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Chapter 1

General introduction

The use of light is often taken for granted. While humans evolved under natural light-
dark cycles with high light levels during daytime and darkness at night, the development 
of artificial lighting has enabled us to turn on the light throughout the 24-hour day. Recent 
lighting applications have offered new possibilities with lighting, such as colored light to 
create atmospheres, dynamic or interactive lighting scenarios for office environments, and 
alarm clocks with an artificial dawn simulation to wake up more easily in the early morning 
during the dark winter months. Lighting is often used to perform tasks, create a pleasant 
ambiance and make life more comfortable, but people are generally oblivious to the relevance 
of light for our everyday functioning. Artificial lighting provides sufficient light to support 
vision at all times of day, yet renders light settings with lower levels than natural daylight 
during daytime and higher levels at night. Although it is well-known that light enables us 
to see the world around us, its effects on human functioning reach much further. While 
people may use artificial lighting to wake up from sleep, most of them are unaware that 
watching television or working on their laptop or tablet in the late evening may also affect 
their sleeping pattern. Moreover, many persons know that light therapy can be used to treat 
winter depression. In addition, we may all have experienced how light can affect our mood 
during, for example, the first sunny day in spring. However, we are generally not aware that 
light can affect our mental wellbeing, health and performance in everyday situations. For a 
long time, scientists too have mainly focused on the effect of light on visual performance 
and comfort. Yet, recent research has shown that light not only enables vision, but is also 
important for our physiological and psychological functioning. 

During the last decades, light has become an important research topic for engineers, 
chronobiologists and neuroscientists. Developments in lighting technologies (e.g., LED) are 
offering new possibilities for flexible, dynamic and personalized lighting applications. Soon, 
intelligent human-centered lighting solutions will be able to provide optimized light settings for 
users depending on time of day, environmental context, type of activity and individuals’ state 
(e.g., sleepy, stressed). Such lighting systems should not only meet visual requirements, but also 
incorporate individuals’ biological (e.g., sleep-wake patterns) and psychological (e.g., mood, 
mental fatigue, stress) needs. Person-centered lighting applications could, for instance, not only 
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support vision, but also accommodate persons’ ability to stay alert, concentrate on work-related 
tasks and perform mentally demanding and complex tasks during their working day, without 
disturbing their sleep-wake cycle. To date, however, little is known about which daytime light 
settings optimally benefit human functioning in terms of behavior, experience and physiology.

The discovery of new pathways through which light reaching the human retina can send 
photic information to different brain areas (other than the visual cortex) has significantly 
advanced our knowledge about the role of light in human physiological functioning. A 
substantial body of research has demonstrated the relevance of light exposure for circadian 
regulation. Moreover, research demonstrating acute activating effects illustrate the relevance 
of light exposure for alertness, vitality and performance. These recent insights in the effects of 
lighting on physiology and behavior are mostly based on chronobiological and neuroscience 
research. Most of this work concerns light effects at night, under highly controlled conditions, 
after sleep deprivation or on special subgroups such as shift workers or persons suffering 
from seasonal depression. To what extent and under what conditions such effects exist during 
daytime for day-active persons is largely unknown. 

In the current thesis, we take a more psychological perspective on studying the relation 
between daytime light exposure and human functioning. Complementing earlier studies 
performed in domains of chronobiology and neuroscience, we explore the role of daytime 
light exposure in human mental wellbeing, health and performance, focusing on individuals’ 
behavior, experiences and preferences during regular daytime hours. More specifically, we 
investigate how light affects persons’ experiences of alertness and vitality, their ability to 
stay focused, their performance on executive functioning tasks and physiological arousal 
levels, as well as their beliefs and appraisals of the lighting and the environment and their 
preferred light settings.

Research in the field of environmental psychology has shown that context and 
ambient environmental conditions (e.g., natural vs. urban environments, indoor plants, and 
environmental stressors, such as uncontrollable noise) can influence individuals’ mental 
wellbeing, health and performance (e.g., Evans & Stecker, 2004; Hartig, Böök, Garvill, 
Olsson & Garling, 1996; Ulrich et al., 1991, Veitch, 2011). Although light (both natural and 
artificial) is an important feature of a person’s physical environment, studies investigating 
effects of light on human psychological functioning in environmental psychology are scarce. 
We, therefore, see a relevant and timely challenge to bring together domains of chronobiology, 
neuroscience and environmental psychology, and investigate potential beneficial effects of 
bright light exposure on human daytime functioning. 
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1.1 Lighting and human functioning:  
a multidisciplinary research topic

Light is a multidisciplinary research topic, driven by challenges regarding control, 
energy consumption as well as its impact on human functioning. It is a theme numerous 
scientific domains relate to, ranging from physics to psychology, from electrical engineering 
to biology. Even though in the current thesis we limit ourselves to study effects of light on 
human functioning, the work still crosses multiple research domains. Studies in different 
fields have shown that light can have an influence on human vision, experiences, physiology 
and behavior. In addition, research has suggested that light entering the eyes can influence 
human functioning via different routes. To structure this complex research field, we propose 
a framework for different pathways through which light can influence mental wellbeing, 
health and performance (see Figure 1), inspired by models developed by Boyce (2003) and 
Veitch, Newsham, Boyce and Jones (2008) and literature overviews by, for instance, Do and 
Yau (2010), the IES Light and Health Committee (2008), and Warthen and Provencio (2012). 

Light received at the eye can affect mental wellbeing, health and performance via 
image forming and non-image forming photoreception (Boyce, 2003; Hanifin & Brainard, 
2007; Warthen & Provencio, 2012). Photoreceptors in the human retina absorb photons 
and convert light information into neural signals. Via the optic nerve, these signals are 
transmitted to different brain areas. Image forming photoreception refers to the process 
through which light entering the eye activates the visual system, i.e., the path through 
which the retina transmits light information to brain regions involved in vision, such as the 
Lateral geniculate nucleus (LGN) and the visual cortex. Via this visual path, we can form 
images of our surroundings by detecting and processing light reflected from the physical 
environment. Thus, this process enables us to visually perceive the world around us. In 
contrast, the non-image forming route refers to the process through which light reaching 
the human retina signals light information to brain areas involved in the regulation of 
behavior, mood and physiology. This non-visual path affects the timing of physiological 
and psychological processes throughout the day as well as persons’ state of alertness and 
mood, physiological arousal and cognitive processing. 

Although in reality the pathways are not as distinct and independent as the graph may 
suggest, the proposed framework is used to summarize and combine insights of earlier 
research performed in different domains, and to visualize the relevance of all different 
routes for human functioning. In the following sections, we will describe each path in more 
detail and illustrate how light can affect human functioning through both image forming and 
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non-image forming photoreception. As the current thesis explores effects of (full-spectrum) 
white light on human daytime functioning, we will mainly focus on effects of white light in 
this overview. White light is always composed of light of two or more colors (wavelengths), 
activating all three cone photoreceptors with maximal spectral sensitivity in the blue, green 
and red part of the visible spectrum. Daylight is white light, consisting of a broad and evenly 
distributed range of wavelengths. The term full-spectrum lighting is used for electric light 
that tries to emulate daylight in providing a more even distribution of wavelengths in the 
visible spectrum. 

We distinguish between two different types of image forming effects through which 
light can influence mental wellbeing, health and performance: one pertaining to visual 
performance and one pertaining to visual experience. Moreover, we distinguish between 
circadian (phase-shifting) and acute (non-circadian) non-image forming effects of light.

Light exposure

Visual experience

Image forming

Visual performance

Non-image forming

Acute (non-circadian) 
effectsCircadian effects

Mental wellbeing, health 
and performance

Figure 1. Schematic overview different routes for potential effect of light on human functioning.
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1.2 Image-forming photoreception
Image-forming photoreception enables vision and is a first step of complex brain 

processes allowing us to see, experience and interact with the visual environment. Light 
entering the eye can activate rods and cones located in the outer layer of the retina. Rods and 
cones are light sensitive cells primarily involved in vision. These classical photoreceptors 
detect light and transmit photic information via the primary optic tract to the visual cortex, 
a brain area responsible for the processing of visual information (see also e.g., Boyce, 2003; 
Rea, 2000). Rods support vision under dim light conditions (scotopic vision), while cones 
are responsible for color vision and fine resolution of detail under relatively high lighting 
levels (photopic levels). Exposure to daylight and indoor lighting situations generally render 
photopic levels, suggesting that primarily the cones are involved in vision during the day. 
There are three types of cone receptors with different spectral sensitivity: S-cones, M-cones 
and L-cones. These cones are maximally sensitive to light in the short, medium and long 
wavelength region respectively. 

The visual system facilitates – among others – the perception of colors, shape, contrasts 
and movement of objects in the environment. This makes it possible to extract and interpret 
visual aspects relevant to engage in a variety of visual tasks. The image formed by the visual 
system not only affects visual performance, but also influences how we visually experience 
the environment. In the following two sections we will discuss how light influences human 
functioning via its effects on visual performance and visual experience. 

1.2.1 Light and visual performance
Visual performance refers to the ability to extract and process relevant visual 

information required for performing visual tasks. Previous research has shown that 
performance on visual tasks depends on lighting conditions, task characteristics as well 
as a person’s age (e.g., see Boyce, 2003; Rea, 2000). These studies have provided insights 
in the abilities and limitations of our visual system to detect and discriminate between 
colors, spatial patterns, motions and depth (Sekuler & Blake, 2002). For an accurate 
and fast detection of these visual attributes, the ambient lighting condition has shown 
to be an important factor. For example, thresholds for visual acuity, luminance contrast, 
colors and flicker frequency depend on the lighting condition (Boyce, 2003; Rea, 2000). 
Minimal levels of light intensity, spectral composition and uniformity are required to 
perform visual tasks, yet visual performance saturates above certain threshold levels. 
The relative visual performance model (Rea & Ouellette, 1991), for instance, describes 
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that visual performance is relatively stable over a large range of luminance levels and 
luminance contrasts, but deteriorates quickly when luminance levels or contrasts get below 
a certain point. Good visibility of relevant visual task components is often a prerequisite 
to engage in many everyday tasks, underlining the relevance of visual performance for 
human functioning. 

Lighting conditions not only support detection and processing of visual information 
from the environment, but may also affect visual comfort. Although visual comfort is a 
subjective experience of the visual environment, it is closely related to visual performance. 
Lighting conditions can cause visual discomfort due to, for instance, low light levels, high 
luminance ratios, glare or flicker. Visual discomfort may hinder the visual system to extract 
information from the visual environment and can negatively affect task performance due to 
reduced visual performance. In addition, visual discomfort may influence mental wellbeing 
and health as it can lead to fatigue, eye symptoms (such as itchy, red and watering eyes) 
and headaches (Rea, 2000). Thus, lighting conditions should provide sufficient light to 
conduct visual tasks, while minimizing visual discomfort. Effects on visual performance 
and visual comfort are relatively well established (for extensive literature overviews see 
e.g., Boyce, 2003; Rea, 2000), and have resulted in lighting requirements for optimal 
visual task performance and comfort. Yet, with the development and introduction of new 
lighting technologies (such as LED) and the phasing out of the incandescent light bulb, 
the discussion about light and visual comfort is continuing.

The current standards and norms for light settings in, for example, office environments 
and classrooms are based on the findings concerning ergonomic needs for visual tasks (e.g., 
Rea, 2000). Yet, lighting may impact performance - as well as mental wellbeing and health 
- through pathways other than visual performance, which are not yet implemented in the 
current lighting standards. Studies investigating visual performance have mainly focused 
on tasks with a strong visual component (i.e., relatively little cognitive processing; Boyce, 
2003). Yet, many work-related tasks are both demanding and complex, involving not only 
vision but also cognitive processing, alertness and motivation - among other factors. These 
components together determine task performance, and may also affect mental wellbeing 
and health. In the current thesis, we explore lighting effects on human daytime functioning 
focusing on affective, cognitive and physiological processes instead of on visual performance. 
Note that we investigate lighting effects under intensity levels well above visual thresholds 
for visibility of task details. 
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1.2.2 Light and visual experience
As discussed in the previous section, image-forming photoreception enables us to see 

and engage in visual tasks. However, this same visual path also affects our visual experience 
of lighting and environment. For instance, light may influence a person’s impression of a 
room, activate associations and expectations, direct attention to specific objects or elements 
in an environment, and affect experienced attractiveness or pleasantness of the lighting. Such 
visual experiences can in turn influence mental wellbeing, health and performance (Veitch 
et al., 2008; Veitch, Stokkermans & Newsham, 2013). Whereas the effects of light on visual 
performance and visual comfort have been soundly established, less is known about effects 
of light settings on experiential aspects such as persons’ appraisals, beliefs and preferences. 
Appraisals refer to subjective evaluations or impressions of the lighting and the environment; 
beliefs reflect persons’ expectations about potential effects of light; preferences indicate 
which light settings are experienced as pleasant and attractive. 

Several studies have investigated the role of light exposure on appraisals of the lighting 
and atmosphere perception. Pioneering work by Flynn, Spencer, Martyniuk and Hendrik 
(1973), for example, explored whether variations in light arrangements could induce different 
visual experiences and signal different cues for behavior. By employing subjective rating 
scales and behavioral observations, Flynn et al. (1973) investigated the effect of spatial lighting 
distributions on subjective impressions of a conference room and behavior in a restaurant 
set-up. Consistency in subjective ratings as well as group behavior suggested that lighting 
conditions can induce shared impressions of a space and behavioral preferences among 
different persons (Flynn et al., 1973). Other studies also revealed that light settings can induce 
shared impressions. Research showed, for example, that lighting in a room with a higher 
illuminance is generally evaluated as brighter (Boyce & Cuttle, 1990; Davis & Ginthner, 
1990; Knez, 1995; Vogels & Bronckers, 2009), and that lighting with a low correlated color 
temperature (CCT) is often experienced as warmer, more relaxing and less tense (Boyce 
& Cuttle, 1990; Davis & Ginther, 1990; Fleischer, Krueger & Schierz, 2001; Manav, 2007; 
Viénot, Durand & Mahler, 2009; Vogels & Bronckers, 2009). Illuminance is the luminous 
flux falling on a surface per unit area, while CCT refers to the color appearance of white light 
(Boyce, 2003). Together, these studies demonstrated that different lighting characteristics, 
i.e., illuminance level, spectral composition and spatial distribution, can affect individuals’ 
appraisals of the lighting and atmosphere perception. Moreover, they suggest commonalities 
in persons’ subjective appraisals.
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In addition to such evaluations, persons may experience one light setting as more 
pleasant or attractive than another. In 1941, Kruithof proposed a range of illuminance levels 
considered as pleasant as a function of the color of a white light source. The Kruithof curve 
suggests that low intensity levels are experienced as pleasant at lower CCT levels, while more 
intense light is preferred under higher CCT levels. Lighting settings with intensity levels 
below the proposed range may be experienced as dim or cold, whereas settings above the 
range could cause unnatural color appearances (Kruithof, 1941). Even though the Kruithof 
curve may fit common experience and intuition, defining optimal light settings in terms of 
experienced pleasantness – i.e., matching individuals’ preferences – is more complex.

While people generally prefer daylight over artificial lighting and appreciate a view to 
the outside (Galasiu & Veitch, 2006), studies investigating preferences for artificial lighting 
have revealed large inter- and intra-personal differences in preferred light settings (e.g., 
Begemann, van den Beld & Tenner, 1997; Boyce, Eklund & Simpson, 2000; Butler & Biner, 
1987; Logadóttir & Christoffersen, 2008; Newsham, Aries, Mancini & Faye, 2008). Such 
differences are suggested to depend on context and type of activity (Biner, Butler, Fischer  & 
Westergren, 1989; Butler & Biner, 1987; Boyce et al., 2000; Nakamura & Karasawa, 1999), 
time of day, persons’ light sensitivity (Begemann et al., 1997), gender and age (Butler & Biner, 
1987; Knez, 1995; Knez & Enmarker, 1998) and whether they suffer from seasonal depression 
(Heerwagen, 1990). Note, however, that the current literature concerning light preferences 
has also shown some inconsistent results. While, for example, studies suggested variations 
in light preferences between tasks, others revealed no clear differences in preferred settings 
as a function of type of task (e.g., Begemann et al., 1997). Moreover, several experiments 
could not confirm the interaction between intensity and color of white lighting on subjects’ 
experienced pleasantness of the lighting suggested by Kruithof (e.g., Boyce & Cuttle, 1990; 
Davis & Ginther, 1990; Küller & Wetterberg, 1993; Víenot, Durand, Mahler, 2009). In sum, 
research suggests potential inter-individual, time-dependent and context-dependent variations 
in preferences, yet the current literature is still inconclusive. 

Irrespective of our ability to predict experiences from given light characteristics, 
appraisals and preferences do play an important role in the effect of ambient lighting conditions 
on human functioning. Veitch and colleagues (2008, 2013) modeled how light can affect 
employees’ mental wellbeing, health and performance via appraisals and preferences based 
on empirical data of a series of studies. These models showed that employees’ evaluations 
of light quality and experienced appropriateness of the lighting affected mood, motivation, 
performance and satisfaction with the office environment. In addition to appraisals and 
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preferences, users may also have beliefs and expectations about potential effects of light on 
their mood, health and performance, which can influence their actual affective and cognitive 
functioning. Lighting conditions that do not fit persons’ expectations can be experienced 
as unpleasant or uncomfortable, potentially influencing persons’ motivation and task 
engagement. Research has shown that people generally believe that daylight is superior in 
its effects on wellbeing, health and performance compared to artificial lighting (e.g., Galasiu 
& Veitch, 2006; Veitch & Gifford, 1996). In addition, Veitch and Gifford (1996) showed that 
persons may also hold beliefs about the importance of lighting for performance, wellbeing 
and health, about effects of lighting on social behavior as well as about potential activating 
effects of bright light exposure. To date, the role of beliefs in the effects of light on human 
behavior, mood and physiology is unknown. However, it is particularly relevant in lighting 
research, even for controlled effect studies, as participants are only rarely ‘blind’ to the light 
manipulation.

Overall, current literature about effects of light on visual experiences is quite 
inconclusive. Although individuals’ appraisals, preferences, beliefs and associations with 
the lighting may – often unconsciously - affect their functioning, these potential psychological 
mechanisms have received relatively little attention in scientific literature. Yet, these aspects 
are often applied intuitively by both experts and laymen. Lighting designers often employ 
such experiential aspects in the design of applications and installations with the explicit goal 
to create a certain ambiance and influence emotions and behavior.

1.3 Non-image forming photoreception
In addition to the visual pathway, light can also affect persons’ mental wellbeing, health 

and performance via non-image forming photoreception. Since the discovery of a third 
class of (non-rod, non-cone) photoreceptors in the inner layer of the human retina (Berson, 
Dunn & Takao, 2002; Hattar, Liao, Takoa, Berson & Yau, 2002), insights in the non-image 
forming effects of light have expanded rapidly. The newly discovered photoreceptors – 
technically speaking intrinsically photosensitive retinal ganglion cells (ipRGC) - are light 
sensitive ganglion cells projecting to diverse brain areas involved in the regulation of sleep 
and wakefulness, alertness and mood (Gooley, Lu, Fischer & Saper, 2003; Hattar et al., 2002, 
2006; Lucas, 2013; Schmidt, Chen & Hattar, 2011; Vandewalle, Maquet & Dijk, 2009). Via 
the retinohypothalamic tract, photic information is sent primarily to the Suprachiasmatic 
Nucleus (SCN) - where the biological clock resides - located in the hypothalamus (Berson, 
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2003; Berson et al., 2002; Gooley, Lu, Chou, Scammell, & Saper, 2001; Hattar et al., 2002, 
2006; Lucas, Lall, Allen, & Brown, 2012). The ipRGCs contain the photopigment melanopsin 
and are thought to be primarily responsible for the non-image forming effects of light (Hattar 
et al., 2002; Hankins, Peirson & Foster, 2008; Provencio et al., 2000). However, input from 
the rhodopsin-expressing rods and photopsin-expressing cones may also contribute to the 
non-image forming effects, especially at relatively low intensity levels and at the beginning 
of the light exposure (e.g., Dacey et al., 2005; Gooley et al., 2010; Güler et al., 2008; Lall et 
al., 2010; Lucas et al., 2012). Likewise, ipRGCs are suggested to also contribute – similar 
to the conventional ganglion cells – to vision (Dacey et al., 2005; see also Lucas (2013) for 
a recent review). 

The ipRGCs not only differ from the classical rods and cones in their central projections, 
but also in their sensitivity to light. Melanopsin is most sensitive to wavelengths around 460 
- 480 nm, i.e., light in the blue part of the spectrum, suggesting that its spectral sensitivity 
is blue-shifted compared to the rods and three-cone (photopic) system (Dacey et al., 2005; 
Hattar et al., 2002; Hankins et al., 2008; Provencio et al., 2000). In addition, higher light 
levels, i.e., more photons, are necessary to induce light responses, these cells have longer 
response latencies and they have a very large receptive field compared to the classical rods 
and cones (Berson et al., 2002; Berson, 2003; Dacey et al., 2005; Hattar et al., 2002; for an 
extensive review see also Do & Yau, 2010). 

The discovery of the ipRGCs and investigation of potential pathways through which 
light activates specific brain areas – other than the visual cortex - has significantly advanced 
our knowledge about the role of light in human functioning. Research has shown that 
intensity, spectrum, timing and duration of light exposure are relevant lighting characteristics 
influencing mental wellbeing, health and performance via the non-image forming pathway. 
Studies investigating effects of light on behavior and physiology have mainly been performed 
in chronobiology and neuroscience labs, testing non-image forming effects of light particularly 
under controlled behavioral and environmental conditions. These studies have demonstrated 
the relevance of light entering the human eye for entrainment of circadian rhythms, pupil 
constriction, regulation of hormone secretion and core body temperature, and modulation of 
brain activity (Cajochen, 2007; Chellappa, Gordijn & Cajochen, 2011a; Hanifin & Brainard, 
2007). In addition to these effects on human physiology, findings also illustrate the relevance 
of light exposure for subjective alertness and vigilance in performance tasks. Research has 
shown that light can have both circadian and acute (non-circadian) effects on physiological 
and psychological functioning via the non-image forming path. These acute non-image 
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forming effects of light refer to instantaneous changes in subjective experiences, behavior 
and physiology, while circadian effects refer to temporal changes (phase-shifts) in circadian 
rhythms.

1.3.1 Circadian effects of light: regulation of circadian rhythm by light
Human behavior and physiology show systematic daily variations with time of day, also 

referred to as circadian rhythms. Circadian rhythms have been shown in many physiological 
and psychological processes, such as sleep, hormone secretion, temperature regulation, 
brain activity, feelings of sleepiness and performance on a sustained attention task (e.g. 
Aeschbach et al., 1999; Cajochen, Wyatt, Czeisler, & Dijk, 2002; Schmidt, Collette, Cajochen 
& Peigneux, 2007; Van Dongen, Kerkhof, & Dinges, 2004; Van Dongen & Dinges, 2005a). 
The human central biological clock – located in the SCN - regulates the circadian system to 
support appropriate timing of behavior and physiology throughout the day (Czeisler & Wright, 
1999; Duffy & Czeisler, 2009). The circadian system anticipates on changes in environmental 
demands and adjusts physiology and behavior in advance of activities throughout the 24-hour 
day (Foster & Kreitzman, 2005; Foster, 2010). 

The human endogenous master clock has an internal rhythm of approximately 24 hours 
(Zee & Turek, 1999). This circadian rhythm needs to be adjusted, i.e., entrained, to the natural 
24-hour light-dark cycle on a daily basis. When the internal clock is not synchronized to 
this natural rhythm of the environment, internal time is free-running, and physiological and 
psychological processes may run out of phase with the external 24-hour rhythm. In addition 
to such misalignment of the circadian system with the external environment, desynchrony 
between internal rhythms of different body components (such as lungs, muscles, heart, liver 
and kidneys) can occur (Foster & Kreitzman, 2005). Not only the SCN, but almost all organs 
and body cells can generate circadian rhythmic changes. The SCN is the internal master 
clock which signals temporal cues to these peripheral body clocks to regulate and align 
the rhythms in the different body components appropriately (see also Foster & Kreitzman, 
2005). Misalignment between the different individual body clocks is referred to as internal 
desynchronization (Foster & Kreitzman, 2005; Foster, 2010).

The circadian system plays an important role in the regulation of sleep and wakefulness 
in humans: it ensures, when entrained, that wakefulness is maintained during daytime - 
counteracting the homeostatic drive for sleep accumulated by the time awake - and that 
sleep takes place during nighttime (e.g., Dijk & Lockley, 2002; Van Dongen & Dinges, 
2005b). The circadian system anticipates, for example, on going to sleep by secretion of 
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melatonin, decreased body temperature and increased tiredness - among others (Foster, 2010). 
Disturbances in sleep-wake cycles can affect well-being, health and performance. Jetlag and 
shift work are well-known examples of situations in which a person’s internal time is out of 
phase with the environmental rhythm (Dijk & Lockley, 2002). Traveling to a different time 
zone, for instance, can lead to desynchrony between the endogenous master clock and the 
external day-night rhythm. Symptoms that people with a jetlag might experience are sleep 
problems and impairments in cognitive performance, feelings of fatigue and headaches 
(e.g., Waterhouse, Reilly, Atkinson, & Edwards, 2007). In shift work, especially at night, 
people work at times when both the circadian and homeostatic drive for sleep are high. 
Desynchrony between the phase of workers’ circadian rhythm and their work schedule as 
well as sustained wakefulness can lead to impaired job performance, a higher susceptibility 
to accidents and injuries, and adverse effects on health (e.g., Åkerstedt, 1998; Czeisler & 
Wright, 1999; Figueiro & White, 2013). 

The internal biological clock can be entrained by external time cues, so called Zeitgebers 
(Arendt & Broadway, 1987). The light-dark cycle is the most important environmental time 
cue for the biological clock (Czeisler & Wright, 1999; Van Dongen et al., 2004; Zee & Turek, 
1999). Thus, light - as an indicator of the natural day-night rhythm - plays an important role 
in synchronizing the humans’ endogenous circadian rhythm to the environmental light-dark 
cycle, also referred to as photoentrainment (Czeisler & Wright, 1999; Dijk & Archer, 2009; 
Gooley et al., 2001). 

Light can phase-shift the circadian rhythm depending on the circadian phase of the 
light exposure, strength of the light stimulus and spectral composition of the lighting (see 
e.g., Czeisler & Gooley, 2007; Czeisler & Wright, 1999; Duffy & Czeisler, 2009). Several 
studies have determined phase-response curves for the effect of light on different circadian 
markers, i.e., rhythm of melatonin secretion and core body temperature, under very controlled 
environmental and behavioral conditions (Czeisler et al., 1989; Honma & Honma, 1988; Jewett 
et al., 1997; Khalsa, Jewett, Cajochen & Czeisler, 2003; Minors, Waterhouse & Wirz-Justice, 
1991). Results of these studies showed that the direction of the phase-shift is dependent on the 
timing of the light exposure: Light exposure in the early night (before core body temperature 
minimum) can result in a phase delay, while exposure to light in the early morning (after 
core body temperature minimum) can phase advance the circadian rhythm. In addition to 
this time dependency, phase-shifting effects have been shown to depend on the intensity of 
the lighting. Dose-response curves showed larger phase-shifts with increasing illuminance 
level at night, best described by a logistic function (Boivin, Duffy, Kronauer, & Czeisler, 
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1996; Zeitzer, Dijk, Kronauer, Brown, & Czeisler, 2000). Moreover, these studies suggested 
that, under well-controlled conditions (e.g., constant posture, exposure to darkness or very 
low intensity levels prior and after the light treatment, absence of social contact or time 
indicators), relatively low illuminance levels (~50 – 200 lx at the eye) are sufficient to shift a 
free-running circadian rhythm (see also Boivin & Czeisler, 1996). Phase-shifting effects are 
also suggested to be more sensitive to light in the blue part of the spectrum (e.g., Lockley, 
2008; Warman, Dijk, Warman, Arendt, & Skene, 2003). In addition to intensity, spectrum and 
timing, these circadian effects depend on the duration of exposure, pattern of light exposure 
(e.g., intermittent vs. constant light pattern) and prior light history (for reviews see Czeisler 
& Gooley, 2007; Duffy & Czeisler, 2009). 

These insights are especially relevant for persons with desynchronized internal clocks, 
such as shift-workers and persons suffering from jet lag or sleep disturbances. Administration 
of light (and darkness) at the right time of day can help these persons to realign their internal 
clocks with varying environmental demands and their activity patterns throughout the day. 
In addition to these delayed or more long-term effects of light on regulation of physiological 
and psychological processes (e.g., hormone secretion, thermoregulation, sleep propensity, 
alertness, mood, vigilance), light can also induce acute changes in alertness, mood, 
performance and physiology. 

1.3.2 Acute non-image forming effects
Several studies have shown that light exposure can have acute activating effects on 

human behavior, experiences and physiology. Again, most of these studies were performed 
at night, yet a few studies suggest that light can also have acute effects on human daytime 
functioning. In the following section, we will first provide an overview of studies performed 
at night. Subsequently, we will discuss the studies exploring non-image forming effects of 
daytime light exposure on alertness, mood and performance. 

Acute non-image forming effects of nocturnal light exposure. Multiple studies have 
shown acute effects of light exposure on physiological and psychological variables during 
nighttime (e.g., Badia, Myers, Boecker, & Culpepper, 1991; Boyce, Beckstead, Eklund, 
Strobel & Rea, 1997; Cajochen, Zeitzer, Czeisler & Dijk, 2000; Campbell & Dawson, 1990; 
Daurat et al., 1993; Figueiro, Bullough, Bierman, Fay & Rea, 2007; Lewy, Wehr, Goodwin, 
Newsome & Markey, 1980; Lockley, Evans, Scheer, Brainard & Czeisler, 2006; McIntyre, 
Norman, Burrows & Armstrong, 1989; Myers & Badia, 1993; Rüger, Gordijn, Beersma, 
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De Vries & Daan, 2006; Yokio, Aoki, Shiomuar, Iwanaga, & Katsuura, 2003; Zeitzer et al., 
2000). Studies by Lewy et al. (1980) and McIntyre et al. (1989) demonstrated that exposure 
to higher illuminance levels at night resulted in lower levels of melatonin secretion. Similar 
results on melatonin suppression were also shown in other laboratory studies (e.g., Cajochen 
et al., 2000; Zeitzer et al., 2000). Moreover, acute activating effects of bright light exposure 
at night have been demonstrated on other physiological measures. For instance, research 
has shown that nocturnal exposure to more intense light can increase heart rate (e.g. Rüger 
et al., 2006) and core body temperature (e.g. Badia et al., 1991; Dawson & Campbell, 1991; 
Myers & Badia, 1993; Rüger et al., 2006), and modulate brain activity (Cajochen et al., 
2000; Perrin et al., 2004; Rüger et al., 2006; Yokio et al., 2003). In addition to these effects 
on physiological arousal, several laboratory studies have shown that bright light exposure 
at night increases subjective alertness, and improves sustained attention and cognitive task 
performance (e.g., Badia et al., 1991; Boyce et al., 1997; Cajochen et al., 2000; Campbell & 
Dawson, 1990; Dawson & Campbell, 1991; Daurat et al., 1993; McIntyre et al., 1989; Myers 
& Badia, 1993; Rüger et al., 2006; Rüger, Gordijn, de Vries & Beersma, 2005; Yokio et al., 
2003). Together, these studies suggest robust effects of bright light exposure at night on 
alertness, performance and physiology.

Similar to the phase-shifting effects of light, acute non-image forming effects at night 
are also dependent on the spectral composition of the light. Lockley and colleagues (2006), for 
example, showed that 6.5 hours of nocturnal exposure to monochromatic blue light (460nm 
vs. 555nm) resulted in lower feelings of sleepiness, faster reaction times and fewer lapses on 
a simple reaction time task. Moreover, exposure to monochromatic blue light reduced EEG 
power density in the delta and theta range and increased power density in a part of the alpha 
range (i.e., 9.5-10.5 Hz). Other studies too showed that acute activating effects of nocturnal 
light exposure - assessed with self-reported alertness, melatonin suppression, heart rate and 
core body temperature - were most sensitive to short wavelength light (e.g., Brainard et al., 
2001; Cajochen et al., 2005; Revell, Arendt, Fogg & Skene, 2006; Thapan, Arendt & Skene, 
2001; Wood, Rea, Plitnick & Figueiro, 2013). In line with studies investigating effects of 
monochromatic or narrow-band blue light exposure, research has shown that exposure to 
higher CCT levels at night also shows stronger effects on human physiology, assessed with 
melatonin suppression (Figueiro, Rea & Bullough, 2006; Kozaki, Koga, Toda, Noguchi & 
Yasukouchi, 2008) and brain activity measured with EEG (Katsuura, Jin, Baba, Shimomura 
& Iwanaga, 2005). Note that the CCT of a polychromatic light source increases when it 



Chapter 1

15

contains relatively more power in the blue part of the spectrum, i.e., when the relative amount 
of short-wavelength light rises. 

A laboratory study by Chellappa and colleagues (2011b) revealed that exposure to light 
with a higher CCT in the late evening suppressed melatonin, induced alertness and increased 
performance on a sustained attention task and a task requiring inhibitory capacity. Moreover, 
Cajochen and colleagues (2011) demonstrated that the use of LED backlit computer screens 
with more light in the blue part of the spectrum (CCT: 6953 K) for 5 hours in the late evening 
can affect human alertness, performance and physiology, compared to non-LED screens with 
a lower CCT (4775 K). Likewise, Wood et al. (2013) reported stronger melatonin suppression 
after 2 hours of working on tablets with blue light. 

Thus, a large body of research has shown that light exposure in the late evening and at 
night can counteract sleepiness, increase sustained attention and affect physiology. These 
non-image forming effects are most pronounced under more intense and blue-spectrum light. 
To what extent such effects exist during daytime is, however, relatively unknown.

Effects of daytime light exposure on experience, physiology and behavior. A few 
laboratory studies suggest that the non-image forming effects of bright light do not only 
emerge during the biological night, but also during daytime. In these studies, diurnal alerting 
effects have been reported for individuals who had been light or sleep-deprived prior to 
the light treatment (Phipps-Nelson, Redman, Dijk & Rajaratman, 2003; Rüger et al., 2006; 
Vandewalle et al., 2006). 

Rüger and colleagues (2006) investigated the effect of bright light exposure on self-
reported measures of sleepiness, fatigue and energy, and on physiological measures (cortisol 
levels, core body temperature and heart rate) during both daytime and nighttime. In this 
laboratory study, participants were exposed to bright (5000 lx) or dim light (<10 lx) for four 
hours between noon and 4.00 pm or between midnight and 4.00 am. Before and after the four 
hours of light exposure, participants were exposed to illuminance levels below 10 lx. Results 
revealed a positive effect of illuminance level on experienced feelings of sleepiness, fatigue 
and energy: participants felt more alert, less fatigued and more energetic in the bright light 
condition than in the dim light condition. The results of this study showed different patterns 
for the subjective measures and the physiological measures: while effects on subjective 
measures were independent of time of day, effects on physiological measures were time-
dependent. Bright light only increased heart rate and core body temperature during nighttime 
exposure, but not during daytime exposure. Rüger et al. (2005) also studied the effect of 
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illuminance level (5000 lx vs. <10 lx) on task performance and brain activity. Performance 
was measured with an addition task, a letter cancellation test and a simple reaction time task, 
on an hourly basis. Results of the performance tests showed that participants performed better 
in the 5000 lx condition in terms of number of additions and number of correctly cancelled 
letters during both daytime and nighttime exposure. The effects of bright light on sustained 
attention, however, only emerged at night. Exposure to 5000 lx also had an effect on EEG 
power density, but again mainly during nighttime. 

A laboratory study by Phipps-Nelson et al. (2003) also showed alerting effects of bright 
light exposure during daytime among sleep-deprived persons. In their study, participants 
were exposed to 1000 lx vs. less than 5 lx at eye level after two nights of sleep restriction (5 
hours). The study followed a constant routine, in which participants had to keep a constant 
posture and were exposed to less than 5 lx during the morning measurements, prior to the 
5-hour light treatment starting at noon. Results revealed that participants were more alert 
when exposed to a higher illuminance level, indicated by lower self-reported sleepiness, fewer 
slow eye movements, and shorter reaction times on a vigilance test. Performance improved 
in the 1000 lx condition compared to baseline measurement prior to the light exposure, 
while performance decreased in the < 5 lx condition (Phipps-Nelson et al., 2003). Moreover, 
Vandewalle and colleagues (2006) showed that daytime exposure to bright light (>7000 lx) 
could enhance subjective alertness as well as brain activity in areas related to alertness and 
cognition measured with fMRI, compared to exposure to darkness (< .01 lx) and after prior 
exposure to low illuminance levels (<5 lx) for three hours. In this study, however, no effect 
of illuminance on cognitive task performance was found. 

Together, these studies provide support for potential alerting and vitalizing effects of 
bright light exposure during daytime, especially on subjective experiences. While these 
studies were performed during daytime, subjects were first substantially sleep and/or light 
deprived, rendering conditions distinct from situations many of us live and perform in. 
Although controlled tests of the non-image forming effects of illuminance levels under natural 
daytime conditions are scarce, a few recent studies do suggest effects of blue-enriched or high 
CCT lighting on mental wellbeing of healthy day-active persons (Barkmann, Wessolowski, 
& Schulte-Markwort, 2012; Mills, Tomkins, & Schlangen, 2007; Viola, James, Schlangen, 
& Dijk, 2008).

As an exception, Badia and colleagues (1991) investigated the effect of illuminance 
level (>5000 lx vs. 50 lx) on physiological arousal, subjective alertness and task performance 
during nighttime, but also during daytime without sleep deprivation or prior exposure to very 
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low illuminance levels. Results revealed nighttime effects of illuminance level on alertness, 
body temperature, EEG and performance; in contrast, the results in the afternoon showed 
no significant difference. It should be noted, however, that the number of participants in 
this particular study was relatively low (N=8). A longitudinal field study employing fairly 
subtle differences in illuminance levels (500 vs. 700 lx) accompanied by CCT changes 
(3000-4700 K) on office employees during the working day did not render indications of 
alerting or vitalizing effects of more intense light (de Kort & Smolders, 2010). In contrast, a 
meta-analysis by Gifford and colleagues (1997) on the effect of illuminance level on work-
related task performance does suggest an effect of illuminance level on performance tasks 
with a small to medium effect size. Moreover, the results suggested that effects on task 
performance may be more subtle after longer adaptation time to the light treatment (i.e., > 
15 minutes of exposure; see also Commission Internationale de l’Eclairage (CIE), 2004/2009 
or Veitch, 2001). Note, however, that potential effects of illuminance level on performance 
were generally assessed with visual work-related tasks in the studies reviewed by Gifford et 
al. (1997). Küller and Wetterberg (1993) tested effects of illuminance (450 lx vs. 1700 lx) and 
CCT levels (3000 K vs. 5500 K) on arousal by employing self-reports, visual performance 
tests and physiological measures in the laboratory during one day between 9am and 5pm. 
Results showed no effects on mood, visual performance or heart rate, but suggested subtle 
effects of light on brain activity during daytime. Results of an experiment performed by 
Gornica (2008) also suggested that exposure to bright light can modulate brain activity 
during regular working hours. Moreover, a field study by Aries (2005) provided indications 
that employees who experience more light (both natural and artificial) in their offices have 
lower levels of fatigue and higher sleep quality.

Studies to the effect of natural light exposure suggest too that individuals may benefit 
from higher illuminance levels during regular daytime hours (Kaida, Takahashi, Haratani, 
Otsuka, & Fukasawa, 2006b; Leger, Bayon, Elbas, Philip, & Choudat, 2011). Kaida and 
colleagues (2006b) investigated the effect of daytime light exposure on arousal, cognitive 
performance and self-reported sleepiness. Participants were exposed to natural light through 
a window (>2000 lx) or to artificial lighting (< 100 lx) between 12:40pm to 1:10pm. Results 
showed that indoor exposure to natural light had a direct effect on subjective alertness. In 
addition, exposure to natural light influenced brain activity measured with EEG. Exposure 
to natural light for 30 minutes resulted in lower alpha power during eyes open and lower 
theta power during eyes closed. However, no effect of light exposure on sustained attention 
was found. Leger et al. (2011) investigated sleepiness and potential sleep complaints among 
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employees of a transportation company working underground with no daylight exposure and 
among workers experiencing at least some exposure to natural light during their working 
hours. Results showed that participants who had had no natural light exposure during their 
workday experienced more daytime sleepiness and had more complaints of poor sleep. It 
should be noted, however, that it is uncertain whether the findings in these studies can be 
ascribed solely to light intensity as other characteristics of natural light such as dynamics and 
color temperature as well as view to the outside may also have increased alertness and arousal. 

Although research to the non-image forming effects of light suggests that bright light 
exposure can increase experiences of alertness and vitality during daytime, findings on 
affective improvements under bright light on other dimensions of mood have been somewhat 
inconsistent. Some studies showed no effects of light intensity on mood (e.g., Baron, Rea & 
Daniels, 1992; Hubalek, Brink & Schierz, 2010; Küller & Wetterberg, 1993), while others 
reported affective improvements after indoor exposure to natural light (Kaida, Takahashi & 
Otsuka, 2007b) or repeated exposure to bright light (Partonen & Lönnqvist, 2000). Results of 
a field study by Partonen and Lönnqvist (2000) showed, for example, that repeated exposure 
to bright light (2500 lx at eye level, 6500 K) for at least one hour a day improved feelings 
of vitality and reduced psychological distress of office workers during the darker winter 
months in Finland. Indirect evidence for affective improvements with bright light comes 
from studies showing beneficial effects of light treatment among persons suffering from 
(seasonal) affective disorders (for reviews see Golden et al., 2005; Terman et al., 1989). 
Moreover, results by Vandewalle and colleagues (2010) revealed that short-term exposure 
to monochromatic light (blue vs. green) during daytime can have an influence on activity 
in the amygdale (and other regions), a brain area related to emotional responses, suggesting 
that light exposure can influence emotional processing. Thus, a few studies do suggest that 
daytime light exposure can also have acute effects on human wellbeing and performance. 
Yet, the current literature is still inconclusive about the role of light exposure in daytime 
functioning of healthy day-active persons.

1.4 Image-forming and non-image forming effects together
A large body of research has shown the importance of light for mental wellbeing, health 

and performance. Previous sections have illustrated how light can affect human functioning 
via diverse routes. Together, studies have shown that light can influence human vision, 
experiences, physiology and behavior. Light can, for instance, affect object recognition, 
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atmosphere perception, feelings of alertness and mood, ability to concentrate, cognitive 
processing, sleep and hormone regulation. In most everyday situations, both visual and non-
visual pathways are activated when light enters the eye, suggesting that these paths can affect 
everyday functioning simultaneously. This suggests the relevance of each route for human 
wellbeing, health and performance, and illustrates the complexity when trying to predict 
or understand the actual underlying mechanisms. Note, for example, that light can affect 
human performance by illuminating relevant visual task components (route 1 in Figure 1), 
increasing workplace satisfaction (route 2), inducing alertness, facilitating sustained attention 
and cognitive processing (route 4), and by ensuring a healthy entrainment of the circadian 
system (route 3). 

1.5 Light and human daytime functioning:  
bright light effects on alertness and vitality

The core focus of this thesis is on understanding light’s effects on alertness and vitality. 
Subjective alertness refers to feeling active and awake, while persons experiencing sleepiness 
have a higher tendency to fall asleep (Curcio, Casagrande & Bertini, 2001; Shahid, Shen & 
Shapiro, 2010). This is related to the capacity to stay focused, and to achieve and maintain 
response readiness to stimuli in the environment (Posner, 2008; Raz & Buhle, 2006; McDowd, 
2007; Rueda, Posner, & Rothbath, 2004), which is important for engagement in many everyday 
activities. Vitality refers to the positive feeling of having energy or resources available to the 
self (Ryan & Frederick, 1997). This definition of vitality is very similar to energetic arousal 
conceptualized by Thayer (1989) as the subjective experience of energy and vigor. Research 
has shown that when people experience vitality, they are more active and productive, and 
are less vulnerable to stress and illness (Ryan & Frederick, 1997; Ryan & Deci, 2008). In 
addition, vitality is linked to self-control capacity (Muraven, Gagné, & Rosman, 2008; Ryan 
& Deci, 2008), which is the capacity to change one’s behavior according to standards and can, 
for example, involve resisting impulses and temptations (Baumeister, Vohs & Tice, 2007). 
Self-control enables people to make plans, choose from alternatives, control impulses, inhibit 
unwanted thoughts and regulate social behavior, and has been related to almost all domains 
of human functioning: educational success, physical health, strong social relationships, and 
successful careers (e.g., see Heatherton & Wagner, 2010). Thus, vitality is a psychological 
construct central to mental wellbeing, health and performance and important for success 
in health-related, professional and social aspects of life (see e.g., Ryan & Frederick, 1997). 
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Thus, both alertness and vitality are important constructs related to mental wellbeing, health 
and performance.

