25 as shown in Formula 3. 

 (3)             
          
 

The data was scored as mobile if ACm > 40, and immobile otherwise. Sleep onset was defined as 
the start of the first 10-min period in which a maximum of one minute had an ACm > 14. Sleep 
offset was defined as the end of the last period of ten minutes during which a maximum of 
two minutes had an ACm > 18. The total number of inactive minutes per night was calculated 
by summing the immobile minutes between Sleep onset and Sleep offset and used as a proxy 
for Sleep duration. Sleep efficiency was calculated by dividing the number of inactive minutes 
by the time difference between estimated Sleep onset and offset, and multiplying this by 100. In 
the analyses, Sleep efficiency, Sleep onset and Sleep duration were used as sleep-related outcome 
parameters.

Physical activity and temperature sensors
Furthermore, participants wore an ActiGraph (ProCare, n.d.) to measure the intensity of their 

physical activity and two temperature sensors (iButton DS1925 and DS1922L data loggers) – 
one on the back of the hand palm and one on the forearm – to measure the skin temperature 
gradient during the entire working day which was used as an indicator for vasomotion (for 
photos of the sensors see Appendix C). The data of these parameters are reported elsewhere.

Procedure
After an information session, potential participants were provided with an information 

brochure with detailed information about the procedure of the study based on which they 
could decide to participate in the study. In order to participate, they had to return the signed 
informed consent form that was attached to the information brochure. Before the actual 
start of the study, participants were invited to an instruction session during which the full 
procedure was explained and there was an opportunity to ask questions. All questions in the 
questionnaires were discussed, the cognitive task was practiced and the intake questionnaire 
was completed.

Subjects participated on two measurement days per week for six weeks. During a measurement 
day, they were doing their regular jobs and were asked to complete one sleep diary, eight 
ESQs, one day evaluation questionnaire and two performance tasks as shown in Figure 6.3. 
The sleep diary was sent at 7:30 in the morning and could be completed until noon. The ESQs 
were randomly spread over the day between 9:00 and 17:00, with at least 30 min in between 
notifications. The day evaluation was sent at 17:30 and could be completed all evening. 
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Furthermore, they completed the spatial planning task twice, once in the morning (~10:30) 
and once in the afternoon (~15:00). The light sensor was worn from getting up until going 
to bed, and the Axivity tracker was worn for 24 hr. Last, they wore the hip-worn ActiGraph 
and temperature sensors during the entire working day. After the study, participants were 
debriefed, thanked and compensated for the time spent. 

Statistical analysis
All data were first processed and formatted into one dataset. Next, the distributions of 

the main study parameters were plotted, and observations that deviated more than three 
standard deviations from the mean were identified as outliers and coded to missing. In the 
analysis, only the observations during which participants indicated to be present behind their 
desk were used.

Separate multilevel models were run for all different dependent variables (visual experience, 
sleepiness, performance and sleep). The data for visual experience and sleepiness were 
structured as observations nested within measurement days, which were nested within 
participants. Thus, a three-level model with Participant and Day (1-12; nested within 
Participant) as random intercepts was used. Task performance was analysed using Participant 
and Week (1-6; nested within Participant) as random intercepts, due to the limited number of 
observations per day (maximum of 2). The sleep metrics were analysed using only Participant 
as random intercept, due to the limited number of observations per week (maximum of 2).

The measured personal illuminance did not significantly deviate between the scenarios (see 
Appendix Q), presumably due to daylight contribution in the office and the behavior of the 
participants. As the scenarios did result in difference in the visual environment, both Scenario 
and the mean personal illuminance in the 30 minutes prior to the questionnaire or task 
(which we refer to as Personal illuminance) were included as main predictors in the models of 
visual experience, sleepiness and task performance. Additionally, Daylight illuminance at the 
window in the 30 min prior to the observation was added in these models to consider the large 
daylight contribution in the offices due to the façade spanning windows (no multicollinearity 

Figure 6.3. Schematic overview of one measurement day. The timing of the Experience Sampling 
Questionnaires (ESQ) is an example as a random-sampling strategy was employed in which 
notifications were sent between 9:00 and 17:00 with a minimum of 30 min in between notifications
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with Personal illuminance). Furthermore, Time of day was included as categorical predictor 
variable in the models for visual experience and sleepiness (labeled as Morning (9:00-10:45), 
Noon (10:45-15:15) and Afternoon (15:15-17:00), aligning with the phases in the scenarios). In the 
model predicting task performance, we added a categorical variable describing the notification 
number of the email within each measurement day (First notification, Second notification). 
Furthermore, we examined the interactions Light*Time of day and Scenario*Time of day for 
the models with visual experience and sleepiness as outcome parameters. If the interaction 
Scenario*Time of day was significant, additional contrast analyses (as shown in Figure 6.4) 
were done to test the effects of the scenarios during morning (M), noon (N) and afternoon 
(A) separately. 

The first set of contrasts (MC) covers the difference between the three scenarios (Control – C, 
Noon – N, and Skeleton – S) in the morning. In MC – C/S, the response during the morning 
in the Control scenario (base setting) was compared to the Skeleton scenario (brighter setting). 
In MC – C/N, the response during the morning in the Control scenario (base setting) was 
compared to the Noon scenario (base setting). In MC – N/S, the response during the morning 
in the Noon scenario (base setting) was compared to the Skeleton scenario (brighter setting). 
Similarly, the NC contrasts described the contrasts between the three scenarios during noon. 
In NC – C/N, the Control scenario (base setting) was compared to the Noon scenario (brighter 
setting) during noon. In NC – C/S, the Control scenario (base setting) was compared to the 
Skeleton scenario (base setting) during noon. In NC – N/S, the Noon scenario during noon 
(brighter setting) was compared with the Skeleton scenario during noon (base setting). The 

Figure 6.4. Schematic overview of the contrasts that were tested. M = Morning, 
N= Noon, A = Afternoon. The solid lines represent the Morning Contrasts (MC), 
the longdashed lines represent the Noon Contrasts (NC), and the twodashed lines 
represent the Afternoon Contrasts (AC). The colors indicate whether the light was set 
to the base (grey) or the brighter (white) setting
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last contrast set (AC) tested the difference in the afternoon between the scenarios. In AC 
– C/S, the Control scenario (base setting) was tested against the Skeleton scenario (brighter 
setting) in the afternoon. In AC – C/N, the Control scenario (base setting) was tested against 
the Noon scenario (base setting) in the afternoon. The last contrast AC – N/S tested the 
difference between the Noon (base setting) and Skeleton (brighter setting) scenarios in the 
afternoon. 

Control variables that showed a significant, medium to high correlation (β > .4) with the 
dependent variable as assessed with multilevel modelling, and did not show multicollinearity 
with other predictors as examined using the variance inflation factors (VIF < 5) were included 
as covariates. This resulted in the inclusion of Caffeine (Yes/No) for the model for sleepiness, 
and of Task number (i.e., how often the participant had performed the task already since the 
practice session) for the model for task performance. 

In the multilevel models for the sleep metrics, the effects of Scenario and measured personal 
light levels were tested. The measured personal light levels were quantified using the TaT100, 
MLiT100, the interaction TaT100*MLiT100, and the Disparity index. Chronotype was additionally 
included as covariate in the model for sleep onset. In the other models, no covariates were 
included based on the preliminary correlational analyses.

All preparatory and main analyses were done in RStudio 1.1.463. Plots were made using the 
‘ggplot2’ and ‘ggpubr’ packages. The ‘lme4’ and ‘lmerTest’ packages were used to run the 
multilevel models. Post-hoc analyses were done using the ‘emmeans’ package. The linear 
mixed models were run using the restricted maximum likelihood approach (REML). Degrees 
of freedom were estimated using the Satterthwaithe-methods, Tukey method was used to 
adjust p-values for multiple comparisons, and p-values < .05 were reported as statistically 
significant results. 

Results
There were 30 participants, who together participated on 198 measurement days and in 

total completed 1074 questionnaires. The summary statistics of all dependent variables are 
presented in Table 6.3. Additionally, the summary statistics of the measured light-related 
parameters as used in the different models are given in this table to provide reference and 
facilitate interpretation. In the subsequent sections, the results of the effect of the different 
scenarios and the measured light on the visual experience, sleepiness, task performance and 
sleep metrics are described.
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Table 6.3. Summary statistics for the dependent and light-related variables 

Variable Names Mean (median) Range

Experience of the light intensity (SensationVI) 0.04 (0.00) [-3, 3]

Experience of the light color (SensationVC) 0.19 (0.00) [-2, 2]

Visual comfort (ComfortV) 1.59 (2.00) [-1, 3]

Sleepiness (KSS) 3.42 (3.00) [1, 7]

Task performance 49.74 (50.00) [13, 103]

Sleep onset (in hr) 23.10 (22.88) [20.68, 27.83]

Sleep duration (in min) 384.30 (385.50) [167, 564]

Sleep efficiency (in %) 88.69 (90.35) [62.46, 99.30]

Aggregated measures over 30 min before observation

Personal illuminance (in log lux) 2.15 (2.17) [0.93, 3.24]

To yield interpretation (in lux) 237.54 (161.36) [9.85, 7293.20]

Daylight illuminance at window (in log lux) 2.55 (2.61) [1.35, 3.59]

To yield interpretation (in lux) 488.40 (413.80) [24.10, 3851.70]

Aggregated measures over 24 hr between 2:00 on the measurement day and 2:00 the day after

Time above Threshold of 100 lux (TaT100; in %) 26.04 (27.27) [2.29, 45.69]

Mean timing of TaT100 (MLiT100; in hr) 13.09 (13.07) [10.53, 15.33]

Disparity index 0.24 (0.22) [0.13, 0.40]

Visual experience
Visual intensity sensation was significantly affected by the Time of day and the Time of 

day*Scenario interaction (Table 6.4). Independent of the scenario, the light settings in the 
morning (Estimated Marginal Mean (EMM) ± Standard Error (SE) = 0.31 ± 0.10) were perceived 
as significantly brighter compared to the settings during noon (0.05 ± 0.08; p = 0.01) and in 
the afternoon (0.05 ± 0.10; p = 0.04). No significant differences existed between the perceived 
brightness during noon and afternoon (p = 0.99). Figure 6.5 visualizes the contrast analyses: 
in the morning, the Skeleton scenario was set to the brighter setting and this was perceived 
as significantly brighter compared to the Noon scenario, which was at the base setting in the 
morning (MC – N/S = 0.29 ± 0.11; p = 0.007). The Control scenario, also in the base setting, did 
not significantly differ from either the Noon (MC – C/N = -0.18 ± 0.10; p = 0.07) or the Skeleton 
(MC – C/S = 0.11 ± 0.11; p = 0.33) scenario in the morning. During noon, the brighter setting 
that was applied in the Noon scenario was perceived significantly brighter compared to both 
the Control (NC – C/N = 0.23 ± 0.07; p = 0.002) and the Skeleton (NC – N/S = -0.26 ± 0.07; p 
< 0.001) scenario, which were both set to the base setting. No significant differences existed 
between the Control and Skeleton scenarios around noon (NC – C/S = -0.03 ± 0.08; p = 0.66). 
Last, the brighter setting in the Skeleton scenario in the afternoon was perceived as significantly 
brighter compared to the base setting that was applied in both the Control (AC – C/S = 0.21 
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± 0.10; p = 0.05) and Noon Scenarios (AC – N/S = 0.20 ± 0.10; p = 0.04). In the afternoon, no 
statistically significant differences existed between the perceived brightness of the Control 
and Noon scenario (AC – C/N = 0.00 ± 0.10; p = 0.98). No statistically significant main effects 
of Scenario, Personal or Daylight illuminance occurred for the brightness sensation, nor was 
the interaction term between Personal illuminance and Time of day a significant predictor for 
SensationVI. Color sensation was not significantly affected by the Scenario, Time of day, Personal 
or Daylight illuminance (see Table 6.4). 

Table 6.4. Model statistics for SensationVI, SensationVC, and ComfortV 

SensationVI 

n = 567
SensationVC

n = 567
ComfortV

n = 567

F p F p F p

Fixed effects

Scenario F2,152 = 0.99 0.38 F2,144 = 1.05 0.35 F2,148 = 6.42 0.002

Personal illuminance F1,532 = 0.01 0.93 F1,491 = 0.23 0.63 F1,502 = 0.81 0.37

Daylight illuminance F1,542 = 0.06  0.80 F1,546 = 0.02 0.89 F1,552 = 3.83 0.05

Time of day F2,491 = 4.60 0.01 F2,505 = 1.99 0.14 F2,509 = 1.83 0.16

Time of day* Scenario F4,485 = 10.88 < 0.001 F4,502 = 1.13 0.34 F4,505 = 1.32 0.26

Time of day* Personal 
illuminance

F2,505 = 2.24 0.11 F2,519 = 1.29 0.27 F2,522 = 1.36 0.26

R2
full-model 0.36 0.40 0.33

R2
fixed-effects 0.08 0.02 0.05

Note: Personal illuminance was centered in all models. Statistically significant effects are presented 
in bold. F: F-value and p: p-value

Table 6.4 shows that Scenario affected the visual comfort significantly, whereas the Personal 
illuminance was not significantly related to visual comfort. Post-hoc comparisons for the 
main effect of Scenario showed that, at all times of day, the Control scenario (1.86 ± 0.09) was 
perceived slightly more comfortable than the Noon scenario (1.61 ± 0.08; p = 0.008) and the 
Skeleton scenario (1.58 ± 0.09; p = 0.005), as can be seen in Figure 6.6. Overall, the Noon and 
Skeleton scenarios did not differ significantly with respect to the experienced visual comfort 
(p = 0.94). Additionally, there was a nonsignificant trend for a relation between Daylight 
illuminance at the window and participants’ visual comfort votes (B ± SE = 0.16 ± 0.08). 

