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1. GENERAL INTRODUCTION 

1.1 Background and aim of the study 
 

 Man is a diurnal species. Almost all aspects of our behaviour and our performance 
depend heavily on the light we are exposed to. We are very much aware that we need 
light to see and that the visual system in turn is essential for the proper execution of a 
wide variety of tasks. Apart from the role of light in visual processes, however, light 
turns out to play a major role in a wide variety of non-visual processes as well (Hanifin 
& Brainard, 2007). In a brightly lit environment, for instance, we almost immediately 
feel much more alert than in the dark. Light also plays a role in setting our biological 
clock, thereby regulating the time of day of optimal performance and mood. The 
resetting of the biological clock also influences the daily pattern of alertness. This 
occurs in a way very different from the immediate effects on alertness, since shifts of 
the biological clock may last for days. The non-visual effects of light can therefore be 
distinguished between immediate effects and long term effects (see Figure 1.1).  
 The non-visual effects of light are in the spotlight of scientific interest because of 
the recent discovery of new photoreceptors in the retina that mediate these effects 
(Berson et al., 2002; Brainard et al., 2001; Foster et al., 2002; Hattar et al., 2002 and 
2003; Lucas et al., 1999 and 2003; Thapan et al., 2001). With this discovery it was 
shown that visual and non-visual processes use different and partially independent 
pathways from the eye to the brain, each with their own characteristics. Since the non-
visual pathway is very different from the visual pathway, it is likely that the 
environmental conditions that optimally stimulate non-visual processes are different 
from the optimal conditions for visual processes. Knowledge on the effects of 
environmental lighting conditions on non-visual processes is, however, very limited, 
and at the same time very important because those processes include alertness 
regulation, mood, and aspects of performance. 
 Because light has profound influence on psychobiological processes, its effects 
are the subjects of many neuroscientific studies such as sleep- and chronobiological 
studies, and studies in the field of psychiatry. The accumulation of lighting knowledge 
in the neurosciences gives an impulse for exploring new lighting solutions in the 
technical and applied disciplines such as in architecture. Peter Boyce (2004) phrased 
this as follows: “the future of lighting research in interiors lies in a move beyond 
visibility and visual discomfort to areas where lighting operates through the “message” 
it sends and hence how it affects mood and behaviour, and through the circadian 
system and hence how it affects the task performance and human health”. The 
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prevailing question about the lighting criteria for the work environment is whether 
current lighting norms (that are based on visual needs) are sufficient for non-visual 
processes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 1.1 Effects of light via the eyes. In the current study: exploration of immediate 
(direct) alerting effects 
 
 Within this framework it was the aim of the research reported in this thesis to use 
methods from the field of fundamental psychophysiology and apply these to gain 
knowledge about optimal lighting conditions of indoor working environments. The 
question to be answered in this study is to what extent lighting level and colour 
temperature in a built environment influence alertness, performance and visual 
comfort of people during daytime in the office work situation. The results of exploring 
these non-visual and visual effects of light in this experimental study should be 
important for defining new office lighting standards, serving both visual and non-
visual needs. The study was carried out at the Technical University in Eindhoven at the 
Department of Building and Architecture, at the unit where the knowledge of indoor 
environment is explored.  
 

Effects of light

visual effects non-visual effects

immediate effects
-pupil response
-melatonin suppression
-alerting effect

long term effects
-physiological rhythms
-alertness rhythm
-winter depression?
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Alertness

Performance

Visual comfort

Measurements
1. EEG/EOG
2. Subjective 

3. Tests 

4. Subjective 
scale

1. Lighting level
2. Colour temperature

 
 
Figure 1.2 Study parameters: lighting level and colour temperature are the varied 
variables; alertness, performance and visual comfort are the output variables. Output 
was measured using psychophysiological instruments. EEG – brain activity, EOG – 
eye movements 

1.2 Basic definitions in office lighting 
 

 As this is the study of effects of light on alertness and performance in a work 
situation, illuminance (or lighting level) and colour temperature will be the recurring 
quantities of office lighting. To clarify these quantities definitions will be given in this 
section.  
 Illuminance is the luminous flux per unit area at a point on a surface. It is 
measured in lux (lumen/m2). Going backward – luminous flux is that quantity of 
radiant flux (watt) which express its capacity to produce visual sensation (in lumen) 
(Boyce, 2003). For the purpose of giving a description of lighting quality necessary to 
perform the task in a work situation, horizontal illuminance is used. It is because a lot 
of work activities are performed in a horizontal area: paper work (in an office), surgical 
operation, sewing etc. Horizontal illuminance is the illuminance on a horizontal 
surface. Additionally to horizontal illuminance, the values of vertical illuminance are 
used to describe lighting parameters. But its primary purpose is then describing or 
designing the surrounding space, to make spatial proportions and spatial limits visible. 
Vertical illuminance is the illuminance on a vertical surface (walls). Depending on the 
character of the lighting installation (highly directional or highly diffuse) the ratio 
between horizontal and vertical illuminance can vary in an office condition between 3 
and 1. In this study also the concept of vertical illuminance at the eye is introduced, for 
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the purpose of measuring the lighting entering the eye (light coming from the light 
sources and lighting reflected from surroundings) (see Figure 1.3). Its purpose in the 
study is not related directly with visual performance of the task, but indirectly- with 
measuring the non-visual effects of light entering the eye. 
 

Eve

WALLS

Ev

Eh
DESK

 
 
Figure 1.3 Illuminance (the luminous flux per unit area at a point on a surface): To 
study the non-visual effects of light it is important to measure the vertical illuminance 
at the eye; Ev-vertical illuminance, Eve-vertical illuminance at the eye, Eh-horizontal 
illuminance 
 
 Another parameter in this study is the colour temperature of lighting (CCT, 
correlated colour temperature). Colour temperature characterizes the colour properties 
of white light sources. It is a measure for the colour appearance of the light emitted by 
a light source (Boyce, 2003). Colour temperature is usually measured in Kelvin (K). In 
colour theory, colour can be described with brightness and chromaticity. Chromaticity 
is a specification of the quality of a colour. For the description of colour CIE 
(Commission Internationale de l'Eclairage) created in 1931 a mathematical model of a 
colour space. Because the retinal colour receptors in the human eye, cones,  are 
sensitive to short –,  middle- and long  wavelength of light, therefore the colour space 



   General Introduction                                                                         CHAPTER 1 

 9

model is characterized by three parameters X,Y,Z, that are related to these three basic 
colours. Using X,Y,Z it is possible to create an additive colours space based on three 
colours. Because the X,Y,Z space contains information about brightness and colour of 
a visual stimulus, a small x,y chromaticity space is derived (CIE 1931) to give 
information only about the colour (Figure 1.4). 
 

 
 
Figure 1.4 The CIE (1931) x,y chromaticity space with the chromaticities of black-body 
light sources of various temperatures (Planckian locus), and lines of constant 
correlated colour temperature 
 
The colour temperature of a light source (white light) is determined by comparing its 
chromaticity with a theoretical, heated black-body radiator. A black-body is an object 
with a surface that absorbs all light that falls on it. The light emitted by a black body is 
called black-body radiation. The effect of changing the black-body temperature in a 
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particular colour space is represented by the Planckian locus. The Planckian locus 
symbolizes the chromaticity of a white light. In Figure 1.4 the CIE (1931) diagram of 
the x, y chromaticity space including chromaticity of black-body light sources of 
different temperature, and lines of constant correlated colour temperature are 
presented. The outer curved boundary is the spectral locus of monochromatic spectra. 
In the current study a new white light source with very high colour temperature is 
introduced (17000 K). As can be seen in CIE diagram it is a source containing high 
amount of blue spectrum.  

1.3 Visual lighting norms for the office work 
 

 Based on requirements for optimal visual performance, criteria have been 
formulated to assure high quality light conditions of the work environment. It is 
essential to present those criteria here, because they form the basis against which 
requirements for non-visual processing have to be discussed.  
 The Dutch lighting norm NEN-EN 1264-1 (2003), identical with the European 
norm, lists requirements for lighting in the office concerning intensity level, colour, 
glare, luminance ratios, and daylight entrance. The illuminance level is the primary 
design criterion (Boyce 2003). The Dutch norm requires a horizontal illuminance level 
of 500lx on the working plane for activities such as writing, reading and typing. In the 
surroundings of the desk, up to 0.5 meter around it, the lighting level should be about 
300lx. In the remaining area of the workspace an illuminance level of 200lx is 
recommended. Recommended illuminance levels for workplaces in 19 countries on 
different continents (Americas, West- and East Europe, and Asia) are summarized in 
Figure 1.5 (Mills & Borg, 1999). 
Also important are the luminance ratios. A luminance ratio is the luminance of one 
area divided by the luminance of another area. Luminance ratio limits are 
recommended to prevent excessive contrast between light and dark. When there is a to 
extreme luminance contrast between visual fixation points (task:surroundings), the 
time required for adaptation of the eye increases and it may slow visual performance 
and even may cause discomfort and fatigue. The proportion of the luminances of the 
task : direct surroundings : periphery should be as 10:3:1. If not the visual performance 
or visual comfort could be sub-optimal. 
Concerning the quality of colour properties of lighting, no colour temperature 
recommendation is given by NEN. But there is a colour rendering (Ra) advise of at 
least 80, which means good (50 is bad, 100 is excellent – daylight reference or black 
body radiation). The colour rendering is a measure of the effect a light source has on 
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the perceived colour of objects and surfaces. High Ra-light makes virtually all colours 
look natural and vibrant. Low Ra causes some colours to appear washed out or even to 
take on a completely different hue. The CIE (Commission Internationale de 
l’Eclairage) recommends the colour temperature (CCT) for interior lighting in the 
range of 3000-6500K. 
Finally, concerning the daylighting the following recommendation is made: the total 
surface of the daylight opening should be at least 1/20 of the floor surface of the 
workspace.  

 
Figure 1.5 Recommended horizontal illuminance levels for work conditions in 19 
countries (figure from Mills & Borg, 1999). Values for hospital operating tables have 
been compressed by a factor of 100 to fit in the graph. Values of the black bars reflect 
the extreme high and low endpoints of all national recommendations for a given task. 
The shaded bars indicate the average values of recommendations when they are 
expressed as range. 

1.4 Lighting measurements in offices (daylight / daylight + electric light/ 
electric light) 
 In daytime, between sunrise and sunset, typical outdoor lighting levels may vary 
from 5000 to 100000lx. At indoor work places the levels are much lower. From the 
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field studies of office work conditions, with daylight entrance, a wide range of lighting 
levels (illuminance) were observed. Ariës (2005) measured illuminance levels in Dutch 
offices at 87 workstations in the spring, between April and May. Vertical illuminance 
ranged from 200 to 1200lx (mean almost 600lx) and horizontal illuminance ranged 
from 300 to 1600lx (mean around 900lx). During the daytime measurements, the 
electric lighting was most of the times turned on. In the UK Moore et al. (2002, 2003) 
measured horizontal illuminance on the working plane during all seasons, during short 
and long periods of time. In the study where the short measurements were applied, the 
lighting measurements were done at a number of times of the year and lasted every 
time approximately one day. In the second study the lighting measurements in offices 
lasted weeks. People participating in that study could control lighting themselves. In 
the first study (short measurements) average horizontal illuminance in winter was 287, 
in spring 343 and in summer 419lx. But in summer the illuminance sometimes 
exceeded 2000lx, and in winter, without daylight, the illuminance level varied between 
6 and 846lx. In the study of longitudinal measurements over all seasons, Moore et al. 
observed mean horizontal illuminance of 288lx, ranging from 91 to 770lx. In the 
French field office study of Escuyer & Fontoynont (2001), measurements of horizontal 
illuminance in the autumn and winter period resulted in a range from few to about 
600lx. In the UK study of Nabil & Mardaljevic (2005) the cumulative daylight 
illuminance availability was calculated for an office with South facing window, depth 
of 6 meter and the working hours between 9:00 to 18:00. Their calculations 
demonstrated, that at the front of the office (1m depth) horizontal illuminance of 500lx 
was exceeded for approximately 84% of the working year, for 70% in the middle of the 
office (3 m depth) and 55 % at the back (5 m depth). A horizontal illuminance of 
2000lx was exceeded for about 70 % of the working year at the direct window zone, in 
the middle was exceeded for 35% of the time and at 5 meters for slightly more than 5% 
of the time. These European studies show how illuminance level varies between 
normal offices, depending on geographical orientation, daylight availability and 
season.  

1.5 Non-visual lighting needs for office work? 
 

 Visual office norms give 500 lx as a recommended lighting level on a work desk. 
A major question is if the recommended level for offices is sufficient for non-visual 
processes during the day. A second important question concerns the importance of the 
colour temperature of light, whether higher colour temperature than the standard 
(>3000-6500 K) would be more effective for the non-visual processes during the day. 
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If this would turn out to be the case, this will immediately trigger the question whether 
the high colour temperature is visually acceptable at the work place. Some of the 
studies imply that high lighting level and short wave length are superior for non-visual 
needs. As can be seen in the above cited studies of lighting measurements in the 
offices, in autumn and winter the lighting situation is worse. In that period of the year 
the days are shorter, lighting levels are lower, people spend less time outside and they 
have less opportunity to be exposed to daylight. Around that time of the year people 
feel less alert, more sleepy, and more depressed (Mersch et al., 1999). These aspects 
will be extensively discussed in the other chapters of this thesis.  
 De Nederlandse Stichting voor Verlichtingskunde (NSVV, The Dutch Society for 
Light Applications) proposed criteria for healthy lighting in a work place (2003). 
According to the suggestions of NSVV lighting conditions during daytime should be 
implemented in a dynamic way, with boosts of bright light in the morning (especially 
on Monday), in the post-lunch dip and before leaving work. The level of boosts is 
recommended in the range of 1000 to 1500lx and the colour temperature of about 
10000 K. However, these propositions still need further investigation. The current 
project hopes to make a contribution to this knowledge by studying lighting level and 
colour temperature effects during daytime work conditions.  

1.6 General outline  
 

 In this thesis theoretical and experimental aspects of non-visual lighting effect 
will be presented. Chapter 2 starts with the basics of photoreception and the history of 
light applications. A description is presented of what is known about the anatomical 
and functional pathways of non-visual effects. Important lighting parameters for visual 
and non-visual effects are specified. The rationale and background of the calculations 
comparing the effect size of lighting level versus effect size of lighting spectrum are 
explained. A distinction is discussed of immediate and long term effects of light. 
Chapter 3 presents the methodology of the study, consisting of two experiments; the 
first one investigating the effects of lighting level, the second one studying the impact 
of variation in lighting colour temperature. The chapter presents an overview of 
measured variables, and why they have been selected. It lists used materials and 
equipment. As already mentioned, psychophysiological measurements methods were 
applied. The experiments were designed specifically to mimic work conditions, 
because the aim of the study was to explore the lighting effects in the work situation. 
By performing the experiments in this way, an attempt was made to combine the 
benefits from real life fields experiments. The most desirable condition would be to 
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carry out the field experiment in a real work condition. Then the effects of light at the 
workplace would be measured as they are present in the field. However, the field 
experiment is more “vulnerable” because of uncontrolled situations, complexity or 
missing data (Robson, 1993). In real world investigations the emphasis tends to be on 
predicting effects rather than finding causes, and obtaining large effects (looking for 
robust results) rather than finding subtle relationships between variables (Robson, 
1993). One of the advantages of the strict laboratory experiment is that it permits a 
large degree of control over the conditions. The current study was a laboratory study, 
because the working day was simulated and controlled in the laboratory conditions. 
Only the conditions of some additional measurements before and after the “work”, at 
home, were not fully controlled. In that sense, the approach presents a good balance of 
advantages and disadvantages of lab and field studies. Chapter 4 describes the study of 
the effects of lighting level. In this experiment two lighting levels were compared, low 
and high (DL dim light and BL bright light) - 100lx horizontal/70lx at the eye and 
2000lx horizontal/ 1150lx at the eye. The low level was similar to the lower horizontal 
limit of the office norm (for visual processes) and the high level was comparable to 
horizontal lighting levels at the window zone. The results of measurements are 
presented and the effects are discussed. In Chapter 5 two lighting colour temperatures 
were compared, high and low colour temperatures (or CL cool light and WL warm 
light) – 17000 K and 2700 K. The lamps with high colour temperature used in the 
experiment were highly enriched in the blue part of the spectrum and for the first time 
were introduced here as a general office lighting. The high colour temperature was 
comparable with colour temperature of bluish patch sky. The low colour temperature is 
used commonly in the offices as standard warm colour temperature. The results of the 
experiment are presented and discussed. In Chapter 6 a general discussion about the 
lighting effects finalizes the study.  
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CHAPTER 2                 
Overview of non-visual effects of light  
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2.1 Light and photoreceptors 

 2.1.1 Light and some basic elements of the human visual system.  
 Light is electromagnetic radiation in the wavelength range between 380 and 780 
nm (see Figure 2.1). This radiation is called visual radiation because it elicits responses 
in the photoreceptors of the visual system in the human retina, in the eye.  
 

VISIBLE LIGHT

400 500 700 nm600

X-rays UV FMRadarIR
Short
waveTV AM

Gamma
rays

wavelength

10-1210-14 10-410-610-810-10 10-2 1 102 104m

 
 
Figure 2.1 The light spectrum as a part of the electromagnetic spectrum  
 
 The photoreceptors of the visual system are rods and cones. The rods contain the 
visual pigment rhodopsin and are sensitive to blue-green light with peak sensitivity 
around 500 nm. Rods have a low threshold for detecting light, in other words they are 
highly sensitive to light. They function under dim lighting conditions (scotopic vision) 
(Berne and Levy, 1993). The other visual receptors are cones. There are 3 types of 
cones (L-, M- and S-cones), each containing a different form of opsin pigment. The 
opsins in the L-cones are maximally sensitive to long wavelengths at 555 nm, in the 
M-cones to medium wavelengths at 534 nm, and in the S-cones to short wavelengths 
(blue light) at 435 nm (Pokorny and Smith, 2004). Cones are not as sensitive to light as 
rods and they work optimally under daylight conditions (photopic vision). Cones are 
responsible for high visual acuity and colour vision (Berne and Levy, 1993).  
Rods and cones are situated in the second deepest layer of the retina. The whole retina 
contains 10 layers (see Figure 2.2). 
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Figure 2.2 Cell layers in the human retina. The rods and cones are located in the 
deepest layer of the retina. L: light direction, S: signal from the photoreceptors to the 
optical nerve (figure modified from www.webvision.med.utah.edu) 
 
Light falling at the retina reaches the photoreceptors - rods and cones. From there light 
is transformed into electrochemical signals. The signals are conducted through the cells 
in the subsequent layers of the retina. Rods and cones are connected to the bipolar 
cells. They send stimuli further to the ganglion cells. They are the final output neurons 
of the vertebrate retina. The ganglion cells send their axons to the brain. The axons 
forms the optic nerve. Before entering the brain optic nerves cross in the chiasma 
opticum. In the brain, the axons of the ganglion cells terminate in visual centres: the 
lateral geniculate nucleus (LGN), the superior colliculus, and the pretectum (Berne & 
Lewy, 1993). The LGN sends information to the visual cortex about color, contrast, 
shape, and movement. The superior colliculus controls the movement and orientation 
of the eyeball. The pretectum controls the size of the pupil. The principal effect of 
these transformations is a process of seeing (see Figure 2.3).  
 
 

L
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Figure 2.3 Visual pathways: path from eye to visual cortex(V) (from 
www1.cs.columbia.edu) 
 
But, besides this, the stimuli that are conducted via the retina and a part of the visual 
pathways can also elicit non-visual effects when reaching other parts of the brain (more 
about this in the section 2.1.2). 

2.1.2 New photoreceptors  
 A few years ago a new discovery showed that beside rods and cones there are 
other photoreceptor cells in the retina (Berson et al., 2002; Brainard et al., 2001; Foster 
et al., 2002; Hattar et al., 2002 and 2003; Lucas et al.,1999 and 2003; Thapan et al., 
2001). These cells are ganglion cells (see Figure 2.2). The ganglion cells fulfil an 
important function in visual processes. But these recent findings showed that they also 
could have a photoreceptive function in non-visual processes.  
 The ganglion cells collect visual input from bipolar cells and amacrine cells, and 
beside their function in transmitting visual information they have a parallel function. A 
small subset of these retinal ganglion cells expressing photopigment melanopsin is 
capable of responding directly to light stimuli. This means that they are intrinsically 
light sensitive (Belenky et al., 2003; Rollag et al., 2003). Melanopsin expressing 
ganglion cells in humans are sensitive to short wavelengths (blue light) with a 
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maximum at 460 nm (range between 450-480 nm) (Brainard et al., 2001; Thapan et al., 
2001) (See the action spectra Figure 2.4).   
 

           
 
Figure 2.4 Action spectra for visual and non-visual effects (from Thapan et al., 2001): 
Action spectrum for melatonin suppression physiologically derived (■) compared to 
scotopic (λmax 505 nm, continuous line) and photopic (λmax 555 nm, dashed line) 
vision curves. Scotopic and photopic luminosity functions after CIE 1951 and 1924, 
respectively. 
 
These ganglion cells send information about the environmental lighting level to the 
biological clock (suprachiasmatic nucleus SCN), through the retinohypothalamic tract 
(Belenky et al., 2003; Rollag et al., 2003). Via SCN light influences non-visual 
processes.  
 Probably, light influences non-visual processes also via other neural pathways in 
the brains than via SCN, but these are not specified yet. The discovery of the new 
photoreceptors opened a new view on the mechanisms of light effects. It may help to 
understand light effects better and to specify better the light parameters for different 
applications and treatments. However, the discussions about the working of the novel 
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photoreceptor, their specific location, parallelism with the visual system and the 
transformation of the light signals, are still ongoing (Belenky et al., 2003; Dacey et al., 
2005; Glickman et al., 2003; Rea et al., 2005; Rüger, 2005).  

