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1. General introduction 

Our daily functioning varies systematically across the 24 hours of the day. On the one 
hand this is caused by circadian variation of physiological and behavioral rhythms such 
as the rhythm of core body temperature, the sleep-wake cycle or the 24-h rhythm of 
alertness. On the other hand, the variation in functioning itself elicits 24-h fluctuations 
in physiology and behavior. These 24-h rhythms are synchronized or “entrained” to the 
environmental light-dark cycle. The neuroanatomic structure keeping track of the 
changes in light and generating the rhythms with a period of approximately 24-h is 
called the “biological clock” and is localized within the suprachiasmatic nucleus (SCN) 
beneath the thalamus of the brain. When the biological clock runs out of phase with 
external time, we experience complaints such as increased daytime sleepiness, sleep 
disturbances, and reduced performance known from phenomena such as jet lag, shift 
work, and several circadian sleep disorders (Dinges, 1995; Rajaratnam and Arendt, 
2001). The most important signal to keep the biological clock, and therefore ourselves, 
entrained to the external world is light, which is transmitted from the retina via the 
retino-hypothalamic tract to the SCN. From the SCN the timing signal is then 
transmitted by means of hormones and neural projections, and serves to keep the 
circadian rhythms of behavior and physiology intact (Klein and Moore, 1991; Buijs et 
al., 2003). In humans, the pineal hormone melatonin is one of the internal messenger 
signals that helps internal rhythms to maintain synchrony with the environmental light-
dark cycle. Melatonin is exclusively secreted during the subjective night, and its 
plasma level rises during the evening and drops off in the early morning (Arendt and 
Skene, 2005).  

Light has long been known to synchronize human circadian rhythms (Aschoff et 
al., 1969; Wever, 1980; Czeisler et al., 1989). Very recently separate specialized 
photoreceptor cells have been discovered in mammals that subserve this 
synchronization to a large extent. Besides the classical visual photoreceptors of rods 
and cones, the mammalian retina contains a third kind of photoreceptor called 
“circadian photoreceptor”. Animal studies proved these circadian photoreceptors to be 
ganglion cells (iRGCs) that are intrinsically photosensitive and integrate light 
information over time and space. Therefore they serve as irradiance detectors 
participating in the entrainment of the circadian system, but also in the pupillary light 
reflex, and in the suppression of melatonin (Lucas et al., 1999; Berson, 2003; Hattar et 
al., 2003). In humans evidence for the existence of a circadian photoreceptor comes 
from studies that established an action spectrum for light-induced melatonin 
suppression. The action spectrum best compares to a rhodopsin template, peaking 



around λmax= 459 nm, instead of at 555nm as would be the case if the cone system was 
responsible (Thapan et al., 2001; Brainard et al., 2001a; Brainard et al., 2001b). The 
discovery of the intrinsically photosensitive ganglion cells generates new research 
questions, such as: How are the circadian photoreceptors distributed across the human 
retina? Are the same photoreceptors that are involved in the immediate melatonin 
suppression also responsible for phase-shifts of the circadian pacemaker (Lasko et al., 
1999; Visser et al., 1999; Glickman et al., 2003)? 

The main question of this thesis is how bright light affects physiological and 
psychological states of humans. The variables we measured and present here reflect 
both aspects. The major physiological output variables presented in this thesis are: 
melatonin, core body temperature, heart rate, electroencephalogram, and cortisol. For 
these parameters it is well established that they vary with a period of  circa 24 hours, 
and that they are also sensitive to immediate light induced changes (Wever, 1980; 
Khalsa et al., 2003). The light-induced changes and the circadian variation of 
psychological states are reflected in the measures of subjective sleepiness, alertness, 
fatigue, and performance (Campbell and Dawson, 1990; Dijk et al., 1992; Campbell et 
al., 1995; Cajochen et al., 2000). The stimulus investigated in this thesis is light. We 
varied the light intensity, the wavelength, the timing of light exposure, and we varied 
the exposed area of the retina. Light intensity is commonly measured in lux, a measure 
based on the spectral sensitivity distribution of rods and cones. It is a useful measure to 
compare stimuli of equal spectral composition or to compare the effects of stimuli with 
presumed equivalent effects on the visual photoreceptors. Concerning light intensity 
we applied “dim” light and “bright” light. Obviously, “dim” and “bright” are relative 
measures. In comparison to normal indoor light (~ 200-300 lux) 5000 lux is bright, and 
10 lux is dim. Against a clear sky on a sunny day in summer (~ 100,000 lux) 5000 lux 
is still rather dim. 100 lux of light intensity would normally be rather dim, but upon 
pharmacological pupil dilation it will be rather bright.   

Once the light signal is perceived, it can influence the well-being of humans in 
two distinct ways. It can immediately change the level of the physiological and 
psychological parameters (a non-circadian effect) or it can induce a phase shift in the 
circadian pacemaker influencing these parameters, in the SCN. Below I summarize 
first the immediate effects of bright light, then the circadian effects, followed by the 
scope of this thesis. 
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1.1. Immediate (non circadian) effects of light 

Apparently light has an immediate alerting and activating effect on humans. Most of us 
share the experience that staying awake during a lecture in a dark room is more 
difficult than in a brightly lit room and that turning on the lights has an immediate 
effect on our feeling of alertness. This alerting and activating effect of light has been 
studied mostly in the context of prolonged wakefulness during the night. Within this 
context we now know that light suppresses melatonin in an acute fashion (Lewy et al., 
1980), enhances core body temperature (Badia et al., 1990; Badia et al., 1991), and 
reduces sleepiness (Campbell et al., 1995; Cajochen et al., 2000). The magnitude of 
melatonin suppression seems to depend both, on the wavelength of the light stimulus 
and on the area of the retina that is exposed to light. Concerning the wavelength, 
studies in animals and humans proved that exposure to light of the blue-green spectrum 
yields the greatest melatonin suppression (Lucas et al., 2001; Wright and Lack, 2001; 
Foster, 2005). This is due to the blue-sensitivity of the intrinsically photosensitive 
ganglion cells in the retina (Berson et al., 2002; Hattar et al., 2002). In addition, 
Gooley and colleagues (2003) showed that these cells have projections to brain areas, 
such as the subparaventricular zone (SPVZ) or the ventro-lateral preoptic area (VLPO), 
brain areas associated with sleep-wake regulation (Lu et al., 1999). Does the fact that 
blue light yields the greatest melatonin suppression via photosensitive ganglion cells 
that project to sleep-wake-regulatory brain areas, also lead to a greater reduction of 
sleepiness under blue light? This question will be addressed in chapter 3, where the 
effects of blue light on melatonin suppression and sleepiness are compared to the 
effects of red light.  

The findings on melatonin suppression due to illumination of different areas of the 
retina in humans are inconsistent and vary greatly in methodology (Adler et al., 1992; 
Lasko et al., 1999; Visser et al., 1999; Glickman et al., 2003). We have attempted to 
replicate and further explore the findings of Visser et al. (1999) in chapter 6. A further 
interesting aspect of the effects of bright light is that in most of the studies the 
reduction in subjective sleepiness was accompanied by the suppression of melatonin 
and/or the enhancement of core body temperature in a dose-dependent manner 
(Cajochen et al., 2000). Melatonin suppression has therefore been considered a causal 
factor in the alerting mechanism of bright light (Badia et al., 1993; Gilbert et al., 1999; 
Lucas et al., 2003). Much less is known about the effects of bright light exposure 
during the daytime, i.e., at times when melatonin is virtually absent. Several studies 
have indicated time-of-day-dependence of the effects of bright light in humans on 
sleepiness, performance, and the wake-EEG (Badia et al., 1990; Badia et al., 1991; 



Daurat et al., 1993; Leproult et al., 1997; Phipps-Nelson et al., 2003). This leads to the 
question: What are the activating and alerting effects of bright light during the day on 
human psychophysiology (chapter 4), performance and the wake-EEG (chapter 5)? 
By comparing the data obtained at night with those obtained in the daytime it would be 
possible to increase our knowledge about the role of melatonin and its suppression in 
the regulation of subjective sleepiness and fatigue (chapter 7).   

 

1.2. Circadian effects of light 

In addition to the immediate activating effects of light, light can also cause slow and 
longer lasting effects on physiology and psychology. Most of us will have experienced 
the discomforting effects of misalignment between our biological clock and our 
behavior, for instance due to traveling across time zones (jet-lag) or to extended 
wakefulness during night- or shift work. Indeed the function of the biological clock or 
“pacemaker” is entrainment, i.e., to keep the organism’s behavior synchronized to the 
environmental light dark-cycle and by this to help the organism to anticipate desired 
future activity (Pittendrigh, 1981; Czeisler et al., 1989; Daan and Aschoff, 2001). As 
the source of increased daytime tiredness, reduced alertness, sleep and gastro-intestinal 
problems, the mismatch of internal and external time in behavior can lead to severe 
accidents and national catastrophes as seen in Three Miles Island and Chernobyl 
(Dinges, 1995; Rajaratnam & Arendt, 2001). Light is the prominent signal to entrain 
the pacemaker and therefore it can also be used to shift the clock deliberately. Thus, 
depending on the phase in the circadian cycle, one can shift the rhythms of core body 
temperature, melatonin secretion, and alertness forwards or backwards in time and 
therefore influence physiological and psychological states in humans. Animal as well 
as human studies helped to establish so-called phase-response curves (PRCs), which 
summarize the results. Light in the evening produces a phase delay of the circadian 
pacemaker, whereas light in the morning will result in a phase advance (Honma and 
Honma, 1988; Minors et al., 1991; Beersma and Daan, 1993; Khalsa et al., 2003). 
Maximal responses to bright light are observed during the night. While the phase 
shifting effects of bright light are commonly acknowledged, the effects of extraocular 
light have long remained controversial (Campbell and Murphy, 1998; Wright, Jr. and 
Czeisler, 2002). The idea of the eye being the only organ in mammals able to detect 
light information was challenged by a study of Campbell and Murphy (1998), in which 
the authors claimed that humans, as some other vertebrates like lizards (Foster and 
Soni, 1998; Campbell et al., 2001), in addition of having ocular photoreception, could 
make use of extraocular phototransduction pathways. In particular they proposed that 
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illumination of the circulating blood (realized in practice by illuminating the skin at the 
back of the knee, the popliteal area) in humans would yield circadian phase shifts. The 
presence or absence of such a non-visual pathway would have a major influence on our 
understanding of the circadian system. Hence, we, as well as other groups have 
attempted to replicate this finding in chapter 2 by comparing light exposure of the 
back of the knee versus the whole retina with undilated pupils. 

The daily fluctuations in functioning, such as in performance and alertness, are not 
only due to the biological clock or to current light exposure. Another major influence 
on performance and alertness is the duration of prior wakefulness and prior sleep. In 
most of the studies presented in this thesis, sleep timing was virtually identical for all 
subjects in the study. As a result sleep timing by itself cannot have caused the results of 
the studies. However, if we compare responses to light during the night with responses 
to light during the daytime (chapters 4 and 5), we must consider the possible influence 
of the difference in prior sleep/wake history. In principle there are two ways to do that. 
One is to take the differences for granted and compare the changes in the variables 
induced by the light, under the assumption that the changes in alertness and 
performance are less influenced by prior sleep-wake times than the absolute levels. 
This method is used in our studies. Another method is to first shift sleep timing to other 
times of day to achieve similar prior sleep-wake history for the two situations to be 
compared. The suitable protocol for this is the forced desynchrony protocol (Dijk et al., 
1992; Hiddinga et al., 1997). During this protocol subjects are scheduled to rest-
activity cycles that are either longer or shorter than 24-h, therefore their sleep episodes 
are gradually shifted over all circadian phases. The inability of the pacemaker to follow 
these alternations in sleep-wake periods leads to a desynchronisation between the 
pacemaker and the sleep-wake-cycle, and hence to the possibility to disentangle their 
contributions to the rhythms of alertness, performance and mood. Results from such 
forced desynchrony studies showed that over the first 0-16 hours of wakefulness, 
alertness and performance remain fairly stable, whereas during wakefulness exceeding 
16 hours or longer, they will begin to deteriorate (Dijk et al., 1992; Boivin et al., 1997). 
Under conditions of forced desynchrony, Dijk et al. (1992) showed that the circadian 
regulation of alertness and performance was closely associated with the rhythm of core 
body temperature. In chapter 2 we test whether such strict relationships can also be 
observed upon a light induced phase shift of the circadian pacemaker when sleep 
timing is kept constant. Evidence from animal and human studies indicated that the 
circadian photoreceptors, responsible for melatonin suppression, might not be evenly 
distributed over the retina (Cooper et al., 1993; Provencio et al., 2000; Hannibal et al., 
2002; Berson et al., 2002; Hattar et al., 2002). A major question is what function could 



be served by the uneven distribution of the photoreceptors. In chapter 6 we test 
whether it is likely that the same receptors responsible for immediate melatonin 
suppression are also responsible for the phase-shifts. 

 

1.3. Scope of the thesis 

In recent years we have seen a steady increase in the use of bright light, for instance in 
therapy to alleviate symptoms of winter depression, in the treatment of sleep disorders, 
improvement of the work environment of shift workers, or the reduction of jet-lag 
complaints. Fundamental knowledge on the effects of bright light in healthy subjects is 
required in order to better understand the effects of bright light therapies. Therefore the 
aim of this thesis was to shed light on the immediate and circadian effects of bright 
light exposure on physiological and psychological states of humans. For that purpose 
we carried out four experiments in which we either varied the type of light we applied 
(Part I), the timing of exposure (Part II), or the retinal area exposed to the light (Part 
III). All studies were carried out in several groups of healthy young subjects. 

The first question I asked was: Which aspects of light are important to 
immediately influence and phase-shift human circadian physiology (chapter 2)? To 
answer this question, I compared bright extraocular light exposure to bright white 
ocular light exposure during the nighttime in a group of 12 healthy, young subjects 
under strictly controlled conditions in a time isolation situation. Based on the results of 
this first experiment, I tried to differentiate the beneficial effects of light on alertness 
and performance with respect to wavelength by comparing the effects of  blue versus 
red light during the night time in a larger group of subjects (N=80) in a quasi-field 
setting (chapter3). 

Next I asked the question to what extent the timing of ocular light exposure 
influences the effects on physiological and psychological parameters (chapters 4 and 
5). Chapter 4 focuses on the effects of daytime versus nighttime bright light exposure 
on human psychophysiology, i.e., measurements of subjective sleepiness and alertness 
together with heart rate, core body temperature, and cortisol. Chapter 5 investigates 
the effects of daytime versus nighttime bright light exposure on subjective performance 
measures, such as reaction time, a vigilance task, and the human wake-EEG.  

After these explorations of the effects of timing, chapter 6 focuses on the 
question whether light-induced immediate and phase-shift effects depend on the retinal 
area that is exposed. In another group of 12 healthy subjects I compared nasal versus 
temporal retinal bright light exposure during the nighttime and its effects on circadian 
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physiology. Finally, in chapter 7 I combined three of the datasets on melatonin, 
subjective sleepiness, and fatigue to compare and correlate them with each other in 
order to answer the question to what extent suppression of melatonin is a necessary 
prerequisite for bright light to elicit its activating properties in humans. The thesis 
concludes with a general discussion (chapter 8) where the findings of the different 
studies are summarized and discussed.  
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Abstract Light can influence physiology and performance of 
humans in two distinct ways. It can acutely change 
the level of physiological and behavioral 
parameters, and it can induce a phase shift in the 
circadian oscillators underlying variations in these 
levels. Until recently, both effects were thought to 
require retinal light perception. This view was 
challenged by Campbell & Murphy (1998), who 
showed significant phase shifts in core body 
temperature and melatonin using an extraocular 
stimulus. Their study employed popliteal skin 
illumination and exclusively considered phase 
shifting effects. In this paper, we explore both acute 
effects and phase-shifting effects of ocular as well 
as extraocular light. Twelve healthy males 
participated in a within-subject design and received 
all of three light conditions: (1) dim ocular light/no 
light to the knee, (2) dim ocular light/bright 
extraocular light to the knee, and (3) bright ocular 
light/ no light to the knee, on separate nights in 
random order. The protocol consisted of an 
adaptation night followed by a 26-hr period of 
sustained wakefulness, during which a 4-h light 
pulse was presented at a time at which maximal 
phase delays were expected. We found neither 
immediate nor phase-shifting effects of the 
extraocular light exposure on melatonin, core body 
temperature (CBT) or sleepiness. Ocular bright 
light exposure reduced the nocturnal circadian drop 
in CBT, suppressed melatonin, and reduced 
sleepiness significantly. In addition the 4-hrs ocular 
light pulse delayed the CBT rhythm by -55 min 
compared to the drift of the CBT rhythm in dim 
light. The melatonin rhythm shifted by -113 min, 
which differed significantly from the drift in the 
melatonin rhythm in the dim light condition (-26 
min). The failure to find immediate or phase 
shifting effects in response to extraocular light in a 
within-subject design in which effects of ocular 
bright light are confirmed, strengthens the doubts 
raised by other labs on the impact of extraocular 
light on the human circadian system.  
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Introduction 

Light is known to be the prominent signal entraining the circadian system of humans 
(Honma and Honma, 1988; Jewett et al., 1991; Minors et al., 1991; Khalsa et al., 
2003). This has important therapeutic implications. A mismatch between internal clock 
time and external time in the light–dark cycle can result in complaints such as 
tiredness, sleep disturbances, and reduced performance such as seen in jet lag and 
several circadian sleep disorders (Hayes and Czeisler, 1994; Arendt et al., 1997). By 
giving light pulses at specific time points of the circadian cycle, it is possible to shift 
the biological clock, reduce jet lag symptoms, help shiftworkers to readapt, and treat 
Seasonal Affective Disorder (Dawson et al., 1993; Foret et al., 1996; Leproult et al., 
1997). Such experimental manipulation does not only affect physiological rhythms but 
also rhythms in psychological factors such as alertness, sleepiness, and performance 
(Campbell and Dawson, 1990; Cajochen et al., 2000).  

In mammals, including humans, the pathway via which a light stimulus is 
transmitted to the biological clock runs from circadian photoreceptors in the retina, 
most probably ganglion cells (Berson et al., 2002, Hattar et al., 2002), through the 
retino-hypothalamic pathway to the suprachiasmatic nucleus (SCN), which is 
considered to be the “master clock” (Stephan and Zucker, 1972; Foster, 1998). In lower 
vertebrates also extraocular photoreceptors have been found, which enable them to 
entrain their circadian system even without eyes (for review see Campbell et al., 2001). 

A publication by Campbell and Murphy (1998) challenged the idea that 
perception of light stimuli has to occur via the human eyes. Using fiber-optic pads that 
emitted blueish light (450-500 nm, the BiliBlanket® Plus system) they exposed the 
popliteal area of their subjects to a 3-hr light pulse at different times in the circadian 
cycle. Campbell & Murphy found significant phase-dependent phase shifts in the 
rhythms of core body temperature and melatonin. A possible mechanism behind such 
extraocular phototransduction might be the absorption of photic energy by bilirubin 
(Oren, 1997). This same mechanism is triggered by the fiber-optic pads to treat 
newborns that suffer from hyperbilirubinemia, whereby the light bleaches the bilirubin 
into a form that can be excreted by the new-born (Hansen, 2000).  

Challenged and puzzled by these results several groups have tried to replicate the 
findings of Campbell & Murphy. Eastman and co-workers (2000) focused on the 
question if extraocular light could accelerate re-entrainment of circadian rhythms after 
shifting the sleep-wake cycle of their subjects. They could not find any phase-shifting 
effects of popliteal light, using the BiliBlanket® Plus system, on core body 



temperature and melatonin. Lindblom et al. (2000b) exposed the chest skin of their 
subjects to a 6-hr white light pulse. The circadian markers they used were melatonin, 
cortisol and TSH, all three of which have a clear circadian rhythm (Goichot et al., 
1998). They too failed to observe any phase shifts after the extraocular light pulse. 
Lushington and colleagues (2002) applied extraocular light to one knee, again using 
the same BiliBlanket® system as used in the original study of Campbell and Murphy 
(1998), while subjects slept and observed phase shifting effects neither on Dim Light 
Melatonin Onset (DLMO) nor on core body temperature. Koorengevel et al. (2001) 
failed to induce circadian phase shifts by giving extraocular light behind two knees 
using the BiliBlanket®, in a population of winter-depressed patients. Finally, Wright 
and Czeisler (2002) obtained a similar lack of phase shifts after extraocular light pulses 
with the BiliBlanket® in a healthy subject population.  

Others concentrated on the question whether melatonin suppression could be 
obtained by extraocular light. Using a fibber optic device that generated white light, 
Lockley et al. (1998) found significant melatonin suppression following the exposure 
of the eyes but none for the knee. Using the same light device as in the original report 
of Campbell and Murphy (1998), Hébert et al. (1999) also failed to observe melatonin 
suppression through extraocular light on the popliteal zone. Jean–Louis et al. (2000) 
applied light, using the BiliBlankets® to the popliteal area and a light mask that 
delivered white light through LEDs to the eyelids of their subjects. Also in this study 
no melatonin suppression through extraocular light was reported, neither to the 
popliteal zone, nor to the eyelids. In accordance with these results, also Rogers et al. 
(1999), Lindblom et al. (2000a), and Wright and Czeisler (2002) failed to induce a 
melatonin suppression by giving extraocular light. Only one additional effect of 
extraocular light has been reported. The authors of the original phase shift study found 
an effect on REM sleep duration during extraocular light exposure in sleeping subjects 
(Murphy and Campbell, 2000). 

All these studies differ in methodology. Light intensity and timing of the light 
exposure varied (bright white light vs. blue-green light, fibber-optic pads vs. bright 
light lamps), as did exposed areas (popliteal area vs. eyelids, chest, and abdomen), 
parameters measured (core body temperature, melatonin in saliva vs. plasma 
melatonin, cortisol, TSH), and inclusion of control groups (present or not). Here we 
present results from a study where the acute and phase-shifting effects of extraocular 
and ocular light on the circadian system and sleepiness were tested within one design 
and were compared to a dim light condition. According to the phase response curves to 
ocular and extraocular light pulses in humans (Campbell and Murphy, 1998; Honma 

 16



Li
g
h
t 

in
 t

h
e 

ey
e 

ve
rs

u
s 

lig
h
t 

in
 t

h
e 

kn
ee

 

 17

and Honma, 1988; Minors et al., 1991; Khalsa et al., 2003) the timing of the light 
exposure period was chosen in such a way that large phase delays were expected. 

 

Methods 

Subjects 

Twelve healthy male subjects (mean age 21.8 years, SD 1.9, range 18-30) completed 
the study. Subjects were screened using interviews, a general health questionnaire and 
the Morningness-Eveningness-Questionnaire (MEQ, Horne & Östberg, 1976). Only 
subjects who were not extreme morning or evening types were included in the study, 
i.e. scores between 31 and 69 on the MEQ were accepted. Subjects had to be without 
current medication or psychiatric illness; they did not work night shifts or have 
recently (within the last month) traveled more than one time zone. Subjects gave 
written informed consent and were paid for their participation. The medical ethics 
committee of Groningen University approved the protocol. 

 

Temporal isolation facility 

The human isolation facility in the department consists of four separate sleeping 
rooms, four separate living rooms, sanitary facilities, and a kitchen. A maximum 
number of four subjects can be hosted simultaneously. The living rooms are equipped 
with a CD player and a video recorder, so that subjects were able to listen to music or 
watch videos in the time intervals between performing the test batteries. There are no 
windows in any of the rooms and no time information is available in any way. External 
noise is strongly attenuated. Staff and subjects did not wear watches; the clock function 
was removed from all video players as well as from the computers on which the test 
battery was performed. Room temperature was constant (20 °C, no 24h cycle) and 
controlled with a portable system (tinytalks, Gemini dataloggers Ltd., West Sussex, 
UK) throughout the whole experiment. Consumption of tea, coffee, chocolate and 
bananas was not allowed for two reasons. First these substances influence the serotonin 
concentration, which is the precursor of melatonin. Second, these substances may 
contaminate the saliva sample and therefore interfere with the results of the RIA used 
to determine the melatonin concentration (Gordijn et al., 1991).  

 



Experimental Protocol 

The experiment took place in the human isolation facility of the department from July 
till October 2000. Subjects spent three times 2.5 days in the facility. The time interval 
between sessions ranged from one week up to three weeks. At each session subjects 
were exposed to one of the three light treatments in random order.  

 

 
Figure 1. Timetable of the experiment 

 

The protocol is summarized in Figure 1. Subjects arrived on the first evening of 
day 0 at 8 p.m. in the laboratory. Electrodes for sleep EEG were attached and subjects 
had to practice a test battery. Lights went off at midnight and the EEG was recorded 
for the first sleep period (adaptation night) until 7 a.m. of day 1. After awakening, 
subjects took a shower and had breakfast. Until 2 p.m. subjects were allowed to read, 
watch a video or listen to music in their separate living rooms. Between 2 and 3 p.m. 
ECG electrodes were attached and the resistance of the EEG electrodes was checked. 
At 3 p.m. the subjects practiced the test battery once more. The first ‘testing period’ 
started at 6 p.m. (day 1) and lasted till 8 a.m. (day 2), with hourly tests on the PC and 
hourly collection of saliva samples. During these 26 hours of sustained wakefulness, 
the subjects received one out of three possible lighting conditions (see below) from 
midnight till 4 a.m. In all three conditions they remained seated during this period. The 
second sleep period was from 9 a.m. till 4.30 p.m. (day 2). After having a shower and 
breakfast, subjects went through the second testing period at 6 p.m. (day 2) till 2 a.m. 
(day 3). This last period served to measure a possible phase shift in core body 
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temperature, in melatonin, and in sleepiness, whereas the immediate effects were 
measured during the 4 hours of light exposure. 

At 2 a.m. (day 3) subjects went to bed and the third and last sleep period was 
recorded. Instructions for the subjects were to sleep as they needed, i.e. they should 
give a signal via the intercom to tell the investigator when they were awake and felt 
refreshed, which was recorded as spontaneous awakening time (for details see Figure 
1). 

 

Light exposure 

During the whole experiment when subjects were awake, except for the interval from 
midnight till 4 a.m. on day 2, the light intensity was <10 lux in all the rooms. During 
the sleep periods the lights were turned off (=0 lux). Light intensities of videos and 
computer screens did not exceed 10 lux at a distance of 20 cm, measured at eye level in 
the direction of gaze. 

The subjects received one out of the three light conditions from midnight till 4 
a.m. on the second night. Based on the PRC for extraocular light derived from the 
study of Campbell and Murphy (1998) this time period was chosen to achieve maximal 
phase delays. The subjects received either (1) 5.000 lux to the eyes via Bright Light® 
boxes (Philips, Eindhoven, The Netherlands) / no light to the knees, while their knees 
were covered by BiliBlanket® pads (Ohmeda Plus, Datex-Ohmeda BV, Hoevelaken, 
The Netherlands); (2) dim ocular light (<10 lux) / 13.000 lux of extraocular light to the 
popliteal zone of the knee by BiliBlankets® or (3) dim ocular light (<10 lux) / no light 
to the knees while their knees were covered by the BiliBlanket® pads. In the ocular 
light condition two Bright Light® boxes were placed vertically next to a PC screen in 
front of the subject in such a way that illumination was 5.000 lux at eye level, 
measured in the direction of gaze. The spectral distribution of this light source is given 
in Figure 2. The light boxes were switched on at 11:58 p.m. and turned off at 3:58 a.m. 
In the extraocular light condition, the BiliBlankets® were turned on and off at the same 
times. The BiliBlanket® system consists of two fibber-optic pads that emit blueish 
light (400-550nm) and almost no heat. The light was transmitted from a halogen lamp, 
which was fitted in a wooden box under the armchair of the subjects, via two optic 
fibber cables to the pads. When no light was given to the knees in condition 1 and 3, a 
“sham” box was placed under the armchair of the subjects. As in the experimental box, 
this sham box included a fan to produce the same noise as a regular box and an 
additional small light source, but contained no BiliBlanket® System. The BiliBlanket® 



pads were fixed with an elastic bandage and an opaque cover and subjects had to wear 
black trousers over the light pads to prevent any leakage of light. The BiliBlanket® 
pads were fixed to the knees of the subjects in all of the three conditions and subjects 
were not aware of the experimental extraocular condition. Subjects remained seated in 
their chairs from midnight till 4 a.m. in all conditions.  

