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Abstract

Light is not only crucial for vision but also influences other aspects of physiology and 
behavior. One well studied aspect of light is its effect on our biological clock which is also 
linked to sleep timing. Yet, the effect of daytime light on nighttime sleep itself has hardly 
been studied in humans. In this within-subject laboratory study participants with mild sleep 
complaints were exposed to three conditions: Either to one day (9-17h) with moderate 
intensity polychromatic ‘office light’, to one day with high intensity polychromatic light, 
or to one day with extra blue LED light on top of the ‘office light’. The influence of this 
daytime light on the clock was measured via analysis of the melatonin rhythm and on sleep 
quality/homeostasis via sleep-EEG measurements. Multilevel regression analyses was used 
to quantify the effects on the accumulation rate of slow wave activity.

Compared to the melatonin onset in the office light condition, the onset was earlier in the 
bright light condition (0.35h, P<0.05) and there was a trend for an earlier onset in the blue 
light condition (0.30h, P=0.07) compared to the office light condition. Sleep efficiency was 
higher (95.8% vs. 92.1%, P<0.05) and the percentage of REM sleep was larger (23.3% vs. 
19.7%, P<0.05) in the bright light condition compared to the office light condition. The 
accumulation rate of slow wave activity during sleep, a measure of sleep pressure decay, 
was significantly higher in the bright- as well as in the blue light condition compared to the 
office light condition. 

Light intensity during the day affects sleep via an effect on the clock and by influencing sleep 
homeostasis, with higher light intensities leading to more consolidated, deeper sleep.
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Introduction

While light is crucial to vision, it also has major influences on other aspects of physiology 
and behaviour. One is the influence of light on our biological clock in the suprachiasmatic 
nuclei (SCN) located in the hypothalamus. The SCN functions as a time reference for many 
bodily rhythms in conjunction with the observed light/dark pattern (reviewed in Meijer and 
Schwartz 2003 and in Moore 2007). Another influence of light is a more direct effect, such 
as has been shown for alertness and performance. Under higher light intensities, alertness 
and performance are increased, no matter if it is day or night (Phipps Nelson 2003, Rüger et 
al 2006, Viola et al. 2008, Smolders et al 2012). In our society, we often do not see so much 
light during the day, as many jobs are indoors and in offices with relatively low artificial light 
levels. The notion that we need more light during the day than we usually see is widely 
spread (e.g. Van Bommel 2006). Indeed, in addition to the positive direct effects of high 
light levels on alertness and performance, serious complaints have been reported to be 
correlated to low daytime light levels. A well-studied complaint is the decrease in mood 
when natural light levels get lower, while there is an improvement in mood when light levels 
are increased, like with successful light therapy in seasonal affective disorder (SAD, Rosenthal 
et al. 1985, Terman et al. 1989, Meesters et al. 1991, Terman & Terman 2005). Recent 
studies found that short pulses of blue-enriched light and blue LED light therapy with low 
photopic light intensities are as effective as bright light therapy in SAD and sub-syndromal 
SAD patients (Gordijn et al. 2012, Meesters et al 2011, Meesters et al. 2016).  A less studied, 
though important complaint is the decrease in sleep quality and the prevalence of insomnia 
complaints when daytime light levels are low (Leger et al. 2011, Boubekri et al. 2014, Harb 
et al. 2014). Viola and colleagues (2008) experimentally changed light levels during the day 
during working hours and they found an improvement of subjectively reported sleep quality 
with higher blue enriched light levels. Also in pathological situations, such as dementia, 
an improvement of sleep quality measured with actigraphy has been reported with higher 
daytime light levels (Riemersma et al. 2008). Two recent studies found positive effects of 
9-14 days of treatment with extra light during the day on objective sleep quality in healthy 
participants, measured with actigraphy during the night (Paul et al. 2015, Geerdink et al. 
2016). However in these two studies, it was not clear for how many days extra light was 
needed to elicit the effects and which mechanisms were involved. In the current study we 
hypothesize that higher daytime light intensities, most likely via a larger amount of short 
wavelengths of light, will improve sleep consolidation and subjective sleep quality. 