2.2 History of (sun)light applications and circadian rhythms discoveries 

2.2.1 (Sun)light applications 
 How did the knowledge about lighting effects develop in the past? It is impossible 
to talk about the history of light applications without mentioning sunlight applications. 
Sunlight contains besides visible light also UV and infrared radiation. These two 
radiations have non-visual effects different from light. They are predominantly used for 
treatments via the skin, in contrast to light, which mostly elicits effects via the eyes. It 
is not an aim of this study to explore the effects of UV and infrared, but for illustration 
purposes the history of sunlight applications is summarized.  
 The ancient Egyptians, the Aztecs, Romans and Greeks worshipped the sun and 
considered it as the source of life and health. Sunlight was considered a medicinal 
remedy. It was used in ancient Egypt, India and China to treat skin diseases, such as 
psoriasis, vitiligo, cancer, rickets and also for curing psychosis (cited in Ackroyd et al., 
2001). About 2000 B.C. the Babylonian King Hammurabi ordered his doctor-priests to 
use sunlight to cure the sick (Fris, 1959). In ancient Greece and Rome sunbathing at 
the seaside was a popular activity. In Roman houses there were solaria for the purpose 
of sunbathing (cited in Koorengevel, 2001).  
 In 5th century BC the Athenian physician Hippocrates, the father of medicine, 
prescribed heliotherapy (sunbathing) for both medical and psychological purposes 
(Fris, 1959; Hockberger, 2002). In the second century AD, a Greek physician in Rome, 
Herodotus, regarded as the father of heliotherapy, considered sunbathing as healing 
and heliotherapy as a good remedy to cure diseases (Fris, 1959). The practice of 
heliotherapy is documented in the writings of Herodotus, the first historian (5th century 
BC), Cicero and Celsus (2nd century BC), Vitruvius (1st century BC), Pliny the Elder 
(23-79 AD), Galen (130-200 AD), Antyllus (3rd century AD) and Oribasius (325-400 
AD), (Hockberger 2002). Herodotus wrote in the notes about his trip to Egypt, that a 
surprisingly lot of people there used sunbathing. Cicero wrote to Atticus about 
sunbathing in Rome preferably on the roofs and in the baths (therme). The Roman 
physician Celsus gave a sun therapy advice to anaemic, weak, and obese. The Greek 
surgeon Antyllus wrote that moderate sun warmth prevents an increase of body mass, 
decreases fat and build up (strengthen) the muscles. But sun warmth could have an 
unfavourable effect for the head. In the 5th century AD, Caelius Aurelianus, writer of 
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medical books, advised heliotherapy for obesitas and pain in joints (Fris, 1959). After 
the fall of the Roman Empire, the practice of sunbathing underwent recession. It 
reappeared in the writing of Early Middle Ages, as documented by the Persian scholar 
and physician Avicenna (980-1037 AD). But further, not much is known about 
heliotherapy in Middle Ages. Christians regarded sunbathing as a pagan practice and 
avoided it out of fear of being regarded as sun worshippers (Koorengevel, 2001).  
 The next news about (sun)light therapy comes from the 17th century. Democritus 
junior noted this kind of therapy as good for treating melancholy (Koorengevel, 2001). 
From the 18th century, reports about (sun)light effects began to appear in the medical 
literature. In literature indications appeared that sunlight ameliorated different skin 
diseases, had beneficial effects on internal maladies, and that it was capable of altering 
basic human physiology. For example Fiennius (1735) described a case in which he 
cured a cancerous growth on a patient's lip using a sunbath, Faure (1774) reported that 
he successfully treated skin ulcers with sunlight, Bonnet (1845) reported that sunlight 
could be used to treat tuberculosis arthritis (bacterial infection of the joints), Martin 
(1879) used stripes of blue and white light to treat progressive degeneration of the 
optic nerve, Fere (1888) noted that breathing and pulse rate were reduced under red 
light (Hockberger, 2002). Further, Finsen did important work in the discipline of light 
therapy. For his work on treatment of Lupus vulgaris (cutaneous tuberculosis) in 1903 
he received the Nobel Prize in Medicine. Finsen demonstrated that the chemical rays 
from sunlight (UV radiation) or an arc lamp had antibacterial effects and that, under 
appropriate conditions, it cured lupus vulgaris (Fris, 1959; Hockberger, 2002) 
 Besides the (sun)light therapy developments in 18th and 19th century, which were 
actually predominantly based on effects of UV radiation or infrared radiation via the 
skin, a positive influence of sunlight on mental health was claimed also. Pinel (1806) 
identified two types of seasonal depression, one occurring in winter and another in 
summer. Ponza (1876) reported that light therapy was beneficial for treating patients 
with mental illness. He found that violet-blue light was useful for reducing mania and 
red light improved symptoms of depression (Hockberger, 2002). In 1910 Kellogg 
wrote a book about phototherapy (Koorengevel, 2001). He indicated treatment for 
several disorders as neurasthenia, melancholia and mania. In the beginning of the 80’s, 
Rosenthal et al., (1984) published a paper with the description of the symptoms of 
Seasonal Affective Disorder and findings with light therapy. The publication triggered 
new studies to explore seasonality of mood disorders and treatment with bright light. 
Since 1989 bright light therapy is a treatment of choice for the Seasonal Affective 
Disorder (Terman et al., 1989; Terman & Terman, 2005; Wirz-Justice & Graw, 2000). 
In the end of the 90’s a new question arose concerning the pathways through which 
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light would produce non-visual effects in humans. The publication of Campbell and 
Murphy (1998) claimed that non-visual light effects were possible via the skin (back of 
the knees), besides the effects via the eye. But the theory was refuted by several other 
studies (Lockley et al., 1998; Eastman et al., 2000; Koorengevel, 2001; Rüger et al., 
2003) 

2.2.2 Parallel discoveries and studies of biological rhythms 
 Living organisms and beings have adjusted the coordination of their activities to 
the day-night (light-dark) cycle caused by the Earth's rotation. The rhythm of these 
activities is called circadian rhythm (from the Latin circa=about and dies=day) and it 
has a period of about 24 hours. The centre that coordinates the circadian rhythm is 
called the biological clock. The biological clock is situated in the suprachiasmatic 
nucleus (SCN) in the hypothalamus, just above the optic chiasm. The SCN generates 
rhythm itself. It coordinates rhythm of mental and physical (physiological) activity as 
water and food intake, sleep-wake, motor activity and body temperature. Because a 
free-running rhythm, a rhythm without external cues, of the biological clock is not 
exactly 24 hours, it has to be reset daily. To be synchronized with the external 
environment, we need the input of Zeitgebers (Aschoff, 1954 and 1981). The most 
important Zeitgeber is light (Czeisler, 1995). SCN receives input about environmental 
light from the retina, via retinohypothalamic tract (Moore, 1995). This tract originates 
from a distinct subset of retinal ganglion cells (Moore et al., 1995). Social and 
chemical (exogenous melatonin) factors and activity can also function as Zeitgebers.  
 The first known report on biological rhythms dates from 1729 (Anonymus in the 
reports of the French Royal Academy of Science). The report describes De Mairan‘s 
study of plants. He showed that leaves display periodic movements during the course 
of the day, even in complete darkness. Simpson and Galbraith (1906) were the first to 
demonstrate the circadian rhythm in mammals. They showed cyclic changes of the 
rectal and axillary temperature of monkeys, in constant darkness and in constant light. 
Later on, Richter found (1922) that the activity level of rats increases for a while every 
2 to 4 hours, together with an increase in stomach contractions (Kalat, 1992). In 1936 
Bunning proposed the concept of an endogenous biological clock in animals modulated 
by daily cycles of light and dark and in 1959 Halberg introduced the term “circadian 
rhythms” to describe these cycles (Hockberger, 2002). The next important event was 
isolation from the pineal gland a hormone melatonin by Lerner and co-workers (Lerner 
et al., 1958 and 1960). This discovery stimulated new studies of biological rhythms 
and studies on effects of light. Melatonin is a “sleep” hormone. 
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Figure 2.5 Examples of the circadian rhythms generated by the biological clock in 
SCN. In the graphics: the levels of melatonin, cortisol and body temperature. The dark 
bar represents night time. (figure from Hastings, 1998) 
 
Melatonin is produced in the pineal gland and in the blood during the night (dark) and 
absent during the day (light). It has a role as a mediator of dark phase (night phase) and 
as a synchroniser of endogenous rhythms. Melatonin is one of the most important 
circadian markers. Further, as it was proven that the circadian rhythm is an endogenous 
rhythm (that means that it free-runs in the absence of external or exogenous cues), 
there was a search for the generator of this rhythm. In 1967 Curt Richter showed that 
lesions in the hypothalamus eliminate eating and drinking rhythms in rats (Hätönen, 
2000). In 1972 the function of the biological clock in SCN was discovered almost 
simultaneously by two research groups (Moore & Eichler, 1972; Stephan & Zucker, 
1972). The first group demonstrated that lesion of SCN caused a loss of adrenal 
corticosterone rhythms in rats. The second group showed that the same lesion 
eliminated the circadian rhythm of drinking behaviour and locomotor activity in rats. 
One of the next important studies for understanding effects of light was the study of 
Lewy and co-workers (1980), which demonstrated that light influences the natural 
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release of melatonin. In the far past and more recently there were and are a lot of 
circadian studies and studies of light effects that help step by step to better understand 
these domains. One of the latest important discoveries was the already mentioned 
discovery of the new circadian photoreceptors.  

2.3 Non-visual effects of light: neural pathways 
 

 As mentioned in Chapter 1, light effects can be divided in long term effects and 
direct effects (see Fig 1.1. Chapter 1). At this moment, the most explored and best 
known neural pathways via which the light elicits non-visual effects are the pathways 
leading via SCN, thus via the biological clock. The starting point of this pathway is in 
the human retina, as was already mentioned above.  
 The retinohypothalamic tract is the main route responsible for the 
photoentrainment (Moore, 1995; Hätönen, 2000). The organisation of the pathways to 
the biological clock via which lighting elicits non-visual effects, is illustrated in figure 
2.6. The SCN is one of four regions that receive nerve signals directly from the retina. 
The other three are the lateral geniculate nucleus (LGN), the superior colliculus, and 
the pretectum. 
 The output from the biological clock (SCN) and the possible functions that could 
be affected by the signal from the biological clock is shown in the figure 2.7. The SCN 
sends information to other hypothalamic nuclei and the pineal gland. The functions that 
can be affected vary from pure physiological (e.g. temperature regulation, modulation 
of the production of hormones melatonin and cortisol), to behavioural state control 
(e.g. the sleep-wake rhythm).  
 According to a more recent review about the retinal connections system by Foster 
and Hankins (2002), most of the optic tract (about 90 %), arising from multiple 
ganglion cell classes, project to LGN (from LGN via optic radiation to visual cortex). 
A much smaller projection (about 10 %) goes to the pretectum and the superior 
collicus. Within the optic tract a relatively small subset of retinal ganglion cells (type 
III cells) (about 1%) project to SCN, IGL, OPN (olivary pretectal nucleus) and VLPO 
(ventrolateral preoptic nucleus). All those structures appear to respond to light. It is 
possible, according to Foster and Hankins (2002), that there may be additional 
projections from ganglion cells type III to yet unidentified structures within the brain. 
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Figure 2.6 Organization of the pathways to the SCN (biological clock) (after Moore, 
1995). The most important pathway is RHT (retinohypothalamic tract), responsible for 
mediation of non-visual effects of light. RHT leads via the retina to the SCN; other 
pathways conduct so called non-photic signals to the biological clock; RCA: 
retrochiasmatic area, GHT: geniculohypothalamic tract.  
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Figure 2.7 Outputs of SCN (after Moore, 1995). The biological clock has several 
output areas. Therefore light may influence via the SCN several non-visual processes, 
as for example the physiological of behavioral processes; PVT: paraventricular 
nucleus of the hypothalamus, SPVZ: subparaventricular zone, IGL: intergeniculte 
leaflet.  

2.4 The parameters of light in visual and non-visual processes 
 

 Which light parameters are important to elicit non-visual responses via the above 
described pathways? The table below summarizes the most important parameters. For 
comparison also the visual parameters are included. 
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LIGHTING VISION NIF

level
spectrum
space distribution
exposure lenght / dose
timing
previous exposure  

 
Table 2.1 Lighting parameters in visual and non-visual processes (NIF=non image 
forming processes) 
 
 The human eye can distinguish the brightness of light and its colour (Berne & 
Levy, 1993). For visual processes like reading or colour discrimination, the lighting 
level and spectrum play an important role (Boyce, 1981; Boyce et al., 2001). When the 
lighting level is low there are more chances to make an error or the performance speed 
can decrease, especially when contrasts of the reading materials are low. The 
probability of making an error increases also with age, because of changes in retina and 
lens. The spectrum of light influences how surfaces of the objects are perceived. A 
very well known example is with buying new clothes. Sometimes the colour of the 
clothes looks slightly different in the shop than in daylight. It is because the daylight is 
the best reference for seeing colours. The colour temperature of light can also influence 
how we perceive the surrounding space: cool or warm. It is also of importance how 
light is distributed in the space (luminance distribution) because of visual comfort 
(Voskamp et al., 2003). When there are too big contrasts, for example when task 
luminance is much higher than the luminance of the surroundings, the visual comfort is 
low. Previous exposure, as in the case of moving from darkness to light, influences 
visual processes for a relatively short period of time (up to a few minutes), such as 
changes of pupil diameter and accommodation in the retina (Boyce, 1981; Coles et al., 
1986). In the opposite situation, when moving from light to darkness, the total 
accommodation can last for about an hour (Boyce, 1981). The lighting parameters for 
visual processes and work conditions are well understood, because of long experience 
in the visual research. 
 In the non-visual processes lighting parameters play also an important role. 
Similar as for vision, the lighting level is important, but there are no exactly prescribed 
values for the work situation as in the case of visual processes. General trend is that 
high lighting levels are more effective for some processes than low lighting levels. 
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Examples of such processes are melatonin suppression or alertness increase (Brainard 
et al., 1988; Cajochen et al., 2000; McIntyre et al., 1989). Hence the effects depend 
also on previous history (Hébert et al., 2002; Jasser et al., 2006; Prichard et al., 2004; 
Wright Jr. et al., 2005). After previous exposure to darkness or very dim light the non-
visual responses will be stronger than after previous exposure to a high lighting level. 
It means that already lower levels can be effective. Also the timing of exposure is 
important (Dijk et al., 1989; Honma & Honma, 1988). Light exposure before the 
circadian temperature minimum, from early in the night to late in the night, can cause a 
phase delay of the circadian pacemaker. As a consequence, this can result in a delayed 
wake up time. Exposure to light after this minimum temperature causes circadian phase 
advance. Another factor is dose/length of exposure (Boivin et al., 1996; Reebs & 
Mrosovsky, 1989). The application and the effects are often seen in the light therapy of 
winter depression. The patients receive a dose of 10000lx for a period of 30 minutes or 
a dose of 2500lx for 2 hours with the same effect. Furthermore according to the studies 
of the lighting space distribution (Glickman et al., 2003; Rüger et al., 2005) it appears 
that inferior retinal light exposure (lower part of the retina) was more effective than 
superior retinal exposure (upper part of the retina) in suppressing melatonin, and nasal 
exposure was more effective than temporal. Finally it appears that using an adequate 
lighting spectrum the non-visual effects could be achieved using a low lighting level. 
This is due to the difference in action spectra for visual (photopic) effects peaking at 
555 nm and the action spectrum for non-visual effects peaking at 460 nm (range 
between 450-480 nm) (Brainard et al., 2001; Thapan et al., 2001). This implies that 
blue light, even with a low visual level, might be highly effective non-visually. The 
action spectrum curves were presented above (Figure 2.4). The non-visual parameters 
for the work situations (day and night) are still disputed. 

2.5 Lighting spectrum versus lighting level  
 

    From the latest findings it appears that the light spectrum is a very important factor 
in eliciting non-visual light effects. Light with short wave spectrum (around 460 nm, 
blue color) is more powerful in eliciting non-visual effects than light around the 
photopic action spectrum (555 nm, see action spectra Figure 2.4), at the same 
illuminance level. Or, the other way round, a lower level of blue light will elicit non-
visual effects of the same size as green light with a higher illuminance level. The same 
in other words: a low photon density of blue light can be more powerful in eliciting 
non-visual effects compared to a high photon density of green light. At present the 
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approximate size of non-visual effects per wavelength is calculated for melatonine 
suppression by Brainard et al. (2001) and Thapan et al. (2001).  
 When looking at the wavelengths only as a technical (physical) concept, we can 
see that the photons of blue light carry more energy than the photons of green light. 
Despite this, the same amount of blue photons will produce a lower visual lighting 
level than photons of green light. Blue light with the same photon density will be 
perceived dimmer than green light with the same photon density. But the same blue 
light can still be more powerful in suppressing melatonin, because the non-visual 
(circadian) system is more sensitive to blue light than to green light. An example of the 
calculations for the monochromatic light with the wavelengths of 460 nm and 555 nm 
is presented in the Table 2.2. Calculation of the expected effect size for non-visual 
effects of light made for the purpose of this study will be presented in Chapter 3. These 
calculations are based on the comparison of the effect for white light strongly enriched 
with blue spectrum and for white light with almost no blue spectrum.  
 

Wavelength V-lambda
NIF 
sens. photons

energy 
per 
photon

flux per 
photon

NIF 
energy 
per 

460 0,06 0,995 1 4,32E-19 1,77E-17 4,30E-19
555 1 0,26 1 3,58E-19 2,45E-16 9,31E-20

Proportion 460/550 0,072 4,619  
 
Table 2.2 Comparison of the visual and non-visual effect (melatonin suppression) for 
two wavelengths 460 nm and 555 nm (effect of approximately 1 photon). Photons of 
460 nm are about 4.6 times more effective in melatonin suppression than photons of 
555 nm. For the visual effects the efficacy of 460 nm photons is weak. See also Figure 
2.4. V-lambda – the relative sensitivity of the eye to different wavelengths, NIF sens. – 
Non Image Forming sensitivity, flux - luminous power is the measure of the perceived 
power of light, E-17 – scientific notation of 10 ⎯ 17 
 
 Summarizing, the recent findings show that the circadian system is sensitive to 
blue light (short wavelengths). New studies show that besides melatonin suppression, 
some other processes are also more sensitive to blue light, such as alerting response, 
sleep and thermoregulation (Cajochen et al., 2005; Lockley et al., 2006; Münch et al., 
2006; Rüger et al., 2005). Blue light was also found to be significantly more effective 
in reversing symptoms of winter depression compared to long wave light (Glickman et 
al., 2006). The recent studies with blue spectrum were predominantly conducted in the 
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evening and night periods, except the study of the effects on winter depression. The 
effects during the day are not widely explored yet. Cajochen et al. (2005) point out the 
importance of the studies of blue light and its use in work situations and the studies 
about the consequence of age-related changes of lens transmittance at the short wave 
range.  
 From the calculations in Table 2.2, that are derived from Figure 2.4, it appears 
that (approximately) one photon of the wavelength of 555 nm gives 13.8 times more 
light than one photon of the wavelength of 460 nm. The effect is opposite for the 
melatonin suppression. One photon of 460 nm is 4.6 times more powerful in 
suppressing melatonin than one photon of 555 nm. In the Figure 2.8, a simplified 
example is presented of the difference in size between visual and non-visual effects, for 
short wavelengths (blue) and long wavelengths (green). 

 
blue green
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melatonin
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Figure 2.8 An illustrative, simplified example of the size of visual and non-visual effects 
(melatonin suppression) of blue light and green light. The wavelength of the photon is 
important for determining its effects. The luminous efficacy curve (Figure 2.4) shows 
that photons around 555 nm are very efficient in eliciting visual effects in the human 
eye, whereas the photons at the low or at the high end of the visual spectrum are far 
less effective. For the melatonin suppression (non-visual effect) we must take the 
melatonin suppression curve (Figure 2.4), which peaks at 460 nm. For that effect the 
photons at 460 nm are efficient and the photons at 555 nm are far less efficient.  
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2.6 Difference between circadian effects of light and direct effects of light 
 

 Light can phase shift the rhythm of the biological clock, it can set it forward or set 
it backward. Light exposure before the circadian body temperature minimum, very 
early in the morning, can cause a phase delay of the circadian clock. Exposure to light 
after this minimum temperature causes circadian phase advance (Dijk et al., 1989; 
Honma & Honma, 1988). How light can shift phase of the circadian rhythm (rhythm of 
temperature or rhythm of melatonin), is quantified in the phase response curve (PRC) 
(Jewett et al., 1997; Minors et al., 1991). Light is most efficient in phase shifting 
between the evening and early morning. During the day the circadian clock is relatively 
less sensitive to light. 
 Light can phase shift the melatonin rhythm, cortisol rhythm and body temperature 
cycle (Boivin & Czeisler, 1998; Czeisler, 1995; Clodoré et al., 1990; Dijk et al., 1989; 
Lewy et al., 1987). The length of the photoperiod (length of the day) may also 
influence the circadian phase. For example, melatonin concentration level (in the 
blood) shows a diurnal phase change from winter to summer. Melatonin decline in the 
morning is phase advanced compared to winter and cortisol rise in the morning is also 
advanced in the summer compared to winter (Illnerova et al., 1985; Vondrasova et al., 
1997).  
 The properties of light in phase shifting of the circadian rhythm are utilized in the 
treatment of different circadian and mental disorders. Light can be applied for 
treatment of sleep disorders, for example in sleep phase delay or sleep phase advance 
(Regestein & Pavlova, 1995; Terman et al., 1995), in sleep disturbances related to 
depression or winter depression (Brunner et al., 1996; Neylan, 1995; Partonen et al., 
1993), and in sleep disturbances related to age changes in elderly (Campbell et al., 
1995; Van Someren et al., 1997). Light therapy is also used for treatment of symptoms 
of winter depression and non-seasonal depression; the mechanisms (circadian, 
neurotransmitter, genetic) are hypothesised but not proven yet (Lam & Levitan, 2000; 
Lewy et al., 1987; Rosenthal et al., 1984; Terman et al., 1989; Wirz-Justice et al., 
1996). The prevalence of Seasonal Affective Disorder is ca 2 % of the adult population 
in Europe (Wirz-Justice & Graw, 2000). Besides these treatments light can be used in 
preventing jetlag, to accelerate the adaptation of shifted sleep-wake phase to a new 
time zone (Boulos et al., 1995; Waterhouse et al., 1997). Light can be also applied for 
the purpose of better adaptation to shift-work (Burgess et al., 2002; Crowley et al., 
2003; Czeisler et al., 1990; Eastman et al., 1995; Eastman & Martin, 1995). The 
circadian rhythms of shift workers do not usually phase shift to adapt to working at 
night and sleeping during the day. This misalignment is associated with decline in 
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alertness and performance during night work, and decline of quality of daytime sleep. 
To adapt to changes related to shifts, a scheduled exposure to bright light and darkness 
could be effective for improvement of alertness and performance and sleep quality.  
 Besides the circadian effects of light, there are direct (non-visual) effects of light. 
As already mentioned, the circadian system is more sensitive to light during the 
evening, night and early morning. Direct effects of light (effects without phase shift) 
may occur also during the day. Direct effects of light are not “immediate” in the sense 
of seconds of several minutes. Normally, the non-visual effect on the stimulus 
probably appears with some delay. This is beneficial, because otherwise the 
physiological and psychological processes that are sensitive to light would change 
easily and the whole organism would become unstable. For example, in the evening or 
at night, plasma melatonin level in humans begin to decrease within 10 to 20 minutes 
after exposure to bright light and within one hour reaches daytime level (Lewy et al., 
1980). The pathways of the direct effects are not exactly known yet, except for the 
pathways via the circadian clock. Rüger (2005) suggests an involvement of pathways 
responsible for sleep regulation in direct effects of light. The candidates for these 
effects are also pretectal area, intergeniculate leaflate and ventromedial area (cited in 
Cajochen et al., 2005), similar to the connections of ganglion cells as proposed by 
Foster and Hankins (2002). The most explored direct effects of light are alerting 
responses (Badia et al., 1991; Cajochen et al., 2000; Clodoré et al., 1990; Myers & 
Badia, 1993; Rüger, 2005), suppressing effects on melatonin (Brainard et al., 1988; 
Cajochen et al., 2000; Lewy et al., 1980; McIntyre et al., 1989), and elevation of the 
cortisol level and core body temperature (Badia et al., 1991; Dijk et al., 1991; Leproult 
et al., 2001; Myers & Badia, 1993).  
 The direct effects of light can be used in the work situation for activation and 
preventing sleep, especially in the night-shift work situation. Also in all kinds of work 
or traffic situations where safety is involved, the alerting effects of light might be 
applied. Direct effects of light at night differ from during the day and may have a 
different mechanism. For example when looking at the alerting response: the alerting 
response during the night is based on direct melatonin suppression (Cajochen et al., 
2000) (melatonin is an hormone that increases sleepiness), and on direct effects of light 
on some brain parts that are responsible for alertness processes or sleep. As mentioned 
in the above studies, the pathways of these non-visual light effects are at this moment 
hypothesised. During the day the mechanism of suppressing melatonin secretion plays 
no role, because there is almost no production of melatonin, only the alerting 
mechanisms via yet not evidenced pathways could play a role. This alerting 
mechanism may play an important role especially in the winter period, in the morning. 
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As shown in the studies of Illnerova and Vondrasova, the cycle of melatonin may 
change with the length of photoperiod. In the winter the melatonin decrease is delayed 
in the morning. Therefore direct alerting effects after exposure in the morning are 
expected to be stronger in the winter than in the summer or spring. Also in the therapy 
of winter depression, the light treatment applied in the morning hours seems beneficial, 
though the mechanisms of this disorder and of the terapeutic light effect are not 
completely explained yet (Lam & Levitan, 2000).  
 In the current study, the direct effects of light during the day were studied. The 
main subjects of the study were alertness and performance. The effects were explored 
in the work situation. The study was conducted in the winter period. More detailed 
references and discussion concerning the questions of the current study will be 
presented in Chapters 4 and 5. 
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3.1 Introduction 
 

 To study possible effects of lighting level and lighting colour temperature two 
separate experiments were carried out. The design of the two experiments was almost 
the same; they differed only with lighting parameters that had to be varied. As in the 
experiments an influence of light on alertness, performance and visual comfort was 
explored, different kinds of measurements were performed. Alertness was assessed via 
subjective scales and via physiological measurements. Performance was assessed using 
short and long tests. The experiments were conducted in the autumn-winter season, in 
an office–like environment.  
 The objective was to simulate a working day during which the lighting effects 
would be explored. Therefore the subjects came early in the morning to the laboratory 
and they worked as during the normal office hours. In other studies where lighting 
effects were explored, especially those in which circadian rhythms were studied, 
people often stayed in the laboratory for several days before actual measurements or 
underwent a constant routine protocol (Clodoré et al., 1990; Daurat et al., 1993; 
Lafrance et al., 1998; Rüger et al., 2003 and 2005). These preparations were made to 
rule out possible exogenous masking effects or for conditioning to experimental 
conditions. In this study this kind of preparations was not included in the experimental 
procedure because the aim was different. The conditions were supposed to simulate the 
field situation. Further, the direct effects of light were explored and not circadian 
effects.  

3.2 Design of the study  

3.2.1 Subjects 
 Voluntary subjects were recruited via advertisements in the university. As the two 
experiments were carried out at two different moments in time, two separate samples 
of subjects participated in the experiments. Criteria for participation were:  
a) age between 25 and 60 years old (working population) 
b) not using neuro- and psychopharmaca  
c) motivated to work for about 8 hours during 2 days, performing recurring tests  
d) elementary computer experience 

 People who participated in the experiment did not work in night shifts, nor did 
they travel in different time zones in the period of about 3 months before the tests 
sessions. Subjects gave written informed consent and were paid for the participation in 
the experiments. 



