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Chapter 1 

 

General introduction 

 

 

For humans as well as other mammals, light is one of the most important environmental 

factors for visual perception. Before the discovery of the light bulb in 1879, natural light 

sources (i.e., the sun and the moon) and fire were the only available light sources that 

enabled us to perceive our environment. Nowadays, we have a large range of artificial 

light sources available, which enable us to see indoors and during the dark hours of the 

24-hour day. By the wide use of artificial lighting, we are now able to extend the amount 

of light hours during the 24-hour day so that we can still engage in activities during the 

evening and night. 

 For a couple of decades, we know that light can also affect our subjective and 

physical wellbeing. One well-researched function of light is that it regulates our 

circadian sleep-wake rhythm (Lewy, 1983). That is, the natural 24-hour light-dark cycle 

entrains our biological clock in such a way that we sleep during the dark hours and are 

awake during the light hours of the day. Wrongly timed light exposure, for example from 

artificial light sources, can result in a delay or advance of our circadian clock. More 

recent studies have also shown that light exposure can acutely affect our physiological 

and psychological state (Cajochen, 2007; Chellappa, Gordijn, & Cajochen, 2011). At 

night, light can acutely influence our body temperature and melatonin production, as 

well as our subjective state of alertness. In addition, a relatively recent body of research 

has revealed that our state of alertness, mood and cognitive performance can also be 

influenced by light during the daytime (Souman, Tinga, te Pas, van Ee, & Vlaskamp, 

2017). However, the research in this latter field is still in its infancy and far from 

consistent. The field would highly benefit from more research on the specific lighting 

characteristics and circumstances under which these acute alerting effects occur. 
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 Needless to say, light can affect our wellbeing in many ways, which makes it 

highly relevant to study how this occurs and what light characteristics we can choose to 

optimize our psychophysiological wellbeing during the day. Especially since we spend 

more and more of our time indoors, well-timed artificial light exposure that optimizes 

our physiological and psychological wellbeing can be of great benefit. The current thesis 

focuses on how indoor lighting can promote wellbeing in terms of subjective alertness, 

vitality and mood, and in terms of cognitive performance during daytime. These findings 

can be used to optimize indoor lighting in order to positively affect our wellbeing, for 

example at the workplace. The chapters in this thesis focus on investigating 

circumstances under which indoor lighting may promote or undermine wellbeing. More 

specifically, we investigated whether acute alerting effects may depend on the specific 

task that is performed during the light exposure, the season in which the light exposure 

occurs, and the light someone experienced before the current light exposure. The 

following paragraphs will first introduce the underlying biological mechanisms that are 

thought to explain light’s effects on wellbeing and describe the current state of the 

literature in the field of acute NIF effects of light. 

 

 

1.1 Image vs. non-image forming pathways 

Light sources, either natural or artificial, send out electromagnetic radiation. The rod and 

cone photoreceptors in the most outer layer of the retina pick up this radiation and 

transduce it to neural signals, which project to the visual cortex, giving rise to conscious 

visual perception (Boyce, 2003). Rods, with a peak sensitivity at 498 nm, are much more 

sensitive to light than cones and, therefore, contribute to eyesight mainly at relatively 

low light levels. Cones, on the other hand, contribute to eyesight at relatively high light 

levels. There are three types of cone photoreceptors in the retina, which are maximally 

sensitive to short (blue, 420 nm; S-cones), medium (green, 534 nm; M-cones) and long 

(red, 564 nm; L-cones) wavelength light (Boyce, 2003). Selective wavelength sensitivity 

of these photoreceptors leads to distinctive signalling pathways in the retina and brain 

that, in turn, result in colour perception. Together, the rod and cone pathways to the 
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visual cortex are called the geniculostriate pathway, the visual pathway, or the image-

forming pathway of light. Via this pathway, we see the world around us in all its rich 

contrasts, shapes and colours. 

 In addition to this visual pathway regulated by rods and cones, it is now well-

established that a third class of light sensitive photoreceptors in the inner layer of the 

retina, called intrinsically photoreceptive ganglion cells (ipRGCs), also play a major role 

in transducing electromagnetic light signals to the brain (Berson, Dunn, & Takao, 2002; 

Do & Yau, 2010; Freedman et al., 1999; Provencio et al., 2000). Compared to classic 

rods and cones, ipRGCs have relatively large receptive fields and their responsiveness to 

light is quite sluggish (Berson, 2003). That is, they have relatively large response 

latencies (several seconds or more) compared to rods and cones (both with a latency of 

less than 100 ms.). In addition, the ipRGC responses usually persist for several minutes 

after the ending of the light exposure, especially after bright light exposure (Berson et 

al., 2002; Tu et al., 2005). 

While rods and cones are important photoreceptors for visual perception, ipRGCs 

have been found to play a major role in very different, non-image forming (NIF) 

processes, and as such form the start of what is called the retinohypothalamic tract. 

However, there is now considerable evidence that both rod and cone photoreceptors are 

likely to play a role in these NIF processes as well, especially at lower light intensities 

(Drouyer, Rieux, Hut, & Cooper, 2007; Gooley et al., 2010; Rea, Figueiro, Bullough, & 

Bierman, 2005). Moreover, ipRGCs are thought to work together with rods and cones to 

ensure optimal visual perception (Münch & Kawasaki, 2013). To get a better 

understanding of the NIF pathway, the following paragraphs will more thoroughly 

explain the most important NIF effects occurring in humans, namely light-induced 

circadian entrainment and light-induced acute effects on state wellbeing, physiology and 

cognitive performance.  
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1.2 Circadian entrainment 

The most well-studied NIF response to light is the entrainment of the circadian clock 

(Barinaga, 1998; Berson et al., 2002). The human circadian clock has an internal rhythm 

of approximately 24 hours. It promotes wakefulness during the subjective day by 

counteracting the increase in sleep pressure with time awake and promotes sleep during 

the subjective night (Czeisler, 1995). Main projections of ipRGCs, via the 

retinohypothalamic tract (Moore, Speh, & Card, 1995), go to the suprachiasmatic 

nucleus (SCN) in the hypothalamus which is known to be the main regulator of the 

human circadian system (Golombek & Rosenstein, 2010; Gooley, Lu, Fischer, & Saper, 

2003). Physiological processes influencing skin temperature, core body temperature 

(CBT), heart rate (HR), brain wave activity, hormone production as well as 

neurobehavioral performance and cognitive capacities all show a near-24-hour cycle 

(Blatter & Cajochen, 2007; Czeisler & Klerman, 1999; Hastings, 1998; Schmidt, 

Collette, Cajochen, & Peigneux, 2007; Van Dongen & Dinges, 2005). However, the 

actual daily fluctuations in these processes are determined by a complex interaction 

between the circadian clock and the time awake (i.e., the homeostatic sleep pressure) 

(Schmidt et al., 2007; Van Dongen & Dinges, 2005). That is, whereas the circadian clock 

promotes wakefulness during the day, the homeostatic build-up of sleep pressure 

promotes sleep, which incrementally increases with more hours awake. During the night, 

both processes promote sleep. Sleep initiation occurs because of a large homeostatic 

sleep pressure and time-related circadian sleep drive and continues because of a constant 

circadian sleep drive during the dark hours. In addition to these processes, personal 

characteristics such as age and chronotype - reflecting inter-individual preferences for 

timing of sleep and wakefulness (Roenneberg, Wirz-Justice, & Merrow, 2003) - are also 

known to contribute to these systematic time-of-day dependent fluctuations in 

physiological processes. 

 There is considerable evidence that the internal circadian clock is a self-sustained 

oscillator that continues oscillating without environmental time cues (Liu, Weaver, 

Strogatz, & Reppert, 1997; Yamaguchi et al., 2003). Evidence from studies investigating 

mice SCNs in vitro found that the SCN continued oscillating in a circadian manner even 
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outside the mammal’s body in the absence of environmental time cues (Green & Gillette, 

1982; Groos & Hendriks, 1982; Inouye & Kawamura, 1979). These findings support the 

concept of an endogenous circadian oscillator that sustains oscillating processes in a 

near-24-hour time period. In the absence of light and other time cues, circadian 

oscillating rhythms are sustained in mammals but at a period deviating somewhat from 

24 hours (Duffy & Wright, 2005). In humans, this near-24-hour endogenous oscillator 

was also established in forced desynchrony and constant routine protocols (Dijk, Duffy, 

& Czeisler, 1992; Monk et al., 1997). During these protocols, there is a misalignment 

between internal circadian timing and external natural rhythms, called external 

desynchronization. In the long term, external desynchronization may lead to several 

physiological and psychological problems such as sleep disturbances, depressive 

symptoms, chronic fatigue, and concentrations problems (Foster, 2010). Normally, in 

humans entrained to the natural light-dark cycle, the circadian system is aligned to the 

environmental 24-hour period with wakefulness during daytime and sleep during the 

night. To ensure this, well-timed light (and dark) exposure is one of the most important 

time cues (so-called ‘Zeitgeber’) that promotes healthy entrainment of the biological 

clock to the 24-hour light-dark cycle.  

 Initial indications for the existence of a third class of light sensitive photoreceptors 

involved in circadian entrainment comes from studies investigating rodents lacking the 

classical photoreceptors cells. Although missing rod and cone photoreceptors, these 

rodents were still able to entrain their sleep-wake activity cycle to a 24-hour light-dark 

cycle (Foster et al., 1991; Lucas, Freedman, Muñoz, Garcia-Fernández, & Foster, 1999; 

Yoshimura & Ebihara, 1996). Similar results were found in some blind humans missing 

both retinal rods and cones, who still showed acute melatonin suppression as well as 

phase shifts in the timing of melatonin secretion when they were exposed to bright light 

at night (Czeisler, 1995; Klerman et al., 2002). The hormone melatonin is a strong 

marker of the circadian system and is secreted during the subjective night and suppressed 

in response to bright light exposure at night (Lewy, Wehr, Goodwin, Newsome, & 

Markey, 1980). Together, these studies proved that, distinct from the rods and cones, 
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ipRGCs play a significant role in acute melatonin suppression as well as circadian 

entrainment. 

Conflicting environmental light exposure (i.e., light exposure during the 

subjective evening and night), which is not uncommon in our current society, can disrupt 

the 24-hour circadian oscillator (Reiter et al., 2011). More specifically, phase-response 

curves determined under well-controlled conditions have established that light exposure 

during the evening and early night can lead to circadian phase delays (shifting the 

circadian phase to a later clock time), while light exposure during the late night and early 

morning may result in phase advances (shifting the circadian phase to an earlier hour) 

(Czeisler et al., 1989). In other words, the timing of light exposure plays an essential role 

in the regulation of our circadian rhythm and the direction and magnitude of changes 

within this rhythm. The magnitude of light-induced phase-shifting seems to be largest 

when light exposure is timed close before or after the CBT nadir (Minors, Waterhouse, 

& Wirz-Justice, 1991). However, circadian phase-shifting effects of light exposure do 

not seem to be restricted to nighttime exposure, since several studies also found phase-

shifting effects of daytime light exposure, at least under well-controlled conditions 

(Hashimoto et al., 1997; Jewett et al., 1997; Khalsa, Jewett, Cajochen, & Czeisler, 2003). 

 In addition to the timing of the light exposure, there are four other light parameters 

known to influence circadian entrainment and the magnitude of circadian phase shifts in 

humans, namely light spectrum, intensity, exposure duration, and prior light history 

(Chellappa, Gordijn, et al., 2011; Rea, Figueiro, & Bullough, 2002). With respect to the 

light spectrum, it has repeatedly been found that acute melatonin suppression and 

circadian phase-shifting in human subjects is most responsive to light at short 

wavelengths, in the blue part of the spectrum around 480 nm (Brainard et al., 2001; 

Lockley, Brainard, & Czeisler, 2003; Thapan, Arendt, & Skene, 2001; Wright & Lack, 

2001). Regarding light intensity, early studies investigating nighttime light-induced 

circadian phase shifting used very high light intensity exposure (~10.000 lx) to induce 

phase advances or delays (Czeisler et al., 1989; Dawson, Lack, & Morris, 1993; Honma, 

Honma, & Wada, 1987). Later dose-response studies assessing nighttime light exposure 

effects on the biological clock focusing on similar circadian indicators such as melatonin 
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concentrations and CBT (Boivin, Duffy, Kronauer, & Czeisler, 1996; Zeitzer, Dijk, 

Kronauer, Brown, & Czeisler, 2000), found a non-linear, logistic relationship between 

light intensity and phase-shifting effects. The results of these studies indicate that 

maximum phase shifting occurred when participants were exposed to at least five hours 

of high light intensities (> 9000 lx at the eye) during the night, while phase-shifts with 

50% of the maximum strength were found at approximately 1% of the maximum light 

intensity, namely between 100 and 200 lx at eye level. These findings were in line with 

previous studies by Boivin and Czeisler (1998) and Waterhouse et al. (1998), conducted 

under well-controlled conditions, which showed substantial circadian advances and 

delays as a result of light exposure similar to most ordinary ambient room lighting 

(between 150 and 500 lx, measured horizontally) respectively 5 hours after the CBT 

minimum or during the hours before going to bed (i.e., before the CBT minimum). 

 The phase-shifting effects of light are also known to depend on the duration of the 

light exposure. Longer exposure durations have been found to causes greater phase-

shifting effects, but, again, in a non-linear manner (Chang et al., 2012). Khalsa et al. 

(2003) found that a long-duration pulse of bright white light lasting for 6.7 hours led to a 

circadian phase shift of approximately 3 hours, while in a study of St. Hilaire et al. 

(2012), a 2-hour phase-shift effect was established using only ~15% of the exposure 

duration (i.e., 1 hour) to a similar light intensity. Similarly, Chang et al. (2012) showed 

that nighttime bright light (~10,000 lx) exposure of shorter duration (of 0.2 and 1 hour) 

led to more efficient relative circadian phase-shifting per minute, melatonin suppression, 

and increases in alertness compared to long duration light exposure (2.5 and 4 hours 

delay, respectively). This indicates that light exposure mainly impacts NIF effects in the 

beginning of the light exposure, with larger phase shifts and melatonin suppression per 

minute of exposure for shorter compared to longer light pulses. 

 Last, the magnitude of phase shifting is known to depend on previous light 

exposure. A well-controlled laboratory study of Chang, Scheer, and Czeisler (2011) has 

shown that larger NIF effects of light exposure at night emerge if persons were first 

exposed to very dim light (1 lx at the eye) compared to typical room illuminance (90 lx 

at the eye). These findings suggest that when the ipRGCs were adapted to a relatively 



Chapter 1 - General introduction 
_____________________________________________________________________________ 

8 
 

low (previous) illuminance, the NIF phase-shifting effects were larger than when the 

ipRGCs were adapted to light intensity levels which were more similar in intensity to the 

current experienced lighting level. 

 In sum, it can be concluded that there is considerable evidence that light sensitive 

ganglion cells in the retina are responsible for, amongst others, circadian entrainment in 

humans. The magnitude to which light exposure, via this third class of photoreceptors, 

eventually establishes circadian changes depends on the timing, duration, intensity and 

spectrum of the light exposure and the prior light exposure to which the ipRGCs were 

adapted.  

 

 

1.3 Acute alerting effects of light 

In addition to the effects of light exposure on circadian regulation, which is a relatively 

well understood mechanism, the ipRGCs are also known to be involved in acute NIF 

processes as a consequence of light exposure (Cajochen, 2007; Chellappa, Gordijn, et al., 

2011). Most evidence for the acute alerting effects of light exposure comes from studies 

investigating the effects of nighttime light exposure on acute changes in melatonin 

levels. Under entrained conditions and with a sleeping period from approximately 

midnight to 8:00 AM, melatonin levels start to rise in the evening (around 20:00), 

reaching maximum values during the night (at approximately 3:00 AM), after which they 

decline to low daytime levels that are usually undetectable (Zeitzer et al., 1999). Early 

studies on the acute effects of nighttime light exposure on circulating melatonin 

concentrations found that the increase in melatonin levels at night can be acutely 

suppressed by bright light exposure (Lewy et al., 1980; McIntyre, Norman, Burrows, & 

Armstrong, 1989; Wetterberg, 1978). Acute effects of light have also been found on 

nighttime CBT, which significantly increases immediately when exposed to bright light 

at night (e.g. Badia, Myers, Boecker, & Culpepper, 1991; Cajochen, Zeitzer, Czeisler, & 

Dijk, 2000; Myers & Badia, 1993; Rüger, Gordijn, Beersma, De Vries, & Daan, 2003)  

In addition to these physiological body markers, there is now also considerable 

evidence that subjective measures of alertness, sleepiness and mood, cognitive 
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performance, as well other physiological indicators such as brain activity and heart rate 

can be acutely influenced by evening and nighttime bright light exposure (Badia et al., 

1991; Boyce, Beckstead, Eklund, Strobel, & Rea, 1997; Campbell & Dawson, 1990; 

Chellappa, Steiner, et al., 2011; Daurat et al., 1993; Daurat, Foret, Benoit, & Mauco, 

2000; Dawson & Campbell, 1991; Foret, Daurat, & Tirilly, 1998; French, Hannon, & 

Brainard, 1990; Myers & Badia, 1993; Rüger, Gordijn, de Vries, & Beersma, 2005). 

Overall, these studies indicate that subjects feel less sleepy and more alert, experience a 

better mood, show increased physiological arousal (as measured by heart rate and EEG) 

and show improved cognitive performance during nighttime bright vs. dim or no light 

exposure (for a review also see Cajochen, 2007; Chellappa, Gordijn, et al., 2011). This 

suggests that in addition to circadian effects, light exposure at night can exert immediate 

effects on physiological as well as psychological processes. However, a recent review on 

acute NIF effects of light intensity on subjective alertness and vigilance suggests that 

null effects are also often reported (Souman et al., 2017). 

While most studies have examined acute NIF effects at night, several studies 

revealed that the acute alerting effects of light on subjective alertness and cognitive 

performance also occur when (relatively) bright light compared to regular or dim light is 

administered during the subjective day in day-active people. These daytime effects on 

alertness have been reported in studies in which subjects were sleep deprived and/or 

exposed to very dim light prior to the light manipulation (Gabel et al., 2015; Gabel et al., 

2013; Phipps-Nelson, Redman, Dijk, & Rajaratman, 2003; Rüger, Gordijn, Beersma, de 

Vries, & Daan, 2006; Rüger, Gordijn, de Vries, et al., 2005), but also when participants 

were not light- and/or sleep deprived (Kaida, Takahashi, & Otsuka, 2007; Smolders & de 

Kort, 2014; Smolders, de Kort, & Cluitmans, 2012). Similarly, for blue-enriched white 

light and short-wavelength light exposure compared to blue-deprived white light and 

long-wavelength light exposure, acute alerting effects are also reported during daytime 

(Correa, Barba, & Padilla, 2016; Mills, Tomkins, & Schlangen, 2007; Okamoto, Rea, & 

Figueiro, 2014; Viola, James, Schlangen, & Dijk, 2008). Although these studies showed 

several positive acute effects of bright and/or blue-enhanced light exposure on daytime 

subjective alertness and/or cognitive performance, there are also studies showing null 
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effects on a subset of the subjective and objective measures of alertness when exposed to 

bright light during daytime (Badia et al., 1991; Correa et al., 2016; Daurat et al., 1993; 

Lafrance, Dumont, Lespérance, & Lambert, 1998; Smolders et al., 2012). The systematic 

review of Souman et al. (2017) also showed that light’s effects on especially vigilance 

performance were far from conclusive as the literature showed many null effects of 

various light manipulations on vigilance during daytime. Moreover, a few recent studies 

even showed detrimental acute effects of daytime bright light exposure on cognitive 

performance (Gabel et al., 2015; Smolders & de Kort, 2014). Of course, it should be 

noted that lighting characteristics and study conditions of all studies described here vary 

considerably, which could explain part of the variation in effects found in different 

studies. However, inconsistencies in the effects of light on performance indicators 

examined within one study are also reported (Gabel et al., 2015; Smolders & de Kort, 

2014), suggesting that there may be other variables of influence which can explain these 

variations in acute NIF alerting effects of light. 

Based on the literature on acute NIF effects discussed here, it can be concluded 

that, as opposed to circadian effects, the acute NIF effects of bright and blue-enhanced 

light exposure are quite inconclusive. This is especially the case with NIF effects on 

cognitive performance. Since acute NIF effects of illuminance on cognitive performance 

are the main focus of the current thesis, the next two sections will discuss this literature 

in more detail. In order to get a better understanding of the occurrence of these effects, 

the next paragraph will first discuss potential underlying mechanisms that may explain 

the manifestation of acute NIF effects on alertness and cognitive performance. 

Subsequently, in Section 1.5 we will give an extended overview of the current state of 

knowledge on acute NIF effects of light exposure on cognitive performance to highlight 

the inconsistencies in the current scientific literature.  

 

 

1.4 Potential underlying mechanisms 

Although a considerable number of studies have focused on the acute alerting effects of 

bright light exposure, the underlying mechanisms explaining these effects are still poorly 
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understood. While the brain mechanisms underlying circadian phase-shifting effects 

induced by light exposure are now pretty well understood (e.g. Chou et al., 2003; Fuller, 

Gooley, & Saper, 2006; Saper, Scammell, & Lu, 2005), the mechanisms underlying 

acute alerting effects are only at the beginning of their discovery. For nighttime acute 

alerting effects of bright light exposure, it has been repeatedly found that melatonin 

suppression at night often co-occurs with acute beneficial effects of light on subjective 

alertness and objective alertness as measured by EEG (e.g. Badia et al., 1991; Cajochen 

et al., 2000; Campbell & Dawson, 1990; Myers & Badia, 1993; Rüger et al., 2003) as 

well as cognitive performance (e.g. Daurat et al., 1993; Foret et al., 1998). Therefore, it 

has been suggested that melatonin suppression may explain acute alerting effects at night 

(e.g. Cajochen, Kräuchi, Danilenko, & Wirz-Justice, 1998). However, other studies 

indicate that melatonin suppression is not required to induce acute alerting effects or 

performance benefits at night via light exposure (Figueiro, Bierman, Plitnick, & Rea, 

2009; Rüger, Gordijn, Beersma, de Vries, & Daan, 2005; Van De Werken, De Vries, 

Beersma, & Gordijn, 2013). More importantly, acute alerting effects of light exposure 

occurring during daytime cannot be explained by melatonin suppression, because 

melatonin levels are generally minimal during this period. Thus, other mechanisms 

should be present that may explain acute NIF effects during daytime.  

Several researchers hypothesized that specific activation patterns of regions in the 

brain triggered by light exposure may explain acute alerting effects both during the 

subjective night and day (e.g. Campbell, 2006; Perrin et al., 2004; Rüger, Gordijn, de 

Vries, et al., 2005; Vandewalle, Maquet, & Dijk, 2009). Studies examining the cerebral 

correlates of cognitive performance during light exposure are starting to elucidate 

underlying neural pathways that may partly explain the immediate alerting effects of 

light (Chellappa et al., 2014; Perrin et al., 2004; Vandewalle et al., 2006; Vandewalle et 

al., 2009; Vandewalle, Schmidt, et al., 2007). Taken together, these studies revealed that 

a number of specific brain regions are activated by light exposure during cognitive 

performance (e.g., sustained attention and working memory). First, in the study of Perrin 

et al. (2004), participants performed a sustained attention task during nighttime while 

they were exposed to bright white light (> 8000 lx) of different durations (0.5, and 
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16.5/17 minutes) and total darkness (<0.01 lx). Position emission tomography (PET) 

data revealed that mainly the right parietal area showed increased regional cerebral blood 

flow under exposure to bright light compared to complete darkness. The right parietal 

area is known to play a key role in the process of sustained attention (Coull, Frackowiak, 

& Frith, 1998; Lawrence, Ross, Hoffmann, Garavan, & Stein, 2003; Lewin et al., 1996), 

which indicates that light may enhance sustained attention abilities via modulation of 

parietal brain regions. 

Second, two imaging studies by Vandewalle and colleagues (Vandewalle et al., 

2006; Vandewalle, Schmidt, et al., 2007) found increased activation of the anterior 

thalamus both during bright white light exposure (compared to darkness) as well as 

during monochromatic blue light exposure (compared to monochromatic violet light 

exposure) during cognitive performance. The anterior thalamus, which comprises the 

pulvinar, is known to be a critical region for selecting and maintaining attention for 

expected stimuli (Saalmann, Pinsk, Wang, Li, & Kastner, 2012). The pulvinar likely 

receives neural information from the superior colliculi, located in the dorsal surface of 

the brainstem which receive direct input from the ipRGCs (Hattar et al., 2006).  

In addition to the activation of the pulvinar, the study of Vandewalle, Schmidt, et 

al. (2007) also found light-induced activation of a brain region compatible with the locus 

coeruleus (LC) in the brainstem during performance on a simple sustained attention task 

under monochromatic blue compared to violet light exposure. The LC plays a key role in 

sustained attention performance by regulating arousal levels in the body which are 

necessary for optimal vigilance (Aston-Jones & Cohen, 2005). In addition, LC-activity 

also has further reaching effects on alertness and attention via norepinephrine (NE) 

regulation. That is, the LC has numerous important connections to brain regions in the 

attentional network, such as the parietal cortex, the cerebellum and the thalamus, all 

containing NE-receptors (Aston-Jones, Gonzalez, & Doran, 2007; Benarroch, 2009). In 

the NIF-pathway of light in the brain, it is hypothesized that light, via SCN-projections 

to the dorsomedial hypothalamic nucleus (DMH) and subsequently to the LC (Saper et 

al., 2005), acutely affects sustained attention performance.  
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 Not only have these brain imaging studies found increased activation of brain 

areas related to attention and alertness, they also revealed increased activation in brain 

areas related to working memory and executive functioning during bright vs. dim light 

exposure and monochromatic blue vs. green light exposure. For example, Vandewalle et 

al. (2006) studied brain responses during the execution of a working memory task 

(Oddball task) while participants were exposed to either > 7000 lx or < 0.01 lx. They 

found light-induced modulation of several brain areas involved in the execution of this 

task. The most important brain area was the right dorsolateral prefrontal cortex 

(rDLPFC). This region is essential for working memory abilities (Barbey, Koenigs, & 

Grafman, 2013). 

A later study of Vandewalle, Gais, et al. (2007) also specifically investigated 

light-induced brain modulation while participants performed a working memory task. 

Using fMRI, they tested the effects of 18-minute exposure of either monochromatic blue 

(470 nm) or monochromatic green (550 nm) light on brain activation during the 

execution of a 2-back task. The results revealed that blue light enhanced frontal as well 

as parietal brain responses and prevented declines in brain activation over time that were 

observed during green light exposure. Increased activation was observed in brain parts 

that are specifically involved during the execution of the 2-back task such as the middle 

frontal gyrus, the intraparietal sulcus, and the insula (Cabeza & Nyberg, 2000). 

Although light-induced brain activation sounds like a plausible explanation for the 

observed acute effects of blue-enhanced and bright light exposure on cognitive 

performance, it should be noted that the studies discussed here did not find actual 

improvements on task performance during the blue or bright vs. dim or green/violet light 

exposure. The authors argue that this may be the case because the light exposure may 

have been too short to observe behavioural effects (max. 20 minutes, see Vandewalle et 

al., 2009). They explain that light-induced brain activation is observed within 20 minutes 

of the light exposure, but that actual improvements in performance may only be 

observed after a longer light exposure period. However, further research is needed to test 

this hypothesis. A second limitation of these imaging studies is that they only included 

participants who responded to the light manipulation by showing improvements on 



Chapter 1 - General introduction 
_____________________________________________________________________________ 

14 
 

subjective alertness as measured by the Karolinska Sleepiness Scale (KSS). Therefore, it 

is not known whether nonresponders, i.e., those excluded because they did not report 

improved subjective alertness, show these light-induced brain activations to a similar 

extent when compared to responders.  

Another important aspect that should be taken into account while interpreting 

these brain-imaging studies is that, although cognitive tasks used in neuropsychological 

paradigms are often described in terms of one cognitive ability (e.g., sustained attention, 

divided attention, working memory, inhibition etc.) and specific brain areas correlated to 

these abilities, most cognitive tasks usually involve a combination of these abilities and 

activation of multiple brain areas that facilitate performance on a specific task. 

Therefore, if cognitive performance is indeed affected by light-induced changes in brain 

activation, this may be due to light-induced activation of multiple brain during the light 

exposure.  

Another underlying mechanism that may explain acute NIF effects of light 

exposure, instead of task-specific light-induced brain activation, may be the general 

physiological arousal one experiences. That is, if indeed LC-activity is (indirectly) 

influenced by ipRGC-activity, then general physiological arousal levels may also change 

during bright and/or blue-enhanced light exposure. Indeed, several studies have found 

that physiological arousal as measured by electroencephalography (EEG) (Cajochen et 

al., 2000; Küller & Wetterberg, 1993; Noguchi & Sakaguchi, 1999), Slow Eye 

Movements (SEM) (Cajochen et al., 2000), heart rate (Rüger et al., 2006; Scheer, van 

Doornen, & Buijs, 1999; Smolders et al., 2012), skin conductance level (Smolders, de 

Kort, & Cluitmans, 2013) and muscle sympathetic nerve activity (Saito et al., 1996) was 

higher under bright vs. dim or lower light exposure levels. However, as with cognitive 

performance, these studies sometimes also report no effects of the light manipulation on 

physiology, indicating that findings are not always consistent. 

How cognitive performance may be affected by general physiological arousal 

levels has first been described by Yerkes and Dodson (1908) in the Yerkes-Dodson Law 

(YDL). This law describes a U-shaped relationship between physiological arousal levels 

and cognitive performance. More specifically, the YDL states that, up to a certain 
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optimal point, increases in arousal level lead to improvements in cognitive performance. 

However, when arousal levels continue to increase after this point, performance is 

expected to decline. Thus, performance is impeded when arousal levels are too low (i.e., 

when a person feels sleepy, drowsy and/or bored) or when arousal levels are too high 

(i.e., when a person is too stressed or anxious). This is specifically the case for difficult 

tasks (e.g., tasks involving higher executive functions). For relatively easy tasks, for 

example tasks that only involve attention and reaction to one particular stimulus, the 

relationship between arousal and performance follows a more s-shaped dose-dependent 

pattern, such that the optimal arousal level for performance on relatively easy tasks is 

expected to be higher than for relatively difficult tasks (Yerkes & Dodson, 1908). 

The inverted U-shape as described by the YDL is in line with the findings of 

Aston-Jones, Rajkowski, and Cohen (1999). Aston-Jones and colleagues state that 

optimal vigilance performance on a relatively difficult task can be reached with an 

average amount of (tonic) LC-activity while performance declines when LC-activity is 

too high or too low, showing a similar inverted U-shape function. Because light exposure 

can affect physiological arousal levels, it is possible that cognitive performance is 

affected by light exposure via increases or decreases in general physiological arousal 

levels. Moreover, it could be hypothesized that the optimal light exposure setting for 

cognitive performance would depend on the type of task (easy versus difficult) that is 

performed. This mechanism may explain why also detrimental effects of bright light 

exposure on cognitive performance were found in previous studies (e.g. Smolders & de 

Kort, 2014) as light levels may have led to suboptimal arousal levels for performance on 

relatively difficult cognitive tasks.  

Although the YDL seems a plausible explanation for the effects of light on 

cognitive performance, it should be noted that, although several researchers report 

(partial) evidence for the Yerkes-Dodson Law (Anderson, 1994; Humphreys & Revelle, 

1984; Watters, Martin, & Schreter, 1997), the YDL is also criticized because of 

methodological issues in the original study conducted by Yerkes and Dodson (1908) as 

well as methodological issues in later studies confirming the YDL (Hancock & Ganey, 

2003). More specifically, the conceptualization of arousal as well as the method used to 
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induce arousal in human subjects is often criticized (Brown, 1965; Diamond, Campbell, 

Park, Halonen, & Zoladz, 2007; Hancock & Ganey, 2003; Neiss, 1990). Thus, to date, 

the empirical evidence regarding the YDL remains inconclusive.  

One previous review focusing on effects of indoor light exposure on task 

performance already discussed whether the inverted U-shape of the YDL could be a 

possible explanation for light-induced changes in cognitive performance (Veitch, 2001). 

The conclusion of this review was that the studies discussed did not indicate an inverted 

U-shaped relationship between indoor light intensity and task performance as a function 

of task difficulty. It should, however, be noted that this study focused on visual tasks 

instead of auditory tasks. Because of this, it is more difficult to exclusively attribute the 

effects of light on performance to the visual or the non-visual pathway. That is, it may be 

the case that visual acuity or contrast instead of NIF effects played a larger role in how 

participants performed in these studies. In addition, comparison between studies in this 

review was difficult because of considerable differences in lighting characteristics, 

testing environments, and outcome measures.  

In order to test whether light exposure, via increasing arousal levels, indeed leads 

to improved cognitive performance, one should test psychological arousal levels during 

task performance under different lighting conditions. A couple of studies showed 

increased physiological arousal as assessed with, for instance, EEG, SEM, heart rate and 

skin conductance which were accompanied by improved vigilance performance during 

bright light exposure at night (e.g. Badia et al., 1991; Lockley et al., 2006; Rüger, 

Gordijn, de Vries, et al., 2005) as well as during the day (Phipps-Nelson et al., 2003; 

Smolders et al., 2012). Similar findings were revealed for short-wavelength versus long-

wavelength light exposure during both night and daytime (Lockley et al., 2006; Rahman, 

Flynn-Evans, Aeschbach, Czeisler, & Lockley, 2014). However, if we take a closer look 

at these studies, it can be concluded that the evidence for the relationship between 

physiological arousal and task performance is not as straightforward as would be 

expected from the YDL. For example, the study of Badia et al. (1991) did not yield 

vigilance performance improvements or physiological changes (measured by alpha, beta 

and theta EEG power density) during daytime bright vs. dim light exposure, while these 
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were found during nighttime in the same study. It should be noted, however, that the 

study of Badia et al. (1991) tested a relatively small sample of only eight subjects during 

the daytime condition. In contrast, the study of Smolders, de Kort, and Cluitmans (2013) 

found both increased physiological arousal levels (measured by skin conductance, heart 

rate, heart rate variability and alpha and theta EEG power) as well as vigilance 

improvements during daytime bright light exposure (1000 lx at the eye) compared to less 

intense light exposure (200 lx at the eye). Furthermore, Rüger, Gordijn, de Vries, et al. 

(2005) found an improvement on vigilance performance during nighttime bright (5000 lx 

at eye level) vs. dim light exposure (<10 lx at eye level), which was accompanied by 

increases in EEG alpha power density and heart rate during the eyes closed wake-EEG. 

These findings indicate that increases in physiological arousal levels were accompanied 

by improved vigilance performance. Bright light exposure in the afternoon, however, 

showed no improvements on vigilance performance and yielded no significant changes 

in EEG alpha power density in the study of Rüger, Gordijn, de Vries, et al. (2005). In 

contrast to this vigilance task, performance on two other cognitive tasks examined in this 

study (a letter cancellation task and an addition task) improved during both nighttime 

and daytime bright light exposure even though physiological arousal was unaffected by 

the light manipulation during daytime. 

The findings discussed here indicate that mechanisms of bright light-induced 

changes on cognitive performance may be different during nighttime and daytime light 

exposure, and may vary for different types of cognitive tasks. For future studies, 

continuous physiological measurement during various types of tasks (manipulated in 

difficulty level) is advised to determine whether the arousal mechanism may be a valid 

explanation for the occurrence of acute NIF effects of light on cognitive performance.  

 

 

1.5 Acute NIF effects of light exposure on cognitive performance 

The current paragraph will give an extended overview of the current state of knowledge 

on acute NIF effects of bright and/or blue-enhanced light exposure on cognitive 

performance during nighttime and daytime. Especially inconsistencies in the current 
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literature are highlighted as these were the starting point of the studies conducted in this 

thesis. A visual overview of the effects found in these studies, ordered by type of task, 

can be viewed in Table A1 to A4 in Appendix A “Summary on acute NIF effects of light 

on cognitive performance”.  

 

Vigilance. In the current literature on acute effects of light exposure on cognitive 

performance, one of the most frequently studied performance indicators is vigilance, the 

ability to sustain attention over a prolonged period of time. This is a crucial ability in 

most of the tasks we normally engage in. Put differently, without the ability to focus our 

attention, we are unable to engage in any given task in a goal-directed manner. Sustained 

attention is often measured using a Psychomotor Vigilance Task (PVT, Dinges & 

Powell, 1985). During a PVT, subjects have to respond in a timely manner to stimuli 

(either auditory or visual, at random intervals) over an extended period of time (usually 

10 minutes). It is well known that sustained attention is highly sensitive to decrements 

after total or partial sleep deprivation (Belenky et al., 2003; Tilley & Wilkinson, 1984; 

Van Dongen, Maislin, Mullington, & Dinges, 2003). These studies showed that vigilance 

decrements as assessed with the PVT (i.e., rising errors of omission (lapses) and 

commission) increase in a cumulative fashion when the homeostatic pressure to sleep 

cumulates due to prolonged time awake. This decline in performance with increased 

homeostatic sleep-pressure can be explained by the state-instability hypothesis (Doran, 

Van Dongen, & Dinges, 2001). The actual ability to sustain attention at a certain time 

during the 24-hour day is determined by a complex interaction of homeostatic and 

circadian regulation resulting in systematic time-dependent variations in sustained 

attention with generally higher levels during the biological day and lower levels during 

the biological night (Dijk & Lockley, 2002). 

It has repeatedly been found that bright and/or blue-enhanced light exposure can 

be an effective countermeasure for decrements in vigilance performance. That is, 

compared to lower intensity light exposure, bright light exposure during the night (Badia 

et al., 1991; Rüger, Gordijn, de Vries, et al., 2005; Wright, Badia, Myers, & Plenzler, 

1997) as well as during the day (Kaida et al., 2007; Phipps-Nelson et al., 2003; Smolders 
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& de Kort, 2014; Smolders et al., 2012) can improve individuals’ ability to sustain 

attention. Similarly, short-wavelength or blue-enriched white light (high correlated 

colour temperature (CCT)) compared to long-wavelength or red-enriched white light 

(low CCT) has been found to improve vigilance performance during the biological 

nighttime (Chellappa, Steiner, et al., 2011; Lockley et al., 2006; Phipps-Nelson, Redman, 

Schlangen, & Rajaratnam, 2009) and during daytime (Rahman et al., 2014). On the other 

hand, there are also several studies that do not confirm the positive acute effects of bright 

or blue-enriched light exposure on sustained attention performance, both during the night 

(Campbell & Dawson, 1990; Dollins, Lynch, Wurtman, Deng, & Lieberman, 1993; 

Figueiro et al., 2009; Górnicka, 2008; Kretschmer, Schmidt, & Griefahn, 2012; Lavoie, 

Paquet, Selmaoui, Rufiange, & Dumont, 2003; Revell, Barrett, Schlangen, & Skene, 

2010), and during the day (Badia et al., 1991; Gabel et al., 2015; Kaida et al., 2006; 

Leichtfried et al., 2015; Rüger, Gordijn, de Vries, et al., 2005; Santhi et al., 2013). These 

findings are also reflected in the recent review of Souman et al. (2017) which concluded 

that a large amount of studies fail to find an effect of light intensity and CCT on 

vigilance performance. As argued by Souman et al. (2017) this may be due to relatively 

high levels of baseline lighting and relatively low power in most studies due to small 

sample sizes. Moreover, it may be the case that several variables combined (i.e., lighting 

characteristics such as light intensity, CCT, exposure duration and timing, individual 

characteristics such as chronotype and light sensitivity, and task characteristics) 

determine whether or not beneficial light-induced NIF effects on vigilance performance 

occur. 

 

Working memory and executive functioning. In addition to vigilance, studies on acute 

NIF effects of light have also focused on higher order cognitive abilities (working 

memory and executive functioning). Similar to vigilance, it is known that executive 

functioning and working memory are influenced by a complex interaction between 

circadian and homeostatic regulation (Van Dongen & Dinges, 2005). Yet, although 

research supports that vigilance is negatively affected by (partial) sleep deprivation, 

results are more mixed when it concerns working memory and executive functions (see 
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for a review Killgore, 2010). However, overall it appears that several of these higher 

cognitive abilities, especially working memory, task switching, and inhibitory control, 

also significantly suffer from sleep deprivation (Killgore, 2010). Mitigating NIF effects 

of environmental light exposure on such tasks, have most frequently been reported for 

the n-back task, addition and subtraction tasks, the Go-NoGo task and, to a lesser extent, 

dual-task performance. In the n-back task, participants listen to a sequence of numbers or 

letters, while they have to indicate whether the current letter they hear is the same as n 

positions back (in which n can be 1, 2, 3 or 4). This task requires constant information 

storage and information updating (Mackworth, 1959). Addition and subtraction tasks 

require participants to solve easy or more difficult arithmetic problems. This task 

involves three core abilities, namely information storage, data organization, and 

executive control (Fayol, Abdi, & Gombert, 1987). Furthermore, the Go-NoGo task, or a 

related task measuring inhibitory control abilities. Generally, these tasks require 

participants to react to certain stimuli but not to other similar stimuli. Last, dual-task 

performance focuses on executing two tasks simultaneously to measure task switching, 

planning, prioritizing information, and decision making (Norman & Shallice, 1986; 

Pashler & Johnston, 1998). All in all, these types of tasks used in lighting research may 

vary greatly in difficulty level and require quite different cognitive abilities. 

 Several studies, conducted both during the night and day, have tested the effect of 

environmental light exposure on n-back task performance (Gabel et al., 2015; 

Kretschmer et al., 2012; Münch, Linhart, Borisuit, Jaeggi, & Scartezzini, 2012; Santhi et 

al., 2013; Smolders & de Kort, 2014). The studies of Kretschmer et al. (2012) and 

Münch et al. (2012) tested the effects of a relatively long bright light exposure on n-back 

task performance (respectively four hours and six hours of light exposure). The study of 

Kretschmer et al. (2012) revealed that four hours of bright light exposure (3000 lx at eye 

level) as compared to dim light exposure (300 lx at eye level) during the biological night 

resulted in an increase in the number of correct responses on the 2-back task in night-

shift workers. This was the case on all three of the subsequent light exposure nights in 

the study, indicating acute as well as possible circadian benefits of bright light exposure 

during the night. In addition, the study of Münch et al. (2012) showed that participants 
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performed better (in terms of accuracy) on the 2- and 3-back task in the evening after six 

hours of bright light exposure (985 lx at eye level) compared to typical indoor lighting 

exposure (176 lx at eye level) during the biological day. However, this was only the case 

if participants were exposed to bright light on the second testing day, not on the first 

testing day. The authors argue that this may have occurred because different or more 

brain areas are likely to be involved in working memory task performance on the first 

versus the second testing day. That is, when participants engage in a new task, more 

mental effort is needed to achieve successful task performance, which could lead to 

activation of different and/or more brain regions. In contrast, when the task is familiar 

and needs less effort to be performed successfully (second day) this may result in less 

cortical activation and potentially, different light-induced NIF effects. 

 The study of Gabel et al. (2015) investigated the effects of dawn simulation on 

subsequent cognitive performance on, amongst others, the 1-, 2-, and 3-back task. In this 

study, the NIF effects of dawn simulation (starting 30 minutes before wake-up time, 

increasing from 0 to 250 lx at the eye, and continuing until 20 minutes after wake-up) 

compared to dim light (< 8 lx at the eye) on task performance during the day were tested 

in mildly sleep-restricted participants. The results revealed significant improvements on 

accuracy of the 1-back task about 4 hours after dawn simulation, and on 3-back accuracy 

directly after dawn simulation. However, 2-back performance was unaffected by the 

light manipulation. Together, these results do not draw a consistent picture regarding 

immediate and relatively long-term effects of light exposure on n-back performance. To 

complicate things further, the study of (Smolders & de Kort, 2014) investigated 2-back 

task performance during the biological day in both mentally fatigued as well as well-

rested participants under 30 minutes of bright light exposure (1000 lx at the eye) or 

regular light exposure (200 lx at the eye). Their results revealed that participants 

(irrespective of their induced mental state), in contrast to the expectations, performed 

worse on the 2-back task in terms of accuracy when exposed to bright compared to 

regular light. 