Sleep timing and sleep quality can be modelled by the interaction of two processes: sleep 
need (commonly called process S) as it results from prior sleep and wakefulness, and the 
time of day as it is indicated by the biological clock (also called process C- Borbély 1982; 
Daan et al. 1984). According to this two-process model of sleep regulation, two mechanisms 
can be proposed to explain the impact of light on sleep quality. One is the possible influence 
of light on process S, the other one is the influence of light on process C. The biological clock 
(the SCN) is the origin of process C. Extra stimulation of the SCN by light during the day 
may lead to a more robust oscillation. This extra stimulation of the SCN during the day may 
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lead to a more pronounced day-night signal which may in turn lead to a more robust sleep-
wake rhythm with consolidated sleep. With increased amplitude of the electrical discharge 
rhythm of the SCN, the impact of the SCN on melatonin production in the pineal gland is 
also expected to change. A larger amplitude of the signal of the SCN likely leads to a larger 
amplitude of the melatonin rhythm. Data by Park & Tokura 1999, Takasu et al. 2006 and 
Geerdink et al. 2016 are consistent with this prediction. As a consequence of increased 
melatonin amplitude, melatonin concentration will reach the values to trigger downstream 
processes earlier in the night. It has indeed been shown that DLMO is earlier if subjects 
experience more light during the day (Hasimoto et al. 1997). If DLMO starts earlier during 
the night, sleep may start when melatonin levels are already higher.  

The second mechanism is based on the fact that light during the day stimulates areas in the 
brain involved in alertness (with connections to sleep areas, Mistlberger 2005). This may 
possibly result in a higher homeostatic sleep drive (Process S) and consequently deeper, 
more consolidated sleep. One indication for this mechanism is the finding that activation of 
melanopsin, the photopigment that is mainly responsible for the non-image forming effects 
of light (Berson et al. 2002, Hattar et al 2002), has a sleep-modulating function in mice 
(Altimus et al. 2008, Tsai et al. 2009).  This suggests that retinal projections to nonvisual 
brain areas affect not only the circadian timing of sleep, but also the homeostatic regulation 
of sleep, which is a theory that receives increasing support (Hubbard et al. 2013, Legates & 
Hattar 2014). 

Both mechanisms ascertain that with increased light levels during the day, daytime 
performance is better, sleep latency is shorter, sleep is more consolidated and more deep 
sleep is observed in the beginning of the sleep period (because of the increased homeostatic 
sleep pressure accumulated during wakefulness). The current study tested the effects of 
extra light during the day on melatonin production in the evening, objective sleep measures 
during the night and subjective sleepiness the next morning.  

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 
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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. To assess 
DLMO, participants were asked to collect saliva samples in dim light at home, starting 6 
hours before sleep onset on a workday. Saliva was collected by chewing on a cotton swab 
(Salivette®, Sarstedt BV, Etten-Leur, NL). At least 1 ml. of saliva per sample was collected 
every hour. The saliva samples were stored in the fridge at the participant’s home until the 
next day and were then collected by the researchers. The samples were brought into the 
lab, centrifuged and frozen at - 80°C until further analysis. Melatonin concentration was 
assessed via radioimmunoassay (RK-DSM; Buhlmann Laboratories, Alere Health, Tilburg, 
The Netherlands). The limit of detection was 0.3 pg/ml Intra-assay variation was 15.9% at 
a low melatonin concentration (mean = 2.0 pg/ml, n = 17) and 13.1% at a high melatonin 
concentration (mean = 24.5 pg/ml, n = 15). Inter-assay variation was 13.1% at low melatonin 
concentration (mean = 2.0 pg/ml, n = 16) and 15.0% at high melatonin concentration (mean 
= 21.4 pg/ml, n = 16).  
 
Dim Light Melatonin Onset (DLMO) was calculated as the moment at which the melatonin 
rhythm crossed the 3 pg/ml concentration by linearly interpolating the raw values around 
the 3pg/ml concentration at the rising part of the curve.  For further participation in the 
experiment, in order to prevent phase-shifting of the circadian system as a consequence 
of the experimental light (09:00-17:00 AM), subjects were required to have their DLMO 
between 20.5h and 22.5h. The choice of this timeframe was based on the knowledge of 
the phase response curve for polychromatic white light as well as for short wavelength light 
(Khalsa et al. 2003, Rüger et al. 2013).
 
