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ABSTRACT 
 
We examined whether dynamic light across a scheduled 16-h waking day influences cognitive 

performance, visual comfort, melatonin secretion, sleepiness and sleep under strictly controlled 

laboratory conditions of 49-h duration.  

 

Participants spent the first 5-h in the evening under standard lighting, followed by an 8-h nocturnal 

sleep episode at habitual bedtimes. Thereafter volunteers either woke up with static daylight LED 

(100 lux and 4000 Kelvin) or with a dynamic daylight LED that changed color (2700 – 5000 Kelvin) and 

intensity (0 - 100 lux) across the scheduled 16-h waking day. This was followed by an 8-h nocturnal 

treatment sleep episode at habitual bedtimes. Thereafter, volunteers spent another 12-h either under 

static or dynamic light during scheduled wakefulness. 

 

Under dynamic light, evening melatonin levels were less suppressed 1.5hours prior to usual bedtime, 

and participants felt less vigilant in the evening compared to static light. Sleep latency was significantly 

shorter in both the baseline and treatment night compared to the static light condition while sleep 

structure, sleep quality, cognitive performance and visual comfort did not significantly change. 

Our results support the recommendation of using blue-depleted light and low illuminances in the late 

evening, which can be achieved by a dynamically changing daylight LED solution.  
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1. Introduction:  

In our modern societies we spend more and more time indoors under artificial light 1. As a 
consequence, we expose ourselves to less sunlight during the day and more artificial (electric) light, 
particularly in the evening after sunset potentially delaying our internal clock with the risk of 
desynchronizing endogenous rhythmicity and external time demands (i.e. social/working schedule). 
This is typically associated with difficulties falling asleep at night and getting up in the morning without 
an alarm clock. In order to avoid such circadian misalignments, it is recommended to increase 
Zeitgeber (i.e. “time giver”) strength by increasing light exposure during the day and avoid light at 
night. The wrong light at the wrong time of day is also associated with negative effects on well-being 
and sleep 2-5. Thus, a prerequisite for good sleep and health are internal biological clocks that are well 
synchronized with the 24-hour day on earth with its natural light-dark changes. Internal clocks are kept 
in sync by signals from a part of the brain that responds to changes in light and darkness. Intrinsically 
photosensitive retinal ganglion cells (ipRGC) use the photopigment melanopsin to transmit light stimuli 
via the retinohypothalamic tract into different brain areas, primarily to our internal “master clock”, the 
nucleus suprachiasmaticus (SCN) 6-9. Melanopsin is very sensitive to short-wave radiation, i.e. blue 
light, making light of these wavelengths highly effective in their function as a Zeitgeber 10,11. Especially 
blue light and white light with a high proportion of short-wave radiation during the evening and at 
night counteracts the natural increase in sleepiness and suppresses endogenous melatonin secretion 
12,13. Melatonin, sometimes referred to as the “dark hormone” is secreted periodically and is used as a 
robust marker for the state of the circadian system 14. Light has been shown to have acute and delayed 
effects on this rhythm. The production of melatonin is acutely inhibited by light 14,15. Brainard et al. 13 
and Thapan et al. 12 measured the strongest melatonin suppression with monochromatic light at a 
wavelength of 464 nm. Delayed effects of light are typically measured in so-called phase response 
protocols, where lights’ Zeitgeber strength on circadian melatonin or core body temperature phase 
were quantified i.e. non-parametric effect of light 16,17. Also for light’s phase shifting capacity a short-
wavelength dominance has been reported 18. These effects of light exposure are not limited to strong 
illumination 19 and have also been observed when comparing different usage of home lighting in a field 
study 20. 
 
So-called Human Centric Lighting (HCL) aims at incorporating the above mentioned non-visual effects 
of light by dynamically changing correlated color temperature (CCT) and illuminance across the day, 
thereby altering short-wave radiation. Thus, HCL aims at influencing non-visual forming effects to 
support circadian physiology and good sleep in humans. In animal studies, simulated dawns enhanced 
circadian entrainment (the match of rhythmic physiological events to environmental oscillations, such 
as the natural light-dark cycle, with the result that both oscillations have the same frequency). in 
comparison to abrupt light transitions 21-24. These results suggest that natural twilight simulation 
increases the Zeitgeber strength of the light-dark (LD) cycles through parametric rather than non-
parametric entrainment mechanisms (i.e. parametric entrainment is considered as a continuous 
process in which the circadian oscillator constantly accelerates and decelerates to adapt to the 
environment, while the circadian oscillator is advanced or delayed every day in an almost 
instantaneous manner in a non-parametric view of entrainment 25. Effects of a simulated dawn on 
circadian rhythms in humans was investigated by Danilenko et al. 26 with a halogen lamp, which 
delivered an intensity change from 0.001 to 1000 lux. The rate of change of illuminance represented a 
natural sunrise. Control participants remained under dim light conditions with an alternating light dark 
cycle (< 30:0 lux). Their results showed that a replacement of the last 1.5 h of darkness by a natural 
dawn stimulus (averaging 155 lux) was sufficient to maintain an entrained phase position in 
comparison to the control situation. In a study in which both the color temperature (1090 - 2750 K) 
and illuminance at the eye (0 – 250 lux) was changed during wake up in the morning, mood, well-being 
and cognitive performance increased 27,28, and the cardiac control during the awakening process was 
better 29 in comparison to 8 lux dim light together with a technicians voice as a wake up signal. A 
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twilight simulation was also found to be antidepressant 30 and to reduce sleep disorders 31. In a study 
comparing dynamic light with static light for office workers illuminance was changed between 500 and 
700 lux and the CCT between 3000 and 4700 K. No positive effects on sleep, vitality, headaches and 
productivity of dynamic light were found. However, the employees were subjectively more satisfied 
with the dynamic light than with the static light 32. To date, non-visual light effects were predominantly 
studied during the evening or at night, and to a lesser extent during the day with inconclusive findings. 
Twilight studies and the combination of the three time points (i.e. night, day and twilight) investigating 
the continuous change of light during 16 hours of wakefulness are rare, and therefore it remains 
unclear if these changes improve circadian physiology, visual comfort, cognitive performance, and 
sleep. 
In the present study, we compared a static lighting condition “sLED” (4000 K) with a dynamically 
changing light “dynLED”, that started in the morning with 3500 K/< 1 lux incrementally increasing until 
reaching 5000 K/100 lux at 10 am. CCT and illuminance continuously decreased in the afternoon finally 
reaching 2700 K/< 1 lux at bedtime in the dynamic condition. This light profile is often named 
“circadian” or “human centric” lighting since it is generally claimed to have various, sometimes 
unspecified positive effects on humans, which have not yet been tested rigorously. We expected less 
melatonin suppression in the evening prior bedtime and better sleep, as indexed by more EEG delta 
activity in the treatment night, after the dynamic in comparison to the static light condition. 
Furthermore, visual comfort, alertness and cognitive performance during the 16 h of wakefulness 
during the dynamic light condition is improved compared to static light during times when exposed to 
5000 K compared to static light at 4000 K. In the evening however, we expected better cognitive 
performance and higher alertness during static light condition due to both higher intensity and higher 
correlated color temperature.     
 