 In addition to the working memory tasks reviewed above, one study on acute NIF 

effects of light investigated digit-span performance, specifically measuring short-term 
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memory performance (Górnicka, 2008). In her thesis, Górnicka (2008) investigated both 

the effects of light intensity (1150 lx vs. 70 lx, both 4000 K at the eye) and CCT (17000 

K vs. 2700 K, both 500 lx at the eye) on digit-span performance. Participants were 

exposed to the lighting conditions for one working day (8 hours) and hourly measures 

were taken of the digit-span task. The study did not reveal a significant effect of intensity 

or CCT on digit-span performance, neither on accuracy nor on speed. 

A couple of studies have looked into the effects of light exposure on dual-task 

performance (Dollins et al., 1993; Górnicka, 2008; Wright et al., 1997). In the study of 

Dollins et al. (1993), participants performed two tasks simultaneously, namely a 

modified version of the Bakan vigilance task where participants were presented with 3-

digit numbers, each lasting 1.5 seconds. Participants responded to a number as fast as 

possible if the previous one was the same as the current one. In addition, participants 

performed a second task where they had to keep track of a symbol (either a digit or a 

letter) at the right part of the computer screen. For each measurement block (six in total) 

they reported which proportion of symbols was a letter. During the performance on this 

task, participants were exposed to either 300, 1500 or 3000 lx for 13.5 hours starting in 

the late afternoon (16:30 PM) until the next morning (8:00 AM). In contrast to the 

expectations, the results of this study revealed no effects of the light manipulation on 

dual task performance.  

The study of Wright et al. (1997) tested the alerting effects of dim ( 100 lx at 

eye), vs. bright (2500 lx at eye) light and caffeine vs. placebo on cognitive performance 

during nighttime across 45.5 hours of sleep deprivation. In their study, they investigated 

global cognitive performance on a test battery including, amongst others, dual task 

performance. Unfortunately, a specific description of the task was not given. The 

conclusion of their study revealed that bright light in combination with caffeine resulted 

in the most beneficial effects on cognitive performance, which was also the case for 

dual-task performance. Interestingly, bright light with placebo also resulted in 

significantly improved dual-task performance when compared to dim light with placebo 

but not when compared to dim light with caffeine.  
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In conclusion, the studies on acute NIF effects of light on working memory 

performance and executive functioning show very mixed effects, with beneficial, null 

and performance-undermining effects. More research is warranted to determine what 

variables determine the magnitude and direction of these effects. 

 

Addition / subtraction tasks. Several studies have tested the effects of environmental 

light exposure on addition and/or subtraction performance (Badia et al., 1991; Chellappa, 

Steiner, et al., 2011; French et al., 1990; Gabel et al., 2015; Kretschmer et al., 2012; 

Rüger, Gordijn, de Vries, et al., 2005; Santhi et al., 2013; Van De Werken et al., 2013). 

The study of French et al. (1990) investigated both column as well as serial addition and 

subtraction performance during nighttime light exposure. The results revealed that, at 

night, bright light exposure (3000 lx) compared to dim light exposure (100 lx) 

significantly improved reaction times on the serial addition and subtraction task, 

especially during the latter part of the night (between midnight and 4 AM). However, 

column addition and subtraction remained unaffected by the light manipulation. It should 

be noted that this study only included nine subjects, resulting in a quite low statistical 

power. 

Rüger, Gordijn, de Vries, et al. (2005) investigated the effects of 4-hour bright 

(5000 lx) vs. dim light exposure (< 10 lx) during the biological nighttime as well as 

daytime on a 3-minute addition task in light deprived participants. The results of this 

study revealed that participants completed significantly more correct additions in three 

minutes when they were exposed to 5000 lx compared to less than 10 lx, both during the 

night and day. Thus, although participants in the nighttime condition had a much larger 

homeostatic sleep pressure compared to participants in the daytime condition, the speed 

improvements on this task under bright light exposure were similar. However, 

participants’ overall accuracy on this task (in terms of percentage correct) did not 

improve under bright light, neither during the night, nor during the afternoon. The study 

of Van De Werken et al. (2013) found similar results on addition task accuracy as Rüger, 

Gordijn, de Vries, et al. (2005) did. In this study, participants performed a 3-minute 

addition task during the biological night under dim light (3 lx), short-wavelength 
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attenuated polychromatic light (193 lx), or full-spectrum white light (256 lx). Their 

findings revealed that participants performed equally accurate (in terms of percentage 

correct) on this task under each lighting condition. Yet, although their accuracy on this 

task did not improve, their total number of correct additions was significantly higher 

under the two lighting conditions compared to the dim light condition.  

A final notable study examining addition and subtraction performance is the study 

of Chellappa, Steiner, et al. (2011). This study examined exposure to three different 

lighting conditions (compact fluorescent lamps, 40 lx at 6500 K and at 2500 K and 

incandescent lamps of 40 lx at 3000 K). Participants were exposed to the lighting 

conditions (each one on a separate day) during the evening for two hours, after prior 

adaptation to complete darkness for two hours. The results on the serial addition-

subtraction task revealed that there were no significant differences between the lighting 

conditions in terms of task accuracy, but they responded faster to the arithmetic trials in 

the 6500 K condition compared to the other two lighting conditions. Taking these studies 

together, it seems that participants respond faster to arithmetic trials when they are 

exposed to bright and/or blue-enhanced light compared to dim and/or short-wavelength 

light, while accuracy seems to be unaffected by these light manipulations.  

 

Behavioural inhibition. A few studies have examined the NIF effects of light exposure 

on behavioural inhibition (Chellappa, Steiner, et al., 2011; Lavoie et al., 2003; Smolders 

& de Kort, 2014). These three studies all examined a task with a Go-NoGo paradigm, 

asking participants to react to certain stimuli but to inhibit their response to other (less 

frequent) stimuli. Lavoie et al. (2003) tested the effects of bright white light (3000 lx) 

and dim red light (< 15 lx) exposure in sleep deprived subjects during nighttime (00:30 

to 04:30 AM) on inhibitory control via the ‘Stopping Task’. The results of this study 

revealed that there was no significant effect of the light manipulation on participants’ 

performance on this task. Smolders and de Kort (2014) tested the effects of 30-minute 

bright light exposure (1000 vs. 200 lx at eye level) on inhibitory control during the 

biological day in well-rested as well as mentally fatigued subjects. The results of this 

study revealed worse inhibition abilities (accuracy) under bright vs. regular light 
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exposure, but only when participants were relaxed (not mentally fatigued). When 

participants were mentally fatigued, there was no significant difference between the 

lighting conditions on inhibition accuracy. Moreover, reaction times to targets in the Go-

NoGo task revealed performance-undermining effects under 1000 versus 200 lx, which 

was independent of participants’ mental state. Last, the study of Chellappa, Steiner, et al. 

(2011) also tested inhibitory control with the Go-NoGo task. This study only reported on 

reaction times, not accuracy. The results revealed that participants responded 

significantly faster to targets in the 6500 K (40 lx at the eye) condition compared to the 

2500 K and 3000 K conditions (both 40 lx at the eye). 

Taking together the studies that have been reviewed in this paragraph, it is hard to 

draw a general conclusion on the direction and magnitude of light-induced NIF effects 

on cognitive performance. Although several studies show beneficial effects of bright 

and/or short-wavelength light exposure compared to dim and/or long-wavelength light 

exposures on cognitive performance, there are at least as many studies showing null 

effects, and even some studies showing performance-undermining effects. Moreover, it 

has already been suggested that there may be a publication bias towards reporting more 

beneficial effects in this field (Souman et al., 2017). Complicating things further, 

comparing studies in the field of acute NIF effects of light is difficult because of the 

many differences in methodology (i.e., lighting characteristics, duration of the exposure, 

timing of the exposure) between studies. To give an example with respect to light 

intensity, it is known that half-maximum acute subjective alerting effects at night have 

been found at around 180 lx at the eye (Cajochen et al., 2000; Zeitzer et al., 2000). 

Therefore, studies that fail to find an effect of bright light exposure on cognitive 

performance (e.g. Dollins et al., 1993; Kretschmer et al., 2012) may have already used 

sufficient light intensities to enhance performance in the control condition (low intensity 

light) compared to the experimental condition (high intensity light), resulting in 

nonsignificant differences.  

With respect to the timing of the light exposure, not only the time of day at which 

a participant is exposed to a certain lighting condition may play a role in the 

manifestation of acute alerting effects (Rüger et al., 2006; Smolders et al., 2012), but 
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also the season in which the exposure occurs. There are strong indications that light-

induced circadian phase shifting and melatonin suppression at night are season 

dependent (Glickman et al., 2012; Higuchi, Motohashi, Ishibashi, & Maeda, 2007; Owen 

& Arendt, 1992). It is not unlikely that acute effects of light exposure on subjective and 

cognitive indicators also depend on season. Interestingly, many studies investigating 

acute NIF effects of light fail to report the season in which they conducted their study. 

As explained previously, there are also studies (e.g., Gabel et al., 2015; Smolders 

& de Kort, 2014) using a multimethod approach (measuring more than one cognitive 

ability) which show inconsistencies within one study (i.e., improvements on one task and 

null or performance-undermining effects on another task). This indicates that there 

should be factors other than methodological differences between studies that can explain 

these inconsistencies. Based on these multimethod studies, it can be hypothesized that, 

for example, the type of task that is performed may play a role in the strength and/or 

direction of light-induced acute NIF effects on cognitive performance. Moreover, 

inconsistencies within studies may be explained by individual differences between 

participants. Only few studies have focused on potential personal characteristics that 

may play a role in the manifestation of acute NIF effects, but there are indications that 

both the chronotype of a person (Vandewalle et al., 2011) as well as their prior light 

exposure pattern (Chang, Scheer, Czeisler, & Aeschbach, 2013) may play a role here. In 

order to increase our understanding of these inconsistencies in the field, the current 

thesis further investigated several predictors that, based on this literature review, were 

expected to play a moderating role in the occurrence of acute alerting NIF effects of 

light. 

 

 

1.6 The current thesis 

While there are some ideas in the scientific literature as to why acute NIF effects of light 

exposure may occur, none of these mechanisms has been firmly established, nor can 

these mechanisms fully explain the inconsistencies in previous findings on subjective 

indicators of alertness and objective indicators of cognitive performance. The current 
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thesis presents three controlled laboratory studies and two explorations in the field, 

which aim to unravel the inconsistencies that are present in the current literature. First, 

we investigated whether task characteristics (i.e., task difficulty level) play a role in the 

magnitude and direction of illuminance-induced NIF effects on cognitive performance in 

Chapter 2. To this end, we tested performance on two tasks, which we manipulated in 

difficulty level, while participants were exposed to either regular (200 lx at the eye) or 

bright (1000 lx at the eye) light.  

Subsequently, in Chapter 3 we went one step further and also continuously 

investigated three physiological indicators during both a relatively easy and difficult 

task. In this study we also included a more extreme and an intermediate light level (165 

lx vs. 600 lx vs. 1700 lx at the eye) in order to investigate whether illuminance affects 

physiological arousal in a dose-dependent manner. This study provided new insights 

regarding simultaneous effects of illuminance on cognitive performance and physiology 

and explored whether the YDL mechanism could explain acute NIF effects of light on 

cognitive performance.  

In Chapter 4, it was investigated whether season played a significant role in the 

direction and magnitude of acute NIF effects. This was especially of interest, as 

individual studies in the literature report inconsistent NIF effects of illuminance on state 

alertness and cognitive performance, while often the season in which the study was 

performed was not mentioned. Chapter 4 goes more into detail why season may play a 

very important role here and investigates the possible moderation by season in NIF 

effects by replicating a study in autumn/winter that was previously conducted in spring.  

In contrast to Chapters 2, 3 and 4, two additional empirical chapters discuss 

findings and insights based on data collected in the field. In Chapter 5 a study is 

described that examined whether data collected in the field - the prior light dose 

participants received before coming to the laboratory - influenced the NIF effects found 

in the laboratory (i.e., the experiment described in Chapter 4). Again, this so-called prior 

light history may play an important role in the magnitude and direction of illuminance-

induced NIF effects. To this end, light exposure prior to the laboratory session was 

measured to investigate its potential moderating role on acute alerting effects during the 
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light manipulation in the laboratory. Chapter 6 also investigated data collected in the 

field. In this chapter we studied persistent and delayed effects on subjective wellbeing 

after 1-hour bright compared to regular light exposure in the laboratory (again, the 

experiment described in Chapter 4) by means of an Experience Sampling Method (ESM) 

protocol. With this method, we were able to examine whether light-induced acute NIF 

effects on state subjective wellbeing continue after the light exposure has ended and 

whether other beneficial, or potentially detrimental, effects of the light exposure on state 

subjective wellbeing may occur during the remainder of the day. Furthermore, we 

assessed whether participants’ sleep quality and timing was affected by the (relatively 

short) daytime exposure sessions in the laboratory. Last, in Chapter 7 we conclude with a 

general discussion of the findings of all chapters in this thesis, provide recommendations 

for future research, and give suggestions for indoor lighting applications. 
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Chapter 2 
 

Shining light on memory:  

Effects of bright light on working memory performance 

 

 

Abstract 

This study examined whether diurnal non-image forming (NIF) effects of illuminance on 

cognitive task performance depend on task difficulty and time of day. We employed a 

balanced crossover design with two 60-min sessions of 200 vs. 1000 lx at eye level. 

Digit-span task difficulty was manipulated within subjects (forward (FDST) vs. 

backward (BDST) digit-span task), n-back task difficulty was manipulated between 

subjects (n = 1, 2, or 3). Bright light exposure improved FDST performance during the 

final measurement block, especially in the afternoon. In contrast, BDST performance 

deteriorated slightly under bright light in the afternoon. Two-back performance was 

significantly worse under bright light in the afternoon, while no effect of illuminance 

was found on 3-back performance. Thus, the more difficult BDST was affected 

differently by light intensity as compared to the easier FDST. N-back accuracy, however, 

did not confirm this role of task difficulty. Future studies should investigate whether 

similar results hold for other types of tasks and how other variables (e.g., time of day, 

physiological arousal, or other task characteristics) may influence the direction and 

magnitude of NIF effects on performance. 

 

 

This chapter was published as: 

Huiberts, L. M., Smolders, K. C. H. J., & De Kort, Y. A. W. (2015). Shining light on 

memory: Effects of bright light on working memory performance. Behavioural Brain 

Research, 294, 234-245. 
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2.1 Introduction 

Via the non-image-forming (NIF) pathway, light can affect the circadian rhythm and 

induce acute alerting and activating effects throughout the 24-h day (Cajochen, 2007; 

Chellappa, Gordijn, et al., 2011). It is now well established that a third class of retinal 

photoreceptors, the so-called intrinsically photosensitive retinal ganglion cells (ipRGCs), 

are primarily responsible for these NIF effects of light (Berson et al., 2002; Freedman et 

al., 1999; Provencio et al., 2000). A substantial amount of research has shown that high 

(as compared to low) illuminance can exert acute physiological as well as subjective 

alerting effects during the biological night (Badia et al., 1991; Cajochen et al., 2000; 

Myers & Badia, 1993; Rüger et al., 2006; Rüger, Gordijn, de Vries, et al., 2005) and day 

(Phipps-Nelson et al., 2003; Rüger et al., 2006; Rüger, Gordijn, de Vries, et al., 2005; 

Smolders et al., 2012; Vandewalle et al., 2006). These acute alerting effects of bright 

light sometimes, but not always, translate into enhanced sustained attention and 

cognitive performance abilities (Badia et al., 1991; Kretschmer et al., 2012; Phipps-

Nelson et al., 2003; Rüger et al., 2006; Rüger, Gordijn, de Vries, et al., 2005; Smolders 

& de Kort, 2014; Smolders et al., 2012). On occasion even performance undermining 

effects are reported (e.g., Smolders and de Kort (2014)). The mechanisms that may 

explain these inconsistent effects of illuminance on task performance are still unknown. 

Yet, if we aim to optimize cognitive performance through light intensity, it is essential to 

better understand these processes. Therefore, the focus of the current study was to further 

investigate the effects of illuminance on cognitive task performance. 

 

2.1.1 Cognitive performance under bright vs. dim light  

During the biological night, exposure to bright light – as compared to dim light – either 

improves sustained attention and cognitive abilities, or leaves them unaffected (Badia et 

al., 1991; Boyce et al., 1997; Campbell & Dawson, 1990; Daurat et al., 1993; French et 

al., 1990; Kretschmer et al., 2012; Rüger, Gordijn, de Vries, et al., 2005). For example, 

neither Campbell and Dawson (1990) nor Kretschmer et al. (2012) found an effect of 

bright vs. dim light on sustained attention, but they did report improvements on working 

memory and arithmetic abilities (Kretschmer et al., 2012) as well as on logical reasoning 
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(Campbell & Dawson, 1990). In contrast, Boyce et al. (1997) did not find improvements 

on logical reasoning abilities but did report improvements on digit recall and 

grammatical reasoning. Overall, no consistent pattern of bright light effects on task 

performance can be found in these studies. However, it should be noted that the lighting 

characteristics (such as illuminance and correlated colour temperature (CCT)) as well as 

the timing and duration of the light exposure are quite different from one study to the 

other. This may partly explain why light exposure sometimes does, and at other times 

does not show positive effects on cognitive performance.  

Fewer studies have focused on NIF effects of light on cognitive performance 

during the biological day. Those that have, however, revealed even more contrasting 

results, including not only positive and null effects, but also negative ones (Gabel et al., 

2015; Phipps-Nelson et al., 2003; Rüger, Gordijn, de Vries, et al., 2005; Santhi et al., 

2013; Smolders & de Kort, 2014; Smolders et al., 2012; Vandewalle et al., 2006). 

Although Smolders et al. (2012), Smolders and de Kort (2014) and Phipps-Nelson et al. 

(2003) reported improvements on sustained attention under bright light, results on a task 

requiring visual scanning revealed mixed effects and results on working memory and 

inhibitory abilities even showed performance-undermining effects of bright vs. dim light 

exposure (Smolders & de Kort, 2014; Smolders et al., 2012). Rüger, Gordijn, de Vries, et 

al. (2005), on the other hand, showed performance improvements under bright light on 

visual search and arithmetic abilities, but no improvements on sustained attention. Again 

it should be noted that light exposure characteristics differed substantially between 

studies. In addition, subjects were light and/or sleep deprived prior to the light 

manipulation in the studies of Phipps-Nelson et al. (2003) and Rüger, Gordijn, de Vries, 

et al. (2005), which may have influenced subsequent effects of light exposure on 

cognitive task performance.  

All in all, it can be concluded that the collective results of studies examining the 

NIF effects of light intensity on cognitive task performance are quite equivocal. Possible 

explanations for these contrasting findings may be partly found in differences in lighting 

characteristics (e.g., illuminance or CCT) or timing characteristics (timing and duration 

of the light exposure) (see Cajochen (2007) for a review). However, there are also 
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studies reporting differential effects of illuminance on task performance within one study 

paradigm (Badia et al., 1991; Boyce et al., 1997; Gabel et al., 2015; Rüger, Gordijn, de 

Vries, et al., 2005; Smolders & de Kort, 2014). In these studies, various tasks were 

performed under the same light manipulation, but differences in the direction and 

magnitude of NIF effects of light on cognitive performance were found. These results 

suggest that task characteristics may play an important role in the effect of illuminance 

on cognitive performance.  

 
2.1.2 Mechanisms underlying daytime performance effects  

Recent neuroimaging studies provide evidence for mechanisms that may explain diurnal 

acute alerting effects of light, as well as light’s differential effects on cognitive task 

performance (Perrin et al., 2004; Vandewalle et al., 2006; Vandewalle et al., 2009). 

These studies indicate that bright and/or monochromatic blue light exposure modulates 

activation of brain areas related to alertness and regulation of physiological arousal 

levels. More specifically, these results revealed light-induced activation in subcortical 

brain areas related to bodily arousal regulation such as the thalamus and the locus 

coeruleus (LC) (Vandewalle et al., 2006; Vandewalle, Schmidt, et al., 2007). Activation 

of the LC may in turn affect bodily state arousal levels via changes in the noradrenergic 

system (Berridge & Waterhouse, 2003). These changes in arousal level have been found 

to influence task performance as described by The Yerkes–Dodson Law (YDL) (Yerkes 

& Dodson, 1908). The YDL explains that the relationship between arousal levels and 

task performance may be moderated by task difficulty. It suggests that for easier tasks 

(i.e. tasks needing only focused attention on a restricted range of stimuli), performance 

improves with increasing arousal levels in a dose-dependent manner following a logistic 

function. However, for more difficult tasks (i.e. tasks requiring divided attention 

(multitasking) and/or higher executive functions) an inverted U-shape relationship 

between performance and arousal was found. This relationship showed lower 

performance levels under low (i.e. when a person feels sleepy, drowsy and/or bored) and 

high (i.e. when a person is stressed or anxious) arousal levels, and optimal performance 

levels under intermediate arousal levels. 
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In this line of reasoning, previous research revealed that, as compared to relatively 

low illumination levels (500 lx at eye level), high illumination levels (1000 lx at eye 

level) can increase physiological arousal levels as measured by heart rate, skin 

conductance and muscle sympathetic nerve activity (Rüger et al., 2006; Saito et al., 

1996; Smolders, de Kort, & Cluitmans, 2013). Therefore, it is possible that acute light 

induced activation of the brainstem (especially the LC) affects cognitive performance via 

changes in physiological arousal levels. However, although the YDL is commonly 

accepted and empirical support for the YDL does exist (Anderson, 1994; Coles, 1974; 

Humphreys & Revelle, 1984; Watters et al., 1997), it is also criticized on methodological 

issues in the original study as well in later studies replicating the YDL. Points of 

discussion are the precise conceptualization of arousal and how to properly change 

physiological arousal levels in human subjects (Brown, 1965; Diamond et al., 2007; 

Hancock & Ganey, 2003; Neiss, 1990). Therefore, it can only be speculated that 

illuminance affects cognitive performance in a task-dependent manner by changing 

arousal levels. 

The studies of Vandewalle et al. (2009) also revealed light-induced brain 

activation in cortical areas related to attention regulation such as the dorsolateral 

prefrontal cortex, the intraparietal sulcus (IPS) and the superior parietal lobe (Perrin et 

al., 2004; Vandewalle et al., 2006; Vandewalle, Gais, et al., 2007). Moreover, they found 

light-induced activation in cortical areas related to higher executive functioning and 

working memory abilities such as the IPS, the middle frontal gyrus and the 

supramarginal gyrus (Vandewalle, Gais, et al., 2007; Vandewalle, Schmidt, et al., 2007). 

These increases in brain activation under bright and blue light were found during 

performance on a working memory task. However, although changes in brain activation 

in regions related to arousal and cognitive functioning were observed, these studies did 

not reveal differences in participants’ actual cognitive performance abilities under the 

different lighting conditions. It therefore remains unclear whether light-induced brain 

modulation may (partly) explain differences in performance under different lighting 

conditions. A limitation of these neuroimaging studies is that the light exposure duration 

was relatively short (maximum of 20 min). Vandewalle et al. (2009) hypothesized that 
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modulation of brain networks may temporarily enhance cognitive performance when the 

duration of the light exposure period is extended. Obviously, additional studies 

employing longer light exposure durations are needed to investigate whether changes in 

brain activation can explain light-induced changes in cognitive performance. 

 

2.1.3 The current study 

It can be concluded that there is considerable evidence that illuminance can exert acute 

NIF effects on alertness and performance during the biological day. However, findings 

regarding NIF effects of light on cognitive task performance are quite inconclusive and 

the underlying mechanisms through which these effects are manifested are largely 

unknown. As explained previously, the effect of physiological arousal on task 

performance may be moderated by task difficulty. Because bright light exposure has 

been found to enhance physiological arousal levels (Rüger et al., 2006; Saito et al., 1996; 

Smolders, de Kort, & Cluitmans, 2013), optimal light exposure for cognitive task 

performance may depend on task difficulty. That is, optimal performance levels for more 

challenging tasks are expected to occur at lower illumination levels (lower physiological 

arousal) as compared to optimal performance levels for easier tasks. In order to 

investigate this hypothesis, we compared cognitive performance under two illumination 

levels (200 and 1000 lx at eye level) on two working memory tasks, which were 

manipulated in difficulty level. In addition to task performance, subjective performance, 

sleepiness, vitality, tension and mood were assessed. Furthermore, we examined time of 

the day as a potential moderator in the analyses as it is known that cognitive performance 

abilities vary over the day based on a person’s circadian phase and homeostatic sleep 

pressure (Kerkhof, 1985; Schmidt et al., 2007). In addition, previous findings revealed 

that bright light exposure during the biological day may lead to more beneficial effects in 

the morning than in the afternoon (Smolders et al., 2012; Smolders, de Kort, & Van den 

Berg, 2013). Based on the current state of knowledge regarding possible underlying 

mechanisms of light-induced NIF effects, we hypothesized that a higher illuminance 

would be more beneficial for performance on relatively easy tasks as compared to more 

difficult tasks. Moreover, performance on difficult tasks may be unaffected or even 
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decreased by a higher illumination level. In addition, we expected beneficial effects of a 

higher illuminance on self-reported vitality, sleepiness and mood. These effects were 

hypothesized to be more pronounced during the morning than the afternoon hours. 

 

 

2.2 Method 

 

2.2.1 Design 

This study employed a mixed balanced crossover design to investigate the effect of 

illuminance (200 lx vs. 1000 lx at eye level) on cognitive performance as a function of 

task difficulty. Two types of tasks were employed, namely the digit-span task and the n 

back task. Digit-span difficulty was manipulated within subjects. N-back task difficulty 

and time of day were manipulated between subjects. Performance on the n-back and two 

digit-span tasks as well as subjective indicators were measured during the baseline phase 

(100 lx et eye level) and in four repeated measurement blocks during the experimental 

phase in which illuminance was either 200 lx or 1000 lx at eye level. Participants came 

to the lab on two separate days (with at least two days in between sessions) at the same 

time of the day (9:00–10:30 AM; 10:45 AM–12:15 PM; 12:15–13:45 PM; 13:45 PM–

15:15 PM or 15:45–17:15 PM). Participants were randomly assigned to one of the three 

n-back difficulty conditions, the order of the lighting manipulation, and their 

workstation. There were two versions of each task (one for each session). Task version 

order was counterbalanced across participants. 

 

2.2.2 Participants 

Sixty-four participants (mean age = 21.4; SD = 2.1; 32 male, 32 female) completed both 

light exposure sessions. About half of the participants were first exposed to the 1000 lx 

condition (N = 33) while the other half was first exposed to the 200 lx condition (N = 

31). Participants were recruited at the Eindhoven University of Technology in the 

Netherlands via advertisements, social networks and the university’s participant 

database. Before participation, participants were screened using the Munich Chronotype 
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Questionnaire (Roenneberg et al., 2003). Based on the Midpoint of Sleep on Free days 

corrected for accumulated sleep pressure during working days (MSFsc) found for 

subjects aged 18–30 years in the Netherlands (Zavada, Gordijn, Beersma, Daan, & 

Roenneberg, 2005), extreme chronotypes (falling outside the 25–75% range for this age 

category) were excluded from participation. After approval, participants were instructed 

to register on two similar timeslots on regular weekdays with at least two days in 

between sessions. The two sessions were separated by eight days (SD = 6.0) on average. 

The distribution of participants across n-back versions and timeslots is presented in 

Table 1. 

 

 

Table 1. Distribution of participants over the various timeslots. 

 

 

2.2.3 Setting 

The laboratory room setting was a simulated office environment at the Eindhoven 

University of Technology with a size of 3.9 m by 7.4 m. Four workstations were created 

in this room, separated by a curtain and off-white office panels. Participants could not 

see each other during the sessions. The laboratory room was equipped with recessed 

 1-back 2-back 3-back  

 Males Females Males Females Males Females Total 

Morning timeslot 1 
(9:00 AM) 

0 3 2 4 2 1 12 

Morning timeslot 2 
(10:45 AM) 

5 3 2 3 3 4 20 

Afternoon timeslot 1 
(12:15 PM) 

2 1 3 1 2 2 11 

Afternoon timeslot 2 
(13:45 PM) 

2 2 2 1 2 1 10 

Afternoon timeslot 3 
(15:45 PM) 

2 1 1 2 2 3 11 

Total 11 10 10 11 11 11 64 
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Philips Savio luminaires in the ceiling. Each ceiling luminaire (Philips Savio TBS770 

3x54W/827/865 HDF AC-MLO CVC) contained three fluorescent tubes of 54 W, of 

which two were 6500 K and one was 2700 K. All luminaires were equipped with an 

acrylate micro-lens optic cover to blend the two lamp types. Using a calibrated 

spectroradiometer (JETI Specbos 1201), the illuminance, spectral power distribution 

(SPD) and colour rendering index (CRI) were measured at eye level (while seated, 1.20 

m) aimed in the gaze direction of the participants. The CRI at 4000 K was Ra = 87. The 

SPD of the lighting in the 200 lx and the 1000 lx condition (4000 K) is depicted in 

Figure 1. During the practice phase and the baseline phase (first 15 min block), the 

ceiling mounted luminaires provided illumination of approximately 100 lx (4000 K) at 

eye level (photon density: 7.88 × 1013 photons*s−1*cm−2; irradiance: 30 W/cm2) and 275 

lx horizontally at the table surface. During the experimental phase, ceiling luminaires 

were set to 200 lx (4000 K) at eye level (photon density: 1.63 × 1014 photons*s−1*cm−2; 

irradiance: 61 W/cm2) and 580 lx at the table surface, or to 1000 lx (4000 K) at eye level 

(photon density: 8.09 × 1014 photons*s−1*cm−2; irradiance: 304 W/cm2) and 2900 lx at 

the table surface. Illuminance values at eye level for each of the retinal photoreceptors 

can be viewed in Table 2. 

The room was set up in such a way that illuminance at eye level in each of the 

workstations were as similar as possible. Divergences of the illumination level between 

the workstations were minimal: 8 lx at eye level in the baseline condition, 15 lx at eye 

level in the 200 lx condition and 87 lx at eye level in the 1000 lx condition. Participants 

were seated at the same workstation during both sessions.  

The furnishing in each workstation consisted of a desk (1.4 m by 0.8 m) and a red 

chair. A 15.6-inch laptop was placed on each of the desks with a keyboard, mouse and 

headphones plugged in. Participants faced the wall opposite to the curtain. The task 

displayed at each of the laptops consisted of a grey background using a low but readable 

brightness level. The lighting measurements were performed with this background on the 

screen. The walls and ceiling of the laboratory room were off-white and had a 

reflectance of 87%, the floor was grey-blue with a reflectance of 19%, and the desk was 
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light-grey with a reflectance of 39%. Windows in the room were fully covered using 

white screens; thus, there was no daylight contribution during the experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Spectral power distribution measured at eye level in the 200 lx  

and 1000 lx (4000 K) condition. 

  

Wavelength (nm) 

S
p

ec
tr

a
l 

ir
ra

d
ia

n
ce

 (
W

/m
2
*
n

m
) 



Chapter 2 - Effects of bright light on working memory performance 
_____________________________________________________________________________ 

41 
 

Table 2. Spectrally-weighted -opic illuminance values for each lighting condition. 

Note. -opic values for corneal spectral irradiance were determined using the calculation 

toolbox developed by Lucas et al. (2014) . These values are based on healthy human eyes (32 

years old, dilated pupils, 7 mm).  

 

 

2.2.4 Procedure 

Before participating in the study, participants completed several online questionnaires 

probing person characteristics such as chronotype and light sensitivity. Participants were 

asked to keep their sleep-wake timing two days before each experimental session similar 

to their habitual sleep schedule on workdays as reported in the MCTQ (±30 min).  

During the first visit to the laboratory, participants first signed an informed 

consent form and were then seated at their workstation. Each session started with 

instructions and a practice phase during which the performance tasks were practiced. 

After the practice phase, participants had the opportunity to ask any remaining questions 

about the study set-up. Subsequently, the baseline phase started where participants 

completed one measurement block of 15 min, which included the three performance 

tasks (n-back task, Forward Digit-Span Task and Backward Digit-Span Task) as well as 

subjective indicators of performance, mood, tension, vitality and sleepiness. After the 

baseline phase, illuminance values were changed from 100 lx to either 200 lx or 1000 lx 

at eye level, after which participants engaged in four similar 15-min measurement 

blocks.  

  max 
-opic lx value  

(200 lx) 
-opic lx value  

(1000 lx) 

Melanopsin 480.0 144 686 

S-cone 419.0 147 686 

M-cone 530.8 188 924 

L-cone 558.4 204 1011 

Rods 496.3 163 789 
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At the end of each session, participants completed a questionnaire on time of 

sleep onset and sleep offset, time spent outside, travelling time outside and caffeine and 

food consumption before the start of the experiment. In addition, participants evaluated 

the lighting in the room (e.g., whether it was relaxing or stimulating, dim or bright etc.). 

Finally, after the second session, participants completed a short questionnaire about their 

general beliefs regarding the effects of light on mood, vitality and performance. A full 

overview of the experimental procedure is depicted in Table 3. Participants received a 30 

euro compensation after completing both sessions. The study was conducted from March 

to May 2014. 

 

 

Table 3. Overview of one experimental session. 

 

 

2.2.5 Measurements 

 

2.2.5.1 Task performance 

In each measurement block, two auditory working memory tasks (digit span tasks 

(Wechsler, 1997) and n-back task (Mackworth, 1959)) were employed to test the effects 

of illuminance on cognitive performance. Auditory tasks were used because the study 

focused on NIF effects of light on cognitive performance. Visual tasks would be less 

appropriate because task performance might also depend on visual comfort and visual 

One full experimental session 

Practice phase 
Baseline 

phase 
Light exposure phase 

Instructions and 
task practice 

Task 
performance, 

subjective 
indicators 

Block 1: 
similar to 
baseline 

Block 2: 
similar to 
baseline 

Block 3: 
similar to 
baseline 

Block 4: 
similar to 
baseline 

Question
-naires 

10 min 15 min 15 min 15 min 15 min 15 min 5 min 

100 lx at eye level 200 or 1000 lx at eye level 
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abilities. Each measurement block started with a 3.5-min n-back task. In this task, 

participants heard a sequence of one-syllable consonants (D, F, G, H, L, M, P, Q, S and 

W) and were asked to react as fast as possible to a consonant by pushing the spacebar in 

case the consonant was identical to the consonant n positions back. Three difficulty 

levels were used for the n-back task (1-, 2- and 3-back), which increasingly rely on more 

complex working memory updating abilities (Mackworth, 1959). Single consonants were 

presented for roughly 800 ms through headphones using an inter-stimulus interval of 

1000 ms. Mean reaction times (RTs) to target stimuli as well as accuracy scores 

(percentage of correct responses) were used as outcome measures for this task. N-back 

RTs were transformed to 1/RT outcome values to realize more normally distributed 

variables. Because of a ceiling effect on 1-back task accuracy scores (almost all 

participants had a score of 100%), only 2- and 3-back accuracy scores were analysed.  

The second and third task of each measurement block were the Forward and 

Backward Digit-Span Task (FDST and BDST). The FDST is described as a simple span 

task comprising storage and maintenance components of working memory (The 

Psychological Corporation, 2002). The BDST is more complex in the sense that the 

stored information also has to be mentally reversed in working memory, which requires 

central executive functions (The Psychological Corporation, 2002). In the current study, 

the FDST started at a length of four digits building up to a length of nine digits. It was 

decided to start at a length of four because a pilot study on this task conducted in our lab 

revealed that the three digit-span length was completed without any errors by all of the 

participants in the pilot. For the BDST, the starting length was three digits and the 

ending length was eight digits. For both tasks, participants completed two trials per digit-

span length, resulting in 12 trials per task per measurement block. Total correct 

responses (i.e., correctly reported full digit-spans) per measurement block for digit-span 

lengths four to eight were used as the outcome variable. One participant was excluded 

for the FDST analyses because of zero scores (no response registration) during the first 

measurement block. 
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2.2.5.2 Subjective task performance 

After each task, participants were asked to rate their performance on the task. This was 

assessed by four items: how well participants thought they had performed on the task, 

how motivated they were to perform the task as well as possible, how well they could 

concentrate on the task and how much mental effort they had to put into the task. These 

items were rated on a Visual Analogue Scale (VAS) ranging from 0 (not at all) to 100 

(very much). 

 

2.2.5.3 Subjective sleepiness (after each task) 

Subjective sleepiness was examined with the Karolinska Sleepiness Scale (KSS; see 

Åkerstedt and Gillberg (1990)). This measurement employs a 9-point scale using 

response options from 1 (extremely alert) to 9 (extremely sleepy–fighting sleep). 

 

2.2.5.4 Subjective vitality, tension and mood (after each measurement block) 

Subjective vitality and tension were assessed using six items adopted from the 

activation–deactivation checklist (Thayer, 1967). Four of these items belong to the 

vitality subscale (feelings of positive energy, alertness, sleepiness (reversed), and lacking 

energy (reversed);  = 0.84) and two of these items belong to the tension scale (tension 

and calmness (reversed);  = 0.57). Mood was assessed using single items for positive 

affect (‘happy’) and negative affect (‘sad’).All items were rated on a Likert scale ranging 

from 1 (definitely not) to 5 (definitely). 

 

2.2.5.5 Evaluation of the lighting 

At the end of each session, participants were asked to evaluate the lighting in the room 

using six 5-point Likert-scale items which were adopted from Flynn, Spencer, 

Martyniuk, and Hendrick (1973). Three items focused on the experienced pleasantness 

of the lighting (‘unpleasant – pleasant’, ‘uncomfortable – comfortable’ and ‘disturbing – 

not disturbing’;  = 0.85). Furthermore, three items were used to assess experiences 

concerning the lighting colour (‘warm–cold’), brightness (‘dim–bright’) and whether the 

lighting was activating (‘relaxing–stimulating’).  
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2.2.5.6 Possible confounding variables 

Potential confounding variables were assessed before the start of the experiment. These 

consisted of chronotype, using the MCTQ (Roenneberg et al., 2003); Global sleep 

quality, using the Pittsburg Sleep Quality Index (Buysse, Reynolds III, Monk, Berman, 

& Kupfer, 1989); General fatigue, using the Checklist Individual Strength ( = 0.93) 

(Vercoulen, Alberts, & Bleijenberg, 1999); Light sensitivity, using three items regarding 

light exposure sensitivity ( = 0.75), and Introversion/Extraversion, using the 

extraversion subscale of the Dutch version of the Big Five Inventory ( = 0.81) 

(Denissen, Geenen, Van Aken, Gosling, & Potter, 2008). Furthermore, at the end of each 

session, session specific confounders were investigated (e.g., sleep quality, caffeine 

consumption, time spent outside etc.). Finally, at the end of the second session, 

participants were asked to rate the extent to which they thought light influences mood, 

performance, concentration, vitality, alertness and motivation on a 5-point Likert scale. 

These questions were only asked after the second session of the study in order to 

disguise the main aim of the study. However, during the debriefing after the second 

session, we noticed that participating in the study may have influenced participants’ 

responses on these lighting beliefs questions. Therefore, we decided not to analyse this 

variable as a possible confounder. 

 

 

2.3 Results 

Because of the nested structure of the data, Linear Mixed Model (LMM) analyses were 

conducted to investigate the effects of illuminance on repeated measurements of task 

performance and subjective indicators. For each of the outcome variables, the first LMM 

model that was tested included Lighting condition (200 lx vs. 1000 lx), Measurement 

block and Lighting condition * Measurement block as fixed factors. In case the effect of 

illuminance was not moderated by time in session (Measurement block), the interaction 

term was excluded from the model and a second LMM was conducted including 

Lighting condition, Time of day and the interaction between Lighting condition and 

Time of day. Measurement block was included as a main effect in this model if it turned 
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out to be significant. Changes in model fit were calculated based on maximum likelihood 

estimations.  

Only statistics on main or interaction effects of Lighting condition were reported, 

statistics on main effects Measurement block were not reported. In case a significant 

interaction between Lighting condition and Measurement block was found, moderation 

of Time of day was investigated in the measurement block(s) revealing significant post 

hoc tests on the investigated outcome variable. To assess possible differential effects of 

illuminance in the morning vs. the afternoon, the five timeslots were categorized as 

either morning (9:00 and 10:45 AM) or afternoon (12:15, 13:45 and 15:45 PM). Pseudo 

and marginal R2-values were calculated for models containing statistically significant 

main or interaction effects of Lighting condition. Pseudo R2-values indicate the 

proportion of reduction in variance of residuals from the null-model to the final (full) 

model at level 2 (Raudenbush & Bryk, 2002). Marginal R2-values indicate the total 

variance that can be explained by all the fixed effects included in the final model 

(Nakagawa & Schielzeth, 2013). 

 

 

2.3.1 Preparatory analyses 

 

2.3.1.1 Baseline comparisons 

For each of the outcome variables, potential baseline differences prior to the actual light 

manipulations were investigated. Near-significant baseline differences between lighting 

conditions emerged for 3-back task accuracy and for FDST and BDST accuracy. In 

subsequent analyses on these tasks, baseline scores were therefore included as a 

covariate. 

 

2.3.1.2 Potential confounding variables 

Preparatory LMM analyses were conducted to investigate within-subject differences in 

possible confounding variables between the two lighting conditions (hours of sleep, self-

rated sleep quality on the night before the session, time awake, time spent outside and 
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food and caffeine consumption during the hour before the session). No significant 

differences were found. These variables as well as individual characteristics (chronotype, 

general sleep quality, general fatigue and light sensitivity) were also checked for 

differences between morning and afternoon timeslots. Time spent outside and, as 

expected, Time awake significantly differed between morning and afternoon timeslots. 

 

2.3.1.3 Manipulation check 

A manipulation check was conducted for the n-back tasks and the digit-span tasks. It was 

found that, based on accuracy scores as well as RTs, the 1-back task was significantly 

easier than the 2-back task and the 3-back task, and that the 3-back task was significantly 

more difficult than the 2-back task. In addition, the BDST was significantly more 

difficult than the FDST as shown by significantly lower accuracy scores for the BDST. 

 

 

2.3.2 Effects on performance 

 

2.3.2.1 2- and 3-back task accuracy 

LMM analysis for 2-back task accuracy did not yield a significant main effect for 

Lighting condition (F(3,29) < 1, ns.) nor a significant Lighting condition * Measurement 

block interaction (F(3,108) < 1, ns.). The LMM testing the Lighting condition * Time of 

day interaction significantly improved the model fit (2(2) = 6.21; p = 0.04). This model 

revealed a significant Lighting condition * Time of day interaction (F(1,33) = 6.66, p = 

0.02). The model reduced the unexplained variance of 2-back accuracy scores with 

10.0% (pseudo R2 = 0.100) as compared to the null model. The three fixed effects in this 

model explained 3.3% of the total variance in 2-back accuracy scores (marginal R2 = 

0.033).  

Post hoc inspection revealed that participants performed significantly worse on 

the 2-back task under 1000 lx than under 200 lx in the afternoon, but not in the morning 

(see Table 4). Figure 2 depicts a bar chart of the percentage correct target responses for 

both lighting conditions in the morning and afternoon.  



Chapter 2 - Effects of bright light on working memory performance 
_____________________________________________________________________________ 

48 
 

LMM analyses for the 3-back task accuracy revealed no significant main (F(1,30) 

< 1, ns.) or interaction effect of Lighting condition and Measurement block (F(3,104) < 

1, ns.). The model investigating Time of day effects did not significantly improve the 

model fit ( 2(2) = 1.14, ns.), nor did it reveal any significant effects. Figure 3 shows the 

3-back task hit-rate percentages for both lighting conditions in the morning and 

afternoon. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 2-back task hit-rate percentage for both lighting conditions in  

the morning and afternoon. Whiskers represent standard errors. *p < 0.05. 
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Figure 3. 3-back task hit-rate percentage for both lighting conditions in  

the morning and afternoon. Whiskers represent standard errors. 