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) 
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Experimental Design
The study consisted of a within subject design, wherein participants were assigned to 3 
different conditions in a random order. All conditions started with an acclimatization 
evening and night, followed by the experimental day and night (see figure 1). Participants 
spent the acclimatization night as well as the experimental day and night in our human time 
isolation facility (TIF). They started at the same day of the week in every condition. One day 
prior to entering the TIF, actigraphy was monitored at home (AW-spectrum, Respironics, 
Inc, Murrysville, USA) to check whether participants adhered to their habitual sleep-wake 
pattern, as was instructed.  If sleep onset or sleep offset would deviate more than 0.5 hours 
from their habitual sleep-wake pattern, they would have been 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 TIF just before 17:00. After dinner (17:30), 14 gold 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 the derivations F3, F4, Cz, C3, C4, O1 and O2 
according to the 10-20 electrode system, and 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.  All signals were sampled at 256Hz with a resolution of 16 bits. 

Saliva collection for melatonin analysis started at 18:30 and samples were collected every 
hour until 23:30, which resulted in 6 samples. Light levels were kept at a maximum of 40 lux 
from 17:00-23:30 at eye level to measure DLMO (see lighting conditions section).  Subjects 
were then allowed to sleep in the dark from 23:30 -07:30 and sleep EEG recordings were 
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made. At 7:30, 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. From 09:00-17:00 
one of the three lighting condition 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. 
At specific times during the experimental day: At 08:00, 10:00, 12:00, 14:00, 16:00 and at 
19:00, performance and sleepiness data were collected: 5 min after waking up sleepiness 
scoring started with the Karolinska Sleepiness Scale (KSS) (Akerstedt and Gillberg, 1990). The 
performance tasks were performed on the desk computer and consisted of a Psychomotor 
Vigilance Task (PVT), a number Stroop task, a Sustained Attention to Response Task (SART) 
and a 2-back memory task (data not shown in this paper). The simulated working day 
ended at 17:00 and light levels were then turned down to 40 lux until 23:30. From 17:00-
23:30, subjects were free to spend their ‘free time’ during these evenings, however they 
were not allowed to be physically active nor to leave their room. Saliva samples were to be 
taken every hour from 18:30-23:30, which resulted in 6 samples, also on the evening of the 
experimental day. Subjects were then again allowed to sleep, starting at 23:30 until 07:30 
and sleep EEG recordings were made. At 5 minutes after waking up, sleepiness was scored 
(KSS), electrodes were removed, subjects had breakfast and a shower and went home. 
There was at least one week and not more than two weeks in between sessions.

Lighting conditions 
The lighting conditions (see Table 1, melanopic lux calculations were based on a supplemental 
Excel sheet from Lucas et al. 2014) were applied by use of Philips TL tubes with different 
colour temperatures that were located in the ceiling of the experimental rooms. Light levels 
were kept low, at 40 lux, from 07:30 – 09:00 and 17:00- 23:30. The intensity of 40 lux (20 
melanopic lux) during the evening was chosen as it is low enough to  prevent an effect 
on sleepiness (Hommes & Giménez 2015), has minimal effects on melatonin suppression 
(Brainard et al. 2001, 2015) and is high enough to be  realistic compared to a real-life 
situation.
  