2. Results 

2.1. Cognitive Performance 

2.1.1. Psychomotor Vigilance Task (PVT) 
The time course of PVT performance was rather stable across the entire day during both light 

conditions and did not reveal any significant main effect of the factor ‘light’ for the different measures 

[i.e. median reaction time (RT), lapses, the 10% fastest and 10% slowest RTs]. Also, the factor ‘time of 

day’ and the interaction ‘light’ x ‘time of day’ did not yield any statistically significant effects, neither 

for median RT, the 10% slowest or 10% fastest RTs nor the attentional lapses.  

 
2.1.2. Working Memory Performance (n-back): 

There was no effect of the factor ‘light’. The factor ‘time of day’ yielded significance with better 
performance in the course of the scheduled waking day (F6,62 = 2.66, p = 0.023). The interaction ‘light’ x 
‘time of day’ was not statistically significant. 

2.2. Subjective Variables 

2.2.1. Visual Comfort 
Participants rated visual comfort (i.e. the combined items brightness and CCT) similar for both light 
conditions. Also, the factor ‘time of day’ and the interaction ‘light’ x ‘time of day’ were not statistically 
significant.  
 

2.2.2. Brightness  
There was neither an effect of the factor ‘light’ nor any significant effect for the factor ‘time of day’ 
but the interaction term ‘light’ x ‘time of day’ was statistically significant (F7,92 = 3.76, p = 0.001). Post-
hoc tests revealed that participants rated brightness better at 11 pm during sLED compared to dynLED 
(t = 4.31, p = 0.004; Figure 1a). 
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2.2.3. Correlated Color Temperature (CCT) 
Overall, participants tended to rate CCT better for dynLED (factor light: F1,26 = 3.57, p = 0.07) than sLED. 
There was neither a significant main effect of ‘time of day’ nor a significant interaction of the factors 
‘light’ and ‘time of day’ (Figure 1b). 
 

2.2.4. Perception of Vigilance 
There was no significant main effect for the factor ‘light’. The factor ‘time of day’ was significant 
(F7,79 = 3.81, p = 0.001) with participants feeling less vigilant during the evening. In addition, the 
interaction term ‘light’ x ‘time of day’ yielded significance (F7,97 = 4.76, p = 0.0002). Post-hoc 
comparisons indicated that the volunteers felt less vigilant under dynLED compared to sLED in the 
evening at 11 pm (t = 3.36, p = 0.035; Figure 1c). 
 

2.2.5. Perception of Concentration  
The factor ‘light’ did not yield significance, while the factor ‘time of day’ showed a significant effect 
with participants being less concentrated in the evening in general (F7,81 = 2.29, p = 0.035; Figure 1d).  
The interaction term ‘light’ x ‘time of day’ yielded no significance. 
  

 
Figure 1: Time course of diurnal subjectively rated brightness (a), colour (b), wakefulness (c) and concentration (d) for sLED 
and dynLED on 5-Point Likert-Scales plotted against time in hours spent in the lab. Depicted are the means and standard 
errors of the mean (n=14). Brightness was rated better at 11 pm during sLED compared to dynLED (t = 4.31, p = 0.004) (a). 
Participants tended to rate colour better for dynLED (factor light: F1,26 = 3.57, p = 0.07) than sLED (b). Participants were feeling 
less vigilant during the evening (F7,79 = 3.81, p = 0.001) (c). The factor ‘time of day’ showed a significant effect with participants 
being less concentrated in the evening in general (F7,81= 2.29, p = 0.035) (d). 
 

2.2.6. Subjective Sleepiness 
Subjective sleepiness rated on the Karolinska Sleepiness Scale did not significantly differ between sLED 
and dynLED (data not shown). It showed, however a typical diurnal profile with lower sleepiness during 
the day and increased sleepiness in the evening (factor ‘time of day’: F40,496 = 5.69, p < 0.001). The 
interaction term ‘light’ x ‘time of day’ yielded no significance. 

b) a) 

c) d) 
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 Analysis of variance 

 Light Time of day Light*Time of day 

Cognitive Performance    

PVT F1,32 = 1.79, p = 0.19 F7,72 = 0.32, p = 0.94 F7,91 = 0.50, p = 0.83 

n-back F1,25 = 0.37, p = 0.55 F6,62 = 2.66, p = 0.023  F6,71 = 0.72, p = 0.64  

Subjective Variables    

Visual comfort F1,25 = 0.88, p = 0.36 F7,82 = 0.63, p = 0.73  F7,93 = 0.49, p = 0.84  

Brightness F1,30 = 0.87, p = 0.36 F7,83 = 1.19, p = 0.32 F7,92 = 3.76, p = 0.001 

CCT F1,26 = 3.57, p = 0.07 F6,71 = 0.72, p = 0.64 F7,95 = 1.59, p = 0.15  

Vigilance F1,23 = 0.08, p = 0.78 F7,79 = 3.81, p = 0.001 F7,97 = 4.76, p = 0.0002 

Concentration F1,24 = 0.06, p = 0.81  F7,81= 2.29, p = 0.035 F7,97 = 1.65, p = 0.1317 

Sleepiness F1,88 = 0.62, p = 0.43 F40,496 = 5.69, p < 0.001 F40,504 = 1.06, p < 0.37 

 
Table 1: Results of the analysis of variance for different subjective variables and cognitive performance over the time course 
of the study. In bold results with p < 0.05. 