Sleepiness  
Table 6.5 shows that participants’ sleepiness was significantly associated with Scenario and 

Time of day, but not associated with the Personal or Daylight illuminance. Post-hoc analyses 
showed that sleepiness was not significantly different in the Control scenario (3.42 ± 0.20) 
compared to the Noon scenario (3.15 ± 0.19; p = 0.21) or the Skeleton scenario (3.70 ± 0.20; p = 
0.24). Yet, the difference between the Noon and Skeleton scenario was statistically significant 
(p = 0.003), with lower sleepiness in the Noon scenario compared to the Skeleton scenario 
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Figure 6.5. Estimated marginal means (EMM) of visual intensity sensation per time of day 
(M = Morning, N= Noon, A = Afternoon) per condition. The solid lines represent morning 
contrasts, the longdashed lines representthe noon contrasts, and the twodashed lines 
represent the afternoon contrasts. The errorbars represent the standard error (SE). The colors 
indicate whether the light was set to the base (grey) or the brighter (white) light setting. *** 
indicates p < 0.001, ** p < 0.01, and * p < 0.05

Figure 6.6. EMMs of visual comfort per condition. The error 
bars represent the SE. ** indicates p < 0.01

Figure 6.7. EMMs of sleepiness (assessed using 
the KSS) per condition. The error bars represent 
the SE. ** indicates p < 0.01
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(Figure 6.7). Participants’ sleepiness showed an increasing trend over the day within office 
hours. In the afternoon, participants felt sleepier (3.70 ± 0.19) compared to the morning (3.22 
± 0.19; p < 0.001) and noon ratings (3.36 ± 0.18; p = 0.002). Sleepiness in the morning vs. 
around noon did not significantly differ (p = 0.31). Lastly, participants felt significantly less 
sleepy when they had consumed a caffeinated drink in the 30 min before completing the 
questionnaire (3.30 ± 0.19) compared to when they had not (3.55 ± 0.10). 

Table 6.5. Model statistics for sleepiness and task performance 

Sleepiness (KSS)
n = 565

Task Performance
n = 193

F p F p

Fixed effects

Scenario F2,125 = 5.55 0.005 F2,39 = 1.01 0.37

Personal illuminance F1,539 = 2.42 0.12 F1,174 = 0.01 0.92

Daylight illuminance F1,520 = 0.12 0.73 F1,153 = 3.74 0.05

Time of day F2,475 = 9.03 0.001 -

Time of day * Scenario F4,470 = 0.43 0.79 -

Time of day * Personal illuminance F2,486 = 0.99 0.37 -

Notification number (within day) - F1,122 = 5.48 0.02

Task number - F1,88 = 50.81 < 0.001

Caffeine F1,481 = 7.85 0.005 -

R2
full-model 0.63 0.65

R2
fixed-effects 0.07 0.18

Note: Personal illuminance was centered in all models. Statistically significant effects are 
presented in bold. F: F-value and p: p-value

Task performance
Task performance was not significantly affected by Scenario or Personal illuminance (see Table 

6.5). Daylight illuminance at the window was marginally related to the performance on the 
task; indicating that exposure to more daylight in the 30 min before completing the task 
was associated with improved task performance (B ± SE = 4.56 ± 2.36). Task performance was 
also significantly affected by Notification number: Participants scored significantly higher 
after the first notification in the morning (50.2 ± 2.61) compared to the second notification 
in the afternoon (46.6 ± 2.60). Additionally, performance on the task improved each time the 
participants performed the task (B ± SE = 1.06 ± 0.15), suggesting a training effect. 

Sleep
Scenario did not significantly affect any of the sleep-related metrics as can be seen in Table 6.6. 

In contrast, the parameters representing the personal illuminance throughout the day, the 
Disparity index and the MLiT, were significantly related to sleep onset and the sleep duration 
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during the night. A higher disparity index (i.e., more variation) and a later average timing of 
light above the 100 lux threshold were indicative of earlier sleep onset (BDI ± SE = -5.95 ± 1.64 
and BMLiT± SE = -0.26 ± 0.11) and longer sleep duration (BDI ± SE = 217.65 ± 103.22 and BMLiT ± 
SE = 14.92 ± 6.50). Neither TaT nor the TaT*MLiT interaction were significantly related to 
any of the assessed sleep metrics. Last, sleep onset was significantly related to Chronotype, 
confirming that earlier chronotypes had an earlier sleep onset (B ± SE = 0.78 ± 0.19). 

Table 6.6. Model statistics for sleep onset, inactive minutes and sleep efficiency 

Sleep onset
n =  115

Sleep duration
n = 115

Sleep efficiency
n = 115

F p F p F p

Fixed effects

Scenario F2,91 = 0.04 0.97 F2,94 = 0.08 0.92 F2,96 = 1.61 0.21

Chronotype F1,25 = 16.98 < 0.001 - -

Disparity Index F1,106 = 13.12 < 0.001 F1,108 = 4.45 0.04 F1,107 = 0.49 0.48

TaT F1,106 = 0.02 0.88 F1,108 = 0.66 0.42 F1,108 = 0.18 0.68

MLiT F1,106 = 6.07 0.02 F1,107 = 5.27 0.02 F1,104 = 0.74 0.39

TaT * MLiT F1,107 = 0.07 0.79 F1,108 = 0.01 0.91 F1,108 = 0.71  0.40

R2
full-model 0.67 0.49 0.38

R2
fixed-effects 0.34 0.08 0.04

Note: Chronotype was only added in the model for sleep onset. TaT and MLiT were centered in all 
models. Statistically significant effects are presented in bold. F: F-value and p: p-value

Discussion
In this field study, we tested two different dynamic scenarios against a control scenario to 

examine their potential in an operational office environment. Dynamic scenarios, offered 
through a diffuse vertical luminaire on the desk and suspended ceiling mounted luminaires, 
added approximately 175 lux at the eye (300 lux on the work plane) to regular lighting 
conditions for ~3.5 hr either around noon (Noon scenario), or in the early morning and late 
afternoon (Skeleton scenario). A counterbalanced crossover design was employed in which 
participants were exposed to each scenario for two weeks. Using highly frequent assessments 
of visual experience, sleepiness, performance and sleep, we aimed to gain insight in the 
visual, acute and circadian responses of office occupants to light in a real office environment. 
The data showed that self-reported sleepiness was lower in the Noon scenario than in the 
Skeleton scenario, although the differences between sleepiness across scenarios were small 
and participants’ sleepiness levels in neither dynamic scenario differed significantly from the 
control scenario. Visual comfort was highest in the control scenario with a constant electric 
light setting, whereas participants’ task performance, sleep onset, duration and efficiency did 
not significantly differ between the scheduled scenarios. 
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Effects of the electric light scenarios
Unexpectedly, the personal illuminance pattern as measured by the personal light sensors 

– the amount of light actually received as a result of the specific scenario and naturalistic 
conditions – did not significantly reflect the brighter light periods in the dynamic light 
scenarios. The absence of systematic differences in personal illuminance between the 
scenarios is very likely due to the substantial and quite variable daylight contribution and 
the spatial behavior of the participants (movements through the building for coffee, lunch, 
meetings etc.). However, the manipulation did affect the visual experience, as the brightness 
sensation varied largely according to the planned scenarios. As expected, participants assessed 
the brighter light periods in the dynamic scenarios significantly brighter than the base-level 
light periods. It therefore appears that the scenarios provided a quite apparent visual stimulus, 
though not necessarily a non-visual one, as illuminance at the eye as measured by the personal 
sensors was not significantly different between the scenarios. In general, participants assessed 
all scenarios as visually (just) comfortable, although the control scenario with constant base 
lighting was perceived slightly, yet significantly, more comfortable than the two dynamic 
scenarios. As the transitions between the different light settings spanned a full hour, it is 
unlikely that this slightly lower comfort was induced by fast light transitions (Chraibi et al., 
2019; Chapter 3 & 4). Instead, the data seem to suggest a preference for constant electric light, 
even though people generally appreciate variable daylight (Beute & de Kort, 2014; Knoop et al., 
2020). This is in line with the fact that participants in the study by Begemann et al. (1997) also 
appear to have selected quite constant electric light settings, on top of the naturally varying 
daylight curve. Furthermore, the lower comfort experienced in the dynamic light scenarios 
compared to the control scenario may be due to other light parameters such as uniformity, 
contrast or glare (Boyce et al., 2003; Carlucci et al., 2015; Pierson et al., 2018; Veitch & Galasiu, 
2012; Veitch & Newsham, 2000) or contextual parameters such as the visual task difficulty and 
time of day (Altomonte et al., 2016). 

Across the entire day, self-reported sleepiness was lowest in the Noon scenario. Given the fact 
that the scenarios did not significantly differ in the amount of light measured at the eye, it is 
unlikely that the reduced sleepiness in the Noon scenario was caused by non-image forming 
processes. Instead, as differences in visual sensation were detected, the alerting effect was 
more likely induced by the differences in what the participants saw (e.g., brighter ceiling or 
desk), comparable to the effect of wall luminance reported by de Vries et al. (2018). However, 
no conclusive answer on the underlying process can currently be given, as alerting effects 
may (also) be driven by cognitive associations between brighter settings and arousal/activity 
related concepts (e.g., Schietecat et al., 2018). Furthermore, a similar associative effect would 
have also been expected in the Skeleton scenario, which offered a brighter light setting at the 
start and ending of the work day, but this was not found in the current data. Evidence for a 
motivational pathway as also suggested by de Vries et al. (2018) and Veitch et al. (2011) was not 
detected in the current study, as participants preferred the (dimmer) control scenario rather 
than the Noon scenario. 
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Acute effects of varying illuminance levels at the eye
Despite the fact that the personal illuminance did not vary systematically with the dynamic 

scenarios, there was a lot of variation in the measured vertical light levels between and 
within participants. This is due to movements through the building, movements of the head 
and movements of the eyes (Ámundadóttir et al., 2013; Peeters et al., 2020). Simulations by 
Àmundadóttir et al. (2013) demonstrated the large differences that can exist between light 
exposure in one viewing direction at a fixed position and more realistic behavioral patterns 
with various viewing directions through multiple rooms. As the personal light sensors 
provide the most accurate measure of the illuminance participants received throughout 
the study, we examined the relationships between the ESQ items and average personal 
illuminance in the 30 min prior to the questionnaires and tasks as well. Neither the visual 
sensation, the visual comfort, the self-reported sleepiness nor the task performance were 
significantly associated with the luminous exposure in the 30 min before the observation. The 
nonsignificant relationships between the average personal illuminance in the prior 30 min 
and visual sensation and comfort are likely related to the employed metric to quantify the 
light. Apart from the quantity of light as assessed by the illuminance measurements, sensation 
and comfort are influenced by the luminance, uniformity, quality and color rendering quality 
of light (e.g., Carlucci et al., 2015), requiring additional parameters describing the visual 
environment. Moreover, visual comfort is greatly influenced by momentary lighting and very 
recent transitions (Chapter 3 & 4), which are not reflected in the averages over the past 30 min. 

The personal illuminance measured at the clavicula in the 30 min before the ESQ was 
expected to acutely relate to self-reported sleepiness and objective task performance. Even 
though melanopic irradiance would likely be a better predictor for subjective sleepiness 
(Brown, 2020) and inconsistent results have been reported in prior work (Boubekri et al., 2014; 
Hubalek et al., 2010; Peeters et al., 2021; Smolders et al., 2013; van Duijnhoven et al., 2018), we 
had expected to be able to find a negative relationship between the personal illuminance and 
subjective sleepiness, as the study lasted six weeks, and repeated measurements throughout 
each day and week were taken. Such a design including 30 participants rendered more than 
80 % power to detect a difference of 0.5 on the KSS scale, yet no such alerting effects of light 
were identified. Especially in an operational office as the current study was conducted in, 
the potential acute alerting effects of the lighting may have remained hidden due to alerting 
effects of other parameters (e.g., social interactions, work engagement) that were not all 
controlled for in the current study (Åkerstedt et al., 2008; Eriksen et al., 2005; Hindmarch 
et al., 1998). Moreover, participants’ mean sleepiness during office hours was rather low in 
the current study, and therefore possibly left little room for further reduction by the light 
conditions (Lok et al., 2019; Smolders & de Kort, 2014). The finding that illuminance at the 
eye did not relate to subjective sleepiness or performance is corroborated by results of earlier 
field studies (Hubalek et al., 2010; van Duijnhoven et al., 2018, Peeters et al., 2021), although 
some others did report significant associations (Boubekri et al., 2014; Smolders et al., 2013). It 
appears that a definitive verdict on this relation is at least as hard to reach in field studies as in 
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controlled experiments (e.g., Lok et al., 2018; Souman et al., 2018). As this study is not the first 
that was not able to establish a relationship between personal illuminance and acute alerting 
effects of light, future research should strive to establish the circumstances under which these 
effects do occur, or at least are substantial enough to be detectable and meaningful in a real 
life context.

Circadian effects of scenarios and light at the eye
With regard to the sleep-related metrics, no statistically significant effects of the scenarios 

were found, but the measured light exposure did significantly associate with sleep onset and 
duration. Rather than using the average illuminance throughout the day as a predictor for the 
sleep indicators, we investigated the applicability of metrics related to the duration and timing 
of luminous exposure (TaT and MLiT; Reid et al., 2014) as well as a light-variability related 
metric (Disparity Index; Fernández-Martínez et al., 2018). We found that with a later timing 
of the light and more variation in the exposure, sleep onset was earlier and sleep duration 
longer. It may seem counterintuitive that a later timing of the luminous exposure was related 
to earlier and longer sleep, but it is important to consider the range of the light parameters 
when interpreting these results. Although illuminances over one full 24-hr day were used 
in the calculation of MLiT, the mean MLiT was just after 13:00 with a standard deviation of 
slightly over one hour. This indicates that light brighter than 100 lux was, on average, timed 
at the middle of the working day. Thus, this positive effect of MLiT on sleep onset and sleep 
duration may possibly be explained by a lowered sensitivity to evening light due to exposure 
to relatively bright light during the afternoon (Münch et al., 2012; te Kulve et al., 2019). 

The results of the separate analyses of the 100 and 200 lux as threshold for TaT and MLiT 
showed similar trends, suggesting an absence of a step-shaped dose-response relationship 
within these ranges. A more extensive sensitivity analysis (e.g., exploring also thresholds of 
500 or 1000 lux) as performed in Peeters et al. (2022) would perhaps yield better insights 
in the relevant light thresholds for the circadian effects of light, but was not possible given 
participants’ scarce exposure to higher illuminance levels. 

