
 Eindhoven University of Technology

MASTER

Light in the evening
an analysis of the effects of spectral power distribution on melatonin, alertness and color
discrimination

de Goijer, I.

Award date:
2017

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/3094c71f-631a-45f3-b589-e280db09133a


 

 
 

 

 

 

 

 

Light in the evening: an analysis of the effects of spectral power distribution 

on melatonin, alertness and color discrimination 

 

A thesis submitted by 

Iris de Goijer 

 

 

in partial fulfillment of the requirements for the degree of 

 

Master of Science in 

Building Physics and Services 

 

 

Supervisors: 

Prof. dr. ir. E.J. (Evert) van Loenen, Ir. M.P.J. (Mariëlle) Aarts, Dr. J.L. (Jan) Souman 

 

 

Eindhoven University of Technology 

Department of the Built Environment 

Student number: 0752681 

Course code: 7SS37 

 

Eindhoven, February 2017 

 



 

 
 

 



 

iii 
 

Acknowledgements 

After an intensive period of nine months, I look back with great pleasure and satisfaction on my 

graduation project. It has been a period where I learnt a lot, did a lot of new things and met very 

inspiring people. I would like to take this moment to thank everyone who made this thesis possible. 

I would first like to thank my colleagues from my internship at Philips Lighting for their collaboration. 

They were always supportive and willing to help me with anything. I would particularly like to express 

my gratitude to Jan Souman, my supervisor from Philips Lighting. His door was always open for 

questions about my research or writing and I would like to thank him for his guidance, patience, 

motivation, critical questions and immense knowledge. I could not have imagined having a better 

advisor and mentor for my master thesis. 

In addition, I would also like to express my gratitude to my supervisors from the university, Evert van 

Loenen and Mariëlle Aarts, for their valuable guidance, useful comments and for sharing their 

expertise. The meetings with them were always helpful and their critical remarks helped me to stay 

sharp and think about new insights which encouraged me to widen my research from various 

perspectives. 

I would also like to thank the subjects who participated in the experiments for their effort and time. 

Without them it was not possible to conduct the studies. 

Last but not least, I would like to thank my family and friends for supporting me throughout my years 

of study and through the process of researching and writing this thesis. You were always there for me 

and I am thankful for having you in my life. 

 

Iris de Goijer 

Eindhoven, February 2017 

 

  



 

iv 
 

Summary 

Recently, there has been increasing attention for the potentially negative impact of light in the blue 

part of the visible spectrum (short wavelengths) on human health and wellbeing. Melatonin is a 

hormone which can be seen as a biomarker of the biological clock. Various studies demonstrated that 

light suppresses melatonin secretion at night, reduces sleepiness, and increases alertness. This effect 

is both intensity and wavelength dependent. Short wavelengths (440-480 nm) and a higher light 

intensity lead to an increase of alertness and a suppression of melatonin. 

It is often assumed that melatonin suppression mainly depends on the Correlated Color Temperature 

(CCT) and light intensity. However, this graduation project investigated whether for a constant CCT and 

vertical illuminance at eye height still different effects on melatonin secretion and alertness can occur 

for different light spectra. This leads to the following research question: “Can light with the same CCT 

and illuminance at the eye still have different effects on melatonin and alertness?”. 

The hypothesis of this study was that it is possible to have two different spectra with the same CCT 

and illuminance at eye height but with a different effect on melatonin and alertness, and that a light 

spectrum with high spectral power between 450-490 nm will result in a suppression of the melatonin 

secretion, in contrast to a light spectrum with low spectral power between 450-490 nm where the 

melatonin levels will increase during the night similar to dimmed light. 

Fifteen subjects participated in a study with a within-subject design where they were exposed to three 

different light conditions (Dim, Low MEF and High MEF) on three separate evenings. Every half hour, 

salivary melatonin levels were measured and the subjective alertness of the subjects was tested based 

on the Karolinska Sleepiness Scale (KSS) and Gloval Vigor and Affect (GVA). The objective alertness was 

tested with a Psychomotor Vigilance Task (PVT).  

Repeated measures ANOVA showed a significant difference in melatonin levels between the three light 

conditions. The Low MEF light condition did not suppress the hormone melatonin and had a similar 

curve of melatonin secretion as the Dim light condition. On the other hand, the High MEF light 

condition resulted in a significant suppression of melatonin compared to both the Dim light and the 

Low MEF light condition. There were no significant differences in subjective and objective alertness 

between the three light conditions. So, light with the same CCT and illuminance at the eye can had 

different effects on melatonin, but not on alertness. 

Before the Low and High MEF spectra could be used in applications, the usability of the lighting should 

be investigated as well. A color discrimination study was conducted to test the ability to distinguish 

colors underneath the two spectra compared to a standard white lamp. The research question of this 

study was: “How does the ability to distinguish colors change for the spectra as used for testing 

melatonin effects compared to standard white light of the same CCT and illuminance at the eye?”.  

Twenty-four subjects participated in a study with a within-subject design where they had to complete 

the Farnsworth Munsell 100 Hue Test (FM100) for each of the three light conditions (Low MEF, High 

MEF, and standard white LED light of the same CCT and illuminance). The FM100 is a validated test of 

color discrimination.  

The results revealed that the standard light had the best color discrimination abilities followed by 

respectively the Low and High MEF condition. One-way ANOVA showed that there was no significant 

difference between the Total Error Score (TES) of the standard spectrum and Low MEF spectrum; the 

TES of the High MEF was however significantly higher compared to both the standard and the Low MEF 

spectrum. So, a light spectrum with a high melatonin suppression resulted in a low color discrimination, 
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while a spectrum with a low melatonin suppression resulted in a higher color discrimination: the same 

as the used standard light spectrum.  

The S-, M- and L-cone activation was computed to test whether the areas of mistakes match the 

differences in color appearance according to the cone activation. The results also showed that hue 

caps where mistakes were made in the FM100 were usually the caps that were close to each other in 

color appearance according to the cone activation. Further research could find out whether this effect 

is significant. 

The obtained knowledge about both visual and non-visual effects of light on human beings can be 

translated into propositions for new or improved applications. An optimal light can be created with 

different effects on melatonin secretion for different times of the day. The Low MEF spectrum can be 

used in the evening before going to bed because the melatonin secretion will be allowed to rise in this 

light. On the other hand, the High MEF spectrum can be used in the morning, to wake up and stabilize 

the circadian rhythm. The High MEF spectrum should however not be used in situations where color 

discrimination is important because of the low ability to distinguish colors underneath the spectrum. 
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Abbreviations 

CCT Correlated Color Temperature 

CIE International Commission of Illumination 

CRI Color Rendering Index 

FM100 Farnsworth Munsell 100 Hue Test 

GA Global Affect 

GV Global Vigor 

GVA Global Vigor and Affect 

ipRGCs intrinsically photosensitive Retinal Ganglion Cells 

KSS Karolinska Sleepiness Scale 

LED Light-Emitting Diode 

MEF Melanopsin Effectiveness Factor 

MEQ Morningness/Eveningness Questionnaire 

PSQI Pittsburgh Sleep Quality Assessment 

PVT Psychomotor Vigilance Task 

RM Repeated Measures 

SD Standard Deviation 

SE Standard Error 
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1 Introduction 
 

1.1 Background 
Evolution has adapted us to outdoor light. Besides affecting how well we can see, lighting levels have 

a fundamental effect on our sleep/wake cycles and biorhythm [1]. Back in the days when there was no 

electricity, people were dependent on sun light for their daily activities. After the invention of oil lamps, 

and later electricity and artificial light sources, our lives changed drastically. The days became longer 

and people stayed up longer than before. Besides all these positive effects of lighting, there are also 

downsides of (electrical) lighting. 

Recently, there has been increasing attention for the potentially negative impact of light in the blue 

part of the visible spectrum (short wavelengths) on human health and wellbeing. On the one hand, this 

is because of the replacement of conventional artificial light sources by LEDs, which could produce 

light with more energy in the blue part of the spectrum because of a higher Correlated Color 

Temperature (CCT). This was mainly the case for the first LEDs. At the same time, use of LED backlit 

displays, e.g. in tablets and smartphones, has also increased. 

Various studies [2]–[7] demonstrated that the use of smartphones, tablets and similar devices in the 

evening results in a disturbance of sleep and/or the circadian rhythm. This disturbance is due to the 

short wavelength light (the blue range) which suppresses melatonin secretion and increases alertness 

[7]–[13]. This is however not only the case for smartphones and similar devices, exposure to electrical 

lighting could cause the same effects.  

In the next two sections, the hormone melatonin and the terms alertness/sleepiness will be discussed. 

Both are important elements of this study which will be used in the experiments. 

1.1.1 Melatonin 
Melatonin, N-ACETYL-5-METHOXYTRYPTAMINE, is a hormone produced by the pineal gland [14] at 

night under conditions of darkness in both diurnal and nocturnal species [4]. It is a small molecule, but 

has a great impact on the biological rhythms [15]. The hormone melatonin was isolated and named in 

1958 by Aaron B. Lerner and his team [16]. After this discovery, there has been a great deal of research 

on melatonin, and this research is still going on. 

Melatonin entrains circadian rhythms in humans [14], which influences the timing, duration, and 

internal structure of sleep [17]. Melatonin itself has a circadian rhythm which is entrained by light, but 

also functions as a signal from the brain to the rest of the body to synchronize circadian rhythms in the 

organs to the external day/night cycle. So, melatonin can also be used (when given exogenously) to 

shit the biological clock. For humans with a regular sleep-wake schedule, melatonin levels begin to rise 

in the evening, peak during the nighttime hours (between 02:00 and 04:00), and are low or even absent 

during the daytime [14], [18], Figure 1.1. 
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Figure 1.1 Production of melatonin over a day. Reproduced from [19] 

Light suppresses the melatonin secretion at night [20], [21] and is therefore capable of resetting the 

human circadian rhythm [22]. Nocturnal light exposure can delay the melatonin secretion, and also 

affect the body temperature and the propensity to sleep [23]–[25]. Several studies concluded that light 

exposure at the late evening or early night can result in melatonin suppression and elevation of core 

body temperature [20], [26]–[29]. However, these results do not occur when the eyes are covered 

[28], [30]. Moreover, shifting sleep time can change the melatonin secretion without affecting the core 

body temperature rhythm [31]. 

Furthermore, the timing of the light exposure is important to consider as well. Several studies [32]–

[35] showed that suitably timed morning light phase advances the whole melatonin rhythm, while 

evening light may phase delay the rhythm. 

Various studies [8], [36]–[39] demonstrated that the suppression of melatonin is wavelength 

dependent, and that short-wavelength light (the blue range) is maximally effective at suppressing 

melatonin. The specific range of wavelength varies for each of these studies, but they all concluded 

that the peak of maximal melatonin suppression occurs at approximately 460 nm. This wavelength 

sensitivity not only holds for monochromatic light, but also for polychromatic light. In addition, light 

sources with higher CCT were found to evoke a stronger melatonin suppression compared to light 

sources with lower CCT in healthy humans [40]–[42]. 

Long-term suppression of melatonin production can cause health problems [43]–[45]. Especially shift 

workers who have disturbed physiological rhythms, circadian misalignment, and sleep deprivation 

have an increased risk of health problems [46]–[48]. 

Workers on night shifts who sleep during the day, at low melatonin levels and high body temperatures, 

will usually have shorter sleep episodes and more awakenings [49]. Light exposure during the night, 

and especially short-wavelength light, suppresses melatonin production [38], [39], suppresses 
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sleepiness [50], and increases subjective alertness [51]. These effects are beneficial for the 

performance at night [52], but they have a downside as well [46]. 

Short term problems include disturbances in sleeping and eating habits, while long term problems 

include more serious disorders [53]. Various studies concluded that long-term suppression of 

melatonin production could lead to (breast) cancer [54]–[63], diabetes [64]–[72], obesity [72]–[78], 

cardiovascular disorders (heart diseases) [45], increased morbidity [45], [79], depression [80], and 

Alzheimer’s disease [81]–[83].  

1.1.2 Alertness 
The terms alertness and sleepiness are often seen as the same phenomenon, but from different 

endpoints. One endpoint describes the sleep propensity or drowsiness (i.e. sleepiness), and the other 

endpoint the wake propensity or attentiveness (i.e. alertness) [84]. On the other hand, Moller et al. 

compared subjective sleepiness and alertness in four groups of sleep-disordered patients and 

concluded that sleepiness is not the inverse of alertness [85].  

Alertness can be influenced by different factors, e.g. light. The wavelengths and the intensity both have 

an effect on alertness. Alertness is, just like melatonin, short wavelength sensitive (440-480 nm), 

because of the peak sensitivity of the intrinsically photosensitive Retinal Ganglion Cells (ipRGCs) [86]. 