 

 

 

38

3.2.2 Experimental design 
 

 The subjects were assigned to randomised groups. Each subject was exposed to 
two experimental lighting conditions A and B. In the first experiment A and B were 
successively high and low lighting level, in the second experiment A and B were high 
and low colour temperature. A detailed description of the lighting conditions will be 
presented in section 3.3.1. Half of the subjects received the condition A first and then 
crossed over to B. The other half received B first and then crossed over to A. The two 
sessions, one for each lighting condition, were separated by exactly one week, in order 
to start each session for the same subject at the same day of the week. Each session had 
the length of approximately one day-workshift. As each subject was his/her own 
control (within-subjects design), between subjects variation in experimental variables 
was eliminated as a source of error. Using this design one would expect an equal 
distribution of eventual learning or practice effects over the lighting conditions. 
 
 a) 
    
 

 b) 
 
Table 3.1 Experimental design: a) cross-over groups, b) time of the day factor  

3.2.3 Procedure 
 

 The study procedure consisted of two parts: intake and the experimental phase. 
An experimental phase consisted of two day sessions separated by one week.  
 Intake procedure At the intake appointment, the subjects were informed about the 
study and the experimental procedures: what the background of the study was, what 
was going to happen during the experimental sessions, what kind of tests they had to 
perform, what kind of physiological measurements would be carried out. People who 
decided to participate in the experiment received a written permission form for the 
experimental testing. The subjects had to return it undersigned before the experimental 

 Day 1 Day 2 
Sequence 1  A B 
Sequence 2 B A 

Day: 8 hourly assessments

Time9:00 16:00

1   2   3  4 5   6   7  8

start end
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procedure. During the intake people were instructed how they had to prepare 
themselves for the measurements: they should not go to bed too late and try to get 
enough sleep before the test session and they were instructed to wash their hair in the 
morning for the purpose of EEG measurement. The subjects received experimental 
scales and questionnaires to fill in at home. 
 Test session procedure The experimental session started at 8:00 a.m. and lasted 
between 8 and 9 hours. Every session started with an explanation about the procedure 
of the physiological measurements. Further, the instructions for the subject concerning 
the tests were given. After that, the preparations for EEG/EOG 
(electroencephalography / electrooculography) recordings and the attachment of the 
electrodes on the subject’s head and forearms took place. After all preparations and 
instructions, the subject was left alone to perform the tasks. The experimenter stayed in 
the same room behind a screen. The individual test instructions and the tests were 
presented automatically via a computer screen, except for the reading task, which was 
presented on paper. The computer controlled the timing of the procedures in the 
experiment. After every round, there were 2 minutes of rest with eyes open and 2 
minutes of rest with eyes closed for recording of an EEG background in rest. Every 
hour there was a 5 minutes break. During that period, the subject could rest or have 
something to drink such as mineral water or fruit juice. At around 12:30 there was a 
standard break for ½ hour in which lunch was served (3 buns, milk, tea and apple). 
There was no coffee served, because of possible caffeine effects. 
In the second experiment, to be able to compare the activity before and after the 
session, an actigraph measuring movements was handed out to the subjects. 

3.2.4 Tests and tasks sequence 
  
 The experimental session was divided in hourly cycles of tests and rest periods 
(Figure 3.1). The short tests recurred in every cycle. The long vigilance test followed 
the short test in the first and in the last cycle of the session. In the five middle cycles 
instead of the vigilance test another long task was used - the reading and learning tasks. 
Trial no. 4 consisted only of short tests because of the lunch break. Each hourly cycle 
ended with approximately 9 minutes rest, 4 minutes restricted rest and 5 minutes free 
rest. A detailed description of the tests used in the sessions is given further on in this 
section.  
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start 8:00 end 17:00

A B day 1 T V L L P L L L V
or

B A day 2 T V L L P L L L V
trial 1 trial 2 trial 3 trial 4 trial 5 trial 6 trial 7 trial 8

EEG

KSS ADACL RT DC DS TMT MO MD R and L RO RD Rest
Vigil

Scales Short tasks Rest period

KSS – Karolinska Sleepiness Scale, ADACL- Activation Deactivation Adjective Check List

RT- Auditory Reaction Time Task, DC- Digit count, DS- Digit span, TMT-Tral Making Test

MO – Minute estimation (eyes open), MD – Minute estimation (eyes closed), 

R and L – reading and learning task, Vigil – Auditory Vigilance Test, 

RO – Rest (eyes open), RD – Rest (eyes closed), Rest (free),

V – trial with Vigilance Test, L – trial with R and L Task, P – trial with lunch break,

T – technical preparations and instructions, A/B or B/A– lighting conditions  
 
Figure 3.1 Day schema and tasks sequence during the experiments 

3.3 Experimental environment 

3.3.1 Lighting conditions Experiment I and II 
 
Eexperiment I: variable lighting level 
 
 The first experiment was set up to examine the effect of the illuminance level on 
alertness and performance. The amount of light on the eye, highly related to the 
vertical illuminance, is an important parameter for the non-visual effects. The lighting 
design of the experiment had to ensure that the illuminance on the eye would be almost 
the same for all viewing directions of the subject, as this was the prime parameter in 
the hypothesis.  
 Luminance distribution in the indoor space depends on daylight contribution and 
distribution, and for artificial light it depends on light source, position and direction of 
the luminaries and their light distribution. Further the luminance distribution depends 
on the reflection characteristics of the surfaces (colour). Luminance in the viewing 
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field determines the illuminance at the eye. As a consequence, illuminance at the eye 
depends on: a) lighting installation and daylight b) position of the subject in the space, 
c) viewing direction of the subject.  
In this study all three parameters played a role, but they were controlled. There was no 
daylight entrance in the experimental room. The purpose of this was to provide a 
constant lighting condition. 
 During the experiment the subjects were sitting and working behind a desk for 
most of the time, which made their position in the experimental room almost constant. 
They were working with the computer or they were working at the reading place with 
semi-vertical holder for the text (see Picture 3.2). The holder was placed on the desk to 
ensure an almost vertical position of the subject’s head during reading. Therefore the 
main viewing directions were forward either to the computer screen or towards the 
reading task or at the wall in front. 
 To obtain the required almost constant illuminance at the eye, this could ideally be 
achieved by placing the subject into a white sphere. As the laboratory would simulate a 
normal office room, to achieve a comparable lighting condition to that of a white 
sphere the special conditions had to be designed. To obtain an almost constant 
illuminance at the eye for the described above viewing directions, the lighting design in 
the laboratory conditions was used as in the Picture 3.1.  
 Basic illuminance on the desk was provided by a direct lighting system from 6 
recessed ceiling luminaries with mirror optics (Philips TBS630/249 D7), with two T5-
49W lamps, and with light distribution as given in the Appendix. This design was 
supplemented by two luminaries (Philips TPS670/149) with one T5-49W lamp (see 
Appendix), placed at the edge of the desk and aimed at the wall in front of the subject 
(Picture 3.1). This wall acted as a secondary light source and highly contributed to the 
vertical illuminance at the observer position. 
 To support good and equal light reflection, the surrounding of the workplace was 
made white. No high luminance contrasts were observed in the room, since the 
environment had almost one colour - white. There was no glare and also no reflections 
on the computer screen. This design resulted in a nearly constant illuminance at the eye 
of the subject independent of viewing directions. In order to vary the level of 
illuminance, a dimmable system was used. All lamps used in the first experiment had a 
colour temperature 4000K and a colour rendering index of 80.  
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Picture 3.1 Place of the luminaries in the experimental room and the position of the 
subject. For the experimental lighting design six recessed ceiling luminaries were used 
and two luminaries placed behind the desk directed on the wall before the subject’s 
eyes. The desk and the surroundings were white. 
 
 

S

E

 
 
Figure 3.2 Ground plan of the experimental room, left: position of the subject, right: 
position of the experimenter behind the screen 
 

Width 3,50 m  
Length 5,20 m  
Height 2,55 m  
Height desk 0,75 m 
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This design resulted in the lighting variables for the first experiment as given in table 
3.2:  
 

 Horizontal 
illuminance 

Vertical 
illuminance 

Bright light 2000lx 1150lx +/- 170 

Dim light 100lx   70lx +/- 10 

 
Table 3.2 Two experimental lighting conditions in the first experiment Bright light (BL) 
and Dim Light (DL) 
 
 More detailed measurement data of vertical illuminance are presented in       
Figure 3.3. Horizontal illuminance was measured on the desk, height 75cm. All 
measurements of lighting levels were done with an analogue Universal Photometer 
(Hagner).  
 
 

1150/75

1300/80

900/50 

1300/75 1100/70

900/70 

1350/70

1150/70

BL/DL

 
 
Figure 3.3 Examples of a vertical illuminance at the eye (in lux) in the different 
viewing positions. The left values are from the Bright Light condition; the right values 
are from the Dim Light condition. In the main viewing directions the illuminance at the 
eye was almost constant. 
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 The experimental lighting conditions included low and high values occurring in a 
normal office environment (see Section 1.4). The lighting norms for offices prescribe 
mean horizontal illuminance of 500lx on the working plane. The experimental dim 
lighting condition was about 100lx as measured horizontally. It was somewhat lower 
than the lowest horizontal illuminance required in the office recommendations (200lx 
horizontal). But because of the white surroundings and good reflections in the 
experimental room, the vertical illuminance at the eye in the experimental room is 
comparable with vertical illuminance at the eye in a normal office, when taking into 
account the recommended minimum horizontal level (200lx). The bright light 
condition was higher than the standards, however this illuminance level occurs in 
offices at the window zone. These two lighting conditions, low and high, were chosen 
to create two different indoor environments where non-visual effects of light were 
expected to be different.  
 

 
Picture 3.2 The participant in the experimental room, Eh-horizontal illuminance, Ev 
vertical illuminance 
 
 

Ev 

Eh 
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  The dim light condition was only 100lx horizontally. According to Boyce et al. 
(2001) people can, independent of age, still read a text in 100lx without making errors 
if the text is good-contrasted. In this lighting level it is still possible to read 
comfortably. Elder adults may experience problems with errorless reading in lower 
illuminance than 100lx. Moreover reading in such low illuminance may cause fatigue. 
In the experiment an extra check of visibility was done by reading the classical 
Landolt-C rings from a distance of 40 cm, in both lighting conditions. The subjects had 
to read 3 rows of different sized Landolt rings from the original Groeneveld-Intersafe 
vision card (1994). There were three sizes of rings, one the same as Times New Roman 
text size 12, the other two were smaller. No one of the subjects had problems with 
recognizing the gaps in the rings, neither in the bright light condition nor in the dim 
light condition. Thus the experimental lighting conditions seemed to be acceptable for 
reading a standard text Times Roman size 12.  
 
Eexperiment II: variable colour temperature of light 
 
In the second experiment, the principle of constant illuminance level at the eye 
independent of viewing directions was maintained. But it was the lighting colour 
temperature that was varied between the experimental conditions and not the lighting 
level. 
In one condition the colour temperature was high of 17000 K (CL=cool light) and in 
the other low colour temperature of 2700 K (WL=warm light). The mean vertical 
illuminance on the eye, during the experiment, was in both lighting conditions almost 
the same and it was about 430lx +/- 40. The horizontal value of illuminance on the 
desk was about 760lx in both lighting conditions and it was comparable to office 
norms (at maximum levels; > 500lx horizontally).  
 

 Horizontal 
illuminance 

Vertical 
illuminance 

Cool light  17000K 760lx 430lx +/- 40 

Warm light 2700K 760lx 430lx +/- 40 

 
Table 3.3 Two experimental lighting conditions Cool light (CL) and Warm light(WL) in 
the second experiment 
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 The colour temperature of the experimental lighting was quite extreme when 
talking about office environment. The colour temperature of daylight normally varies 
from about 3000 to 30000 K (ref. CIE 1931). These variations are dependent on 
weather conditions and time of the day, for example: sky, cloudy patch has about  5900 
K, bluish patch – 17400 K, deep blue – 30000 K (see the daylight spectra in 
Appendix). After transmission of daylight through a window and reflection on the 
indoor surfaces, the colour temperature varies within indoor environment in the range 
between 3000 and 8000 K (review Fontoynont, 2002). Commercially available office 
light sources can vary with colour temperature from 2200 to 6500 K and recently even 
to 8000 K. Thus the colour temperature of 17000 K in the experiment was far higher 
than the temperature normally occurring in an office environment.  
 The high colour temperature (17000 K) was achieved with special experimental 
fluorescence lamps. The light radiated from these lamps had three colour bands: red, 
green and blue, where the blue spectrum was dominant (see spectrum in Appendix). 
Low colour temperature (2700 K) was achieved with the fluorescent lamps with the 
lowest colour temperature lighting available for offices.  
 Because of the high colour temperature of the experimental light, a retinal blue 
light hazard was calculated (data received from Philips Lighting, see Appendix). 
Conform to the standard of CIE (S 009/E: 2002) the blue light weighted radiance Lb 
should not exceed 100. Current Lb was about 25.  
 Also in this experiment an extra check of visibility was done, with reading of 
classical Landol-C rings from the distance of 40 cm, in both lighting conditions. No 
one of the subjects had problems with recognizing the gaps.  
 
The choice of the high and low colour temperature in Experiment II. 
  The choice was primarily based on the effect of wavelength and photon density of 
light on the melatonin suppression (see Figure 2.4 and Section 2.5). The melatonin 
suppression at night by light exposure to various spectral compositions and 
illumination levels has led to the derivation of the melatonin action spectrum (Brainard 
et al., 2001; Thapan et al., 2001), as was already mentioned in Chapter 2. Van den Beld 
(2002) used the melatonin action spectrum to calculate two parameters for a number of 
artificial light sources. One of these parameters is a luminous flux, describing the 
visual effects of light. The other parameter is the “NIF-output” describing the non-
visual effects of light (or Non Image Forming NIF effects). Knowing the NIF output 
and luminous flux would allow to choos a light source depending on what kind of 
effect has to be achieved. For example for reading in the evening a source with no blue 
spectrum could be used. Using the same lighting level and a source with more NIF 
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output, a bigger non-visual effect (melatonin suppression) is expected. And the 
opposite: if using a source with less NIF output a smaller non-visual effect is expected. 
For the calculation of the experimental data the spectral data of the colour temperature 
from 4000 K lamps, 17000 K and 2700 K were used. As in the current study a 
polychromatic light was used and not monochromatic, it was necessary to recalculate 
the data of the melatonin suppression curve by spectrum, in the effects of colour 
temperature on the melatonin suppression.  
 
From the data provided by Van den Beld (Philips Lighting Eindhoven) the following 
was derived: 
a) At equal illuminance level a 17000 K lamp has 2.27 more NIF output (melatonin 
suppression) than a 4000 K lamp. 
b) At equal illuminance level a 2700 K lamp has 1.5 less NIF output than a 4000 K 
lamp. 
c) Comparing to the condition of 17000 K, there would be 1.5 X 2.27=3.4 times less 
NIF output in the condition of 2700 K. 
 
It was expected that the size of the here calculated NIF output, thus the size of 
melatonin suppression, could be used as an indicator for the size of the effects of 
different colour temperatures during the day on other NIF outputs (as for example on 
alertness). As was already mentioned in the Chapter 2, during the day there is no 
melatonin secretion, therefore for this study melatonin was not an important parameter. 
Base on the calculations, lamp comparison of 17000 K and 2700 K at equal 
illuminance could yield similar differences in light effects as in 1150lx and 100lx at 
4000 K conditions (conditions from the first experiment) (see Figure 3.4 below). To 
choose an experimental illuminance level, NIF output for the illuminance level of 
1150lx (4000 K) was recalculated for an equal amount of NIF output for the 17000 K 
sources. This yields about 1150/2,27=500lx at the eye. For technical reasons this exact 
value of illuminance at the eye could not be realised, but a comparable illuminance 
level of 430lx+/- 40 instead.  
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Hypothesis: Effect vs Lighting level for different colour temperatures during the day 
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Figure 3.4 Hypothesised size of non-visual effects of light for different illuminance 
levels at the eye and different colour temperatures. The stippled 17000 K and white 
2700 K curves represent the experimental colour temperature conditions in the second 
experiment. The black curve is a 4000 K colour temperature condition from the first 
experiment. Calculations are based on the action spectrum for melatonin suppression 
by light at night (Brainard et al.,2001; Thapan et al., 2001). Connected points on the 
4000 K represents the illuminance levels in the first experiment and the line between 
17000 K and 2700 K represents the illuminance level in the second experiment. The 
size of the differences in the effects in both experiments was expected to be 
comparable.  

3.4 Measured variables, equipment and statistical analysis 

3.4.1 Alertness measurement  

Physiological measurements 

EEG (electroencephalography) and EOG (electrooculography) recordings 

 In the current study the EEG measurement together with EOG measurements was 
used to obtain objective information about possible changes in alertness during the day 
due to the different lighting conditions. EEG was derived from the following electrode 



Methodology of the experiments                                                       CHAPTER 3 

 

 

49

positions: Fz, F3, Cz, C3, P3, O1, F4, C4, P4, O2, A1, Pz (ground), according to 10-20 
system (American EEG Society 1976). EOG was registered with two channels: 
horizontal EOG between the outer canthus of each eye and vertical EOG recorded from 
above the middle of right eye to below the middle of the same eye (Santamaria & 
Chiappa, 1987). 
    For the acquisition of the signal a portable TMS recorder Porti (ISO 13485:2003) 
was used. EEG was acquired via unipolar inputs; EOG via bipolar inputs. During the 
portable measurements the data were stored on ATA flash PC card. The data can be 
transferred to Pc using Pc card drive PCMCIA. Sample frequency of all signals was 
100Hz. Electrodes used for EEG measurements were Ag/AgCl cups, electrodes used 
for EOG were Ag/AgCl cups, all with the wire of 1,5m length. For the connection 
between Porti recorder and PC, an optocoupler with phototransistor output 
(4N35/4N36/4N37) was used. 
 
Markers of alertness and sleepiness in EEG 
  To assess changes in alertness level during wakefulness, there are different 
methods of acquiring and analysing background EEG. The EEG signal can be analysed 
by using the EEG from the periods of rest (rest with eyes closed or with eyes open) or 
from the period of activity.  
 When using the rest periods, then the spectral power of EEG can be compared to 
the results of performance measurements or subjective alertness measurements that 
were performed before or after the EEG rest measurement and see how they correlate 
(Åkerstedt & Gillberg., 1990; Cajochen et al., 1999; Daurat et al., 1993; Lafrance et al., 
2002; Leproult et al., 2003). 
 In general, EEG theta (4,5–8 Hz) and alpha (8-12 Hz) activity with eyes open is 
enhanced with increasing sleepiness and fatigue (Lal et al., 2001). Lower frequencies 
increase with declining vigilance or sleepiness (Coenen, 1995). In the stage of 
drowsiness, with eyes closed, alpha activity starts to decrease and theta power 
increases. The alpha rhythm spreads from posterior to anterior during the wakefulness-
sleep transitions (de Gennaro, 2001). In the study of Strijkstra (2003), sleepiness 
assessed via subjective scales correlated negatively with global alpha 8-12Hz and 
positively with central theta 4-8Hz, in sleep deprived subjects. Also in the study of 
Cajochen et al. (1999) theta power correlated with the score of subjective sleepiness. It 
is known that the amplitude and frequency of alpha decrease in sleepiness, in contrary 
to relaxation – where alpha amplitude increases. During a decrease of alertness a  
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Picture 3.3 During the experimental session. EEG channels in the system 10-20 and a 
portable EEG recorder 
 
disappearance of eye saccades is observed and an appearance of slow eye movement. 
The sleepiness state is sometimes described with alpha power ratio: alpha power with 
eyes closed /alpha power with eyes open. The lower the ratio, the higher the sleepiness 
and the opposite (review Curcio et al., 2001). Transition from normal to drowsy state is 
described in detail in Santamaria and Chiappa (1987). Ogilvie (2001) made a review of 
the different indexes describing transfer from awake to sleep. 
 Another option is to use periods of activity and analyse background EEG where 
simultaneously a neurobehavioral task is performed and see how the performance 
correlates with the EEG power spectrum (Jung et al., 1997; Makeig et al., 1993, 95, 96 
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and 2000; Torsvall & Åkerstedt, 1988). During the execution of tasks, an extent of 
alpha power suppression is positively correlated with cognitive performance 
(Klimesch, 1999). In the study of Torsvall (1988) decreased performance is associated 
with increasing of power density of alpha, theta and delta bands. 
 
Alertogram  
 In the two current experiments, to analyse possible changing of alertness in two 
experimental lighting conditions, an alertogram was scored in EEG (see Table 3.4).  
 

STAGES IN THE ALERTOGRAM DEFINITION OF THE STAGES
AWAKE
MT Movement, muscle and/or movement artefacts > 50%
+S-A (SA1) Saccades (at least 1), alpha activity < 25 %
-S-A (SA2) No saccades, alpha activity < 25%
+S+A (SA3) Saccades (at least 1), alpha activity > 25 %
-S+A (SA4) No saccades, alpha activity > 25%
D+NRM1A (DZ) alpha activity < 25 % + theta activity and/or SEMs
SLEEP
NREM1B Low voltage EEG, theta > 50% , vertex waves
NREM2 Sleep stage 2
NREM3 Sleep stage 3
NREM4 Sleep stage 4
REM REM sleep  
 
Table 3.4 Definition of the alertogram stages. In the experiments alert stages were the 
most frequent stages. Drowsiness occurred too, but in a much lower percentage. 
 
This is a semi-quantitative method of assessment of EEG and EOG signal with manual 
scoring of stages of alertness (Arends et al., 1994). Stages were scored in 10 sec 
epochs, depending on percentage of alpha activity, occurrence of theta activity and 
occurrence of eye movements (saccades or slow eye movements - SEM’s). Saccades 
are very fast, high amplitude eye movements, speed can reach 800°/s (Sosnowski et al., 
1993). Slow eye movements are defined as rolling excursion of EOG, longer than 1s 
and at least 100 μV amplitude. The first five alertogram stages are stages of 
wakefulness. The last stage is a drowsiness stage. The amount of shifts between the 
stages would increase with increasing sleepiness.  
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However, this method of alertness assessment was developed to evaluate sleepiness in 
narcolepsy patients. They have frequent shifts in the alertness level during the day. 
Therefore, the judgment of alertness via shift of stages in narcoleptics is possibly not 
comparable with the shift of stages of healthy persons. 
The EEG was simultaneously recorded with tests/tasks and rest periods with eyes open 
and closed. The entire EEG recording from the experimental day was scored in the 
alertogram stages.  

 
Figure 3.5 Scored EEG in the form of the alertogram from the one experimental day, 
as seen on a display of the BrainLab computer program. 
 
Subjective measurements  

Karolinska Sleepiness Scale (KSS) 

 The measurements of subjective alertness were performed in the evening at home, 
before each test session at three time points: at 20:00, 22:00, and before bedtime. 
Further they were performed in the morning after waking up, then hourly during the 
test sessions, and finally again in the evening at home after the sessions. Assessments 
of alertness/sleepiness were made using the Dutch version of Karolinska Sleepiness 
Scale (Åkerstedt & Gillberg, 1990). The KSS is a 9-point scale describing different 
states of alertness from ‘very alert’ (1) to ‘very sleepy, difficulty to stay awake, 
fighting sleep’(9).  

Activation Deactivation Adjective Checklist (ADACL) 

 For more-dimensional subjective assessment of activation, the Activation 
Deactivation Adjective Checklist (ADACL) was used during the sessions. This scale is 
a multidimensional test of various transitory arousal states including energetic and 
tense arousal. The original version was constructed by Thayer (1967, 78 and 86). 
Kerkhof (1998) validated the Dutch version of this checklist. The Dutch version of 
ADACL consists of 20 self-descriptive adjectives such as tired, calm, active etc.  The 
subject had to evaluate each of the 20 adjectives on a 4 point scale, from ‘yes, 

alertogram 1 day
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definitely’ to ‘no, definitely no’. Within the wider dimensions of energetic and tense 
arousal there are four subscales (factors), in Dutch: Activatie (General Activation), 
Slaperigheid (Deactivation-Sleep), Ontspanning (General Deactivation), Spanning 
(High Activation). Factor analysis of the above translated adjectives-items, in the 
instrumental study of Kerkhof, showed a negative relation between factors ‘activatie-
slaperigheid’ and ‘ontspanning-spanning’ . The first two dimensions would correlate 
with circadian rhythm and the other two dimensions would correlate with different 
sorts of emotions and stress reactions. 