The positive relationship between the variability of personal illuminance on sleep onset and 
duration may be explained by the luminous exposure being more effective when the circadian 
system has the opportunity to regenerate (part of) its sensitivity in between bright periods 
(Rimmer et al., 2000). To our knowledge, this is the first study exploring metrics describing 
such variability by calculating the disparity index, which originates from the field of ecology 
(Fernández-Martínez et al., 2018). It was designed to incorporate the chronological order 
of time series values, while assessing the rate of change between consecutive values. In the 
current study, the index seems a promising parameter to capture variability in dynamic light, 
but more research is required to gain in-depth understanding of this parameter and assess 
the predictive value for circadian effects of light. Likely, additional parameters are needed 
in parallel to comprehensively describe light scenarios with differently timed light exposure.

6.4.3
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Implications and limitations
A field study such as the current one clearly illustrates the multitude of factors that should 

be considered and dealt with when studying and implementing novel lighting solutions 
in an operational office. For example, quantification of the entire light environment using 
multiple parameters is required as multiple processes underlie these different effects (e.g., 
de Kort, 2019; de Vries et al., 2021; Houser et al., 2002; Knoop et al., 2019). Moreover, the 
current study emphasizes the attention that a light intervention demands to ensure an 
actual, meaningful change in personal luminous exposure. The indirect relationship between 
the personal illuminance and light in the visual environment can be exploited to create 
integrative lighting scenarios in which the illuminance that falls on the eye is sufficient to 
generate positive circadian – and potentially acute – effects, while the visual environment is 
maintained comfortable. Yet, this study also showed that dynamic electric light led to lower 
comfort ratings than static light. Thus, researchers and lighting designers should be careful 
with introducing dynamic light scenarios as the natural preference for daylight and tolerance 
for – or even appreciation of – its variability (Beute & de Kort, 2014; Haans, 2014; Knoop et al., 
2020) cannot be directly transferred to a preference for dynamic electric light.

We do note that it is questionable whether acute effects of light hold in real office 
environments. Possibly, the absence of acute effects can be attributed to the manipulation in 
the visual environment rather than illuminance at the eye or the specific context of this study. 
The sample consisted of 30 healthy employees (administrative support staff and doctoral 
candidates) following largely self-chosen diurnal working schedules. Other samples with 
different occupations may have yielded different results. Yet, this sample of 30 - especially using 
a within-subject design with repeated measures and completely counterbalanced conditions 
– yields power above 80 % to detect a difference of 0.5 on the KSS scale. Furthermore, the 
office in which this study was conducted consisted of an open office environment with 
abundant daylight openings, which resulted in a lot of additional light from surrounding 
areas and the large windows. The custom-made luminaires on the desk did provide a lot of 
local additional light, yet due to the use of two monitors in front of the luminaire by many 
employees their contribution was not always optimal as was also reflected in the personal 
illuminance measurements. Together, this has very likely resulted in a light manipulation that 
was more present in the visual environment than at the eye. 

Conclusion
In sum, visual sensation, comfort and subjective sleepiness were affected by the dynamic light 

scenarios in this field study, but task performance and actual sleep were not. Furthermore, 
personal illuminance did not relate to the visual experience, subjective sleepiness, or objective 
task performance, but the variation and timing of the measured personal illuminance did 
significantly relate to sleep onset and duration. To conclude, this study showed that the 
spatial and behavioral context in which a lighting intervention is applied are important 
aspects to explicitly consider when implementing integrative lighting. However, in spite of the 
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uncontrollable and unpredictable conditions in real life, the current study in an operational 
office did demonstrate that the overall light environment impacted visual sensation, comfort, 
and subjective sleepiness and that the personal light exposure related to sleep.
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In this dissertation, I studied the temporal development in visual experiences and 
neurobehavioral responses of daytime office workers to dynamic light patterns to gain insights 
in the applicability of such patterns in office environments. First, an overview of the research 
in this area was presented in Chapter 2 to gain insight in the motivations for and effects of 
dynamic light scenarios. Subsequently, three empirical chapters provided novel insights in 
the response trajectories of visual experiences and neurobehavioral responses to simple and 
more complex light patterns in the laboratory. Furthermore, in the field study described in 
Chapter 6 two dynamic light scenarios were tested in an operational office environment. In 
this final chapter, I discuss the findings, reflect on the main insights and describe implications 
for research and lighting practice.





“No, no! The adventures first, explanations take such a 
dreadful time.” 

Lewis Carroll , Alice in Wonderland

General Discussion
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7.1

Both light and behavior are highly dynamic variables in our lives. The relationship between 
light and behavior is complex as it is of a bidirectional causal nature. Natural dynamics in light 
may initiate a change in behavior (e.g., going outside for a walk when the sun is shining and 
the natural light-dark cycle regulating our sleep-wake rhythm), but, vice versa, our dynamic 
behavior also results in changes in our personal light exposure. For example, changes in the 
light reaching our eyes occur due to closing and opening of our eye lids, head movements and 
spatial behavior inside and outside of buildings. It is important to be aware that no matter 
what we do with electric lighting indoors, our personal light profile will always be dynamic. 
In this doctoral research, the influence of dynamic light on human functioning was studied. 
With the advent of biodynamic, human-centric, or circadian lighting products, it may appear 
as if the beneficial effects of such systems for our well-being have already been established. Yet, 
actually most studies in the field of lighting have not studied dynamic lighting conditions, but 
rather focused on static lighting conditions. In this dissertation, the aim was to investigate 
how dynamic lighting affects visual experiences and neurobehavioral responses. Specifically, 
we aimed to increase the understanding of the motivations for this type of lighting, study 
how dynamic light patterns affect our experiences and behavior, and provide suggestions on 
what patterns dynamic lighting should (or should not) follow.

Employed approach
The literature review (Chapter 2) showed that the existing research into dynamic light 

scenarios employed a wide variety of light scenarios and study protocols, for which the 
motivation was often unspecified. On circadian and neurobehavioral markers, subtle positive 
effects of dynamic scenarios were reported as well as null effects. In contrast, effects on visual 
experience were negative more often than they were positive. When implementing dynamic 
light scenarios in real life, there are many light parameters (e.g., light level, spectrum, timing) 
and responses (e.g., visual experience, acute and circadian effects) at play simultaneously, 
together creating a complex challenge in which the main aim should be to support human 
functioning in the setting at hand. The review demonstrated the unstructured character of 
the current research on dynamic light scenarios, resulting in very limited knowledge about 
how dynamic light patterns can be created that are beneficial and supportive for its users’ 
functioning in daily life. In the subsequent series of empirical studies, we examined the 
experiential and neurobehavioral effects of light patterns. We decided to start the investigation 
using simple, stepwise light transitions, then explored repetitive patterns and ultimately 
studied day-long scenarios. A multi-measure approach with subjective, behavioral and 
physiological measures was used to study visual experiences and neurobehavioral responses 
to these different dynamic light patterns. In all empirical studies, repeated measures were 
taken amongst relatively large samples (N = 23-40, always in within-subject designs) which 
led to detailed insights in the response trajectories following dynamic light patterns. In the 
first two laboratory studies (Chapter 3 & 4), human responses to the most basic dynamic 
light pattern – one simple, stepwise light transition – were examined. Over a period of 45 
min, we repeatedly measured the visual experiences and neurobehavioral responses that 
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followed the abrupt transition to understand the acute, short-term responses that such a 
transition triggers. Subsequently, a more complex, intermittent light pattern was studied 
over an exposure period of 90 min (Chapter 5). In this study, participants also completed 
repeated assessments of visual experience in addition to a set of subjective and objective 
neurobehavioral responses (similar to the measures in Chapter 3 & 4) to examine how and 
to what extent light-induced responses to multiple transitions develop and integrate over 
time. Last, we conducted a field study in an operational office to investigate the responses to 
two weeks of exposure to different dynamic light scenarios (Chapter 6). This enabled us to 
also investigate the circadian effects of a dynamic light scenario and assess the robustness of 
the responses obtained in the laboratory in real life. The systematic and consistent use of the 
same set of outcome measures and the repeated assessments thereof throughout all empirical 
studies has yielded new knowledge on how visual experiences and neurobehavioral markers 
respond to light transitions. Adding to the existing knowledge gained in numerous studies 
into static light conditions (e.g., Huiberts et al., 2017; Leichtfried et al., 2015; Min et al., 2013; 
Sahin et al., 2014; Smolders et al., 2016; te Kulve et al., 2018), we generated novel insights in 
light-induced responses by studying responses to dynamic light patterns. In the following 
sections, we will discuss the main findings and reflect on the insights gained throughout the 
dissertation.

Main findings
The insights that we gained in this thesis provide an important reminder that visual 

experiences are mediated by physiological and psychological processes (Veitch, 2001). The 
exploratory analysis in Chapter 3 to examine the effect of a different antecedent light setting 
demonstrated an overshooting response in visual sensation following light transitions. This 
same type of response was consistently visible in Chapter 4, and also in Chapter 5 when the 
responses to intermittent light were investigated. The sensation of both intensity and the 
color of the light polarized following a light transition, resulting in a more extreme sensation 
of both the intensity and the color of the white light. This overshoot is presumably due to 
the adaptation of the eye to the new light setting in the first short period after the transition 
(Wald, 1954). The overshoot in sensation was identical for each bright light pulse in Chapter 
5, and independent of the direction of the transition as shown in Chapter 3. 

The direction of the transition clearly was important for the visual acceptance and comfort 
following light transitions. The asymmetry in the response of visual comfort and acceptance 
in Chapter 3 demonstrated a marked reduction of visual comfort following a transition 
to cool, bright light, but much less so following a transition to warm, dim light. This was 
emphasized once again in the responses to the intermittent light pattern in Chapter 5. During 
the fluctuating light condition, the dim light phases in the intermittent condition were, on 
average, evaluated just as comfortable as the constant dim light. In contrast, every transition 
to bright light resulted in reduced visual comfort compared to the constant bright light 
condition. Moreover, the transitions to bright light led to larger reductions in visual comfort 
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and acceptance over time: with every subsequent pulse, the comfort and acceptance during 
the bright light phases in the intermittent condition seemed to decrease further. Such a trend 
was not visible for the transitions back to dim light. The dim light after a transition was 
consistently evaluated rather comfortable, independently from whether it was the first or last 
transition. Together, these findings indicate that a light transition does not necessarily lead 
to discomfort, rather the experienced reduction in comfort is dependent on the direction 
and number of previous transitions. As visual comfort is a momentary assessment which is 
dependent on the task at hand, the setting and characteristics of the subject, these findings 
should not be blindly generalized to any other setting. Yet, throughout all empirical studies 
(Chapter 3, 4, 5 & 6), dynamic lighting with transitions towards brighter light was experienced 
as less comfortable than constant dimmer light, which is also partially in line with the 
findings of the literature review (Chapter 2) that suggested both positive and negative effects 
of dynamic light scenarios on light appraisals and visual experiences. The empirical data 
mainly emphasized that care should be taken when implementing dynamic light scenarios 
because deliberate fluctuations in our light environment by electric lighting are often not 
appreciated, but validation of these findings in different contexts is required. The lower 
comfort in electric dynamic lighting contrasts the generally great appreciation of daylight, 
which is of a highly dynamic nature (Beute & de Kort, 2014; Haans, 2014; Knoop et al., 2020). 
Despite the enormous transitions in illuminance and high potential of glare in daylight, we 
seem to be more forgiving to the natural light around us than to fluctuating and/or bright 
electric lighting, as was also demonstrated in other studies (e.g., Boyce et al., 2003; Veitch & 
Gifford, 1996).

Subjective experiences such as affective states and sleepiness were also affected by the 
light transitions and dynamic light scenarios. Chapter 3 and 4 suggested immediate effects 
of a single light transition on subjective sleepiness, vitality and mood. Whereas mood was 
clearly affected transiently in these experiments, subjective sleepiness and vitality showed 
a response that was persistent for at least 15 to 20 min. In Chapter 5, the effects of light on 
these subjective experiences were nonsignificant and only a subtle tendency of the pattern 
could be seen in the visualizations for subjective sleepiness, vitality and calmness. In contrast 
to the absence of significant effects for subjective sleepiness in Chapter 5, significant effects 
on subjective sleepiness were found in Chapter 6. In the field study, repeated exposure to a 
dynamic scenario with brighter light timed around noon did result in lower overall sleepiness 
compared to a dynamic scenario with brighter light at the beginning and end of the day. Yet, 
sleepiness in either dynamic scenario did not differ significantly from the constant electric 
lighting. The mix of effects that the empirical studies yielded (Chapter 3, 4, 5 & 6) are in line 
with the studies reviewed in Chapter 2, which also reported both significant positive and 
null effects of dynamic lighting on subjective sleepiness. The results show that predicting 
whether a specific light scenario will have alerting effects during daytime is currently difficult. 
This is probably because the processes underlying this effect are not understood well enough 
yet. Due to the co-occurrence of the changes in affective state and sleepiness with visual 
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experiences, we would suggest to explicitly consider a potential role of the visual pathway 
and/or psychological processes in subjective, alerting effects of light. 

In none of the empirical studies (Chapter 3, 4, 5 & 6), effects of light on task performance 
or physiological arousal were detected. As the temporal trajectories of these parameters did 
not change systematically with any of the employed light manipulations, we cannot further 
increase the understanding of the processes underlying the effects of light on behavioral 
and physiological parameters. Neither the markedly different light conditions that resulted 
in distinct stimulation of all photoreceptors in the laboratory, nor the repeated exposure to 
different light scenarios in the field led to responses on the parameters related to cognitive 
performance or physiological arousal, regardless of whether individuals were sleep restricted 
or not. This contrasts with some effects that have been reported (though not consistently) in 
earlier studies (for reviews see Lok et al., 2018; Souman et al., 2018). Therefore, we recommend 
further research to investigate the specific contexts and dependencies in the (acute) effects 
of light on behavioral and physiological parameters. The only behavior that was affected by 
fluctuations in light was sleep, which was significantly related to the timing and variability 
in employees’ personal light profiles in the field study (Chapter 6). This finding is in line with 
the beneficial effects of dynamic lighting on sleep as reported in Chapter 2, and confirms 
the importance of daytime light exposure for sleep as was found in many other studies (e.g., 
Boubekri et al., 2014; Brown, 2020; Hébert et al., 2002; Markvart et al., 2015). The challenge 
lies in the realization of a personal luminous profile with high variability and/or sufficient 
exposure to bright light at the right time of day, without compromising visual comfort.