A study of Revell et al. [51] showed that subjective alertness is maximally sensitive to short wavelength 

light. There are however also studies [8], [14] that failed to find these effects. 

In addition, several studies [22], [29], [87]–[90] showed that exposure to a higher light intensity can 

result in feelings of increased alertness (and better performance), Figure 1.2. Besides light exposure at 

night, light exposure during the day could also increase the alertness. Smolders et al. [91] studied the 

effects of white light during daytime. Their results demonstrated that more intense light can improve 

feelings of alertness and vitality, as well as objective performance and physiological arousal.  

 

Figure 1.2 Dose–response relationship between illuminance and subjective alertness. Data points represent the sum of 
alertness ratings. The line represents a logistic regression model fit to the individual data points [92].  
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Sleepiness could be associated with increased health and safety risks because of performance failures 

[93]. Beside a higher risk of traffic and workplace accidents [94]–[96], sleepiness could also affect the 

cognitive performance (i.e. work or education) [97]–[100], lead to emotional problems [100], increase 

food intake [101], and memory loss [102]. 

1.2 Previous studies on light exposure in the evening 
Several studies [11]–[14], [36], [42], [50], [51], [103]–[106] investigated the effects of exposure to 

different light conditions (e.g. dim, filtered and bright) in the evening on the melatonin secretion and 

alertness. While some of these studies used a filter or goggles (orange glasses which absorb the blue 

light) to create two different light spectra, others compared different monochromatic spectra. In 

addition, there was also a study that compared the effects of different CCTs on melatonin secretion 

and alertness. These twelve studies were selected because they described experiments which were all 

conducted in the late evening or at night, and because they all studied how changing the light spectra 

affects the melatonin secretion and alertness. Table 1.1 shows an overview of the most important 

findings of these twelve studies. A more extended summary of each of these studies can be found in 

Appendix A. 

The twelve studies showed similar results. They all concluded that short wavelengths suppress 

melatonin, and that filtering these short wavelengths will reduce this suppression. However, all of 

these studies did use a filter or goggles etc. to create two spectra with a different effect on melatonin 

production. It has not been studied yet if two spectra, that have the same CCT and illuminance at eye 

height, could have a different effect on the melatonin excretion. This is however an interesting 

question from a practical point of view. For example, when the short wavelengths are filtered, the 

suppression of melatonin will be reduced. However, the appearance of the light will be changed 

drastically, which makes the light not usable for every situation. On the other hand, changing the CCT 

or light intensity of a spectrum could also change the effects on the melatonin secretion, but in many 

situations it is not desirable to have the light change from “warm” to cool or from bright to dark (or 

vice versa). This study could therefore extend the knowledge about using different spectra with the 

same CCT and illuminance at eye height to influence the melatonin secretion. 

While all twelve studies found the same effect on the melatonin secretion, the protocols of the studies 

were not the same. For example, the start and end time of the experiments varied for the twelve 

evening studies. Four studies used the habitual bedtime to determine the start and end time, and the 

other eight studies had fixed times. However, the studies that used fixed times were almost all 

controlled laboratory studies where the participants have been in the room for several hours prior to 

the experiment. In addition, while some studies used light conditions with different light intensities 

and/or CCT, other studies used a filter to filter out the short wavelengths (the blue part of the 

spectrum). 

Most of the examined studies of Table 1.1 also concluded that subjective alertness is sensitive to short 

wavelength light, while other literature did not find this effect. This study could show whether 

subjective alertness will be affected when the spectrum distribution is modified in another way, while 

maintaining the same CCT and illuminance at eye height, instead of using filters, monochromatic light, 

or adjusting the CCT and light intensity. 
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Table 1.1 Overview results previous evening studies 

Authors Results 

Kayumov et al. 
(2005) 

Melatonin levels in filtered light were similar to the melatonin levels of the dim 
light condition. In contrast, the melatonin levels of the (unfiltered) bright light 
condition were drastically suppressed. In addition, wearing the goggles did not 
impair measures of performance, subjective sleepiness, or alertness. 

Cajochen et al. 
(2005) 

A two hour exposure of monochromatic light at 460 nm in the late evening induced 
a significantly greater melatonin suppression than occurred with 550 nm. In 
addition, exposure of monochromatic light at 460 nm led to a significantly greater 
alerting response and increased core body temperature and heart rate.  

Revell et al. 
(2006) 

Compared to 470 nm light, alertness levels were significantly higher in 420 nm light 
and significantly lower in the 600 nm light. These data (420nm>470nm>600 nm) 
suggest that subjective alertness may be maximally sensitive to very short 
wavelength light.  

Kayumov et al. 
(2007) 

9 of the 11 participants demonstrated preserved melatonin levels in filtered light 
similar to their dim light secretion profile.  

Kozaki et al. 
(2008) 

The light at 5000 K suppressed melatonin secretion acutely. The 2300 K light 
appeared to have no effect on melatonin secretion as well as the dim condition, 
while melatonin secretion was measurably suppressed by the light at 3000 K. 

Rahman et al. 
(2008) 

Filtering a narrow bandwidth of light from nocturnal lighting may efficiently 
attenuate overall disruption of circadian endocrine rhythms and clock gene 
expression in the hypothalamus and adrenal gland. 

Rahman et al. 
(2011) 

Filtering short wavelengths <480 nm prevented nocturnal suppression of 
melatonin secretion, increased cortisol secretion, and disrupted peripheral clock 
gene expression. Furthermore, subjective alertness, mood, and errors on an 
objective vigilance task were significantly less impaired at 08:00 by filtering 
wavelengths <480 nm compared with unfiltered nocturnal light exposure.  

Wahnschaffe 
et al. (2013) 

Exposure to yellow light did not alter the increase of melatonin in saliva compared 
to dim light. In contrast, lighting conditions including blue components reduced 
melatonin increase significantly both during and after light exposure. Subjective 
alertness was significantly increased after exposure to three of the lighting 
conditions which included blue spectral components in their spectra.  

Van de 
Werken et al. 
(2013) 

Short-wavelength attenuated polychromatic white light only marginally (6%) 
suppressed salivary melatonin. In addition, the skin temperature and the 
performance levels remained similar under short-wavelength attenuated 
polychromatic white light compared with respectively dim light and full-spectrum 
light. Besides, the subjective sleepiness was not increased. 

Rahman et al. 
(2013) 

Salivary melatonin levels were significantly higher on the first and middle night 
shifts under filtered light compared with baseline. Subjective sleepiness increased 
throughout the night under both conditions. However, reaction time and 
throughput on vigilance tests were similar to daytime performance under 
intervention but impaired under baseline on the first night shift.  

Brainard et al. 
(2015) 

Increasing corneal irradiances of light evoked progressively increasing suppression 
of nocturnal melatonin. Comparison of the fluence-response curves supports the 
hypothesis that polychromatic fluorescent light is more potent for melatonin 
regulation when enriched in the short-wavelength spectrum 

Kozaki et al. 
(2016) 

While the melatonin concentrations were suppressed in after night-time light 
exposure of daytime, dim, and white light conditions, no significant differences 
were found in melatonin concentration after night-time light exposure with bluish-
white light.  

 



 

6 
 

1.3 Research questions 
This project is initiated to gain more insight in the effect of bright light exposure in the evening on the 

alertness and the hormone melatonin of humans, and to gain knowledge on both visual and non-visual 

effects of light on human beings and to translate this knowledge into propositions for new or improved 

applications. Based on this study, the effects of changing the light spectrum, while maintaining the 

same CCT and light intensity, on the melatonin secretion will become clear. With this information, 

Philips can create an optimal light for use at different times of the day, with different effects on 

melatonin suppression. A setting with high melatonin suppression could be used in the morning, to 

wake up and stabilize the circadian rhythm, while a low suppression setting could be used in the 

evening before going to bed, allowing the melatonin levels to rise. 

The literature research revealed that most experiments used spectra with different light levels or CCTs 

to test the differences in melatonin secretion and (subjective) alertness. Besides, four of the twelve 

studies used a filtered spectrum to filter out the short wavelengths. It is often assumed that melatonin 

suppression mainly depends on the CCT and light intensity. However, in this study we want to show 

that this is not necessarily the case. In this way, the appearance of the light will be more similar 

compared to only changing the CCT or light intensity of the light, which could increase the usability of 

the lighting.  

The objective of this study is to investigate whether for a constant CCT and illuminance at eye height 

still different effects on melatonin secretion and alertness can occur for different light spectra. In order 

to achieve this project objective, two research questions will be studied:  

1. Can light with the same CCT and illuminance at the eye still have different effects on melatonin 

and alertness? 

2. Is it possible to create different spectra that keep the aspects most relevant to visual tasks 

constant, while varying the non-visual effects? 

The hypothesis was that it is possible to have two different spectra with the same CCT and illuminance 

at the eye but with a different effect on melatonin and alertness. It was also expected that a spectrum 

with high energy around the short wavelengths will cause a suppression of melatonin and an increase 

of alertness compared to a spectrum with low energy around the short wavelengths, while they both 

have the same CCT and illuminance at the eye. 

The main aim was to create light spectra that would show different melatonin effects for constant CCT 

and illuminance at eye height. However, in practice this would be no good for e.g. color rendering is 

really bad (depending on the application). Therefore, the effects of differences in light spectra were 

also studied in a perception study. The goal of this study was to test how the spectral changes 

necessary to produce different effects on melatonin suppression affect color discrimination. The color 

discrimination could be affected in a negative manner if for example a spectrum consists of high energy 

around one part of the spectrum, while other parts of the spectrum consist of no energy. 

The research question of this study was: “How does the ability to distinguish colors change for the 

spectra as used for testing melatonin effects compared to standard white light of the same CCT and 

illuminance at the eye?”.  
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2 Evening study 
Various studies that investigated the effects of exposure to different light conditions in the evening on 

the melatonin secretion and alertness have been discussed in section 1.2. All discussed studies used a 

filtered spectrum or goggles to test the differences in melatonin secretion and (subjective) alertness. 

Besides, eleven of the twelve examined studies used spectra which had a different CCT and/or 

perceived illuminance at eye height. This has led to the following research question of this study: “Can 

light with the same CCT and illuminance at the eye still have different effects on melatonin and 

alertness?”. 

The hypothesis of this study was that it is possible to have two different spectra with the same CCT 

and illuminance at eye height but with a different effect on melatonin and alertness, and that the 

spectrum with high spectral power between 450-490 nm will result in a suppression of the melatonin 

secretion compared to the spectrum with low spectral power between 450-490 nm while they both 

have the same CCT and illuminance at the eye.  

Melanopic lux qualifies how much of the melanopsin-containing cells in the retina will be activated by 

a given spectrum. At high levels, these cells provide a major input to the circadian pacemaker. At lower 

levels, the cones appear to provide an important part of the response. [86], [110] For melanopic 

quantities, values below 5 m-lux have little effect in shifting the circadian phase, and more than about 

500 m-lux is expected to saturate the melanopic response [111].  

The ratio between the melanopic and photopic lux is the Melanopic Effectiveness Factor (MEF) [112], 

equation 2.1. The “k” in this equation is a normalization constant to correct for the differences in area 

under the curve. In this study a minimum and maximum MEF value at a given CCT and illuminance 

were compared. A high MEF-value corresponds to a higher proportion of the melanopic flux which 

results in a suppression of the melatonin production.  

𝑀𝑒𝑙𝑎𝑛𝑜𝑝𝑖𝑐 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝑘 ∙  
𝑚𝑒𝑙𝑎𝑛𝑜𝑝𝑖𝑐 𝑓𝑙𝑢𝑥

𝑝ℎ𝑜𝑡𝑜𝑝𝑖𝑐 𝑓𝑙𝑢𝑥
 (2.1) 

 

2.1 Pilot study 
Prior to this study, a pilot study has been conducted. The aim of this pilot study was to investigate 

whether the two different spectra (Low MEF and High MEF) could produce a significant difference in 

their melatonin suppression. Another aim of this pilot study was to test and get used to the test setup. 

In this section a brief summary of the study will be provided. More information about this pilot study 

can be found in Appendix B.  

Six subjects from the Philips Experience & Perception Research Group gave informed consent to 

participate in this pilot study. The group consisted of 5 men and 1 woman with a mean age of 34.5 ± 

12.21 years. The participation was voluntary and the participants did not receive a compensation for 

their participation. 