As stated earlier, feelings of alertness and vitality, task performance and physiological 
arousal show daily variations during the 24-hour light dark-cycle (e.g. Aeschbach et al., 1999; 
Blatter & Cajochen, 2007; Cajochen et al., 2002; Carrier & Monk, 2000; Kraemer et al., 2000; 
Schmidt, Collette et al., 2007; Thayer, 1989). As humans evolved as a diurnal species, their 
psychological functioning is primarily less optimal in the late evening or at night compared to 
daytime hours (e.g., Dijk, Duffy & Czeisler, 1992; Cajochen, Kräuchi, & Wirz-Justice, 2003; 
Hull, Wright, & Czeisler, 2003; Van Dongen & Dinges, 2005a). Nonetheless, persons may 
also experience sleepiness, a lack of energy and decrements in performance during daytime, 
even in the absence of sleep deprivation. During the day, we use and deplete mental resources 
(Kaplan & Kaplan, 1989; Hartig & Staats, 2003). Several theories suggest, for example, that 
engaging in a task requiring effort can lead to depletion of resources resulting in a reduced 
capacity to engage in subsequent behaviors that require effort (Baumeister, Bratslavsky, 
Muraven, & Tice, 1998; Meijman & Mulder, 1998; Kaplan & Berman, 2010; Kaplan & Kaplan, 
1989). Persons may allocate their mental resources to engage in different types of behavior, 
e.g., focusing attention to a task, inhibiting automatic responses, or performing a demanding 
task (Baumeister et al., 1998; Kaplan & Berman, 2010; Kaplan & Kaplan, 1989). Research has 
shown that accumulation of effort spent throughout the day may result in increased feelings 
of sleepiness, lack of energy, loss of self-control, motivational deficits, psychological stress 
and decrements in performance (e.g., Baumeister et al., 2007; Berman, Jonides & Kaplan, 
2008; Kaplan & Berman, 2010; Hagger, Wood, Stiff & Chatzisarantis, 2010; Hartig et al., 
1996; Hartig, Evans, Jamner, Davis, & Gärling, 2003). This suggests that - although persons 
are generally more alert and energetic during regular daytime hours - their psychological 
functioning may not always be optimal during daytime. 

Up to now, research into the non-image forming effects of light has rendered convincing 
evidence for alerting and vitalizing effect of bright light exposure during persons’ biological 
night or on special subgroups such as persons with seasonal affective disorder. Although 
those earlier findings mainly had practical implications for nightshift workers and clinical 
subgroups, the current research explored whether activating effects of bright light can be 
extended to healthy persons living and working during regular daytime hours. As human 
physiology and psychology differ between day and night, it is questionable to what extent 
findings at night are transferable to daytime light exposure. Moreover, in contrast to very 
controlled laboratory conditions, people eat, drink, move and interact freely and have – 
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hopefully – enjoyed a reasonable night’s rest during regular weekdays. Under such conditions, 
effects may be less pronounced or even disappear altogether, as alertness levels and brain 
activity may already be optimally tuned to daytime performance, hormonal levels of cortisol 
and melatonin are already in phase with task demands, and some may already have had 
substantial amounts of daylight while commuting or during a coffee or lunch break. 

As discussed in this section, persons do however experience sleepiness and a lack of 
vitality during regular daytime conditions, suggesting that there is also room for improvement 
during daytime. Note, for instance, that work-induced stress and mental fatigue are common 
experiences among employees and students. In this thesis, we therefore investigate to what 
extent and under what conditions bright light exposure can have beneficial effects for day-
active persons. We explore potential alerting and vitalizing effects during regular daytime 
hours (i.e., in the absence of sleep and light deprivation) on subjective measures, task 
performance and physiological arousal. We investigate whether such effects of bright light 
exposure differ during daytime, depending on time of day and individuals’ prior mental state.  
In addition, we explore whether individuals’ appraisals and preferences reflect these effects. 

1.6 Outline thesis: an introduction to the studies
In the current thesis, we explore the role of daytime light exposure in human functioning, 

focusing on individuals’ behavior, experiences and preferences during regular daytime hours. 
Several studies were performed to investigate potential beneficial effects of bright light 
exposure on mental wellbeing and performance. First, we measured light exposure and 
explored its relationship with subjective vitality during daytime and in everyday situations 
in Chapter 2. We recorded the amount of light falling on the eye during three consecutive 
weekdays in daily life, combined with hourly self-report measures. Data was collected across 
a full year, rendering data on a wide range of lighting conditions. This field study provides 
insights in inter- and intrapersonal variations in daytime light exposure and vitality during 
regular weekdays as well as the relevance of daytime light exposure for experiences of 
vitality in daily life. 

Subsequently, we tested the effect of daytime bright light exposure on subjective and 
objective indicators for human psychological functioning in the laboratory, in Chapter 3. More 
specifically, we investigated effects of one hour of exposure to a higher illuminance level 
on subjective sleepiness, vitality, mood and appraisals, task performance and physiological 
arousal (EEG, ECG and EDA) during daytime, in the absence of light or sleep deprivation. In 
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addition, we explored whether alerting and vitalizing effects of daytime bright light exposure 
are dependent on time of day (morning vs. afternoon exposure) or duration of exposure (i.e., 
immediate vs. more delayed onset of effects). 

In Chapter 4, we investigated whether the effect of bright light exposure is dependent 
on individuals’ mental state. In this second laboratory study, we therefore tested whether 
lighting particularly benefits individuals who suffer from mental fatigue. We compared effects 
of exposure to a higher illuminance level on self-report, task performance and physiological 
measures after participants had engaged in mentally demanding tasks (i.e., mental fatigue 
and resource depletion) or had engaged mainly in restorative activities (i.e., no resource 
depletion) prior to the light exposure. 

In Chapter 5 and Chapter 6, we investigated whether individuals’ light preferences 
reflect the effects found in the Chapters 2 to 4. More specifically, we explored preferred 
illuminance levels as a function of alertness and vitality, performance and time of day. We 
conclude with a general discussion of our findings in Chapter 7, providing suggestions for 
future research and implications for lighting applications. 
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Chapter 2

Daytime light exposure and feelings of vitality 
Results of a field study during regular weekdays

Abstract
In the current study, we investigated daily light exposure and its relation with vitality 

in everyday settings on an hour-to-hour basis. The method consisted of experience sampling 
combined with continuous light measurement and a sleep diary during three consecutive 
days. Data collection was distributed over a full year. Results revealed substantial inter- 
and intra-individual differences in hourly light exposure. The amount of light experienced 
was significantly related to vitality, indicating that persons who were exposed to more light 
experienced more vitality, over and above the variance explained by person characteristics, 
time of day, activity patterns and sleep duration during the previous night. This relationship 
was more pronounced in the morning, during the darker months of the year and when 
participants had experienced relatively low vitality during the previous hour. Overall, 
the results provide support for acute effects of light exposure on feelings of vitality during 
daytime, even in everyday life.

This chapter is based on:
Smolders, K. C. H. J., De Kort, Y. A. W., & Van den Berg, S. M. (2013). Daytime light exposure and feelings 
of vitality: Results of a field study during regular weekdays. Journal of Environmental Psychology, Accepted 
for publication
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the results provide support for acute effects of light exposure on feelings of vitality during 
daytime, even in everyday life.

This chapter is based on:
Smolders, K. C. H. J., De Kort, Y. A. W., & Van den Berg, S. M. (2013). Daytime light exposure and feelings 
of vitality: Results of a field study during regular weekdays. Journal of Environmental Psychology, Accepted 
for publication
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2.1 Introduction
Laboratory studies investigating effects of light have rendered convincing evidence 

that exposure to more intense white light can induce alertness, improve task performance 
and increase physiological arousal in the late evening or at night. Similar alerting and 
vitalizing effects have been shown during daytime after sleep and/or light deprivation (see 
Chapter 1). To date however, little is known about the effects of white light exposure on human 
functioning under non-deprived, everyday conditions, including normal food consumption 
patterns, physical activity and social interaction. The main goal of the current study was to 
investigate daily light exposure patterns and explore their relationship with vitality during 
regular weekdays. As stated in Chapter 1, vitality refers to the positive feeling of having 
energy available to the self and is central to mental well-being, health and performance. 

Although research to the non-image forming effects of light has rendered convincing 
evidence for the alerting and vitalizing effect of bright light exposure, the current literature 
on affective improvements under bright light on other dimensions of mood has been quite 
inconclusive. Several studies have shown some mixed results (see Chapter 1). However, 
studies showing consistent beneficial effects of light treatment among persons suffering from 
(seasonal) affective disorders do suggest that bright light can induce affective improvements 
(see e.g., Golden et al., 2005; Terman et al., 1989; Terman & Terman, 2005). Therefore we 
explored, in addition to vitality, potential relationships between light exposure and feelings 
of tension, positive affect and negative affect among healthy persons during daytime.

Research investigating effects of light on healthy day-active persons in everyday settings 
is relatively scarce. Yet, a few studies have revealed beneficial effects of prolonged exposure 
to blue-enriched or bright light among office employees in the field. For instance, two field 
studies have shown that exposure to blue-enriched light in office environments for several 
weeks improved subjective alertness, sleep quality and self-reported performance compared 
to lighting with a lower correlated color temperature (Mills, Tomkins & Schlangen, 2007; 
Viola, James, Schlangen & Dijk, 2008). Partonen and Lönnqvist (2000) revealed improved 
vitality after four weeks of repeated exposure to very high illuminance levels (~2500 lx at 
the eye) during the darker winter months in Finland. 

In addition to these effects of long-term exposure (order of weeks), several field studies 
have measured individuals’ light exposure patterns and investigated their relationship with 
mood, social behavior, sleep quality and circadian phase of the rest-activity cycle on a day-to-
day basis. Hubalek and colleagues (2010), for example, employed wearable light meters worn 
close to the eye in a naturalistic study and demonstrated that light exposure throughout the 
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day can have a significant and positive effect on subjective sleep quality, but was not related 
to self-reported mood assessed at the end of day. Moreover, Figueiro and Rea (2010a; 2010b) 
showed that reduced exposure to light in the blue spectrum in the morning or exposure to 
light with a high power in the blue part of the spectrum in the evening may result in a delayed 
onset of sleep among adolescents in daily situations. A field study by Martinez-Nicolas et al. 
(2011) showed a relation between persons’ light exposure, and timing and quality of sleep and 
skin temperature, suggesting a link between the intensity and variability of a person’s light 
exposure throughout the 24-hour day and the amplitude and phase of his or her circadian 
rhythm. Moreover, Aan het Rot, Moskowitz and Young (2008) showed that the duration of 
exposure to bright light was related to the amount of positive social interactions experienced 
among persons suffering from mildly seasonal affective disorder. 

Yet, little is known about the relationship between persons’ experienced light intensity 
levels and their momentary affective state throughout the day, i.e., acute effects. In the current 
field study, we explore the relation between daytime light exposure and feelings of vitality 
among healthy day-active persons on an hourly basis in everyday situations. Studying this 
relation in daily life is however more tricky than under controlled laboratory conditions. Light 
exposure throughout the day is very dynamic and research has shown that the experienced 
amount of light is, among other factors, dependent on whether a person is indoors or outdoors, 
on time of day and season, working hours and type of job, age and chronotype, suggesting 
both intra- and inter-individual differences in daily light exposure (Espiritu et al., 1993; 
Hébert, Dumont & Paquet, 1998; Hubalek et al., 2010; Goulet, Mongrain, Desrosiers, Paquet 
& Dumont, 2007; Guillemette, Hébert, Paquet, & Dumont, 1998; Kollor, Kundi, Stidl, Zidek, 
& Haider, 1993; Martin, Hébert, Ledoux, Gaudreault, & Laberge, 2012; Savides, Messin, 
Senger & Kripke, 1986; Scheuermaier, Laffan, & Duffy, 2010; Staples, Archer, Arber & 
Skene, 2009; Thorne, Jones, Peters, Archer, & Dijk, 2009). In the current field study, we 
recorded the amount of light at eye level during three consecutive weekdays to explore time-
dependent variances in the light exposure patterns as well as variations between persons and 
its relation with person characteristics, such as light sensitivity, chronotype and experienced 
chronic fatigue. 

Research has also shown time-dependent and inter-individual variations in vitality  
(e.g., Ryan & Frederick, 1997; Thayer, 1989). We therefore investigated the relationship of light 
exposure with vitality correcting for inter- and intra-personal differences in experiences of 
vitality. More specifically, this study investigated whether light exposure would significantly 
predict subjective vitality over and above the daily dynamics of vitality as a function of time 
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of day, activity patterns and sleep duration during the previous night, and inter-individual 
variations in vitality as a function of person characteristics. Athough the relationship with 
vitality is the main focus of the current study, relationships between light exposure and 
feelings of tension, positive affect and negative affect were also investigated. 

In the current study, we recorded the amount of light falling on the eye continuously 
during regular weekdays, combined with hourly self-report measures, rendering data on 
a wide range of situations. These measures provided insights in individuals’ experienced 
light levels and their affective state throughout the day. Moreover, these data allowed us to 
investigate correlations between light exposure and vitality and other dimensions of mood 
on an hourly basis. Based on earlier laboratory studies showing acute activating effects of 
light, we expected to see a positive relationship between the amount of light participants 
experienced and their level of vitality. In other words, we hypothesized that participants 
would feel more vital when they had experienced relatively more light. We had, however, no 
clear hypotheses concerning the relationship between light exposure and tension, positive 
and negative affect as earlier findings on affective improvements under bright light have 
been inconsistent.

The data also allowed us to explore what time span of exposure best predicted vitality, 
perhaps indicating whether vitality gradually benefits from extended exposure to more light, 
or whether instead the effects of light would be more acute and short-lived. Lastly, the data 
allowed us to explore whether the relationship between light exposure and vitality is equally 
strong throughout the day, or whether instead it depends on time of day, or on previous 
vitality level. Such time and mental status-dependent effects had been suggested in earlier 
studies (e.g., Iskra-Golec, Wazna & Smith, 2012; Vandewalle et al., 2006). Moreover, we 
investigate potential seasonal variations and explore the role of light in the blue spectrum in 
the relationship between light and vitality.

2.2 Method
The method employed in this study was experience sampling, combined with continuous 

measurement of light exposure with a wearable device, a morning and evening diary and an 
online questionnaire.
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2.2.1 Participants
Forty-two healthy persons participated in this field study, of which 10 participated 

twice, resulting in 52 sessions. Participants consisted mainly of office employees and 
students. Of these participants, 20 were male and 22 were female (mean age 25 years,  
SD = 8.1, range: 19-56). The participants all lived, worked, and/or went to university in the 
Eindhoven region (51° 44’ N, 5° 48’ E). None of them had specific expertise in lighting. Up 
to two persons participated each week, rendering data on a wide range of light exposures, 
activities, and settings. If a person participated twice, there were at least three months in 
between the two sessions. The study started in October 2010 and ran a full year until October 
2011. Fourteen sessions took place during spring, 10 during summer, 12 during autumn and 
16 during winter.

2.2.2 Measures

Light exposure. Light exposure at the eye was assessed with a device, called Daysimeter 
(developed by RPI’s Lighting Research Center, supplied by LumenTech Innovations), worn 
at eye level. The Daysimeter has two optical sensors to measure light exposure: one sensor 
is corrected for the spectral sensitivity of the visual (photopic) system and one sensor detects 
short-wavelength light based on the spectral sensitivity of the circadian system determined 
by nocturnal melatonin suppression (Bierman, Klein, & Rea, 2005). Light exposure was 
sampled at a frequency of 10 Hz. The Daysimeter provides average values for the light 
exposure every 30 seconds. 

Experience sampling. An experience sampling method was employed to monitor 
persons’ feelings on an hourly basis during their regular daily routine. We applied an interval-
contingent sampling, i.e., self-reports at fixed times of day, to have multiple assessments 
of individuals’ momentary state throughout the day and explore the relation between fixed  
(non-overlapping) light exposure periods prior to the questionnaire and person’s affective 
states. Questions pertained to subjective feelings of vitality, tension, positive affect and 
negative affect. In addition to these affective state measures, the experience sampling 
questionnaire included context-related questions probing for the activity and location of 
the participant. 
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Vitality and other dimensions of mood. Subjective vitality and tension were measured 
with a short scale consisting of six items adopted from the activation-deactivation checklist 
(Thayer, 1989). The vitality (energetic arousal) subscale consisted of four items (‘energetic’, 
‘lacking in energy’ (reversed), ‘alert’, and ‘sleepy’ (reversed)) and was reliable with α = .84.  
The subscale tension (tense arousal) consisted of two items (‘tense’ and ‘calm’ (reversed)) 
and had a reliability coefficient of α = .58. Positive affect (‘happy’) and negative affect (‘sad’) 
were each measured with a single item. The response scale of these eight items ranged from 
(1) ‘definitely not’ to (4) ‘definitely’1. 

Activity and location. The amount of physical effort, mental effort and social 
interaction the participant had engaged in during the 15 minutes prior to the questionnaire 
were measured with a single item per variable on a 5-point response scale ranging from (1) 
‘none’ to (5) ‘very much’. Questions about the location assessed whether the participant 
was indoors or outdoors, was in a more natural or more built environment, and was alone 
or together with others. These variables were each assessed with a single dichotomous 
item.

Diary. Participants also kept a sleep diary every morning and a general activities diary 
every evening. Sleep duration and subjective sleep quality of the night before were assessed 
with questions adopted from the Karolinska sleep diary (KSD; Åkerstedt, Hume, Minors, & 
Waterhouse, 1994) and the Pittsburgh sleep diary (PghSD; Monk et al., 1994). For instance, 
participants reported on time of going to sleep, time of awakening, experienced sleep quality 
and ease of falling asleep. Questions assessing estimates of the total time spent outdoors, 
engaged in physical activity, in mental activity, spent in company with others and on social 
interaction during the day were administered in the evening questionnaire. In addition, 
participants’ affective states after awakening and before going to sleep were measured in 
the morning and evening diary respectively, with the same items as used in the experience 
sampling questionnaire. 

Online questionnaire. The online questionnaire consisted of measures of person 
characteristics such as trait subjective vitality, chronotype, general sleep quality and health, 
light sensitivity, neuroticism, age and gender. Trait subjective vitality was measured with 

1 The response option (2) ‘cannot decide’ in the original activation-deactivation adjective checklist was 
changed into ‘very little’ to create a more consistent labeling of scale points.
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the subjective trait level vitality scale with α = .90 (Ryan & Frederick, 1997). Chronotype 
was assessed with the Dutch translation of the Munich Chronotype questionnaire  
(MCTQ; Roenneberg, Wirz-Justice & Merrow, 2003) and computed according to the formula 
provided by Roenneberg and colleagues (2004). Two items were developed to measure Light 
sensitivity: ‘How much trouble do your eyes give when you are exposed to bright light?’ 
and ‘How much do you suffer from headaches when you are exposed to bright light?’. The 
response scale of these items ranged from (1) ‘not at all’ to (5) ‘very much’. Global sleep 
quality was assessed with the Pittsburgh Sleep Quality Index (PSQI; Buysse, Reynolds, 
Monk, Berman, & Kupfer, 1989) consisting of 18 items concerning subjective sleep quality, 
sleep latency, sleep duration, sleep efficiency, sleep disturbances, sleeping medication and 
daytime dysfunction. Chronic fatigue was assessed with the Checklist Individual Strength 
(Beurkens et al., 2000) consisting of 20 items assessing subjective chronic fatigue (8 items, 
α = .93), concentration problems (5 items, α = .83), motivational deficits (4 items, α = .86) 
and low physical activity (3 items, α = .93). General health was assessed with five items 
from the Dutch version of the SF-36 Health Survey (General health perception subscale, 
RAND-36; Van der Zee, Sanderman, Heyink, & de Haes, 1996). Neuroticism was assessed 
with a subscale of the Dutch translation of the Big Five questionnaire (Denissen, Geenen, 
Van Aken, Gosling, & Potter, 2008). The subscale consists of eight items with a 5-point 
rating scale ranging from (1) ‘strongly disagree’ to (5) ‘strongly agree’. The reliability for 
this scale was α = .81.

2.2.3 Procedure
One day prior to their participation, participants picked up the light measurement 

device, mobile phone and diary, received instructions from the experimenter and gave 
informed consent. Participants wore the measurement device and gave self-reports for 
three consecutive days between 8 am and 8 pm2. During these days, participants lived 
their lives as usual, apart from the fact that they were wearing a light measurement device, 
briefly filled out questionnaires every hour and completed the diary after awakening and 
before going to sleep. The questions of the experience sampling were administered on HTC 
mobile phones between 8 am and 8 pm (on 40 minutes past the hour). The software was 
programmed such that a short questionnaire presented itself every hour. Participants were 

2 Note that participants were instructed not to wear the light measurement device in situations which could 
damage the device, for instance, while doing sports or taking a shower.
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reminded of the questionnaire by a series of beeps: 15 beeps in the first 15 seconds and 
5 beeps, with an interval of 1 second, at the start of every next minute. If the participant 
did not start the questionnaire within 5 minutes after the hourly signal, the start menu 
of the questionnaire disappeared and the next questionnaire appeared the next hour. On 
average, filling out the questionnaire took about one minute. Participants completed the 
online questionnaire at the end of the week. After the three days, participants handed in 
the devices and diary, were debriefed and thanked for their participation and received a 
compensation of 75 Euro. 

2.2.4 Statistical analyses
First, the light measurement data were inspected and measurement periods during 

which the Daysimeter was not worn were coded as missing using Matlab R2010. Not wearing 
was determined based on the amount of activity measured with the Daysimeter (i.e., head 
movements). Only measurements during which the participants wore the device for at 
least 50% of the prediction interval (e.g., one hour) were used for the computations. After 
calculating the average light level per time span3 these values were log10 transformed and 
values lower than 0 (i.e. < 1 lx) were coded as missing. In total, 1746 light measurements 
were used for the analyses (i.e., 92.3% of all measurement occasions between 8am and 8pm; 
SD = 8.8; range 63.9% to 100% of the measurements occasions per session). The response 
rate for the experience sampling was 88.2% (SD = 8.23; range 66.7% to per session). In 
total, complete data for both the light exposure and experience sampling questionnaire were 
collected for 1563 events.

Hierarchical linear model (HLM) analyses were performed to explore inter- and 
intra-individual variations in light exposure and affective state, and to investigate whether 
light exposure was a significant predictor for feelings of vitality and other dimensions of 
mood. In these hierarchical models, Session and Day were entered as independent random 
variables to group the data for each session and measurement day, that is, to indicate that the 
same participant was measured multiple times a day during one session consisting of three 
consecutive days. Measurement occasion was added as a repeated random variable for each 
day indicating that the measurements were nested within a Day, which in turn was nested 

3 Note that the mean hourly light exposure during the first hour was based on the light measurements during 
the 40 minutes prior to the questionnaire (i.e., from 8:00am to 8:40am), since measurements only started 
at 8 am.
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within Participant4. We modeled potential covariance between the measurement occasions 
during a measurement day using an autoregressive covariance structure matrix as this resulted 
overall in the best fit of the null model (i.e., an unconditional model with no predictors). This 
covariance structure assumes a higher correlation between two consecutive measurement 
occasions than between two occasions farther apart. For more details about HLM analyses, 
see Raudenbush and Bryk (2002), Heck, Thomas and Tabata (2010) and Hox (2010).

First, we modeled experienced light exposure to better understand how persons’ light 
levels at the eye fluctuated in daily life. To assess the amount of inter- and intra-individual 
variance in participants’ light exposure patterns throughout the day, HLMs were defined with 
hourly light exposure as dependent variable (separate analyses for photopic and circadian light 
levels). First, intra-class correlations (ICCs) of the unconditional models were investigated 
to determine the percentage of variance in light exposure attributable to the participant level 
and to the measurement (timeslot) level, i.e., the amount of variance between and within 
sessions, respectively5. Subsequently, time of day, time of day squared, season and person 
characteristics (in separate analyses to avoid multicollinearity) were added to the model to 
explore whether these variables explained some of the variance in the hourly light exposure. 
Time of day and Time of day squared were added to model both a linear and parabolic function 
of light exposure throughout the day. The hourly photopic light exposure and circadian light 
exposure were highly correlated with each other (r = .97, p < .01). Therefore, as a general 
rule results of subsequent tests exploring light exposure as predictor will be reported for 
illuminance level (photopic light exposure). Only if analyses with circadian light differed 
from those with the photopic light as independent variable, will these results be reported. 
In addition to these two measures for the average experienced light intensity, we explored 
variations in the duration of exposure to bright light as a function of time of day, season and 
participants’ level of chronic fatigue. To this end, the percentage of minutes of exposure to 
illuminance levels above 1000 lx at the eye was computed for each hour. As this variable 
was not normally distributed, non-parametric tests were performed to investigate whether 
the average duration of exposure to bright light per session differed between morning vs. 

4 Subjects participating in two sessions were treated as two independent participants. Note that adding 
participant as additional (higher-level) random intercept did not change the results.

5 A model with day as random intercept revealed an error showing that the Hessian matrix was not positive 
definite suggesting redundant covariance parameters. Therefore, we ran the model without day as random 
intercept.
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afternoon exposure, between seasons and between participants experiencing relatively low 
vs. high chronic fatigue (based on median split).

Next, after this analysis of light exposure patterns, separate HLM analyses were 
performed to explore the relation between light exposure and vitality, tension, positive 
affect and negative affect. For each of these subjective state variables, we also first ran an 
unconditional model to explore the amount of variance that could be explained at each level 
by assessing ICCs. Subsequently, Time of day and Time of day squared were added as fixed 
factors, to investigate whether vitality and the other mood dimensions varied consistently 
with time of day. In the next step, Hourly light exposure was added to the model, to explore 
whether the amount of light experienced at eye level during the hour prior to filling in the 
questionnaire explained additional variance in vitality, tension, positive affect and negative 
affect. Subsequently, Social interaction and Physical effort were added as covariates, as 
we expected that these variables might influence individuals’ affective state as well. In the 
final model, we also added sleep duration of the previous night and person characteristics 
as covariates. For all the hourly measurements (i.e., light exposure, social interaction and 
physical effort) as well as for prior sleep duration, the scores were centered on the overall 
mean of all sessions. To estimate standardized regression coefficients, all variables in the 
model were standardized by using Z-scores. Thus, the standardized regression coefficients 
reflect the parameter estimates of the Z-scores for the predictors.

Note that in the analyses, light exposure during the preceding hour was selected as 
predictor. This selection is in fact quite arbitrary, as we currently lack the knowledge to predict 
which time span, i.e., duration of exposure, is the best predictor for feelings of vitality. To get 
insight in whether the relation is dependent on exposure duration, the hierarchical analyses 
were subsequently performed with light exposure during different time spans (ranging from 
two hours to five minutes) prior to the questionnaire. Moreover, we investigated time of 
day, time of year and antecedent vitality level as potential moderators of the relationship 
between hourly light exposure and subjective vitality. For these analyses, we used the same 
hierarchical model as reported above.

2.3 Results
This section analyzes and reports on the light exposure pattern and the relationships 

between light exposure and feelings of vitality and mood during the day. 
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2.3.1 Light exposure patterns
Participants were, on average, exposed to 2.21 lg lx (SD = .75; range: .01 – 4.58 lg lx; 

median illuminance level = 174 lx). Figure 2a shows a scatter plot of the hourly light exposure 
measurements over seasons. A hierarchical linear model (HLM) analysis revealed that 73.3% 
of the variance occurred between measurement occasions and 26.7% of the variance occurred 
between persons, suggesting substantial inter-individual, but particularly intra-individual 
differences in illuminance levels. The correlation between two consecutive measurement 
occasions was r = .56 for hourly illuminance level (p < .01). 

Then, we explored whether time of day and person characteristics explained part of the 
variance in the hourly light exposure. Results revealed that adding Time of day and Time 
of day squared rendered a significant time of day effect on hourly light exposure, showing 
a parabolic trend (both p < .01). Season also had a significant effect on the average hourly 
illuminance level [F(3,51) = 14.94; p <.01]. As would be expected, participants were exposed 
to higher illuminance levels in spring and summer (EMM = 2.87; SE = .09 and EMM = 2.72; 
SE = .10, respectively) than in the autumn and winter (EMM = 2.30; SE = .10 and EMM = 
2.17; SE = .08, respectively). Person characteristics, such as Chronotype, Global sleep quality, 
Trait vitality, Light sensitivity, Neuroticism and Gender, were not significantly related to the 
average hourly illuminance level (all p > .10), except Age, showing that older participants 
were exposed to lower illuminance levels (B = -.02; β = -.16; F(1,43) = 4.18; p = .05).  
In addition, the relationship between Subjective chronic fatigue and experienced light 
exposure showed a non-significant trend for exposure to lower illuminance levels among 
participants who suffered more from chronic fatigue (B = -.10; β = -.16; F(1,44) = 3.72; p = .06).  
In contrast to these results for photopic light exposure, Age was not significantly related to 
hourly circadian light (B = -.01; β = -.10; F(1,36) = 1.40; p = .25). Subjective chronic fatigue 
was also not significantly related to circadian light exposure (B = -.10; β = -.14; F(1,36) = 2.63; 
p = .11), but instead Concentration problems were (B = -.15; β = -.20; F(1,37) = 5.37; p = .03),  
relating more chronic concentration problems to lower levels of light.

Figure 2b shows the distribution of exposure to different illuminance levels. This figure 
indicates that participants were exposed to illuminance levels of 500 lx or higher at the 
eye for only around 15% of the time, far less frequently than they were exposed to lower 
levels (<500 lx). Exposure to bright light (>1000 lx at the eye) occurred, on average, only a 
few minutes per hour. A Kruskal-Wallis test revealed significant differences in the average 
percentage of bright light exposure per session between seasons [χ2(3) = 25.45; p < .01]. 
Posthoc comparisons using Mann-Whitney tests with Bonferroni correction showed that 



Daytime light exposure and feelings of vitality 

36

minutes of exposure to bright light in autumn and winter (Mdn = 2.08 and Mdn = 2.44 
respectively) were significantly lower than in the spring and summer (Mdn = 16.97 and 
Mdn = 7.04 respectively). A Mann-Whitney test with time of day (morning vs. afternoon) 
as independent variable revealed that the average duration of exposure to bright light in the 
morning and afternoon per session was not significantly different (Z = -1.22; p = .22). Yet, 
participants who reported relatively low chronic fatigue were exposed to illuminance levels 
above 1000 lx at the eye for longer than participants experiencing relatively high chronic 
fatigue (Mdn = 6.13 and Mdn = 3.31 respectively; Z = -2.09; p = .04).
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Figure 2. (a) Variation in hourly light exposure over seasons and (b) duration of exposure to different 

illuminance levels as a percentage per hour. The whiskers represent the 95% confidence interval. These 

results show substantial inter- and intra-individual variations in light exposure. Moreover, participants were 

mainly exposed to illuminance levels below 500 lx. 

2.3.2 Relation between light exposure and vitality and mood
Hierarchical linear model analyses were performed to investigate the relationship 

between hourly light exposure and feelings of vitality, tension, positive affect and negative 
affect respectively. These analyses first controlled for time of day, after which we entered 
light exposure as an independent variable. In subsequent analyses, we also controlled for 
the amount of social interaction and physical effort spent, and for prior sleep duration and 
person characteristics. 
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Vitality. Participants’ vitality scores ranged from 1.25 to 4.00, with a mean of 3.25 
(SD = .63). The ICCs of the unconditional model for vitality indicated that 65.4% of the 
variance in feelings of vitality occurred between measurement occasions (level 1), 32.9% of 
the variance between persons (level 3) and only 1.7% of the variance between days (level 2). 
The correlation between two consecutive measurement occasions was r = .52 (p < .01). As 
the variance to be explained at the day level was not significant (p = .58), we removed the 
random intercept of day from the model. Adding Time of day and Time of day squared as 
predictors improved the model (χ2(2) = 109.25; p < .01). Both predictors were significant (both 
p < .01), suggesting that vitality varied with time of day according to a parabolic, instead of 
linear, function (see Figure 3). 

We then added Hourly illuminance level to the model. This improved the model further 
[χ2(1) = 218.20; p < .01], which indicates that the average amount of light a person experienced 
at eye level per hour explained additional variance in feelings of vitality. Hourly light exposure 
was positively related to vitality: Participants felt more energetic when they had experienced 
a higher amount of light during the previous hour (B = .08; p < .01). 
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Figure 3. Vitality and hourly light exposure as function of time of day. The values are determined 

using HLM analyses with time of day as predictor, taking into account the hierarchical structure of the data. 

The whiskers represent the 95% confidence interval.
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Subsequently adding Social interaction and Physical effort improved the model further 
(χ2(2) = 97.22; p < .01), but did not change the results reported above. The relations between 
the amount of social interaction and physical effort, and feelings of vitality were significant 
(both p < .01): The more social interaction and more physical effort the participants had 
engaged in 15 minutes prior to completing the questionnaire, the higher their reported feelings 
of vitality (B = .06 and B = .07, respectively). Adding Prior sleep duration, Chronotype, Light 
sensitivity and Subjective chronic fatigue as covariates to the model further improved the 
model (χ2(3)= 359.12; p < .01), but did not change the earlier results. The results of the final 
model are presented in Table 1.

Table 1. Statistics of predictors for vitality.
F df p B Standardized β

Level 1 predictors
 Time of day 39.51 (1,718) <.01 .12 (.02)  .10
 Time of day squared 31.13 (1,770) <.01 -.01 (<.01) -.16
 Hourly light exposure 6.86 (1,1293) <.01 .06 (.02)  .07
 Social interaction 36.97 (1,1163) <.01 .05 (.01)  .11
 Physical effort 23.66 (1,1060) <.01 .06 (.01)  .09

Level 2 predictor
 Prior sleep duration 20.00 (1,246) <.01 .08 (.02)  .17

Person characteristics 
 Chronotype .42 (1,43) .52 -.05 (.08)  -.06
 Light sensitivity 1.46 (1,42) .23 .10 (.09)  .10
 Chronic fatigue 10.76 (1,43) <.01 -.16 (.05)  -.31

Note. Significant predictors are indicated in bold.

As shown in this table, Prior sleep duration was significantly and positively related to 
subjective vitality. In addition, Subjective chronic fatigue was significantly related to vitality 
with participants who experienced more chronic fatigue reporting lower feelings of vitality. 
Note that comparable results were found when the Hourly circadian light level was added 
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as predictor, instead of Hourly illuminance level, to the hierarchical model: Participants 
reported higher vitality when they had experienced more light in the blue spectrum during 
the previous hour (B = .08; β = .11; F(1,1125) = 11.87; p < .01).

Tension, positive and negative affect. Similar analyses were performed for the 
other mood dimensions. Results of unconditional models for tension, positive and negative 
affect showed that respectively 52.2%, 64.8% and 45.6% of the variance occurred between 
measurement occasions (level 1). In addition, 40.9% of the variance in feelings of tension, 
30.5% of the variance in positive affect and 45.8% of the variance in negative affect occurred 
between persons (level 3) and respectively only 6.9%, 4.7% and 8.6% of the variance between 
days (level 2). The correlation between two consecutive measurement occasions was r = .25, 
r = .27 and r = .16 for feelings of tension, positive affect and negative affect, respectively 
(all p < .01). 

Results of the HLM analyses with the hourly predictors, prior sleep duration and 
person characteristics added as covariates to the model revealed that hourly light exposure 
(either photopic or circadian light) did not significantly predict feelings of tension, positive 
or negative affect (all p > .10). In addition, Time of day and Time of day squared were no 
significant predictors for these mood measures (all p > .10), except for a non-significant 
trend for a negative relation between Time of day squared and tension (B = -.002; β = -.10; 
F(1,576) = 2.83; p = .09). The amount of social interaction was significantly related to feelings 
of positive affect (B = .08; β = .17; F(1,1234) = 67.83; p < .01) and negative affect (B = -.02; 
β = -.02; F(1,1201) = 6.29; p = .01), suggesting that participants experienced more positive 
affect and lower negative affect when they had experienced more social interaction during 
the 15 minutes prior to completing the questionnaire. Social interaction was not a significant 
predictor for tension (F<1; ns). Physical effort, however, was significantly related to feelings 
of tension, with participants reporting higher tension when they had engaged in an activity 
requiring more physical effort prior to completing the questionnaire (B = .06; β = .10; F(1,1211) 
= 20.03; p < .01). Physical effort was not significantly related to feelings of negative affect (p 
= .24), while its relation with positive affect showed a non-significant trend for more positive 
affect after engaging in more physical effort (B = .02; β = .05; F(1,1199) = 2.82; p = .09). 

Sleep duration or Chronotype were not related to these mood measures (all p > .10). 
However, Subjective chronic fatigue was significantly related to tension, positive affect and 
negative affect, with participants reporting feeling more tense (B = .18; β = .32; F(1,43) = 13.22; 
p < .01), less happy (B = -.14; β = -.28; F(1,43) = 10.87; p < .01) and more sad (B = .17; β = .29; 
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F(1,43) = 9.59; p = .01) when they suffered more from chronic fatigue. Light sensitivity was also 
significantly related to tension (B = -.19; β = -.18; F(1,43) = 4.79; p = .03) and positive affect (B 
= .18; β = .25; F(1,42) = 5.83; p = .02), but not with negative affect (F<1, ns). 

Summary. In line with our expectations, hourly light exposure was significantly related 
to feelings of vitality, even after time of day had already been entered as a predictor. The 
amount of social interaction and physical effort engaged in, prior sleep duration and subjective 
chronic fatigue explained further variance in vitality, while subjective light sensitivity and 
chronotype did not. Hourly light exposure did not correlate significantly with feelings of 
tension, positive affect and negative affect.

2.3.3 Exploring different time spans of exposure
To explore whether the relation between experienced light exposure and level of vitality 

varied depending on the length of the time span employed to compute the average light level, 
a series of HLM analyses were performed with different time spans, ranging from the last 
two hours of light exposure prior to filling out the questionnaire to the last five minutes prior 
to the questionnaire. Table 2 reports on the results for the average light illuminance levels 
over these different time spans. 

Table 2. Statistics of different time spans for photopic light exposure as predictors for vitality.
F df p B Standardized β

Prior 2 hours 3.11 (1,971) .08 .05 (.03) .06
Prior hour 6.86 (1,1293) <.01 .06 (.02) .07
Prior 30 min. 9.92 (1,1247) <.01 .06 (.02) .08
Prior 15 min. 11.77 (1,1207) <.01 .07 (.02) .08
Prior 10 min. 12.18 (1,1192) <.01 .07 (.02) .08
Prior 5 min. 7.38 (1,1181) <.01 .05 (.02) .06

Note. Significant predictors are indicated in bold.

The results indicate that the relation with photopic light exposure was significant for 
time spans ranging from five to 60 minutes prior to the questionnaire (all p < .01). A 2-hour 
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period of prior photopic light exposure showed only a non-significant trend (p = .07). Note 
that the average circadian light exposure during a 2-hour period prior the questionnaire was 
a significant predictor for vitality (B = .07; β = .08; F(1,786) = 5.24; p = .02). Overall, these 
results suggest only subtle variations in predictive strength for the different time spans.

2.3.4 Moderation of the relationship between light and vitality by time of day, 
time of year and prior vitality level

In the next sections, we test whether the relation between light level and vitality 
occurred mainly during the morning or afternoon, was more pronounced during the autumn 
and winter or spring and summer months, or was dependent on participants’ prior vitality 
level.

Moderation by time of day. To investigate whether time of day moderated the relation 
between light exposure and vitality, separate HLM analyses were performed for the morning 
and afternoon. In the morning, the relation between Hourly illuminance exposure and vitality 
was significant with B = .10 [β = .13; F(1,598) = 9.51; p < .01]. In contrast, the relation 
between Hourly illuminance level and feelings of vitality was not significant in the afternoon  
[B = .02; β = .02; F(1,681) = .41; p = .52]. The results for Hourly circadian light as predictor, 
however, showed significant relationships with vitality both in the morning [F(1,534) = 9.06; 
p < .01] and afternoon [F(1,585) = 3.88; p = .05], although again the regression coefficient 
was higher in the morning (B = .10; β = .14) than in the afternoon (B = .06; β = .08).

Moderation by time of year. As results on light exposure revealed that intensity 
levels mainly differed between spring and summer vs. autumn and winter, we explored the 
relationship between hourly light exposure and vitality for these two periods of the year 
separately using HLM analyses with the same model as reported above. Results revealed 
that while the relationship between illuminance level and vitality was significant during the 
autumn and winter period (B = .09; β = .10; F(1,705) = 5.17; p = .02), there was only a non-
significant trend during the spring and summer period (B = .05; β = .07; F(1,551) = 3.24; p = .07).  
In contrast, HLM analyses with circadian light as predictor revealed a significant 
relationship between light exposure and vitality during both the autumn and winter period  
(B = .09; β = .11; F(1,690) = 6.20; p = .01) and the spring and summer period (B = .08;  
β = .12; F(1,433) = 5.83; p = .02).
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Moderation by pre-existing vitality level. To investigate whether subjective vitality 
would be more sensitive to light exposure when participants felt less vital, the data was split 
based on the median into whether participants experienced a low vs. high level of vitality 
during the hour preceding the prediction episode. For both mental states, HLM analyses 
were again performed with the same model as reported above. Results revealed a significant 
relationship between Hourly illuminance level and vitality when participants had reported 
relatively low feelings of vitality during the previous hour [B = .08; β = .10; F(1,510) = 6.04; 
p < .01]. Hourly illuminance level was, however, no significant predictor of vitality when 
participants had reported relatively high feelings of vitality during the previous hour [B = 
.03; β = .04; F(1,615) = 1.18; p = .28]. Again in contrast, Hourly circadian light significantly 
predicted vitality for both groups, although the relationship was stronger when participants 
experienced low prior vitality [B = .09; β = .12; F(1,452) = 6.70; p = .01] vs. high vitality 
during the previous hour [B = .06; β = .08; F(1,538) = 4.07; p = .04].

2.4 Discussion
Current insights in activating effects of light on physiology and behavior have mainly 

been based on chronobiological and neuroscience research (see Chapter 1). In the current 
study, we therefore took a more psychological perspective and studied the relation between 
light exposure and human functioning during daytime and among healthy day-active persons. 
More specifically, we explored the relationship between light exposure and persons’ affective 
state in everyday life during regular daytime hours. The current results showed that, in line 
with our hypotheses, the amount of light at eye level significantly predicted feelings of vitality 
on an hour-by-hour basis. Analyses indicate that persons who were exposed to more light 
experienced higher feelings of vitality, over and above the variance explained by person 
characteristics, time of day, activity patterns and sleep duration during the previous night. 
Light exposure was not significantly related with feelings of tension, positive affect or negative 
affect. The current findings extend accounts of acute activating effects found in the laboratory 
at night or after light and/or sleep deprivation to the potential of actual benefits for day-active 
persons in everyday situations. In addition, our results complement the findings of the field 
study by Partonen and Lönnqvist (2000), which revealed improved vitality after four weeks of 
repeated exposure to very high illuminance levels during the darker winter months. Moreover, 
our results complement the findings by Hubalek and colleagues (2010) and Figueiro and 
colleagues (2010a) suggesting that the amount of light exposure during the day not only affects 
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individuals’ sleep quality or sleep duration at night, but is also related to feelings of vitality 
throughout the day. The current results thus illustrate the relevance of daytime light exposure 
patterns for mental wellbeing among day-active persons during regular daytime hours.

Light exposure showed substantial inter- and intra-individual variations in terms of 
mean illuminance level and circadian light. These measures showed a dynamic pattern as a 
function of time of day as well as systematic variations in experienced light exposure with 
season and individuals’ self-reported level of chronic fatigue. Hourly light exposure followed, 
as expected, roughly a daylight curve with higher exposure levels in the early afternoon and 
lower levels in the early morning and evening. In line with earlier studies reporting generally 
low intensity levels (e.g., Aan het Rot et al., 2008; Espiritu et al., 1994; Guillemette et al., 
1998; Hubalek et al., 2010; Savides et al., 1986), exposure to bright light (>1000 lx at the eye) 
was relatively rare and participants were exposed to illuminance levels below 500 lx at eye 
level for the majority of their day. 