 
2.3. Melatonin 

2.3.1. Diurnal Melatonin Profile 
Salivary melatonin exhibited the typical diurnal profile with lower levels during daytime and increasing 
levels in the evening (factor ‘time of day’: F41,441 = 8.01, p < 0.0001, Figure 2). There was no significant 
effect of the factor ‘light’ on the diurnal melatonin profile (F1,85 = 0.33, p = 0.57), while it tended to 
interact with the factor “time of day” (F41,460 = 1.33, p = 0.089). Post-hoc comparisons revealed 
significantly higher melatonin levels under dynLED compared to sLED 1.5 h prior to bedtime (t = 2.11, 
p = 0.035) (Figure 2). 
  

 
Figure 2: Time course of diurnal salivary melatonin profiles during the experimental conditions, sLED (blue) and dynLED 
(orange) in pg/ml plotted against time in hours spent in the lab (and clock time i.e. average clock times according to the 
participant’s habitual bedtimes). Depicted are the average melatonin levels across participants (mean values, n=14; ±SEM) 
and the standard errors of the mean.  
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2.3.2. DLMO (Dim Light Melatonin Onset) 
The factor ‘light’ did not show significant differences between sLED and dynLED. The factor ‘night’ and 
the interaction term ‘light’ x ‘night’ was statistically significant (F1,12 = 12.77, p = 0.004) and (F1,7 = 16.69, 
p = 0.005) respectively. Post-hoc tests revealed a significantly earlier (54 minutes) DLMO during the 
baseline evening (2.800 K) than during the treatment evening (4.000 K) in sLED condition (t = 4.85, 
p = 0.008). Such a delay in the DLMO between the baseline evening (2800 K) and the treatment evening 
(2700 K) was not present in the dynLED condition (9 minutes earlier DLMO during the baseline 
compared to treatment evening, non-significant) (Figure 3). 
 

 
Figure 3: Dim light melatonin onset time prior to the baseline and treatment night under sLED (blue) and dynLED condition 
(orange) for each participant. DLMO during the baseline night was significantly earlier than during the treatment night in sLED 
condition (t = 4.85, p = 0.008). In the dynLED condition such a delay between baseline and treatment night was not present. 
 

2.4. Sleep 

2.4.1. Sleep Stages and Sleep Latency 
Overall, no significant main effect for the factor ‘light’ was found for any of the sleep stages (i.e. N1, 
N2, N3, N4, REM). The factor ‘night’ indicated a tendency (F1,13 = 4.21, p = 0.06) for an increase in REMS 
from the baseline to the treatment night. N2 and NREMS decreased significantly from baseline to 
treatment night (F1,13 = 5.45, p = 0.036) and (F1,13 = 5.35, p = 0.038) respectively. N3 and N4 were not 
significantly different between the nights. There was no significant interaction of the factors ‘light’ and 
’night’. 
 
Sleep latency to N2 
There was a significant main effect of the factor ‘light’ on sleep latency to N2 (F1,13 = 5.76, p = 0.032). 
The factor ‘night’ yielded no significance (F1,13 = 1.57, p = 0.232). There was no significant interaction 
of the factors ‘light’ and ’night’ (F1,13 = 0.01, p = 0.929) for sleep latency to N2. Since the distribution of 
sleep latency to N2 was not normal, we performed a non-parametric test (the Wilcoxon signed-rank 
test) for each night separately. During the treatment night it took participants significantly less time to 
fall asleep to N2 under dynLED (13.7 minutes) than under sLED (17.4 minutes, Z=2.13, p = 0.027; Figure 
4). During the baseline night before dynLED one participant fell asleep to N2 before lights off. During 
the treatment night of dynLED two participants fell asleep before lights off, whereas during sLED only 
one participant fell asleep to N2 before lights off.  
 
Sleep latency to N1 
There was a significant main effect of the factor ‘light’ for sleep latency to N1 (F1,13 = 5.01, p = 0.043).  
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The factor ‘night’ yielded no significance for sleep latency to N1 (F1,13 = 1.75, p = 0.21). There was no 
significant interaction of the factors ‘light’ and ’night’ (F1,13 = 0.51, p = 0.487) for sleep latency to N1.  
Since the distribution of sleep latency to N1 was not normal, we performed the Wilcoxon signed-rank 
test for each night separately. During the treatment night participants fell significantly faster asleep to 
N1 under dynLED (6.8 minutes) than under sLED (10.9 minutes, Z=2.74, p = 0.003; Figure 4). Two 
participants fell asleep before lights off during the baseline night before sLED. During the baseline night 
before dynLED one participant the fell asleep to N1 before lights off. During the treatment night of 
dynLED two participants fell asleep before lights off, whereas during sLED only one participant fell 
asleep before lights off.    

 
Figure 4: Sleep latencies to sleep stages N1 and N2 in minutes after lights off during the treatment night. Depicted are the 
means and standard errors of the mean for sLED (blue) and dynLED condition (orange) (n=14).  

 
2.4.2. EEG Delta Activity 

EEG delta activity (0.75 – 4.5 Hz) during NREMS, when expressed relative to the baseline power density 
per participant in the frontal EEG derivations showed no significant effect of the factor ‘light’. The 
temporal dynamics of relative frontal EEG delta activity exhibited the usual decline across the night 
with a superimposed ultradian NREM-REMS cycling during the baseline nights and both treatment 
nights, sLED and dynLED (Figure 5, F51,541 = 16.57, p < 0.0001). There was a significant interaction ‘light’ 
x ‘time of day’ (F50,540 = 1.56, p < 0.01), but post-hoc comparisons indicated no significant difference 
between the two light conditions.  