3.4.2 Performance measurements  
 

 To study the possible effect of lighting in work-like situation different tests were 
used such as psychomotor tests, cognitive and vigilance tests, and an office-like task. 
One purpose was to keep people busy during a day-work shift and make certain that 
they were performing the same activities. The other purpose was to measure the 
performance. Human performance fluctuates in the course of the day. In the studies of 
performance, Folkard and Monk (1979), Monk et al. (1996), and in a review, Carrier 
and Monk (2000) give a compilation of factors that can cause changes in the 
performance at different times of the day. Some changes are due to alterations in 
‘energy resource’ processes such as sleepiness (alertness) or fatigue. They can show up 
in the changes of speed of performance, in fluctuations of attention and alterations in 
the error frequency. Especially the vigilance test (Lammers et al., 2005; Mackworth, 
1950) seems to be sensitive for measurement of alertness fluctuations (Smit, 2004). 
Because the light was expected to influence ‘energy resource’ aspects related to 
information processing, such as alertness/sleepiness, some tests selected for the study 
had to be sensitive to changes in these processes. 
Because the tests in the experimental trials recurred every hour, different versions of 
the same tests were used to prevent learning effects. The same versions were used in 
the second session one week later, except for the reading and learning texts. 
All tests were presented via PC on a 17’’ inch computer screen (High Colour 16 bit, 
1024 x 768 pixels), except for the reading and learning task, which was presented on 
paper placed vertically on a holder before the subject. 

Reaction time task 

 The level of alertness and performance was assessed by the reaction time task 
(RT). In the reaction time test a subject was exposed during 3 minutes to 50 auditory 
stimuli. A reaction to all stimuli was required. Each stimulus lasted 100 milliseconds 
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and had a sinus form of 1000 Hz. The stimuli were presented in random intervals of 
2,5s, 3s, 3,5s, 4s and 4,5s. Twenty-five stimuli had the higher frequency of 1200 Hz 
and the other 25 stimuli had the lower frequency of 800 Hz. The subject had to react as 
fast as possible by pressing the A key (with the left hand) when the low frequency 
signal was presented and by pressing the L key (with the right hand) when the high 
frequency signal was presented. There were 8 versions of the test, each one for each 
trial. In these versions the interval sequence between the stimuli and sequence of the 
stimuli were changed at random. Reaction speed, variability of reaction and errors were 
measured. 

Wilkinson Auditory Vigilance test 

 In the vigilance test participants were required to monitor 500 ms tones occurring 
every 2 s. Occasionally one of the tones was slightly shorter (375ms) and this had to be 
reported. The subject had to react as fast as possible by pressing the space bar of the 
keyboard. Both signals had a sinus form of 1000 Hz. In the 30 minutes of the vigilance 
test approximately 900 tones occurred, 20 of which were the short signals that subjects 
are required to detect (Craig et al., 1981; Glenville et al., 1978; Wilkinson, 1970). The 
short signals were presented at random intervals. Probability of occurrence of target 
signal was 20/900. Speed of reaction times, variability of reaction times, omissions and 
false alarms were measured. The reaction times of false alarms were not registered.  
This vigilance task was based on the inspection paradigm. This means that events 
occurred at regular intervals, some events were targets and most events were non-
targets. According to Signal Detection Theory (Green & Swets, 1966) the proportion 
of correct detections of a stimulus in the task depends on two factors. The first is a 
sensory sensitivity. It says how well the observer is able to make correct judgements 
and avoid incorrect ones. The second one is called bias (non-sensory factor). That is 
the extent to which the observer favours one hypothesis over another independent of 
the evidence he has been given.  
 
Time estimation 
 The one-minute time estimation task was used to assess changes in general 
activation level or internal clock speed. The subjects were asked to push on the space 
bar of the keyboard when they started with estimation of the duration of 1minute; and 
they were asked to push the space again when they thought that 1 minute had passed. 
The task had to be performed with the eyes open as well with the eyes closed, always 
in this sequence. It was expected that with increasing sleepiness the estimated time 
would be longer. Aschoff and Daan (1997) found that people in temporal isolation 
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produced longer time intervals under high light intensity. They also found that in dim 
and bright light the time intervals became shorter with increasing body temperature 
(circadian fluctuation). But the regression lines describing these two relations were 
different. Their conclusion was that if subjective time is slowed down by bright light, 
objective time seems to pass faster in bright light. Kuriyama (2003) suggests also, that 
short-term time perception is influenced by circadian rhythm. Time estimation seems 
to be dependent also on mood state. Depressed people produce increased time 
intervals. 
 
Trail Making Test (TMT) 
 This is a test of visual search, attention, mental flexibility, and motor function 
(Bouma et al., 1990; Lezak, 1995; Spreen et al., 1991). For the purpose of this study an 
original version of the test was modified. It was prolonged to increase sustained 
attention time and instead of the paper it was presented on the computer screen. Fifty-
two circles, containing the whole alphabet and the numbers from 1 to 26, were 
randomly arranged at the computer screen. The subject had to click on the circles, 
shown on the screen, with the cursor using the computer mouse. The circles had to be 
marked in the following sequence 1-A-2-B-3-C etc. When the subject clicked with the 
mouse on the circle, its colour changed temporarily in green. There was no feedback 
about the errors. Eight versions of this test were used. In each version the circles were 
randomly placed on the computer screen to avoid learning effects. Speed and errors 
were measured. 
 
Digit addition test  
 This test has an attentional character (Lezak, 1995). It is a very short test in which 
the subject is asked to count from 1 to 40 by adding 3 every time. In the current study 
there were 8 versions of this test, one for each trial. Therefore every time the series of 
numbers began with different digits: from 1-9 except 3, thus the highest end number 
was 48. First digits were presented in a random sequence between 1 and 9. The total 
time on task and the number of errors were scored. 
 
Digit span test  
 This test consisted of digit series (two 3-digits series, two 4-digits series, two 5-
digits series, two 6-digits series, two 7-digits series and two 8-digits series). The digits 
varied from 1 to 9. This fairly short test contains ‘subtasks’ with different performance 
load (short and long digit sequences). Digit series were presented on the computer 
screen for a short time. After each digit sequence was presented, the subject was 
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instructed to fill in the text boxes on the computer screen as fast as possible, using the 
alphanumeric keys and a computer mouse. The test could be considered as a measure 
of intensive concentration (Bouma, 1990). There were 8 versions of the test. In each 
version the digit series were different. Mean time per digit was calculated and the 
number of errors. 
 
The reading and learning task  
 This is a task that is comparable with a usual work task. It was specially 
constructed for the purpose of this study. The base of this test was a long Dutch text 
(approximately 3000 words) that contained 10 words in which one character was 
omitted. The text was printed out on an A4 format white paper, with Arial bold letter 
type size 12 and line spacing 1,5. It provided a text with a good contrast. Subjects were 
instructed to read the text and to find the 10 words with omitted characters, to mark 
and to memorize them. After 25 minutes of reading, marking and memorizing, these 
words had to be recalled and filled in on the PC screen. This task was adapted 
(shortened), when the subject performed on the other tests with lower tempo. This was 
to ascertain, that each trial would not be longer than one hour. The results of the task 
were not scored since it was used as a standardised activity task.  
The texts used in the experiment originated from five book sources:  
a) Lindberg, D.C. ‘Pioniers van de westerse wetenschap’, Boom: Amsterdam, 1995. 
b) Graulus, M., ‘Uitvinders van het dagelijks leven’, Helmond, 1993; c) Ward, W. 
(transl. Oberski, A.), ‘Handboek Italië: gids voor de jaren negentig’, Amsterdam: 
Nijght en van Ditmar, 1993; d) Groot, G., ‘Twee zielen: gesprekken met hedendaagse 
filosofen.’, Nijmegen: SUN, 1998; e) Hašek, J., ‘De lotgevallen van de brave soldaat 
Švejk in de wereldoorlog.’, Amsterdam: Pegasus, 2001. 

 3.4.3 Visual comfort measurements  
 

 In the second experiment, the lighting condition with the high lighting colour 
temperature was rather extreme. According to Kruithof (1941) high colour 
temperatures are more acceptable when they occur together with high illuminance 
levels (see Figure 3.6). In this experiment high colour temperature was used together 
with a relatively low illuminance level. Therefore a measurement was undertaken to 
assess the subjects’ opinion about visual comfort conditions. Visual comfort is a state 
of consciousness evolved as a result of physiological and psychological effects. It 
expresses satisfaction with the visible environment. Visual comfort may be assessed 
using the feature belonging to a person such as eyestrain, blurred vision, drowsy, 
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headache, etc. On the other hand visual comfort may be described with the features 
belonging to lighting, such as too cold light, too bright, glare, etc. In this study the 
subjects were asked about their visual comfort by means of a questionnaire.  

 
Figure 3.6 Kruithof schema with colour temperature / illuminance relation and 
perceived ambiance. High colour temperatures are perceived as more acceptable 
(satisfactory) when they occur together with high illuminance levels. 
 
Visual comfort questionnaire 
 The visual comfort scale contained 7 items. Three of the questions concerned 
visual comfort during a) reading, b) working behind the PC screen, and c) resting. The 
answers had to be given on a 10-point scale from very bad (visual comfort) to very 
good (concerned also as normal visual comfort). In one open item people could 
describe in their own words their visual comfort in the lighting condition. In three other 
items people were asked about lighting features. They were asked to give an answer on 
10-point scale about the lighting level (from too low to too high, and about colour 
(from too warm to too cold). The one question about glare had two answer 
possibilities: yes/ no.  
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3.4.4 Additional measurements 
 

 To obtain more information about the subjects and the factors that possibly could 
affect alertness levels, subjective scales were used as: the Groninger Sleepquality Scale 
(in Meijman et al., 1990), Sleep quality of the previous night scale (night before the 
test sessions), and the Dutch version of Morningness-Eveningness scale (Kerkhof, 
1984). In the second experiment, to control the activity of the subjects before and after 
the test sessions, an actigraph was used.  

3.4.5 Summary data output 
 

In this summary, the type of data from subjective scales, tests/tasks and EEG are 
presented. Measurements were performed in trials during the test sessions and at home.  
 

  
Table 3.5 The experimental variables and types of measured output 

3.4.6 Statistical analysis 
 

 To obtain the information about possible effects of lighting conditions (1150lx  vs 
70lx and.17000 K vs. 2700 K) during the day, on alertness and performance, the data 
from subjective scales, the tests/tasks and the EEG were analysed with repeated 

Measurements (instruments) Measured concept Trials per day Scoring (output)
EEG
EEG recorder alertness/sleepiness continuous measurement alertogram
Tests/ tasks
Auditory vigilance test performance/vigilance 2 trials Speed / errors
Auditory reaction time test performance 8 trials Speed/ errors
Trail Making Test performance 8 trials Speed/ errors
Digits addition performance 8 trials Speed/ errors
Digit span performance 8 trials Speed/ errors
Time estimation internal clock/activation 8 trials Time interval
Subjective scales
KSS subjective alertness 8/9+(3+3 +1 at home) 9 points scale
ADACL activation / deactivation 8/9. scale with 4 sub-scales
Other  scales
Visual comfort scale visual comfort 1 time 10 points scale/ open
Morningness/eveningness chronotypes 1 time sum of all subscales
Sleep last night sleep quality 1 time 10 points scale
Groninger sleepquality scale sleep quality 1 time sum of  the questions
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measures ANOVA (significance at p=0,05). Light was a within-subjects factor with 2 
levels. Also an effect of time of the day was analysed (within-subjects factor with 8 or 
9 levels) and interaction between light and time of the day. For the rmANOVA 
analysis a Huynh-Feldt correction was applied. Also an Effect Size (partial eta 
squared) and an Observed Power of the significant results were calculated (Tabachnick 
et al., 2001). Partial eta squared means that the factor X accounts for Y % of overall 
variance (partial eta squared 0,2 =small, 0,5=medium, 0,8 big effect size). It is not 
dependent on how many factors there are, it gives the contribution of each factor taken 
as if it was the only variable. Sometimes a factor can have a significant effect, but a 
small effect size. For example when in the significant result partial eta squared was 
0,02, it means that the factor X by itself accounted for 2% of the overall variance 
(effect+error). In this study the factor X is represented by light (or time). Observed 
power means how big is the power of significance prediction for given effects (varies 
between 0 and 1). For the analysis of effects of lighting conditions on subjective 
alertness score of KSS in the evening before and after the session, and on visual 
comfort, the t-test for paired samples was applied. 
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   CHAPTER  4   EXPERIMENT I:              

Effect of lighting level on alertness and 
performance during the day 
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ABSTRACT 
 
Objectives: The question to be answered in this study is, if and how the lighting level 
influences alertness and performance of people during the daytime in office work.  
Methods: Twenty-three volunteers participated in autumn-wintertime in two 
experimental sessions starting at 8 am. They were exposed to two randomised 
experimental lighting conditions for about 9 hours: to a high lighting level of about 
1150lx on one day and to a low lighting level of 70lx one week later. During the 
sessions the subjects carried out a test battery with tasks recurring every hour, to 
simulate work conditions and to measure the performance. Among the short and long 
tasks there were psychomotor, vigilance and reading tasks. Alertness was measured 
continuously via EEG/EOG recordings and hourly via standardised self-reports.  
Results: Repeated measures ANOVA analyses showed significant effects of lighting 
conditions on alertness dependent on time of day. Alertness measured subjectively was 
higher in the morning in bright light than in dim light. Furthermore, subjective ratings 
in the early evening at home also showed higher alertness scores after working in 
bright light as compared to dim. EEG recordings revealed an interaction between 
lighting conditions and time, showing up in a significant reduction in stages with more 
alpha activity and theta activity in the afternoon in bright light as compared to dim. 
Performance scores were not systematically influenced by lighting conditions, except 
that the vigilance test showed significantly smaller variance of the speed score 
(reaction times) in the bright light condition. Also the percentage of the good hits was 
higher in bright light. The difference in vigilance speed was close to significance.  
Conclusions: Daytime light exposure has a positive influence on alertness, especially 
in the morning. Therefore monotonous, long tasks at work should not be preferably 
performed in the beginning of the day shift. If working constraints do not permit this, 
use of high lighting levels may be helpful in the performance of these tasks, keeping 
people more alert and vigilant. Also spending a working day in a bright condition may 
have a positive influence on alertness in the evening. 
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4.1 Introduction 
 

 In this study the non-visual, direct effects of lighting level on alertness and 
performance are explored. Night studies show that light has direct, alerting (arousing) 
effects on people (Badia et al., 1991; Cajochen et al., 2000; Campbell et al., 1990 and 
1995; Dawson et al., 1991; Daurat et al., 1993 and 1996; Foret et al., 1998; Rüger et 
al., 2003 and 2005). Light can influence subjective alertness and it also can influence 
the psychophysiological correlates of alertness as for example the EEG activity. One of 
the known mechanisms of alerting effects of light at night is a suppression of 
melatonin. Other mechanisms are not exactly known yet. Rüger (2005, thesis) suggests 
that the indirect projections from the circadian clock (SCN Suprachiasmatic Nucleus) 
to brain areas strongly associated with the regulation of sleep could play a role in the 
alerting effects of light. Also Phipps-Nelson (2003) suggests that alerting effects of 
light do not have to coincide with melatonin suppression. High lighting levels are more 
effective in the (full) suppression of melatonin (Cajochen et al., 2000; Lewy et al., 
1980; McIntyre et al., 1989; Nathan et al., 2000; Zeitzer et al 2000). Yet, the 
magnitude of the effects of light also depend on previous light exposure history 
(Hébert et al., 2002; Prichard et al., 2004; Wright Jr. et al., 2005). 
 It is not precisely known yet how light impacts on the non-visual processes during 
the day. In that period the SCN does not promote the pineal gland to produce 
melatonin and melatonin levels in the circulating blood are undetectable. During the 
daytime most people reach their highest point of alertness and activity. Could lighting 
level play a similar alerting role during the day as it does during the night? The few 
studies conducted during the day, in the early morning or in the afternoon, showed 
different effects of high and low lighting levels on alertness. In the study of Phipps-
Nelson (2003) partially sleep-deprived people were exposed to dim light (5lx) in the 
morning, and to bright light or to dim light in the afternoon. Light was measured at the 
forehead in the direction of gaze to be about 1000lx in the bright light condition. 
People exposed to bright light in the afternoon felt less sleepy than people exposed to 
dim light. The effect remained also after the experimental exposure. Rüger et al. (2005) 
performed experiments to compare the effects of bright (5000lx at the eye) versus dim 
light (<10lx) at night (midnight till 4 am) with bright versus dim light during the day 
(noon till 4 pm) A major finding was, that bright light significantly reduced sleepiness 
and fatigue and that the magnitude of improvement was similar during the day and 
night. In a study by Leprout (2001) totally sleep-deprived subjects were exposed to 
bright light (2000-4500lx) in the morning between 5:00 and 8:00, and on the other day 
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in the afternoon between 13:00 and 16:00. During the enforced wakefulness they 
further were exposed to dim light (<150lx). Exposure to bright light in the early 
morning resulted in suppression of melatonin, immediate elevation of cortisol level and 
limited deterioration of alertness. Exposure in the afternoon had no effects on cortisol 
and melatonin level and neither on alertness, measured in that study as performance 
lapses. In a study by Daurat et al. (1993), subjects under constant routine were exposed 
to bright light of about 2000lx at the eye from 9:00 am to 9:00 am of next day and to 
indoor dim light of about 150lx from 9:00 am to 9:00 am. After waking up, before the 
experimental conditions, people were exposed to indoor dim light of 300lx between 
7:00 and 9:00. In that study no changes in alertness were observed during the day due 
to lighting conditions. A criticism of the study is that subjects participated in groups of 
4, and between the experimental measurements they could play games, read or do other 
activities. Social contacts and interactions commonly have very activating effects, 
possibly masking the effects of lighting conditions. In a study of Clodoré et al. (1990), 
subjects were exposed to the conditions of 50lx and 2000lx between 5:00 and 7:00 for 
3 days. The subjects had a higher level of activation from early morning till noon after 
staying in bright light compared to dim light. Subjective alertness was higher after 
bright light exposure during the first and the second day of exposure, in the morning at 
7:00, 10:00 and 12:00. Lafrance et al. (1998) exposed partially sleep-deprived subjects 
in constant routine conditions to experimental lighting conditions of 10000lx (white 
light) at the eye or to 100lx (red light). People underwent experimental lighting 
conditions between 9:00 and 13:30. There were no differences in alertness between 
people exposed to the high lighting level and to the low lighting level, neither after the 
exposure. That study was conducted between the spring and summer period, in 
contrary to most of above described daytime studies, which were conducted in the 
wintertime or mixed seasons. Some of these daytime studies showed that lighting 
levels could directly influence alertness; others failed to demonstrate this. Yet, the 
studies had different designs, different lighting levels, were performed in different 
seasons, and the subjects differed in sleep history, and in the activities they performed. 
These differences may well explain the different observations. 
 People spend a lot of time inside the built environment, especially in winter. 
People who work inside have fewer opportunities to be exposed to natural light. In the 
winter period people often leave their homes to go to work in the dark and they come 
home in the darkness. As a consequence there are large differences in daylight 
exposure between winter and summer. In summer, people spend significantly more 
time in bright light (>1000lx) than in winter (Hébert et al., 1998; Guillemette et al 
1998). Obviously the difference depends on latitude. Cole et al. (1995) showed that 
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more variation between winter and summer in bright light exposure occurs in a more 
northern state of USA than in a more southern state. 
 Because of differences in lighting conditions between the seasons some circadian 
changes are observed in the studies. For example, there is a different pattern of 
melatonin and cortisol between winter and summer. According to Vondrašová et al. 
(1997) the timing of the decrease of melatonin level in the morning in the winter period 
is delayed. Relative to summer, the melatonin signal is prolonged in the winter. 
Another change is that in the winter the rise of cortisol is delayed. Melatonin is a 
“sleep” hormone and suppression of melatonin can have alerting effects as was noted 
already. Cortisol can increase the time awake (Berne et al., 1993). Besides these 
seasonal changes in hormone secretion (probably related to the changes in the length of 
photoperiod), wintertime is known to lower mood (Mersch et al., 1999), which 
sometimes leads to the occurrence of winter depression. These last symptoms are again 
associated with circadian changes and photoperiod shortening in the winter. Because of 
shortened natural light exposure in the winter period, benefits might be expected from 
high lighting levels in the indoor environment.  
 In this study, the experimental hypothesis is that in a work environment with a 
high lighting level during the day, people will stay more alert (less sleepy) and 
consequently will perform better than in an environment with a low lighting level, 
because of its alerting (activating) effects. The difference with previous daytime 
studies is, that the bright light level used for the experimental exposure in the current 
study is comparable with the levels occurring in a common office environment. In 
other studies the bright light levels at the eye were mostly higher, or the difference 
between lighting conditions were bigger. The lower experimental lighting level in the 
current study is comparable with the lower limit of the office norms. High 
experimental lighting level is similar to office lighting levels with daylight contribution 
in the window zone. The timing of the light exposure is also different from previous 
studies. Further, the experimental conditions were filled with tasks that resemble 
normal work routines. In other studies people were busy with free activities between 
the measurements.  
 In the present study, subjects came in the morning (at 8 am) to the laboratory and 
subsequently they were exposed to the experimental lighting conditions, of either a 
high or low lighting level. In the laboratory, they had to perform several tests and 
tasks. After working for 8 hours they went home and returned for the new testing under 
the second lighting condition exactly one week later. Possible effects of the lighting 
conditions were assessed with psychophysiological measurements. Before the test 
sessions, people were not conditioned and controlled as in constant routine protocols. 
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They only were asked not to deviate from normal routines in the evening before, and 
also not to go to bed late. The subjects did not work night shifts or fly to other latitudes 
or different time zones during the last 3 months. Most of the participants lived in the 
neighborhood, thus extra-experimental light exposure in the morning after rising was 
limited; especially because the experiments were performed in the autumn and winter 
periods. Domestic environments were expected not to be a source of high lighting 
level. As measured with a wrist-worn light monitor in the study of Heil et al. (2002), 
light intensities at home can be expected to vary between 0 to 125lx, in September.  

4.2 Setup 
 
In the current study, the possible effects of lighting level on alertness and performance 
were measured experimentally, by exposing subjects to two different lighting 
conditions, dim and bright. Alertness was assessed via subjective scales and via 
physiological measurements. Performance was assessed via cognitive and psychomotor 
tests. The experiment was conducted in the autumn-winter season, in an office–like 
environment. 

4.2.1 Subjects 
 Nine females and 14 males participated in the study. Mean age of the subjects was 
30,6 (median 25, range 25-61). Chronotype scores, as assessed with the Dutch version 
(Kerkhof, 1984) of Horne & Östberg Morningness-Eveningness questionnaire (1976), 
were normally distributed as in the study of Zavada et al. (2005).  

4.2.2 Lighting conditions  
 

 
Table 4.1. The two experimental lighting conditions bright light (BL) and dim light 
(DL) 
 

 Horizontal 
illuminance 

Vertical 
illuminance 

Bright light 2000lx 1150lx +/- 170 

Dim light  100lx   70lx +/- 10 
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Figure 4.1. Histogram of the chronotypes: 1-extreme evening type, 2–moderate evening 
type, 3-no evening/ no morning type, 4-moderate morning type, 5-extreme morning 
type 

4.3 Results 
 
 The results of the within-subjects experiments were analysed with the statistical 
tests as described in the section 3.4.6 Statistical analysis. All results given below 
describe the main effects of lighting and main effects of time of the day and the 
interaction between light and time. Also the effect size of the results was calculated 
and the observed power. The meaning of these two is also explained in the section 
3.4.6. Before each section the summary of the analyses will be shown in tables.  

4.3.1 Lighting effects on alertness  
 

Physiological measurements 
 

Lighting effect on alertness derived from EEG and EOG 
 EEG and EOG signals from the sessions were off-line manually scored as 
alertogram stages (as shown in Table 3.4 in Section 3.4.1). The alertograms of 6 
subjects were scored completely, for the entire duration of the experiment. From the 
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manual scoring it was observed that most changes and events in the EEG and EOG 
occurred during the long vigilance task and during the rest periods. Therefore the 
alertograms of the remaining subjects were scored during the vigilance tasks.            
The alertograms during the vigilance task, thus from the period of activity, provided 
the base for the analysis of possible changes between morning and afternoon after 
working the whole day in 2 different lighting conditions. Each alertogram stage was 
defined in 10 sec. epochs. The alertograms were analysed with the repeated measures 
ANOVA. 
Alertograms from 17 persons out of 23 were included for statistical analysis. The EEG 
data from 6 persons were not included for various reasons such as: a defect in the 
ground electrode, atypical alertogram score, artefacts or misunderstanding vigilance 
task instruction.  
The summary of the analysis of the alertogram during the vigilance tests is shown in 
the Table 4.2 below. 
 