 
Figure 2. Spectral distribution of TL tubes PL55W used in the Bright Light® 

 

Core body temperature 

Core body temperature was measured continuously by a rectal probe. The thermometer 
was connected to a homemade portable registration system (JOBLOG, Bakker & 
Beersma, 1991) which records temperature at one-minute intervals with a resolution of 
0.05°C. In addition to this continuous registration of body temperature, tympanic 
temperature was recorded hourly during the “testing periods” with the help of a Braun 
ThermoScan IRT2020 (Braun AG, Kronberg, Germany). These results will be 
presented elsewhere. 

Data of the continuous core body temperature (CBT) registrations were 
occasionally missing due to sanitary requirements or technical failure. Missing data of 
less than 90 min. were reconstructed by linear interpolation. Missing data of more than 
90 min. were recorded as missing. Only subjects with complete datasets during the 
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period that was analyzed were included. To quantify the phase shifts induced by the 
light stimuli, first for each individual a 1-h running average of the course of CBT was 
calculated for the 24-h period after each light exposure (starting from 6 a.m.). In order 
to obtain the maximal and minimal body temperature and the midrange without being 
sensitive to short lasting random fluctuations they were calculated for each individual 
after leaving out the 10% highest values and the 10% smallest values. The time points 
at which the CBT curve crosses the midrange value were defined as ‘upward crossing 
point’ and ‘downward crossing point’. These were used as phase markers. To include 
as many subjects as possible, differences between the average upward crossing and 
downward crossing times in the three conditions were tested with a paired t-test for 
each comparison that was possible.  

 

Melatonin 

The melatonin concentration was measured in saliva. Subjects had to give a saliva 
sample prior to each test battery, i.e. once per hour. Saliva was collected using Sarstedt 
Salivettes® (Sarstedt BV, Etten-Leur, The Netherlands) with a cotton swab. During the 
15 min. prior to the sample collection subjects had to remain seated in their chairs 
without moving, because posture is known to influence hormonal concentration 
(Deacon & Arendt, 1994). Samples were centrifuged immediately afterwards and 
stored at –20 °C. Salivary melatonin concentrations were determined later by radio-
immunoassay (Rabbit antibody supplied by Stockgrand Ltd., Guildford Surrey, UK:, 
SAC-Cel anti-Rabbit by Lucron Bioproducts, Gennep, The Netherlands; 2-[125] 
Iodomelatonin by Amersham Biosciences, Roosendaal, The Netherlands), using the 
mean value from duplicate samples. Food and beverages were restricted to the first 15 
min. of each hour. After this 15 min. interval the mouth was rinsed with water and no 
food or drinks were allowed during the next 45 min. prior to the next saliva sample.  

The limit of detection for the RIA was 0.39 pg/ml with an intra-assay variation of 
14.5 % at a low melatonin concentration (mean melatonin concentration 5.16 pg/ml, n 
=15) and 13.7 % at a high melatonin concentration (mean melatonin concentration 
93.91 pg/ml, n =15). Inter-assay covariance was 11.9 % at a low melatonin 
concentration (mean = 4.19, n = 13) and 12.2 % at a high melatonin concentration 
(mean = 32.0, n = 13). 

As a phase marker, Dim Light Melatonin Onset (DLMO) was calculated per 
individual per condition. DLMO was defined as time at which the melatonin profile of 
an individual crossed a threshold value of 25% of the maximum value reached during 



de first night of the DIM light condition. If this relative threshold value was lower than 
5 pg/ml, an absolute value of 5 pg/ml was used, because lower values showed too 
much variance. DLMO was determined by linear interpolation between the last sample 
with a lower and the first sample with a higher melatonin concentration than the 
threshold value. In two subjects DLMO could not be defined in the ocular condition, 
due to a late DLMO during the first night. It occurred after midnight where it can not 
be determined because at this time light was turned on and immediately suppressed 
melatonin levels. However, in these two subjects DLMO could be defined in the first 
night of the DIM and the extraocular light condition because they were not confounded 
by light (in DIM) or because they occurred just prior to midnight (in the extraocular 
condition). In the statistics these two subjects will be excluded. However it will be 
tested whether including them in the comparison between extraocular light and dim 
light will change our results. The shift in DLMO on the second night relative to the 
first night of the ocular and extraocular condition was tested against the shift in the 
DIM light condition using a repeated measures ANOVA with the factors night and 
condition and included ten subjects. 

 

Mood and Performance 

The test battery that subjects had to complete once per hour on a PC consisted of 
questionnaires and performance tests. Questionnaires included the POMS (McNair et 
al., 1971; Wald and Mellenbergh, 1990), the Visual Analogue Scale for fatigue (VAS-
f) (Lee et al., 1991), the KSS (Åkerstedt and Gillberg, 1990), and the Activation-
Deactivation Adjective Checklist (Thayer, 1967). Performance tests included a reaction 
time test, a calculation test, time estimation, and a letter cancellation test (Casagrande 
et al., 1997). Prior to each test battery subjects had to give a saliva sample and 6 min. 
of wake-EEG and ECG were recorded. The results on the EEG and the performance 
tests will be presented elsewhere. 

From the KSS, we calculated the “sleepiness onset” per individual per condition 
as a phase marker for the rhythm in sleepiness. The threshold we used as criterion for 
sleepiness onset was defined as the minimum sleepiness score + 25% of the difference 
between the maximum and the minimum sleepiness score in the dim light condition per 
person. The timing of sleepiness onset was then determined by linear interpolation of 
the last sleepiness score with a lower and the first sleepiness score with a higher value 
than the individual criterion. Sleepiness onset time points were tested with a paired t-
test. 
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Results 

Acute effects (Figure 3)  
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Figure 3, upper panel, shows that the 
drop of CBT during the 4 hours of 
bright ocular light exposure is smaller 
than in the dim light condition. The 
drop in CBT in the extraocular light 
condition was similar to the dim light 
condition. The acute effects of the 
various light conditions were tested 
with an ANOVA with repeated 
measurements for the interaction effect 
of the factors condition (extraocular, 
ocular, and dim) and exposure (before: 
9, 10, 11, p.m. vs. during: 1, 2, and 3 
a.m.). The midnight and 4 a.m. 
measurements were not taken into 
account, because at those times lights 
had just been switched on or off 
respectively. There was a significant 
difference between body temperature in 
the dim light and bright light condition, 
F (1,6) = 6.165 (p = 0.048), whereas the 
comparison of extraocular light to dim 
light was not significant, F (1,7) = 
0.847 (p = 0.388). 
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Figure 3. The courses of core body temperature (upper panel A), salivary melatonin 
concentration (middle panel B) and sleepiness (lower panel C) on the 
Karolinska sleepiness scale before, during, and after light exposure. 

 



Acute effects on melatonin concentration were also tested using an ANOVA with 
repeated measurements for the factors condition (extraocular, ocular, and dim) and 
exposure (before: 9, 10, 11 p.m. vs. during: 1, 2, 3 a.m.). The interaction effects 
between condition and exposure are reported. Here the midnight and 4 a.m. 
measurement were again not taken into account. For melatonin secretion we found a 
significant suppression in the ocular light condition compared to the dim light 
condition ( F (1,11) = 27.737, p = 0.000). There was no melatonin suppression in the 
extraocular light condition compared to the dim light condition (Figure 3, middle 
panel, F (1,11) = 0.232, p = 0.640). The melatonin concentration at 4 a.m. in the ocular 
light condition, that means after 4 hours of light, as a proportion of the dim light value 
(=100%) was significantly reduced: 39.6 % ± 23.9 (sign test, p = 0.000) whereas in the 
extraocular light condition no significant difference to dim light (=100%) was found: 
107 % ± 37.5 (sign test, p = 1.000).  

The same statistical approach was used for the subjective sleepiness scores, where 
an ANOVA with repeated measures for the factors condition (extraocular, ocular, and 
dim) and exposure (before: 9, 10, 1 p.m. vs. during: 1, 2, 3 a.m.) was performed. As for 
body temperature and melatonin the midnight and 4 a.m. measurements were not taken 
into account. Figure 3, lower panel, shows that subjects reported to feel significantly 
less sleepy during the ocular light exposure then during dim light (F (1,11) = 8.083, p = 
0.016), whereas there was no difference in the sleepiness ratings between the dim and 
the extraocular light condition (F (1,11) = 1.138, p = 0.309). 

 

Phase-shifting effects (Figure 4) 

1. Core body temperature 

The 24 hours following the light exposure (starting at 6 a.m.) served as the interval to 
measure a possible phase shift in core body temperature (CBT) and melatonin. 
Running averages of one hour of the mean CBT profiles for this interval are depicted 
in Figure 4, upper panel. Additionally the mean “rise” and “drop” time points for the 
CBT rhythm per condition are marked.  

The CBT rise occurred at 13:18 following dim light and at 13:19 following bright 
light (t (1,8) = - 0.025, p = 0.981). The CBT drop on day 3 occurred on average at 
00:39 following dim light and at 01:34 following bright ocular light. A paired t-test 
indeed revealed a significant delay of 55 min. ± 12 min. in the bright light condition 
compared with the dim condition (t (1,9) = -3.359, p = 0.008). Neither the CBT rise 
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(onset dim vs. extraocular light t (1,9) = 1.987, p = 0.078) nor the CBT drop (t (1,8) = 
0.189, p = 0.854) differed significantly between extraocular (rise 12:08; drop 0:37) and 
the dim light condition. 
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Figure 4. The courses of the core body temperature rhythm, including the mean “rise” 

and “drop” time points (CBT, upper panel A, n=9 or n=10 see text); the 
melatonin rhythm, including DLMO (middle panels, B & C); and sleepiness, 
including sleepiness onset on the second evening (lower panels, D & E). The 
average CBT is calculated over the 24h period starting at 6 a.m. following the 
light pulse, the courses of melatonin and sleepiness are given both for the 
evening before and for the evening following the light pulse.  



2. Melatonin 

Figure 4, middle panels, shows the melatonin profile and DLMO’s for the first (left 
panel) and the second night (right panel), including only those ten subjects from whom 
DLMO could be calculated in all three conditions. DLMO in the dim and extraocular 
light condition on night 1 and night 2 is similar. Only DLMO in the ocular light 
condition on night 2 is delayed. 

Testing this statistically, the average phase delay in DLMO (–26 min) in the dim 
light condition between the first night and the second night was not significantly 
different from the average phase delay in DLMO (-22 min) between the first and the 
second night in the extraocular light condition (n=10, dim DLMO pre: 22:18 ± 59; dim 
DLMO post: 22:44 ± 57; extraocular DLMO pre: 21:51 ± 72; extraocular DLMO post: 
22:13 ± 87, F(1,9)=0.93, p=0.768, n.s.). Adding the two subjects in this comparison 
from whom DLMO in the ocular condition could not be determined (not shown in the 
graph), resulted in a similar average shift of –26 min in the dim light condition and an 
average shift of –24 min in the extraocular light condition (n=12, dim DLMO pre: 
22:39 ± 75; dim DLMO post: 23:05 ± 73; extraocular DLMO pre: 22:07 ± 75 
extraocular DLMO post: 22:31 ± 90, F(1,11)=0.026, p=0.875 n.s.). DLMO after the 
ocular light pulse showed an average phase delay of –113 min compared to the first 
night (n=10, ocular DLMO pre: 22:14 + 52; ocular DLMO post: 00:07 + 66 min) 
which was significantly different from the average phase shift of –26 min in the dim 
light condition (F(1,9) =35.97, p<0.001).  

 

3. Sleepiness 

The course of sleepiness ratings during the first evening ran similar in the different 
conditions. Actually no real increase of sleepiness until midnight could be observed. 
Therefore “sleepiness onset” could not be calculated during this night. Sleepiness 
ratings on the second day were also quite similar between conditions (Figure 4, lower 
panels), but now there was a clear rising trend in sleepiness in all conditions. We tested 
the sleepiness onset time points with a paired t-test. Indeed sleepiness ratings did not 
shift due to extraocular light compared to dim (t (1,9) = -1.071, p = 0.312) nor did 
bright light significantly shift the course of sleepiness (t (1,10) = - 0.041, p = 0.968).  
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Discussion 

The aim of our study was to compare immediate and phase shifting effects of 
extraocular light within one design and compare them to the effects of ocular light. 
Instead of performing a complete replication of the original study on the effects of 
extraocular light (Campbell and Murphy, 1998) we chose an approach in which we 
gave only one light pulse in 12 subjects but at a time point (from midnight until 4 a.m.) 
at which maximal phase delays were expected according to both the PRC for ocular 
light (Beersma and Daan, 1993; Honma and Honma, 1988; Khalsa et al., 2003; Minors 
et al., 1991) and according to the graphs of Campbell and Murphy (1998) to 
extraocular light. All subjects were studied under three conditions, an ocular light 
pulse, an extraocular light pulse, and a control condition. We added psychological 
measures such as sleepiness in addition to the “classical” circadian markers of CBT 
and melatonin. Despite this strategy we did not induce acute or phase-shifting effects 
on the parameters by extraocular light. The differences with the results of Campbell & 
Murphy (1998) may be related to differences in protocol. Our subjects were not 
allowed to sleep before light exposure, and they did not change position for the 
application of the light. We carefully controlled for the light subjects were exposed to 
during the waking hours and kept this intensity below 10 lux at all times. We also 
checked the exact amount of heat emitted by the BiliBlankets® in two new subjects. 
We placed an actiwatch-T on the skin of the popliteal region under the BiliBlanket® 
and the coverage we used in the experiment and exposed one leg to extraocular light 
and the other not. Subjects had to remain seated for two hours. We found an increase of 
1.5 °C between an “exposed” knee compared to a “non-exposed” knee (Gordijn and 
Rüger, unpublished data). In spite of this difference in temperature the extraocular light 
treatment had no effect on CBT in our study. 

In contrast to the lack of any effects in the extraocular condition, the use of a pulse 
of 5000 lux of bright ocular light yielded clear effects that are in full agreement with 
earlier reports on the effectiveness of bright light to influence the human circadian 
system. We found a phase delay of 55 min ± 12 min for CBT, which falls within the 
expected range for human phase response curves to ocular light published by Honma & 
Honma (1988), Minors et al. (1991), Beersma & Daan (1993), Dawson et al. (1993), 
and a recent paper by Khalsa et al. (2003). Kubota et al. (2002) exposed their subjects 
to bright light (5000 lux) or dim light (10 lux) from 0:00-5:00 a.m. and reported phase 
delays of 01:12 h for CBT and 01:58 h for melatonin, which are very similar to our 
results.  



Regarding the acute effects, the actual melatonin concentration after 4 hours of 
bright ocular light, was 39% of the melatonin concentration after sitting for the same 
time period under dim light. In contrast, the melatonin concentration after 4 hours of 
extraocular light was almost equal to and definitely not lower than the concentration in 
the dim light condition: 107 %. These results are in agreement with the degree of 
melatonin suppression by ocular light observed in the studies by Lockley et al. (1998: 
61%) and Hébert et al. (1999: 54%). The immediate reduction of subjective sleepiness 
(KSS) during the 4 hours of bright light exposure is in accordance with the findings of 
Cajochen et al. (2000), where a 6.5-h (23:00- 05:30) pulse of 9100 lux attenuated the 
levels of sleepiness significantly compared to the dim light condition (3 lux). In our 
study an immediate rise in the levels of sleepiness can be observed after turning off the 
lights, a phenomenon also observed by Cajochen et al. (2000). The course of sleepiness 
(KSS) during the 26-hours of sleep deprivation in our study is similar to the results 
reported by Leproult et al. (1997) from their constant routine protocol using the 
Stanford Sleepiness Scale. Daurat et al. (1993) exposed their subjects either to bright 
light or to dim light during a constant routine protocol and found that during the 
nighttime part of the protocol bright light improved the subjective alertness of their 
subjects compared to dim light. Foret et al. (1998) gave a 4-h light pulse of 1000 lux 
either from 20:00-24:00 or from 04:00-08:00 and subjects reported that they felt more 
alert compared to the dim light condition.  

Our results are thus in full agreement with a series of recent studies (Goichot et 
al., 1998; Lockley et al., 1998; Hébert et al., 1999; Rogers et al., 1999; Eastman et al., 
2000; Jean-Louis et al., 2000; Lindblom et al., 2000a & 2000b; Koorengevel et al., 
2001; Lushington et al., 2002; and Wright and Czeisler, 2002) which all have failed to 
confirm extraocular effects of light on circadian physiology including phase shifts and 
melatonin suppression. Up until now, the only new positive result on the extraocular 
photosensitivity of the human brain was from the group that reported those effects 
originally. In the new study, they exposed sleeping subjects to extraocular light and 
showed an enhancement of REM sleep (Murphy and Campbell, 2001). No other group 
replicated this study up until now. Additionally, no extraocular effects on circadian 
physiology are observed in other mammals (Meijer et al., 1999; Yamazaki et al., 1999). 
Our study extends the negative results on extraocular photosensitivity of the human 
circadian pacemaker to findings of several acute effects of bright light (increase in core 
body temperature, decrease in sleepiness) which appear to require ocular light 
perception. 
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Abstract Non-image forming effects of retinal light exposure 
in humans range from pupillary reflexes, and phase 
shifts of the circadian pacemaker, to increased 
alertness. A recently discovered network of blue-
light sensitive retinal ganglion cells (iRGCs) is 
likely part of the input system for the physiological 
effects. To test whether the anti-somnolence effects 
of light are attributable to the blue rather than red 
component, two groups of subjects (n= 2*40) were 
exposed to either blue light or red light of equal 
photopic intensities from 6 pm until 2 am. The 
increase in sleepiness from 8 pm to 2 am is 1.4-fold 
larger under red than under blue light (p<0.02). 
Since the photopic light intensities were similar, the 
visual photoreceptive system of rods and cones is 
probably not responsible for this difference, 
although involvement of the S-cone can not be 
excluded. The results are consistent with the 
hypothesis that a short-wavelength photoreceptor, 
probably the iRGCs, play a role in mediating the 
anti-somnolent effects of light.   
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Introduction 

Non-image forming effects of retinal light exposure range from effects on 
physiological measures, e.g. suppression of melatonin, increase of body temperature, 
shifts of the circadian rhythms of melatonin and body temperature, to effects on 
psychological measures: high environmental light intensity increases alertness 
(Cajochen et al., 2000; Rüger et al., 2003). The mechanism by which light exerts these 
alerting effects is unknown. A recently discovered network of blue-light sensitive 
retinal ganglion cells (iRGCs) (Berson et al., 2002; Hattar et al., 2002) is likely part of 
the input system for the physiological effects. Both in animals (Boulos, 1995; Hattar et 
al., 2003) and in humans (Wright and Lack, 2001; Thapan et al., 2001; Brainard et al., 
2001; Warman et al., 2003) suppression of melatonin and shifts of circadian rhythms 
are particularly sensitive to a short wavelenght component of light (λmax in humans 
between 446-477 nm).  

The iRGCs are intrinsically light sensitive (λmax ≈ 484 nm) and express the 
photopigment melanopsin (Berson et al., 2002; Hattar et al., 2002; Melyan et al., 2005). 
They also project to brain regions (Hattar et al., 2002; Gooley et al., 2003) including 
the suprachiasmatic nucleus (SCN) containing the circadian pacemaker and the 
ventrolateral preoptic nucleus (VLPO) involved in sleep regulation (Lu et al., 1999), 
suggesting that they might mediate the effect of light on sleepiness.  

To explore the connection between the non-image forming light input system and 
somnolence, we performed an experiment on 80 students, split into groups subjected to 
either blue or red light. 

 

Methods 

To test consistency, the experiment was performed twice in consecutive years. Each 
year, the groups (University students, first group n = 35, second group n = 45) were 
split into two rooms, one lit with blue light (TLD36W/18, Philips, Eindhoven, The 
Netherlands. Emission spectrum in inset of Fig. 1A), the other with red light 
(TLD36W/54, Philips, Eindhoven, The Netherlands. Emission spectrum in inset of Fig. 
1A). To provide equal intensities to the photopic visual system, light intensity in lux 
was balanced between rooms: blue light 99.5 ± 16.5 lux, red light 124.8 ± 59.5 lux, 
measured at the subjects’ desk in the direction of the light source. The groups of 
subjects exposed to blue light (n= 40, 17 in the first and 23 in the second group) and 
red light (n=40, 18 in the first and 22 in the second group) were balanced for gender, 
number of smokers, and for morningness-eveningness tendency based upon the 



Morningness-Eveningness questionnaire (Horne and Östberg, 1976). Once every hour, 
starting at 8 pm, subjects collected sleepiness data by completing the Karolinska 
Sleepiness Scale, KSS (Åkerstedt and Gillberg, 1990) and produced a saliva sample to 
measure melatonin concentration.  

Saliva was collected using Sarstedt Salivettes® (Sarstedt BV, Etten-Leur, The 
Netherlands) with a polyester swab. Samples were stored at –20 °C. Melatonin 
concentration was determined by means of a RIA immunoassay (Rabbit antibody 
supplied by Stockgrand Ltd., Guildford Surrey, UK; SAC-Cel anti-Rabbit by Lucron 
Bioproducts, Gennep, The Netherlands; 2-[125] Iodomelatonin by Amersham 
Biosciences, Roosendaal, The Netherlands).  The limit of detection for the RIA was 
0.39 pg/ml with an intra-assay variation between 11 and 14.5 % at a low concentration 
(5 pg/ml) and varying between 9 and 13.7 % at a high concentration (92 pg/ml). Inter-
assay covariance varied from 11.9 % to 17 % at a low melatonin concentration (4.7 
pg/ml) and between 12.2 % and 16 % at a high melatonin concentration (63 pg/ml).  

Statistics was performed with a t-test for independent samples. 

 

Results 

Figure 1A shows the courses of the average hourly melatonin concentrations for the 
groups under blue light and under red light. Melatonin increased over the night, 
especially in the groups under red light. The melatonin increase in the evening was 
significantly suppressed under blue light as compared to red light. At 2 pm melatonin 
concentration under red light is 3.8 times higher than under blue light (p<0.01). In the 
first experiment the melatonin concentrations of each individual were analyzed 
separately and averaged per hour. In the second experiment, for technical reasons, from 
9 pm until 1 am an amount of 100µl of saliva of each individual per hour was pooled 
before the analysis, and the melatonin concentration of this pooled sample was 
analyzed in duplicate samples. As can be observed, the data of the two experiments are 
very similar. 

Sleepiness, as measured by the Karolinska Sleepiness Scale, increased over the 
evening both under red light and under blue light. The increase under red light was 
more steeply than under blue light (Figure 1B), from 8 p.m. to 2 a.m. is the increase in 
sleepiness is 1.4-fold larger under red than under blue light (p<0.02). The two 
experiments yielded a virtually identical result, both for the suppression of melatonin, 
and for the suppression of sleepiness, underscoring its robustness.  
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Figure 1. A. Course of salivary melatonin concentration; B. Course of sleepiness, 
measured by the Karolinska Sleepiness Scale; Open dots refer to 18, open 
triangles to 22 subjects exposed to red light (TLD36W/54, emission 
spectrum in inset); filled dots to 17, filled triangles to 23 subjects exposed to 
blue light (TLD36W/18, emission spectrum in inset). 



Discussion 

The higher suppression of melatonin under blue light compared to under red light is 
consistent with earlier studies in humans (Brainard et al., 2001; Wright and Lack, 
2001). The finding that also a psychological parameter, i.e. sleepiness, is more affected 
by blue light than by red light is new, and only recently also reported in one other 
study (Cajochen et al., 2005). The difference in sleepiness (30% reduction under blue 
light) is substantial and comparable to other studies presenting the alerting effects of 
light (Cajochen et al., 2000; Rűger et al., 2003). Since the photopic light intensities 
were similar, the visual photoreceptive system of rods and cones is probably not 
responsible for this difference. If anything, the slightly higher intensity in the red room 
should have led to opposite results. The results are consistent with the hypothesis that a 
short-wavelength photoreceptor, probably the iRGCs, play a role in mediating the anti-
somnolent effects of light, although involvement of the S-cone can not be excluded. 

Although the study demonstrates a substantial reduction of subjective sleepiness 
and a suppression of melatonin under blue versus red light, the changes in alertness 
need not be caused by melatonin suppression. The alerting effect of light occurs also 
around noon, when melatonin is absent (Gordijn et al., 2002; Phipps-Nelson et al., 
2003). Only quantification of the entire action spectrum can firmly establish whether 
the iRGCs are solely responsible for the light effects on alertness. Recently it was 
reported that blocking short-wavelength light by goggles prevented the nocturnal 
melatonin suppression without any adverse effects on performance during the night 
(Kayumov et al., 2005). This seems in contrast with our finding that red light did not 
block the nocturnal increase in sleepiness.  

From the present study we conclude that modification of the wavelength of light 
sources can have a major impact on human alertness. This result can be exploited to 
maintain alertness and allow proper vision in different shift work situations and on-call 
duties. For each situation however, the spectral composition of environmental light 
should be considered separately, since other effects of short wavelength light, i.e. the 
induction of phase shifts of circadian rhythms, may not always be desirable. 
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Abstract Bright light can influence human psychophysiology 
instantaneously by inducing endocrine (suppression 
of melatonin, increasing cortisol levels), other 
physiological changes (enhancement of core body 
temperature), and psychological changes (reduction 
of sleepiness, increase of alertness). Its broad range 
of action is reflected in the wide field of 
applications, ranging from optimizing work 
environment to treating depressed patients. For 
optimal bright light application and understanding 
its mechanism, it is crucial to know whether its 
effects depend on the time of day. In this paper we 
report the effects of bright light given at two 
different times of day on psychological and 
physiological parameters. 24 subjects participated 
in two experiments (N=12 each). All subjects were 
non-smoking, healthy young males (18-30 years). 
In both experiments subjects were exposed to either 
bright light (5000 lux) or dim light < 10 lux (control 
condition) either between 12 p.m. and 4 p.m. 
(experiment A) or between midnight and 4 a.m. 
(experiment B). Hourly measurements included 
salivary cortisol concentrations, ECG, sleepiness 
(Karolinska Sleepiness Scale), fatigue and energy 
ratings (Visual Analogue Scale). Core body 
temperature was measured continuously throughout 
the experiments. Bright light had a time dependent 
effect on heart rate and core body temperature, i.e., 
bright light exposure at night,  but not in daytime 
increased heart rate and enhanced core body 
temperature. It had no significant effect at all on 
cortisol. The effect of bright light on the 
psychological variables was time independent, as 
nighttime as well as daytime bright light reduced 
sleepiness and fatigue significantly and similarly.   
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Introduction 

Bright light is a prominent agent to influence human psychophysiology. Besides the 
ability to reset or shift the biological clock (Honma and Honma, 1988; Minors et al., 
1991; Beersma and Daan, 1993; 2001; Rüger et al., 2003; Khalsa et al., 2003), bright 
light is thought to have an immediate activating effect on the central nervous system. 
This immediate effect has been studied mostly in the context of prolonged wakefulness 
to explore beneficial effects of bright light on alertness and performance, for instance 
in shift workers. Nighttime bright light exposure is known to reduce sleepiness 
(Campbell et al., 1995; Cajochen et al., 2000; Rüger et al., 2003), enhance alertness 
(Badia et al., 1990; Campbell and Dawson, 1990; Badia et al., 1991; Dawson and 
Campbell, 1991; Myers and Badia, 1993), and to improve mood and performance in 
healthy subjects (Daurat et al., 1993; Foret et al., 1998; Partonen and Lonnqvist, 2000). 
At the same time it suppresses melatonin, enhances core body temperature, and 
increases heart rate (Lewy et al., 1980; Saito et al., 1996; Scheer et al., 1999; Rüger et 
al., 2003). As the reduction of sleepiness is often accompanied by the suppression of 
nocturnal melatonin and/or the increase in core body temperature, it is sometimes 
assumed that melatonin is the causal factor in this process (Badia et al., 1993; Gilbert 
et al., 1999). However, data from daytime bright light exposure studies show that 
bright light can reduce sleepiness even though melatonin is virtually absent and core 
body temperature is nearly constant (Rüger et al., 2002; Phipps-Nelson et al., 2003). 
We have shown that the relation between melatonin suppression and reduction of 
sleepiness/fatigue is weak and therefore melatonin suppression cannot be the sole 
explanation for the activating properties of bright light (Rüger et al., 2005, in press).  