The subjects were exposed to two different light conditions (Low and High MEF) on two separate 

evenings. Both light conditions had approximately a vertical illuminance at eye height of 175 lx and a 

CCT of 2700 K, Table 2.1. The CCT of 2700 K was chosen because of two reasons. Firstly, because the 

effects of light in the evening was tested, the used spectra should be similar to light that is used in the 

living room (i.e. warm white). Secondly, because higher CCTs suppress the melatonin secretion, it was 

chosen to use spectra with a lower CCT. The vertical illuminance at eye height of 175 lx was chosen 

based on two reasons as well. Firstly, to limit the effects of a high light intensity on the melatonin 
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suppression. Secondly, a study of Gordijn created a dose response curve for the melanopic illuminance 

and the melatonin suppression based on data from Brainard et al. [104]. This graph shows that a MEF-

value of 0.6 is equal to a melanopic illuminance of 100 lx, see Appendix G. In order to allow the two 

light conditions to have a different effect on melatonin, the melanopic illuminance of 100 lx should be 

in between both conditions. 

The MEF-values of the two light conditions were 0.31 and 0.88, Table 2.1, creating a factor of 2.84. 

Table 2.1 Illuminance at eye height, CCT, and MEF of the two light conditions used in the pilot 

 E  
[lx] 

CCT 
[K] 

MEF 
[-] 

Low MEF 170 2656 0.31 
High MEF 173 2631 0.88 

 

The evenings started three hours prior to the median bedtime, and ended one hour after the median 

bedtime. The median bedtime was determined based on sleep diaries a week prior to the experiments. 

The first two hours of the evening were in dimmed light (< 5 lx) and served as an adaptation period to 

create a baseline. In the last two hours, the participants were exposed to either the Low MEF or High 

MEF light condition.  

Starting from the first hour, the participants had to indicate their (subjective) alertness based on the 

Karolinska Sleepiness Scale (KSS) [113], and a saliva sample was collected for the determination of the 

hormone melatonin at time intervals of a half hour, Figure 2.1. The KSS is a nine point scale ranging 

from 1 = "extremely alert" up to 9 = "Extremely sleepy-fighting sleep". 

 

Figure 2.1 Procedure pilot experiment. The time is indicated in (half) hours before and after the median bedtime. 

There was a great variability between the melatonin levels of the participants during the two nights, 

see Appendix B. While some participants had low levels of melatonin (around 5 pg/mL), other 

participants had high levels of melatonin (15 pg/mL up to 40 pg/mL). Participant 5 was excluded from 

the melatonin analysis because of melatonin levels below the threshold of 3 pg/mL [114]. The results 

were however not changed by excluding this participant. 

The mean results of the melatonin levels during the two evening showed differences between the two 

light conditions, Figure 2.2. The melatonin levels increased more in the Low MEF light condition 

compared to the High MEF light condition. This is an indication that the spectra could have a significant 

difference in melatonin suppression. However, more subjects should be tested in the evening study to 

find a significant effect. In addition, the melatonin results showed that the start time of the test was 

good: the melatonin levels are rising. For the evening study, the same methods for the start time could 

be apprehended.  
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The KSS data showed very clear results. The subjective alertness was not different for the two light 

conditions. An objective alertness test could be conducted in the evening study to find out whether 

the objective alertness turns out to be different for the two light conditions. 

  

Figure 2.2 Mean melatonin results (left) and mean KSS results (right). The red line represents the results of the Low MEF 
condition, the blue line represents the results of the High MEF condition. The seven measurements were conducted every 
half hour started from the first hour. The first three measurements were conducted in the adaptation period, the other four 
in one of the light conditions. Participant 5 was excluded in the mean melatonin results because of lower melatonin levels 
than the threshold of 3 pg/mL. 

2.2 Methods 

2.2.1 Participants 

Sixteen subjects gave informed consent to participate in this study, but only fifteen subjects completed 

the entire study. These subjects (N=15) had a mean age with standard deviation (SD) of 36.8 ± 8.51. 

The participant who did not complete the study, stopped during the first night because of difficulties 

with sitting still.  

A total of 16 participants were chosen from both a practical and a statistical point of view. Firstly, 

because there were only two light boxes available at Philips Lighting, only two subjects could 

participate at one evening. Besides, the measurements took place on weekdays (Monday-Thursday). 

Therefore, only eight subjects could participate in one week. Secondly, based on the (dependent) 

paired-sample t-test, equation 2.2, the sample size that is needed to obtain a significant effect was 

calculated.  

𝑡 =
𝑑
𝑠𝑑

√𝑛

 (2.2) 

 

With: 

t = t-statistic 
d = mean of the difference between the value of X1 and X2 per participant 
Sd = standard deviation of the differences 
n = group sample size 

 

The standard deviation was estimated based on a study of Brainard [104], and d was estimated based 

on a dose-response curve of Gordijn, see Appendix G. Based on these values, a required sample size of 

n=14 was obtained. The combination of the availability of 8 participants per week, and the required 

sample size of n=14, has led to a sample size of 16 participants. 
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The participants were recruited and screened by an external company based on different aspects like 

colorblindness, mental disorders, chronic diseases, sleep disorders, etc. The complete list of exclusion 

factors can be found in Appendix H. All participants passed the Ishihara test for color perception 

deficiency. Besides, none of the participants were extreme morning (score > 69) or extreme evening 

(score < 31) types according to the Morningness-Eveningness Questionaire (MEQ) [115]. In addition, 

only three of the participants had an indication for bad sleep quality (score ≥ 5) according to the 

Pittsburg Sleep Quality Index (PSQI) [116]. Finally, the participants were aware of the purpose of this 

study, but not of the hypothesis. 

During the study, the participants were asked to maintain a regular sleep/wake schedule (max. 1 hour 

variation). The sleep/wake schedule was monitored by a calibrated wrist-worn actigraph (Philips 

Actiwatch Spectrum 2) and by a sleep diary where the participants had to indicate their bedtime, 

estimated sleep time, wake up time, and their get up time. 

On the day of the evening measurements, the participants were instructed to abstain from alcohol, 

caffeine, and sports from 12:00 PM. This abstention was in order to maintain the normal alertness 

level for each evening measurement. In addition, the participants were instructed to not consume 

pineapple, banana, orange, oatmeal, corn and foods with corn (cereal, tortilla chips, and granola), rice, 

tomatoes and walnuts because these food products could influence the melatonin secretion. 

2.2.2 Apparatus and stimuli 

Two spectra were created with the aim to maximize the melatonin suppression difference while 

maintaining the same CCT and illuminance at the eye. One spectrum with low spectral power between 

450 and 490 nm (Low MEF), and one spectrum with high spectral power between 450 and 490 nm 

(High MEF) were used in this study.  

The Low MEF spectrum was the same as used in the pilot study, the High MEF was however optimized 

compared to the pilot study to obtain a higher MEF-value. The vertical illuminance at eye height, the 

CCT, the melanopic flux and the MEF-value of the three light conditions are shown in Table 2.2. More 

characteristics of these spectra can be found in Appendix J.  

Table 2.2 Illuminance at eye height, CCT, Melanopic flux and MEF of the three light conditions 

 E  
[lx] 

CCT 
[K] 

Melanopic lux 
[lx] 

MEF 
[-] 

Low MEF 170 2656 54.6 0.30 
High MEF 181 2609 188.8 1.07 
Dim light 4 2625 1.5 0.40 

 

Table 2.2 shows that the Low and High MEF light condition had a MEF-value of respectively 0.30 and 

1.07. This results in a factor of 3.57. This factor is higher compared to the factor of the pilot study of 

2.84. 

The light stimuli were presented via a light box. The top part of the light box contained a Thouslite 

LEDcube (Thouslite, Changzhou City China), a lamp with 11 different LEDs. The light was projected 

through a diffuser into the box, creating a homogeneous light distribution. This light box was controlled 

by a Matlab script on a laptop. A list of the apparatus used in the experiment can be found in  

Appendix K. 
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2.2.3 Study design 

The experiments took place in the same lab of Philips Lighting Research as the pilot experiment. There 

was no daylight entering the room, and the electrical lighting of the room could be adjusted. During 

the experiments, there was background light of < 5 lx with a CCT of 2700 K present in the room. 

Contrary to the pilot experiment, three conditions were studied: Dim light, Low MEF, and High MEF. 

The duration of the tests was four hours: one hour adaptation period, and three hours in one of the 

three light conditions, Figure 2.3. 

The subjects participated in a within subject design where they were exposed to all three light 

conditions on three separated nights. Every evening started with an adaptation period of one hour. In 

this adaptation period, the participants were seated on a couch and had to wear orange glasses to 

minimize the influence of the short wavelengths of the electrical lighting. The three light conditions 

were presented via a light box. In this light exposure, the participants were asked to rest their head on 

a chin rest to ensure constant light exposure, Figure 2.4. 

The start time of the tests was dependent of the median bedtime of the participants and was therefore 

different for each participant. From the first week, the median bedtime was calculated for the entire 

week based on the sleep diary and Actiwatch data. Before going to bed, the participants pushed a 

button of the Actiwatch to set a marker. Based on this marker the median bedtime was calculated. The 

bedtimes of the sleep diary were used in case of malfunction of the Actiwatch or when the participant 

forgot to set the timer. 

The experiment started three hours before this median bedtime, and ended one hour after. For 

example, when the median bedtime of a participant was 23:00 PM, the test started at 20:00 PM and 

lasted until 00:00 AM. 

The experiments took place on three evenings separated by one week. For one participant, the second 

evening was separated by two weeks from the first evening because of illness. Each participant 

received the Dim light condition as the first condition. Half of the participants were exposed to the Low 

MEF light condition on the second evening, and to the High MEF light condition on the third evening, 

while this order was reversed for the other half of the participants. This way, the order of these two 

conditions was counterbalanced across participants.  

Starting from the first half hour, the participants first took the saliva sample, and then they filled in the 

Global Vigor and Affect (GVA) [117] and Karolinska Sleepiness Scale (KSS) on the computer at time 

intervals of a half hour. The GVA is a technique that can be used to detect changes in mood and 

subjective activation. This method yields two summary measures: Global Vigor (GV) and Global Affect 

(GA), each ranging in value from 0 to 100. In this study the GV is of importance because it describes 

the vigor (alertness, vigilance) of a subject. 

In addition, starting from the first half hour, the participants executed the Psychomotor Vigilance Task 

(PVT) [118] test every hour in order to objectively test their alertness. The PVT is a reaction time test 

in which a visual or auditory stimulus is presented intermittently and the subject is asked to respond 

as soon as they detect the stimulus, e.g. by pushing a button. 

So, at the end of one test evening, 8 KSS scores, 8 GVA scores, 8 saliva samples and 4 PVT test results 

were obtained for each participant, Figure 2.3. 
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Figure 2.3 Overview evening study. Time schedule of the KSS, GVA, saliva sample taking, and PVT for each of the three 
conditions. The time is indicated in (half) hours before or after the median bedtime. 

 

Figure 2.4 Light box with chinrest. Light is produced by LEDs in the top part of the box and projected into the box via a diffuser. 

2.2.4 Procedure 
In the first meeting, the participants received an extended explanation of the study. After the 

explanation, the participants signed the informed consent if they agreed to participate as a volunteer 

in this study. When the form was signed, three questionnaires had to be filled in (general information, 

MEQ, PSQI). To test whether the participant had a color perception deficiency, the participant had to 

pass the Ishihara test. After passing the test, the participant received the sleep diary and Actiwatch 

including an explanation how to fill in the sleep diary and how to set the markers with the Actiwatch 

for the determination of the median bedtime. 

The second meeting was one week after the first meeting. In this meeting the researcher read out the 

Actiwatch data and the participant handed in the sleep diary of the first week. Based on this data, the 

median sleep bedtime of the entire week was determined for each participant. 
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The week after the first meeting, the experiment started. Before the participants arrived, the chinrest 

and response box were disinfected, the light boxes were switched on, and all the materials were put 

ready by the researcher. The participants were expected 15 minutes before the start time in the lab, 

Figure 2.3. In this quarter hour, the participants received an extended explanation about the 

experiment that they were going to participate in, and there was time for questions. In addition, the 

participants received a bottle of water that they could drink during the experiment. They were only 

allowed to drink water during the experiment, and they were not allowed to eat. 

Subsequently, the participants chose one of the orange sunglasses. The glasses were in two sizes: small 

and large. The participants had to wear these glasses during the first hour in the adaptation period, 

and at visits to the restroom. During the adaptation period, the participants were allowed to read (not 

from a light emitting screen), to listen to music (without looking at a light emitting screen), and to talk 

with each other. 