                               means EEG during Vigilance / rmANOVA 
during Vigilance mean BL ± SD mean DL ± SD Light Time Light X Time
shifts 39,9    ±  23,9 44,7    ±  22,7 n.s. n.s. n.s.
SA1 71,54  ±  27,4 72,1    ±  22,9 n.s. n.s. p=0,044
SA2 5,6      ±  5,97 6,5      ±  7,4 n.s. p=0,046 n.s.
SA3 11,6    ±  18,9 12,93  ±  19,26 n.s. n.s. n.s.
SA4 4,26    ±  6,26 4,74    ±  6,1 n.s. n.s. p=0,031
DZ 5,93    ±  14,47 2,98    ±  6,4 n.s. n.s. n.s.  
 
Table 4.2 Results Repeated Measures ANOVA in alertogram during Vigilance tests, (if 
p≤ 0,05) significant, n.s. = not significant; Percentage of the stages: SA1 (saccades en 
no alpha, dominant frequency beta), SA2 (no saccades and no alpha, dominant 
frequency beta), SA3 (saccades en more than 25% alpha), SA4 (no saccades and more 
than 25 % alpha, occurrence of theta), DZ (drowsy stage, less than 25% alpha, 
occurrence of theta and/ or Slow Eye Movements SEM’s) 
 
 The most frequently occurring stage in the alertogram was stage SA1 (saccades en 
no alpha, dominant frequency beta), further SA3 (saccades en more than 25% alpha), 
SA2 (no saccades and no alpha, dominant frequency beta), SA4 (no saccades and more 
than 25 % alpha, occurrence of theta) and DZ (drowsy stage). The shifts between the 
alertogram stages were also calculated. The general alertness state of the subjects was 
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normal with a small amount of drowsy stages. This method of EEG scoring is based on 
scoring used previously for assessment of alertness in narcolepsy patients.  
The repeated measures ANOVA (Huynh-Feldt correction) analysis of the alertogram 
stages and shifts during the vigilance tests showed no significant differences between 
the lighting conditions. The amount of stage SA2 significantly decreased in time 
p=0,046 (F(1,16)=4,663, partial η²=0,226, observed power=0,528). That means that in 
the afternoon there were fewer stages SA2 than in the morning, in both lighting 
conditions. For the stages SA1 and SA4 there were significant light X time 
interactions. The amount of SA1 stages in BL (Bright Light) increased from morning 
(m) to afternoon (a), while it decreased in DL (Dim Light) (mDL=74,97±21,6 
aDL=69,15±23,1 mBL=68,9±27,8 aBL=74,2±25,86 p=0,044, F(1,16)=4,797, partial 
η²=0,231, observed power=0,539). The amount of SA4 stages in BL decreased from 
morning to the afternoon while it increased in DL (mDL=3,28± 4,55 aDL= 6,2±6,85 
mBL=5,34±7,67 aBL=3,19±3,86 p=0,031, F(1,16)=5,632, partial η²=0,26, observed 
power=0,606). 
 For all the alertogram stages during the vigilance test, the cumulative distribution 
was calculated. Separate curves were calculated for the morning and for the afternoon, 
for both lighting conditions, to illustrate the interactions between light and time that 
showed up in the statistical analysis (see curves in Figure 4.2). The DL cumulative 
curves show a shift in the amount of stages between morning and afternoon. The shift 
demonstrates an increase of stages with more alpha and theta activity towards the 
afternoon. BL curves show a slight displacement between morning and afternoon in the 
opposite direction. That means that there were some changes in psychophysiological 
alertness between morning and afternoon interacting with the lighting conditions, that 
may be associated with a decrease of alertness level in the DL condition and 
maintenance or improvement of alertness level in the BL condition. Hence the changes 
are associated with time and light interaction and not with the direct effects of light.  
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Figure 4.2 Cumulative percentage (+/- 1 SEM) of all alertogram stages (SA1-4 and 
DZ) during the Vigilance test, (white open symbols) in the morning and (black filled 
symbols ) in the afternoon, in the DL (70lx) and in the BL (1150lx). The DL curves 
show a shift in the amount of stages between morning and afternoon. The BL curves 
show a slight displacement between morning and afternoon in the opposite direction. 
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Figure 4.3 SHIFTS between the EEG stages, in the morning and afternoon in BL 
(white)/DL (grey)   
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Subbjective measurements 
 
Table 4.3 shows the summary of the analysis of alertness measured by subjective 
scales.  

                              means KSS and ADACL / results rm ANOVA 
mean BL ± SD mean DL ± SD Light Time Light X Time

KSS 4,03    ±  1,65 4,23    ±  1,82 n.s. p<0,001 n.s.
KSS (trial 1-3) 4,3      ±  1,9 4,86    ±  2,1 p=0,055 p<0,001 n.s.
ADACL (sleep) 9,38    ±  3,4 9,51    ±  3,48 n.s. p<0,001 n.s.
ADACL (activ) 14,36  ±  3,54 14,35  ±  3,48 n.s. p=0,031 n.s.
ADACL (tens) 6,57    ±  1,82 6,22    ±  1,83 n.s. n.s. n.s.
ADACL (relax) 18,42  ±  2 18,74  ±  1,93 n.s. n.s. n.s.  
 
Table 4.3 Results repeated measures ANOVA for KSS (Karolinska Sleepiness Scale 
and ADACL, n.s=not significant, ADACL (Activation Deactivation Adjective 
Checklist): sleep=sleepiness, activ=activation, tens=tension, relax=relaxation 
 
Karolinska Sleepiness Scale (KSS) 
 Mean sleepiness score of the subjects as measured with the KSS, at the time after 
awaking, was similar for both lighting conditions. During the first 3 experimental trials 
in the morning, between 9:00 and 11:00, a difference had developed between lighting 
conditions as can be seen in the figure 4.4. Repeated measures ANOVA, comparing the 
data of the two lighting conditions from the whole day, showed no significant effects. 
When selecting the first three trials the significance between lighting conditions was 
p=0,055 (DL=4,86±2,1, BL=4,3±1,9, F(1,22)=4,12, partial η²=0,158, observed 
power=0,492). The further analysis showed the significant effect of time on sleepiness 
score p<0.001 (F(7,147)=8,12 partial η²=0,33 and observed power=0,99). This means 
that alertness measured during the experimental session changed during the day. As 
shown in the Figure 4.4 KSS score decreased during the morning and slightly 
increased later in the afternoon. It means that alertness increased during the morning 
and started to decrease later in the afternoon. Figure 4.4 shows also that changes in 
alertness over time are bigger than changes due to lighting conditions. 
 Subjective alertness was also measured with the KSS in the evenings before and 
after the test sessions. To analyse the possible effects of light, the t-test for paired 
samples was carried out. Measurements in the evening before the test session (pre-test) 



 

 

 

72

showed no significant differences in alertness between the lighting conditions, either at 
20:00, 22:00 hours nor before going to bed. The results from the evening after the test 
sessions showed a significant difference of lighting conditions. People were 
significantly less alert in the beginning of the evening at 20:00 after staying in the DL 
condition for almost 9 hours, comparing to the BL condition (DL=4,81±1,78, 
BL=3,9±1,97, p=0,016, t=-2,67, df=18). At 22:00 and before going to bed there was no 
significant difference between lighting conditions. 
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Figure 4.4 Karolinska Sleepiness Scale (KSS) after 8 hours in dim light (DL) versus 
bright light (BL). Left: Assessment of KSS at hourly intervals during the experimental 
session. Open black symbols -BL, filled black symbols- DL; Right: KSS at home in the 
evening before and after the experimental BL/DL session; open and filled symbols in 
grey - BL, open and filled symbols in black - DL, circle is the assessment at 20:00, 
triangle - at 22:00, square - before going to bed. KSS score can vary between 1 and 9, 
score 3 means “alert normal level” 
 
Activation Deactivation Adjective Checklist (ADACL) 
 The score from the 4 dimensions of the checklist were analysed. Figure 4.5 shows 
the mean scores of these dimensions in the lighting conditions during the day.  
Sleepiness: The sleepiness score of the Activation Deactivation Adjective Check List 
(ADACL) showed a similar diurnal course as the Karolinska Sleepiness Scale. And 
like in the KSS, the analysis with rmANOVA revealed no significant differences 
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between the two lighting conditions when comparing 8 trials. Similar to the KSS score, 
the dimension sleepiness showed significant changes of alertness in time p<0,001 
(F(7,154)=5,4, partial η²=0,197, and observed power=0,99). When looking at the two 
measurement instruments, the KSS and the Sleepiness from ADACL, the KSS seems 
to be more sensitive to small changes in alertness than ADACL. 
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Figure 4.5 ADACL (Activation Deactivation Adjective Checklist) Sleepiness, 
Activation, Tension, Relaxation score and in both lighting conditions, BL (white open 
symbols) and DL (black filled symbols), the score can vary from minimum 5 to 
maximum 20 per subscale; means +/- 1SEM 
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Activation: Analysis of the day by rmANOVA showed no significant effect of lighting 
conditions on activation during the day. There was significant time effect on activation 
p=0,031 (F(7,154)=2,59, partial η²=0,105, observed power=0,771). Activation 
increased in the late morning and stayed almost at the same level till the afternoon. 
Tension: Dimension tension revealed no significant effects of light. It showed also no 
significant time of the day effect. When looking at the score, the values of tension 
during the experimental session were low (score can vary from 5 to 20). 
Relaxation: Mean score in dimension relaxation shows almost maximal values, close to 
20. It means, that the subjects were relaxed during the experimental sessions. There 
were no significant differences between lighting conditions. Hence, there is a small 
trend in the score (p=0,081), the score shows slightly more relaxation in DL comparing 
to BL. No significant effect of time on the relaxation was revealed. 
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4.3.2 Lighting effects on performance  
  
Table 4.4 shows the results of the analysis of performance as measured in the 
experimental tests. Most of the short tests showed a significant time effect and 
no significant lighting effects. In contrast, long vigilance test showed significant 
results with reference to the experimental lighting condition 
 

                                     means Performance / results rm ANOVA 
mean BL ± SD mean DL ± SD Light Time Light X Time

VIG (speed) 0,665  ±  0,102 0,719  ±  0,159 n.s. n.s. n.s.
VIG (SD) 0,163  ±  0,053 0,198  ±  0,079 p= 0,018 n.s. n.s.
VIG  targets 2,74    ±  2,98 3,5      ±  2,97 p=0,051 n.s. n.s.
VIG  non-targets 6,82    ±  7,81 3,97    ±  4,8 n.s. p=0,017 n.s.
RT (speed) 0,401  ±  0,102 0,412  ±  0,095 n.s. p=0,011 n.s.
RT (omissi) 0,65    ±  1,4 0,59    ±  1,1 n.s n.s. n.s
RT (false) 0,45    ±  0,89 0,45    ±  1,01 n.s. n.s. n.s.
Minute (closed) 69,01  ±  16,13 71,33  ±  18,2 n.s. p=0,051 n.s.
Minute (open) 69,70  ±  19,17 68,04  ±  16,55 n.s. n.s. n.s.
TMT (speed) 4560   ±  1371 4611   ±  1398 n.s. p<0,001 n.s.
DC (speed) 28,17  ±  9,21 28,1    ±  9,3 n.s. p<0,001 n.s.
DC (errors) 0,21    ±  0,5   0,14    ±  0,37 n.s. p=0,004 n.s.
DS (speed) 1571   ±  387 1554   ±  355 n.s. p<0,001 n.s.
DS (errors) 2,64    ±  3,04 2,16    ±  2,94 n.s. n.s. n.s.  
 
Table 4.4 Results repeated measures ANOVA for performance, n.s.= not significant, 
VIG Vigilance Test: SD=standard deviation of speed, RT Reaction Time Test: 
omissi=omissions, false=error, Minute Estimation Test: closed=eyes closed, 
open=eyes open, TMT Trail Making Test, DC Digit Count, DS DigitSpan 
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Vigilance test  
 For the analysis of the Vigilance Test one of the 23 subjects was excluded because 
of misunderstanding of the instructions, 2 persons were excluded because they had a 
lot of false alarms caused by hanging the finger on the keyboard, and 1 of the persons 
had very few responses in one of the sessions. General observation was that speed in 
the vigilance test decreased (reaction times increased) with the time on task. Repeated 
measures ANOVA analysis of speed showed no significant difference between the 
lighting conditions. Analysis of speed variability showed significant effect of the 
lighting conditions p=0,018 (DL=0,198±0,079, BL=0,163±0,053, F(1,18)=6,823, 
partial η²=0,275, observed power=0,695). Speed was more variable in DL comparing 
to BL, especially in the morning (see the Figure 4.7 with vigilance phases). There was 
no significant time of the day effect on speed. Analysis of percentage of correct hits 
showed an almost significant difference between lighting conditions p=0,051 
(omissions DL=3,5±2,97 BL=2,74±2,98, F(1,18)=4,36, partial η²=0,195, observed 
power=0,507). Percentage of correct targets was higher in BL than in DL. In the 
afternoon percentage of correct hits in BL increased and in DL decreased. When 
looking at the false alarms (non-targets hits), there was no clear difference between 
lighting conditions only a trend (p=0,073), which showed a slightly higher percentage 
of false alarms in BL comparing to DL. The percentage of false alarms showed a 
significant decrease in both lighting conditions towards the afternoon (time effect, 
p=0,017, F(1,18)=7,067, partial η²=0,294, observed power=0,707). It means that in the 
afternoon there was a lower preference for non-target responses.  
 
                              MORNING                                   AFTERNOON           

 
Figure 4.6 Auditory Vigilance Test (30 minutes), 6 phases of 5-minutes, difference in 
reaction times (RT) between BL (white open symbols) and DL (black filled symbols), in 
the morning and in the afternoon, sec - seconds; means +/- 1 SEM  
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Figure 4.7 Auditory Vigilance Test accuracy: % correct targets and % of non-targets 
hits, in BL and DL, in the morning (trial 1) and in the afternoon (trial 2); means +/-
1SEM 
 
Reaction Time test  
 Mean reaction times on auditory stimuli in the Reaction Time test were faster than 
in the auditory Vigilance test. A reason for this can be that the two tasks were different 
in the grade of difficulty and the time on task in the vigilance test was about 10 times 
longer. Repeated measures ANOVA showed no significant difference in reaction times 
(speed), omissions and errors between the lighting conditions during the day. Analysis 
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of speed showed significant improvement in time p=0,011 (F(7,147)=3,04 partial 
η²=0,126 and observed power=0,875), hence the improvement was not big. 
 
Time estimation (with eyes open and with eyes closed)  
 Rm ANOVA analysis showed no significant difference of lighting conditions 
either for the minute estimation with eyes closed or for the minute estimation with eyes 
open. In time estimation with eyes closed there was an almost significant time effect, 
p=0,051 (F(7,70)=2,24, partial η²=0,184, observed power=0,744). Around noon the 
estimated time was shorter than in the morning and afternoon. Further there is no clear 
decrease in the time. 
 
Trail Making Test  
 Repeated measures ANOVA analysis of speed showed no significant difference 
between lighting conditions. There was a significant effect of time on the performance 
speed p<0,001 (F(7,140)=6,27, partial η²=0,239, observed power=0,99). There was a 
small decrease in reaction times during the day.  
 
Digit addition  
 Repeated measures ANOVA analysis of speed showed no significant difference 
between lighting conditions. The effect of time was significant p<0,001 
(F(7,154)=.6,10, partial η²=0,217, observed power=0,987). There was a decrease in 
total time on the task in later trials. Also significant decrease of errors in time was 
observed p=0,004 (F(7,147)=3,68, partial η²=0,149, observed power=0,927). It means 
that both, mental speed and quality are improved in time. 
 
Digit span  
 Repeated measures ANOVA analysis of speed showed no significant difference 
between lighting conditions. There was a significant effect of time on the performance 
speed p<0,001 (F(7,147)=31,348, partial η²=0,599 , observed power=1). There was a 
decrease in reaction times during the day.  
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Figure 4.8 Performance: Short tests - RT Reaction Time Test, DS Digit Span, DC Digit 
Count, TMT Trail Making Test, TC Time Estimation with eyes closed, TO Time 
Estimation with eyes open BL (open white symbols) and DL (filled black symbols); 
means +/- 1 SEM  
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4.4 Discussion  
 

 The aim of this study was to explore the direct effects of lighting level during the 
day in a work situation. Two experimental lighting levels, high lighting level of about 
1150lx at the eye (BL/ bright light) and low lighting level of about 70lx at the eye (DL 
/ dim light), were used to investigate the effects on alertness and performance. Bright 
light is proven to have alerting (activating) effects (Badia et al., 1991; Cajochen et al., 
2000; Campbell et al., 1990 and 1995; Dawson et al., 1991; Daurat et al., 1993 and 
1996; Foret et al., 1998; Rüger et al., 2003 and 2005). It was expected that in the BL 
experimental condition people would stay more alert (less sleepy) than in DL 
condition. Therefore the performance was expected to be better in BL than in DL 
condition. From the conducted experiment it appeared that lighting conditions had 
different effects on different parameters. The results of the experiment show that light 
had a different effect on subjective alertness than on alertness measured via EEG. The 
effects on performance also varied depending on the task. 
 Alertness derived from the EEG was assessed in the form of the alertogram 
stages. Stages differed in percentage of alpha activity, occurrence of theta activity and 
appearances of saccades or slow eye movements. Decrease of alertness, or increase of 
sleepiness, can be associated with changes in percentage (spectral power), place, or 
occurrence of these EEG patterns (Åkerstedt et al., 1990; Cajochen et al., 1999; 
Coenen, 1995; Curcio et al., 2001; de Gennaro et al., 2001; Lal et al., 2001; Santamaria 
& Chiappa, 1987; Strijkstra, 2003; Torsvall et al., 1988). In the current study periods of 
activity from the vigilance test were used for the analysis of alertogram stages in EEG. 
The first vigilance test was carried out in the morning in the first trial, the second 
vigilance task was carried out in the afternoon in the end of the test session. Statistical 
analysis of the stages did not show significant direct effects of light on alertness (on 
any alertogram stage), but it did show significant interaction of light effects with time 
of day effects. Namely, there were changes in the alertogram stages between morning 
and afternoon. In the DL condition there was an increase of stages with more alpha, 
theta and slow eye movement activity between morning and afternoon, and decrease of 
stages without alpha activity and saccades. In the BL conditions, there were changes in 
the opposite direction, an increase of stages without alpha and with saccades, and 
decrease of stages with more alpha, theta and SEMs. A few factors can be responsible 
for the time effects: fatigue, circadian factor, homeostatic factor, and in the case of 
performance also learning effects, stimulation and motivation. According to different 
studies (Cajochen et al., review 2003) alpha activity in wakefulness can be associated 
with robust circadian regulation and theta activity can be associated with elapsed time 
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awake (homeostatic factor). Although in the current study the changes in alpha and 
theta activity were observed across the day, it is not possible to directly conclude that 
these were related to circadian or homeostatic effect of light. More reliable is to expect 
that the revealed interaction between light and time in the EEG results is related to 
received lighting dose and that it has some compensating effects, in case of BL, on 
alertness after performing the tests for many hours. Also the performance of the 
monotonous vigilance task itself probably affected the underlying EEG activity. As in 
the study of Smit (2004) increase of theta power during vigilance test was observed 
comparing to the period before the vigilance test. Since the current EEG analysis is 
semi-quantitative, it is difficult to make more detailed interpretation about the noticed 
changes. In the daytime study of Rüger et al. (2005) there was a similar finding 
concerning effect of light on alpha activity, there was more alpha power in DL than in 
BL but the difference was not significant and the analyse was performed on the period 
of rest, in contrary to the current study where the activity period were analysed. 
 The alertness (sleepiness) changes assessed subjectively showed other fluctuations 
related to the lighting conditions, than alertness changes assessed via EEG. However it 
is difficult to fully compare the results, because subjective alertness was measured 
every hour and the EEG results were taken from the beginning and the end of the 
working day. As measured with KSS, in the morning between 9:00 and 11:00, the 
course of subjective alertness rhythm was significantly different between the lighting 
conditions. In the morning, especially after the performance of the long and 
monotonous vigilance test, people felt less alert in DL than in BL. At the end of the 
morning the difference between lighting conditions disappeared and further the course 
of subjective alertness was similar for both conditions – normal level and later in the 
afternoon decreasing. This result confirmed the results of other studies about an 
alerting effect of light. On the other hand it did not confirm other previous results, for 
example that the alerting effects remained during the whole time of lighting exposure. 
When looking at the study of Rüger et al. (2005) and Phipps-Nelson et al. (2003) the 
effect of light on subjective alertness persisted along the entire exposure, and for some 
period after the lighting exposure. The difference with the current study was, that in the 
study of Rüger the lighting conditions were more extreme, 10 versus 5000lx and in the 
current study 70/1150lx. Also there was a difference in a previous lighting history 
between the studies. In the studies of Rüger and Phipps-Nelson people were exposed to 
less than 10lx/or 5lx in the laboratory since the late afternoon of the previous day. In 
the current study the subject stayed in field conditions before the actual experiment. 
Therefore the people in the previous studies could be more sensitive to bright light 
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exposure because they stayed in a very dim light (Prichard et al., 2004; Wright Jr. et 
al., 2005).  
 The effect of BL on subjective alertness did not persist during the whole 
experimental session. However, after the experimental session there was an after-
effect. This appeared from the alertness score that the subjects were asked to fill in at 
home. They filled in the score in the evening before and after the experimental sessions 
and in the morning before the sessions. Subjective alertness on the Karolinska 
Sleepiness Scale was not significantly different between the lighting conditions in the 
evening before the test sessions. In the early evening at 20:00 after the test session 
there was a significant difference between lighting conditions. At 20:00, after spending 
a day in the BL condition people were more alert/ less sleepy than after the DL 
condition. At 22:00 and before going to bed there was no difference anymore. This 
evidence comes from the not controlled conditions. The activity of the subjects in the 
evening was not controlled. But because the test sessions took place at the same day of 
the week, it could be presumed that people were busy with similar activities, and that it 
would not affect alertness in a very different way. The lighting conditions after the 
sessions also were not controlled. But because the experiment took place in the 
autumn-winter period, people left the sessions in the twilight or in the dark. The 
lighting levels at home are mostly not high. Therefore it was expected that people were 
not exposed to high lighting levels after the test sessions and that the difference in 
alertness in the early evening could be explained because of the lighting dose that they 
received during the day. 
 What are the mechanisms of the alerting effects of light in the current study? A 
few possibilities could be hypothesized. First, light could have a direct effect via the 
sleep regulating pathways (Rüger et al., 2005) or via the connections to pretectal area, 
intergeniculate leaflate and ventromedial area (cited in Cajochen et al., 2005). The 
second possibility is related to melatonin (early in the morning) or cortisol; and the 
third to the dose of light. These possibilities are not mutually exclusive. The direct 
effects of light showed up in the morning hours when alertness is still increasing. It 
would plead for the interaction of light with the sleep/alertness regulating pathways. 
The “system” is then possibly more sensitive to light because alertness is still 
increasing in the morning and also because of the change from the darkness during 
sleeping hours. The hypothesis about the importance of the received lighting dose 
could be applied for the effects of light on the subjective alertness in the evening. 
Decrease of alertness level early in the evening after spending the day in the DL 
condition, as showed in the results, may be due to a too small dose of light in 
comparison to BL. Also the effect on the EEG changes may be due to interaction of the 
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light dose and time. The effect might be elicited via the same pathways as described in 
the first hypothesis. Other factors important for alertness regulation are hormones – 
among many others melatonin and cortisol. Melatonin is called a “sleep hormone”. It 
helps to regulate the circadian clock and sleep cycle. Decrease of the melatonin level in 
the morning, in the winter period, is delayed (Vondrašová et al., 1997). The 
experimental lighting exposure started at about 8:00 in the current study. Hence the 
circadian clock normally does not produce melatonin anymore at that time of day, but 
melatonin still can circulate in the blood during early morning hours, and that is why it 
can have some somnolent effect. From the current study appears that staying in the BL 
condition could therefore stimulate the increase of alertness in the morning. And in 
contrast, DL could delay the increase of alertness, especially when an extra factor like 
the performance of monotonous task is added. Hence, lighting would exert its effects 
not by influencing the melatonin level but it would rather work as a stimulant against 
somnolent effect of melatonin. The other hormone, cortisol, can increase the time 
awake (Berne et al., 1993). In de study of Leproult et al. (2001) the cortisol level was 
heightened in the BL condition after exposure early in the morning. In the summer the 
level and increase of cortisol is higher than in the winter (also in Vondrašová). Thus 
cortisol could also be a factor affecting subjective alertness in the morning in relation 
to lighting conditions. Unfortunately, these factors, melatonin and cortisol were not 
measured in the current study and it is only possible to speculate. 
 Other subjective measurements – activity, tension, and relaxation as measured 
with ADACL - did not show significant effects of lighting. However there was a small 
trend in the dimension relaxation /ontspanning, people felt slightly more relaxed in DL 
than in BL. Further there was a significant change of activation with time of the day. 
At the end of the morning, activation increased, similar to alertness and opposite to 
sleepiness.  
 Lighting had modest effects on performance. In the short tests, lasting for about a 
few minutes, the difference in the lighting conditions did not show up. Moreover, in 
most of these short tests the time of day was an important factor. The results showed 
significant effects of time. In the study of Rüger et al. (2005) similar effects in short 
performances were found. While such effects of the time of day are important by 
themselves, they make it more difficult to detect effects of light level because of their 
interference. The lighting effects on the reaction times were not significant and in the 
other tests the effects were small. As it was already mentioned above, the time effects 
can consist of several factors as learning, fatigue, stimulation (Kraepelin, 1902), 
circadian and homeostatic factors (alertness) (Carrier & Monk, 2000 review) and 
motivation (Hull et al., 2003). In the current study, the factor alertness (subjective and 
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physiological) changed during the day. Therefore some improvement of performance 
can be associated with the alertness changes. Another factor that may influence 
performance results is the size of learning effects. Repeating every time the same 
sequence may improve the performance. But this factor was expected to be limited in 
the current results, because in every trial a new version of the tests was introduced. 
More factors that may influence performance, as for example fatigue and motivation, 
were not measured. The “time factors” taken together had a bigger effect on short 
performances than light in the current measurements. The situation was different in the 
long and monotonous vigilance test. General observation was that reaction times in the 
vigilance test increased with the time on task (length of the task was 30 minutes). In 
this vigilance task the lighting conditions showed significant effects. Speed variability 
was significantly larger in DL comparing to BL, especially in the morning. Lighting 
had no significant effect on mean speed and it also did not change with the time of day. 
Further, analysis of errors showed that percentage of correct targets was significantly 
larger in BL than in DL. In the afternoon the percentage of correct targets in BL 
increased and in DL decreased. There was no clear difference in false alarms between 
lighting conditions only a trend, which showed a somewhat higher percentage of false 
alarms in BL comparing to DL. In contrast, time of day had clear and significant 
effects on false alarms. The percentage of false alarms significantly changed with time, 
in the afternoon there were fewer false alarms than in the morning. The results for 
omissions and false alarms are different, probably because the mechanisms for 
omissions are different than the ones of false alarms (Mackworth, 1970). 
 When comparing the measurements of physiological alertness in the EEG with the 
results of the vigilance test it appears that significantly more omissions in DL seems to 
be consistent with an increase of percentage of stage SA4 (more alpha, theta, SEMs 
and decrease of SA1 (without alpha and with saccades) towards the afternoon. The 
situation is the opposite in BL where significant fewer omissions go in parallel with a 
decrease of SA4 and an increase of SA1 towards the afternoon 

4.5 Conclusions and Recommandations  
  
 In this study, an experiment was designed to investigate lighting effects during 
day-shift work. From the results of the experiment it appears that indoor lighting 
levels, during the day, in the autumn-winter period may have direct effects on alertness 
and performance, especially in the monotonous work conditions. 
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Lighting can directly affect subjective alertness in the morning, especially in 
combination with monotonous task. It appeared that the light exposure during the day 
has also an after-effect in the early evening. To fully confirm this, an extra study is 
recommended, with measurements of activity at home (detailed diary, actigraphy) and 
measurement of light at home, preferably in the ocular area. 