Few studies have focused on the effects of light on the autonomic nervous system. 
The results of these studies are moreover difficult to compare as they vary greatly in 
the amount of light used and in output variables measured. Saito et al. (1996) and 
Scheer et al. (1999) showed an increase in muscle sympathetic nerve activity and heart 
rate in response to bright light and Gilbert and co-workers (1999) found a reduction of 
the heart rate of healthy young males after the administration of exogenous melatonin 
(5 mg) during the afternoon. Burgess et al. (2001) failed to find a clear effect of bright 
light on cardiac output measures such as Respiratory Sine Arhythmia, Pre-ejection 
period, and Diastolic Blood Pressure. Tsunoda et al. (2001) observed an increase in the 
low frequency to high frequency ratio of the heart rate variability after bright light 
exposure as well as after exposure to complete darkness. Besides heart rate variability, 
also cortisol shows a clear circadian rhythm with a peak around awakening (Kudielka 
and Kirschbaum, 2003). The circadian rhythm in cortisol is largely under the control of 



 

the circadian pacemaker in the SCN (Buijs et al., 1999). Therefore, it is to be expected 
that the rhythm and the concentration of cortisol will be influenced by light. Indeed, 
Leproult et al. (2001) showed that in sleep deprived subjects 3 hours of bright light 
exposure (4500 lux) in the early morning (0500-0800) induced an increase in cortisol 
levels whereas afternoon (1300-1600) bright light exposure had no effect on cortisol. 
The cortisol peak after awakening is present in total darkness and can be enhanced by 1 
hour of 800 lux applied at habitual time of waking (Scheer and Buijs, 1999). Thorn et 
al. (2004) showed that gradually increasing luminance levels (250 lux over 30 minutes) 
during awakening (dawn simulation) increased cortisol levels as compared to the 
control condition where subjects used their regular alarm clock to wake up, without 
additional increasing luminance. This increase in cortisol was accompanied by a higher 
level of reported arousal but not of reported stress.  

Although the literature suggests that some of the variance in the responses to 
bright light may be associated with time of day, there is no straightforward analysis of 
such variation in human psychophysiological variables (Daurat et al., 1996; Rüger et 
al., 2002; Phipps-Nelson et al., 2003; Crowley et al., 2003). The fields of bright light 
application can range from clinical (light therapy of Seasonal Affective Disorder 
patients and sleep disorder patients) to work settings (improving work environment for 
shift workers) and it is crucial to know to what extent immediate effects of bright light 
on human psychophysiology are time-of-day-dependent. 

For this reason we compared two datasets of daytime and nighttime bright light 
exposure, 12 hours out of phase with each other, in humans and their effects on 
sleepiness, fatigue, energy (psychological variables) and core body temperature, 
cortisol, and heart rate (physiological variables). 24 subjects participated in the two 
studies and were exposed to 4 hours of 5000 lux of bright light either between noon 
and 4 p.m. (daytime experiment) or between midnight and 4 a.m. (nighttime 
experiment). 

 

Methods 

Subjects 

24 healthy male subjects participated in the two experiments, twelve in each (daytime 
experiment: mean age: 23.1 years, SD: 1.5 years, nighttime experiment: mean age: 
21.8 years, SD: 1.9 years, no significant difference). Subjects were screened using a 
general health questionnaire and a Morningness-Eveningness-Questionnaire (Horne 
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and Östberg, 1976). Only healthy, non-smoking, subjects with intermediate MEQ 
scores (i.e. scores between 31 and 69) were selected. Subjects had to be without current 
medication or psychiatric illness; they neither worked night shifts nor did they recently 
(within the last month) travel more than one time zone. Subjects gave written informed 
consent and were paid for their participation. The medical ethics committee of 
Groningen University approved the protocol. 

 

Time Isolation Facility 

The protocol included either two stays of 1.5 days (experiment A: daytime bright light 
and dim light exposure) or three stays of 2.5 days (experiment B: nighttime bright 
light, dim light and extraocular light exposure) each in the time isolation facility. 
Results from the comparison of nighttime extraocular and ocular light exposure have 
been reported elsewhere (Rüger et al., 2003). The facility, where neither daylight nor 
clock information is present, can host four subjects simultaneously in separate rooms. 
Subjects could read or study, listen to music, watch videos, or perform other non-
physical activities. Light sources present in the isolation facility did not exceed 10 lux 
measured at eye level and direction of gaze at any position in the room.  

Consumption of tea, coffee, chocolate and bananas was not allowed because these 
substances influence serotonin concentration, which is the precursor of melatonin and 
furthermore, they may contaminate the saliva sample and therefore interfere with the 
results of the RIA used to determine the melatonin concentration (Gordijn et al., 1991).  

 

Experimental Protocol 

Experiment A (daytime bright light) took place from May until December 2001 and 
experiment B (nighttime bright light) from July until October 2000. For both 
experiments the time interval between sessions ranged from one week up to three 
weeks. In each session subjects were exposed to one of the two light treatments in 
counterbalanced order.  

Both protocols are summarized in Figure 1. In experiment A, subjects entered the 
facility at 4 p.m. on day 0. Electrodes were fitted for recording EEG (2 channels C3-
A2; C4-A1), EOG, EMG, and ECG. At the same time the test battery was introduced 
and explained and continuous measurement of rectal temperature started. At 6 p.m. of 
day 0 the first testing period (Testing 1) with hourly measurements started, including 
the test battery, six minutes of wake-EEG (3 min. eyes open followed by 3 min. eyes 



 

closed) and ECG recording, and a saliva sample for the determination of cortisol 
concentration. Fifteen minutes prior to each test battery (duration: approximately 20 
min.) subjects had to remain seated upright in their chair without moving as the change 
of position is known to influence hormonal concentrations (Deacon and Arendt, 1994). 
Warm meals were scheduled at the same time for all subjects, snacks and beverages 
were available on request. No consumptions were allowed in the 45 minutes interval 
prior to the collection of a saliva sample. After each consumption the subjects had to 
rinse their mouth with water to prevent contamination of the next saliva sample. At 
midnight subjects went to bed and the first sleep period (Sleep 1) was recorded. 
Subjects woke at 7 a.m. the following day (Day 1), had breakfast and a shower. The 
second testing period (Testing 2) started at 8 a.m., lasting till midnight. On day 1, 
subjects received either 5000 lux of bright light or less than 10 lux of dim light from 
noon till 4 p.m.. From midnight onwards, the second sleep period was recorded (Sleep 
2), including spontaneous sleep termination, i.e. the subjects were instructed to sleep as 
long as they wanted and to give a sign via the intercom when they felt refreshed and 
wanted to get up.  

 
 

16 24 7 12 16 24

247 12 1624 4 920
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16:30 2218 028S1

S1
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Hourly measurements: heart rate, cortisol, and self ratings (KSS, VAS-F, VAS-E)

Continous recording: core body temperature
Sleeping period (0 lux)

Awake in dim light (< 10 lux)

Experimental period: (1) < 10 lux whole retina

(2) 5000 lux bright light whole retina

(1) 

(2)

(1) 

(2)

20

 

 

Figure 1. Experimental design of the two experiments. Upper part of the figure: 
daytime bright light experiment, lower part: nighttime experiment. Wake 
periods in dim light (<10 lux) are indicated by grey bars, sleeping periods by 
black bars (S1-S3), and periods of light exposure or dim light control by 
white bars. Solid lines indicate the periods of continuous measurements and 
hatched lines indicate the periods of hourly measurements. 
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In experiment B (nighttime) (see Rüger et al., 2003 for details) subjects entered 
the facility at 8 p.m. of day 0 and as in the daytime experiment, electrodes were fitted 
for recording EEG (2 channels C3-A2; C4-A1), EOG, and EMG. At the same time the 
test battery was introduced and explained and continuous recording of rectal 
temperature started. At midnight subjects went to bed and the first sleep period (Sleep 
1) was recorded. The next morning (Day 1), subjects were woken up at 7 a.m., had 
breakfast and took a shower. Until 2 p.m. subjects were free to read or watch videos. 
Between 2 and 3 p.m. the EEG electrodes were checked and ECG electrodes were 
attached. At 3 p.m. the subjects practiced the test battery, and six minutes of wake-
EEG (3 min. eyes open followed by 3 min. eyes closed) and ECG were recorded, and a 
saliva sample was collected for the determination of cortisol level. As in the daytime 
experiment, subjects remained seated upright prior to each test battery and no 
consumption was allowed during the 45 min. prior to the next saliva sample. The first 
testing period (Testing 1) with hourly measurements started at 6 p.m. and lasted till 8 
a.m. the next morning (Day 2). During this period of sustained wakefulness, the 
subjects were exposed to 5000 lux of bright light or less than 10 lux of dim light from 
midnight until 4 a.m. (see below). From 9 a.m. till 4:30 p.m. (Day 2) the second sleep 
period (Sleep 2) was recorded. At 4:30 p.m. (Day 2) subjects were woken up again; 
they had breakfast and took a shower, and the second testing period (Testing 2) started 
which lasted till 2 a.m. of the next day (Day 3). From 2 a.m. onwards the third and last 
sleep period (Sleep 3) was recorded. Spontaneous sleep termination was recorded, i.e. 
subjects were instructed to sleep as long as they wanted and give a sign via the 
intercom when they felt refreshed and wanted to get up.  

 

Light exposure 

During both experiments, light intensity was <10 lux except for the period of light 
exposure (daytime experiment: noon till 4 p.m., nighttime experiment: midnight till 4 
a.m.) and the sleeping periods (lights off = 0 lux). In both experiments we used Bright 
Light® boxes (Philips, Eindhoven, The Netherlands) which were placed vertically in 
front of the subject next to a computer screen. Subjects remained seated in front of the 
computer screen during the four hours of light exposure. Luminance was 5000 lux at 
eye level, measured in the direction of gaze. Subjects were exposed to the bright light 
or the dim light condition in a counter-balanced order. 

 



 

Physiological parameters 

1. Heart Rate 

An electrocardiogram (ECG) was obtained using disposable, single-use, pre-gelled 
electrodes (Red Dot™, 3M Health Care, Borken, Germany) that were placed at the 
positions V6 and the right collarbone (bi-polar Wilson lead) of the subjects. The 
ground electrode was the same used for the EEG recordings, which was placed on the 
forehead of the subjects. ECG and EEG was recorded hourly for 6 min. (3 min. with 
eyes open and 3 min. with eyes closed) during the testing periods. Heart rate was 
calculated as beats per minute, dividing the total amount of heart beats of  each of  the 
3-minutes periods by three. There was no significant difference between the data from 
the two 3-minutes periods (eyes closed and eyes open), therefore we present the 
combined data.  

 

2. Cortisol 

Cortisol concentrations were measured in saliva. Subjects gave a saliva sample prior to 
each test battery, i.e. once per hour. Saliva was collected using Sarstedt Salivettes® 
with a polyester swab. Samples were centrifuged immediately and stored at –20 °C. 
Cortisol concentration was determined using a RIA immunoassay (Spectria®, Cortisol 
[125I], Coated Tube Radioimmunoassay by Orion Diagnostics, Espoo, Finland). The 
mean value of duplicate samples was taken for the cortisol concentration. The limit of 
detection for the cortisol RIA was 0.8 nmol/l with an intra-assay variation of 7.5 % at a 
low concentration (4.1 nmol/L) and 4.0 % (16.5 nmol/L) at a high concentration. The 
inter-assay variation was 8.6 % at a low concentration (4.1 nmol/L) and 4.9 % at a high 
concentration (16.6 nmol/L). 

 

3. Core body temperature 

Core body temperature was recorded by a rectal probe. The thermometer was 
connected to a portable registration system (JOBLOG, Bakker & Beersma, 1991) 
which records temperature at one-minute intervals with a resolution of 0.05° C. Data 
on core body temperature (CBT) were occasionally missing due to sanitary 
requirements or technical failure. Missing data of less than 90 min. were reconstructed 
by linear interpolation. Missing data of more than 90 min. were recorded as missing. 
Only subjects with complete datasets in both conditions were included in the 
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temperature analysis. This resulted in a sample size of ten subjects for the daytime 
experiment and seven subjects for the nighttime experiment.  

 

Psychological parameters: test battery (sleepiness, fatigue, and 
energy) 

The subjective feelings of sleepiness, fatigue, and energy were assessed by the use of 
three questionnaires, the Karolinska Sleepiness Scale (KSS) (Åkerstedt and Gillberg, 
1990) and the Visual Analogue Scale for Fatigue and Energy (VAS-F and VAS-E) 
(Lee et al., 1991). Every hour subjects completed the questionnaires electronically on a 
test-computer, from which the clock function was disabled.  

 

Statistical Analysis 

The activating effects of bright light were tested using repeated measures ANOVAs for 
the within-subjects factors condition (dim versus bright light), exposure (before 
versus during the light exposure), and time (daytime experiment: 9, 10, 11 a.m. versus 
1, 2, 3 p.m., nighttime experiment: 9, 10, 11 p.m. versus 1, 2, 3 a.m.) and the between-
subject factor experiment (daytime bright light exposure versus nighttime bright light 
exposure). To answer the question whether light per se has an effect on psychological 
and physiological parameters, the effect of the interaction between condition and 
exposure is the relevant measure. It tells us whether the variable under study changes 
during light exposure relative to the preceding dim interval, and whether this change 
differs from the condition in which no light was applied at all. To answer the question 
if the effect of light is dependent on time-of-day, the interaction effect of condition, 
exposure, and experiment was determined. Where interactions contributed 
significantly to the explained variance, post-hoc ANOVAs were calculated to 
determine the direction of the effect.  

 



 

Results 

Figure 2 shows the results of daytime (left panels) versus nighttime (right panels) 
bright light exposure for the physiological variables heart rate, cortisol, and core body 
temperature (top to bottom). The upper two panels show the changes in heart rate for 
the two experiments, before and during the light exposure. There was an effect of light 
on heart rate (interaction effects for the factors condition and exposure, F (1,22) = 13.0,  
p = 0.002). This effect depended on the time of day (three-way interaction of the 
factors condition, exposure, and experiment, F (1, 22) = 7.9, p = 0.010). Post-hoc 
ANOVAs showed that bright light exposure significantly increased heart rate during 
nighttime (F (1, 11) = 22.9, p = 0.001), but not during daytime (F (1, 11) = 0.2, p = 
0.604).  

The two panels in the middle show the cortisol concentration for both 
experiments, before and during the light exposure. Light had no significant effect on 
cortisol (interaction effect for the factors condition and exposure, F (1, 22) = 0.9, p > 
0.1), independent of the time of day (three-way interaction for the factors condition, 
exposure, and experiment, F (1, 22) = 0.1, p > 0.1).  

The lower two panels show the courses of core body temperature during the two 
experiments, before and during the light exposure. As for heart rate, there was an 
overall effect of light on CBT (interaction effect for condition and exposure, F (1, 15) 
= 4.5, p = 0.05) and this effect of light did depend on the time of day (F (1, 15) = 7.2, p 
=0.017). Post hoc ANOVAs revealed that CBT increased in bright light exposure as 
compared to dim light during nighttime (F (1, 6) = 6.1, p = 0.048), but not during 
daytime (F (1, 9) = 0.3, p = 0.586). 

 

Figure 2. The course of heart rate, cortisol concentration, and core body temperature 
for the two experiments, before and during bright light exposure versus dim 
light. The hatched bars indicate the period of light exposure (daytime 
experiment: noon till 4 p.m., nighttime experiment: midnight till 4 a.m.). 
Repeated measures ANOVA for the three hours before (daytime experiment: 
9, 10, 11 a.m., nighttime experiment: 9, 10, 11 p.m.) versus during the 
experimental condition (daytime experiment:1, 2, 3 p.m., nighttime 
experiment: 1, 2, 3 a.m.) revealed a significant condition effect of the bright 
light on heart rate (p = 0.010) and core body temperatur (p = 0.017) 
depending on the time of day, but no effect on cortisol (p = 0.727). 
Significances indicated in the figure refer to post-hoc ANOVAs for the day-
time and night-time experiments separately (* denotes p<0.05, ** denotes 
p<0.01) 
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In Figure 3 the effects of daytime (left panels) and nighttime (right panels) bright 
light exposure on the three psychological variables sleepiness, fatigue, and energy are 
depicted. The two upper panels show a clear reduction of subjective sleepiness as 
measured by the KSS for the daytime as well as for the nighttime bright light exposure 
(interaction effect for the factors condition and exposure, F (1, 22) = 16.8, p < 0.001). 
This alerting effect of bright light exposure is independent of the time of day at which 
light is presented (three-way interaction effect for the factors condition, exposure, and 
experiment, F (1, 22) = 0.4, p = 0.527).  

The course of subjective fatigue as measured by the VAS-F during daytime and 
nighttime bright light exposure follows a similar pattern as subjective sleepiness, i.e. 
subjects in the bright light group report to feel less fatigued during the light exposure 
than before compared to the dim light group (interaction effect for factors condition 
and exposure, F(1, 22) = 8.3, p = 0.008). As for subjective sleepiness, the effect of 
bright light on subjective fatigue is independent of  time of day (three-way interaction 
of condition, exposure, and experiment, F (1, 22) = 0.8, p = 0.372). The two lower 
panels depict the course of the subjective feeling of energy as measured by the VAS-E 
for the daytime and nighttime experiment, before and during the light exposure. As 
expected, the energy ratings show the reversed pattern of subjective sleepiness and 
fatigue, i.e., in both experiments the subjects report on average to feel more energetic 
during the light exposure in the bright light condition than in the dim light condition. 
This interaction effect of condition and exposure was not significant (F (1, 22)  = 3.6, p 
= 0.071). Again the effect was independent of the time the light was given (F (1, 22) =  
0.4, p = 0.503). 

 

Figure 3. The course of subjective sleepiness, fatigue, and energy for the two 
experiments, before and during bright light exposure versus dim light. The 
hatched bars indicate the period of light exposure (daytime experiment: 
noon till 4 p.m., nighttime experiment: midnight till 4 a.m.). Repeated 
measures ANOVA for the three hours before (daytime experiment: 9, 10, 11 
a.m., nighttime experiment: 9, 10, 11 p.m.) versus during the experimental 
condition (daytime experiment:1, 2, 3 p.m., nighttime experiment: 1, 2, 3 
a.m.) revealed a signicant condition effect of the bright light on sleepiness 
(p = 0.001) and fatigue (p = 0.008), and a trend for energy p = 0.071). The 
effects turned out to be independent of the time of day. (** denotes p<0.01, 
# denotes p<0.1) 
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Discussion 

To answer the question which effects of bright light exposure on human 
psychophysiology are time-of-day dependent, we compared 4 hours of daytime with 4 
hours of nighttime bright light exposure on heart rate, cortisol, core body temperature, 
sleepiness, fatigue, and energy. 

Concerning the physiological variables heart rate and core body temperature we 
found an overall effect of light that was time-of-day dependent, i.e. nighttime bright 
light exposure increased heart rate and reduced the circadian drop in core body 
temperature, whereas daytime bright light exposure did increase neither heart rate nor 
core body temperature. The heart rate results are in accordance with the results of 
Scheer et al. (1999) who showed an increase in heart rate in response to bright light (20 
min of 100 and 800 lux respectively) during the nighttime (ZT20 after habitual wake 
time, range of wake time: 06:15-08:30) and no effect on heart rate during daytime. 
Cajochen and colleagues (Cajochen et al., 2005) exposed their subjects from 21:30-
23:30 to short wavelength light (460nm) and found an increase in heart rate. They also 
found an increase of core body temperature which resembles our current results and the 
findings of Badia et al. (1991), that nighttime bright light exposure elevates core body 
temperature.  

The lack of effects of bright light on cortisol concentrations during the daytime 
might be due to our timing of the light exposure. The light exposure period was from 
noon till 4 p.m., whereas Leproult et al. (2001) exposed their subjects from 05:00-
08:00 to 4000 lux of bright light, Scheer et al. (1999) between 05:45-07:30 to one hour 
of 800 lux, and Thorn et al. (2004) used a dawn simulator (250 lux over 30 minutes) 
during awakening (mean awakening time: 06:40) to increase cortisol; all periods of 
exposure in the range of the morning cortisol peak (Kudielka and Kirschbaum, 2003). 
Apart from observing no effect of daytime bright light exposure on cortisol, we also 
found no effect on melatonin (Rüger et al., 2002) which is in accordance with the 
findings of Leproult and colleagues (2001) and Phipps-Nelson et al. (2003). Leproult 
and colleagues (2001) exposed their subjects to afternoon light (13:00-16:00) and 
found no effect on cortisol and melatonin. In the study of Phipps-Nelson, the period of 
light exposure was noon till 5 p.m. and they also found no effect on melatonin. 

We found no time-of-day-dependent effect of light on the three (related) 
psychological variables we measured (sleepiness, fatigue, and energy). This means that 
bright light elicited its alerting and sleepiness-reducing properties independent of the 
timing of exposure. Due to the fact that there is almost no melatonin secreted during 
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daytime, which therefore cannot be suppressed by light, this means that there must be 
an alternative mechanism or pathway by which light immediately influences alertness 
in humans. Despite the results of Kräuchi and colleagues (Kräuchi et al., 1998; Kräuchi 
and Wirz-Justice, 2001), showing a functional link between the degree of heat loss 
(distal vasodilatation) and subjective sleepiness (measured by the KSS), we found a 
reduction of subjective sleepiness in the absence of any effect of daytime light on core 
body temperature. Indicating again that light affects human alertness in another way 
besides the mechanisms of melatonin suppression and/or elevation of core body 
temperature. 

Evidence in favor of such an alternative pathway of light altering psychological 
states comes from neuroanatomic animal studies which show indirect projections from 
the SCN to brain areas that are strongly associated with the regulation of sleep-wake 
processes. Aston-Jones et al. (2001) found a neural circuit in the rat, that proved the 
locus coeruleus to be a target area of indirect projections from the SCN via the 
dorsomedial hypothalamic nucleus. By performing lesions of the dorsomedial 
hypothalamic nucleus, which eliminated circadian variations in the locus coeruleus, 
they showed the functionality of this circuit. The locus coeruleus is associated with 
sleep-wake regulatory processes (Lu et al., 2000). Recently, Deurveilher et al. 
(Deurveilher et al., 2002; Deurveilher and Semba, 2005) showed that the medial 
preoptic area, the subparaventricular zone, and the dorsomedial hypothalamic nucleus 
might not only serve as relays to sleep-promoting nuclei such as the ventrolateral and 
the medial preoptic nuclei, but also to wake-regulatory brain areas such as the locus 
coeruleus. Furthermore, Lu et al (1999) identified a set of sleep-active cells in the 
ventrolateral preoptic nucleus of rats that receive direct luminance signals from the 
retina. The ventrolateral preoptic nucleus also belongs to the target regions for the 
projections from intrinsically photosensitive retinal ganglion cells, which contribute to 
circadian entrainment, pupillary light reflex, and the regulation of sleep-wake states 
(Gooley et al., 2003). In humans, the locus coeruleus appears to be one of the possible 
candidate nuclei that was influenced by bright light exposure during the nighttime as 
Perrin and colleagues (2004) showed in their PET study, using regional blood flow as 
an activation-deactivation marker of brain areas.  

Concerning the primary question to what extent immediate effects of bright light 
on human psychophysiology are time-of-day dependent, we conclude that the 
measured effects on the psychological variables during daytime are not significantly 
different from those during nighttime bright light exposure. This cannot simply be 



 

explained by the changes in heart rate and core body temperature, as these variables do 
not change in any systematic way in response to light during the daytime.  

We are aware that our comparison includes only two circadian phases, and a 
limited number of variables. Yet, the results clearly demonstrate that psychological 
responses to light are similar when comparing light exposures around midnight with 
midday, while physiological variables thought to be related to those psychological 
reactions behave quite differently. Apparently, the regulation of human alertness is 
more complex than has been estimated so far. Given the importance of alertness for 
performance, the mechanisms behind these differential light effects need to be 
discovered.         

 

Acknowledgements 

We like to thank Marjan Alssema, Annegriet Diever, Els Møst, and Marij Zuidersma 
for their help in collecting the data. This research was financially supported by the 
Dutch Technology Foundation (STW), the applied science division of NWO, and the 
Ministry of Economic Affair, Philips Domestic Appliances and Personal Care and 
Philips Lighting. 

 
References 
Åkerstedt T and Gillberg M (1990) Subjective and objective sleepiness in the active 

individual. Int J Neurosci 52:29-37. 
Aston-Jones G, Chen S, Zhu Y, and Oshinsky ML (2001) A neural circuit for circadian 

regulation of arousal. Nat Neurosci 4:732-738. 
Badia P, Culpepper J, Myers B, Boecker M, and Harsh J (1990) Psychophysiological 

and behavioral effects of bright and dim light. Sleep:387-387 
Badia P, Myers B, Boecker M, Culpepper J, and Harsh JR (1991) Bright light effects 

on body temperature, alertness, EEG and behavior. Physiol Behav 50:583-588. 
Badia P, Myers B, and Murphy P (1993) Melatonin and Thermoregulation, in 

Melatonin: Biosynthesis, Physiological Effects, and Clinical Applications, 
Reiter R and Yu H-S, eds, pp CRC Press, Boca Raton, Fl 

Beersma DG and Daan S (1993) Strong or weak phase resetting by light pulses in 
humans? J Biol Rhythms 8:340-347. 

Buijs RM, Wortel J, Van Heerikhuize JJ, Feenstra MG, Ter Horst GJ, Romijn HJ, and 
Kalsbeek A (1999) Anatomical and functional demonstration of a 

 56



T
im

e-
o
f-

d
ay

-d
ep

en
d
en

t 
ef

fe
ct

s 
o
f 

b
ri
g
h
t 

lig
h
t 

 

 57

multisynaptic suprachiasmatic nucleus adrenal (cortex) pathway. Eur J 
Neurosci 11:1535-1544. 

Burgess HJ, Sletten T, Savic N, Gilbert SS, and Dawson D (2001) Effects of bright 
light and melatonin on sleep propensity, temperature, and cardiac activity at 
night. J Appl Physiol 91:1214-1222. 

Cajochen C, Munch M, Kobialka S, Krauchi K, Steiner R, Oelhafen P, Orgul S, and 
Wirz-Justice A (2005) High sensitivity of human melatonin, alertness, 
thermoregulation, and heart rate to short wavelength light. J Clin Endocrinol 
Metab 90:1311-1316. 

Cajochen C, Zeitzer JM, Czeisler CA, and Dijk DJ (2000) Dose-response relationship 
for light intensity and ocular and electroencephalographic correlates of human 
alertness. Behav Brain Res 115:75-83. 

Campbell SS and Dawson D (1990) Enhancement of nighttime alertness and 
performance with bright ambient light. Physiol Behav 48:317-320. 

Campbell SS, Dijk DJ, Boulos Z, Eastman CI, Lewy AJ, and Terman M (1995) Light 
treatment for sleep disorders: consensus report. III. Alerting and activating 
effects. J Biol Rhythms 10:129-132. 

Crowley SJ, Lee C, Tseng CY, Fogg LF, and Eastman CI (2003) Combinations of 
bright light, scheduled dark, sunglasses, and melatonin to facilitate circadian 
entrainment to night shift work. J Biol Rhythms 18:513-523. 

Daurat A, Aguirre A, Foret J, Gonnet P, Keromes A, and Benoit O (1993) Bright light 
affects alertness and performance rhythms during a 24-h constant routine. 
Physiol Behav 53:929-936. 

Daurat A, Foret J, Touitou Y, and Benoit O (1996) Detrimental influence of bright 
light exposure on alertness, performance, and mood in the early morning. 
Neurophysiol Clin 26:8-14. 