After half an hour in the adaptation period, the participants first had to give a saliva sample, and 

thereafter indicate their levels of alertness and vigor based on the GVA and KSS on the computer. This 

was always in this particular order and repeated every half hour until the end of the test. The saliva 

samples were stored in a plastic freezer bag in a freezer with a temperature of -25°C. Each participant 

had their own labeled freezer bag where the samples of one night were stored. 

Besides the subjective measurements, the participants had to complete the PVT test every hour 

starting from the first half hour. After filling in the questionnaires on the computer, the participants 

received a headphone and a response box where they had to push a button as quickly as possible after 

they heard a sound stimulus via the headphone. 

After the one hour adaptation period, the participants had to take place in front of the light box. They 

were allowed to adjust the height of the chair and the height of the chin rest. For this part of the 

experiment, the participants were only allowed to listen to music and not to read or talk. Every hour, 

the participants were allowed to stand and walk for 1 min. right after indicating their alertness and 

vigor.  

The tests started at Monday 5 September and continued for ten continuous weeks. Every Monday, 

Tuesday, Wednesday and Thursday evening two participants participated in this study. The 

participants were divided into two groups, Figure 2.5, each consisting of 8 participants. 

  

Week number 

34 35 36 37 38 39 40 41 42 43 

Group 1 

Sleep diary                   

Actiwatch                   

Evening study                   

Group 2 

Sleep diary                   

Actiwatch                   

Evening study                   
Figure 2.5 Planning evening study: the study is divided into two groups of eight participants. 

 

2.2.5 Analysis 

The output of the evening study consisted of KSS scores, GVA scores, PVT scores, and salivary 

melatonin amounts. Based on the KSS and GVA scores, the alertness and vigor of the participants were 

determined for each light condition. The global vigor score was derived based on four questions from 
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the GVA (How alert do you feel? How sleepy do you feel? How much of an effort is it to do anything? 

How weary do you feel?) based on the follow formula [117]: 

GV = [(alert) + 300 - (sleepy) - (effort) - (weary)] / 4 

The GA was not included in the analysis because this score describes the mood instead of the alertness 

of a subject. 

The salivary melatonin amounts were used as a marker of the non-visual effect of light exposure and 

the potential effects on sleep. The saliva samples were sent to Chrono@Work who did the melatonin 

analysis based on radioimmunoassay. All samples from a subject were analyzed within the same series. 

Based on these salivary melatonin amounts, the changes in melatonin levels between the three light 

conditions became clear over time.  

Finally, the PVT scores demonstrated how the objective alertness of the participants differed between 

the three light conditions and changed over time. The median reaction time (RT) was used instead of 

the average RT to limit the influence of the outliers on the results. Based on the 110 trials, the median 

RT was calculated. Subsequently, the mean of those medians was plotted.  

The data analysis was conducted with Matlab R2016a. Repeated Measures (RM) ANOVA was used to 

test for differences between the mean scores of the three light conditions. Both the measurements 

(time) and the conditions were tested with the RM ANOVA. The ANOVA assumptions (normality, 

constant variance and independence) were satisfied. 

Because every evening started with the same adaptation period of one hour, the first two 

measurements were in the same light condition for every evening. Therefore the data was normalized 

based on the second measurement point. For each condition, the melatonin level of the second 

measurement was deducted from the levels of measurement points 3-8. 

RM ANOVA was again used to test for (significant) differences between the three (normalized) light 

conditions for separate measurement points, to search for differences per point. The expectation was 

that especially point 8 (one hour after median bedtime) had significant differences between the light 

conditions. 

2.3 Results 
The average melatonin levels of the three light conditions are shown in the left part of Figure 2.6. Every 

evening started with one hour adaptation period (< 5 lx). Therefore, the first two samples were taken 

in the same light condition for all conditions. The individual data of the participants can be found in 

Appendix L. Figure 2.6 shows that the melatonin levels increased over time.  

RM ANOVA revealed that the melatonin levels were not significantly different (F = 1.677 ; p = 0.205) 

for the three light conditions in measurement point 2. The data could therefore be normalized based 

on measurement point 2: the last measurement in the adaptation period before exposure to one of 

the light conditions.  

The right part of Figure 2.6 shows the average normalized melatonin results of the measurement 

points in the light exposure. This figure reveals that the melatonin levels in the Dim and Low MEF light 

conditions increased to a larger extent compared to the High MEF light condition.  
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Figure 2.6 Left: Average melatonin results. The black line represents the Dim light condition, the red line represents the Low 
MEF light condition and the blue line represents the High MEF light condition. The measurements were conducted every half 
hour started from the first half hour. The first two measurements were conducted in the adaptation period that was similar 
for each condition, the other six measurements in one of the light conditions. The error bars represent the standard error of 
the mean. Right: Average normalized melatonin results. These data points were normalized based on measurement 2 to obtain 
the change in melatonin for each light condition. 

RM ANOVA was conducted to find out whether this effect was significant, Table 2.3. Table 2.3 shows 

that the melatonin levels were significantly different (p < 0.001) for both time and condition. There is 

also a significant interaction effect. The interaction effect is related to the slopes of the lines of Figure 

2.6. Parallel lines mean no interaction, and no parallel lines mean an interaction. A significant 

interaction effect means that the melatonin levels of the three light conditions are changing over time, 

but are changing in different ways for each light condition. 

Table 2.3 RM ANOVA on the normalized melatonin data to test for differences between the melatonin levels in both the three 
light conditions as the six measurement points (time). 

Repeated Measures ANOVA on normalized data (Melatonin) 
 Sum of Squares df Mean Square F p-value 

Time 1216.3 5 243.25 11.151 <0.001 
Light condition 1750.3 2 875.16 15.505 <0.001 
Time* 
Light condition 

243.95 10 24.395 1.94 0.045 

 

Post-hoc corrections were conducted to search for significant differences between all pairs of light 

conditions. Because three pairs were compared, the p-values were corrected by multiplying them by 

3. The Dim and Low MEF light conditions were not significantly different (F = 1.674; p = 0.655). In 

contrast, the melatonin levels in the Dim and High MEF light conditions were significantly different  

(F = 18.571; p = 0.002) just like the Low MEF and High MEF light conditions (F = 23.222; p = 0.001). 

The second output of the evening study was the Global Vigor (GV). The left part of Figure 2.7 shows 

the average GV for the eight measurement points and three light conditions. The individual data can 

be found in Appendix M. Figure 2.7 reveals that the GV of the participants decreased over time.  
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As mentioned before, the first two samples were taken in the adaptation period which was the same 

dimmed light for all conditions. RM ANOVA showed no significant differences (F = 0.443; p = 0.646) in 

melatonin levels in measurement point 2. The data was therefore normalized on the GV scores of the 

second measurement. 

 

Figure 2.7 Left: Average global vigor results. The black line represents the Dim light condition, the red line represents the Low 
MEF light condition and the blue line represents the High MEF light condition. The measurements were conducted every half 
hour started from the first half hour. The first two measurements were conducted in the adaptation period that was similar 
for each condition, the other six measurements in one of the light conditions. The error bars represent the standard error of 
the mean. Right: Average normalized global vigor results. These data points were normalized based on measurement 2 to 
obtain the change in melatonin for each light condition. 

The right part of Figure 2.7 shows the average normalized GV results of the measurement points in the 

light exposure. This figure shows a less strong effect compared to the effect of the light conditions on 

melatonin. RM ANOVA was conducted to test for significant differences, Table 2.4. Table 2.4 shows 

that the GV scales were only significantly different (p < 0.001) for the measurements. There was no 

significant difference between the light conditions (p = 0.250). In addition, there was no significant 

interaction effect between time and light condition. Because there was no significant difference 

between the GV scores of the light conditions, the differences between the pairs of light conditions 

were not further studied as was done in the melatonin analysis. 

Table 2.4 RM ANOVA on the normalized global vigor data to test for differences between the global vigor scores in both the 
three light conditions as the six measurement points (time). 

Repeated Measures ANOVA on normalized data (GV) 
 Sum of Squares df Mean Square F p-value 

Time 206.37 5 41.274 30.62 <0.001 
Light condition 22.726 2 11.363 1.470 0.25 
Time* 
Light condition 

11.08 10 1.108 1.320 0.227 

 

The subjective alertness based on the Karolinska Sleepiness Scale (KSS) was the third output of the 

evening study. The average KSS scores for the eight measurement points and the three light conditions 
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are shown in the left part of Figure 2.8. The individual data of the KSS scores can be found in Appendix 

N. Figure 2.8 reveals that the KSS scores of the participants increased over time.  

RM AVOVA revealed that the KSS scores were significantly different (F = 0.716; p = 0.497) in the second 

measurement. The data was therefore normalized on the GV scores of the second measurement, see 

the right part of Figure 2.8. 

 

Figure 2.8 Left: Average KSS results. The black line represents the Dim light condition, the red line represents the Low MEF 
light condition and the blue line represents the High MEF light condition. The measurements were conducted every half hour 
started from the first half hour. The first two measurements were conducted in the adaptation period that was similar for 
each condition, the other six measurements in one of the light conditions. The error bars represent the standard error of the 
mean. Right: Average normalized KSS results. These data points were normalized based on measurement 2 to obtain the 
change in KSS score for each light condition. 

The average normalized KSS results of the measurement points in the light exposure are shown in the 

right part of Figure 2.8. Just like the GV scores, the KSS scores were not strongly affected by the 

different light conditions. To test for significant differences in KSS scores between the light conditions, 

RM ANOVA was used, see Table 2.5. This analysis revealed that there was only a significant effect for 

measurement (p <0.001) and not for condition (p = 0.600). The interaction effect of time and light 

condition was not significant as well. This is in line with the results of the GV scores. Because there was 

no significant difference between the KSS scores of the light conditions, the differences between the 

pairs of light conditions were not further studied as well. 

Table 2.5 RM ANOVA on the normalized KSS data to test for differences between the KSS scores (subjective alertness) in both 
the three light conditions as the six measurement points (time). 

Repeated Measures ANOVA on normalized data (KSS) 
 Sum of Squares df Mean Square F p-value 

Time 212.56 5 42.513 41.37 <0.001 
Light condition 7.462 2 3.731 0.521 0.600 
Time* 
Light condition 

6.590 10 0.659 0.910 0.526 
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The last output of the evening study is the reaction time (RT) on the Psychomotor Vigilance Task (PVT). 

The left part of Figure 2.9 shows the mean of the median RTs for the four measurement points and 

three light conditions. Because the PVT was conducted at hourly intervals, four measurement points 

were obtained of which the first test was conducted in the adaptation period. The individual data of 

the participants can be found in Appendix O. The data of participant 3 was excluded from the analysis 

because of incompleteness due to a computer failure. This computer failure was solved the day after. 

Figure 2.9 shows that the reaction time increased over time. RM ANOVA was done on 1/RT for better 

adherence to the normality assumption. RM ANOVA revealed that the reaction times were not 

significantly different (F = 0.696; p = 0.507) for the three light conditions in the first test. The data could 

therefore be normalized based on measurement point 1: the last measurement before exposure to 

one of the light conditions.  

    

Figure 2.9 Left: Average median reaction times obtained from the PVT results. The black line represents the Dim light condition, 
the red line represents the Low MEF light condition and the blue line represents the High MEF light condition. The 
measurements were conducted every hour started from the first half hour. The first measurement was conducted in the 
adaptation period that was similar for each condition, the other three measurements in one of the light conditions. The error 
bars represent the standard error of the mean. Right: Average normalized (median) reaction time results. These data points 
were normalized based on measurement 2 to obtain the change in (median) reaction time for each light condition. 

The right part of Figure 2.9 shows the average normalized reaction time results of the measurement 

points in the light exposure. This figure reveals that the reaction time in the Low MEF light condition 

increased less compared to the High MEF and Dim light conditions. RM ANOVA was conducted to find 

out whether this effect was significant, Table 2.6. Table 2.6 shows that reaction times were not 

significantly different (p > 0.05) for both time and light condition.  

Table 2.6 RM ANOVA on the normalized reaction time data to test for differences between the median reaction times 
(objective alertness) in both the three light conditions as the three measurement points (time). 

Repeated Measures ANOVA on normalized data (PVT) 
 Sum of Squares df Mean Square F p-value 

Time 6671.9 2 3336 1.242 0.305 
Light condition 6541.3 2 3270.7 1.142 0.335 
Time* 
Light condition 

16663 4 4165.7 1.543 0.204 
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Because Figure 2.9 showed a deviating median reaction time in measurement 4 for the Low MEF light 

condition, RM ANOVA was used to find out whether there was a significant effect between the light 

conditions in the last measurement M4. RM ANOVA revealed however that there was no significant 

difference (F = 1.412; p = 0.262) in reaction time in the last measurement for the three light conditions. 

