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Abstract

In Western countries humans spend most of their time indoors. Since light levels indoors are 
much lower than the light levels outside, problems as a possible consequence of low daily 
light levels arise, like decreased alertness, performance and overall well-being.  Increasing 
light levels during office hours with artificial light seems an easy solution, however it is 
not known how light should be applied; what is the optimal timing, duration and spectral 
characteristic? It is also not clear which performance outputs are most affected as a result 
of light exposure. The present study examined the effects of either extra bright light or extra 
blue light compared to a medium intensity office light condition during a whole working day 
on sleepiness, performance outputs (reaction times and number of errors), and physiological 
measurements of alertness (EEG).  

Prolonged bright light exposure relative to the office light condition had advantageous 
effects on subjective and objective alertness and on simple reaction time tasks. This was not 
the case for prolonged blue light exposure. During the second half of the day, participants 
showed even an increase in sleepiness and number of errors under blue light exposure 
compared to the bright light condition. This may have been caused by a higher fatigue rate 
under longer periods of blue light exposure. 
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Introduction

With the many indoor jobs in our working society, humans spend most of their working 
day under roofs with only light from windows and/or artificial lighting.  As a matter of fact, 
it is known that in western countries people spend over 85% of their time indoors (Leech 
et al. 2002, Schweizer et al. 2006). Humans have evolved under a natural light-dark cycle, 
with much higher light intensities and day/night contrasts. Low indoor light levels can lead 
to several problems. For instance, when light levels in offices are low, people report a lower 
overall well-being score (Borisuit et al. 2014; Boubekri et al. 2014). Also a decrease in sleep 
quality, and an increase in insomnia complaints when daytime light levels are low have been 
reported (Leger et al. 2011, Boubekri et al. 2014, Harb et al. 2014). Extra light during the day 
seems an easy solution to solve these problems. Indeed, the influence of light on well-being, 
as assessed with alertness and performance ratings, has been widely studied (Chellappa et 
al 2011). Under higher light intensities, alertness and performance can be increased, no 
matter if it is day (Phipps Nelson 2003, Rüger et al 2006, Viola et al. 2008, Smolders et al 
2012) or night (Rüger et al 2006, Cajochen 2007).  
 
There is some recent knowledge about the required amount of light that is needed to 
decrease sleepiness (reviewed in Hommes & Giménez 2015). It seems logical that if 
sleepiness is decreasing performance should increase. However, although sleepiness 
scores are often correlated to performance scores (Kaida 2006, 2012, Gorgoni 2014), they 
are not always completely in line with each other. In the study of Dinges et al. 1997 the 
increase in sleepiness was earlier noticeable than the decrease in performance, a finding 
that is observed more often (Akerstedt et al. 2014) and lead to an editorial comment on 
the relevance of the earliest sign of potential performance decrement in the near future: 
subjective sleepiness (Dijk 2014). It also depends on which performance test is used. It 
seems that reaction times on simple tasks will increase with higher sleepiness scores (Santhi 
et al. 2013) and are positively affected by light (Smolders & de Kort 2014). However in more 
demanding cognitive tasks, reaction times seem to stay stable even when sleepiness scores 
are high (Santhi et al. 2013) and can even be negatively affected by light (Smolders & de 
Kort 2014). 
 
Not only the intensity and duration of light exposure is important to affect sleepiness and 
performance scores, but also its wavelength. Specialized photosensitive retinal ganglion 
cells (pRGCs) in the retina are crucial for converting light signals to the brain (Berson et 
al. 2002, Hattar et al. 2002). These pRGCs contain the protein melanopsin, which is most 
important for transferring the non-image forming (NIF) information to the brain (reviewed 
in Hatori & Panda, 2010). Melanopsin is most sensitive to short wavelength light (peak at 
480 nm., Brainard et al. 2001, Thapan et al. 2001). This is probably the reason why the 
circadian system (Brainard et al. 2001, Thapan et al. 2001, Lockley et al 2003, Wright et al 
2004, Brainard et al. 2015) as well the alertness system (Cajochen et al 2005, Lockley et al 
2006, Vandewalle et al. 2007, Chellapa et al. 2011b) are also shown to be highly sensitive to 
blue light. Furthermore the influence of light on sleep may be regulated via the melanopic 
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system (Altimus et al. 2008, Tsai et al. 2009, Hubbard et al. 2015). Still, it should be noted 
that pRGCs will also respond to signals from rods and cones and will integrate light input 
from all photoreceptors with varying spectral sensitivities (reviewed in Hatori and Panda, 
2010).  