 

 

2.3.2.2 N-back task reaction times 

LMM analysis on 1-back task average inverse RTs did not yield a significant main or 

interaction effect of Lighting condition (p’s > 0.37). The LMM including the Lighting 

condition * Time of day interaction did not significantly improve the model fit (2(2) = 

0.65; ns.), nor did it reveal any significant effects (see Table 4).  

A similar LMM was conducted for 2-back task RTs. Results revealed no 

significant main or interaction effect of Lighting condition (p’s > 0.85). The LMM 

including the Lighting condition * Time of day interaction did not significantly improve 

the model fit (2(2) = 0.64; ns.), nor did it reveal any significant effects (see Table 4). 

Finally, LMM analysis for the 3-back task RTs also showed no significant main 

or interaction effect of Lighting condition was (p’s > 0.72). The LMM including the 

Lighting condition * Time of day interaction did not significantly improve the model fit 

(2(2) = 0.30; ns.), nor did it reveal any significant effects (see Table 4). 
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Table 4. Overview of light effects on n-back performance in the morning and afternoon. 

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

Lighting condition * Time of day interactions are indicated using bold fonts for the outcome 

measures in the first column. Significant post hoc differences are indicated in bold in the 

subsequent columns. 

 

 

2.3.2.3 FDST performance 

LMM analysis examining the total number of correctly reproduced forward digit-spans 

per measurement block revealed a Measurement block * Lighting condition interaction 

that did not reach statistical significance (F(3,324) = 1.88, p = 0.13). Since we expected 

to find more pronounced effects of illuminance with increasing time in session (longer 

light exposure duration), it was decided to examine post hoc effects of Lighting 

condition for the final two measurement blocks using Bonferroni correction. These tests 

revealed that participants performed significantly better (p = 0.03) on the FDST in the 

1000 lx condition (EMM = 7.83; SE = 0.20) than in the 200 lx condition (EMM = 7.36; 

SE = 0.20; see Figure 4) in the final measurement block. No significant difference was 

 Morning Afternoon  

 200 lx 1000 lx Statistics 200 lx 1000 lx Statistics  

 
EMM 
(SE) 

EMM 
(SE) 

F(df) p 
EMM 
(SE) 

EMM 
(SE) 

F(df) p  

2-back 

accuracy 

80.0% 
(3.8%) 

85.1% 
(3.8%) 

1.89 
(1,33) 

0.18 
84.6% 

(4.0%) 

75.8% 

(4.0%) 

5.08 

(1,33) 
0.03  

3-back 
accuracy 

54.6% 
(5.4%) 

54.6% 
(5.2%) 

0.00 
(1,31) 

0.99 
62.3% 
(4.8%) 

60.3% 
(4.9%) 

0.24 
(1,29) 

0.63  

1-back 
1/RTs 

1.05 
(0.04) 

1.08 
(0.04) 

0.66 
(1,29) 

0.42 
1.07 

(0.04) 
1.05 

(0.04) 
0.11 

(1,29) 
0.74  

2-back 
1/RTs 

0.95 
(0.03) 

0.97 
(0.03) 

0.54 
(1,28) 

0.47 
0.96 

(0.03) 
0.95 

(0.03) 
0.10 

(1,28) 
0.76  

3-back 
1/RTs 

0.92 
(0.03) 

0.91 
(0.03) 

0.02 
(1,36) 

0.88 
0.91 

(0.03) 
0.92 

(0.03) 
0.42 

(1,36) 
0.52  
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found in the third measurement block (200 lx: EMM = 7.29; SE = 0.20; 1000 lx: EMM = 

7.44; SE = 0.20; p = 0.50). 

When focusing only on the final measurement block, an LMM including Lighting 

condition and FDST baseline scores as fixed factors rendered a significant main effect of 

Lighting condition (F(1,60) = 4.87, p = 0.03). This model reduced the unexplained 

variance of FDST accuracy in block four as compared to the null model with 4.3% 

(pseudo R2 = 0.043). The fixed effects in this model explained 6.8% of the unexplained 

variance (marginal R2 = 0.068). Adding Time of day and Lighting condition * Time of 

day did not result in a significant improvement of the model (2(2) = 0.89; ns.). This test 

yielded a non-significant Lighting condition * Time of day interaction (F(1,63) < 1, ns.), 

while the effect of Lighting condition remained significant (F(1,61) = 4.98, p = 0.03). 

This indicates that the effect of illuminance in measurement block four was independent 

of time of day. Table 5 shows the statistics for the post hoc comparisons of the Lighting 

condition * Time of day interaction effect on FDST performance for the final 

measurement block. These results indicate that participants benefitted from bright light 

in the morning as well as the afternoon, but that this effect was most pronounced in the 

afternoon. 
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Figure 4. FDST average number of correct trials for each of the four light  

exposure measurement blocks. Whiskers represent standard errors. *p < 0.05. 

 

 

Table 5. Light effects on digit-span task performance in the morning and afternoon. 

Note. For FDST performance, only the final measurement block was taken into account. EMM 

stands for estimated marginal mean and SE stands for standard error. Significant Lighting 

condition * Time of day interactions are indicated using bold fonts for the outcome measures in 

the first column. Significant post hoc differences are indicated in bold in the subsequent 

columns.   

 Morning Afternoon 

 200 lx 1000 lx Statistics 200 lx 1000 lx Statistics 

 
EMM 
(SE) 

EMM 
(SE) 

F(df) p 
EMM 
(SE) 

EMM 
(SE) 

F(df) p 

FDST 
accuracy 

7.40 
(0.28) 

7.68 
(0.28) 

0.882 
(1,61) 

0.35 7.31 

(0.29) 

7.99 

(0.29) 

4.67 

(1,62) 
0.03 

BDST 

accuracy 

6.03 
(0.20) 

6.26 
(0.20) 

1.23 
(1,94) 

0.27 
6.22 

(0.21) 
5.84 

(0.21) 
3.38 

(1,100) 
0.07 
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2.3.2.4 BDST performance 

LMM analysis examining the total number of correctly reproduced backward digit-spans 

per measurement block yielded no significant main effect of Lighting condition, nor a 

significant interaction between Lighting condition and Measurement block (both p’s > 

0.69).  

The LMM model investigating the interaction between Lighting condition and 

Time of day showed no significant improvement in the model fit (2(2) = 4.56; p = 0.10). 

However, LMM analyses revealed a significant Lighting condition * Time of day 

interaction (F(1,97) = 4.38, p = 0.04). This model reduced the unexplained variance of 

BDST accuracy of the null model with 3% (pseudo R2 = 0.03). The fixed effects in this 

model explained 17.3% of the unexplained variance (marginal R2 = 0.173). The pattern 

of responses of this interaction suggested somewhat better performance in the 1000 lx 

condition than in the 200 lx condition in the morning, and the reverse – i.e., worse 

performance in the 1000 lx condition as compared to the 200 lx condition – in the 

afternoon, although the post hoc comparisons did not reach significance (see Table 5). 

Figure 5 shows bar charts for the effect of illuminance on BDST performance in the 

morning and afternoon. 

 

2.3.2.5 Summary of lighting effects on performance indicators 

Participants performed significantly better on the FDST under 1000 as compared to 200 

lx during the final measurement block. For accuracy on the BDST and the 2-back task, a 

different pattern was found: although participants performed slightly better (not 

significant) under 1000 lx in the morning, they performed worse on these tasks in the 

afternoon under 1000 as compared to 200 lx. These effects were independent of 

measurement block. With respect to accuracy on the 3-back task, as well as reaction time 

performance on the 1-, 2- and 3-back task, no significant effects of illuminance were 

found. 
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Figure 5. Lighting condition * Time of day interaction for BDST 

 average accuracy over the four measurement blocks. Whiskers  

represent standard errors. †p < 0.1. 

 

 

2.3.3 Effects on subjective indicators 

 

2.3.3.1 Sleepiness 

Sleepiness ratings were reported after each task in every measurement block, resulting in 

12 repeated measures. LMM analysis using a full factorial model including Lighting 

condition, Measurement Block and Task type (n-back vs. FDST vs. BDST) did not 

reveal a main effect of Lighting condition (F(1,64) < 1, ns.) nor an interaction between 

Lighting condition and Task type (F(2,1408) = 1.22, ns.) and Lighting condition and 

Measurement block (F(3,1408) < 1, ns.).  

LMM analysis investigating time-of-day differences revealed an interaction effect 

between Lighting condition and Time of day that approached significance (F(1,381) = 



Chapter 2 - Effects of bright light on working memory performance 
_____________________________________________________________________________ 

55 
 

3.42, p = 0.07). Post hoc results revealed that participants reported significantly less 

sleepiness in the 1000 lx condition as compared to the 200 lx condition in the morning 

(see Table 6). In the afternoon, no significant difference in sleepiness between the 

lighting conditions was found (see Table 6). 

 

2.3.3.2 Vitality, tension and mood 

For vitality, tension and mood measures, completed at the end of each measurement 

block, an LMM analysis was conducted using Lighting condition and Measurement 

block and the interaction between the two as fixed factors. These models did not reveal 

significant main effects of Lighting condition nor significant interactions between 

Lighting condition and Measurement Block (all p’s > 0.35). LMM analysis testing time-

of-day effects revealed a near-significant interaction effect between Lighting condition 

and Time of day for subjective feelings of vitality (F(1,77) = 3.93, p = 0.05). The results 

suggested more vitality under bright light in the morning and less vitality under bright 

light in the afternoon, but post hoc comparisons revealed no significant differences (both 

p’s > 0.16; see Table 6). 

No significant interaction between Lighting condition and Time of day was found 

for feelings of tension (F(1,90) = 2.61, p = 0.11) and mood (positive affect: F(1,81) = 

2.16, p = 0.15; negative affect: F(1,83) < 1, ns.), see Table 6. 

 

2.3.3.3 Subjective performance 

LMM analyses using a full factorial model with Lighting condition, Measurement block 

and Task type were conducted to investigate the effect of illuminance on each of the four 

subjective performance ratings. The results revealed a significant Lighting condition * 

Measurement block interaction (F(3,1408) = 2.79, p = 0.04) for self-reported ability to 

concentrate, which was independent of Task type (non-significant Lighting condition * 

Measurement block * Task type interaction: F(14,1408) < 1, ns.). The interaction 

suggested somewhat better subjective concentration during the final two measurement 

blocks under 1000 lx (block 3: EMM = 63.23, SE = 2.13; block 4: EMM = 63.52, SE = 

2.13) as compared to 200 lx (block 3: EMM = 61.66, SE = 2.13; block 4: EMM = 60.76, 
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SE = 2.13), while subjective concentration was better under 200 lx (block 1: EMM = 

70.54, SE = 2.13; block 2: EMM = 67.19, SE = 2.13) as compared to 1000 lx (block 1: 

EMM = 68.71, SE = 2.13; block 2: EMM = 65.32, SE = 2.13) in the first two 

measurement blocks. However, post hoc comparisons using Bonferroni correction 

revealed no significant differences between lighting conditions in any of the 

measurement blocks (all p’s > 0.15).  

LMM analysis examining potential time-of-day dependent effects did not yield an 

improvement in the model fit (2(2) = 0.92; ns.) and revealed a non-significant Lighting 

condition * Measurement block * Time of day interaction (F(7,592) = 1.07, ns.). In this 

model, the Lighting condition * Measurement block interaction remained significant 

(F(3,1408) = 2.78, p = 0.04). 

No significant main or interaction effects of Lighting condition were found on 

how well participants thought they had performed, how motivated they were to perform 

as well as possible, and how much mental effort was needed (all p’s > 0.19). 

 

2.3.3.4 Subjective appraisals of the lighting 

LMMs using Lighting condition as a fixed factor and experienced pleasantness, 

brightness, activation level and colour of the lighting as outcome variables revealed a 

significant main effect of Lighting condition for pleasantness (F(1,64) = 11.12, p < 0.01), 

brightness (F(1,64) = 34.72, p < 0.01) and level of activation (F(1,64) = 13.60, p < 0.01), 

but not for the experienced colour of the lighting (F(1,64) = 1.07, p = 0.31). Post hoc 

comparisons showed that participants evaluated the 1000 lx condition as less pleasant 

(EMM= 9.25; SE = 0.33), brighter (EMM= 4.41; SE = 0.09) and more activating (EMM= 

3.77; SE = 0.10) than the 200 lx condition (pleasantness: EMM= 10.48; SE = 0.33; 

brightness: EMM= 3.68; SE = 0.09; activation level: EMM= 3.34; SE = 0.10). When 

testing potential time-dependent effects for the lighting appraisals, no significant 

Lighting condition * Time of Day interactions were found (all p’s > 0.16), indicating that 

these effects were independent of time of day. 
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Table 6. Overview of light effects on subjective sleepiness vitality, tension and mood in 

the morning and afternoon. 

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

Lighting condition *Time of day interactions are indicated by bold labels in the first column. 

Significant post hoc differences are indicated in bold in the subsequent columns.  

 

 

2.3.3.5 Summary of lighting effects on subjective indicators 

Participants felt significantly less sleepy under 1000 lx as compared to 200 lx in the 

morning but not in the afternoon. In addition, participants felt somewhat more vital 

under 1000 lx as compared to 200 lx in the morning, but slightly less vital under 1000 lx 

as compared to 200 lx in the afternoon. No significant effect of illuminance was found 

on feelings of tension and mood. Participants evaluated the 1000 lx condition as 

significantly less pleasant, brighter and more activating as compared to the 200 lx 

condition (regardless of time of day). Finally, a higher illuminance seemed to lead to 

somewhat better subjective concentration levels during the final two measurement 

blocks, but did not affect other subjective task performance measures.  

 Morning Afternoon 

 200 lx 1000 lx Statistics 200 lx 1000 lx Statistics 

 
EMM 
(SE) 

EMM 
(SE) 

F(df) P 
EMM 
(SE) 

EMM 
(SE) 

F(df) p 

Sleepiness 5.57 

(0.22) 

5.30 

(0.22) 

4.29 

(1,381) 
0.04 

4.75 
(0.22) 

4.83 
(0.22) 

0.29 
(1,380) 

0.59 

Vitality 
2.98 

(0.11) 
3.15 

(0.11) 
2.05 

(1,77) 
0.16 

3.33 
(0.11) 

3.18 
(0.11) 

1.88 
(1,77) 

0.17 

Tension 
2.23 

(0.11) 
2.19 

(0.11) 
0.21 

(1,90) 
0.65 

1.95 
(0.11) 

2.10 
(0.11) 

3.35 
(1,90) 

0.07 

Happy 
2.71 

(0.15) 
2.68 

(0.15) 
0.12 

(1,81) 
0.73 

2.60 
(0.15) 

2.76 
(0.15) 

3.00 
(1,81) 

0.09 

Sad 
1.28 

(0.08) 
1.30 

(0.08) 
0.08 

(1,83) 
0.78 

1.28 
(0.08) 

1.26 
(0.08) 

0.08 
(1,83) 

0.78 
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2.4 Discussion 

The current study examined the NIF effects of illuminance on working memory 

performance using two tasks varying in difficulty level. To our knowledge, this was the 

first study to systematically examine whether differences in the effects of light intensity 

on cognitive performance may be explained by task difficulty. The second aim of this 

study was to examine effects of illuminance on subjective performance, sleepiness, 

vitality, tension and mood. Based on previous research we hypothesized that a higher 

illuminance would be more beneficial for performance on relatively easy tasks as 

compared to more difficult tasks. In addition, we expected subjective vitalizing effects 

under a higher illuminance. 

In order to test these hypotheses, participants were exposed to illumination levels 

of 200 and 1000 lx at the eye (on separate occasions) in a within-subject design while 

performing two versions of the digit-span task (difficulty level manipulated within 

subjects) and one of the three versions of the n-back task (difficulty level manipulated 

between subjects). In addition to performance measures, subjective measures of 

performance, sleepiness, vitality and tension and mood were repeatedly examined during 

the 60-min light exposure. For each of the outcome variables, it was investigated 

whether the effect of illuminance was moderated by time in session and/or time of day. 

 

2.4.1 Performance measures 

Overall, we found evidence that performance on the (easier) FDST benefitted more from 

bright light exposure than performance on the (more difficult) BDST. For the FDST, the 

improvement in performance under bright light was found only during the final 

measurement block. Participants benefitted from bright light during FDST performance 

in the morning as well as the afternoon, but this effect was most pronounced during the 

afternoon. In contrast, we found slightly worse performance on the BDST during the 

afternoon, which was independent of time in session. In line with our hypothesis, 

illuminance thus differentially affected performance on these two tasks in the afternoon, 

leading to better performance on the easier task and somewhat worse performance on the 

more difficult task. 
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With respect to the n-back task however, we did not find evidence for more 

beneficial effects of bright light exposure on easier as compared to more complex task 

versions. More specifically, the only effect of illuminance on n-back task performance 

was found for accuracy on the 2-back task. On this version of the n-back task, a similar 

but more pronounced pattern was found as for the BDST; participants performed 

significantly worse under bright light exposure during the afternoon. No significant 

effect of illuminance was found for 3-back task accuracy nor on reaction times on any of 

the n-back versions. In case physiological arousal levels may partly underlie differences 

in performance under different lighting conditions (based on the YDL), one would 

expect participants to also perform worse on the relatively difficult 3-back task in the 

1000 lx condition (at least in the afternoon). Thus, findings on the n-back task did not 

confirm our hypothesis regarding difficulty level. Unfortunately, because of a ceiling 

effect, it was not possible to test the effects of illuminance on 1-back task accuracy and 

compare these to the effects found on the 2-back accuracy. In addition, it should be noted 

that the n-back task was manipulated between participants, leading to less power to 

detect relatively subtle effects of illuminance on cognitive task performance as compared 

to the digit-span task. 

The results on performance measures are partly in line with those found in a 

recent study by Smolders and de Kort (2014). Their results revealed an overall effect of 

illuminance on accuracy on a visual 2-back task, indicating that participants performed 

better under 200 lx as compared to 1000 lx at eye level. However, time of day was not 

taken into account in the analysis of that study, so it is unclear whether participants were 

differentially affected by the light manipulation in the morning vs. the afternoon. It is 

possible that the overall effect found in the study of Smolders and de Kort (2014) 

resulted from worse performance only in the afternoon timeslots, as was found in the 

current study. Findings on 2-back reaction times in the study of Smolders and de Kort 

(2014) also agreed with the findings in the current study, showing no effect of 

illuminance on reaction times of response targets. In contrast with our results, the study 

of Santhi et al. (2013) revealed that blue-enhanced lighting conditions (750 lx at 7280 K 

and 195 lx 7717 K), as compared to non-blue-enhanced lighting conditions (19 lx at 
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2592 K and 200 lx at 2529 K), significantly improved response times on the 3-back task 

towards the end of 4 h light exposure. However, as in our study, accuracy scores on the 

3-back task were unaffected by the lighting conditions. Apart from differences in colour 

temperature of the light sources, differences in exposure duration may explain the 

divergent results on 3-back reaction times. 

Last, a recent study investigated the effect of morning dawn simulation (MDS; 

increasing illumination level from 0 to 250 lx at eye level 30 min before wake-up time) 

on, amongst others, 1-, 2- and 3-back task accuracy in sleep restricted subjects (Gabel et 

al., 2015). As compared to a control condition receiving low lighting levels at wake-up 

(<8 lx at eye level), this study revealed improvements in 1-back accuracy performance 

about 4 h after MDS and on 3-back task performance directly after MDS. No effect of 

the lighting manipulation was found on 2-back task performance. It is, however, not 

possible to directly compare the findings of Gabel et al. (2015) to those of the current 

study as subjects were sleep restricted and lighting conditions differ in timing, intensity, 

temporal pattern and duration. Nevertheless, these results also suggest a moderating role 

of task difficulty in NIF effects of light on working memory performance. Yet, similar to 

the current n-back accuracy results, their findings are not consistent with the 

hypothesized role of task difficulty in the relationship between arousal and performance 

conform the YDL. 

 

2.4.2 Subjective indicators 

With respect to the subjective indicators, participants reported to feel significantly less 

sleepy under bright light during the morning timeslots, while illuminance did not affect 

sleepiness ratings in the afternoon. For vitality, we found a near-significant interaction 

effect between illuminance and time of day, suggesting that bright light may – in line 

with the results on sleepiness – be beneficial for feelings of vitality in the morning but 

not in the afternoon. 

Previous studies revealed consistent improvements on KSS ratings under bright 

vs. dim light exposure in the afternoon (Phipps-Nelson et al., 2003; Rüger, Gordijn, de 

Vries, et al., 2005). However, in these studies participants were light- and/or sleep-
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deprived before the start of the light exposure manipulation, and the dim light control 

conditions were much lower than in the current study (<10 lx). Therefore, results of 

these studies may have resulted in larger positive effects of illuminance on sleepiness 

measures in the afternoon. Furthermore, in contrast to the results reported here, the study 

of Smolders et al. (2012) found that the effects of illuminance on sleepiness and vitality 

were independent of time of day. Since the design and lighting manipulation of the study 

of Smolders et al. (2012) were very similar to the current study it is difficult to determine 

what factors may have caused these differential effects. Seasonal differences may play a 

role in explaining the divergence in results. The current study took place in early spring 

while the study of Smolders et al. (2012) was conducted during the summer period. In 

addition, the tasks used in the current study had a relatively high cognitive load as 

compared to the tasks used in the study of Smolders et al. (2012). Possibly, these two 

aspects led to different effects of illuminance on sleepiness and vitality. 

Similar as in a previous study with a comparable lighting manipulation (Smolders 

et al., 2012), we found no significant effect of illuminance on subjective tension, mood 

and subjective performance. Effects of bright light on mood are likely manifested over a 

longer exposure period or when exposure is repeated during multiple days as in bright 

light therapy (Partonen & Lönnqvist, 2000). A similar hypothesis could hold for 

subjective performance indicators. That is, if illuminance does affect performance 

abilities, participants may only notice this after a longer exposure period or repeated 

daily exposure. 

 

2.4.3 Time of day effects 

One quite consistent finding in the current study is the role of time of day (morning vs. 

afternoon) as moderating variable in the effects of illuminance on subjective and 

performance indicators. On the subjective indicators, bright light reduced subjective 

sleepiness in the morning but not in the afternoon. In addition, subjective feelings of 

vitality were somewhat higher under bright vs. dim light in the morning, while the 

opposite was true in the afternoon. For the performance indicators, we see performance 

deterioration on two relatively difficult tasks in the afternoon under 1000 as compared to 
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200 lx, while there is no effect of illuminance in the morning on these tasks. On the other 

hand, we see an improvement on an easier task under 1000 as compared to 200 lx in the 

afternoon. Overall, we cannot draw a consistent conclusion about the role of time of day 

in these effects. Yet, it seems to be the case that bright light does not always lead to 

positive NIF effects when time of the day is considered. Of course, it should be noted 

that in the current study timeslots in the morning and afternoon were combined, which 

led to an aggregation of participants varying in internal time and different levels of 

homeostatic sleep pressure. Future studies should investigate the effects of illuminance 

for separate timeslots (i.e., in the early and late morning, after lunch, and late in the 

afternoon) in participants with a similar internal time. This would, however, require 

more participants per timeslot than in the current study in order to have sufficient power 

to detect differences in performance between the lighting conditions. 

The divergent results on performance and subjective measures in the morning and 

afternoon in the current study might be explained by the fact that that the light exposure 

history was quite different for the morning vs. afternoon sessions. In fact, participants 

reported that they had spent significantly more time outside when they came to the lab 

during the afternoon hours, which suggests that participants had been exposed to more 

light prior to the afternoon than the morning sessions. Prior light history is known to be 

an important predictor of the acute NIF effects of light on alertness and performance 

(Chang et al., 2013; Chellappa et al., 2014). That is, if the prior light history is less bright 

and less blue-enriched, participants tend to respond more strongly in terms of alertness 

and performance to current bright and/or blue-enriched lighting conditions. In this line of 

reasoning, however, it would be expected that FDST performance in the current study 

would be better under bright light during the morning timeslots, while this was in fact 

more pronounced during the afternoon timeslots. In addition, current findings would 

suggest that this change in light sensitivity over the day could lead to both beneficial as 

well as detrimental effects of bright light exposure on performance and subjective 

measures. In future studies, it would be of interest to examine whether prior light history 

can indeed explain variations of NIF effects of illuminance throughout the day. 



Chapter 2 - Effects of bright light on working memory performance 
_____________________________________________________________________________ 

63 
 

2.4.4 Underlying mechanisms 

In the introduction, we discussed possible underlying mechanisms that may explain the 

effects of illuminance on cognitive performance during the biological daytime. One 

suggestion was that light-induced modulation of task-specific brain networks could 

temporarily facilitate improved cognitive performance. This model, however, would be 

hard to reconcile with the current study’s findings that performance sometimes 

deteriorated under bright light exposure. On the other hand, it is also possible that 

activation of the brainstem affects physiological arousal levels, which in turn affect 

performance abilities (as explained by the YDL). Indeed, previous studies confirmed that 

bright light, as compared to more dim light, increased arousal levels (Rüger et al., 2006; 

Saito et al., 1996; Smolders, de Kort, & Cluitmans, 2013). This line of reasoning could 

explain performance deterioration on complex tasks under brighter light because of 

increases in physiological arousal levels. In our study, bright light exposure may have 

influenced participants’ state arousal levels during the afternoon in such a way that it 

negatively affected 2-back and, to a lesser extent, BDST performance, while arousal 

levels seemed to be more optimal for FDST performance. This was, however, not 

confirmed by 3-back task performance which was unaffected by the light manipulation. 

A limitation of the current study is that no physiological measures were used to examine 

actual physiological arousal levels. For future studies, it would be of great value to 

include objective measures of arousal levels in order to examine whether differences in 

arousal level may explain differential effects of illuminance on cognitive performance. 

Overall, it can be concluded that the effects of illuminance on performance and 

subjective indicators found in this study are quite subtle with small effect sizes. In 

addition, some effects were close to, but not statistically significant (such as the 

difference in BDST performance between lighting conditions in the afternoon). One 

potential reason for this is that the relative difference between illumination levels 

reaching the retina between the two conditions is quite small. As can be seen in Table 2, 

the -opic lx levels (dilated pupils) for melanopsin are about 145 lx for the 200 lx 

condition and 685 lx for the 1000 lx condition. However, since the pupil was more 

constricted in the 1000 lx as compared to the 200 lx condition as we did not use dilating 
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eye drops, the total number of photons reaching the retina in the bright light condition is 

relatively smaller. Even more complicated is the fact that pupil constriction is also 

determined by individual physiological arousal levels, cognitive effort and interest (Just, 

Carpenter, & Miyake, 2003; Partala & Surakka, 2003), which likely leads to some 

individual variation in retinal exposure within lighting conditions. However, since the 

purpose of our research was translational, we chose illumination levels that are realistic 

for an office environment, taking into account energy expenditure, human needs 

(including visual and nonvisual effects of light), and natural human responses. Most 

previous studies investigating the NIF effects of light on alertness and performance used 

more extreme lighting conditions, which may explain larger and more statistically 

significant effects found in these studies (e.g., Phipps-Nelson et al., 2003; Rüger et al., 

2006; Rüger, Gordijn, de Vries, et al., 2005). Nevertheless, the finding that a relatively 

small difference in illuminance already influences cognitive performance and feelings of 

alertness can be of great importance for designing intelligent healthy and vitalizing light 

applications in for example offices and school buildings. 

Our hypothesis that easier tasks would benefit more from bright light than more 

complex tasks was only partly supported. Obviously, more studies are needed to 

investigate this hypothesis, and test whether it also applies to tasks involving other 

cognitive abilities. It would also be of great interest to develop a dose–response curve for 

NIF effects of indoor lighting for subjective feelings of alertness and cognitive 

performance in day-active persons. To realize this, different realistic indoor illumination 

levels and colour temperatures should be investigated, taking into account at least the 

timing of the exposure, so that optimal lighting characteristics for NIF effects can be 

determined. Furthermore, in order to investigate possible mediating mechanisms of NIF 

effects of light on cognitive performance, it is recommended to use both subjective as 

well as objective (physiological) measures of arousal levels. 

  



Chapter 2 - Effects of bright light on working memory performance 
_____________________________________________________________________________ 

65 
 

2.5 Conclusion 

In sum, the results of the current study partly confirm our hypothesis that task difficulty 

may play a role in the effect of illuminance on cognitive task performance. Performance 

on the FDST improved under bright light exposure, while performance decreased 

slightly on the BDST. This difference in effect of illuminance on digit-span performance 

only appeared in the afternoon, not in the morning. For the n-back task, our hypothesis 

was not confirmed. Bright light only negatively affected 2-back performance in the 

afternoon, while no effect of illuminance was found for 3-back performance. Future 

studies should investigate whether task difficulty level may explain differential effects of 

illuminance on performance on other types of cognitive tasks. 

Time of day also seemed to be an important predictor in explaining variations in 

NIF effects of illuminance. Several subjective as well as performance indicators were 

differentially affected by the light manipulation in the morning vs. the afternoon. 

Although the current study did not reveal a consistent pattern of time of day differences 

in NIF effects, it can be concluded that, in the afternoon hours, bright light may not 

always be beneficial for NIF effects on performance. While previous studies largely 

focused on positive NIF effects of bright vs. dim and/or ‘regular’ light on performance, 

the current results suggest that, under certain circumstances, these effects can be 

detrimental. Since we know only very little about the NIF effects of light on subjective 

and objective indicators of alertness during the biological day, future studies should try 

to establish more insight in the variables, such as time of day, prior light history, 

physiological arousal and task characteristics, that may influence the direction and 

magnitude of these effects.  



Chapter 2 - Effects of bright light on working memory performance 
_____________________________________________________________________________ 

66 
 

 

 



Chapter 3 - Exploring parallel effects on physiological arousal and task performance 
_____________________________________________________________________________ 

67 
 

 Chapter 3 

 

Non-image forming effects of illuminance:  

Exploring parallel effects on physiological  

arousal and task performance 

 

 

Abstract 

This study investigated diurnal non-image forming (NIF) effects of illuminance on 

physiological arousal in parallel to NIF effects on vigilance and working memory 

performance. We employed a counterbalanced within-subjects design in which thirty-

nine participants (mean age = 21.2; SD = 2.1; 11 male) completed three 90-min sessions 

(165 vs. 600 lx vs. 1700 lx at eye level) either in the morning (N = 18) or afternoon (N = 

21). During each session, participants completed four measurement blocks (incl. one 

baseline block) each consisting of a 10-min Psychomotor Vigilance Task (PVT) and a 

Backwards Digit-Span Task (BDST) including easy trials (4 –6 digits) and difficult trials 

(7 –8 digits). Heart rate (HR), skin conductance level (SCL) and systolic blood pressure 

(SBP) were measured continuously.  

The results revealed significant improvements in performance on the BDST 

difficult trials under 1700 lx vs. 165 lx (p = 0.01), while illuminance did not affect 

performance on the PVT and BDST easy trials. Illuminance impacted HR and SCL, but 

not SBP. In the afternoon sessions, HR was significantly higher under 1700 lx vs. 165 lx 

during PVT performance (p = 0.05), while during BDST performance, HR was only 

slightly higher under 600 vs. 165 lx (p = 0.06). SCL was significantly higher under 1700 

lx vs. 165 lx during performance on BDST easy trials (p = 0.02) and showed similar, but 

nonsignificant trends during the PVT and BDST difficult trials. Although both 

physiology and performance were affected by illuminance, no consistent pattern 

emerged with respect to parallel changes in physiology and performance. Rather, 

physiology and performance seemed to be affected independently, via unique pathways. 
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This chapter was published as: 

Huiberts, L. M., Smolders, K. C. H. J., & de Kort, Y. A. W. (2016). Non-image forming 

effects of illuminance level: Exploring parallel effects on physiological arousal and task 

performance. Physiology & Behaviour, 164, 129-139. 

 

 

3.1 Introduction 

Since the discovery of the intrinsically photosensitive retinal ganglion cells (ipRGCs) 

(Berson et al., 2002; Freedman et al., 1999; Provencio et al., 2000) in our eye, a large 

number of studies have been conducted on the acute non-image forming (NIF) effects of 

illuminance on alertness, mood, cognitive performance and physiology (e.g., Cajochen, 

2007; Chellappa, Gordijn, et al., 2011; Vandewalle et al., 2009). IpRGCs project to the 

suprachiasmatic nucleus (biological clock) in our brain and from there, numerous 

projections go to brain areas involved in alertness, mood and cognitive functioning 

(Vandewalle et al., 2009). It is known that ipRGCs are especially sensitive to the blue 

part of the light spectrum (~480 nm) (Berson et al., 2002; Freedman et al., 1999; 

Provencio et al., 2000) and may increase neural stimulation to these brain areas when 

they are exposed to a high vs. a low dose of light (Perrin et al., 2004; Vandewalle et al., 

2006). Although it remains to be established whether these brain activating pathways 

may explain NIF effects of illuminance, the reviews mentioned above (Cajochen, 2007; 

Chellappa, Gordijn, et al., 2011) suggest that bright (vs. dim) light exposure has the 

potential to increase alertness, cognitive performance, positive mood as well as 

physiological arousal levels.  

Findings reported on NIF effects of illuminance on cognitive performance have 

not always been consistent. Studies on nocturnal light exposure have revealed positive, 

but also null effects of bright light exposure compared to dim light exposure (Badia et 

al., 1991; Boyce et al., 1997; Campbell & Dawson, 1990; Kretschmer et al., 2012; 

Rüger, Gordijn, de Vries, et al., 2005). Results of diurnal studies are even more 

inconsistent, showing either null, positive, or negative findings of bright as opposed to 

dim light exposure (Gabel et al., 2015; Huiberts, Smolders, & de Kort, 2015; Phipps-
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Nelson et al., 2003; Rüger, Gordijn, de Vries, et al., 2005; Santhi et al., 2013; Smolders 

& de Kort, 2014; Vandewalle et al., 2006). 

In order to develop more healthy light applications that positively affect our 

vitality and performance during daytime, it is essential to learn more about underlying 

mechanisms, including potential moderating and mediating variables, that may explain 

these inconsistencies. The main goal of the current study was to further investigate 

diurnal NIF light-induced changes in cognitive performance by exploring light-induced 

changes in autonomous nervous system activity during performance on a relatively easy 

and difficult cognitive task. By investigating physiology and performance 

simultaneously, it is possible to explore whether previous inconsistent NIF effects of 

illuminance on cognitive performance may be explained by changes in autonomic 

nervous system activity.  

Previous studies investigating NIF effects of light on physiology have already 

demonstrated that high compared to low illuminance increases autonomic nervous 

activity as measured by heart rate, heart rate variability, skin conductance level and 

muscle sympathetic nerve activity (Rüger et al., 2006; Saito et al., 1996; Smolders & de 

Kort, 2014; Smolders et al., 2012; Smolders, de Kort, & Cluitmans, 2013). Moreover, 

studies revealed changes in brain-related indicators of arousal and alertness under bright 

vs. dim light exposure, for example increases in hemodynamic activity in the Locus 

Coeruleus (Vandewalle et al., 2009) and changes in electroencephalographic (EEG) theta 

and alpha power density (Kaida et al., 2006; Sahin, Wood, Plitnick, & Figueiro, 2014; 

Smolders, de Kort, & Cluitmans, 2015). In these studies, physiological arousal levels 

were either measured during cognitive task performance (Smolders & de Kort, 2014; 

Smolders et al., 2012; Smolders, de Kort, & Cluitmans, 2013; Vandewalle et al., 2009) 

or in rest (sitting or lying down) with eyes open or closed (Kaida et al., 2006; Rüger et 

al., 2006; Sahin et al., 2014; Saito et al., 1996; Smolders et al., 2015).  

In the study by Rüger et al. (2006), increases in heart rate (while sitting still with 

eyes open and closed) were found during nighttime, but not during daytime bright (5000 

lx at eye level) vs. dim light exposure (< 10lx at eye level). The diurnal study of 

Smolders and de Kort (2014) revealed increases in skin conductance but not heart rate 
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under bright (1000 lx at eye level) vs. dim light exposure (200 lx at eye level) during 

performance on an auditory Psychomotor Vigilance Task (PVT). In contrast, Smolders et 

al. (2012) did report increases in heart rate under daytime bright (1000 lx at eye level) vs. 

dim light exposure (200 lx at eye level) while participants performed a PVT. All in all, 

similar to NIF effects of illuminance on performance, NIF effects on physiology also 

seem to be inconsistent, showing either increased arousal or no significant changes under 

bright vs. dim light exposure. A previous study in our lab revealed partial evidence for a 

possible moderating role of task difficulty in the NIF effects of illuminance on task 

performance (Huiberts et al., 2015). The current study further investigated the 

inconsistent NIF effects of illuminance on task performance during daytime by exploring 

whether illuminance-induced changes in physiological arousal may explain changes in 

task performance on relatively easy and difficult tasks.  

The relationship between physiological arousal and task performance was first 

investigated and described by Yerkes and Dodson (1908). The findings of their lab 

studies with mice revealed a different optimum level of physiological arousal for easy 

compared to difficult tasks. More specifically, they found that physiological arousal 

levels have an inverted U-shape relationship with performance levels in case of relatively 

difficult tasks (i.e., tasks requiring multi-tasking and/or higher executive functions), 

while the relationship between arousal and performance follows an increasing logistic 

curve in case of relatively simple tasks (i.e., tasks requiring attention for only one 

stimulus). This so called Yerkes-Dodson Law (YDL) suggests a different optimal 

physiological arousal level for performance on easy vs. difficult tasks. Later studies also 

(partly) confirmed the YDL in human subjects (Anderson, 1994; Coles, 1974; 

Humphreys & Revelle, 1984; Watters et al., 1997).  

Alternatively, physiological arousal levels are known to vary as a function of the 

difficulty level of a task or, in other words, the amount of cognitive effort that is needed 

to perform a task (Gendolla, Wright, & Richter, 2012). Previous research has 

demonstrated that physiological indicators such as heart rate (Eubanks, Wright, & 

Williams, 2002; Wright, Dill, Geen, & Anderson, 1998), skin conductance (Gendolla & 

Krüsken, 2001; Shi, Ruiz, Taib, Choi, & Chen, 2007) and systolic blood pressure 
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(Gendolla & Krüsken, 2001; Richter, Friedrich, & Gendolla, 2008; Wright, Contrada, & 

Patane, 1986) can be used as indicators of the amount of effort one mobilizes to perform 

a task. These studies conclude that cardiovascular reactivity and electrodermal activity 

are higher when participants engage in more difficult as opposed to easy tasks, as long as 

successful performance is possible. In case a task is too difficult or impossible to 

perform, effort decreases and remains low (see Wright (2014) for an overview). It is not 

yet clear which physiological indicator of arousal is the most valid predictor of 

mobilized effort during cognitive task performance (see Gendolla et al. (2012)), but most 

evidence has been found for systolic blood pressure (Gendolla et al., 2012; Richter et al., 

2008; Schmidt, Richter, Gendolla, & Van der Linden, 2010; Wright, Martin, & Bland, 

2003). This is hypothesized to be the case because systolic blood pressure is largely 

determined by sympathetic beta-adrenergic activity, which has been found to increase 

during effortful task performance (Wright, 2014). Heart rate, on the other hand, is a 

function of both the sympathetic and the parasympathetic system and can therefore only 

be a valid predictor of beta-adrenergic activity as long as parasympathetic activity 

remains stable (Gendolla et al., 2012). Finally, skin conductance may also be an 

indicator of effort during cognitive task performance, but likely in a different way than 

cardiovascular responses. As systolic blood pressure, skin conductance reflects 

activation of the sympathetic nervous system and is not influenced by the 

parasympathetic nervous system (Dawson, Schell, & Filion, 2007). However, skin 

conductance is mainly linked to behavioural inhibition during task performance, while 

cardiovascular responses are mainly linked to behavioural activation (Fowles, 1983). 

Therefore, skin conductance activity may show different activity patterns during task 

performance than cardiovascular activity.  

By measuring multiple physiological indicators (heart rate, skin conductance and 

systolic blood pressure) during task performance under three illumination levels (165 lx, 

600 lx and 1700 lx at eye level), the current study tried to gain more insight in how 

illuminance acutely affects physiological arousal levels and performance abilities. More 

specifically, the aim of the current study was to explore whether previously found 

increases in physiological arousal levels under bright vs. dim light exposure (Rüger et 
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al., 2006; Saito et al., 1996; Smolders et al., 2012) vary with task difficulty and could 

explain light-induced changes in task performance. Therefore, physiology was 

continuously measured during performance on a relatively easy sustained attention task 

and on a working-memory task consisting of easy and difficult trials.  

Based on previous studies showing increased physiological arousal levels under 

high compared to low illuminances, it was expected that light-induced changes in 

physiology might explain differences in light-induced changes in performance on easy 

vs. difficult tasks. That is, optimal performance would be reached under different 

physiological arousal levels during performance on a relatively easy vs. a relatively 

difficult task as the relationship between physiological arousal and performance may 

depend on task difficulty level (Anderson, 1994; Coles, 1974; Yerkes & Dodson, 1908). 

Thus, if higher illumination levels increase physiological arousal levels, optimal 

performance may be reached on relatively easy tasks but not on relatively difficult tasks.  

A tentative alternative hypothesis may be that physiological arousal levels are not 

directly influenced by illuminance but via illuminance-induced changes in task 

performance. That is, if bright compared to dim light exposure facilitates cognitive 

performance, one would expect that high as opposed to low illuminance would lead to 

lower autonomous nervous system activity (reflecting less cognitive effort mobilization), 

especially during challenging (but not impossible) cognitive tasks (Gendolla et al., 

2012).  

In addition to exploring parallel NIF effects of illuminance on physiology and 

performance, two additional aims of this study were to investigate and replicate NIF 

effects on subjective alertness, vitality and tension, and to assess subjective light 

appraisals regarding the pleasantness, brightness, colour and level of activation. In line 

with previous studies, subjective alerting and vitalizing effects were expected under high 

compared to low illumination levels, and brighter compared to dimmer light conditions 

were expected to be rated as brighter, more stimulating, and less pleasant (Phipps-Nelson 

et al., 2003; Rüger, Gordijn, de Vries, et al., 2005; Smolders et al., 2012). 
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3.2 Method  

 

3.2.1 Design 

This study employed a 3-within (lighting level: 165 vs . 600 vs .1700 lx a t eye level) × 

2-between (morning vs . afternoon) mixed model design. Participants came to the lab on 

three separate occasions (with at least two days in between sessions ) at the same time of 

the day. They were randomly assigned to register either for morning (9:00 – 10:30) or 

afternoon (15:45 – 17:15) sessions. Moderation of NIF effects of illuminance by time-of 

-day was taken into account as this was repeatedly found in previous studies (Huiberts et 

al., 2015; Smolders & de Kort, 2014; Smolders et al., 2012). 

During each session, participants completed four repeated measurement blocks of 

cognitive performance tasks (including the Psychomotor Vigilance Task (PVT) and 

Backwards Digit-Span Task (BDST)). Participants received different versions of the 

BDST (different number sequences) during each of the three sessions. Task versions as 

well as order of the light manipulation sessions were counterbalanced across 

participants. During the first (baseline) measurement block, light levels were the same 

for every participant (120 lx at eye level). After the baseline block and the final 

measurement block, participants completed questionnaires on sleepiness, vitality, 

tension, and mood. 

 

3.2.2 Participants 

Thirty-nine participants (mean age = 21.2; SD = 2.1; 28 females, 11 males) completed all 

three light manipulation sessions. Eighteen participants participated in the morning (7 

males) sessions while 21 participated in the afternoon (4 males) sessions.  

Participants were recruited at the Eindhoven University of Technology in the 

Netherlands via the university's participant database. Participants had no visual 

impairments other than myopia or hyperopia, which were corrected by wearing contact 

lenses or glasses. Participants had no hearing impairments, motoric impairments and 

were not taking any medication other than birth control. They had not travelled across 
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time zones and did not work any night shifts during the month preceding the study. 

Furthermore, they had no cardiovascular diseases.  

Before participation, participants were screened using the Munich Chronotype 

Questionnaire (MCTQ) in order to exclude extreme chronotypes (Roenneberg et al., 

2003). Based on the midpoint of sleep on free days corrected for accumulated sleep 

pressure during working days, participants falling outside the 25% –75% range for the 

18 –30 years age category (values ranging between 3.74 and 5.75) were excluded from 

participation (Zavada et al., 2005). The final sample had a mean chronotype value of 

4.71 (SE = 0.09; Min. = 3.77; Max. = 5.75). 