As the research in this dissertation was conducted in the context of the DYNKA project, we also 
explored the effects of dynamic light patterns on thermal perception (comprising sensation, 
acceptance and comfort) and thermoregulation. In Chapter 3, only minor evidence for effects 
of light transitions on thermal perception and thermoregulation was found. As indications 
exist that these cross-modal associations are more pronounced in slight discomfort (te Kulve, 
Schlangen, & van Marken Lichtenbelt, 2018), the study in Chapter 4 was conducted in a mild 
cold environment. Yet, the light conditions in this study did not significantly affect thermal 
perception or thermoregulation. Due to the absence of clear cross-modal associations, we 
decided to not further investigate these parameters in this dissertation, but we have closely 
monitored the ambient temperature and measured thermal perception and thermoregulation 
in the studies in Chapter 5 and 6 to allow further analyses for the DYNKA project. Moreover, 
additional analyses on the combined data of Chapter 3 and 4 are presented in Kompier et 
al. (2022). These analyses uncovered a significant correlation between visual and thermal 
comfort. To unravel the potential causality in this relationship, we designed an additional 
study with our partners from Maastricht University, which is currently being conducted by 
Wei Luo under the supervision of Wouter van Marken Lichtenbelt. In this laboratory study, 
the effect of personal control over the correlated color temperature of a light condition on 
visual comfort, and thereby thermal comfort, is tested in a mild cold environment.
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7.3 Reflection on the gained insights

Pathways of light
Typically, light-induced responses are classified into two categories: visual and non-visual 

responses. Visual responses are mainly driven by the rod and cone photoreceptors, whereas 
the intrinsically photoreceptive retinal ganglion cells (ipRGC) are primarily responsible for 
effects of light on human functioning beyond vision. This crude categorization into visual vs. 
non-visual pathways might create the impression that these pathways are separate and that all 
responses within one category occur via identical processes. Yet, the input of the rods and cones 
to the ipRGCs already indicates the interconnectivity of the two overarching neural pathways 
(Lucas et al., 2014). Moreover, the role of the ipRGCs in the pupil response demonstrates the 
importance of these intrinsically photosensitive cells for our visual responses too (Charng et 
al., 2017). Furthermore, recent studies have demonstrated that responses that are generally 
classified as ipRGC-influenced responses do not all share the same pathway, but rather occur 
via multiple distinct pathways in the brain (Fernandez et al., 2018; Rahman et al., 2018).

Even though we did not investigate the exact neural processes and cannot draw conclusions 
upon those, the light-induced variation in temporal response trajectories of different 
outcome parameters does indicate that a simple dichotomy of light-induced responses as 
visual or non-visual is likely an oversimplification, or even a false interpretation, of the reality. 
The repeated measurements that we took in the laboratory studies showed unique response 
patterns for the various acute neurobehavioral responses that were investigated. Responses 
typically all described as ipRGC-influenced responses (i.e., alertness, mood, performance 
and physiological arousal) showed markedly different response trajectories, in which 
some were affected by the dynamic light patterns and others were not. Of the responsive 
parameters (mood, subjective sleepiness and vitality), all effects occurred immediately, yet 
the magnitude varied. Chapter 3 and 4 demonstrated that some responses dissipated quickly 
(calmness) whereas others showed a more persistent response (subjective sleepiness and 
vitality). Furthermore, amongst the visual experiences also different response patterns were 
identified. Even though visual experiences all involve the visual pathway, our results showed 
clear differences in the magnitude and persistence of the effects of dynamic light patterns on 
visual sensation, acceptance and comfort.

An oversimplified categorization may result in recommendations and standards specifically 
formulated for these broad effect categories (visual vs. non-visual), whereas they seem to be 
regulated by different processes and thus may require different light levels, spectra or temporal 
patterns. When designing dynamic light scenarios, it is important to realize the wide variety 
of responses that a dynamic light pattern may induce. Creating a dynamic scenario that has 
positive effects on sleep, momentary alertness, mood, performance and physiological arousal, 
while simultaneously creating a pleasant visual experience likely requires careful balancing of 
different light settings (if at all possible).

7.3.1
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Manipulation and quantification of light
The research in this dissertation emphasizes the relevance of spatial and temporal patterns in 

light-induced responses, besides the relevance of light intensity and spectrum (Houser et al., 
2021). The empirical studies in this thesis (Chapter 3, 4, 5 & 6) highlighted that the relationship 
between the light at our eye and the light we see in our visual environment is not always the 
same. In the well-controlled, confined, uniform environments in which laboratory studies are 
generally conducted, the relationship between the light at the eye and the visual environment 
is rather straightforward: by increasing the intensity of the lighting, the light levels in the 
environment and at the eye directly increase as well. In contrast, changes in the electric 
lighting of an environment in real life do not necessarily translate to likewise variation of the 
light in the surrounding surfaces and measured illuminance at the eye (Peeters et al., 2020). 
Although this results in a design challenge, in which manipulation of the electric lighting in 
more complex, cluttered environments results in unpredictable changes of light in the visual 
environment and the light reaching our eyes, this spatial aspect can be potentially exploited 
to create comfortable, yet also stimulating and supportive working environments.

There are many different metrics with which a light environment can be quantified, some of 
which are related to the visual environment and others to the light falling on the eye (Knoop et 
al., 2019; Pierson et al., 2018). The metrics used to quantify a light condition typically describe 
a stationary light setting. Yet, in reality, light is not stationary, but it changes over time and this 
temporal variation has an influence on the responses it induces. Importantly though, while 
metrics have been defined to characterize the stimulation for each of the five photoreceptors 
by a static light spectrum (CIE, 2018), methods to quantify light that is variable over time have 
not yet been established. One relevant effort in this direction was performed by Ámundadóttir 
et al. (2017), who accounted for prior exposure and exposure duration in their model designed 
to compare the relative effectiveness of different light patterns. Based on data from prior 
studies on the effects of different light settings on nocturnal melatonin suppression (Chang 
et al., 2011, 2012; Gronfier et al., 2004; Zeitzer et al., 2000), filters were created to represent 
these temporal aspects. Such efforts, and the validation of such modelling activities, are 
crucially important for the field, and in particular for exposure to dynamic light scenarios in 
the real world. Yet, to date, there are no validated metrics that can comprehensively capture 
the variability in a light scenario over time.  

In laboratory studies, visualization of the light condition over time in combination with a 
representation of the power spectra of the light settings as recommended by Spitschan (2021) 
can give a good impression of the employed light conditions, yet for comparison with other 
studies, a metric (or set of metrics) that summarizes the temporal pattern of light exposure 
would be very useful. While conceptualizing the study with intermittent bright light (Chapter 
5), we figured that the duration, intensity and spectrum of the different light settings, the 
speed of the transition between the settings and the number of the cycles were important 
parameters to describe a dynamic light pattern. However, these parameters cannot be applied 

7.3.2
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to a continuously changing light scenario (e.g., daylight or daylight imitation by electric light 
or someone’s personal luminous profile in everyday life). For studies with such scenarios, both 
in the laboratory and the field, it would be helpful to have a metric that can describe the 
temporal aspects of a light exposure pattern. 

A recent review showed that most field studies use the average intensity of light exposure 
in lux to describe the light profile (Böhmer et al., 2021), which ignores any temporal aspects 
in the dynamic light pattern. This review also reported that there is an increasing number 
of studies that have used the time above a predefined threshold (TaT) in lux to quantify the 
duration above a certain level of light exposure during a specific time interval (Reid et al., 
2014). For this metric, there is currently little consensus on which threshold would be relevant 
for which responses. Recent sensitivity analyses on large datasets may provide more insights 
on this (Peeters et al., 2022). In conjunction to this metric, the mean timing of the TaT has 
been explored too (MLiT), providing a metric to quantify the average timing for the moments 
exceeding the threshold (Peeters et al., 2022; Reid et al., 2014). Based on Peeters et al. (2022), 
especially the interaction of TaT and MLiT seemed promising as this would incorporate both 
the duration and timing of light exposure above a predefined threshold. 

Although this is a first step in the needed direction, these metrics still do not allow us to 
distinguish between different temporal light profiles such as the two scenarios employed in 
Chapter 6. In the dynamic light scenarios that we designed for the field study, the total duration 
of light above a certain threshold and the mean timing were identical in the two dynamic light 
scenarios, whereas the bright light was actually deliberately timed differently. A combination 
of metrics (e.g., TaT, MLiT and other – to be developed – metrics) will likely be required to 
comprehensively capture the temporal aspects of a light profile and allow differentiation 
between various dynamic light scenarios. In Chapter 6, we explored the additive value of a 
new metric (in the field of lighting) to quantify the variability in personal light exposure. The 
disparity index can capture the variability of light while taking into account the chronological 
order in which the different light levels occurred. This index showed promising results for 
the relationship between light and sleep. Despite its inability to differentiate between the two 
employed dynamic light scenarios, the disparity index should be further explored in future 
research to advance the understanding of diurnal light exposure for sleep. An alternative, yet 
related, metric might be the intradaily variability index which originates from actigraphy, and 
is used to quantify rhythm fragmentation (Witting et al., 1990).

Last, it is important to realize that in this thesis we focused on variability in the vertical 
illuminance at the eye as the light sensors that we used do not provide detailed enough spectral 
information (only RGB values) to assess the alpha-opic equivalent daylight illuminances, 
whereas preferably the spectral distribution of the light would be incorporated. The TaT, 
MLiT and disparity index could (and actually should) also be calculated for the alpha-opic 
equivalent daylight illuminances as recommended by the CIE (CIE, 2018).
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Interindividual variability in responses to light
Averaging is not only common in the quantification of light, but researchers also often 

aggregate the responses of multiple individuals to examine the effects that light can have. 
Yet, in the literature, null effects of light have been attributed repeatedly to the presence of 
interindividual variability in responses, potentially resulting in cancelling out of the main 
effect (e.g., de Zeeuw et al., 2019; Huiberts et al., 2016; Smolders et al., 2018). Recent research 
has also specifically demonstrated that some individuals show significantly stronger responses 
to a light manipulation than others (Phillips et al., 2019). In all analyses in the current thesis, 
differences in the outcome parameters between participants were taken into account using 
random intercepts in the multilevel models. However, these random intercepts only describe 
systematic differences between participants (i.e., participant A who scores on average two 
points higher on an outcome parameter across all conditions compared to participant B). In 
Chapters 4 and 5, we have also statistically examined whether participants actually showed 
different trends in their responses to the different light settings (e.g., some participants are 
less sleepy in condition A compared to condition B, whereas other participants show the 
reverse response pattern) using random slope analyses. The effect of light on participants’ 
visual comfort in Chapter 4, and visual sensation of the color of the light and the fastest 10% 
of responses on the reaction task in Chapter 5 showed significant interindividual variability. 
We had expected to find this interindividual variability for more variables, but potentially our 
relatively homogenous samples explain why these were not found. Interindividual variability 
in responses to light would imply, as was also suggested in Chapter 2, that a dynamic light 
scenario in an office environment would not be equally beneficial for all occupants. This poses 
a challenge for intelligent lighting systems in office environments, as information should 
be gathered on how to tune the lighting for every individual. Personal control of a lighting 
system may provide an alternative possibility to tune the lighting to individuals’ needs, yet 
it is questionable whether each individual is aware of what light settings are most optimal 
for their functioning during the day and night. Whereas a user can easily change the light to 
create a comfortable lighting environment, determining what setting is needed to provide 
biological support is likely more difficult. Users actually cannot be expected to be able to 
decide upon what the proper light at the proper time would be for themselves, as long as the 
research community is still debating about this key question (CIE, 2019). 

Implications

Implications for research
The research presented in this dissertation has yielded valuable insights with implications 

for future research and methods used in research. The different temporal trajectories of 
the visual experiences and neurobehavioral responses that were found suggested different 
underlying processes to these responses. Especially for alertness, it is incredibly important that 
the process(es) through which light can affect alertness during daytime is uncovered. Multiple 
theories have been proposed (e.g., de Vries et al., 2018; Lok et al., 2019; Schietecat et al., 2018; 

7.3.3
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Smolders et al., 2012; Veitch et al., 2011), yet none of them can explain the inconsistent findings 
that have been reported with respect to light-induced alertness. Furthermore, translating 
these findings to task performance, or even productivity, poses an additional challenge which 
deserves more attention in order to determine whether these effects could be of a practically 
relevant size in operational office environments. 

Moreover, due to the fact that people are exposed to light from the moment they wake 
up until they go to sleep and the variability in their personal light profiles in this period, 
more attention is required for the temporal aspects that moderate the effects of light on 
psychological and physiological functioning. Any light condition we are exposed to is of a 
certain duration, preceded by another light condition and timed at a specific time of day. In 
this dissertation, we took a new perspective on especially the temporal response trajectories 
that occur in such a dynamic light profile. Future research should investigate in greater detail 
how prior light exposure and timing of light exposure moderate the magnitude and direction 
of neurobehavioral responses at the individual and group level. 

As also outlined in section 7.3.2, the metrics to quantify these temporal aspects of a dynamic 
light scenario require more attention. We recommend to examine variability metrics such 
as the disparity index explored here, or metrics that are used in other research fields, such as 
the intradaily variability from actigraphy analyses (Witting et al., 1990), for its applicability to 
quantify variability in light exposure. Such metrics would help to describe and compare the 
light scenarios that are being studied, and could furthermore be used to quantify one’s actual 
light pattern. Especially due to the unknown underlying processes for some of the responses, 
it is important, yet also extremely difficult in the field especially, to quantify the complete 
light environment. 

The repeated measurements used in the empirical studies proved to be valuable to study 
interindividual differences. Yet, to better understand and be able to predict light-induced 
responses, more knowledge on where these differences originate should be gained. In addition 
to interindividual variability, also intraindividual variability should be understood better. 
Before dynamic scenarios can be designed for operational office environments, it is relevant 
to know more about the inter and intraindividual variability in responses between different 
tasks and settings (e.g., Huiberts et al., 2015, 2016; Qian et al., 2020; Ru et al., 2019) and various 
times of day (e.g., Smolders et al., 2012, 2013). These repeated measures should be taken with 
the most fine-grained measurement resolution that is possible to get the detailed information 
about the outcome parameters of interest. Yet, simultaneously participant burden should be 
considered to avoid reduced motivation to participate in the study or even study drop-outs. 