For the bright light situation, blue-enriched white-fluorescent tubes (Master TL-D® 18W/ 
452 ActiViva®, 17000K; Philips Lighting B.V., Eindhoven, NL) were used. 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 eyelevel) while keeping melanopic irradiance (60 mlux, Lucas et al. 2014) to a minimum. 
The bright light condition had an intensity of 1900 lux/ 1700 mlux (table 1) at eyelevel in the 
direction of gaze, which is similar to a cloudy day outside. 
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In the ‘low office light + blue light condition’ the low office light situation was combined with 
an extra blue LED - light strip (280x25 mm2; transmission 450-490nm; prototype developed 
by Philips, Drachten, NL), mounted on top of the PC/laptop monitor. The intensity at the 
cornea with ‘low office light’ was only 60mlux whereas it was 500mlux when the extra blue 
light from the blue light strip was included, with a peak wavelength of 480 nm, see also 
table 1. According to the responses of the Karolinska Sleepiness Scale to melanopic light 
intensities during the day, both 1700mlux and 500mlux fell in the saturation range (Hommes 
and Giménez 2015). 

Sleep analysis
All Polysomnography (PSG) signals were converted to European Data Format (EDF) and 
imported into Vitascore™ (version 1.60, TEMEC instruments BV™, Kerkrade, the Netherlands) 
together with the corresponding and synchronized time series of sleep stages.  All EEG, EMG 
and EOG signals were referenced to the contralateral mastoid reference signals as well as the 
Cz signal. All sleep recordings were manually scored according to the criteria of Rechtschaffen 
and Kales (1968) with a 50Hz notch filter, 0.3Hz high-pass filter and a 32Hz low-pass filter. 
Due to technical failures (no EEG night recording in one or more experimental nights) 13 
participants in the office- and office + blue group and 12 participants in the office- and bright 
light group have been analysed for sleep stage scoring. Segments in which artefacts could 
mask the sleep EEG power spectrum were manually annotated as artefacts and removed. 
Power spectra were computed per 4s epoch by applying a Fast Fourier Transform routine 
implemented in VitaScore (tapered, 20 second reporting epoch) and then power density 
was calculated per epoch in the delta band (slow wave activity, SWA, 1-4 Hz). Power values 
for the removed epochs that contained artefacts were replaced by the interpolated value of 
the previous and following epoch. 

The accumulation of delta power over time per individual per condition was then calculated 
for the whole sleep episode. The maximum accumulation of SWA in the ‘low office light’ 
condition was set as a reference from which percentage differences within individuals were 
calculated. To be able to compare the accumulation of SWA during non-REM sleep within 
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and between individuals the accumulation should be based on the same time in non-REM 
sleep for all individuals and conditions. Therefore the duration of the shortest amount of 
accumulated non-REM time was used as the duration for analysis. The shortest duration of 
non-REM sleep in one of the individuals was 313 minutes. This means that for each individual 
the accumulated amount of SWA after 313 minutes of non-REM sleep in the ‘low office light’ 
was set at 100%. On average 32 min. (± 6) in the office light condition, 31 min. (± 4) in the 
blue light condition and 45 min. (± 10) of non-REM sleep was not taken into account when 
sleep was cut-off at 313 minutes.  From this value all the percentages of the accumulation 
of SWA were calculated over time per individual for each condition. Due to technical failures 
(incomplete EEG recording in one of the 3 conditions), 10 participants have been analysed 
for the power accumulations. 

Statistical analysis
We hypothesized that the effects of the bright light condition and the condition with extra 
blue light were significantly different from the ‘low office light’ condition. Therefore we used 
either Repeated Measures ANOVA tests with simple contrasts (‘low office light’ as reference 
condition) or paired sample t-tests to test the differences between conditions regarding 
sleepiness scores, sleep parameters and differences in DLMO. 

To test differences in the accumulation of SWA over the total Non-REM duration between 
conditions, we used mixed-effect regression analysis using MLwiN software (Centre for 
Multilevel Modelling, Institute of Education, London, UK). The analysis takes the hierarchical 
structure of the design into account. In our case the SWA was nested within time i, once 
more nested within participants j (Twisk 2003). The following model equation was used to 
fit the data:  
SWAij = β0ij + β1Timeij + β2Timeij2 + β3Condition_2ij + β4Condition_3ij + β5TimeXCondition_2ij 
+ β6TimeXCondition_3ij + β7Time2XCondition_2ij + β8 Time2XCondition_3 ij. In this model, 
β0  represents the model intercept, ‘Time’ refers to the linear progression of time, the 
other β’s represent the various regression coefficients: ‘Condition 2’ the ‘extra blue light’ 
condition, ‘Condition 3’ the bright light condition; the ‘low office light’ condition was used 
as the reference condition. The ‘TimeXCondition’ terms represent the interaction effects 
of the time course of accumulated SWA per condition. In other words, the slope of the 
accumulation of SWA in the bright light and extra blue light condition, was tested against 
the slope of the accumulation of SWA in the ‘low office light’ condition.  The ‘Time’ and 
‘TimeXCondtion’ terms were also tested for quadratic slopes. Maximum likelihood was used 
to estimate the regression coefficients of which the statistical significance was evaluated 
using z-tests. The significance level was defined as p=0.05. All parameters were tested two-
tailed. 
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Results