 

3.2.3 Setting 

The laboratory setting was a simulated office environment at the Eindhoven University 

of Technology with a total size of 3.9 m by 7.4 m, which was separated by a curtain in 

the middle of the room so that two similar rooms were created.  

The laboratory room was equipped with recessed Philips Savio luminaires in the 

ceiling. Each ceiling luminaire (Philips Savio TBS770 3x54W/827/865 HDF AC-MLO 

CVC) contained three fluorescent tubes of 54 W, of which two were 6500 K and one was 

2700 K. All luminaires have an acrylate micro-lens optic cover, which blends the two 

lamp types to create a virtually homogeneous luminous surface. Colour temperature was 

kept constant at approximately 4700 K. Using a calibrated spectroradiometer (JETI 

Specbos 1201), the illuminance, spectral power distribution (SPD) and colour rendering 

index (CRI) were measured at eye level aimed in the gaze direction of the participants 

(while seated, 1.30 m). The CRI at 4700 K was Ra = 87. Figure 6 shows the SPD at 4700 

K of the 165, 600 and 1700 lx conditions.  

During the task practice phase and the baseline phase (25 min), the ceiling 

mounted luminaires provided illumination of approximately 120 lx at eye level (photon 

density: 9.93 × 1013 photons*s−1*cm−2; irradiance: 38 W/cm2) and 260 lx horizontally 

on the table surface. After the baseline phase, lighting was set to either 165 lx at 4700 K 

at eye level (photon density: 1.34 × 1014 photons*s−1*cm−2; irradiance: 51 W/cm2; 378 

lx on the table surface), to 600 lx at 4700 K at eye level (photon density: 4.96 × 1014 
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photons*s−1*cm−2; irradiance: 188 W/cm2; 1170 lx on the table surface), or to 1700 lx 

at 4700 K at eye level (photon density: 1.39 × 1015 photons*s−1*cm−2; irradiance: 530 

W/cm2; 3400 lx on the table surface). Illuminance values at eye level for each of the 

photoreceptors can be reviewed in Table 7. These computations were determined using 

the calculation toolbox of -opic illuminance values for corneal spectral irradiance 

developed by Lucas et al. (2014). These values are based on healthy human eyes (32 

years old, dilated pupils, 7 mm).  

The furnishing in each workstation consisted of a desk (1.4 m by 0.8 m) and a red 

chair. A 15.6-in. laptop was placed on each of the desks with a keyboard, in-ear 

headphones and mouse plugged in. Participants faced the wall opposite to the curtain. 

The tasks and questionnaires were displayed against a grey background, using a low 

brightness level that did not hinder reading abilities in all lighting conditions. The 

lighting measurements were performed with this background on the screen. The 

laboratory room was set up in such a way that the illuminance at eye level on both sides 

of the room were as similar as possible. Divergences of the illumination level between 

the two workstations were minimal: ± 6 lx at eye level in the baseline condition, ±5 lx at 

eye level in the 165 lx condition, ±10 lx at eye level in the 600 lx condition and ±25 lx at 

eye level in the 1700 lx condition.  

The walls and ceiling of the laboratory room were off-white and had a reflectance 

of 87%, the floor was grey-blue with a reflectance of 19%, and the desk was light-grey 

and had a reflectance of 39%. There was no daylight contribution during the experiment. 

 

3.2.4 Procedure 

Before participating in the study, participants completed an online set of questionnaires 

consisting of several possible confounding variables (global sleep quality, light 

sensitivity, general fatigue and trait vitality). Participants were asked to keep their sleep-

wake timing two days before each experiment session similar to their habitual sleep 

schedule on workdays (± 30 min) as reported in the MCTQ. 
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Table 7: Spectrally-weighted -opic lx levels at eye level for each lighting condition 

based on calculations of Lucas et al. (2014). 

  max 
-opic lx value  

(165 lx) 
-opic lx value 

(600 lx) 
-opic lx value 

 (1700 lx) 

Melanopsin 480.0 130 465 1267 

S-cone 419.0 135 495 1303 

M-cone 530.8 153 559 1575 

L-cone 558.4 158 585 1662 

Rods 496.3 142 511 1413 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Spectral power distribution measured at eye level in the three lighting  

conditions (165 lx, 600 lx and 1700 lx, at 4700 K).  
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During their first visit to the laboratory, participants first signed an informed consent 

form and were guided to their workstation. They were then asked to apply the 

physiological sensors measuring heart rate (HR), blood volume pulse (BVP) and skin 

conductance level (SCL) according to instructions given by the experiment leader. After 

that, the physiological signals were checked, and sensors were re-applied if necessary. 

Subsequently, participants were informed about the general procedure of the experiment 

and completed a practice phase in which they rated subjective indicators of state 

sleepiness, vitality, tension and mood and practiced the PVT and the BDST for a short 

time. After the practice phase, physiological signals were again checked, and systolic 

blood pressure (SBP) was measured twice. The average value of the two SBP 

measurements was used as a calibration value to continuously calculate SBP during each 

session (see Section 3.2.5.2 Physiological indicators). 

The first measurement block consisted of the baseline phase during which 

participants completed one measurement block of 18 min. This measurement block 

consisted of a 10-min PVT and an eight-minute BDST. Subsequently, participants again 

reported on their subjective sleepiness, vitality, tension and mood. After completing the 

questionnaires, illumination levels were set from 120 lx to either 165, 600 or 1700 lx at 

eye level depending on the experimental condition.  

After the final measurement block, participants again completed questions 

probing state sleepiness, vitality, tension and mood as well as a short questionnaire on 

time of sleep onset and sleep offset, time spent outside, travelling time outside and 

caffeine and food consumption before the start of the experiment. In addition, 

participants evaluated the lighting in the room (i.e., whether it was warm or cold, 

relaxing or stimulating, dim or bright etc.). A full overview of the experimental 

procedure is depicted in Figure 7. Participants received a 45-euro compensation after 

completing all three sessions. The study was conducted from March 16th to June 5th 

2015. 
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3.2.5 Measurements 

 

3.2.5.1 Task performance 

In each measurement block, two auditory tasks were employed to test the effects of 

illuminance on vigilance and cognitive performance. The first task of each measurement 

block consisted of a 10-min auditory variant of the PVT (referred to as PVT in this 

paper) as developed by Dinges and Powell (1985). The PVT has been found to measure 

vigilance levels reliably because of the monotonous, repetitive, and unpredictable nature 

of target presentation (Drummond et al., 2005). In contrast to the PVT developed by 

Dinges and Powell (1985), the PVT in the current study did not provide performance 

feedback. During the task, participants were required to keep their dominant hand rested 

on the space bar and respond as fast as possible by pushing the space bar after hearing a 

short 400 Hz beep. Beeps were presented using random inter-stimuli intervals (ISI) 

between 6 and 25 s. The reason for using relatively long ISI was to induce task-fatiguing 

effects (Dorrian, Rogers, & Dinges, 2005) in order to investigate whether illuminance 

could impact these fatiguing effects. Sustained attention was measured by average 

reaction speed on targets (1000/reaction times (RT)) during the 10-min PVT. Average 

reaction speed of the 10% fastest and slowest trials was also investigated.  

The second task of each measurement block was the BDST. The BDST is a 

relatively difficult task since stored information has to be mentally reversed in working 

memory, which requires executive functions (The Psychological Corporation, 2002). In 

the original BDST, participants listen to a sequence of numbers and vocally report the 

numbers in backward direction afterwards. In the current study, however, participants 

did not respond vocally but by typing in the sequence in backward direction on a 

QWERTY keyboard after hearing. Digits were presented similar as in the original BDST 

(auditory) at a rate of 800 ms. per number. The task started with a sequence of four digits 

and ended with a sequence of eight digits. The length of the sequences increased with 

one digit after each set of four trials with the same length. Participants had a limited time 

for each sequence, based on the amount of numbers in the sequence (2 s plus 2.3 s for 

every digit in the sequence). This was done because the timing of the light change and 
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the duration of the light exposure had to be the same for every session. Total number of 

correct responses (i.e., correctly reported full digit-spans) per measurement block on 

easy trials (length four to six) and difficult trials (length seven and eight) were used as 

dependent variables to measure performance on this task. 

 

3.2.5.2 Physiological indicators 

Physiological arousal was assessed by continuously measuring HR, SCL and BVP using 

TMSi software with a sampling frequency of 1024 Hz. To measure HR, three Kendall 

H124SG ECG electrodes were applied using the lead-II placement: the ground on top of 

the collar bone near the left shoulder, one electrode under the collar bone near the right 

shoulder and one electrode underneath the ribs on the left side of the torso. RR intervals 

were extracted from the raw electrocardiography (ECG) data, and average HR values 

(beats per minute (bpm)) were subsequently calculated for the duration of each separate 

task phase using Matlab R2013a. Average HR values during the 10-min PVT, and during 

the easy and difficult trials of the BDST were used as dependent variables. Five 

experimental sessions were excluded from analyses as HR recordings failed during the 

light exposure period.  

In order to measure SCL, two electrodes were used on the left middle and ring 

finger for all participants. Two participants who were left-handed indicated that they 

controlled the computer mouse with their right hand, thus SCL was measured on their 

left hand as well. Using Matlab R2013a, average SCL values in Siemens during the 10-

min PVT, and during the easy and difficult trials of the BDST were calculated and 

subsequently used as dependent variables. SCL data of two participants were not 

included in the analyses due to extreme values.  

BVP (in bpm) was measured using a photoplethysmograph attached to the 

earlobe. This physiological indicator was not analysed as a dependent variable, but it was 

necessary to calculate SBP values. Continuous SBP measurement was realized by using 

custom software which calculated pulse wave transit time (PWTT) values based on R-

peak time in the ECG measurements (Hamilton, 2002) and the location of the maximum 

slope of the BVP measurements (Fung, Dumont, Ries, Mott, & Ansermino, 2004). 
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PWTT values were transformed into SBP values using the formula developed by 

Gesche, Grosskurth, Küchler, and Patzak (2012). This formula included the participants' 

body height and calibrated values of the SBP measured by an automatic blood pressure 

device developed by Beurer (2012). Using Matlab R2013a, average SBP values in 

millimeters of mercury (mmHg) during the 10-min PVT, and during the easy and 

difficult trials of the BDST were calculated and subsequently used as dependent 

variables. Although the photoplethysmograph was taped to the earlobe, participants' head 

movements during the experiment led to loss of BVP signals in 24 of the 117 

experimental sessions (including the five participants with failed HR recordings). These 

sessions were not included in the analyses of SBP. 

 

3.2.5.3 Subjective sleepiness, vitality, tension and mood 

Subjective sleepiness was examined with the Karolinska Sleepiness Scale (KSS, 

developed by Åkerstedt and Gillberg (1990)). This measurement employs a 9-point scale 

using response options from 1 (extremely alert) to 9 (extremely sleepy - fighting sleep). 

Subjective vitality and tension were assessed using six items adopted from the 

activation-deactivation checklist (Thayer, 1967). Participants rated the six items on a 

scale from 1 (definitely not) to 5 (definitely). Four of these items belong to the vitality 

subscale (energetic, alert, sleepy (reversed), and lacking energy (reversed)), and two of 

these items belong to the tension scale (tense and calm (reversed)). The internal 

reliabilities of the vitality and tension subscales were  = 0.88 and  = 0.64, respectively. 

Mood was assessed using single items for positive affect ( ‘happy’) and negative affect ( 

‘sad ’) on a similar 5 point Likert scale. 

 

3.2.5.4 Evaluation of the lighting condition 

At the end of each session, participants were asked to evaluate the lighting in the room 

using six 5-point Likert-scale items adopted from Flynn et al. (1973). Three items 

focused on the experienced pleasantness of the lighting ( ‘unpleasant – pleasant ’, 

‘uncomfortable –comfortable ’ and ‘disturbing –not disturbing’;  = 0.85). Mean scores 

for pleasantness were calculated based on these three items. Furthermore, three single 
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items were used to measure experiences concerning the lighting colour ( ‘warm – cold ’), 

brightness ( ‘dim – bright’) and whether the lighting was activating (‘relaxing–

stimulating’). 

 

3.2.5.5 Possible confounding variables 

Potential confounding variables were assessed before the start of the experiment. These 

consisted of chronotype MCTQ (Roenneberg et al., 2003); Global sleep quality, using 

the Pittsburg Sleep Quality Index (Buysse et al., 1989); General fatigue, using the 

Checklist Individual Strength with  = 0.89 (Vercoulen et al., 1999); Trait subjective 

vitality using the subjective trait level vitality scale with  = 0.91 (Ryan & Frederick, 

1997); and Light sensitivity using three items regarding light exposure sensitivity 

(Smolders et al., 2012). Furthermore, sleep onset and sleep offset, sleep quality, time 

spent outside, travelling time outside, and food and caffeine consumption one hour 

before the start of the experiment were examined at the end of each session by single 

items. 

 

3.2.6 Statistical analyses 

Due to the nested structure of the data, Linear Mixed Model (LMM) analyses were 

conducted to investigate the effects of illuminance (Light) on repeated measurements 

(Block one to three) of performance and physiological indicators. The hierarchical model 

consisted of the levels ‘Participant ’, ‘Experimental session ’ and ‘Block’. The 

participant identifier variable was included as random intercept in the analyses. All 

analyses were corrected for baseline values and the individual characteristics described 

in Section 3.3.1.1 Potential confounding variables by adding these as covariates in the 

analyses. Because subjective indicators were only measured at baseline and at the end of 

the light exposure, LMM analyses without a repeated measurement structure for Block 

were carried out to test the effect of light on sleepiness, vitality, tension, mood. In 

addition, light appraisals were analysed in a similar way as these were only measured 

after the final measurement block. Due to technical problems during one session (600 lx 
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at eye level), switching the lights from 120 to 600 lx failed. Data of this session were 

therefore not included in the analyses.  

First, preparatory LMM analyses were conducted to investigate whether the tasks 

indeed differed in difficulty level. These analyses included baseline differences in 

performance on BDST easy vs. difficult trials, and baseline differences in physiological 

arousal between tasks (PVT vs. BDST easy vs. BDST difficult). Furthermore, 

preparatory LMM analyses were carried out to investigate the occurrence of significant 

relationships between physiological arousal and task performance (speed and percentage 

correct) during the light manipulation.  

Subsequent LMM analyses were conducted to examine the effect of Light on task 

performance, physiological arousal levels during each task, subjective indicators of 

sleepiness, vitality, mood and tension and light appraisals. First, for each of these 

outcome variables an LMM analysis was conducted to investigate main effects of Light 

and possible moderating effects of time in session. In addition to baseline values and 

other covariates, these models included Light (165 vs. 600 vs. 1700), Block 

(measurement block two to four), Time of day (morning vs. late afternoon), and Light * 

Block as fixed factors. In cases where the effect of illuminance was not moderated by 

time in session, the interaction term was excluded from the model. A second LMM was 

carried out including baseline values and covariates, Light, Block, Light * Block (if 

significant) Time of day, and Light * Time of day as fixed factors to examine possible 

moderation of time of day. If a significant main effect of Light or interaction effect of 

Light * Block or Light * Time of day was found, post hoc tests using Bonferroni 

correction were used to investigate differences between lighting conditions during 

respectively one full session, each measurement block, or each time of day (morning vs. 

afternoon). To ensure a concise results section, only statistics on main and interaction 

effects of Light are reported. Statistics on main effects of Block, Time of day and other 

covariates are not reported as they were not the main focus of this study.  

Effect sizes (pseudo R2-values (R2pseudo)) were calculated for models containing 

statistically significant or near-significant (p < 0.10) main or interaction effects of Light 

that were further investigated in post hoc analyses. R2pseudo indicates the proportion 
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(percentage) of reduction in variance of residuals from the null-model to the final (full) 

model at level 2 (Raudenbush & Bryk, 2002). Note that the full models also contain 

baseline measurements, Block, Time of day and covariates (see Section 3.3.1.1) as 

predictors for the outcome measures. Therefore, the total reduction in residual variance is 

attributed to including all of these variables to the null-model. 

 

 

3.3 Results 

 

3.3.1 Preparatory analyses 

 

3.3.1.1 Potential confounding variables 

Based on correlations between all potentially confounding variables (see Section 3.2.5.5) 

as well as correlations between confounding variables and outcome measures, it was 

decided to control for chronotype, light sensitivity and general fatigue in all analyses as 

these variables were not significantly inter-correlated and showed the strongest 

correlations with most of the outcome variables. 

 

3.3.1.2 Baseline differences in easy vs. difficult BDST performance 

LMM analyses revealed a significant effect of Task type on BDST easy vs. difficult trial 

performance (F(1192) = 294.08, p < 0.001). Post hoc comparisons showed that 

participants performed significantly better (in terms of percentage correct) on the easy 

trials (EMM = 84.60%; SE = 2.57%) compared to the difficult trials (EMM = 43.00%; SE 

= 2.58%; p < 0.001). This result indicates that long BDST trials were indeed 

significantly more difficult than shorter trials. 

 

3.3.1.3 Effects of task type on physiological arousal 

To investigate whether task type influenced physiological arousal levels (because of 

variations in difficulty level), separate LMMs were conducted with each of the 

physiological indicators as outcome measures and Task Type (PVT vs. BDST easy trials 
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vs. BDST difficult trials) as predictor. These analyses were conducted during the 

baseline measurement block, i.e., prior to illuminance manipulation.  

Results revealed that HR differed significantly between the different tasks 

(F(2110) = 12.94, p < 0.001). Post hoc tests revealed that HR was significantly higher 

during the BDST easy (EMM = 76.45; SE = 1.11; p < 0.001) and BDST difficult trials 

(EMM = 76.09; SE = 1.11; p < 0.001) than during the PVT (EMM = 74.85; SE = 1.13). 

There was no difference in HR between BDST easy and difficult trials (p = 0.21). With 

respect to SCL, results revealed a significant main effect of Task Type (F(2109) = 56.83, 

p < 0.001). Post hoc comparisons revealed a similar pattern as HR, showing significantly 

higher SCL during the BDST easy (EMM = 3.92; SE = 0.22; p < 0.001) and BDST 

difficult trials (EMM = 3.97; SE = 0.22; p < 0.001) than during the PVT (EMM = 3.17; 

SE = 0.18). There was no difference in SCL between BDST easy and difficult trials (p = 

0.98). Finally, for SBP values, results revealed a significant main effect of Task Type 

(F(2,90) = 14.78, p < 0.001). Post hoc comparisons revealed significantly higher SBP 

values during the BDST easy (EMM = 115.26; SE = 1.36; p < 0.001) and BDST difficult 

trials (EMM = 115.47; SE = 1.39; p < 0.001) than during the PVT (EMM = 113.20; SE = 

1.29). Again, no difference in SBP emerged between BDST easy and difficult trials (p = 

0.51). 

Based on the analyses in this section, it can be concluded that there is a significant 

difference in physiological arousal levels between the PVT and the BDST, likely 

because of increased effort necessary for the more difficult BDST. No significant 

differences in arousal level were found between easier and more difficult trials of the 

BDST. 

 

3.3.1.4 Association between physiological arousal and performance 

In order to investigate whether variations in physiological arousal were significantly 

related to variations in task performance on each task, separate LMMs were conducted 

using each arousal measure (HR, SCL and SBP) as predictor variable and the relevant 

performance indicator of each task (PVT, BDST easy trials and BDST difficult trials) as 

outcome measure. For these analyses, data of all measurement blocks during the light 
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manipulation were used, taking into account the repeated measurement structure and 

variations in time of day by respectively including Block and Time of day as main 

factors in the model. In order to maximize the informative value of the Beta Estimates of 

the physiological measures, all variables (predictor and outcome) were standardized. 

Analyses on PVT performance only showed a nonsignificant trend for a 

correlation between HR and reaction speed performance ( = 0.09; F(1244) = 3.22, p = 

0.07), indicating that somewhat better PVT performance (increased speed) was related to 

a higher HR. SBP and SCL were not significantly related to PVT performance (both p's 

 0.56). 

With respect to BDST performance, HR was not significantly related to accuracy 

on the easy trials (percentage correct) (F(1140) < 1, ns.) nor difficult trials (F(1185) < 1, 

ns.). However, results revealed a negative significant relationship between SCL and 

performance on the BDST easy trials ( = p = 0.004), indicating 

a significant co-occurrence of increased arousal and decreased performance. No 

significant relationship between SCL and difficult trials was found (F(1139) = 2.09, ns.). 

Last, SBP was not significantly related to performance on BDST easy trials (F(1125) = 

1.36, ns.) and near significantly negatively related to BDST difficult trials ( = 

F(1112) = 3.66, p = 0.06), indicating a nonsignificant trend for co-occurring increased 

arousal and decreased performance. 

 

 

3.3.2 Effects of Light on performance 

 

3.3.2.1 PVT performance 

LMM analyses investigating the effect of illuminance on PVT performance (speed) did 

not reveal any significant differences between the light conditions for average speed on 

all trials, average speed on the 10% fastest trials and average speed on the 10% slowest 

trials (all p's  0.25). In addition, no significant interaction effects of Light * Block and 

Light * Time of day were found for each of these outcome variables (all p's  0.11). 
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3.3.2.2 BDST performance 

LMM analyses on BDST performance showed a significant main effect of Light (F(2,96) 

= 4.44, p = 0.01; R2pseudo = 13.47%) on performance on difficult trials, but not on easy 

trials (F(2,86) < 1, ns.). Post hoc comparisons revealed that participants completed 

significantly more difficult trials successfully under 1700 lx (EMM = 50.11%; SE = 

2.22%) compared to 165 lx (EMM = 42.97%; SE = 2.19%; p = 0.01). Performance on 

difficult trials under 600 lx was also better than under 165 lx, but not significantly so 

(EMM = 47.21%; SE = 2.21%; p = 0.25). LMM analyses investigating possible 

moderation of Light by Time of day and Block for performance on easy and difficult 

trials revealed no significant interactions with Light for both easy and difficult trials (all 

p's > 0.21). Figure 8 shows the percentage of correct trials for both easy and difficult 

trials during each light condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. BDST percentage of correct trials (easy vs. difficult)  

for each light level. Whiskers represent standard errors. *p < 0.05.  
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3.3.3 Effects of Light on physiological arousal 

This section describes the LMM analyses investigating the effects of illuminance on HR, 

SBP and SCL measures during the PVT, BDST easy and BDST difficult trials. 

 

3.3.3.1 Effects of Light on HR 

LMM analyses on HR during the PVT revealed no significant main effect of Light 

(F(2,80) = 2.10, ns.) and no significant Light * Block interaction (F(4216) = 1.13, ns.). 

However, a non-significant trend was found when investigating the interaction effect of 

Light * Time of day (F(2,77) = 2.46, p = 0.09; R2pseudo = 71.55%). Post hoc tests revealed 

that, in the afternoon, HR was significantly higher under 1700 lx (EMM = 73.00; SE = 

0.66) compared to HR under 165 lx (EMM = 71.20; SE = 0.68; p = 0.05). In addition, 

HR was near-significantly higher under 600 lx (EMM = 72.98; SE = 0.67) compared to 

165 lx in the afternoon (p = 0.06). Differences in HR between the three illumination 

levels in the morning sessions were not significant (EMM165 = 71.19; SE = 0.71; EMM600 

= 70.55; SE = 0.75; EMM1700 = 71.61; SE = 0.73; all p's > 0.60).  

LMM analyses on HR during the easy and difficult trials of the BDST revealed no 

significant main effects of illuminance on HR during performance on the easy (F( 2, 80) 

= 1.43, ns.) or difficult trials (F(2,73) < 1, ns.). In addition, no moderations of time in 

session (Block) were found (both p's  0.18). Although there was no significant main 

effect of Light on HR during the easy trials of the BDST, LMM analyses revealed a 

significant Light * Time of day interaction for HR during the easy trials (F(2,81) = 3.35, 

p = 0.04; R2pseudo = 64.52%). Post hoc analyses showed that, in the afternoon, HR was 

higher under 600 lx (EMM = 74.36; SE = 0.75) than under 165 lx (EMM = 72.34; SE = 

0.78; p = 0.06). HR was also higher under 1700 lx (EMM = 73.50; SE = 0.75) than under 

165 lx, but this difference was not significant (p = 0.51). In the morning, there were no 

significant differences in HR between the three lighting conditions during performance 

on the easy trials (all p's > 0.15). 

LMM analysis revealed no Light * Time of day interaction on HR during the 

difficult trials of the BDST (F(2,74) = 1.85, ns.). Post hoc comparisons for HR values 

during difficult trials in the afternoon sessions showed similar nonsignificant trends as 
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those during the easy trials with higher HR under 600 lx (EMM = 74.38; SE = 0.67) 

compared to 165 lx (EMM = 72.63; SE = 0.70; p = 0.10). Figure 9 depicts an overview of 

HR values in the afternoon during PVT and BDST performance.  

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. HR values during the PVT and the easy and difficult trials of the BDST  

for each light level. Note that all average HR values are given for the afternoon  

sessions only. Whiskers represent standard errors. *p < 0.05; †p < 0.10. 

 

 

3.3.3.2 Effects of Light on SCL  

LMM analyses of SCL during the PVT revealed neither a significant main effect of 

Light nor any significant interaction effects of Light * Block and Light * Time of day 

(all p's > 0.10).  

LMM analyses on SCL during the easy and difficult trials of the BDST revealed a 

significant main effect of Light during the easy trials (F(2,76) = 4.06, p = 0.02; R2pseudo = 

84.90%) but not during the difficult trials (F(2,71) = 1.52, ns.). Post hoc investigations 

Illuminance 
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for SCL during easy trials revealed that SCL was significantly higher under 1700 lx 

(EMM = 4.56; SE = 0.10) compared to 165 lx (EMM = 4.19; SE = 0.10; p = 0.02). No 

interactions with Block or Time of day were found for the easy or difficult BDST trials 

(all p's > 0.19). SCL was also higher under 600 lx (EMM = 4.39; SE = 0.11) than under 

165 lx, but not significantly so (p = 0.43). Figure 10 shows average SCL values during 

the PVT and the easy and difficult BDST trials for each illumination level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. SCL values during the PVT and the easy and difficult trials of  

the BDST for each light level. Note that SCL values are averaged over mor- 

ning and afternoon sessions. Whiskers represent standard errors. *p < 0.05. 

 

 

3.3.3.3 Effects of Light on SBP 

LMM analyses on SBP during the PVT revealed neither a significant main effect of 

Light nor any significant interaction effects of Light * Block and Light * Time of day 

(all p's > 0.58). Similarly, LMM analyses on SBP during the easy and difficult trials of 

Illuminance 
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the BDST revealed no significant main effects of Light or interaction effects of Light * 

Block and Light * Time of day (all p's > 0.35). 

 

 

3.3.4 Effects of Light on subjective indicators 

 

3.3.4.1 Sleepiness, vitality, tension and mood 

Self-reported sleepiness was only measured once during the light manipulation. LMM 

analysis for sleepiness ratings therefore only focused on differences between lighting 

conditions at the end of each session, and a possible moderation by Time of day. The 

results showed no main effect of illuminance on sleepiness ratings after approximately 

54 min of light exposure (F(2,78) = 1.06, ns.). In addition, there was no significant 

interaction effect between Light and Time of day on subjective sleepiness (F(2,78) = 

1.60, ns.). 

Similar to sleepiness ratings, LMM analyses for vitality, tension and mood ratings 

focused on the effect of illuminance on participants' momentary state after the final 

measurement block, and a possible moderation of Time of day in this effect. With 

respect to vitality, LMM analyses neither found a significant main effect of Light 

(F(2,77) < 1, ns.) nor a significant interaction between Light and Time of day (F(3,58) = 

1.50, ns.). Similarly, for tension, LMM analyses did not reveal a significant main effect 

of Light (F(2,77) = 1.11, ns.), or a significant Light * Time of day interaction (F(3,58) < 

1, ns.). Furthermore, no significant main effect of Light or interaction effect of Light * 

Time was found for subjective happiness or sadness (all p's > 0.28). 

 

3.3.4.2 Light appraisals 

LMM analyses focusing on differences in light appraisals between the three lighting 

conditions revealed a significant main effect of Light on pleasantness of the lighting 

(F(2,78) = 9.31, p < 0.001; R2pseudo = 20.48%). Participants rated the highest illuminance 

(1700 lx) as significantly less pleasant (EMM = 3.04; SE = 0.13) compared to the two 

lower illuminances (165 lx: EMM = 3.51; SE = 0.0.13; p = 0.001; 600 lx: EMM = 3.62; 
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SE = 0.13; p < 0.001). There was no significant difference in pleasantness between 165 

lx and 600 lx (p = 0.45). Furthermore, as expected, a significant main effect of Light on 

brightness was found (F(2,77) = 41.25, p < 0.001; R2pseudo = 50.57%). The two highest 

illuminances were rated as significantly brighter (600 lx: EMM = 3.94; SE = 0.13; p < 

0.001; 1700 lx: EMM = 4.49; SE = 0.13; p < 0.001) compared to the lowest illuminance 

(165 lx: EMM = 3.08; SE = 0.13). In addition, participants evaluated 1700 lx as 

significantly brighter than 600 lx (p = 0.001). Last, a significant main effect of Light on 

stimulation ratings was found (F(2,78) = 12.12, p < 0.001; R2pseudo = 23.99%). 

Participants rated the two highest illuminances as significantly more stimulating (600 lx: 

EMM = 3.66; SE = 0.13; p < 0.001; 1700 lx: EMM = 3.78; SE = 0.13; p < 0.001) than the 

lowest illuminance (EMM = 3.02; SE = 0.13), while no difference was observed between 

the 600 and 1700 lx conditions (p = 0.49). None of these light appraisal effects were 

significantly moderated by Time of day (all p's > 0.36). There was no significant effect 

of illuminance on participants' light colour ratings (warm vs. cold: F(2,78) = 1.40, ns.). 

 

 

3.4 Discussion 

The current study investigated the NIF effects of three different illuminances on 

sustained attention and working memory task performance, autonomic nervous activity, 

and subjective sleepiness, alertness, vitality, tension and light appraisals. More 

specifically, the study was set up to explore whether previous inconsistencies with 

respect to NIF effects of light intensity on performance could be explained by 

differences in light-induced changes in physiological arousal level during task 

performance. This was examined by exposing each participant to three different light 

levels (165 lx, 600 lx and 1700 lx at eye level) for approximately one hour on separate 

workdays at the same time of day. During the light exposure, participants completed 

three blocks of repeated measures for performance on a sustained attention (PVT) and 

working memory task (BDST). In addition, heart rate, skin conductance (level) and 

(systolic) blood pressure were continuously measured. Before the start and towards the 

end of the light exposure, participants also completed questionnaires on state alertness, 
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sleepiness, vitality and tension. The questionnaire at the end of each session also 

included light appraisals. 

 

3.4.1 Lighting effects on performance 

Based on previous research, it was expected that performance on the (relatively easy) 

sustained attention task would be better under high compared to low light intensities 

(Phipps-Nelson et al., 2003; Smolders et al., 2012). These studies revealed significant 

improvements in reaction times on a PVT under bright (1000 lx) compared to dim light 

exposure (resp. <5 lx and 200 lx). In contrast to these previous results, the current study 

revealed no significant effects of the light manipulation on sustained attention speed on 

all trials, the 10% fastest or the 10% slowest trials. Two previous studies also found no 

or only very subtle effects of illuminance on vigilance performance during the daytime 

(Rüger, Gordijn, de Vries, et al., 2005; Smolders & de Kort, 2014). Although differences 

in study characteristics make it impossible to directly compare findings between these 

studies and the current one, it can be concluded that improvements in sustained attention 

under bright vs. dim light do occur occasionally, but not consistently. Perhaps 

differences in lighting characteristics (e.g. direction of the lighting, colour temperature, 

exposure duration etc.) can explain these differences. In addition, although the current 

study controlled for several individual characteristics (such as chronotype and light 

sensitivity), future studies investigating NIF effects of illuminance on sustained attention 

in specific groups of individuals (e.g., early vs. late chronotypes, and high vs. low light 

sensitive people) would be highly informative, and may reveal different NIF effects of 

illuminance in participants with different individual characteristics. 

With respect to performance on the more difficult working memory task (BDST), 

it was expected that no improvements or even decrements in performance under higher 

light intensities would appear, especially in the afternoon (Huiberts et al., 2015). In 

contrast to this expectation, the current study revealed that participants completed 

significantly more difficult backward spans (length 7 and 8) successfully in the morning 

and afternoon under the 1700 lx compared to 165 lx at eye level. However, important 

differences between the Huiberts et al. (2015) study and the present one are the number 
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and types of tasks that were performed before the BDST. In our previous study, 

participants first completed an n-back task and a Forward Digit-Span Task (FDST) in 

each measurement block, which both rely on working memory, before performing the 

BDST. In the current study, participants performed a 10-min PVT prior to the BDST. 

Potentially, NIF effects of illuminance on cognitive performance depend on previous 

cognitive effort as both the type and amount of cognitive effort exerted in that study 

(Huiberts et al., 2015) were different from the current one. In case of relatively easy 

spans (length 4 to 6), illuminance did not significantly influence working memory 

performance. However, as baseline accuracy scores on easy trials were already quite 

high (on average 85% correct), there was less room for illuminance-induced performance 

improvements on easy compared to difficult trials. 

Overall, based on the results of the current study regarding working memory 

performance, it can be concluded that bright light exposure may be beneficial in case 

relatively difficult working memory tasks are performed. However, since previous 

research also showed mixed effects of bright light vs. dim light exposure on working 

memory performance (Gabel et al., 2015; Huiberts et al., 2015; Rüger, Gordijn, de Vries, 

et al., 2005; Smolders & de Kort, 2014), further investigation with respect to moderating 

and mediating factors that may play a role in these NIF effects of illuminance is needed.  

 

3.4.2 Co-occurrence of lighting effects on performance and arousal 

Regarding NIF effects of light on physiological indicators, two possible hypotheses were 

formulated. Our main hypothesis was that high (compared to low) illuminance would 

consistently increase physiological arousal levels, independent of task difficulty. This 

hypothesis had been partly confirmed by previous studies investigating physiological 

arousal levels during task performance under different illumination levels (Rüger et al., 

2006; Saito et al., 1996; Smolders et al., 2012). According to this line of reasoning, light-

induced increases in physiology could subsequently affect task performance (Anderson, 

1994; Coles, 1974; Yerkes & Dodson, 1908). Alternatively, it is was conjectured that 

physiological arousal levels might be indirectly affected by illuminance via changes in 

effort necessary for task performance (Gendolla et al., 2012). In that case, if a certain 
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illumination level facilitates performance on a specific task, cognitive effort may be 

reduced leading to decreased physiological arousal, especially while performing 

challenging tasks. 

The first hypothesis with respect to physiological arousal levels was partly 

confirmed in the current study. Heart rates were significantly higher under 1700 lx and 

slightly higher under 600 lx compared to 165 lx during PVT performance in the 

afternoon. However, PVT performance was not affected (positively nor negatively) by 

this change in physiological arousal. The increase in heart rate in the current study is 

consistent with the study of Smolders et al. (2012) who also found increased heart rate 

during PVT performance under 1000 lx vs. 200 lx at eye level, although they found this 

both during the morning and afternoon. In contrast, a more recent study reported no 

increase in heart rate during PVT performance under 1000 lx vs. 200 lx (Smolders & de 

Kort, 2014). Also contrary to our findings, PVT performance was found to be better 

under bright compared to dim light exposure in these two previous studies – both the one 

with and the one without reported increases in heart rate – even though the designs of 

these studies were quite similar to that of the current one. Thus, NIF effects of 

illuminance on both vigilance and co-occurring heart rate changes are quite inconsistent. 

During BDST performance a different trend of effects of illuminance on heart rate 

was found. The results showed that heart rate values were highest under 600 lx, 

intermediate under 1700 lx, and lowest under 165 lx while performing the BDST. 

Because this was only a modest trend, it would be premature to conclude that 

illuminance-induced changes in heart rate during BDST performance show a different 

pattern than during PVT performance. Future research should establish whether light-

induced changes in heart rate depend on the type of task that is performed during heart 

rage measurement. It does appear quite safe to conclude though, that performance on the 

more difficult BDST trials was not (negatively) impacted by light-induced heart rate 

increases. In fact, performance on difficult BDST trials was significantly better during 

1700 lx vs. 165 lx exposure, and there was no significant difference in heart rate between 

these two conditions while performing these trials. With regard to heart rate, both the 
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over-arousal hypothesis and the alternative reduced effort mobilization hypothesis 

should therefore be rejected.  

The current study revealed that skin conductance – a second indicator of arousal – 

was significantly higher under 1700 lx compared to 165 lx at eye level in the morning 

and afternoon sessions while participants performed easy BDST trials. A similar pattern 

of increasing skin conductance with higher illuminance was found during PVT and 

BDST difficult trial performance, but statistical significance was not reached. Previous 

research in our laboratory also revealed significant increases in skin conductance under 

1000 lx vs. 200 lx at eye level, but this was only investigated during PVT performance 

(Smolders & de Kort, 2014; Smolders, de Kort, & Cluitmans, 2013). Also in case of skin 

conductance, no consistent relationship between changes in physiological arousal and 

performance was observed in the current study. That is, although skin conductance 

seems to increase with higher illumination levels during each task, only performance on 

difficult BDST trials improved under the highest illumination level vs. the lowest 

illumination level, which is the exact opposite of what was predicted based on the 

Yerkes-Dodson Law. As for heart rate, we conclude that both hypotheses should be 

rejected for skin conductance. 

In contrast to heart rate and skin conductance, blood pressure was unaffected by 

the light manipulation in the current study. Possibly, blood pressure as a physiological 

measure was too insensitive to capture changes between lighting conditions (Wright, 

2014). Consistent with previous findings (Gendolla & Krüsken, 2001; Richter et al., 

2008; Wright et al., 1986), blood pressure measurement was sensitive to capture changes 

in effort mobilization during a relatively easy (PVT) compared to a more difficult task 

(BDST). However, the current results indicate no significant difference in effort 

mobilization as reflected by blood pressure during task performance while exposed to 

the three illumination levels. So again, both hypotheses should likely be rejected.  

Overall, the current results do not suggest a mediating role of physiological 

arousal in the relationship between illuminance and performance, i.e. our main 

hypothesis. In case of significant NIF effects of illuminance on physiological indicators 

(heart rate and skin conductance), no parallel changes in performance were found, and 
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certainly not a pattern of beneficial effects of bright light for easy vs. detrimental effects 

of bright light for more difficult tasks. Similarly, a mediating role of performance in the 

relationship between illuminance and physiology as described in the alternative 

hypothesis also seems unlikely. Both during PVT and BDST performance, results did 

not reveal decreases in physiology (decreased effort) in parallel with increased (or stable) 

performance under high vs. low illumination levels. Moreover, if there would be a 

mediating role of performance or physiology, significant associations between 

physiology and performance would also be expected, which was only found for skin 

conductance and performance on the BDST easy trials. BDST easy trial performance 

was, however, not affected by the light manipulation. Thus, based on the results of the 

current study, it is more likely that illuminance affects physiology and performance 

independently via unique pathways. 

 

3.4.3 Lighting effects on subjective indicators and appraisals 

In addition to performance and physiological indicators, we investigated NIF effects of 

illuminance on subjective indicators of sleepiness, vitality, tension and mood as well as 

effects of light on light appraisals. Previous studies often (but not always) showed 

positive effects of bright light compared to dim light exposure on subjective indicators of 

alertness, vitality and mood (Phipps-Nelson et al., 2003; Rüger, Gordijn, de Vries, et al., 

2005; Smolders & de Kort, 2014; Smolders et al., 2012). The current study did not 

render positive effects on subjective indicators for individuals' momentary affective 

state, as none of them were affected by the light manipulation. We should, however, 

acknowledge that the current study only employed one measurement point for subjective 

indicators during the light manipulation, resulting in less power to test for differences in 

subjective indicators as opposed to physiological and performance indicators as well as 

similar subjective indicators tested in previous studies (Huiberts et al., 2015; Smolders & 

de Kort, 2014; Smolders et al., 2012).  

With respect to subjective evaluations of the lighting conditions, in spite of the 

null effects on vitality, alertness and tension, results did reveal that participants rated the 

two highest illumination levels as significantly more stimulating than the lowest 
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illumination level. These ratings are largely in line with the physiological data, as skin 

conductance and heart rate rose (be it modestly and not always significantly) with 

illuminance during BDST and PVT performance. Furthermore, the highest illuminance 

was rated as significantly less pleasant than the two lower illuminances. Thus, although 

participants preferred the more common, lower indoor illuminances (165 and 600 lx at 

eye level), they performed best on the difficult trials of the BDST when they were 

exposed to the highest illuminance (1700 lx). Although this seems counterintuitive, the 

negative appraisals may be explained by the fact that participants are not used to such 

high indoor illuminances (psychologically), even though biologically these levels may be 

beneficial while performing relatively difficult tasks. For future studies, it would be 

interesting to investigate whether participants could get used to working under these 

higher illuminances over time, without losing the beneficial NIF effects on cognitive 

performance performance.  

Some limitations of the current study should be mentioned when interpreting the 

results. First, although we controlled for chronotype in each analysis, it should be noted 

that about half of the participants did not keep their regular sleep-wake pattern (based on 

sleep onset and offset times as reported in the MCTQ) during the night before and 

morning of their laboratory session. In most cases, however, this was not more than 45 

minutes earlier or later than their calculated sleep and wake time limits. Moreover, 

potential effects of deviating sleep-wake patterns on the outcome measures 

(performance, physiology and subjective indicators) should be reflected in baseline 

scores, for which we controlled in each analysis. For future studies, it would be good to 

more strictly monitor sleep-wake patterns during the nights prior to the experimental 

session by using actigraphy by means of, for example, actiwatches.  

With respect to generalization of the current findings, it should be noted that our 

sample is substantially female. It is not yet known whether diurnal NIF effects of 

illuminance are influenced by gender, but it may play a role (see for example Revell and 

Skene (2010)). However, as it was not our goal to test gender effects, and because the 

power of the current study was too low to add another categorical term to our models 

(resulting in three-way interactions) we decided not to test these.  
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3.5 Conclusion 

Overall, the current findings suggest that, while sustained attention performance was 

unaffected by the light manipulation, 1-h of exposure to very bright light (1700 lx at eye 

level) can improve performance on a relatively difficult working memory task. In 

contrast, a somewhat lower, but still substantial illuminance of 600 lx at eye level, did 

not improve working memory performance. With respect to physiological NIF effects of 

light, it can be concluded that very bright light levels (1700 lx) increase heart rate during 

sustained attention performance, while light exposure of 600 lx (but not 1700 lx) slightly 

increased heart rate during working memory performance. In case of skin conductance, 

an increase in physiological arousal level was observed with higher illumination levels, 

which only showed to be significant during easy trials of a working memory task. Future 

studies should further investigate possible task dependency of NIF effects of illuminance 

on heart rate and skin conductance. Although both performance and physiology were 

affected by the light manipulation, no consistent pattern emerged with respect to parallel 

changes in physiology and performance. In other words, the current results do not 

suggest a mediating role of physiology in the NIF effects of illuminance on performance, 

nor a mediating role of performance in the NIF effects of illuminance on physiology.  

Although reported in previous research, the current study did not show an effect 

of illuminance on subjective indicators of alertness, vitality, tension, and mood. 

Participants did, however, evaluate the two highest illumination levels as significantly 

more stimulating than the lowest illumination level. Since NIF effects of illuminance on 

both performance and physiology show inconsistent results between and within study 

paradigms, future research is necessary to investigate the conditions that may determine 

the occurrence and direction of these effects. 
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Chapter 4 

 

Seasonal and time-of-day variations in acute non-image  

forming effects of illuminance on performance,  

physiology, and subjective wellbeing 

 

 

Abstract 

This study investigated seasonal and time-of-day dependent moderations in the strength 

and direction of acute diurnal non-image forming (NIF) effects of illuminance on 

performance, physiology, and subjective wellbeing. Even though there are indications 

for temporal variations in NIF-responsiveness to bright light, scientific insights into 

potential moderations by season are scarce.  