According to this study light has probably a combined effect together with time of 
day on physiological alertness (EEG).  

Light did not have the same effects on performance as on alertness. There were no 
light effects on short performances. The factor “time of day” seems to be more 
significant for performance of the short tests than light, mostly showing improvement 
in performance in the course of the day. This coincided also with global improvement 
of alertness in time, toward the afternoon. Light can influence long, monotonous 
performances. Bright light seems to have alerting effects. This appeared in more stable 
work (smaller variability of speed) and a higher percentage of correct hits than in dim 
light. Recommendation for future daytime studies is to use different monotonous tasks 
at different time points.  

Monotonous, long tasks at work should be preferably performed not in the beginning 
of the day shift. When these kinds of tasks are performed early in the morning, care 
should be taken to provide sufficient lighting levels. Lighting conditions comparable 
with the lower range of the office norms seem less advantageous for alertness and 
performance of monotonous activities than high lighting levels comparable with indoor 
lighting levels in the window zone.  

More studies are necessary to further explore effects of lighting during the day. It is 
for example not clear variation during the day if lighting dose or colour would have 
additional effects. Also a comparison of situations when different lighting levels (from 
dim to bright) would be applied in the first hours of the work-shift and then changed to 
dim or to bright light, could be helpful in finding some answers. Longer studies, for 
example of one week in each condition during the day, could also open a new view on 
the effects of light. It could help to explore if long exposures have more effects than a 
short exposure of one working day. More subjective measurements should then be 
applied such as motivation, energy, fatigue, mood or effort. 
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CHAPTER  5 EXPERIMENT II:  

Effects of colour temperature of light on 
alertness, performance and visual comfort 
during the day  
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ABSTRACT 
 
Objectives: The discovery of a melanopsin-associated photoreceptive system in the 
eye, with a maximum sensitivity in the blue waves region, opened a new view on non-
visual effects of light. Therefore the non-visual and visual effects of lighting with two 
different contents of the blue spectrum were explored in this study. The effects were 
studied during the day in a work situation.                                                                      
Methods: Twelve volunteers participated in wintertime in two experimental sessions 
starting at 8 am. They were exposed to two randomised experimental lighting 
conditions for about 9 hours: to light with low colour temperature of 2700 K (very 
small amount of the blue spectrum) on one day and to high colour temperature of 
17000 K (enriched in the blue spectrum) one week later. During the sessions the 
subjects carried out a test battery with tasks recurring every hour, to simulate work 
conditions and to measure the performance. Among the short and long tasks there were 
psychomotor, vigilance and reading tasks. Alertness was measured continuously via 
EEG/EOG recordings and hourly via standardised self-reports. Visual comfort was 
measured with a questionnaire in the second half of the session.                                     
Results: In almost all variables measured there were no significant differences 
between exposure to lighting with 17000 K and to 2700 K. From the point of visual 
comfort, the analysis of the scale showed no significant differences between the 
lighting conditions, except that 17000 K was perceived significantly cooler than 2700 
K. Although the mean comfort score for reading did not significantly differ between 
two lighting condition, the variation in perception between subjects was larger in 
17000 K. In the open question concerning the visual comfort a few people described 
some discomfort in 17000 K. The condition 2700 K was for the most of the subjects 
perceived as comfortable for reading.                                                                               
Conclusions: The study did not show non-visual effects of colour temperature during 
the day. The lighting with very high colour temperature seems to be less suitable for 
use in the offices. It is more suitable for very specific applications only, for example in 
(night) shift work. Taking into account the possible discomfort of this sort of lighting, 
when applied it should be preferably used for short periods of time.                               
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5.1 Introduction 
 

 To continue the study on the effect of light on alertness and performance during 
the day in the work situation a new experiment was carried out. Contrary to the 
previous experiment where lighting level was variable, in this experiment the level was 
kept constant. The variable that was varied was the colour temperature of light. The 
choice of the lighting conditions was explained in detail in Chapter 3. 
 The discovery of a melanopsin-associated photoreceptive system has opened up a 
new view on effects of lighting on the photobiological system and consequently on 
(psycho)biological functions in humans. The spectral sensitivity of the photoreceptors 
involved in non-visual effects differs from that of rods and cones involved in vision. 
Studies in animals and humans have shown that the action spectrum of the circadian 
melatonin suppression system has a maximum between 450-480 nm (blue waves 
region) (Berson et al., 2002; Brainard et al., 2001; Foster & Hankins 2002; Hankins & 
Lucas, 2002; Hattar et al., 2002; Lucas et al., 1999 and 2003; Thapan et al., 2001). 
Very recent studies revealed that short wavelength photoreceptors play also a role in 
mediating the anti-somnolent/ alerting effects of light during the night (Rüger, 2005; 
Cajochen et al., 2005; Lockley et al., 2006). The new insight in the photoreception 
suggests, that lower light intensities can be biologically active if the lighting spectrum 
contains a relative dominance of the energy in the 450-480 nm range.  
 Building on these results, the present study hypothesized that in a work 
environment with a high colour temperature of 17000 K, during the day, people will 
stay more alert (less sleepy) and consequently will perform better than in conditions 
with a low colour temperature of 2700 K. Lighting of 17000 K is a white light highly 
enriched in the blue spectrum, and 2700 K is a white light containing only very small 
portion of the blue spectrum. The direct effects of blue light on alertness during the day 
were not studied before. In the study a white light highly enriched in a blue spectrum 
was used instead of monochromatic blue light because white light is more suitable for 
work in an office condition. 
 The experiment was carried out in the same laboratory environment as in the 
study of lighting level. It was carried out during the autumn-winter period (between 
November and January). Also the same experimental design was applied. All 
measurements of alertness and performance were unchanged. Only the group of 
subjects was new. Because the used high colour temperature of light was new for 
indoor conditions, therefore visual comfort was measured to obtain subjective opinion 
about the condition.  
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5.2 Setup 
 In this experiment the possible effects of lighting colour on alertness and 
performance were measured by exposing subjects to two different lighting conditions, 
high and low colour temperature, in cross-over design. Alertness was assessed via 
subjective scales and via the EEG measurements. Performance was assessed via 
cognitive and psychomotor tests. The experiment was conducted in the winter season. 

5.2.1 Subjects 
 Voluntary subjects, five females and 7 males participated in the study. Mean age 
of the subjects was 28,8 (median 25, range 22-53). Criteria for participation (see 
Chapter 3, Subjects) were the same as in the previous experiment with variable lighting 
level. Two of the subjects (1 female and 1 male) who also signed for participation, 
were withdrawn already in the beginning of the study, because they felt not well during 
the technical preparation, both starting in the condition with 17000 K. According to 
morningness/ eveningness scale, one of 12 subjects was an extreme evening person, 
one moderate evening, 2 subjects moderate morning and 8 subjects were none of this 
types (see Figure 5.1). Most of participants did not have sleep problems. They 
normally slept well or rather well. Only 1 persons was a poor sleeper. 
 

54321
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6
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2
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CHRONOTYPES

N=12

 
Figure 5.1 Histogram of the chronotypes: 1extreme evening type, 2 moderate evening 
type, 3 no evening/ no morning type, 4 moderate morning type, 5 extreme morning type 
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5.2.2 Lighting conditions  
 

 Horizontal 
illuminance 

Vertical 
illuminance 

Cool light 17000K 760lx 430lx +/- 40 

Warm light  2700K 760lx 430lx +/- 40 

 
Tabel 5.1 Two experimental lighting conditions cool light (CL) and warm light (WL) or 
in other words - high colour temperature and low colour temperature 

5.3 Results 
 
 The results were analysed in the same way as in the previous experiment. See the 
section 3.4.6 for description of the statistical analysis. All results given below describe 
the main effects of lighting and main effects of time of the day and the interaction 
between light and time.  

 5.3.1 Lighting effects on alertness 
 
Physiological measurements 
 
Lighting effect on alertness derived from EEG and EOG 
 EEG and EOG signals from the sessions were scored manually off-line as 
alertogram stages (see Chapter 3 for a description of the alertogram). A few laboratory 
assistants did the scoring. Each alertogram stage was defined in 10 sec. epochs. The 
percentage of all stages was calculated per task. Alertograms from 2 Vigilance tasks 
and a total alertogram from the 8 Reaction Time tasks were analysed with repeated-
measures ANOVA. Alertogram from the vigilance task was analysed with 2 factors: 
light (2 levels) and time (2 levels); alertogram from the reaction time tasks was 
analysed with one factor: light (2 levels). 
 For the statistical analysis, the alertograms of 9 subjects were included. The EEG 
data from overall 3 persons participating in the experiment were not included because 
of different reasons such as: defect EEG recorder, because of sleep during the vigilance 
task as observed in the EEG signal (during both experimental days), or because of 
reading during vigilance task as observed afterward in the EOG score. As the 
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EEG/EOG measurements were not monitored on-line, it was not possible to detect 
sleepiness in the EEG during the test sessions. The subjects were frequently inspected 
visually by the experimenter, who was sitting behind the screen in the same room. But, 
since it is difficult to differentiate sleep and quiet sitting without interrupting the task, 
this could not prevent some measurements of one of the subjects to be invalid. Also, it 
was not the purpose of the measurement that the subjects would read during the 
auditory vigilance task. Therefore the measurement of the person who was reading was 
also invalid.  
 The summary of the analysis of the alertogram during the vigilance test and 
during 8 reaction time tasks, with percentage of all stages, is shown in the Table 5.2. 
The available EEG calculation software automatically averaged the alertogram data 
from 8 reaction times tests, therefore the time of day effect was not analysed.  
 

                      means EEG during Vigilance and RT tests/ results rm ANOVA
during Vigilance mean CL ± SD mean WL ± SD Light Time Light X Time
shifts 39,28 ±  24,62 46,10 ±  24,85 n.s. n.s. n.s.
SA1 59,54 ±  32,39 60,74 ±  26,54 n.s. n.s. n.s.
SA2 2,71   ±  4,01 2,47   ±  4,01 n.s. n.s. n.s.
SA3 28,65 ±  27,10 24,56 ±  21,10 n.s. n.s. n.s.
SA4 7,43   ±  8,90 9,54   ±  13,40 n.s. n.s. n.s.
DZ 1,24   ±  3,47 1,14   ±  3,52 n.s. n.s. n.s.
during short RT mean CL ± SD mean WL ± SD Light not analysed not analysed
shifts 31,56 ±  22,13 26,56 ±  15,54 n.s.
SA1 62,31 ±  35,87 63,46 ±  34,40 n.s.
SA2 0,73   ±  0,89 1,87   ±  2,95 n.s.
SA3 28,14 ±  28,43 27,45 ±  26,50 n.s.
SA4 8,27   ±  11,10 6,90   ±  12,70 n.s.
DZ 0,07   ±  0,22 0,0     ±  0,0 n.s.  
 
Table 5.2 Results rm ANOVA in alertogram (% of the stages) during Vigilance and 
Reaction Time tests; CL (17000 K), WL(2700 K); (if p≤ 0,05) significant, n.s. not 
significant; SA1 (saccades en no alpha, dominant frequency beta), SA2 (no saccades 
and no alpha, dominant frequency beta), SA3 (saccades, more than 25% alpha), SA4 
(no saccades and more than 25 % alpha, occurrence of theta), DZ (drowsy stage, less 
than 25% alpha, occurrence of theta and/ or Slow Eye Movements SEM’s) 
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 The repeated measures ANOVA analysis of the alertogram stages and shifts from 
the Vigilance tests and Reaction Time tests showed no significant differences between 
the lighting conditions. Neither there were any significant time effects or interactions 
between light and time. 
 For all alertogram stages during the vigilance test, the cumulative distribution was 
calculated. This cumulative distribution summarizes the frequency distribution over 
these stages. The purpose of this presentation was to analyse changes in this 
distribution of the stages between begin and end of the session or as an effect of 
lighting conditions. The curves are calculated for the morning and for the afternoon, 
for both lighting conditions (see Figure 5.2). There was no difference between morning 
and afternoon as shown in the cumulative curves of both lighting conditions. That 
means that there were no changes in alertness between morning and afternoon. That 
applies to both lighting conditions, CL and WL. The most frequently occurring stage of 
the alertogram was stage SA1 (saccades and no alpha activity or very small amount, 
dominant frequency beta), followed by respectively SA3 (saccades and more than 25 
% alpha activity), SA4 (no saccades and more than 25 % alpha, occurrence of theta), 
SA2 (no saccades and no alpha activity, dominant frequency beta) and DZ (drowsy 
stage). The general alertness state of the subjects was normal with a very small amount 
of drowsy stages. 
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Figure 5.2 Cumulative percentage+/- 1SEM of all alertogram stages SA1-4 and DZ 
(derived from EEG and EOG) during the Vigilance test, (white open symbols) in the 
morning and (black filled symbols) in the afternoon, in the WL (2700 K) and in the CL 
(17000 K). There were no changes in alertness between morning and afternoon. That 
accounts for the both lighting conditions, CL and WL 
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Figure 5.3 SHIFTS between the EEG stages, in the morning and afternoon in CL 
(white)/WL (grey) 
 
Subjective measurements 

 
Table 5.3 shows the results of the analysis of alertness as measured by subjective 
scales. In none of the results significant effects of light appeared.  
 

                               means KSS and ADACL/ results rm ANOVA
mean CL ± SD mean WL ± SD Light Time Light X Time

KSS 3,73    ±  1,46 4,02    ±  1,60 n.s. p<0,001 n.s.
ADACL (sleep) 10,03  ±  2,78 10,40  ±  3,13 n.s. p=0,002 n.s.
ADACL (activ) 13,75  ±  2,87 13,42  ±  2,70 n.s. n.s. n.s.
ADACL (tens) 7,11    ±  1,90 7,10    ±  2,02 n.s. p=0,025 n.s.
ADACL (relax) 18,34  ±  2,27 18,31  ±  2,45 n.s. n.s. n.s.  
 
Table 5.3. Results repeated measures ANOVA for KSS (Karolinska Sleepiness Scale 
and ADACL, n.s=not significant, ADACL (Activation Deactivation Adjective 
Checklist): sleep=sleepiness, activ=activation, tens=tension, relax=relaxation 
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Karolinska Sleepiness Scale (KSS) 
 Repeated measures ANOVA, comparing the data of the two lighting conditions, 
showed no significant effects. The analysis showed the significant effect of time 
p<0.001 (F(8,88)=5,422, partial η²=0,33 and observed power=0,99). This means that 
alertness measured during the experimental session changed in time. As shown in the 
Figure 5.4, KSS score decreased during the morning, peaked after the lunch and 
increased again later in the afternoon. In the CL condition there is a clear peak after 
lunch. It is due to heavy increase of sleepiness in 3 persons (score 8 in 2 persons and 
score 7 in one person). Chronotype of two of these subjects was neutral (no clear 
evening or morning type) and of the 3rd subject it was a moderate morning type. 

 
Figure 5.4 Karolinska Sleepiness Scale (KSS) after 8 hours in warm light (WL) versus 
cool light (CL). Left: Assessment of KSS at hourly intervals during the experimental 
session, in 9 trials; white open symbols -CL, black filled symbols -WL. Right: KSS at 
home in the evening before and after the experimental WL/CL session; open and filled 
symbols in grey - CL, open and filled symbols in black -WL, circle is the assessment at 
20:00, triangle - at 22:00, square - before going to bed. KSS score can vary between 1 
and 9, score 3 means “alert normal level” 
 
 Subjective alertness was also measured with KSS before and after the test 
sessions. The possible effects of light were analysed by means of the t-test for paired 
samples. Measurements in the evening before the test session (pre-test) showed no 
significant differences in alertness between the lighting conditions, either at 20:00, 
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22:00 hours nor before going to bed. The results from the evening after the test 
sessions showed also no significant differences between lighting conditions. This 
means that spending a day-shift in the experimental lighting conditions did not have 
different effects on evening alertness (sleepiness). In Figure 5.4 the mean values per 
lighting condition and per time are presented. 
 
Activation Deactivation Adjective Checklist (ADACL) 
 The results from the checklist were analysed for all 4 dimensions. Figure 5.5 
shows the course of these four dimensions in the lighting conditions during the day.  
 Sleepiness: The sleepiness score of the ADACL showed a similar diurnal course 
as the Karolinska Sleepiness Scale. And like in KSS, the analysis with repeated 
measures ANOVA revealed no significant differences between the two lighting 
conditions. Just as in the analysis of KSS, the dimension sleepiness showed significant 
changes of alertness in time p=0,002 (F(8,88)=5,078, partial η²=0,316, and observed 
power=0,942).  
 Activation: Analysis of the day by rm ANOVA showed no significant effect of 
lighting conditions on activation during the day. There were also no significant time 
effects or interactions between light and time.  
 Tension: The dimension tension during the day revealed no significant effects of 
lighting. It showed a significant time of the day effect p=0,025. But as seen in Figure 
5.5, the changes are not big. This is also confirmed by small partial η² = 0,188 
(F(8,88)=2,545,  observed power= 0,826). 
 Relaxation: Dimension relaxation did not reveal any significant differences in 
statistical analysis, neither for lighting, time of interaction. 
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Figure 5.5 ADACL (Activation Deactivation Adjective Checklist) Sleepiness, 
Activation, Tension and Relaxation score in both lighting conditions, CL (white open 
symbols) and WL (black filled symbols), the score can vary from minimum 5 to 
maximum 20 per subscale; means +/- 1SEM 
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5.3.2 Lighting effects on performance  
 

Table 5.4 shows the results of the analysis of performance as measured by different 
tests. The most effects on performance are due to time influences. 
 

                                       means Performance/ results rm ANOVA
mean CL ± SD mean WL ± SD Light Time Light X Time

VIG (speed) 0,717  ±  0,123 0,711  ±  0,132 n.s. n.s. n.s.
VIG (SD) 0,186  ±  0,064 0,167  ±  0,057 n.s. n.s. n.s.
VIG targets 2,89    ±  2,08 3,39    ±  3,27 n.s. n.s. n.s.
VIG non-targets 7,65    ±  16,0 10,78  ±  24,34 n.s. n.s. n.s.
RT (speed) 0,424  ±  0,073 0,423  ±  0,084 n.s. n.s. n.s.
RT (omissi) 0,07    ±  0,26 0,02    ±  0,15 p=0,025* n.s. n.s
RT (false) 0,43    ±  0,736 0,56    ±  0,911 n.s. n.s. n.s
Minute (closed) 74,45  ±  25,60 75,47  ±  24,35 p=0,042 p=0,011 n.s.
Minute (open) 70,85  ±  21,1 71,82  ±  20,45 n.s. n.s. n.s.
TMT (speed) 4324   ±  2120 4386   ±  2038 n.s. p=0,001 n.s.
DC (speed) 26,73  ±  9,67 28,47  ±  10,93 n.s. p=0,026 n.s.
DC (errors) 0,19    ±  0,719 0,32    ±  0,69 n.s. n.s. n.s.
DS (speed) 1561   ±  484 1583   ±  420 n.s. p<0,001 n.s.
DS (errors) 1,88    ±  2,57 1,89    ±  3,00 n.s. n.s. n.s.  
 
Table 5.4 Results repeated measures ANOVA for performance, n.s.= not significant, 
VIG Vigilance Test: SD=standard deviation of speed, RT Reaction Time Test: 
omissi=omissions, false=error, Minute Estimation Test: closed=eyes closed, 
open=eyes open, TMT Trail Making Test, DC Digit Count, DS Digit Span;  
* explanation in the text below 
 
Reaction Time test  
 Repeated measures ANOVA showed no significant difference in reaction times 
(speed) and false answers between the lighting conditions during the day. Analysis of 
omissions showed significant effect of lighting conditions (p=0,025, partial η² =0,4 and 
observed power 0,66). However, the amount of the omissions was very small; mean 
was about 0 in both lighting conditions. In CL there were totally 7 omissions made and 
in WL 2 omissions by all subjects together. In each Reaction Time test it is possible to 
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make 50 omissions, thus per day 400 per person. Thus the significant result was only 
due to a few omissions and it cannot be considered as robust result. 
 
Vigilance test 
 For the analysis of the Vigilance Test the same 3 persons were excluded as for the 
analysis of the alertograms. Repeated measures ANOVA analysis of speed, variability 
of speed, omissions and false alarms during the vigilance task showed no significant 
difference for the lighting conditions. The differences were also not significant, neither 
for the time of the day, nor there were any interactions between light and time.  
 
Time estimation (with eyes open and with eyes closed)  
 m ANOVA analysis showed significant difference of lighting conditions for the 
minute estimation with eyes closed CL=74,45sec ± 25,6 WL=75,47sec ± 24,35, 
p=0,042 (F(1,5)=7,4, partial η²=0,597, observed power=0,59). Minute estimated with 
eyes closed in the WL condition was longer than minute estimation in the CL 
condition. Analysis showed also the significant effect of time on minute estimation 
p=0,011 (F(7,35)=3,942, partial η² =0,441, observed power=0,871), but the effect 
was less than medium. The same analyses for the condition with eyes open did not 
show significant differences for the lighting conditions.  

 
Trial Making Test  
 Repeated measures ANOVA analysis of speed showed no significant difference 
between lighting conditions. There was a significant effect of time on the performance 
speed p=0,001 (F(7,63)=4,524, partial η²=0,335, observed power=0,964). There was 
a small decrease in reaction times during the day.  
 