2.4.1 Variations in relational strength
Exploration of relationships of different time spans of light exposure prior to completing 

the hourly questionnaire suggested only subtle variations in strength depending on the length 
of the predictive time span. Although the average light exposure during one hour prior to self-
report as well as shorter intervals significantly predicted vitality, the average illuminance level 
of the two preceding hours showed only a non-significant trend for a relation with subjective 
vitality. Overall, these results provide support for acute effects of bright light exposure during 
daytime, even in everyday conditions. In addition, they suggest that these effects may be 
quite transient and short-lived, in that shorter durations of exposure appear to predict state 
vitality better than longer (>1 hour) measurement periods. This latter observation is also in 
line with the findings from Hubalek et al. (2010), who found no predictive effect of daily 
light exposure for mood assessed at the end of the day.

The current study showed that participants were more sensitive to variations in 
illuminance level during autumn and winter than during the spring and summer months. 
In line with the results by Guillemette et al. (1998) and Aan het Rot et al. (2008), subjects 
participating during the autumn and winter months experienced lower illuminance levels 
and were exposed to fewer minutes of bright light than subjects who participated during the 
spring and summer period. Although we did not measure participants’ sensitivity to seasonal 
affective disorder, subjects participating in the autumn and winter did not report significantly 
more chronic fatigue or lower levels of vitality than did subjects during the spring and summer 
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period (results not shown). This suggests that healthy day-active persons can – in addition to 
persons suffering from seasonal affective disorder – benefit from higher illuminance levels 
during the darker months (i.e., autumn and winter). 

Our results also showed that the relationship between hourly light exposure and vitality 
was most pronounced in the morning, suggesting that this relation is time dependent. Note 
that participants were not exposed to more minutes of bright light (>1000 lx at the eye) in the 
morning than in the afternoon, suggesting that this cannot explain the difference between 
morning vs. afternoon exposure in the current study. Yet, feelings of vitality were relatively 
lower in the early morning, which perhaps explains the time dependency of the relationship 
between light exposure and vitality in the present study. After all, the relationship between the 
amount of light experienced and feelings of vitality was most pronounced when participants 
had experienced relatively low vitality during the previous hour. These results suggest that 
exposure to more intense light may mainly have an effect when the mental state of a person 
can be improved.

In addition to potential intra-individual variations in sensitivity to light as a 
function a person’s momentary state, the current results also suggested a link between 
participants’ general experienced level of fatigue, their affective state and experienced 
light exposure throughout the day. Participants with higher levels of chronic fatigue 
reported lower feelings of vitality, lower positive affect, more tension and more negative 
affect. In addition, participants’ experienced level of chronic fatigue was significantly 
related to hourly light exposure, suggesting that persons suffering from a higher chronic 
mental fatigue were exposed to fewer minutes of bright light and persons suffering more 
from concentration problems experienced less light in the blue spectrum throughout 
the day. This finding is in line with results by Martin and colleagues (2012), which 
suggested that students who were late chronotypes reported high levels of chronic 
fatigue and experienced less light during the day. As in the current study, the causality 
behind the link between fatigue and light exposure is unclear: It may be interesting to 
explore the potential for bright light therapy or healthy light applications for persons 
who are (temporarily) experiencing mental fatigue, or are under high mental pressure. 
Findings from the current study support the idea that the relationship between light 
exposure and vitality is stronger when the antecedent vitality level is relatively low. It 
appears that particularly those in need of revitalization benefit from exposure to more 
intense light.
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2.4.2 Photopic versus circadian light
We investigated the relation of both illuminance level and circadian light exposure 

with subjective vitality, to explore whether the relationship differs depending on the type 
of measure for the amount of light experienced. While illuminance level represents the 
amount of light corrected for the spectral sensitivity of the visual system, circadian light 
represents the amount of light corrected for the spectral sensitivity of the non-visual effects. 
This latter is determined by the suppression of melatonin at night, which is most sensitive 
to light in the blue spectrum (e.g., Brainard et al., 2001; Thapan et al., 2001). Results for 
both indicators showed that exposure to relatively more photons at the eye were related to 
stronger feelings of vitality in everyday life. Both measures showed large overlap, although 
a few results suggested somewhat stronger relationships between the experienced amount 
of light and vitality when measured in terms of circadian light. However, the differences 
in the current study are too subtle to draw conclusions concerning the optimal spectral 
composition of daytime light exposure to enhance mental wellbeing. Moreover, results 
of a very recent laboratory study provided indications that light in other parts of the 
visible spectrum may also induce alertness during daytime (Sahin & Figueiro, 2013). In 
fact, this study suggested alertness-enhancing effects of exposure to monochromatic red 
light (instead of blue light, both at 40 lx) in the afternoon. One therefore has to consider 
the possibility that the spectral sensitivity functions for persons’ subjective experience 
and behavior differ from the function established for nocturnal melatonin suppression  
(see also Chapter 7, section 7.8).

2.4.3 Limitation
A potential limitation of the current study is that the study is correlational and therefore 

no causal relationships can be determined. Note, for instance, that persons who feel vital 
may go outdoors more or otherwise also seek more light than depleted persons. However, the 
relationship between hourly light exposure and vitality was most pronounced for individuals 
who experienced relatively low vitality suggesting a reverse pattern: persons with a low 
vitality level appeared to benefit more from exposure to more intense light. Moreover, the 
hierarchical and repeated design, and time-lagged structure of the data, i.e., the predictor 
temporally precedes the dependent variable, to some degree allow for causal inference (e.g., 
Bolton, Gray, & Litz, 2006; King et al., 2000; Weigel, 2010). In Chapter 3 and Chapter 4, we 
will test causal effects of bright light exposure on subjective vitality in the laboratory. These 
studies not only test effects of a higher illuminance level (1000 lx vs. 200 lx at the eye) on 
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self-reported alertness, vitality and other dimensions of mood, but also investigates effects 
on task performance and physiological arousal during regular daytime hours. As a first 
step exploring potential state-dependent effects, Chapter 4 investigates whether activating 
effects are more pronounced under experimentally induced mental fatigue compared to a 
more relaxed state, in the laboratory. In addition, we explore whether participants prefer a 
higher illuminance level, i.e., seek more light, when feeling more sleepy and depleted in 
Chapter 5 and Chapter 6.

2.4.4 Conclusion
The relation between diurnal light exposure and feelings of vitality illustrates 

the relevance of light exposure throughout the day in everyday situations. Vitality is a 
psychological concept central to mental well-being, health and performance (see also 
Chapter 1). Both short durations of exposure, e.g. 5-10 minutes, as well as one hour of 
exposure showed to be relevant predictors for vitality throughout the day. The responsiveness 
to light was most pronounced in the morning, during the darker months of the year and when 
individuals experienced relatively low vitality during the previous hour. The current results 
support laboratory-based findings of light exposure on alertness and vitality at night or after 
sleep deprivation, suggesting that light exposure can also have acute effects on experienced 
vitality during daytime and in everyday situations.
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Chapter 3

A higher illuminance induces alertness even during office hours 
findings on subjective measures, task performance, EEG,  

heart rate and skin conductance

Abstract
The current study investigated the effect of the intensity of white light exposure on 

human daytime functioning in the laboratory. In a mixed-group design (N = 32, 83 sessions), 
effects of two illuminance levels (200 lx vs. 1000 lx at eye level, 4000K) were explored 
during one hour of morning versus afternoon exposure. In four repeated blocks, self-reports, 
task performance and physiological arousal were measured during the light exposure. 
Results showed effects of illuminance level on subjective sleepiness and vitality, sustained 
attention, EEG power in the theta and alpha range, skin conductance level, heart rate and 
heart rate variability. Participants felt less sleepy and more energetic in the high versus 
the low lighting condition, had shorter reaction times on the psychomotor vigilance task, 
lower relative theta and alpha power and increased autonomic nervous activity. Effects 
of illuminance on the subjective measures, as well as those on relative theta power, skin 
conductance level and heart rate were not dependent on time of day or duration of exposure. 
Effects on performance and heart rate variability were most pronounced towards the end of 
the one-hour exposure period. The effects on sustained attention and relative alpha power 
were most pronounced in the morning sessions. Together, the results demonstrate that even 
under normal conditions, i.e., in the absence of sleep or light deprivation, more intense 
light can affect feelings of alertness and vitality, and several indicators of performance and 
physiology of day-active persons. 

This chapter is based on:
Smolders, K. C. H. J., De Kort, Y. A. W., & Cluitmans, P. J. M. (2012). A higher illuminance induces alertness 
even during office hours: findings on subjective measures, task performance and heart rate measures. 
Physiology & Behavior, 107, 7-16. doi:10.1016/j.physbeh.2012.04.028
Smolders, K. C. H. J., De Kort, Y. A. W., & Cluitmans, P. J. M. (Under submission). A higher illuminance 
induces modulations in brain activity even during office hours: Findings on EEG.  
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even during office hours: findings on subjective measures, task performance and heart rate measures. 
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induces modulations in brain activity even during office hours: Findings on EEG.  
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3.1 Introduction
The results of the previous field study provided indications that white light exposure 

may have acute effects on feelings of vitality during daytime and in everyday situations. As 
this field study was correlational, we could not establish causal relations (see Chapter 2). 
In the current study, we investigated potential alerting and vitalizing effects of white light 
exposure in the laboratory during regular daytime hours. To date, studies investigating effects 
of white light exposure on human functioning have shown robust effects on subjective and 
objective indicators of alertness and vitality at night (see Chapter 1). But nighttime physiology 
and behavior differs from that during daytime. Most significant is perhaps the nocturnal 
production of the sleep-inducing hormone melatonin, which is suppressed by light exposure 
(e.g., Cajochen et al., 2000; Lewy et al., 1980; McIntyre et al., 1989; Zeitzer et al., 2000). 
During the day humans do not produce melatonin and hence melatonin suppression does not 
occur under daytime bright light exposure. 

Nevertheless, environmental psychologists have shown that physical context and ambient 
features have the potential to positively influence the level of mental fatigue people encounter, 
their vitality level and performance during daytime (for reviews see e.g., Dijkstra, Pieterse, 
& Pruyn, 2006; Veitch, 2011). In addition to the field study reported in Chapter 2, which 
suggested a direct relation between light exposure and subjective vitality, several other studies 
have reported that lighting is a potential environmental feature impacting mental wellbeing 
and performance during daytime. A few field studies, for example, indicated that the color 
of white lighting and type of light source can affect employees’ feelings of alertness, self-
reported performance and their need for recovery during regular working hours (Mills et 
al., 2007; Smolders, de Kort, Tenner & Kaiser, 2012; Viola et al., 2008). In addition, several 
laboratory studies reported daytime alerting effects among individuals who had been light 
deprived or sleep deprived prior to the light treatment (Phipps-Nelson et al., 2003; Rüger et al., 
2006; Vandewalle et al., 2006). Moreover, two laboratory studies in which participants were 
exposed to bright light during a working day suggest that light intensity can potentially also 
modulate brain activity during regular daytime hours (Gornica, 2008; Küller & Wetterberg, 
1993; see also Chapter 1).

In the current study, we investigated the alerting and vitalizing effect of illuminance 
level (200 vs. 1000 lx at the eye) on subjective measures, task performance (including visual 
and non-visual tasks), and physiological arousal during regular daytime hours. Effects were 
tested without sleep deprivation or pre-treatment under extremely low daytime light settings. 
We expected to see positive effects of illuminance level on self-report measures of alertness 
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and vitality in line with the results of our field study and with laboratory studies performed 
by Rüger et al. (2006) and Phipps-Nelson et al. (2003), who reported such effects also during 
daytime, although for more extreme light manipulations, after hours of relative darkness and/
or sleep deprivation. In addition to these subjective measures, we explored whether daytime 
exposure to bright light would - in line with studies performed in the late evening and at night 
– induce faster and more accurate responses on performance tasks, result in higher arousal 
of autonomic nervous system, and modulate cortical arousal. More specifically, we also 
investigated effects of illuminance level on sustained attention and cognitive performance, 
heart rate, skin conductance and brain activity measured with EEG.

We investigated the development of these effects on human daytime functioning during 
an hour of light exposure to 1000 vs. 200 lx at the eye, to assess whether effects on subjective 
and objective indicators of alertness occurred immediately with the light onset – and persisted 
during the light exposure – or showed delayed or otherwise time-dependent effects. As 
levels of sleepiness, vitality, mood, performance, EEG and heart rate seem to show diurnal 
variations (Aeschbach et al., 1999; Cajochen, 2007; Cajochen & Dijk, 2003; Cacot, Tesolin 
& Sebban, 1995; Lafrance & Dumont, 2000; Kraemer et al., 2000; Schmidt et al., 2007; 
Valdez, Reilly, & Waterhouse, 2008; Wood & Magnello, 1992) and previous study showed a 
time-dependent relationship between light exposure and vitality, we distinguished between 
morning and afternoon exposure allowing us to explore time of day as potential moderator 
of diurnal bright light effects. Moreover, we investigated whether subjective appraisals of 
the lighting, experience of the space and beliefs concerning effects of light on mood and 
performance differed between the lighting conditions.

3.2 Method
3.2.1 Design

A 2x2 mixed design was applied to explore the effect of illuminance level (200 vs. 
1000 lx at eye level) for morning versus afternoon exposure. Participants came to the lab on 
two to four visits on separate days. When persons participated twice, they were exposed to 
1000 lx in one session and to 200 lx in the other session both at the same time of day, i.e., the 
lighting condition was manipulated within subjects and time of day between subjects. When 
persons participated four times, both lighting condition and time of day were manipulated 
within subjects: they experienced all experimental conditions. During three visits, participants 
were exposed to both lighting conditions at the same time of day as well as to one of the 
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lighting conditions at another time of day. Participants were randomly assigned to the order 
of experimental conditions. There was no daylight contribution in the room during this 
experiment.

3.2.2 Participants
Thirty-two students participated in this lab study, of which 19 were male and 13 

female (mean age 22, SD = 4.0, range 18 to 35). The EEG data of one of these participants 
was excluded due to poor signal quality in all sessions. None of these participants were 
extreme chronotypes according to the Munich Chronotype questionnaire (MCTQ; 
Roenneberg et al., 2003), had travelled to a different time zone two weeks prior to the 
experiment or had complaints about their general health. They participated two, three, 
or four times in different conditions on separate days. Twenty people participated in two 
sessions (both lighting conditions in the morning or afternoon); seven people participated 
in four sessions (both lighting conditions, morning and afternoon); five participated in 
three sessions.  On average, they participated in 2.6 (SD = 0.8) conditions – always on 
separate days – with, on average, four days in between each session. Within participants, 
the morning and afternoon sessions were scheduled at the same time (9am or 11am, and 
1pm or 3pm, respectively). The distribution across experimental conditions is described 
in Table 3.

Table 3. Overview number of participants in experimental conditions.
200 lx 1000 lx

Males Females Males Females
Morning 12 10 13 10
Afternoon 10 9 12 7

Note. Total N = 32, of which 7 participated in all four conditions.

3.2.3 Setting
The room in which the experiment took place was a simulated office environment 

at the Eindhoven University of Technology in the Netherlands and had a size of 3.6 
m by 3.2 m. The room was equipped with surface-mounted Philips Strato luminaires 
(Philips TPH710) covering the walls and ceiling. Each luminaire measured 1.2 x 1.2 m and 
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contained six fluorescent tubes of 28W, of which three tubes of 2700K (TL5-28W/827) 
and three tubes of 6500K (TL5-28W/865). The luminaires had a translucent cover with an 
integrated diffuser which blended the two lamp types and created a virtually homogeneous 
luminous surface. The spectral power distribution (SPD) and color rendering index (CRI) 
were measured with a calibrated spectroradiometer (JETI Specbos 1201) at eye level 
(height 1.20m) aimed at the wall in the gaze direction of the participants. The SPD of 
the lighting in the 1000 lx condition at 4000K is depicted in Figure 4. The CRI at 4000 
K was Ra = 86.
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Figure 4. Spectral power distribution measured at eye level in the 1000 lx (4000 K) condition.

During the baseline phase and throughout the experiment, three ceiling mounted 
luminaires provided basic room illumination (118 lx at eye level (photon density: 9,18 x 1013 
photons*s  -¹*cm-²; irradiance: 34 μW/cm2) and 200 lx on the work plane). In addition to this 
baseline setting, a wall-mounted luminaire was turned on when the experimental conditions 
started. The lighting was adjusted to either 200 lx or 1000 lx at 4000 K at eye level. In the 
200 lx condition, settings were such that this resulted in a total of 200 lx at the eye (photon 
density: 1.63 x 1014 photons*s  -¹*cm-²; irradiance: 61 μW/cm²) and 233 lx on the work plane. 
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In the 1000 lx condition, this resulted in 1000 lx at the eye (photon density: 8.04 x 1014 
photons*s  -¹*cm-²; irradiance: 300 μW/cm) and 649 lx on the work plane. The height at eye 
level used in this study was 1.20m.

The main furnishings of the room consisted of a desk with computer, chair and a cabinet. 
The walls and ceiling were off-white and had a reflectance of 87%, the floor was grey-blue 
with a reflectance of 19% and the desk was grey and had a reflectance of 39%. There was 
no window in the room.

3.2.4 Procedure
Prior to the start of the first session, participants signed a consent form and 

completed a questionnaire to assess personality traits and demographic data. At the 
start of each session, participants completed a questionnaire on time of going to sleep 
and awakening, hours of sleep, time spent outside, travelling time outside and whether 
they had had coffee and/or eaten something one hour before the experiment. Each session 
started with a baseline phase. During this baseline phase, participants applied electrodes 
for the heart rate and skin conductance measures according to the instructions given 
by the experimenter. Subsequently, the procedure of applying the EEG electrodes was 
explained and the experimenter placed the electrodes on the participant’s scalp. After 
applying the electrodes, participants read the instruction for the tasks and baseline 
measurements started.

Each session consisted of five measurement blocks (see Figure 5). The first 
measurement block took place during the baseline phase; the remaining four measurement 
blocks (Blocks 1 to 4) comprised the experimental phase. Each block started with an EEG 
protocol: Participants focused on a dot on the screen for two minutes and subsequently closed 
their eyes for two minutes to measure brain activity with eyes open and eyes closed. After 
the 4-minute EEG protocol, participants engaged in a simple reaction time task and a more 
complex cognitive performance task. At the end of each measurement block, participants 
completed a short questionnaire to measure their state sleepiness, vitality and mood. In 
addition, at the end of each session, participants filled in a questionnaire concerning their 
appraisals of the lighting and the room. Every session lasted about 90 minutes and the 
participants received a compensation of 15 Euros per session. The study took place from 
June to September 2010.
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Figure 5. Overview of procedure experiment

3.2.5 Measures
Repeated self-report, task performance, and physiological measures (EEG, heart rate 

and skin conductance) were applied in each session. 

Subjective sleepiness, vitality and mood. Subjective sleepiness was assessed with the 
Karolinska Sleepiness Scale (KSS; Åkerstedt & Gillberg, 1990). The response options of this 
scale ranged from (1) ‘extremely alert’ to (9) ‘extremely sleepy - fighting sleep’. Subjective 
vitality, tension, positive affect and negative affect were measured with the same eight items 
as used in Study 16 (see Chapter 2, Section 2.2.2). The internal reliabilities of the vitality and 
tension subscales were α = .85 and α = .56, respectively. 

Task performance. Three different tests were employed to test effects on performance. 
In the baseline and in all four measurement blocks of the experimental phase, a 5-minute 

6 The complete set of twenty items from the activation-deactivation adjective checklist (Thayer, 1989) was 
employed in the baseline and last measurement block, but only the data from the short version are used 
here as they allow comparison over the five blocks. The short version of these scales showed a large 
overlap with the longer versions employed in the baseline and Block 4, as indicated by high bivariate 
correlations (all r > .79). 
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auditory Psychomotor Vigilance Task (PVT) was employed to measure sustained attention 
(Loh, Lamond, Dorrian, Roach, & Dawson, 2004). During this test, short beeps of 400 
Hz were presented at random intervals of 1 to 9 seconds and the participant had to press 
the spacebar as fast as possible after hearing a beep. The mean reaction time was used as 
dependent measure for performance on this task7. 

In addition, in Blocks 1 to 3, a visual Letter Digit Substitution Test (LDST) was 
administered (Van der Elst, Boxtel, van Breukelen, & Jolles, 2006). During this task, 
participants were shown seven rows with in total 135 letters. Nine different characters were 
used with corresponding numbers 1 to 9. Participants had to fill in the corresponding numbers 
for the given 135 characters. The first ten characters were used as a practice trial. When 
the corresponding numbers were filled in correctly for these ten characters, the test started. 
Participants substituted as many characters with the corresponding numbers as possible 
during one minute. This task involves sustained attention, visual scanning, mental flexibility, 
psychomotor speed, and speed of information processing (Van der Elst et al., 2006; Lezak, 
1995). The performance indicators correspond to the number of correct digits, the number 
of errors and the percentage of correctly substituted characters.

In the baseline and last measurement block, the Necker cube pattern control test was 
administered after the auditory PVT to measure capacity to direct attention (Tennessen & 
Cimprich, 1995). Participants indicated every single reversal in perspective of the wire-
frame cube by pressing the space bar, first during 30 seconds without a specific task, then 
another 30 seconds with the instruction to try to hold on to one perspective. The percentage 
of reduction in pattern reversals between the first and second part was used as the dependent 
measure for participants’ ability to focus attention.8

Physiological measures. Physiological arousal was assessed with heart rate, heart rate 
variability (HRV), skin conductance level and brain activity measured with EEG. 

7 We also analyzed and reported on the 10% slowest and 10% fastest response in Smolders et al. (2012). 
These measures showed very similar results as the mean reaction time, but will - due to the large number 
of dependent variables - not be reported on in this thesis. 

8 More than one-third of the participants did not appear to comply with the instructions as they indicated 
more reversals in part two than in part one. Therefore, we will not report on these data.
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ECG and EDA. Heart rate, HRV and skin conductance level were measured continuously 
during the experiment using TMSi software. The electrodes for the Electrocardiography 
(ECG) measurements were placed at V1 and V6 using Kendall Arbo H124SG ECG electrodes. 
Electrodermal activity (EDA) was measured using two electrodes of which one was placed 
on the forefinger and one on the middle finger of the participant’s non-dominant hand. A 
sampling frequency of 2048 Hz was used. ECG and EDA measurements of 5 minutes during 
the auditory PVT tasks were used for the analyses.

To optimize signal quality, artifacts in the ECG signals were removed following a 
procedure for EEG described by Van de Velde, Ghosh & Cluitmans (1999). Time domain 
and frequency domain (Fast Fourier Transform) analyses were performed with Kubios 
analysis software (Niskanen, Tarvainen, Ranta-Aho, & Karjalainen, 2004) using adequate 
RR intervals in a segment of at least 3 minutes. Mean heart rate (bpm) and the LF/HF power 
ratio (LF: .04-.15 Hz and HF: .15-.40 Hz) were used as dependent variables in this study. 
Difference scores between the lighting condition and baseline measures were computed 
considering potential inter- and intra-individual differences in heart rate and HRV.

The EDA data during the PVT was downsampled to 32 Hz. Subsequently, a 1-Hz 
Butterworth low-pass filter was applied to determine the skin conductance level (SCL). The 
average level (μSiemens) during the measurement period was calculated and subsequently 
log-transformed due to the skewed distribution of the data.

EEG. EEG power density was measured at positions F3, F4, C3, C4, P3, P4, O1 and O2 
according to the international 10-20 system with Cz as common reference (Klem, Lüders, 
Jasper, & Elger, 1999). The EEG signals were measured at a sampling frequency of 250 
Hz, high-pass filtered at .5 Hz and low pass filtered at 30 Hz. BMC acquisition software 
(Xplicare, Brainmarker, the Netherlands) was used for data acquisition, filtering and display 
of the signals. At the start of each session, the electrode impedance was checked to be less 
than 10 kΩ.

Artifacts in the EEG signals were removed based on the work of Van de Velde and 
colleagues (1999) to optimize signal quality using Matlab 7.11.0. As a first step of the artifact 
detection, amplitudes higher than 70µV or lower than -70µV were removed. Subsequently, the 
2-minute measurement periods during the eyes open parts were divided in 2-second epochs 
and each epoch was inspected for outliers based on its minimum, maximum, and maximum 
slope. The data of a 2-s epoch with one or more of these variables having a value more than 
three standard deviations from the median of all epochs in the 2-minute period was recoded 
as missing value. After artifact detection, the spectral power distribution was computed using 
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a Fast Fourier Transformation (FFT) with Hamming window using Matlab for each 2-second 
epoch. Subsequently, EEG power was averaged over the theta (4-8 Hz), alpha (8.25-12 Hz) 
and beta (12.25-30 Hz) ranges (in μV2/Hz) for each epoch. Aggregated power scores for each 
2-minute eyes open measurement were computed when no more than 25% of the epochs had 
a missing value, i.e. averages were computed for periods of at least 90 seconds. The alpha 
attenuation coefficient (AAC) represents the ratio of alpha power during eyes closed to alpha 
power during eyes open. This ratio was shown to be related to lower sleepiness and shorter 
reaction times on a sustained attention task (Kaida et al., 2006a; Stampi, Stone & Michimori, 
1995). Alpha power during eyes closed was computed according to the same procedure as 
described for the eyes open data.

To correct for inter- and intra-individual differences, powers in the theta, alpha and 
beta range, and AAC during the light exposure were computed relative to the corresponding 
baseline power, i.e., power measured at the start of each session. Therefore, theta, alpha and 
beta powers and AAC represent the power as percentage of baseline. The relative powers 
were inspected for extreme values: percentages below 20 and above 500 (i.e., factor 5 from 
baseline) were assumed as invalid and coded as missing. In addition, outliers were removed 
based on 3 standard deviations from the mean to meet requirements for a normal distribution. 
In total, less than 10% of the data was coded as missing for the different EEG measures after 
all steps (specifically, theta: 6.2%, alpha: 7.2%, beta: 7.0% and AAC: 9.3%).

Evaluation of lighting condition and office environment. In the final questionnaire 
at the end of each session, subjective appraisals and beliefs about the lighting were measured. 
Subjective evaluation of lighting conditions was assessed with eight 5-point semantic 
differential adjective items adopted from Flynn et al. (1973). The subscale assessing 
experienced pleasantness of the lighting consisted of four items (‘unpleasant – pleasant’, 
‘uncomfortable – comfortable’, ‘disturbing – not disturbing’ and ‘causing glare – not causing 
glare’) and was internally reliable with α = .85. In addition, four single items assessed 
subjective evaluations concerning color (‘warm – cold’), brightness (‘dim – bright’) and 
distribution (‘uniform – non-uniform’) of the lighting and whether the lighting was activating 
(‘relaxing – stimulating’). 

In addition, two separate items probed the adequacy of the amount and the adequacy 
of the color of the lighting for a working environment. Visual comfort on the work plane, 
on the screen, and in the space was measured with three items from Aries (2005; α = .65). 
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Four semantic differential items probed beliefs regarding the effects of the lighting 
conditions on work performance and mood. Three items concerned potential effects of the 
lighting on work performance (‘unsuitable to work - suitable to work’, ‘makes it difficult 
to concentrate – makes it easy to concentrate’ and ‘causes bad performance – cause good 
performance’; internal reliability of α = .80) and one item related to whether the lighting 
affected their mood (‘does not affect my mood – affects my mood’). 

Evaluation of office environment. Four items measured participants’ evaluation of the 
overall impression of the environment. Three items (‘beautiful’, ‘nice’ and ‘pleasant’) were 
based on Staats, Kieviet and Hartig (2003). The item ‘comfortable’ was added to this scale. 
Answers were given on a scale ranging from (1) ‘not at all’ to (7) ‘extremely’. This scale had 
an internal reliability of α = .88. Attitude towards the office environment was measured with 
four items (‘attractive’, ‘pleasant’, ‘positive’ and ‘agreeable’) probing what it would be like 
to work in a comparable environment (α = .95). 

Potential confounding variables. Time awake, minutes of sleep, time spent outside, 
travelling time outside and whether participants had had coffee and/or eaten something one 
hour before the experiment were investigated at the beginning of each session. In addition, 
light sensitivity (α = .63), trait subjective vitality (α = .90), chronotype, general health  
(α = .65) and global sleep quality were assessed prior to the first session in which the subject 
participated. For a description of these measures see Chapter 2, Section 2.2.29.

Summary: overview of independent and dependent variables. Figure 6 provides an 
overview of the independent and dependent variables in the current study. We manipulated the 
illuminance level (1000 lx vs. 200 lx at the eye) and tested its effect on subjective experiences 
(alertness, vitality, mood, appraisals and beliefs), task performance on a simple vigilance 
task (PVT) and a more complex task (LDST), brain activity (EEG power density in the theta, 
alpha and beta range and the AAC) and physiological arousal of the autonomic nervous 
system (HR, HRV, SCL). These measures (except appraisals and beliefs) were assessed in four 
repeated measured blocks during one hour of light exposure to investigate the development 
of bright light effects on alertness and arousal over time. In addition, we assessed effects 

9 Note that the item ‘How often do you wear sunglasses because light is too bright?’ was added as additional 
item for light sensitivity. A Principal Axis Factoring analysis revealed one factor.
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for both morning and afternoon exposure to investigate potential time-dependent effects 
of illuminance level on the dependent measures. The current design was thus employed to 
explore to what extent daytime alerting and activating effects of bright light exposure were 
shown for the different dependent variables (i.e., subjective, performance and physiological 
measures) and whether these effects were moderated by time of day or time in session. Note 
that we measured EEG at different brain regions (i.e., frontal, central, parietal and occipital) 
and investigated whether effects of illuminance level on power density were moderated by 
cortical area.

Illuminance level
(1000 lx vs. 200 lx 

at the eye)

Subjective experience

Alertness 

Mood:
Vitality, tension, positive affect, 

negative affect

Appraisals
Beliefs

Task performance 

Psychomotor Vigilance Task 
(PVT)

Letter digit substitution test 
(LDST)

Physiological arousal

Brain activity: EEG power 
density

Autonomic nervous system: 
Heart rate, skin conductance

Time of day

Time in session

Cortical area

Figure 6. Overview independent and dependent variables Study 2.
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3.2.6 Statistical analyses
Due to the nested structure of the data, Linear Mixed Model (LMM) analyses were 

performed to investigate potential baseline differences and test the effects of illuminance 
level on subjective experience, performance and physiology. Effects on subjective state, 
task performance and physiological arousal of the autonomic nervous system were tested 
using LMMs with Lighting condition (200 lx vs. 1000 lx at the eye), Time of day (morning 
vs. afternoon) and Measurement block (Block 1 – Block 4) as fixed factors and subjective 
measures of sleepiness, vitality and mood, PVT mean reaction time, LDST performance 
indicators, heart rate, HRV and SCL as dependent variables (separate LMM analyses were run 
for each dependent variable). The interaction between Lighting condition and Measurement 
block was added to these models to assess whether the effect of illuminance level was 
moderated by time in session. In addition, the interaction between Lighting condition and 
Time of day was added to assess whether the effect of illuminance level was dependent on 
time of day, i.e., differed between morning vs. afternoon exposure. As evaluations of the 
lighting and the environment were measured only once at the end of the light exposure, LMM 
analyses with only Lighting condition and Time of day as fixed factors were performed for 
these variables. 

To test the effect of Lighting condition on the EEG measures, LMM analyses were 
performed with Lighting condition, Time of day, Measurement block and Cortical area 
(frontal, central, parietal vs. occipital) as fixed factors. The 2-way interactions of Lighting 
condition with Cortical area, Time of day and Measurement block were added to the model 
to explore whether the effect of illuminance level was moderated by cortical area, time of 
day or time in session respectively. In addition, the 2-way interaction between Cortical area 
and Time of day and the 3-way interaction between Condition, Cortical area and Time of day 
were added to control for potential time-dependent differences in cortical areas10. Note that 
Hemisphere was only added as nesting variable for Cortical area (to indicate that EEG was 
measured at different locations at the scalp on both the left and right hemisphere), but was 
not added as fixed factor to the final model to reduce complexity. Analyses with Hemisphere 
added as factor revealed no significant main effect of Hemisphere or significant interaction 

10 Note that preliminary analyses revealed a time-dependent difference in the relative AAC between the 
cortical areas, as well as a trend for an interaction between Cortical area and Time of day on relative 
theta, but no significant differences in EEG between the cortical areas with time in session (data not 
shown). 
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effects between Lighting condition and Hemisphere, and did not change the results (data 
not shown). 

In all analyses, Participant was added as independent random variable to group the data 
per participant, i.e. to indicate that the same participant was measured multiple times. In 
addition in the LMMs for the EEG measures, Cortical area was added as repeated random 
variable (nested within hemisphere, which in turn was nested in measurement block per 
session for each participant), to indicate that the relative power density on the different cortical 
areas was measured in parallel at both the left and right hemisphere during each measurement 
block in a session. An unstructured residual covariance matrix was used to model potential 
variance and covariance between the residuals of different channels during each block. This 
models potential covariance in error between the relative power measured at the different 
cortical areas within the left or right hemisphere (e.g., between F3 and C3 or between C4 and 
O2) and potential variance between residuals within one cortical area between hemispheres 
(e.g., between F3 and F4 or between O1 and O2) over time in session, and resulted in the 
best fit of the null models (i.e., an unconditional model with no predictors). Light sensitivity, 
Chronotype, Trait vitality, and Global sleep quality were added as covariates to control for 
these person characteristics. General health and Gender were not added to the model to avoid 
multicollinearity as these variables correlated (r > .3) with the other covariates.

In summary, in these mixed model analyses, two levels were specified: measurement 
level (Level 1) and the participant level (Level 2). The effect of Lighting condition, Time 
of day, Measurement block and Cortical area were added as predictors at the measurement 
level. To control for potential inter-personal differences, we added person characteristics as 
predictors at the participant level to the model (Level 2). The LMM analyses for the baseline 
comparisons of subjective sleepiness, vitality and mood, PVT performance and physiological 
measures were identical to these analyses, except that Measurement block was not added as 
fixed factor in the models. Note that reported contrasts for interaction effects always refer 
to posthoc comparisons with Bonferroni correction.

3.3 Results
First, we performed baseline comparisons, testing whether there were differences in 

sleep, time spent outside and coffee or food consumption prior to the experiment between 
the conditions. In addition, baseline comparisons for the self-report, performance and 
physiological measures were performed to investigate whether differences in sleepiness, 
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vitality, mood, task performance and physiological arousal already existed at baseline (prior 
to the light manipulation). Subsequently, the effects of illuminance at eye level on subjective 
measures of sleepiness, vitality and mood, task performance and physiological measures were 
assessed. Last, we investigated whether evaluations of the lighting and the room differed 
between the lighting conditions. 

3.3.1 Baseline comparisons
Potential confounding variables: Sleep, time spent outside and consumption.  

LMM analyses with Lighting condition, Time of day and the interaction between 
Lighting condition and Time of day as fixed factors were performed to explore whether 
there were differences in sleep duration, time awake, time spent outside and coffee or 
food consumption between conditions prior to the experimental treatments. The results 
revealed that time awake and sleep duration in minutes did not differ between the lighting 
conditions (both F<1, ns). There were also no differences in minutes spent outside between 
the lighting conditions (F<1, ns). Time awake, sleep duration and time spent outside in 
minutes did differ between the morning and afternoon sessions, as would be expected. 
Participants were awake for longer in the afternoon (EMM = 307; SE = 15) than in the 
morning sessions (EMM = 132; SE = 14; F(1,77) = 112.74; p < .01). Participants had also 
slept longer when participating in the afternoon (EMM = 462; SE = 14) compared to the 
morning session (EMM = 421; SE = 13; F(1,81) = 5.97; p = .02). In addition, participants 
had spent more minutes outside in the afternoon (EMM = 61; SE = 9) than in the morning 
(EMM = 30; SE = 9; F(1,76) = 9.26; p < .01). These effects were not moderated by Lighting 
condition (all F<1, ns). Whether the participants had had coffee or eaten something during 
the hour before the experiment also did not significantly differ between the sessions  
(all p > .10). 

Baseline self-report, task performance and physiology measures. Results of the 
LMM analyses revealed that there were no significant differences between the lighting 
conditions in feelings of sleepiness, vitality, tension, positive, or negative affect at baseline 
(all p > .10). Performance on the auditory Psychomotor Vigilance Task (PVT) at baseline also 
showed no significant baseline differences in mean reaction time (all p > .10). LDST measures 
were only taken in Blocks 1 to 3, hence we cannot compute baseline comparisons for this 
indicator of cognitive performance. Baseline comparisons of heart rate, skin conductance 
and EEG revealed no significant differences at baseline between the lighting conditions  
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(all p > .10), except for a non-significant trend for an interaction between Lighting condition 
and Time of day on theta power at baseline [F(1,124) = 2.85; p = .09]. However, posthoc 
comparisons revealed no significant differences (all p > .10). 

3.3.2 Effects of illuminance level on subjective indicators
In this section we test the effect of Lighting condition, Time of day and Measurement 

block on self-reported sleepiness, vitality, tension, positive affect, and negative affect. In 
addition, we assessed whether the effect of illuminance level was moderated by time in session 
or time of day. Table 4 reports the results for the comparisons between the 200 lx and 1000 lx 
conditions (at the eye). These results showed a significant main effect of Lighting condition on 
subjective sleepiness and vitality. Participants felt less sleepy and more energetic in the 1000 
lx condition compared to the 200 lx condition. Lighting condition had no significant main 
effects on the other dimensions of mood (i.e., happiness, sadness and tension; see Table 4).

Table 4. Results of LMM analyses for subjective measures.
200 lx 1000 lx Statistics
EMM SE EMM SE F df p R²

Sleepiness (KSS) 4.50 .24 4.10 .24 7.21 (1,300) <.01 .03
Vitality 2.59 .07 2.78 .07 12.52 (1,301) <.01 .09
Tension 1.74 .08 1.74 .08 <.01 (1,299) .96 .02
Happy 2.49 .10 2.55 .10 1.48 (1,300) .23 .04
Sad 1.30 .07 1.31 .07 .04 (1,299) .84 .01

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. 

This measure is the proportion of reduction in variance of residuals. Note that this measure can also have 

negative values (Raudenbush & Bryk, 2002). 

Measurement block had a significant main effect on feelings of vitality [F(3,299) = 3.79;  
p = .01]: in both lighting conditions participants’ vitality decreased with time in session. 
Post-hoc comparisons showed that participants felt less energetic in the last measurement 
block (EMM = 2.53, SE = .08) than in Block 1 (EMM = 2.77, SE = .08) and Block 2  
(EMM = 2.73, SE = .08) with p < .01 and p < .05 respectively. The difference between Block 
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3 (EMM = 2.71, SE = .08) and the last measurement block showed a non-significant trend  
(p = .06). Measurement block had no significant main effect on the other subjective measures  
(all F<1, ns). In addition, there was no main effect of Time of day on the self-report variables 
(all p > .10), except for a non-significant trend for more tension in the afternoon (EMM = 
1.79; SE = .09) than in the morning sessions (EMM = 1.69; SE = .09; F(1,327) = 2.91; p = .09). 
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Figure 7. Subjective sleepiness (a) and vitality (b) for the 200 lx and 1000 lx lighting condition per 

measurement block (left panel) and for time of day (right panel). The whiskers represent the 95% confidence 

interval. 
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The interaction effects between Lighting condition and Measurement block and between 
Lighting condition and Time of day on subjective sleepiness and vitality were not significant 
(all F<1, ns), indicating that the effect of illuminance level was consistent across the day and 
across measurement blocks (see Figure 7). In addition, these interactions had no significant 
effects on tension, positive affect or negative affect (all p > .10), except for the interaction 
between Lighting condition and Measurement block on positive affect, which showed a non-
significant trend [F(3,299) = 2.56; p = .06] for more positive affect in the 1000 lx compared 
to the 200 lx condition in the first two measurement blocks but lower positive affect in the 
1000 lx vs. 200 lx condition in the last block. Note that we also performed the analyses with 
the three-way interaction between Lighting condition, Time of day and Measurement block 
added to the model, but this interaction did not have significant effects on the dependent 
variables (all F<1, ns).

Trait vitality was significantly and positively related to feelings of vitality [B = .21; 
F(1,34) = 5.29; p = .03] and positive affect [B = .37; F(1,33) = 7.67; p < .01]. Chronotype 
was a significant predictor for negative affect [B = .25; F(1,31) = 10.53; p < .01]. The other 
relationships between person characteristics and the subjective measures during the light 
exposure were not significant (all p > .10), except for a non-significant trend for a positive 
relationship between Chronotype and state vitality [B = .21; F(1,32) = 4.08; p = .05].

3.3.3 Effects of illuminance level on performance
The previous section showed that participants reported higher feelings of alertness and 

vitality under bright light exposure. In this section, we investigate whether exposure to a 
higher illuminance level can also induce faster responses on a simple vigilance task (auditory 
Psychomotor Vigilance Task; PVT) and a higher accuracy on a cognitive performance task 
(Letter Digit Substitution test; LDST). Similar to the earlier analyses, we investigate whether 
bright light effects on the different performance indicators also occurred independent of time 
in session and time of day or were - in contrast to the self-report measures - moderated by 
measurement block or time of day. 

Auditory PVT. Results revealed a significant main effect of Lighting condition on mean 
reaction time [F(1,298) = 8.65; p < .01]: Participants performed better on the auditory PVT 
in the 1000 lx (EMM = 285.44; SE = 7.96) compared to the 200 lx condition (EMM = 291.29; 
SE = 7.96). The main effect of Measurement block on PVT reaction time was also significant 
indicating an increase in reaction times with time in session [F(3,298) = 3.33; p = .02].  
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Post-hoc comparisons showed that the mean reaction time in Block 1 (EMM = 283.12;  
SE = 8.08) was shorter than in Block 4 (EMM = 291.09; SE = 8.08) with p = .01. The reaction 
times in Block 2 and Block 3 were not significantly different from the last block (EMMBlock2 
= 289.30; 8.08; EMMBlock3 = 289.94; SE = 8.08; both p > .10). The interaction between 
Lighting condition and Measurement block was also significant [F(3,298) = 3.95; p < .01], 
showing that the effect of illuminance level on participants’ response time was moderated 
by time in session (see Figure 8). Customized contrast analyses showed that – as shown in 
Figure 8 – reaction times increased with time in session in the 200 lx condition [t(298) = 4.23;  
p < .01], but not in the 1000 lx condition [t(298) = -.48; p = .63]. 
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Figure 8. Mean reaction time for the 1000 lx and 200 lx lighting condition (at the eye) per measurement 

block (left panel) and for time of day (right panel). The whiskers represent the 95% confidence interval. 

In addition, Time of day had a significant main effect on the mean reaction time 
[F(1,307) = 5.21; p = .02]: Participants responded faster in the afternoon (EMM = 285.21;  
SE = 8.05) than in the morning (EMM = 291.51; SE = 8.00). The interaction between Lighting 
condition and Time of day showed that the effect of illuminance level on mean reaction time 
was dependent on time of day [F(1,298) = 17.51; p < .01]. Responses in the morning (but 
not in the afternoon) were slower in the 200 lx condition versus the 1000 lx condition (see 
Figure 8). This was confirmed by posthoc comparisons. From Figure 8, it even appears that 
the main effect of Lighting condition is fully qualified by the interactions with Measurement 
block and Time of day. Note that we also performed the LMM analysis with the three-way 
interaction between Lighting condition, Time of day and Measurement block added to the 
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model, but this interaction did not have a significant effect on the PVT mean reaction time 
(F<1, ns). In addition, the person characteristics were not significantly related to participants’ 
mean reaction time on the PVT during the light exposure (all p > .10).

LDST. The LDST was administered as an additional performance measure in Blocks 
1, 2 and 3. LMM analyses showed no significant main effects of Lighting condition on the 
number of correct answers, the number of errors, or the percentage of correctly substituted 
characters (see Table 5), controlling for person characteristics. 

Table 5. Results LMM analyses for LDST.
200 lx 1000 lx Statistics
EMM SE EMM SE F df p R²

LDST
 Number correct 32.32 1.33 31.23 1.33 1.67 (1,217) .20 .12
 Number of errors .66 .11 .67 .11 .03 (1,221) .87 .04
 Percentage correct 98.03 .33 97.86 .33 .25 (1,221) .62 .04

Note. EMM stands for estimated marginal mean and SE stands for standard error. Pseudo R-Squared 

are given for the total mixed model at level 1, i.e., within sessions. This measure is the proportion reduction 

in variance of residuals. Note that this measure can also have negative values (Raudenbush & Bryk, 2002). 