Implications for lighting practice
By studying dynamic light scenarios, we also aimed to be able to provide suggestions on what 

patterns dynamic lighting should (or should not) follow. With this respect, it is important 

7.4.2
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to consider that in different application contexts, for different tasks, different people and 
different times of day, requirements for the lighting may differ. For office environments, 
we would recommend to primarily target the visual experiences and circadian responses, 
due to the mixed results and limited understanding of the processes underlying the acute 
effects of light on alertness and performance. All studies that were conducted in this 
dissertation demonstrated that fluctuations in electric lighting were generally experienced 
as less comfortable than constant electric light settings. Therefore, we would advise lighting 
designers to minimalize the imposed dynamics in light intensity by electric lighting in 
office environments and provide bright light to support circadian responses in the most 
comfortable manner. To achieve this, the design of the entire environment can be utilized, 
as both the light reaching the eye and the visual environment affect our experiences. Apart 
from direct light exposure, indirect exposure via the reflection of surfaces in the environment 
could be employed in creating a bright, yet pleasant environment (de Vries et al., 2018, 2021). 
Additionally, personal control could be provided to give office occupants the opportunity to 
adjust the lighting to their preferences for the task at hand (Boyce et al., 2000; Escuyer & 
Fontoynont, 2001). In addition, the field study suggested that variability in the personal light 
profile could be beneficial for sleep. To achieve variability in one’s personal light profile, office 
occupants could be motivated to move in and outside of the building. 

Conclusion
The main aim of this doctoral research was to investigate human responses to dynamic 

lighting to uncover whether and how dynamic lighting should be employed. The research 
showed that daytime dynamic light patterns in office environments may be employed for 
a wide variety of motivations, yet implementing dynamic lighting due to its analogy to the 
variability in daylight is a risky undertaking as the general human preference for daylight – and 
its dynamics – can clearly not be directly transferred to electric lighting. Great care should be 
taken when designing dynamic light scenarios as light appraisals and visual experiences were 
often compromised in dynamic electric light patterns, even though indeed sometimes modest, 
acute neurobehavioral effects have been established. The research in this area still requires a 
lot more future work to be able to explicitly recommend specific dynamic light scenarios, but 
the current thesis does underline the importance of considering aspects such as timing and 
duration of light exposure as well as light history for the full range of light-induced responses. 
Each response (i.e., sensation, comfort, mood, alertness, performance, physiological arousal 
and sleep) was differently affected by the light setting and the transitions between various 
light settings over time. In view of the findings reported in this thesis, we would advise to 
be careful with transitions in electric light and not use too many transitions throughout 
the day. Although variable light with sufficiently bright light is important from a circadian 
perspective, introducing this via dynamic light scenarios will not necessarily improve acute 
alertness and may even compromise visual comfort. As personal light profiles will be dynamic 
anyways, offering static bright light throughout the entire day could potentially yield most 
beneficial circadian and acute neurobehavioral responses, while simultaneously limiting 
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visual discomfort. Additionally, (confined) personal control in view of preferences might be 
the best way to support interindividual differences and further improve the visual experience. 

This dissertation has demonstrated that each response to light shows a unique trajectory. 
The variance in temporal trajectories of visual experiences and acute neurobehavioral 
responses emphasizes that more than two pathways (visual and non-visual) underlie these 
responses. The research conducted in this thesis provided valuable knowledge for lighting 
researchers as we have shown that repeated measurements throughout (fluctuating) light 
conditions amongst a wide set of outcome measures assessing visual experience, circadian 
and acute neurobehavioral responses is crucial in increasing the understanding of the 
processes underlying the various light-induced responses. This thesis especially highlights 
the challenges in quantifying the variability in light exposure as well as in individuals‘ 
responsiveness to light when studying and assessing these light-induced responses. Based 
on the acquired results, new hypotheses regarding underlying processes can be generated 
and methodologies can be finetuned. The gained knowledge on the light-induced responses 
can also be incorporated in the development and design of lighting applications by lighting 
designers. Our recommendation is to explicitly consider the individual, the setting and the 
targeted outcome in the design of a dynamic light scenario, while simultaneously considering 
other potential concurrent light-induced responses.
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A. Start Questionnaire
How alert/sleepy do you feel at this moment?
1 (extremely alert) – 2 – 3 (alert) – 4 – 5 (neither alert, nor sleepy) – 6 – 7 (sleepy, but no 

difficulty remaining awake) – 8 – 9 (extremely sleepy, fighting sleep)

What transportation means did you use to come here?
Bike    Car   Train   Walking

How long did it take you to get here? 
…. Hours …. Minutes

How long (in total) have you been outside today (in daylight)
…. Hours …. Minutes

How many cups of coffee did you consume during the hour before the start of this session?
…. Cups

Did you consume any soda drink or energy drink during the hour before the start of this 
session?
Yes    No

How many cups or glasses of caffeine containing drinks have you drunk today in total?
 …. Cups/Glasses

How much did you eat during the hour before the start of this session?
Nothing    A little bit    Relatively a lot    A lot
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B. Repeated Questionnaire
How much effort did it cost you to perform the previous task (the reading)?
None -------------------------------------------------------- Very Much

What do you think of the current thermal environment?
Acceptable    Unacceptable

What is your general thermal sensation now?
Cold – Cool – Slightly Cool – Neutral – Slightly Warm – Warm – Hot 

How would you evaluate this thermal environment?
Very Comfortable – Comfortable – Just Comfortable  Just Uncomfortable – Uncomfortable 

– Very Uncomfortable

What do you think of the current visual environment?
Acceptable    Unacceptable

How do you experience the intensity of the light?
Very Low – Low – Slightly Low – Neutral – Slightly High – High – Very High

How would you evaluate this lighting intensity?
Very Comfortable – Comfortable – Just Comfortable  Just Uncomfortable – Uncomfortable 

– Very Uncomfortable

How do you experience the color of the light?
Very Cool – Cool – Slightly Cool – Neutral – Slightly Warm – Warm – Very Warm

How would you evaluate this color temperature?
Very Comfortable – Comfortable – Just Comfortable  Just Uncomfortable – Uncomfortable 

– Very Uncomfortable

How do you feel at this moment?
Tense / Sad / Lively / Sleepy / Calm / Happy / Drowsy / Awake
1 (Definitely not) – 2 – 3 – 4 – 5 (Definitely)

How alert/sleepy do you feel at this moment?
1 (extremely alert) – 2 – 3 (alert) – 4 – 5 (neither alert, nor sleepy) – 6 – 7 (sleepy, but no 

difficulty remaining awake) – 8 – 9 (extremely sleepy, fighting sleep)

How much effort did it cost you to perform the previous task (the PVT)?
None -------------------------------------------------------- Very Much
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C. Sensors

Figure C.1. Images of the sensors used. a) LightLog; b) iButtons; c) electrocardiagraphy; d) pupillometry; e) 
electrodermal activity; f) AX3 Axivity tracker; g) ActiGraph
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D. Experimental Settings

 

Figure D.1. The experimental settings in the laboratory. a) The setting of the experiments described in 
Chapter 3 and 4; b) The setting of the experiment described in Chapter 5
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E. Baseline differences [Chapter 3]
The differences during the baseline were tested using a linear mixed model with Participant 

as random intercept and the condition as the only predictor. In Table E.1 and E.2 the results 
of these analysis can be found. The bold rows indicate significant differences between the 
baseline measurements.

Table E.1.  Baseline comparisons in warm, dim lighting

Dependent Variable Constant Mean (SD) Transition Mean (SD) T p

SensationVI -0.58 (0.55) -0.61 (0.86) T1,37 = 0.2 0.84

SensationVC 0.97 (0.79) 0.84 (0.86) T1,37 = 0.96 0.34

ComfortV 1.53 (0.85) 1.26 (0.75) T1,37 = 2.06 0.05

SensationT 0.29 (0.77) -0.03 (0.79) T1,37 = 2.23 0.03

ComfortT 1.79 (0.62) 1.61 (0.59) T1,37 = 1.56 0.13

Calm 2.29 (0.73) 2.11 (0.73) T1,37 = 2.02 0.05

Happy 3.63 (0.82) 3.58 (0.72) T1,37 = 0.4 0.69

Vitality 1.45 (2.73) 0.86 (2.63) T1,37 = 1.26 0.22

Alertness (KSS) 4.08 (1.40) 4.55 (1.33) T1,37 = -1.94 0.06

Mean RT 339.8 (50.56) 335.8 (43.38) T1,36 = 0.64 0.52

Mean SCL 4.52 (3.07) 5.28 (3.70) T1,36 = -1.47 0.15

Mean HR 81.3 (10.15) 80.89 (9.63) T1,37 = 0.24 0.81

Mean HRV 29.76 (15.08) 32.38 (18.40) T1,37 = -1.15 0.26

Taverage 32.37 (0.64) 32.5 (0.67) T1,37 = -1.42 0.16

DPG -1.26 (1.98) -1.01 (1.77) T1,36 = -0.91 0.37

Note: Statistically significant differences are presented in bold. SD: standard deviation, T: T-ratio and p: p-value

Table E.2. Baseline comparisons in cool, bright lighting

Dependent Variable Constant Mean (SD) Transition Mean (SD) T p

SensationVI 1.13 (0.70) 1 (0.99) T1,37  = 0.8  0.43

SensationVC -1.24 (0.85) -1.26 (0.92) T1,37 = 0.22  0.83

ComfortV 1.26 (1.00) 1.22 (0.91) T1,37 = 0.34  0.73

SensationT 0.11 (0.80) 0.03 (0.72) T1,37 = 0.46  0.65

ComfortT 1.71 (0.84) 1.53 (0.98) T1,37 = 1  0.32

Calm 2.03 (0.72) 2.13 (0.78) T1,37 = -0.85  0.40

Happy 3.37 (0.63) 3.45 (0.80) T1,37 = -0.55  0.58

Vitality 0.92 (2.24) 0.82 (3.39) T1,37= 0.17  0.86

Alertness (KSS) 4.24 (1.48) 4.55 (1.91) T1,37 = -0.99  0.33

Mean RT 335.99 (44.75) 328.94 (42.66) T1,35 = 0.76  0.45

Mean SCL 4.37 (2.96) 5.1 (3.36) T1,35 = -2.42  0.02

Mean HR 81.11 (9.87) 80.67 (11.42) T1,36 = 0.31  0.76

Mean HRV 28.42 (13.97) 29.94 (15.22) T1,35= -1  0.32

Taverage 32.53 (0.49) 32.36 (0.62) T1,36 = 1.82  0.08

DPG -1.18 (2.16) -1.62 (2.39) T1,37= 1.54  0.13

Note: Statistically significant differences are presented in bold. SD: standard deviation,T: T-ratio and p: p-value
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F. Full model statistics [Chapter 3]
In the Tables F.1 and F.2, an overview is given of the full model statistics for each dependent 

variable. The variances to be explained at the participant, session and residual level were 
calculated respectively. The F statistics of the model were calculated using the standardized 
generalized variance approach of the ‘r2beta’ function in R. The R2 of the full model and the 
R2 of the fixed effects were calculated using the ‘r.squaredGLMM’ function in R. 
Table F.1. Full model statistics of the models with warm, dim lighting during baseline

Dependent Variable Residual Variance ICCSession ICCParticipant F R2
full-model R2

fixed-effects

SensationVI 13.26 % 86.74 % 0 % F8,202=98.22 0.90 0.67

SensationVC 8.08 % 91.92 % 0 % F8,202=91.18 0.93 0.58

ComfortV 24.00 % 76.00 % 0 % F8,202=16.76 0.85 0.21

SensationT 39.85 % 24.32 % 35.83 % F8,202=7.39 0.63 0.16

ComfortT 41.24 % 42.62 % 16.14 % F8,202=12.21 0.64 0.25

Calm 28.56 % 22.57 % 48.87 % F8,202=31.89 0.74 0.46

Happy 29.59 % 30.48 % 39.93 % F8,202=28.21 0.72 0.44

Vitality 21.59 % 43.94 % 34.47 % F8,202=47.81 0.82 0.54

Alertnes (KSS) 28.86 % 44.32 % 26.82 % F8,202=29.94 0.77 0.42

Mean RT 20.53 % 6.61 % 72.86 % F8,195=61.34 0.79 0.66

Mean SCL 3.54 % 28.83 % 67.62 % F8,200=411.32 0.97 0.91

Mean HR 8.48 % 31.22 % 60.30 % F8,200=206.34 0.94 0.82

Mean HRV 12.44 % 9.30 % 78.26 % F8,199=86.62 0.90 0.64

Taverage 5.55 % 39.56 % 54.88 % F8,202=449.22 0.97 0.90

DPG 7.18 % 19.91 % 72.91 % F8,200=399.63 0.97 0.84

Note: ICC: Intra-Class Coefficient, F: F-value

Table F.2. Full model statistics of the models with cool, bright lighting during baseline

Dependent Variable Residual Variance ICCSession ICCParticipant F R2
full-model R2

fixed-effects

SensationVI 10.18 % 89.82 % 0 % F8,202=128.00 0.92 0.73

SensationVC 9.58 % 90.42 % 0 % F8,202=100.70 0.92 0.64

ComfortV 16.77 % 83.23 % 0 % F8,202=13.66 0.84 0.18

SensationT 38.49 % 37.52 % 23.99 % F8,202=7.01 0.66 0.15

ComfortT 50.35 % 27.03 % 22.61 % F8,202=3.63 0.53 0.09

Calm 30.26 % 19.88 % 49.86 % F8,202=19.77 0.68 0.35

Happy 18.20 % 26.29 % 55.51 % F8,202=30.45 0.80 0.40

Vitality 20.55 % 43.65 % 35.8 % F8,202=54.02 0.84 0.55

Alertness (KSS) 16.33 % 49.77 % 33.9 % F8,202=57.41 0.87 0.55

Mean RT 14.11 % 12.67 % 73.23 % F8,191=101.03 0.86 0.76

Mean SCL 2.42 % 25.47 % 72.11 % F8,196=515.62 0.98 0.91

Mean HR 6.85 % 30.96 % 62.19 % F8,193=202.55 0.95 0.81

Mean HRV 13.82 % 28.39 % 57.79 % F8,192=91.96 0.88 0.71

Taverage 7.66 % 44.73 % 47.61 % F8,200=333.63 0.96 0.87

DPG 7.09 % 22.93 % 69.98 % F8,202=574.86 0.98 0.89

Note: ICC: Intra-Class Coefficient, F: F-value
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G. Test statistics of the contrasts per measurement block [Chapter 3]
In Table G.1 and G.2, an overview is given of the test statistics for every contrast per 

measurement block for both the main and the exploratory analyses. The Δ indicates the 
estimated difference between the two conditions. Furthermore, the T ratio and the p-value 
are reported. Statistically significant contrasts are presented in bold.