Dawson D and Campbell SS (1991) Timed exposure to bright light improves sleep and 
alertness during simulated night shifts. Sleep 14:511-516. 

Deacon S and Arendt J (1994) Posture influences melatonin concentrations in plasma 
and saliva in humans. Neurosci Lett 167:191-194. 

Deurveilher S, Burns J, and Semba K (2002) Indirect projections from the 
suprachiasmatic nucleus to the ventrolateral preoptic nucleus: a dual tract-
tracing study in rat. Eur J Neurosci 16:1195-1213. 

Deurveilher S and Semba K (2005) Indirect projections from the suprachiasmatic 
nucleus to major arousal-promoting cell groups in rat: Implications for the 
circadian control of behavioural state. Neuroscience 130:165-183. 



 

Foret J, Daurat A, and Tirilly G (1998) Effect of bright light at night on core 
temperature, subjective alertness and performance as a function of exposure 
time. Scand J Work Environ Health 1998;24 Suppl 3:115-120. 

Gilbert SS, van den Heuvel CJ, and Dawson D (1999) Daytime melatonin and 
temazepam in young adult humans: equivalent effects on sleep latency and 
body temperatures. J Physiol 514 ( Pt 3):905-914. 

Gooley JJ, Lu J, Fischer D, and Saper CB (2003) A broad role for melanopsin in 
nonvisual photoreception. J Neurosci 23:7093-7106. 

Gordijn MCM, Jansen JHC, Medema HM, Flentge F, and Beersma DGM (1991) 
Melatonin in saliva, effect of toothpaste, coffee, smoking and lipstick. Sleep 
Res 20A:493. 

Honma K and Honma S (1988) A human phase response curve for bright light pulses. 
Jpn J Psychiatry Neurol 42:167-168. 

Horne JA and Östberg O (1976) A self-assessment questionnaire to determine 
morningness- eveningness in human circadian rhythms. Int J Chronobiol 4:97-
110. 

Khalsa SB, Jewett ME, Cajochen C, and Czeisler CA (2003) A phase response curve to 
single bright light pulses in human subjects. J Physiol 549:945-952. 

Kräuchi K, Cajochen C, and Wirz-Justice A (1998) Circadian and homeostatic 
regulation of core body temperature and alertness in humans: what is the role 
of melatonin?, in Circadian Clocks and Entrainment, Honma KI and Honma 
S, eds, pp 131-146, Hokkaido University Press, Sapporo 

Kräuchi K and Wirz-Justice A (2001) Circadian clues to sleep onset mechanisms. 
Neuropsychopharmacology 25:S92-S96. 

Kudielka BM and Kirschbaum C (2003) Awakening cortisol responses are influenced 
by health status and awakening time but not by menstrual cycle phase. 
Psychoneuroendocrinology 28:35-47. 

Lee KA, Hicks G, and Nino-Murcia G (1991) Validity and reliability of a scale to 
assess fatigue. Psychiatry Res 36:291-298. 

Leproult R, Colecchia EF, L'Hermite-Baleriaux M, and Van Cauter E. (2001) 
Transition from dim to bright light in the morning induces an immediate 
elevation of cortisol levels. J Clin Endocrinol Metab 86:151-157. 

Lewy AJ, Wehr TA, Goodwin FK, Newsome DA, and Markey SP (1980) Light 
suppresses melatonin secretion in humans. Science 210:1267-1269. 

 58



T
im

e-
o
f-

d
ay

-d
ep

en
d
en

t 
ef

fe
ct

h
t 

lig
h
t 

 

 59

s 
o
f 

b
ri
g

Lu J, Greco MA, Shiromani P, and Saper CB (2000) Effect of lesions of the 
ventrolateral preoptic nucleus on NREM and REM sleep. J Neurosci 20:3830-
3842. 

Lu J, Shiromani P, and Saper CB (1999) Retinal input to the sleep-active ventrolateral 
preoptic nucleus in the rat. Neuroscience 93:209-214. 

Minors DS, Waterhouse JM, and Wirz-Justice A (1991) A human phase-response 
curve to light. Neurosci Lett 133:36-40. 

Myers BL and Badia P (1993) Immediate effects of different light intensities on body 
temperature and alertness. Physiol Behav 54:199-202. 

Partonen T and Lonnqvist J (2000) Bright light improves vitality and alleviates distress 
in healthy people. J Affect Disord 57:55-61. 

Perrin F, Peigneux P, Fuchs S, Verhaeghe S, Laureys S, Middleton B, Degueldre C, 
Del FG, Vandewalle G, Balteau E, Poirrier R, Moreau V, Luxen A, Maquet P, 
and Dijk DJ (2004) Nonvisual responses to light exposure in the human brain 
during the circadian night. Curr Biol 14:1842-1846. 

Phipps-Nelson J, Redman JR, Dijk DJ, and Rajaratnam SM (2003) Daytime exposure 
to bright light, as compared to dim light, decreases sleepiness and improves 
psychomotor vigilance performance. Sleep 26:695-700. 

Rüger M, Gordijn MC, Beersma DG, de Vries B, and Daan S (2002) Bright light 
effects at night and day on various measures of sleepiness, in Sleep-Wake 
Research in the Netherlands, Van Bemmel AL, Beersma DG, Hofman WF, 
Ruigt GSF, and Vos PJE, eds, pp 95-99,  

Rüger M, Gordijn MC, Beersma DG, de Vries B, and Daan S (2003) Acute and phase-
shifting effects of ocular and extraocular light in human circadian physiology. 
J Biol Rhythms 18:409-419. 

Rüger M, Gordijn MC, Beersma DGM, de Vries B, and Daan S (2005) Weak 
relationships between suppression of melatonin and suppression of 
sleepiness/fatigue in response to light exposure. J Sleep Res 

Saito Y, Shimizu T, Takahashi Y, Mishima K, Takahashi K, Ogawa Y, Kogawa S, and 
Hishikawa Y (1996) Effect of bright light exposure on muscle sympathetic 
nerve activity in human. Neurosci Lett 219:135-137. 

Scheer FA and Buijs RM (1999) Light affects morning salivary cortisol in humans. J 
Clin Endocrinol Metab 84:3395-3398. 

Scheer FA, Van Doornen LJ, and Buijs RM (1999) Light and diurnal cycle affect 
human heart rate: possible role for the circadian pacemaker. J Biol Rhythms 
14:202-212. 



 

Thorn L, Hucklebridge F, Esgate A, Evans P, and Clow A (2004) The effect of dawn 
simulation on the cortisol response to awakening in healthy participants. 
Psychoneuroendocrinology 29:925-930. 

Tsunoda M, Endo T, Hashimoto S, Honma S, and Honma KI (2001) Effects of light 
and sleep stages on heart rate variability in humans. Psychiatry Clin Neurosci 
55:285-286. 

 
 

 

 60



 

 
 

Chapter 5 
 

 
Effects of diurnal and nocturnal bright 
light exposure on human performance 
and wake EEG 
 

Melanie Rüger, Marijke C.M. Gordijn, Bonnie de Vries  
& Domien G.M. Beersma 
 
Manuscript 

 



Abstract Sleep deprivation in humans results in sleepiness, 
decrements in performance, and changes in spectral 
parameters of electrical brain activity (EEG). Bright 
light at night counteracts sleepiness and influences 
spectral parameters of brain activity. The effects of 
bright light on performance and brain activity are 
less well studied during daytime than at night. Here 
we present data on the effects of bright light on 
sleepiness, performance, and spectral EEG 
parameters during wakefulness, comparing daytime 
and nighttime exposure. In two experiments, each 
including 12 young male subjects, bright light 
(5000 lux) or dim light <10 lux was applied 
between 12 p.m. and 4 p.m. (experiment A) or 
between 12 a.m. and 4 a.m. (experiment B). 
Otherwise subjects remained in dim light. Every 
hour from 9 a.m. till 8 p.m. (exp.A) and 9 p.m. till 8 
a.m. (exp B) a test battery was conducted that 
included an addition test, a letter cancellation test 
(LCT), a reaction time test, the Karolinska 
Sleepiness Scale, and 3-min recording of wake-
EEG (C3-A2) with eyes closed. Bright light as 
compared to dim light increased performance and 
reduced sleepiness irrespective the time of day. 
Both in the addition test and in the LCT the number 
of correct responses was higher under bright light. 
Accuracy in the tests did not benefit from light. 
Reaction times were shorter under bright light, 
especially at night. Power densities in the slow 
waves (3-4.5 Hz) of  the wake EEGs were reduced 
under bright light irrespectively of the time of day. 
Bright light apparently prohibited subjects to fall 
asleep. In contrast to the time-of-day independent 
effects on sleepiness and performance, light effects 
on alpha frequencies were different between day 
and night. At night, light increased power in the 
alpha band. In daytime there was a non-significant 
decrease in power. Apparently relationships 
between alpha activity in the wake EEG and 
sleepiness and performance are more complex than 
often presumed. The alerting effects of light can not 
yet be fully understood from the physiological 
variables measured so far.  
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Introduction 

Sleep deprivation is known to reduce alertness, and to impair performance in humans 
in a severe way, especially in the early morning hours (Johnson et al., 1992). This 
problem is becoming increasingly costly in a 24-h society (Dinges, 1995; Rajaratnam 
and Arendt, 2001), considering the increasing number of people working during the 
night hours. Different aspects of cognitive and psychomotor functioning are affected 
by sustained wakefulness, e.g., reaction times, vigilance, and cognitive throughput 
(Dinges et al., 1997; Casagrande et al., 1997; Porcu et al., 1998; Nilsson et al., 2005). 
Physiological correlates of reduced mental performance can be found in the 
electroencephalogram (EEG). In this sense, a differentiation should be made between 
event-related changes in EEG during mental tasks, and “background” EEG changes 
such as are related to age, pathology, and fatigue. Reduced performance reflected in the 
background EEG is indicated by an overall decrease in the power density of the alpha 
band and an increase in theta power density (Klimesch, 1999). During sustained 
wakefulness, a decrease in the alpha power density of resting (eyes closed) wake EEGs 
and an increase in theta power is indeed found, which result in negative and positive 
correlations, respectively, with sleepiness (Strijkstra et al., 2003). Besides duration of 
wakefulness, also circadian phase affects the spectral composition of wake-EEGs 
(Aeschbach et al., 1997; Aeschbach et al., 1999). A careful study on the relative 
contributions of circadian and sleep-wake related processes on wake-EEG revealed that 
the nadir of the circadian rhythm in alpha activity occurred in the middle of the night 
and the nadir of the circadian rhythm of theta activity in the beginning of the night, 
while delta frequency activity increased with increasing wake duration (Cajochen et 
al., 2002).  

In most studies, the correlations of changes in sleepiness and performance with 
changes in wake-EEG are derived from parallel changes over time; i.e., with increasing 
wake duration. To really understand the relationships between sleepiness, performance, 
and spectral composition of wake-EEGs it is necessary to experimentally change 
sleepiness/alertness (we will use the term “enhancing alertness” as an alternative 
formulation to “decreasing sleepiness”) and performance to measure the effects on the 
EEG signal. Since circadian phase and prior wake duration each have their own 
influence on the EEG signal (Dijk et al., 1992), and on performance (Rogers et al., 
2003), circadian phase and prior wake duration should not be changed.  

One possible intervention to improve performance and enhance alertness in sleep 
deprived subjects, besides taking stimulating substances such as caffeine (Wright, Jr. et 
al., 1997; Babkoff et al., 2002) or having a nap (Purnell et al., 2002), is the exposure to 



bright light. Exposure to bright light during the nighttime has been reported to improve 
performance on several tasks (Badia et al., 1991; Daurat et al., 1993; Daurat et al., 
1996; Foret et al., 1998; Daurat et al., 2000) and to enhance alertness in healthy 
subjects (Badia et al., 1990; Badia et al., 1991; Dawson and Campbell, 1991; Myers 
and Badia, 1993; Cajochen et al., 2000; Rüger et al., 2003). A few studies found no 
beneficial effect of the nighttime bright light exposure on performance and alertness 
(Lafrance et al., 1998; Lavoie et al., 2003). As the majority of studies reported 
enhanced performance and alertness due to bright light exposure during the night 
accompanied by the suppression of melatonin, melatonin was thought to be a 
mediating factor in the mechanism by which bright light elicits its activating 
properties. Evidence that this is not the sole factor responsible for the alerting effects of 
bright light comes from studies that used bright light exposure during the daytime, i.e., 
when endogenous melatonin concentrations are very low. These studies found a 
reduction of sleepiness (Rüger et al., 2002), and an improvement of performance and 
mood (Rüger et al., 2002; Phipps-Nelson et al., 2003), despite the absence of 
melatonin. Hence it is evident that other mechanisms than melatonin suppression alone 
must be involved in the alerting properties of light.  

There is evidence that spectral parameters of the wake EEG, proposed to be 
related to alertness, change as a result of bright light exposure at night (Cajochen et al., 
2000; Lavoie et al., 2003). The present study searches for an EEG-based explanation 
for the alerting effects of light both at night and at daytime. For that purpose we 
compare the effects of diurnal and nocturnal bright light exposure on three different 
performance measures, on sleepiness, and on the spectral composition of the wake-
EEG in humans. 

 

Methods 

Subjects 

Twenty four male subjects participated in the study, 12 in each of two experiments. In 
the daytime experiment: mean age was 23.1 years, (s.d.1.5); in the nighttime 
experiment: mean age: 21.8 years (s.d.1.9) (no significant difference). For the 
screening of subjects two questionnaires were used, a general health questionnaire and 
a Morningness-Eveningness-Questionnaire (Horne and Östberg, 1976). Only healthy, 
non-smoking, subjects with intermediate MEQ scores (i.e. scores between 31 and 69) 
were selected. Subjects had to be without current medication or psychiatric illness; 
they neither worked night shifts nor did they recently (within the last month) travel 
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over more than one time zone. Subjects gave written informed consent and were paid 
for their participation. The medical ethics committee of Groningen University 
approved the protocol. 

 

Time Isolation Facility 

The protocols of the daytime and nighttime experiments included two stays of 1.5 days 
or three stays of 2.5 days, respectively, in the time isolation facility in Haren. No 
daylight nor clock information is available in the facility. Light intensity does not 
exceed 10 lux, measured at eye level in the direction of gaze. In total, four subjects 
could be housed simultaneously in separate rooms, where they could read, listen to 
music or watch videos. The consumption of coffee, tea, bananas or chocolate was not 
allowed during the whole experiment, to avoid possible interference with dependent 
measures recorded during the experiment. 

 

Experimental protocol 

Experiment A (daytime bright light) took place from May till December 2001 and 
experiment B (nighttime bright light) from July to October 2000. Both experiments 
included two sessions, one dim light control session and one session in which light 
exposure was applied. The interval between the sessions ranged from one week up to 
three weeks. At each session subjects were exposed to one of the two light treatments 
in counterbalanced order.  

Both protocols are summarized in Figure 1. In experiment A, subjects entered the 
facility at 4 p.m. on day 0. Electrodes were fitted for recording EEG (2 channels C3-
A2; C4-A1), EOG, EMG, and ECG. At the same time the test battery was introduced 
and explained and subjects had to practice the test battery once, before the first period 
of testing (Testing 1) started at 6 p.m. In this period measurements took place every 
hour, including the test battery with a reaction time task and an addition task, six 
minutes of wake-EEG (3 min. eyes open followed by 3 min. eyes closed) and ECG 
recording. Warm meals were scheduled at the same time for all subjects, snacks and 
beverages were available on request. No consumptions were allowed during the EEG 
and ECG recordings. At midnight subjects went to bed and the first sleep period (Sleep 
1) was recorded. Subjects were woken up at 7 a.m. the following day (day 1), had 
breakfast and a shower. The second testing period (Testing 2) started at 9 a.m. and 
lasted till midnight. Within this period, subjects received either 5000 lux of bright light 



or less than 10 lux of dim light from noon till 4 p.m.. From midnight onwards, the 
second sleep period was recorded (Sleep 2), including spontaneous sleep termination, 
i.e., the subjects were instructed to sleep as long as they wanted and to give a sign via 
the intercom when they felt refreshed and wanted to get up.  

16 24 7 12 16 24

247 12 1624 4 920

18

16:30 2218 028S1

S1

S2

S2

S3

Hourly measurements: performance, wake-EEG, and self ratings (KSS)

Continous recording: core body temperature

Sleeping period (0 lux)

Awake in dim light (< 10 lux)

Experimental period: (1) < 10 lux whole retina

(2) 5000 lux bright light whole retina

(1) 

(2)

(1) 

(2)

20

 
 

Figure 1. Schematic overview of the protocol of experiment A (daytime light exposure) 
and experiment B (nighttime light exposure). 

 
In experiment B (nighttime) (see Rüger et al., 2003 for details) subjects entered 

the facility at 8 p.m. of day 0 and as in the daytime experiment, electrodes were fitted 
for recording EEG (2 channels C3-A2; C4-A1), EOG, and EMG. At the same time the 
test battery was introduced and explained. At midnight subjects went to bed and the 
first sleep period (Sleep 1) was recorded. The next morning (Day 1), subjects were 
woken up at 7 a.m., had breakfast and took a shower. Until 2 p.m. subjects were free to 
read or watch videos. Between 2 and 3 p.m. the EEG electrodes were checked and 
ECG electrodes were attached. At 3 p.m. the subjects practiced the test battery, and six 
minutes of wake-EEG (3 min. eyes open followed by 3 min. eyes closed) and ECG 
were recorded. As in the daytime experiment no consumption during the EEG and 
ECG recordings was allowed.  

The first testing period (Testing 1) with hourly measurements started at 6 p.m. and 
lasted till 8 a.m. the next morning (Day 2). During this period of sustained 
wakefulness, from midnight until 4 a.m., the subjects were exposed to 5000 lux of 
bright light or less than 10 lux of dim light (see below). From 9 a.m. till 4:30 p.m. (Day 
2) the second sleep period (Sleep 2) was recorded. At 4:30 p.m. (Day 2) subjects were 
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woken up again; they had breakfast and took a shower, and the second testing period 
(Testing 2) started which lasted till 2 a.m. of the next day (Day 3). From 2 a.m. 
onwards the third and last sleep period (Sleep 3) was recorded. Spontaneous sleep 
termination was recorded, i.e. subjects were instructed to sleep as long as they wanted 
and to give a sign via the intercom when they felt refreshed and wanted to get up. 

 

EEG recordings 

The hourly measurements started with 6 minutes wake-EEG recordings. During the 
first 3 minutes the subjects were instructed to keep their eyes open and watch a black 
spot on a piece of paper that was placed in front of a PC screen. This was immediately 
followed by another 3 minutes in which they were asked to close their eyes. The EEG 
recordings, derived from C3-A2 and C4-A1, were low pass filtered at 30 Hz 
(24dB/oct) and digitized at a sample rate of 128 Hz. For the present purpose only the 
C3-A2 derivations of the wake-EEG recordings with eyes closed were analyzed. 
Offline, the EEG signals were visually inspected to remove artifacts due to movements 
and eye blinks with the aid of Vitagraph software (TEMEC Instruments B.V. 
Kerkrade, The Netherlands). The EEG recordings were not scored for sleep, nor were 
epochs excluded that contained slow waves. Spectral analysis was performed on 2-sec 
epochs using a fast Fourier Transform routine. Power densities were calculated per 0.5 
Hz and summed up to 1 Hz bins between 0.5 and 25 Hz, and to predefined bands: delta 
(1-4.5 Hz), theta (5-8 Hz), and alpha (8.5-12 Hz). The resulting bins will be referred to 
by the frequencies that were included, so 1.0-1.5 Hz will include 1.0 and 1.5 Hz. 

 

Test battery 

The computerized hourly test battery started immediately after the wake-EEG 
recording and included the Karolinska Sleepiness Scale (KSS) (Åkerstedt and Gillberg, 
1990), a simple reaction time task with 30 reactions, a 3-min addition task, and the 7-
letter variant of the Letter cancellation Task (7-LCT) (Folkard et al., 1976), that lasted 
for 5 minutes. For the reaction time task subjects as soon as possible had to press the 
space bar upon appearance on the computer screen of a white square. The square was 
presented 30 times with an inter-stimulus interval ranging from 1 to 5 seconds. As 
output variables of the reaction time task the average reaction time for 30 reactions, the 
three fastest, and the three slowest reactions will be presented. The 3 longest reaction 
times are defined as the slowest registered, after excluding lapses. In the 3-min 
addition task subjects were instructed to perform a series of additions of two two-digit 



numbers, as fast and as accurately as possible. The task was continued for 3 minutes. 
The results for the number of correctly completed additions and the percentage of 
correct additions (number of correct additions/total number of completed additions) 
will be presented. The letter cancellation test consists of a computer screen filled with 
897 letters, arranged in 39 columns and 23 rows, and 7 target letters, that are presented 
on top of the screen. The subject is instructed to mark the target letters in every letter 
column of the screen. Five output variables are derived from this test: the total number 
of letters scanned in 5 minutes, the number of correctly marked letters, the number of 
correctly unmarked letters, the number of incorrectly marked letters and the number of 
missed letters. Here the results for the number of correct letters (sum of correctly 
marked plus the number of correctly not marked letters) and the fraction of correct 
letters (sum of correctly marked plus the number of correctly not marked letters 
divided by the total number of completed letters) will be presented. For purpose of 
clarity we express all performance variables as the difference between the average 
performance in the three hours prior to the light exposure and the 3 hours during the 
light exposure.   

 

Statistical analysis  

Effects of time of day were tested in the dim light conditions using repeated measures 
ANOVAs for the within factor time (daytime experiment: 9 a.m. till 8 pm; nighttime 
experiment: 9 p.m. till 8 a.m.) and the between factor experiment. The alerting effects 
of bright light were tested using repeated measures ANOVA for the within-subjects 
factors condition (dim versus bright light), exposure (before versus during the light 
exposure), and time (daytime experiment: 9, 10, 11 a.m. versus 1, 2, 3 p.m., nighttime 
experiment: 9, 10, 11 p.m. versus 1, 2, 3 a.m.) and the between-subject factor 
experiment (daytime bright light exposure versus nighttime bright light exposure). To 
answer the question whether light per se has an effect on performance and EEG 
parameters the effect of the interaction between condition and exposure is the relevant 
measure. It tells us whether the variable under study changes during light exposure 
relative to the preceding dim interval, and whether this change differs from the 
condition in which no light was applied at all. To answer the question whether the 
effect of light is dependent on time of day, the interaction effect of condition, 
exposure, and experiment was determined. Where interactions contributed 
significantly to the explained variance, post-hoc ANOVAs were calculated to 
determine the direction of the effect.  
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Results 

Performance  

The results for performance measures based on the additions task and the letter 
cancellation test are presented in Figure 2, with the results for the daytime experiment 
on the left hand side and the nighttime experiment results on the right hand side. The 
upper two panels show the number of correct additions made in both experiments 
before, during, and after the light exposure and under dim light. There was a significant 
decrease in the number of correct additions (under dim light) made over time during 
the night (F (11,1) = 544.6, p = 0.033), but not during the day (F (11,1) = 0.9, p = 
0.692). There was an effect of light on the number of correct additions (interaction 
effect for the factors condition and exposure, F (1, 22) = 7.872, p = 0.010). Hence in 
both experiments subjects in the bright light group completed significantly more 
correct additions during the light exposure than before compared to the dim light group 
(number of correct additions during the exposure minus the number before exposure: 
daytime experiment dim light MEAN: -0.44 ± 0.75 (SEM) versus daytime bright light 
MEAN: +1.14 ± 0.94 (SEM); nighttime experiment dim light MEAN: -5.31 ±  1.60 
(SEM) versus nighttime bright light MEAN: -1.69 ± 1.20 (SEM)). This effect of light 
on the number of correct additions is independent of the time of day (three-way 
interaction of the factors condition, exposure, and experiment, F (1, 22) = 1.200, p = 
0.285). 

The next two panels show the percentage of correct additions (number of correct 
additions divided by total number of completed additions) for both experiments, 
before, and during the bright light exposure and under dim light. No significant effect 
of time on the fraction of correct additions was found, neither during the night, nor 
during the day (F (11,1) = 4.3, p = 0.36; F (1,11) = 1.8, p = 0.530, respectively). Again 
light per se had a significant influence on the measured variable (interaction effect of 
condition and exposure, F (1, 22) = 6.253, p = 0.020). In both experiments the 
percentage of correct additions decreased slightly during bright light exposure 
compared to the period before whereas it slightly increased in the dim light condition 
(difference between exposure interval and before: daytime experiment dim MEAN: + 
0.47 percent (SEM: ± 0.58) versus daytime bright MEAN: -0.14 percent (SEM: ± 
0.55); nighttime dim MEAN: 1.98 percent (SEM: ± 0.88) versus nighttime bright 
MEAN: -0.87 percent (SEM: ± 0.61)) This effect was not significantly different 
between the daytime and nighttime experiment (interaction effect for condition, 
exposure, and experiment F (1, 22) = 0.106, p = 0.120). 



external time (h)

  08:00  10:00  12:00  14:00  16:00  18:00  20:00

pe
rfo

rm
an

ce
 L

C
T 

(%
)

(m
ea

n 
+  

se
m

)

0

85

90

95

100

dim light condition_daytime
bright light condition_daytime

nu
m

be
r c

or
re

ct
 le

tte
rs

 L
C

T
(m

ea
n 

+  
se

m
)

0

150

200

250

300

350

400

450

pe
rfo

rm
an

ce
 a

dd
iti

on
 ta

sk
 (%

)
m

ea
n 

+  
se

m

0

85

90

95

100

nu
m

be
r o

f c
or

re
ct

 a
dd

ito
ns

(m
ea

n 
+ 

se
m

)

0

35

40

45

50

55 **

*

*

ns

B: Nighttime experimentA: Daytime Experiment

external time (h)

  20:00  22:00  00:00  02:00  04:00  06:00  08:00

dim light condition_nighttime
bright light condition_nighttime

ns

*

*

 
 

 70



E
ff
ec

ts
 o

f 
d
iu

rn
al

 a
n
d
 n

o
ct

u
rn

al
 b

ri
g
h
t 

lig
h
t 

ex
p
o
su

re
: 

E
E
G

 &
 P

er
fo

rm
an

ce
 

 

 71

Figure 2. Time courses of the results of the addition test (upper two panels) and the 
Letter Cancellation Test (LCT, lower two panels). For the addition test the 
total number of corrects answers (upper two panels) and the percentages of 
correct answers (2nd two panels) are depicted. For the LCT the total number 
of correct marked letters plus the correct not-marked letters (3rd two panels) 
and the percentage correct marked plus correct not-marked letters (lowest 
two panels) are depicted. Filled symbols represent the condition with 
continuous dim light (<10 lux), Open symbols represent the condition in 
which bright light exposure (5000 lux) was applied during the indicated 4 
hours. 

 

The results for the letter cancellation test (LCT-7) are depicted in the third and 
fourth set of panels of Figure 2. The third set of panels shows the number of correct 
letters (sum of correct marked letters plus the number of correct not marked letters) 
before and during the light exposure and under dim light for both experiments. There 
was a clear difference in the time course of the number of correct letters during dim 
light between night and day (interaction effect time and experiment: F (11,12) = 4.9, p 
= 0.006). During nighttime, the number of correct letters decreased as it did for the 
number of correct additions but this decrease was not significant (F (1,11) = 41.2, p = 
0.121), in daytime no change in the number of correct letters over time was observed. 
As for the additions, there was an effect of light on the number of correct letters 
(interaction effect for the factor condition and exposure, F (1, 22) = 4.338, p = 0.049). 
For the daytime experiment the number of correct letters decreased during the dim 
light condition by -26.22 ± 9.60 (SEM). In the bright light condition the decrease was 
dampened (MEAN: -10.86 ± 6.87 (SEM)) and the same pattern can be found for the 
nighttime experiment (dim MEAN: -82.75, SEM: 14.55 versus bright MEAN: -56.14, 
SEM:11.68). Again the effect of light was independent of the time of day the light was 
presented (three-way interaction effect for the factors condition, exposure, and 
experiment, F (1, 22) = 0.312, p = 0.582). Irrespective the time of day, the decrease in 
the number of correct letters was dampened by bright light compared to the dim light 
control condition. 