Measurement block had a significant main effect on the number of correct answers, 
with increasing numbers of correct answers with time in session [F(2,216) = 13.79; p < .01]. 
Post-hoc comparisons showed that the number of correct answers in Block 1 (EMM = 29.04; 
SE = 1.40) and Block 2 (EMM = 31.85; SE = 1.40) was lower than in Block 3 (EMM = 34.42; 
SE = 1.40) with p < .01 and p < .05, respectively. This increase in number correct substitutions 
was not moderated by Lighting condition (F<1, ns). 

While Measurement block had no significant main effect on the number of errors 
or percentage correct (both F<1, ns), the interaction between Lighting condition and 
Measurement block did [F(2,219) = 3.92; p = .02 and F(2,218) = 3.94; p = .02, respectively]. 
These interaction effects showed that although participants in the 1000 lx condition made 
more errors and had a lower percentage correct than in the 200 lx condition in Block 1, 
they made fewer errors and had a higher percentage of correctly substituted characters 
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in Blocks 2 and 3 (see Figure 9). Custom contrast analyses showed that these patterns 
were significant for both the number of errors (t = 2.72; p < .01) and percentage correct  
(t = 2.81; p < .01). 
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Figure 9. Percentage correct (left panel) and number of errors (right panel) for the high and low lighting 

condition per measurement block. The whiskers represent the 95% confidence interval.

Time of day had no significant main effect on the LDST measures, nor were the 
interaction effects between Lighting condition and Time of day significant (all F<1, ns). 
Adding the three-way interaction between Lighting condition, Time of day and Measurement 
block to the model revealed no significant 3-way interaction effects on the LDST measures  
(all p > .10). The person characteristics were also no significantly related to the LDST 
measures (all p > .10). 

3.3.4 Effects of illuminance level on physiology
The previous sections showed that daytime exposure to a higher illuminance level at 

the eye not only increased subjective experiences of alertness and vitality, but also sustained 
attention. In contrast to the subjective measures, beneficial effects of bright light exposure on 
performance were most pronounced towards the end of the session. In addition, participants 
responded faster on the auditory PVT when exposed to a higher illuminance level in the 
morning, but not in the afternoon. In this section, we report on the effects of lighting 
condition, time of day and measurement block on physiological arousal of the autonomic 
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nervous system (measured with heart rate, HRV and skin conductance level) and cortical 
arousal (measured with EEG). 

Heart rate. Results revealed that heart rate increased compared to baseline in the 1000 
lx condition, while heart rate decreased compared to baseline in the 200 lx condition (see 
Table 6). Measurement block and Time of day had no significant main effects on heart rate 
[F(3,152) = 1.46; p = .23 and F(1,171) = 1.61; p = .21, respectively], nor were the interaction 
effects of Lighting condition with Measurement block and with Time of day significant (both 
F<1, ns), suggesting that the effect of illuminance level was not moderated by time in session 
or time of day (see Figure 10). Person characteristics revealed no significant relationships 
with heart rate assessed during the light exposure (all p > .10).

Table 6. Results of LMM analyses for heart rate, heart rate variability and skin conductance level.
200 lx 1000 lx Statistics
EMM SE EMM SE F df p R²

ECG
 Δ Heart rate -3.04 2.60 4.73 2.82 9.72 (1,177) <.01 .10
 Δ LF/HF power ratio .06 .10 .24 .10 4.13 (1,174) .04 .10

EDA
 Δ SCL (lg μSiemens) -.08 .03 -.05 .03 5.23 (1,261) .02 .04

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e., within sessions. 

This measure is the proportion reduction in variance of residuals. Note that this measure can also have 

negative values (Raudenbush & Bryk, 2002).

Heart rate variability. Lighting condition had also a significant main effect on the  
LF/HF power ratio, with a higher increase compared to baseline in the 1000 lx condition than 
in the 200 lx condition (see Table 6). Measurement block had no significant effect on the  
LF/HF power ratio (F<1, ns), but the interaction between Lighting condition and Measurement 
block was significant [F(3,152) = 3.37; p = .02], showing that the effect of Lighting condition 
was moderated by time in session. Posthoc comparisons revealed that the effect of Lighting 



Chapter 3

71

condition on the LF/HF power ratio was only significant in the last measurement block 
[F(1,157) = 10.75; p < .01; see Figure 10]. Note that custom contrast analyses confirmed an 
increase in the LF/HF ratio in the 1000 lx condition and a decrease in the 200 lx condition 
[t(154) = 2.73; p < .01], as suggested by Figure 10. 

Time of day had no significant main or interaction effect on the LF/HF ratio (both F<1, ns).  
This showed that the ratio did not significantly differ between morning vs. afternoon exposure 
compared to the corresponding baseline, and that the effect of illuminance level was not 
significantly moderated by time of day. Adding the 3-way interaction between Lighting 
condition, Measurement block and Time of day to the model did not have a significant effect 
on the heart rate indicators (both F<1, ns). Person characteristics revealed no significant 
relationships with HRV assessed during the light exposure (all p > .10). 
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Figure 10. Difference scores for heart rate (a) and lf/hf power ratio (b) for the high and low lighting 

condition per measurement block (left panel) and for time of day (right panel). The whiskers represent the 
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Skin conductance. In line with the results on heart rate, Lighting condition had 
a significant main effect on skin conductance with a lower skin conductance level 
(SCL) compared to baseline in the 200 lx condition than in the 1000 lx condition (see 
Table 6). Measurement block had no significant main or interaction effect on SCL 
(both F<1, ns). The effect of Time of day showed a non-significant trend for a larger 
increase in SCL compared to baseline in the afternoon (EMM = .34; SE = .03) than in 
the morning (EMM = .32; SE = .03; F(1,282) = 3.13; p = .08). The interaction between 
Lighting condition and Time of day was not significant (F<1, ns). Thus, the effect of 
illuminance level on SCL was not significantly moderated by time in session or time 
of day. 

Trait vitality showed a significant and positive relationship with skin conductance 
level (B = .08; F(1,32) = 5.59; p = .02). The relationship between Global sleep quality and 
skin conductance level showed a non-significant trend for a higher skin conductance 
level during the light exposure among participants experiencing a better general sleep 
quality (B = .03; F(1,32) = 3.85; p = .06). Chronotype and Light sensitivity were no 
significant predictors for the skin conductance level during the light exposure (both 
F<1, ns). 

EEG. In addition to potential effects of bright light on arousal of the autonomic 
nervous system, we explored effects of exposure to a higher illuminance level on 
cortical arousal assessed with EEG. Results of the LMM analyses showed that Lighting 
condition had a significant main effect on the relative power in the theta band, but not 
on the relative power in the alpha and beta bands or on the relative Alpha Attenuation 
Coefficient (AAC; see Table 7). Theta was lower in the 1000 lx condition compared 
to the 200 lx (at the eye). This effect was moderated by Cortical area11 [F(3,584) = 
5.16; p < .01]. Posthoc comparisons showed that the difference in theta between the 
lighting conditions was most pronounced at the frontal [F(1,503) = 19.35; p < .01] 
and occipital sites [F(1,525) = 3.96; p = .05], and was not significant at the central 
[F(1,540) = 2.42; p = .12] and parietal areas [F(1,510) = .35; p .56] (see Figure 11).  

11 The main effects of Cortical area on the relative power densities in the theta, alpha and beta range and 
AAC will not be discussed here, but have been reported previously in Smolders et al. (Submitted).
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The interaction between Lighting condition and Cortical area was not significant for alpha12 
[F(3,590) = 1.62; p = .18], beta (F<1, ns) or AAC [F(3,570) = 1.12; p =.34]. 

Table 7. Results of LMM analyses for relative power density per frequency band and AAC.
200 lx 1000 lx Statistics
EMM SE EMM SE F df p R²

Theta (% of baseline) 111.71 2.68 106.72 2.68 8.68 (1,553) <.01 .03
Alpha (% of baseline) 118.64 4.24 115.30 4.24 2.42 (1,572) .12 .05
Beta (% of baseline) 109.36 2.53 108.27 2.53 .58 (1,575) .45 .02
AAC (% of baseline) 92.19 2.73 93.86 2.77 .51 (1,568) .48 .05

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. 

This measure is the proportion of reduction in variance of residuals. Note that this measure can also have 

negative values.
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Figure 11. Relative theta power per cortical area for the 200 lx and 1000 lx conditions.

12 LMM analyses on the relative power in the lower alpha (8-10Hz) and upper alpha band (10-12Hz) 
separately showed that the interaction between Lighting condition and Cortical area was significant for 
the higher alpha range [F(3,591) = 3.59; p = .01]. Alpha power in the upper band was, comparable to 
theta, lower in the 1000 lx vs. 200 lx conditions at the frontal (p < .01) and occipital regions (p = .05). 
This interaction only approached significance for the power in the lower alpha range [F(3,587) = 2.18; p 
= .09], suggesting a non-significant trend for a higher power in the 1000 lx at the frontal area (p = .02), 
but not at the other regions (all p > .10).
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Measurement block had a significant main effect on the relative power in the alpha 
band during eyes open [F(3,584) = 11.28; p < .01] and on the relative AAC [F(3,554) = 2.80;  
p = .04]. While theta and beta power did not change with time in session [F(3,564) = 1.01;  
p = .39 and F(3,583) = 2.06; p = .11, respectively], alpha was lower in Block 1 (EMMblock1 
= 107.31; SE = 4.47) compared to the remaining blocks (EMMblock2 = 116.79; SE = 4.47; 
EMMblock3 = 121.37; SE = 4.47; EMMblock4 = 122.39; SE = 4.48). AAC showed a decrease 
with time in session (EMMblock1 = 97.82; SE = 3.18; EMMblock2 = 94.36; SE = 3.18; EMMblock3 
= 89.67; SE = 3.17; EMMblock4 = 90.23; SE = 3.18). These changes with time in session 
were not moderated by Lighting condition (both F<1, ns). This interaction between Lighting 
condition and Measurement block had also no significant effects on the relative power in the 
theta and beta ranges (both F<1, ns). This suggests that the effect of light on theta was not 
dependent on duration of exposure. 

Time of day had no significant main effect on the relative power in the theta and 
alpha range during the light exposure (both F<1, ns), but the relative beta power differed 
significantly with time of day [F(1,598) = 3.88; p = .05]: Beta showed a higher increase in 
the afternoon (EMM = 110.72; SE = 2.65) than in the morning sessions (EMM = 106.92;  
SE = 2.58). The relative AAC also differed with Time of day [F(1,393) = 21.40; p < .01] with 
a lower decrease in AAC in the afternoon (EMM = 99.97; SE = 3.01) than in the morning 
sessions (EMM = 86.07; SE = 2.81). These main effects of Time of day were not moderated by 
Lighting condition (F<1, ns and F(1,569) = 1.00; p = .34, respectively). The interaction effect 
between Lighting condition and Time of day on theta was also not significant [F(1,557) = 1.07;  
p = .30], showing that the effect of bright light exposure on theta was not significantly 
moderated by time of day. The interaction between Lighting condition and Time of day 
did, however, have a significant effect on alpha13 [F(1,572) = 4.26; p = .04]. Posthoc 
comparisons showed that alpha was higher in the 200 lx than in the 1000 lx in the morning  
(EMM200lx = 122.19; SE = 4.55; EMM1000lx = 114.42; SE = 4.52; p < .01), but not in the 
afternoon sessions (EMM200lx = 115.08; SE = 4.70; EMM1000lx = 116.17; SE = 4.68; p = .73). 
This interaction effect was not moderated by Cortical area (F<1, ns). 

Trait vitality was a significant predictor for the relative power in the theta range  
[F(1,29) = 4.63; p = .04], suggesting that participants with a higher trait vitality had a lower 

13 LMM analyses on the relative power in the lower alpha (8-10Hz) and upper alpha band (10-12Hz) 
separately showed that this Lighting by Time of day interaction was only significant for the lower alpha 
power [F(1,540) = 4.94; p = .03] and not for higher alpha power (F<1, ns). 
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theta power during the light exposure (B = -7.29). Trait vitality was also significantly and 
positively related to the relative AAC during the light exposure (B = 7.53; F(1,30) = 5.05;  
p = .03). The relationship between Trait vitality and relative alpha power showed a non-
significant trend for lower alpha during the light exposure among participants with a higher 
trait vitality level (B = -10.25; F(1,31) = 3.55; p = .07). Trait vitality was no significant predictor 
for the relative power in the beta range (F<1, ns). Light sensitivity (B = -7.42; F(1,26) = 4.51; 
p = .04) was significantly related to the relative AAC during the light exposure, but not to the 
other EEG measures (all p > .10). Chronotype and Global sleep quality were no significant 
predictors for theta, alpha, beta or AAC during the light exposure (p > .10), except for a 
non-significant trend for a positive relationship between Chronotype and relative power in 
the beta range (B = 5.80; F(1,31) = 3.76; p = .06). 

3.3.5 Effects of illuminance level on appraisals and beliefs
In this section, we investigate whether illuminance level influenced participants’ 

appraisals of the lighting condition and the environment, and their beliefs about potential 
effects of the lighting condition on mood and performance. 

Appraisals lighting. LMM analyses were performed to investigate the effect of Lighting 
condition and Time of day on the appraisals of the lighting, the environment, and visual 
comfort assessed in the last measurement block of each session. In Table 8, the F-statistics 
and the estimated marginal means for Lighting condition (200 lx vs. 1000 lx at the eye) 
are reported. These results revealed that Lighting condition had a significant effect on the 
pleasantness of the lighting: participants evaluated the 200 lx condition as more pleasant than 
the 1000 lx lighting condition. In addition, participants evaluated the color of the lighting to 
be cooler in the high compared to the low illuminance level condition. The 1000 lx condition 
was experienced as brighter and more activating than the 200 lx condition. In addition, 
Lighting condition had a significant effect on the experienced distribution of the lighting: 
participants evaluated the light as less evenly distributed in the high lighting condition than 
in the low lighting condition.

Lighting condition also had a significant effect on visual comfort, with the 1000 lx 
condition evaluated as just above the optimum whereas 200 lx at the eye was just below the 
optimum. There was no significant difference in experienced adequacy of the lighting for 
office spaces in terms of intensity or color between the two lighting conditions. The main 
effects of Time of day and the interaction effects between Lighting condition and Time of 
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day were not significant for the subjective evaluations of the lighting (all p > .10). This shows 
that the evaluations did not significantly differ between the morning or afternoon sessions 
nor was the effect of lighting condition on these evaluations moderated by time of day. 

Table 8. Results LMM analyses for evaluations of the lighting condition.
200 lx 1000 lx Statistics
EMM SE EMM SE F df p R²

Pleasantness lighting 3.24 .15 2.55 .15 16.50 (1,47) <.01 .27
Activating 2.81 .13 3.60 .13 20.10 (1,44) <.01 .22
Color of lighting 2.90 .16 3.47 .17 11.16 (1,48) <.01 .21
Amount of lighting 3.11 .12 4.35 .12 121.31 (1,48) <.01 .71
Distribution of lighting 2.61 .20 2.08 .20 6.29 (1,44) .02 .09
Adequacy amount of light 2.79 .16 2.55 .16 1.41 (1,56) .24 .03
Adequacy color of light 3.31 .17 3.15 .17 .80 (1,48) .38 .02
Visual comfort 2.82 .10 3.20 .10 29.35 (1,50) <.01 .38

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. 

This measure is the proportion of reduction in variance of residuals. Note that this measure can also have 

negative values (Raudenbush & Bryk, 2002).

Evaluation environment. Results for the general evaluation of the room revealed no 
significant main or interaction effects of Lighting condition and Time of day (all F < 1, ns). 
In addition, Lighting condition and Time of day did not have an effect on the attitude towards 
working in a comparable environment (all F < 1, ns). 

Beliefs. LMM analyses were also performed to explore whether the beliefs concerning 
the effect of the lighting condition on performance and mood differed between the conditions. 
The results of these analyses showed no significant main or interaction effects, suggesting that 
the beliefs concerning the effects of lighting on performance and mood did not differ between 
the two lighting conditions nor between the morning or afternoon sessions (all p > .10).
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3.4 Discussion
Many studies have explored – and reported – alerting effects of light during nighttime, 

under sleep pressure, and/or after light deprivation. The previous chapter showed a significant 
and positive relationship between experienced light exposure at the eye and subjective vitality 
in natural (everyday) conditions, suggesting that exposure to more intense light can also 
affect vitality during regular daytime hours. In the current chapter, we investigated potential 
alerting and vitalizing effects of exposure to a higher illuminance level (1000 lx vs. 200 lx 
at the eye) on self-reports, task performance and physiological measures during daytime and 
under non-deprived conditions in the laboratory. This study not only established a causal 
relationship between exposure to a higher illuminance level at the eye and self-reported 
vitality, but also showed activating effects of daytime bright light exposure on some objective 
measures of performance and physiology. Together, the results showed that exposure to a 
higher illuminance level not only improves subjective feelings of alertness and vitality, but 
can also increase performance on a sustained attention task, result in higher arousal of the 
autonomic nervous system and modulate brain activity during regular working hours. 

3.4.1 Subjective reports
Daytime exposure to a higher illuminance had a positive effect on the self-report 

measures of sleepiness and vitality: participants felt more alert and energetic in the high 
lighting condition (1000 lx at eye level) compared to the lower lighting condition (200 lx 
at eye level). These findings are in line with findings reported in earlier laboratory studies 
performed during daytime (Phipps-Nelson et al., 2003; Rüger et al., 2006; Vandewalle et al., 
2006) as well as with our field study, suggesting a direct link between light exposure and 
subjective vitality in everyday life. Current findings show that, even during regular daytime 
hours, light has an immediate (i.e., visible in first measurement block, about 10 minutes 
into the exposure) and persistent effect on subjective sleepiness and vitality. These effects 
were not moderated by time of day or duration of exposure. Although results of Study 1 did 
show a more pronounced relationship between illuminance level and subjective vitality in 
the morning, the current study showed no time-dependent effect of illuminance level on 
vitality. Note that, while participants reported lower feelings of vitality in the morning in the 
previous study, there were no differences in vitality levels between the morning vs. afternoon 
sessions prior to the actual light exposure in the current study. In fact, the relation between 
light exposure and vitality in Study 1 was also most pronounced when persons experienced 
relatively low levels of vitality during the previous hour. In Chapter 4, we will investigate 
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potential state-dependency of bright light effects on subjective vitality in the laboratory, 
independent of time of day.

In line with the findings of Study 1, results of the current study on the other mood 
dimensions (tension, positive, and negative affect) revealed no significant effect of illuminance 
level, except for a non-significant trend for more positive affect at the start of the bright 
light exposure but lower positive affect towards the end of the bright light exposure. Earlier 
findings on affective improvements under bright light on these dimensions of mood have been 
somewhat inconsistent (see Chapter 1). These differences may be explained by the fact that 
most studies reporting effects employed lighting with higher illuminance and correlated color 
temperature levels (as are typical for light therapy), studied effects over prolonged periods of 
time, and/or among persons suffering from depressive symptoms (e.g. Avery, Kizer, Bolte, 
& Hellekson, 2001; Kaida et al., 2007b; Partonen & Lönnqvist, 2000). In the current study 
persons already felt, on average, quite happy and did not suffer from tension or sadness in 
the baseline phase, which suggests that there was little to improve. 

Subjective evaluations of the lighting revealed that the participants rated the two lighting 
conditions differently. They experienced the 1000 lx condition as more bright and activating, 
although less pleasant, but judged both illuminance conditions equally adequate for working. 
Nevertheless, they felt more alert and vital in the 1000 lx condition compared to the 200 
lx condition. This suggests that experienced pleasantness did not account for the effects on 
alertness and vitality.

3.4.2 Task performance
The light manipulation demonstrated an effect on participants’ performance on the 

auditory PVT, with shorter responses in the 1000 lx at the eye condition compared to the 
200 lx at the eye condition. These effects were moderated by two variables: time of day and 
time in session. The effect of illuminance level on sustained attention was most pronounced 
towards the end of the experiment. Similarly, the interaction between illuminance level and 
measurement block for the LDST task suggested that the participants in the 1000 lx condition, 
although starting off worse than those in the 200 lx condition, performed better during the 
later part of the session. 

Participants reported that they became more depleted with time in session as indicated 
by an effect of measurement block on subjective feelings of vitality. Therefore, a potential 
explanation for the delayed effect of illuminance level on task performance is that more 
intense light improves performance mainly when participants suffer from mental fatigue. 
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Alternatively, extended exposure to bright light may be necessary to induce improvements 
in performance. In Chapter 4, we will explore whether the alerting and vitalizing effect of 
daytime bright light exposure on self-report measures and indicators for task performance 
and physiological arousal is moderated by mental fatigue.

The effect of illuminance level on auditory PVT performance was most pronounced in 
the morning sessions. This was not the case for the LDST measures. The data did however 
demonstrate a learning effect on speed in the LDST. Results on this task should therefore be 
considered with caution. Earlier research has shown that persons may have lower alertness 
levels and performance in the morning than in the afternoon (e.g., see Valdez et al., 2008), 
which would appear to be in line with our results as the PVT is an objective measure of 
alertness and sustained attention. However, we did not find significant differences in self-
reported sleepiness and vitality or task performance between the morning and afternoon 
baseline sessions, which actually invalidate this explanation. We also controlled for relevant 
person characteristics such as, chronotype, light sensitivity, sleep quality and trait vitality. 
Adding these variables to the analyses did not change the results suggesting that, for example, 
chronotype cannot explain the time of day dependent effect of illuminance on performance 
in this study. It should be noted, however, that in this experiment no extreme chronotypes 
participated, therefore the results apply for people of average and moderate chronotypes, but 
should not be generalized to extreme morning or evening types.

3.4.3 Heart rate, heart rate variability and skin conductance level
Results on the heart rate measures suggest that illuminance level can also have an 

influence on autonomic nervous activity during daytime. Heart rate increased compared to 
baseline in the 1000 lx (at the eye) condition, while it decreased in the 200 lx condition. In 
addition, exposure to a higher illuminance level increased the LF/HF power ratio compared 
to baseline suggesting a relative increase in sympathetic activity in the 1000 lx condition. 
The effect on heart rate was independent of time of day or duration of exposure, while the 
effect on the LF/HF power ratio was most pronounced at the end of the light exposure. 

Earlier studies had shown inconsistent effects of light on ECG. Some studies only 
reported effects of illuminance levels on heart rate during nighttime (e.g., Rüger et al., 2006, 
Scheer et al., 1999). In contrast, others also reported daytime effects on heart rate (e.g., Saito 
et al., 1996), and on LF/HF power ratio (e.g., Tsunoda et al., 2001). Notably, the effects in the 
current study were induced by less extreme illuminance differences than before. Whether 
illuminance affects heart rate and HRV may therefore depend on a host of other factors such 
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as duration of exposure – also suggested by the current data – and ongoing activities of the 
participant. In our study participants were performing the auditory PVT, whereas in the other 
studies heart rate measures were obtained at rest, for instance sitting still with eyes open and 
closed (Rüger et al., 2006). In the current study, faster responses on the PVT coincided with 
higher heart rates and higher LF/HF ratios. 

In addition to the effects on these ECG measures, exposure to a higher illuminance level 
resulted in a higher skin conductance level, again reflecting higher sympathetic activity under 
bright light exposure compared to a more dim light setting. In line with the results on heart 
rate, this effect was not moderated by time of day or time in session. Together, the current 
results on ECG and EDA suggest that daytime exposure to bright light can also increase 
physiological arousal of the autonomic nervous system among healthy day-active persons.

3.4.4 EEG
Exposure to a higher illuminance level also had an acute effect on EEG spectral power 

density. The relative power density in the theta range was lower when exposed to a higher 
illuminance level (1000 vs. 200 lx at the eye). This effect was most pronounced at the frontal 
and occipital areas14. In addition, the relative alpha power was lower in the 1000 lx vs. 200 lx 
condition in the morning, but not in the afternoon sessions. This effect of illuminance level 
on alpha was not dependent on cortical area. Lighting condition had no effect on the relative 
power in the beta range or on the relative AAC. 

Earlier studies have reported a negative relationship between theta on the one hand 
and subjective alertness and performance measures on the other during about 40 hours of 
sustained wakefulness (Aeschbach et al., 1999; Strijkstra, Beersma, Drayer, Halbesma, & 
Daan, 2003), at night (Åkerstedt & Gillberg, 1990) and during daytime after restricted sleep 
(Kaida et al., 2006a; Kaida, Åkerstedt, Kecklund, Nilsson, & Axelsson, 2007a). Alpha and 
alertness showed a less consistent relationship in the literature: although studies measuring 
EEG during about 40 hours of sustained wakefulness revealed a negative correlation between 
subjective sleepiness and the (high) alpha range (Aeschbach et al., 1999; Strijkstra et al., 2003), 
alpha power was positively related to subjective sleepiness and decrements in performance 
during nighttime and daytime after sleep deprivation (Åkerstedt & Gillberg, 1990; Kaida 

14 Note that a similar pattern occurred for the relative power in the higher alpha range (10-12Hz). In addition, 
there was a non-significant trend for a difference in relative power in the lower alpha range (8-10 Hz) 
mainly at the frontal site. 
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et al., 2006a, 2007a). In the current study, which employed an illuminance manipulation, 
we found – in line with these latter studies – lower theta and lower alpha power density (in 
the morning), higher subjective alertness and vitality and faster PVT reaction times in the  
1000 lx vs. 200 lx (at the eye) condition. 

The results on EEG in the current chapter are in line with earlier studies performed 
at night, which showed that bright light exposure results in lower power in theta range 
(e.g. Cajochen et al., 2000). In addition, the results are in line with results showing that 
nocturnal exposure to blue (vs. green) light (Lockley et al., 2006) or exposure to a higher 
CCT in the late evening (Chellappa et al., 2011c) may result in lower theta power. In 
addition, they corroborate the study of Kaida et al. (2006a) performed during daytime, 
which reported a lower alpha power when exposed to natural bright light through a window. 
Küller and Wetterberg (1993) also reported some effects of daytime bright light exposure 
on EEG activity, particularly in the delta and alpha range (both lower under exposure to 
more intense light). Our results, however, contrast those reported by Badia et al. (1991) 
and Daurat et al. (1993) who found no significant effects of bright light exposure in the 
theta, alpha or beta range during daytime. Both studies, however, employed only a small 
number of participants (N = 8), and therefore also the statistical power in these studies 
was relatively low. Note also that Lockley and colleagues (2006) reported – in addition 
to a lower theta power - an increase in the higher alpha range after blue light exposure at 
night, while our daytime study indicated a lower alpha power under brighter light. Our 
results are, however, in line with results of the study by Sahin and Figueiro (2013) during 
daytime, which revealed lower power in both the theta and alpha range under exposure to 
monochromatic red light (at 40 lx) compared to darkness (< .01 lx) in the afternoon, after 
12 minutes of exposure to darkness.

In line with the results on the self-report measures and heart rate, the effects of the 
lighting condition on EEG were not moderated by duration of exposure. This suggests that 
a higher illuminance can have an immediate activating effect on indicators for cortical 
arousal and autonomic nervous activity, as well as on subjective experience of alertness 
and vitality. Vandewalle and colleagues also (2006) showed immediate effects of bright 
light exposure on brain activity measured with fMRI during daytime. Notably, in a recent 
overview, Vandewalle and colleagues (2009) suggested that exposure to light can modulate 
cortical activity during 18 minutes of exposure and after 20 minutes in multiple regions. 
The current data suggest that the onset of modulations in EEG power density can occur 
within two minutes of bright light exposure, as we see no moderation by time in session. In 
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contrast, our results showed that the effects on performance and HRV were more pronounced 
towards the end of the hour of light exposure, in other words, these indicators demonstrated 
a delayed effect of bright light exposure. Together, these results suggest varying onsets of 
bright light effects with duration of exposure for the different types of measures for alertness 
and arousal.

Results revealed no time-dependent effect of diurnal light exposure on subjective 
sleepiness and vitality and autonomic nervous activity, but indicated that bright light effects 
on sustained attention were most pronounced in the morning. The effect of lighting condition 
on the relative alpha power was also more pronounced in the morning sessions15. It is 
however unlikely that these findings are causally related as correlational analyses showed 
no significant relation between relative alpha power and PVT performance, except for a 
relationship at the central site suggesting an increase in reaction time with higher alpha 
(data not shown; see Smolders, de Kort & Cluitmans, under submission). Similarly, although 
AAC was negatively related to reaction times on the PVT (data also not shown) and changed 
with time of day showing a larger decrease in AAC during the lighting conditions in the 
morning compared to the afternoon, lighting condition had no effect on this ratio suggesting 
that this cannot explain the time-dependent effect of bright light on sustained attention in 
the current study. An alternative explanation for more pronounced effects in the morning 
is that participants’ light history prior to the sessions - which was probably larger in the 
afternoon than in morning as participants reported spending more time outdoors before 
the afternoon sessions – may have affected their sensitivity to the light manipulation (see 
also Chapter 7, Section 7.3). 

3.4.5 Light manipulation
In the current study, we employed two levels to test the effect of illuminance on 

participants’ experiences, performance and physiology. We have chosen to expose 
participants to 200 lx at eye level in the low lighting condition as this level is common 
in indoor work environments. In office environments, the standard for illuminance levels 
is 500 lx at the desk, which – if provided by ceiling mounted luminaires – often roughly 
corresponds to about 200 lx at the eye. In fact, the median illuminance level experienced 
in the previous field study during the day (between 8 am and 6 pm) was 196 lx at the eye. 

15 Additional analyses revealed that this time-dependent effect was only significant in the lower alpha range 
(8-10Hz).
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In the high lighting conditions, participants were exposed to 1000 lx at the eye. It should 
be noted that exposure to such high illuminance levels in for example workplaces would be 
less energy efficient – if realized with electric lighting. As we compared only two intensity 
levels during one hour of exposure, we cannot determine the optimal light dosage in terms of 
intensity and duration. As earlier research has shown that nocturnal effects of light intensity 
on alertness and arousal may be best described by a non-linear function (e.g., Cajochen et 
al., 2000), future research should investigate the possibility for similar non-linear effects 
on daytime alertness and arousal and determine the minimum necessary light dosage to 
induce light responses.

In Chapter 4, we explore whether effects of daytime bright light exposure on self-report, 
task performance and physiology measures are moderated by individuals’ mental state. More 
specifically, Study 3 investigates whether diurnal exposure to a higher illuminance level 
particularly benefits individuals when suffering from mental fatigue than when feeling more 
rested. If the effects are state-dependent, this would motivate exposure to bright light only 
when activation is needed. Such insights would be required for optimally balancing vitalizing 
effects with energy expenditure for higher illuminance in, for example, office settings and 
could inform the design of dynamic and interactive lighting applications.

3.4.6 Conclusion
The current study suggests that even during daytime and in the absence of sleep and 

light deprivation, a higher illuminance (measured at the eye) not only improves subjective 
feelings of alertness and vitality, but also may affect task performance and physiological 
arousal indicators. In line with the results of Study 1, daytime exposure to bright light 
increased feelings of alertness and vitality, throughout the duration of exposure. The 
results of the PVT showed also that white light can have an activating effect, i.e., result in 
faster responses on a simple vigilance task. These effects on sustained attention emerged 
particularly in the morning and after prolonged exposure (>30 minutes). Moreover, the 
results on heart rate, heart rate variability and skin conductance level suggested increased 
physiological arousal of the autonomic nervous system under exposure to a higher 
illuminance. In addition, results showed that daytime exposure to a higher illuminance 
level can affect brain activity immediately during regular daytime hours, i.e. in the awake 
brain, as assessed with EEG power density in the theta range and alpha range (in morning). 
Together, these results suggest acute activating effects of bright light exposure on daytime 
functioning of healthy day-active people. The current results corroborate and extend the 
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findings reported in Chapter 2 by showing a causal relationship between light exposure 
and vitality as well as effects on several indicators for human daytime performance and 
physiology. Moreover, the current results complement earlier studies to the positive effects of 
illuminance on alertness and sustained attention at night, after sleep and/or light deprivation. 
They also complement research reporting effects of blue enriched light during daytime on 
subjective measures of alertness, vitality and self-reported performance (Mills et al., 2007; 
Viola et al., 2008).
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Chapter 4

Bright light and mental fatigue – effects on alertness, 
vitality, performance and physiological arousal

Abstract
In the present study, we investigate whether exposure to a higher illuminance level 

particularly benefits individuals when they suffer from mental fatigue – not from sleep 
pressure, but from mental exertion. The study explored these effects on subjective indicators 
of alertness and mood, physiological arousal and on three performance tasks. A 2x2 within-
subjects design (N = 28; 106 sessions) was applied to investigate effects of two illuminance 
levels (200 vs. 1000 lx at eye level, 4000 K) after a mental antecedent condition (fatigue 
vs. control). During 30 minutes of light exposure, subjective and objective measures were 
administered in two repeated measurement blocks. Results showed that participants felt less 
sleepy, more vital and happier when exposed to bright light. These effects were immediate 
and persistent throughout the light exposure. Effects on subjective sleepiness and self-
reported self-control capacity were stronger under mental fatigue. In contrast, effects on 
the performance and physiological arousal measures were not stronger or more immediate 
when participants suffered from mental resource depletion. Vigilance benefitted from bright 
light exposure – although the effect again emerged with a delay irrespective of the mental 
antecedent condition. Other tasks however showed more mixed and sometimes even adverse 
effects of bright light. 

This chapter is based on:
Smolders, K. C. H. J., & De Kort, Y. A. W (Under review). Bright light and mental fatigue – effects on alertness, 
vitality, performance and physiological arousal. 
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4.1 Introduction
Work may take its toll. Engagement in many work-related and demanding tasks 

requires focused attention, motivation and allocation of mental resources (Baumeister et 
al., 2007; Inzlicht & Schmeichel, 2012; Kaplan & Berman, 2010; Meijman & Mulder, 1998). 
Accumulation of effort spent during the day may result in resource depletion and mental 
fatigue, which generally coincides with increased feelings of sleepiness and lack of energy, 
psychological stress and decrements in motivation and task performance (e.g., Baumeister et 
al., 2007; Jansen, Kant & van den Brandt, 2002; Kant et al., 2003; Kaplan & Kaplan, 1989; 
Meijman & Mulder, 1998; Ryan & Deci, 2008; de Vries, Michielsen, & van Heck, 2003; 
see also Chapter 1). Depletion refers to a temporary state of reduced energy available to the 
self due to mental or physical exertion; when participants feel depleted they experience a 
reduced capacity or willingness to function optimally (Baumeister et al., 1998; Baumeister 
& Vohs, 2007).

Research has shown that work-related characteristics as well as the physical environment 
may affect recovery needs and the level of mental fatigue people encounter. Several studies 
have, for example, demonstrated that the type of work, work load and work-related pressure, 
personal control and factual working hours can influence employees’ experienced work-
related fatigue and stress (e.g., Jansen, Kant, van Amelsvoort, Nijhuis & van den Brandt, 
2003; Sluiter, de Croon, Meijman & Dresen, 2003; Sonnentag, & Bayer, 2005). In addition, 
research has shown that environmental features, such as office layout, indoor plants or 
views to the outside, can revitalize office workers or help them recuperate from stress or 
mental fatigue (e.g., Berman et al., 2008; Bringslimark, Hartig & Grindal Patil, 2009; Evans 
& Stecker, 2004; Hartig et al., 1996; De Kort, Meijnders, Sponselee, & IJsselsteijn, 2006; 
Dijkstra, Pieterse, & Pruyn, 2006; Leather, Beale & Sullivan, 2003; Ryan et al., 2010; Ulrich 
et al., 1991; Veitch, 2011). 

A large body of research has demonstrated acute activating effects of bright light 
exposure on indicators of sleepiness, vitality and performance (see Chapter 1). Yet, little 
is known about these effects as a function of antecedent conditions. Most of the work 
investigating alerting and vitalizing effects of light has been performed at night - when 
melatonin levels peak - or after substantial sleep and/or deprivation (e.g., Boyce et al., 1997; 
Cajochen et al., 2000; Lockley et al., 2006; Phipps-Nelson et al., 2003; Rüger et al., 2006; 
Vandewalle et al. 2006; see also Chapter 1). These studies indicate that light can benefit 
persons under conditions of high circadian and/or homeostatic need for sleep and when they 
are particularly sensitive to light due to prior exposure to very low light levels. 
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Chapter 2 and Chapter 3 provided indications for alerting effects of exposure to a 
higher illuminance level on healthy day-active persons, even during regular working hours. 
Study 1 showed that hourly light exposure was significantly and positively related to feelings 
of vitality during daytime and in everyday life: persons who were exposed to more light 
reported higher feelings of vitality (see Chapter 2). In addition, Study 2 showed that even 
in the absence of sleep and light-deprivation, exposure to a higher illuminance at eye level 
can improve individuals’ alertness, vitality and objective performance on a vigilance task, 
and affect indicators of physiological arousal (see Chapter 3). Together, these studies suggest 
that exposure to more intense light can (temporarily) help overcome tiredness and decreased 
vitality even during regular daytime hours. In fact, Study 1 showed that the relationship 
between light exposure and vitality was most pronounced when participants experienced 
relatively low vitality during the previous hour. 

In Study 2, effects on self-report measures of sleepiness and vitality and on heart 
rate, skin conductance level and EEG theta power density were immediate and consistent 
during the hour of bright light exposure. In contrast, the effects on task performance 
and heart rate variability (HRV) were most pronounced towards the end of the one-
hour long phase of testing and light exposure. A potential explanation for the delayed 
effect of exposure to a higher illuminance level on performance found in the previous 
laboratory study is that more intense light improves task performance mainly when 
persons suffer from sleepiness and resource depletion. This is consistent with research 
showing that light exposure at night or among sleep-deprived participants can improve 
reaction times immediately (Phipps-Nelson et al., 2003; Lockley et al., 2006). Indirect 
indications for this also come from a study performed by Vandewalle and colleagues 
(2006), who investigated daytime effects of bright light on task performance and brain 
activity using fMRI. These authors excluded participants who did not show a response in 
alertness to exposure to a higher illuminance. In the supplemental analyses they reported 
that these participants already had faster response times at baseline than participants 
who did respond to light, suggesting that they already were very alert. An alternative 
explanation for the delayed emergence of bright light effects on performance and HRV 
could be that effects on these variables need extended exposure to bright light, due to 
required exposure thresholds or (relatively) slow activation mechanisms (e.g. Vandewalle 
et al., 2009). 

In the current laboratory study, we test whether bright light particularly benefits 
individuals’ level of alertness and vitality during daytime when they suffer from fatigue 
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due to mental exertion. We therefore compared effects of an illuminance manipulation  
(200 lx vs. 1000 lx at the eye) between situations in which persons’ resources had been 
mentally depleted and in which their resources were not depleted prior to the light exposure, 
independent of circadian or homeostatic sleep pressure. As Study 2 and earlier research 
by, for instance, Rüger et al. (2006) have suggested that effects of bright light may differ 
depending on the type of measure, we again investigated effects of daytime light exposure 
on subjective indicators as well as objective measures of performance and physiology. If the 
effect of daytime bright light exposure on subjective sleepiness and vitality, performance 
and autonomic nervous activity is dependent on a person’s prior mental state, we should see 
both stronger and more immediate effects of the illuminance manipulation on the subjective, 
performance and physiological measures when participants experience fatigue. In contrast, 
we should see less pronounced effects for rested participants, i.e., more subtle or delayed 
effects. Based on our earlier findings in Study 1, we expected this interaction for self-report 
measures of sleepiness and vitality. In addition, we hypothesized that if mental fatigue 
indeed was responsible for the delay in bright light effects in Study 2, we should also find a 
significant interaction between illuminance level and fatigue condition on task performance 
and heart rate variability in the current study. In addition to the state-dependency of bright 
light effects on mental well-being and performance, we investigated whether subjective 
appraisals of the lighting and experience of the space differed between rested and fatigued 
participants.

4.2 Method
4.2.1 Design

A 2x2 within-subjects design was applied to test effects of two illuminance levels (200 
vs. 1000 lx at eye level, 4000 K) under two antecedent conditions (Fatigued vs. Control). 
Participants came to the lab on four visits on separate days at the same time in the morning 
(9:00am, 10:20am or 11:45am) or in the afternoon (1:15pm, 2:45 or 4.15pm). Every session 
started with a 7-minute baseline phase and a 29-minute mental fatigue vs. control manipulation 
under the same lighting condition (200 lx and 4000 K at work plane), followed by exposure 
to one of the experimental lighting conditions for 30 minutes. The order of conditions was 
counterbalanced across participants. There was no daylight contribution in the room during 
this experiment.
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4.2.2 Participants
Twenty-eight students participated in this laboratory study, of which 12 were male 

and 16 female (mean age 23, SD = 4.1, range 19 to 39). Four participants were not able to 
participate in the fourth session and in two sessions the lighting did not work properly, 
resulting in 106 75-minute sessions. In total, 15 participants took part in the morning and 
13 subjects participated in the afternoon (see Table 9 for the distribution of morning and 
afternoon session over the conditions). None of the participants were extreme chronotypes 
according to the Munich Chronotype questionnaire (MCTQ; Roenneberg et al., 2003), nor 
did they have eye complaints or complaints about their general health.

Table 9. Overview number of participants in experimental conditions.
200 lx 1000 lx
Control Fatigue Control Fatigue

Morning 14 15 13 15
Afternoon 13 13 11 12

Note. Total N = 28, 106 sessions (6 missing sessions)

4.2.3 Procedure
Before the start of the first session, participants signed a consent form. At the start of 

each session, participants applied electrodes for heart rate and skin conductance measures 
according to the instructions given by the experimenter. Subsequently, every session started 
with a 7-minute baseline measurement phase consisting of a 1-minute resting period, 
performance tasks and a short questionnaire (see Figure 12). Baseline performance was 
measured using three different tasks: A 3-minute auditory Psychomotor Vigilance task 
(PVT), a 1-minute auditory Go-NoGo task and a 1-minute 2-Back task. After the baseline 
measurements, the mental fatigue vs. control manipulation started, which took 29 minutes. 
After this manipulation, participants completed a short questionnaire (manipulation check). 
During the baseline measurements and fatigue induction, participants always experienced 
the same baseline light conditions.

After the fatigue vs. control treatment, two additional wall luminaires were turned 
on and participants were exposed to either 200 lx or 1000 lx at 4000 K (at the eye) for 30 
minutes. During this light exposure, self-report measures, task performance and physiological 



Bright light and mental fatigue – effects on alertness, vitality, performance and physiological arousal

92

measures were administered in two repeated 13-minute measurement blocks. Each block 
started with a 1-minute rest period. Subsequently, performance was measured with a 5-minute 
auditory PVT, a 3-minute auditory Go-NoGo task and a 3-minute 2-Back task. At the end 
of each block, participants completed a short questionnaire to measure sleepiness, vitality, 
tension, positive affect and negative affect.

At the end of each session, participants completed questions concerning subjective state 
self-control, their evaluation of the lighting condition and the environment, time of going 
to sleep the night before, time of awakening, and time spent outside. In addition, at the end 
of the last sessions, questions concerning person characteristics, such as light sensitivity, 
chronotype and trait vitality, were administered. Every session lasted roughly 75 minutes 
and the participants received a compensation of 12.50 Euros per session. The study took 
place from February to June 2012.

Figure 12. Overview experimental conditions and procedure of one full session.

4.2.4 Setting
The laboratory where the experiment took place consisted of two rooms divided by a 

curtain. The two simulated office environments had a size of 3.2 m by 1.8 m. The room was 
equipped with surface-mounted Philips Savio luminaires at the walls and recessed Philips 



Chapter 4

93

Savio luminaires in the ceiling. The wall luminaires (Philips Savio TBS770 6x14W/827/865 
HFD AC-MLO CVC) contained six fluorescent tubes of 14W, of which four tubes of 6500K 
(TL5 HE 14W/865 SLV) and two tubes of 2700K (TL5 HE 14W/827 SLV). Each ceiling 
mounted luminaire (Philips Savio TBS770 3x54W/827/865 HDF AC-MLO CVC) contained 
three fluorescent tubes of 54W, of which two tubes of 6500K and one tube of 2700K. All 
luminaires had a micro-lens optic cover which blended the two lamp types to create a virtually 
homogeneous luminous surface. The illuminance level, spectral power distribution (SPD) 
and color rendering index (CRI) were measured with a calibrated spectroradiometer (JETI 
Specbos 1201) at eye level (height 1.20m) aimed at the wall in the gaze direction of the 
participant. The SPD of the lighting at 4000K is depicted in Figure 13. The CRI at 4000 K 
was Ra = 86.
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Figure 13. Spectral power distribution measured at eye level in the 1000 lx (4000 K) condition.