2.4 Discussion 
The melatonin results revealed that the melatonin levels significantly increased during the night. This 

is in line with the expectations, because according to literature, melatonin levels begin to rise in the 

evening and peak during the night around 03:00 AM (depending on the person). 

The analysis on the melatonin results also revealed that the Low MEF light condition had a significantly 

different effect on the melatonin levels compared to the High MEF light condition, and was similar to 

the Dim Light condition. The interaction between time and light condition was significant as well for 

the melatonin levels. 

The results of both the GV and KSS scores corresponded. For both scores there was a significant 

decrease in subjective vigor and alertness during the night. This was also in line with the expectations 

because the experiment was conducted from three hours before until one hour after the median 

bedtime. There was however no significant effect of the light conditions on the GV and KSS.  

The PVT results revealed that there was no significant effect of both light condition and time on the 

median reaction time.  

2.5 Conclusions and recommendations 
The results showed that the Low MEF light condition did not suppress the hormone melatonin and had 

a similar curve of melatonin secretion as Dim light. Both the subjective and the objective alertness was 

not significantly different in the Low MEF light condition compared to the High MEF light condition. On 

the other hand, the High MEF light condition resulted in a significant suppression of melatonin 

compared to both the Dim light and the Low MEF light condition. 

The Low MEF spectra could therefore be used in a situation where the melatonin levels should not be 

suppressed, but a higher illuminance is needed than dimmed light (e.g. in the evening before going to 

bed). The High MEF spectra could be used in the morning, to wake up and stabilize the circadian 

rhythm. 

However, more research could be conducted on this topic. Firstly, a field study could be conducted to 

test whether people actually benefit from light like this. Future research could look at the effects on 

sleep and/or circadian rhythm instead of direct effects as was studied in this study. 

Another recommendation is to test whether spectra with the same illuminance at the eye, CCT and 

also with the same MEF could still have different effects on melatonin and alertness. Hereby, the 

influence of the spectral power distribution (SPD) on melatonin and alertness will become clear. 

Finally, more subjects could be tested to find out whether there is a significant difference in GV scores, 

KSS scores and reaction times in the last measurement one hour after the median bedtime between 

the light conditions. This is because Figure 2.7, Figure 2.8 and Figure 2.9 indicated that in the last 

measurement point there could be a significant difference between the light conditions. While the GV 

and KSS scores in the High MEF light condition were slightly higher compared to the Low MEF light 

condition, the Low MEF condition showed a slightly faster reaction time compared to the High MEF 

light condition. This effect was however not significant. Further research could find out whether this 

effect is significant when more subjects are tested. 
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3 Color discrimination study 
The effects of the three spectra on melatonin production and alertness have been discussed in the 

previous chapter. However, before the spectra can be used in applications, the usability of the lighting 

should be investigated as well. We know that the color rendering index (CRI) of the experimental 

spectra was worse than that for normal lighting systems (e.g. 80 for office). However the question is, 

how much worse? And, a follow up question, is there any indication that we can balance the need for 

non-visual effects (or the absence thereof) with reasonable color rendering performance? 

One important aspect of the quality of light is the ability to distinguish colors underneath the spectra. 

For example, there are situations or applications where lighting with poor color rendering (e.g. in which 

you cannot distinguish colors or in which your skin looks green) is not desirable (e.g. for a surgeon). 

The color rendering index (CRI) [119] was developed in 1995 as a measure the ability of a light source 

to accurately render all frequencies of its color spectrum in comparison with an ideal or natural light 

source. Numerically, the highest possible CRI (or Ra) value is 100, and a decrease of this value means a 

lower ability to accurately show colors “realistically” or “naturally”.  

The CRI is however not flawless. The Ra value is based on a general comparison of the lengths of color 

difference vectors in the 1964 Uniform Space, i.e. the amounts of the color shifts. The direction of the 

vectors is not included. Two light sources with the same Ra value can therefore have different color 

appearance [119]. So, the CRI does not necessarily capture actual color discrimination performance.  

The objective of the color discrimination study was to gain knowledge about the way the color 

discrimination performance of an individual changes for the two different light conditions (Low MEF 

and High MEF), compared to a standard white lamp of the same CCT and illuminance. For the standard 

white lamp, a spectrum was used that was widely applied in lighting applications. 

The research question of this study was: “How does the ability to distinguish colors change for the 

spectra as used for testing melatonin effects compared to standard white light of the same CCT and 

illuminance at the eye?”.  

The photoreceptors in the retina play an important role in human vision. The human eye contains three 

types of photoreceptors: rods, cones, and intrinsically photosensitive retinal ganglion cells (ipRGCs) 

[120]. Rods and cones are essential for the formation of visual images, whereas ipRGCs are necessary 

for non-image-forming visual functions [86]. 

The cones are responsible for the photopic vision which allows color perception. There are three 

different types of cones each with a different spectral sensitivity [121], [122]: 

 L-cones: primarily sensitive to long wavelengths (± 560-570 nm); 

 M-cones: primarily sensitive to medium wavelengths (± 535 nm), and 

 S-cones: primarily sensitive to short wavelengths (± 445 nm). 

3.1 Methods 

3.1.1 Participants 
Twenty-four subjects with normal or corrected-to-normal vision with a mean age ± SD of 27.4 ± 8.2 (14 

male, 10 female) gave informed consent to participate in this study. This number of participants was 

chosen so that all different orders of combinations of the light conditions and color hue rows could be 

tested (6 ∙ 4 = 24).  
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Participation was voluntary, and at the end of the experiment the participants received a candy bar. 

The exclusion factors in this study were colorblindness and age younger than 18 or older than 55 

because of the yellowing of the lens which increases with age and influences color perception [123]. 

3.1.2 Stimuli and apparatus 

There are different methods for determining a person’s ability to distinguish colors. A widely used test 

for measuring the chromatic discrimination by clinicians and vision scientists is the Farnsworth-Munsell 

100 Hue test [123].  

Various studies [39], [104], [124] used the Farnsworth-Munsell 100 Hue Test to determine a person’s 

ability to distinguish colors under daylight (illuminant D65). This validated test contains four distinct 

rows of similar color hues, each containing a fixed anchor cap at each end, Figure 3.1. Box 1 contains 

22 caps, and there are 21 caps in the remaining three boxes. The participant has to arrange the hue 

caps between the two anchor caps in a way they form a gradual transition in chroma [123]. 

To find out whether an individual has a color deficiency, the Ishihara Color Vision Test could be 

conducted. This test consists of a number of colored plates, called Ishihara plates, each of which 

contains a circle of dots appearing randomized in color and size. Within the patterns, there are dots 

which form a number or a clear shape [125]. An individual with normal color vision can see the 

numbers without any problems in contrast to someone with color deficiency. 

 

Figure 3.1 Farnsworth-Munsell 100 Hue Test for color discrimination. Obtained from: 
http://www.unitycolor.com/images/product_images/popup_images/170_1.jpg 

The spectra of the pilot of the evening study were used as stimuli for the High and Low MEF conditions. 

The ability to distinguish colors under these two spectra were compared to a standard white LED 

spectrum of the same CCT and illuminance, Figure 3.2. As mentioned in the previous chapter, the Low 

and High MEF spectra are confidential and can therefore only be found in Appendix P. 
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Figure 3.2 Spectral distribution of the standard white LED spectrum used as reference with a CCT of 2700 K. 

The horizontal illuminance at work plane, the CCT and the color rendering index (CRI) of the three light 

conditions are shown in Table 3.1. More characteristics of these spectra can be found in Appendix Q.  

Table 3.1 Illuminance at work plane, CCT, and CRI of the three light conditions 

 E  
[lx] 

CCT 
[K] 

CRI 
[-] 

Low MEF 170 2656 57.9 
High MEF 173 2631 12.6 
Standard light 172 2641 82.7 

 

The light stimuli were presented via the same light box as used in the evening study, for details see 

section 2.2.2. A list of the apparatus used in the experiment can be found in Appendix R. 

3.1.3 Study design 

Participants’ ability to distinguish colors in three different light conditions was tested with the 

Farnsworth Munsell 100 Hue Test. The experiment followed a repeated-measures design where the 

participants completed the Farnsworth Munsell 100 Hue Test for each of the three light conditions 

(Low MEF, High MEF, and standard light of the same CCT and illuminance).  

All possible orders of the three light conditions were used in the experiment, resulting in six different 

orders (123 132 213 231 312 321). The order of the color hue rows were balanced based on a Balanced 

Latin Square, which resulted in four different orders (1243 2314 3412 4132). Each participant received 

a unique combination of condition order and color hue row order. For a given participant, the order of 

the hue rows was the same for all three conditions, see Appendix S. 

The color discrimination test was conducted in the same laboratory of Philips Lighting as the pilot of 

the evening study. There was no daylight entering the room, and the electrical lighting of the room 

could be adjusted. During the experiments, there was background light of < 5 lx with a CCT of 2700 K 

present in the room. 

One light box with Thouslite LED cubes was used to present the three different light conditions. The 

(inside) dimensions of the light box were: L x H x B = 0.75m x 0.75m x 0.45m.  
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3.1.4 Procedure 

Firstly, the participants received an extended explanation about the experiment that they were going 

to participate in. After the explanation, the participants signed the informed consent if they agreed to 

participate as a volunteer in this study.  

Subsequently, the participants completed the Ishihara Color Vision Test to test for color vision 

deficiencies. Because this test should be conducted under daylight conditions, the color vision test was 

done at a location with daylight access. After finishing (and passing) the Ishihara Color Vision Test, the 

participants were allowed to participate in the study and moved back to the lab again. 

Before the participants could start with ordering the color hues, they should adapt to the light 

condition. The participants were therefore seated in front of the light box for two minutes prior to the 

color discrimination test in order to adapt to the light condition. This adaptation time of two minutes 

was chosen based on the chromatic adaptation whereby 80-90% is reached in the first minute [126]. 

After this adaptation time, the participant performed the color discrimination test for all four hue rows, 

Figure 3.3. The researcher provided the shuffled hue caps, based on the order as shown in Appendix 

T. When the participant had finished one hue row, the researcher provided the participant with the 

next shuffled row, and he or she had to order the hue caps again. When ordering the hue caps, the 

participants were told not to touch the colored top of the cap, but only the sides, to prevent 

degradation of the color stimuli by grease, dirt, etc.  

After all four hue rows had been ordered for the first light condition, the light box was switched off 

and then switched on with the second light condition. After the adaptation time of two minutes, the 

participant had to order the four hue rows again. The same procedure was used for all three light 

conditions, Figure 3.3.  

The color discrimination study was conducted during weeks 25-30, and the experiments took place at 

Monday-Friday between 09:00 and 17:00 hours. One session took approximately 45 minutes. 

Light condition 1 
 

Light condition 2 
 

Light condition 3 

Adaptation 
of 2 minutes 

Farnsworth 
Munsell 100 
Hue Test 

Adaptation 
of 2 minutes 

Farnsworth 
Munsell 100 
Hue Test 

Adaptation 
of 2 minutes 

Farnsworth 
Munsell 100 
Hue Test 

Figure 3.3 Procedure of the color discrimination test 

3.1.5 Analysis 

After finishing the Farnsworth-Munsell 100 Hue Test, the Total Error Score (TES) was obtained. This 

TES was generated by the FM100 Hue Test Scoring Software version 3.0 where the ordering of the hue 

caps by the participant was entered into. The TES is an automated generated value that calculates the 

number of caps placed incorrectly and scores the value for uniform analysis; the higher the number of 

misplacements, the larger the TES [123]. Another output of the test is the order of all hue caps. Based 

on this order, the area where the most mistakes were made can be determined. 

The analysis of this study was conducted with SPSS statistics version 24. One-way ANOVA (assumptions 

were satisfied) was conducted to test if there were statistically significant differences between the 

mean TES of the three light conditions. Based on Bonferroni post-hoc t-tests, pairwise comparisons of 

the three light conditions were studied. All combinations of the light conditions were studied and all 

participants were included (n = 24). 
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It was expected that the TES of the standard light was the lowest followed by respectively the Low MEF 

and the High MEF. This expectation was based on the CRI values of the three spectra: the CRI of the 

High MEF spectrum (12.6) was much lower compared to the Low MEF (57.9) and standard light spectra 

(82.71).  

It is known that the performance on the FM100 Test varies as a U-shape function of age [123]. The 

literature does however not agree on the differences in color discrimination between gender. Some 

studies [127], [128] revealed that females (young adults) have a slightly better ability to distinguish 

colors, while other studies [123], [129] did not found an effect. The differences between gender were 

therefore studied based on one way ANOVA. It was not expected to find a significant difference 

between men (n = 14) and women (n = 10). 