Sleepiness (KSS) scores  
Sleepiness scores measured 5 min after waking up from the acclimatization night and the 
night after the experimental day, are depicted in figure 2. Overall, there were significant day 
X condition interactions for the blue condition compared to the office light condition (F1,15= 
5.28, P<0.05) as well as for  the bright condition compared to the office light condition 
(F1,15= 5.06, P<0.05). We next tested simple main effects to elucidate the nature of this 
interaction. The sleepiness scores in the blue condition and in the bright condition were 
significantly lower after waking up following the experimental days compared to after 
waking up from the adaptation nights (blue t16= 3.75, P<0.01, bright t16= 4.60, P<0.001) 
while this was not the case for the KSS scores directly after waking up following the office 
light condition compared to the baseline day (t16=1.64, P=0.12).

Figure 2. The average Karolinska sleepiness scores (KSS) 5 minutes after waking up (mean ± SEM). Left: 
After the adaptation night. Right: After the experimental night. Compared to the adaptation night, the 
KSS scores after the experimental night were significantly lower for the blue *P<0.05 and bright light 
condition *P<0.05 compared to the office light condition.

Sleep analyses: Polysomnography parameters 
Sleep parameters measured with EEG are shown in table 2. The office light condition was 
compared to the blue light condition as well as to the bright light condition with paired-
sample t-tests. Since some participants missed either a night in the blue light condition 
or in the bright light condition, the groups are slightly different in size. The difference in 
the subsets of subjects leads to slightly different average values for the two sets of the 
office light condition used for the comparison with the blue light condition or to the bright 
light condition (see table 2). None of the sleep parameters in the blue light condition 
differed significantly from the sleep parameters in the office light condition, while there 
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were significant differences when the sleep parameters in the bright light condition were 
compared to the sleep parameters in the office light condition. The percentage of time in 
which the participants were awake (%awake) was 3.3% lower and sleep efficiency (time 
asleep/total time allowed to sleep) was 3.7% higher during sleep in the bright light condition 
compared to sleep in the office light condition (table 2). The amount of REM sleep was also 
significantly higher (3.6%) during sleep in the bright light condition compared to sleep in the 
office light condition (table 2). 

Sleep analyses: Slow wave activity analysis 
Average slow-wave activity accumulations over minutes of non-REM sleep in the nights of the 
3 conditions are shown in figure 3A. The rise of SWA accumulation in the nights of the blue 
light condition and the bright light condition were significantly different (higher) compared 
to the rise of SWA accumulation in the night of the office light condition: Condition_2 X Linear 
Time = 0.061 (0.001)%  per 0.5 min, P<0.001 and Condition_2 X Quadratic Time= -0.00003 
(0.00001)% per 0.5 min.2 P<0.001; Condition_3 X Linear Time= 0.050 (0.001)% per 0.5 min, 
P<0.001 and Condition 3 X Quadratic Time= -0.00004 (0.00001)% per 0.5 min.2 P<0.001. See 
figure 3B for the model fits. In figure 3A it is shown that SWA activity accumulation during 
the beginning of the sleep episode does not differ between conditions. After approximately 
100 minutes of non-REM sleep, SWA accumulation in the blue- and bright light conditions 
seem to increase relative to the office light condition. To test if the slower build-up of SWA 
power accumulation in the office light condition was not a consequence of interrupted 
sleep at the beginning of the sleep episode, the number of epochs scored as ‘awake’ or 
as ‘movement’ in the first 250 minutes of sleep were compared between conditions.  No 
significant differences were found when the blue light condition (9.3 min. (± 3.4)) and office 
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light condition (7.2 min. (± 2.7)) were compared (t8= -1.6, P=0.15), or when the bright light 
condition (4.1 min. (± 1.1)) and office light condition (7.6 (± 2.6)) were compared (t8=1.3, 
P=0.23). The direction of the effect although not significantly different, was even negative, 
e.g. more awakenings in the blue light condition, when the office light condition and the 
blue light condition were compared. At the end of the total non-REM sleep period, the 
total amount of accumulated non-REM sleep power in the bright light condition and blue 
light condition were tested against the total amount of accumulated non-REM sleep power 
in the office condition. In this case there was only a trend for a higher total amount of  
accumulated non-REM sleep power  in the blue condition, which was 21.8% (± 11.6) higher 
compared to the office light condition (t8=1.9, P=0.10). In a similar analysis, there was also 
a trend for the bright light condition, with 12.9% (± 7.4) higher total amount of accumulated 
non-REM power compared to the office light condition (t8=1.8, P=0.12). 