During the baseline, the ceiling luminaires provided basic room illumination (200 lx on 
the work plane; 92 lx at eye level (photon density: 1.61 x 1014 photons*s  -¹*cm-²; irradiance: 29 
μW/cm2)). Upon the start of the experimental light treatment, two wall-mounted luminaires 
in front of the participant were turned on and the illuminance of the ceiling lighting was 
increased. In the 200 lx condition, settings were such that this resulted in a total of 200 lx at 
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the eye (photon density: 1.80 x 1014 photons*s  -¹*cm-²; irradiance: 68 μW/cm²) and 280 lx on 
the work plane. In the 1000 lx condition, this resulted in 1000 lx at the eye (photon density: 
8.70 x 1014 photons*s  -¹*cm-²; irradiance: 330 μW/cm²) and 1040 lx on the work plane. In both 
conditions, the CCT was set at 4000 K. The main furnishings of the room consisted of a desk 
with computer, chair and a cabinet. The walls were off-white and had a reflectance of 88%, 
the ceiling had a reflectance of 96.2%, the floor was dark grey with a reflectance of 5% and 
the desk was grey and had a reflectance of 55%. A window (1.6 x 1.6 m, east oriented) was 
covered with a roller shutter outdoors and a blackout blind indoors, preventing any daylight 
penetration.

4.2.5 Mental fatigue induction
Mental fatigue was induced with two demanding tasks: a 9-minute Multi-Attribute 

task battery (MATB; Santiago-Espada, Myer, Latorella & Comstock, 2011) and a 20-minute 
modified Stroop task (Wallace & Baumeister, 2002). The MATB is a demanding multi-task 
using a flight simulation in which the participant keeps track of multiple parallel processes 
(maintaining the volume in two fuel tanks, repairing the fuel system when broken, monitoring 
the aircraft, tracking the aircraft with a joystick, and adjusting the communication channel 
when needed). Participants were instructed to keep track of all parts and perform the tasks 
as fast and accurately as possible.

After the MATB, participants engaged in a modified Stroop color-naming task. Words 
describing a color (red, yellow, green, or blue) were presented one by one in an incongruent-
color ink on the screen. Each word was presented for 1 second with a 2.2-second interval 
between the words. During this interval, the screen remained grey for 1500 ms, then a fixation 
point appeared for 500 ms, the screen went grey again for 200 ms, and subsequently the 
new word was presented. For each word, participants named the color of the ink by pressing 
the corresponding key on the keyboard, except when the word was presented in red (in one 
version, or in yellow in another version). In these cases, participants had to press the color 
indicated by the word instead of the color of the ink. 

In the control condition, participants engaged mainly in restorative tasks, i.e., relaxing 
tasks requiring relatively low mental effort: they watched a 9-minute nature movie and then 
read leisure-time magazines for 17 minutes. At the end of the control condition, participants 
engaged in a 3-minute Stroop task with congruent trials, i.e., with words describing the color 
of the ink it was written in (see Figure 12).
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4.2.6 Measures
Both self-report measures and objective measures were employed to assess alerting and 

vitalizing effects of lighting condition (illuminance level at the eye) after the mental fatigue 
induction vs. control condition. 

Self-reported sleepiness, mood and self-control. Subjective sleepiness was measured 
with the Karolinska Sleepiness scale (KSS; Åkerstedt & Gillberg, 1990; see Chapter 3, 
Section 3.2.5). Subjective vitality (α = .90) and tension (α = .59) were assessed with six items 
selected from the Activation-Deactivation checklist (Thayer, 1989; see Chapter 3). In addition, 
similar to previous chapters, two items assessing positive and negative affect (‘happy’ and 
‘sad’ respectively) were administered in this mood questionnaire. The response scales of the 
mood items ranged from (1) ‘definitely not feel’ to (5) ‘definitely feel’. 

In addition to these repeated measures, subjective state self-control was assessed 
at the end of each session using six items selected from the State Self-Control Capacity 
Scale (Ciarocco, Twenge, Muraven & Tice, 2011). Participants indicated whether they 
were (a) mentally exhausted, (b) would give up easily on a difficult task, (c) felt drained,  
(d) experienced low willpower, (e) had difficulties controlling urges, and (f) whether it would 
take a lot of effort to concentrate, on a 7-point response scale ranging from (1) not true to  
(7) very true. This scale had an internal reliability of α = .92.

Task performance. Three tasks were employed to assess different aspects of 
performance. An auditory Psychomotor Vigilance Task (PVT) assessed sustained attention 
(see Chapter 3, Section 3.2.5). An auditory Go-NoGo task measured executive functioning 
and inhibitory capacity. In this task, beeps of 400 Hz and 600 Hz were presented at random 
intervals of 1 to 9 seconds and participants pressed the spacebar as fast as possible only 
after hearing a 400 Hz beep (similar beep as in PVT), and not after hearing a 600 Hz beep 
(20% of the cases). A 2-Back task was administered as a measure for working memory and 
executive functioning. During this task, characters were presented on the screen after each 
other and participants had to react as fast as possible by pressing the spacebar if the character 
presented was the same as two characters before (i.e. the same character as one before the 
previous character). Each character was presented for 200 ms with an interval of 800 ms 
between two characters.

The mean reaction times of correct responses on the PVT, Go-NoGo and 2-Back tasks 
were used as dependent measures for performance in terms of speed. Note that the intervals 
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between the beeps were shorter (between 1 and 5 seconds) in the PVT and Go-NoGo tasks 
during the baseline phase to have a sufficient number of responses to calculate the mean 
reaction times as the tasks were shorter at baseline. In addition, percentage of correct 
responses was used as measure for accuracy on the Go-NoGo task and 2-Back tasks.

Physiological measures. Heart rate, heart rate variability and skin conductance 
measures were employed as indicators for physiological arousal. These variables were 
measured continuously during the experiment using TMSi software. The electrodes for the 
Electrocardiography (ECG) measurements were placed at V1 and V6 using Kendall Arbo 
H124SG ECG electrodes. Electrodermal activity (EDA) was measured using two electrodes of 
which one was placed on the forefinger and one on the middle finger of the participant’s non-
dominant hand. A sampling frequency of 1024 Hz was used. ECG and EDA measurements 
of 5 minutes during the auditory PVT tasks (3-minute PVT in baseline) were used for the 
analyses. Filtering and computations for the ECG and EDA data were the same as used in 
Study 2 (see Chapter 3, Section 3.2.5). 

Evaluation and beliefs of lighting condition and evaluation of office environment. 
Similar questions for appraisals of the lighting condition and beliefs concerning the lighting 
condition were applied in the current study as in Study 2 (see Chapter 3, Section 3.2.5). 
Appraisals of the lighting concerned experienced pleasantness of the lighting (4 items; α = .86),  
color, brightness, and distribution of the lighting, and whether the lighting was activating. 
In addition, beliefs about potential effects of the lighting condition on performance (3 items; 
α = .83) and on mood were investigated. In addition, two questions assessed participants’ 
evaluations concerning the adequacy of the amount and the color of light for a comparable 
office environment. Three items were employed to assess visual comfort (α = .45), but 
due to the low reliability, we decided to not include this latter measure in the analyses. In 
addition, the overall impression of the environment (α = .90) and attitude towards the office 
environment (α = .97) were measured with the same items as used in Study 2 (see Chapter 3,  
Section 3.2.5). 

Potential confounding variables. Time awake, minutes of sleep, time spent outdoors, 
and travelling time outdoors prior to the experiment were assessed at the end of each session. 
In addition, gender, age, light sensitivity (3 items; α = .70), chronotype and global sleep 
quality were measured at the end of the third session, and trait vitality (α = .79) and general 



Chapter 4

97

health (α = .69) were measured at the end of the fourth session. For a description of these 
measures see Chapter 216.

Illuminance level
(1000 lx vs. 200 lx 

at the eye)

Subjective experience
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Vitality, tension, positive 
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Working memory

Physiological arousal

Autonomic nervous activity: 
Heart rate, skin 
conductance
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Figure 14. Overview independent and dependent variables Study 3.

16 Note that in this study, ‘How often do you wear sunglasses because light is too bright?’ was also added 
as additional item for light sensitivity. A Principal Axis Factoring analysis revealed again one factor.
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Summary: overview of independent and dependent variables. Figure 14 provides an 
overview of the independent and dependent variables in the current study. We manipulated 
participants’ mental state (fatigued vs. relaxed) and the illuminance level (1000 lx vs. 200 lx 
at the eye), to test the effects of bright light exposure on subjective experiences (alertness, 
mood, self-control capacity, appraisals and beliefs), task performance on a simple vigilance 
task (PVT) and two more complex tasks (Go-NoGo and 2-Back tasks) and physiological 
arousal of the autonomic nervous system (HR, HRV, SCL) under mental fatigue vs. a more 
rested state. We assessed these variables in two repeated measurement blocks (except for self-
control capacity, appraisals and beliefs) during a half hour of light exposure, to investigate 
the development of the effects of antecedent condition and illuminance level on alertness and 
arousal with duration of exposure. In sum, we investigated alerting and activating effects of 
bright light exposure on the different dependent variables (i.e., subjective, performance and 
physiological measures) and tested whether these effects were moderated by participants’ 
prior mental state or time in session. 

4.2.7 Statistical analysis
Linear Mixed Model (LMM) analyses were performed to analyze the results 

(separate analyses for each dependent variable). To check for potential differences at 
baseline, LMM analyses were performed with Lighting condition (200 lx vs. 1000 lx 
at the eye) and Antecedent condition (Fatigue vs. Control) as fixed factors for the self-
report, performance and physiological arousal measures during the baseline phase. Then 
a manipulation check of the fatigue induction was performed using LMM analyses with 
Lighting condition and Antecedent condition as fixed factors, and subjective sleepiness, 
vitality and mood measures as dependent variables. Note that these self-report measures 
probed depletion immediately after the mental fatigue vs. control induction, but before 
the light treatment. To test the effects of illuminance level under mental fatigue or when 
rested, LMM analyses with Lighting condition, Antecedent condition and Measurement 
block (Block 1 vs. Block 2) as predictors were performed on the measures taken during 
the lighting conditions. To test the effect of Lighting condition on appraisals and beliefs 
about the lighting, LMM analyses with Lighting condition and Antecedent condition as 
fixed factors were performed.

In the analyses, Participant was added as independent random variable to group the 
data per participant, i.e. to indicate that the same participant was measured multiple times. 
To control for differences at baseline, the baseline measurement was added as covariate in 
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the analyses, except for the LMM models for self-reported self-control capacity, appraisals 
and beliefs  - as these variables were measured only at the end of each session – and of 
course except for the baseline comparisons. For consistency with the analyses for the 
other measures, LMM analyses for the physiological measures were performed with the 
baseline as covariate instead of difference scores as used in Study 2 (see Chapter 3). 
Analyses with the difference scores, however, revealed similar results (data not shown). In 
all analyses, Light sensitivity was added as covariate to control for individual differences 
in subjective light sensitivity. Other person characteristics were not added to the model 
to avoid multicollinearity as they showed significant correlations with the other personal 
traits or baseline measures. 

Thus, the model used in the analyses for the experimental phase is a two-level model 
with Lighting condition, Antecedent condition, Measurement block and the corresponding 
baseline score (not for self-control, appraisals and beliefs) as within-subjects predictors 
for the dependent measures of each session (Level 1)17. Light sensitivity was added to the 
model as predictor for the dependent measures at the participant level (Level 2). Note that 
reported contrasts for interaction effects always refer to posthoc comparisons with Bonferroni 
correction.

4.3 Results
First, we investigated whether there were differences in potential confounding variables, 

e.g., sleep duration, time awake and time spent outdoors prior to the experiment,  between the 
conditions. In addition, baseline comparisons for the dependent measures were performed 
to investigate whether differences in sleepiness, vitality, mood and task performance and 
physiological arousal already existed at baseline (prior to the manipulations). Subsequently, 
a manipulation check of the antecedent condition was performed to investigate whether 

17 Note that we have also run additional LMM analyses with the main effect and 2-way interaction effects of 
Time of day with Lighting and with Antecedent condition added to the model described above, to investigate 
potential differences in experiences, performance and physiology between subjects participating in the 
morning vs. afternoon sessions and explore whether effects were dependent on time of day. As this was 
not the main focus of the current study and results showed no clear variations in the dependent variables 
between the morning vs. afternoon sessions, we will not report on these results. Note also that although 
we were particularly interested in the 3-way interaction effect of Lighting condition, Antecedent and Time 
of day, we did not include this interaction in the model due to the relatively low number of measurements 
per cell (i.e. between 11 and 15). 
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participants felt indeed sleepier and more depleted immediately after the mental fatigue 
induction compared to the control condition. Next, the effects of the antecedent condition 
and illuminance at eye level on self-reported sleepiness, vitality, mood, and self-control 
capacity, and on task performance and physiology were tested. Last, we explored whether 
evaluations of the lighting and the room and individuals’ beliefs were dependent on the 
conditions.

4.3.1 Baseline comparisons
Confounding variables: Sleep and time spent outdoors. Linear Mixed Model (LMM) 

analyses were performed to test whether there were differences in sleep duration, minutes 
awake and minutes spent outdoors prior to the experiment between the four experimental 
conditions. Results of these analyses revealed no significant main or interaction effects of 
Lighting condition and Antecedent condition on these three measures (all p > .10), suggesting 
that these variables did not significantly differ between conditions.

Baseline self-reported sleepiness, vitality and mood. The results revealed no 
significant main effects of Lighting condition and Antecedent condition on the subjective 
measures at baseline (all p > .10). However, the interaction between Lighting condition 
and Antecedent condition did show significant baseline differences in vitality and 
positive affect at the start of the experiment [F(1,75) = 8.09; p < .01 and F(1,77) = 5.73; p 
= .02, respectively]. Participants felt more vital and reported higher positive affect prior 
to exposure to the 200 lx than to the 1000 lx condition at the start of the control sessions 
(both p < .05), but not at the start of the fatigue induction sessions (both p > .10; see Table 
10). The interaction between Lighting condition and Antecedent condition on subjective 
sleepiness and negative affect approached significance [F(1,76) = 3.00; p = .09 and F(1,77) 
= 3.82; p = .05, respectively]. Posthoc comparisons revealed no significant differences 
between the 200 lx and 1000 lx in either the control or fatigue condition (all p > .10), 
but showed a non-significant trend for lower sleepiness and less negative affect in the 
control sessions compared to the fatigue sessions at baseline prior to the 200 lx conditions 
(p = .06 and p = .05, respectively), but not at the start of the 1000 lx conditions (both p 
> .10). The interaction effect between Lighting condition and Antecedent condition on 
tension was not significant (F<1; ns), suggesting no significant baseline differences in 
self-reported tension.
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Table 10. Estimated means for baseline comparisons: Self-report measures
Control Fatigue

200 lx 1000 lx 200 lx 1000 lx
EMM SE EMM SE EMM SE EMM SE

Sleepiness (KSS) 3.48 .31 4.14 .33 4.23 .31 3.93 .31
Vitality 3.89 .13 3.48 .14 3.52 .13 3.71 .13
Tension 2.29 .11 2.17 .11 2.32 .11 2.23 .12
Happy 3.19 .16 2.82 .16 3.00 .15 3.23 .16
Sad 1.20 .11 1.38 .12 1.47 .11 1.27 .11

Note. EMM stands for estimated marginal means and SE stands for standard errors. Significant 

differences are indicated in bold. 

Baseline performance. Results of the LMM analyses revealed no significant baseline 
differences for Lighting condition and Antecedent condition on the PVT mean reaction time 
(all p > .10). The results revealed no significant baseline differences in speed or accuracy 
for Lighting condition or Antecedent condition on the Go-NoGo task (all p > .10), except 
for a significant interaction effect between Lighting condition and Antecedent condition on 
the percentage correct at baseline [F(1,70) = 4.38; p = .04]. Posthoc comparisons showed 
no significant differences between the 200 lx and 1000 lx in either the control or fatigue 
condition, but suggested a non-significant trend for a lower percentage correct prior to the 
1000 lx fatigue sessions compared to the 1000 lx control sessions (EMMFatigue = 92.42; SE 
= 1.06; EMMControl = 94.69; SE = 1.08; F(1,70) = 3.28; p = .07). Baseline comparisons for 
the 2-Back task measures revealed no significant main effect of Antecedent condition on the 
2-Back task mean reaction time and percentage correct (both p > .10). There was, however, 
a significant baseline difference in percentage correct between the two lighting conditions 
[F(1,76) = 5.59; p = .02]. The percentage correct was lower prior to exposure to the 1000 lx 
condition than to the 200 lx condition (EMM1000lx = 77.44; SE = 2.31; EMM200lx = 84.61; 
SE = 2.28). The interaction effects between Lighting condition and Antecedent condition 
on speed and accuracy on the 2-Back task at baseline were not significant (both p > .10). 

Baseline physiological arousal. The results for the baseline comparisons of heart rate, 
heart rate variability (HRV) and skin conductance level (SCL) revealed no significant main or 
interaction effects of Lighting condition and Antecedent condition (all p > .10). This suggests 
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that there were no significant differences in physiological arousal between the conditions at 
the start of the sessions.

Summary. Overall, the baseline comparisons showed some differences in both self-
report and performance measures at the start of the sessions. Therefore, we decided, as a 
general rule, to add the corresponding baseline measure as covariate in subsequent analyses. 

4.3.2 Manipulation check 
Table 11 reports the results for the comparisons of the self-report measures between the 

mental fatigue vs. control condition immediately after the manipulation, yet before the lighting 
condition. The results showed that participants felt, as expected, sleepier and less energetic 
after the fatigue induction compared to the control condition (see Figure 15). In addition, 
participants reported higher feelings of tension, less positive affect and more negative affect 
in the fatigue condition than in the control condition (see Table 11). 

Table 11. Results LMM analyses manipulation check: Self-report measures.
Control Fatigue Statistics

EMM SE EMM SE F df p R²
Sleepiness (KSS) 4.28 .22 6.12 .21 40.68 (1,75) <.01 .44
Vitality 3.45 .10 2.77 .09 28.62 (1,75) <.01 .45
Tension 2.08 .08 2.45 .07 14.10 (1,72) <.01 .30
Happy 3.13 .08 2.41 .08 43.15 (1,74) <.01 .45
Sad 1.28 .06 1.46 .06 5.01 (1,74) .03 .39

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. 

This measure is the proportion of reduction in variance of residuals. Note that this measure can also have 

negative values (Raudenbush & Bryk, 2002).

Lighting condition had no significant main effect on these subjective measures  
(all F<1, ns). The effect of Antecedent condition on subjective sleepiness and vitality prior to 
the light treatment was not moderated by Lighting condition (both F<1, ns). The interaction 
effect between Lighting condition and Antecedent condition on positive affect was, however, 
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significant [F(1,77) = 4.76; p = .03], suggesting lower positive affect before exposure to  
200 lx than to 1000 lx in the control conditions (EMM200lx = 2.96; SE = .11; EMM1000lx = 3.30;  
SE = .12; F(1,79) = 4.37; p = .04), but not in the fatigue conditions (EMM200lx  = 2.48;  
SE = .11; EMM1000lx = 2.33; SE = .11; F<1, ns). In addition, there was a significant interaction 
effect between Lighting condition and Antecedent condition on feelings of tension  
[F(1,72) = 4.93; p = .03], suggesting a similar trend for more tension in the 200 lx control 
condition than in the 1000 lx control condition (EMM200lx = 2.21; SE = .10; EMM1000lx = 1.96;  
SE = .11; F(1,75) = 3.00; p = .09), but no significant difference in the fatigue condition 
(EMM200lx  = 2.35; SE = .10; EMM1000lx = 2.54; SE = .10; F(1,72) = 1.94; p = .17). The 
interaction had no significant effect on negative affect (F<1, ns). 
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Figure 15. Development of sleepiness (left) and vitality (right) over time in session. The whiskers 

represent the 95% confidence interval. 

Summary. The fatigue induction was successful as participants reported increased 
feelings of sleepiness and lower feelings of vitality after the mental fatigue condition compared 
to the control condition. In addition, participants reported higher feelings of tension, less 
positive affect and more negative affect.

4.3.3 Effects on subjective indicators
In this section, we investigate the effect of Lighting condition and Antecedent condition 

on self-report indicators measured during exposure to a high vs. low illuminance level. Table 
12 and Table 13 show the statistics for the main effects of Antecedent condition and Lighting 
condition respectively, as well as the estimated marginal means for each variable per condition. 
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The results revealed a main effect of Antecedent condition on subjective sleepiness and 
vitality suggesting that the effect of this manipulation on these variables lasted also during 
the light exposure (see Table 12). Participants felt sleepier and less energetic during the light 
exposure after the mental fatigue induction than after the control condition (see Figure 15). 
In addition, Antecedent condition had a significant effect on positive affect (p < .01) with 
participants feeling less happy after the mental fatigue induction than the control condition. 
There was no significant main effect of Antecedent condition on feelings of tension and 
sadness (see Table 12), showing that the differences that existed in these variables immediately 
after the fatigue vs. control induction leveled out during the light exposure when participants 
were engaging in the dependent tasks.

Table 12. Results on subjective indicators for Antecedent condition during light exposure.
Control Fatigue Statistics

EMM SE EMM SE F df p R²
Sleepiness (KSS) 5.02 .24 5.66 .24 14.47 (1,177) <.01 .28
Vitality 3.21 .11 2.95 .10 15.57 (1,177) <.01 .38
Tension 2.36 .07 2.45 .06 2.39 (1,173) .12 .11
Happy 2.86 .10 2.62 .09 11.72 (1,176) <.01 .31
Sad 1.38 .06 1.39 .06 .09 (1,165) .77 .30
Lack of self-control 3.55 .26 4.00 .26 5.09 (1,74) .03 .13

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. 

This measure is the proportion of reduction in variance of residuals. Note that this measure can also have 

negative values (Raudenbush & Bryk, 2002). Note also that lack of self-control, in contrast to the other 

measures, was measured only once at the end of each session.

Lighting condition had a significant main effect on subjective feelings of sleepiness and 
vitality: Participants reported, as expected, lower feelings of sleepiness and more vitality in 
the 1000 lx compared to the 200 lx condition (see Table 13). These results replicated earlier 
findings of Study 2 (see Chapter 3). For the current research question, we were particularly 
interested in the interaction between Lighting condition and Antecedent condition. This 
interaction approached significance for sleepiness [F(1,179) = 3.62; p = .06]. In line with 
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expectations, post-hoc comparisons showed a significant effect of Lighting condition only 
when participants experienced mental fatigue [F(1,177) = 9.68; p < .01], but not when rested 
(F<1, ns; see Figure 16). The interaction effect between Lighting condition and Antecedent 
condition on vitality was not significant (F<1, ns), suggesting that the effect of lighting on 
feelings of energy was not significantly moderated by mental fatigue, although differences 
between control and fatigue conditions during the experimental lighting conditions appeared 
smaller in the 1000 lx condition than in the 200 lx condition (see Figure 16). Potentially this 
effect was masked due to the baseline difference that was present for vitality.

Table 13. Results of LMM analyses on subjective indicators for Lighting condition. 
200 lx 1000 lx Statistics

EMM SE EMM SE F    df p R²
 Sleepiness (KSS) 5.54 .24 5.14 .24 5.46 (1,179) .02 .28
 Vitality 2.98 .10 3.19 .11 10.25 (1,179) <.01 .38
 Tension 2.46 .06 2.35 .07 3.15 (1,176) .08 .11
 Happy 2.60 .09 2.88 .10 14.94 (1,177) <.01 .31
 Sad 1.42 .06 1.35 .06 2.09 (1,166) .15 .30
 Lack of self-control 3.80 .26 3.75 .26 .06 (1,75) .81 .13

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. 

This measure is the proportion of reduction in variance of residuals. Note that this measure can also have 

negative values (Raudenbush & Bryk, 2002). Note also that lack of self-control, in contrast to the other 

measures, was measured only once at the end of each session.

Lighting condition also had a significant effect on positive affect (p < .01): Participants 
felt happier in the 1000 lx condition than in the 200 lx condition (see Table 13). This effect 
was not moderated by Antecedent condition [F(1,179) = 2.21; p = .14]. The effect of Lighting 
condition on tension approached significance suggesting a non-significant trend for lower 
tension in the 1000 lx condition than in the 200 lx condition. Lighting condition had no 
significant main effect on negative affect (see Table 13). No interaction effects between 
Lighting condition and Antecedent condition emerged for tension and negative affect  
(both p > .10).
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Figure 16. Development sleepiness (upper row) and vitality (lower row) over time in session in  

200 lx (left) and 1000 lx (right) conadition for fatigued vs. rested participants. The whiskers represent the 

95% confidence interval. 

Measurement block had no significant main or interaction effects on the self-report 
measures for sleepiness and mood (all p > .10). Thus, the effects of Antecedent condition 
and Lighting condition were not moderated by time in session, suggesting that the reported 
effects of Antecedent condition and Lighting condition were immediate and consistent 
during the light exposure. Light sensitivity was no significant predictor for sleepiness, 
vitality, positive or negative affect (all p > .10), but was significantly related to tension  
[F(1,23) = 11.29; p < .01] suggesting that participants who reported a higher subjective light 
sensitivity experienced more tension during the light exposure (B = .27). The corresponding 
baseline scores of the dependent measures were all significantly and positively correlated 
with the subjective measures during the light exposure (all p < .01).

Lack of self-control capacity was measured only once at the end of each session. 
LMM analyses with Lighting condition and Antecedent condition as fixed factors and Light 
sensitivity as covariate were performed to investigate effects on lack of self-control. The 
results revealed a significant main effect of Antecedent condition with a higher lack of 
self-control after the fatigue induction than at the end of the control sessions (see Table 12).  
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Lighting condition had no significant main effect on lack of self-control (see Table 13), 
but the interaction between Lighting condition and Antecedent condition was significant 
[F(1,74) = 6.06; p = .02]. This interaction showed that the difference between the fatigue 
and control conditions was only significant in the 200 lx condition (EMMfatigue = 4.27;  
SE = .29; EMMcontrol = 3.33; SE = .29; F(1,74) = 11.38; p < .01), and not in the 1000 lx condition 
(EMMfatigue = 3.73; SE = .29; EMMcontrol = 3.77; SE = .30; F<1, ns). Light sensitivity was no 
significant predictor for lack of self-control (F<1, ns). 

Summary of lighting effects on subjective indicators. Participants reported lower 
sleepiness, higher vitality and more positive affect in the 1000 lx vs. 200 lx condition. The 
effect of illuminance level on subjective sleepiness occurred particularly when participants 
were fatigued. In addition, the effect of the fatigue induction on self-control capacity during the 
light exposure was most pronounced when participants were exposed to the 200 lx condition. 

4.3.4 Effects on performance
Comparable to the results on subjective sleepiness and subjective self-control capacity, 

we expected effects of illuminance level on performance indicators to be moderated by the 
participant’s prior mental state. Our hypothesis was that Lighting condition would show 
immediate effects on performance indicators for fatigued participants, but smaller and/or 
delayed effects for rested participants. Results of the main effects of Antecedent condition 
and Lighting condition on the speed and accuracy performance measures are reported in 
Table 14 and Table 15 respectively.

Auditory PVT: effects on sustained attention. Results revealed a significant main 
effect of the Antecedent condition on the auditory PVT mean reaction time: Participants had 
longer reaction times when fatigued than when rested (see Table 14). This suggests that the 
fatigue induction also resulted in decrements in speed on the PVT. 

Measurement block had a significant main effect on the mean reaction time  
[F(1,165) = 17.65; p < .01], indicating a declining performance from Block 1 to Block 2 
(EMMBlock1 = 340.49; SE  = 6.47; EMMBlock2 = 358.90; SE  = 6.48). The interaction between 
Measurement block and Antecedent condition was not significant (F<1, ns), suggesting that 
reaction times increased with time in session for both fatigued and rested participants and 
that fatigued participants performed worse on the auditory PVT than rested participants 
regardless of time in session after the fatigue vs. control induction. 
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Table 14. Results on performance measures for Antecedent condition during light exposure.
Control Fatigue Statistics

EMM SE EMM SE F df p R²
PVT 
 Mean reaction time 342.15 6.51 357.24 6.46 11.61 (1,166) <.01 .57
Go-NoGo
 Mean reaction time 451.50 10.81 478.75 10.73 14.62 (1,169) <.01 .39
 Percentage correct 95.10 .48 95.47 .48 .66 (1,163) .42 .04
2-Back task
 Mean reaction time 565.50 10.30 581.40 10.17 5.46 (1,167) .02 .06
 Percentage correct 82.68 1.49 81.22 1.46 1.38 (1,174) .24 .20

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. 

This measure is the proportion of reduction in variance of residuals. Note that this measure can also have 

negative values (Raudenbush & Bryk, 2002). 

Table 15. Results of LMM analyses on performance measures for Lighting condition.
200 lx 1000 lx Statistics

EMM SE EMM SE F df p R²
Auditory PVT 
 Mean reaction time 350.83 6.44 348.56 6.53 .26 (1,169) .61 .57
Auditory Go-NoGo
Mean reaction time 455.80 10.75 474.46 10.80 6.85 (1,170) <.01 .39
 Percentage correct 95.59 .48 94.97 .49 .66 (1,163) .42 .04
2-Back task
 Mean reaction time 571.87 10.22 575.03 10.27 .21 (1,169) .65 .06
 Percentage correct 83.80 1.46 80.10 1.49 8.71 (1,175) <.01 .20

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. 

This measure is the proportion of reduction in variance of residuals. Note that this measure can also have 

negative values (Raudenbush & Bryk, 2002). 
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Lighting condition, however, had no significant main effect on the mean reaction time 
(see Table 15). In contrast to our hypothesis, the interaction between Lighting condition and 
Antecedent condition on the mean reaction time was also not significant (F<1; ns), suggesting 
no state-dependent effect of bright light exposure on sustained attention. In contrast, the 
interaction between Measurement block and Lighting condition on PVT mean reaction time 
showed a non-significant trend [F(1,165) = 3.65; p = .06], showing a significant increase in 
reaction times with time in session for the 200 lx condition (EMMBlock1 = 337.45; SE = 7.10; 
EMMBlock2 = 364.20; SE = 7.13; F(1,165) = 19.58; p < .01), but not for the 1000 lx condition 
(EMMBlock1 = 343.52; SE = 7.25; EMMBlock2 = 353.60; SE = 7.25; F(1,165) = 2.54; p = .11). 
This suggests that the deterioration over time in reaction time was less pronounced in the 
1000 lx condition compared to the 200 lx condition (see Figure 17). 

Figure 17. Mean reaction time auditory PVT in 200 lx (left) and 1000 lx (right) condition in measurement 

block 1 and block 2 for fatigued vs. rested participants. The whiskers represent the 95% confidence interval. 

The 3-way interaction between Measurement block, Lighting condition and Antecedent 
condition was not significant (F<1, ns). The baseline mean reaction time was a significant 
predictor for the mean reaction time during the light exposure [B = .87; F(1,167) = 264.89; p < 
.01]. Light sensitivity was not significantly related to the mean reaction time on the auditory 
PVT during the lighting conditions (F<1; ns).

Auditory Go-NoGo task: effects on inhibitory capacity. Results of the LMM analyses 
for the auditory Go-NoGo task revealed a significant main effect of Antecedent condition 
on mean reaction time, but not on the percentage correct responses. Participants’ responses 
to targets were slower after the mental fatigue induction than after the control condition (see 
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Table 14). Lighting condition had a significant main effect on mean reaction time with, in 
contrast to our expectations, longer reaction times in the 1000 lx condition compared to the 
200 lx condition (see Table 15). The interaction between Lighting condition and Antecedent 
condition was not significant for mean reaction time (F<1; ns)18. In contrast, Lighting 
condition had no significant main effect on the percentage correct, but its interaction with 
Antecedent condition was significant for the percentage of correct responses [F(1,167) = 11.32;  
p < .01]. Participants had a higher percentage correct in the 200 lx condition than in the 
1000 lx condition when they engaged in relaxing activities before the light treatment  
(EMM200lx = 96.20; SE = .58; EMM1000lx = 93.99; SE = .59; F(1,167) = 11.40; p < .01), while 
after the fatigue induction the pattern appeared reversed, but was not significantly different 
(EMM200lx = 94.99; SE = .58; EMM1000lx = 95.95; SE = .59; F(1,165) = 2.13; p = .14). Note 
also that in the 1000 lx condition participants had a higher percentage correct after the fatigue 
induction than after the control condition [F(1,168) = 8.55; p < .01]. In the 200 lx condition, there 
was a non-significant trend for the opposite, and expected, pattern [F(1,163) = 3.50; p = .06] 
with a lower percentage correct after the fatigue induction compared to the control condition  
(see Figure 18).

Measurement block had a significant main effect on the mean reaction time in the 
auditory Go-NoGo task [F(1,167) = 7.23; p <.01], with increasing reaction times from Block 
1 to Block 2 (EMMBlock1 = 455.75; SE = 10.74; EMMBlock2 = 474.51; SE = 10.76). In addition, 
the effect of Measurement block on percentage correct showed a non-significant trend for a 
decrease in accuracy from Block 1 to Block 2 (EMMBlock1 = 95.67; SE = .48; EMMBlock2 = 
94.90; SE = .48; F(1,158) = 2.88; p = .09). The interaction effects of Measurement block with 
Lighting condition or with Antecedent condition were not significant (all p > .10), suggesting 
that the effects of illuminance level or mental fatigue on speed and accuracy on the auditory 
Go-NoGo task did not change with duration of the light exposure. Light sensitivity was 
not significantly related to performance on the auditory Go-NoGo task (both p > .10). The 
baseline mean reaction time was a significant predictor for the mean reaction time during 
the light exposure [B = .72; F(1,195) = 95.38; p < .01], while the baseline percentage correct 

18 Note that results of additional analyses with time of day included as fixed factor did reveal a significant 
2-way interaction between Lighting condition and Time of day [F(1,171) = 5.58; p = .02], suggesting only 
a significant difference between the 200 lx and 1000 lx in the afternoon [F(1,173) = 12.46; p < .01] and 
not in the morning (F<1, ns). 
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was not significantly related to accuracy on the auditory Go-NoGo task during the light 
exposure [B = .09; F(1,171) = 2.72; p = .10].
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Figure 18. Mean reaction time (left) and percentage correct (right) on auditory Go-NoGo task for fatigued 

vs. rested persons in the 200 lx and 1000 lx condition. The whiskers represent the 95% confidence interval. 

2-Back task: effects on ability to stay focused and working memory. Comparable to 
the results on the auditory Go-NoGo task, Antecedent condition had a significant main effect 
on the visual 2-Back task mean reaction time, but not on the percentage of correct responses. 
Fatigued participants responded slower to target characters than rested participants (see 
Table 14). Lighting condition had no significant main effect on the mean reaction time, but 
had a significant effect on the percentage correct responses (see Table 15) with, in contrast 
to our expectation, a lower percentage correct in the 1000 lx conditions than in the 200 lx 
conditions (see Figure 19). This effect of Lighting condition on percentage correct targets was 
not moderated by Antecedent condition (F<1; ns). The interaction between Lighting condition 
and Antecedent condition was also not significant for the mean reaction time (F<1; ns).

Measurement block had no significant effects on the 2-Back measures (all F<1; ns), 
except that the interaction between Antecedent condition and Measurement block on the mean 
reaction time showed a non-significant trend [F(1,166) = 2.96; p = .09]. Posthoc comparisons 
showed that the difference in speed between fatigued participants and rested participants 
was only significant in the second measurement block (EMMFatigue = 586.90; SE = 11.17; 
EMMControl = 559.41; SE = 11.40; F(1,167) = 8.24; p < .01), but not in the first measurement block  
(EMMFatigue = 575.90; SE = 11.18; EMMControl = 571.59; SE = 11.40; F<1, ns). While participants 
became faster in the control condition, reaction times increased in the fatigue condition. 
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The baseline mean reaction time was a significant predictor for the mean reaction 
time during the light exposure [B = .12; F(1,197) = 6.06; p < .01]. In addition, the baseline 
percentage correct was a significant predictor for accuracy on the 2-Back task during the light 
exposure [B = .21; F(1,199) = 27.36; p < .01]. Light sensitivity was not related to performance 
on the 2-Back task (both p > .10).
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Figure 19. Mean reaction time (left) and percentage correct (right) on 2-Back task for fatigued vs. 

rested persons in the 200 lx and 1000 lx condition. The whiskers represent the 95% confidence interval. 

Summary of effects on task performance. The different performance indicators 
showed no stronger or more immediate effects when participants suffered from mental 
fatigue. While the results on the PVT suggested that sustained attention deteriorated less 
over time in the 1000 lx condition compared to the 200 lx condition, results on the Go-NoGo 
task and 2-Back task revealed some performance-undermining effects of bright light. 

4.3.5 Effects on physiological indicators
Results of the main effects of Antecedent condition and Lighting condition on heart 

rate, HRV and SCL are reported in Table 16 and Table 17 respectively.

ECG: effects on heart rate and heart rate variability. LMM analyses for heart rate 
and HRV showed no significant main or interaction effects of Lighting condition, Antecedent 
condition and Measurement block (all p > .10). Only the corresponding baseline measures were 
significant predictors for heart rate and HRV (B = .64 and B = .28 respectively, both p < .01). 
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Table 16. Results on physiological arousal measures for Antecedent condition during light exposure.
Control Fatigue Statistics

EMM SE EMM SE F df p R²
ECG
 Heart rate (bpm) 73.75 .74 73.13 .75 1.27 (1,121) .26 .63
 HRV (lf/hf ratio) 2.44 .28 2.49 .29 .05 (1,128) .83 .12
EDA
 SCL (lg μSiemens) .43 .04 .43 .04 .02 (1,123) .90 .68

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. 

This measure is the proportion of reduction in variance of residuals. Note that this measure can also have 

negative values (Raudenbush & Bryk, 2002). 

Table 17. Results of LMM analyses on physiological arousal measures for Lighting condition.
200 lx 1000 lx Statistics

EMM SE EMM SE F df p R²
ECG
 Heart rate (bpm) 73.34 .74 73.54 .76 .14 (1,124) .71 .63
 HRV (lf/hf ratio) 2.56 .28 2.38 .29 .65 (1,127) .42 .12
EDA
 SCL (lg μSiemens) .41 .04 .45 .04 7.45 (1,125) <.01 .68

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. This 

measure is the proportion reduction in variance of residuals. Note that this measure can also have negative 

values (Raudenbush & Bryk, 2002). 

EDA: effects on skin conductance level. There was no significant main effect of 
Antecedent condition on SCL (see Table 16). Lighting condition had a significant main effect 
with higher skin conductance levels in the 1000 lx condition than in the 200 lx condition (see 
Table 17). The interaction between Lighting condition and Antecedent condition was also 
significant [F(1,124) = 12.52; p < .01]. Posthoc comparisons showed a higher skin conductance 
level when exposed to 1000 lx than to 200 lx in the control condition (EMM1000lx = .48;  
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SE = .04; EMM200lx = .38; SE = .04; F(1,123) = 19.66; p < .01), while there was no significant 
difference between the lighting conditions after the fatigue induction (EMM1000lx = .42;  
SE = .04; EMM200lx = .44; SE = .04; F<1, ns). Measurement block had no significant main 
or interaction effects on SCL (all p > .10). The baseline conductance level was a significant 
predictor for conductance level during the light exposure [F(1,148) = 312.12; p < .01], showing 
a positive correlation between these two measures (B = .84). 

Summary of effects on physiological indicators. Lighting condition had no significant 
effect on heart rate or heart rate variability. Bright light exposure induced a higher skin 
conductance level, yet only in the control condition and not when participants were fatigued 
prior to the light exposure. Together these results suggest no more pronounced effects of 
exposure to a higher illuminance level on these indicators for autonomic nervous activity 
when participants suffered from mental fatigue. 

4.3.6 Subjective appraisals and beliefs of the lighting conditions and the environment
 LMM analyses were performed to investigate the effect of Lighting condition and 

Antecedent condition on the subjective appraisals and beliefs concerning the lighting and 
the evaluation of the environment. In Table 18, the F-statistics of the LMM analyses on the 
evaluations and beliefs for Lighting condition are reported. In addition, the estimated marginal 
means for these variables in both the 200 lx and 1000 lx conditions are reported in Table 18. 

Subjective appraisals. Antecedent condition had no significant main effects on the subjective 
appraisals of the lighting (all p > .10), suggesting that participants’ evaluations did not differ 
between the fatigue and control condition. Lighting condition had a significant main effect on 
pleasantness and brightness of the lighting, and whether the lighting was perceived as activating 
(see Table 18). The results revealed that the lighting in the 1000 lx (at the eye) condition was 
experienced as brighter and more activating than in the 200 lx (at the eye) condition. Participants 
evaluated the 1000 lx condition, however, as less pleasant than the 200 lx lighting condition. 
This effect on experienced pleasantness was moderated by Antecedent condition, as indicated 
by a significant interaction between Lighting condition and Antecedent condition [F(1,70) = 
4.21; p = .04]. Posthoc comparisons showed that the 1000 lx condition was only experienced as 
less pleasant than the 200 lx condition in the control condition (EMM = 3.03; SE = .20; EMM = 
2.08; SE = .21; F(1,71) = 15.64; p < .01), while the difference was not significant in the fatigue 
condition (EMM1000lx = 2.64; SE = .20; EMM200lx = 2.91; SE = .19; F(1,70) = 1.44; p = .24).
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Table 18. Results of LMM analyses for evaluations of the lighting condition.
200 lx 1000 lx Statistics

EMM SE EMM SE F df p R²
Subjective appraisals
 Pleasantness 2.97 .16 2.36 .17 13.61 (1,71) <.01 .24
 Activating 3.08 .14 3.60 .15 12.18 (1,73) <.01 .15
 Color 3.42 .19 3.34 .19 .23 (1,72) .64 -.02
 Brightness 3.43 .14 4.52 .15 42.75 (1,72) <.01 .40
 Distribution of lighting 2.63 .23 2.60 .23 .03 (1,71) .87 .03
 Adequacy amount of light 2.78 .18 2.57 .18 1.33 (1,72) .25 .06
 Adequacy color of light 3.27 .17 3.42 .18 .84 (1,71) .36 .01

Beliefs
 Effect on work performance 2.99 .14 2.98 .15 <.01 (1,72) .97 .05
 Effect on mood 2.98 .19 3.48 .19 8.85 (1,70) <.01 .12

Evaluations environment
 General evaluation 2.80 .18 2.78 .18 .02 (1,69) .90 .02
 Attitude working 2.44 .22 2.71 .23 3.80 (1,69) .06 .08

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. This 

measure is the proportion reduction in variance of residuals. Note that this measure can also have negative 

values (Raudenbush & Bryk, 2002). 

The evaluations concerning the color and distribution of the lighting did not differ between 
conditions (all p > .10). There was no significant main effect of Lighting condition on the experienced 
adequacy of the lighting for office spaces in terms of intensity or color. The interaction effect between 
Lighting condition and Antecedent condition on the adequacy of the light intensity was, however, 
significant [F(1,71) = 4.34; p = .04]. Rested participants evaluated the 1000 lx condition as less 
adequate for office environments compared to the 200 lx condition (EMM1000lx = 2.37; SE =.23; 
EMM200lx = 2.97; SE = .22; F(1,72) = 4.96; p = .03). The opposite pattern appeared after the fatigue 
induction, but this difference was not significant (EMM1000lx = 2.76; SE = .22; EMM200lx = 2.59; SE = 
.21; F<1, ns). Participants’ light sensitivity was not significantly related to their appraisals (all p > .10).
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Beliefs. LMM analyses were also performed to explore whether the beliefs concerning 
the effect of the lighting condition on performance and mood differed between the conditions. 
Antecedent condition had no significant main effect on these beliefs (both p > .10). There 
was also no significant main effect of Lighting condition on the beliefs about the effect of the 
lighting on performance, but there was a significant main effect of Lighting condition on the 
beliefs concerning the effect of the lighting on mood (see Table 18). Participants indicated 
that they believed that the lighting condition affected their mood more in the 1000 lx (at the 
eye) condition than the 200 lx (at the eye) condition. The interaction effects between Lighting 
condition and Antecedent condition on the beliefs were not significant (both p > .10). This 
suggests that the difference in beliefs about effects on mood was not more pronounced after 
the fatigue vs. control condition. Light sensitivity was not significantly related to the beliefs 
(both F<1; ns).