The S-, M- and L-cone activation for each hue cap under all three spectra were computed with Matlab 

R2016a to test whether the areas of mistakes off the Farnsworth-Munsell 100 Hue Test match the 

differences in color appearance of the hue caps according to the cone activation. In this way, the areas 

of mistakes could be predicted instead of conducting the FM100 Test. The computations were done 

by a combination of specific cone sensitivities, the reflectance properties of the hue caps and the light 

spectra of the three light conditions. 

Firstly, the S-, M- and L-cone activation were plotted for each cap and light condition based on the 

reflection coefficients of the hue caps, and the spectral distribution of the three light conditions and 

the three cones. This was conducted by multiplying the three components. Secondly, based on the 

areas underneath the graphs of each cone the color appearance of the hue caps for each light condition 

were plotted based on the following formula: 

Red-Green: L / (S+M+L) (3.1) 

Yellow-Blue:  S / (S+M+L) (3.2) 

 

The areas with the greatest probability of mistakes could be determined based on both the order of 

the hue caps and the distance between the hue caps according to their color. 

3.2 Results 
The mean TES of the three light conditions are shown in Table 3.2 and Figure 3.4. A low TES represents 

a high ability to distinguish colors, and a high TES represents a low ability to distinguish colors. Table 

3.2 shows that the standard spectrum resulted in the lowest TES of 40, followed by the Low MEF and 

High MEF spectra with a TES of respectively 47 and 90. Compared to the standard light, the Low MEF 

had a decreased TES of 17.5%. The TES of the High MEF was even lower with a decrease of 125%. 

According to the FM100 Hue Test manual all three light conditions have an average TES, see Table 3.3. 

This classification has however a very wide range, allowing large differences between the three classes. 

Table 3.2 One Sample Statistics Total Error Scores of the three light conditions 

One-Sample Statistics 
 N Mean Std. Deviation Std. Error Mean 

Low MEF 24 46.67 20.723 4.230 
High MEF 24 89.50 25.128 5.129 
Standard 24 40.00 25.435 5.192 
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Figure 3.4 Average TES score for each of the three light conditions with standard error of the mean (+/- 2 SE). 

Table 3.3 Classification TES Farnsworth Munsell 100 Hue Test according to normative data [130] 

Total Error Score Classification 

<16 Superior 
16-100 Average 
>100 Low 

 

The results of the one-way ANOVA are shown in Table 3.4. The p-value of <0.001 revealed that there 

is a significant difference between the mean TES of the three light conditions. Because there is a 

significant difference between the light conditions, pairwise comparisons were conducted based on 

post-hoc t-tests (Bonferroni), Table 3.5. 

The post-hoc t-test revealed a statistically significant differences between the mean TES of the Low 

MEF and High MEF (p < 0.001) and between the standard light and the High MEF (p < 0.001). There 

was no significant difference between the standard light and the Low MEF light condition (p = 1.000), 

see Table 3.5. 

Table 3.4 One-way ANOVA results to test for differences between the mean TES of the three light conditions. 

One-way ANOVA 
 Sum of Squares df Mean Square F Sig. 

Between 
Groups 

34635.111 2 17317.556 30.421 < 0.001 
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Table 3.5 Pairwise comparison of the three light conditions with TES as dependent variable.  

Multiple Comparisons 

(I) 
Condition 

(J) 
Condition 

Mean 
difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 
Lower 
Bound 

Upper 
Bound 

Low MEF High MEF -42.833* 6.888 < 0.001 -59.73 -25.93 
 Standard 6.667 6.888 1.000 -10.23 23.57 

High MEF Low MEF 42.833* 6.888 < 0.001 25.93 59.73 
 Standard 49.500* 6.888 < 0.001 32.60 66.40 

Standard Low MEF -6.667 6.888 1.000 -23.57 10.23 
 High MEF -49.500* 6.888 < 0.001 -66.40 -32.60 
* The mean difference is significant at the 0.05 level. 

 

The differences between male (n=14) and female (n=10) participants are shown in Table 3.6 and Figure 

3.5. The female participants had a slightly better color discrimination performance in the Low MEF and 

standard light condition, while the male participants had a lower TES in the High MEF light condition. 

Table 3.6 Comparison of mean TES of the three light conditions for gender 

Gender  Low MEF High MEF Standard 

Male Mean 51.14 87.14 42.86 
 N 14 14 14 
 Std. Deviation 24.365 27.765 29.910 

Female Mean 40.40 92.80 36.00 
 N 10 10 10 
 Std. Deviation 12.851 21.893 18.184 

 

 
Figure 3.5 Mean TES score of the Low MEF, High MEF and standard light spectra for gender with standard error of the mean 
(+/- 2 SE). 
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ANOVA was conducted to test whether these differences between gender were significant. Table 3.7 

revealed that there were no significant differences between the TES of the male and female 

participants for the three light conditions. 

 
Table 3.7 One-way ANOVA results to test for gender differences between the mean TES of the three light conditions. 

One-way ANOVA (between groups) 
 Sum of Squares df Mean Square F Sig. 

Low MEF  673.219 1 673.219 1.609 0.218 
High MEF 186.686 1 186.686 0.287 0.598 
Standard 274.286 1 274.286 0.413 0.527 

 

 

The order of all hues is the second output of the color discrimination study. Figure 3.6 shows polar 

graphs of the error rate in the three light conditions. These graphs reveal the areas where on average 

the most mistakes have been made per light condition. Enlarged versions of these graphs, and the 

individual data can be found in Appendix U.  

 

Figure 3.6 Polar graph of average error rate across 24 participants of Low MEF (left), High MEF (middle), and standard light 
(right) 

The Low MEF and the standard light condition have similar areas of mistakes, in both conditions the 

most mistakes have been made in the “green-yellow” and “blue-green” areas. The polar graph of the 

High MEF condition shows deviating results. For this condition, the most mistakes were made in the 

“yellow-red-red” area and in the “green/blue-green-blue” area. In addition, the amount of mistakes 

are higher in the High MEF condition as well. 

To take the activation of the S-, M- and L-cones into account, different plots were made. As an example 

to show the differences in the S-, M- and L-cone activation, caps 40, 70 and 85 were plotted in the High 

MEF light condition, Figure 3.7, because of their difference in both errors and areas, see Figure 3.6. In 

cap 40 and 85 there were many mistakes made in respectively the green and red areas, while there 

were on average no mistakes made for cap 70. 
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Figure 3.7 S-, M- and L-cone activation of caps 40, 70 and 85 under the High MEF light condition 

Figure 3.7 shows that the cone activation is different for the three caps under the High MEF light 

condition. Based on the areas under the graphs of all caps and light conditions and formula 3.1 and 

3.2, the predicted color appearance of the caps for the three light conditions can be determined, see 

Figure 3.11, Figure 3.12 and Figure 3.13. 

The cone activation can be used as a kind of model to predict actual performance. Hue caps that are 

very close to each other or that are in a different order according to their color appearance in Figure 

3.11, Figure 3.12 and Figure 3.13 are the hue caps which are predicted to be harder to distinguish. 

Therefore there is a higher possibility that these caps will be swapped during the FM100 Hue Test 

under the associated spectrum.  

The results of the FM100 Test were however not entirely in line with this expectation. For the Low MEF 

light condition, the polar graph showed a peak around caps 25-32, see Figure 3.8 (left). These caps are 

also close to each other in color appearance according to the cone activation, see Figure 3.11. The 

agreement between the other part of the polar graph is however less clear. The cone activation 

showed that caps 8-13 were very close to each other in color appearance and two caps were even 

swapped. However, the subjects made almost no mistakes in this area with the FM100 Test. 

There is a better agreement between the polar graph and the cone activation for the High MEF light 

condition. The polar graph, see Figure 3.9 (middle), shows two large areas of mistakes around caps 80-
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5 and 40-49. These are also the areas where the order of the caps is deviating according to the cone 

activation model, Figure 3.12. Besides, subjects made (almost) no mistakes when ordering caps 65-77 

in the FM100 Test. According to the cone activation model, these caps have also a greater distance in 

color appearance compared to the other caps which makes them easier to distinguish. 

Finally, subjects made the most mistakes underneath the standard light condition around caps 27-29 

and 40-48, see Figure 3.10 (right). The cone activation model showed that caps 28 and 29 were very 

close to each other according to their color appearance, see Figure 3.13. However, there are also other 

caps that are very close to their neighboring cap while no mistakes were made in these areas. The color 

appearance of caps 40-48 is also close according to the cone activation model because of the deviating 

order of these caps. Finally, the area where the least mistakes were made in the FM100 Test is caps 

68-79. These caps do also have a greater distance in color appearance according to the cone activation 

model. 

 

Figure 3.11 Color appearance according to S-, M- and L-cone activation and reflection coefficients of the caps for the Low MEF 
light condition. 
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Figure 3.12 Color appearance according to S-, M- and L-cone activation and reflection coefficients of the caps for the High 
MEF light condition. 

 

Figure 3.13 Color appearance according to S-, M- and L-cone activation and reflection coefficients of the caps for the standard 
light condition. 
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3.3 Discussion 
The results revealed that the standard light had the best color rendering ability followed by 

respectively the Low and High MEF condition. When the two spectra are compared to the standard 

light condition, there are a few notable remarks. The data revealed that the color discrimination of the 

Low MEF condition was not significantly worse compared to the standard light condition. The pattern 

of the mistakes were also the same.  

The number of mistakes in the High MEF condition was however significant higher than both the 

standard and the Low MEF light condition. In addition, the areas of mistakes of the High MEF were 

very deviating from the standard light condition. This could be due to the low CRI of the High MEF light 

condition. As mentioned in the introduction of this chapter, the CRI is the ability of a light source to 

accurately render all frequencies of its color spectrum in comparison with an ideal or natural light 

source. So, a lower CRI will just partially reproduce the colors when compared to an ideal or natural 

light source. The low CRI of the High MEF light condition is also reflected in the cone activation results. 

These results showed that there were many caps of the FM100 Test which have a similar color 

appearance, which could be due to the lower ability to render all frequencies. 

A limitation of this study are the used spectra. Because the Low and High MEF spectra are both very 

specific, it is not certain that the findings can be generalized for other spectra with the same MEF-

value. Further research could find out whether it is also possible to keep CCT and illuminance at the 

eye the same, but with a better color rendering (e.g. in the High MEF condition). 

3.4 Conclusions and recommendations 
The results showed that participants in the Low MEF condition made about the same number of errors 

in the same color regions as in the standard light condition. The Low MEF condition is therefore more 

likely to replace the standard light condition compared to the High MEF condition.  

The results showed that the color discrimination performance of the participants was worsened under 

the High MEF light spectrum. It is therefore recommended to study the possibilities to modify the 

spectrum to increase the color discrimination performance under the High MEF light spectrum. 

Increasing the energy around the short wavelengths and around 580 nm should improve the color 

discrimination ability underneath the spectrum. However, besides the color discrimination 

performance, the MEF-value should also be considered. A good balance needs to be found between 

the effects on melatonin secretion and the color rendering ability of the spectrum. 
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4 Overall discussion and conclusions 
The objective of this study was to investigate whether for a constant CCT and illuminance at eye height 

still different effects on melatonin secretion and alertness can occur for different light spectra. The 

hypothesis was that it is possible to have two different spectra with the same CCT and illuminance at 

eye height but with a different effect on melatonin and alertness, and that a spectrum with high energy 

around the short wavelengths will cause a suppression of melatonin and an increase of alertness 

compared to a spectrum with low energy around the short wavelengths, while they both have the 

same CCT and illuminance at eye height.  

The results of the evening study revealed that it is possible to have different effects on melatonin for 

different light spectra with the same CCT and illuminance at eye height. The spectrum with low energy 

around the short wavelengths (Low MEF) did not suppress the melatonin secretion, while the spectrum 

with high energy around the short wavelengths (High MEF) caused a suppression of melatonin. The 

effects of the different light spectra on both the subjective and objective alertness were however not 

significantly different.  

So, light with the same CCT and illuminance at the eye can still have different effects on melatonin. 

The data did however not find a significant effect on alertness for the used spectra. Though, there 

seemed to be a trend in the alertness data. Further research could find out whether no significant 

effect was found because of a lack of power, or other spectra could be created which do have a 

different effect on alertness while they have the same CCT and illuminance at the eye. 

The second part of this study investigated the effects of the spectral power distribution on color 

discrimination. The objective of this study was to test how the spectral changes, necessary to produce 

different effects on melatonin suppression, affect color discrimination. 