The two lowest panels of Figure 2 show the time course of the percentage of 
correct letters (sum of correctly marked letters plus correct, not marked letters divided 
by the total number of completed letters). Under dim light there was no significant 
effect of time on the percentage of correct letters, neither during the night (F (1,11) = 
0.2, p = 0.963) nor during the day (F (1,11) = 0.7, p = 742). Light did not affect the 
percentage of correct letters. In the daytime as well as in the nighttime experiment the 
percentage of correct letters slightly decreased during the dim light condition (daytime 
dim MEAN: -0.50, SEM: 0.59; nighttime dim MEAN: -1.27, SEM: 0.85) as well as 



during the bright light condition (daytime bright MEAN: -0.16, SEM: 0.25; nighttime 
bright MEAN: -1.28, SEM: 0.65), but the difference was not significant (interaction 
between condition and exposure, F (1, 22) = 0.006, p = 0.717). There was also no 
influence of the time-of-day the light was presented (three-way interaction for the 
factors condition, exposure, and experiment, F (1, 22) = 0.007, p = 0.695).  

 

Reaction time 

In Figure 3 the average reaction times (1-30 trials), the three fastest, and the three 
slowest reaction times are presented, with the daytime experiment on the left and the 
nighttime experiment on the right. Due to technical failures, for the present analysis 
two subjects in experiment B had to be excluded resulting in 12 subjects in experiment 
A and 10 subjects in experiment B. 

The two upper panels show the mean reaction time over all 30 trials. A significant 
interaction effect of time (only timepoints 9-11 a.m. and 1-3 p.m. or 9-11 p.m. and 1-3 
a.m. were included because of the lower number of subjects contributing to the test) 
was found for the course of the mean reaction time (F (5,16) = 3.0, p = 0.044) and this 
effect of time differed between night and day (F (5,16) = 3.4, p = 0.027). Reaction 
times increased especially late at night. Light influenced the overall reaction time 
(interaction effect for the factors condition and exposure, F (1, 20) = 8.749, p = 0.008) 
and this effect was time-of-day-dependent (three-way interaction for the factors 
condition, exposure, and experiment, F (1,20) = 7.305, p = 0.014). The post-hoc 
ANOVA revealed that in the nighttime experiment the bright light exposure 
significantly decreased the reaction time relative to the interval before light exposure 
(average difference in RT between exposure interval and before: - 9.96 ± 4.99 ms) 
compared to the dim light condition (average difference in RT: + 31.58 ± 7.54 ms ), (F 
(1, 9) = 16.350, p = 0.003). During daytime bright light exposure did not significantly 
influence the reaction time relative to dim light (F (1, 11) = 0.033, p = 0.859). Here the 
average reaction time increased by 2.71 ± 4.30 ms in the dim light control condition 
and by 1.73  ± 3.36 ms in the bright light condition.  

 

Figure 3. Time courses of the results of the reaction time tests. The upper two panels 
show the average reaction time over 30 triggers. The middle two panels show 
the average of the 3 (=10%) fastest reaction times, the lower two panels of 
the average of the 3 (=10%) slowest reaction times. Filled symbols represent 
the condition with continuous dim light (<10 lux), Open symbols represent 
the condition in which bright light exposure (5000 lux) was applied during 
the indicated 4 hours. 
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The two middle panels depict the shortest reaction times of all 30 reaction times. 
There were significant effects neither of time (F (5,16) = 0.1, p = 0.990), nor of light 
(interaction for factors condition and exposure, F (1,20) = 0.000, p = 0.989) on the 
fastest reaction times. There was also no time-of–day effect of light (three-way 
interaction for condition, exposure, and experiment, F (1, 20) = 0.124, p = 0.108). The 
two bottom panels of Figure 3 show the slowest reaction times for both experiments. 
Under dim light, an overall significant effect of time was found on the course of the 
slowest reaction time (F (5,16) = 3.6, p = 0.023), but there was no interaction effect 
with time of day (F (5,16) = 1.6, p = 0.207). Light had an overall effect on the slowest 
reaction times (interaction between condition and exposure, F (1, 20) = 8.810, p = 
0.008), this was especially clear during the night with a significant attenuation of the 
slowest reaction time during light (F (1,9) = 0.2, p = 0.140). The slowest reaction times 
during exposure interval minus before exposure interval: daytime dim MEAN: 23 ± 
21.06 ms (SEM) versus daytime bright MEAN: 3.55 ± 13.91 ms (SEM); nighttime 
dim MEAN: 83.29 3 ± 22.40 ms (SEM) versus nighttime bright MEAN: 29.66  ± 8.21 
ms (SEM). The effect was independent of the time of day the light was presented 
(three-way interaction of condition, exposure, and experiment, F (1, 20) = 0.086, p = 
0.184). 

 

Spectral composition of the Wake-EEG (eyes closed) 

Effects of light on the spectral composition of the wake-EEG were analyzed by 
computing the average power density of 1 Hz bins between 0.5 and 25 Hz in each 
individual at the timepoints 9, 10, 11 a.m., and 1, 2, 3 p.m. for the dim light and bright 
light condition of the daytime experiment (exp. A)  and 9, 10, 11 p.m., and 1, 2, 3 a.m. 
for dim light and bright light condition of the nighttime experiment (exp. B). For each 
condition of an individual (dim light/bright light), and for each bin, the average power 
density at 1, 2, and 3 p.m. (experiment A) and of 1, 2, 3 a.m. (experiment B) was 
normalized with respect to the average power density at 9, 10, 11 a.m., and 9, 10, 11 
p.m., respectively, of the same condition. Figure 4 shows the results of this analysis 
under dim light and bright light in daytime (left panel), and at night (right panel). 
Light had an overall significant decreasing effect on the power density of the 3-3.5 Hz 
(F (1,22) = 7.3, p = 0.013) and 4-4.5 Hz (F (1.22) = 8.4, p = 0.008) frequency bins, in 
particular during the night (nighttime F (1,11) = 7.2, p = 0.021; F (1,11) = 8.6, p = 
0.014, respectively). There was a trend for the power density in the 5-5.5 Hz frequency 
band to be decreased in bright light (F (1,22) = 4.0, p = 0.057). A significant 
interaction effect of light with time of day was found for the power density in the 10-
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10.5 Hz frequency bin (F (1,22) = 4.6, p = 0.044) and a similar but insignificant trend 
in the adjacent 11-11.5 Hz frequency bin (F (1,22) = 3.9, p = 0.061). During bright 
light at night an increase, during bright light in daytime a decrease in power density in 
these bins was observed.  
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Figure 4. Range of wake-EEG (with eyes closed) power densities per 1 Hz bin, 
averaged for the 3-h period during bright light exposure (Experiment A: time 
points 1, 2, 3 p.m., experiment B: time points 1, 2, 3 a.m.) and the same 
period under dim light. Power densities are normalized with respect to the 
power density of the same frequency bin in the period before (Experiment A: 
time points 9, 10, 11 a.m., experiment B: time points 9, 10, 11 p.m.) and 
plotted at the upper limit of the 1 Hz bin. 

 

The course of sleepiness, delta, theta, and alpha power of the wake EEG 
(eyes closed) 

Figure 5 shows the time course of power density in three predefined frequency bands 
(upper 6 panels) and of sleepiness (lower 2 panels). The average power density of each 
frequency band between 9 and 11 a.m. (exp A) and 9 to 11 p.m. (exp B) was set to 



100%. The only significant effect of light on the frequency bands of the wake-EEGs 
was an interaction effect with the time of day on the power density of the alpha 
frequency band (F (1,22) = 4.4, p = 0.048). Post hoc analysis revealed that during light 
at night an increase of power density in the alpha band was observed (F (1,11) = 5.7, p 
= 0.036), while during light at daytime a (non-significant) decrease of power density 
was observed. During the light exposure no significant effect on overall delta power, or 
theta power was found, nor was there an interaction effect with the time of day.  

Figure 5 reveals a remarkable difference in the time course of power density of the 
theta frequency band in the light condition at daytime compared to the dim condition. 
After 3 hours of light an increase of theta power was observed that continued after the 
lights were turned off, and seemed to last for at least 5 hours. Such an effect was not 
observed at night. 

The lower two panels show the courses of sleepiness. Both in daytime and at night 
bright light exposure reduced subjective sleepiness as measured by the KSS  (F (1, 22) 
= 16.8, p < 0.001). This alerting effect of bright light exposure is independent of the 
time of day at which light is presented (F (1, 22) = 0.4, p = 0.527). 

 

Figure 5. Time courses of wake-EEG (with eyes closed) power densities per frequency 
band (Delta band: 1-4.5 Hz; theta band: 5-8 Hz; alpha band: 8.5-12 Hz). 
Power densities are normalized with respect to the average power density of 
the same frequency band at 9, 10, 11 a.m. (experiment A) and 9, 10, 11 p.m. 
(experiment B). 
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Discussion 

Sleepiness and performance 

A decrease of alertness, or increase of sleepiness, during sustained wakefulness affects 
performance (Dinges et al., 1997; Thomas et al., 2000; Rogers et al., 2003; Frey et al., 
2004; Graw et al., 2004). In our study the decrease in performance was observed 
during the night (Figures 2 and 3), along with a clear increase in sleepiness (Figure 5), 
but not during the day. In dim light at night, the number of correct additions and the 
number of correct letters in the LCT decreased (significant only for the number of 
correct additions). The subjects did not become less accurate with increasing wake 
duration as the percentage of correct additions and of correct letters showed no 
significant change over the nighttime. Apparently, with increasing sleepiness (Figure 
5) the subjects slowed down the speed of the task, without compromising accuracy. 
That the subjects really slowed down their reaction was confirmed in the reaction time 
task (Figure 3). The average reaction time in this task increased with increasing wake 
duration, especially during the night.  

In daytime, when the level of sleepiness is lower than at night, no clear decrease 
in number of correct additions and of correct letters over time was observed, nor was 
there a change in reaction time. This rules out the possibility that it is just the passing 
of time that induces a performance decrement. The decrement in performance occurs 
only at night at a high level of sleepiness. Dinges et al. (1997) have clearly shown in a 
study with restrictive sleep over several nights that decrements in psychomotor 
vigilance do not necessarily develop at the same time as changes in sleepiness appear. 
The sleepiness changes preceded performance changes, which probably means that 
higher levels of sleepiness are needed before decrements in performance appear. High 
levels of sleepiness occur at night, a time where both the homeostatic and the circadian 
“need for sleep” is high (Dijk et al 1992). 

Under bright light, the decrease in number of correct additions and of correct 
letters (LCT) was attenuated for the period of light exposure. There was an overall 
effect of light irrespective of the time of day. This means that the number of correct 
additions and correct letters remained higher under bright light both at daytime and at 
nighttime. In bright light at night, the average reaction time remained significantly 
shorter than in dim light, and the mean value of the three slowest reactions also 
remained lower in bright than in dim light. That the slowest reaction times – and not 
the fastest - are particularly sensitive to the sleepiness suppressing effects of light is in 
accordance with data of Graw et al. (2004). They showed that especially the slowest 
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reaction times provide a sensitive measure for detecting early changes in sleep need. In 
daytime, when the reaction times are already pretty fast, no significant effect of light 
was observed.  

Thus bright light at night attenuated the slowing down of performance. Subjects 
were as fast during the light period as before. This finding is partially in accordance 
with the results of Lafrance et al. (1998). In their study under bright light the subjects 
increased the speed of a psychomotor performance task, but at the cost of more errors. 
In our study, the effects of light on accuracy in the addition test and LCT were less 
clear. We observed a significant effect of light on the percentage correct additions that 
seems to be due to an increase under dim light. No significant effect of light on 
accuracy is measured with the LCT.  

The positive effects on sleepiness (Figure 5) and performance of bright light at 
night may have important implications for work situations. Indeed, also in industrial 
settings the beneficial effects of bright light on sleepiness at night have been shown 
(Lowden et al., 2004). On the other hand, bright light suppresses melatonin and shifts 
circadian rhythms (e.g. Rüger et al., 2003), a situation that might not be desirable in all 
situations and for all people. Recently Kayumov and colleagues (Kayumov et al., 
2005) reported that blocking short-wavelength light prevented nocturnal melatonin 
suppression with no adverse effects on performance during the night. Unfortunately the 
authors did not report whether they found a beneficial effect of light, with and without 
short wavelengths, on performance. 

 

Spectral composition of the wake-EEG and sleepiness/performance  

The largest changes in the wake EEG in response to light occurred in the slow wave 
bands of 3-4.5 Hz (Figure 4B). The appearance of slow waves in the wake-EEGs 
means that at certain times the subjects showed signs of sleep within the 3-minutes 
recordings. The appearance of slow waves has been observed in wake-EEGs before, 
even from train drivers on the job. These power densities in the slow waves were 
highly related to subjective ratings of sleepiness (Torsvall and Akerstedt, 1987). In our 
study, bright light decreased power density in the 3-4.5 Hz frequency bins 
significantly. Although the power density in these frequencies seem to be lower under 
dim light in daytime than at night, the effects of light on these frequencies were not 
significantly different between day and night. Bright light also suppresses sleepiness, 
both at night and at daytime (Figure 5). It is concluded that under bright light, the 



reduced level of sleepiness prohibited subjects to fall asleep within the 3-minutes 
wake-EEGs.  

A remarkable finding is that light had opposite effects on the 10-10.5Hz frequency 
when comparing daytime and nighttime. This is true for the whole alpha band, when 
changes over time are analyzed (Figure 5). During the night, the power density in the 
alpha band decreased, while bright light attentuated this decrease. This means that at a 
certain time of the night, with no change in prior wake duration, a decrease of 
sleepiness and increase of performance by light is accompanied by an increase of alpha 
power in the (resting) wake-EEG (with eyes closed). In daytime no significant effect of 
light on alpha power was observed, and if there was any effect it changed in the 
opposite direction (Figure 4, 10-10.5 Hz). Several studies have shown that changes in 
wake-EEG parameters, especially in the alpha and theta band, correlate with sleepiness 
(Curcio et al., 2001; Strijkstra et al., 2003; Drapeau and Carrier, 2004) and with 
performance (Klimesch, 1999). The correlations are so clear that changes in the alpha 
or theta band are often considered “objective measures of sleepiness”(Akerstedt and 
Gillberg, 1990; Curcio et al., 2001; Leproult et al., 2003). Indeed tests have been 
developed based on alpha changes to warn for severe drowsiness (review in Curcio et 
al., 2001). These tests are based on the finding that with increasing sleepiness, power 
density in the alpha band decreases in eyes-closed wake-EEGs and increases with eyes-
open wake-EEGs. Our finding that due to bright light a negative correlation between 
alpha power and sleepiness, and a positive correlation between alpha power and 
performance exists in eyes-closed wake-EEGs only during the nighttime and not at 
daytime thus has implications both for the application of drowsiness tests and for 
understanding the mechanism behind the effects of light. 

Although there was a trend for the power density in the 5-5.5 Hz frequency to be 
suppressed by light at night, no significant overall effect of light on theta power was 
found (Figure 5). This is in contrast with the significant suppression of theta power 
after 90 minutes of bright light at night, reported by Cajochen et al (2000). This may be 
due to the fact that in that study wake-EEGs with eyes open were analyzed. 
Alternatively it may be due to the fact that Cajochen et al. (2000) normalized power in 
the theta band with respect to the integrated power density across all frequency bins. 
Slow waves, and probably alpha power, with their high power densities contribute 
more to the normalization factor then other frequency bins. Changes in other 
frequencies, such as the theta band, may thereby appear even if the frequency band 
itself remains constant. Our analysis, where each frequency bin is normalized with 
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respect to the power density in the same band at another time point, shows changes 
independent from other frequencies. 

 

The observation of differential effects of light on the alpha power of the (resting) 
wake-EEG at different times of day does not clarify the light effects on sleepiness and 
performance irrespective of the time of day. The association between alpha power and 
sleepiness and between alpha power and performance depends on the time of day, or 
on sleepiness. This is in contrast with the idea that low background alpha activity 
predicts low performance (Klimesch, 1999). We used only one EEG derivation (C3-
A2). It might be that results from other derivations would have led to other 
conclusions, but the changes in alpha activity during sustained wakefulness appear 
independent of localization. Theta activity shows the strongest correlation with 
sleepiness, and the largest changes with wake duration on frontal derivations (Cajochen 
et al., 2002; Strijkstra et al., 2003). It is possible that analyzing the effects of light on 
theta activity in the frontal area would lead to other results. An increase in theta 
activity coincides with an increase in delta activity at the entrance to sleep (Tanaka et 
al., 2000). The observed increase of theta power during daytime after 3 hours of light is 
unexpected and difficult to explain. It does not coincide with changes in other spectral 
bands, nor does it seem to be related to the time course of sleepiness or performance.  

The sleepiness suppressing effect of light exposure at daytime - in contrast to light 
at night - does not coincide with effects on body temperature and heart rate, and occurs 
in the absence of melatonin (Rüger et al., subm). The effects of light on wake-EEG 
spectra differ between day and night, in particular for alpha activity, while improved 
performance is observed irrespective of time of day. This contrast demonstrates that 
the relationships between alpha activity in the wake EEG with sleepiness and with 
performance are much more complex than commonly presumed and that the alerting 
effects of light can not yet be fully be understood from the physiological variables 
measured so far. Insight in the effects of light on arousing mechanisms in the brain will 
help to understand the important beneficial effects of light on alertness and 
performance. 
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Abstract The mammalian retina contains both visual and 
circadian photoreceptors. In humans nocturnal 
stimulation of the latter receptors leads to melatonin 
suppression, which might cause reduced nighttime 
sleepiness. Melatonin suppression is maximal when 
the nasal part of the retina is illuminated. Whether 
circadian phase shifting in humans is due to the 
same photoreceptors is not known. We here explore 
whether phase shifts and melatonin suppression 
depend on the same retinal area. Twelve healthy 
subjects participated in a within-subjects design and 
received all of three light conditions –(1) 10 lux of 
dim light on the whole retina, (2) 100 lux of ocular 
light on the nasal part of the retina, and (3) 100 lux 
of ocular light on the temporal part of the retina- on 
separate nights in random order. In all three 
conditions pupils were dilated before and during 
light exposure. The protocol consisted of an 
adaptation night followed by a 23-h period of 
sustained wakefulness, during which a 4-h light 
pulse was presented at a time when maximal phase 
delays were expected. Nasal illumination resulted in 
an immediate suppression of melatonin, but had no 
effect on subjective sleepiness or core body 
temperature (CBT). Nasal illumination delayed the 
subsequent melatonin rhythm by 78 min, which is 
significantly (p = 0.016) more than the delay drift in 
the dim light condition (38 min), but had no 
detectable phase shifting effect on the CBT rhythm. 
Temporal illumination suppressed melatonin less 
than the nasal illumination and had no effect on 
subjective sleepiness and CBT. Temporal 
illumination delayed neither the melatonin rhythm 
nor the CBT rhythm. The data show that the 
suppression of melatonin does not necessarily result 
in a reduction of subjective sleepiness and an 
elevation of CBT. 100 lux of bright white light is 
strong enough to affect the photoreceptors 
responsible for the suppression of melatonin, but 
not strong enough to have a significant effect on 
sleepiness and CBT. This may be due to the larger 
variability of the latter variables. 

 

 



N
as

al
 v

er
su

s 
te

m
p
o
ra

l 
re

ti
n
al

 i
llu

m
in

at
io

n
 

 89

Introduction 

The mammalian eye contains a third type of photoreceptor cell in addition to rods and 
cones (Berson, 2003). Animal studies proved these latter receptors to be intrinsically 
photosensitive retinal ganglion cells (Berson et al., 2002), most of them containing the 
novel photopigment melanopsin (Provencio et al., 2000; Hattar et al., 2002). Response 
characteristics and output pathways show that these ganglion cells function as 
irradiance detectors. By transmitting the light signal directly from the retina to the 
suprachiasmatic nucleus (SCN), the ganglion cells are involved in the entrainment of 
the circadian system to the light-dark cycle (Panda et al., 2002; Ruby et al., 2002; 
Hattar et al., 2003). They also contribute to the pupillary light reflex (Lucas et al., 
2001; Lucas et al., 2003; Hattar et al., 2003), and they play an important role in the 
suppression of melatonin by light (Lucas et al., 1999). Suppression of melatonin itself 
is associated with reduced nighttime sleepiness (Cajochen et al., 2000; Rüger et al., 
2003), and elevation of body temperature (French et al., 1990; Badia et al., 1991; 
Rüger et al., 2003).  

In humans little is known about the nature, distribution, and density of the 
circadian photoreceptors in the retina. Brainard et al. (2001b) have shown that 
melatonin concentration is more suppressed by light of 505 nm than could be expected 
if the cone system (peaking at 555 nm) were responsible. In a further study, Brainard et 
al. (2001a) established an action spectrum that proved wavelengths of 446-477 nm 
(peak wavelength 464 nm) to be most effective for melatonin suppression, as measured 
in plasma. This result was supported by Thapan et al. (2001), who also established an 
action spectrum for melatonin suppression. The authors concluded that their data 
support the involvement in the light induced melatonin suppression of a non-rod, non-
cone photoreceptor. The action spectrum that fitted the data best followed a rhodopsin 
template with a wavelength of λmax = 459 nm (Thapan et al., 2001). The findings on the 
involvement of the retinal ganglion cell system in melatonin suppression have recently 
been extended to circadian phase shifts. Lockley et al. (Lockley et al., 2003) 
demonstrated that blue light is more effective in inducing a phase shift of the biological 
clock than could be expected if the cone system were responsible for the phase shifts. 
Warman et al. (Warman et al., 2003) showed that short wavelength (blue light) is as 
effective in inducing phase shifts as white light with a longer wavelength, although the 
white light contained more energy (4300 µW/cm2) than the short wavelength light (28 
µW/cm2). Gaddy et al. (Gaddy et al., 1992; Gaddy et al., 1993) have shown that 
increasing corneal luminance is accompanied by increasing melatonin suppression in 
plasma and that pupil size does affect the amount of melatonin suppression 



significantly. Other studies focused on the distribution of circadian photoreceptors in 
the retina. Animal studies have revealed that circadian photoreceptors are not 
homogeneously distributed over the retina (Cooper et al., 1993; Hannibal et al., 2002).  

It would be of great interest to know whether this holds also for the human retina. 
Several functional studies have addressed this issue. Adler et al. (Adler et al., 1992) did 
not find a significant difference in melatonin suppression between illumination of the 
central and the peripheral visual field with a stimulus of 1000 lux. Visser et al. (Visser 
et al., 1999) showed that illumination of the nasal part of the human retina by a 4-hrs 
stimulus of 500 lux yielded a larger suppression of salivary melatonin than 
illumination of the temporal part, irrespective of whether the upper or lower part of the 
retina were illuminated. Lasko et al. (Lasko et al., 1999) compared salivary melatonin 
suppression in response to either 500 lux in the upper or in the lower visual field for 
three hours. The largest suppression of melatonin was obtained by the illumination of 
the upper visual field (the lower half of the retina). Glickman and colleagues 
(Glickman et al., 2003) explored the changes in plasma melatonin levels due to 90-min 
200 lux illumination of either the superior retina, the inferior retina, or the full retina. 
In contrast to the studies of Visser et al. (1999) and Lasko et al. (1999), the pupils of 
the subjects were pharmacologically dilated during the light exposure to control for 
differences in pupil size. Again the illumination of the inferior part of the retina caused 
the largest suppression of melatonin. This suggests either a higher density of receptors 
or a greater sensitivity per receptor cell in this part of the retina.  

All these studies focused on the immediate effects of illumination of the retina on 
melatonin secretion. The studies varied in the stimulus used (wavelength, intensity, 
duration), the illuminated part of the retina (temporal, nasal, superior, inferior), and 
pupil size (dilated vs. undilated). We have now extended these investigations on the 
retinal distribution of the circadian photoreceptor system to circadian responses. We 
combined the immediate effects of light exposure on melatonin and core body 
temperature with measurements of subjective sleepiness and tested whether light-
induced phase shifts depend on the area of the retina that is exposed. We compared the 
immediate and phase-shifting effects of temporal and nasal retinal illumination to dim 
light illumination (control condition) within one design. The timing of the light 
exposure was based on human phase response curves on ocular light pulses and chosen 
in such a way that maximal delays were expected (Honma and Honma, 1988; Minors 
et al., 1991; Beersma and Daan, 1993; Khalsa et al., 2003) 
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Methods 

Subjects 

A total of 7 female and 5 male healthy subjects (mean age: 21, SD ± 2.2 years) 
participated in the study. Subjects were screened by using a general health 
questionnaire and a Morningness-Eveningness-Questionnaire (Horne and Östberg, 
1976). Only non-smoking, non-extreme morning or evening types (i.e. subjects having 
MEQ scores between 31 and 69) were selected. Further exclusion criteria were eye 
problems such as farsightedness or shortsightedness, history of glaucoma or cataract, 
color blindness and night blindness. Subjects had to be without a history of psychiatric 
illness and had not traveled more than 1 time zone in the previous month. Female 
subjects not using oral contraceptives were tested in the luteal phase of their menstrual 
cycle, whereas female subjects taking oral contraceptive were tested during the phase 
they took a contraceptive with a stable hormone concentration. 

All subjects signed informed consent and were paid for their participation. The 
medical ethics committee of the University of Groningen approved the protocol. 

 

Time Isolation Facility 

The protocol included three stays of 2,5 days each in the time isolation facility. The 
facility, where neither daylight nor clock information are present, can host four 
subjects simultaneously in separate rooms. Subjects could read or study, listen to 
music, watch videos, or perform other non-physical activities. Light sources present in 
the isolation facility did not exceed 10 lux measured at eye level and direction of gaze 
at any position in the room.  

 

Experimental protocol 

The study took place from November 2002 till April 2003. The complete experimental 
protocol is summarized in Figure 1. Subjects entered the facility at 7 p.m. (Day 0). 
Electrodes were fitted for recording an electro-encephalogram (EEG) (2 channels C3-
A2; Fz-A1), electro-oculogram (EOG), and electromyogram (EMG). At the same time 
the test battery was introduced and explained and continuous measurement of rectal 
temperature started. At midnight subjects went to bed and the first sleep period (Sleep 
1) was recorded. The next morning (Day 1), subjects were woken up at 7 a.m. Then 
they had breakfast and took a shower. Until 2 p.m. subjects were free to read or watch 



videos. Between 2 and 3 p.m. the EEG electrodes were checked and ECG electrodes 
were attached. At 3 p.m. the subjects practiced the test battery and six minutes of 
wake-EEG (3 min. eyes open followed by 3 min. eyes closed) and ECG were recorded, 
and a saliva sample was collected for the determination of melatonin content. Fifteen 
minutes prior to each test battery (duration: approximately 15 min.) subjects had to 
remain seated upright in their chair without moving as the change of position is known 
to influence hormonal concentrations (Deacon and Arendt, 1994). Warm meals were 
scheduled at the same time for all subjects, snacks and beverages were available on 
request. No consumptions were allowed in the 45 minutes interval prior to the 
collection of a saliva sample. After each consumption the subjects had to rinse their 
mouth with water to prevent contamination of the next saliva sample.  

 

Day 1 Day 2 Day 3

0 7 18 0 4 6 14 18 0 2

sleep dim light awake nasal 100 lux dim light sleep dim light sleep
adaptation temporal 100 lux

dim 10 lux
performance
wake EEG 18 0 4 18 0 2

melatonin
selfratings
tympanic temperature
heart rate

sleep EEG sleep EEG sleep EEG

body temperature

?

 

Figure 1. Timetable of the experiment, black bars indicate the sleeping periods, grey 
bars the period of sustained wakefulness in dim light (< 10 lux), and white 
bars the period of light exposure during the whole experiment. The testing 
periods with hourly measurements (all measured variables are listed before 
the bracket) are indicated by black lines with tick marks on them. Continuous 
measurements (Sleep EEG and core body temperature) are indicated by black 
lines without tick marks.  