Evaluation of the environment. A LMM analysis of the general evaluation of the room 
revealed no significant main or interaction effects of Lighting condition and Antecedent 
condition (all F < 1; ns). In addition, Antecedent condition did not have an effect on 
participants’ attitude towards working in a comparable environment (F<1, ns). There was, 
however, a non-significant trend for a more positive attitude towards working in a comparable 
environment in the 1000 lx compared to the 200 lx condition (see Table 18). The interaction 
between Lighting condition and Antecedent condition also approached significance  
[F(1,69) = 3.24; p = .08]. Posthoc comparisons showed that participants had a more positive 
attitude towards working in a comparable environment with the 1000 lx condition than with 
the 200 lx when they were fatigued before the light treatment (EMM1000lx = 2.83; SE = .25; 
EMM200lx = 2.30; SE = .24; F(1,69) = 7.37; p < .01). There was no significant difference in 
attitude between the two lighting conditions for the rested participants (EMM1000lx = 2.59; 
SE = .25; EMM200lx = 2.57; SE =.24; F<1, ns). Light sensitivity was no significant predictor 
for these subjective evaluations of the office environment (both F<1; ns).

4.4 Discussion
 The current study investigated the effects of diurnal light exposure on subjective 

alertness, vitality and mood, performance on various tasks and physiological arousal, and 
tested whether such effects would be more pronounced when persons suffer from mental 
fatigue, not from sleep pressure but due to mental resource depletion. Results of the subjective 
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indicators suggest that exposure to a higher illuminance level during daytime can replenish 
mental fatigue. However, the physiological and performance-based measures showed more 
mixed results of illuminance level, and no clear indications for stronger or more immediate 
effects of bright light exposure after mental fatigue.

Manipulation checks showed that the fatigue induction was successful as participants 
reported increased feelings of sleepiness and lower feelings of vitality immediately after the 
mental fatigue condition compared to the control condition. The results of the self-report 
measures during exposure to the lighting conditions suggested that the effect of mental fatigue 
induction persisted during the subsequent light exposure. In addition, the mental fatigue 
induction significantly slowed down responses on all three performance tasks: Reaction 
times on psychomotor vigilance task (PVT), the Go-NoGo, and the 2-Back task were longer 
after the fatigue induction compared to the control condition. There was no difference in 
the physiological arousal measures during the light exposure between fatigued or rested 
participants. 

4.4.1 Subjective indicators
In line with earlier findings by Partonen and Lönnqvist (2000), Phipps-Nelson et 

al. (2003) and Rüger et al. (2006) and the results of Study 2, daytime exposure to bright 
light had an alerting effect on subjective sleepiness and vitality. The results of these self-
reported measures revealed that participants felt less sleepy and more vital when exposed 
to 1000 lx compared to 200 lx. In line with Study 2, this alerting effect appeared in the 
first measurement block and persisted in the second one. In other words, the effects on 
self-reported sleepiness and vitality were immediate and consistent during the half hour 
of exposure.

For the current research question, however, we were mainly interested in whether this 
effect was moderated by the participant’s prior mental state. Results suggested that the effect 
of illuminance level on subjective sleepiness was indeed dependent on prior mental state. 
In line with our hypotheses, exposure to bright light had an effect on subjective sleepiness 
mainly when participants felt fatigued, effectively replenishing them close to the level of 
rested participants. This moderation of light effects by prior fatigue could not be established 
for vitality, potentially because a baseline difference masked expected effects. However, a 
comparable interaction pattern did emerge for subjective self-control capacity: differences in 
self-control between fatigued and rested participants occurred only in the 200 lx condition. 
There was no ‘self-control gap’ between fatigued and rested participants who had experienced 
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1000 lx at the eye, in other words, the bright light appeared to have replenished perceived 
self-control capacity of participants when they suffered from mental fatigue.

Lighting condition had an effect on positive affect with participants reporting more 
positive affect in the 1000 lx condition than in the 200 lx condition. Similar effects have 
been reported by, for instance, Kaida and colleagues (2007b) and Partonen and Lönnqvist 
(2000). The result is in contrast to Study 2 which showed no significant effect on positive 
affect, but revealed only a non-significant trend for an interaction between illuminance 
level and time in session for positive affect. Potentially this is due to the fact that in Study 
2 participants were already quite happy, whereas participants, especially when fatigued, 
reported lower initial positive affect in the present study. In the current study, the effect 
of illuminance level was not moderated by time in session. The duration of the lighting 
conditions in the present study was shorter (30 minutes) than in Study 2 (one hour), and 
results suggested a non-significant trend for more positive affect in the first half hour of 
the bright light exposure in Study 2. Together, these differences in prior affective state 
and duration of exposure may explain why we found an immediate and consistent effect of 
illuminance level on positive affect during the lighting exposure in the current study. The 
effect of illuminance level on positive affect occurred independent of time in session, and 
was also not moderated by the antecedent mental state. This contrasts the state-dependent 
effects of exposure to a higher illuminance level on subjective sleepiness and self-control 
capacity.

4.4.2 Task performance
Although the subjective indicators showed a quite consistent pattern in line with our 

hypotheses, results on the performance measures revealed mixed results. Results on the PVT 
showed a trend for a larger increase in response times with time in session in the 200 lx 
condition than in the 1000 lx condition, suggesting that the effect of bright light on sustained 
attention was – in line with the results in Chapter 3 - dependent on duration of exposure. This 
delayed effect of bright light on performance occurred regardless of the induction (fatigue 
vs. control) prior to the light exposure. In the current study, participants were exposed to 
the lighting conditions for 30 minutes, while in Study 2 the effect on the PVT was most 
pronounced after 30 minutes of exposure. Together, these results suggest that exposures of 
at least 30 minutes to 1000 lx at the eye are necessary to affect performance on a simple 
reaction time task. From the fact that the effect was not moderated by the fatigue induction, it 
appears unlikely that the delayed effect of exposure to a higher illuminance level in Study 2 
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can be attributed to increasing fatigue of the participants. In that case we should have seen 
a more immediate and/or stronger effect of bright light in the fatigued participants in the 
current study.

Notably, the results of bright light on the Go-NoGo and 2-back task, probing inhibitory 
capacity and short-term memory respectively, were opposite to those on the PVT. Results 
of the auditory Go-NoGo task suggested that participants responded slower to targets in the 
1000 lx condition than in the 200 lx condition19. Even though reaction times on the Go-NoGo 
task increased with time in session, the effects of lighting condition were - in contrast to the 
auditory PVT - not moderated by duration of exposure. Although the lighting condition did 
not have an effect on the visual 2-Back task in terms of reaction times, the percentage correct 
responses was lower in the 1000 lx condition than in the 200 lx condition, again suggesting 
negative rather than positive effects of daytime bright light exposure on performance. This 
effect of illuminance level on accuracy was also not moderated by time in session.

Importantly also, findings of the current study did not confirm the hypotheses on 
moderation of bright light effects on the performance indicators by prior mental fatigue. 
Lighting effects on performance measures were generally not stronger or more immediate 
for fatigued persons. As stated before, results of the auditory PVT showed no moderation by 
mental fatigue induction and exhibited a similar delay as reported in Study 2, irrespective of 
the antecedent condition. In the Go-NoGo task, participants consistently showed a decrement 
in speed with brighter light, independent of their prior level of mental fatigue. Accuracy 
on this task did show an interaction between lighting condition and antecedent condition. 
In the 200 lx condition accuracy was lower for fatigued persons, whereas in the 1000 lx 
condition they outperformed rested persons. This interaction appeared to be mainly due to an 
unexpected - and as yet unexplained - accuracy decrement caused by bright light for rested 
persons only. Effects of bright light on 2-back task performance again were not moderated 
by the fatigue induction: the accuracy-reducing effect of bright light occurred regardless of 
whether participants were depleted or not.  

So although performance on a simple reaction time task benefitted from bright light 
exposure, performance on the other more complex tasks appeared to be affected adversely 
by brighter light in the current study. It should be noted that in the current study, participants 

19 Note that results of the additional analyses with time of day included in the model (main and 2-way 
interaction effects) suggested that the effect of illuminance level on the Go-NoGo task mean reaction time 
appeared to be most pronounced in the afternoon.
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always first engaged in the PVT and then in the Go-NoGo and 2-back tasks, without a rest 
period in between tasks. As discussed in Chapter 1, task engagement on a first performance 
task may affect performance on a subsequent task that requires effort. It is, however, unlikely 
that participants were less motivated and put less effort in the more complex task after 
performing better on the sustained attention task in the 1000 lx condition as the effect on 
the PVT was most pronounced in the second measurement block while the performance-
undermining effect on the Go-NoGo and 2-Back tasks occurred also in the first block. To 
investigate effects of bright light on performance as a function of different types of tasks 
and eliminate possible order effects, future research could assess lighting effects on different 
cognitive performance tasks with sufficient rest periods in between the tasks. 

The fact that participants reported a higher positive affect in the 1000 lx condition 
suggests that they did not perform better on the more complex cognitive performance tasks 
(i.e., Go-NoGo task and 2-Back task) in the 200 lx condition due to a more positive mood. 
Moreover, it is unlikely that these effects are due to the low visibility of the task in the bright 
light condition as we see performance-reducing effects on both the visual 2-Back task as 
well as on the auditory Go-NoGo task. Moreover, other studies have shown increments in 
performance on visual cognitive tasks but not on sustained attention tasks when exposed to 
bright light during daytime after hours of exposure to dim light (Rüger et al., 2005) or at night 
(Boyce et al., 1997; Kretschmer, Schmidt & Griefahn, 2012). In contrast, exposure to a higher 
CCT in the evening enhanced speed on the PVT and Go-NoGo task, while it did not affect 
performance on a visual executive functioning task (Chelleppa et al., 2011b). Lastly, Study 2 
also reported faster responses on an auditory sustained attention task, but a lower accuracy 
on the visual letter digit substitution task, during the first part of the bright light exposure 
(see Chapter 3). In sum, although bright light exposure consistently improves subjective 
alertness and vitality, studies show mixed results on performance on vigilance tasks, more 
complex tasks and tasks including both visual and cognitive components. In the current 
study, we found only beneficial alerting effects of bright light exposure on performance in 
an auditory sustained attention task. As human performance certainly encompasses more 
than can be assessed with simple vigilance tasks, this calls for further research to the effects 
of illuminance level on different types of cognitive performance tasks. 

At this moment we can only speculate on the reasons for the differential effects in 
our study. A possible explanation is perhaps offered by arousal-level theory which would 
predict better performance on simple tasks under high – bright light – stimulation, yet worse 
performance on more complex tasks (Yerkes & Dodson, 1908; Anderson, 1994). This would 
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imply that there exists an optimal illuminance level to induce arousal to engage in certain 
tasks based on the difficulty of the task (see also CIE, 2004/2009). As we employed only two 
light manipulations (200 lx vs. 1000 lx at the eye) and a limited set of performance tasks, 
future research is necessary to determine the optimal illuminance level for different types 
of performance tasks. It should be noted however, that a review by Veitch (2001) suggested 
that earlier research did not provide clear evidence for an inverted-U shaped relation between 
illuminance level and visual task performance as a function of task difficulty. In addition, 
some tasks may be more sensitive to a light manipulation than others, not only based on 
their complexity, but also on the required cognitive processes and skills to perform the task.

4.4.3 Physiological measures
Physiological indicators also revealed mixed results for the effects of illuminance level 

on autonomic nervous activity. Results of the current study showed no effects of the lighting 
condition on heart rate or heart rate variability (HRV). The results on heart rate contrast the 
findings of Study 2, which showed immediate effects on heart rate. The findings of the current 
study are in line with daytime effects of light reported by Rüger and colleagues (2006), who 
reported that subjective alertness did respond to bright light during the day, whereas heart 
rate did not (their study did not include HRV). In addition, there was no difference in heart 
rate or HRV between fatigued and rested participants, nor did these variables change with 
time in session. 

In line with the results of Study 2, there was an effect of lighting condition on skin 
conductance level with a higher level in the 1000 lx vs. 200 lx (at the eye) condition. In 
the current study, this effect was moderated by participants’ prior mental state. In rested 
participants, skin conductance was higher in the bright light condition and lower in the 
dimmer light condition, but fatigued participants’ skin conductance did not respond differently 
to 1000 lx vs. 200 lx at the eye; their skin conductance level lay in between. This indicates 
an arousal response in rested participants when exposed to bright light, which unexpectedly 
did not appear for fatigued persons. Comparable to the previous results, these effects did not 
change with duration of exposure.

4.4.4 Appraisals and beliefs
In line with the previous study, subjective evaluations of the lighting revealed that 

the participants rated the two lighting conditions differently. They experienced the 1000 lx 
condition as more bright and activating, regardless of their prior mental state. The 1000 lx 
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condition was also experienced as less pleasant and less adequate for working when 
participants were more relaxed, but not when persons suffered from mental fatigue and 
resource depletion. In contrast, fatigued participants had a more positive attitude towards 
working in a comparable environment with brighter light. These results suggest that persons 
may appreciate a higher illuminance level more – or at least not less – than regularly 
experienced light levels when they suffer from mental fatigue. 

Generally, participants reported that they believed that the lighting conditions affected 
their mood and performance level at least to some extent. In line with the mixed results 
on the performance measures and previous findings of Study 2, there were no significant 
differences in beliefs concerning the effect of the lighting on performance between the two 
lighting conditions. In contrast, beliefs that the lighting condition affected their mood were 
stronger in the 1000 lx than in the 200 lx condition – which is indeed in line with the effects 
on mood reported earlier. 

The use of a within-subjects design raises the possibility for expectancy bias, as 
participants were not blind to the light manipulation. In fact, they evaluated the lighting in 
the 1000 lx condition as brighter than in the 200 lx (at the eye) condition. Additional analyses 
revealed, however, that participants’ beliefs did not significantly differ with the number 
of sessions they had participated in, i.e., beliefs were not stronger when participants had 
experienced more conditions (data not shown). In addition, the effect of illuminance level 
on participants’ beliefs concerning the potential effect of the lighting condition on mood was 
not significantly moderated by the number of sessions (data also not shown), suggesting that 
participants reported stronger beliefs in the 1000 lx condition independent of the number of 
conditions experienced in the study. It seems therefore unlikely that reported differences in 
beliefs occurred due to expectancy biases of the participants. 

Note also that participants’ beliefs were always asked at the end of the session, i.e., after 
the subjective mood and task performance measures during the light exposure. Therefore, 
participants’ beliefs may have been affected by the reflection on their mood and experienced 
performance level during the light treatment. Future research is required to establish whether 
persons’ beliefs and expectations about potential effects of a certain light condition on their 
mood and performance moderate light’s effects on affective and cognitive functioning.

4.4.5 Baseline differences
Unfortunately, some measures revealed differences at baseline prior to the experimental 

conditions, despite the fact that we paid special attention to minimize differences prior to 
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lighting conditions (we asked persons to participate four times at the same time of day, to 
control for potential differences in alertness, mood and arousal due to circadian variations in 
sleep pressure). In all analyses, we therefore controlled for each participant’s baseline scores 
of the corresponding session. There were no significant differences in sleep pressure due to 
homeostatic regulation between conditions as participants reported no differences in sleep 
duration or time awake. The baseline differences can therefore not be attributed to circadian 
or homeostatic modulation. 

The fact that each subject participated either in the morning or in the afternoon may 
have induced additional variance in the data for feelings, performance levels and arousal. 
Additional analyses revealed, however, no significant differences in the indicators for 
participants’ momentary state, performance and physiological arousal level during the 
baseline phase between the morning vs. afternoon sessions (data not shown). In addition, time 
of day showed no significant main effects after controlling for differences in the dependent 
measures at baseline. Moreover, the effects of lighting condition and antecedent condition 
reported above were generally not moderated by time of day. 

4.4.6 Conclusion
The current study replicates earlier findings of Study 2 on the beneficial effect of bright 

light exposure during daytime on subjective alertness, vitality and vigilance during daytime 
and in the absence of sleep or light deprivation (see Chapter 3). In addition, the current study 
showed that effects on subjective sleepiness and self-control capacity were most pronounced 
when a person is suffering from mental fatigue. In contrast to these subjective measures, the 
performance indicators and physiological measures showed mixed – and some unexpected 
- results. Overall, the results on task performance suggest that extended exposure to bright 
light (at least 30 minutes) may improve sustained attention and in this sense corroborate 
earlier reports of performance enhancing effects of bright light during the night (Rüger et 
al., 2006), after sleep and/or light deprivation (Phipps-Nelson et al. 2006; Vandewalle et al., 
2006), as well as during regular working hours (Study 2). Judging from the present study’s 
results, the delayed response of vigilance performance to bright light exposure cannot be 
explained by a person’s increasing mental fatigue. Instead, these effects may involve slower 
activation mechanisms (e.g. Vandewalle et al., 2009), or require a higher light dosage than 
subjective responses, which may be realized through extended exposure duration or exposure 
to higher levels. However, performance on tasks addressing inhibitory capacity and/or short-
term memory in the present study showed performance-undermining effects of brighter 
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light. In addition, bright light exposure had no clear activating effects on the indicators for 
autonomic nervous activity within the 30 minutes explored in the current study. Together, the 
results showed that although the subjective measures indicated that bright light exposure may 
also counteract subjective fatigue during regular daytime hours, effects on the performance 
and physiological arousal measures were not stronger or more immediate when participants 
suffered from mental resource depletion.
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Chapter 5

Preferred illuminance level as a function of vitality, 
performance and time of day

Abstract
Previous research has shown that daytime light exposure can have an influence on 

alertness and vitality. Some of the effects of illuminance level were dependent on time of 
day or individuals’ prior state. In this study, we explore whether light preferences reflect 
these effects. Two experiments were conducted to investigate preferred illuminance levels 
as a function of time of day, subjective alertness, vitality and mood as well as vigilance 
(performance indicator), both with and without daylight contribution. A mixed-group 
design was applied in which respondents participated in two to four separate visits, with  
N = 27 (78 sessions) without daylight and N = 54 (104 sessions) with daylight contribution. 
Results revealed substantial inter- and intra-individual differences in preferred illuminance 
level. Light preferences showed no systematic variations with time of day, light sensitivity, 
chronotype or daylight contribution. In contrast, results did show a significant, albeit 
modest, relation between light preferences and feelings of alertness and vitality with, as 
expected, a higher preferred illuminance level when participants felt less alert and energetic.
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5.1 Introduction
In the previous studies, we have shown that light exposure can affect human daytime 

functioning. The results have demonstrated higher subjective alertness and vitality as well 
as faster responses on a sustained attention task under exposure to 1000 lx compared to 
200 lx. These effects of bright light exposure on subjective experiences and performance 
were dependent on time of day or individuals’ prior mental state. Study 2 suggested that 
exposure to a higher illuminance level benefitted participants’ capacity to sustain attention 
in the morning, but not in the afternoon. Moreover, results of Studies 1 and 3 showed that 
exposure to a higher illuminance level increased subjective alertness and vitality particularly 
when participants felt tired and depleted. Whether lighting preferences reflect these effects 
has not been investigated yet. Earlier research has shown that exposure to preferred light 
settings can induce more positive mood and increase satisfaction with the lighting and the 
environment (Newsham & Veitch, 2001; Newsham, Veitch, Arsenault, & Duval, 2004; Veitch 
et al., 2008; 2013). This suggests that it is important to not only investigate optimal lighting 
settings for users in terms of potential alerting and vitalizing effects, but to also consider 
their personal preferences.

Research investigating environmental preferences has provided indications that persons 
may prefer environmental conditions that have potential beneficial effects on their well-being 
and performance (e.g., Hartig & Staats, 2005; see also Hartig et al., 2010). This suggests that 
persons may feel a stronger preference for environmental conditions that promote alertness 
and vitality, especially when there is a need for improvement. For instance, several studies 
have shown that persons may benefit from exposure to natural environments compared 
to urban environments when they feel stressed or mentally fatigued (e.g., Berman et al., 
2008; Hartig et al., 2003; Ryan et al., 2010; Tennessen & Cimprich, 1995). In line with 
these effects, persons showed a preference to expose themselves to natural environments, 
especially when they felt fatigued (e.g., Hartig & Staats, 2005, 2006; Staats et al., 2003; 
van den Berg, Koole & van der Wulp, 2003). As stated before, the first empirical chapters 
of the current thesis showed that light too may enhance alertness and vitality, even during 
regular daytime hours. Moreover, in Chapter 4 it was demonstrated that effects on persons’ 
subjective experiences were most pronounced when persons suffered from mental fatigue. 
While stronger preferences for natural (vs. urban) environments seem to reflect the potential 
restorative effect of exposure to nature on experienced fatigue, mood and performance, it is 
unknown whether this also applies to lighting conditions. 
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To date, no studies (at least to our knowledge) have been performed to investigate 
variations in individual’s affective and cognitive state as a predictor for light preferences. 
Nevertheless, several studies have investigated variations in light preferences as a function of 
time of day, person characteristics, type of activity and context (e.g., Begemann et al., 1997; 
Biner et al., 1989; Boyce et al., 2000; Butler & Biner, 1987; Logadóttir & Christoffersen, 
2008). As stated in Chapter 1, studies investigating preferred light settings have reported 
substantial interpersonal and situational differences in light preferences (e.g., Begemann 
et al., 1997; Biner et al., 1989; Boyce et al., 2000; Butler & Biner, 1987; Juslén, Wouters & 
Tenner, 2005; Logadóttir & Christoffersen, 2008; Newsham, Aries, Mancini & Faye, 2008; 
Veitch & Newsham, 2000). 

A survey study by Butler and Biner (1987) showed that students rated their preferred 
intensity levels differently depending on the type of activity (e.g., studying, reading, eating, 
talking, listening to music) and the environmental setting in which the activity would 
take place (e.g., living room, kitchen, classroom, office). Moreover, their results provided 
some indications that individuals’ preferences were not only influenced by the activity and 
physical environment, but also by the social setting. This was confirmed by Biner et al. 
(1989): preferred light settings for a certain task were dependent on whether the activity was 
performed together with a romantic partner, a platonic friend or a group of friends. Generally, 
students reported that they would prefer less bright light to perform an activity together 
with a romantic partner than with a friend or group of friends. In contrast to these survey 
studies in which participants reported on their general light preference for a certain situation, 
most studies have investigated variations in light preferences over time using an adjustment 
task in which the participant could select his or her preferred light setting by adjusting the 
lighting. Several studies have shown that when persons can actually adjust the lighting to 
select their preferred light setting, light preferences may also depend on the stimulus range 
of the light source as well as on the adaptation level and person’s light history (Boyce et al., 
2000; Fotios & Cheal, 2010; Fotios, Logadóttir, Cheal & Christoffersen, 2012; Logadóttir, 
Christoffersen & Fotios, 2011). 

Perhaps one of the most extensive studies on light preferences was the one by Begemann 
and colleagues (1997). They performed a longitudinal field study to explore light preferences 
over time and between persons. Preferred light settings were logged in an office room 
occupied by different participants (N = 170), working in the space during a full workday. 
The study was run over a two-year period, rendering light preferences over a large range of 
working conditions, weather conditions, seasons, employees, and work activities. Their main 
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results suggested that participants preferred a dynamic instead of a constant lighting level 
throughout the day. Light preferences (a combination of natural and artificial light) varied with 
weather conditions and time of day - roughly following a natural daylight curve. Employees 
added on average 800 lx to the daylight levels at the desk, but results showed also substantial 
differences in light preferences between persons. A comparison between two persons, who 
adjusted the lighting very differently, provided indications that light sensitivity, sleep quality 
and chronotype may have contributed to these inter-personal differences. 

Newsham and colleagues (2008) also revealed large inter- and intra-individual differences 
in participants’ self-selected light settings. In this laboratory study, participants engaged in 
office-work related tasks during a working day and were able to adjust the lighting every half 
hour. Their results revealed that, although light preferences in terms of total illuminance level 
(daylight and artificial lighting) changed during the day, the illuminance level set (artificial 
light only) did not systematically vary with time of day. Together, the study by Begemann 
et al. (1997) and by Newsham et al. (2008) suggested that the variation in illuminance level 
at the desk throughout the day was mainly determined by the natural variation in daylight 
contribution, and did not show clear preferences for brighter light settings in the morning than 
in the afternoon. A field study by Juslén et al. (2005), which investigated employees’ self-
selected illuminance levels in an industrial work environment without daylight contribution, 
showed that light preferences for work-related tasks (in this case assembly of products) 
may also vary with time of day in the absence of daylight contribution. In fact, their results 
suggested that employees preferred a higher illuminance level especially in the morning, at 
the start of their working day. 

Begemann and colleagues (1997) proposed that time-dependent variations in light 
preferences might have been related to person’s experienced level of alertness, mood and 
performance, but they did not test this hypothesis. Although little is known about individual’s 
psychological state as a source of variation in light preferences, results by Heerwagen (1990) 
provided some indications that persons may seek more light when their affective state can 
be improved. Her study showed that participants who suffered from SAD – reporting more 
depressive symptoms, higher levels of fatigue and negative affect during the week prior to 
their laboratory visits - preferred a more intense light setting than their healthy controls. 
These results suggested that light preferences can differ between persons depending on their 
general level of stress or depression. Again, the contribution of intra-individual variations in 
light preferences was not investigated.
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In sum, the literature suggests systematic variations in light preferences with time of day 
and daylight contribution, person characteristics (e.g., light sensitivity, seasonal depression) 
and stimulus range. Yet the current literature on the role of other situational factors is still 
inconclusive (see Chapter 1). Moreover, empirical data assessing how psychological factors 
may shape individuals’ light preferences is very scarce.

In the current chapter, we explored whether light preferences reflect effects shown 
in the first chapters, by investigating variations in individuals’ light preferences as a 
function of time of day and their mental state. Complementing the study by Heerwagen 
(1990), we focus on light preferences as a function of natural occurring variations in 
feelings of vitality, mood and performance within healthy day-active persons. Potential 
time-dependent variations in light preferences were investigated both with and without 
daylight contribution, providing more insight in the role of daylight levels – whether these 
function as an implicit internal standard, or rather as an explicit external standard – in 
shaping personal light preferences. As earlier studies have suggested that light preferences 
may depend on type of activity and context (e.g., Biner et al., 1989; Butler & Biner, 1987), 
we investigated light preferences in the same context (simulated office environment) and 
for a certain type of task (i.e., performing an attention task), which would require alertness 
and sustained attention. 

Based on earlier research, we expected large variations in light preferences both within 
and between persons. In line with effects shown in the previous studies, we hypothesized 
that healthy day-active people would prefer brighter light settings when they felt more sleepy 
and less energetic. In addition, we investigated time-dependent variations in light preferences 
and explored whether persons preferred a higher illuminance level in the morning than in the 
afternoon. This will provide insights into whether persons prefer light settings that support 
their biological needs. 

5.2 Method
Preferred illuminance level was investigated in two experiments to assess light 

preferences without daylight exposure (Study 4) and with daylight contribution (Study 5). 
Except for this difference, the same method was employed in both studies.
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5.2.1 Design
In both studies, a mixed-group design was applied in which respondents participated in two 

to four separate visits with an interval of at least one hour between two sessions. This rendered 
data over different times of day and variations in alertness, vitality, mood and performance 
levels. Moreover, this resulted in natural variations in daylight contribution in Study 5.

5.2.2 Participants
In the first preference study (Study 4), 27 students participated of whom 22 were male 

and 5 female, resulting in a total of 82 sessions. Their age ranged from 18 to 27 with a mean 
age of 22 (SD = 2.23). The data of four sessions were removed due to technical problems with 
the program or lighting system. In the second preference study (Study 5), 54 participants 
took part, of whom 40 were male and 14 female (mean age: 21, SD = 2.43, range: 19-33), 
resulting in a total of 111 sessions20. The data of seven sessions were removed due to technical 
problems with the lighting.  None of the participants were extreme chronotypes according 
to the Munich Chronotype Questionnaire (Roenneberg et al., 2003), except one extreme 
late chronotype in Study 521. In addition, participants did not suffer from hearing or visual 
deficits, or had complaints about their general health.

5.2.3 Setting
The experiments were run in the same laboratory as Study 3. In these studies, only 

the recessed luminaires in the ceiling were used (see Chapter 4, Section 4.2.4 for a more 
detailed description of the laboratory and lighting). In Study 4, the window (1.6 x 1.6 m, east 
oriented) was covered with a shutter outdoors and a blackout blind indoors to avoid daylight 
contribution, while the shutter and blind were open in Study 5. In Study 5, we positioned 
light sensors in the laboratory to measure illuminance level at eye level (vertical, on a tripod 
next to the participants’ chair at 1.20 m height), at the desk (horizontal, positioned next to 
the keyboard) and at the window (vertical, applied with tape at the center of the window, 
directed outdoors). Weather conditions in Study 5 ranged from a clear sky to cloudy or 

20 Note that although participants could register for two to four sessions, most students only participated 
twice in Study 5.

21 Note that additional analyses without this participant revealed very similar results in Study 5. Therefore, 
we will only report on the analyses with the data of this participant included.
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overcast sky, with a daily average temperature of 16.3 (SD = 3.9, range 9.8 – 25.3; based 
on hourly weather data in Eindhoven of the Royal Netherlands Meteorological Institute  
(KNMI, 2013)). It was rainy weather in 29% of the sessions, and it was sunny weather in 47% 
of the sessions. There was no snow during the experimental sessions. The daylight levels 
prior to the light selection measured at the window in Study 5 showed a parabolic trend 
with time of day. These intensity level prior to the light selection showed large variations in 
illuminance level ranging from 377 lx to 15697 lx (M = 4143 lx; SD = 3154). 

5.2.4 Procedure
Participants subscribed for the study by means of an online reservation system. After 

subscribing for two or more sessions, they received an e-mail with a hyperlink to an online 
questionnaire measuring person characteristics, such as chronotype and light sensitivity. 
The participants were asked to fill in this questionnaire once, before participating in the 
first session. At the start of the first session, participants signed a consent form and received 
instructions about the experiment.  

At the beginning of each session, participants completed a short questionnaire with 
questions concerning their sleep of the previous night, consumption of food and beverages 
one hour before the experiment, whether they spent time outdoors and how much mental 
and physical effort they engaged in one hour prior to the experiment. In addition, questions 
concerning the subjective evaluation of the lighting condition at baseline were completed. 
During the first session, participants also performed a practice session consisting of six trials 
of the Attention Network Task (ANT; Fan, McCandliss, Sommer, Raz, & Posner, 2002) to 
make them familiar with this task. Subsequently, participants engaged in the 5-minutes 
auditory Psychomotor Vigilance Task (PVT). After this test, participants completed self-
reported measures of alertness, vitality and mood. During this first part of the experiment 
(which took about 8 minutes), the artificial lighting was set to 500 lx and 4000K at work 
plane (~200 lx at the eye). 

After the mood questionnaire, participants received instructions on the computer screen 
about the adjustment task and the illuminance level of the artificial lighting was set to 
200 lx at the desk (4000K; ~85 lx at the eye). Then participants adjusted the light intensity 
up to the level they felt would be optimal for performance on a subsequent attention task  
(see Figure 20). 

After adjusting the lighting, participants completed 48 trials of the ANT and evaluated 
the lighting condition. At the end of the last session, participants also reported their beliefs 
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concerning the effect of light on performance and mood. One session lasted approximately 
15 minutes and the participants received a compensation of 3 Euros per session. Study 4 was 
run in March 2011 and Study 5 took place from September to November 2011.

Figure 20. Overview procedure of one session.

5.2.5 Measures
Light preference. In both experiments, participants’ light preferences were measured 

using an adjustment task. Several studies have, however, shown that preferred light settings 
assessed with an adjustment task, a method which is commonly used to explore light 
preferences, is affected by the stimulus range used (Boyce et al., 2000; Fotios & Cheal, 2010; 
Fotios, Logadóttir, Cheal & Christoffersen, 2012; Logadóttir, Christoffersen & Fotios, 2011). 
These studies showed for example that, on average, participants tend to adjust the lighting 
to the middle of the range. To minimize a central tendency bias, the paradigm was designed 
such that participants were not made aware of the range of illuminance levels, to avoid that 
participants would adjust the lighting according to the center of the range. Participants could 
only increase the illuminance level to adjust the lighting according to their preference, with 
the option to go one step back as correction. The initial level could be set from 200 lx upward 
to 5000 lx at the desk, by pressing the ‘arrow up’-button of the laptop keyboard. With each 
press on the button, the illuminance increased with about 100 lx at the desk. The participants 
could make one correctional step by pressing the ‘arrow down’-button, which would decrease 
the illuminance with 100 lx. Choosing a range of 50 steps resulted in small, but noticeable 
differences in lighting conditions between two consecutive steps. After one optional step 
back was made, it was not possible to adjust the settings further; the same goes for when 
the maximum illuminance level was reached. Participants were instructed to increase the 
illuminance up to a level they felt the lighting was optimal to perform an attention task. The 
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selected illuminance level (at the desk) by the participant was logged based on a calibration 
of the lighting, performed prior to the start of the experiments. 

Subjective measures of alertness and mood. Subjective sleepiness was assessed 
with the Karolinska Sleepiness Scale (KSS; Åkerstedt & Gillberg, 1990; see also Chapter 
3, Section 3.2.5). Vitality and tension were measured with the same items as used in the 
previous chapters, except that the items ‘tired’ (recoded) and ‘vital’ were added to the vitality 
subscale and ‘relaxed’ (recoded) was added to the tension subscale22. The vitality subscale 
was internally reliable with α = .91 in Study 4 and α = .88 in Study 5. The tension subscale 
consisted of three items: ‘relaxed’ (recoded), ‘tense’ and ‘calm’ (recoded). The internal 
consistency of this scale was α = .80 and α = .71 respectively. In addition, positive and 
negative affect were each measured with two items (‘happy’ and ‘content’, and ‘sad’ and 
‘depressed’, respectively). The internal reliability of these scales were α = .59 and α = .68 
for positive affect and α = .68 and α = .67 for negative affect in Studies 4 and 5 respectively.

Performance tasks. A 5-minute auditory psychomotor vigilance task (PVT) was used 
as an objective measure of alertness prior to the light adjustment to assess participant’s ability 
to sustain attention (for a more detailed description see Chapter 3, Section 3.2.5). The mean 
reaction time was used as performance measure on this task.

The Attention Network Task (ANT; Fan et al., 2002, 2007) was used as attention task 
after participants set their preferred lighting condition. This task consists of 48 trials during 
which five arrows were shown either above or below a fixation point on the  Participants had 
to indicate whether the central arrow pointed right or left as fast as possible by pushing the 
corresponding ‘left-arrow’ or ‘right-arrow’ key on the keyboard. The central arrow pointed 
either in the same direction (congruent trials) or in the opposite direction as the four flanking 
arrows (incongruent trials). At the start of each trial, a cue (either (1) a central cue indicating 
that the target was to appear soon, (2) a spatial cue signaling that the target was to appear soon 
and indicating whether it would appear above or below the fixation point, or (3) no cue) was 
presented on the screen for 200 ms, followed by a fixation point (already shown for no cue). 
Subsequently, the target was presented after a variable duration between 300 ms and 1450 

22 Note that the subscales correlated highly with the scales used in the previous studies (r > .90). As the 
internal reliabilities were higher for the scales with the additional items included, we will report on these 
subscales.



Preferred illuminance level as a function of vitality, performance and time of day

136

ms (mean 550 ms). This ANT was designed to measure three types of attention responses: 
alerting, orienting, and executive. For more details about the procedure for each trial, see 
Fan et al. (2007). Note that we will not report on the results of this task as it was used merely 
to let the participants experience the self-selected lighting condition while performing an 
attention task, before evaluating the setting.  

Evaluation of the lighting condition. Subjective evaluations of lighting conditions 
were assessed with a selection of items used in the previous studies. Appraisals of the lighting 
concerned experienced pleasantness, color and brightness of the lighting and whether the 
lighting was activating. In the current studies, we employed a 1-item scale for experienced 
pleasantness (‘unpleasant’ – ‘pleasant’). Two questions probed the adequacy of the amount 
and color of the lighting for engaging in an attention task. For a more detailed description 
of these scales see Chapter 3, Section 3.2.5. At the end of each session, participants also 
indicated how satisfied they were with the light setting on 5-point response scale ranging 
from (1) ‘Very dissatisfied’ to (5) ‘Very satisfied’. 

Beliefs of light effects. Participants’ general beliefs concerning potential effects of 
light on performance and mood were assessed with a 5-point rating scale ranging from (1) 
‘Not at all’ to (5) ‘Very much’. Unfortunately, data about these beliefs of one participant in 
Study 4 and 19 participants in Study 5 were missing23. 

Person characteristics. Light sensitivity, chronotype, age and gender were assessed 
prior to the first session. The same three items as used in Studies 2 and 3 were employed for 
light sensitivity (Study 4: α = .63 and Study 5: α = .70) and chronotype was assessed with 
the MCTQ (Roenneberg et al., 2003). 

5.2.6 Statistical analyses
Linear Mixed Model (LMM) analyses were performed to investigate variations in 

light preferences and explore preferred light settings as a function of time of day, person 
characteristics, daylight contribution and prior mental state. In these analyses, Participant was 
added as independent random variable to group the data per participant, i.e., to indicate that 

23 In contrast to the other questionnaires which were administered on the computer, beliefs were measured 
using paper-and-pencil questionnaires. Unfortunately, 19 of these questionnaires were lost in Study 5. 
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the same participant was measured multiple times. Note that in some sessions, participants 
did not change the lighting at all (one in Study 4 and twelve in Study 5) and some changed 
the lighting up to the maximum level (two in Study 5). These levels were assumed to be 
outliers and coded as missing values. 

LMM analyses were first performed to assess the amount of inter- and intra-individual 
variance in the light preferences. Intra-class correlations (ICCs) of the unconditional model 
(no predictors) with preferred illuminance level as dependent variable was run to determine 
the percentage of variance in preferred light settings attributable to the participant level and 
to the measurement level (i.e., different sessions). This provided insight in the amount of 
variance in light preferences between and within persons, respectively. 

Subsequently, LMM analyses were performed to explore whether time of day, person 
characteristics, the amount of daylight contribution and participants prior state explained part of 
the variance in light preferences. To test for time-dependent variations in self-selected illuminance 
levels, LMM analyses with Time of day and Time of day squared as fixed predictors and self-
selected illuminance level as dependent variable were performed. Next, LMMs with person 
characteristics were run to investigate whether these trait variables accounted for part of the 
inter-personal differences. To avoid multicollinearity between Chronotype and Light sensitivity, 
the LMM analyses were run twice with one of these variables included in the model. In addition, 
LMM analyses were performed to test whether subjective alertness, vitality, tension, positive 
affect and PVT reaction time were significantly related to the self-selected light level. As the 
scores on the KSS and vitality scale were highly correlated (r = -.85), we used these two measures 
as one scale, called vitality, to avoid multicollinearity. This scale was computed by averaging the 
Z-scores of the KSS (reversed) and vitality subscale. As negative affect was significantly related 
to these variables (all r > .3) and previous studies showed no effects on negative affect, we did 
not include this variable in the analyses. For the data of Study 5, an additional LMM analysis 
with daylight contribution as predictor for light preferences was performed.

In addition, we investigated the relationships between illuminance level and subjective 
evaluations of the lighting using LMM analyses. In these analyses, appraisals and satisfaction 
ratings were added as dependent variables (separate analysis per variable), and the self-
selected illuminance level was added as predictor. LMM analyses were also performed with 
beliefs about potential effects of light on performance and mood as predictors (again separate 
analyses) to explore whether individuals’ general beliefs explained part of the variance in 
preferred illuminance level at the person level, i.e., between participants.  
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5.3 Results
This section analyses and reports on variations in preferred light settings and its relation 

with time of day, person characteristics, daylight contribution, and vitality, mood, and task 
performance. Moreover, we investigated the relationship between preferred illuminance level 
and evaluations of the light setting as well as participants’ general beliefs. 

5.3.1 Preferred light settings
Results showed that participants set the illuminance level, on average, at 667 lx (SD 

= 267) at the desk (252 lx at the eye) in Study 4 without daylight contribution and at 885 
lx (SD = 542) at the desk (367 lx at the eye) in Study 5 with daylight entrance. Moreover, 
preferred illuminance levels showed substantial variations with a minimum illuminance 
level at work plane set at 296 lx (114 lx at the eye) and a maximum illuminance level of 
1448 lx (615 lx at the eye) in Study 4. Participants used a larger range (296 lx - 3368 lx at 
the desk; 122 lx – 1322 lx at the eye) to set their light preferences in Study 5, with daylight 
entrance. 
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Figure 21. Preferred light settings (artificial lighting) per participant in Study 4 and Study 5. 

The ICC showed that 48.3% of the variance occurred between measurement 
occasions and 51.7% of the variance occurred between persons in Study 4, without 
daylight contribution. Results of Study 5 (with daylight contribution) showed that 68.7% 
of the variance occurred between sessions and 31.3% between participants. These results 
suggest both inter- and intra-individual differences in self-selected illuminance levels  
(see Figure 21).
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5.3.2 Light preference, time of day, personal traits and daylight contribution
First, we explored potential time-dependent variations in participants’ light 

preferences. Adding time did not significantly improve the model (Study 4: χ2(2) 
=2.14; p = .34; Study 5: χ2(2) = 1.00; p = .61) nor were time of day or time of day 
squared significant predictors (all F<1, ns), showing that light preferences showed no 
linear or parabolic patterns as a function of time of day in either study. Subsequently, 
we tested whether person characteristics were related to light preferences. Results 
showed that Light sensitivity and Chronotype were not significantly related to 
light preferences, nor did preferred illuminance level differ between males and 
females in either study (all p > .10). Moreover, a LMM with daylight exposure as 
fixed predictor revealed no significant relation with preferred intensity in Study 5  
(F<1, ns). Together, these results suggest that preferred illuminance level did not 
systematically vary with time of day, person characteristics, or amount of daylight 
entrance. Nevertheless, participants set higher intensity levels when there was daylight 
contribution (Study 5) than when there was no daylight entrance (Study 4). 

We ran the LMM analyses with the self-selected illuminance levels of the artificial 
lighting as dependent variable for both studies. However, there was also daylight 
entrance in Study 5. Additional analyses with measured illuminance level at the desk 
instead of self-selected level revealed very similar results in Study 5: Time and person 
characteristics were not significantly related to the total illuminance level at the desk, 
nor was the amount of daylight entrance measured at the window related to the total 
illuminance level at the desk (all p > .10). It should be noted, that the center of the desk 
was positioned about 1.5 meters away from the window and participants were seated 
perpendicular to the window in this study. This suggests that although participants had 
access to information about the light conditions outside, the daylight contribution at the 
desk was minimal.

5.3.3 Light preference, vitality, mood and task performance
LMMs with Vitality, Tension, Positive affect and PVT performance as fixed predictors 

and self-selected illuminance level as dependent variable were run to investigate whether these 
independent variables were related to participants’ preferred light setting. Results of both 
studies showed that the model significantly improved by adding these variables concerning 
persons’ prior state (Study 4: χ2(4) =20.16; p < .01 and Study 5: χ2(4) =21.64; p < .01).  
Study 4 revealed that Vitality was significantly related to self-selected light preferences  
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[F(1,71) = 5.39; p = .02]: participants preferred, as expected, a higher illuminance level 
when they felt sleepier and less vital (B = -79; β = -.28). Tension and PVT performance 
were not significantly related to individuals’ light preferences [F(1,69) = 1.99; p = .16 and  
F<1, ns respectively] and Positive affect showed only a non-significant trend (B = 105;  
β = .21; F(1,70) = 2.86; p = .10). 

Results of Study 5 also showed a significant and negative relationship between self-
reported Vitality and self-selected illuminance level (B = -150; β = -.27; F(1,86) = 5.86; 
p = .02). Again, light preferences were not significantly related to participants’ level of 
Tension, Positive affect or PVT performance prior to adjusting the light setting (all F<1, ns). 
Additional LMM analyses with the total illuminance level as dependent variable showed 
similar results in Study 5: self-reported vitality and total illuminance level measured at the 
desk was significantly related (B = -111; β = -.22; F(1,86) = 4.14; p = .05). The other dimensions 
of mood and task performance were not significantly related to the total intensity level in 
Study 5 (all p > .10). 

5.3.4 Evaluation of self-selected illuminance level
Participants evaluated their self-selected illuminance level, on average, as 

satisfactory, pleasant and adequate to engage in an attention task after actually performing 
an attention task (see Table 19). LMM analyses were performed to explore potential 
correlations between self-selected illuminance level and reported satisfaction with the 
lighting, pleasantness and experienced adequacy of the intensity level (separate analysis 
per variable). Results showed a significant and positive relationship between preferred 
level and satisfaction with the lighting in Study 4 (B = .001; β = .34; F(1,66) = 9.00; p 
< .01), suggesting that participants felt more satisfied with the lighting when they set 
the lighting at a higher illuminance level. This relation was, however, not significant in 
Study 5 (B < .001; β = .07; F<1, ns).