The results of the color discrimination study revealed that the spectrum with a low effect on melatonin 

secretion (Low MEF) did not have a significantly different effect on color discrimination compared to a 

standard light spectrum with the same illuminance at eye height and CCT. The spectrum with a high 

effect on melatonin secretion (High MEF) resulted in a significant lower color discrimination compared 

to both the standard light spectrum and the Low MEF spectrum. 

So, a light spectrum with a high melatonin suppression resulted in a low color discrimination, while a 

spectrum with a low melatonin suppression resulted in a high color discrimination: the same as the 

used standard light spectrum. A remark is that this conclusion only holds for the two used spectra. The 

used spectra in this study were driven by the aim to maximize the melatonin suppression difference. 

However, with a different goal, and also with different hardware, other choices might be made 

resulting in different spectra. Further research could find out whether these effects are also the case 

for other spectra with different effects on melatonin secretion.  

A trade off should be made between the non-visual and visual effects of light. It will depend on the 

task demands/application context how the balance between the effects on melatonin secretion and 

color rendering of the spectrum should be made. If color discrimination is more important than 

biorhythm, than the spectrum could be tuned more towards the visual task. If stabilizing or not 

disturbing the biological clock is more important, that would steer the spectrum composition more. 

The next step is to see how (a lack of) melatonin suppression and color discrimination could be better 

balanced. The color discrimination of the High MEF spectrum could probably be improved by increasing 

the energy around the areas of the spectrum with low energy (the short wavelengths and around 580 
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nm). However, this increase of energy should be limited to maintain the effect on the melatonin 

secretion. 

This project was initiated to gain more insight in the effect of bright light exposure in the evening on 

the alertness and the hormone melatonin. The obtained knowledge about both visual and non-visual 

effects of light on human beings can be translated into propositions for new or improved applications. 

An optimal light can be created with different effects on the biological clock (of which melatonin is a 

marker) combined with constant visual properties for different times of the day. The Low MEF 

spectrum can be used in the evening before going to bed because the melatonin secretion will be 

allowed to rise in this light. On the other hand, the High MEF spectrum can be used in the morning, to 

wake up and stabilize the circadian rhythm. The High MEF spectrum should however not be used in 

situations where color discrimination is important because of the low ability to distinguish colors 

underneath the spectrum. 

To conclude, by designing a light application for light use in the evening, both the melatonin 

suppression and the color rendering should be considered. Personalized light could be created to 

optimize the light use for each purpose. For example, a security guard and a surgeon could both work 

during the night. For both jobs a light spectrum with a high suppression of melatonin is desirable. 

However, the color rendering is much more important for the surgeon compared to the security guard. 

Personalized light could therefore be a solution to provide everyone with the light he or she needs. 
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Appendix A Summary previous evening studies 
 
Kayumov et al. (2005;2007) 
Kayumov et al. (2005) [14] investigated whether the use of goggles with selective exclusion of all 

wavelengths less than 530 nm could prevent the suppression of melatonin in bright-light conditions 

during a simulated shift-work experiment. Three light conditions were studied: dim (<5 lux), bright 

(800 lux), and filtered (800 lux). A total of 19 participants were exposed to these light conditions at 

three nonconsecutive nights over a period of two weeks. Salivary melatonin levels were measured at 

hourly intervals between 20:00 and 08:00 h. Subjective sleepiness was measured with the Stanford 

Sleepiness Scale (SSS), Fatigue Severity Scale (FSC), and the Alertness Visual Analog Scale (VAS) at 

intervals of two hours throughout the night. The results of this study demonstrated that the melatonin 

levels in filtered light were similar to the melatonin levels of the dim light condition. In contrast, the 

melatonin levels of the (unfiltered) bright light condition were drastically suppressed. In addition, 

wearing the goggles did not impair measures of performance, subjective sleepiness, or alertness. 

In 2007, Kayumov et al. [103] conducted a similar study. They investigated whether blocking light in 

the short wavelengths (between 470 and 525 nm) may prevent the suppression of melatonin, which 

could help to prevent cancer. Instead of goggles, optical filter lenses were designed, allowing selective 

exclusion of all wavelengths below 530 nm. Salivary melatonin levels were measured under dim light 

(<5 lux), bright light (800 lux) and filtered light (800 lux) at hourly intervals between 20:00 and 08:00 h 

in eleven healthy young male participants. The measurements were taken during three 

nonconsecutive nights over a 2-week period. The results showed that 9 of the 11 participants 

demonstrated preserved melatonin levels in filtered light similar to their dim light secretion profile. 

Preventing melatonin deficiencies using lenses that block light of short wavelength from reaching the 

retina presents a cost-effective, practical solution to the problem of increased malignancy rates in shift 

workers. 

Cajochen et al. (2005) 
Cajochen et al. (2005) [50] hypothesized that the acute effect of light on melatonin, alertness, 

thermoregulation, and heart rate is blue-shifted, such that short wavelength light at 460 nm induces a 

greater melatonin- suppressing, alerting, hyperthermic, and tachycardic effect than light at 550 nm. 

Ten male volunteers participated in this experiment which started 10 hours after the usual waketime 

and ended the next day two hours after usual waketime. Firstly, the participants received a dim 

condition of < 2 lux while lying down for the first two hours, followed by a two hours dark adaptation 

episode of complete darkness (0 lux). Secondly, light exposure of either monochromatic light at 460 

nm or 550 nm followed for the next two hours. After this, the volunteers remained awake for another 

1.5 hours episode under 2 lux (polychromatic white light), before they were allowed to sleep for 7.75 

hours. The results of this study show that a two hour exposure of monochromatic light at 460 nm in 

the late evening induced a significantly greater melatonin suppression than occurred with 550 nm. In 

addition, exposure of monochromatic light at 460 nm led to a significantly greater alerting response 

and increased core body temperature and heart rate. It can therefore be concluded that the sensitivity 

of the human alerting response to light and its thermoregulatory sequelae are blue-shifted. 

Revell et al. (2006) 
The acute effect of three different short wavelength light pulses (420, 440 and 470 nm) and 600 nm 

light on subjective alertness was assessed by Revell et al. (2006) [51]. 12 male subjects were studied in 

39, 4-day laboratory study sessions. Firstly, the subjects were maintained in dim light (<8 lx) and on 

the third day they were exposed to a single 4-h light pulse (07:15–11:15 h). Four monochromatic 

wavelengths were administered at two photon densities: 420 and 440nm at 2.3×1013 photons/cm2/s 
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and 440, 470 and 600nm at 6.2×1013 photons/cm2/s. During the light exposure, subjective mood and 

alertness were assessed based on 9-point VAS scores at intervals of 30 minutes. The results showed 

that, compared to 470 nm light, alertness levels were significantly higher in 420 nm light and 

significantly lower in the 600 nm light. These data (420nm>470nm>600 nm) suggest that subjective 

alertness may be maximally sensitive to very short wavelength light.  

Rahman et al. (2008;2011;2013) 
Rahman et al. (2008) [36] demonstrated that exposure to light at night suppressed the expected 

nocturnal rise in melatonin, increased plasma corticosterone, and disrupted core clock gene expression 

in the hypothalamus and the adrenal gland. They used a rat model where the rats were entrained for 

at least two weeks in a 12 hour light (450 lux at animal eye level), and 12 hour dark cycle (08:00 lights 

on, 20:00 lights off). To prevent the mentioned effects of the light exposure at night, Rahman et al. 

(2008) filtered a 10-nm bandwidth of light between 470-480 nm. Their results suggest that filtering a 

narrow bandwidth of light from nocturnal lighting may efficiently attenuate overall disruption of 

circadian endocrine rhythms and clock gene expression in the hypothalamus and adrenal gland. 

Because a narrow bandwidth of light is filtered, the color distribution of the illumination source is not 

altered, and this may be of practical importance for potential future studies in shift workers.  

In 2011, Rahman et al. [106] examined the molecular, neuroendocrine, and neurobehavioral effects of 

completely filtering (0% transmission) and partially filtering (~30% transmission) short wavelengths 

(<480 or <460). Healthy individuals (5 females, 7 males) completed each of the five light conditions 

between 20:00 and 08:00. The light conditions included 1) complete darkness, 2) unfiltered fluorescent 

white light exposure (range 380– 730 nm), 3) filtered fluorescent white light of all wavelengths<480 

nm, 4) filtered fluorescent white light of all wavelengths<460 nm, and 5) partly filtered fluorescent 

white light of all wavelengths <480. During each overnight testing session, objective and subjective 

neuropsychometric tests and saliva samples were collected every two hours, and buccal swab cell 

collections were completed every four hours. The results of this study show that filtering short 

wavelengths <480 nm prevented nocturnal light-induced suppression of melatonin secretion, 

increased cortisol secretion, and disrupted peripheral clock gene expression. Furthermore, subjective 

alertness, mood, and errors on an objective vigilance task were significantly less impaired at 08:00 by 

filtering wavelengths <480 nm compared with unfiltered nocturnal light exposure. These changes were 

not associated with significantly increased sleepiness or fatigue compared with unfiltered light 

exposure. The changes in molecular, endocrine, and neurobehavioral processes were not significantly 

improved by completely filtering <460 nm or partially filtering <480 nm compared with unfiltered 

nocturnal light exposure. The current data suggest that spectral modulation may provide an effective 

method of regulating the effects of light on physiological processes. 

Rahman et al. [11] examined the effects of filtering short wavelengths (<480 nm) during night shifts on 

sleep and performance in nine nurses in 2013. In this study, the participants received filtered light 

(intervention) or standard indoor light (baseline) on night shifts. The sleep of the participants was 

assessed by polysomnography (PSG). In addition, salivary melatonin levels and alertness were assessed 

every two hours on the first night shift of each study period and on the middle night of a run of three 

night shifts in each study period. The results revealed that the salivary melatonin levels were 

significantly higher on the first (p<0.05) and middle (p<0.01) night shifts under intervention compared 

with baseline. Subjective sleepiness increased throughout the night under both conditions (p<0.01). 

However, reaction time and throughput on vigilance tests were similar to daytime performance under 

intervention but impaired under baseline on the first night shift. These results suggest that both 

daytime and nighttime sleep are adversely affected in rotating-shift workers and that filtering short 
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wavelengths may be an approach to reduce sleep disruption and improve performance in rotating-

shift workers. 

Wahnschaffe et al. (2013) 
In 2013, Wahnschaffe et al. [12] investigated the influence of evening light emitted by domestic and 

work place lamps in a naturalistic setting on melatonin levels and alertness in humans. Nine healthy 

subjects were exposed to constant dim light (<10 lx) for six evenings from 7:00 p.m.to midnight. One 

hour before habitual bedtime, the participants were exposed to light emitted by five difference 

conventional lamps for 30 minutes starting from the second evening. The five different conventional 

lamps were: bathroom yellow, office daylight white, bathroom daylight white, planon warm white, hall 

daylight white. Exposure to yellow light did not alter the increase of melatonin in saliva compared to 

the dim light baseline. In contrast, lighting conditions including blue components reduced melatonin 

increase significantly both during and after light exposure. Subjective alertness was significantly 

increased after exposure to three of the lighting conditions which included blue spectral components 

in their spectra. So, evening exposure to conventional lamps in an everyday setting influences 

melatonin secretion and alertness perception within 30 min. 

Van de Werken et al. (2013) 
Van de Werken et al. (2013) [13] investigated in 33 male subjects whether short-wavelength 

attenuated polychromatic white light (<530nm filtered out) at night preserves dim light melatonin 

levels and whether it induces similar skin temperature, alertness, and performance levels as under full-

spectrum light. All 33 subjects participated in random order during three nights (at least 1 wk apart) 

either under dim light (3 lux), short-wavelength attenuated polychromatic white light (193 lux), or full-

spectrum light (256 lux). Hourly saliva samples for melatonin analysis were collected along with 

continuous measurements of skin temperature. Subjective sleepiness and activation were assessed via 

repeated questionnaires and performance was assessed by the accuracy and speed of an addition task. 

Their results show that short-wavelength attenuated polychromatic white light only marginally (6%) 

suppressed salivary melatonin. In addition, the skin temperature and the performance levels remained 

similar under short-wavelength attenuated polychromatic white light compared with respectively dim 

light and full-spectrum light. Although subjective ratings of activation were lower under short-

wavelength attenuated polychromatic white light compared with full-spectrum light, subjective 

sleepiness was not increased. So, the short-wavelength attenuated polychromatic white light hardly 

suppresses melatonin concentrations and the performance is similar to the bright light condition. 

However, because the alertness is slightly reduces as compared with bright light, short-wavelength 

attenuated polychromatic white light might not be advisable in work settings that require high levels 

of alertness. 