In spite of all the obtained knowledge with regard to the sensitivity of our brain to light, there 
is not much known about the light exposure characteristics needed to optimize performance 
during the day. The present study examined the effects of either extra bright white light 
or extra blue light compared to a medium intensity ‘office light’ condition during a whole 
working day on sleepiness, various performance tests, and physiological measurements of 
alertness (EEG).  

Material and Methods

Subjects
Participants were recruited from the area near to Groningen University, the Netherlands, 
via newspaper advertisements, posters and flyers distributed within the faculties of the 
University of Groningen and internet advertisements. People were only included if they were 
suffering from mild insomnia complaints, such as sleep onset insomnia, wakefulness after 
sleep onset or early awakening. The reason that only people with mild insomnia complaints 
were included was the fact that good sleepers may not show any improvement of their 
sleep in response to daytime light exposure because of a ceiling effect. Simultaneously, 
people with mild insomnia complaints suffer from sleepiness and are likely to demonstrate 
lower performance ratings during the day (Altena et al 2008), again allowing for increased 
performance in response to light.  The selection criterion for mild insomnia was a score 
between 6-12 on the Pittsburg Sleep Quality index (PSQI, Buysse et al. 1989). Participants 
had to be between 22-55 years old to exclude adolescents with aberrant sleep habits and to 
exclude aged people with reduced deep sleep (Dijk et al. 1989). 

Other selection criteria were: being healthy (checked with a health questionnaire), not using 
medication (also no sleeping aids), non-smoking, average ‘chronotypes’ determined by the 
mid-sleep on free days corrected for sleep debt (MSFsc; between 03:00-05:00, Roenneberg 
et al. 2003), not colorblind or visually impaired, not consuming too many drinks with caffeine 
(no more than 8 cups of 150 ml a day) or alcohol (no more than 10 glasses of 250 ml per 
week), not working in night shifts and not having travelled across multiple time zones in the 
preceding three months. In addition, participants needed to have enough computer work or 
deskwork to do from 09:00-17:00 on the three experimental days.  

After selection, dim light melatonin onset (DLMO, considered the most reliable phase 
marker of the clock, Lewy et al. 1989/1999, Burgess & Eastman. 2005, Benloucif et al. 2008) 
was first determined at home to confirm exclusion of early and late chronotypes. For the 
determination of DLMO see Geerdink et al. submitted for details.
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All subjects were fluent in Dutch, gave written informed consent, and were compensated 
for their participation. The experimental protocol was approved by the Medical Ethics 
Committee of the University Medical Center Groningen. 16 participants (6 females, 10 
males) were selected for this study with a mean age of 25.7 years (SD +- 4.5). 

Experimental Design 
The study applied a within subject design, wherein participants were assigned to 3 different 
conditions in random order. All conditions started with an adaptation evening and night, 
followed by the experimental day (see Figure 1) and night (for the analyses of the sleep 
data see Geerdink et al. submitted). Participants spent the adaptation night as well as the 
experimental day and night in our human time isolation facility. In every condition, they 
started on the same day of the week. One day prior to entering the facility, activity was 
monitored at home (AW-spectrum, Respironics, Inc, Murrysville, USA) to check whether 
participants adhered to their habitual sleep-wake pattern, as instructed.  If sleep onset or 
sleep offset deviated more than 0.5 hour from their habitual sleep-wake pattern, they were 
excluded from participation. All participants adhered to this requirement and no participants 
were excluded.