Self-selected illuminance level was not significantly related to experienced pleasantness 
or adequacy of the amount of light (all p > .10). Participants who set a higher illuminance 
level did, as expected, experience the lighting as brighter (Study 4: B = .001; β = .31;  
F(1,72) = 8.33; p < .01; Study 5: B = .001; β = .34; F(1,87) = 13.91; p < .01). Similarly, 
preferred light level was significantly and positively related to the degree to which participants 
experienced the lighting as activating (Study 4: B = .001; β = .27; F(1,72) = 5.62; p = .02; 
Study 5: B = .0004; β = .26; F(1,87) = 6.21; p = .02).
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Table 19. Subjective evaluations of self-selected illuminance level.
No daylight (Study 4) With daylight contribution (Study 5)

M SD M SD
Satisfaction 3.62 .99 3.51 1.02
Pleasant 3.78 .88 3.77 .99
Adequacy intensity 4.06 .61 3.79 .73
Brightness 3.40 .83 3.36 .96
Activating 3.34 .79 3.14 .90
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Figure 22. Satisfaction rating about the light setting on a 5-point rating scale ranging from (1) ‘Very 

dissatisfied’ to (5) ‘Very satisfied’. 

As some participants reported that they were dissatisfied with the lighting  
(see Figure 22), we also investigated the relationship between state vitality and self-selected 
illuminance level for only those sessions in which participants did not evaluate their light 
setting as dissatisfactory (i.e., score > 2 on the 5-point response scale). This did not change 
the results: Vitality was significantly related to self-selected illuminance levels among this 
subset of sessions (Study 4: B = -86; β = -.31; F(1,56) = 5.25; p = .03 and Study 5: B = -157; 
β = -.28; F(1,70) = 5.15; p = .03). 

In addition to these appraisals, participants indicated to which extent they believed 
that light influences their performance and mood. Overall, participants indicated that they 
generally believed that light can affect performance (Study 4: M = 3.44; SD = .84 and Study 5: 
M = 3.54; SD = .87) and mood (Study 4: M = 3.68; SD = .52 and Study 5: M = 3.59; SD = .77),  
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at least to some extent (see Figure 23). Note that none of the participants reported that they 
believed that light would have no effect on their performance or mood. In addition, expected 
effects on mood seemed to be stronger than on performance (see Figure 23).
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Figure 23. General beliefs about the effect of lighting on performance (left) and mood (right) rated on 

a 5-point rating scale ranging from (1) ‘Not at all’ to (5) ‘Very much’. 

LMM analyses with self-selected illuminance level as dependent variable and beliefs 
concerning the effect of light on performance and mood as predictor (separate analysis 
per variable) were performed to explore whether these beliefs correlated with individuals’ 
preferred light setting. Results showed that preferred illuminance level did not significantly 
correlate with beliefs about potential effects on performance [F(1,20) = 2.61; p = .12], nor 
with beliefs about potential effects on mood [F(1,24) = 2.84; p = .11] in Study 4. In contrast, 
participants who reported stronger beliefs about potential effects of light on mood set a higher 
illuminance level (B = 212; β = .30; F(1,38) = 5.92; p = .02) in Study 5. The relation between 
beliefs concerning potential effects of light on performance and preferred light setting showed 
a non-significant trend for higher illuminance levels when participants expected stronger 
effects on performance (B = 142; β = .23; F(1,35) = 3.43; p = .07).

5.4 Discussion
The current chapter explored preferred light settings as a function of antecedent 

conditions. Two studies were performed to explore the relation between light preferences 
and time of day, person characteristics, and naturally occurring variations in individuals’ level 
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of vitality, mood and sustained attention, both with and without daylight contribution. In line 
with earlier studies, results revealed substantial inter- and intra-individual variations in light 
preferences. Our results showed that preferred light settings to engage in an attention task 
were not significantly related to time of day, person characteristics such as light sensitivity 
and chronotype, or amount of daylight entrance. In contrast, preferred illuminance level 
was – in line with our expectations - related to participants’ subjective state of alertness 
and vitality, but not to their feelings of tension, positive affect or ability to sustain attention.

Results of Study 4 (without daylight) and 5 (with daylight contribution) revealed no 
systematic variation in preferred illuminance level with time of day. While a few studies 
revealed that persons preferred a dynamic instead of static pattern over time - roughly 
following the natural daylight curve (Begemann et al., 1997; Newsham et al., 2008), no 
such time-dependent parabolic pattern in preferred illuminance level was shown in Study 
5. Although the amount of daylight entrance measured at the window showed a parabolic 
function with time of day, the daylight contribution to the total illuminance level at the desk 
was minimal in this study. This may explain why the total illuminance level (artificial and 
natural light) did, in contrast to these earlier studies, not vary according to the daylight curve. 
Moreover, it should be noted that in the previous studies light preferences were monitored 
over a full working day, while in our studies participants came back to the laboratory for short 
time periods at different times of day. The current data do however suggest that people do 
not necessarily have an intrinsic desire for light levels following a daylight curve – instead, 
daylight falling through the window may have functioned as an external standard in the 
studies by Begemann et al. (1997) and Newsham et al. (2008).

Although there were no significant time-dependent variations in preferred light 
settings, results of both studies suggested that subjective vitality was a significant predictor 
for preferred illuminance level: when participants felt tired and depleted they preferred a 
higher illuminance level to engage in an attention task than when they felt more alert and 
energetic. Results revealed that only self-reported alertness and vitality prior to the light 
adjustment significantly explained part of the variance in self-selected illuminance levels, 
while a more objective measure of alertness or other dimensions of self-reported mood did 
not predict light preference in the current studies. These findings generally reflect the results 
regarding potential state-dependent effects of more intense light on self-report measures 
found in Chapter 2 and Chapter 4. Specifically, the current results suggests that persons may 
not only benefit from exposure to higher light levels in terms of subjective experiences of 
alertness and vitality, but may also feel an intrinsic need for more intense light to perform 
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on an attention task when they feel less alert and experience low energy. It should be noted, 
however, that – although the absolute levels should be considered with caution – participants’ 
self-selected illuminance levels at the eye were generally lower than the 1000 lx employed 
in Studies 2 and 3.

Providing individuals control over the lighting may improve satisfaction with the 
lighting and can lead to energy savings when users are offered a relatively low range of 
possible light levels (e.g., Fotios & Cheal, 2010; Fotios et al., 2012; Newsham et al., 2004). The 
current studies showed that participants evaluated, as expected and in line with the results 
of our previous experiments, the light setting as brighter and more activating when they set 
the lighting to a higher illuminance level. The intensity of the light setting was, however, not 
related to experienced pleasantness of the lighting. In contrast, participants who increased 
the lighting up to a higher intensity level did report higher satisfaction with the light setting 
than persons who made relatively small changes in Study 4, but not in Study 5. This relation 
shown in Study 4 is in line with results by Newsham and Veitch (2001) and Newsham et al. 
(2004), which showed that participants who made larger changes when provided control over 
the lighting reported higher improvements in satisfaction ratings. Results of Study 5 suggest 
that persons’ beliefs may also play a role as participants preferred a higher illuminance level 
when they held stronger beliefs, yet this was not shown in Study 4. 

In both studies, participants preferred a higher illuminance level than current standards 
for office environments, especially when they felt tired and less vital. This suggests that the 
average illuminance level in the current study did not reduce energy consumption compared 
to current standards. It should be noted that we offered participants a relatively large range 
of illuminance levels, which may have resulted in relatively high preferred light settings, 
compared to the studies reporting energy savings (e.g., Moore et al., 2003; Veitch & Newsham, 
2000; Newsham & Veitch, 2001). Despite the fact that we employed an adjustment paradigm 
in which participants could not navigate through the whole range of possible illuminance 
levels, we did not completely eliminate potential stimulus range biases. Both the anchor or 
starting point (e.g., Fotios & Cheal, 2010; Fotios et al., 2012; Logadóttir et al. 2011) and step 
size (about 100 lx at work plane) may still have affected individuals’ preferred settings. The 
mean absolute preference settings as indicators for the optimal preferred illuminance level 
to engage in an attention task should therefore be considered with caution. Note, however, 
that the main aim of the current chapter was to investigate relative differences in preferred 
illuminance as function of preceding vitality levels. 
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It should also be noted that light preferences did show substantial intra-individual 
variability, even in the absence of daylight contribution (i.e., Study 4). Additional analyses 
for Study 4 showed that the set illuminance level did not significantly vary with the number 
of sessions participants had experienced, suggesting that preference did not change with 
experience in the study. In contrast, this was the case in Study 5: participants set a higher 
illuminance level during their second vs. first visit (data not shown). While several studies 
investigating light preferences throughout the day also showed substantial intra-individual 
variability both with and without daylight contribution available (e.g., Begemann et al., 1997; 
Juslén et al., 2005; Logadóttir & Christoffersen, 2009), others revealed that persons were 
relatively consistent in their light intensity choices (e.g., Boyce et al., 2006; Hunt, 1979). 
These different results may have occurred due to differences in instructions (explicitly ask 
participants to adjust the lighting at regular time intervals vs. providing lighting control 
without fixed moments to adjust the lighting), setting (e.g., number of persons present in the 
room) or daily schedule (e.g., number of changes in environment/tasks) between the studies. 
Whether persons are more likely to strategically adjust the lighting according to their needs 
in work settings when they are forced to set the lighting at regular intervals, or depending on, 
for example, the diversity of the activities throughout the day requires additional research.

5.4.1 Conclusion
The current results suggested that persons’ experienced level of alertness and vitality 

may affect their light preferences. In contrast, time of day, chronotype and light sensitivity 
did not significantly explain part of the variances in light preferences in the current studies. 
Together, the results suggest that persons did indeed anticipate on their experienced level of 
energy available by increasing the light intensity to engage in a subsequent attention task, 
regardless of time of day, their self-reported sensitivity to light or chronotype. 

In the current chapter, individuals’ preferred light settings were investigated as function 
of naturally occurring variations in experienced vitality and sustained attention. These 
variations in vitality were, however, relatively subtle and might be confounded by time of 
day. In the Study 6, we therefore investigated light preferences after experimentally induced 
mental fatigue.
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Chapter 6

Preferred illuminance level and mental fatigue

Abstract
The previous studies showed that persons’ light preferences may vary as a function 

of naturally occurring variations in persons’ experiences of alertness and vitality. In the 
current study, we investigated light preferences after experimentally induced mental fatigue 
compared to a more relaxed state. A within-subjects design with N = 30 (57 sessions) was 
employed to study individuals’ preferred illuminance levels to perform on an attention task 
and to relax after two antecedent conditions (Fatigued vs. Control). Results revealed no 
significant differences in self-selected illuminance levels to engage in an attention task, 
nor to relax, between sessions in which participants experienced mental fatigue versus a 
more rested state. 
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nor to relax, between sessions in which participants experienced mental fatigue versus a 
more rested state. 
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6.1 Introduction
Inspired by research in the domain of environmental psychology and the results of 

previous exploratory studies investigating light preferences, the current chapter investigates 
whether preferred light settings differ between situations in which persons suffer from mental 
fatigue compared to feeling more rested. The previous chapter (Chapter 5), which explored 
light preferences as function of naturally occurring variations in subjective alertness and 
vitality, showed that persons who felt less alert and energetic selected more intense lighting 
levels. These results suggested that persons felt a need for more intense light when they 
experienced a relatively low level of alertness and vitality. As stated in the discussion of the 
previous chapter, these variations in alertness and vitality may be confounded by time of day. 
In the current study, we therefore compare preferred light settings among healthy day-active 
persons after experimentally induced mental fatigue compared to a more relaxing state, at 
the same time of day. 

Earlier research investigating preferred light settings has shown that light preferences 
may also depend on type of task (e.g., Biner et al., 1989; Butler & Biner, 1987). In the previous 
chapter, we explored preferences for illuminance levels to engage in an attention task. This 
is again the main focus of the current chapter, yet we also explore preferred light settings to 
relax as persons may set the illuminance level differently to restore instead of boosting their 
capacity to allocate mental resources.

6.2 Method
In this section, we report on the method used to investigate the effect of mental fatigue 

on light preferences. 

6.2.1 Design
A within-subjects design was employed to study preferred illuminance level under 

two antecedent conditions (Fatigued vs. Control). Participants came to the laboratory on 
two separate days at the same time of day (e.g., twice at 9.30am). The order of antecedent 
conditions was counterbalanced across participants. Preferred illuminance levels were 
assessed for two types of tasks: an attention task and a relaxing task.



Chapter 6

149

6.2.2 Participants
Thirty persons participated in this laboratory study, of whom 17 were male and 

13 female (mean age of 22, SD = 2.5, range 16 to 29). The lighting system did not work 
properly in two sessions and one participant was not able to participate in her second session, 
resulting in a total of 57 complete sessions. None of the participants had eye complaints or 
complaints about their general health. Participants were moderate chronotypes according 
to the Munich Chronotype Questionnaire (Roenneberg et al., 2003), except for two extreme 
late chronotypes24.

6.2.3 Procedure
Before the start of the first session, participants signed a consent form and completed a 

questionnaire concerning their age, gender and light sensitivity. At the start of each session, 
participants engaged in six practice trials of the Attention Network Task (ANT), followed 
by a baseline phase consisting of a 2-minute auditory Psychomotor Vigilance Task (PVT) 
and a mood questionnaire (see Figure 24 for an overview of the full procedure). After these 
baseline measurements, the mental fatigue vs. control manipulation started, which took 
24 minutes. Then, participants engaged in a 1-minute auditory PVT task and completed a 
second mood questionnaire, which both served as manipulation check. During the baseline 
measurements, antecedent treatment and manipulation check, participants experienced the 
same light conditions provided by the ceiling luminaires (500 lx at the desk, ~200 lx at the 
eye).

After the second mood questionnaire, participants received instructions about the light 
adjustment task. Subsequently, the illuminance level was set to 200 lx at the desk (~70 lx 
at the eye) and participants could adjust the lighting up to a level they preferred to engage 
in an attention task. In the current study, we employed the same adjustment task as used in 
Study 4 and 5 (see Chapter 5, Section 5.2.5 for more details about this task). After adjusting 
the lighting, participants experienced the lighting while performing 24 trials of the ANT. 
Subsequently, they rated the light setting and completed the mood questionnaire again.

After this third mood questionnaire, the lighting was again set to 200 lx at the desk 
and participants were asked to adjust the lighting upward to select their optimal illuminance 
level to relax. After this second light adjustment task, participants experienced the lighting 

24 Note that additional analyses without these participants revealed very similar results. Therefore, we will 
only report on the analyses with the data of these extreme chronotypes included.
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during a 30-second rest period and rated the self-selected level again. Every session lasted 
roughly 55 minutes and the participants received a compensation of 10 Euros per session. 
The study took place from March to April 2013.

Figure 24. Overview of full experimental procedure per session.

6.2.4 Setting
The experiment was run in the same laboratory as the studies described in Chapter 4 

and Chapter 5). Similar to Studies 4 and 5, only the recessed luminaires in the ceiling were 
used. For a more detailed description of the laboratory and lighting see Chapter 4, Section 
4.2.4. Note that in the current study, there was – similar to Study 4 - no daylight contribution.

6.2.5 Mental fatigue induction
The mental fatigue induction was similar to the induction used in Study 3, except that 

it was 5 minutes shorter. Mental fatigue was induced with two mentally demanding tasks: a 
9-minute Multi-Attribute task battery (MATB) and a 15-minute modified Stroop task (see 
Chapter 4, Section 4.2.5 for a detailed description of these tasks). In the control condition, 
participants engaged mainly in restorative activities, i.e., relaxing activities requiring 
relatively low mental effort: They watched a 9-minute nature movie and then read leisure-
time magazines for 14 minutes. At the end of the control condition, participants engaged in 
a 1-minute Stroop task with congruent trials.

6.2.6 Measures
In the current study, light preferences were measured using an adjustment task. Both 

self-report and task performance measures were employed to assess participants’ mental state. 
In addition, questionnaires were administered to measure participants’ subjective evaluations 
of the lighting condition, personal characteristics and individuals’ beliefs. 
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Light preference. Participants’ light preferences were measured using the same 
adjustment task as described in the previous chapter (see Section 5.2.5). It should be noted 
that, in contrast to Studies 4 and 5, the selected illuminance level at eye level (instead of at 
the desk) was logged based on a calibration of the lighting at the eye position of a typical 
seated participant (1.20 m height) performed prior to the start of the study. 

Subjective measures of alertness and mood. Alertness and mood were assessed at 
baseline, immediately after the experimental treatment (i.e., prior to adjusting the lighting to 
set the optimal level to engage in an attention task) and prior to setting the lighting to relax. 
Subjective sleepiness was assessed with the Karolinska Sleepiness Scale (KSS; Åkerstedt & 
Gillberg, 1990; see also Chapter 3, Section 3.2.5). Vitality and tension were measured with 
the same items as used in Chapter 5 (Section 5.2.5). These scales were internally reliable 
with α = 90 and α = .82 respectively. In addition, positive affect (‘happy’ and ‘content’) and 
negative affect (‘sad’ and ‘depressed’) were each measured with two items. The internal 
reliabilities of these scales were α = .81 and α = .64, respectively.

Performance tasks. A 5-minute auditory psychomotor vigilance task (PVT) was used 
as an objective measure of alertness prior to the light adjustment to assess participant’s ability 
to sustain attention (for a more detailed description see Chapter 3, Section 3.2.5). The mean 
reaction time was used as performance measure on this task. The PVT was administered 
two times: at baseline and after the experimental treatment.

The Attention Network Task (ANT; Fan et al., 2002) was employed to let the participants 
experience their preferred light setting while engaging in an attention task (see Chapter 5, 
Section 5.2.5 for a more detailed description). The results of this task were not analyzed. 

Evaluation of the lighting condition. Subjective evaluations of lighting conditions were 
assessed with the same items as used in previous preference studies, each time directly after 
participants had experienced their light setting. Four semantic differential items assessed 
appraisals of the lighting, concerning experienced pleasantness, color and brightness of the 
lighting and whether the lighting was activating. For a more detailed description of these 
scales see also Chapter 3, Section 3.2.5. After the attention task and rest period, participants 
also indicated how satisfied they were with the light setting on 5-point response scale ranging 
from (1) ‘Very dissatisfied’ to (5) ‘Very satisfied’. 
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Individuals’ general beliefs concerning the effect of light on performance and mood were 
assessed after the last session. Participants indicated whether they believed that light affects 
performance and mood on a 5-point scale ranging from (1) ‘Not at all’ to (5) ‘Very much’. 

Person characteristics. Light sensitivity, age and gender were assessed once prior 
to the first session. The same three items as used in Studies 2 to 5 were employed for light 
sensitivity (α = .69). Moreover, chronotype was measured after the last session using the 
MCTQ (Roenneberg et al., 2003). 

6.2.7 Statistical analyses
Linear Mixed Model (LMM) analyses were performed to analyze the data. First, LMM 

analyses were performed to investigate potential baseline differences in sleep, time spent 
outside and food and coffee consumption prior to the experiment. In addition, LMMs were 
performed to test potential baseline differences in subjective alertness and mood and PVT 
performance at the start of the session, i.e., prior to the fatigue vs. control manipulation. 

Subsequently, LMM analyses were run to test whether participants’ mental state was 
indeed affected by the fatigue induction vs. control condition. These analyses were performed 
on the self-report measures and PVT mean reaction time immediately after the induction 
tasks but prior to the first light selection task (for performing attention tasks), as well as on 
the self-report measures prior to the second light selection task (for relaxing). In all these 
models, Antecedent condition was added as fixed factor and Light sensitivity as covariate. 
Separate analyses were performed for each dependent variable.

LMM analyses were also performed to assess the amount of inter- and intra-individual 
variance in preferred light settings. Intra-class correlations (ICCs) of the unconditional model 
(no predictors) with preferred illuminance level to perform an attention task or to relax as 
dependent variable were computed to determine the percentage of variance in preferred 
light settings attributable to the participant level and to the measurement level (i.e., different 
sessions). Next, we investigated whether self-selected illuminance levels for an attention 
task and a relaxing task differed between individuals’ fatigued vs. relaxed states by adding 
Antecedent condition as fixed factor to the unconditional model. In addition, Light sensitivity 
was added as covariate to control for individuals’ self-reported sensitivity to light.

In addition to testing potential differences between the two antecedent conditions, 
we explored relationships between the self-selected illuminance levels and participants’ 
subjective evaluations of the lighting using LMM analyses. In these analyses, evaluations 
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concerning the pleasantness, intensity and satisfaction ratings were the dependent variables 
and the self-selected illuminance level to perform an attention task or to relax was added as 
predictor (separate analysis per variable). Moreover, LMM analyses were performed with 
participants’ general beliefs about potential effects of light on performance and mood as 
predictors and light preferences as dependent variables (again separate analyses), to explore 
whether beliefs explain part of the variance in preferred illuminance level at the person 
level, i.e., between participants. In all models, Participant was added as independent random 
intercept to group the data per participant.

6.3 Results
First, we investigated whether there were differences in potential confounding variables, 

self-reported sleepiness, vitality and mood and PVT performance at baseline (prior to 
the manipulations). Subsequently, a manipulation check of the antecedent condition was 
performed to investigate whether participants felt indeed more fatigued and depleted after 
the mental fatigue induction compared to the control condition. Next, the effects of the 
antecedent condition on preferred illuminance levels for an attention task and relaxing task 
were tested. Last, we explored whether light preferences were related to subjective evaluations 
of the lighting and individuals’ beliefs. 

6.3.1 Baseline comparisons
Potential confounding variables: Sleep, time spent outdoors and consumption. 

LMM analyses with Antecedent condition as fixed factor were performed to explore whether 
there were differences in sleep duration, time awake, time spent outdoors and food and 
coffee consumption prior to the sessions between conditions. The results revealed that sleep 
duration, time awake and time spent outside in minutes did not significantly differ between 
the antecedent conditions (all F<1, ns). Whether the participants had had coffee or eaten 
something during the hour before the experiment also did not differ between the sessions 
(both F<1, ns). 

Baseline self-reports and performance. LMM analyses revealed no significant 
difference in feelings of sleepiness, vitality, tension, positive affect and negative affect, nor 
in mean reaction times at baseline prior to the fatigue vs. control condition (all p > .10).
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6.3.2 Manipulation check
Table 20 reports the results for the comparisons of the self-report and PVT measures 

between the mental fatigue vs. control condition immediately after the manipulation, yet 
before the first lighting adjustment. These tests showed that participants experienced higher 
sleepiness, lower vitality, more tension and less positive affect and responded slower on the 
PVT after the fatigue induction compared to the control condition. 

Table 20. Results of LMM analyses for manipulation checks: Self-report and PVT measures.
Control Fatigue Statistics

EMM SE EMM SE F df p R²
Sleepiness 4.75 .29 5.57 .30 6.97 (1,28) .01 .21
Vitality 3.44 .11 3.01 .12 15.58 (1,28) <.01 .36
Tension 1.90 .13 2.57 .14 21.32 (1,28) <.01 .42
Happy 3.50 .13 2.96 .14 16.03 (1,28) <.01 .36
Sad 1.32 .08 1.45 .09 2.25 (1,26) .15 .10
Mean reaction time PVT 311.53 9.44 347.21 9.60 10.38 (1,28) <.01 .28

Note. EMM stands for estimated marginal mean and SE stands for standard error. Significant differences 

are indicated in bold. Pseudo R-Squared are given for the total mixed model at level 1, i.e. within sessions. 

This measure is the proportion of reduction in variance of residuals. Note that this measure can also have 

negative values (Raudenbush & Bryk, 2002).

Figure 25 shows the development of sleepiness and vitality with time in session for 
the mental fatigue vs. control condition. As can be seen from these graphs, participants still 
reported more sleepiness [F(1,28) = 5.17; p = .03] and lower vitality [F(1,28) = 7.95; p < .01] 
after they had experienced the first light setting, i.e., prior to the second light adjustment. In 
addition, participants experienced more tension (EMMfatigue = 2.36; SE = .13; EMMcontrol = 
2.03; SE = .12; F(1,28) = 9.70; p < .01) and lower positive affect (EMMfatigue = 3.15; SE = .12; 
EMMcontrol = 3.46; SE = .12; F(1,28) = 9.39; p < .01), but reported no significant difference 
in negative affect (F<1, ns). 
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Figure 25. Development of sleepiness and vitality with time in session. The whiskers represent the 

95% confidence interval. 

Together these results demonstrate that the fatigue induction was successful as it induced 
– in line with earlier results in Chapter 4 – sleepiness and a lack of energy and resulted in slower 
responses on the PVT. Moreover, participants felt tenser and less happy after performing the mentally 
demanding tasks than after engaging in more relaxing tasks. The difference between the antecedent 
conditions in terms of alertness, mood and performance was visible immediately after the induction, 
and was still visible – although a bit more subtle (see Figure 25) - after the first light selection task.

6.3.3 Light preferences
Figure 26 shows the estimated marginal means for preferred illuminance levels to 

engage in an attention task and to relax per antecedent condition. 

Preferred illuminance level for attention task. Participants set the illuminance level 
to engage in an attention task, on average, at 231 lx at the eye (SD = 136; 690 lx at the desk), 
with a minimum of 70 lx and a maximum of 700 lx at the eye (199 lx – 2262 lx at the desk). 
The ICC showed that 82.8% of the variance in self-selected illuminance level to perform 
an attention task occurred between sessions (i.e., within persons) and 17.2% of the variance 
occurred between persons. Adding Antecedent condition as fixed factor and Light sensitivity 
as covariate to the model significantly improved the model [χ2(2) = 4.84; p = .04]25. Results 

25 Note that adding only Antecedent condition as fixed factor also improved the model [χ2(1) = 2.74;  
p = .05], but revealed no significant effect on preferred illuminance level for an attention task  
[F(1,26) = 2.76; p = .10].
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revealed, however, no significant difference in preferred illuminance level between the fatigue 
condition (EMM = 258; SE = 24; 797 lx at desk) and the control condition (EMM = 204; 
SE = 25; 570 lx at the desk; F(1,26) = 2.75; p = .11), nor was the relationship between Light 
sensitivity and self-selected illuminance level significant (B = -41; F(1,29) = 2.20; p = .15). 
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Figure 26. Self-selected illuminance level at the eye to engage in an attention task and to relax after 

fatigue induction vs. control. The whiskers represent the 95% confidence interval. 

Preferred illuminance level for relaxing. Mean preferred illuminance level to relax 
was 138 lx at the eye (SD = 93; 361 lx at the desk), with a minimum of 70 lx and a maximum 
of 490 lx at the eye. The ICC revealed that 58.5% of the variance in self-selected illuminance 
level to relax occurred within persons and 41.5% of the variance occurred between persons. 
A LMM with Antecedent condition added as fixed factor and Light sensitivity as covariate 
did not significantly improve the model compared to the null model [χ2(2) = 1.49; p = .24]. 
The results revealed no significant difference in preferred illuminance level to relax between 
the fatigue (EMM = 140; SE = 17) and control condition (EMM = 135; SE = 17; F<1, ns). 
Again, Light sensitivity was not significantly related to the self-selected illuminance level to 
relax (B = -24; F(1,32) = 1.43; p = .24). As shown in Figure 26, participants selected a higher 
illuminance level to engage in an attention task (EMM = 231; SE = 18) than to relax (EMM = 
137; SE = 18). A LMM analysis with Type of task as fixed factor and participant as random 
intercept revealed that this difference was significant [F(1,81) = 29.58, p < .01].
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6.3.4 Evaluation of self-selected illuminance levels
Participants evaluated their self-selected illuminance levels to perform in an attention 

task and to relax, on average, as satisfactory and pleasant (see Table 21). LMM analyses 
revealed that the self-selected illuminance levels were not significantly related to satisfaction 
with the lighting and experienced pleasantness (all F<1, ns). The self-selected illuminance 
level to engage in an attention task was related to experienced brightness of the lighting 
(B = .004; β = .50; F(1,53) = 16.72; p < .01) and to whether the lighting was experienced 
as activating (B = .004; β = .53; F(1,53) = 22.74; p < .01). Preferred illuminance level to 
relax was also significantly related to whether the lighting was experienced as activating  
(B = .004; β = .37; F(1,51) = 8.52; p < .01), but not to experienced brightness (B = .002;  
β = .15;  F(1,55) = 1.29; p = .26).

Table 21. Subjective evaluations of self-selected illuminance levels.
Attention task Relaxing

M SD M SD
Satisfaction 3.74 .97 4.00 .95
Pleasant 3.61 1.01 4.02 .94
Brightness 3.75 1.01 2.45 .93
Activating 3.58 .94 2.39 1.02

As some participants reported that they were dissatisfied with the lighting setting for an 
attention task or for relaxing (see Figure 27), we also investigated the self-selected illuminance 
levels for only those sessions in which participants had not evaluated their light setting as 
dissatisfactory (i.e., score > 2 on the 5-point response scale). Again, results revealed no 
significant difference in preferred illuminance level to perform an attention task between the 
fatigued (EMM = 272; SE = 30) vs. relaxed persons (EMM = 209; SE = 29; F(1,24) = 2.62;  
p = .12). Results revealed also no significant main effect of Antecedent condition on self-
selected intensity for relaxing (F<1, ns). 
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Figure 27. Satisfaction rating for the light setting on a 5-point rating scale ranging from (1) ‘Very 

dissatisfied’ to (5) ‘Very satisfied’.

6.3.5 Beliefs regarding effects on performance and mood
Participants indicated that they believed that light can affect performance (M = 3.86; 

SD = .69) and mood (M = 3.86; SD = .64), at least to some degree (see Figure 28). As shown 
in Figure 28, none of the participants reported that they believed that light has no effect on 
performance and mood. The strength of participants’ beliefs was, however, not significantly 
related to their light preferences for performing an attention task or to relax (all F<1, ns). 
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Figure 28. Beliefs about the effect of lighting on performance (left) and mood (right) rated on a 5-point 

rating scale ranging from (1) ‘Not at all’ to (5) ‘Very much’.
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6.4 Discussion
In the current study, we investigated light preferences to engage in an attention task and 

to relax, and tested whether participants’ preferred illuminance levels were influenced by 
their prior mental state. In contrast to the studies reported in Chapter 5, we did not rely on 
naturally occurring variations in subjective alertness and vitality, but this time experimentally 
manipulated mental fatigue. More specifically, we investigated whether light preferences 
were different when a person had engaged in mentally demanding tasks and suffered from 
mental fatigue and resource depletion as opposed to when he or she was fully rested. Overall, 
the results suggested that light preferences did not significantly differ between individuals’ 
fatigued and rested states. Although adding antecedent condition as predictor for preferred 
illuminance level to engage in an attention task did improve the model, the difference between 
persons’ mentally fatigued and more rested states did not reach significance. Preferences 
for illuminance levels to relax likewise showed no significant differences between the two 
experimental conditions. 

Comparable to Study 3, mental fatigue was induced by letting participants engage in 
mentally demanding tasks, while participants engaged in restorative activities in the control 
condition. Although the procedure in the current study was 5 minutes shorter than in Study 
3, participants reported – as expected and in line with our earlier results - increased feelings 
of sleepiness and lower feelings of vitality, and responded slower on the PVT immediately 
after the mental fatigue condition compared to the control condition. In addition, results of 
the self-report measures after the first light setting suggested that the effect of mental fatigue 
induction persisted and was still present - although slightly less pronounced - prior to the 
second light adjustment. 

In Chapter 4, we investigated effects of bright light exposure on persons’ feelings, 
performance and physiology under mental fatigue compared to a more relaxed state. Results 
showed that exposure to bright light may help overcome subjective sleepiness and lack of 
energy. In the previous and the current chapters, we investigated whether persons’ light 
preferences reflect this effect, i.e., whether people feel a need for more light when they feel 
more tired and depleted. The explorative studies in Chapter 5 showed a significant relationship 
between persons’ state and their self-selected light condition, suggesting that persons may 
indeed prefer a higher illuminance level to engage in an attention task when feeling depleted 
than when feeling more alert and vital. Although these studies showed a correlation between 
natural occurring variations in vitality and light preferences, the current study did not show 
significantly stronger preferences after experimentally induced fatigue. 
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In all preference studies, we employed a very similar method (within-subjects design, 
same measures for alertness, mood and performance, same light adjustment task) to investigate 
intra-individual differences in light preferences as a function of a person’s mental state, 
suggesting that this cannot explain the differences in results. In the current study we also 
used a very similar antecedent induction (same demanding and relaxing tasks) as in Study 3. 
As stated before, the fatigue manipulation was successful as it induced subjective experiences 
of sleepiness and resource depletion as well as a lower ability to sustain attention - similar to 
the results in Chapter 4. Yet, a comparison of the mean scores in the current study with the 
results in Study 3 suggests somewhat more subtle differences between the mental fatigue and 
control condition in the current study. Nevertheless, the range in subjective sleepiness and 
vitality ratings was very similar in the current study as in the previous preference studies, 
suggesting that this can also not explain why we did not find a significant difference in the 
current study. Note however that in the current study, we could only establish medium to 
large effect sizes, given the number of participants, significance level of .05 and an assumed 
power of .80. Together, these preference studies thus suggest that persons’ light preferences 
to perform an attention task are – if at all – only modestly affected by their prior mental state. 

In the current study, we not only investigated preferred light settings to engage in an 
attention task, but also explored persons’ preferred illuminance level to relax. Comparing the 
average light preferences for both tasks suggests that participants preferred lower intensity 
levels for a relaxing task than a performance task. Results by Butler and Biner (1987) provided 
similar indications. In their study, persons reported, for instance, preferences for more intense 
light levels to study compared to listening to music. It should be noted, however, that the order 
of tasks was not counterbalanced in the current study as the main focus was on preferred 
illuminance levels for an attention task. 

For both tasks, preferred illuminance levels were not significantly related to satisfaction 
ratings or experienced pleasantness. Participants evaluated, similar to our previous preference 
studies, the lighting as more activating when they adjusted the illuminance up to a higher 
level. Moreover, participants experienced the lighting as brighter when they increased the 
intensity more to engage in an attention task. 

In all three studies, participants preferred lower illuminance levels at the eye than the 
bright light condition (i.e., 1000 lx at the eye) employed in Study 2 and 3. This is generally in 
line with the pleasantness ratings in these studies testing the effect of light on human daytime 
functioning. It should be noted, however, that these absolute preference levels should be 
considered with caution due to potential stimulus range biases (see Chapter 5). Nevertheless, 
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the set illuminance levels are in line with previous studies which also employed a relatively 
large range of possible values (see also Appendix 1). 

The studies in the previous and current chapter were performed as a first step to 
investigate whether light preferences reflect biological needs. Overall, findings showed 
inconclusive results with significant findings in Studies 4 and 5, non in the present study 
even though the data did appear to trend in the same direction. This suggests that more 
research is necessary to explore whether light preferences are sensitive to transient levels of 
subjective alertness and vitality and as such reflect effects of exposure to higher light levels 
on human functioning. We investigated preferred intensity levels at different times of day, 
but did not let the participants adjust the light while engaging in different types of tasks 
during a full working day. Monitoring self-selected lighting levels throughout the day, such 
as for example in the study by Begemann et al. (1997), combined with self-report measures to 
assess alertness and vitality may render additional insights in light preferences as a function 
of internal needs and situational demands.
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Chapter 7

General discussion

In the current thesis, we studied the relation between daytime light exposure and human 
functioning from a psychological perspective. To date, the most robust acute activating effects 
of bright light exposure have been demonstrated in chronobiological and neuroscience research 
performed in the late evening and at night. In this thesis, we investigated to what extent 
and under what conditions such effects may also occur among healthy day-active persons. 
Moreover, we explored whether persons’ appraisals and light preferences reflected these 
effects. To this end, a series of studies were performed to investigate potential alerting and 
vitalizing effects of bright light exposure during daytime on human experiences, performance 
and physiology and to explore individuals’ light preferences. First, we investigated everyday 
light exposure patterns and explored the relationship between light exposure and feelings 
of vitality during daytime in Study 1. Subsequently, Studies 2 and 3 investigated effects of 
daytime bright light exposure on self-report, task performance and physiological arousal 
measures in the laboratory. In addition, we investigated preferred illuminance levels as a 
function of persons’ mental states in Studies 4, 5 and 6, to explore whether persons would 
prefer a higher illuminance level, i.e., seek more light, when they are mentally fatigued and 
feel depleted compared to a more alert and vital state.

To explore the relationship between light and human daytime functioning, we performed 
studies both in the field (Study 1) and under more controlled conditions in the laboratory 
(Studies 2 to 6), focusing on experiential aspects and behavior during regular daytime hours. 
We investigated naturally occurring (Study 1), controlled (Study 2 & 3) and self-chosen 
light exposure (Studies 4 to 6) and employed various indicators of affective, cognitive and 
physiological functioning. To assess under what conditions light may particularly affect mental 
wellbeing and performance, effects and preferences were investigated as a function of time of 
day, psychological state, type of task and/or duration of exposure (the latter not for preferences). 
More specifically, we tested effects and preferences for both morning vs. afternoon exposure 
during regular daytime hours (Study 1 & 2 and Study 4 & 5, respectively) and for both rested 
and experimentally induced fatigued states (Studies 3 & 6). Moreover, we explored whether 
effects and preferences were dependent on type of task (Study 2 & 3 and Study 6) and assessed 
whether effects were moderated by duration of exposure (Studies 1 to 3). 
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Our results showed that exposure to a higher illuminance level can indeed induce 
alertness and vitality during regular daytime hours. Such effects were shown on several 
subjective experiences, performance and physiological measures. More specifically, bright 
light exposure induced higher feelings of alertness and vitality, resulted in faster responses 
on a sustained attention task and in higher physiological arousal (for some indicators of 
autonomic nervous activity and cortical arousal). In addition, results showed that these effects 
may differ between conditions, i.e., effects on subjective experiences seemed to depend on 
persons’ momentary state (i.e., mentally fatigued vs. rested), and effects on cognitive and 
physiological functioning were dependent on type of indicator, time of day and duration of 
exposure. Below, the relation between naturally occurring, controlled or self-selected light 
exposure and human functioning will be discussed in more detail taking the full series of 
studies into account. We will first summarize and discuss to what extent daytime effects were 
shown for the different classes of measures and under which conditions. Subsequently, we 
will touch briefly on the question what these data can tell us about the potential underlying 
mechanisms and discuss the implications of this work for future research and lighting practice.

7.1 Light exposure and human daytime functioning: main effects
Overall, the studies in this thesis showed consistent results of exposure to more intense 

light on subjective alertness and vitality. First, Study 1 showed that in everyday life, the 
experienced light level at the eye was significantly related to subjective vitality, indicating 
that persons who had been exposed to more light felt more energetic immediately afterwards. 
The causality of this relationship was established in laboratory Studies 2 and 3, which showed 
that even during daytime and under non-deprived conditions bright light (1000 lx vs. 200 lx at 
the eye) decreased subjective sleepiness and increased vitality. These results corroborate and 
complement earlier findings at night (e.g., Cajochen et al., 2000; Rüger et al., 2006), during 
daytime after restricted sleep duration and/or light deprivation (Phipps-Nelson et al, 2003; 
Rüger et al., 2006) and results of natural bright light exposure (Kaida et al, 2006b). Studies 
4 and 5 suggested that persons’ preferred illuminance levels reflected these vitalizing effects 
of exposure to more intense light during daytime. Specifically, the data from these preference 
studies showed that persons selected more intense light settings when they experienced low 
levels of alertness and vitality. Importantly though, this effect was somewhat modest in size 
and was not confirmed in Study 6, in which mental fatigue was experimentally induced 
prior to the light selection – even though based purely on visual inspection the data did 
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appear to show the same trend. Results on other dimensions of mood showed no significant 
relationships with naturally occurring, controlled or self-chosen light exposure in any of the 
studies reported in this thesis, except for a main effect of bright light exposure on positive 
affect in Study 3. 

In addition to the subjective measures, Studies 2 and 3 tested effects on task performance. 
Study 2 demonstrated alerting effects of daytime bright light exposure on sustained attention. 
More specifically, participants responded faster on an auditory Psychomotor Vigilance Task 
(PVT) when exposed to a higher illuminance level (1000 lx vs. 200 lx at the eye). Although 
the main effect of bright vs. dim light was not replicated in Study 3, which employed a 
shorter duration of light exposure, the pattern of delayed benefits on PVT performance was 
consistent over these two studies: under brighter light exposure, participants gradually started 
to show better vigilance than in the more dim light condition (see Section 7.2). Our findings 
on sustained attention in Study 2 corroborate the results by Phipps-Nelson and colleagues 
(2003), which showed faster responses on the PVT when exposed to 1000 lx (at the eye) 
compared to dim light (< 5 lx) during daytime after sleep restriction. In contrast, Rüger and 
colleagues (2005) revealed no significant effects of bright light exposure (5000 lx at the eye 
vs. < 10 lx) on PVT performance during daytime after hours of exposure to dim light (< 10 
lx), while they showed stronger feelings of alertness and energy as well as improvements in 
accuracy on more complex cognitive tasks during daytime bright light exposure. Similar to 
the results by Rüger et al. (2005), Kaida et al. (2006b) revealed that persons reported higher 
subjective alertness when exposed to natural bright light (> 2000 lx) compared to artificial 
dim light (< 100 lx), but showed no significant differences in participants’ response times 
on the PVT. Note that we employed an auditory PVT instead of a visual vigilance task to 
investigate effects on sustained attention and control for the potential effects of bright light on 
visual task performance. In Studies 4 and 5, we also employed the auditory PVT and tested 
the relationship between reaction times and preferred light settings. These studies showed 
that, while preferred illuminance levels were correlated with subjective alertness and vitality, 
preferences were not significantly related to objective reaction times on the PVT. Effects of 
illuminance level on additional - more complex - performance tasks were tested in Studies 
2 and 3. Yet these tests, requiring focused attention, visual search, inhibitory control and 
working memory, showed less consistent results and even suggested some adverse effects 
of exposure to bright light (see Section 7.5). 

Physiological indicators were also included in Studies 2 and 3. The results suggested 
that bright light exposure can also affect cortical arousal and autonomic nervous activity 
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during regular daytime hours. However, these effects were only shown in Study 2, which 
tested effects of one hour of exposure and were not replicated in Study 3, which investigated 
effects of only a half hour of exposure after a mental fatigue induction vs. a control condition. 
In Study 2 exposure to a higher illuminance level increased heart rate and skin conductance 
level and resulted in lower power density in the theta range among day-active persons. Study 
3 revealed no significant main effects of bright light on heart rate and showed only a higher 
skin conductance level in the 1000 lx condition when participants were not fatigued (see 
Section 7.4; EEG was not included in Study 3). Thus, although the results suggest that daytime 
bright light exposure may increase individuals’ physiological arousal, the findings are still 
inconclusive. Earlier studies had also shown inconsistent results for heart rate. Rüger and 
colleagues (2006), for instance, showed no significant effect of bright light exposure (5000 lx 
vs. <10 lx) for four hours in the afternoon, while Saito et al. (1996) showed an increase in heart 
rate under exposure to bright light (5000 lx vs. 500 lx) for 20 minutes in the morning. Thus, 
more research is necessary to establish potential effects of light on heart rate during daytime. 

The results of participants’ subjective evaluations of the lighting conditions in Studies 
2 and 3 showed that the higher illuminance condition was experienced as brighter and more 
activating. Despite the fact that exposure to a higher illuminance level resulted in higher 
subjective alertness and vitality (and more positive affect in Study 3), the 1000 lx (at the eye) 
condition was evaluated as less pleasant than the 200 lx condition. This was also reflected in 
persons’ light preferences, which were generally lower than 1000 lx at the eye. Note, however, 
that the absolute preference levels should be considered with caution due to potential stimulus 
range biases (see Chapter 5). 