Figure 3A. The relative mean accumulation of slow wave activity (SWA, EEG power density between 
1-4Hz) during the experimental nights. The total accumulation of SWA after 313 min of non-REM sleep 
(the shortest common time interval available) in the office light condition was set as the reference 
(100%). 

Figure 3B. The modelled mean relative accumulation of slow wave activity (SWA, EEG power density 
between 1-4HZ) according to the calculated estimates (see results section ‘sleep analysis: SWA 
analysis’) modelled by ML-wiN (Centre for Multilevel Modelling, Institute of Education, London, UK).

Dim light melatonin onset 
Timing of DLMO during the evenings prior to the adaptation night (office 22:14, blue 22:25, 
bright 22:18) was not significantly different between conditions (bright-office F1,14=0.11, 
P=0.75, blue-office F1,14=1.48, P=0.24). The phase of DLMO in the bright light condition 
after the experimental day compared to the evening prior to the adaptation night (+0.23h ± 
SE) was significantly advanced compared to the phase of DLMO in the office light condition 
(-0.11h ± SE; F1,14=4.77, P<0.05, see figure 4). The phase of DLMO was also advanced in the 
blue light condition (0.19h.) compared to the office light condition, but this difference was 
not significant (F1,14=3.00, P=0.10). Figure 4 shows the shifts in dim light melatonin onset 
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time after the experimental days compared to the days prior to the experimental days.

Figure 4. The shifts in dim light melatonin onset (DLMO) from the evening prior to the experimental 
evening to the experimental evening for the three conditions (mean ± SEM). Compared to the office 
light condition DLMO was significantly more advanced in the bright light condition *P<0.05. that the 
phase advance of DLMO in the blue light condition was not significantly different from the shift in the 
office light condition  P=0.1.

Discussion

This within-subjects-design study focused on the effects of extra light during a working 
day on sleep quality the subsequent night. Sleep after a day with extra light was more 
consolidated compared to sleep after a day with ‘low office light’, seen in being less awake 
and in having a higher sleep efficiency. Also the depth of sleep, calculated by the rise in SWA 
during sleep, was higher during parts of the night after a day with extra light compared to a 
day with ‘low office light’. Furthermore, the self-rated sleepiness in the morning was lower 
after a day with extra light followed by a night of sleep. Sleep could have been influenced 
by both the effect of light on the biological clock (SCN) and by the effect of light on sleep 
homeostasis. This will be discussed below.

Sleep quality in relation to the influence of light on the clock
Compared to the ‘low office light’ condition a significant phase advance of the melatonin 
rhythm was found for participants in the bright light condition and there was also a trend 
for a phase advance of the melatonin rhythm for participants in the blue light condition. 
Despite the fact that the light was timed in a neutral zone for the phase shifting effects of 
light, phase advances with extra light during the day were found.
 