Table G.1.  Test statistics of contrasts per measurement block for main analyses

Dependent 
Variable

Measurement 
Block

WD to CB vs. Constant WD CB to WD vs. Constant CB

Δ T p Δ T P

SensationVI 1 2.61 16.30 < 0.001 -2.48 -15.21 < 0.001

2 2.03 12.67 < 0.001 -2.12 -13.05  < 0.001

3 1.82 11.36 < 0.001 -1.93 -11.83 < 0.001

SensationVC 1 -2.34 -10.47 < 0.001 2.71 12.79 < 0.001

2 -2.29 -10.22 < 0.001 2.29 10.82 < 0.001

3 -1.98 -8.83 < 0.001 2.13 10.05 < 0.001

ComfortV 1 -1.10 -4.91 < 0.001 -0.37 -1.85 0.07

2 -0.51 -2.27 0.03 -0.22 -1.10 0.28

3 -0.39 -1.74 0.09 -0.09 -0.43 0.67

SensationT 1 0.16 0.91 0.36 0.42 2.26 0.03

2 -0.11 -0.64 0.52 0.03 0.15 0.88

3 0.13 0.76 0.45 0.20 1.10 0.27

ComfortT 1 0.16 0.88 0.38 0.04 0.23 0.82

2 -0.01 -0.06 0.95 0.06 0.33 0.75

3 0.03 0.16 0.88 0.04 0.20 0.84

Calm 1 -0.33 -3.08 0.003 0.25 2.25 0.03

2 0.01 0.13 0.90 0.16 1.40 0.16

3 0.09 0.88 0.38 0.15 1.28 0.20

Happy 1 0.09 0.69 0.49 0.10 0.92 0.36

2 0.00 0.00 1.00 0.14 1.32 0.19

3 -0.09 -0.72 0.47 0.17 1.64 0.11

Vitality 1 1.59 3.83 < 0.001 0.67 1.83 0.07

2 0.85 2.05 0.04 0.29 0.79 0.43

3 0.64 1.55 0.13 0.09 0.25 0.80

Alertness (KSS) 1 -0.99 -3.17 0.002 0.02 0.07 0.95

2 -0.66 -2.22 0.03 -0.19 0.68 0.50

3 -0.47 -1.60 0.11 -0.06 -0.22 0.83

Mean RT 1 2.86 0.41 0.69 -0.32 -0.06 0.95

2 -2.37 -0.34 0.74 -2.02 -0.37 0.71

3 4.83 0.68 0.50 -1.95 -0.36 0.72
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Dependent 
Variable

Measurement 
Block

WD to CB vs. Constant WD CB to WD vs. Constant CB

Δ T p Δ T P

Mean SCL 1 -0.11 -0.41 0.69 -0.16 -0.75 0.46

2 0.14 0.54 0.59 -0.51 -2.37 0.02

3 0.09 0.34 0.74 -0.70 -3.26 0.002

Mean HR 1 -0.33 -0.36 0.72 -0.36 -0.38 0.71

2 -0.23 -0.25 0.80 0.08 0.08 0.94

3 -0.43 -0.48 0.63 0.66 0.68 0.50

Mean HRV 1 -0.11 -0.06 0.95 0.33 0.14 0.89

2 -1.04 -0.58 0.56 0.70 0.30 0.76

3 -1.85 -1.04 0.30 -0.68 -0.29 0.77

Taverage 1 -0.00 -0.00 1.00 -0.02 -0.48 0.64

2 0.04 1.09 0.28 -0.06 -1.49 0.14

3 0.03 0.96 0.34 -0.03 -0.87 0.39

DPG 1 -0.15 -1.23 0.22 -0.15 -0.99 0.33

2 -0.22 -1.75 0.08 -0.24 -1.56 0.13

3 -0.17 -1.33 0.19 -0.29 -1.88 0.07

Note: Statistically significant differences are presented in bold. WD: Warm, dim light, CB: Cool, bright light, 
Δ: the estimated differences between the two conditions, T: T-ratio and p: p-value

Table G.2. Test statistics of contrasts per measurement block for exploratory analyses

Dependent 
Variable

Measurement 
Block

WD to CB vs. Constant WD CB to WD vs. Constant CB

Δ T p Δ T P

SensationVI 1 -1.06 -6.96 < 0.001 1.16 7.74 < 0.001

2 -0.86 -5.65 < 0.001 0.76 5.05 < 0.001

3 -0.73 -4.82 < 0.001 0.62 4.13 <0.001

SensationVC 1 1.09 5.98 < 0.001 -0.71 -4.31 < 0.001

2 0.65 3.55 < 0.001 -0.67 -4.04 < 0.001

3 0.63 3.45 < 0.001 -0.48 -2.91 0.004

ComfortV 1 -0.50 -3.02 0.003 -1.06 -6.38 < 0.001

2 -0.39 -2.37 0.02 -0.42 -2.51 0.01

3 -0.30 -1.80 0.07 -0.25 -1.52 0.13

SensationT 1 0.37 2.24 0.03 0.05 0.32 0.75

2 0.13 0.82 0.41 -0.37 -2.32 0.02

3 0.21 1.29 0.20 -0.03 -0.19 0.85

ComfortT 1 0.04 0.28 0.78 0.02 0.12 0.90

2 -0.10 -0.61 0.55 0.01 0.04 0.97

3 0.05 0.34 0.74 -0.12 -0.68 0.50

Calm 1 -0.00 -0.04 0.97 -0.14 -1.17 0.24

2 0.00 0.04 0.97 0.09 0.74 0.46

3 0.21 2.15 0.03 -0.04 -0.33 0.74
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Dependent 
Variable

Measurement 
Block

WD to CB vs. Constant WD CB to WD vs. Constant CB

Δ T p Δ T P

Happy 1 0.05 0.36 0.72 0.15 1.20 0.23

2 0.09 0.67 0.51 0.04 0.31 0.75

3 0.00 0.01 0.99 0.08 0.64 0.52

Vitality 1 0.36 0.81 0.42 1.50 3.31 0.001

2 -0.06 -0.14 0.89 0.80 1.76 0.08

3 0.12 0.27 0.79 0.24 0.54 0.59

Alertness (KSS) 1 0.08 0.28 0.78 -0.56 -1.94 0.06

2 -0.21 -0.72 0.47 -0.24 -0.84 0.40

3 -0.15 -0.54 0.59 0.04 0.13 0.90

Mean RT 1 5.12 0.88 0.38 -2.93 -0.45 0.66

2 -3.49 -0.60 0.55 -1.15 -0.18 0.86

3 1.79 0.31 0.76 -2.34 -0.36 0.72

Mean SCL 1 0.64 1.40 0.17 0.66 1.45 0.15

2 0.54 1.17 0.25 0.65 1.44 0.16

3 0.34 0.73 0.47 0.63 1.38 0.17

Mean HR 1 -0.65 -0.46 0.65 -0.86 -0.68 0.50

2 -0.66 -0.46 0.64 -0.24 -0.19 0.85

3 0.12 0.08 0.93 -0.47 0.37 0.71

Mean HRV 1 1.70 0.68 0.50 3.11 1.32 0.19

2 2.99 1.20 0.23 1.59 0.67 0.50

3 -1.34 -0.54 0.59 3.31 1.40 0.17

Taverage 1 0.01 0.16 0.87 -0.04 -0.61 0.54

2 0.00 0.02 0.99 -0.03 -0.46 0.65

3 -0.00 -0.03 0.97 -0.01 -0.09 0.93

DPG 1 -0.48 -1.67 0.10 0.09 0.39 0.69

2 -0.65 -2.31 0.03 0.14 0.63 0.53

3 -0.73 -2.59 0.01 0.20 0.89 0.38

Note: Statistically significant differences are presented in bold. WD: Warm, dim light, CB: Cool, bright light, 
Δ: the estimated differences between the two conditions, T: T-ratio and p: p-value
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H. Results Tense and Sad [Chapter 3]

The responses for the variables Sad and Tense were recoded into two categories because of the 
highly skewed response distribution. Initially, the response scale ranged from Definitely Not (1) 
to Definitely (5). For both variables, all responses that were 1 (i.e., Definitely Not Sad/Tense) were 
recoded to 0 (Not Sad/Tense) and all other responses were recoded into 1 (Sad/Tense), and only 
visual inspection was performed. When interpreting the findings, it is important to take into 
account that the difference between these categories is very nuanced and thus the effects of 
the different light conditions are as well.

Onset, persistence and symmetry
The percentage of participants that reported feelings of tenseness increased slightly over 

time in the constant WD condition (Figure H.1; TenseB1 = 42%, TenseB2 = 47%, TenseB3 = 47%). 
After the transition to CB light, more than half of the participants reported (at least slightly) 
tense feelings (55%), but this percentage decreased in 15 min to 45% and remained stable at 
that level for the remainder of the session. In the sessions starting in CB light, it was prevalent 
that a higher percentage of participants reported to feel (at least slightly) tense in the constant 
CB light (TenseB1 = 53%, TenseB2 = 50%, TenseB3 = 47%) compared to the transition condition 
(TenseB1 = 39%, TenseB2 = 39%, TenseB3 = 37%). In both conditions, this percentage decreased 
over time with a larger slope for the constant CB condition. The percentage of participants 
that reported at least slightly sad feelings remained constant (at 39%) after the light changed 
from WD to CB light, whereas in the constant condition varied slightly (SadB1 = 32%, SadB2 = 
39%, SadB3 = 37%). Less participants felt (slightly) sad after the transition from CB to WD light 
(SadB1 = 42%, SadB2 = 45%, SadB3 = 42%) compared to the constant CB light (SadB1 = 45%, SadB2 

= 50%, SadB3 = 45%).

Figure H.1. Trajectories of mood parameters with WD light during baseline (left) and CB light (right): a) Sad (in % - no 
stat. testing), b) Tense (in % - no stat. testing) 
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Effects of antecedent setting
In the WD light condition, the percentage of participants reporting (slightly) tense feelings 

depended on the antecedent setting (Figure H.2). When the antecedent setting was CB, the 
percentage of reported tenseness dropped after the transition to WD light and remained at 
a rather constant level (TenseB1 = 39%, TenseB2 = 37%, TenseB3 = 37%). In contrast, when the 
lighting had not changed, the percentage of participants experiencing tension increased and 
more participants reported at least slightly tense feelings (TenseB1 = 42%, TenseB2 = 47%, TenseB3 

= 47%). In the CB light, the percentage of participants experiencing at least slightly tense 
feelings seemed independent of the antecedent setting, although in this antecedent setting 
a clear difference between the conditions was visible. In both conditions, the percentage 
of people reporting feelings of tenseness decreased over time: from 53% to 47% when the 
antecedent lighting was the same and from 55% to 45% when the antecedent setting differed. 
Despite a reduction in measurement block 1 compared to the baseline, the percentage of 
participants experiencing sad feelings was higher in WD light when the antecedent setting 
had been CB light (SadB1 = 42%, SadB2 = 45%, SadB3 = 42%), compared to the constant WD 
light (SadB1 = 32%, SadB2 = 39%, SadB3 = 37%). In CB light, participants’ feelings of sadness were 
constant (39%) when the antecedent light had been WD. When the antecedent light had been 
CB, more participants reported at least slightly sad feelings and this percentage varied slightly 
during the measurement phase (SadB1 = 45%, SadB2 = 50%, SadB3 = 45%).

Figure H.2. Trajectories of mood parameters with measurements in WD light (left) and CB light (right) for: a) Sad (in 
% - no stat. testing) and b) Tense (in % - no stat. testing)
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I. Model statistics [Chapter 4]

Table I.1. Null model statistics of random intercept models (not including 
random slopes)

Dependent Variable Residual variance ICCSession ICCParticipant

SensationVI 15.29 % 84.71 % 0.00 %

SensationVC 20.36 % 79.64 % 0.00 %

ComfortV 22.12 % 51.01 % 26.87 %

Vitality 38.12 % 36.15 % 25.73 %

Sleepiness (KSS) 32.29 % 45.73 % 21.98 %

Mean RT (PVT) 10.98 % 10.33 % 78.69 %

Effort PVT 23.51 % 31.91 % 55.48 %

Correct (BDST) 22.41 % 11.33 % 66.26 %

Effort BDST 22.95 % 39.91 % 37.14 %

Mean SCL 4.16 % 30.98 % 64.86 %

Mean HR 13.01 % 23.80 % 63.20 %

Mean HRV 10.91 % 41.32 % 47.78 %

Calm 20.33 % 22.63 % 57.04 %

Happy 21.85 % 45.78 % 32.36 %

SensationT 47.58 % 38.33 % 14.09 %

Self-assessed shivering 29.89 % 33.00 % 37.11 %

ComfortT 39.48 % 25.55 % 34.97 %

Taverage 12.02 % 50.57 % 37.41 %

DPG 2.55 % 97.45 % 0.00 %

Note: ICC: Intra-Class Coefficient
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Table I.2. Full model statistics of random intercept models (not including random slopes) with F-statistics (F) and 
p-values (p) for the covariates, full model fit, R2 and marginal R2 referring to the R2 explained by the fixed part.