 
 
Figure 5: Temporal dynamics of relative EEG delta activity (0.75 – 4.5 Hz) in NREMS during the treatment night for sLED (blue) 
and dynLED (orange) expressed relative to the baseline power density per participant in the frontal EEG derivations. The main 
effect of the factor ‘light’ was not significant. Time of day is the average clock time according to the participant’s habitual 
bedtimes (mean values, n=14). 
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3. Discussion 

The implementation of a dynamic lighting condition during scheduled wakefulness across a 16-h 
waking day resulted in significantly less melatonin suppression, lower subjective vigilance in the 
evening hours prior sleep and faster sleep onset in the following sleep episode in comparison to the 
same but static lighting condition. Sleep structure, sleep quality, subjective sleepiness, cognitive 
performance and visual comfort did not significantly differ between the two lighting conditions.  
 
While we aimed at deploying a “naturalistic” sinusoidal illuminance change, the continuous change of 
CCT did not simulate a “natural daylight change”, but took into consideration the general 
recommendation of using blue-depleted light in the evening. However, our study design does not allow 
to answer the question, if the change in illuminance itself or the change in CCT itself would have led to 
the same observed effects. It addresses the question if a continuous change is more efficient than a 
square wave on/off light signal during dawn and dusk times. We deployed this continuous change 
according to the recommendation not to exceed the maximum speed of CCT variation of 12 K/s 33. 
  
Cognitive Performance and Sleepiness/Vigilance 
In the present study, we did not find significant differences in cognitive performance between the 
lighting conditions. 1.000 K difference (melanopsin weighted irradiance being 24% higher under 
dynLED, +1.7 μW/cm2) during the day did not change cognitive performance although several studies 
reported light-induced alerting effects during daytime 34 (5000 lux, melanopsin weighted irradiance 
373 μW/cm2) particularly with bright light (1000 lux, assumed melanopic weighted irradiance of 
85 μW/cm2) 35 or of short-wavelength 36 (460 nm, 5 lux, melanopsin weighted irradiance 8,5 μW/cm2). 
In one study with 94 office workers working four weeks under blue-enriched white light (17.000 K) 
during the day, subjective attention, positive mood, productivity and concentration were significantly 
higher than under neutral white light (4.000 K) 37. Illuminance at eye level is not available for this study. 
Furthermore even an exposure of only 18 minutes during daytime to blue light with a wavelength of 
470 nm can stimulate brain regions responsible for perception, memory and emotions compared to 
green light (550 nm)38. Observed improvements are probably due to the sensitivity of ipRGCs, as 
magnetic resonance imaging showed that blue light activates brain regions (prefrontal cortex and 
thalamus, responsible for alertness and cognition) even in blind individuals with  still intact ganglion 
cells  39. Therefore, we hypothesized better daytime cognitive performance although other studies also 
reported contradictory results 40-55. It should be noted, that due to the high spectral quality (resulting 
in a very high CRI) in both lighting conditions, the sLED melanopsin weighted irradiance of 7 μW/cm2 

was already 23% more compared to 5.7 μW/cm2 if a conventional white LED with a lower CRI at the 
same illuminance and CCT would have been used. Furthermore, the volunteers overall cognitive 
performance was rather high, making it difficult to further increase it by an environmental factor such 
as light (i.e. ceiling effect) during daytime when the circadian pacemaker fully promotes wakefulness 
in humans 56. Subjective ratings of wakefulness on a 5-point Likert scale only differed when lighting 
conditions were notably different, i.e. at 11 pm. As hypothesized, during the late evening participants 
felt rather tired under a very low illuminance (approx. 12 lux) and low CCT (approx. 2.500 K). 
Nevertheless, this difference was neither expressed in KSS sleepiness ratings nor cognitive 
performance. Notably, questionnaires were translated to German. In German there is a difference 
between tiredness and sleepiness meaning that although participants were (physically or cognitively) 
tired they were not sleepy. During the late evening, participants experienced dynamic light as being 
too dark. However, during the day, the 1.000 K increase in the dynLED compared to the sLED was not 
large enough to be visually noticeable, maybe due to adaptation (white balance) of our perception. A 
tendency (p = 0.07) for better CCT ratings during the dynamic LED condition was most prominent at 11 
pm.  
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Circadian Melatonin Profiles 
We found 36% more attenuation of melatonin during sLED in the last sample before sleep compared 
to dynLED, which corroborates the results by Chellappa et al. 2011 57 and fits the model proposed by 
Prayag et al. 2019 58 well. Their findings support the assumption that melatonin suppression by light is 
predominantly driven by melanopsin and that it can be initiated already at low irradiances. They 
calculated an initiation threshold for the melatonin suppression response to light at 0.2 μW/cm2 
melanopsin weighted irradiance. In the present study melanopsin weighted irradiance during dynLED 
was below this level at 0.06 μW/cm2 (horizontal in bed, 10 minutes prior bedtime). Melanopsin 
weighted irradiances one hour prior bedtime were 15 fold lower during dynLED than during sLED and 
150 fold lower 10 minutes prior bedtime respectively. Consequently, we expected that melatonin 
suppression should be minimal during this time period in the dynLED condition.  
 
In the review by Prayag 58 the saturation of melatonin suppression was assumed at 36.6 μW/cm2 
melanopsin weighted irradiance, and the relative melatonin suppression of 50% was calculated to be 
at 2.5 μW/cm2 melanopsin weighted irradiance. During our sLED condition, melanopsin weighted 
irradiance was at 9.14 μW/cm2 with 36% stronger melatonin attenuation compared to dynLED. The 
reason for less melatonin suppression at higher melanopsin weighted irradiances in the present study 
compared to the model by Prayag 58 may be due to pupil constriction (miosis) during sLED. Since 
Prayag 58 analyzed a dataset from 13 in which pupils where dilated and volunteers were dark-adapted, 
lower light levels might have caused retinal irradiances to be higher than in our study. Unfortunately, 
retinal irradiance cannot be estimated from irradiance measured at the cornea because of the imaging 
optics of the eye 59. Furthermore, the calculation of melatonin suppression by Prayag 58 was control-
adjusted against complete darkness whereas here we compare two lighting conditions, one of which 
with continuously decreasing melanopsin weighted irradiances. 
   