It is known that extra light can increase SCN firing resulting in a more synchronized output 
of the SCN (Meijer et al. 1998, reviewed in Ramkisoensing & Meijer 2015), which can in turn 
result in a higher amplitude of the circadian rhythm. The melatonin rhythm is considered as 
the best output marker of the SCN (Lewy et al. 1999) and more light during the day is indeed 
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related to a higher amplitude of the melatonin rhythm (Park & Tokura 1999, Takasu et al. 
2006 and Geerdink et al. 2016).  

Several studies found a phase advance of the melatonin rhythm as well as an increased 
amplitude or area under the curve with morning light application (Hashimoto et al. 1997, 
Parry et al. 1997, Geerdink et al. 2016). This relationship may be caused by the definition of 
the threshold for the melatonin onset. If this is a fixed value, the steeper increase in melatonin 
production will advance the timing of DLMO by reaching the threshold for the melatonin 
onset criterion earlier. Hence, although we did not measure amplitude of the melatonin 
rhythm, the advanced onset of the melatonin rhythm after the extra light in the present 
study may be caused by a stronger clock signal and thus by a possibly higher amplitude 
of the melatonin rhythm (e.g. a stronger night signal when participants had to sleep). An 
optimal phase relationship between melatonin and sleep positively affects a variety of sleep 
quality parameters (reviewed in Dijk & Cajochen 1997): a shorter sleep onset latency is 
found (Zhdanova & Wurtman 1997, Rajaratnam et al. 2004), sleep is more consolidated with 
less awakenings during the night (Zhdanova & Wurtman 1997) and a higher sleep efficiency 
(Brzezinski et al. 2005). Similarly, though at the other end of the regulatory range, Lazar and 
colleagues (2013) found that if the phase angle between the dim light melatonin onset and 
habitual sleep onset is shorter (resulting in lower melatonin concentration at sleep onset) 
people have a higher insomnia score and longer sleep latency. 

In the present study, the percentage of time being awake during the sleep period is 
significantly lower and sleep efficiency is significantly higher in the bright light condition 
compared to the low office light condition. Also there is a trend towards a shorter sleep 
onset latency and less WASO in the bright light condition compared to the low office light 
condition. As mentioned above, these parameters of sleep consolidation are also improved 
when melatonin levels are higher. Because there is a phase advance of the melatonin onset 
in the present study, higher levels of melatonin are reached earlier and this may result in 
sleep consolidation being improved. 

Another finding that is consistent with the notion of a stronger clock signal in response 
to more light during the day is the effect on REM sleep. The percentage of REM sleep was 
significantly higher and there was a trend for an earlier REM sleep onset in the bright light 
condition compared to the office light condition in the present study. There are strong 
indications that the timing of REM sleep is mainly regulated by the biological clock (Czeisler 
et al. 1980, Endo et al. 1981, Dijk & Czeisler 1995, Dijk et al. 1997, reviewed in Dijk & Cajochen 
1997). In the present study, it is hypothesized that there is a stronger input to the clock after 
more light during the working day. The REM sleep results as well as the sleep consolidation 
results are in line with this hypothesis.  

One Japanese study (Takasu et al. 2006) showed however that higher light intensities during 
7 days did not result in better sleep quality. The largest difference with the present study is 
that the bright light exposure in the Takasu (2006) study lasted for 16 hours each day. Thus, 
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light was still bright during the evening while in the present study it was much lower in the 
evening. It is known that light in the evening can negatively influence sleep onset latency 
(Santhi et al. 2012) and deep sleep (Munch et al. 2006). In the study of Takasu et al. (2006), 
the long duration of light extending into the evening could have cancelled out the possible 
beneficial effect of the extra light during the day. Consistent with our data, Takasu et al. 
(2006) observed earlier melatonin onset times as well as an increase in melatonin amplitude 
after the days with bright light as opposed to dim light. 
 