 

Figure 1. Scheme of the experimental protocol. Each subject participated in all three conditions, in 
random order 

Subjects arrived at the facility at 17:00. After dinner (at 17:30), 14 golden EEG electrodes 
were attached to the skin. Two reference electrodes were placed on the mastoids, a ground 
electrode on the forehead, 7 EEG electrodes on F3, F4, Cz, C3, C4, O1 and O2 according to 
the 10-20 electrode system. Two EOG electrodes were placed on the cheek next to the left 
eye and below the right eye to register eye-movements and to control for eye-movement 
related artefacts. Two EMG electrodes were placed under the chin to record muscle tone. 
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Saliva collection for melatonin analysis (see Geerdink et al. submitted) started at 18:30 and 
samples were collected hourly until 23:30. Light levels were kept at 40 lux at eye level from 
17:00 to 23:30 h to measure DLMO (see lighting conditions section).  Subjects were then 
allowed to sleep from 23:30 to 07:30 and sleep EEG recordings were made (results shown 
in Geerdink et al. submitted). At 7:30 h lights were turned on at an intensity of 40 lux. After 
breakfast and showering, the subjects were asked to start their ‘working day’ at the desk at 
09:00 h. From 09:00 to 17:00 h one of three lighting conditions were offered in the room (see 
below). Subjects were allowed to shortly leave their desk for a toilet visit, or to stretch their 
legs, but not longer than 5 minutes and not more than once every hour. Lunch was served 
at the desk at 12:30 h. At specific times during the day: 30 min after waking up, at 10:00, 
12:00, 14:00, 16:00 and at 19:00 h, performance and sleepiness data (Karolinska Sleepiness 
Scale KSS, Akerstedt and Gillberg, 1990) were collected. Sleepiness (KSS) was also scored 5 
min after waking up. The performance tasks were performed on the desk computer. For a 
detailed description of the performance tasks, see the ‘performance analysis’ paragraph. 
The simulated working day ended at 17:00 h and light levels were then turned to 40 lux until 
23:30 h. From 17:00 to 23:30 h subjects were free to spend their ‘free time’, however they 
were not allowed to be physically active and they had to stay in the room. Saliva samples 
were taken hourly from 18:30 to 23:30 h, also on the experimental day. Subjects were then 
again allowed to sleep, starting at 23:30 until 07:30 h and sleep EEG recordings were made. 
At wake up, electrodes were removed and the participants had breakfast, had a shower and 
went home. At least one week and not more than two weeks separated each of the sessions.

Lighting conditions 
Philips TL tubes, located in the ceiling of the experimental rooms, with different color 
temperatures were used to create different lighting conditions (Table 1).  For the bright 
light situation, blue-enriched white-fluorescent tubes (17000 K) (Master TL-D® 18W/ 452 
ActiViva®, 17000K; Philips Lighting B.V., Eindhoven, NL) were used. This condition had an 
intensity of 1900 lux (Table 1) at eyelevel in the direction of gaze, which is similar to a 
cloudy day outside. In the low ‘office light’ situation, warmer light of 2700K (Master TL-D® 
18W/827 Warm Wit®, 2700K; Philips Lighting B.V., Eindhoven, NL) was used, to mimic a 
common low-light office situation (130 lux at eye level) while keeping the melanopic lux 
intensity (Lucas et al. 2014) to a minimum. Light levels were kept low, at 40 lux, from 07:30 
to 09:00 h and 17:00 to 23:30 h, in order to prevent light exposure during the intervals in 
which the circadian clock is sensitive for phase shifts in response to light (Khalsa et al. 2003, 
Rüger et al. 2013).  Table 1 provides the photopic- and melanopic-lux values corresponding 
to all light conditions. 
 
In the ‘blue light‘ condition the low office light situation was combined with an extra blue 
LED - light strip mounted (280x25 mm2; transmission 450-490nm; prototype developed by 
Philips, Drachten, NL)on top of the PC/laptop monitor. 
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Figure 2. Photograph of the setup of the study at the office with the blue light strip mounted on the 
laptop monitor. 