Dependent 
Variable

Time of day Reading effort Baseline Illuminance * 
CCT * Block F R2

full-

model

R2
fixed-

effectsF p F p F p F p

SensationVI F1,21 = 
0.00

0.98 F1,249 = 
2.60

0.11 F1,80 = 
2.52

0.12 F2,182 = 
0.01

0.99 F14,186 = 
41.45

0.88 0.54

SensationVC F1,23  = 
0.31

0.58 F1,246 = 
0.80

0.37 F1,81 = 
1.43

0.24 F2,181 = 
0.40

0.67 F14,186 = 
24.63

0.83 0.44

ComfortV F1,22 = 
7.83

0.01 F1,246 = 
12.05

< 0.001 F1,73 = 
8.11

< 0.01 F2,183 = 
0.37

0.69 F14,186 = 
12.41

0.80 0.27

Vitality F1,18 = 
0.50

0.49 F1,256 = 
44.50

< 0.001 F1,90 = 
30.16

< 0.001 F2,182 = 
0.57

0.57 F14,186 = 
15.37

0.68 0.39

Sleepiness (KSS) F1,21 = 
1.96

0.18 F1,250 = 
32.06

< 0.001 F1,97 = 
15.66

< 0.001 F2,183 = 
0.52

0.60 F14,186 = 
13.27

0.73 0.33

Mean RT (PVT) F1,15 = 
0.07

0.80 F1,225 = 
1.37

0.24 F1,81 = 
66.41

< 0.001 F2,152 = 
0.77

0.46 F14,167 = 
21.09

0.85 0.39

Effort PVT F1,17 = 
0.48

0.50 F1,299 = 
37.06

< 0.001 F1,88 = 
24.33

< 0.001 F2,172 = 
1.57

0.21 F14,186 = 
15.79

0.72 0.37

Correct (BDST) F1,19 = 
0.30

0.59 F1,259 = 
1.01

0.32 F1,83 = 
41.59

<0.001 F2,183 = 
0.89

0.41 F14,186 = 
9.64

0.72 0.22

Effort BDST F1,21 = 
0.09

0.76 F1,240 = 
5.50

0.02 F1,94 = 
191.31

<0.001 F2,182 = 
1.01

0.37 F14,186 = 
33.22

0.75 0.59

Mean SCL F1,24 = 
1.91

0.18 F1,233 = 
4.34

0.04 F1,69 = 
465.50

< 0.001 F2,164 = 
0.17

0.84 F14,177 = 
213.77

0.97 0.87

Mean HR F1,23 = 
0.84

0.37 F1,107 = 
4.90

0.03 F1,38 = 
949.98

< 0.001 F2,167 = 
1.29

0.28 F14,177 = 
104.03

0.87 0.85

Mean HRV F1,86 = 
0.92

0.34 F1,247 = 
2.50

0.12 F1,87 = 
251.30

< 0.001 F2,169 = 
0.32

0.73 F14,177 = 
77.09

0.92 0.71

Calm F1,22 = 
0.30

0.59 F1,272 = 
0.11

0.74 F1,94 = 
45.26

< 0.001 F2,183 = 
4.94

0.01 F14,186 = 
14.60

0.78 0.30

Happy F1,20 = 
0.00

0.95 F1,245 = 
1.30

0.26 F1,88 = 
54.58

< 0.001 F2,180 = 
2.43

0.09 F14,186 = 
18.70

0.79 0.39

SensationT F1,21 = 
0.39

0.54 F1,229 = 
1.20

0.28 F1,87 = 
16.60

< 0.001 F2,181 = 
0.22

0.80 F14,186 = 
5.14

0.58 0.17

SAS F1,23 = 
2.10

0.16 F1,272 = 
0.94

0.33 F1,75 = 
13.47

< 0.001 F2,177 = 
0.20

0.82 F14,186 = 
6.45

0.72 0.17

ComfortT F1,22 = 
1.20

0.28 F1,266 = 
10.33

< 0.001 F1,84 = 
6.61

0.01 F2,179 = 
0.71

0.49 F14,186 = 
4.51

0.61 0.14

Taverage F1,24 = 
0.01

0.92 F1,256 = 
0.21

0.64 F1,93 = 
805.83

< 0.001 F2,181 = 
0.74

0.48 F14,185 = 
298.36

0.97 0.89

DPG F1,22 = 
0.44

0.52 F1,220 = 
0.36

0.55 F1,88 = 
1852.33

< 0.001 F2,183  = 
2.76

0.07 F14,186 = 
490.70

0.98 0.94

Note: Statistically significant effects are presented in bold. F: F-value and p: p-value
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J. Contrast estimates for main effects [Chapter 4]

Table  J.1. Contrast estimates for main effects for Illuminance and CCT separately 

Dependent 
Variable

CCT: Cool vs. Warm Illuminance: Bright vs. Dim

Δ T p Δ t p

SensationVI 0.28 2.01 0.048 1.63 11.76 < 0.001

SensationVC -1.53 -9.23 < 0.001 0.00 0.00 1.00

ComfortV -0.36 -2.72 < 0.01 -0.07 -0.55 0.59

Vitality 0.21 0.67 0.51 0.99 3.19 <0.01

Sleepiness (KSS) -0.10 -0.41 0.68 -0.65 -2.79 <0.01

Mean RT (PVT) 4.67 0.82 0.42 -3.36 -0.59 0.56

Effort PVT -0.11 -0.20 0.84 -0.7 -1.26 0.21

Correct (BDST) 0.08 0.38 0.71 0.00 0.00 1.00

Effort BDST -0.11 -0.24 0.81 -1.11 -2.57 0.01

Mean SCL -0.15 -0.79 0.43 0.03 0.15 0.88

Mean HR 0.83 1.28 0.20 -0.81 -1.26 0.21

Mean HRV -3.43 -1.33 0.19 2.40 0.92 0.36

Calm -0.08 -1.11 0.27 0.03 0.39 0.70

Happy -0.20 -1.74 0.09 0.06 0.55 0.59

SensationT 0.06 0.44 0.66 0.08 0.59 0.56

SAS -0.29 -1.15 0.25 -0.03 -0.12 0.90

ComfortT 0.22 1.79 0.08 0.17 1.35 0.18

Taverage 0.05 1.10 0.27 -0.03 -0.64 0.53

DPG 0.04 0.21 0.84 0.19 1.06 0.29

Note: Statistically significant differences are presented in bold.  Δ: the estimated 
differences between the two conditions, T: T-ratio and p: p-value
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K. Contrast estimates per measurement block [Chapter 4]

Table K.1. Contrast estimates per measurement block for Illuminance and CCT separately

Dependent 
Variable

Measurement 
Block

CCT: Cool vs. Warm Illuminance: Bright vs. Dim

Δ T p Δ t p

SensationVI 1 0.30 1.93 0.06 1.96 12.53 < 0.001

2 0.25 1.59 0.11 1.53 9.73 < 0.001

3 0.29 1.82 0.07 1.41 8.99 < 0.001

SensationVC 1 -2.03 -10.82 < 0.001 -0.06 -0.32 0.75

2 -1.32 -7.03 < 0.001 0.04 0.22 0.82

3 -1.24 -6.61 < 0.001 0.02 0.11 0.91

ComfortV 1 -0.53 -3.59 < 0.001 -0.15 -1.00 0.32

2 -0.37 -2.49 0.014 -0.10 -0.67 0.50

3 -0.18 -1.18 0.24 0.03 0.21 0.83

Vitality 1 -0.04 -0.09 0.93 1.34 3.33 < 0.01

2 0.08 0.20 0.84 1.11 2.76 < 0.01

3 0.58 1.44 0.15 0.52 1.29 0.20

Sleepiness (KSS) 1 0.08 0.30 0.76 -0.82 -2.93 < 0.01

2 -0.03 -0.09 0.93 -0.78 -2.77 < 0.01

3 -0.34 -1.22 0.22 -0.34 -1.21 0.23

Mean RT (PVT) 1 14.41 1.96 0.05 -3.02 -0.41 0.68

2 5.77 0.79 0.43 -2.19 -0.30 0.77

3 -6.18 -0.84 0.40 -4.86 -0.66 0.51

Effort PVT 1 0.16 0.22 0.83 -1.51 -2.08 0.04

2 0.28 0.39 0.70 -0.32 -0.44 0.66

3 -0.77 -1.07 0.29 -0.28 -0.39 0.70

Correct (BDST) 1 0.39 1.36 0.18 -0.17 -0.59 0.56

2 -0.13 -0.46 0.65 0.16 0.57 0.57

3 -0.02 -0.08 0.94 0.00 0.00 1.00

Effort BDST 1 -0.02 -0.03 0.98 -0.46 -0.74 0.46

2 -0.16 -0.26 0.80 -1.07 -1.7 0.09

3 -0.14 -0.23 0.82 -1.81 -2.88 < 0.01

Mean SCL 1 -0.03 -0.14 0.89 0.23 1.07 0.29

2 -0.26 -1.22 0.23 -0.09 -0.42 0.68

3 -0.16 -0.73 0.46 -0.05 -0.25 0.80

Mean HR 1 -0.11 -0.11 0.91 0.22 0.22 0.82

2 0.69 0.69 0.49 -1.14 -1.15 0.25

3 1.91 1.91 0.06 -1.51 -1.51 0.13

Mean HRV 1 -3.18 -1.12 0.27 2.91 1.01 0.31

2 -5.13 -1.79 0.08 1.87 0.65 0.52

3 -1.99 -0.70 0.49 2.44 0.84 0.40
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Dependent 
Variable

Measurement 
Block

CCT: Cool vs. Warm Illuminance: Bright vs. Dim

Δ T p Δ t p

Calm 1 -0.02 -0.23 0.82 0.06 0.65 0.52

2 -0.09 -0.98 0.33 -0.05 -0.53 0.60

3 -0.13 -1.41 0.16 0.08 0.81 0.42

Happy 1 -0.36 -2.76 < 0.01 -0.01 -0.11 0.92

2 -0.15 -1.15 0.25 0.20 1.51 0.13

3 -0.08 -0.58 0.56 0.00 0.01 0.99

SensationT 1 0.07 0.42 0.68 0.00 0.03 0.98

2 -0.06 -0.38 0.71 0.05 0.30 0.76

3 0.17 0.99 0.32 0.18 1.06 0.29

SAS 1 -0.32 -1.07 0.29 0.06 0.21 0.83

2 -0.13 -0.41 0.68 0.03 0.11 0.91

3 -0.41 -1.35 0.18 -0.18 -0.61 0.54

ComfortT 1 0.21 1.30 0.20 0.17 1.06 0.29

2 0.14 0.85 0.39 0.04 0.24 0.81

3 0.32 1.94 0.05 0.29 1.79 0.07

Taverage 1 0.05 0.94 0.35 -0.02 -0.39 0.69

2 0.05 1.07 0.29 -0.02 -0.43 0.66

3 0.04 0.86 0.39 -0.04 -0.84 0.40

DPG 1 -0.05 -0.24 0.81 0.06 0.30 0.77

2 0.09 0.46 0.64 0.12 0.59 0.56

3 0.06 0.32 0.75 0.38 1.89 0.06

Note: Statistically significant differences are presented in bold.  Δ: the estimated differences between 
the two conditions, T: T-ratio and p: p-value
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L. Questionnaire items [Chapter 5]
 

Short Stress State Questionnaire (Helton & Nöswall, 2010)
I was committed to attaining my performance goals
1 (not at all) – 2 (a little bit) – 3 (somewhat) – 4 (very much) – 5 (extremely)

I wanted to succeed on the task 
1 (not at all) – 2 (a little bit) – 3 (somewhat) – 4 (very much) – 5 (extremely)

I was motivated to do the task
1 (not at all) – 2 (a little bit) – 3 (somewhat) – 4 (very much) – 5 (extremely)

Light evaluation questionnaire at the end of the condition
Overall, how pleasant did you regard the lighting in this workspace (in the past 90 

minutes)?
1 (very unpleasant) – 2 (unpleasant) – 3 (slightly unpleasant) – 4 (neutral) – 5 (slightly 

pleasant) – 6 (pleasant) – 7 (very pleasant)

Overall, how satisfied were you with the lighting in this workspace? 
1 (very unsatisfied) – 2 (unsatisfied) – 3 (slightly unsatisfied) – 4 (neutral) – 5 (slightly 

satisfied) – 6 (satisfied) – 7 (very satisfied)
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M. Effect sizes and power [Chapter 5]

Table M.1. Statistics of main effect of Light condition for all parameters

Dependent Variable F p f2

Vitality F2,74 = 0.50 0.61 < 0.01

KSS F2,77 = 0.23 0.79 < 0.01

MRT F2,46 = 2.53 0.09 < 0.01

MRT10%slow F2,70 = 3.20 0.05 < 0.01

MRT10%fast F2,73 = 0.38 0.69 < 0.01

SDRT F2,71 = 2.37 0.10 0.01

CVRT F2,66 = 1.43 0.25 0.01

PVT motivation F2,61 = 0.57 0.57 < 0.01

Mean SCL F2,66 = 2.04 0.14 < 0.01

Pupil Power F2,62 = 175.68 < 0.001 0.33

PUI F2,49 = 197.33 <0.001 0.42

SDPD F2,66 = 179.64 < 0.001 0.36

Calm F2,42 = 3.39 0.04 < 0.01

Happy F2,68 = 0.36 0.70 < 0.01

SensationVI F2,73 = 98.56 < 0.001 0.21

SensationVC F2,80 = 39.47 < 0.001 0.23

ComfortV F2,79 = 13.37 < 0.001 0.03

F p R2
fixed-effect

Light Appraisal F2,80 = 13.45 < 0.001 0.13

HES factor F2,80 = 2.73 0.07 0.02

Note: Statistically significant effects are presented in bold.  F: 
F-value, p: p-value and f2: Cohen’s f2

Table M.2. Power for mood and comfort related parameters

Dependent Variable Main effect 
condition

Dim vs. 
Intermittent

Dim vs. 
Bright

Intermittent 
vs. Bright

Calm 17.7 % 3.1 % 21.2 % 7.6 %

Happy 4.6 % 4.1 % 4.8 % 1.3 %

SensationVI 100 % 3.6 % 100 % 98 %

SensationVC 98.9 % 0.4 % 99.2 % 93.6 %

ComfortV 69.4 % 44.9 % 81.0% 2.5 %

Light Appraisal 97.0 % 97.6 % 89.8 % 4.2 %

HES factor 27.7 % 1.9 % 27.0 % 21.0 %
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N. Random slope exploration [Chapter 5]

For each dependent variable, a likelihood ratio test was used to test whether adding random 
slopes for condition at the participant level significantly improved the model. The effect of 
Light condition on MRT10%fast was structurally influenced by interindividual differences (χ2 (5) 
= 21.09, p < 0.001). The different conditions led to a wide range in response times: some 
participants were faster in the bright or intermittent light compared to the dim, whereas 
others responded slower (MDim = 360 ± 19, MBright = 357 ± 4, MIntermittent = 360 ± 9). Furthermore, 
the interindividual differences for the effect of Light condition on SensationVC were also 
statistically significant (χ2 (5) = 38.09, p < 0.001), indicating that the color sensation of the 
lighting environment significantly varied between individuals over the three light conditions 
(MDim = 0.23 ± 0.49, MBright = -0.91 ± 0.88, MIntermittent = 0.32 ± 0.19). None of the other parameters 
showed statistically significant interindividual differences as can be seen in Table N.1.