Digit addition  
 Repeated measures ANOVA analysis of speed showed no significant difference 
between lighting conditions. The effect of time was significant but of a small size 
p=0,026 (F(7,63)=2,657, partial η²=0,228, observed power=0,809). There was a small 
decrease in total time on the task during the day. 
 
Digit span  
 Repeated measures ANOVA analysis of speed showed no significant difference 
between lighting conditions. There was a significant effect of time on the performance 
speed p<0,001 (F(7,70)=8,217, partial η²=0,451, observed power=1). There was a 
small decrease in reaction times during the day.  
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5.3.3 Lighting effects on visual comfort 
 

Visual comfort scale 
 Subjects were asked to fill in the visual comfort scale to evaluate both lighting 
conditions cool and warm light. The score from the 10-point scale was analysed with t-
test for paired samples, see the results in Table 5.5. The results of comparing visual 
comfort in the two lighting conditions during reading, working behind the PC and 
resting were not significant. But strikingly, when looking at the median score of visual 
comfort during the reading, there was a little scatter in the score in the WL compared 
to the CL. Most of the people gave a high score of reading comfort to WL condition; in 
the CL the opinions were more diverse. For the description of visual comfort in the 
own words of the subjects, see Appendix. When the perception of the lighting level 
was compared in the CL and the WL condition with the t-test, it appeared that the 
subjects perceived the lighting conditions as almost equally bright. Sometimes it may 
appear that cool lighting is perceived as brighter than warm lighting at equal measured 
illuminance level, however in this experiment the difference was not significant. When 
comparing the perception of lighting colour in the two conditions, the difference was 
significantly noticeable (p=0,001, t=3,89, df=22, CL=2,58 ± 1,17, WL=4,91 ± 1,87). It 
means that the CL was perceived too cold and the WL was perceived as normal, not 
too warm and not too cold. For the overview see Figure 5.7. From the question about 
glare it appeared, that 2 persons experienced glare. The glare was probably caused by 
brightness, as described in the open answers.  
 

 
Table 5.5 Results t-test Visual Comfort, n.s.= not significant, in CL and WL. Visual 
comfort was measured during reading paper, during working behind PC and during 
rest (1=bad visual comfort, 10=good visual comfort). The subjects were asked to 
evaluate perceived brightness (1=too low, 10=too high) and perceived lighting colour 
(1=too cold, 10=too warm) 

                        means Visual Comfort/ results t-test
Visual Comfort mean CL ± SD mean WL ± SD Light
during reading 7,25  ±  2,22 8,73  ±  1,95 n.s.
working behind PC 7,25  ±  2,14 7,45  ±  2,25 n.s.
during resting 6,75  ±  2,45 7,18  ±  2,14 n.s.
brightness (low-high) 6,42  ±  2,4 6,18  ±  1,94 n.s.
colour (cold-warm) 2,58  ±  1,17 4,91  ±  1,87 t=0,001
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Figure 5.6 Performance: Short tests - RT Reaction Time Test, DS Digit Span, DC Digit 
Count, TMT Trail Making Test, TC Time Estimation with eyes closed, TO Time 
Estimation with eyes open CL (black open) and WL (black filled); means +/- 1 SEM  
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Figure 5.7 Median visual comfort score in CL and WL: when reading, working behind 
PC, resting, and also a judgment of lighting level and colour; 1=low comfort score/ 
10=high comfort score or 1=too cool/ 10= too warm 
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5.4 Discussion and Conclusions 
 

 The objective of this study was to investigate the direct effects of two colour 
temperatures of light 17000K and 2700K (cool light CL/ warm light WL) on alertness 
and performance during the day under conditions which mimicked the usual office 
environment as closely as possible. Besides these non-visual effects, also the effects of 
the colour temperature of light on visual comfort were explored. The illuminance level 
in both lighting conditions was equal. According to recent studies, blue spectrum light 
has an alerting effect on people at night (Cajochen et al., 2005; Lockley et al., 2006; 
Rüger, 2005). In the current study it was expected that in the CL condition people 
would stay more alert (less sleepy) than in WL condition. Therefore their performance 
was expected to be better in CL than in WL condition.  
 From the results of the current experiment no evidence can be supplied about the 
role of colour temperature (spectral composition) of light on alertness and performance 
during the day. In almost all variables measured – in subjective and physiological 
alertness measurements, and performance tests - the effect of CL versus WL was not 
significantly different during the exposure for about 9 hours. Exception was the minute 
estimation test with eyes closed. Ashoff and Daan (1997) described a time estimation 
test as sensitive to lighting effect and body temperature changes. Moreover, as already 
seen in the previous experiment with the lighting level, time of the day seems to be a 
more robust factor than lighting. The experimental lighting levels, comparable with 
those occurring in the office environment, had a smaller effect on the experimental 
variables compared to the time of the day effects. In the experiment with colour 
temperature some measurements of alertness and performance showed also the effect 
of time while there was lack of significant effects of light. Further, the analysis of the 
visual comfort in the experiment with the colour temperature did not show significant 
differences between the lighting conditions, except that the lighting of 17000K was 
perceived cooler than lighting of 2700K. Most of the people gave a high score of 
reading comfort to WL condition; in the CL the opinions were more diverse. But the 
difference was not significant. Some people experienced also kind of dizziness in the 
CL condition possibly due to chromatic aberration (McLellan et al., 2002). 
 Different from the night studies of blue light effects, as described in the 
introduction, this study did not reveal the effects of light that contains an extra amount 
of blue. The reason could be that during the day the colour temperature of light works 
differently than at night or simply that it has no effects during the day. It is possible 
that blue light influences circadian processes via the circadian photoreceptors in the 
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retina and via the biological clock, but during the day it does not have an impact on 
direct non-visual processes like alertness or sleepiness.    
 It is possible that during the daytime the effect of blue light on photoreceptive 
non-visual circadian system may show up only very early in the morning, when the 
melatonin level is still decreasing. Exposure early in the morning to light with a high 
colour temperature could then possibly advance the melatonin decrease, such as is the 
case with a high illuminance level in the morning (Leproult et al., 2001). Therefore it 
could advance the increase of alertness. On the other hand, when looking at the natural 
conditions, in the morning and in the evening daylight colour temperature is mostly 
warm and warmer than during the rest of the day. Daylight colour may give time cues 
during the day, and therefore indirectly influence sleep-wake behaviour (alertness). But 
this message through light is probably more important for animals than for humans 
 One of the recent hypotheses about the working of lighting spectrum via the retina 
on biological clock, specifically on melatonin suppression, is the spectral opponency 
theory (Figueiro et al., 2004; Rea et al., 2005). According to this hypothesis 
monochromatic blue light would be more effective in the suppression of melatonin 
than white light enriched in the blue part of the spectrum (polychromatic light). In the 
two of the studies described above, the monochromatic light of 460 nm versus 550nm 
or 555nm was used (Cajochen et al., 2005; Lockley et al., 2006). In the study of Rüger 
(2005) a band of blue versus a band of red light was used. Blue light in these studies 
suppressed sleepiness more effectively than red or green light as seen in the subjective 
ratings. It also decreased auditory reaction times, decreased EEG power density in 
theta-delta range and increased ability to sustain attention. These results show that the 
lighting spectrum is important not only in the regulation of the circadian rhythm but 
also it is important for the eliciting of the direct effects. However, all these effects, 
related to improved alertness, were acquired in the evening and night period. Therefore 
these effects probably partially occurred as a consequence of melatonin suppression 
and partially because of the direct effects of light without melatonin suppression. The 
first effects undergo via the circadian pathways, the second probably via the other non-
visual pathways (as described in Chapter 2, Section 2.6). If the opponency theory is 
true, could this mechanism also apply for the direct effect of light during the day? If 
yes, than monochromatic blue light would be more effective in eliciting direct non-
visual responses than a polychromatic white light. The lack of significant results in the 
current study could be then explained by the opponency theory, because of using of the 
polychromatic light. For the review of opponency theory in retina see Dacey (1999) 
and Dacey et al (2003). However, there arises a practical consideration concerning the 
use of monochromatic light in the office work during the day. Is the price of possible 
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improvement of maintaining the level of alertness during the day compatible with the 
loss of visual comfort when monochromatic light is used? The reasons that the visual 
comfort decreases is loss of colour vision, and the discomfort caused by the 
accommodation to new lighting conditions. 
 Another theory says, according to the preliminary report of Figueiro et al. (2005), 
that there is a possible change of spectral sensitivity of the circadian retinal 
phototransduction mechanism at night. Therefore another hypothesis could be formed 
that possibly there is also a change of spectral sensitivity towards the day and therefore 
the non-visual system could be insensitive to a blue spectrum during the day, and 
therefore blue light would not be effective. This might be also a possible explanation of 
the lack of the significant results in the current study. When looking at the action 
spectra of the non-visual and the visual systems some similarity can be found (Figure 
2.4, Chapter 2). Action spectrum of the scotopic vision (vision under relatively low 
lighting levels when the visual response is primarily controlled by the rods/ at night) is 
somewhat more similar to the action spectrum of the non-visual effects than the action 
spectrum of the photopic vision (vision of the light-adapted eye, controlled by the 
cones, under daylight). The action spectrum of the photopic vision and the action 
spectrum of the non-visual effects are shifted from each other. From this analogy one 
would expect that the sensitivity of the non-visual system is adjusted to effects at night. 
The other reason that the effects of lighting colour temperature did not show up in this 
experiment could be a small sample size (N=12). On the other hand, when the effects 
of colour temperature of light would be large they would be probably noticeable in this 
sample, as for example in study of Warman et al. (2003) where the significant 
circadian phase shift by blue light was found in the sample of N=11.  
 Concluding, in this study the effectiveness of blue light (CL) on alertness and 
performance during the day was not corroborated, in spite of a large portion of blue 
emission in the spectrum. The direct effects of white light of different colour 
temperatures were not found. Therefore, looking at the results of this study, it is 
difficult to confirm whether blue light could have effects via the hypothesized non-
visual pathways during the day. Also a practical implication from the current study is, 
that lighting with very high colour temperature seems to be less suitable for use in the 
offices, because of dizziness in some subjects, caused possibly by chromatic aberration 
in the eye. Visual discomfort may be aggravated, especially if there is no daylight 
entrance, such as in the current study. The use of light with a very high colour 
temperature is probably suitable only for very specific applications, for example for 
limited activities in a (night)shift work. Taking into account the possible discomfort of 
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this kind of lighting, when applied it should be preferably used for a short period of 
time.
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6.1 Summary 
 

 The majority of people spend a great amount of time in a work environment. This 
means that they often spend a large part of the day inside of a building. As a 
consequence they are exposed to daylight to a limited extent, especially during the 
wintertime. The workplace should therefore be designed to compensate for the 
limitations in daylight entrance that would interfere with work performance, comfort 
and well being. The recommendations and norms for lighting design in workplaces 
adequately address visual needs and visual comfort. But, it is not clear if these norms 
also address non-visual needs, such as alertness or mood. During the day people are at 
the top of their circadian rhythm in alertness and activity. Humans are a day-active 
species despite the fact that there are morning and evening types of people. Therefore, 
one might expect that the (non-visual) direct influence of light during the day is not so 
powerful as during the night, because the whole organism is prepared to perform 
activities during the day. However the lab data show that light may have direct effects 
during the day. Therefore it is interesting and useful to investigate how lighting works 
on non-visual processes in a work environment. 
 The aim of the current study was to investigate possible direct effects of light on 
people’s alertness and performance. With direct lighting effects, the effects are meant 
that are immediate or almost immediate, with a timescale of response rates of minutes 
to hours. Phase shift of the circadian rhythm are not included in this definition. The 
main research question was if and how the lighting level and colour temperature of 
light in a built environment influences alertness, performance and visual comfort of 
people during the day in an office work situation. The study hopes to contribute with 
the results to the discussion about lighting norms for the office work environment. The 
study was meant as a bridge between fundamental research of the non-visual effects of 
light and applied research in an indoor work environment.  
 In the study psychophysiological methods were used to measure the effects of 
light. They were applied in two experiments performed in the autumn-winter period. In 
the first experiment 23 persons participated (mean age 30,6), in the second experiment 
12 persons (mean age 28,8). Because the experiments had a within-subjects design 
each person participated two times in the study. 
 From the study it appeared that lighting level works different than colour 
temperature during the day. Lighting level effects depend on the time of day, on 
preconditions and on the kind of activities performed by the subjects. Our manipulation 
of the colour temperature of light did not show significant effects on non-visual 
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processes. Additionally, the assessment of the visual processes revealed that some 
people experienced visual discomfort caused by the light with high colour temperature.  

6.2 Direct effects of light  
 
 In this thesis, two lighting levels were explored in two experiments, high and low 
lighting level, and two colour temperatures high colour temperature (white light highly 
enriched with blue) and low colour temperature (white light with almost no blue). In 
this study the high lighting level was around 1150lx , and low 70lx as measured 
vertically at the eye. The bright light level was relatively high for indoor office interior, 
but it was comparable with the lighting levels at the window zone.  
 The study of lighting levels revealed that lighting level has different effects on 
alertness measured subjectively and objectively. Subjective alertness measurements 
showed a difference between lighting conditions in the morning between 9:00 and 
11:00. After the 1st measurement when the subjects were already exposed to the 
lighting condition for more than one hour during the technical preparation, the 
differences between the lighting conditions were not so large. The differences in the 
subjective alertness appeared stronger after working with a very long and monotonous 
task. It seems that monotonous work conditions profit from the high lighting levels, 
especially in the morning. Of course, it is possible that the effects would be stronger, 
when the level of bright light would be higher. When comparing our results of the 
subjective measurements with the results of other daytime studies, it must be noted that 
effect size in our study turns out to be smaller. There are several explanations for these 
discrepancies. First, in the studies by Phipps-Nelson (2003) and by Rueger et al. (2005) 
the differences in intensity of light between the conditions was larger. Second, those 
other studies were lab studies, which allow for much better control of other variables 
that can contaminate the results. The present study was meant to test whether variations 
in light conditions within the range that occur in the office do have a detectable impact 
on alertness and performance. We wanted to see whether the effects were large enough 
to be detected even in the presence of all kinds of uncontrolled other influences, like 
they always are present in a normal work environment. Therefore, it was expected that 
effects would be less prominent. It is of interest to note that effects are present, and that 
lighting does make a difference. 
 The next point in the discussion about the effect of light on subjective alertness is 
that the effect persisted for some time after the experimental exposure in some studies, 
even for 4 hours in the study of Phipps-Nelson. In the current study alertness 
differences between the lighting conditions disappeared at the end of the morning but 
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returned early in the evening, when people already stepped into their after-work 
activities at home. Spending a work day in the bright light condition had a positive 
effect on alertness in the early evening. This shows that, despite the possible diversity 
of real-life home conditions and activities, effects of light showed up.   
 Comparing these three studies, it already can be noticed that there are many 
factors that could play a role in the magnitude of the effects of lighting. The current 
study differed from the other studies in terms of its goals. The aim of this study was to 
create experimental conditions comparable with a normal working day, because the 
study supposed to function as a bridge between applied and fundamental research. In 
the current experimental conditions people came in the morning to work and they were 
exposed to lighting levels that can be found in an office environment. There was no 
experimental manipulation by sleep deprivation or by extreme dim or bright light. 
Moreover people were not directly exposed to a change of lighting conditions. During 
one session there were no changes of lighting condition, in contrast to most other 
studies where the conditions visibly changed or where people were explicitly 
positioned in front of the bright light luminaries. The general conclusion is, that bright 
light as compared to dim light has advantageous effects on subjective alertness during 
the day in a work environment. The positive effects do not lead to a negative rebound 
in free time in the evening, but instead there seems to be a continuation of increased 
alertness in the hours after the work shift. 
 The results of the measurements in the two lighting conditions of physiological 
alertness and subjective alertness were not identical. The differences concerned the 
timing of the effects. In the subjective data bright light induced increased alertness in 
the morning. As most changes in brain activity were observed during the vigilance 
task, these parts of the EEG were selected for analysis. There were two vigilance 
measurement points: the beginning of the morning and the end of the working day. 
From the physiological measurements it appeared that the effects of light interact with 
time effects and there were changes observed towards the afternoon. In dim light there 
was an increase of stages with more alpha, theta and slow eye movement activity 
between morning and afternoon, and decrease of stages without alpha activity and 
saccades. This points to changes of alertness towards sleepiness (Åkerstedt et al., 1990; 
Cajochen et al., 1999; Coenen, 1995; Curcio et al., 2001; de Gennaro et al., 2001; Lal 
et al., 2001; Santamaria & Chiappa, 1987; Strijkstra et al., 2003; Torsvall et al., 1988). 
Bright light led to changes in the opposite direction, an increase of stages without alpha 
and with saccades, and decrease of stages with more alpha, theta and SEMs. So bright 
light counteracted the natural decline of arousal levels in the course of the day. Also in 



 

 

 

112

the study of Rüger et al. (2005) the subjective and physiological alertness effects of 
light were not strongly correlated.  
 Light did not affect short term performance. The factor “time of day” was more 
significant for performance of the short tests than was lighting level. These tests mostly 
showed the improvement in performance along the day. Generally, the performance 
results from the whole day did not correlate with subjective alertness, in spite that 
subjective alertness, as performance, also improved during the day. One possible 
reason for this could be, that performance changed nearly linearly with the time of the 
day and alertness changes were non-linear. The performance course can be partially 
related to alertness. The improvement of performance during the day can be also 
related to learning effect, but it is not necessary the strongest factor. As is seen in the 
study of Smit et al. (2004) where the performance trials started randomly at different 
moments of the day, there was a small linear decrease in reaction times (in healthy 
subjects) with the time of the day. It means that there was still improvement on 
performance during the day in the situation where the learning effects were 
randomised. Smit found also an interaction between time and phase of the performance 
task. At 9:00 reaction times were slower in the first part of the task than at 13:00. 
Leprout (2003) also corroborated the effect of time in performance. Obviously, the 
absence of a correlation between alertness and performance may have other reasons. 
Both alertness and performance are influenced by many variables which play their own 
role, nor necessarily in identical ways in alertness and performance.  
The data further show that light could influence the quality of long, monotonous 
performance. In the long vigilance task bright light turned out to lead to more stable 
work (smaller variability of speed) and larger percentage of the correct hits than in dim 
light.  
 Findings from this part of the lighting study confirm that lighting level can affect 
non-visual processes during the day. The effects however depend on many factors. In 
addition, the statistical analyses demonstrated that the contribution of the lighting 
levels (as used in this study) to changes of measured parameters were of small size. In 
many parameters the effects of the time of the day were more influential than the 
effects of the lighting level. This, however, does not render the influence of light 
unimportant, it just makes it more difficult to quantify the effects. 
 The second part of the study was the study of the effects of colour temperature of 
light. About a half decade ago a new discovery showed that there are other 
photoreceptor cells in the retina beside rods and cones. These new photoreceptors play 
an important role in non-visual effects of light and they are sensitive to short 
wavelengths (blue light). It has been demonstrated that large non-visual effects of 
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light-for example melatonin suppression-can be achieved already with low illuminance 
levels of blue light. This also represents the best understood mechanism of action of 
blue spectrum light till now. How it works during the day it is unknown. In the current 
study we explored the application of the blue spectrum in a work situation. However 
not the mechanisms were studied but the effects were investigated. 
 The study of the colour temperature of light did not result in significant effects of 
blue light on alertness and performance during the day. In this study a very high colour 
temperature of light was used (white light highly enriched in blue spectrum). It was the 
first assessment of general lighting with such a high colour temperature and its effects 
on alertness, performance and visual comfort during the day. Recent data demonstrate 
that light in the short wavelength range is important for circadian processes and direct 
processes at night such as melatonin suppression or alertness improvement. One of the 
reasons that we did not observe a significant influence of extra blue light could be that 
during the day the lighting colour temperature works differently than at night (for 
instance because there is no melatonin production during the day). It is possible that 
blue light influences circadian processes via the circadian photoreceptors in the retina 
and the biological clock, but during the day it does not have an impact on direct non-
visual processes like alertness or sleepiness. The different hypotheses about the results 
of this experiment and the influence of the spectrum of light during the day are 
elaborated in more detail in Chapter 5. 
 The results from the current study suggest that the lighting level is more important 
for non-visual processes during the day than the spectrum. Lighting with a very high 
colour temperature, as used in this study seems to be less suitable for use in offices, 
because it can elicit a feeling of dizziness as was described in open remarks by the 
participants of the experiment. There was also more controversy between the 
participants concerning the acceptability of this sort of lighting in reading activities. 
Therefore, even “more” blue light like monochromatic blue light is not to be readily 
advised for office-like activities despite the fact that this kind of lighting might have 
stronger effects on non-visual processes than polychromatic light according to the 
opponency theory (Rea et al., 2005).  
 The direct effects, considered in this study of light, during the day, are not 
“immediate” in the sense of seconds or even minutes. They are not immediate 
stimulus-response reactions, as for example in visual processes: when light switches 
on, we perceive immediately light on. Or as in photic stimulation where the lighting 
stimuli appearing with a certain frequency can immediately provoke epileptic brain 
activity or an epileptic insult (Oosterhuis, 1995). Normally, non-visual effect as for 
example in alertness changes appear with some delay. This behaviour is beneficial, 
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otherwise the physiological or psychological processes that are sensitive to light would 
change easily and the whole organism could become unstable. In the eye (in the retina) 
there are temporal changes as a result of changing the lighting conditions from low to 
high and opposite. These changes can last from a few minutes to up to even one hour 
(Boyce, 1981; Coles et al., 1986). The pathways of the non-visual direct effects from 
the retina are not exactly known yet, except the pathways to the circadian clock. What 
temporal and structural changes occur in the non-visual pathways during the day is still 
unknown.  

6.3 Lighting model for the office work? 
 

 At this stage of knowledge it is difficult to build a model of direct effects of light 
for the work situation during the day that is supported by experimental evidence. There 
are still too many unanswered questions. At this moment the results of the studies 
suggest that during the day lighting level is more important than colour temperature for 
the non-visual processes. The current study, exploring the effect of the colour 
temperature of light highly enriched with blue spectrum, was the first study of the non-
visual effects during the day. 
 Looking at the current lighting situation in offices, the technical standards often 
help to maintain desirable lighting standards necessary for the visual needs. When 
there is not enough daylight, the electric lighting can provide the necessary conditions. 
The question is if these standards are satisfactory for the non-visual effects also. 
Especially the autumn-winter situation is crucial because exposure to natural lighting is 
shortened and the level of entering light can be lower especially during the periods of 
“gloomy” weather. The work places close to the windows are better than places in the 
back of long offices because entering daylight can already provide high lighting levels 
(see the calculations of Nabil & Mardaljevic (2005). A possible disadvantage of these 
high lighting levels could be an occurrence of glare.  
 The results from the current study are consistent with the proposed NSVV model 
for lighting level effects in the morning, but not concerning the spectrum (colour 
temperature). High lighting levels, comparable with lighting levels at the window zone 
are more advantageous than low lighting levels comparable to the lower limits of the 
lighting office standards. Especially monotonous work conditions, where concentration 
is needed could profit from good lighting. Also subjective feelings of alertness could 
be improved. The example from another discipline, light therapy, shows that better 
effects are achieved in the treatment of winter depression when light therapy is applied 
in the morning. Especially the autumn/winter situation should be emphasized, because 
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then the levels of daylight inside the buildings can be too low. In the summer the 
daylight can already provide a satisfactory lighting situation. What levels should be 
advised for interiors? In the natural condition the lighting level increases in the 
morning. In the NSVV recommendation the levels vary from 1000lx-1500lx. (It is not 
explicitly specified in the recommendations if these values are horizontal illuminance 
levels, but since the criteria for workplaces are based on horizontal illuminance levels, 
it is here assumed that this is the case). The current study measured 1150lx vertical 
illuminance on the eye. The effect was less strong as for example in the study of Rüger 
et al. (2005) in which a 5 times higher lighting level was used. On the other hand when 
looking at visual comfort in the work situation, it appears that such high lighting levels 
are not desirable. A study by Ariës (2005) of the visual preferences in different 
electrical lighting solutions shows that in two situations - 1000lx and 2000lx vertically 
at the eye - people gave different comfort responses. At the window position and the 
vertical illuminance of 1000lx 84 % people were satisfied, when 2000lx was used 56 % 
people were satisfied. At the deeper position in the room and vertical illuminance of 
1000lx 93% of the people were satisfied and when vertical illuminance was 2000lx 74 
% were satisfied. This indicates that when high lighting levels are used visual 
discomfort might occur. Similar results are obtained in a study by Nabil & Mardaljevic 
(2005). They found that the maximum useful daylight illuminance is about 2000lx 
(horizontal illuminance). According to their study, the illuminances higher than 2000lx 
are likely to produce visual or thermal discomfort or both. In the natural conditions, 
outside, people are used to much higher illuminances, but they do not have to perform 
activities as reading or writing or other work tasks.  
 The NSVV model advises a boost of light around the post lunch dip (between 
14:00 and 15:00) and before going home, and between the boosts it is suggested to use 
the standard norm level. The current study did not explore dynamic conditions of 
lighting during the day. Therefore this aspect cannot be compared with the NSVV 
model, but there are two other aspects to be discussed. First, the results of the current 
study suggests, that people after staying the whole working day in a dim light condition 
were less alert in the early evening than after staying in bright light. Could the dose of 
light during the day be responsible for this effect? The doses in current conditions were 
about 9 hours x 1150lx (totally 10350 luxhours) versus 9 hours x 70lx which makes 
560 luxhours. In the NSVV model it is not specified if the proposed 1000-1500lx are 
horizontal or vertical illuminance levels. If we assume that they are horizontal values, 
we have to divide the values by 2 to estimate the vertical illuminance. When we 
estimate the number of luxhours for the advised light exposure scheme of the NSVV 
model (1 x 750 + 2 x 500 + 6 x 250 luxhours) we arrive at about 3250 luxhours. When 
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using the current office standards (500lx horizontally) a normal working day dose 
would amount to 2250 luxhours. These are rather large differences, allowing for many 
intermediate alternatives; therefore more study on this subject could be helpful. The 
second point is, when applying the boosts during the day, there arises a question what 
threshold would be sufficient for the effects. Taking into account that previous lighting 
exposure is of importance and that it could change sensitivity of the next exposure 
(Hébert et al., 2002), it is not clear what should be the differences between basic level 
and boost to achieve the desirable effect. As it already was seen in other studies, when 
the previous condition was darkness, the effects of light could be stronger. However 
this situation is not desirable at the work place. Very high light levels for an indoor 
office has limitations, because of possible visual discomfort as was explored in the 
studies cited above. The use of a very high colour temperature of light has probably 
also limitations related to visual comfort as explored in the current study.  