Performance analysis 
At specific times during the day: at 08:00, 10:00, 12:00, 14:00, 16:00 and at 19:00 h, 
performance and sleepiness (KSS) data were collected with an E-Prime® (2.0 Professional) 
test battery on the desk computer (light intensity of the screen was minimal and included in 
the light measurements). Each batch of tests lasted for about 20 minutes. The test battery 
consisted of a KSS questionnaire, followed by a Sustained Attention to Response Task (SART), 
a 2-back memory task and a psychomotor Vigilance Task (PVT). See Table 2 for detailed 
information about the performance tasks. 
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All performance tasks contained measurements of reaction time (RT) and accuracy (Acc). 
To be able to compare these measurements between conditions, all output measurements 
were Z- transformed within subjects and corrected for the first session. This means that 
within a subject all values of a particular task in all conditions were scaled relative to the 
standard deviation of the values and then the value for session 1 (at 08:00 h prior to the 
experimental lighting) was subtracted from sessions 2, 3, 4, 5, 6 (at time points 10:00, 12:00, 
14:00, 16:00, 19:00). The average and SEM per condition per session of all subjects was 
calculated over these corrected values.

EEG analysis 
Directly after each test battery, a 1-minute wake EEG recording (eyes closed) started. 
Participants heard a sound signal when they had to close their eyes. They were then asked 
to press a marker. After 1 minute of closing their eyes, subjects heard again the sound signal, 
opened their eyes and pressed the marker again.  

All Polysomnography (PSG) signals were converted to European Data Format (EDF) and 
imported into VitaSCORE software 1.22 (Temec Instruments BV, Kerkrade, The Netherlands) 
together with the corresponding and synchronized time series of marked wake EEG intervals. 
Power spectra were computed per 4s epoch by applying a Fast Fourier Transform routine 
implemented in VitaScore and power density was calculated per epoch in the delta band 
(1-4 Hz), theta band (4-8 Hz), alpha band (8-12 Hz) and beta band (12-16 Hz). Only the alpha 
and theta bands were used for objective sleepiness analyses. To be able to compare alpha 
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and theta power between subjects, the power values were Z-transformed within subjects.
 
Statistical analysis
We hypothesized that the effects of the bright light condition and of the blue light condition 
were significantly different from the office light condition while possibly not significantly 
different from each other. For the sleepiness differences (KSS), performance differences 
(Z-scores) and EEG power differences (Z-scores) during light exposure we used Repeated 
Measures ANOVA tests. Differences between ratings in the office light and blue light 
condition, the office light and bright light condition and the blue light and bright light 
condition were tested separately.  Two factors were used; one for ‘condition’ (2 levels) 
and one for ‘time’ (4 levels; 10:00, 12:00, 14:00 and 16:00 h). Measurements during light 
exposure were corrected for the first test battery prior to the experimental light condition 
(Z-scores were subtracted from the other test blocks). For the differences in sleepiness and 
performance between conditions in the last session after the experimental light exposure, 
in the evening at 19:00 h (also corrected for the first test battery), a paired sample t-test was 
used. Significance level was defined as α =0.05. All parameters were tested two-tailed.  

Results

Subjective sleepiness over the day 
In general, participants became less sleepy after the first time point at 8 am (Figure 3). This 
decrease in sleepiness was significantly larger when the bright light condition was compared 
to the office light condition (see Figure 3 and Table 3A for statistics): during the whole 
experimental light period the sleepiness scores in the bright white light condition were 
lower than in the office light condition. Results for the blue light condition were in between; 
not significantly different from neither the office light nor from bright light condition (see 
Table 3B and 3C for statistics). However after light exposure at 19:00 h, participants showed 
a trend for feeling less sleepy after spending a day under blue light exposure (t15= 2.7, 
P<0.05) compared to spending a day under the office light condition; such a trend on the 
border of significance was also observed in the bright light condition compared to office 
light (t15= 2.1, P=0.06), (Figure 3, last point). 
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Figure 3. The delta (relative to 1st session) of the average Karolinska sleepiness (KSS) scores per session 
over the day (mean ± SEM) for all conditions (office light ‘office’, office light + blue light strip ‘blue’, 
bright light ‘bright’). The light exposure period is indicated by the vertical dashed bars. The sessions in 
the light exposure period were tested with a repeated measured ANOVA. An overall significant effect 
for condition is indicated by the horizontal line. The last session was tested with a paired sample t-test. 
**P<0.01, #P=0.06.