Sleep quality in relation to the influence of light on homeostatic sleep drive. 
A steeper increase in slow wave activity accumulation was found if more light was received 
during the working day, no matter if the participants were exposed to bright light or 
extra blue light: a steeper increase in accumulation of SWA power in the delta band was 
found for the bright light condition and the extra blue light condition, respectively.  The 
observed increase in SWA accumulation resembles to some extent the increase in SWA as a 
consequence of sleep deprivation. In response to sleep deprivation, the homeostatic sleep 
drive is also higher which results in deeper sleep. This is sometimes, but not always best 
visible in the second/third cycle as is the case in our study (Dijk et al. 1991, Brunner et al 
1993, Dijk et al. 1993, Dijk & Czeisler 1995). Although the total amount of accumulated 
SWA was not different at the end of the common non-REM sleep duration, the results 
indicate that extra light during the day affects the pattern of the homeostatic sleep drive 
accumulation.  While these results are in line with previous mouse studies (Altimus 2008, 
Tsai 2009) and theories based on findings in mice (Hubbard et al. 2013, Legates & Hattar 
2014), this is to our knowledge the first study showing that light can affect the homeostatic 
sleep drive in humans. 

Differences between the effects of bright light and of extra blue light 
The effects of the bright light condition and the extra blue light condition on sleepiness, 
sleep and the melatonin pattern were always in the same direction and in some cases, 
like the accumulation of SWA, even quite similar. Yet, the effects of the extra blue light on 
melatonin onset and on other sleep (consolidation) parameters were not significant while 
they were for the bright light condition. There were several differences between the bright 
light and the extra blue light that might explain the observed differences in the effects. One 
possible explanation is that the melanopic irradiance is three times lower in the extra blue 
light condition as compared to the bright light condition. Although this difference would 
yield similar effects on alertness (Hommes and Giménez 2015), such difference might still 
have consequences for the strength of the signal to the clock in relation to sleep. Besides, 
the extra bright light condition caused also more (rod/cone) photoreceptor stimulation as 
its power spectrum spanned a broader range of wavelengths. It has recently been shown 
that the melanopsin receptor is not solely responsible for the signal to the clock but rod/
cone photoreceptors do also contribute to this signal (Enezi et al. 2011, Altimus et al. 2010, 
Gooley et al. 2012, Lucas et al 2014.). It has even been shown that colour transitions (from 
blue-yellow and yellow-blue) of light over the day, which will naturally happen during dawn 
and dusk, will strengthen the accurateness of the clock (Walmsley et al. 2015). Thus, it may 
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be that in this experimental protocol, the stimulation with only extra blue light for one 
working day was not effective enough in stimulating sleep consolidation via the clock, yet 
effective enough to cause an increase in homeostatic sleep pressure. 

Relationship between sleepiness in the morning and sleep quality 
Participants felt less sleepy after the night following the experimental ‘working’ days with 
either extra blue light or bright light compared to the day with low office light after waking 
up. Lower sleepiness scores are often correlated to better nights of sleep (Pilcher et al 1997, 
Viola et al. 2008). Furthermore, sleep continuity seems to be of high importance to feel 
alert during the day, even if sleep duration is not altered (Gillberg et al. 1995, Neu et al. 
2014). In the present study, sleep duration was the same between conditions. This finding, 
together with the reduced sleepiness scores, higher sleep efficiency and less percentage 
awake during the night, strengthens the conclusion that sleep continuity was better after 
the days with more light. 

Conclusion

This within-subject design study showed that extra light during a working day from 
09:00-17:00 improves subsequent sleep. This improvement was shown in better sleep 
consolidation, in trends for higher accumulation rate of deep sleep and in lower sleepiness 
scores the next morning. Extra light during the working day probably affects both the signal 
to the clock and the homeostatic sleep pressure. With this study we cannot disentangle the 
relative contributions of these processes. Despite that fact, it may be favorable to influence 
both processes at the same time as this can reinforce sleep quality. More research is needed 
about other aspects of light, such as spectral composition and exposure duration, which may 
contribute to the effects on sleep quality. Also the complete pattern of melatonin excretion 
must be investigated to conclude that a higher melatonin amplitude after one day with extra 
light may be one of the possible explanations of the better sleep continuity. Receiving extra 
light appropriately timed during the day may be an easy, practical and effective tool to help 
people with mild sleep problems to improve sleep and reduce sleepiness in the morning.
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