It is still unclear if melanopsin in the ipRGCs works independently at all light intensities. It seems that 
at certain ambient brightness levels they do. Only when brightness is too low, they receive additional 
input from rods 60. Previous findings in humans suggest, melanopsin in the ipRGCs to be the primary 
circadian photopigment in response to long-duration light exposure and at irradiances in the photopic 
range 61. Also, more recent research suggests that the suppression of the hormone melatonin is mainly 
driven by the response of ipRGCs to light 62,63. The present study underpins, that exposure to white 
polychromatic light at 4000 K compared to warm white light at 2700 K and lower irradiances attenuates 
the secretion of melatonin in the late evening but it does not explain the mechanisms behind, because 
both, melanopsin and s-cone weighted irradiances, were changed simultaneously. The attenuated 
evening rise in melatonin did not induce a phase shift since the timing of the melatonin offset in the 
morning after the treatment night was not shifted. This may be due to the fact that a possible phase 
delay by 4000 K light (sLED) in the late evening was counteracted by a phase advance in the early 
morning when volunteers were woken up with 4000 K light (sLED) in comparison to a much darker 
light during the dynamic condition. This gives evidence for a continuous entrainment process of the 
circadian oscillator constantly accelerating and decelerating according to the lighting condition in the 
environment. 

Sleep 
Due to the short sleep latencies in good sleepers we selected for our study, we did not expect 
differences in sleep latencies due to possible floor effects. Although there was a significant effect of 
the main factor ‘light’, indicating that it took participants longer to fall asleep to N2 during sLED the 
interaction term ‘light’ x ‘night’ was not significant. However, non-parametric testing for each night 
separately, yielded significant shorter sleep latencies to both N1 and N2 in the treatment night for the 
dynLED than the sLED condition. Since participants were already lying in bed and waiting for the lights 
to be switched off, it happened, that participants fell asleep before lights off. 
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We hypothesized more EEG delta activity based on previous findings reporting more slow-wave activity 
after lower CCTs in the evening 64. Chellappa et al. 64 investigated the effects of 2h/ 40 lux compact 
fluorescent light of various CCTs on sleep. After cold light (6.500 K) EEG slow-wave activity was reduced 
significantly during the first sleep cycle compared to light at 2500 K and 3000 K. Since we compared 
2.700 K with 4.000 K, a difference of 1.300 K might not have been enough to elicit sleep alterations. 
Since we did not measure pupil size, it is not clear whether the continuously changing illuminance 
caused a continuous adaptation of the participants (the darker the environment, the larger the pupil 
size). This could have led to similar retinal illuminances under both conditions even when the 
environment was significantly darker during the dynLED condition. Furthermore, under low CCTs and 
illuminances already starting in the late afternoon in our experiment, the build up of homeostatic sleep 
pressure may have been attenuated compared to sLED condition with a constant CCT of 4000 K and 
constant illuminance. Indeed, a recent study suggests that not only the duration of prior wakefulness, 
but also the experienced illuminance during wakefulness affects homeostatic sleep regulation in 
humans 65. One could therefore recommend that warm light and low illuminances should be 
administered in the late evening, only for a very few hours before usual bedtime. Sleep latency did not 
change in the previous studies mentioned above (in which no dynamics were deployed). Therefore, 
one could assume that shorter sleep latencies as found in the present study was solely caused by the 
dynamics rather than the dimmer and warmer light. 

4. Conclusion 

Previous research has predominantly focused on non-visual effects of light during the night, less often 
during the day, and occasionally during twilight but not the combination of the three. To our best 
knowledge, the continuous change of lighting during 16 hours of wakefulness on human circadian 
physiology, cognitive performance and sleep has not been investigated so far under controlled 
laboratory conditions. 
 
Our results did not confirm our hypothesis that CCT and intensity of light influences daytime cognitive 
performance, even with low CCT and intensity during the evening. Furthermore, participants did not 
report significant differences in their subjectively perceived sleepiness levels, except for the late 
evening hours, when CCTs and illuminances were very distinct from each other. At this time point 
participants reported a decrease in vigilance and perceived the room as too dark during the dynamic 
condition, despite this, cognitive performance did not deteriorate. The light conditions did not 
influence sleep architecture and subjective sleep quality. 
 

Our study has some limitations. Since our experiment does not answer the question, if the change in 
illuminance or the change in CCT per se would have led to the same effects, this needs to be addressed 
in future studies. Furthermore, we still do not know if a continuous change is more efficient than a 
stepwise reduction of CCT and illuminance in humans. 
 

Our findings are consistent with previous work showing that melatonin suppression was significantly 
enhanced at colder CCTs and higher illuminances in the evening (static condition). This can be avoided 
by using dynamically changing light as implemented in our study. As melatonin is important for many 
physiological processes in the human body (e.g. antioxidant and regulating sleep-wake timing), it 
should not be suppressed in the evening and night by light. Therefore, our results foster the common 
recommendation of using blue-depleted light and low illuminances in the late evening. During daytime 
we could not find any significant differences between dynamic and static light. So-called Human 
Centric Lighting (HCL) incorporating dynamically changing correlated color temperature (CCT) and 
illuminance across the day can be recommend to be used when applied during the late evening at 
home or during late shift work. During common day shift work the use HCL as tested in our experiment 
seems not to have any superior effect. While we deployed a naturalistic sinusoidal illuminance change, 
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the continuous change of CCT did not simulate a natural change during twilight. This could be a topic 
for future studies.   
 
5. Methods 

The design and method of the present study is based on our previously published study 66 and thus 
summarized here. In contrast to the previous study comparing conventional LED spectra with 
enhanced LED spectra (“Daylight LED”), here we used Daylight LEDs for both, the dynamic and static 
light condition. The study procedures were approved by the local ethics committee and performed 
according to the Declaration of Helsinki. All study participants provided written informed consent. 
 