 

The first testing period (Testing 1) with hourly measurements started at 6 p.m. and 
lasted till 5 a.m. the next morning (Day 2). During this period of sustained 
wakefulness, from midnight until 4 a.m., the subjects were exposed to one of three 
light conditions (see below). From 6 a.m. till 2 p.m. (Day 2) the second sleep period 
(Sleep 2) was recorded.  At 2 p.m. (Day 2) subjects were woken up again; they had 
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breakfast and took a shower, and the second testing period (Testing 2) started which 
lasted till 2 a.m. of the next day (Day 3). From 2 a.m. onwards the third and last sleep 
period (Sleep 3) was recorded. Spontaneous sleep termination was recorded, i.e. 
subjects were instructed to sleep as long as they wanted and give a sign via the 
intercom when they felt refreshed and wanted to get up.  

 

Light exposure 

The light intensity was <10 lux during the whole experiment except for the period of 
light exposure (midnight until 4 a.m. on Day 2) and the sleeping periods (lights off = 0 
lux). During light exposure subjects were seated in a comfortable chair with headrest in 
front of a video monitor at a distance of 5 m and watched videos, thus retaining their 
eyes oriented towards the middle of the TV screen. Two light boxes (Bright Light®, 
Philips, Eindhoven, The Netherlands, with TL tubes PLL55W) were placed at the left 
and at the right relative to the direction of gaze of the subjects, at a distance of 100 cm 
from the eye. Parts of the light boxes were covered to leave a vertical rectangular field 
of illumination. With respect to the direction of gaze, the field of illumination ranges 
horizontally from 17.6 to 30 degrees, and vertically from -15.4 to + 15.4 degrees. All 
subjects could see the light source entirely with both of their eyes, which certifies that 
the two light sources illuminated equal areas of the retina. 

Subjects were then exposed individually either to 100 lux of temporal 
illumination, 100 lux of nasal illumination, or dim light (control condition, light 
intensity below 10 lux). Total irradiance of the 100 lux pulse was 340µW/cm2 with a 
photon density of 9.4 x 1013 photons/sec/cm2. In order to expose either the temporal or 
the nasal part of the retina exclusively, subjects wore individual adjustable helmets 
with black shields attached. In the temporal condition shields of black cardboard were 
attached to the left and right side of the helmet ensuring that light of the left Bright 
Light® box only entered the right eye of the subject and vice versa. For the nasal 
condition the shield was placed between the eyes and above and along the nose, so that 
the light of the left lamp entered the left eye and the light of the right lamp only entered 
the right eye (for details see Visser et al., 1999). In the dim light condition subjects 
wore the helmets without shields. Great care was taken to position the light sources at 
exactly equal distance from the eyes (100 cm) in all conditions.  

 



Pupil dilation 

To minimize the effect of variations in pupil size (Gaddy et al., 1993) one and a half 
hour before light exposure (at 10:30 p.m.) one droplet of 1% cyclopentolate 
hydrochloride (Bournonville-Pharma, the Hague, the Netherlands) was administered to 
both eyes of the subjects. The treatment was repeated at 11:30 p.m. In addition to pupil 
dilation, cyclopentolate rendered it impossible for the subjects to accommodate their 
eyes. The corresponding visual problems were compensated with adequate spectacles. 
The problems were over within 24 h.  

 

Core body temperature 

Core body temperature (CBT) was measured continuously online with the PUCK 
Temperature Telemetry system (Ambulatory Monitoring, Inc., Ardsley, NY, U.S.A.), 
consisting of an ambulant rectal thermometer, a transmitter, and a receiver. Data were 
stored at 1-min. intervals. Due to sanitary requirements and technical problems there 
were missing data that were linearly interpolated. In total this concerned 4 % of the 
CBT data. Furthermore we replaced two hours of the signal through linear 
interpolation each time the subjects had a shower (twice during the whole experiment; 
on Day 1 and on Day 2). 

To assess the light induced phase shift, a running average of one hour was 
calculated for the period from 9 p.m. of the first evening until 6 a.m. of the third day. 
To reduce the sensitivity to noise fluctuations, the maximum, minimum, and midrange 
of CBT values were calculated after leaving out the 10% highest and lowest values. 
The crossing points of the CBT curves with the midrange were defined as ‘rise’ points 
and ‘drop’ points and served as circadian markers. The possible phase shifts in CBT on 
the third day were corrected for the circadian phase of the first day and tested with 
repeated measures ANOVA. 

Immediate effects of the different light conditions on CBT were tested with 
repeated measurement ANOVA for the factors condition (nasal, temporal, and dim), 
exposure (before: 9, 10, 11, and 12 p.m. vs. during: 1, 2, 3, and 4 a.m.). The interaction 
effect of condition and exposure will be presented. 
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Melatonin 

Melatonin concentrations were measured in saliva. Saliva samples were taken every 
hour prior to the test battery. Saliva was collected using Sarstedt Salivettes® (Sarstedt 
BV, Etten-Leur, The Netherlands) with a polyester swab. Samples were centrifuged 
immediately and stored at –20 C. Melatonin concentration was determined by means of 
a RIA immunoassay (Rabbit antibody supplied by Stockgrand Ltd., Guildford Surrey, 
UK:, SAC-Cel anti-Rabbit by Lucron Bioproducts, Gennep, The Netherlands; 2-[125] 
Iodomelatonin by Amersham Biosciences, Roosendaal, The Netherlands). 

The limit of detection for the RIA was 0.39 pg/ml with an intra-assay variation of 
11 % at a low melatonin concentration (mean 5.02 pg/ml, n = 15) and 9 % at a high 
melatonin concentration (mean 88.50 pg/ml, n = 15). Inter-assay covariance was 16.79 
% at a low melatonin concentration (mean 4.41pg/ml, n = 18) and 13.11 % at a high 
concentration (mean 73.44 pg/ml, n = 18). 

Dim Light Melatonin Onset (DLMO) was used as a phase marker and calculated 
per individual per condition. DLMO was defined as the time at which the melatonin 
profile of an individual crossed a threshold of 25% of the maximum value reached 
during the first night of the DIM light condition. If this relative threshold value was 
below 5 pg/ml, an absolute value of 5 pg/ml was used, in order to avoid approaching 
the lower detection limit. DLMO was determined by linear interpolation between the 
last sample with a lower and the first sample with a higher concentration than the 
threshold value. The shift in DLMO on the second night relative to the first night of the 
temporal and nasal condition was tested against the shift in the dim light condition 
using repeated measures ANOVA with the factors night and condition and included 
eleven subjects. Immediate effects on melatonin concentration were tested with 
repeated measurement ANOVA for the factors condition (nasal, temporal, and dim), 
exposure (before: 9, 10, 11, and 12 p.m. vs. during: 1, 2, 3, and 4 a.m.) and their 
interaction. 

 

Sleepiness 

The test battery that subjects had to complete once per hour on a PC consisted of 
questionnaires and performance tests. Questionnaires included the Visual Analogue 
Scale for Fatigue (VAS-F) (Lee et al., 1991) and the Karolinska Sleepiness Scale 
(KSS) (Åkerstedt and Gillberg, 1990) to assess subjective sleepiness. Immediate 
changes in sleepiness were tested for the period before exposure (9, 10, 11, and 12 



p.m.) versus the period during light exposure (1, 2, 3, and 4 a.m.) by repeated measures 
ANOVA. To test for possible phase shifts in the rhythm of sleepiness, “sleepiness 
onset” was determined per individual per condition. The threshold we used as criterion 
for sleepiness onset was the minimum score plus 25 % of the difference between the 
minimum and the maximum in the dim light condition per person. The sleepiness onset 
time points were determined by linear interpolation between the last sleepiness score 
with a lower and the first sleepiness score with a higher value than the individual 
criterion.  
 

Results 

Immediate effects 

Figure 2 (upper panel) shows that the circadian drop in core body temperature (CBT) 
during the 4 hours of nasal and temporal illumination is not different from the 
circadian drop of CBT in the control condition. ANOVA with repeated measures 
revealed no significant differences between conditions (F (2, 10) = 0.122, p > 0.1). 

The middle panel of Figure 2 shows a clear suppression of melatonin 
concentration during both experimental conditions compared to the dim light 
condition. The same statistical approach as for the CBT analyses was used for the 
melatonin concentration. The ANOVA revealed a significant effect of condition (F (2, 
10) = 12.27, p = 0.002). A further ANOVA for repeated measurements revealed a 
significant suppression of melatonin in the nasal relative to the dim light condition (F 
(1, 11) = 34.681, p = 0.000), as well as for the temporal versus the dim light condition 
(F (1, 11) = 12.272, p = 0.005). There was also a significant difference between the 
temporal and the nasal condition with the greatest suppression of melatonin found in 
the nasal light condition (F (1,11) = 22.369, p = 0.001).  

Immediate effects of the different light conditions on subjective sleepiness were 
also tested using an ANOVA with repeated measurements. As can be seen in Figure 2 
(lower panel), levels of sleepiness rose continuously over the whole period of 23 hours 
of sustained wakefulness. ANOVA with repeated measures showed no significant 
differences between the conditions (F (2,10) = 0.723, p > 0.5).  
Figure 2. The course of  core body temperature (upper panel), melatonin concentration 

(middle panel), and subjective sleepiness (lower panel) before, during, and 
after the light exposure. The hatched bar indicates the period of light 
exposure (midnight till 4 a.m.). Repeated measures ANOVA for the four 
hours before (9, 10, 11, and 12 pm.) against the four hours during (1, 2, 3, and 
4 a.m.) light exposure revealed no significant condition effect of the different 
light conditions on CBT (p > 0.1) and sleepiness (p > 0.5), but on melatonin 
concentration (p = 0.002). 
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Phase-shifting effects 

In Figure 3 the course of CBT is shown, using a 1-h running average for the period of 9 
p.m. on day 0 until 6 a.m. on day 3. The “rise” and “drop” points of CBT are marked. 
Mean rise and drop times are listed in Table 1. The standard deviations on day 1 
indicate that subjects varied considerably in their circadian phase on day 1. Therefore 
we calculated the shift in response to the different light conditions relative to the phase 
on day 1. Concerning the rise of CBT, the shifts were +30 ± 100 min. (dim light 
condition), +46 ± 97 min. (nasal light condition), and of -41 ± 89 min. (temporal 
condition). For the drop of CBT the shifts were 0 ± 133 min (dim condition), -55 ± 98 
min (nasal condition), and -73 ± 83 min. (temporal condition). Repeated measures 
ANOVA showed neither a significant difference for the shift in the rise points (F (2,7) 
= 1.864, p > 0.1) nor a significant difference for the shift of the drop points of core 
body temperature (F (2,5) = 0.500, p > 0.5).  
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Figure 3. The course of core body temperature (CBT) for the whole period of the 
experiment. The line graphs represent a 1-hour running average for each 
group (dim condition: n = 10, nasal condition: n = 9, and temporal 
condition: n = 10), plus “rise”  and “drop” (mean ± sem) points of CBT for 
the first (left rise and drop points) and the third day (right rise and drop 
points). Dim rise and drop points are indicated by filled circles, nasal rise 
and drop points are open circles, and temporal rise and drop points are 
triangles. The hatched bar indicates the period of light exposure. Repeated 
measures ANOVA showed neither a significant difference between the shift 
of the rise points (p > 0.1) nor the shift of the drop points of core body 
temperature (p > 0.5). 
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Table 1. Average Rise and Drop times of CBT on the first and the second day (left part) 
and average DLMO times for the first and the second night, including change 
scores from the first to the second night, (n = 11) (mean ± sd).  

 
 DLMO CORE BODY TEMPERATURE 

 1st Night 
DLMO 
times 

2 nd Night 
DLMO 
times 

Difference 
1st – 2nd  
Night 

First Day 

Rise Times  Drop Times 

Second Day 

Rise Times Drop Times 

Dim 21:32 p.m. 

sd ± 52 min 

22:10 p.m. 

sd ± 74 min 

-38 min 

sd ± 37 min 

10:41 a.m. 

sd ± 135 

min 

11:44 p.m. 

sd ± 126 

min 

10:11 a.m. 

sd ± 77 

min 

11:44 a.m. 

sd ± 76 

min. 

Nasal 21:45 p.m. 

sd ± 70 min 

23:12 p.m. 

sd ± 85 min 

- 78 min. 

sd ± 28 min 

11:37 a.m. 

sd ± 121 

min 

00:08 a.m. 

sd ± 113 

min 

10:52 a.m. 

sd ± 142 

min 

01:04 a.m. 

sd ± 62 

min 

Temporal 21:41 p.m. 

sd ± 69 min 

22:44 p.m. 

sd ± 87 min 

- 63 min 

sd ± 29 min 

10:20 a.m. 

sd ± 104 

min 

11:06 p.m. 

sd ± 119 

min 

11:03 a.m. 

sd ± 67 

min 

00:19 a.m. 

sd ± 115 

min. 

 

Figure 4 (upper panels) shows the melatonin profile and DLMOs of the first 
(panel A) and the second night (panel B) for those eleven subjects of whom DLMO on 
the first night could be calculated in all three conditions. Average DLMO times are 
also listed in Table 1. The overall repeated measurements ANOVA comparing all three 
conditions in a single test revealed a trend for the interaction between condition x night 
(F (2,9) = 3.772, p = 0.065). Tested with a repeated measures ANOVA we found a 
significant delay of DLMO in the nasal condition (-78 ± 29 min) compared to the dim 
condition (-38 ± 37 min) (F (1,10) = 8.277, p = 0.016). There was a trend for the delay 
of DLMO in the temporal condition (-63 ± 28 min) compared to the dim light 
condition (F (1,10) = 3.889, p = 0.077) and no significant effect for the comparison 
with the nasal condition (F (1,10) = 2.851, p = 0.122). 

The lower panels of Figure 4 show the course of sleepiness for the first night 
(panel C) and the second night (panel D). “Sleepiness onset” could only be calculated 
for the second night, because for the first night, less than 50 % of the subjects met the 
chosen criterion because they lacked a clear rise in sleepiness. The “onset time points” 
for each condition are marked, including the maximal number of subjects per 
condition. Due to fluctuations in sleepiness scores, “onset times” could not always 
unequivocally be determined. This hampered comparisons between conditions. Since 



complete sets of “onset times” were available for 7 subjects, we only compared 
conditions pairwise. We found no significant differences in the rhythm of sleepiness 
when comparing the nasal to the dim condition (t (1,7) = -0.277, p >0.5), the temporal 
to the dim condition (t (1,9) = 0.025, p > 0.5) or the nasal to the temporal condition (t 
(1,6) = 0.412, p = 0.5). To explore whether the same photoreceptors are responsible for 
immediate and phase shifting effects, we calculated the correlation between melatonin 
suppression and phase shift (Figure 5). The amount of melatonin suppression in the 
experimental conditions is expressed as the mean of the light exposure period (1-4 
a.m.) relative to dim light and correlated (Pearson) with the size of the phase shift on 
the second day relative to the first. We found a positive correlation between the amount 
of suppression and size of phase shift (r = 0.486, p = 0.019), i.e. more suppression of 
melatonin resulted in larger phase shifts.  
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Figure 4. The mean courses (n = 11) of melatonin concentration and subjective 
sleepiness for the pre stimulus (panel A and C) and the post stimulus day 
(panel B and D), including DLMO rise and sleepiness onset times (mean ± 
sem). A repeated measures ANOVA showed a significant delay of DLMO in 
the nasal condition (p = 0.016) and a trend in the temporal condition ( p = 
0.077) when compared to the shift in the dim light condition. Average 
sleepiness onset times are depicted for the maximal number of subjects per 
condition (dim = 12, nasal = 8, temporal = 10) and tested with a paired t-
test, revealing no significant differences in sleepiness onsets between 
conditions (nasal vs. dim: t(1,7) = -0.277, p >0.5, temporal vs. dim t(1,9) = 
0.025, p > 0.5, and nasal vs. temporal: t(1,6) = 0.412, p = 0.5). 
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Figure 5. The correlation of the average melatonin concentration (during the light 

period) in the nasal and temporal condition relative to dim, and the shift of 
melatonin.  

 

 



Discussion 

The aim of our study was to investigate possible functional differences between the 
photoreceptors in the nasal and the temporal part of the human retina. This might be 
helpful in suggesting whether the same circadian photoreceptors that mediate the 
melatonin suppression in humans are also responsible for phase shifts. For this reason 
we extended the design of the Visser et al. (1999) study to a 2.5 day protocol, which 
enabled us to study at least first cycle phase shifts. Furthermore, we added the 
measurement of psychological and physiological variables (subjective sleepiness and 
wake/sleep EEG) to the protocol, and we dilated the subjects’ pupils to exclude 
interference of pupillary responses.  

Regarding the immediate effects, the data show that 4-h of 100 lux of nasal 
illumination of the retina led to significantly greater melatonin suppression than 
temporal illumination, despite equal size of exposed areas. Using 2 hours of 500 lux 
(undilated pupils), Visser et al. (1999) found a melatonin suppression of 33% in the 
nasal condition at the end of their light period (03:30) relative to the average of the 
prestimulus melatonin concentration values at 00:45 and 1:30 a.m. In the present study, 
we found a melatonin suppression of 39 % in the nasal condition at the end of the light 
period at 4 a.m. (dilated pupils) relative to melatonin concentration at 11 and 12 p.m. 
In the lack of a dim light control condition in the study by Visser et al. (1999), we can 
mainly compare final melatonin concentration upon nasal stimulation relative to 
temporal stimulation. The ratio amounts to 0.54 for Visser et al. (1999) versus 0.59 in 
the present study. The similarity of the results demonstrates that the different responses 
of the nasal and temporal retinal areas are not due to differences between conditions in 
pupillary constriction. Although most studies mention local differences in density of 
light sensitive retinal ganglion cells across the retina (Provencio et al., 2000; Berson et 
al., 2002; Hattar et al., 2002; Hannibal et al., 2002), only the paper by Hannibal and 
colleagues provides a quantitative estimate of the differences across the retina, which 
was quantified for the rat. The concentration of melanopsin containing retinal ganglion 
cells is reported to be 4- to 5-fold higher in the superior half of the rat retina. The 
orientation of the borderline between superior and inferior halves of the retina has not 
been specified by Hannibal et al. (2002). Glickman et al. (2003) compared melatonin 
suppression upon light exposure of superior and inferior parts of the human retina. 
They showed larger suppression of melatonin upon exposure of the inferior retina. 
Combining our data with those collected by Glickman et al. (2003) we must conclude 
that in humans (1) substantial differences in the density of light sensitive retinal 
ganglion cells occur across the retina, and (2) that a significant gradient in density is 
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present both in the horizontal and in the vertical direction. The highest density of these 
retinal ganglion cells occurs in the inferior nasal area of the retina. Studies to test these 
differences at the anatomical level remain to be performed.   

The suppression of melatonin was not accompanied by a reduction of subjective 
sleepiness and/or a reduction of the circadian drop in CBT. These findings are in 
contrast with earlier results on full retinal bright light exposure (Badia et al., 1991; 
Cajochen et al., 2000; Rüger et al., 2003), where a reduction of sleepiness and a 
reduction of the circadian drop of CBT were associated with the suppression of 
melatonin. Based on our current results we have to conclude that 100 lux of nasal and 
temporal illumination of the human retina are strong enough to significantly suppress 
melatonin, but not strong enough to influence CBT or subjective sleepiness 
significantly. Clearly, the suppression of melatonin does not necessarily result in a 
reduction of subjective sleepiness, as studies of daytime bright light exposure indicate 
(Rüger et al., 2002). Phipps-Nelson and co-workers (Phipps-Nelson et al., 2003) found 
a reduction of subjective sleepiness and an improved performance by light in the 
absence of melatonin.  

The results on possible phase shifts in melatonin, CBT, and sleepiness are 
inconsistent. On the one hand, nasal illumination resulted in a delay of the melatonin 
rhythm by -78 min, which falls into the range of delays obtained by full retinal 
exposure to bright light during the night (Kubota et al., 2002; Rüger et al., 2003). On 
the other hand we found no phase shift of the CBT rhythm in the nasal condition. The 
discrepancies between the shifts in melatonin and core body temperature might be due 
to differences in inherent fluctuations (Klerman et al., 2002). CBT is much more 
sensitive to masking influences than melatonin. Finally, the course of subjective 
sleepiness was not delayed by partial illumination of the human retina. This result is in 
accordance with earlier findings that 4-h of whole retinal bright light exposure did not 
shift the course of sleepiness (Rüger et al., 2003). It is clear from our data that 
sleepiness scores show too much intra-individual variation, thereby masking genuine 
circadian phase shifts. A further explanation for the failure to show shifts in core body 
temperature and sleepiness rhythms might be our protocol. We did not use a constant 
routine or constant posture protocol as in other studies (Lockley et al.,2003; Warman et 
al., 2003), i.e. the movements of our subjects were limited but not totally restricted and 
their food intake was scheduled but not matched in an isocaloric way. Since sleep 
timing was necessarily different between day 1 and day 2, those masking influences 
differed also. The calculated phase shifts of core body temperature and sleepiness are 
contaminated by masking. For sleepiness, the masking was not due to light exposure or 



sleep, since the rise points were found outside the intervals in which light exposure and 
sleep were scheduled. For core body temperature, in all but one case, the rise times 
were found outside the interval of light exposure. Yet rise times and drop times of core 
body temperature sometimes occurred during wakefulness and sometimes they 
occurred during sleep. The shifts in body temperature were therefore masked by sleep 
and wakefulness. However, since the timing of the masking events is identical for all 
subjects, it should have been possible to see systematic effects of conditions against the 
backgrounds of the masked signals. A further limitation to our study is the short period 
of pre-adaptation. A longer period might have reduced the variation between subjects 
and created more stable baseline levels of core body temperature and sleepiness.    

Nonetheless, both the suppression of melatonin and the circadian phase shift of 
the DLMO were greater following nasal illumination. This suggests that they may 
exploit the same photoreceptors, which appear to be either more numerous or more 
sensitive in the nasal part of the retina. We correlated the amount of melatonin 
suppression in the experimental conditions during the light exposure (1-4 a.m.) and the 
size of phase shift of melatonin and found a significant positive relation between them 
(r = 0.486, p = 0.019), i.e. subjects that showed more melatonin suppression had 
greater phase shifts (Figure 5). The failure to find further effects on CBT and 
sleepiness might be due to the fact that the stimulus used was not strong enough or that 
those variables show larger variability. 
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Abstract In this paper we examine the relationship between 
melatonin suppression and reduction of sleepiness 
through light by comparing three different data sets. 
In total 36 subjects participated in three studies and 
received four hours of bright light either from 
midnight till 4 a.m. (experiments A and B) or from 
noon till 4 p.m. (experiment C). In experiment A 
(nighttime light, partial illumination of the retina, 
pupil dilated) subjects were exposed to either 100 
lux of ocular light on the temporal, 100 lux on the 
nasal part of the retina, or <10 lux of dim light on 
the whole retina. In experiments B (nighttime light, 
whole retina, pupil not dilated) and C (daytime 
light, whole retina, pupil not dilated) subjects were 
exposed either to bright (5000 lux) or to dim light 
(<10 lux). Subjective sleepiness/fatigue and 
melatonin concentrations in saliva were assessed 
hourly in all three experiments. For experiment A, a 
significant suppression of melatonin due to nasal 
and temporal illumination of the retina was found, 
that was not accompanied by a detectable reduction 
of subjective sleepiness/fatigue. For experiment B 
we found a suppression of melatonin that was 
paralleled with a significant reduction in subjective 
sleepiness, but not in fatigue. During experiment C 
we found no melatonin suppression but a reduction 
of subjective sleepiness, but also no effect on 
fatigue. From these data we conclude that the 
effects of light on sleepiness/fatigue are not 
mediated by melatonin and that the influence of 
endogenous melatonin concentration on 
sleepiness/fatigue is restricted. 
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Introduction 

Bright light exposure at nighttime is known to suppress melatonin in humans 
immediately (Lewy et al., 1980). Several studies showed that the bright light induced 
melatonin suppression is accompanied by a reduction of subjective sleepiness 
(Campbell et al., 1995; Cajochen et al., 2000; Rüger et al., 2003), an enhancement of 
alertness (Badia et al., 1990; Campbell and Dawson, 1990; Badia et al., 1991; Dawson 
and Campbell, 1991; Myers and Badia, 1993), and an improvement of mood and 
performance in healthy subjects (Daurat et al., 1993; Foret et al., 1998; Partonen and 
Lonnqvist, 2000). Exogenously administered melatonin enhances sleepiness (Dollins et 
al., 1994; Graw et al., 2001; Cajochen et al., 2003; Rogers et al., 2003), impairs 
performance (Graw et al., 2001; Rogers et al., 2003), and blocks the elevation of body 
temperature in response to bright light exposure (Strassman et al., 1991). The soporific 
effects of exogenous melatonin administration seem to be dose-dependent as two 
studies by van den Heuvel and colleagues show (1998, 1999). Low doses of exogenous 
melatonin during daytime (i.e. in the range of nocturnal melatonin production) reduced 
the daytime rise in core body temperature significantly, but had no effect on subjective 
sleepiness. Supraphysiological levels of melatonin during daytime on the other hand 
resulted in attenuation of core body temperature and in increase in sleepiness. Using 
comparable doses of melatonin, Singer et al. (2003) failed to show a soporific effect of 
melatonin in a group of Alzheimer patients.  

Although these data suggest that endogenous melatonin is a primary causal factor 
in determining sleepiness and fatigue, either by itself or via its effect on body 
temperature (Badia et al., 1993; Gilbert et al., 1999), this can certainly not be the whole 
story. The sleepiness and fatigue reducing effects of light are not solely regulated by 
melatonin suppression or by changes in body temperature, since light exposure during 
daytime (i.e. when melatonin is not secreted and body temperature does not seem to be 
influenced by light) does lead to reduced subjective sleepiness and improved 
performance (Rüger et al., 2002; Phipps-Nelson et al., 2003). Sleepiness and 
performance changes over the 24-h cycle are known to be dependent of both the 
duration of waketime and of circadian phase (Dijk et al., 1992) independent from the 
presence of melatonin. In nocturnal animals activity even occurs during the night when 
melatonin is high and sleep during the day when melatonin is low. 

In this paper we investigated the nature of the relationship between melatonin 
suppression and reduction of sleepiness/fatigue by using three different data sets 
obtained in light exposure experiments published earlier (Rüger et al., 2002; Rüger et 
al., 2003). In total 36 subjects participated in the three studies and they were exposed 



to various light stimuli, ranging from 100 lux of partial retinal illumination to 5000 lux 
whole retinal illumination between midnight and 4 a.m. or noon till 4 p.m., 
respectively.  

 

Methods 

Subjects 

A total number of 36 subjects (29 males ands 7 females, mean age 21.91 years, SD = 
2.03) participated in the experiments, 12 in each of them. Subjects were screened using 
a general health questionnaire and a Morningness-Eveningness-Questionnaire (Horne 
and Östberg, 1976). Only healthy, non-smoking, non extreme morning or evening 
types (i.e. only MEQ scores between 31 and 69 were accepted) without eye problems 
such as farsightedness or shortsightedness, history of glaucoma or cataract, colour 
blindness and night blindness were included. Subjects had to be without current 
medication, history of psychiatric illness, and must not have travelled more than one 
time-zone within the month preceding the experiment. Female subjects not using oral 
contraceptives were tested in the luteal phase of their menstrual cycle, whereas female 
subjects taking oral contraceptives were tested during the phases they took a 
contraceptive by which a stable hormone concentration ensues. All subjects signed 
informed consent and were paid for their participation. The medical ethics committee 
of the University of Groningen approved the protocol. 

