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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.  

 

 

References 
Adler JS, Kripke DF, Loving RT, and Berga SL (1992) Peripheral vision suppression 

of melatonin. J Pineal Res 12:49-52. 
Arendt J and Skene DJ (2005) Melatonin as a chronobiotic. Sleep Med Rev 9:25-39. 
Aschoff J, Poppel E, and Wever R (1969) Circadian rhythms in men under the 

influence of light-dark cycles of various periods. Pflugers Arch 306:58-70. 
Badia P, Culpepper J, Myers B, Boecker M, and Harsh J (1990) Psychophysiological 

and behavioral effects of bright and dim light. Sleep Res 19:387-387. 
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. 

Berson DM (2003) Strange vision: ganglion cells as circadian photoreceptors. Trends 
Neurosci 26:314-320. 

Berson DM, Dunn FA, and Takao M (2002) Phototransduction by retinal ganglion 
cells that set the circadian clock. Science 295:1070-1073. 

Boivin DB, Czeisler CA, Dijk DJ, Duffy JF, Folkard S, Minors DS, Totterdell P, and 
Waterhouse JM (1997) Complex interaction of the sleep-wake cycle and 
circadian phase modulates mood in healthy subjects. Arch Gen Psychiatry 
54:145-152. 

Brainard GC, Hanifin JP, Greeson JM, Byrne B, Glickman G, Gerner E, and Rollag 
MD (2001a) Action spectrum for melatonin regulation in humans: evidence for 
a novel circadian photoreceptor. J Neurosci 21:6405-6412. 



Brainard GC, Hanifin JP, Rollag MD, Greeson J, Byrne B, Glickman G, Gerner E, and 
Sanford B (2001b) Human melatonin regulation is not mediated by the three 
cone photopic visual system. J Clin Endocrinol Metab 86:433-436. 

Buijs RM, van Eden CG, Goncharuk VD, and Kalsbeek A (2003) The biological clock 
tunes the organs of the body: timing by hormones and the autonomic nervous 
system. J Endocrinol 177:17-26. 

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. 

Campbell SS and Murphy PJ (1998) Extraocular circadian phototransduction in 
humans. Science 279:396-399. 

Campbell SS, Murphy PJ, and Suhner AG (2001) Extraocular phototransduction and 
circadian timing systems in vertebrates. Chronobiol Int 18:137-172. 

Cooper HM, Tessonneaud A, Caldani M, Locatelli A, Richard S, and Viguier Martinez 
M (1993) Morphology and distribution of retinal ganglion cells (RGC) 
projecting to the suprachiasmatic nucleus in the sheep. Am Soc Neurosci Abstr 
19:1704-1704. 

Czeisler CA, Kronauer RE, Allan JS, Duffy JF, Jewett ME, Brown EN, and Ronda JM 
(1989) Bright light induction of strong (type 0) resetting of the human 
circadian pacemaker. Science 244:1328-1333. 

Daan S and Aschoff J (2001) The Entrainment of Circadian Systems, in Handbook of 
Behavioral Neurobiology, Circadian Clocks, Takahashi J.S., Turek FW, and 
Moore RY, eds, pp 7-43, Kluwer Academics/Plenum Publishers, New York 

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. 

Dijk DJ, Duffy JF, and Czeisler CA (1992) Circadian and sleep/wake dependent 
aspects of subjective alertness and cognitive performance. J Sleep Res 1:112-
117. 

Dinges DF (1995) An overview of sleepiness and accidents. J Sleep Res 4:4-14. 
Foster RG (2005) Neurobiology: bright blue times. Nature 433:698-699. 

 10



G
en

er
al

 i
n
tr

o
d
u
ct

io
n

 

 11

Foster RG and Soni BG (1998) Extraretinal photoreceptors and their regulation of 
temporal physiology. Rev Reprod 3:145-150. 

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. 