5.1. Study Design 

The study was carried out at the Centre for Chronobiology in Basel, Switzerland, between April 2017 
and March 2018. The ‘in-laboratory part of the study’ comprised two 49-hour episodes, which 
participants spent in sound-attenuated chronobiology suites under light, temperature and humidity 
controlled conditions without any time cues (Figure 6). Volunteers reported to the laboratory 6 hours 
prior to their usual bedtime, when electrodes for polysomnographic recordings (PSG) were attached, 
cognitive test batteries explained and practiced during the first evening under standard fluorescent 
lighting conditions (Philips Master TL5 HO 54W/830, CRI 80, 3.000 K, resulting in 2800 K and 100 lux at 
the participant’s eye level in bed facing the opposite wall). After an 8-hour sleep episode baseline night, 
scheduled at their habitual bedtimes, volunteers either woke up in the sLED or the dynLED condition 
(Toshiba TRI-R Circadian System NP10576, based on TRI-R LED SMD5056) and spent 16 hours awake in 
one of the conditions, followed by a second 8-hour sleep episode (i.e. treatment night) and a final 11-
hour episode of scheduled wakefulness. During scheduled wakefulness volunteers were allowed to 
move freely in their room when they were not involved in scheduled tasks. They were allowed to read 
and listen to music but were not allowed to use electronic devices such as mobile phones and tablet 
PCs. They received the same scheduled meals (25 minutes, 4 hours and 11 hours after wake up). The 
order of the lighting conditions (sLED and dynLED) was counterbalanced, such that half of the 
participants started with sLED and vice versa. The washout period between the two in-lab sessions was 
one week. The study protocol is shown in Figure 7. 

  
5.2. Participants 

Eighteen healthy male participants were screened for sleep and psychiatric disorders and spent one 
PSG-assessed habituation night in the sleep lab prior to study participation to exclude potential sleep 
disorders (i.e. sleep apnea, periodic leg movements etc.). All volunteers received monetary 
compensation for their participation in the study. All study participants had a good sleep quality as 
assessed with the Pittsburgh Sleep Quality Index 67 (Global PSQI score ≤ 5) and were no extreme 
chronotypes (42 and 57 points on the Munich Chronotype questionnaire 68). They underwent a medical 
examination carried out by the physician in charge and an ophthalmic examination by a certified 
optometrist to exclude volunteers with visual impairments. Participants were not excluded if they 
wore glasses or contact lenses. All participants were screened for color deficiency by the Ishihara Test 
69. Exclusion criteria were smoking, medication or drug consumption, shift work within the last three 
months and transmeridian flights up to one month prior to the study. One week prior to the laboratory 
admission, participants were instructed to keep a regular sleep-wake schedule (no naps, ± 60 min of 
habitual bedtimes) and compliance was verified by sleep logs and continuous wrist actimetry 
(Actiwatch, Cambridge Neurotechnology, Cambridge, UK). Additionally, participants were asked to 
refrain from alcohol, and a toxicological screen was performed upon laboratory entry. After dropouts 
due to headache (N=1), and technical issues (N=3), data of 14 participants (mean age 25.58 ± 3.34 
years, intermediate chronotypes) remained for further analysis. 
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Figure 6: Lighting parameters during the study at different times (only for the dynamic condition) and at different locations 
in the laboratory for both conditions. 

Figure 7: Schedule of the study: Participants spent twice 49 hours in the laboratory, once under a static LED light condition 
(sLED in blue) and once under dynamically changing LED light (dynLED in orange). The first evening (grey) they spent in 
identical conditions. Triangles show the timing of cognitive performance testing. Salivary melatonin samples were taken half 
hourly in the evening and every two hours during the day. 

5.3. Light Treatment 

During scheduled wakefulness, light exposure in the study room during the static condition was set to 
4.000 K and 100 lux (vertical at the eye when sitting at the desk or lying in bed) (Figure 6). The dynamic 
condition was defined as a continuous light change starting in the morning with 3500 K / < 1 lux 
incrementally increasing until reaching a peak of approximately 5000 K / 100 lux (at the eye) during 
the day lasting until 3 pm. The luminance at the front wall was set to 66.7 cd/m2, at the left wall to 
24.2 cd/m2 for both conditions between 10 am and 3 pm. The lighting conditions are shown in Figure 
6 and Figure 8 -Figure 10. Afterwards, CCT and illuminance slowly and continuously decreased in the 
afternoon, finally reaching 2700 K / < 1 lux at bedtime. During dynLED, the luminance during the late 
evening (at 23:20 h) on the pillow was 0.3cd/m2, meaning mesopic vision was active (both rods and 
cones contribute to vision). Horizontal irradiances on the pillow at that time during sLED were 100fold 
higher than during dynLED (42 μW/cm2 vs. 0.43 μW/cm2). Since there is no single action spectrum for 
NIF responses to light and a description of optical radiation solely according to the photopic action 
spectrum is not sufficient, we report the responses of all photoreceptors according to the new 
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CIE S 026/E:2018 standard 70 (Figure 10). At 23:20 h melanopsin weighted irradiance during dynLED 
was 0.06 μW/cm2 (horizontal in bed) vs. 9.14 μW/cm2 for sLED. At 22:30 h (one hour prior bedtime) 
melanopsin weighted irradiance was 0.6 μW/cm2 during dynLED. Figure 8 shows the change of 
melanopic irradiances across the day. The spectral characteristics are shown in Figure 9. 

 
Figure 8: Change of melanopic irradiance [in μW/cm2] during the study at different times of day. Between 10 am and 4 pm 
melanopic irradiance is higher in the dynLED condition compared to sLED. After 4 pm and especially in the late evening 
melanopic irradiance is significantly lower in the dynLED condition compared to sLED. 

 
 

Figure 9: Light spectra used during the study: Spectral irradiance vertical at eye height (120 cm -15°) sitting at the desk during 
dynLED (between 10 am and 3 pm) and sLED (at all times). The lowest curve shows the spectral irradiance during dynLED one 
hour prior bed time.  
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Figure 10: Responses of all photoreceptors according to the new CIE standard 70. Depicted are photoreceptor weighted 
irradiances: S-cones, melanopsin, rods, M-cones and L-cones during the day for sLED and dynLED and one hour prior sleep 
only during dynLED.  