 

Experimental protocol 

The experimental designs of the three experiments are summarized in Figure 1. All 
three experiments took place in the Time Isolation Facility of the University of 
Groningen, where neither clock information nor daylight is present. For a detailed 
description of the facility see Rüger et al. (2003). Experiment A (Rüger et al., 2005) 
consisted of an adaptation night (Day 0), followed by a period of 23 hours of sustained 
wakefulness, starting at 7 a.m. on Day 1. The first testing period started at 6 p.m. and 
lasted till 5 a.m. the next morning (Day 2). It included the hourly collection of saliva 
samples to determine melatonin concentration and hourly tests on the computer, 
including the questionnaires to assess sleepiness and fatigue. Within the testing period, 
subjects received either 100 lux of ocular light on the nasal part of both retinas, 100 lux 
of ocular light on the temporal part of both retinas, or less than 10 lux on the whole 
retina (control condition) from midnight till 4 a.m. Experiment B (see Rüger et al., 
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2003) also consisted of an adaptation night (Day 0) at the lab, followed by a period of 
26-h of sustained wakefulness. The first testing period with hourly measurements 
(including saliva samples and test battery) started at 6 p.m. on Day 1 and lasted until 9 
a.m. on Day 2. During this period subjects received either 5000 lux of bright white 
light or dim light (< 10 lux, control condition) from midnight till 4 a.m. In experiment 
C the first testing period (including saliva samples and test battery) started at 6 p.m. on 
Day 0, followed by an adaptation night. Subjects woke at 7 a.m. the following day 
(Day 1) and the second testing period started at 9 a.m., lasting till midnight. Within this 
period, subjects received either 5000 lux of bright light or less than 10 lux of dim light 
from noon till 4 p.m.. In all three experiments, during the periods they had to stay 
awake, subjects were monitored closely by cameras to ensure they were not falling 
asleep. 
 

 

16 24 7 24 4 6 time (h)

 
Figure 1. Experimental design of the three experiments. Upper part of the figure: 

nighttime experiments, lower part daytime bright light experiment. Wake 
periods in dim light (<10 lux) are indicated by grey bars, sleeping periods by 
hatched bars, and periods of light exposure by white bars. 

(2) 5000 lux whole retina 

A A

B B

16 24 7 12 16 24 time (h)

C C

A experimental period of A: 
(1) dim light <10 lux 
(2) 100 lux temporal retina sleep period
(3) 100 lux nasal retina 

wake period <10 lux
experimental period of B: B
(1) <10 lux whole retina 
(2) 5000 lux whole retina 

experimental period of C: C
(1) <10 lux whole retina 



Light exposure 

Except for the periods of light exposure and sleep (0 lux) the level of illumination was 
less than 10 lux throughout all three experiments. We used Bright Light® boxes 
(Philips, Eindhoven, The Netherlands) for the light exposure in all three experiments. 
Figure 2 shows the spectral distribution of this light source.  
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Figure 2. Spectral distribution of the light TL tubes PL55W used in the Bright Light® 

boxes. 

 

In experiments B and C the light boxes were placed in front of the subject 
vertically next to a computer screen. Subjects remained seated in front of the computer 
screen during the four hours of the light exposure. Luminance was 5000 lux at eye 
level, measured in the direction of gaze. During the time of light exposure, subjects had 
to complete a test battery hourly. In the intervals between tests they were allowed to 
read in front of the computer. It was not allowed to use the computer except for the test 
batteries. In experiment A, subjects were seated in a comfortable chair with a headrest 
in front of a video monitor at a distance of 5 m and watched videos, thus keeping their 
eyes fixed towards the middle of the TV screen. Two Bright Light® boxes were placed 
at an angle of 30° at the left and at the right relative to the direction of gaze of the 
subjects. To ensure that either the temporal or the nasal part of both retinas was 
illuminated exclusively, subjects wore helmets with black shields attached. In the 
temporal condition shields of black cardboard were attached to the left and right side of 
the helmet ensuring that light of the left Bright Light® box only entered the right eye of 
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the subject and vice versa. For the nasal condition the shield was placed between the 
eyes and above and along the nose, so that the light of the left lamp entered the left eye 
and the light of the right lamp only entered the right eye (for details see Visser et al., 
1999; Rüger et al., 2005). In the dim light condition subjects wore the helmets without 
shields. In all three conditions of experiment A the pupils were dilated during light 
exposure by administering two droplets of cyclopentolate beforehand.   

 

Melatonin  

Melatonin concentration was measured in saliva. Every hour subjects gave a sample 
before filling in the questionnaires on the computer. The 15 min. prior to each sample, 
subjects had to remain seated in front of the test computer, as posture is known to 
influence hormonal concentrations (Deacon and Arendt, 1994). No consumptions were 
allowed in the 45 minutes interval prior to the saliva samples. After each consumption 
the subjects had to rinse their mouth with water to prevent contamination of the next 
saliva sample. Saliva was collected using Sarstedt Salivettes® (Sarstedt BV, Etten-Leur, 
The Netherlands) with a polyester swab. Samples were centrifuged immediately and 
stored at –20 °C. Melatonin concentration was determined by means of a RIA 
immunoassay (Rabbit antibody supplied by Stockgrand Ltd., Guildford Surrey, UK; 
SAC-Cel anti-Rabbit by Lucron Bioproducts, Gennep, The Netherlands; 2-[125] 
Iodomelatonin by Amersham Biosciences, Roosendaal, The Netherlands).  

The limit of detection for the RIA in the three experiments was 0.39 pg/ml with an 
intra-assay variation between 11 and 14.5 % at a low concentration (5 pg/ml) and 
varying between 9 and 13.7 % at a high concentration (92 pg/ml). Inter-assay 
covariance varied from 11.9 % to 17 % at a low melatonin concentration (4.7 pg/ml) 
and between 12.2 % and 16 % at a high melatonin concentration (63 pg/ml). 

 

Sleepiness and Fatigue 

Subjective sleepiness and fatigue were assessed hourly with the help of two 
questionnaires, the Karolinska Sleepiness Scale (KSS) (Åkerstedt and Gillberg, 1990) 
and the Visual Analogue Scale for fatigue (VAS-F) (Lee et al., 1991). We used these 
two questionnaires to capture the different aspects resulting from the sustained 
wakefulness our subjects were undergoing. The questionnaires were presented 
electronically on a computer screen.  

 



Statistical Analyses 

The immediate effects of the various light treatments on the KSS and the VAS-F 
scores, and the melatonin concentration were tested with a paired t-test (including 
statistical powers and effect sizes (Cohen‘s d of the comparisons - (Cohen, 1988)), 
comparing the mean values during light exposure (1, 2, and 3 a.m. for the two night 
time bright light experiments and 1, 2, and 3 p.m. for the daytime bright light 
experiment) with the mean values during the control condition (dim light). The 
midnight and 4 a.m. or 4 p.m. measurements, respectively, were not taken into account 
because the lights had just been switched on or off, respectively. Since the elimination 
half life of melatonin is about 40 min (Dawson et al., 1996; Cavallo and Ritschel, 1996) 
this means that after 1 hour of light exposure most of the melatonin circulating in prior 
dim light is eliminated. 

To test whether a suppression of melatonin is associated with a reduction of 
sleepiness and fatigue we calculated the Spearman rank order correlation coefficient. 
Sleepiness, fatigue scores, and melatonin concentrations were expressed as differences 
between the mean values during the light and the control condition for experiments A 
and B.  For the suppression of sleepiness and fatigue absolute differences were used. 
For melatonin suppression, however, the large inter-individual variation prompted us 
to express the differences as a fraction of the corresponding value of the dim light 
condition. Due to the fact that there are very low melatonin concentrations during 
daytime, no correlations could be calculated for experiment C. 

 

Results 

Figure 3 gives an overview of the light responses in experiments A, B, and C. From 
top to bottom the results for the Karolinska Sleepiness Scale (KSS), the Visual 
Analogue Scale for fatigue (VAS-F), and melatonin concentration for experiment A 
are presented. The upper left panel shows that there was no difference between KSS 
scores in the three conditions, independent of which part of the retina was illuminated 
(dim vs. temporal: t (1,11) = 1.167, p = 0.268, dim vs. nasal: t (1,11) = 1.856, p = 
0.090). The middle left panel shows that neither temporal illumination (t (1,11) = 1.598, 
p = 0.138) nor nasal illumination did reduce the subjective fatigue ratings compared to 
the dim light condition (t (1,11) = 0.786, p = 0.448). The lower left panel of the first 
column shows the melatonin concentration in the three conditions. There was a 
significant reduction of melatonin concentration under temporal illumination compared 
to dim light (t (1,11) = 3.943, p = 0.002, d = 0.64, power = 0.32), as well as under nasal 
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illumination compared to dim light (t (1,11) = 6.993, p = 0.000, d = 2.04, power >0.99). 
Also, nasal and temporal illumination yielded a significantly different suppression of 
melatonin (t (1,11) = 4.630, p = 0.001). 
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Figure 3. Mean ± SEM values for KSS, VAS-f, and melatonin during light exposure 

compared to control conditions (exp. A & B: 1, 2, and 3 a.m., exp. C: 1, 2, 3 
p.m.). * denotes p<0.05, # denotes p<0.01. 

 

 



The middle column of Figure 3 shows the results on KSS, VAS-F and Melatonin 
for experiment B. There was a significant reduction of subjective sleepiness under 
ocular light compared to the dim light condition (t (1,11) = 2.529, p = 0.028, d = 0.94, 
power = 0.59). This reduction was not found for the fatigue ratings on the VAS-F (t 
(1,11) = 1.650, p = 0.127). Yet, there was a significant reduction of melatonin under 
ocular light compared to the dim light condition (t (1,11) = 5.554, p = 0.000, d = 1.96, 
power  > 0.99). The third and last column of Figure 3 shows the results of experiment 
C. The upper panel shows a significant reduction of subjective sleepiness under bright 
ocular light compared to the dim light condition (t (1,11) = 3.533, p = 0.005, d = 0.78, 
power = 0.44). This reduction of sleepiness was not accompanied by a similar 
reduction in the fatigue ratings of the VAS-F (t (1,11) = -0.132, p = 0.897).  There was 
also no significant difference between the melatonin concentrations under bright and 
dim light during the day (t (1,11) = -0.629, p = 0.542).  

Combining two studies in one analysis we analyzed whether a monotonous 
correlation exists between the suppression of melatonin and the suppression of 
sleepiness or fatigue by ocular light. Experiment C was left out because no suppression 
of melatonin could be measured, due to the very low melatonin levels at daytime. The 
left panel of Figure 4 shows that there was no significant inter-individual correlation 
(Spearman) between the change in sleepiness (KSS scores) and the change in 
melatonin concentration during light exposure (n = 36, rs =,-0.085 p = 0.623) for 
experiments A and B. The right panel of Figure 4 shows no significant correlation 
(Spearman) between the change in fatigue (VAS-F scores) and the change in melatonin 
concentrations (n =36, rs = -0.062, p = 0.720). 
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Figure 4. Correlation (Spearman) between mean melatonin suppression (relative 
values) and mean sleepiness suppression (absolute values) (left panel), and 
fatigue suppression (absolute values), respectively (right panel) for the last 
three hours of the four hour light exposure. 

 

Discussion 

In this paper we examined the relationship between the suppressive effects of light on 
(endogenous) melatonin concentration and on sleepiness/fatigue. For this purpose we 
compared three different datasets from experiments published elsewhere (Rüger et al., 
2002, 2003, 2005) which varied in stimulus intensity (<10 lux, 100 lux, 5000 lux), time 
of exposure (midnight till 4 a.m. vs. noon till 4 p.m.) and retinal area exposed to the 
stimulus (whole retinal vs. partial illumination). A 4-h pulse of 5000 lux of bright light 
on the whole retina significantly reduced subjective sleepiness during night time, when 
initial melatonin levels were high, as well as during the day, when melatonin levels 
were low. At night partial illumination of the retina also suppressed melatonin but such 
partial retinal light exposure had no significant effect on sleepiness/fatigue. 

If we look closely at the two night time light experiments, there is no significant 
correlation between either the suppression of sleepiness or the suppression of fatigue 
and the suppression of melatonin. This is true if we combine experiment A and B 
(Figure 4), but also if we treat them separately (data not shown).  

It is clear that it is impossible to expose subjects to bright light without them being 
aware of the exposure. This leaves ample space for placebo effects. To minimize such 
effects subjects were not informed about our interest in the relationship between 
subjective sleepiness and physiological measures, and they were given no feedback on 
their scores. If expectancy effects would have accounted for the results we would have 
expected to see an effect also for the Visual Analogue Scale and not only for the 
Karolinska Sleepiness Scale. Furthermore, we would have expected to see this effect 
right at the start, but in fact it takes at least about one hour of light exposure to see a 
reduction of sleepiness on the KSS (Rüger et al., 2002, 2003). Therefore placebo 
effects and expectations are unlikely to have had a major impact on the observed 
relationship between melatonin suppression and sleepiness score. 

The significant suppression of sleepiness in experiment C in response to light 
exposure in the middle of the day (when endogenous melatonin levels are very low and 
not suppressed by light), is in accordance with the results of Phipps-Nelson et al. 
(2003). In their daytime bright light exposure study they also showed a decrease of 



sleepiness and no effect on salivary melatonin. They sleep deprived their subjects with 
a sleep restriction regimen (5 hours) for two nights and then exposed them to 5 hours 
of 1000 lux of light from noon till 5 p.m. As in our study, they used the KSS to assess 
sleepiness and collected saliva to determine melatonin concentration. Furthermore, 
they assessed performance with the means of the PVT (Psychomotor Vigilance Test) 
and found an improvement of the PVT performance under bright light compared to the 
dim light condition (<5 lux). Both, our results and those of Phipps-Nelson et al. (2003), 
show that other factors than melatonin suppression obviously influence the control of 
sleepiness.  

Evidence for that comes from neuroanatomical animal studies and neurominaging 
studies in humans. Aston-Jones et al. (Aston-Jones et al., 2001) were able to show in 
rats a neural circuit between the SCN and the locus coeruleus (LC) with the 
dorsomedial nucleus of the hypothalamus (DMH) functioning as a relay inbetween. 
The locus coeruleus is a brain area that is strongly associated with arousal and sleep-
wake functions (Lu et al., 1999; Lu et al., 2000). Using anterograde and retrograde 
labeling techniques the authors were able to show that the SCN send indirect 
projections to the LC via the DMH. Furthermore, Aston-Jones and co-workers showed 
circadian rhythmicity in LC impulse activity and confirmed functionality of the SCN-
DMH-LC-circuit by lesions of the DMH. Their results tie in with the findings of 
Deurveiler and Semba (2005). These authors showed in the rat that the dorsomedial 
hypothalamic nucleus (DMH), the medial preoptic area (MPA), and the 
subparaventricular zone (SPVZ) are possible relay nuclei for indirect projections from 
the SCN to brain regions involved in sleep-wake regulation, the ventrolateral and 
median preoptic nuclei. In humans, Perrin et al. (Perrin et al., 2004) measured regional 
cerebral blood flow (PET-scans) to relate this to the alerting effects of bright light 
exposure during the night. They found suppression of melatonin and an attenuation of 
the decline of alertness over the night, accompanied by a significantly higher activation 
in brain regions that were part of an occipito-parietal attention network. The activation 
was proportional to the duration of light exposure before the scans, whereas activity in 
the hypothalamus decreased proportional to the bright light exposure, especially in the 
suprachiasmatic region. Due to the limited resolution of PET scans, the authors could 
not specify the nuclei in this deactivated area. Based on the literature, they surmise that 
possible candiate regions for the involved nuclei to project to are the SCN and 
structures like the subparaventricular zone (SPVZ) or the ventro-lateral preoptic area 
(VLPO). The SPVZ and the VLPO are also target regions for the projections from 
intrinsically photosensitive retinal ganglion cells (iRGCs), which contribute to 
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circadian entrainment, pupillary light reflex,  and the regulation of sleep-wake states 
(Gooley et al., 2003).  

Both our studies on light exposure at night have induced a wide range of changes 
in subjective sleepiness together with a wide range of suppressions of melatonin 
concentration. Yet, the induced changes in sleepiness were not related to the changes in 
melatonin concentration. We conclude therefore, that even at night, endogenous 
melatonin plays only a very minor role in the mechanism by which light reduces 
sleepiness and therefore the indirect projections from the SCN to brain areas strongly 
associated with the regulation of sleep-wake, like the VLPO, are more likely to be 
responsible.    
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8. General discussion 

The main aim of the work presented in this thesis was to gain a better understanding of 
the effects of bright light on human performance and well-being in order to optimize 
its applications. Four experiments were carried out, in which different light stimuli 
were applied to study their effect on human functioning and the underlying 
physiological mechanisms. Below I discuss the results and their implications, first with 
a focus on the circadian effects, then with a focus on the immediate effects of light.  

 

8.1 Circadian effects of light 

The question what kind of light stimulus is needed to induce circadian phase-shifts, i.e., 
to entrain the biological clock, was brought into renewed focus of chronobiology by 
Campbell and Murphy (Campbell and Murphy, 1998). The authors claimed that 
exposure of the popliteal area (back of the knee) to bright light induces phase shifts in 
the circadian rhythms of melatonin and core body temperature. The existence of such a 
non-visual pathway for resetting the circadian pacemaker would enable us to study the 
effects of bright light on the circadian system without confounding placebo or 
expectation effects of subjects and patients, as the light stimuli might be presented 
without the subject being aware of the light.  

Based on these considerations we tried to replicate the findings of Campbell and 
Murphy. We failed to find any phase-shifting effects of extraocular light exposure on 
core body temperature, melatonin, and sleepiness (chapter 2). These results are in 
accordance with a series of other studies that also tried to replicate extraocular 
phototransduction in humans (Eastman et al., 2000; Koorengevel et al., 2001; 
Lindblom et al., 2000b; Wright, Jr. and Czeisler, 2002; Lushington et al., 2002). All 
attempts failed, and therefore we conclude that there is no extraocular 
phototransduction in humans. The fact that bright ocular light delayed the CBT rhythm 
and the melatonin rhythm within the same study is additional proof that a light 
stimulus needs to be perceived by the eye in order to induce changes in the biological 
clock. This is further in agreement with experimental studies in bilaterally enucleated 
mammals that also demonstrated the absence of extraocular light perception in 
entrainment (Yamazaki et al., 1999; Meijer et al., 1999).  

The conclusion drew the attention back to the eyes as the essential sensory organ 
to perceive the light timing signal. This shift back to the eye occurred at about the same 
time when Berson et al. (Berson et al., 2002) and Hattar et al. (Hattar et al., 2002) had 



discovered that rods and cones are not the only photoreceptors in the retina. A special 
type of retinal ganglion cells, containing melanopsin as the photopigment (Melyan et 
al., 2005; Qiu et al., 2005) serves as luminance detector, and provides this information 
to, for instance, the pupillary contraction mechanism and the circadian pacemaker 
(Lucas et al., 2003).  

We exploited the spatial asymmetry in the retinal illumination effects on 
melatonin suppression to address the question whether the same photoreceptors are 
responsible for immediate melatonin suppression and for circadian phase-shifting in 
humans (chapter 6). By applying proper shielding, we illuminated only part of the 
retina, either the nasal part or the temporal part. This induced a significant phase-shift 
in the melatonin rhythm under nasal illumination, not under temporal illumination. 
Circadian phase-shifts could be detected neither in the rhythm of core body 
temperature nor in the alertness rhythm with illumination in either part of the retina. 
The caveat here is that the experimental design allowed the detection only of 
immediate, first cycle phase shifts, not the steady state effects after many cycles in 
constant conditions. It may also be that a group size of 11 subjects is not large enough 
to show effects in the variables core body temperature and alertness, which show large 
inter-individual variability (Klerman et al., 2002). The fact that both melatonin 
suppression and phase shift of Dim Light Melatonin Onset (DLMO) were greater 
following nasal than temporal illumination suggest nonetheless that there is a 
functional divergence between nasal and temporal areas of the human retina, maybe 
due to differences in melanopsin ganglion cell density. The possibility of a functional 
differentiation between nasal and temporal retina may well provide another 
opportunity to study the effects of light on the biological clock without confounding 
placebo effects as subjects and patients would not know which part of the retina are 
expected to induce certain changes and which are not. They would consciously see the 
stimulus in both cases. Certainly, further investigations of such a functional 
differentiation are of interest, although large subject groups will be required and the 
experimental set-up would need to be made more user-friendly while still allowing for 
appropriate control over exposed areas. For now, we conclude from our findings that 
nasal illumination with 100 lux of bright white light through dilated pupils is able to 
induce a phase shift in DLMO, but not strong enough to induce a phase shift in core 
body temperature and alertness.  
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8.2. Immediate effects of bright light 

Even if extraocular light fails to induce circadian phase-shifts, it could still be able to 
influence physiological and psychological states of humans in an acute fashion. 
Therefore in our investigation on extraocular illumination we compared the changes 
during the 4 hours of extraocular light exposure to those during ocular light exposure 
(chapter 2). No immediate effects of extraocular light were found, whereas bright 
ocular light exposure on the whole retina reduced the nocturnal circadian drop in CBT, 
suppressed melatonin, and reduced sleepiness significantly. Our results are in 
accordance with the results of several other studies (Lockley et al., 1998; Rogers et al., 
1999; Hebert et al., 1999; Jean-Louis et al., 2000; Lindblom et al., 2000a; Wright, Jr. 
and Czeisler, 2002) which also failed to suppress melatonin by exposure to extraocular 
light. We conclude that a light stimulus must be perceived by the retina in order to 
acutely enhance core body temperature, suppress melatonin, and reduce subjective 
sleepiness.  

Following up on these white ocular light studies, we explored further whether the 
extent of melatonin suppression and sleepiness reduction varies with the light’s 
wavelength. In a quasi-field setting we exposed a large group of sleep deprived 
subjects to approximately 100 lux of blue or red light during the nighttime and 
measured melatonin suppression and subjective sleepiness. Melatonin suppression and 
reduction of sleepiness were greater under blue light compared to red light (chapter 3). 
The fact that melatonin suppression is particularly sensitive to blue light is consistent 
with findings of others (Brainard et al., 2001; Thapan et al., 2001; Wright and Lack, 
2001; Lockley et al., 2003; Warman et al., 2003; Figueiro et al., 2004; Herljevic et al., 
2005). The fact that also sleepiness is more reduced under blue light than under red 
light (see also Cajochen et al., 2005) may well be due to the involvement of the blue-
sensitive ganglion cells recently discovered in the retina, which contain the 
photopigment melanopsin (Foster, 2005).  

This work led to further questions concerning the immediate effects of light on 
melatonin suppression and reduction of sleepiness: Does the retinal area of 
illumination contribute to the size of the alerting effects of bright light? We illuminated 
either the nasal or the temporal part of the retina with white light and measured 
melatonin and subjective sleepiness at hourly intervals (chapter 6). In contrast to the 
study by Visser et al. (1999), we dilated the pupils of our subjects with cyclopentolate 
in order to control for differences in pupil size. To compensate for the lack of 
attenuation of light intensity by the pupil, we reduced the used stimulus from 5000 to 
100 lux of bright white light. With a clear suppression of melatonin due to both nasal 



and temporal illumination of the retina, including the greatest melatonin suppression in 
the nasal condition, we fully confirmed the findings of Visser et al. (1999). Moreover 
this showed that those results did not depend on differences in pupil constriction. We 
failed to show the same effect for subjective sleepiness. Subjective sleepiness was 
neither reduced by nasal nor by temporal illumination of the retina with light of this 
reduced intensity. Similarly, core body temperature was unaffected by the two different 
illumination conditions. This might be due to the fact that the stimulus was not strong 
enough to induce immediate changes in these two variables. In summary the results 
show that the suppression of endogenous melatonin during the nighttime can be 
induced by ocular light stimuli of different intensities and that the extent of melatonin 
suppression depends on wavelength and area of retinal exposure and, in case of nasal 
and temporal illumination, this is not accompanied by a reduction of sleepiness.  

This is in contrast to the common observation that light induces simultaneous 
changes in physiology (melatonin suppression, elevation of core body temperature) and 
psychology (reduction of subjective sleepiness) during the nighttime (Badia et al., 1991; 
Daurat et al., 1993; Campbell et al., 1995; Cajochen et al., 2000; Kubota et al., 2002). 
This divergence led to the question to what extent the effects of ocular light exposure 
are time-of-day-dependent? For this purpose we compared the effects of 4 hours of 
bright white ocular light exposure during the nighttime to the same light treatment 
given during the daytime, exactly 12 hours out of phase (chapter 4). The nighttime 
light exposure was scheduled at the circadian phase where the Phase Response Curve 
(PRC) predicts maximal phase shifting effects, and where also melatonin concentration 
is high (from midnight until 4 a.m.). The daytime light exposure falls at a phase where 
no circadian effects are expected and melatonin is virtually absent (from noon until 4 
p.m.). Surprisingly both nighttime and daytime exposure to bright ocular light reduced 
sleepiness in independent groups of subjects, whereas changes of the physiological 
measures, i.e. increased heart rate and enhanced core body temperature,  only occurred 
during the nighttime bright light exposure. Apparently the suppression of endogenous 
melatonin and the enhancement of core body temperature are no prerequisites for light 
to elicit its activating effects.  

If this holds true for the subjective sleepiness, does it also hold true for 
performance measures which are known to decrease as subjective sleepiness increases 
(Dinges et al., 1997; Lamond and Dawson, 1999; Rogers et al., 2003) and is there an 
EEG-based explanation for this? On the basis of the recordings of three different 
performance measures (an addition task, a letter cancellation test, a simple reaction 
time task) we showed that ocular bright light exposure relative to dim light is able to 
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increase performance irrespective of time of day (chapter 5). Apparently bright light 
prevented subjects from falling asleep, which is reflected in the overall effect of bright 
light on the 3-4.5 Hz bin (in the delta or slow wave band). The similarity of the 
performance and sleepiness effects irrespective of the time of day was not reflected in 
the alpha and the theta power of the wake-EEG. Only the nighttime data supports the 
idea that low power in the alpha frequency range of the wake EEG predicts low 
performance and that this can be counteracted by bright light exposure. During the 
daytime bright light exposure reduces sleepiness and improves performance just as 
during the night, but does not affect alpha power. The absence of a significant effect on 
theta power (5-5.5 Hz) is not consistent with the existing literature (Cajochen et al., 
2000), which might be due to differences in the method used (eyes open versus eyes 
closed) or in the data analysis. The conclusion for Part II is that the relationships 
between physiological measures, such as melatonin suppression, change in body 
temperature and alpha activity in the wake EEG, with psychological measures such as 
sleepiness and performance are more complex than commonly presumed and that the 
alerting effects of light can not be understood on the basis of those physiological 
variables alone. 

The alerting properties of bright light are a major reason for the growing interest 
in bright light application. For optimizing the use of bright light in different settings 
and for different purposes, ranging from winter depression therapy to optimization of 
working environment, it is crucial to know more about the mechanisms that lead to the 
alerting effects. Since melatonin has frequently been proposed to mediate part of the 
effects, the relationship between reduction of sleepiness and suppression of melatonin 
is of interest. We compared and correlated the datasets on melatonin and 
sleepiness/fatigue obtained in chapter 2, 4, and 5. The results clearly indicate that 
there is only a weak relationship between suppression of melatonin and the reduction 
of sleepiness/fatigue. Several other physiological variables have been suggested to 
influence sleepiness. Kräuchi and colleagues (Kräuchi et al., 1998; Kräuchi and Wirz-
Justice, 2001) have demonstrated a functional link between the degree of heat loss 
(distal vasodilatation) and subjective sleepiness (measured by the KSS). We were not 
able to detect such link in the daytime study. We found no relationship between 
changes in sleepiness and changes in core body temperature. Alternative explanations 
for the way light elicits its activating and alerting properties in humans are clearly 
needed. This leads us back to neuroanatomic studies in mammals, which provide the 
possibility to identify possible projections from the SCN to other brain areas involved 
in regulatory processes such as the sleep-wake cycle.  