In sum, our findings showed consistent activating effects of exposure to more intense 
light on individuals’ subjective alertness and vitality, both in the laboratory as well as in 
the field. Results on the objective measures of task performance and physiology showed 
more mixed effects. Although the results showed that daytime bright light exposure benefits 
performance on a simple vigilance task, this was not shown for the other (more complex) 
tasks. Moreover, physiological indicators revealed that exposure to a higher illuminance level 
may induce activating effects on cortical arousal and autonomic nervous activity. Yet, the 
effects on physiological arousal of the autonomic nervous system were mainly shown in Study 
2 and not replicated in Study 3. As discussed above, earlier studies also revealed consistent 
effects on subjective measures, but inconclusive results on task performance and physiology. 
The current thesis also showed that although persons felt more alert and vital under bright 
light exposure, they did not automatically experience the lighting as more pleasant.
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7.2 Duration of exposure: immediate vs. delayed effects
In our first empirical studies (i.e., Studies 1 to 3), we not only investigated whether 

exposure to more intense light induced alertness and vitality during daytime, but also explored 
whether the effects of light exposure occurred immediately after the onset of the lighting 
condition - and persisted during the light exposure - or whether the effects required extended 
exposure to bright light. Study 1 provided first indications for acute effects of exposure to 
more intense light on subjective vitality. In this study, the average illuminance levels during 
time spans between 5 to 60 minutes prior to reporting on mood were significantly related 
to individuals’ feelings of vitality. Moreover, the results showed only subtle variations in 
strength of the relation with vitality between different lengths of the predictive time span 
for experienced light level prior to completing the questionnaire. In Studies 2 and 3, effects 
of daytime exposure to a higher illuminance level on feelings of alertness and vitality were 
immediate (i.e., occurred within 15 minutes) and persisted during the light exposure. Thus, 
these results corroborated the findings in the field. 

Effects on PVT performance showed a different pattern than subjective alertness and 
vitality, but revealed consistent results over Studies 2 and 3. Both studies showed a delayed 
effect on reaction times, suggesting that the effect on sustained attention emerged after about 
30 minutes of bright light exposure. As additional performance measures, we employed 
the letter digit substitution task (LDST) in Study 2 and the Go-NoGo task and 2-Back task 
in Study 3. Results on the LDST showed mixed effects of illuminance level, dependent on 
duration of exposure. While participants’ accuracy on this task was lower under bright light 
at the start of the light exposure, they performed better during the later part of the bright light 
exposure (i.e., after about 20 minutes of exposure). Results of the Go-NoGo task and 2-Back 
task showed that participants’ performance in terms of speed and accuracy on these tasks did 
not benefit from a half hour of exposure to bright light, and even showed some decrements 
in performance in the 1000 lx (at the eye) compared to the 200 lx condition. These effects 
were – in contrast to the PVT and LDST - not moderated by duration of exposure. 

In line with the self-report measures, effects on the relative power density in the theta 
range, heart rate and skin conductance level showed immediate activating effects in Study 
2. In contrast, heart rate variability (HRV) showed, similar to the performance measures, a 
delayed increase under bright light exposure in this study. 

Together, these results showed immediate and persistent effects of daytime bright light 
exposure on subjective alertness and vitality as well as on theta power, skin conductance 
and heart rate (only Study 2), while sustained attention and HRV showed more delayed 
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effects. In line with these findings, Vandewalle and colleagues (2006) showed an effect of 
light on subjective alertness but no effect on participants’ reaction times during 20 minutes 
of exposure to bright light (>7000 lx at the eye) compared to darkness (< .01 lx) after three 
hours of dim light exposure (<5 lx). Our results extend these findings to daytime situations 
in the absence of light deprivation and for a more subtle light manipulation (1000 lx vs. 200 
lx compared to >7000 lx vs. < .01 lx, at the eye). Moreover, the current findings showed 
that diurnal effects of bright light on performance may occur after extended light exposure 
(i.e., longer than 20 minutes), but are probably also dependent on the type of task (see also 
Section 7.5).

While we employed repeated measures at relatively short time intervals (e.g., blocks of 
about 10-15 minutes), previous studies assessed subjective alertness and performance only 
once during the light exposure lasting for a relatively short time period (20 or 30 minutes 
in the experiments by Vandewalle et al., (2006) and Kaida et al., (2006b), respectively) or 
employed repeated measures on an (half) hourly basis over longer exposure periods (i.e., 
several hours; Cajochen et al., 2000; Phipps-Nelson et al., 2003; Rüger et al., 2005, 2006). The 
current studies therefore complement earlier studies by providing insights in the development 
of lighting effects during one hour of exposure as well as in potential varying onsets of 
light effects with duration of exposure for different types of measures. As discussed later in 
Section 7.8, future research is required to investigate the development of bright light effects 
over longer exposure periods during daytime and for day-active persons.

7.3 Time-dependency:  
effects and preferences as function of time of day

In Studies 1 and 2, we investigated whether effects on subjective experience, performance 
and physiology differed between morning vs. afternoon exposure. In Study 1, the relationship 
between experienced illuminance level at the eye and subjective vitality was most pronounced 
in the morning. In contrast, results of Study 2 revealed no moderations of bright light effects 
on alertness and vitality by time of day. In Study 1, participants also reported relatively lower 
feelings of vitality in the morning compared to the afternoon, while there were no such 
differences in subjective alertness and vitality at baseline in Study 2. Perhaps persons’ prior 
state rather than clock time explains the time-dependency of the relationship between light 
exposure and vitality found in the field study. In line with this suggestion and the findings 
of Study 2, results of Studies 4 and 5 revealed no systematic variations in preferred light 
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settings with time of day. Moreover, the subjective evaluations of the lighting conditions in 
Study 2 were not moderated by time of day.

In contrast, Study 2 did show a time-dependent effect of bright light on PVT performance. 
Participants responded faster in the 1000 lx condition than in the 200 lx (at the eye) condition 
in the morning, but not in the afternoon sessions, suggesting that persons may benefit more 
from bright light in the morning to perform on a sustained attention task. EEG in the alpha 
range showed a similar pattern with lower relative power in the bright light condition in the 
morning but not in the afternoon. However, it is unlikely that the latter sufficiently explains 
the time-dependent effect on sustained attention - and vice versa - due to the low covariance 
with the mean reaction time on the PVT. Bright light effects on the LDST and heart rate 
and skin conductance measures in Study 2 were not moderated by time of day. In sum, 
results showed no time-dependent effects of exposure to more intense light on the subjective 
experiences, the indicators employed for autonomic nervous activity and theta power density 
(except for vitality in the field), while the effect of bright light on sustained attention and 
alpha power density was most pronounced in the morning in Study 2. 

In addition to testing time-dependent effects as function of external clock time, we also 
measured chronotype in Studies 1 and 2 to control for variations in participants’ internal time, 
as it reflects a person’s preferred timing of sleep and wakefulness (Roenneberg et al., 2003). 
Controlling for (among others) chronotype did not change the results nor was chronotype a 
significant predictor of subjective alertness and vitality, task performance nor physiological 
arousal measures in these studies. This suggests that chronotype cannot explain the time of 
day dependent effect of illuminance level found in these studies. Chronotype was also not 
significantly related to preferred light settings in Studies 4 and 5. It should be noted however, 
that no extreme morning or evening types participated in our studies (except for one or two 
extreme late types in Studies 5 and 6). In addition, we tested effects during regular daytime 
working hours (between 8:30 am and 6:00 pm) and not in the early morning or late evening. 
Thus, our results apply for people of average and moderate chronotypes, but should not be 
generalized to extreme morning or evening types or persons with desynchronized body 
clocks.

An alternative explanation for the time-dependent effects found on sustained attention 
and alpha power density may be the fact that participants reported that they were awake for 
longer and spent more time outdoors prior to the afternoon sessions than to the morning 
sessions in Study 3. This suggests that they had probably experienced a higher light dosage 
in the afternoon than in the morning. Previous research has shown that persons’ sensitivity to 
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light may depend on prior light history (see e.g., Chellappa et al., 2011a). In Study 2, we did 
not measure participants’ light exposure before the session, yet participants were exposed to 
the same baseline conditions for half an hour to give them the same light dosage during this 
period, before the actual light manipulation. Future research should, however, investigate 
potential moderations by light history over longer periods prior to the light treatment on 
individuals’ sensitivity to bright light exposure during regular daytime hours. 

7.4 Psychological state: mental fatigue vs. rested
The relationship observed in the field study between experienced light exposure at 

the eye and subjective vitality in the field was most pronounced when persons experienced 
a relatively low vitality level during the previous hour. In Study 3, we investigated the 
causality and extent of this relationship between prior mental state and effects of bright light 
in the laboratory. We tested effects on feelings, appraisals, performance and physiology 
among healthy day-active persons when suffering from mental fatigue compared to a more 
rested state. Results showed that the effects on subjective alertness and self-control capacity 
were moderated by individuals’ psychological state: bright light-induced effects were most 
pronounced when persons felt fatigued and experienced resource depletion than when they 
felt more alert and energetic prior to the light manipulation. A similar pattern was shown for 
vitality, yet the effect on vitality was not significantly moderated by persons’ state. 

The alerting effect of exposure to 1000 lx at the eye on the auditory PVT was not 
more pronounced after the mental fatigue induction, but occurred after extended exposure 
regardless of participants’ prior mental state. Effects on the auditory Go-NoGo task and visual 
2-Back task were also not dependent on participants’ prior state, except for a lower accuracy 
on the Go-NoGo task in the 1000 lx condition when participants experienced a more relaxed 
state. Speed on the Go-NoGo task and accuracy on the 2-Back task revealed performance 
undermining effects regardless of whether participants experienced mental fatigue or 
not. Physiological arousal measured with heart rate and HRV revealed also no significant 
state-dependent effects of bright light, but results showed a higher skin conductance level 
under bright light exposure only in the control condition. Together, the results suggest that 
exposure to more intense light induced stronger subjective experiences of alertness and 
vitality particularly when persons suffered from mental fatigue and low vitality, while this 
was not shown for the more objective indicators of alertness and arousal employed in Study 4. 
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While participants evaluated the bright light condition as brighter and more activating 
regardless of their mental state, the effect of illuminance level on experienced pleasantness 
was moderated by persons’ prior state. The 1000 lx condition was evaluated as less pleasant 
than the 200 lx condition, at least when participants were more rested. When participants’ 
suffered from mental fatigue, they did not evaluate the lighting conditions differently in 
terms of pleasantness. Similarly, participants rated the intensity of the 1000 lx condition as 
less adequate than the 200 lx condition when they were more relaxed, but not when they 
experienced mental fatigue. 

We also tested individuals’ preferred illuminance levels after experimentally induced 
fatigue compared to a more relaxing condition in Study 6, to investigate whether persons 
would prefer a more intense light setting to perform an auditory attention task when suffering 
from mental fatigue. In contrast to our expectations and the results of the correlational 
preference studies, preferred light levels did not significantly differ between participants 
experiencing mental fatigue versus those in a rested state – even though the model improved 
and visual inspection of the data suggested a trend in the expected direction. Together, the 
results of the studies investigating light preferences suggested that preferred light settings 
to perform an attention task are probably only modestly affected by persons’ mental state. 
Overall, preferred illuminance levels showed large inter- and intra-individual variations and 
the alerting effects of exposure to a higher illuminance level on subjective feelings were only 
subtly reflected in individuals’ light preferences. This suggests that although persons can 
benefit from bright light exposure during regular daytime hours, they may not consciously 
adjust the light to increase their level of alertness and vitality or automatically experience 
more intense light as more pleasant.

In sum, the results showed state-dependent effects of bright light on subjective 
experiences, while effects on the indicators for task performance and physiology were not 
more pronounced under mental fatigue. To our knowledge, we are the first who tested the 
effects of bright light on healthy individuals’ experiences, performance and physiology as a 
function of their psychological state. Complementing earlier studies performed at night or 
after sleep deprivation (e.g., Cajochen et al., 2000; Phipps-Nelson et al., 2003), which indicate 
that bright light exposure can induce alertness under conditions of relatively high fatigue and 
sleep pressure, the current study showed that bright light can counteract subjective fatigue 
during daytime and in the absence of sleep deprivation. Moreover, our findings cannot be 
attributed to circadian or homeostatic modulation as each person participated multiple times 
at the same time of day and reported no significant differences in sleep duration or time 



General discussion

172

awake. We thus compared the effect of bright light on individuals’ daytime functioning 
under different mental states, yet at the same circadian phase and under similar homeostatic 
pressure, in Study 4. 

Although the fatigue induction was successful as it resulted in higher subjective 
sleepiness and lower vitality as well as slower responses, larger variations in individuals’ 
psychological state may occur in everyday life situations. In our studies, we employed 
demanding tasks over a period of about 25-30 minutes, yet resource depletion and need for 
recovery can increase due to accumulation of effort spent over longer time periods. Thus, 
effects and preferences can potentially be even more pronounced among persons suffering 
from more extreme mental fatigue such as, for example, a burnout or chronic fatigue. 

7.5 Type of task
The findings related to task performance revealed a more complex picture than results 

on the self-report measures. Although daytime bright light exposure consistently improves 
subjective alertness and vitality, our laboratory studies suggest that the optimal illuminance 
level for daytime performance may depend on type of task. Most consistent beneficial alerting 
effects of bright light exposure on performance were shown on the auditory vigilance task, 
while effects on the other tasks employed showed mixed results. Although still tentatively, the 
results suggest that performance on some tasks may benefit more from bright light exposure 
than others. The current series of studies did not employ a sufficiently varied set of tasks, 
nor sufficiently structured comparisons over studies to draw hard conclusions for tasks other 
than the auditory vigilance task (PVT). Yet, the data do indicate that it is important to assess 
different aspects of human performance when investigating diurnal effects of light. As work-
related as well as other daily tasks often requires more than sustained attention and some 
tasks may be more sensitive to light than others, more research is necessary to determine the 
optimal illuminance level for different types of tasks during daytime.

7.6 General conclusion
Studies 1, 2 and 3 showed that bright light can have activating effects on human daytime 

functioning, similar to effects shown in the late evening and at night (see Chapter 1). Yet, 
effects on subjective alertness and vitality and on sustained attention showed more consistent 
results than bright light effects on other (more complex) performance tasks and various 
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indicators for physiological arousal. Although sustained attention on a simple auditory 
reaction time task (PVT) benefitted from bright light exposure, results on other tasks (LDST, 
Go-NoGo task and 2-back task) were mixed. Indicators of physiological arousal also showed 
mixed results: While the effects of a higher illuminance level on theta power density, heart 
rate and skin conductance level showed consistent activating effects in Study 2, effects on 
indicators for autonomic nervous activity were not replicated in Study 3. Moreover, results 
showed that some effects on human experiences, performance and physiology were moderated 
by time of day, duration of exposure, type of task or persons’ mental state (e.g., mentally 
fatigued vs. rested). Our results showed that bright light exposure can restore subjective 
sleepiness and boost subjective vitality during daytime, especially when prior levels are 
low. Exposure to bright light when persons suffer from mental fatigue may not only induce 
feelings of alertness and vitality, but will probably also be experienced as pleasant - or at least 
not unpleasant compared to regular indoor light settings in work environments. In addition, 
the use of bright light can probably support performance on simple vigilance tasks in the 
morning, while persons may need less intense light to engage in more complex tasks during 
the day. This latter, however, requires additional research.

7.7 Potential underlying mechanisms
Effects of light on wellbeing, health and performance may be ascribed to both visual 

and non-visual processes (see also Chapter 1). Yet, little is known about the underlying 
mechanisms of alerting and vitalizing effects of daytime light exposure. Some of the alerting 
mechanisms suggested for nightly light exposure, such as suppression of melatonin (e.g., 
Cajochen, 2007; Chellappa et al., 2011a; Figueiro et al., 2007), simply do not hold during 
daytime. 

Recently, two possible mechanisms by which light might influence alertness and 
performance during daytime have been proposed (Rautkylä et al., 2011; Stephenson et al., 
2012; Vandewalle et al., 2006, 2009, 2010). In addition to the circadian system, a possible 
mechanism for the alerting and vitalizing effects of light might be the activation and 
modulation of alertness-related (e.g. brainstem, thalamus) and mood-related pathways (e.g. 
amygdale, hippocampus). Moreover, beliefs or expectations regarding effects of bright light 
as well as individuals’ evaluations and preferences may have contributed to the findings 
(e.g., Veitch et al., 2008; 2013). Thus, the effect can occur through quite direct and immediate 
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activation of brain areas involved in alertness and cognition (Vandewalle et al., 2009), but 
can also be more psychological in nature involving appraisal and affective routes. 

We explored potential effects of daytime bright light exposure on cortical arousal of 
healthy day-active persons using EEG in Study 2. These results showed that the relative power 
density in the theta range was lower when exposed to a higher illuminance level, independent 
of time of day and duration of exposure, corroborating the results on self-reported alertness 
and vitality. The effect on theta was most pronounced at the frontal and occipital area. In 
contrast, the effect on the relative power in the alpha range did not differ with cortical area, but 
occurred only in the morning. Future research among day-active persons should investigate 
which specific brain areas or neural paths are activated under bright light exposure and 
explore potential state-dependent and time-dependent modulation by employing a higher 
spatial resolution, for instance, by using fMRI. 

As discussed in Chapter 1, light at the eye may activate different pathways through 
which it can affect human daytime functioning. Research employing fMRI to investigate the 
effect of light on modulations of activity in brain areas has shown that exposure to bright light 
(vs. dim light) or monochromatic blue (vs. violet or green light) during daytime after exposure 
to very low light levels (<5 lx) can induce activity in various cortical and sub-cortical regions 
related to alertness and cognition as well as emotion (Vandewalle et al., 2009). In addition 
light can activate brain areas involved in vision and circadian regulation (Berson et al., 2002; 
Boyce, 2003; Hattar et al., 2006). Due to different potential pathways and brain areas that can 
be activated by light simultaneously, we cannot determine the neural processes underlying 
the alerting and activating effects found in our studies. This would require more research. It 
should also be noted that participants were engaging in performance tasks and reflected on 
their momentary state prior to the EEG measures during rest with eyes open, which may in 
turn have affected their brain activity.

In the current thesis, we also aimed to shed more light on potential psychological 
mechanisms. Our results showed higher feelings of alertness and vitality and better 
performance on a sustained attention task during exposure to more intense light even in the 
absence of increments in positive affect or more positive appraisals of the lighting. Although 
exposure to higher illuminance level induced subjective experiences of alertness and vitality, 
the bright light condition employed in our Study 2 and 3 was evaluated as less pleasant, at 
least when participants were more rested. In addition to these effect studies, our preference 
studies showed that – even though a person may prefer a brighter light setting to engage in an 
attention task when feeling more fatigued – self-selected illuminance levels were generally 
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lower than 1000 lx at the eye. Overall, persons did not experience the 1000 lx (at the eye) 
condition as more pleasant nor did they prefer a bright light setting to engage in an attention 
task or to relax. This discards the route to alerting and vitalizing effects via positive affect 
(as proposed by Raütkyla and colleagues, 2012) and experienced pleasantness for the data 
in the current thesis.

An alternative route could run via beliefs, which were also assessed in addition to 
potential acute activating effects on subjective experience, performance and physiology. 
Participants’ beliefs about effects of the lighting condition on performance and mood did, 
however, not significantly differ between the 1000 lx and 200 lx condition, except that 
participants expected larger effects on mood in the bright light condition in Study 3, regardless 
of their prior mental state. This also reflected the effect of bright light on positive affect in 
Study 3, which – in line with participants’ beliefs - was not shown in Study 2. 

7.8 Requirements for light applications:  
insights and unknown parameters

In studying the effects of daytime bright light exposure, the focus of the current thesis 
has mainly been on alertness and vitality. These psychological constructs are very important 
for many aspects of everyday life. Insights produced may therefore be translated to a range 
of target groups (e.g., working population and students) and application domains (schools, 
offices and care environments). As the results showed that persons’ sensitivity to alerting 
and vitalizing effects of bright light during daytime may depend on timing and duration 
of exposure, type of indicator and/or individuals’ psychological state, this would motivate 
the development of dynamic and person-tailored lighting solutions to enhance alertness 
and vitality during the day. Specifically, light applications should provide exactly the right 
amount of light at the right time for a particular person, considering his or her momentary 
mental state and type of task. Yet, although the current thesis provides new insights in 
potential alerting and vitalizing effects of bright light exposure during daytime, the impact 
of daytime light exposure on human behavior, experience, physiology and preference requires 
more attention - as well as their potential underlying mechanisms - to establish optimal 
and pleasant lighting scenarios for daytime situations. More knowledge is necessary about 
effects of - and preferences for - daytime light exposure to provide tailored light settings for 
users depending on time of day, environmental context, type of activity and psychological 
state (e.g., sleepy, stressed). For instance, it is important to first get insights in the optimal 
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required light dosage, spectrum and pattern of exposure, long-term effects of daytime bright 
light exposure, potential after-effects and interpersonal differences. 

In our laboratory studies testing effects of bright light exposure on daytime functioning, 
we compared two illuminance levels (i.e., 1000 lx vs. 200 lx at the eye). Exploring the daytime 
effects of a more varied range of intensities on subjective, performance and physiological 
markers of alertness and vitality will provide additional insights in persons’ relative 
responsiveness to different intensity levels. Dose-response curves for diurnal light exposure 
may provide necessary knowledge to formulate optimal lighting scenarios for daytime 
situations to support mental wellbeing, health and performance. Moreover, exploration of 
a larger range of illuminance levels can provide more insights about potential non-linear 
relationships. Dose-response relationships for subjective alertness and EEG power density 
(5-9 Hz range) as function of illuminance level have already been determined for nocturnal 
light exposure (Cajochen et al., 2000). Future research will be needed to assess whether dose-
response curves for subjective and objective indicators of alertness and vitality as function 
of light intensity during daytime and under natural conditions are comparable to the ones 
established at night. Importantly, however, such studies could not make use of melatonin as a 
marker, even though in nocturnal studies melatonin has been shown to be a robust indicator 
for both circadian and acute effects (see Chapter 1).

As stated before, some effects occurred immediately with light onset (e.g., subjective 
alertness and vitality, relative theta power density), whereas other effects required longer 
exposure (e.g. HRV, sustained attention). In addition to the amount of photons at the eye 
during a given time span, the relationship between daytime light exposure and self-reported 
alertness and vitality, task performance and physiology should also be established for various 
durations of exposure to a given amount of photons reaching the eye, to determine the onset 
of subjective, performance and physiological effects at different intensity levels. 

The light exposure in our laboratory studies was relatively brief (i.e., one hour in Study 
2 and a half hour in Study 3), so we cannot predict whether the alerting and vitalizing 
effects found in the current thesis would persist throughout the day. In addition, we did not 
measure alertness and vitality after the offset of the lighting conditions. Future research 
should investigate the effects of prolonged exposure periods as well as potential after-effects 
during daytime. Only a few studies have investigated the effects of bright light for a full 
working day during regular daytime hours (e.g., Gornica, 2008; Küller & Wetterberg, 1993). 
Although these results do not provide clear indications for prolonged effects of daytime 
bright light exposure, they do suggest that potential activating effects during daytime may 
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depend on time of day and/or duration of exposure. Yet, a few studies provide indications 
that light can affect subjective experiences of alertness as well as sustained attention over 
longer periods of exposure (i.e., several hours) at night or during daytime after sleep or light 
deprivation (e.g., Lockley et al., 2006; Phipps-Nelson et al., 2003; Rüger et al., 2006). Phipps-
Nelson and colleagues (2003), for example, investigated the effect of daytime bright light 
exposure for 5 hours in the afternoon after sleep-restriction. Their results showed immediate 
and consistent effects of exposure to 1000 lx at the eye compared to a low illuminance level 
(<5 lx) on subjective alertness and PVT reaction times. In addition, these effects persisted 
up to four hours after the light exposure, i.e., until the last measurements at 9 pm. Results 
of a laboratory study by Lockley and colleagues (2006) performed at night showed that the 
effect of exposure to blue monochromatic light (460 nm vs. 550 nm) for 6.5 hours at night 
resulted in lower subjective sleepiness and faster reaction times on the PVT. These effects 
were also consistent throughout the light exposure, and persisted up to about one hour after 
the light exposure. Future research should investigate whether alerting and activating effects 
during the day will persist with long-term or repeated exposure among day-active persons.

In addition to these studies suggesting persistence of light-induced alerting effects, a few 
studies have provided indications that light exposure during the day can influence alertness, 
performance and sleep later in the evening or at night. Several studies, for example, showed 
that light during the day can impact sleep at night (e.g., Figueiro & Rea, 2010a; Hubalek et 
al., 2010; Martinez-Nicolas et al., 2011). In addition, results by Münch and colleagues (2012) 
suggest that bright light exposure (~1000 lx at the eye; daylight, sometimes combined with 
artificial lighting) in the afternoon may affect alertness and performance in the early and 
late evening. Similarly, a very recent study by Figueiro, Nonaka and Rea (2013) showed that 
exposure to daylight throughout the day improved performance at night, after prolonged 
wakefulness. In the current thesis, we showed that light can affect vitality throughout the 
day. However, whether exposure to bright light during the day results in prolonged vitality or 
instead results in exhaustion from over concentration is not known. Thus, it is still unknown 
whether vitality enhancing effects will persist after the light exposure. 

Effects of light not only depend on the amount of light, but may also be influenced by its 
spectrum (see also Chapter 1). In this thesis, we focused on the effects of and preferences for 
the intensity of white light. Research investigating effects at night has shown that exposure 
to light with relatively high power in the blue part of the spectrum can increase alertness, 
suppress melatonin and increase physiological arousal (see Chapter 1). Yet, little is known 
about the effects of blue light or light with a high CCT during daytime. However, there are 



General discussion

178

indications that the effects of diurnal light exposure are also dependent on spectrum. Field 
studies have shown beneficial effects of exposure to blue-enriched white light (17000K) on 
subjective alertness, mood and self-reported performance in office environments during 
daytime for several weeks (Mills et al., 2007; Viola et al., 2008). In addition, recent field 
studies investigating the effect of light therapy on depressive symptoms, for instance among 
persons suffering from seasonal affective disorders, for instance among persons suffering 
from seasonal affective disorders, suggest that effective light treatments may be shorter in 
duration or lower in intensity when employing blue-enriched light (Anderson, Glod, Dai, 
Cao & Lockley, 2009; Gordijn, ‘t Mannetje & Meester, 2011; Meesters, Dekker, Schlangen, 
Bos & Ruiter, 2011). Some laboratory studies also revealed activating effects of daytime 
exposure to higher CCT on physiological indicators (Noguchi & Sakaguchi, 1999; Sato, 
Sakaguchi & Morita, 2005; Shi, Katsuura, Shimomura, & Iwanaga, 2009). Other studies 
employing more psychological measures, however, reported no such effects during daytime 
(e.g., Boray, Gifford & Rosenblood, 1989; Gornica, 2006; see also McColl &, Veitch, 2001; 
Veitch & McColl, 2001) or revealed complex interaction effects (Knez, 1995; Knez & Kers, 
2000). Moreover, Sahin and Figueiro (2013) provided indications that exposure to red light, 
instead of blue light (both at 40 lx), in the afternoon may induce stronger alertness as assessed 
with EEG power in the theta and alpha range compared to darkness (<.01 lx). Vandewalle 
and colleagues (2007a; 2007b) showed, however, that daytime exposure to monochromatic 
blue light induced stronger activity modulations in brain areas associated with alertness 
and cognition compared to green or violet light. Thus, the current literature concerning the 
spectral sensitivity of daytime lighting effects is still inconclusive. In line with the studies 
performed among persons suffering from seasonal affective disorders (e.g., Anderson et al., 
2009; Gordijn et al., 2011; Meesters et al., 2011), future research should establish potential 
interaction effects and possible trade-offs between light level, duration and spectrum as well 
as action spectra using sensitive markers for alertness and arousal during daytime. 

While research has determined the spectral sensitivity for nocturnal melatonin 
suppression (e.g., Brainard et al., 2001; Thapan et al., 2001), no such spectral sensitivity 
functions have been developed for acute effects on other behavioral and experiential 
indicators, such as subjective alertness, vitality or task performance, yet. Given the mixed 
results during daytime, it is not unlikely that the spectral sensitivity functions for light 
responses on persons’ experiences, behavior and physiology during daytime differs from 
the function established for nocturnal melatonin suppression (see also Chapter 2). To date, 
the relative contribution of the different types of photoreceptors (rods, cones, ipRGCs) in 
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the non-image forming effects of light is unknown. Yet, there are some suggestions that the 
role of each photoreceptor may depend on the amount of light, duration of the light exposure 
(e.g., Lucas, 2013) and perhaps also on the type of indicator (Figueiro, Bierman, Plitnick, & 
Rea, 2009; Papamichael, Skene & Revell, 2012). As stated in Chapter 1, the ipRGCs seem 
to play an important role in the non-image forming effects of light. However, although the 
ipRGCs are intrinsically photosensitive and are most sensitive to light in the blue part of 
the spectrum, they also receive light information through the rods and cones (with different 
spectral sensitivities). Exploring the spectral sensitivity of light on alertness and vitality for 
different types of indicators as a function of the number of photons and duration of exposure 
will provide fundamental insights in the relative role of melanopsin, rods and cones and 
potential differences in sensitivity for different indicators as well as important information 
for practical implications.

In addition to the required intensity, timing, duration and spectrum, future research 
should investigate the effect of the pattern of exposure to higher illuminance levels on acute 
daytime effects. Earlier research has shown that exposure to intermittent bright light can be 
effective in phase-shifting the human circadian rhythm (e.g., Gronfier et al., 2004; see also 
Chellappa et al., 2011a). Yet, more research is needed to explore psychological responses to, 
for example, short periods of exposure to bright light (perhaps with a gradual decrease to 
a lower intensity level to reduce distractions due to changes in the light setting), compared 
to continuous exposure to high intensity levels. Moreover, the role of individuals’ prior 
experienced light pattern on acute effects of daytime exposure to bright light on alertness 
and vitality should be explored in future research. This will provide additional insights in 
persons’ relative sensitivity to a light manipulation during daytime as a function of their 
light history. Note that the relationship between illuminance level and vitality in Study 1 
was more pronounced during the darker months of the year, providing indications that prior 
light history may also play a role in the effect of light intensity on vitality.

Thus, although the current thesis provides relevant and new insights in the potential 
effects of light on human functioning during regular daytime hours, more research is 
necessary before implementing bright light applications in for example offices and school 
environments. As exposure to more intense light during daytime would be less energy 
efficient, insights in the optimal light dosage, spectrum, exposure pattern, persistence of 
effects and potential after-effects would be required for optimally balancing vitalizing effects 
with energy expenditure for higher light levels. Moreover, our results highlight the challenge 
to optimize lighting scenarios supporting affective and cognitive functioning and providing 
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pleasant conditions, matching individuals’ preferences – which show substantial inter- and 
intra-individual differences. We therefore need to learn more about how much light is needed, 
of what spectrum, for how long and when it is needed to support individuals’ daytime 
functioning in terms of visual, biological and psychological needs.

7.9 Closing remarks
Together the studies indicate the relevance of light exposure - in addition to visual 

performance - for mental wellbeing and performance during daytime and in everyday 
situations. Bright light during the day not only ensures a healthy entrainment of the biological 
clock, it now appears to also help people to acutely feel more alert and vital, to be better able 
to sustain attention and may help counteract subjective experiences of mental fatigue. Yet, 
some of the effects were moderated by persons’ state, time of day, type of task and duration 
of exposure. The results suggest that the effects of exposure to bright light at night cannot be 
directly translated to daytime situations, but need further research. Moreover, they motivate 
the use of person-centered and dynamic lighting scenarios for day-active persons.

Up to now, research to the non-image forming effects of light had rendered convincing 
evidence for alerting and vitalizing effect of bright light exposure during persons’ biological 
night. In addition, diurnal bright light exposure has empirically established beneficial effects 
on persons with sleeping problems or otherwise desynchronized body clocks such as persons 
suffering from dementia, seasonal affective disorder, major depression (e.g., see Golden et al., 
2005; Gordijn et al., 2012; Riemersma-Van der Lek et al. 2008; Terman et al., 1989). Although 
those earlier findings mainly had practical implications for shift workers and particular 
clinical subgroups, the current research suggests the potential for the application of bright 
light (natural or electric) to benefit to the population at large. As our research has shown that 
diurnal light exposure may improve subjective feelings of alertness and vitality throughout 
the day particularly among persons suffering from resource depletion, bright light therapy 
or healthy light applications may be effectively employed for persons who are (temporarily) 
experiencing a lack of energy or are under high mental pressure. Potential groups who can 
benefit from vitality enhancing light treatments are office employees, students and persons 
suffering from burnout or chronic fatigue. Yet, although the results revealed that daytime 
bright light exposure can induce subjective alertness and vitality and may accommodate 
sustained attention among day-active persons, it is still inconclusive whether bright light 
may also support performance on other - perhaps mentally more demanding and complex - 
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tasks during the day, whether daytime effects are persistent, and whether exposure to more 
intense light will be experienced as pleasant.

In conclusion, our results provide valuable insights for engineers and lighting designers 
in the development of person-centered lighting solutions, but also propose new research 
directions for scientists. 
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Appendix

Table A1. Overview results studies investigating preferred illuminance levels

Preferred levels at desk

(artificial lighting)

Possible settings Daylight

contribution
Mean (SD) Range Initial setting Range

Study 4 667   (267) 296 - 1448 200 200 - 5000 No
Study5 885   (542) 296 - 3368 200 200 - 5000 Yes
Study 6 690 (~400) 200 - 2262 200 200 – 5000 No

138 (~240) 200 - ~1290 200 200 – 5000 No
Begemann et al. (1997)

800      (-) -
0 or previous 

selected level
200 - 2000 Yes

Boyce et al. (2000) 398  (215) - 680 7 -   680 No
518  (400) - 1240 12 - 1240 No

Boyce et al. (2006) 884  (187) 399 – 1131 778 517 - 2302 Yes
458  (201) 252 – 1176 365 280 - 1068 Yes

Fotios & Cheal (2010) 655  (290) - lowest, center 

or highest 

value of range

48 - 1037 No
920  (447) - 83 - 1950 No

1086  (503) - 165 - 2250 No

Juslén et al. (2005) 1752       (-) 270 – 3300 100 – 380 200 - 3380 No
Logadóttir & 
Christoffersen (2008)

577  (272) -
500 or previous 
selected level

57 - 1270 Yes

Logadóttir & 
Christoffersen (2009)

629  (204) ~57 – 1270
500 or previous 
selected level

57 - 1270 Yes

Logadóttir et al. (2011) 337    (71) - 70, 300 or 469 21 -   482 No
523  (114) - 75, 609 or 880 38 - 906 No
645  (119) - 72, 882 or 1287 72 - 1307 No

Moore et al. (2003)
288       (-) 91 -  770

previous 

selected level
- Yes

Newsham & Veitch 
(2001); Veitch & 
Newsham (2000)

423 (152) 83 -  725 500 0 - 700 No

Note. The absolute preferred illuminance levels should be considered with caution 
due to potential stimulus range biases (see also discussion Chapter 5 and Chapter 6).
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Summary

Daytime light exposure 

Effects and preferences

Light enables us to see the world around us, but is also important for our physiological 
and psychological functioning.  During the last decades, light has become an important 
research topic for engineers, chronobiologists and neuroscientists. Developments in lighting 
technologies (e.g., LED) are offering new possibilities for flexible, dynamic and personalized 
lighting applications. Moreover, the discovery of a third (non-rod, non-cone) photoreceptor in 
the human retina has significantly advanced our knowledge about the role of light in human 
behavior and physiology. A substantial body of research has demonstrated the relevance of 
light exposure for circadian regulation. In addition, research has shown acute activating 
effects of bright light exposure on subjective and objective indicators of alertness and arousal. 
These studies have revealed robust effects in the late evening and at night. Yet, to what extent 
and under what conditions such effects exist during daytime for healthy day-active persons 
is largely unknown. 

In the current thesis, we studied the relation between diurnal light exposure and human 
functioning during daytime, from a more psychological perspective. Complementing earlier 
studies performed in domains of chronobiology and neuroscience, we explored the role of 
daytime light exposure in human mental wellbeing, health and performance, focusing on 
individuals’ behavior, experiences and preferences during regular daytime hours. To this end, 
a series of studies were performed to investigate potential alerting and vitalizing effects of bright 
light exposure during daytime on subjective experiences, task performance and physiology and 
to explore whether individuals’ appraisals and light preferences reflected these effects. A field 
study was performed to investigate daily light exposure patterns and explore the relationship 
between light exposure and feelings of vitality during daytime. Moreover, a series of laboratory 
studies was performed to explore effects of bright light exposure during regular daytime hours 
on self-report, task performance and physiological arousal measures. In addition, we investigated 
preferred light intensity as a function of alertness, vitality and performance, to explore whether 
persons would prefer a higher illuminance level, i.e., seek more light, when they felt mentally 
fatigued and depleted than when feeling more alert and vital. 
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Together, these studies demonstrated the relevance of light exposure for mental wellbeing 
and performance, even during daytime and in everyday life. Results of the field study showed 
that hourly light exposure was significantly related to feelings of vitality, indicating that 
persons who had been exposed to more light felt more energetic immediately afterwards. 
In line with these results, our laboratory studies showed that more intense light induces 
alertness, assessed with self-reports and some indicators for task performance and physiology, 
even during regular daytime hours (i.e., in the absence of sleep and light deprivation). More 
specifically, bright light exposure induced higher feelings of alertness and vitality, resulted 
in faster responses in sustained attention tasks and higher physiological arousal (measured 
with EEG power density in the theta range, heart rate and skin conductance level). Yet, effects 
on subjective alertness and vitality as well as on sustained attention were more consistent 
than the effects on the measures for cognitive performance and physiology. Moreover, results 
indicated that the effects on human experiences may depend on persons’ prior mental state 
(i.e., mentally fatigued vs. rested), and effects on task performance and physiology may 
depend on time of day, duration of exposure and type of indicator, motivating the use of 
person-centered and dynamic lighting scenarios for day-active persons.

Results of the studies investigating light preferences suggested that preferred light 
settings to perform an attention task are probably only modestly affected by a person’s 
experienced mental state. Overall, preferred illuminance levels showed substantial inter- and 
intra-individual variations and the alerting effects of bright light were only subtly reflected 
in individuals’ light preferences. This suggests that although participants may benefit from 
bright light exposure during regular daytime hours, persons may not consciously adjust the 
light to increase their level of alertness and vitality.

Up to now, research to the non-image forming effects of light had rendered convincing 
evidence for alerting and vitalizing effect of bright light exposure during persons’ biological 
night or on certain subgroups (such as persons suffering from seasonal affective disorder 
or dementia). Although those earlier findings mainly had practical implications for shift 
workers and particular clinical subgroups, the current research suggests the potential for the 
application of bright light (natural or electric) to benefit the population at large. Our results 
provide valuable insights for engineers and lighting designers in the development of person-
centered lighting solutions, but also propose new research directions for scientists. Moreover, 
the results shed light on potential underlying mechanism during daytime.
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Samenvatting

Licht helpt ons om de wereld om ons heen waar te nemen, maar is ook belangrijk 
voor ons fysiologisch en psychologisch functioneren. Gedurende de laatste decennia is licht 
een belangrijk onderzoeksthema voor ingenieurs, chronobiologen en neurowetenschappers. 
Ontwikkelingen in verlichtingtechnologieën (bijv. LED) creëren nieuwe mogelijkheden 
voor flexibele, dynamische en gepersonaliseerde lichttoepassingen. Bovendien is door 
de ontdekking van een nieuwe fotoreceptor (naast kegeltjes en staafjes) in de retina, de 
kennis over de rol van licht op het menselijk gedrag en fysiologie sterk toegenomen. Diverse 
onderzoeken hebben de relevantie van lichtblootstelling voor regulatie van het circadiane 
systeem aangetoond. Daarnaast, heeft onderzoek ook activerende en alertheidverhogende 
effecten van fel licht op zowel subjectieve als objectieve indicatoren laten zien. Deze studies 
hebben robuuste effecten in de late avond en ’s nachts aangetoond. Echter, in welke mate 
en onder welke omstandigheden deze effecten ook voorkomen voor gezonde personen die 
overdag actief zijn is nog grotendeels onbekend. 

In dit proefschrift, hebben we vanuit een psychologisch perspectief de relatie tussen 
lichtblootstelling en functioneren van mensen overdag bestudeerd. Als aanvulling op eerdere 
onderzoeken binnen de chronobiologie en neurowetenschappen, hebben we de effecten van 
lichtblootstelling op mentaal welzijn, gezondheid en prestatie overdag onderzocht. Hierbij lag 
de focus op het gedrag, de ervaringen en de voorkeuren van personen gedurende reguliere 
werktijden. We hebben een serie studies uitgevoerd waarin we mogelijke alertheidverhogende 
effecten van blootstelling aan fel licht overdag op subjectieve ervaringen, taakprestatie 
en fysiologie hebben onderzocht. Daarnaast hebben we geëxploreerd of evaluaties en 
lichtvoorkeuren overeenkomen met deze effecten. Een veldstudie was uitgevoerd om meer 
inzicht te krijgen in lichtblootstelling in het dagelijks leven en de relatie tussen lichtblootstelling 
en gevoel van vitaliteit overdag te exploreren. Daarnaast, hebben we ook een aantal labstudies 
uitgevoerd waarin we de effecten van blootstelling aan fel licht overdag op zelfrapportage, 
taakprestatie en fysiologische maten hebben onderzocht. Bovendien hebben we voorkeuren 
voor lichtintensiteit als een functie van vitaliteit en taakprestatie onderzocht, om te exploreren 
of personen een sterkere voorkeur hebben voor een hoger lichtniveau wanneer ze zich mentaal 
vermoeid of futloos voelen dan wanneer ze zich meer alert en vitaal voelen. 

Deze studies laten de relevantie van blootstelling aan fel licht zien voor het mentaal 
welzijn en de prestatie van mensen overdag en in het dagelijks leven. Resultaten van de 



Samenvatting

212

veldstudie laten zien dat lichtblootstelling significant gerelateerd was aan subjectieve 
vitaliteit: Wanneer personen waren blootgesteld aan meer licht ervaarden ze ook meer 
vitaliteit. In lijn met deze resultaten hebben de labstudies aangetoond dat blootstelling aan 
een hoger lichtniveau kan leiden tot meer alertheid overdag, gemeten met zelfrapportage, 
taakprestatie en fysiologie, gedurende reguliere werktijden overdag (dus zonder slaap en 
licht deprivatie). Blootstelling aan fel licht leidde tot een hogere alertheid en vitaliteit, 
resulteerde in snellere reactietijden gedurende een aandachtstaak en hogere fysiologische 
activiteit (gemeten met EEG power in de theta range, hartslag en huidgeleiding). De effecten 
op subjectieve alertheid en vitaliteit evenals volgehouden aandacht lieten echter consistentere 
resultaten zien dan de effecten op indicatoren voor cognitieve prestatie en fysiologie. 
Bovendien, lieten de resultaten zien dat de effecten op subjectieve ervaringen afhankelijk 
kunnen zijn van de mentale status van personen (bijv. mentaal vermoeid of ontspannen), 
en de effecten op taakprestatie en fysiologie van tijd van de dag, duur van blootstelling 
en type indicator. Dit motiveert het gebruik van persoonsafhankelijke en dynamische 
verlichtingsscenario’s overdag.

Resultaten van de studies naar lichtvoorkeuren suggereren dat de mentale status van 
personen waarschijnlijk een bescheiden invloed heeft op geprefereerde lichtsettings voor het 
uitvoeren van een aandachtstaak. Over het algemeen lieten geprefereerde lichtniveaus grote 
intra- en inter-persoonlijke variaties zien en was het alertheidverhogende effect van fel licht 
alleen subtiel gereflecteerd in lichtvoorkeuren van personen. Dit suggereert dat ondanks dat 
personen profijt kunnen hebben van blootstelling aan fel licht gedurende reguliere werktijden 
overdag, personen mogelijk niet bewust het licht aanpassen om hun alertheid en vitaliteit te 
verhogen. 

Tot nu toe heeft onderzoek naar de niet-visuele effecten van licht overtuigend bewijs 
getoond voor alertheidverhogende effecten van blootstelling aan fel licht gedurende de 
biologische nacht van mensen of voor bepaalde subgroepen (zoals personen die last hebben 
van winterdepressie of dementia). Ondanks dat deze eerdere bevindingen vooral praktische 
implicaties hadden voor ploegendienstmedewerkers en specifieke klinische doelgroepen, 
suggereren de huidige resultaten ook mogelijke voordelen van de toepassing van fel licht 
(natuurlijk of kunstlicht) voor de gehele populatie. Onze resultaten geven waardevolle 
inzichten voor de ontwikkeling van persoonsgebonden lichtoplossingen aan ingenieurs 
en lichtontwerpers, en suggereren ook nieuwe onderzoeksrichtingen voor onderzoekers. 
Daarnaast hebben de resultaten ook inzicht gegeven op mogelijke onderliggende mechanismen 
voor alertheidverhogende effecten van lichtblootstelling overdag.
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