5.4. Cognitive Performance and Subjective Variables 

During the 16 hours of scheduled wakefulness starting 70 minutes after lights on in the morning 
cognitive performance was assessed four times (every four hours). Participants did all tests in front of 
a grey computer screen. Among various subjective variables, the 35-minute cognitive test battery 
included a visual verbal n-back task and an auditory sustained attention task (i.e. psychomotor 
vigilance task, PVT). 
 

5.4.1. Working Memory Performance (n-back paradigm) 
During the n-back task volunteers indicated if a displayed letter matches a target stimulus that was 
presented n trials ago. White letters were used on a grey screen. Each session consisted of six blocks, 
divided into two bouts. The demand level was adjusted to individual performance of the volunteers. 
The participants were able to familiarize themselves with the n-back level during a brief practice 
period. For further information about the n-back task please refer to 66. 
 

5.4.2. Psychomotor Vigilance Performance Task  
The psychomotor vigilance performance task is a sustained attention task, that is sensitive to circadian 
rhythmicity and sleep need 71. Volunteers were requested to press a response button as fast as possible 
as soon they heard an auditory stimulus. They should also avoid pressing the button too soon. The task 
lasted 10 minutes during which the stimulus was presented in intervals randomly varying from 2 to 9 
seconds. 
 

5.4.3. Subjective Sleepiness and Visual Comfort  
During the entire laboratory stay, volunteers periodically rated their sleepiness levels on the Karolinska 
Sleepiness Scale (KSS) 72 as follows: Immediately after wake up until three hours after and in the 
evening starting five hours prior to lights off in hourly or two hourly intervals. To assess volunteer’s 
subjective perception of visual comfort, we used a five-point Likert type scale that probed brightness, 
and correlated color temperature based on a selection of questions derived from Eklund and Boyce 73.  
 

5.5. Melatonin  

Saliva collections were scheduled every 30 minutes in the morning and evening and every 1 or 2 hours 
in between (for precise timing see Figure 2). A direct double-antibody radioimmunoassay was used for 
the melatonin assay (validated by GC-MS with an analytical least detectable dose of 0.65 pg/ml; 
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Bühlmann Laboratory, Schönenbuch, Switzerland). The minimum detectable dose of melatonin 
(analytical sensitivity) was determined to be 0.2 pg/ml.  
 
In order to assess changes in circadian phase, dim light melatonin onset (DLMO) was calculated for the 
baseline and treatment evening. We fitted the evening melatonin profile by a piecewise linear-
parabolic function using the interactive computer-based hockey-stick algorithm to calculate the DLMO 
for each participant 74. An ascending level of 2.5 was applied; however, we used an ascending level of 
1.5 for five evenings when melatonin concentration was too low. 
 

5.6. PSG 

Sleep EEG activity was continuously recorded during sleep with the Vitaport Ambulatory system 
(Vitaport-3 digital recorder TEMEC Instruments BV, Kerkrade, the Netherlands). Twelve EEG 
derivations (Fz, F3, F4, Cz, C3, C4, Pz, P3, P4, Oz, O1, O2) referenced against linked mastoids (A1 and 
A2), two electrooculograms, one submental electromyogram and one electrocardiogram were 
recorded. All signals were low pass filtered at 30Hz at a time constant of 1 second.  
 
Sleep stages were visually scored per 30-second epochs according the standard criteria 75. Non-rapid 
eye movement sleep (NREMS) was defined as the sum of NREM stages 2, 3 and 4. Slow wave sleep 
(SWS) was defined as the sum of NREMS stages 3 and 4. Spectral analysis was conducted using a fast 
Fourier transformation, which produced a 0.25Hz bin resolution. EEG power spectra were calculated 
during NREMS in the frequency range from 0 to 32Hz. Artefact-free 4-second epochs were averaged 
across 30-second epochs. Here we report EEG data for frontal (Fz, F3, F4) derivations, in the frequency 
range of 0.75-20 Hz.  
 

5.7. Statistical Analysis  

Statistical analyses were performed using SAS (version 9.4; SAS Institute, Cary, NC). An alpha level of 
0.05 was used to assess statistical significance. All output variables of the 14 men were statistically 
analyzed with mixed-model analyses of variance (PROC MIXED) with main repeated factors being ‘light’ 
(dynLED and sLED) and ‘time of day’ and volunteers as a random factor. For PVT performance, the 
default performance metrics – median reaction time (RT), 10% fastest and 10% slowest RT and lapses 
were calculated according to Blatter et al. 71. Response times below 100 ms were considered as false 
starts and therefore excluded. For n-back performance, the following metrics were used: number of 
hits, false alarms, accuracy and the percentage of correct responses. All-night EEG power density in 
NREMS was analyzed for frontal derivations for each 0.25 Hz frequency bin, with the main factor ‘light’. 
NREM-REMS cycles were defined according to an adapted method from Feinberg and Floyd 76. Thereof, 
each sleep cycle was subdivided into ten time intervals of equal length during NREMS and into four 
time intervals during REMS.  
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LEGENDS 

 

FIGURE 1: TIME COURSE OF DIURNAL SUBJECTIVELY RATED BRIGHTNESS (A), COLOUR (B), WAKEFULNESS (C) 

AND CONCENTRATION (D) FOR SLED AND DYNLED ON 5-POINT LIKERT-SCALES PLOTTED AGAINST TIME IN 

HOURS SPENT IN THE LAB. DEPICTED ARE THE MEANS AND STANDARD ERRORS OF THE MEAN (N=14). 