Table N.1. Test statistics of the likelihood ratio tests 
comparing models with and without random slopes 
for Light condition at the participant level

Dependent Variable χ2 (5) p

Vitality 2.69 0.75

KSS 12.70 0.03

MRT 12.26 0.03

MRT10%slow 5.04 0.41

MRT10%fast 21.09 < 0.001

SDRT 2.40 0.79

CVRT 2.95 0.71

PVT motivation 10.38 0.07

Mean SCL 5.69 0.34

Pupil Power 10.07 0.07

PUI 3.45 0.63

SDPD 5.57 0.35

Calm 7.06 0.22

Happy 7.53 0.18

SensationVI 14.34 0.01

SensationVC 38.09 < 0.001

ComfortV 11.42 0.04

Note: Statistically significant effects are 
presented in bold. p: p-value
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O. Clothing categories [Chapter 6]

Clo values were taken from: 
https://www.engineeringtoolbox.com/clo-clothing-thermal-insulation-d_732.html 

Table O.1. Calculation of Clo-value per clothing category

Categories

U
nderw

ear (0.03)

Pantyhose (0.02)

B
ra (0.01) 

Socks (0.03)

Shoes (0.04)

Short-sleeve shirt (0.09)

Long-sleeve shirt (0.25)

Vest (0.13)

Skirt knee-length (0.25)

N
orm

al trousers (0.25)

C
hair (0.10)

Total C
lo-value

Short-sleeve shirt + knee-length skirt x x x x x x x 0.54

Long-sleeve shirt + knee-length skirt x x x x x x x 0.70

Short-sleeve shirt + pants/ jeans x x x x x x 0.55

Long-sleeve shirt + pants/ jeans x x x x x x 0.71

Short-sleeve shirt + a suit jacket + pants x x x x x x x 0.68

Long-sleeve shirt + a suit jacket + pants x x x x x x x 0.84
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P. Predicting sleep metrics with a light above the threshold of 200 lux 
[Chapter 6]

The light scenarios did not significantly affect any of the sleep metrics as can be seen in the 
statistics shown in Table P.1. A higher disparity index (i.e., more variation) was indicative 
of earlier sleep onset (BDI = -5.47 ± 1.62), whereas later timing of the light was related to a 
longer sleep duration (BMLiT = 10.92 ± 4.97). Neither TaT nor the interaction between TaT and 
MLiT were significantly related to any of the assessed sleep metrics. Last, sleep onset was 
significantly related to chronotype, confirming that earlier chronotypes had an earlier sleep 
onset during the sampling days (B = 0.75 ± 0.17). 

Table P.1. Model statistics for sleep onset, sleep duration and sleep efficiency 

Sleep onset 
n = 114

Sleep duration 
n = 114

Sleep efficiency 
n = 114

F p F p F p

Fixed effects

Scenario F2,95 = 0.01 0.99 F2,95 = 0.04 0.96 F2,97 = 1.87 0.16

Chronotype F1,25 = 19.93 < 0.001 - -

Disparity Index F1,106 = 11.42 0.001 F1,107 = 3.17 0.08 F1,106 = 1.00 0.32

TaT F1,102 = 0.08 0.78 F1,103 = 1.15 0.29 F1,99 = 1.09 0.30

MLiT F1,106 = 2.43 0.12 F1,107 = 4.84 0.03 F1,106 < 0.01 0.96

TaT * MLiT F1,106 = 0.66 0.42 F1,107 = 3.14 0.08 F1,107 < 0.01 0.99

R2
full-model 0.62 0.43 0.35

R2
fixed-effects 0.37 0.08 0.05

Note: Chronotype was only added in the model for sleep onset. TaT and MLiT were centered in all 
models. Statistically significant effects are presented in bold. F: F-value and p: p-value
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Q. Light Settings [Chapter 6]

A. Normalized spectral distribution of the light settings (without daylight)

B. Manipulation check
Analogous to the main analysis, linear mixed models were used to test whether the measured 

personal illuminance followed the pattern of the scenarios that were set. In this model, 
Participant and Day nested within Participant were set as random intercepts. The fixed part 
of the model consisted of the experimental scenario, which we refer to as Scenario (Control vs. 
Noon vs. Skeleton), and Time of day (labeled as Morning (9:00-10:45), Noon (10:45-15:15) and 
Afternoon (15:15-17:00), aligning with the phases in the scenarios). Additionally, the interaction 
Time of day * Scenario was added in the model. In case this interaction was positive, contrasts 
analyses as described in section 6.2.7 (Figure 6.4) were performed.

The personal illuminance was significantly affected by the scenario and the interaction of 
time of day and the set scenario (see Table Q.1). The contrast analyses (visualized in Figure 
Q.2) demonstrated that only in the morning there was a significant difference in the measured 
light exposure between the Noon and Skeleton scenario in line with what was set (MC – N/S 
= 0.11 ± 0.03; p = 0.001). Contrary to what was set, there was a significant difference in the 
measured luminous exposure between the Control and Noon scenario (MC – C/N = -0.07 ± 
0.03; p = 0.03) and no significant difference between the Control and Skeleton Scenario (MC 

Figure Q.1. Normalized spectral power distribution of the brighter (solid line) and base (dashed line) light settings 
(measured without daylight in the reference office). The measurements were conducted in vertical orientation (at 
the eye level) in a reference office highly similar to the offices that were included in the study (in one of the blue-
accented areas, with the desk perpendicular to the window, at 1.4 m from the west-oriented window)
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– C/S = 0.04± 0.03; p = 0.26). The other contrasts during noon and afternoon yielded no 
significant differences between the measured luminous exposures at all (all p's > 0.05).

Table Q.1. Model statistics for personal illuminance 

Personal illuminance 
n = 644

F p

Fixed effects

Scenario F2,528 = 4.47 0.01

Time of day F2,138 = 2.61 0.08

Time of day * Scenario F4,531 = 2.76 0.03

R2
full-model 0.44

R2
fixed-effects 0.03

Note: Statistically significant effects are 
presented in bold. F: F-value and p: p-value

Figure Q.2. Estimated marginal means of luminous exposure per time of day (M = Morning, 
N= Noon, A = Afternoon) per condition. The errorbars represent the standard error. The 
colors indicate whether the light was set to the base (grey) or the bright (white) setting. ** 
indicates p < 0.01, * p < 0.05
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Het licht dat onze ogen bereikt vertoont grote schommelingen gedurende de dag. De meeste 
studies op het gebied van verlichting onderzoeken daarentegen de reacties van mensen 
op statische lichtcondities die verschillen in intensiteit en/of spectrum. Echter, temporele 
aspecten, zoals de duur en het tijdstip van het licht en de voorafgaande blootstelling aan licht, 
beïnvloeden de effecten die een lichtconditie heeft ook. Samen met intensiteit en spectrum, 
spelen deze aspecten tegelijk een rol in dynamische lichtpatronen. De effecten van dynamiek 
in licht zijn nauwelijks onderzocht, ondanks de grote relevantie ervan in het dagelijks leven 
voor onze beleving, emotie, cognitie en fysiologie - in het Engels bondig samengenomen als 
‘neurobehavioral responses’ ofwel gedragingen waarin een belangrijke rol lijkt weggelegd 
voor de neurale processen in het brein. Het doel van dit proefschrift was het bestuderen van 
dit type effecten van dynamische lichtpatronen gedurende de dag bij kantoormedewerkers.

Door middel van een systematisch literatuuronderzoek wilden we inzicht krijgen in 
de beweegredenen voor en de effecten van dynamische lichtscenario’s. Theoretisch kan 
dynamische verlichting de synchronisatie van het circadiane ritme ondersteunen, fascinatie 
opwekken, informatie verschaffen, of de activiteit in kwestie ondersteunen. De veertien 
geëvalueerde studies onderzochten sterk verschillende scenario’s, werden gemotiveerd 
door verscheidene beweegredenen en rapporteerden sterk uiteenlopende resultaten met 
betrekking tot circadiane, acute en visuele parameters. De meest consistente resultaten 
die werden gerapporteerd waren de positieve effecten van fel licht in de ochtend op slaap. 
Daarnaast rapporteerde men soms acute, kortdurende effecten van licht op alertheid. Al 
met al heeft dit literatuuronderzoek aangetoond dat er momenteel onvoldoende basis 
is om een eenduidige uitspraak te doen over de effectiviteit en het optimale ontwerp van 
dynamische lichtscenario’s. Er is dus behoefte aan een gestructureerdere aanpak om dergelijke 
lichtscenario’s te bestuderen. Bovendien biedt de huidige literatuur weinig inzicht in de vraag 
of dynamische patronen moeten variëren in intensiteit en/of spectrum, welk type dynamiek 
moet worden gebruikt of wat de timing daarvan moet zijn.

Om inzicht te krijgen in de visuele ervaringen en affectieve, cognitieve en fysiologische 
responsen ten gevolge van dynamische lichtpatronen, onderzochten we eerst het meest basale 
dynamische lichtpatroon: een enkele stapsgewijze lichttransitie. In twee laboratoriumstudies 
onderzochten we de aanvang, de persistentie en de symmetrie van deze responsen. De transities 
werden gecreëerd met behulp van twee sterk contrasterende condities die verschilden in 
verlichtingssterkte en/of gecorreleerde kleurtemperatuur (CCT). De resultaten toonden dat 
de sensatie van het licht onmiddellijk en blijvend beïnvloed werd door de abrupte overgangen. 
De CCT-gedreven effecten op comfort, acceptatie en stemming verdwenen snel na de 
transitie, terwijl de verlichtingssterkte-gedreven effecten op subjectieve alertheid en vitaliteit 
langzamer verdwenen. De 45-minuten-durende experimentele lichtblootstelling veroorzaakte 
geen significante effecten op fysiologische of cognitieve indicatoren. In een vervolgstudie 
boden we de deelnemers herhaalde fluctuaties in verlichtingssterkte aan gedurende 90 min, 
om ook de reacties op meerdere opeenvolgende overgangen te onderzoeken. De effecten 
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van dit ‘intermitterende’ licht (met drie cycli van 10 min fel licht en 20 min gedimd licht) op 
alertheid en visueel comfort werden vergeleken met statisch gedimd licht en statisch fel licht. 
Vergeleken met statisch dim licht vertoonden noch het intermitterende, noch het statisch 
felle licht significante effecten op alertheid, terwijl het visuele comfort wel door beiden 
negatief werd beïnvloed ondanks het gebruik van geleidelijkere overgangen vergeleken met 
de eerste twee laboratoriumstudies. De felle fases in de intermitterende conditie werden als 
feller waargenomen dan het statische felle licht en dit resulteerde in verhoogd ongemak na 
verloop van tijd. Ook hier vonden we geen verschillen in objectieve indicatoren van cognitie 
of fysiologie ten gevolge van de lichtcondities. De laboratoriumstudies toonden aan dat 
dynamiek in kunstlicht weliswaar de subjectieve alertheid kan verbeteren in enkele gevallen, 
maar tegelijkertijd het visueel comfort juist verminderd.

Omdat de effecten van dynamisch licht op een relatief korte termijn (minuten tot een 
uur) onderzocht werden in de laboratoriumstudies, hebben we tenslotte een veldstudie 
uitgevoerd om deze reacties ook op een langere termijn te onderzoeken. We ontwikkelden 
twee dynamische lichtscenario’s die verschilden in de timing van het fellere licht: in het ene 
scenario was feller licht gecentreerd rond het middaguur, terwijl in het andere het fellere licht 
juist aan het begin en eind van de dag werden aangeboden. De effecten van beide scenario’s 
op visuele ervaring, alertheid, taak prestaties en slaap werden getest in een operationele 
kantooromgeving en vergeleken met een controlescenario. Visueel comfort werd negatief 
beïnvloed door de dynamische scenario’s, terwijl prestaties en slaap niet significant werden 
beïnvloed. Het middaguur scenario veroorzaakte minder momentane slaperigheid dan het 
tegengestelde scenario, maar geen van beide verschilden significant van het controle scenario. 
Daarnaast vonden we een verband tussen het tijdstip en de variabiliteit van de persoonlijke 
verlichtingssterkte (gemeten op de borst) en slaapaanvang en -duur: een latere timing van en 
meer variabel licht leken te leiden tot vroegere en langere slaap. De veldstudie suggereerde 
opnieuw dat het opzettelijk veranderen van het kunstlicht binnenshuis niet altijd op prijs 
wordt gesteld door de gebouwgebruikers, ook al zijn fluctuaties in licht gunstig voor de slaap. 

Ondanks het feit dat we in het dagelijks leven voortdurend worden blootgesteld aan 
lichtfluctuaties, is er weinig onderzoek dat specifiek ingaat op hoe deze fluctuaties ons 
beïnvloeden. In dit promotieonderzoek werden visuele ervaringen en overige reacties na 
wisselingen in kunstlicht bestudeerd. Terwijl de subjectieve alertheid soms werd beïnvloed 
door dynamische lichtpatronen, bleven significante gedragsmatige en fysiologische effecten 
meestal uit. Bovendien werden kunstlichtfluctuaties vaak negatief ervaren, ondanks de 
positieve bijdrage van wisselingen in de persoonlijke lichtblootstelling aan slaap. Op basis van 
deze inzichten zijn we terughoudend om dynamische lichtpatronen in kantooromgevingen 
aan te bevelen, maar raden we meer onderzoek naar lichtfluctuaties wel aan. De bevindingen 
zijn waardevol voor onderzoekers en verlichtingsontwerpers, omdat ze kunnen worden 
gebruikt om metingen in studieprotocollen doelgericht te timen, hypotheses te formuleren 
over onderliggende processen, en het ontwerp van lichtapplicaties te ondersteunen.
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