Aston-Jones et al. (Aston-Jones et al., 2001) showed indirect projections from the 
SCN to the locus coeruleus (LC), relayed via the dorsomedial hypothalamic nucleus 
(DMH). By performing lesions of the DMH, which eliminated circadian variations in 
the LC, they proved the functionality of this circuit. The locus coeruleus itself is 
associated with arousal and sleep-wake regulatory processes and cognitive 
performance (Aston-Jones and Bloom, 1981; Usher et al., 1999; Aston-Jones et al., 
2000). Furthermore, Deurveilher and colleagues (Deurveilher et al., 2002; Deurveilher 
and Semba, 2005) showed that the medial preoptic area, the subparaventricular zone, 
and the dorsomedial hypothalamic nucleus might not only serve as relays to sleep-
promoting nuclei such as the ventrolateral and the medial preoptic nuclei, but also to 
arousal-regulatory brain areas such as the locus coeruleus. Saper and colleagues (Saper 
et al., 2005) associate certain neurons within the subparaventricular zone to certain 
circadian rhythms. In particular they show that neurons in the dorsal subparaventricular 
zone are involved in regulating body temperature rhythms whereas neurons within the 
ventral part of the subparaventricular zone are responsible for circadian rhythmicity in 
sleep and wake. These latter neurons project back to the dorsomedial hypothalamic 
nucleus, which serves as a relay itself to further sleep-wake regulatory centers as 
Deurveilher et al. (2002, 2005) showed. Chou and colleagues (2003) proved the 
importance of the DMH in circadian rhythmicity by means of lesion studies in rats. 
They found severe reductions in rhythms in feeding, locomotor activity, but most 
importantly in sleep-wakefulness. This is of importance as the DMH projects directly 
and indirectly to the ventrolateral preoptic nucleus (Chou et al., 2003). Interesting in 
this context is the fact that Lu et al (Lu et al., 1999) identified a set of sleep-active cells 
in the ventrolateral preoptic nucleus of rats that receive direct luminance signals from 
the retina. The ventrolateral preoptic nucleus also belongs to the target regions for the 
projections from intrinsically photosensitive retinal ganglion cells, which contribute to 
circadian entrainment, pupillary light reflex, and the regulation of sleep-wake states 
(Gooley et al., 2003). In humans, the locus coeruleus is one of the candidate nuclei that 
is influenced by bright light exposure during the nighttime as Perrin and colleagues 
(Perrin et al., 2004) showed in their PET study, using regional blood flow as an 
activation-deactivation marker of brain areas. Additional proof for the similarity 
between the SCN-projections found in rodents and humans comes from post-mortem 
studies in humans, that showed projections from the SCN to the DMH and from the 
DMH to the paraventricular nucleus of the thalamus and the ventral medial  
hypothalamus, which is part of  the endocrine signal transmitting axis from the SCN to 
the body organs (Dai et al., 1998a; Dai et al., 1998b; Buijs et al., 2003). Integrating the 
neuroanatomical evidence with our own findings on the weak relationship between 
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melatonin suppression and reduction of sleepiness leads to the speculation that the 
indirect projections from the SCN to brain areas strongly associated with the regulation 
of sleep-wake, like the ventrolateral  preoptic nuclei (VLPO) are more likely to play a 
role in the alerting effects of bright light.  

This prospect of the possible neuroanatomic basis of light-induced SCN 
projections to sleep and arousal regulating brain areas, leads us back to the initial goal 
of this thesis: Gaining a better understanding of the effects that bright light has on 
human well-being in order to optimize its applications. The use of bright light as a 
remedy for several complaints (jet-lag, shift-work) and diseases (winter depression, 
major depression) has led to a growing need for a better understanding of the 
fundamental aspects of bright light. The general conclusions drawn from the results of 
this thesis are: a) only bright ocular light is able to induce immediate and phase-
shifting effects in human circadian physiology (chapter 2), b) the effects of ocular 
bright light on physiological and psychological variables are wavelength-dependent 
(chapter 3) and time-of-day-dependent (chapters 4 and 5), c) the amount of melatonin 
suppression depends on the retinal area that is exposed (chapter 6), and d) the 
suppression of endogenous melatonin is not a prerequisite for the reduction of 
subjective sleepiness in humans (chapters 4 and 7).  

 

8.3 Perspective 

The knowledge that bright light exposure can influence psychological states without 
inducing changes in the physiological variables we have recorded, as seen during 
daytime bright light exposure, has important consequences for the application of light. 
It tells us that even light stimuli of the same intensity are not the same, as they have 
different effects depending on their time of application. This emphasizes the 
importance of being aware of what one wants to achieve by using bright light. Which 
states of well-being and functioning do we want to induce in which group of people 
and what kind of light do we than have to use?  

What are beneficial effects of bright light during a nightshift, i.e. reduction of 
sleepiness and increase performance (Lowden et al., 2004), may be counterproductive 
for re-adaptation to the normal day-night rhythm as we know that bright light 
suppresses melatonin and shifts circadian rhythms (e.g. Rüger et al., 2003). An 
interesting approach to this dilemma is taken in a study by Kayumov et al. (2005) that 
explores the use of short-wavelength blocking goggles during the night which 
prevented the light induced melatonin suppression without affecting performance 



negatively. Combining fundamental research on the basis of the beneficial effects of 
bright light with the invention of user-friendly solutions will become a central aspect in 
the future of light therapy and application. 
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Summary  

The growing interest in bright light as a remedy for the negative side effects of 
increased mobility (i.e. jetlag) and the expanding 24/7 society (i.e. night- and shiftwork) 
requires a fundamental understanding of the properties and effects of bright light. How 
bright light application affects physiological and psychological states of humans is the 
central question of this thesis. The results of the studies dealing with this question are 
summarized below. 

In chapter 2 we started by investigating the possibility of extraocular 
phototransduction in humans. For that purpose we compared the effects of bright 
ocular light exposure on the whole retina with those of bright extraocular light 
exposure in the bend of the knee (claimed to elicit circadian phase shifts in an earlier 
study) during the nighttime. Our results showed that only bright ocular light is able to 
induce acute (i.e. melatonin suppression, enhanced body temperature, and reduced 
sleepiness) and phase-shifting effects (i.e. delay of core body temperature and 
melatonin rhythm) in human circadian physiology. 

In chapter 3 the sleepiness reducing effects of bright light were studied with 
respect to the wavelength of the light stimulus. We compared the reduction of 
sleepiness and the suppression of melatonin in two groups, staying awake either under 
blue light or under red light during the nighttime. The findings confirm that the extent 
of melatonin suppression and reduction of subjective sleepiness is indeed wavelength 
dependent. Blue light caused the greatest suppression of melatonin and the greatest 
reduction of subjective sleepiness. 

Thus, chapters 2 and 3 showed that nighttime reduction of subjective sleepiness 
was accompanied by the suppression of endogenous melatonin. One might therefore 
expect that the alerting effect of light depends on the presence of melatonin and hence 
on time of day. In chapter 4 the time-of-day-dependence of the alerting effects of 
bright light was studied. The effect of daytime bright light exposure on physiological 
parameters (core body temperature, heart rate, melatonin, and cortisol) and 
psychological parameters (subjective sleepiness, fatigue, and alertness) was compared 
to the effect of nighttime bright light exposure on the same variables. We found that 
bright light exposure at night, but not in daytime, increased heart rate and enhanced 
core body temperature. There was no effect of bright light on cortisol. The effect on the 
psychological variables was not time dependent, since nighttime as well as daytime 
bright light significantly and similarly reduced sleepiness and fatigue. We conclude 



that bright light apparently affects human alertness through another pathway besides 
the mechanisms of melatonin suppression and/or elevation of core body temperature. 

In chapter 5 we further extended the question of time-of-day-dependent effects of 
bright light to the subjective performance and the spectral composition of the wake- 
EEG. Within the same experimental design as in chapter 4, data on the performance of 
subjects and their wake-EEG during daytime and nighttime bright light exposure, were 
collected. The results showed that the overall decrease in performance due to 
prolonged wakefulness is attenuated for the period of bright ocular light exposure, 
independent of the time of day at which the light is applied. In contrast, the effect of 
bright light exposure on the wake-EEG was dependent on the time of day. A negative 
correlation between power density in the α frequency range (ca 10 Hz) and sleepiness 
and a positive correlation between α-power and performance were only found for the 
nighttime bright light exposure, but not in daytime. There was an overall effect of 
bright light exposure on the 3-4.5 Hz frequency bins (slow wave bands). The absence 
of an effect on the theta frequency band (ca 5-5.5 Hz) is not consistent with the 
existing literature.  

Chapter 6 addresses the question if the uneven distribution of the photoreceptive 
sensitivity in the retina – reported earlier for melatonin suppression – also is reflected 
in circadian phase-shifts. Illumination of the nasal part of the retina resulted in the 
greatest suppression of melatonin as well as in a phase shift of the melatonin rhythm, 
whereas illumination of the temporal part did suppress melatonin to a lesser extent 
without inducing a detectable phase-shift. There were no immediate nor phase-shifting 
effects on core body temperature and sleepiness, indicating that 100 lux of bright white 
light is strong enough to affect the photoreceptors responsible for the suppression of 
melatonin, but not strong enough to have a significant effect on sleepiness and CBT, at 
least not in the first cycle following the stimulus. The overall conclusion drawn from 
this study is that the suppression of melatonin does not necessarily result in a reduction 
of subjective sleepiness and an elevation of CBT. 

Taking this finding into account along with the results from chapters 2, 4, and 5 
on melatonin and sleepiness, chapter 7 investigates the question whether there is a 
causal relationship between the reduction of subjective sleepiness and fatigue and the 
suppression of endogenous melatonin. Therefore the datasets on melatonin and 
subjective sleepiness/fatigue from the nighttime/whole retina illumination, the 
nighttime/partial retina illumination, and the daytime/whole retina experiment were 
compared. Our results clearly indicate that the suppression of melatonin is not a 
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necessary prerequisite for light to elicit its alerting influence and that other pathways 
must be involved in this process. 

In conclusion the importance of the objectives of bright light application is 
emphasized by our results, i.e. which aspects of well-being and functioning do we want 
to influence in which group of people and what kind of light do we then have to use? 
Our results demonstrate that bright light exposure can influence psychological states 
without inducing changes in those physiological variables that commonly are supposed 
to be involved in the regulation of those psychological states. Even light stimuli of the 
same intensity are functionally not the same, as they have different effects depending 
on their time of application. This indicates that not all effects of bright light may be 
beneficial and desirable across situations and for all people. 

 



REASSURANCE 
 

  I most love the questions 
  themselves 
  as Rilke said 
  like locked rooms 

full of treasure 
to which my blind 
and groping key 
does not yet fit. 
 
and await the answers 
as unsealed letters 
mailed with dubious intent 
and written in a very foreign  
tongue. 
 
and in the hourly making 
of myself 
no thought of Time 
to force, to squeeze 
the space 
I grow into. 
 

Alice Walker 
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Nederlandse Samenvatting 

De groeiende belangstelling voor helder kunstlicht als middel tegen de negatieve 
effecten van toegenomen mobiliteit (met name jet lag) en de zich uitbreidende 24/7 
maatschappij (met name nacht- en ploegendiensten) maakt een grondig en 
fundamenteel begrip van de effecten van licht noodzakelijk. De hoofdvraag van dit 
proefschrift is hoe de toediening van fel licht de fysiologie en de psychologie van de 
mens beïnvloedt. Om deze vraagstelling te beantwoorden zijn verschillende studies 
uitgevoerd en de resultaten ervan worden hieronder samengevat.   

In Hoofdstuk 2 wordt de mogelijkheid van lichtinvloeden buiten de ogen om bij 
de mens onderzocht. Hiervoor hebben wij de effecten van fel “oculair” licht op het 
hele oog met de effecten van fel licht in de knieholte in de nacht vergeleken. In een 
eerdere studie was door Amerikaanse onderzoekers namelijk geconcludeerd dat 
lichttoediening in de knieholte in staat was om “circadiane ritmen”, d.w.z. biologische 
ritmen met een periode van ongeveer 24 uur, te verschuiven. Uit onze resultaten blijkt 
dat alleen fel oculair licht acute effecten (met name onderdrukking van melatonine, 
verhoogde lichaamstemperatuur en verminderde slaperigheid) en faseverschuivende 
effecten  (met name een vertraging van het lichaamstemperatuur- en melatonineritme) 
in de circadiane fysiologie van de mens veroorzaakt. Licht in de knieholte doet niets. 

In hoofdstuk 3 hebben wij de onderdrukking van slaperigheid door fel licht als 
gevolg van de golflengte onderzocht. Wij hebben de vermindering van slaperigheid en 
de onderdrukking van melatonine in twee groepen proefpersonen vergeleken, die 
tijdens de nacht hetzij onder blauw hetzij onder rood licht wakker moesten blijven. De 
mate van melatonine onderdrukking en reductie van slaperigheid blijken inderdaad 
afhankelijk zijn van de golflengte van het licht. Blauw licht veroorzaakte de grootste 
onderdrukking van melatonine en de grootste reductie van subjectieve slaperigheid. Dit 
heeft waarschijnlijk te maken met de rol van een nieuw – voor blauw licht gevoelig – 
zintuig in het netvlies, de melanopsine-houdende gangliuoncellen.  

Hoofdstuk 2 en 3 laten dus duidelijk zien dat de verminderde slaperigheid tijdens 
de nacht gepaard gaat met de onderdrukking van endogeen melatonine. Men zou 
daarom kunnen verwachten, dat de activerende effecten van licht gekoppeld zijn aan 
het vóórkomen van melatonine en daarom afhankelijk zijn van de tijd van de dag. In 
Hoofdstuk 4 wordt bestudeerd in hoeverre de effecten van fel licht afhangen van de 
tijd van de dag. Daarvoor zijn de effecten van fel licht op fysiologische 
(lichaamstemperatuur, hartslag, melatonine en cortisol) en psychologische factoren 
(subjectieve slaperigheid, vermoeidheid en alertheid) overdag en ’s nachts met elkaar 



vergeleken. Het blijkt dat fel licht ‘s nachts, maar niet overdag de hartslag en 
lichaamstemperatuur verhoogt. Er werd geen effect van fel licht op cortisol gevonden. 
De effecten van fel licht op de psychologische variabelen waren onafhankelijk van de 
tijd van de dag. Fel licht verminderde ‘s nachts en overdag slaperigheid en 
vermoeidheid significant en in dezelfde mate. Blijkbaar beïnvloedt fel licht alertheid 
bij de mens via een ander mechanisme dan via de onderdrukking van het 
lichaamseigen melatonine en/of de verhoging van lichaamstemperatuur. 

In hoofdstuk 5 hebben wij de vraagstelling naar de verschillen tussen dag en 
nacht in de effecten van fel licht uitgebreid naar het individuele prestatievermogen en 
naar het EEG (electroencephalogram, d.w.z. de electrische hersenactiviteit zoals die 
meetbaar is aan de oppervlakte van de schedel). Binnen hetzelfde experiment als 
beschreven in hoofdstuk 4 werden prestatiegegevens en gegevens over het EEG tijdens 
waken van de proefpersonen verzameld. De resultaten laten zien dat de algemene 
achteruitgang van prestatievermogen, veroorzaakt door langdurig wakker zijn, door fel 
licht afgezwakt kan worden. Dit effect van fel licht is onafhankelijk van de tijd van de 
dag. Het effect van fel licht op het wakker EEG is daarentegen wel afhankelijk van de 
tijd van de dag. Tijdens licht in de nacht werd een toename van de “power density” in 
de alfaband (ca 10 Hz), een afname van de slaperigheid en een toename van prestatie 
gevonden. De relaties tussen het effect van licht op alfapower, slaperigheid en prestatie 
zijn overdag niet aanwezig. Daarbij werd er een algemeen effect van fel licht op de 3-
4.5 Hz frequency bins (langzame golven in het EEG) gevonden, maar niet op de theta 
band (ca 5-5.5 Hz) zoals op grond van eerdere studies in de literatuur voorspeld. 

In Hoofdstuk 6 wordt de vraag gesteld of de reacties op licht afhankelijk zijn van 
het deel van het netvlies dat belicht wordt. Zowel de onderdrukking van melatonine als 
de verschuiving van de fase van het circadiane ritme bleken groter na belichting van de 
nasale helft van het netvlies (dus het deel dat aan de neuskant van het oog zit) dan van 
de andere, temporale, kant. Temporale belichting onderdrukte de melatonine minder en 
bracht geen faseverschuiving teweeg. De conclusie uit deze studie is dat de 
onderdrukking van melatonine niet noodzakelijk samen gaat met de onderdrukking van 
slaperigheid en verhoging van de lichaamstemperatuur. Mogelijk spelen er toch 
verschillende lichtreceptoren een rol hierbij. 

Op grond van deze en eerdere resultaten in hoofdstuk 2, 4 en 5 is in Hoofdstuk 7 
onderzocht of er een oorzakelijk verband tussen de vermindering van subjectieve 
slaperigheid en vermoeidheid en de onderdrukking van melatonine is. Daarom zijn de 
gegevens over melatonine en slaperigheid bij de belichting van de hele retina en delen 
van het netvlies ‘s nachts, en bij belichting van de hele retina overdag met elkaar 
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vergeleken. Onze resultaten tonen duidelijk aan dat melatonine suppressie niet 
noodzakelijk is om fel licht zijn alertheid verhogende eigenschappen te ontlokken en 
dat er ook melatonine-onafhankelijke processen bij betrokken moeten zijn. 

Het hele onderzoek maakt duidelijk hoe belangrijk het is het doel is van een 
bepaalde lichtbehandeling te kennen alvorens gefundeerde beslissingen over kleur, 
intensiteit en duur ervan kunnen worden genomen. Met name gaat het om de vraag 
welke aspecten van het welzijn en het functioneren moeten worden beinvloed, en in 
welke groep mensen. Onze resultaten laten zien dat de toediening van fel licht de 
psychologische gesteldheid kan beïnvloeden zonder dat er fysiologische veranderingen 
in de algemeen ermee geassocieerde factoren waarneembaar zijn. Zelfs lichtprikkels 
van dezelfde sterkte zijn functioneel gezien niet hetzelfde als ze verschillende effecten 
kunnen hebben afhankelijk van de tijd van de dag van toediening. Dit toont aan dat niet 
alle effecten van licht heilzaam en wenselijk zijn in verschillende situaties en voor 
verschillende mensen.  

   



 
 
 
 
 
 
 
 
 

Love is not concerned 
with whom you pray 
or where you slept 

the night you ran away 
from home 

love is concerned 
that the beating of your heart 

should kill no one 
 
 

Alice Walker 
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Deutsche Zusammenfassung 

Das wachsende Interesse an Kunstlicht großer Intensität (bright light) als Therapie 
gegen die negative Folgen gesteigerter Mobilität (vor allem jet lag) und unserer stetig 
wachsende „24-Stunden Gesellschaft“ (mit Namen Nacht- und Schichtarbeit) macht 
ein fundamenthelles Verständnis seiner Eigenschaften und Wirkungsweisen nötig. Auf 
welche Art und Weise helles Kunstlicht unser physisches und mentales Wohlbefinden 
beeinflussen kann, ist die zentrale Frage dieser Dissertation. Um diese Frage zu 
beantworten, haben wir mehrere Studien durchgeführt, deren Ergebnisse im Folgenden 
zusammengefasst werden. 

Kapitel 2 beschäftigt sich mit der Möglichkeit der Lichtwahrnehmung durch 
andere Organe als das Auge. Von bestimmten niederen Wirbeltieren, wie Salamandern, 
weiß man, dass sie zusätzlich zu ihren Augen über lichtempfindliche Rezeptoren in der 
Haut, sogenannte extra-okulare Rezeptoren, verfügen. Um der Frage nachzugehen, ob 
diese extra-okulare Lichtwahrnehmung auch beim Menschen möglich ist, haben wir 
die Effekte von hellem, okularem Kunstlicht (Lichtstimulus, der durch das Auge 
wahrgenommen wird) mit den Effekten von extra-okularem Kunstlicht (Lichtstimulus, 
der durch die Haut wahrgenommen wird) während der Nacht verglichen. Eine 
amerikanische Forschergruppe hatte in einer früheren Studie an gesunden 
Versuchspersonen gezeigt, dass die Belichtung der Kniekehle mit hellem, extra-
okularem Licht zu einer Verschiebung circadianer Rhythmen führt. Unter circadianen 
Rhythmen (circa = ungefähr und dies = Tag) versteht man biologische Rhythmen, die 
mit einer Länge von 24 Stunden variieren wie z.B. unsere Körpertemperatur oder die 
Melatoninsekretion. Melatonin ist ein köpereigenes Hormon, das vermehrt während 
des frühen Abends und in der Nacht gebildet wird und dem Körper als Signal dient, um 
die Schlafperiode einzuleiten. Die Resultate unserer Studie zeigen deutlich, dass nur 
helles, okulares Kunstlicht in der Lage ist, akute (d.h. Unterdrückung der 
Melatoninsekretion, Erhöhung der Körperkerntemperatur und Verminderung der 
Schläfrigkeit) und circadiane Effekte zu induzieren (d.h. Verschiebung des 
Körpertemperatur- und des Melatoninrhythmus nach hinten). Helles, extra-okulares 
Licht hingegen hat keinerlei Wirkung auf die gerade genannten Variablen und ist damit 
als Möglichkeit der Lichtwahrnehmung beim Menschen auszuschließen. 

Der Einfluss der Wellenlänge auf das Ausmaß der schläfrigkeitsreduzierenden 
Wirkung von hellem Kunstlicht wird in Kapitel 3 untersucht. Wir haben die 
Melatoninunterdrückung und Verminderung der Schläfrigkeit in zwei Versuchs-
personengruppen gemessen, die während der Nacht entweder unter blauer oder roter 



Beleuchtung wach bleiben mussten. Die Resultate bestätigen, dass das Ausmaß der 
Melatoninunterdrückung und Reduktion der Schläfrigkeit entscheidend von der 
Wellenlänge des Lichtes abhängen. Unter blauem Licht waren die 
Melatoninsuppression und die Schläfrigkeitsreduktion am größten.   

Zusammengefasst zeigen die Ergebnisse aus Kapitel 2 und 3, dass die nächtliche 
Reduktion der Schläfrigkeit von einer Unterdrückung durch Melatonin begleitet wurde. 
Man könnte annehmen, dass die aktivierenden Effekte des Lichtes durch das 
Vorhandensein von Melatonin moderiert werden. Damit wären sie tageszeitabhängig. 
In Kapitel 4 wird daher untersucht, in wieweit die Wirkung von hellem Kunstlicht von 
der Tageszeit beeinflusst wird. Dazu haben wir die Gabe von hellem Kunstlicht 
tagsüber und während der Nacht hinsichtlich der Wirkung auf physiologische 
Variablen (Körpertemperatur, Herzrate, Melatonin und Cortisol) und psychologische 
Variablen (das Gefühl subjektiver Schläfrigkeit, Ermüdung und Aufmerksamkeit) 
verglichen. Es zeigte sich, dass sich während der nächtlichen Gabe von hellem 
Kunstlicht die Körpertemperatur und der Herzschlag erhöhten, wohingegen diese 
Variablen während des Tages durch das Licht unbeeinflusst blieben. Weiterhin wurden 
keine Effekte auf das Cortisol gefunden. Die Wirkung des Lichtes auf die 
psychologische Variablen hingegen waren unabhängig von der Tageszeit, d.h. sowohl 
während der Nacht als auch während des Tages reduzierte das Licht das Gefühl der 
subjektiven Schläfrigkeit und Müdigkeit. Daraus schließen wir, dass Licht das Gefühl 
der Schläfrigkeit und Wachheit beim Menschen durch einen anderen Mechanismus 
beeinflusst, als durch die alleinige Unterdrückung von körpereigenem Melatonin oder 
die Erhöhung der Körpertemperatur.  

In Kapitel 5 haben wir die Frage nach den tageszeitabhängigen Effekten des 
Lichtes ausgedehnt auf das individuelle Leistungsvermögen und das Wach-EEG 
(Elektroencephalogram, d. h. die elektrische Hirnaktivität, wie sie an der Oberfläche 
des Schädels gemessen werden kann). Innerhalb des gleichen experimentellen Designs, 
das in Kapitel 4 beschrieben wird, wurden auch Leistungs- und EEG-Daten erhoben. 
Die Ergebnisse zeigen, dass das Nachlassen des Leistungsvermögens (verursacht durch 
anhaltendes Wachsein) durch die Exposition mit Licht abgeschwächt werden kann. Der 
Effekt des Lichtes auf die Leistung ist also unabhängig von der Tageszeit. Hingegen 
sind die Effekte auf das Wach-EEG tageszeitabhängig. Während der Nacht wurden 
eine Zunahme der „power density“ im Alphaband (ca. 10 Hz), eine Abnahme der 
Schläfrigkeit und eine Verbesserung des Leistungsvermögens gefunden. Diese  
Zusammenhänge zwischen Wirkung des Lichtes, alpha-power, Schläfrigkeit und dem 
Leistungsvermögens konnten während des Tages nicht beobachtet werden. Weiterhin 
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wurde ein Effekt des Lichtes auf die 3-4.5 Hz Frequenzintervalle (langsame Wellen 
innerhalb des EEGs) beobachtet. Das Nichtvorhandensein eines Effektes innerhalb des 
Theta-Bandes (ca. 5-5.5 Hz) ist konträr zur gängigen Literatur. 

Kapitel 6 wendet sich der Frage zu, ob die ungleiche Verteilung der circadianen 
Fotorezeptoren in der Retina einem funktionellen Zweck dient, d.h. ob der Effekt des 
Lichtes von dem Teil der Retina abhängt, der belichtet wird. Sowohl die 
Melatoninunterdrückung als auch die Verschiebung circadianer Rhythmen sind stärker 
bei der Belichtung des nasalen (der an der Innenseite zur Nase hin sitzt) Teils als des 
temporalen Teils der Retina. Temporale Belichtung der Retina unterdrückte Melatonin 
in einem geringeren Maße als die nasale Belichtung und verursachte keine 
Verschiebung der circadianen Rhythmen. Daraus lässt sich schließen, dass die 
Unterdrückung von Melatonin nicht notwendigerweise eine Reduktion subjektiver 
Schläfrigkeit und eine Erhöhung der Körpertemperatur verursacht. Möglicherweise 
spielen dabei verschiedene Fotorezeptoren eine Rolle.  

Aufgrund dieser Ergebnisse und der Ergebnisse aus Kapitel 2, 4 und 5 beschäftigt 
sich Kapitel 7 mit der Frage, ob es einen kausalen Zusammenhang zwischen der 
Reduktion der subjektiven Schläfrigkeit und der Unterdrückung von endogenem 
Melatonin gibt. Zu diesem Zweck haben wir die Datensets zu Melatonin, subjektiver 
Schläfrigkeit und Ermüdung während der nächtlichen Belichtung der ganzen und 
Teilen der Retina mit den äquivalenten Datensets während des Tages verglichen. 
Unsere Ergebnisse machen deutlich, dass die Unterdrückung von endogenem 
Melatonin keine Vorraussetzung ist, um die aufmerksamkeitssteigernde Wirkung des 
Lichtes zu induzieren. Es müssen also andere, Melatonin unabhängige, Prozesse dabei 
eine Rolle spielen. 

Die Ergebnisse der in Kapitel 2-7 beschriebenen Studien betonen deutlich, wie 
wichtig es ist, den Anwendungskontext der intendierten Lichttherapie zu kennen. Nur 
so kann eine fundierte Entscheidung über Intensität und Farbe des Lichtes sowie der 
Dauer der Behandlung getroffen werden. Zentrale Fragen sind: Welche Aspekte des 
Befindens wollen wir beeinflussen und wer ist unsere Zielgruppe? Aus unseren oben 
berichteten Resultaten wird deutlich, dass Licht das psychologische Wohlbefinden 
beeinflussen kann, ohne Veränderungen in ansonsten damit assoziierten 
physiologischen Variablen hervorzurufen. Selbst Lichtstimuli derselben Intensität sind 
funktionell gesehen nicht dasselbe, da sie – je nach Tageszeit - unterschiedliche 
Wirkungen induzieren können. Dies macht deutlich, dass nicht alle Effekte von Licht 
in unterschiedlichen Situationen und für verschiedene Menschen im gleichen Maße 
wünschenswert und heilsam sind.  



 
 
 
 
 
 
 
 

some stories don’t have 
a clear beginning, middle, 
and end. life is about not 

knowing, having to change, 
taking the moment and making 
the best of it, without knowing 
what’s going to happen next. 

delicious ambiguity… 
 
 

Gilda Radner 
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