BRIGHTNESS WAS RATED BETTER AT 11 PM DURING SLED COMPARED TO DYNLED (T = 4.31, P = 0.004) 

(A). PARTICIPANTS TENDED TO RATE COLOUR BETTER FOR DYNLED (FACTOR LIGHT: F1,26 = 3.57, P = 0.07) 

THAN SLED (B). PARTICIPANTS WERE FEELING LESS VIGILANT DURING THE EVENING (F7,79 = 3.81, P = 

0.001) (C). THE FACTOR ‘TIME OF DAY’ SHOWED A SIGNIFICANT EFFECT WITH PARTICIPANTS BEING LESS 

CONCENTRATED IN THE EVENING IN GENERAL (F7,81= 2.29, P = 0.035) (D). 5 

FIGURE 2: TIME COURSE OF DIURNAL SALIVARY MELATONIN PROFILES DURING THE EXPERIMENTAL 

CONDITIONS, SLED (BLUE) AND DYNLED (ORANGE) IN PG/ML PLOTTED AGAINST TIME IN HOURS SPENT IN 

THE LAB (AND CLOCK TIME I.E. AVERAGE CLOCK TIMES ACCORDING TO THE PARTICIPANT’S HABITUAL 

BEDTIMES). DEPICTED ARE THE AVERAGE MELATONIN LEVELS ACROSS PARTICIPANTS (MEAN VALUES, 

N=14; ±SEM) AND THE STANDARD ERRORS OF THE MEAN. 6 

FIGURE 3: DIM LIGHT MELATONIN ONSET TIME PRIOR TO THE BASELINE AND TREATMENT NIGHT UNDER SLED 

(BLUE) AND DYNLED CONDITION (ORANGE) FOR EACH PARTICIPANT. DLMO DURING THE BASELINE NIGHT 

WAS SIGNIFICANTLY EARLIER THAN DURING THE TREATMENT NIGHT IN SLED CONDITION (T = 4.85, P = 

0.008). IN THE DYNLED CONDITION SUCH A DELAY BETWEEN BASELINE AND TREATMENT NIGHT WAS NOT 

PRESENT. 7 

FIGURE 4: SLEEP LATENCIES TO SLEEP STAGES N1 AND N2 IN MINUTES AFTER LIGHTS OFF DURING THE 

TREATMENT NIGHT. DEPICTED ARE THE MEANS AND STANDARD ERRORS OF THE MEAN FOR SLED (BLUE) 

AND DYNLED CONDITION (ORANGE) (N=14). THERE WAS NO SIGNIFICANT INTERACTION OF THE FACTORS 

‘LIGHT’ AND ’NIGHT’ (F1,13 = 0.51, P = 0.487). UNDER SLED IT TOOK PARTICIPANTS ON AVERAGE 17.4 

MINUTES TO FALL ASLEEP TO N2 COMPARED TO DYNLED 13.7 MINUTES. 8 

FIGURE 5: TEMPORAL DYNAMICS OF RELATIVE EEG DELTA ACTIVITY (0.75 – 4.5 HZ) IN NREMS DURING THE 

TREATMENT NIGHT FOR SLED (BLUE) AND DYNLED (ORANGE) EXPRESSED RELATIVE TO THE BASELINE 

POWER DENSITY PER PARTICIPANT IN THE FRONTAL EEG DERIVATIONS. THE MAIN EFFECT OF THE 

FACTOR ‘LIGHT’ WAS NOT SIGNIFICANT. THE DECLINE ACROSS THE NIGHT WITH A SUPERIMPOSED 

ULTRADIAN NREM-REMS CYCLING DURING BOTH TREATMENT NIGHTS IS NOTICEABLE AND SIGNIFICANT 

(F51,518 = 12.93, P < 0.0001). TIME OF DAY IS THE AVERAGE CLOCK TIME ACCORDING TO THE 

PARTICIPANT’S HABITUAL BEDTIMES (MEAN VALUES, N=14). 8 

FIGURE 6: LIGHTING PARAMETERS DURING THE STUDY AT DIFFERENT TIMES (ONLY FOR THE DYNAMIC 

CONDITION) AND AT DIFFERENT LOCATIONS IN THE LABORATORY FOR BOTH CONDITIONS. 13 

FIGURE 7: SCHEDULE OF THE STUDY: PARTICIPANTS SPENT TWICE 49 HOURS IN THE LABORATORY, ONCE 

UNDER A STATIC LED LIGHT CONDITION (SLED IN BLUE) AND ONCE UNDER DYNAMICALLY CHANGING LED 

LIGHT (DYNLED IN ORANGE). THE FIRST EVENING (GREY) THEY SPENT IN IDENTICAL CONDITIONS. 

TRIANGLES SHOW THE TIMING OF COGNITIVE PERFORMANCE TESTING. SALIVARY MELATONIN SAMPLES 

WERE TAKEN HALF HOURLY IN THE EVENING AND EVERY TWO HOURS DURING THE DAY. 13 

FIGURE 8: CHANGE OF MELANOPIC IRRADIANCE [IN ΜW/CM2] DURING THE STUDY AT DIFFERENT TIMES OF 

DAY. BETWEEN 10 AM AND 4 PM MELANOPIC IRRADIANCE IS HIGHER IN THE DYNLED CONDITION 

COMPARED TO SLED. AFTER 4 PM AND ESPECIALLY IN THE LATE EVENING MELANOPIC IRRADIANCE IS 

SIGNIFICANTLY LOWER IN THE DYNLED CONDITION COMPARED TO SLED. 14 

FIGURE 9: LIGHT SPECTRA USED DURING THE STUDY: SPECTRAL IRRADIANCE VERTICAL AT EYE HEIGHT (120 CM 

-15°) SITTING AT THE DESK DURING DYNLED (BETWEEN 10 AM AND 3 PM) AND SLED (AT ALL TIMES). THE 

LOWEST CURVE SHOWS THE SPECTRAL IRRADIANCE DURING DYNLED ONE HOUR PRIOR BED TIME. 14 
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FIGURE 10: RESPONSES OF ALL PHOTORECEPTORS ACCORDING TO THE NEW CIE STANDARD 67. DEPICTED ARE 

PHOTORECEPTOR WEIGHTED IRRADIANCES: S-CONES, MELANOPSIN, RODS, M-CONES AND L-CONES 

DURING THE DAY FOR SLED AND DYNLED AND ONE HOUR PRIOR SLEEP ONLY DURING DYNLED. 15 

 

TABLE 1: RESULTS OF THE ANALYSIS OF VARIANCE FOR DIFFERENT SUBJECTIVE VARIABLES AND COGNITIVE 

PERFORMANCE OVER THE TIME COURSE OF THE STUDY. IN BOLD RESULTS WITH P < 0.05. 6 
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