Reaction times over the day
The average delta reaction times (relative to the first session) for the PVT task are shown in 
Figure 4A. During light exposure participants responded faster in the bright light condition, 
while not different in the blue light condition compared to the office light condition 
(see Table 3A and 3B for statistics). Again, the results for the blue light condition were in 
between the results of the office light condition and bright light condition. However, in this 
case participants also significantly responded faster under bright light exposure compared 
to under blue light exposure (see Table 3C for statistics).  In the evening, when both the 
bright and blue exposures were ended, participants responded faster in both the conditions 
compared to the office light condition (blue t15= 2.3, P<0.05, bright t15= 3.3, P<0.01) (Figure 
4A). At this time no differences were found between the blue and bright light conditions 
(t15= 1.04, P=0.32).  

The average delta reaction times (relative to the first session) for the SART task are shown 
in Figure 4B. Overall, for the effect of condition no differences were observed between 
conditions (Table 3A, 3B, 3C) The interaction effect of condition X time was however shown 
to be significant between the bright and office light condition (Figure 4B, Table 3A). After 
light exposure, no significant differences for the SART reaction times were found (office vs. 
blue light condition: t15= 1.6, P=0.13; office light vs. bright light condition: t15= 1.4, P=0.17; 
blue light vs bright light condition: t15= 0.12, P=0.91).

The average delta reaction times (relative to the first session) for the N-back task are shown 
in Figure 4C. No significant differences were found for the N-back reaction times in the 
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office light and bright light conditions; not during light exposure (Table 3A) and not in the 
evening after light exposure (t15= 0.46, P= 0.66).  In the blue light condition there was a 
tendency that participants responded slower during the N-back test, when compared to the 
low office light condition (Table 3B) and after light exposure this trend was still there (t15= 
-1.9, P= 0.07). This effect after light exposure was significant when the blue light condition 
was compared to the bright light condition (t15= 2.7, P<0.05). 

Figure 4 A: The delta (relative to 1st session) of the average PVT reaction times per session over the day 
(mean ± SEM) for all conditions. An overall significant effect for condition is indicated by the horizontal 
line. B: The delta (relative to 1st session) of the average SART reaction times per session over the day 
(mean ± SEM) for all conditions. C: The delta (relative to 1st session) of the average N-back reaction 
times per session over the day (mean ± SEM) for all conditions. Conditions: office light ‘office’, office 
light + blue light strip ‘blue’, bright light ‘bright’). The light exposure period is indicated by the vertical 
dashed bars. The sessions in the light exposure period were tested with a repeated measured ANOVA. 
A significant interaction effect for condition X time is indicated by the arrow. An overall significant 
effect for condition is indicated by the horizontal line. The last session was tested with a paired sample 
t-test. *P<0.05, **P<0.01, ***P<0.001.
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Accuracy over the day
The average number of delta lapses of the PVT task (relative to the first session) are shown 
in Figure 5A. During light exposure no differences were observed between conditions (see 
Table 3A, Table 3B, Table 3C for statistics). After light exposure in the evening the number 
of lapses remained not significantly different between conditions (office light vs. bright light 
condition t15= -0.44, P= 0.67; office light vs. blue light condition t15= 0.03, P= 0.98); blue 
light vs. bright light condition t15= 0.57, P= 0.58. ) (Figure 5A). 

The average delta of omissions (relative to the first session) for the SART task are shown in 
Figure 5B. During light exposure no significant differences were found between conditions 
(see Table 3A, Table 3B. Table 3C for statistics). This was also the case after light exposure in 
the evening (office light vs. bright light condition t15= -1.7, P= 0.12; office light vs. blue light 
condition t15= -1.1, P= 0.31; blue light vs. bright light condition t15= -0.84, P= 0.42) (Figure 
5B). 