We employed a 2 (Light: 165 versus 1700 lx at the eye level, within) × 2 (Season: 

autumn/winter versus spring, between) × 2 (Time of day: morning versus afternoon, 

between) mixed-model design. During each of the two 90-min experimental sessions, 

participants (autumn/winter: N = 34; spring: N = 39) completed four measurement blocks 

(incl. one baseline block of 120 lx at the eye level) each consisting of a Psychomotor 

Vigilance Task (PVT) and a Backwards Digit-Span Task (BDST) including easy trials 

(4–6 digits) and difficult trials (7–8 digits). Heart rate (HR) and skin conductance level 

(SCL) were measured continuously. At the end of each lighting condition, subjective 

sleepiness, vitality, and mood were measured.  

The results revealed a clear indication for significant Light * Season interaction 

effects on both subjective sleepiness and vitality, which appeared only during the 

morning sessions. Participants felt significantly more vital and less sleepy in winter, but 

not in spring during bright light exposure in the morning. In line with these subjective 

parameters, participants also showed significantly better PVT performance in the 

morning in autumn/winter, but not in spring upon bright light exposure. Surprisingly, for 
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difficult working memory performance, the opposite was found, namely worse 

performance during bright light exposure in winter, but better performance when 

exposed to bright light in spring. The effects of bright versus regular light exposure on 

physiology were quite subtle and largely nonsignificant.  

Overall, it can be concluded that acute illuminance-induced NIF effects on 

subjective alertness and vitality as well as objectively measured vigilance in the morning 

are significantly moderated by season. Possibly, these greater illuminance-induced 

benefits during the morning sessions in autumn/winter compared to spring occurred due 

to increased responsiveness to bright light exposure as a function of a relatively low 

prior light dose in autumn/winter. 

 

 

This chapter was published as: 

Huiberts, L. M., Smolders, K. C. H. J., & De Kort, Y. A. W. (2017). Seasonal and time-

of-day variations in acute non-image forming effects of illuminance level on 

performance, physiology, and subjective wellbeing. Chronobiology International, 34(7), 

827-844. 
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4.1 Introduction  

Since the discovery of a novel class of light-sensitive photoreceptors in the inner layer of 

the retina, called intrinsically photosensitive retinal ganglion cells (ipRGCs) (Berson et 

al., 2002; Freedman et al., 1999; Provencio et al., 2000), an increasing amount of 

research has focused on the so-called non-image forming (NIF) pathway, where ipRGCs 

directly or indirectly project to various brain regions involved in sleep–wake regulation, 

alertness, arousal, and mood (Fuller et al., 2006; Saper et al., 2005; Vandewalle et al., 

2009). Previous research on these NIF effects of light exposure revealed considerable 

evidence for acute changes in healthy individuals’ level of alertness, mood, and 

cognitive performance both during the night- and daytime (Cajochen, 2007; Chellappa, 

Gordijn, et al., 2011). There is now ample evidence that daytime indoor bright light 

exposure can establish positive acute effects on alertness, vitality, mood, and 

performance in healthy day active people (Huiberts, Smolders, & de Kort, 2016; Kaida 

et al., 2007; Phipps-Nelson et al., 2003; Rüger, Gordijn, de Vries, et al., 2005; Smolders 

& de Kort, 2014; Smolders et al., 2012). These studies revealed bright light-induced 

improvements on alertness when healthy participants were experimentally sleep and/or 

light deprived before the light exposure period (Phipps-Nelson et al., 2003; Rüger, 

Gordijn, de Vries, et al., 2005), but also when sleep and light history were not 

experimentally manipulated (Huiberts et al., 2016; Kaida et al., 2007; Smolders & de 

Kort, 2014; Smolders et al., 2012). It should be noted, however, that these positive acute 

NIF effects of bright light exposure are not consistently reported as studies have also 

shown null effects for a subset of the indicators (Huiberts et al., 2016; Rüger, Gordijn, de 

Vries, et al., 2005) and even some negative effects (Gabel et al., 2015; Huiberts et al., 

2015; Smolders & de Kort, 2014) of bright versus dim light exposure on measures of 

alertness and performance. 

A relatively understudied topic in the field of NIF effects is year-round variations 

in light induced NIF-responsiveness. In the studies cited in the previous paragraph, the 

direction and magnitude of NIF effects of illuminance on cognition, alertness, and mood 

varied, even if lighting conditions were quite similar between some of the studies. An 

interesting question is whether notable differences in NIF effects over seasons exist and 
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whether these could – at least in part – explain some of these inconsistent findings. 

Interestingly, it has been found that rodents were more sensitive (i.e., showing greater 

circadian phase shifts) to 480 nm light of irradiances between 0.003 and 68.03 W/cm2 

when their rhythm was entrained to a short versus a long photoperiod (Glickman et al., 

2012). In humans, it has been found that significant acute light-induced melatonin 

suppression in the latter part of the night (between 5:00 and 6:00 AM) by regular room 

lighting (± 300 lx) was achieved in winter, but not in summer, which may be explained 

by possible increased responsiveness of the NIF pathway to light when the photoperiod 

is short instead of long (Owen & Arendt, 1992). Last, a correlational diurnal field study 

conducted by Smolders, de Kort, and Van den Berg (2013) among healthy day-active 

persons indicated that acute positive effects of exposure to more intense light on 

subjective vitality were stronger during autumn/winter compared to spring/summer. 

Previous experimental studies on NIF effects of indoor light exposure during daytime 

have been conducted in various seasons, but direct comparisons between seasons 

regarding these effects in healthy people have – at least to our knowledge – not been 

empirically tested yet. 

In line with the studies of Glickman et al. (2012), Owen and Arendt (1992) and 

Smolders, de Kort, and Van den Berg (2013), we hypothesized that indoor bright light 

exposure would induce weaker NIF effects in spring compared to autumn/winter. This 

hypothesis was based on two empirical underpinnings. First, research has shown that the 

magnitude and duration of acute alerting NIF effects of light exposure depend on prior 

light dose (Chang et al., 2013). Moreover, in vitro studies investigating isolated ipRGCs 

from rodents found that ipRGC responses strongly depend on prior light dose, with 

decreased responsiveness to bright light during constant light exposure and increased 

responsiveness to light after dark adaptation (Do & Yau, 2013; Wong, Dunn, & Berson, 

2005). In this line of reasoning, it is possible that acute NIF effects of indoor bright light 

exposure are reduced in spring/summer compared to autumn/winter, as prior natural light 

exposure usually is much brighter during this season at relatively high latitudes (Cole et 

al., 1995; Hébert, Dumont, & Paquet, 1998; Smolders, de Kort, & Van den Berg, 2013). 
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In addition to prior light dose, it is also known that, in general, people experience 

less vitality and a lower mood (although not at a clinical level as seen in seasonal 

affective disorder) when the light period is short in autumn/winter compared to long in 

spring/summer (Harmatz et al., 2000; Kasper, Wehr, Bartko, Gaist, & Rosenthal, 1989; 

Murray, Allen, & Trinder, 2001). Because of this, it can be expected that more bright 

light-induced improvements in vitality and mood can be attained in autumn/winter 

compared to spring/summer. In fact, previous research has shown that participants may 

be more responsive to bright light-induced positive NIF effects when they feel more 

mentally fatigued (Smolders & de Kort, 2014) or less energetic (Smolders, de Kort, & 

Van den Berg, 2013). In contrast to mood and vitality, cognitive performance seems to 

be quite stable across seasons (Meyer et al., 2016) or even better in winter on certain 

tasks (Brennen, Martinussen, Ole Hansen, & Hjemdal, 1999). It should be noted, 

however, that although performance may remain stable, the strength of brain activation 

responses during performance seems to vary across seasons (Meyer et al., 2016). 

Moreover, Meyer et al. (2016) found that the strength of seasonality in cognitive brain 

responses may be dependent on the type of task that is performed (e.g. vigilance versus 

working memory tasks). Therefore, possible seasonality of acute NIF effects of 

illuminance on cognitive performance may depend on the type of task that is performed. 

The current study examined potential seasonal variations in NIF-responsiveness 

to diurnal bright light exposure in healthy day-active participants under naturalistic 

conditions. This was realized by replicating a study in autumn/winter, which had 

previously been performed in spring (reported in Huiberts et al., 2016). A secondary goal 

was to examine time-of-day dependent moderations in NIF-responsiveness in 

autumn/winter (morning versus afternoon), and compare these potential dependencies 

with the results obtained in the study conducted in spring. Hence, NIF effects of 

relatively bright (1700 lx at the eye level) versus regular office lighting (165 lx at the eye 

level) on both subjective (vitality, alertness, and mood) and objective indicators (task 

performance and physiology) were compared between seasons and between morning and 

afternoon. The study conducted in spring had shown some, but fairly modest effects of 

bright light exposure, which were also dependent on type of task and/or time of day 
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(Huiberts et al., 2016). Significant improvements emerged during 1700 lx (versus 165 lx) 

exposure on difficult working memory performance, but not on psychomotor vigilance 

performance, nor easy working memory performance. Subjective indicators of vitality, 

alertness and mood also remained unaffected by the light manipulation. Physiological 

indicators – heart rate (HR) and skin conductance levels (SCL) – measured during 

cognitive tasks were higher under 1700 lx exposure compared to 165 lx exposure, but 

only significantly so for HR during PVT performance in the afternoon and for SCL 

during easy working memory performance. 

For the current study, it was expected that subjective indicators of alertness, 

vitality and mood, as well as objectively measured sustained attention (Psychomotor 

Vigilance Task, PVT), would show stronger responses to bright (1700 lx) versus regular 

office lighting (165 lx) in autumn/winter as opposed to the null effects found in spring 

(Huiberts et al., 2016). Improvements in working memory were also expected to be more 

pronounced in autumn/winter than they had been in spring. Improvements in 

performance, mood, alertness, and vitality were expected to be stronger in the morning 

compared to the afternoon, since prior light dose is likely shorter and less intense in the 

morning. Moreover, previous studies also revealed more pronounced NIF effects in the 

morning compared to the afternoon (Smolders et al., 2012; Smolders, de Kort, & Van 

den Berg, 2013). Last, seasonal and time-of-day variations in the direction and 

magnitude of bright light-induced NIF effects on physiology were exploratory in nature 

since diurnal acute NIF effects on physiology are relatively underexplored and quite 

inconsistent (Huiberts et al., 2016; Rüger, Gordijn, de Vries, et al., 2005; Smolders & de 

Kort, 2014; Smolders et al., 2012). 
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4.2 Method 

 

4.2.1 Design 

 

The current (autumn/winter) study replicated a study performed in spring, be it that the 

original study included three illumination levels, whereas the current one only included 

the two outer levels (highest and lowest). Moreover, no blood pressure measurements 

were taken in the autumn/winter study. The study therefore employed a 2 (Light: 165 

versus 1700 lx at the eye level, within) × 2 (Season: autumn/winter versus spring, 

between) × 2 (Time of day: morning versus afternoon, between) mixed-model design. 

Participants were randomly assigned to either the morning (9:00 to 10:30) or the 

afternoon (15:45 to 17:15) session, and to the order of the lighting conditions in a 

counterbalanced design. Dependent variables included performance (Psychomotor 

Vigilance Task (PVT) and Backwards Digit-Span Task (BDST)), physiology (heart rate 

(HR) and skin conductance level (SCL)), and subjective self-reports of sleepiness, 

vitality, and mood. Participants received a different BDST version (i.e. different number 

sequences) in each session. The order of BDST versions was counterbalanced across 

participants. 

The autumn/winter study was conducted from 30 November 2015 to 23 February 

2016. The spring study had run from 16 March 2015 to 5 June 2015 (Huiberts et al., 

2016). The average photoperiod of the days in autumn/winter was 9 hours and 17 

minutes and average sunrise was at 8:29. In spring, the average photoperiod was 14 

hours and 12 minutes and average sunrise was at 6:08. 

 

4.2.2 Participants 

Thirty-nine participants completed both the 165 lx and the 1700 lx condition in spring; 

thirty-three participants participated in the autumn/winter study (one subject only 

participated in the 165 lx condition). Participant characteristics can be viewed in Table 8. 

Respondents were recruited via the university’s participant database. All participants had 

normal or corrected to normal vision (contact lenses or glasses) and no hearing or 
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motoric impairments. They were not taking any medication other than birth control. 

Additional exclusion criteria were cardiovascular disease, time-zone travel or night shift 

work during the month preceding the study, or an extreme chronotype for the relevant 

age group (18–30 years age category). The chronotype score was established with the 

Munich Chronotype Questionnaire (MCTQ; Roenneberg, Wirz-Justice et al., 2003). 

Participants falling outside the 25%–75% range of midpoint of sleep on free days 

(corrected for accumulated sleep pressure) were excluded from participation. In other 

words, all chronotype values ranged between 3.74 and 5.75 (Zavada et al., 2005), except 

for one participant. Accidentally, one person with a chronotype value below her age-

related category range (3.37) participated in the autumn/winter study. Her data were 

included in the analyses as the chronotype value was no outlier in the autumn/winter 

sample and because we corrected for the chronotype in each analysis. 

 

4.2.3 Setting 

The study was performed in a simulated office environment at the Eindhoven University 

of Technology. For detailed specifications of the laboratory space, see Huiberts et al. 

(2016). A 15.6-inch laptop was placed on the desk with a keyboard, in-ear headphones 

and a mouse. There was no daylight contribution during the experimental sessions. 

Specifications of the ceiling luminaires used in both studies are reported in 

Huiberts et al. (2016). This section also describes the photon density, irradiance, and 

illuminance horizontally at the table level, and depicts the spectral power distribution for 

each lighting condition. Alpha-opic illuminance values per photoreceptor for corneal 

spectral irradiance can be viewed in Table 9. These were computed using the toolbox 

developed by Lucas et al. (2014), assuming healthy human eyes (32 years old) and 

dilated pupils (7 mm). 
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Table 8. General participant characteristics per season and time of day. 

 

 

Table 9. Spectrally-weighted -opic lx levels at eye level for each lighting  

condition based on calculations of Lucas et al. (2014). 

  max 
-opic lx value 

(165 lx) 
-opic lx value 

 (1700 lx) 

Melanopsin 480.0 130 1267 

S-cone 419.0 135 1303 

M-cone 530.8 153 1575 

L-cone 558.4 158 1662 

Rods 496.3 142 1413 

  

 Spring 
Autumn/ 

Winter 

 Morning Afternoon Morning Afternoon 

Number of participants 18 21 17 17 

Number of males 7 4 6 9 

Number with 165 lx 
first 

10 10 9 9 

Mean age (SD) 
21.72  
(2.02) 

20.81  
(2.18) 

20.71  
(2.11) 

20.47  
(2.43) 

 Morning 

M (SD) 
Afternoon 

M (SD) 
Morning 

M (SD) 
Afternoon 

M (SD) 

Chronotype (MCTQ) 
4.74 

(0.62) 
4.68 

(0.55) 
4.78 

(0.67) 
4.55 

(0.45) 

General fatigue 
3.41 

(0.75) 
3.34 

(0.81) 
3.08 

(0.94) 
3.40 

(0.75) 

General sleep quality 
3.94 

(1.26) 
4.48 

(1.89) 
4.71 

(2.44) 
4.94 

(2.30) 

Light sensitivity 
2.15 

(0.71) 
2.10 

(0.75) 
1.96 

(0.69) 
2.17 

(0.86) 

Trait vitality 
4.69 

(1.05) 
4.82 

(1.18) 
5.13 

(0.84) 
4.83 

(0.81) 
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4.2.4 Procedure 

Before participating in the study, participants completed a set of questionnaires online 

probing possible confounding variables (i.e. chronotype, global sleep quality, light 

sensitivity, general fatigue, and trait vitality). Participants came to the lab on two 

separate occasions at the same time of day (with at least two days in between sessions). 

In both studies, participants were instructed to keep their sleep onset and offset similar to 

their habitual sleep schedule (based on their sleep timing on workdays indicated in the 

MCTQ) two days before each session. 

An overview of the procedure of one session is depicted in Figure 11. At the start 

of each laboratory session, participants were guided to their workstation (120 lx at the 

eye level) and were asked to apply the physiological sensors measuring the heart rate 

(HR) and skin conductance level (SCL) according to instructions. Subsequently, 

participants were informed about the procedure and completed a practice phase in which 

they completed questionnaires regarding state sleepiness, vitality, and mood, and briefly 

practiced the PVT and BDST trials. Subsequently, participants started with the four 

repeated measurement blocks as depicted in Figure 11. After the first measurement block 

(baseline), illumination levels were switched from 120 lx to either 165 or 1700 lx at the 

eye level, depending on the experimental condition. Participants then completed three 

additional measurement blocks (52 minutes in total) during the light exposure and 

afterwards completed some closing questionnaires (see Sections 4.2.5.4 and 4.2.5.5). 

In the autumn/winter study, participants also participated in an experience 

sampling protocol probing subjective alertness, vitality, mood, and self-control capacity 

and wore a small light sensor on their clothes prior to and after participating in the 

experiment. Since these data cannot be compared with the spring study, they are not 

reported here and the methodology is not detailed further in the current article. 

Participants of the autumn/winter study received a 35-euro compensation after 

completing both experimental sessions and the ESM protocol. Participants of the spring 

study received a 45-euro compensation after completing all three experimental sessions 

(165 lx, 600 lx, and 1700 lx). Both studies were approved by the ethical board of the 

Human-Technology Interaction group in Eindhoven.  
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Figure 11. Overview of the experimental design. Note. SI stands for Subjective Indicators. 

 

 

4.2.5 Measurements 

 

4.2.5.1 Task performance 

Vigilance was measured by average reaction speed in a 10-min auditory PVT as 

developed by Dinges and Powell (1985). During the PVT, participants rested their 

dominant hand on the space bar and pushed the space bar as fast as possible upon 

hearing a short beep. Beeps (400 Hz) were presented at random intervals ranging 

between 6 and 25 s. Average reaction speed (s−1; 1000/reaction time in milliseconds) was 

computed per measurement block, for all trials, for the 10% fastest trials, and for the10% 

slowest trials. 

The second task was an auditory Backwards Digit-Span Task (BDST). 

Participants heard sequences of digits presented at a rate of 800 ms per digit, and then 

reproduced the full sequence of digits in reversed order on a QWERTY keyboard. The 

length of sequences increased gradually from four digits to eight digits (four trials per 

length). Maximum response time was 2 s plus 2.3 s for every digit in the sequence. We 

computed the percentage of correctly reported full digit-spans per measurement block for 

easy trials (lengths four to six) and for difficult trials (lengths seven and eight) 

separately. 
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4.2.5.2 Physiological indicators 

Physiological arousal was assessed by the heart rate (HR) and skin conductance level 

(SCL). Both were recorded using the TMSi software with a sampling frequency of 1024 

Hz. Three Kendall H124SG ECG electrodes were applied for HR measurement using the 

lead-II placement: the first one (ground) on top of the collar bone near the left shoulder, 

the second one under the collar bone near the right shoulder and a third one underneath 

the left ribs. Average HR values (beats per minute (bpm)) were calculated from the RR 

intervals in the raw electrocardiography (ECG) data. Separate scores were computed per 

task (PVT, easy BDST, difficult BDST) and per measurement block using Matlab 

R2013a. One experimental session from the autumn/winter study was excluded from the 

analyses as HR recordings failed during the light exposure session (165 lx at the eye 

level). Two experimental sessions (165 lx and 1700 lx at the eye level) from the spring 

study were excluded from analyses due to failed HR recordings. 

Two electrodes on the distal phalanges of the left middle and ring finger recorded 

SCL (in Siemens). Again, we computed average SCL values separately for the PVT, 

easy BDST trials, and difficult BDST trials using Matlab R2013a. SCL data of both 

sessions of two participants and one 1700 lx session in the autumn/winter study were 

excluded from the analyses due to failed recordings. In the spring study, SCL data of 

both sessions of two participants were excluded due to failed recordings. 

 

4.2.5.3 Subjective sleepiness, vitality, and mood 

Participants’ subjective sleepiness was examined with the Karolinska Sleepiness Scale 

(KSS, Åkerstedt and Gillberg (1990)), a 9-point scale running from 1 (extremely alert) to 

9 (extremely sleepy–fighting sleep). Subjective vitality was assessed with four items 

(energetic, alert, sleepy (reversed), lacking energy (reversed); winter = 0.86; spring = 0.88) 

adopted from the activation-deactivation checklist (Thayer, 1967). Mood had three 

components: tension was assessed with two items (tense and calm (reversed); winter = 

0.57; spring = 0.64) adopted from the activation-deactivation checklist (Thayer, 1967); a 

single item probed positive affect (‘happy’) and one probed negative affect (‘sad’). All 

items had 5-point rating scales from 1 (definitely not) to 5 (definitely).  
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4.2.5.4 Evaluation of the lighting condition 

Participants evaluated the lighting in the room at the end of each session using items 

adopted from Flynn et al. (1973). Three items probed the experienced pleasantness of the 

lighting (‘unpleasant – pleasant’, ‘uncomfortable – comfortable’, ‘disturbing – not 

disturbing’; winter = 0.73; spring = 0.85). Three single items measured experiences 

concerning the colour of the lighting (‘warm – cold’), brightness (‘dim – bright’) and 

whether the lighting was activating (‘relaxing – stimulating’), all on 5-point rating 

scales. 

 

4.2.5.5 Possible confounding variables 

Several potential confounding variables were assessed before the start of the experiment. 

These included the Munich Chronotype Questionnaire (Roenneberg et al. (2003); the 

Pittsburg Sleep Quality Index, using a calculated scale ranging from 0 to 21 (Buysse et 

al. (1989); the Checklist Individual Strength using a 7-point rating scale (Vercoulen et al. 

(1999), with winter = 0.92 and spring = 0.89); Trait Subjective Vitality using a 7-point 

rating scale (Ryan and Frederick (1997), with winter = 0.81 and spring = 0.91); and a 3-

item subjective light sensitivity scale (winter = 0.73 and spring = 0.61) adopted from 

Smolders et al. (2012) using 5-point rating scales. After the last measurement block, 

participants completed a short questionnaire measuring sleep onset and offset, sleep 

quality of the preceding night (scale from 0-100), time spent outside, travelling time 

outside, caffeine and food consumption during the hour before the start of the 

experiment and total consumption of caffeinated drinks since awakening. 

 

4.2.6 Statistical analyses 

Preparatory Linear Mixed Model (LMM) analyses with Participant added as independent 

random intercept and BDST version as fixed factor were conducted to investigate 

baseline differences in performance on BDST easy versus difficult trials to examine 

whether the two BDST tasks indeed significantly differed in the difficulty level. 

Subsequent preparatory LMM analyses examined possible significant differences in 

baseline scores and confounding variables at the session level, as well as possible 



Chapter 4 - Seasonal and time-of-day variations in acute non-image forming effects 
_____________________________________________________________________________ 

114 
 

significant differences in trait confounders (i.e. chronotype, general sleep quality, general 

fatigue, light sensitivity and trait vitality) between seasons and timing of the session (i.e. 

morning or afternoon). 

LMM analyses were then conducted to investigate Light * Season interactions in 

the combined sample of participants who participated in spring or autumn/winter. The 

hierarchical model for performance and physiological indicators consisted of the levels 

‘Participant’, ‘Experimental session’ and ‘Block’. The participant identifier variable was 

included as random intercept in the analyses and Block was assigned as repeated variable 

nested within Experimental session, nested within participants. The model was run for 

each dependent variable separately. LMM analyses without a repeated measurement 

structure for Block were carried out to test the effect of Light * Season on sleepiness, 

vitality, mood, and light appraisals as these measures were only administered at the end 

of the light manipulation. Post hoc tests comparing lighting conditions per seasons were 

performed in case significant Light * Season interactions were found. In case no Light * 

Season interactions were found, main effects of Light were examined and reported for 

the combined sample. For these post hoc tests, Estimated Marginal Means (EMM’s) and 

Standard Errors (SE’s) were reported. 

Secondary LMM analyses were conducted investigating Light * Time of day and 

Light * Block interactions in the autumn/winter sample only, as this was also done in the 

study conducted in spring (Huiberts et al., 2016). This was done in order to examine 

whether effects were more pronounced in the morning or in the afternoon, and whether 

they occurred immediately after the light manipulation or more toward the end of the 1-

hour light exposure. In case a significant interaction effect of Light * Time of day or 

Light * Block was found, post hoc tests with Bonferroni correction were used to 

investigate differences between lighting conditions during respectively morning versus 

afternoon and each measurement block. In view of a concise results section, only 

statistically significant main and interaction effects of Light were reported. All LMM 

analyses included (if applicable) main effects of Block and Time of day as fixed factors 

to control for time-on-task and time-of-day effects. Moreover, all analyses were 

corrected for baseline values of the corresponding outcome measure and the same 
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individual characteristics (see Section 4.2.5.5) as in the study conducted in spring (i.e. 

chronotype, light sensitivity and general fatigue). These control variables were chosen 

because they were not inter-correlated (all p’s  0.08), to avoid potential 

multicollinearity, while other potential control variables were significantly correlated 

with these or other variables in the model (e.g. Time of day). 

Effect sizes (pseudo R2-values (R2pseudo)) were calculated for models containing 

statistically significant or near-significant (p < 0.10) main or interaction effects of Light. 

R2pseudo indicates the proportion (percentage) of reduction in variance of residuals from 

the null-model to the final (full) model at level two (Raudenbush & Bryk, 2002). Note 

that the full models also contain baseline measurements, covariates and (if applicable) 

Season, Time of day, and Block as predictors for the outcome measures. Therefore, the 

total reduction in residual variance includes the variance explained by all of these 

variables compared to the null-model. 

 

 

4.3 Results 

 

4.3.1 Preparatory analyses 

 

4.3.1.1 Manipulation check for easy versus difficult BDST performance 

In order to investigate whether long BDST trials (length seven and eight) were indeed 

more difficult than short trials (length four until six) in the combined sample, a LMM 

analysis was conducted including Task type as predictor. This analysis revealed a 

significant main effect of Task type on BDST performance (F(1,186) = 353.27, p < 

0.001), indicating that participants performed significantly better (in terms of percentage 

correct) on the easy trials (EMM = 80.77%; SE = 2.19%) compared to the difficult trials 

(EMM = 37.60%; SE = 2.37%). 
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4.3.1.2 Comparison of background variables: General characteristics and charac- 

teristics measured at session level 

Table 8 shows the average values for chronotype, general fatigue, general sleep quality, 

light sensitivity, and trait vitality per season and per time of day. LMM analyses showed 

no significant main effects of Season and no significant Season * Time of day 

interactions for these variables. Table 10 shows the values for several self-reported 

variables measured at the session level (hours spent in bed, sleep quality, sleep inertia, 

travel time to the laboratory and total time spent outside before the session). Only one 

significant two-way interaction of Light * Season was found for sleep quality (F(1,72) = 

5.55, p = 0.02). However, post hoc tests did not reveal any significant differences 

between sessions per season (both p’s > 0.06). 

 

4.3.1.3 Baseline differences in outcome variables 

A few significant differences between the sample tested in autumn/winter versus the 

sample tested in spring at baseline were found (see Table 11). Participants performed 

significantly better on BDST easy trials in spring compared to autumn/winter and were 

significantly more sleepy and less vital at baseline in spring compared to autumn/winter. 

In addition, participants had a significantly higher HR during the PVT and the BDST 

difficult trials and had significantly higher SCL during all tasks in autumn/winter 

compared to spring (see Table 11 for post hoc EMM’s and SE’s). Table 12 shows 

baseline scores for each of the outcome variables for the autumn/winter and the spring 

sample, in the morning and afternoon, for both lighting conditions. Significant Season * 

Time of day * Light interactions at baseline were only found for SCL during PVT and 

BDST performance (see Table 12 for post hoc EMM’s and SE’s). 
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Table 10. Values of possible confounding variables: characteristics measured at session level. 

Note. EMM stands for Estimated Marginal Mean and SE stands for Standard Error. 

 

 

4.3.1.3 Baseline differences in outcome variables 

A few significant differences between the sample tested in autumn/winter versus the 

sample tested in spring at baseline were found (see Table 11). Participants performed 

significantly better on BDST easy trials in spring compared to autumn/winter and were 

significantly more sleepy and less vital at baseline in spring compared to autumn/winter. 

In addition, participants had a significantly higher HR during the PVT and the BDST 

difficult trials and had significantly higher SCL during all tasks in autumn/winter 

compared to spring (see Table 11 for post hoc EMM’s and SE’s). Table 12 shows 

baseline scores for each of the outcome variables for the autumn/winter and the spring 

sample, in the morning and afternoon, for both lighting conditions. Significant Season * 

Time of day * Light interactions at baseline were only found for SCL during PVT and 

BDST performance (see Table 12 for post hoc EMM’s and SE’s).  

 Spring Autumn/ 

Winter 

 Morning Afternoon Morning Afternoon 

 
165 lx 

EMM 

(SE) 

1700 lx 

EMM 

(SE) 

165 lx 

EMM 

(SE) 

1700 lx 

EMM 

(SE) 

165 lx 

EMM 

(SE) 

1700 lx 

EMM 

(SE) 

165 lx 

EMM 

(SE) 

1700 lx 

EMM 

(SE) 

Hours in bed (night 
before session) 

8.20  
(0.23) 

8.11  
(0.23) 

8.12  
(0.21) 

7.60  
(0.21) 

7.86  
(0.23) 

7.83  
(0.24) 

8.00  
(0.25) 

7.92  
(0.24) 

Sleep inertia (min.) 
21.80  
(4.41) 

22.24  
(4.41) 

20.57  
(4.09) 

24.00  
(4.09) 

24.71  
(4.56) 

20.36  
(4.56) 

27.26  
(4.71) 

30.46  
(4.81) 

Sleep quality  
previous night 

63.97  
(5.43) 

62.36  
(5.43) 

67.44  
(5.03) 

57.96  
(5.03) 

57.29  
(5.61) 

65.23  
(5.61) 

54.75  
(5.79) 

64.91 
(5.94) 

Travel time (outside; 
min.) 

17.29  
(2.52) 

13.40  
(2.52) 

14.84  
(2.34) 

11.56  
(2.34) 

18.56  
(2.61) 

19.85  
(2.61) 

12.50  
(2.69) 

11.34  
2.76) 

Total time outside 
before session (min.) 

21.91  
(7.50) 

14.69  
(7.50) 

57.48  
(6.95) 

57.81  
(6.95) 

17.03  
(7.76) 

18.92  
(7.76) 

44.63 
(8.01) 

48.24  
(8.19) 



Chapter 4 - Seasonal and time-of-day variations in acute non-image forming effects 
_____________________________________________________________________________ 

118 
 

 

Table 11. Baseline scores of the outcome variables for the autumn/winter and the spring sample. 

Note. EMM stands for Estimated Marginal Mean and SE stands for Standard Error. Significant 

differences are indicated in bold. * p < 0.05; ** p < 0.01; *** p < 0.001.  

 
Spring 

Autumn/ 

Winter 

 EMM 

(SE) 

EMM 

(SE) 

Overall speed on PVT 2.83 
(0.06) 

2.88 
(0.06) 

BDST easy trials 
84.63% 

(2.04%) 

76.92%* 

(2.23%) 

BDST difficult trials 
42.40% 
(3.90%) 

35.53% 
(4.23%) 

HR during PVT 
74.10 

(1.39) 

78.20* 

(1.50) 

HR during BDST easy trials 
75.76 
(1.41) 

79.42 
(1.53) 

HR during BDST difficult trials 
75.34 

(1.42) 

79.55* 

(1.54) 

SCL during PVT 
3.21 

(0.34) 

5.02** 

(0.37) 

SCL during BDST easy trials 
3.98 

(0.38) 

6.26*** 

(0.41) 

SCL during BDST difficult trials 
4.01 

(0.35) 

5.92** 

(0.38) 

Sleepiness 
5.43 

(0.25) 

4.56* 

(0.28) 

Vitality 
2.96 

(0.10) 

3.27* 

(0.11) 

Tension 
2.26 

(0.11) 
2.20 

(0.12) 

Happy 
2.82 

(0.10) 
2.72 

(0.11) 

Sad 
1.58 

(0.09) 
1.44 

(0.10) 
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Table 12. Baseline scores for the autumn/winter and the spring sample, in the morning and 

afternoon, for both lighting conditions. 

Note. EMM stands for Estimated Marginal Mean and SE stands for Standard Error. Significant 

differences between lighting conditions at baseline are indicated in bold. * p < 0.05. 

 Spring Autumn/Winter 

 Morning Afternoon Morning Afternoon 

 
165 lx 

EMM 

(SE) 

1700 lx 

EMM 

(SE) 

165 lx 

EMM 

(SE) 

1700 lx 

EMM 

(SE) 

165 lx 

EMM 

(SE) 

1700 lx 

EMM 

(SE) 

165 lx 

EMM 

(SE) 

1700 lx 

EMM 

(SE) 

Overall speed on PVT 2.82 
(0.09) 

2.85 
(0.09) 

2.88 
(0.08) 

2.78 
(0.08) 

2.86 
(0.09) 

2.86 
(0.09) 

2.87 
(0.09) 

2.95 
(0.1) 

BDST easy trials (% 
correct) 

84.60 
(3.78) 

85.06 
(3.78) 

84.22 
(3.50) 

84.62 
(3.50) 

77.10 
(3.91) 

71.22 
(3.91) 

76.88 
(4.04) 

82.49 
(4.14) 

BDST difficult trials (% 
correct) 

40.84 
(6.60) 

41.64 
(6.75) 

44.76 
(6.11) 

42.37 
(6.11) 

27.30 
(6.85) 

30.98 
(6.85) 

34.22 
(7.07) 

49.63 
(7.22) 

HR during PVT 
76.35 
(2.26) 

75.74 
(2.31) 

71.57 
(2.13) 

72.74 
(2.09) 

79.91 
(2.40) 

77.90 
(2.35) 

78.97 
(2,42) 

76.01 
(2.47) 

HR during BDST easy 
trials ) 

77.86 
(2.78) 

76.19 
(2.32) 

73.82 
(2.14) 

75.17 
(2.11) 

80.75 
(2.41) 

78.02 
(2.36) 

80.89 
(2.44) 

78.03 
(2.48) 

HR during BDST 
difficult trials 

76.79 
(2.32) 

76.44 
(2.36) 

73.22 
(2.18) 

74.89 
(2.14) 

79.21 
(2.45) 

79.53 
(2.40) 

81.31 
(2.48) 

78.14 
(2.52) 

SCL during PVT 3.82 
(0.58) 

3.19 
(0.58) 

2.70 
(0.53) 

3.19 
(0.53) 

5.24 

(0.58) 

6.50* 

(0.61) 

4.62 
(0.60) 

3.70 
(0.61) 

SCL during BDST easy 
trials 

4.80 
(0.73) 

3.98 
(0.73) 

3.21 
(0.69) 

3.93 
(0.67) 

6.03 
(0.76) 

7.21 
(0.81) 

6.97 

(0.75) 

4.82* 

(0.77) 

SCL during BDST 
difficult trials 

4.74 
(0.61) 

4.00 
(0.61) 

3.25 
(0.57) 

4.07 
(0.56) 

6.01 
(0.63) 

6.84 
(0.67) 

6.14 

(0.63) 

4.69* 

(0.64) 

Sleepiness 
5.16 

(0.44) 
5.21 

(0.44) 
5.48 

(0.41) 
5.86 

(0.41) 
4.96 

(0.46) 
5.08 

(0.46) 
3.91 

(0.47) 
4.23 

(0.48) 

Vitality 3.07 
(0.17) 

3.07 
(0.17) 

2.89 
(0.16) 

2.81 
(0.16) 

3.18 
(0.18) 

3.22 
(0.18) 

3.39 
(0.19) 

3.29 
(0.19) 

Tension 2.20 
(0.19) 

2.39 
(0.19) 

2.14 
(0.18) 

2.31 
(0.18) 

2.25 
(0.20) 

2.01 
(0.20) 

2.30 
(0.21) 

2.23 
(0.21) 

Happy 
2.95 

(0.17) 
2.78 

(0.17) 
2.81 

(0.15) 
2.76 

(0.15) 
2.89 

(0.17) 
2.95 

(0.17) 
2.49 

(0.18) 
2.55 

(0.18) 

Sad 
1.55 

(0.15) 
1.66 

(0.15) 
1.48 

(0.14) 
1.62 

(0.14) 
1.42 

(0.15) 
1.60 

(0.15) 
1.49 

(0.16) 
1.25 

(0.16) 
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4.3.2 Main, season-, and time-of-day-moderated effects of light on performance 

 

4.3.2.1 PVT performance 

Average speed during the PVT revealed no significant main effect of Light, nor a 

significant Light * Season interaction. However, subsequent LMM analyses on the 

autumn/winter data did render a significant Light * Time of day interaction (F(1,26) = 

5.66, p = 0.03; R2pseudo = 10.81%), which had not emerged in spring (F(1,46) < 1, ns.). 

Post hoc tests indicated that participants responded significantly faster in the morning 

when exposed to 1700 lx (EMM = 2.81; SE = 0.04) compared to 165 lx (EMM = 2.69; 

SE = 0.04; p = 0.02), but not in the afternoon (see Figure 12). Indeed, a LMM in the 

combined dataset only including morning sessions also rendered a significant Light * 

Season interaction on average speed (F(1,31) = 6.24, p = 0.02; R2pseudo = 9.77%). This 

improvement was largely due to an increase in speed on the 10% slowest trials, as 

demonstrated by a similar Light * Time of day interaction for this indicator (F(1,34) = 

9.66, p = 0.004; R2pseudo = 21.14%). Speed on the 10% slowest trials was significantly 

higher in the morning when participants were exposed to 1700 lx (EMM = 2.31; SE = 

0.05) compared to 165 lx (EMM = 2.14; SE = 0.05; p = 0.005), while again there was no 

significant difference between lighting conditions in the afternoon. 

 

4.3.2.2 BDST performance 

LMM analyses revealed no significant Light * Season interaction or main effect of Light 

on easy BDST performance (see Figure 12). 

In contrast, for difficult BDST performance a significant Light * Season 

interaction was found (F(1,106) = 17.61, p < 0.001; R2pseudo = 9.38%). Post hoc tests 

revealed that participants performed significantly better on the difficult BDST trials in 

spring when they were exposed to 1700 lx (EMM = 49.75%; SE = 2.51%) compared to 

165 lx (EMM = 43.11%; SE = 2.51%; p < 0.01). In autumn/winter, however, participants 

performed significantly worse when they were exposed to 1700 lx (EMM = 34.20%; SE 

= 2.77%) compared to 165 lx (EMM = 42.50%; SE = 2.73%; p < 0.01). LMM analyses 

conducted for the autumn/winter sample revealed a significant Light * Time of day 
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interaction (F(1,44) = 5.72, p = 0.02; R2pseudo = 20.69%). Post hoc tests showed that 

participants performed significantly worse on difficult trials when exposed to 1700 lx 

(EMM = 30.94%; SE = 3.78%) compared to 165 lx (EMM = 46.81%; SE = 3.56%; p < 

0.001) in the afternoon, but not in the morning (see Figure 12). 

 

 

4.3.3 Main, season-, and time-of-day-moderated effects of Light on physiological 

arousal 

 

4.3.3.1 Effects of light on HR 

LMM analyses on HR only revealed a near-significant effect of Light on HR during PVT 

performance (F(1,73) = 3.22, p = 0.08). Irrespective of season, participants had 

somewhat, but not significantly, higher HR under 1700 lx exposure compared to 165 lx. 

This difference only was significant in spring during PVT performance in the afternoon 

(see Figure 13). For autumn/winter data only, LMM analyses found a near-significant 

interaction effect of Light * Time of day on HR during difficult BDST trials (F(1,37) = 

3.53, p = 0.07; R2pseudo = 61.62%) indicating that participants had somewhat higher HR 

during 1700 lx exposure than during 165 lx exposure in the afternoon but not in the 

morning. See Figure 13 for all EMM’s SE’s per season and time of day. 
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Figure 12. Effects of illuminance on average speed during PVT performance 

and percentage correct during BDST easy and difficult trial performance in the 

morning and afternoon sessions, in spring vs. autumn/winter. Performance 

values during the light exposure are displayed as EMM’s and error bars as SE’s 

resulting from the LMM post hoc analyses. These values are corrected for 

corresponding baseline values. †p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 13. Effects of illuminance on HR during PVT and BDST performance in the morning and 

afternoon sessions, in spring vs. autumn/winter. Average HR values (beats per minute) during the 

light exposure are displayed as EMM’s and error bars as SE’s resulting from the LMM post hoc 

analysis. These values are corrected for corresponding baseline values. †p < 0.1; *p < 0.05. 



Chapter 4 - Seasonal and time-of-day variations in acute non-image forming effects 
_____________________________________________________________________________ 

124 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Effects of illuminance on SCL during PVT and BDST performance in the  

morning and afternoon sessions, in spring vs. autumn/winter. Average SCL values (µSiemens) 

during the light exposure are displayed as EMM’s and error bars as SE’s resulting from the LMM  

post hoc analysis. These values are corrected for corresponding baseline values. †p < 0.1. 
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4.3.3.2 Effects of light on SCL 

During the PVT performance, a significant Light * Season interaction on SCL emerged 

(F(1,63) = 6.94, p = 0.01; R2pseudo = 57.10%.). Post hoc tests revealed that participants 

had significantly higher SCL during the PVT in autumn/winter when they were exposed 

to 165 lx (EMM = 5.98; SE = 0.22) compared to 1700 lx (EMM = 5.36; SE = 0.23; p = 

0.03). In spring, however, participants had higher SCL during the PVT when they were 

exposed to 1700 lx (EMM = 3.92; SE = 0.20) compared to 165 lx (EMM = 3.58; SE = 

0.20) but not significantly so (p = 0.17). 

LMM analyses also revealed a significant Light * Season interaction on average 

SCL during BDST easy trials (FBDSTeasy(1,67) = 4.70, p = 0.03; R2pseudo = 64.32%) but not 

significantly so during difficult trials (FBDSTdiff(1,79) = 3.23, p = 0.08; R2pseudo = 65.05%). 

Similar as during the PVT, post hoc tests revealed that participants had somewhat higher 

SCL during easy BDST performance in autumn/winter when they were exposed to 165 

lx compared to 1700 lx but not significantly so (p = 0.16). In spring, participants had 

higher SCL during the easy BDST when they were exposed to 1700 lx compared to 165 

lx) but also not significantly so (p = 0.11). See Figure 14 for all EMM’s SE’s per season 

and time of day. 

 

 

4.3.4 Main, season-, and time-of-day-moderated effects of light on subjective indicators 

 

4.3.4.1 Sleepiness, vitality and mood 

LMM analyses on sleepiness and vitality ratings revealed a significant Light * Season 

interaction for both measures (resp. F(1,72) = 6.85, p = 0.01; R2pseudo = 21.35% and 

F(1,71) = 4.12, p = 0.05; R2pseudo = 20.25%). Post hoc tests revealed that participants felt 

significantly less sleepy (EMM = 4.33; SE = 0.29) and more vital (EMM = 3.23; SE = 

0.12) under 1700 lx exposure compared to 165 lx exposure (resp. EMM = 5.26; SE = 

0.29 and EMM = 2.91; SE = 0.12) in autumn/winter, while no such differences were 

found in spring (see Figure 15). For autumn/winter data alone, LMM analysis on 

sleepiness revealed a significant Light * Time of day interaction (F(1,33) = 9.29, p < 
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0.01; R2pseudo = 45.81%). Post hoc tests showed that participants felt significantly less 

sleepy during 1700 lx exposure (EMM = 3.86; SE = 0.39) than during 165 lx exposure 

(EMM = 5.81; SE = 0.39; p < 0.001) in the morning, but not in the afternoon (see Figure 

15). In line with this, a significant Light * Time of day interaction was found for vitality 

ratings in autumn/winter (F(1,32) = 6.87, p = 0.01; R2pseudo = 50.98). Post hoc ratings 

revealed that participants felt significantly more vital during 1700 lx exposure (EMM = 

3.43; SE = 0.15) than during 165 lx exposure (EMM = 2.78; SE = 0.15; p = 0.001) in the 

morning, but not in the afternoon (see Figure 15). Light * Time of day interactions for 

subjective sleepiness and vitality in spring did not reach statistical significance (resp. 