Glickman G, Hanifin JP, Rollag MD, Wang J, Cooper H, and Brainard GC (2003) 
Inferior retinal light exposure is more effective than superior retinal exposure 
in suppressing melatonin in humans. J Biol Rhythms 18:71-79. 

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

Hannibal J, Hindersson P, Knudsen SM, Georg B, and Fahrenkrug J (2002) The 
photopigment melanopsin is exclusively present in pituitary adenylate cyclase-
activating polypeptide-containing retinal ganglion cells of the 
retinohypothalamic tract. J Neurosci 22:RC191:1-7. 

Hattar S, Liao HW, Takao M, Berson DM, and Yau KW (2002) Melanopsin-
containing retinal ganglion cells: architecture, projections, and intrinsic 
photosensitivity. Science 295:1065-1070. 

Hattar S, Lucas RJ, Mrosovsky N, Thompson S, Douglas RH, Hankins MW, Lem J, 
Biel M, Hofmann F, Foster RG, and Yau KW (2003) Melanopsin and rod-cone 
photoreceptive systems account for all major accessory visual functions in 
mice. Nature 424:76-81. 

Hiddinga AE, Beersma DG, and Van den Hoofdakker RH (1997) Endogenous and 
exogenous components in the circadian variation of core body temperature in 
humans. J Sleep Res 6:156-163. 

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

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. 

Klein DC and Moore RY (1991) Suprachiasmatic Nucleus: the mind's clock. Oxford 
University Press, New York, Oxford. 

Lasko TA, Kripke DF, and Elliot JA (1999) Melatonin suppression by illumination of 
upper and lower visual fields. J Biol Rhythms 14:122-125. 

Leproult R, Van RO, Byrne MM, Sturis J, and Van CE (1997) Sleepiness, performance, 
and neuroendocrine function during sleep deprivation: effects of exposure to 
bright light or exercise. J Biol Rhythms 12:245-258. 



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

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

Lucas RJ, Douglas RH, and Foster RG (2001) Characterization of an ocular 
photopigment capable of driving pupillary constriction in mice. Nat Neurosci 
4:621-626. 

Lucas RJ, Freedman MS, Munoz M, Garcia-Fernandez JM, and Foster RG (1999) 
Regulation of the mammalian pineal by non-rod, non-cone, ocular 
photoreceptors. Science 284:505-507. 

Lucas RJ, Hattar S, Takao M, Berson DM, Foster RG, and Yau KW (2003) 
Diminished pupillary light reflex at high irradiances in melanopsin-knockout 
mice. Science 299:245-247. 

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

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. 

Pittendrigh CS (1981) Circadian Systems: Entrainment, in Handbook of Behavioral 
Neurobiology 4: Biological Rhythms, Aschoff J, eds, pp 95-124, Plenum, New 
York 

Provencio I, Rodriguez IR, Jiang G, Hayes WP, Moreira EF, and Rollag MD (2000) A 
novel human opsin in the inner retina. J Neurosci 20:600-605. 

Rajaratnam SM and Arendt J (2001) Health in a 24-h society. Lancet 358:999-1005. 
Thapan K, Arendt J, and Skene DJ (2001) An action spectrum for melatonin 

suppression: evidence for a novel non-rod, non-cone photoreceptor system in 
humans. J Physiol 535:261-267. 

Visser EK, Beersma DG, and Daan S (1999) Melatonin suppression by light in humans 
is maximal when the nasal part of the retina is illuminated. J Biol Rhythms 
14:116-121. 

Wever RA (1980) Phase shifts of human circadian rhythms due to shifts of artificial 
Zeitgebers. Chronobiologia 7:303-327. 

Wright HR and Lack LC (2001) Effect of light wavelength on suppression and phase 
delay of the melatonin rhythm. Chronobiol Int 18:801-808. 

Wright KP, Jr. and Czeisler CA (2002) Absence of circadian phase resetting in 
response to bright light behind the knees. Science 297:571-571. 

 12