The average delta of accuracy (relative to the first session) for the N-back task are shown 
in Figure 5C. During light exposure no differences were observed between conditions (see 
Table 3A, Table 3B, Table 3C for statistics). After light exposure participants in the blue light 
condition had a trend for a better accuracy for the N-back task when compared to the office 
light condition (t15= -1.8, P=0.09). This was not the case when the bright light condition was 
compared to the office light condition (t15= -0.94, P= 0.36) and not the case when the blue 
and bright conditions were compared (t15= 1.07, P= 0.30).
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Figure 5 A: The delta (relative to 1st session) of the average PVT lapses per session over the day 
(mean ± SEM) for all conditions. B: The delta (relative to 1st session) of the average SART omissions 
per session over the day (mean ± SEM) for all conditions. C: The delta (relative to 1st session) of the 
average N-back accuracy (%) per session over the day (mean ± SEM) for all conditions. Conditions: 
office light ‘office’, office light + blue light strip ‘blue’, bright light ‘bright’). The light exposure period 
is indicated by the vertical dashed bars.  The light exposure period is indicated by the vertical dashed 
bars. The sessions in the light exposure period were tested with a repeated measured ANOVA. The last 
session was tested with a paired sample t-test. No significant differences were found.

EEG measures
With respect to the EEG power differences between the office light condition and the bright 
light condition, the interaction between condition and time was only shown to be significant 
for alpha power (Table 3A). This was probably caused by a smaller increase in alpha power 
in the morning directly after onset of light exposure and a decrease in alpha power in the 
third session of the bright light condition (Figure 6A). After light exposure (at 19:00 h) no 
significant differences were found for either alpha or theta power when the bright light 
condition and the office light condition were compared (Alpha; t12= 0.6, P= 0.57, Theta; 
t12= 1.6, P= 0.13).  

For the blue light condition no significant differences were found for either alpha or theta 
power in the 1-minute wake EEG when compared to the office light condition (Figure 6A, 
Figure 6B and Table 3B). Also after light exposure (at 19:00 h) no significant differences were 
observed (Alpha; t12= 0.6, P= 0.54, Theta; t12= 1.7, P= 0.11).
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When the blue and bright condition were compared for both alpha and theta power, a 
significant effect between conditions was found in theta power only during light exposure 
(Table 3C). This was probably caused by higher theta powers under blue light exposure later 
in the day (see Figure 5B); after light exposure, no differences were found (Alpha; t12= -1.5, 
P= 0.16, Theta; t12= -0.3, P= 0.77)

 
Figure 6 A: The delta (relative to 1st session) of the average standardized alpha power (8-12 Hz, 
Z-scored) per session over the day (mean ± SEM) for all conditions. B: The delta (relative to 1st 
session) of the average standardized theta power (4-8 Hz, Z-scored) per session over the day (mean ± 
SEM) for all conditions. Conditions: office light ‘office’, office light + blue light strip ‘blue’, bright light 
‘bright’). The light exposure period is indicated by the vertical dashed bars.  The light exposure period 
is indicated by the vertical dashed bars. The sessions in the light exposure period were tested with a 
repeated measured ANOVA. The A significant interaction effect for condition X time is indicated by the 
arrow. An overall significant effect for condition is indicated by the horizontal line. The last session was 
tested with a paired sample t-test. *P<0.05. 

Discussion

The set-up and purpose of this study was to quantify the effects of extra light on alertness 
and performance scores during the day and after light exposure in the evening, in addition 
to the effects on sleep the next night. The results of the effects on sleep are discussed 
elsewhere (Geerdink et al submitted). 