F(1,38) = 2.99, p = 0.09; and F(1,39) = 3.83, p = 0.06; see Figure 15). No significant 

main effects of Light or Light * Season interactions were found for mood. 

 

4.3.4.2 Light appraisals 

With respect to pleasantness of the lighting, a main effect of Light was found in the 

combined sample (F(1,143) = 7.37, p < 0.01; R2pseudo = 16.78%), indicating that the 1700 

lx condition was experienced as significantly less pleasant (EMM = 2.98; SE = 0.09) than 

the 165 lx condition (EMM = 3.34; SE = 0.09). However, it should be noted that 

although there was no Light * Season interaction (F(1,143) < 1, ns.), main effects of 

Light on pleasantness of the lighting only reached statistical significance in the spring 

sample (F(2,78) = 9.31, p < 0.001; R2pseudo = 20.48%), but not in the autumn/winter 

sample (F(1,65) = 1.39, ns.). 

As expected, a significant main effect of Light on brightness evaluation was 

found for the combined dataset (F(1,72) = 118.53, p < 0.001; R2pseudo = 54.17%). 

Participants rated the 1700 lx condition as significantly brighter (EMM = 4.59; SE = 

0.07) compared to the 165 lx condition (EMM = 3.35; SE = 0.09). Moreover, a 

significant main effect of Light was found for appraisals related to whether the lighting 

was experienced as activating (F(1,71) = 27.83, p < 0.001; R2pseudo = 28.17%). 

Participants rated the 1700 lx condition as significantly more activating (EMM = 3.80; 

SE = 0.09) than the 165 lx condition (EMM = 3.18; SE = 0.09). 
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Figure 15. Effects of illuminance on feelings of sleepiness and vitality during the 

morning and afternoon sessions in spring vs. autumn/winter. Average sleepiness 

and vitality values during the light exposure are displayed as EMM’s and error 

bars as SE’s resulting from the LMM post hoc analyses. These values are 

corrected for corresponding baseline values. †p < 0.1; *p < 0.05; ***p < 0.001. 

Note. When sleepiness values in spring were compared between 165 lx versus 

1700 lx, instead of 165 lx versus 600 lx versus 1700 lx, a significant effect of 

Light on sleepiness appeared in the afternoon, which showed increased sleepiness 

after 1h of 1700 lx exposure compared to 165 lx. This difference did not reach 

statistical significance during the spring study reported in Huiberts et al. (2016) 

when three light conditions were compared and Bonferroni adjusted for multiple 

comparisons.  
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4.4 Discussion 

The current study investigated seasonal and time-of-day variations in diurnal NIF effects 

of indoor illuminance on cognitive performance, physiology and subjective indicators of 

alertness, vitality, and mood. This was realized by replicating an experiment in 

autumn/winter that was previously performed in spring (Huiberts et al., 2016). By 

combining these data, moderation by season of the NIF effects was examined. It was 

hypothesized that NIF effects of bright (1700 lx at the eye) versus regular (165 lx at the 

eye) indoor lighting would be more pronounced in autumn/winter since, in general, 

people report feeling less vital in autumn/winter compared to spring (Harmatz et al., 

2000; Kasper et al., 1989; Murray et al., 2001) and thus have more room for 

improvement. Moreover, because the prior light dose is likely to be lower in 

autumn/winter compared to spring (see e.g., Smolders, de Kort, & Van den Berg, 2013), 

individuals may experience increased bright light-induced NIF effects due to greater 

responsiveness of the ipRGCs and the subsequent NIF pathway (Chang et al., 2013). 

Findings revealed that seasonal variations in responsiveness to illuminance indeed 

occurred for several indicators, generally demonstrating beneficial NIF effects primarily 

during the darker months of the year. More specifically, seasonal variations in NIF 

effects were quite pronounced for subjective feelings of vitality and alertness. In 

autumn/winter, subjective alertness and vitality significantly improved under morning 

bright light, while in spring no such improvements were found. Notably, two previous 

studies with a similar experimental design (Smolders & de Kort, 2014; Smolders et al., 

2012) did reveal NIF induced improvements on sleepiness and vitality in spring/summer, 

albeit less pronounced than in the autumn/winter period of the current study. Both these 

studies did have higher statistical power – allowing them to detect smaller effects – as 

their design employed repeated measurements for these indicators. 

For mood, however, no effects of bright light exposure were found in either 

autumn/winter or spring. For tension, this is consistent with most earlier studies 

(Huiberts et al., 2015; Smolders et al., 2012). Positive and negative affect had shown 

more inconsistent results earlier. Two studies – conducted in spring – had found no 

significant effects of illuminance on mood (Huiberts et al., 2015; Smolders et al., 2012), 
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whereas two other studies did, even within 30 minutes of bright light exposure (Kaida et 

al., 2007; Smolders & de Kort, 2014). These latter two studies were respectively 

conducted in late summer /early autumn and early spring and yet nonetheless showed 

acute indoor bright light-induced improvements in mood. It should be noted, however, 

that Kaida et al. (2007) employed natural instead of artificial bright light and explored 

effects during lunch time; Smolders and de Kort (2014) manipulated mental state 

(fatigued versus relaxed) before the light exposure period. These differences complicate 

direct comparisons with the current study. Nevertheless, taken together these findings 

suggest that season does not consistently moderate bright light-induced changes in 

mood. 

With respect to seasonal variations in acute NIF effects on performance, results 

on the vigilance task were in line with those of subjective alertness and vitality. That is, 

participants who were exposed to bright light in autumn/winter in the morning sessions 

showed significant improvements on reaction speed during the PVT. In spring, in 

contrast, no such improvements were found. 

Regarding working memory, the light manipulation did not impact performance 

on easy tasks in either season. In contrast, difficult working memory performance was 

differently affected by illuminance in spring versus autumn/winter. Quite unexpectedly, 

participants performed significantly better on difficult trials in spring during bright 

versus regular light, while they performed significantly worse when exposed to bright 

light in autumn/winter. Further inspection of the autumn/winter data revealed that 

participants only performed significantly worse on the difficult trials in the afternoon 

during 1700 lx exposure. A previous study also revealed detrimental effects of bright 

light exposure in the afternoon (1000 lx at the eye level versus 200 lx at the eye level) on 

the same working memory task (Huiberts et al., 2015). Interestingly however, this study 

was conducted in spring. Apparently, indoor bright light may, under certain 

circumstances, interfere with executive functioning and impede performance in the 

afternoon, but NIF effects on working memory are not very consistent (e.g., Gabel et al., 

2015; Huiberts et al., 2015) and seasonal differences alone cannot explain these 

inconsistencies. 
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In addition to the self-report and performance measures, we also studied HR and 

SCL during tasks. Overall, illuminance did not show a significant impact on HR and 

there was no significant moderation of season in NIF effects of light on HR assessed 

during the PVT or BDST. Overall, participants had a somewhat higher HR during bright 

light exposure compared to regular light exposure, but this difference did not reach 

statistical significance. Some previous studies likewise revealed nonsignificant effects of 

illuminance on HR during daytime (Leproult, Colecchia, L’Hermite-Balériaux, & Van 

Cauter, 2001; Rüger et al., 2006). In contrast, one previous study did reveal significant 

increases in HR during a PVT under 1000 lx versus 200 lx (at the eye) in summer, both 

during the morning and afternoon (Smolders et al., 2012). It should be noted, however, 

that a different PVT format was used in this latter study, with shorter inter-stimulus 

intervals. There are some indications that the type of task performed during HR 

recording may influence illuminance-induced effects on HR (Huiberts et al., 2016). 

Moreover, a previous 24h constant routine study revealed that increases in HR when 

exposed to bright light (800 lx at the eye) compared to darkness are strongest during the 

middle of the night and in the early morning and non-significant during daytime (Scheer 

et al., 1999). Overall, these findings suggest that if there are any effects of illuminance 

on HR during daytime, they are expected to be relatively modest. 

In contrast to HR, SCL did show a significant interaction between illuminance 

and season when measured during PVT and easy BDST trials, but not during difficult 

BDST trials. Also here, NIF effects were quite subtle, as post hoc tests only showed a 

significant difference in SCL in winter during PVT performance, with higher SCL 

during regular compared to bright light exposure. The opposite pattern – higher SCL 

during 1700 lx compared to 165 lx exposure, albeit not significantly so, emerged in 

spring. Previous studies had also revealed significantly higher SCL under bright (1000 lx 

at the eye level) versus regular light exposure (200 lx at the eye level) while performing 

a PVT in spring and summer (Smolders & de Kort, 2014; Smolders et al., 2012). 

Although we controlled for baseline differences in our analyses, it should be noted that 

baseline seasonal differences in SCL were detected. Possibly, average SCL was higher in 

winter compared to spring due to large outside versus inside temperature differences 
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which may have led to increased sweating in winter when moving from relatively cold 

(outdoor) to warm (indoor) temperatures. Future research is necessary to investigate 

whether and why illuminance may influence SCL during cognitive tasks in a different 

way in autumn/winter compared to summer/spring. 

In addition to the NIF effects, appraisals regarding the lighting were also 

investigated. As expected, in both seasons 1700 lx was rated as significantly brighter 

compared to 165 lx. In addition, the bright light condition was rated as significantly 

more activating than the regular lighting condition in both seasons. Colour was not rated 

as significantly different between conditions, which makes sense as colour temperature 

was kept constant. Interestingly, participants rated the bright light condition compared to 

the regular light condition as significantly less pleasant in spring, but not in 

autumn/winter. Other similar spring/summer studies also revealed that participants rated 

the bright compared to regular light conditions as significantly less pleasant (Smolders & 

de Kort, 2014; Smolders et al., 2012). Apparently, indoor bright light exposure is more 

tolerated in autumn/winter compared to spring. Since the lighting was rated as similarly 

pleasant in the morning and afternoon in autumn/winter, it is unlikely that improved 

alertness and vitality can explain these seasonal differences. After all, these only 

improved during the morning sessions. Moreover, previous studies conducted in spring 

and summer also found significantly lower pleasantness ratings of bright (1000 lx at the 

eye) versus regular (200 lx at the eye) light while subjective alertness and vitality 

significantly improved (Smolders & de Kort, 2014; Smolders et al., 2012). 

With respect to alertness – measured objectively (vigilance) and subjectively 

(vitality, alertness) – the current findings revealed a moderation by season during the 

morning hours. Two possible hypotheses were formulated that may explain why season 

may moderate NIF effects of indoor illuminance. First, we suggested that people may be 

more responsive to bright light-induced NIF effects during darker months because of 

lower base rates in autumn/winter compared to spring/summer (Harmatz et al., 2000; 

Kasper et al., 1989; Murray et al., 2001). However, this first hypothesis did not apply in 

the current study, as participants in autumn/winter felt significantly more vital and alert 

at baseline than those who participated in spring. Alternatively, we hypothesized that 
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people would be more responsive to light-induced NIF changes due to a lower prior light 

dose (Chang et al., 2013; Do & Yau, 2013; Wong et al., 2005), which is likely in 

autumn/winter compared to spring/summer (Smolders, de Kort, & Van den Berg, 2013), 

particularly in the morning. Based on the current findings, this does appear to be the 

more likely underlying mechanism. The fact that no differences in alertness – whether 

measured objectively or subjectively – were found in the afternoon, may be because 

prior light dose before the afternoon sessions was already relatively high (above 

saturation), even in autumn/winter. The results on physiology and working memory 

performance were more mixed and no consistent moderating role of season was found 

for these indicators. Likely, other factors play a more important role in determining the 

magnitude and direction of illuminance-induced NIF effects on working memory and 

physiology. 

Although the two studies (spring versus autumn/winter) reported in this article 

had a very similar design, it should be noted that the study conducted in spring (Huiberts 

et al., 2016) included a third physiological measure: blood pressure. This meant that 

baseline blood pressure was measured before the start of each session by using an 

automatic blood pressure device and that participants wore a blood volume pulse ear clip 

during the spring sessions. Moreover, the spring study employed a third, intermediate 

light level (600 lx at the eye level). With respect to this latter difference, we consider it 

unlikely that this extra lighting condition would have impacted the results as in both 

studies the order of the lighting condition was counterbalanced and all sessions were 

conducted on separate days. Last, in the autumn/winter study an ESM protocol was 

added before and after the laboratory session and participants wore a light sensor during 

the day of their visit to the lab. Although the laboratory set-up of both the autumn/winter 

and spring study already was quite transparent with respect to the general study goals, as 

participants are not blind to the light manipulation, the ESM protocol and wearing the 

light sensor in autumn/winter might have additionally sensitized participants to the 

general study goals. 

With respect to the study design, we have to acknowledge that we employed a 

between-subjects design, whereas a counterbalanced crossover design, testing the same 
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participants in spring and autumn/winter and counterbalancing the order of season, 

would have been more ideal. Given the high risk of drop-out, we decided to opt for the 

first and employ a between-subjects design in the current study. Considering the positive 

indications in this first exploration, we do recommend testing seasonal variations in NIF 

effects within subjects in the future. 

Overall, we can conclude that season does seem to play a moderating role in acute 

NIF effects of illuminance in case of subjective indicators of alertness and vitality as 

well as objectively measured vigilance during the morning hours. That is, effects of 

indoor bright light exposure were beneficial for these indicators during the morning in 

autumn/winter (even if participants already feel quite vital and alert), while in spring no 

such beneficial effects of bright light exposure were found. It is possible that increased 

NIF-responsiveness to indoor bright light exposure in autumn/winter due to lower 

outdoor lighting levels can explain these differences between seasons (see for example, 

Chang et al., 2013; Do & Yau, 2013; Wong et al., 2005). However, this hypothesis 

should be empirically tested in future research. Findings on the role of season in 

illuminance-induced changes in physiology and working memory performance were 

found to be less consistent and future research is necessary to determine whether season 

plays a consistent moderating role here. 

NIF effects of illuminance on most of the indicators investigated in this study 

(i.e., subjective vitality and sleepiness, vigilance and difficult working memory 

performance) revealed time of day moderation, especially in winter. Practical 

implications for the current findings may be that personalized indoor lighting has to be 

tuned based on time of year and time of day in order to maximize beneficial NIF effects 

of light. Future research on temporal variations in responsiveness to bright light-induced 

NIF effects is necessary to gain more insight in determining the direction and magnitude 

of illuminance-induced changes in subjective, physiological and performance indicators. 



Chapter 4 - Seasonal and time-of-day variations in acute non-image forming effects 
_____________________________________________________________________________ 

134 
 

 

 

 



Chapter 5 - Effects of prior light exposure 
_____________________________________________________________________________ 

135 
 

Chapter 5 

 

Studying acute non-image forming effects of indoor light  

exposure in context: Effects of prior light exposure 

 

 

Abstract 

The current study investigated whether individuals’ recent prior light dose moderated 

acute NIF effects of bright vs. regular indoor lighting levels. To this end, participants 

wore a light sensor close to their eyes the hour before the experiment began on the days 

of the laboratory sessions in which acute NIF effects of bright vs. regular indoor lighting 

levels were investigated. It was examined whether the average illuminance experienced 

during one hour prior to the laboratory session significantly moderated the magnitude 

and direction of acute effects – change scores relative to baseline – of illuminance on 

cognitive performance, physiology and subjective wellbeing in the morning and 

afternoon. It was hypothesized that participants would experience stronger bright light-

induced acute NIF effects when they were exposed to relatively low prior light levels. 

Results revealed that prior light exposure, collected in the field, indeed 

significantly moderated the acute effects of illuminance during the laboratory session on 

subjective feelings of vitality and sleepiness in the morning, but somewhat differently 

than expected. In the morning sessions, participants became significantly less vital and 

more sleepy relative to their baseline score in the lab, in regular light exposure when 

their prior light exposure had been relatively bright; they also became less vital and more 

sleepy than participants who had received relatively less prior light exposure that 

morning. In other words, the dimmer light in the lab appeared to be particularly 

disadvantageous after spending time in brighter conditions earlier. This was not in line 

with our hypotheses. In contrast, but equally surprising, difficult BDST performance 

improved in almost all conditions from baseline to test phase, except for participants 

who received bright light in the lab after also receiving relatively more light prior to the 
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experiment. No significant moderation of prior light dose was found for physiology and 

PVT performance. The current study shows the importance of studying diurnal acute 

NIF effects of indoor lighting in a wider context because of potential moderation of prior 

light dose received by the participants 

 

 

5.1 Introduction 

The main focus of the previous three chapters was on measuring acute NIF-effects of 

illuminance measured in the laboratory during daytime. It is, however, largely unknown 

why these acute NIF effects reveal inconsistencies with respect to the magnitude and 

direction of the effects within one study paradigm, as was the case in these three studies 

as well as previously published research (e.g., Gabel et al., 2015; Smolders & de Kort, 

2014; Smolders et al., 2012).  

There may be various variables (e.g., lighting and personal characteristics) that 

possibly determine the magnitude and direction of acute NIF effects, see for instance 

Cajochen (2007). Since previous studies have found considerable differences in how 

acute NIF effects on cognitive performance were manifested within one study paradigm, 

there are strong indications that inter-individual and intra-individual differences may 

partly explain these differences. A previous field study already found indications for 

moderations in acute NIF effects of light exposure as a function of individuals’ previous 

vitality levels (Smolders, de Kort, & Van den Berg, 2013). That is, participants who 

reported to be less vital during the hour before the measured illuminance-induced NIF 

effects benefitted more from bright light exposure compared to those who already felt 

relatively vital.  

Another interesting, yet understudied factor that may explain the strength of acute 

NIF effects is the received prior light dose (Chang et al., 2013). Prior light dose is 

generally assumed to be of relevance as is evident from the majority of studies in 

chronobiology: most effect studies in that domain employ a substantial period (generally 

multiple hours) of light deprivation before the actual experimental light is offered. In our 

line of studies (and that of several others investigating daytime effects) we have chosen 
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not to include such light deprivation as it may sensitize participants to light 

manipulations to the effect that responses found in diurnal experimental settings do not 

transfer to real life. Hence the studies in this dissertation typically include only a limited 

(half hour) period of baseline lighting of at least 100 lx, to wash out any extreme 

differences in the prior conditions participants may have been in. This however, leaves 

open the possibility that light exposure prior to this baseline influences participants’ 

responses to the light manipulation. 

The study of Chang et al. (2013) investigated the effects of long-term prior light 

dose on nighttime effects of light exposure on cognitive performance and subjective 

alertness. This study revealed that nighttime vigilance performance and subjective 

alertness during a 6.5-hour exposure duration of 90 lx at eye level were significantly 

better if participants had been exposed to 1 lx compared to 90 lx during their biological 

day for three days prior to the measurement of these indicators. Previous in vitro studies 

have also shown that light-induced response sensitivity of intrinsically photosensitive 

Retinal Ganglion Cells (ipRGCs) decreases when prior light exposure is relatively bright 

compared to dim and that regaining maximum light sensitivity during dark adaptation 

can take up to 2 hours (Do & Yau, 2013; Wong et al., 2005). In other words, bright light-

induced effects via the NIF pathway are expected to be stronger when ipRGCs were 

previously adapted to relatively low light levels. 

With respect to acute melatonin suppression at night, one of the most researched 

acute light-induced NIF effects, it has already been found that relatively dim prior 

daytime light exposure of one week compared to one week of bright daytime light 

exposure led to significantly increased melatonin suppression during 3-hour nighttime 

light exposure of 500 lx (Hébert, Martin, Lee, & Eastman, 2002). Although this effect 

only appeared significant in seven of the 12 subjects tested in this study, these findings 

indicate that acute NIF effects experienced by humans may depend on the intensity, and 

likely also the spectral composition, of their prior light dose. In this same line, a more 

recent study by Kozaki, Kubokawa, Taketomi, and Hatae (2016) revealed that the 

strength of acute light-induced melatonin suppression at night depended on light 

exposure that was given to the subjects during that same day in the morning. Light-
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induced melatonin suppression at night showed to be significantly reduced by prior blue-

enriched light exposure of 9584 K, but not by prior white light of 4746 K (both with an 

irradiance of 32.9 W/cm2 and < 10 lx at eye level) in the morning between 9:00 and 

10:30 AM.  

Previous research also investigated the effect of light exposure directly prior to 

the light manipulation on subsequent melatonin suppression (Jasser, Hanifin, Rollag, & 

Brainard, 2006). This study revealed that acute melatonin suppression at night by 460 

nm monochromatic blue light was significantly decreased after two hours of adaptation 

to dim light of only 18 lx at eye level compared to dark adaptation. These findings 

indicate that, during the night, sensitivity of the photoreceptors responsible for acute 

melatonin suppression can already be affected by relatively low prior lighting levels. 

A more recent fMRI study of Chellappa et al. (2014) investigated the effects of 

recent prior light exposure on acute cortical activation during a working memory task 

while participants were exposed to monochromatic green light (515 nm) during the 

daytime. More specifically, they investigated whether a 10-minute prior light adaption to 

either short-wavelength (blue, 461 nm), intermediate wavelength (green, 515 nm), or 

long-wavelength light (orange, 589 nm) followed by a 60-minute dark period influenced 

brain activation responses during subsequent monochromatic green light exposure. The 

results revealed increased light-induced brain activation in prefrontal areas as well as the 

pulvinar when participants were previously exposed to long-wavelength but not to short-

wavelength light. These results suggest that the strength of acute light-induced brain 

activation depends on previous light exposure. However, it has not yet been tested 

empirically whether these moderating effects of prior light exposure also hold for acute 

effects of light on subjective alertness and cognitive performance during daytime. 

Moreover, it is not known whether similar effects of recent prior light exposure occur in 

case of polychromatic white light exposure instead of monochromatic light exposure as 

tested in the study by Chellappa et al. (2014).  

In Chapter 4, it was suggested that differences in prior light exposure in 

autumn/winter vs. spring/summer might (partly) explain the differences in acute NIF 

effects found between seasons. To explore this mechanism further, the current study 
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investigated whether variation in recent prior light dose (one hour before the baseline 

and subsequent light manipulation) could explain subsequent variations in acute NIF 

effects of illuminance in the laboratory within one season. To this end, it was examined 

whether recent prior light exposure played a significant role in the magnitude and/or 

direction of acute diurnal NIF effects of 1-hour bright (1700 lx at eye-level) vs. regular 

office lighting (165 lx at eye-level) on affective state, cognitive performance and 

physiology. Based on previous in vitro studies and studies on melatonin suppression at 

night, it was hypothesized that participants who had experienced relatively bright light in 

the hour prior to the experimental session would show reduced acute beneficial effects of 

bright vs. regular light exposure compared to those who received relatively little light 

beforehand. 

 

 

5.2 Method 

 

5.2.1 Design 

The design of the laboratory experiment was described in Chapter 4 (the autumn/winter 

study). For the current study, data from wearable light sensors were used to examine 

natural variation in participants’ light exposure close to the eye before the experimental 

session. Prior light exposure (relatively dim vs. bright) one hour before the experimental 

session was used as predictor in interaction with Light level (165 lx vs. 1700 lx at eye 

level) to investigate potential moderation.  

 

5.2.2 Participants 

Participants in the study were the same as those described in Chapter 4 (N = 34). 

 

5.2.3 Setting 

The setting during the laboratory experiment was described in Chapter 4. The remainder 

of the day, participants followed their usual daily routine.   
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5.2.4 Procedure 

The procedure of the laboratory experiment was described in Chapter 4. In addition to 

the measurements in the laboratory, participants were asked to wear a light sensor on 

their clothes during the days of their experimental sessions. Participants were instructed 

to put on the light sensor as soon as they got up and to wear the light sensor until they 

went to bed. They were asked to put the light sensor in the same room if wearing was 

impossible (e.g., while showering). The study was approved by the ethical board of the 

Human-Technology Interaction group in Eindhoven. 

 

5.2.5 Measurements 

The measurements used during the laboratory experiment and the questionnaires 

(measuring possible confounding variables) presented before the experiment were 

described in Chapter 4. In this section, the continuous light measurements are described 

in more detail. 

 

5.2.5.1 Hourly light exposure measurements 

To measure hourly light exposure before and after the laboratory sessions in 

autumn/winter, a light sensor developed by Martin (2013) was used (see Figure B1, 

Appendix B). This device is equipped with an AOS TCS34725 photo sensor chip and 

contains four sensor areas; three with colour filters (R, G, and B) and one without a filter 

(C). Spectral sensitivity of each of the sensors can be viewed in Figure B2 (Appendix B). 

The device sampled these four values every 10 seconds and was set to log the average of 

these values for each 2-minute epoch to memory. The photo-sensor chip was located in a 

small plastic white-coloured box, which was equipped with a clip that could be attached 

to the clothes of the participant. It was located on the participants’ clothes as close to the 

eyes as possible (e.g., to the collar of the shirt) to measure light intensity in the vertical 

plane close to the eyes. Average logarithmic transformed lux levels per hour were 

calculated based on the R, G and B sensors and used in the analyses.  
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5.2.6 Statistical analyses 

Preparatory analyses. First, a logarithmic transformation was used for hourly average 

illuminance values (log(E)) to create normally distributed variables. Hourly average 

log(E) levels were then plotted in order to get a general overview of daily light exposure 

received by the participants. This was done separately for each condition (morning vs. 

afternoon exposure and 165 vs. 1700 lx exposure). Subsequently, as a check of the 

reliability of the light log measurements, average illuminance values logged by the light 

sensor during the hour of the light manipulation in the laboratory were calculated and 

Linear Mixed Model (LMM) analyses using the participant identifier variable as random 

intercept were run with Light as fixed predictor to investigate whether lighting levels 

were indeed significantly higher during 1700 lx vs. 165 lx light exposure (separate 

analysis for morning and afternoon sessions). Last, LMM analysis was also conducted to 

investigate whether light levels during the hour prior to each session differed 

significantly between sessions. 

Preparatory LMM analyses further investigated whether prior light exposure 

significantly influenced baseline performance, subjective and physiological indicators. 

This was done separately for morning and afternoon sessions. Analyses were run with 

the participant identifier variable as random intercept, and controlled for chronotype, 

light sensitivity and general fatigue levels. 

 

Hypothesis testing. In order to examine whether prior light dose significantly moderated 

the acute effects of illuminance on each of the outcome variables, Prior light was added 

as a continuous predictor in interaction with Light (1700 lx vs. 165 lx) to the LMM 

analyses. The hierarchical model for performance and physiological indicators consisted 

of the levels ‘Participant’, ‘Experimental session’ and ‘Block’. The participant identifier 

variable was included as random intercept in the analyses, and Block was assigned as 

repeated variable nested within Experimental session, nested within participants. Change 

from baseline scores for each of the outcome measures were used as dependent variables. 

All analyses were controlled for Block, Time of day, and the confounding variables 

described in Chapter 4, namely chronotype, light sensitivity and general fatigue levels. 
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All analyses were done separately for the morning and afternoon sessions. For the 

subjective outcome variables (measured only once during the light exposure) Block was 

not taken into account. 

For visualization, post hoc analyses were conducted which compared participants 

with a relatively high and low prior light dose (median split method). The average log(E) 

level for participants in the low light intensity group was 0.56 (SD = 0.76) during the 

hour before the morning sessions and 2.01 (SD = 0.29) during the hour before the 

afternoon sessions. The average level for participants in the high intensity group was 

2.29 (SD = 0.36) during the hour before the morning session and 2.92 (SD = 0.40) during 

the hour before the afternoon session. Differences in light exposure between the two 

groups one hour before the morning as well as the afternoon session were statistically 

significant (both p’s < 0.05). 

 

 

5.3 Results 

 

5.3.1 Hourly light exposure patterns as measured by the light sensor 

Hourly average light exposure patterns can be viewed in Figure B3 (Appendix B). As 

expected, Figure B3 shows that during the experimental sessions, light intensity levels 

were higher during the timeslots where participants were exposed to bright compared to 

regular light (between 9:30 and 10:30 for persons in the morning session and between 

16:15 and 17:15 in the afternoon session). It also shows that SD’s were quite large, 

indicating large variations in light intensity exposure levels between participants. A 

LMM analysis with condition as within-subject predictor confirmed that the light falling 

on the light sensor during the laboratory experiment was significantly different in the 

1700 vs. the 165 lx condition both in the morning (F(1,24) = 29.24, p < 0.001) and 

afternoon (F(1,14) = 25.03, p < 0.001). Participants had a significantly higher light 

exposure during the 1700 lx condition (EMMmorning = 912 lx; SEmorning =1.29; EMMafternoon 

= 312 lx; SEafternoon =1.29) compared to the 165 lx condition (EMMmorning = 145 lx; 

SEmorning =1.29; EMMafternoon =115 lx; SEafternoon =1.29). 



Chapter 5 - Effects of prior light exposure 
_____________________________________________________________________________ 

143 
 

5.3.2 Baseline differences in prior light dose 

With respect to light dose during the hour before the laboratory session, LMM analyses 

revealed that there were no significant differences in prior light exposure between the 

1700 vs. the 165 lx session (F(1,30) = 2.87, ns.). However, a main effect of Time of day 

was found (F(1,31) = 22.31, p < 0.001). As expected, post hoc tests showed that 

participants had a significantly higher prior light dose in the afternoon (EMM = 288 lx; 

SE =1.45) compared to the morning (EMM = 24 lx; SE =1.45). The interaction between 

Light and Time of day was not significant (F(1,30) < 1, ns.) 

 

5.3.3 Effects of prior light dose on baseline measurements 

Preparatory LMM analyses investigated whether prior light dose significantly affected 

pre-exposure baseline values of the outcome variables. LMM analyses revealed that for 

none of the outcome variables there was a significant effect of prior light dose on 

baseline values (all p’s > 0.10).  

 

5.3.4 Effects of prior light dose on acute NIF effects 

Although no significant baseline differences emerged between the two lighting 

conditions, analyses of the moderating role of prior light exposure on acute NIF effects 

in the laboratory were conducted using calculated differences from baseline scores for 

each of the outcome variables. This was done in order to get a clear view (in subsequent 

figures) on how prior light exposure moderated the outcome variables based on the 

change from baseline (i.e., improvements or decrements). Table 13 shows the average 

difference from baseline score and standard deviation during the lighting manipulation 

for each of the outcome variables. 

Table 14a, 14c and 14d respectively show the statistics of main effects of Light, 

Prior light, as well as Light * Prior light interactions for each of the outcome variables. 

In these tables, significant effects (p < 0.05) are indicated in bold. Table 14a basically 

reports the findings discussed in Chapter 4, only this time computed with difference-

from-baseline scores, whereas in Chapter 4 we included the baseline score as a covariate. 

Note that the statistics for main effects of Light in Table 14a differ from those reported 
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in Chapter 4 because a different model was tested here (including the main effect of 

Prior light and the Light * Prior light interaction) and because change from baseline 

scores were used. Also note that some of these effects (morning data on sleepiness, 

vitality and BDST difficult trials) are qualified by the interactions reported in table 14d. 

For the significant main effects of light in Table 14a, the means and standard errors 

(based on change from baseline scores) for the two lighting conditions per time of day 

are shown in Table 14b. 

Table 14c presents the main effects of Prior light exposure on the changes in 

dependent variables. The table shows that, during the light manipulation sessions in the 

morning, a higher prior light exposure was significantly associated with decreased skin 

conductance and vitality and increased sleepiness relative to baseline. During the 

afternoon sessions, a higher prior light exposure was significantly associated with 

increased BDST easy trial accuracy and decreased positive affect. However, the effects 

of prior light dose on vitality and sleepiness in the morning are almost fully qualified by 

the interactions reported in Table 14d.  

Table 14d reports the interaction effects between Light and Prior Light, in other 

words the moderations of Light effects by prior light exposure. The table reveals that 

several acute NIF effects of illuminance during the laboratory session were significantly 

moderated by prior light dose. BDST difficult trials, subjective sleepiness and vitality 

and negative affect during the morning sessions rendered significant interactions. No 

significant Light * Prior light interactions were found during the afternoon sessions. 

Only a near-significant interaction effect was found for BDST easy trials in the afternoon 

sessions.  

For the significant Light * Prior light interactions found during the morning 

sessions, Figure 16 shows the direction of these effects by grouping participants in 

relatively high and relatively low prior light categories. This is only depicted for effects 

on sleepiness, vitality and BDST performance, as for negative affect no significant 

differences between prior light groups were found for the two lighting conditions (both 

p’s > 0.10). Figure 16 shows that, in the morning, prior light exposure played a 

significant moderating role in the effects of the light manipulation on subjective 
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sleepiness and vitality. Unexpectedly, the results indicated that participants experienced 

a stronger increase in sleepiness and a decrease in vitality under regular indoor light 

exposure (165 lx) when their prior light dose was relatively high compared to low. No 

such difference emerged under bright light exposure (1700 lx) in the lab. The significant 

Light * Prior light interaction for negative affect suggests a similar moderation as for 

feelings of sleepiness and vitality. That is, participants with a relatively high prior light 

dose showed a stronger increase of negative affect during the 165 lx condition compared 

to participants with a relatively low prior light dose. 

 In contrast, but also unexpectedly, participants whose prior light dose had been 

relatively high demonstrated a decrease in BDST performance (difficult trials) during 

bright light exposure, whereas performance increased relative to baseline under regular 

lighting. This latter rise in performance was also seen in participants whose prior light 

dose had been relatively low, regardless of the light condition in the lab (see Figure 16).  

 

Table 13. Difference from baseline scores for each of the outcome variables.  

 Morning Afternoon 

Difference from 

baseline scores for: 

165 lx 

 M (SD) 

1700 lx 

M (SD) 

165 lx 

 M (SD) 

1700 lx 

M (SD) 

PVT speed 

(1000/RT’s in ms.) 
-0.18 (0.21) -0.07 (0.23) -0.09 (0.21) -0.15 (0.22) 

BDST easy  

(% correct trials) 
3.10 (18.41) 11.11 (16.72) 8.82 (19.11) 3.99 (14.17) 

BDST difficult 

(% correct trials)  
7.35 (17.88) 2.94 (20.40) 11.76 (20.52) -8.07 (22.55) 

Sleepiness 

(9-poin scale) 
1.12 (1.76) -0.88 (2.03) 0.59 (2.09) 0.88 (2.45) 

Vitality 

(5-poin scale) 
-0.49 (0.56) 0.15 (0.68) -0.28 (0.74) -0.41 (0.80) 

Happy 

(5-poin scale) 
-0.18 (0.64) 0.00 (0.50) 0.24 (0.97) 0.06 (0.93) 

Sad 

(5-poin scale) 
-0.06 (0.24) -0.06 (0.24) -0.06 (0.56) 0.00 (0.37) 

Tension 

(5-poin scale) 
-0.18 (0.64) 0.26 (0.87) -0.09 (1.19) 0.06 (0.93) 

Overall HR 

(BPM) 
-4.32 (3.44) -3.35 (4.86) -3.73 (4.55) -1.81 (3.85) 

Overall SCL 

(µSiemens) 
0.12 (1.12) -0.27 (0.84) 0.58 (2.55) 0.44 (0.76) 
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Table 14a. Statistics on the main effects of Light on the outcome variables. 

 

 

Table 14b. Means and SE’s for significant main effects of Light. 

 

 

 

 

 

 

 

 

 

  

 Morning Afternoon 

Light main 

effect for: 
Coef. (SE) F(df) p-value Coef. (SE) F(df) p-value 

PVT 0.15 (0.04) 11.94(1, 77) 0.001 -0.00 (0.05) 0.00(1, 92) 0.99 

BDST easy  8.25 (3.19) 6.68(1, 74) 0.01 -1.27 (4.60) 0.08 (1, 93) 0.78 

BDST difficult  -10.56 (4.30) 6.03(1, 81) 0.02 -26.75 (5.67) 22.26(1, 91) 0.000 

Sleepiness -3.27 (0.58) 31.89(1, 13) 0.000 0.76 (0.75) 1.04(1, 22) 0.32 

Vitality 0.97 (0.20) 23.90(1, 29) 0.000 -0.27 (0.29) 0.83(1, 23) 0.37 

Happy 0.00 (0.18) 0.00(1, 13) 0.99 -0.13 (0.20) 0.46(1, 15) 0.51 

Sad -0.08 (0.10) 0.70(1, 29) 0.41 0.01 (0.20) 0.00(1, 31) 0.95 

Tension 0.88 (0.33) 7.36(1, 29) 0.01 -0.37 (0.50) 0.54(1, 31) 0.47 

Overall HR 1.18 (0.87) 1.87(1, 75) 0.18 2.11 (1.01) 4.35(1, 89) 0.04 

Overall SCL -0.27 (0.22) 1.54(1, 63) 0.22 0.27 (0.48) 0.31(1, 90) 0.58 

 Morning 

Light main effect for: 
165 lx 

 M (SE) 

1700 lx 

M (SE) 

PVT -0.21 (0.04) -0.07 (0.04) 

BDST easy  3.30 (3.48) 9.04 (3.50) 

BDST difficult  9.23 (3.16) 4.01 (3.20) 

Sleepiness 1.34 (0.37) -1.11 (0.38) 

Vitality -0.52 (0.12) 0.19 (0.12) 

Tension -0.31 (0.19) 0.42 (0.19) 

 Afternoon 

Light main effect for: 
165 lx 

 M (SE) 

1700 lx 

M (SE) 

Overall HR -3.40 (0.75) -1.45 (0.76) 

BDST difficult 10.24 (3.86) -9.35 (3.88) 
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Table 14c. Statistics on the main effects of Prior light (continuous variable) on the outcome variables. 

 

Table 14d. Statistics on the moderating role of Prior light (continuous variable) in the acute NIF 

effects of Light.  

 Morning Afternoon 

Prior light 

main effect for: 
Coef. (SE) F(df)  p-value  Coef. (SE) F(df)  p-value  

PVT -0.04 (0.04) 1.32(1, 85) 0.25 0.05 (0.07) 0.11(1, 87) 0.74 

BDST easy -3.18 (2.33) 0.22(1, 87) 0.64 18.10 (4.33) 9.23 (1, 71) 0.003 

BDST difficult 1.58 (3.50) 1.48(1, 68) 0.23 -11.49 (7.45) 0.74(1, 90) 0.39 

Sleepiness 1.66 (0.44) 8.88(1, 28) 0.006 1.22 (0.94) 0.25(1, 29) 0.62 

Vitality -0.46 (0.14) 5.41(1, 29) 0.03 -0.26 (0.35) 0.04 (1, 31) 0.84 

Happy 0.15 (0.14) 3.27(1, 28) 0.08 -0.52 (0.27) 6.53(1, 17) 0.02 

Sad 0.07 (0.07) 0.21(1, 29) 0.65 0.35 (0.24) 3.12(1, 31) 0.09 

Tension -0.41 (0.23) 3.07(1, 29) 0.09 -0.71 (0.60) 0.18(1, 31) 0.68 

Overall HR 0.53 (0.72) 0.39(1, 83) 0.54 1.10 (1.35) 1.27(1, 93) 0.26 

Overall SCL -0.52 (0.22) 7.92(1, 76) 0.006 0.50 (0.64) 0.01(1, 92) 0.91 

 Morning Afternoon 

Light * Prior 

light inter-

action for: 

Coef. (SE) F(df)  p-value  Coef. (SE) F(df)  p-value  

PVT 0.01 (0.04) 0.11(1, 85) 0.74 -0.13 (0.08) 2.33(1, 90) 0.13 

BDST easy  4.38 (3.03) 2.09(1, 82) 0.15 -14.62 (7.33) 3.98(1, 76) 0.05 

BDST difficult  -9.33 (3.89) 5.77(1, 87) 0.02 15.12 (9.39) 2.59(1, 92) 0.11 

Sleepiness -1.45 (0.51) 8.09(1, 19) 0.01 -1.85 (1.20) 2.41(1, 29) 0.13 

Vitality 0.45 (0.17) 7.18(1, 29) 0.01 0.60 (0.45) 1.79(1, 30) 0.19 

Happy 0.07 (0.16) 0.17(1, 18) 0.69 0.17 (0.34) 0.26(1, 17) 0.62 

Sad -0.19 (0.09) 4.93(1, 29) 0.03 -0.17 (0.31) 0.29(1, 31) 0.59 

Tension 0.26 (0.27) 0.89(1, 29) 0.35 1.11 (0.76) 2.10(1, 31) 0.16 

Overall HR -0.40 (0.80) 0.25(1, 82) 0.62 -0.34 (1.70) 0.04(1, 93) 0.84 

Overall SCL 0.15 (0.22) 0.49(1, 71) 0.49 -0.92 (0.80) 1.33(1, 93) 0.25 
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Figure 16. Acute effects of light during the morning sessions for participants high and  

low in prior light exposure. Bars represent EMM’s from change from baseline scores  

and error bars represent SE’s.   
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5.4 Discussion 

The current study investigated whether recent prior light history significantly influenced 

acute diurnal NIF effects of indoor bright vs. regular light exposure. This was realized by 

measuring average hourly illuminance values with a light sensor that was worn on the 

days of the laboratory session in which acute NIF effects of bright vs. regular indoor 

lighting levels were investigated (Chapter 4). It was then examined whether average light 

intensity levels one hour prior to the laboratory session significantly moderated the effect 

of the 1-hour light manipulation (165 lx vs. 1700 lx) on cognitive performance, 

physiology, and subjective wellbeing. 

Important to note first is that although the light sensors used to measure average 

hourly illuminance values had a high sample frequency (every two minutes), several 

factors may have influenced the measurement reliability. First of all, it is hard to check 

whether participants always moved the light sensor from their clothes to their jacket and 

the other way around when going outside or inside respectively. Participants may have 

forgotten this, which may drastically under- or overestimate the actual light dose they 

received. Moreover, the actual place and angle of the device may have impacted the 

illuminance measurements substantially (Aarts, van Duijnhoven, Aries, & Rosemann, 

2017). As can be viewed in Figure B3 (Appendix B), the variance of the hourly 

illuminance measurements was quite large, even in the laboratory, when participants 

were receiving exactly the same amount of light (between 9:00 and 10:30 and between 

15:45 and 17:15). This may be due to the angle and placement of the light sensor, but 

also because there may have been variation in light measurements between light sensors. 

Because of these irregularities, we have some reservations about the accuracy of the light 

measurement and the current results (or absence thereof) should therefore be considered 

with caution.  

 The current findings revealed that in case of acute NIF effects on subjective 

feelings of sleepiness and vitality, prior light played a significant moderating role. 

However, our hypothesis that acute NIF effects of bright vs. regular light exposure 

would be less strong when participants’ prior light dose was relatively high compared to 

low was not confirmed. Instead of becoming less sensitive to bright light-induced acute 
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NIF effects after a relatively high prior light exposure (i.e., the hypothesized adaptation 

effect), the current findings revealed that participants became more sensitive to light 

shortages after a relatively bright compared to dim recent prior light exposure in the 

morning.  

In a previous study that controlled prior light exposure for three days (either 90 or 

1 lx), subsequent alertness levels (vigilance performance) under relatively bright (90 lx) 

compared to dim light (1 lx) at night were significantly better during bright light after 

dim light adaptation compared to relatively bright light adaptation (Chang et al., 2013). 

However, it should be noted that in this study light adaptation was much longer (three 

days prior to the testing phase), and that light levels did not change when the testing 

period started in case of the 90 lx light adaptation. It is hard to explain the current 

findings from the perspective of NIF effects, so we have to acknowledge the possibility 

that the mechanism behind them might be psychological in nature, particularly as they 

pertain to subjective measures. Within the constraints of the current study, this is 

impossible to tell, but the findings do deserve attention in future research. 