6.4 Limitations of this study 
 

 This study was supposed to simulate a normal office working day. Therefore 
people came to the laboratory from home and they almost immediately started the 
experimental session, after the technical EEG preparations and instructions. This is 
different than in most other studies, in which care is taken to adapt the subject to the 
constant laboratory environment. Because of this choice of the experimental 
conditions, some limitations could occur.  
 Lighting levels in the morning, before the sessions, were not constant and also 
probably not exactly the same for all subjects. Also the lighting level in the evening 
before the session and after the session was not controlled for. But on the other hand, 
generally lighting levels at home are not high, therefore the home condition would be 
comparable for al the participating subjects. Moreover, because it was the 
autumn/winter period the exposure to the daylight outside before and after the test 
sessions was limited and therefore influence on the experimental condition of that 
variable was expected to be low. So, on the one hand lighting conditions at home are 
expected not to differ very widely, on the other hand those differences are just part of 
the many uncontrolled aspects that are always present in field studies. The fact that 
systematic influences of light on alertness are observed in these studies despite the 
uncontrolled influences demonstrates that the effects are large enough to stand out. 
 Another point is the influence of motor activity. During the experimental session 
people were sitting almost all the time behind the desk where they were working. The 
breaks were every hour but they lasted only 5 minutes. Also during the lunch the main 



General discussion and conclusions                                                 CHAPTER 6 

 

 

117

position was sitting Because of the EEG measurements and the attachment of the 
electrodes, the movements were also in a certain way limited. People were not 
activated (aroused) by physical activity. That is slightly different at a normal 
workplace. The activity before and after the test session could not be fully controlled, 
even by wearing an actiwatch, because every person performed probably different 
activities. In the laboratory people are more limited in activities that they could 
perform comparing to home or outside. The positive point is, that people came to the 
sessions at the same day of the week, 2 x Monday or 2 x Tuesday, etcetera. Therefore it 
was expected or hoped that in the evening before and after the session people would be 
busy with similar activities. The people were asked to go to bed as they normally do, 
and that they should do easy at the evening before the session. In this way the subjects 
served as their own controls, and the influence of random fluctuations in a variety of 
initial conditions is tried to be minimised.  
 The data demonstrate that even when the effects of lighting conditions were 
significant, the amount of explained variance in the results was not large. It means, that 
the impact of the factor lighting was not too large. There are probably also other 
factors, which are playing a role in the responses, such as time of day, motivation, 
energy, and effort. Apart from the time of the day effect, such effects were not 
quantified in the present study.  
 In this study learning effects were expected. To limit them, different version of 
tests were applied, a counterbalanced experimental design, and break of one week 
between the sessions.  

6.5 Recommendations for further studies  
 

 To further investigate direct effects of lighting level during the day, the effect of 
the dynamics and dose should be studied. While such recommendation is easily 
formulated, the performance of such study is far from simple because the light 
exposure patterns can no longer be characterized by a single parameter. If we allow 
light intensity and colour to vary with time of day, we simultaneously allow the 
response to depend on the complex dynamics applied. If performance improves, is this 
because of a certain colour at a certain time point, or because of a change in intensity at 
another time point? Such questions are very difficult to answer. At present we just can 
propose to try and vary light intensity and colour and test for performance and alertness 
increases. Only if such increases are observed it will become appropriate to find 
strategies for further improvement. 
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 With a new line of research, like with the investigations of dynamic lighting 
profiles, the question returns whether it is best to take a laboratory approach or a field 
study. Given the many unknowns of the new approach itself, it seems optimal to first 
take a laboratory approach. So a study design is suggested where people are selected 
with pre-testing and divided in groups, for example: late sleepers-early sleepers-neutral 
sleepers, (i.e. different chronotypes), subjective energy level high-low-normal (for 
example very fresh or tired), groups with extreme age differences (20-25 years versus 
60-65), or a winter depression group and controls. Good logging of day scheme outside 
the laboratory, logging the activities, measurement of light situation at home 
(preferably in the ocular area). A study of longer than one week should be applied, 
because it is possible that the sensitivity of the non-visual system could be changed 
after one week (Youngsted, 2005; Hébert et al., 2002). The study should include 
different monotonous tasks at different time points. It is preferred to include more tests 
like vigilance test (tiring and monotonous) that prevent at a certain moment the use of 
compensatory effort in responding. It would also be appropriate to use longer rest 
periods (10 min for instance), where no free activities as for example reading are 
allowed. This is because in the short tasks fatigue or sleepiness can be masked by effort 
or motivation. Also for the laboratory purposes it would be helpful to develop and 
validate new sorts of tests that are more like office activities. It would be desirable that 
these new tests have a clear scoring method, are not vulnerable to learning effects or 
minimally so, and that they are not short for the reason as explained above. 
 After significant effects of dynamic lighting are documented in the lab studies, it 
is necessary to extend to a field study, in offices, or windowless work environment. 
Because in the field studies there are a lot of masking variables and factors, the sample 
of subjects should be large, and the period of measurements long.  

6.6 Recommendations concerning lighting at workplace 
 
 This experimental study explored the theme of directs effects of light at the 
workplace. There are many different factors that affect performances at work such as 
physical (physiological), psychological, and social factors, kind of activities, rest 
periods, and factors of indoor climate (Boyce, 2003; Mitchell & Larson, 1987; 
Simonson, 1971; Voskamp et al., 2003). Light is one of the factors at the work place 
and it is important because it provides visual conditions and as appears from this and 
other studies it can influence non-visual processes. The picture of factors that are 
playing a role in work situation is complex, just as the effects of lighting. Concerning 
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the lighting conditions during the day, more experimental exploration is needed. From 
this study the following conclusions follow: 
 
Design recommendations 

 
 Besides the recommendations for further studies it is important to use the current 
knowledge to improve the lighting conditions in the work place. The indoor conditions 
should be properly designed and used, in order to avoid dim light conditions. The 
entrance of daylight should be optimised and sunscreens only used when needed. Good 
architectonical and integrated technical solutions should be applied and developed to 
permit good access of daylight. Especially the supply of daylight in the back of the 
office rooms is important. When daylight availability is insufficient to provide the 
required level (in the winter in the morning, in the evening or when a work place is 
positioned far away from the window) the artificial lighting should provide levels 
above the dim lighting conditions that are similar to lower limits of the norms. It is also 
important to emphasise special occupations and activities, not only the technical 
draughtsmen or precision workers, but also people who have monotonous work 
conditions or people who work inside with limited daylight entrance. Bright light 
seems to be advantageous for subjective alertness in monotonous work activities, 
especially in the morning. From this study it seems that using blue light during the day 
cannot compensate for low lighting levels, moreover it may yield some discomfort in 
work situation. 
 
Users recommendations 
 
 It is important to promote the knowledge about the lighting effects and the 
disadvantages of too low levels. Some people might suffer from the symptoms of 
lighting limitations without knowing about this. They should be advised to perform 
outside activities, for example in the lunch period, especially the people who are 
sensitive to seasonal changes. Sometimes in work places people use different kind of 
sun protection. They close the sun cover and they forget to open (see Picture 6.1). So 
they deny themselves an extra portion of daylight. In the winter, when it is not bright 
outside, people do not always turn on the electric lighting. For persons sitting at the 
window it plays probably a less important role, but for the people sitting deeper in the 
room even visually it can be uncomfortable. Especially in the autumn/ winter period it 
is beneficial to be aware of light effects. In the sunny summer months people are a lot 
more active outside and they benefit from daylight.  
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 This study hopes to contribute to the promotion of lighting knowledge and hopes 
to  emphasise the importance of the connection between human studies of light and the 
technical, architectonical and building studies. Transfer of knowledge from one 
discipline to another discipline is advantageous because it can help generate new ideas 
of indoor (lighting) conditions to improve alertness, wellbeing and performance of 
those who spend so much of their time in those indoor environments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture 6.1. The University building (Main building) in October (during the period of 
the day without direct sunlight) 
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1. Characteristics of the luminaires used in the experiment 
 

 
 
Figure A1. Characteristics of two luminaires used in the experiment 
 
 
2. Retinal Blue Light Hazard Exposure limits for fluorescent lamp types 
with colour temperature of 4000 K (standard lamp), 17000 K (prototypes, 
highly enriched in blue) (calculations: Peter van der Burgt, Philips 
Lighting Eindhoven). 
 
Conform the standard CIE S 009/E:2002 the blue-light weighted radiance LB 
shall not exceed the level defined by: 



                                                                                                        APPENDIX 

 

 

123

 
LB = ∑ Lλ.B(λ).∆λ <100 W.m¯².sr¯¹ for t >10000 s and 300< λ < 700 nm 
 
Where Lλ (λ,t) is the spectral radiance in W.m¯².sr¯¹.nm¯¹ 
B(λ) is the blue-light hazard weighting function 
∆λ is the bandwidth in nm 
t is exposure duration in seconds 
sr is steradian 
 
For cylinder shaped light sources like fluorescent tubes: 
 
Lλ = E(λ) / (π² * A app) 
 
Where E(λ) is the spectral energy distribution in W.nm¯¹ 
A app is the apparent surface of the lamp (length * diameter) in m² 
 
Furthermore: 
P = Φ¯¹. ∑ E(λ) . B(λ). ∆λ 
 
Where P is the weighted blue light hazard power in W. lm¯¹ 
Φ is the luminous flux of the lamp in lumen 
 
Thus       LB = P . Φ / (π² * A app) 
Lamp type          49W, 17000K 
A app                   0,024 
P                       0,0016 
Φ                       3750 
LB(Blue Hazard)           ~ 25 
 
Conclusion: 
The blue-light weighted radiance of the two lamp types is far below the limit of 
100. It should be noted that the values given are for naked burning lamps. 
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3. Spectrum of the experimental lamps 
 

 
 
Figure A2. Spectrum (spectral power per wavelength) of the 17000 K experimental 
lamp (Philips Lighting Eindhoven) 
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Figure A3. Spectrum of the 2700 K lamp 
 

  
 
Figure A4. Spectrum of the 4000 K lamp 
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4. Daylight spectra 
 

 
 
Figure A5. Spectral distribution of daylight (from Fontoynont, 2002) 
 
 
5. Open remarks of the subjects about the lighting conditions (Visual 
comfort) [in Dutch] 
 

  CL 17000 K / 430lx+/-40  WL 2700 K/ 430lx+/-40 
subjects   
   
1 Eentonige omgeving, sfeerloos, 

miste buitenlucht, te laag 
lichtniveau 
 

Visual comfort scale 
was not filled in 

2 Fel licht, veel wit, waadoor het 
visueel comfort slecht is, te veel 
reflectie, waardoor er een soort 
"duizelig"/bewegend licht is 
 

Beetje verblinding door 
witte oppervlakken, dat 
kijkt niet rustig 
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3 Het licht is erg blauw en 
verbleekt warme kleuren en 
huid, desondanks werkt dit 
prettig  
     

Een actieve houding 
gaat goed, bij 
passiviteit (rust) wordt 
het licht te fel 

4 Geen opmerkingen Jammer dat ik in de 
pauzes niet naar buiten 
kan kijken   

5 Langdurig lezen: gevoel van 
draaierigheid (alleen bij 
leesteksten)  
( lezen op papier)   

Sfeervol, rustig, licht  

6 Geen opmerkingen 
 

Geen opmerkingen 

7 Blauwig licht, dit merk je alleen 
als je van binnen naar buiten 
gaat 

Het is een erg witte 
ruimte waardoor het 
soms een beetje ging 
schimmeren voor mijn 
ogen   
   

8 Het was prettig om in deze lichte 
(reflecterende) omgeving te 
werken 
 

Geen opmerkingen 

9 Beetje vreemde kleur licht, niet 
echt natuurlijk 
 

Bij computer minder 
licht dan elders in 
ruimte, goed licht 

10 Door het overal aangebrachte 
wit, nogal felle weerkaatsing 
 

Computerscherm leek 
erg blauw met deze 
verlichting 

11 Te fel/wit licht voor rust 
 

Geen opmerkingen 

12 De felheid van het licht neemt 
veel comfort weg 

Geen opmerkingen 
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Visual Comfort remarks - translation in English 
 

 CL 17000 K / 430lx+/-40 WL 2700 K / 430lx+/-40 
subject   
   
1 Dull, cheerless environment, 

I missed open air, too low 
lighting level 
 

Missing 

2 Bright light, a lot of white, and 
as a result a visual comfort is 
bad, too many reflections, it is 
why there is a feeling of 
“dizziness”/ a moving light 
 

A little bit of glare because 
of white spaces, it looks 
restless 

3 Lighting is very blue and it 
bleach warm colours and skin, 
in spite of this it works nice 
   
  

During an activity it goes 
good, for the rest periods 
(passive) light is too bright 

4 No remarks Pity, that during the breaks 
it was not possible to look 
outside 
   

5 Long reading: feeling of 
dizziness (during reading on 
paper)  

Full of atmosphere, 
peaceful light   

6 No remarks 
 

No remarks 

7 Bluish light, you only notice 
that when you are entering the 
room from outside 

It is a very white room, 
therefore from time to time 
I had a little bit of shadow-
spots before my eyes 
    

8 It was nice to work in this light 
(reflecting) environment 
 

No remarks 

9 A bit strange colour of light, not 
really natural 
 

At the computer less light 
than somewhere else in 
the room, good light 
 

10 Because of white environment, 
there is a quite strong bright 
reflection 
 

Computer screen looks 
very blue in this light 
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11 Too bright/white light to rest 
 

No remarks 

12 Brightness of the light reduces 
a lot of visual comfort 

No remarks 
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SUMMARY 
 
Lighting plays an important role in our behaviour and performance. Light that enters 
the eyes enables visual processes. Moreover, ocular light influences non-visual 
processes such as biological rhythms, alertness and mood. In turn, these processes may 
influence our well-being and ability to perform tasks. At present, lighting design 
standards for work are based on visual needs. Lighting that meets both needs, visual 
and non-visual, would be more appropriate in fulfilling requirements for a healthy 
work environment.  
State of the art: About 7 years ago, the research field of non-visual effects of light 
revealed new facts. It appears that people have separate receptors for mediation of non-
visual effects, with spectral sensitivity in the blue area. Spectrum, lighting level, dose, 
timing, previous lighting exposure and spatial distribution of light are the elements 
determining the non-visual effects. Most evidence on lighting effects comes especially 
from circadian and night time studies. The effects of light during the day are not 
completely explored yet.  
Objectives: The question to be answered in this study was, if and how the lighting level 
and spectrum in a built environment influence alertness and performance of people 
during daytime, in an office work situation. An additional question was how the newly 
introduced lighting spectrum would influence visual comfort. These results of 
exploring non-visual and visual effects of lighting might help in defining new lighting 
standards. 
Hypotheses: One hypothesis was that in an environment with a high lighting level 
people will stay more alert (less sleepy) and consequently will perform better than in a 
low lighting level. According to recent literature, to attain a similar effect, a lower 
lighting level could be used when containing more emission in the blue. Therefore, 
another hypothesis was that people in lighting condition highly enriched in the blue 
(high colour temperature) will stay more alert than in condition with almost no 
emission in the blue (low colour temperature), at the same lighting level.  
Methodology: Via two experiments, in which together 35 volunteers participated, the 
effects of lighting level and spectrum were investigated separately. People were 
randomly assigned to lighting conditions in a cross-over experimental design. In the 
first experiment the lighting levels were 1150lx and 70lx at the eye (vertical 
illuminance) and the colour temperature was 4000 K; in the second experiment, the 
colour temperatures was 17000 K and 2700 K and the lighting level was 500lx vertical 
at the eye. To simulate the work situation, each person participated in two 8-hour 
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sessions starting in the morning, during which they performed various cognitive and 
psychomotor tests, and office-like tasks. Alertness of the subjects was assessed 
continuously via  the EEG recordings and hourly via subjective scales.  
Results: From the study it appeared that the lighting level acts in a way different from 
the colour temperature during the day. The lighting level effects depend on the time of 
day and on the kind of activities performed by the subjects. Bright light exposure has a 
positive influence on subjective alertness, especially in the morning during the 
performing of monotonous and long tasks. Also spending a working day in a bright 
condition may have a positive influence on alertness in the early evening. Analyses 
revealed interaction between light and time of day in the EEG results (physiological 
alertness) This effect may be related to the received lighting dose and that it has some 
compensating effects, in case of bright light, on alertness after performing the tests for 
many hours. Light did not have an effect on performance of short tests. But light did 
influence long performances. During performance of these tests bright light seems to 
have alerting effects. This appeared in more stable work (smaller variability of speed) 
and a higher percentage of correct hits than in dim light. The manipulation of the 
colour temperature of light in the second experiment did not show significant effects 
on non-visual processes. Additionally, the assessment of the visual processes revealed 
that some people experienced visual discomfort caused by the light with high colour 
temperature.  
Conclusions: The experiment on one hand showed the effects of lighting level and on 
the other hand did not confirm the hypothesis about the effect of blue light during the 
day. Because the effects of lighting are complex it surely will take still a lot of studies 
to answer the questions how lighting works on non-visual processes and what are the 
mechanisms. The study hopes to contribute to knowledge about lighting effects during 
the day, that may in the future improve lighting recommendations for work situation.  
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SAMENVATTING 
 
Licht speelt een belangrijke rol in onze functioneren. Licht dat in het oog komt maakt 
visuele processen mogelijk. Bovendien beïnvloedt licht via het oog niet-visuele 
processen zoals biologische ritmes, alertheid en stemming. Op hun beurt beïnvloeden 
deze processen ons welbevinden en de mogelijkheden om taken uit te voeren. Op dit 
moment zijn de standaarden voor een lichtontwerp gebaseerd op visuele behoeften. 
Verlichting die zowel aan de visuele alsmede aan de niet-visuele behoeften voldoet zou 
beter in staat zijn aan om de eisen van gezonde werkomgeving te voldoen. 
State of the art: Ongeveer 7 jaar geleden heeft het onderzoek naar de niet-visuele 
effecten van licht nieuwe feiten opgeleverd.. Het bleek dat mensen aparte receptoren 
hebben voor het regelen van niet visuele effecten met een spectrale gevoeligheid in het 
blauw. Het spectrum, licht niveau, dosis, timing, eerdere blootstelling aan licht en de 
ruimtelijke verdeling van het licht zijn de elementen die de niet visuele effecten 
bepalen. De meeste aanwijzingen(evidentie) over licht effecten komen uit circadiane 
studies en studies gedurende de nacht. De effecten van licht tijdens de dag zijn nog niet 
volledig onderzocht.  
Doelstelling: De vraag die in deze studie beantwoord moest worden was, of en hoe het 
lichtniveau en het spectrum in een gebouwde omgeving de alertheid en prestaties van 
mensen gedurende de dag in een kantooromgeving beïnvloeden. Een verdere vraag was 
hoe het recent geïntroduceerde nieuwe lichtspectrum invloed zou hebben op het visuele 
comfort. De resultaten van deze verkenning van de niet visuele en visuele effecten van 
licht kunnen helpen bij het definiëren van nieuwe verlichtingsstandaarden. 
Hypotheses: Een hypothese was dat in een omgeving met een hoog lichtniveau mensen 
alerter zullen blijven (minder slaperig) en daardoor beter zullen presteren dan in een 
omgeving met een laag lichtniveau. Volgens nieuwe literatuur kan om eenzelfde effect 
te bereiken een lager lichtniveau gebruikt worden als dit meer emissie in het blauw 
bevat. Daarom was een andere hypothese dat mensen in een lichtconditie die in het 
blauw verrijkt was (hoge kleurtemperatuur) alerter zullen blijven dan in een conditie 
met minder blauw (lage kleurtemperatuur) bij hetzelfde lichtniveau.  
Methodologie: Door twee experimenten waarin in totaal 35 vrijwilligers deelnamen is 
het effect van lichtniveau en spectrum afzonderlijk onderzocht. Deelnemers werden 
willekeurig toegewezen aan de lichtcondities in een cross-over experimenteel ontwerp. 
In het eerste experiment waren de lichtniveaus 1150lx and 70lx op het oog (verticale 
verlichtingssterkte) met een kleurtemperatuur van 4000 K; in het tweede experiment, 
waren de kleurtemperaturen 17000 K and 2700 K met een lichtniveau van 500lx 
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verticaal op het oog. Om de werksituatie te simuleren nam iedere deelnemer deel aan 
twee 8 uur-sessies die begonnen in de ochtend,waarin zij diverse cognitieve en 
psychomotor testen, en kantoorachtige taken uitvoerden. Alertheid van de deelnemers 
werd continu gemeten door middel van EEG registraties en per uur door middel van 
subjectieve schalen. 
Resultaten: Uit deze studie blijkt dat overdag het lichtniveau anders werkt dan de 
kleurtemperatuur. De effecten van het lichtniveau hangen af van het tijdstip van de dag 
en van de aard van de activiteiten die door de deelnemers uitgevoerd worden. 
Blootstelling aan bright light heeft een positief effect op alertheid, speciaal in de 
ochtend bij het uitvoeren van lange monotone taken. Ook het verblijf gedurende de 
werkdag in een bright light conditie kan een positief effect hebben op de alertheid in de 
vroege avond. De analyse toonde een interactie tussen licht en tijdstip aan in de EEG 
resultaten (fysiologische alertheid). Dit effect kan gerelateerd worden aan de 
ontvangen lichtdosis en heeft compenserende effecten in het geval van bright light op 
de alertheid na het uitvoeren van de testen gedurende vele uren. Licht had geen effect 
op de prestaties van korte testen. Maar licht kan prestaties van langdurige testen 
beïnvloeden. Gedurende het uitvoeren van deze testen heeft bright light een alertheid 
verhogend effect. Dit blijkt uit meer stabiel werk (minder veranderingen in snelheid) 
en een hoger percentage juiste hits dan in dim light. Het veranderen van de 
kleurtemperatuur in het tweede experiment liet geen significante effecten zien op de 
niet visuele processen. Bovendien bleek bij de beoordeling van de visuele processen 
dat enige deelnemers een visueel discomfort ondervonden veroorzaakt door licht met 
een hoge kleurtemperatuur. 
Conclusies: Het experiment liet aan de ene kant de effecten van lichtniveau zien  en 
aan de andere kant bevestigde het niet de hypothese over blauw licht overdag.. Omdat 
de effecten van licht complex zijn zal het nog een aantal studies vergen  om te 
beantwoorden hoe licht werkt op non-visuele processen en wat de onderliggende 
mechanismen zijn. Deze studie hoopt bij te dragen aan kennis van lichteffecten 
overdag, die in de toekomst de aanbevelingen voor verlichting in de werksituatie 
kunnen verbeteren. 
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♫ 
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