Alertness and Performance outputs during light exposure
As expected, bright light during the day significantly decreased subjective sleepiness when 
compared to sleepiness levels perceived during low office light exposure. Interestingly, the 
reaction times in the PVT and the SART tasks also decreased in bright light. It may be that 
the induced reduction in sleepiness led to better performance. A simultaneous decrease in 
sleepiness or increase in alertness and better performance under bright light exposure has 
been found before (Wright et al. 1997, Phipps-Nelson et al. 2003, Lo et al. 2012). However, 
this relationship cannot be generalized to all performance tasks. In the 2-back task, the 
pattern is quite different. Bright light does not improve reaction times here. 
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In general, the largest and most positive impact of light was established on RT in simple 
sustained attention tasks, which is in line with the results of Lo et al. 2012 and of Santhi 
et al. 2013. They found that after either total or partial sleep deprivation, the effects were 
most pronounced on subjective sleepiness and most prominent in simple sustained reaction 
time tasks, like SART and PVT. Also in those studies the effects on the more challenging 
working memory tasks, like the N-back, were much smaller. With the progression of time, 
participants responded increasingly slower under extra blue light exposure as compared to 
low office light exposure alone, while they had a tendency to be more accurate. They may 
have made sacrifices in terms of RT to have a stable accuracy. Interestingly, in the study of 
Smolders & de Kort 2014, it was found that when people experience progressive fatigue, 
extra light can have negative effects on more demanding tasks like the N-back task and 
especially on reaction time. Since we found similar results in the blue light condition, it would 
be worthwhile to investigate if prolonged exposure to narrow bandwidth blue light leads to 
increased fatigue rate. It may also be not advantageous to be exposed to extra blue light if 
people are already in an alert state. In a recent study (Geerdink et al. submitted) we found 
that prolonged blue light exposure (3 hours) from this blue lightstrip was disadvantageous 
during the morning hours, but only in early chronotypes. This was not the case when people 
were exposed to this light during the afternoon, at the time when they normally experience 
sleepiness. These results together indicate that prolonged blue light is not always beneficial, 
and the effects depend on the time of the day and state of alertness. It further shows that 
mechanisms and regulation of alertness and cognitive performance is complex and that 
there is still much work to be done. 

Carryover effects of light during the day in the early evening
While the effects of blue light on performance were only minimal, there were some positive 
carryover effects of blue as well as bright light during the day on sleepiness and performance 
in the evening. Positive carryover effects after extra light exposure in the early evening have 
been found before (Gabel et al. 2015 and Figueiro et al. 2014, Münch et al. 2012). In the 
study of Figueiro et al. 2014, the authors also found no differences in performance during 
blue light exposure, while there were strong significant effects after blue light exposure. 
The difference between the current and their study is that they found significant effects 
during the late night hours (between 01:00-05:00), while the present study found these 
effects already at 19:00 h. The study of Münch et al. found that people were less sleepy 
after one day of bright light in the beginning of the evening around the same time as the 
present study. However they applied light from 12:00-18:00 h, thus a bit later and shorter. It 
is tempting to speculate about the mechanism behind these carryover effects. Why is there 
a long lasting effect of light on performance when the light is no longer there? Suppression 
of melatonin by light in the evening is not a reasonable explanation for the observation 
of better performance, since our participants had an intermediate chronotype with a 
melatonin rise only after 19:00. It was even found that these participants had an earlier 
increase of melatonin in the evening after the days with extra light exposure (Geerdink 
et al. submitted).  Maybe other brain structures are still affected after switching off the 
light. Besides the SCN, there are other brain structures that will respond to (blue) light 
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(Vandewalle et al. 2009). In mice it has even been found that different colours of light can 
either have a sleep promoting or arousal promoting effects (Pilorz et al. 2016). Furthermore, 
it has been found that neurons of the olivary pretectal nucleus (OPN) of rats sustain firing 
when a light source is switched off (Skudlarek et al. 2012). The OPN is innervated by pRGCs 
and has connections with the SCN (Hattar et al. 2006) as well as to other arousal structures 
(Hattar et al. 2006, Vandewalle et al. 2009).  However, in the study of Skudlarek et al. 2012, 
the OPN cells of rats continued to fire only for some minutes, after being exposed to only 
some minutes of light. Studies with longer measurement periods are needed to answer the 
question whether brain structures involved in promoting arousal and/or suppressing sleep 
will continue to fire long after being exposed to light.