 In contrast to results on subjective indicators, the findings with respect to difficult 

BDST performance showed a different pattern of results. That is, performance during 

bright light exposure in the morning was significantly better when participants had a 

relatively low compared to high prior light dose. However, performance was as good 

during regular light exposure, independent of prior light dose. In line with our 

hypotheses and previous research (Chang et al., 2013; Do & Yau, 2013; Wong et al., 

2005) it would be expected that participants would show a stronger beneficial effect of 

bright compared to regular light exposure after a relatively low prior light dose, which 

was not the case in the current study. Based on this finding, another mechanism than the 

adapted sensitivity hypothesis may play a role here. In addition, the sensitivity to NIF 

effects of other cognitive tasks (PVT and easy BDST performance) was not significantly 

moderated by prior light exposure. These findings suggest that the potential moderating 

role of recent prior light exposure in acute NIF effects on cognitive performance may not 

be very consistent, or that we are dealing with a chance finding. Future research using 

more precise hourly light exposure measurements should establish whether prior light 
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exposure indeed plays a significant moderating role in acute NIF effects of light on 

cognitive performance. Moreover, it should be examined whether the sensitivity 

hypothesis holds in this case as the current findings suggest otherwise. 

 In case of physiological measurements, no significant moderation of recent prior 

light history was found. Although some subtle acute effects of the light manipulation 

were found (see Chapter 4) it may be the case that light-induced physiological effects 

during daytime are too subtle to be affected by recent prior light exposure. During 

nighttime, larger effects may be possible, as a the study of Chang et al. (2013) revealed 

significant effects of three-day prior light history on power density in the delta/theta 

range of the nighttime waking EEG. Importantly, future studies using more accurate 

hourly light exposure measurements should establish whether NIF light-induced effects 

on physiological indicators during the day are indeed not moderated by prior light dose.  

 Interestingly, while significant moderating effects of prior light exposure were 

found on acute NIF effects of the light manipulation during the morning sessions, none 

were found during the afternoon sessions. It should be noted that acute NIF effects 

during the laboratory session also mainly occurred during the morning sessions (i.e., 

sleepiness, vitality and PVT performance). Only afternoon BDST performance on 

difficult trials was significantly influenced by the light manipulation (see Chapter 4). A 

possible explanation for the absence of significant moderation of recent prior light dose 

in the afternoon may be that prior light levels were already relatively high for all 

participants in the afternoon, i.e., a ceiling effect. Although there was a significant 

difference between participants with a relatively high and low prior light dose in the 

afternoon after using the median split method, the absolute difference in average 

illumination level between groups was much lower than before the morning sessions (see 

Section 5.2.6 Statistical analyses).  

Alternatively, it may be the case that during the afternoon sessions, the build-up 

of light exposure during the full day would be a better predictor than prior light exposure 

during the previous hour. In contrast, the received prior light dose during the hour before 

the morning sessions (before 9 AM) likely was more or less the only prior light 

participants received during that day after dark adaptation during the nighttime, which 
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may make it a more important predictor for acute NIF effects during these early sessions. 

It is, however, not unlikely that prior light history before this hour also significantly 

impacted the acute NIF effects of the light manipulation during the laboratory session. A 

recent study even revealed that only a 10-minute light dose (blue (461 nm) vs. green 

(515 nm) vs. orange (589 nm)) given before 60 minutes of dark adaptation already 

significantly influenced subsequent light-induced brain activation in the prefrontal cortex 

and pulvinar (Chellappa et al., 2014). These findings suggest that even very short prior 

light exposure periods and more distant prior light dose may influence subsequent 

acutely induced NIF effects. Similarly, in the current study, significant moderating 

effects of prior light exposure during the morning sessions occurred despite 30 minutes 

of baseline light exposure levels (120 lx at the eye for each participant).  

An interesting finding of the current study is that prior light exposure did not 

significantly impact baseline scores of the outcome variables. It may be the case that the 

effect of prior light exposure on NIF effects of light was not instant and needed more 

than 30 minutes into the study before it occurred. However, future research should 

establish whether potential moderation of recent prior light exposure on acute NIF 

effects indeed occurs with some delay. 

 For future studies, it would be good to examine the effect of experimentally 

manipulated prior light dose as a possible moderator for acute NIF effects. The current 

study was correlational in nature because we investigated natural variation in light 

exposure in the field, therefore no cause-effect relationship can be established based on 

the current data. In addition, it would be interesting to further explore whether more 

distant prior light dose, and prior light doses of shorter and longer durations moderate 

acute NIF effects during the biological day. 

 In conclusion, the current study revealed the importance of studying acute NIF 

effects of indoor lighting in a wider context as the prior light history may moderate these 

acute effects during the biological day. In other words, if, in practical applications, one 

wants to optimize lighting conditions to an ongoing task, it appears relevant to also take 

into account what conditions this person experienced earlier. However, considering the 

limitations in light measurements of the current study, we should be very cautious in 
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drawing firm conclusions at this point. Future studies using more accurate light 

measurements in the field are necessary to confirm whether prior light dose may play an 

important moderating role in the manifestation of acute diurnal NIF effects. 
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Chapter 6 

 

Investigating persistent and delayed effects of 1-hour  

indoor bright versus regular light exposure  

 

 

Abstract 

This study investigated potential persistent and delayed effects of 1-hour bright light 

exposure in the morning (9:30 to 10:30 AM) and in the afternoon (16:15 to 17:15 PM) 

on subjective wellbeing. The same participants as the winter study (see Chapter 4) were 

included in this study. An Experience Sampling Method (ESM) protocol was used to 

measure persistent and delayed effects of the light manipulation on subjective wellbeing 

during the remainder of the day. Persistent and delayed effects were investigated during 

the two hours directly after the light exposure. Delayed effects were also investigated in 

the evening after both sessions (between 20:30 and 22:15) and for the morning sessions 

also during the late afternoon and early evening (between 17:30 and 19:30). A sleep 

diary was administered the next day to assess effects on sleep timing and sleep quality.  

Results of the ESM data showed that acute positive effects of morning bright light 

exposure on sleepiness and vitality continued up to half an hour after the light exposure 

but then dissipated quickly during the subsequent hour. Later during the day, several 

negative delayed effects were found after morning bright light exposure. First, 

participants experienced significantly lower self-control in the late afternoon and early 

evening after bright compared to regular light exposure. In addition, participants reported 

lower self-control and more negative affect in the later part of the evening. Last, 

participants indicated significantly worse sleep quality after morning bright compared to 

regular light exposure. No significant persistent or delayed effects after bright light 

exposure in the afternoon laboratory sessions were found. The current findings show the 

importance of studying acute NIF effects of indoor lighting in a larger time frame 

because of potential (unwanted) delayed effects after the light exposure.  
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6.1 Introduction  

In the previous empirical chapters, we focused on the NIF effects of light exposure in the 

laboratory as well as the influence of potential moderating variables. In this chapter, it 

was examined whether and for how long these acute effects persisted and/or whether 

delayed effects on subjective wellbeing occurred after the light exposure as this is, as yet, 

largely unknown. It is interesting to investigate effects on wellbeing after the offset of 

bright light exposure for several reasons. First, because of the time integrative 

characteristic of NIF effects, acute effects may – depending on the variable under 

investigation – take some time to emerge and hence also to dissipate (i.e., persist after 

the light exposure has ended). Second, the intricate interplay of light exposure and 

homeostatic as well as circadian processes may result in changes in relevant variables 

some time after the actual exposure. Third, it is also possible that participants acutely 

benefit from bright indoor light exposure, but later experience detrimental effects hours 

after the light exposure, for instance as there might be a limited source of energy during 

the day (Muraven & Baumeister, 2000), which may be used up quicker when alertness 

and vitality are temporarily enhanced by bright light exposure. By using ecological 

momentary assessment, it is possible to explore, for example, whether acute beneficial 

effects of bright compared to regular light exposure on subjective sleepiness and vitality 

persist in everyday life directly after the light manipulation in the laboratory has ended. 

Moreover, it is possible to investigate more delayed effects – e.g., hours after the light 

exposure – for example on feelings of sleepiness in the evening and sleep quality during 

the night.  

To date, very few – if any – studies have attempted to explore at what pace acute 

exposure effects on alertness and vitality dissipate, and only a few other studies have 

looked at delayed NIF effects of daytime bright or blue-enhanced light exposure on 

cognitive functioning and affective state in the evening (Figueiro, Nonaka, & Rea, 2014; 

Münch et al., 2012; Münch et al., 2017). Together, these studies revealed that daytime 

bright or blue-enhanced light exposure, compared to dim or regular indoor light 

exposure, led to improved cognitive performance and decreased subjective sleepiness in 

the evening and night (while exposed to relatively dim light). Two of these studies used 
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a light exposure period of six or more hours during the day before the testing phase 

started in the evening (Figueiro et al., 2014; Münch et al., 2012). Another study exposed 

participants to blue-enhanced bright light for a shorter period (three hours) in the 

morning (Münch et al., 2017). This relatively short morning bright light exposure period 

was already enough to decrease subjective sleepiness and improve cognitive 

performance in the evening. It is, however, not known whether these positive effects 

were present throughout the day, as this was not investigated in the studies mentioned 

here.  

In contrast to the previous studies, one recent study did investigate delayed NIF 

effects of morning dawn simulation exposure on cognitive and affective functioning 

throughout the full waking episode (Gabel et al., 2015). This study, however, found a 

more inconsistent pattern of results. The authors investigated the NIF effects of artificial 

morning dawn simulation (increasing light from 0 to 250 lx at eye level before wake-up, 

20 min. of 250 lx after wake-up) compared to a dim light condition (<8 lx at eye level) 

on performance on several cognitive tasks during the same day. Tasks were employed 

directly after the experimental light manipulation, and every two hours after the dawn 

simulation until midnight. Participants showed improved performance on multiple 

cognitive tasks (a motor tracking task, a sustained attention to response task (SRTT), a 

visual 1- and 3-back task, and a simple reaction time task) throughout the day after 

morning dawn simulation compared to dim light. However, no significant effects of 

dawn simulation were found on a 2-back task, a psychomotor vigilance task (PVT), and 

performance-undermining effects were found on a digit symbol substitution test 

throughout the day. These inconsistencies in effects of the dawn simulation on different 

tasks are quite puzzling. The authors argue that the light-induced effects may be task 

dependent, which may explain the differences in effects. However, it would be expected 

that at least similar tasks would show similar light-induced effects (e.g., SRTT vs. PVT), 

which was not the case here.  

In a more elaborate study, Gabel et al. (2013) also investigated effects on 

subjective sleepiness, general feelings of wellbeing and mood after a similar dawn 

simulation, a dim light condition (<8 lx at eye level), and 20 minutes of blue light 
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exposure (100 lx at the eye). They tested effects on these indicators after the light 

exposure during two consecutive days after a 6-hour sleep restriction during both nights 

prior to the light manipulation. The findings on sleepiness only revealed a significant 

improvement after morning dawn simulation compared to dim light exposure on the 

second day, ten hours after the light exposure. Moreover, effects on general wellbeing 

were only significantly better after dawn simulation compared to dim light at the second 

day, and only on two of the six measurement points in the afternoon. For mood (positive 

and negative affect) no significant differences between lighting conditions were found 

during any of the measurement points. Overall, the effects of the light manipulation on 

subjective indicators were quite subtle, especially in comparison with the effects on 

cognitive indicators discussed in the previous paragraph.  

The current study investigated both persistent as well as delayed effects of 

daytime bright light compared to regular indoor light exposure in the morning and 

afternoon. An important difference between the current study and previous studies 

mentioned here is that, in the current design, participants engaged in their natural daily 

routines before and after coming to the laboratory. In addition, potential persistent and 

delayed effects were examined outside the laboratory resulting in lower experimental 

control, yet higher ecological validity. Previous studies were well-controlled studies 

involving, among others, adaptation nights in the laboratory, sustained wakefulness and 

measurements in a laboratory setting. Although these controlled conditions have their 

advantages, most importantly eliminating confounding variables, the current study will 

give more insight in potential persistent and delayed effects of a relatively short light 

exposure boost during the day in more natural, everyday situations. Moreover, in 

contrast to the study of Gabel et al. (2015), we were interested in promoting subjective 

wellbeing throughout the working day by exposing participants to relatively bright light 

during office hours instead of near the wake-up process. 

Using an Experience Sampling Method (ESM) protocol, the current study 

examined persistent and delayed effects on subjective alertness, vitality, mood and self-

control of 1-hour bright vs. regular light exposure in the laboratory. The expected pattern 

of effects could go in two directions. First, it is possible that beneficial effects of bright 
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compared to regular light exposure are persistent during the remainder of the day, as was 

also found in some previous studies which investigated cognitive performance and 

affective state in the evening and night after daytime bright light exposure (Figueiro et 

al., 2014; Münch et al., 2012; Münch et al., 2017). In contrast, it is also possible that 

acute induced increases in alertness and vitality during the beginning of the day may 

result in reduced vitality at the end of the day because of a limited source of energy 

(Muraven & Baumeister, 2000). 

In addition to examining potential persistent and delayed effects on state 

subjective wellbeing during the remainder of the day, the current study also investigated 

potential delayed effects on sleep timing and subjective sleep quality during the 

subsequent night. It was expected that participants might show earlier sleep onset and 

offset on the days of bright compared to regular light exposure during the morning hours. 

This was hypothesized based on literature showing that advancing the circadian clock by 

bright morning light exposure is possible within one day (Buresová, Dvoráková, 

Zvolsky, & Illnerová, 1991; Danilenko et al., 2000). Moreover, in line with previous 

studies which found a significant correlation between increased light exposure during the 

day and sleep quality (Hubalek, Brink, & Schierz, 2010; Leger, Bayon, Philip, & 

Choudat, 2011), it was hypothesized that sleep quality would be better on the days of 

bright compared to regular light exposure during the morning hours. We did not expect 

any significant delayed effects on sleep quality and timing after afternoon bright vs. 

regular light exposure as the light exposure was still well before the evening hours. 

Based on previously established phase-response curves, people are minimally sensitive 

to light-induced circadian phase changes at this time of day (Khalsa et al., 2003) when 

they have a CBT minimum around 4:00 AM (intermediate chronotype). As in our 

(student) sample the CBT minimum is likely somewhat delayed, sensitivity to light 

would be even lower in the afternoon between 16:15 and 17:15. We therefore expected 

that sleep quality would remain largely unaffected when exposing participants to 

relatively bright light during the afternoon session.  
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6.2 Method 

 

6.2.1 Design 

The design of the laboratory experiment was described in Chapter 4 (the autumn/winter 

study). For the current study, data from the Experience Sampling Method (ESM) was 

analysed. Fixed-interval ESM was used to track participants’ subjective alertness, 

vitality, mood, and self-control capacity 11 times between 8:30 and 22:00. Effects of the 

light manipulation (Light: 165 lx vs. 1700 lx) and potential moderation of the timing of 

the ESM questionnaire (ESM notification) were examined separately for the morning 

and afternoon sessions in order to measure persistent and delayed effects on these 

subjective indicators.  

 

6.2.2 Participants 

Participants in the study were the same as those described in Chapter 4 (N = 34). 

 

6.2.3 Setting 

The setting of the laboratory experiment was described in Chapter 4. During the 

remainder of the day, throughout which participants received short ESM questionnaires 

at fixed time intervals, participants followed their usual daily routine.  

 

6.2.4 Procedure 

The procedure of the laboratory experiment in autumn/winter 2015/2016 was described 

in Chapter 4. In addition to the measurements in the laboratory, participants also 

participated in an ESM protocol prior to and after the laboratory visits. To this end, they 

received text messages or e-mails (according to their preference) on their cell phone on 

predetermined times with a link to an online questionnaire probing their subjective level 

of sleepiness, vitality, mood, and self-control. Participants were asked to complete these 

short ESM questionnaires within 15 minutes after the notification. Notifications were 

sent at 8:30, 10:45, 11:30, 12:30, 13:45, 15:15, 17:30, 18:15, 19:15, 20:30 and 22:00 on 

both days (see Figure 17). In addition, one invitation with the same questions and a sleep 
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diary was sent on the day after the experimental session at 8:30. Participants received a 

35-euro compensation after completing both experimental sessions and the ESM 

protocol. The study was approved by the ethical board of the Human-Technology 

Interaction group in Eindhoven. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Overview of the ESM protocol in combination with the laboratory sessions. 

 

 

6.2.5 Measurements 

The measurements used during the laboratory experiment and the questionnaires 

(measuring possible confounding variables) presented before and after the experiment 
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were described in Chapter 4. In this section, the ESM questionnaires are specified in 

more detail. 

 

6.2.5.1 Experience sampling method during the day of the laboratory session  

During the two days of the laboratory sessions, participants completed an ESM protocol. 

The questions included the same items on subjective sleepiness (KSS), vitality 

(energetic, alert, sleepy (reversed), lacking energy (reversed), and mood (tense and calm 

(reversed); happy; sad) as employed during the laboratory sessions (see Section 4.2.5.3 

of Chapter 4 for a detailed description). Furthermore, four items regarding self-control 

were included, adapted from the State Self-Control Capacity Scale (Ciarocco, Twenge, 

Muraven, & Tice, 2007). Participants indicated to what extent they 1) felt sharp and 

focused; 2) felt mentally exhausted; 3) thought it would take a lot of effort to 

concentrate; and 4) would give up easily on a difficult task. All items were rated on 7-

point Likert scales ranging from (1) not true to (7) very true. The scale had an internal 

reliability of  = 0.85. 

 

6.2.5.2 Sleep Diary 

The day after each laboratory session, participants received a questionnaire with the 

same items as described in Section 6.2.5.1 together with a short sleep diary to measure 

sleep timing and quality. The sleep diary (Karolinska Sleep Diary) was adopted from 

Åkerstedt, Hume, Minors, and Waterhouse (1994). A combined scale of six items was 

developed to measure subjective sleep quality ( = 0.65). Participants reported on how 

they slept (very bad - very good; very restless - very calm), to what extent they felt 

refreshed after waking up (not at all - totally), to what extent they slept through the time 

allotted (woke up much too early - the full time), how easy it was to get up this morning 

(very difficult - very easy), and how easy it was to fall asleep last night (very difficult - 

very easy). All questions were rated on 5-point Likert scales. 
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6.2.6 Statistical analyses 

Preparatory LMM analyses first investigated effects of Light (165 vs. 1700 lx) on all 

subjective indicators measured at 8:30 AM for the morning sessions and at 15:15 for the 

afternoon sessions in order to examine differences in subjective indicators before the 

start of the laboratory session. 

Subsequently, in order to examine persistent and short-term delayed effects 

during the two hours after the 1-hour light exposure in the laboratory, LMM analyses 

including Light, ESM notification and Light * ESM notification were conducted, where 

ESM notification included the first three fixed measurement points after the laboratory 

session. In order to examine delayed effects in the evening hours, similar LMM analyses 

with the two final fixed measurement points (20:30 and 22:00) were conducted. All 

analyses were done separately for morning and afternoon sessions. In addition, for the 

morning session, delayed effects for three measurement points during the late afternoon 

(15:15, 17:30, 18:15) were also examined. For sleep quality and timing, LMM analyses 

included Light, Time of day (timing of light exposure in the laboratory) and Light * 

Time of day. 

 All analyses of feelings of sleepiness, vitality, mood, and self-control were 

controlled for ‘baseline’ values measured in the ESM notification right before the 

corresponding laboratory session (M1 or M6, see Figure 17), as well as for the same 

confounding variables described in Chapter 4: chronotype, light sensitivity and general 

fatigue.  

In the analyses, only responses given within 15 minutes of sending the 

questionnaire were considered in the data analyses. The average response rate 

(completed within 15 minutes after sending) of the 34 participants was 87.0% for 

sleepiness (KSS); 87.6% for vitality, negative affect and tension; 87.4% for positive 

affect and 86.4% for self-control. The response percentages ranged from 50% to 100% 

between participants for each of these measures. Average response rate for the sleep 

diary was 97.1%.  
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6.3 Results 

 

6.3.1 Baseline differences on ESM subjective indicators 

LMM analyses investigating baseline differences between participants in the two 

lighting conditions probed just before the start of the laboratory sessions in the morning 

(measured at 8:30) and afternoon (measured at 15:15) on each of the subjective 

indicators (sleepiness, vitality, mood, and self-control) revealed no significant 

differences on any of the measures (all p’s > 0.10). These results were in line with the 

baseline measurements of the same subjective indicators during the laboratory session 

(sleepiness, vitality, and mood), which also did not yield any significant differences prior 

to the actual light manipulation (all p’s > 0.10).  

 

6.3.2 Persistent and short-term delayed effects of bright vs. regular light exposure 

As was reported in Chapter 4 (Section 4.3.4.1), sleepiness and vitality both had shown 

significant alerting effects of the light manipulation (1700 lx vs. 165 lx at the eye) in the 

morning, but not in the afternoon. Mood (positive and negative affect, and tension) had 

not shown significant responsiveness to light during the laboratory session. In the present 

investigation, we explored whether these effects persisted after the light exposure or 

whether short-term delayed effects on subjective wellbeing occurred. This was done 

separately for morning and afternoon sessions.  

LMM analyses did not yield a significant main effect of Light (F(1,19) = 1.11, 

ns.) and only a near-significant interaction effect of Light * ESM notification for 

sleepiness (F(2,57) = 2.60, p = 0.08) after the morning sessions. Explorative post hoc 

tests showed significantly lower sleepiness after bright vs. regular light exposure within 

the half hour after light offset (p = 0.03), but this significant difference dissipated before 

the subsequent two measurements (both p’s > 0.10; see Figure 18). 
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Figure 18. Persistent effects on subjective sleepiness after morning bright  

(1700 lx) vs. regular (165 lx) light exposure between 9:30 and 10:30. * p < 0.05. 

 

 

Analyses of feelings of vitality similarly revealed no significant main effect of 

Light (F(1,18) = 1.40, p = ns.) and only a near-significant interaction effect of Light * 

ESM notification (F(2,57) = 2.71 p = 0.08) after the morning sessions. Again, 

explorative post hoc tests showed that participants continued to show a significant 

beneficial effect of bright vs. regular light exposure within the half hour after light offset 

(p = 0.02), but this effect dissipated before the subsequent two measurement points (both 

p’s > 0.10; see Figure 19).  

For both positive and negative affect no significant main effect of Light was 

found (resp. F(1,37) < 1, ns. and F(1,31) < 1, ns.) after the morning sessions. The two 

measures further showed nonsignificant Light * ESM notification interactions (resp. 

F(2,63) = 1.69, ns. and F(2,56) = 2.47, p = 0.09) after the morning sessions. Explorative 

post hoc tests yielded one significant difference between lighting conditions for negative 

affect, at the third time point after the lab session, though no significant differences 
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emerged at the earlier time points (all p’s > 0.10; see Figure 20 and Figure 21). For self-

control and tension no significant short-term delayed effects were found after the 

morning sessions (all p’s > 0.10).  

After afternoon sessions, a near-significant main effect of Light (F(1,21) = 4.07 p 

= 0.06) was found for tension. Results revealed that participants felt somewhat more 

tense after regular (EMM = 2.19; SE = 0.09) compared to bright light exposure (EMM = 

1.98; SE = 0.10). Furthermore, a near-significant Light * Time of day interaction was 

found for negative affect (F(2,92) = 2.65 p = 0.08). However, explorative post hoc tests 

did not reveal any significant differences between lighting conditions on any of the time 

points (all p’s  0.07). No further (near)-significant short-term delayed effects of bright 

vs. regular light exposure were found for any of the ESM variables measured after the 

afternoon sessions (all p’s > 0.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Persistent effects on feelings of vitality after morning bright  

(1700 lx) vs. regular (165 lx) light exposure between 9:30 and 10:30. * p < 0.05. 
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Figure 20. Short-term delayed effects on positive affect after morning bright  

(1700 lx) vs. regular (165 lx) light exposure between 9:30 and 10:30. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Short-term delayed effects on negative affect after morning bright  

(1700 lx) vs. regular (165 lx) light exposure between 9:30 and 10:30. * p < 0.05. 
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6.3.3 Long-term delayed effects of bright vs. regular light exposure 

Long-term delayed effects of bright vs. regular light exposure were tested by 

investigating the last two measurement points of the day (20:30 and 22:00) after both 

morning and afternoon light exposure. No significant effect of Light or Light * ESM 

notification interaction was found after morning or afternoon exposure on evening 

feelings of sleepiness, positive affect, or tension (all p’s > 0.10). For feelings of vitality 

after afternoon sessions, a nonsignificant Light * ESM notification interaction (F(1,26) = 

3.05, p = 0.09) was found. Explorative post hoc tests showed no significant differences 

in vitality between the two lighting conditions at the two measurement points (both p’s > 

0.10).  

For negative affect, results revealed a significant Light * ESM notification 

interaction (F(1,28) = 6.24, p = 0.02) after morning light exposure. Post hoc tests 

revealed that participants felt significantly more sad after morning bright light exposure 

compared to morning regular light exposure at 20:30 (p < 0.01), but not at 22:00 (p > 

0.10; see Figure 22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Long-term delayed effects on negative affect after morning bright  

(1700 lx) vs. regular (165 lx) light exposure between 9:30 and 10:30. ** p < 0.01. 
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With respect to self-control in the evening, a significant main effect of Light was 

found after morning light exposure (F(1,18) = 4.87, p = 0.04; see Figure 23). Results 

suggested that participants experienced significantly lower self-control in the evening 

after morning bright compared to regular light exposure. This effect was not significantly 

moderated by ESM notification (F(1,27) < 1, ns.). No significant effect of Light or Light 

* ESM notification was found on evening self-control after afternoon light exposure 

(both p’s > 0.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Long-term delayed effects on self-control after 

morning bright (1700 lx) vs. regular (165 lx) light exposure 

between 9:30 and 10:30. * p < 0.05. 

 

 

For morning light exposure, it was also investigated whether this affected 

subjective indicators in the late afternoon and beginning of the evening (17:30, 18:15 

and 19:15). There were no significant effects of Light or the Light * ESM notification 

interaction for sleepiness, vitality, mood, and tension (all p’s > 0.10) at these times. 
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However, for self-control, a significant main effect of Light (F(1,11) = 20.11, p = 0.001) 

was found which was not moderated by ESM notification (F(2,49) = 2.39, ns.). Post hoc 

comparisons revealed that participants showed significantly less self-control after 

morning bright compared to regular light exposure at 17:30, 18:15 and 19:15 (see Figure 

24). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Long-term delayed effects on self-control after morning bright 

(1700 lx) vs. regular (165 lx) light exposure between 9:30 and 10:30. * p < 0.05. 

 

 

6.3.4 Effects of bright vs. regular light exposure on sleep timing, sleep quality, and next-

morning subjective wellbeing 

LMM analyses revealed no significant difference between the two lighting conditions on 

sleep timing on the night following the morning or afternoon sessions in the laboratory 

(time of going to bed and waking up; all p’s > 0.10). In contrast, light exposure in the 

morning was found to have a significant effect on sleep quality (F(1,17) = 5.05, p = 
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0.04). Results revealed that participants had a significantly lower sleep quality after 

morning bright (EMM = 3.30; SE = 0.14) compared to regular (EMM = 3.61; SE = 0.14) 

light exposure. There was no significant effect of light exposure in the afternoon on sleep 

quality (F(1,30) < 1, ns.).  

Next-morning subjective wellbeing was largely unaffected by light exposure 

during the previous day (all p’s > 0.10). Morning bright compared to regular light 

exposure only significantly influenced next-morning positive affect (F(1,17) = 8.25, p = 

0.01). Post hoc tests revealed that participants had significantly decreased positive affect 

the next morning (measured around 8:30, so before last day’s light exposure) after 

morning bright (EMM = 2.82; SE = 0.19) compared to regular (EMM = 3.41; SE = 0.19) 

light exposure in the laboratory. 

 

 

6.4 Discussion 

The current study investigated whether one hour of daytime indoor bright compared to 

regular indoor light exposure was associated with significant persistent and delayed 

effects on subjective sleepiness, vitality, mood and self-control using an ESM protocol. 

In addition, effects on sleep quality and timing during the night after the light exposure 

were examined using a sleep diary.  

This study revealed that one hour of 1700 lx compared to 165 lx light exposure 

only led to increased subjective alertness and vitality during the half hour after the light 

exposure in the morning. These same subjective measurements were also positively 

influenced by bright compared to regular light exposure during the actual light exposure 

(see Chapter 4). During the subsequent 1.5 hours after light offset no further significant 

differences between the experimental lighting conditions were found on subjective 

wellbeing. A recent study testing subjective vitalizing and alerting effects of morning 

dawn simulation of 250 lx at eye level compared to dim light exposure (< 8 lx at the eye) 

and blue light exposure (100 lx at the eye) did not reveal these (short-lived) persistent 

positive effects after the light exposure (Gabel et al., 2013). They only found subtle 

positive effects of morning dawn simulation compared to the other conditions on 
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subjective alertness more than four hours after the light exposure on their second testing 

day, after a night of sleep restriction. Of course, the lighting conditions, exposure timing 

and pre-exposure conditions of the participants in these studies were much different than 

those of the current one so comparing studies should be done with caution. Future 

research is necessary to examine whether acute beneficial subjective alerting effects 

persist for a longer time when different lighting characteristics are used (intensity level 

or CCT) or when a different exposure duration is used.  

 Further analyses of more long-term delayed effects of the light exposure revealed 

some negative delayed effects of morning bright light exposure in the late afternoon and 

evening. Overall, it was found that participants experienced lower self-control and more 

negative affect in the evening after bright compared to regular light exposure in the 

morning. In addition, participants experienced significantly lower self-control in the late 

afternoon and early evening after morning bright compared to regular light exposure. 

These findings are not in line with previous studies testing long-term effects of daytime 

bright and/or blue-enhanced light exposure (Münch et al., 2012; Münch et al., 2017) on 

subjective sleepiness and cognitive performance. That is, these studies revealed 

beneficial long-term effects on these measures in the evening when participants were 

exposed to relatively bright compared to relatively dim light during the day. However, 

exposure duration and lighting characteristics were again different from the current 

study. The study of Münch et al. (2012) compared 6 hours of 985 lx (daylight) to 176 lx 

(artificial light) at eye level in the afternoon, which extended into the early evening; the 

study of Münch et al. (2017) compared 3 hours of 750 lx compared to 40 lx at eye level 

during the morning hours. Moreover, the study conditions of these studies were more 

controlled while participants in the current study engaged in their daily routines before 

and after the laboratory session. These more controlled conditions vs. the natural 

conditions in the current study may have changed the sensitivity for light-induced NIF 

effects due to more individual diversity in prior light exposure in the current study. Both 

long-term (Chang et al., 2013) and short-term (see Chapter 5) prior light exposure are 

known to influence light-induced NIF effects.  
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The long-term delayed effects found in this study indicate that, although acutely 

bright morning light exposure may be beneficial, there may be detrimental effects of the 

light exposure later that day. This may be explained by the depletion of limited energy 

resources during the day as described by Muraven and Baumeister (2000). That is, it 

may be the case that participants acutely benefitted from temporary bright indoor light 

exposure showing increased state vitality and alertness (see Chapter 4), but that they 

experienced some detrimental effects several hours after the light exposure because their 

limited source of energy was used up quicker (Muraven & Baumeister, 2000). However, 

signs of ego-depletion did not show up in measures of sleepiness and vitality, which 

would have been expected in case decreased feelings of energy were the cause of these 

negative delayed effects.  

In addition to the negative effects found several hours after morning bright light 

exposure, the current findings also showed that morning bright compared to regular light 

exposure led to significantly decreased sleep quality during the subsequent night. This 

finding was somewhat unexpected, as previous studies had shown beneficial effects of 

increased daytime light exposure on subsequent sleep quality (Hubalek et al., 2010; 

Leger et al., 2011). A potential explanation for the current findings might lie in possible 

phase-advancing of the circadian clock in the current sample. It is known that one-time 

morning bright light exposure can already advance the circadian clock in healthy 

participants, leading to earlier sleep onset and offset (Buresová et al., 1991; Danilenko et 

al., 2000). Although light exposure for advancing the clock occurred earlier and under 

more controlled conditions in these studies compared to the current one, it may still be 

possible that one hour of 1700 lx between 9:30 and 10:30 advanced the clock of the 

current study sample. Especially since the participants in this study were students who 

have, on average, a later sleep onset and offset than people from other age groups 

(Zavada et al., 2005), it may be the case that their clock was somewhat advanced as the 

bright light exposure occurred in the subjective early morning. Indeed, the average mid-

sleep of the participants in this study was relatively late at 4:40 AM (SD = 35 min.). The 

decreased sleep quality caused by morning bright light exposure may be due to 

participants not changing their bedtimes (e.g., due to social obligations) despite the 
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advance in circadian phase that may have occurred. This may have impacted their sleep 

quality because, in this case, they did not sleep at their ideal sleep times. Future studies 

should establish whether a shift in circadian phase despite no significant change in actual 

sleep timing could indeed be an explanation for decreased sleep quality after morning 

bright light exposure.  

 In the current study, significant persistent and delayed effects were only present 

after morning, but not after afternoon bright compared to regular light exposure. This 

may be explained by the time-dependent sensitivity of the NIF pathway to light during 

the 24-hour day (Khalsa et al., 2003). Although the study of Khalsa et al. (2003) focused 

on sensitivity to light-induced phase-shifting effects during the 24-hour day as a function 

of internal time, it is not unlikely that sensitivity in case of acute NIF effects of light 

exposure also follows a similar sensitivity curve with stronger effects during the 

subjective morning compared to the late afternoon. 

 As the current findings were based on ecological momentary assessment in the 

field, it is important to note that there may have been confounders that could explain the 

current findings. A limitation of the current study was that results were not controlled for 

participants’ light exposure patterns and activity patterns before and after the laboratory 

session, which may have influenced the current results. For example, it may have been 

the case that participants chose different light exposure patterns depending on the 

lighting condition they were exposed to during the laboratory session. This may, in turn, 

have also contributed to the significant differences in delayed effects found in the current 

study. Another limitation that should be noted is that multiple comparisons on several 

occasions were made in the current study. Since this potentially increases the chance of a 

type I error, the results should be interpreted with caution. Nevertheless, as a first 

exploration of potential persistent and delayed effects under natural circumstances after 

relatively short daytime bright light exposure, the current findings do encourage further 

research on these potential effects after the light exposure has ended. 
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6.5 Conclusion 

In conclusion, the current study showed that beneficial diurnal acute NIF effects after a 

relatively short bright light exposure period (one hour) only persist for maximally half an 

hour after the light exposure and dissipate afterwards. Although relatively short bright 

compared to regular light exposure may evoke positive acute NIF effects, the current 

study revealed the importance of further investigating potential delayed effects after light 

offset as there may be (unwanted) delayed effects on self-control, mood, and maybe even 

on sleep quality during the subsequent night. Nevertheless, the current findings should 

be interpreted with caution due to the contribution of possible confounding factors and a 

potential increase in type I error. 
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Chapter 7 

 

General discussion 

 

 

The current thesis investigated acute diurnal NIF effects of indoor light exposure on 

cognitive performance, physiology, and subjective wellbeing in healthy day-active 

humans. Although earlier research showed that daytime indoor bright compared to 

regular or dim light exposure can acutely improve our state of alertness and cognitive 

performance, there are also studies showing inconsistencies with both null and even 

detrimental effects of relatively bright indoor light exposure during the day, especially in 

case of cognitive performance. In the studies described in this thesis, we investigated in 

more depth under what circumstances beneficial acute NIF effects occur in healthy day-

active participants. This was examined in a combination of controlled laboratory studies 

(Chapters 2 to 4) and field data analyses including ecological momentary assessment 

(Chapters 5 and 6). 

To this end, we first investigated whether the strength and/or direction of acute 

NIF effects of 1-hour bright compared to regular indoor light exposure on cognitive 

performance depended on the difficulty of the task in Study 1 (Chapter 2) or on the 

amount of (objective) physiological arousal one experiences in Study 2 (Chapter 3). 

Subsequently, we investigated whether the season in which the effects were tested and 

the light exposure received during the hour prior to laboratory session influenced acute 

NIF effects in Study 3 and Study 4 (resp. Chapters 4 and 5). Last, we investigated 

whether 1-hour bright indoor light exposure during the day impacted subjective 

wellbeing during the remainder of the day and sleep quality and timing during the 

subsequent night (Chapter 6). In addition to acute NIF effects, we also investigated how 

participants rated the pleasantness of the light exposure in each of the laboratory studies 

as this may also (partly) explain why participants showed certain acute NIF effects 

during the light exposure. Moreover, in each of the laboratory studies we also 
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investigated potential moderation by time of day (morning vs. afternoon) and/or duration 

of the light exposure (by means of measurement block). 

 In this chapter, we will further expand on the results found in the studies 

described in this thesis. In order to give a complete and clear overview on the 

interpretation and meaning of the results found in this thesis, we have divided this 

section in four main discussion themes: 1) Effects of task difficulty and physiological 

arousal on light-induced acute NIF effects on cognitive performance; 2) Seasonal and 

prior light influences on light-induced acute NIF effects; 3) Potential persistent and 

delayed effects after relatively short bright vs. regular light exposure; and 4) Time of day 

and duration influences on light-induced acute NIF effects. In addition to the reflection 

on these main themes and the contribution of our studies to the scientific domain, 

practical recommendations for designing healthy indoor lighting and implications as well 

as challenges for future research will be discussed in this chapter. 

 

 

7.1 Effects of task difficulty and physiological arousal on light-induced acute NIF 

effects on cognitive performance 

Because previous studies focusing on acute diurnal NIF effects of light exposure found 

many inconsistent findings with respect to their magnitude and direction, specifically for 

cognitive performance (see Chapter 1 for a review), we explored what variables might 

explain them. As discussed in Chapter 1, cognitive performance may be affected by 

one’s level of physiological arousal, as first described by Yerkes and Dodson (1908). 

More specifically, for more difficult tasks (e.g., requiring working memory or executive 

abilities), an inverted U-shape function between task performance and physiological 

arousal has been found, while for more easy tasks (e.g., reacting to one particular 

stimulus) an S-shaped function between performance and physiological arousal is 

generally reported (Yerkes & Dodson, 1908). Therefore, it was hypothesized that both 

the difficulty level of a task and the level of physiological arousal induced by the light 

exposure may influence acute NIF effects of light on cognitive performance.  
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 In Study 1, which employed two cognitive tasks that were manipulated in 

difficulty level, it was found that participants performed slightly worse on a relatively 

difficult BDST and significantly worse on a (relatively difficult) 2-back task during 

bright vs. regular light exposure, while performance on a more easy FDST improved 

towards the end of the bright light exposure compared to the regular light exposure. The 

significant difference in performance on these tasks was found only during afternoon 

light exposure, not during morning light exposure. In contrast, the light manipulation did 

not significantly influence 3-back performance, neither in the morning, nor in the 

afternoon. Again, this study showed considerable differences in effects of the light 

manipulation on performance on various tasks. Although, in line with our predictions, 

digit-span performance improved during the relatively easy task and deteriorated during 

the more difficult task under brighter light, this was not the case for 2-back vs. 3-back 

performance. One would expect that 3-back task performance would at least show a 

similar trend as was seen for 2-back and BDST performance. Therefore, our hypothesis 

that relatively easy tasks would benefit from bright compared to regular light exposure, 

while performance-undermining effects could appear during performance on more 

difficult tasks (as predicted by the YDL), was not fully confirmed.  

 To investigate this issue in more depth, we went one step further and investigated 

physiological arousal levels during task performance in Study 2. Three different 

indicators of physiological arousal were recorded (i.e., skin conductance levels, heart 

rate, and blood pressure) to examine whether effects of the light manipulation were 

similar or different for each of these three measures. Moreover, three different 

illuminances were investigated within subjects (165 lx, 600 lx, and 1700 lx at the eye) in 

order to examine whether physiology would increase in a dose-dependent manner with 

increasing illuminance. The findings of this study were also not in line with our 

hypotheses. More specifically, although both physiology and task performance were 

affected by the light manipulation, there were no consistent parallel changes in 

physiology and performance. While difficult BDST performance this time significantly 

improved under 1700 lx compared to 165 lx exposure, none of the concomitant 

physiological measures was significantly different between these two lighting 
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conditions. Some significant differences in autonomic nervous activity between 1700 lx 

to 165 lx were found during PVT and easy BDST trials, but, in contrast, performance 

was not affected on these tasks. All in all, it can be concluded from this study that 

physiology and performance both seemed to be affected (though not consistently) by the 

illuminance manipulation, but independently of each other. 

 Although our hypotheses on task dependence and possible mediation via light-

induced changes in physiological arousal levels were not confirmed, this does not 

necessarily rule out that these specific mechanisms play a role in acute NIF effects of 

light on cognitive performance. However, there are likely other, more important, factors 

that explain the divergent results on cognitive performance found between and within 

study paradigms.  

One other potential variable that could play a role here was also investigated in 

Study 1 and Study 2, namely subjective pleasantness of the lighting condition. In the first 

study, it was found that participants rated the 1000 lx condition as significantly less 

pleasant than the 200 lx condition. This finding is consistent with a previous study 

conducted during daytime using similar lighting conditions (Smolders et al., 2012). 

Further explorative analyses in Study 1 revealed that this effect was only significant 

during afternoon light exposure. Performance decrements under bright compared to 

regular light exposure were also specifically found during the afternoon sessions in 

Study 1. It might be the case that performance-undermining effects occurred because of 

significantly lower comfort during exposure to the bright light condition. Study 2 also 

revealed that participants evaluated the brightest light condition (1700 lx) as significantly 

less pleasant than the regular lighting condition (165 lx). In this study, however, no 

performance-undermining effects of the light manipulation were found. Previous studies 

do suggest that more pleasant and comfortable lighting leads to increased wellbeing and 

work performance at the work place (Veitch, Newsham, Boyce, & Jones, 2008; Veitch, 

Stokkermans, & Newsham, 2013). Although the findings on light appraisals and task 

performance are still not straightforward, the current findings and previous studies 

suggest that subjective appraisals about the lighting may also contribute to the 

manifestation of light-induced effects on cognitive performance. Further research is 
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necessary to establish the contribution of light appraisals when investigating acute NIF 

effects of light on cognitive performance. 

In sum, the first two studies described in this thesis further proved that diurnal 

acute NIF effects of light on cognitive performance are not as straightforward as 

previously thought and often suggested. The studies showed positive, null, and 

performance-undermining effects of bright compared to regular light exposure. 

Regarding cognitive performance, inconsistencies were found both within and between 

these two studies. The inconsistent findings between Study 1 and 2 occurred even though 

the research protocols were quite similar. However, it should be noted that even though 

our studies have a relatively high power with respect to sample size compared to other 

studies in the field (Souman et al., 2017), we did investigate multiple measures in each 

study which increased the chance of type I error. 

In light of the findings in Study 1 and 2, it is important to note that there may be a 

publication bias in the existing literature on NIF effects of bright compared to dim or 

regular light exposure on subjective wellbeing and cognitive performance. This was also 

argued in a recent review of Souman et al. (2017). The field seems to mainly focus on 

the potential beneficial effects of bright light exposure during the day. However, the 

current findings suggest much more inconsistent findings, especially on cognitive 

performance indicators, even when examined within one study paradigm. For lighting 

applications, for example at the workplace, more research is warranted to determine the 

optimal light settings for various types of tasks that are performed. More importantly, 

tasks conducted at the workplace are of course very different from the tasks examined in 

the studies described here. Therefore, translating the current findings to practical 

applications at the workplace is not straightforward. More studies, preferably field 

studies, are needed to determine the optimal daytime indoor light exposure for tasks 

conducted during the workday.  
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7.2 Seasonal and prior light influences on light-induced acute NIF effects 

In the current thesis we have also examined whether temporal factors, in particular 

season and/or prior light exposure could affect NIF responsiveness, and help to explain 

inconsistent findings in the current literature on the strength and direction of acute NIF 

effects during the day. Chapters 4 and 5 (Studies 3 and 4) specifically focused on the 

potential role of season and recent prior light history as a possible moderating factor of 

acute NIF effects. These two factors also share a potentially overlapping effect on light-

induced NIF responsiveness. That is, one of the hypotheses formulated in Chapter 4 was 

that prior light exposure was expected to be much lower in autumn/winter compared to 

spring, which in turn could affect NIF responsiveness. More specifically, it was expected 

that when participants received a relatively low prior light dose (autumn/winter) they 

would be more sensitive to subsequent bright light-induced acute NIF effects than when 

they received a relatively high prior light dose (spring) (Do & Yau, 2013; Wong et al., 

2005). Reduced NIF responses in spring/summer compared to autumn/winter had 

already been established in animals with respect to phase-shifting effects (Glickman et 

al., 2012) and, in humans, for acute melatonin suppression (Owen & Arendt, 1992).  