Possible explanations for the differences between the effects of the bright and blue light 
condition
The effects of light on KSS and performance scores were always larger and always positive 
for the bright light condition compared to blue light condition. Although the melanopic lux 
intensities of both the bright light (1700 mlux) and blue light condition (500 mlux) should 
yield similar effects on sleepiness according to the KSS dose response curve (Hommes & 
Giménez 2015), there may be different dose-response curves for melanopic lux intensities 
and performance scores. Besides, it should be noted that the study of Hommes & Giménez 
2015 included mostly night studies. It may be that the KSS sensitivity for blue light is different 
during the day.  

There may also be other explanations for the minimal effects in the blue light condition. It 
has recently been shown that the melanopsin photopigment is not solely responsible for the 
signaling to the brain, as pRGCs also integrate signals from rod/cone photoreceptors (Enezi 
et al. 2011, Altimus et al. 2010, Gooley et al. 2012, Lucas et al 2014). 

Furthermore, the melanopsin protein seems to act as a photosensitive flip-flop protein 
(Mure et al. 2009). In the study of Mure et al. 2009, the authors showed that if the pupil is 
previously exposed to 5 min. of blue light it will be less responsive by another dose of blue 
light, while it will be more responsive if it was previously exposed to 5 min. of red light. In 
other words, it is possible that melanopsin was saturated by prolonged blue light exposure 
and can be regenerated by red light. Theoretically it could be that the simultaneous presence 
of short and long wavelengths in the bright light condition makes participants more sensitive 
to the effects of the short wavelengths than when exposed to mainly short wavelengths 
alone, although a direct test of this hypothesis showed negative results (Papamichael et al. 
2012) It is therefore not a definite explanation for the differences between the exposures to 
bright light or extra blue light.

Effects of extra blue and bright light on the wake EEG 
This study revealed only marginal effects of light on wake-EEG measures with eyes closed. 
There was a significant condition X time interaction for the effects of light on alpha power 
when the office light condition and bright light condition were compared. The progression 
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of alpha power in the wake EEG over time seemed stable in the office light condition, while 
more variable in the bright light condition. This difference seemed to be caused by the 
lowered alpha power scores in the early afternoon in the bright light condition. A lowered 
alpha power under higher intensities of light has been found before (Cajochen et al. 2000, 
Okamoto et al. 2014) and has also been correlated to caffeine consumption (Barry et al. 
2005). In the study of Barry et al. 2005, a decrease in alpha power was correlated to higher 
amounts of caffeine intake, which is in turn related to higher alertness (Wright et al. 1997, 
reviewed in Glade et al. 2010).  

Theta power was increased during prolonged blue light exposure, which might be another 
indication that participants experienced a faster rate of fatigue in the blue light condition.  
Higher theta power is correlated to higher sleepiness scores (Cajochen et al. 1999) and to a 
decrease in performance scores (Cajochen et al. 1999, Gorgoni et al. 2014).

Conclusion

Prolonged bright white light exposure during the working day has advantageous effects 
on alertness and performance. This is expressed in subjective sleepiness scores, in simple 
reaction time tasks like PVT and SART, and in objective measures for alertness like alpha 
power in wake EEG. The effects of bright light were however not shown in a more cognitive 
demanding 2-back task. These effects were consistent with previous studies. 

Prolonged blue light exposure during the day had no significant beneficial effects on 
sleepiness and performance scores. A possible explanation is that prolonged blue light may 
cause saturation of the melanopsin protein. Also higher theta powers were found after 
prolonged blue light exposure, which might indicate that it possibly induced fatigue at a 
higher rate than bright light exposure and low office light exposure.  

For a future, fundamental study, it would be worthwhile to examine a wider range of spectral 
compositions and different dynamics of light during the day. Since melanopsin is involved in 
many non-image forming effects of light, future studies may search for an optimal colour as 
well as intensity alternation of light for alertness and performance.
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