The study described in Chapter 4 revealed for the first time explicitly that indeed 

the strength of several acute diurnal NIF effects was affected by season. The findings of 

this study indicated that both subjective indicators (vitality and sleepiness) as well as an 

objective indicator (vigilance performance) benefitted from bright compared to regular 

light exposure in the morning during the autumn and winter season but not during the 

spring season. The alternative hypothesis on why season could affect these acute NIF 

effects did not seem to align with these findings. That is, it was expected that, in general, 

participants would feel less vital and alert in autumn/winter compared to spring, as was 

found in previous studies (Harmatz et al., 2000; Kasper et al., 1989; Murray et al., 2001). 

This would leave more room for improvement on subjective and objective measures of 

vitality and alertness during this season. However, baseline comparisons between 

seasons showed that participants who participated in the autumn/winter study felt 

significantly more vital and alert at baseline compared to those who participated in 

spring. Thus, even though they already scored relatively high on vitality and alertness at 
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baseline in winter, these indicators were still further improved during bright compared to 

regular morning light exposure.  

 Because seasonal differences in feelings of vitality and alertness could not explain 

the findings of Study 3, a more probable explanation would be that the light-induced 

benefits found in autumn/winter compared to the null effects found in spring were due to 

a difference in prior light exposure between seasons. Although this explanation remains 

speculative since we did not directly measure the received light exposure levels in the 

spring study, it seems plausible that the light dose received before 9AM was lower in 

autumn/winter compared to spring. In our sample, which consisted of students, almost all 

of them either came by bike, or by train (including a 15-minute walk to the campus). 

Moreover, light received through windows when they were at home was probably also 

less in autumn/winter compared to spring. Adaptation to lower lighting conditions before 

coming to the laboratory in the morning may, therefore, have sensitized participants to 

acute bright light-induced NIF effects.  

 The fact that no differences in acute NIF effects were found between seasons 

during the afternoon sessions may further strengthen the prior light hypothesis. We 

speculate that light dose received before the afternoon sessions in both seasons may have 

already reached a certain threshold (based on intensity and exposure duration) so that 

responsiveness to the bright compared to the regular light condition in the laboratory did 

not differ anymore. These findings emphasize the added value of morning indoor bright 

light exposure during the darker months of the year, while afternoon bright light 

exposure did not seem to lead to beneficial effects in comparison to regular light 

exposure in either season. 

From an evolutionary perspective it also seems plausible that bright light 

exposure turned out to be more beneficial during darker compared to the lighter months 

of the year (at least at relatively high latitudes). That is, since our genetic make-up is still 

very similar to that of our ancestors who lived 10.000 years ago (or maybe even longer) 

(Cochran & Harpending, 2009) and who spent most of their time outside, our genes 

more or less still ‘expect’ light exposure patterns that are similar to those of our 

ancestors. The relatively short photoperiod in autumn/winter at high latitudes may result 
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in light deprivation for many people, especially if they spend most of their time indoors 

(which is not uncommon in winter). Extra daytime light exposure during the darker 

months of the year may partly eliminate this (day)light deprivation which, in turn, may 

promote acute benefits on vitality and alertness, and a better entrained circadian rhythm 

(Hashimoto et al., 1997; Stothard et al., 2017). 

In Study 4, we also more specifically tested whether recent prior light exposure (1 

hour prior to the laboratory session) moderated the acute NIF effects of 1-hour bright vs. 

regular light exposure in the laboratory during the autumn/winter period. This was 

analysed with the experimental data of Study 3, including data of light exposure 

measurements in the field using a wearable light sensor. Our hypothesis for this study 

was similar to the one for Study 3, namely that participants were expected to show 

reduced acute beneficial effects of bright vs. relatively dim light exposure if they had 

been exposed to relatively bright compared to dim light one hour prior to the 

experimental session. This was also analysed separately for morning and afternoon 

sessions because of the previously found differences in acute NIF responsiveness 

between these two dayparts.  

In contrast to the hypothesis, Study 4 did not reveal stronger effects of bright light 

exposure in case participants were exposed to relatively low compared to high lighting 

levels before the start of the laboratory session. In contrast, the study revealed a 

significant decrease in subjective vitality and alertness during regular light exposure in 

the morning sessions that occurred when participants had received a relatively high 

compared to a relatively low prior light dose before the start of the experimental session. 

These findings suggest that people may become more sensitive to experience detrimental 

subjective effects during light exposure shortages when they recently received a 

relatively high light dose.  

Increased sensitivity to light shortages after a relatively high prior light exposure 

were only found for subjective alertness and vitality, but not in case of mood, tension 

and most performance measures (vigilance performance and easy BDST performance). 

For difficult BDST performance, a different pattern of effects was found which was 

partly in line with our hypothesis. That is, performance during bright light exposure in 
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the morning was significantly better when participants had a relatively low compared to 

high prior light dose which is in line with the conclusions drawn from previous in vitro 

research (Do & Yau, 2013; Wong et al., 2005) and with the study of Chang et al. (2013). 

On the other hand, while exposed to regular office lighting, difficult BDST performance 

was the same when participants were exposed to a relatively high and low prior light 

dose, which make these findings more complex to explain. According to the sensitivity 

hypothesis, participants would have been expected to show decreased performance 

during regular light exposure while being exposed to a relatively high compared to a low 

prior light dose. As this was only a first exploration of the potential moderating role of 

recent prior light exposure in light-induced acute NIF effects, more research is needed in 

order to establish whether the sensitivity hypothesis is valid or not. 

As was stated in Chapter 5, the results on the potential moderating role of prior 

light exposure should be interpreted with caution because of limitations in the reliability 

of the measurements of the light sensors. Moreover, further research is needed to 

examine which time frame of prior light exposure can predict sensitivity to acute NIF 

effects most accurately. In Chapter 5, we only investigated recent prior light exposure (1 

hour before the laboratory session), but it is not unlikely that more distant prior light 

exposure also plays a moderating role in acute NIF effects.  

Thus, before developing advice for intelligently tuned lighting based on 

individual prior light dose, we recommend more research. Still, based on the findings of 

Study 3, tuning indoor lighting depending on the season may be recommended. That is, 

according to the findings of this study, relatively bright light exposure in the morning 

during the darker months of the year could lead to significant improvements in 

subjective and objective alertness. In spring and summer, however, extra indoor light 

exposure in may not establish these improvements, or only show very subtle 

improvements. In this case, it should be determined whether the costs of the increased 

light intensity outweigh the relatively small benefits in acute alertness from the light 

exposure.  
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7.3 Persistent and delayed effects of bright vs. regular light exposure 

In the final study of this dissertation (Chapter 6) we investigated persistent and delayed 

effects on subjective indicators of wellbeing outside the laboratory after 1-hour bright 

compared to regular office light exposure in the laboratory. Interestingly, the findings of 

this study did not confirm previous studies investigating a similar question, albeit by 

using a different study design (Figueiro et al., 2014; Münch et al., 2012; Münch et al., 

2017). While these studies found positive effects of daytime bright or blue-enhanced 

light exposure compared to dim or regular indoor light exposure on cognitive 

performance and subjective wellbeing during the evening and night hours, the current 

study also revealed negative delayed effects. Whereas the acute beneficial effects 

persisted up to half an hour after bright light exposure in the morning, negative effects 

on several of the measures were seen afterwards. That is, participants experienced 

significantly lower self-control in the late afternoon and evening after morning bright 

light exposure in the laboratory. In addition, participants reported significantly more 

negative affect in the later part of the evening and significantly worse sleep quality after 

morning bright compared to regular light exposure. 

 We can only speculate as to why these negative delayed effects occurred. First, as 

explained in Chapter 6, it may be caused by ego-depletion due to a limited source of 

energy during the waking day (Muraven & Baumeister, 2000). On the other hand, when 

taking into account the light appraisal ratings investigated in Chapter 2, 3 and 4, it might 

be the case that unpleasantness and/or (over)stimulation by the bright light may have 

caused delayed negative effects even though positive activating effects were found 

during the light exposure itself. However, since this was an unexpected effect contrasting 

earlier findings, we should not ignore the possibility that this may have been a chance 

finding, or that such negative delayed effects are a temporary, dissipating phenomenon 

because participants were not used to such bright artificial light exposure during the day. 

Nevertheless, taking into account that not just a few, but several indicators showed 

negative delayed effects after morning bright light exposure, this is definitely something 

that should be further investigated. In case negative delayed effects occur more 

consistently after bright morning light exposure, it would be valuable to investigate 
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whether somewhat lower light intensities with a higher CCT (resulting in comparable 

melanopic activation) may give similar positive acute effects during the light exposure 

but less negative delayed effects. 

 Special interest goes out to why participants experienced a significantly worse 

sleep quality after bright compared to regular morning light exposure in the laboratory. 

As previous evidence showed otherwise (Hubalek et al., 2010; Leger et al., 2011), this 

finding was again somewhat surprising. Future research should establish whether this 

may be due to a small circadian advance happening within one day, without participants 

adapting their sleep-wake rhythm in accordance with their internal time.  

 Because this is, as far as we are aware, one of the first studies that focused on 

monitoring persistent and delayed effects of relatively short daytime indoor bright light 

exposure using a field study approach, future studies re-examining the current findings 

are a necessity. If the findings of Study 5 can be replicated, it should be further examined 

what kind of intensity levels and CCT’s can be used without causing these potential 

negative delayed effects. Overall, the findings of Study 5 emphasize the relevance of 

continued monitoring after the light exposure and during the subsequent night since 

measurements restricted to the light exposure period only give limited information that 

can be used for designing healthy indoor lighting. 

 

 

7.4 Time of day and duration influences on light-induced acute NIF effects 

In the studies described in Chapters 2 to 4 we investigated whether the duration and/or 

the timing of the light exposure moderated acute NIF effects of light in the laboratory. 

With respect to the duration of the light exposure we investigated possible significant 

moderations by measurement block during the hour of light exposure. More specifically, 

it was examined whether effects of the light manipulation appeared directly at the 

beginning of the light exposure or later, towards the end of the light exposure. Taken 

together, the findings of the current studies revealed that significant acute NIF effects on 

subjective wellbeing, cognitive performance, and physiology largely occurred from the 

start of the light exposure. There was one exception to this rule, which occurred in case 
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of FDST performance measured in Study 1 (see Chapter 2). This measure only showed 

significant bright light-induced improvements during the final measurement block (i.e., 

after more than 45 minutes of light exposure). All other significant effects of illuminance 

on subjective and objective indicators measured in Study 1, 2 and 3 did not show this 

moderation by measurement block. Although these findings suggest a direct rather than a 

delayed effect of illuminance on cognitive performance, subjective wellbeing, and 

physiology, previous laboratory studies using a similar design revealed that vigilance 

performance was consistently significantly moderated by time in session, both during a 

1-hour light exposure (Smolders et al., 2012) and a 30-minute light exposure (Smolders 

& de Kort, 2014). However, the fact that we used much brighter light intensity levels 

(1700 lx compared to 1000 lx at the eye) in Study 2 and 3 (where vigilance performance 

was examined) may explain why significant effects of illuminance on performance were 

more immediate in these studies.  

 With respect to time of day moderation, a quite consistent picture emerged in the 

studies described here. That is, beneficial effects of bright compared to regular light 

exposure were largely found in the morning, while no significant or detrimental effects 

of bright light were mostly found in the afternoon. Moreover, significant moderation of 

the acute effects of illuminance by season and prior light exposure were also only found 

during the morning sessions. Last, persistent and delayed effects after bright vs. regular 

light exposure were, for most of the measures, only found after morning light exposure. 

These findings, suggesting an important moderating role of time of day in acute NIF 

effects during the day, are in line with findings of a previous laboratory study on acute 

NIF effects regarding vigilance performance, but not regarding subjective alertness and 

vitality (Smolders et al., 2012). More specifically, this study also showed improvements 

on subjective alertness and vitality during the afternoon sessions. However, it should be 

noted that in most of our studies the timing of the sessions were more extreme (morning: 

9:00 AM and afternoon: 15:45 PM) compared to the timing in the study of Smolders et 

al. (2012) (morning: 9:00 or 11:00 AM and afternoon: 13:00 or 15:00 PM). This may 

have led to reduced strength of the acute NIF effects in the study of Smolders et al. 

(2012).  
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 The scarcity of beneficial acute NIF effects in the afternoon in non-sleep and non-

light deprived subjects is in line with the study of Kaida, Takeda, and Tsuzuki (2013). 

They also found no effects of afternoon bright (> 2000 lx at eye level) compared to dim 

(100 lx at eye level) light exposure on cognitive performance in healthy day-active 

persons. The authors of this study argued, although they did not directly test this, that 

acute NIF effects of bright light in the afternoon are likely to be relatively weak 

compared to effects found during morning or nighttime bright vs. dim light exposure 

light exposure. This explanation may be plausible when taking into account the study of 

Khalsa et al. (2003). This study revealed that light-induced shifts in circadian phase were 

minimal during the subjective afternoon hours. These findings suggest limited sensitivity 

of the NIF pathway when exposed to bright compared to dim light exposure in the 

afternoon. In contrast, phase-shifting effects were more substantial when participants 

were exposed to light during the (early) morning and late evening. Assuming that there is 

a shared pathway for circadian and acute NIF effects, the latter effects may also be more 

substantial during these times of day. 

In addition to possible sensitivity differences of the NIF pathway during the 24-

hour day, another potential mechanism that may explain why beneficial acute NIF 

effects of bright compared to regular light exposure are largely absent in the afternoon 

could be that the prior light dose (duration and intensity) persons have acquired by that 

time is much larger than during the morning hours (assuming darkness during the night). 

Thus, benefits of indoor bright light exposure may emerge only when the prior light dose 

is relatively low. This is much more likely to occur in the morning (when people have 

just woken up) compared to the afternoon. Although Chapter 5 showed no significant 

differences between participants with a relatively high compared to low prior light dose 

regarding effects of bright light exposure on subjective alertness and vitality, there was a 

trend showing increased benefits on these indicators under bright light exposure when 

prior light dose was relatively low. Moreover, previous research of Chang et al. (2013) 

also confirmed increased acute NIF effects as measured by state alertness and vigilance 

performance when exposed to a relatively high illuminance (90 lx at the eye) during the 
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night when prior light exposure was low (1 lx at the eye) compared to high (90 lx at the 

eye).  

Another aspect that also should be taken into account here is the experienced 

pleasantness of lighting conditions. It is well known that visual comfort plays an 

important role in determining one’s state wellbeing and task performance (Juslén & 

Tenner, 2005; Veitch et al., 2008; Veitch et al., 2013). In Study 1, where most 

performance-undermining effects of bright vs. regular light exposure were found during 

the afternoon sessions, the results also revealed significantly lower pleasantness ratings 

for the bright compared to the regular light condition. However, during the morning 

sessions in Study 1 - where slight beneficial effects on performance and significant 

beneficial effects on subjective alertness were found during bright light exposure - the 

bright light condition was not rated as significantly less pleasant than the regular lighting 

condition. It may have been the case that lighting appraisals also contributed to the 

effects of light found in the morning and afternoon sessions. In addition, previous 

research has already demonstrated that day-active office workers prefer an indoor light 

pattern that is in line with the natural daylight curve (Begemann, Van den Beld, & 

Tenner, 1997; Juslén & Tenner, 2005). More importantly, the 24-hour day-night cycle is 

also the light exposure pattern to which we are evolutionarily most adapted. Since our 

afternoon sessions were relatively late in the afternoon (16:15 until 17:15), a relatively 

bright light boost during this timeslot does not particularly fit the natural daylight 

exposure pattern. In contrast to morning bright light exposure, relatively bright light 

exposure in the (late) afternoon may therefore not result in beneficial acute NIF effects. 

 A general note that should be taken into account while discussing the time of day 

moderations found in the studies described in this thesis is that we used local clock time 

instead of internal clock time in each of these studies. However, the actual acute NIF 

effects of light experienced by each participant in the morning and afternoon session are 

expected to depend on his/her internal time at that moment. For developing truly 

personalized lighting regimes, internal clock time should be taken into account in order 

to determine individual optimal light exposure timing. 
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7.5 Recommendations for indoor lighting and directions for future research 

The findings discussed in the current thesis give valuable implications for future research 

which is necessary to develop recommendations for optimizing indoor lighting to 

maximize beneficial effects on alertness, vitality, and cognitive performance. In our 

laboratory studies, we repeatedly tested the difference in acute NIF effects of regular 

office light exposure (165 lx and 200 lx at the eye) compared to brighter light exposure 

(1000 lx and 1700 lx at the eye) in order to examine whether an increase in indoor light 

intensity could positively affect alertness and cognitive performance. As the effects of 

the light manipulations used in our studies were mostly inconsistent, we should be 

careful with making recommendations for indoor lighting design at this point. Overall, 

the findings of the studies described here point to the potential usefulness of both 

dynamic and personalized light exposure. First of all, the studies revealed clear benefits 

during the morning sessions but not during the afternoon sessions (Study 1 and 3). 

Moreover, benefits were mainly found in autumn/winter (Study 3) while in spring the 

benefits were either non-existent (Study 2 and 3) or very subtle (Study 1). These findings 

advocate the use of dynamic light exposure that takes into account time of day as well as 

season. In this way, both energy efficiency (i.e., not using bright light when no or 

minimal benefits are expected) and maximal positive acute effects for state alertness and 

performance can be attained. 

In addition to time of day and season, individual prior light exposure seemed to 

influence some of the acute NIF effects, which suggests that indoor light exposure may 

have to be tailored to a specific person with respect to his/her light history. While the 

findings from the first three chapters suggest that participants especially benefitted from 

bright compared to regular light when their pre-exposure light dose was expected to be 

relatively low (i.e., in winter and in the morning), the findings of Chapter 5 indicate that 

participants with a relatively high prior light exposure may be more sensitive to 

subsequent light shortages indoors. These findings suggest the usefulness of brighter 

light exposure in the morning, especially for those persons who have already 

experienced relatively bright light beforehand. However, in order to make more detailed 
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recommendations for personalized lighting regimes based on prior light dose more 

research on the potential moderating role of prior light exposure is necessary.  

A final variable investigated here that may determine the optimal indoor light 

intensity level is the type of task that is performed. Although Study 1 showed different 

effects for various types of tasks, no consistent picture appeared that could explain how 

task type may influence the manifestation of acute NIF effects. Based on the findings of 

Study 1, inconsistent results were found regarding task difficulty as a potential 

moderating factor. Although the type of task performed may moderate acute NIF effects 

of illuminance, further research is necessary to determine what task characteristics 

determine the magnitude and direction of the acute NIF effects on cognitive performance 

and a more consistent pattern of light-induced effects on performance should first be 

established. More importantly, in case a more consistent effect of illuminance on 

cognitive performance can be established, it is vital to further investigate whether these 

effects of light translate to ‘real-world’ task performance, for example at the workplace.  

Although beyond the scope of this thesis, many other personal characteristics may 

also determine how acute NIF effects of daytime light exposure are manifested. 

Characteristics that have been studied already are for example one’s mental state (Correa 

et al., 2016; Smolders & de Kort, 2014), age (Daneault, Dumont, Masse, Vandewalle, & 

Carrier, 2016), and chronotype (Vandewalle et al., 2011). These variables, and likely 

other, not yet researched variables may further influence the occurrence of acute NIF 

effects. All in all, it can be concluded that the circumstances under which beneficial NIF 

effects may occur are likely determined by a wide range of personal and situational 

characteristics, which poses challenges for designing healthy intelligent indoor lighting 

systems. Moreover, individual preferences for indoor lighting may even further 

complicate goals for optimizing acute NIF effects, since people may not always choose 

what is best for them in terms of optimizing alertness and vitality (Smolders, 2013b). 

When developing indoor lighting design advices based on the current series of 

laboratory studies, it should be noted that these studies were conducted without daylight 

contribution. Of course, when designing indoor lighting regimes to optimize NIF effects, 

one should take into account and make effective use of daylighting design as well. A 
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recent review of Khademagha, Aries, Rosemann, and van Loenen (2016) proposed a 

framework on daylighting design parameters in relation to light factors that could 

optimize NIF effects on wellbeing and performance during daytime. In their paper, they 

discuss that several architectural design parameters (i.e., window size and position, 

glazing type, shading devices and interior design) can be employed to change the 

spectrum, intensity and direction of indoor lighting by means of daylight in order to 

improve NIF effects in humans. Since humans evolved under natural daylight exposure, 

the use of daylight design in buildings should be stimulated as much as possible (see also 

Beute & Kort, 2014; Boyce, Hunter, & Howlett, 2003). However, using only daylight 

exposure indoors is usually insufficient to reach optimal image and non-image forming 

effects. Therefore, a balanced combination of daylight and artificial light exposure is 

recommended. 

For future research, both to increase knowledge in the field and for further 

development of advice for healthy indoor lighting, there are several important topics that 

are necessary to investigate. First of all, it is important to investigate the optimal required 

dosages and spectra during a full day. In the current thesis, only illuminance was taken 

into account (not CCT), and the chosen intensity levels were fixed and given at fixed 

times of the day. From our results in Study 2, we can conclude that 600 lx compared to 

165 lx at eye level is likely not enough to create beneficial acute NIF effects, and 

therefore higher levels are recommended. However, it may be possible that, by exposing 

participants to more blue-enhanced light, similar positive effects may occur at a lower 

intensity level as has been found in people treated for seasonal affective disorder 

(Anderson, Gold, Dai, Cao, & Lockley, 2009; Meesters, Dekker, Schlangen, Bos, & 

Ruiter, 2011). Overall, the field may highly benefit from a dose-response curve 

investigating multiple lighting levels on acute activating NIF effects during daytime, as 

was previously developed by Cajochen et al. (2000) during nighttime. Moreover, taking 

into account the findings of Chapter 6, it is also important to further investigate potential 

(negative) delayed effects of a certain lighting regime.  

Although investigating the optimal doses and spectra at different times of the day 

for indoor lighting is more practical to conduct in a controlled laboratory setting, it is 
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important to verify these laboratory findings under more natural circumstances. To this 

end, it would be highly valuable to investigate whether the findings of the current 

laboratory studies (e.g., beneficial and detrimental effects of bright vs. regular office 

light on cognitive performance, and moderation of season and prior light dose) also 

occur in a natural office setting where much more variables are of influence. Setting up 

such a study poses great challenges as even more (unknown) variables may influence the 

magnitude and direction of the NIF effects (most notably daylight contribution through 

windows, and ongoing social and cognitive activities during the test period). 

Nevertheless, previous field studies conducted in offices show promising effects of using 

blue-enhanced white light of lower intensities than used in the current study (Mills et al., 

2007; Viola et al., 2008). In contrast to the study described in Chapter 6, the field study 

of Viola et al. (2008) even revealed beneficial delayed effects of daytime indoor blue-

enhanced light exposure during the workday on evening fatigue and sleep quality after 

an exposure period of four weeks. These findings advocate further investigation of both 

short-term and more long-term delayed effects. 

Not only should future studies focus on validating the current findings in field 

studies, they should also focus on validating the current findings in different age groups. 

In the current studies, only student samples were investigated but it is not unlikely that 

older participants show different light-induced acute NIF effects. It has been 

hypothesized that relatively old compared to young people may need higher illumination 

levels and/or more blue light exposure to reach similar acute NIF effects due to, amongst 

others, less blue light transmittance as a result of yellowing of the eye lens and less 

overall light transmittance due to reduced pupil size (Daneault et al., 2016). Few studies 

indeed suggest that acute NIF effects of light on subjective alertness and mood in the 

early morning are reduced in relatively old compared to young participants (Revell & 

Skene, 2010; Sletten, Revell, Middleton, Lederle, & Skene, 2009), indicating different 

needs for different age groups. Additional research is necessary to establish potential age 

differences in acute NIF effects during daytime hours in day-active people. However, for 

older participants it may be preferred to increase CCT instead of (significantly) 

increasing illuminance due to increased visual discomfort (e.g., glare and increased 
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adaptation time) at high light intensities as a result of the ageing eye (Salvi, Akhtar, & 

Currie, 2006).  

A final important area that warrants further investigation concerns the underlying 

mechanisms that may explain the manifestation of acute NIF effects. In Chapter 1, we 

proposed two hypotheses that may explain the direction and magnitude of acute NIF 

effects. First, based on the YDL, it was expected that, if bright light exposure led to 

increased physiological arousal, participants would show improved performance on 

relatively easy tasks with increasing physiological while performance on difficult tasks 

may first improve but start to decline if physiological arousal further increases. The 

findings of Study 2, however, did not confirm the arousal hypothesis since no consistent 

pattern emerged with respect to parallel light-induced changes in physiology and 

performance. For establishing potential underlying mechanisms of acute NIF effects, it 

may be of value to choose more extreme light manipulations in future studies in order to 

obtain stronger effects on each of the outcome measures. In addition to investigating 

potential underlying mechanisms, the current studies aimed to find light levels that could 

improve cognitive performance and subjective wellbeing, but at the same time could be 

applied in the field (e.g., in offices and homes). Therefore, we used regular office light 

levels as a reference and experimental conditions with light levels that were not too 

extreme. Most effects found in the current studies were therefore relatively subtle, 

making it more difficult to demonstrate potential underlying mechanisms. Choosing 

more extreme light manipulations may be valuable for unravelling underlying 

mechanisms.  

On the other hand, it may be the case that increased activation of specific brain 

areas under relatively bright or blue light exposure may explain the occurrence of acute 

NIF effects on alertness, vitality, mood, and cognitive performance (Vandewalle et al., 

2009). Although the studies of Vandewalle and colleagues show promising results with 

respect to light-induced brain activation, cognitive performance did not differ under the 

various lighting conditions they tested. Although they did examine more extreme light 

levels (e.g., < 1 lx compared to > 7000 lx), their exposure times were relatively short 

(max. 21 minutes). Future fMRI studies using a longer light exposure period are 
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necessary to examine whether differences in brain activation can indeed explain the 

occurrence of acute NIF effects of light on cognitive performance.  

 

 

7.6 General conclusion 

Overall, the findings discussed in this thesis reveal that the circumstances under which 

beneficial acute NIF effects occur are more complex than previously thought. Thus, in 

addition to the timing, duration, intensity and spectrum of the lighting (Cajochen, 2007; 

Chellappa, Gordijn, et al., 2011; Smolders, 2013a), other situational characteristics (i.e., 

task type, season, and prior light exposure) seem to play an important role in determining 

the manifestation of diurnal acute NIF effects. These findings advocate the use of 

person-centered dynamic lighting during the day, but also pose new challenges to 

develop these kind of intelligent lighting systems. Future research in the field, both at 

home and at the workplace, is needed to further investigate the circumstances and light 

settings under which optimal acute NIF effects can be achieved during daytime. 

Moreover, (extended) replication studies can be of great value in order to determine the 

consistency of the current findings. 

The current thesis contributes to the existing field of studies on acute NIF effects 

of light in several ways. First, the studies described in this thesis are the first to explicitly 

investigate the effects of task difficulty, season, and prior light exposure in the 

manifestation of acute NIF effects during participants’ daily routines, as well as potential 

persistent and delayed effects of daytime indoor light exposure. Second, this thesis 

presents several extended replication studies, which give crucial insight in the degree of 

consistency of light-induced NIF effects on wellbeing, cognitive performance, and 

physiology during daytime. Moreover, the multimethod approach used in the current 

studies and the comprehensiveness in reporting these measures (albeit at the cost of an 

increased likelihood of type I error) give a complete view on the consistency of daytime 

NIF effects within and between studies. In contrast, some authors may not report null or 

contrasting effects, as discussed by, amongst others, Souman et al. (2017). To this end, it 

would be good if more studies in this domain would employ pre-study registration. 
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Importantly, the studies described in this thesis complement findings on existing, 

more strictly controlled, laboratory studies by the fact that they were employed during 

participants’ regular daily routines. These study designs form a necessary step in the 

chain of translational research from fundamental neuroscientific, chronobiological, and 

psychological studies to lighting design for real-world application. The studies described 

here were further strengthened by using relatively large sample sizes compared to other 

studies in the field (see Souman et al., 2017) and by controlling for several potential 

confounding variables and timing effects.  

Overall, the current findings emphasize the necessity to further investigate the 

occurrence of negative acute and delayed bright light-induced NIF effects. Until today, 

most research on acute NIF effects of daytime bright and blue-enhanced compared to 

regular or dim light exposure rendered promising beneficial results in terms of alertness, 

vitality, mood, and cognitive performance. However, the current findings, together with 

some recently published studies (Gabel et al., 2015; Smolders & de Kort, 2014), revealed 

that potentially beneficial light exposure scenarios may establish negative effects when 

ill-timed, or while executing a particular type of task. Moreover, acute beneficial effects 

of a certain light exposure regime may lead to detrimental delayed effects on mood, self-

control, and sleep quality after the exposure has ended. Yet, further studies are warranted 

in order to explore which factors play a role in explaining these potential negative 

delayed effects of relatively bright compared to regular daytime light exposure.  

 In conclusion, the current findings provide valuable new insights into the specific 

circumstances under which daytime bright compared to regular indoor light exposure has 

the potential to improve subjective wellbeing and cognitive performance. However, as 

the current findings also highlight several inconsistencies in the direction and magnitude 

of acute NIF effects, this poses new challenges to the domain of lighting research and the 

development of recommendations for personalized and dynamic indoor lighting regimes.  
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The following appendices are included on the next pages: 

 

Appendix A: Table A1 to A4 

Table A1. Summary of studies on acute NIF effects of light on tasks investigating 

vigilance performance 

Table A2. Summary of studies on acute NIF effects of light on tasks investigating 

working memory and executive functioning 

Table A3. Summary of studies on acute NIF effects of light on tasks investigating 

addition/subtraction performance 

Table A4. Summary of studies on acute NIF effects of light on tasks investigating 

behavioural inhibition 

 

Appendix B: Figure B1 to B3 

Figure B1. Wearable light sensors used in the study described in Chapter 5 

Figure B2. Spectral sensitivity of the R, G, B and C colour sensors of the wearable light 

devices 

Figure B3. Hourly light levels from 5:00 AM to midnight 
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Appendix B: Figure B1 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B1. Wearable light sensors used in the study described in Chapter 5. 

Adapted from Martin (2013). 
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Appendix B: Figure B2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B2. Spectral sensitivity of the R, G, B and C colour sensors  

of the wearable light devices used in the study described in Chapter 5.   

Adapted from Martin (2013).  
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Summary 

 

Indoor lighting is something we take for granted nowadays. As we spend more and more 

time indoors, we need artificial light for optimal vision, especially when the amount of 

window surface is limited or when it gets dark outside. In addition, artificial lighting is 

also used to create a certain ambience in a room or for decorative purposes. However, 

the discovery of a third non-rod non-cone photoreceptor in the retina led to a substantial 

body of research which established that light can affect us via several pathways in the 

brain. For example, it is well known that light exposure regulates our circadian sleep-

wake rhythm. Moreover, recent studies revealed that light exposure can acutely affect 

our state vitality, alertness and cognitive performance. Yet, the specific conditions under 

which these so called acute non-image forming (NIF) effects occur are largely unknown. 

The goal of the current thesis was to further investigate the relatively short-term (minutes 

to hours) effects of diurnal indoor light exposure on feelings of alertness and vitality as 

well as physiology and cognitive functioning in healthy, day-active people. By studying 

these effects in controlled laboratory studies and by using light measurements and an 

Experience Sampling Method (ESM) protocol in a field study, we were able to increase 

our understanding of the circumstances under which light intensity may be beneficial (or 

not) during the day.  

In a series of laboratory studies executed in a simulated office environment, we 

explored the effect of 1-hour daytime bright vs. regular office lighting on state alertness, 

vitality and mood, as well as cognitive performance and physiological indicators under 

various circumstances. We first explored whether effects of the light manipulation on 

cognitive performance depended on the difficulty level of task that was performed. In a 

second laboratory study we investigated whether the amount of physiological arousal 

(heart rate, skin conductance, and blood pressure) experienced during cognitive 

performance played a role in the effects of the light intensity manipulation on cognitive 

performance. Furthermore, in a third study we examined whether the magnitude and 

direction of NIF effects depended on the season in which they were measured 

(autumn/winter vs. spring). 
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Overall, these laboratory studies demonstrated that both the type of task that is 

conducted and the season may play a role in determining the magnitude and/or direction 

of acute NIF effects. That is, in case of a working memory task, participants performed 

significantly better on the simple version of this task but significantly worse on the more 

difficult version of this task under bright light (1000 lx at the eye) vs. regular light 

exposure (200 lx at the eye) in the afternoon. However, these findings were not clear-cut, 

as this trend was not seen on a second working memory task with different difficulty 

levels. Another laboratory study revealed a significant influence of season on the 

strength of acute NIF effects. Effects of bright (1700 lx at the eye) vs. regular light 

exposure (165 lx at the eye) were more beneficial in autumn/winter compared to spring 

for subjective alertness and vitality, and vigilance performance. Last, physiological 

arousal did not seem to explain differential effects of light intensity on cognitive 

performance. Although both physiology and performance were affected by the light 

manipulation, no consistent pattern emerged with respect to parallel changes in 

physiology and performance.  

All in all, the laboratory studies revealed the most consistent results during the 

morning sessions, where clear improvements on subjective alertness and vitality, as well 

as psychomotor vigilance performance were found during the darker months of the year. 

During the afternoon session, largely insignificant effects, and even some detrimental 

effects of the light manipulation were found. These findings emphasize the importance 

of well-timed daytime indoor light exposure in order to induce beneficial NIF effects.  

In addition to these controlled laboratory findings, we added a field study 

component to one of the laboratory studies by using wearable light intensity 

measurement devices and an ESM protocol in order to study the occurrence of NIF 

effects in a wider context. More specifically, we measured participants’ light intensity 

levels at eye-height before the laboratory study which investigated a 1-hour light 

manipulation of 165 lx vs. 1700 lx at the eye in order to examine whether acute NIF 

effects depended on the average prior light dose received one hour before the laboratory 

experiment. In addition, we also investigated state feelings of alertness, vitality, mood, 

and self-control as well as sleep timing and quality during the subsequent night by means 
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of ecological momentary assessment so that potential persistent and delayed effects of 

the 1-hour light manipulation in the laboratory could be investigated. 

Findings of these measurements in the field revealed that light exposure during 

the hour before the laboratory study influenced some of the acute NIF effects measured 

in the laboratory. That is, participants who had a relatively high prior light dose in the 

morning seemed to experience significantly increased sleepiness and decreased vitality 

of regular (165 lx) compared to bright light (1700 lx) exposure. In other words, they 

became more sensitive to subsequent light shortages. 

The ESM protocol showed that the beneficial subjective acute effects found 

during one hour bright compared to regular light exposure (decreased sleepiness and 

increased vitality) in the morning continued for up to half an hour after the light 

exposure but dissipated quickly during the subsequent hour. Moreover, a few significant 

detrimental delayed effects of morning bright light exposure were found in this study. 

Participants reported lower self-control in the late afternoon and early evening and 

reported lower self-control and more negative affect in the later part of the evening after 

morning bright light exposure. Participants also experienced significantly worse sleep 

quality after morning bright compared to regular light exposure. 

In conclusion, the current findings show that the occurrence of acute NIF effects 

of light may depend on several individual and contextual factors. Specifically, the 

current thesis showed that the task performed, the season and the prior light dose can 

influence the magnitude and/or direction of acute NIF effects. The current findings also 

underline the importance of studying acute NIF effects of light in a larger time frame 

because of possible moderation of prior light exposure and potential (unwanted) delayed 

effects. These findings pose new challenges for the development of intelligent, dynamic, 

and personalized indoor lighting regimes in order to achieve optimal NIF effects. 
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Samenvatting 

 

Binnenverlichting is iets wat we tegenwoordig als vanzelfsprekend beschouwen. Nu we 

steeds meer tijd binnenshuis spenderen, hebben we kunstverlichting nodig voor optimale 

visuele capaciteiten, met name als het aantal ramen beperkt is of als het buiten donker 

wordt. Kunstverlichting wordt daarnaast ook gebruikt om een bepaalde sfeer in een 

ruimte te creëren, of voor decoratieve doeleinden. Echter, de ontdekking van een derde 

‘noch staafje, noch kegeltje’ fotoreceptor in de retina resulteerde in een substantiële 

hoeveelheid onderzoek waaruit bleek dat licht via verschillende paden in het brein ons 

welbevinden kan beïnvloeden. Zo is het bijvoorbeeld bekend dat licht ons circadiane 

slaap-waak ritme reguleert. Bovendien hebben recente studies laten zien dat 

lichtblootstelling acuut onze vitaliteit, alertheid en cognitieve prestatie kan beïnvloeden. 

De specifieke omstandigheden waaronder deze zogenaamde niet-beeldvormende (NBV) 

effecten van licht plaatsvinden zijn echter nog grotendeels onbekend. Het doel van de 

huidige thesis was om de relatief korte-termijn effecten (minuten tot uren) van 

kunstmatige lichtblootstelling gedurende de dag op gevoelens van alertheid en vitaliteit, 

fysiologie, en cognitieve prestatie te onderzoeken bij dag-actieve mensen. Door deze 

effecten te bestuderen in gecontroleerde labstudies en door gebruik te maken van 

lichtmetingen en een Experience Sampling Method (ESM) protocol in het veld, waren 

we in staat om de kennis over de omstandigheden waaronder lichtintensiteit gunstige (of 

juist nadelige) effecten heeft gedurende de dag te vergroten. 

 In een serie onderzoeken uitgevoerd in een gesimuleerde kantooromgeving 

hebben we gekeken naar het effect van 1-uur durende felle kantoorverlichting ten 

opzichte van reguliere kantoorverlichting op alertheid, vitaliteit en stemming, en ook 

cognitieve prestatie en fysiologie onder verschillende omstandigheden. We hebben eerst 

bekeken of de effecten van de lichtmanipulatie op cognitieve prestatie bepaald werden 

door de moeilijkheidsgraad van de taak die werd uitgevoerd. In een tweede onderzoek 

hebben we bekeken of de mate van fysiologische activatie (i.e., hartslag, huidgeleiding 

en bloeddruk) gemeten gedurende cognitieve prestatie een rol speelde in het 

teweegbrengen van de effecten van de lichtmanipulatie op cognitieve prestatie. Ten 
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slotte hebben we in een derde studie bekeken of de sterkte en/of richting van NBV 

effecten afhangen van het seizoen waarin ze gemeten zijn (herfst/winter in vergelijking 

met lente). 

De onderzoeken lieten zien dat zowel het type taak (moeilijkheidsgraad) als het 

seizoen een rol lijken te spelen in de sterkte en/of richting van acute NBV effecten van 

lichtsterkte. Dat wil zeggen, in het geval van een werkgeheugen taak presteerden 

deelnemers significant beter op de makkelijke versie van de taak en slechter op de 

moeilijke versie van deze taak als ze blootgesteld werden aan relatief felle 

kantoorverlichting (1000 lx op het oog) ten opzichte van reguliere kantoorverlichting 

(200 lx op het oog) in de middag. Deze bevindingen waren echter niet eenduidig 

aangezien deze trend niet werd gezien in het geval van een andere werkgeheugentaak 

met verschillende moeilijkheidsgraden. Een tweede onderzoek onthulde een significante 

seizoensinvloed op de sterkte van acute NBV effecten. Effecten van relatief fel licht 

(1700 lx op het oog) ten opzichte van reguliere verlichting (165 lx op het oog) waren 

consistent positiever in de herfst/winter in vergelijking met het voorjaar voor subjectieve 

alertheid en vitaliteit, en ook in het geval van prestatie tijdens een vigilantietaak. Ten 

slotte lieten analyses zien dat verschil in fysiologie de verschillen in de effecten van licht 

op cognitieve prestatie niet kon verklaren. Ondanks dat zowel fysiologische maten als 

cognitieve maten werden beïnvloed door de lichtmanipulatie waren er geen consistente 

patronen te zien met betrekking tot parallelle veranderingen in fysiologie en prestatie.  

 Over het algemeen lieten de onderzoeken de meest consistente bevindingen zien 

gedurende relatief felle lichtblootstelling tijdens de ochtendsessies, waar een duidelijke 

verbetering te zien was in subjectieve alertheid, vitaliteit en prestatie op een 

vigilantietaak tijdens de donkere maanden van het jaar. Tijdens de middagsessies zagen 

we vooral geen, of negatieve effecten van de lichtmanipulatie. Deze bevindingen 

benadrukken het belang van juiste timing van de lichtblootstelling om positieve NBV 

effecten teweeg te brengen. 

Naast deze gecontroleerde laboratoriumbevindingen, hebben we een veldstudie 

component toegevoegd aan een van de onderzoeken waarbij deelnemers draagbare 

lichtmeters gebruikten en meededen aan een ESM protocol zodat we het optreden van 
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NBV effecten in een bredere context konden onderzoeken. In deze studie hebben we 

continu de lichtintensiteit op ooghoogte gemeten voordat de deelnemers naar het lab 

kwamen. Hierdoor konden we bekijken of de acute NBV effecten die optraden door de 

lichtmanipulatie in het lab (165 lx vs. 1700 lx op het oog), afhankelijk waren van de 

gemiddelde lichtdosis waaraan deelnemers werden blootgesteld gedurende het uur 

voordat ze naar het lab kwamen. Daarnaast hebben we, door middel van het ESM 

protocol, ook herhaaldelijk gevoelens van alertheid, vitaliteit, stemming en zelfcontrole 

gemeten alsook slaaptijden en slaapkwaliteit gedurende de twee dagen van de labstudie 

zodat we mogelijk aanhoudende of uitgestelde effecten van de lichtmanipulatie in kaart 

konden brengen. 

De bevindingen van deze metingen in het veld lieten zien dat lichtblootstelling 

gedurende het uur voor de labstudie een invloed had op sommige van de acute NBV 

effecten gemeten in het lab. Specifiek werd gevonden dat deelnemers met een relatief 

hoge lichtdosis voorafgaande aan de lichtblootstelling in het lab in de ochtend significant 

meer negatieve effecten ondervonden op slaperigheid en vitaliteit tijdens reguliere (165 

lx) ten opzichte van felle (1700 lx) lichtblootstelling. Met andere woorden, ze werden 

meer gevoelig voor lichttekorten na blootstelling aan relatief fel licht.  

Het ESM protocol liet zien dat de positieve subjectieve acute effecten van één uur 

felle in vergelijking met reguliere lichtblootstelling (afgenomen slaperigheid en 

toegenomen vitaliteit) in de ochtend aanhielden tot een half uur na het einde van de 

blootstelling maar gedurende het uur daarna snel verdwenen. Daarnaast werden er enkele 

significante negatieve uitgestelde effecten van felle lichtblootstelling in de ochtend 

gevonden in deze studie. Deelnemers rapporteerden lagere zelfcontrole in de namiddag 

en avond en een slechtere stemming in de late avond na ochtendblootstelling aan felle in 

vergelijking met reguliere verlichting. Deelnemers gaven ook aan een slechtere 

slaapkwaliteit te hebben na felle lichtblootstelling ten opzichte van reguliere 

lichtblootstelling in de ochtend.  

Concluderend laten de huidige bevindingen zien dat het optreden van acute NBV 

effecten van licht kan afhangen van verschillende individuele en contextuele factoren. 

De beschreven resultaten lieten zien dat de taak die uitgevoerd wordt, het seizoen en de 
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lichtblootstelling in het verleden de richting en/of sterkte van de acute NBV kunnen 

beïnvloeden. De huidige bevindingen benadrukken ook het belang om acute NBV 

effecten van licht in een langer tijdsperspectief te onderzoeken, zowel door de mogelijke 

invloed van de lichtblootstelling in het verleden, alsook door het mogelijk optreden van 

(ongewilde) uitgestelde effecten na de lichtblootstelling. Deze bevindingen vormen 

nieuwe uitdagingen voor het ontwikkelen van intelligente, dynamische en 

gepersonaliseerde lichtscenario’s binnenshuis om optimale NBV effecten te bereiken. 
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