Brainard et al. (2015) 
In 2015, Brainard et al. [104] studied the best combination of light wavelengths for use as a lighting 

countermeasure for circadian and sleep disruption during space exploration, as well as for individuals 

living on Earth. The hypothesis that broad spectrum, polychromatic fluorescent light enriched in the 

short-wavelength portion of the visible spectrum is more potent for pineal melatonin suppression in 

healthy men and women was tested. A total of 24 subjects completed a within-subjects experiment 

design that tested three lamplights, nine light irradiances of polychromatic lamplight, and one dark 

exposure control night for nocturnal melatonin suppression. The three test lamplights were standard 

white light 4000 K fluorescent, prototype blue-enriched white 17,000 K fluorescent, and prototype 

strongly enriched blue (SEB) fluorescent. The results demonstrated that increasing corneal irradiances 

of light evoked progressively increasing suppression of nocturnal melatonin. Comparison of the 
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fluence–response curves supports the hypothesis that polychromatic fluorescent light is more potent 

for melatonin regulation when enriched in the short-wavelength spectrum. 

Kozaki et al. (2008;2016) 
In 2008, Kozaki et al. [42] examined the effect on melatonin secretion by controlling short-wavelength 

light of low CCT polychromatic lights. Twelve healthy males were exposed to various light conditions 

(2300 K, 3000 K, 5000 K and dim) with the same vertical illuminance of 200 lux for 1.5 hours at 

midnight. Saliva samples were taken before and after the light exposure. The results show that the 

light at 5000 K suppressed melatonin secretion acutely. The 2300 K lamp condition appeared to have 

no effect on melatonin secretion as well as the dim condition, while melatonin secretion was 

measurably suppressed by the light at 3000 K. 

A second study of Kozaki et al. (2016) [105] evaluated the preventive effect of different wavelengths 

of daytime light on light-induced melatonin suppression at night. Twelve male subjects were exposed 

to various light conditions (dim, white, and bluish white light) between the hours of 09:00 and 10:30 

(daytime light conditions). They were then exposed to light (300 lx) again between 01:00 and 02:30 

(night-time light exposure). Subjects provided saliva samples before (00:55) and after night-time light 

exposure (02:30). A two-tailed paired t-test yielded significant decrements in melatonin 

concentrations after night-time light exposure under daytime dim and white light conditions. No 

significant differences were found in melatonin concentrations between pre- and post-night-time light 

exposure with bluish- white light. Present findings suggest that daytime blue light exposure has an 

acute preventive impact on light-induced melatonin suppression in individuals with a general life 

rhythm (sleep/wake schedule). These findings may be useful for implementing artificial light 

environments for humans in, for example, hospitals and underground shopping malls to reduce health 

risks. 
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Appendix B Pilot study 
The aim of the pilot study was to investigate whether the two different spectra (Low MEF and High 

MEF) could produce a significant difference in their melatonin suppression. Another aim of this pilot 

study was to test and get used to the test setup. 

Methods 

Design 

The experiment took place in the lab of Philips Lighting Research at HTC 36. The duration of the test 

was four hours: two hours in dimmed light and two hours in bright light (Low MEF or High MEF), Figure 

B.1. The first two hours served as an adaption period so every participant started the light exposure 

with the same previous light exposure.  

In the adaptation period, the participants were seated on a couch and had to wear orange glasses to 

minimize the influence of the short wavelengths of the electrical lighting. The two light conditions were 

presented via a light box. In this light exposure, the participants were asked to rest their head on a chin 

rest to optimize the light exposure, Figure B.2.  

The start time of the test was dependent of the median bedtime of the participants and was therefore 

different for each participant. The median bedtime of the participants was apprehended to include the 

individual’s regular sleep/wake rhythm. From the first week, the median bedtime was calculated for 

Monday, Tuesday, Wednesday, Thursday, and Sunday. The experiment started three hours before this 

median bedtime, and ended one hour after this median bedtime. For example, when the median sleep 

time of a participant was 23:00 hour, the test started at 20:00 hour and lasted until 00:00 hour. 

Starting from the first hour, the participants had to indicate their alertness based on the Karolinska 

Sleepiness Scale (KSS), and a saliva sample was collected at time intervals of a half hour for the 

determination of the hormone melatonin, Figure B.1. So, at the end of the each evening 7 saliva 

samples and 7 KSS ratings were obtained for each participant. 

The test was repeated on the same day of the next week for the other light condition. Half of the 

participants started with the Low MEF condition, and the other half started with the High MEF 

condition in order to avoid influences of the order. Each light condition started with two hours dim 

light exposure in the adaption period. 

 

Figure B.1 Procedure pilot experiment. The time is indicated in (half) hours before and after the median bedtime. 
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Figure B.2 Light box with chinrest. Light is produced by LEDs in the top part of the box and projected into the box via a diffuser. 

Participants 

Six healthy participants from the Philips Experience & Perception Research Group gave informed 

consent to participate as a volunteer in this study. The author of this thesis was one of the participants. 

The pilot group (N=6) consisted of 5 men and 1 woman with a mean age of 34.5 ± 12.21 years. Of these 

six participants, four were aware of the purpose of this study. The participation was voluntary and the 

participants did not receive a compensation for their participation. 

The participants had to keep track of a sleep diary for three consecutive weeks starting one week prior 

to the first test. In this sleep diary, the participants had to indicate their bedtime, estimated sleep time, 

wake up time, and their get up time. The use of the sleep diary had two main reasons. Firstly, with the 

sleep information of the first week, the median bedtime was determined which was used to determine 

the start time of the evening experiments. Secondly, the sleep diaries could be used to verify that 

bedtimes were regular. If there were irregular bedtimes, data could possibly be discard.  

Before the tests started, the participants had to fill in a questionnaire with questions about their 

health, medication use, sleep, and general questions (e.g. age, gender, use of glasses). In addition, the 

participants had to fill in the morningness/eveningness questionnaire (MEQ) [131] to find out whether 

the participants were extreme evening of morning persons. 

Subjects were instructed to abstain from alcohol and caffeine on the day of the experiment from 12:00 

PM. In addition, the subjects were instructed to not consume food which could influence the melatonin 

production like rice, bananas, and maize. The entire list of excluded food can be found in Appendix C. 

Apparatus and stimuli 

Two different spectra were used: one spectrum with low spectral power between 450 and 490 nm 

(Low MEF), and one spectrum with high spectral power between 450 and 490 nm (High MEF). Both 

spectra have the same correlated color temperature (CCT) and light intensity (illuminance at eye 

height), but their spectrum is divided in another way. Because the spectra are confidential, they can 
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only be found in Appendix D. The illuminance at eye height and the CCT of the three light conditions 

are shown in Table B.1. More characteristics of these spectra can be found in Appendix E.  

Table B.1 Illuminance at eye height and CCT of the three light conditions 

 Eeye height 

[lx] 
CCT 
[K] 

Emelanopix 
[lx] 

MEF 

Low MEF 1.702E+02 2656 52.89 0.31 
High MEF 1.732E+02 2631 152.41 0.88 

 

As mentioned in the section design, the light stimuli were presented via a light box. The top part of the 

light box contains a Thouslite LEDcube, a lamp with 11 different LEDs. The light is projected through a 

diffuser into the box, creating a homogeneous light distribution. The (inside) dimensions of the light 

box were: L x H x B = 0.75m x 0.75m x 0.45m. This light box was controlled by a Matlab script on a 

laptop. Finally, the following materials which were needed in the experiment can be found in  

Appendix F. 

Procedure 

Before the participants arrived, the chinrest was disinfected, the light boxes were switched on, and all 

the materials were put in place by the researcher. The participants were expected five minutes before 

the start time in the lab, Figure B.1. In these five minutes, the participants received an extended 

explanation about the experiment that they were going to participate in. After the explanation, the 

participants had to sign the informed consent if they agreed to participate as a volunteer in this study. 

Then, the participants were told to set seven timers for filling in the KSS and the collection of saliva. 

Besides, the participants received a bottle of water that they could drink during the experiment. They 

were only allowed to drink water during the experiment, and they were not allowed to eat. 

Subsequently, the participants had to choose one of the orange sunglasses. The glasses were provided 

in three sizes: small, large and large. The participants had to wear these glasses the whole time in the 

adaptation period. During this adaptation period, the participants were allowed to read (not from a 

light emitting screen), to listen to music (without looking at a light emitting screen), and to talk with 

each other. In addition, when the participants had to go to the toilet, they had to wear the orange 

sunglasses as well to minimize the influence of the electrical lighting in the hallway and restroom. 

After one hour in the adaptation period, the participants first had to indicate their alertness based on 

the KSS and thereafter they had to take the saliva sample. This was always in this particular order and 

repeated every half hour until the end of the test. The saliva samples were stored in a plastic freezer 

bag in a freezer with a temperature of -25°C. Each participant had their own labeled freezer bag where 

the samples of one evening were stored. 

After two hours in the adaptation period, the participants had to take place in front of the light box. 

They were allowed to adjust the height of the chair and the height of the chin rest so they could sit 

comfortably. For this part of the experiment, the participants were only allowed to listen to music and 

not to read or talk. Every half an hour, the participants were allowed to stand and walk right after 

indicating their alertness and producing the saliva sample.  

If the participant had any remarks about the experiment, he or she could describe this on the KSS form 

or tell the researcher. 
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The tests started at Monday 13 June. This means that the participants started with the sleep diary on 

Monday 6 June. Because two participants could participate at the same evening, only three evenings 

a week were needed for the pilot study.  

Results 
The results of the pilot evening study consist of KSS scores and saliva amounts. The salivary melatonin 

amounts were used as a marker of the non-visual effect of light exposure and the potential effects on 

sleep. The individual results of the salivary melatonin samples are shown in Figure B.3. The first three 

samples were taken at the dim light exposure (<5 lx), and the remaining four samples during one of 

the light conditions (175 lx). The red line represents the data points of the Low MEF condition, and the 

blue line represents the data points of the High MEF condition. The dashed line represents the 

threshold for the melatonin amounts of 3 pg/mL. This is the usual threshold for determining the Dim 

Light Melatonin Onset [132]–[134]. 

Figure B.3 reveals that the salivary melatonin amounts of participant 5 were below the threshold of 3 

pg/mL. This participant was therefore excluded from the analysis. Participants 2, 3, 4 and 6 show a 

larger increase of melatonin at the end of the evening for the Low MEF condition. This was in line with 

the expectations. The Low MEF condition had a lower spectral power between 450 and 490 nm, and 

these short wavelengths suppress melatonin and increase the alertness according to literature.  

The mean results are presented in Figure B.4. This figure clearly shows the differences between the 

two light conditions. The melatonin levels are more suppressed in the High MEF condition compared 

to the Low MEF condition. Finally, the median results show a small difference between the two 

conditions, Figure B.4. 

 

Figure B.3 Individual melatonin amounts. The red line represents the results of the Low MEF condition, the blue line represents 
the results of the High MEF condition. The seven measurements were conducted every half hour started from the first hour. 
The first three measurements were conducted in the adaptation period, the other four measurements in one of the light 
conditions. 
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Figure B.4 Mean melatonin results (left) and median melatonin results (right). Both graphs excluded participant 5 because of 
the low melatonin amounts. The red line represents the results of the Low MEF condition, the blue line represents the results 
of the High MEF condition. 

The individual KSS scores for the two light conditions are shown in Figure B.5. The data is not 

consistent for all participants. Participants 1, 2, 4 showed a higher alertness at the High MEF 

condition, while participants 3, 5, 6 showed a higher alertness at the Low MEF condition. 

These contradictory results are also reflected in the mean and median results, Figure B.6. Combining 

the individual results showed no notable differences between the two conditions. 

 

Figure B.5 Individual KSS data. The red line represents the results of the Low MEF condition, the blue line represents the results 
of the High MEF condition. 
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Figure B.6 Mean KSS results (left) and median KSS results (right). The red line represents the results of the Low MEF condition, 
the blue line represents the results of the High MEF condition. 

Discussion 
The results of the salivary melatonin revealed differences in melatonin secretion for the two light 

conditions. This is an indication that the spectra could have a significant difference in melatonin 

suppression. However, more subjects should be tested in the evening study to find a significant effect. 

The KSS data showed very clear results. The subjective alertness was not different for the two light 

conditions. An objective alertness test could be conducted in the evening study to find out whether 

the objective alertness turns out to be different for the two light conditions. 

Another goal of the pilot study was to test the procedure and test setup. The total duration of the test 

was four hours and the test started three hours before the median bedtime up to one hour after the 

median bedtime. The results showed that the start time of the test was good: the melatonin levels are 

rising. For the evening study, the same methods for the start time could be apprehended.  

A duration of four hours is good as well to show a difference in melatonin levels. It would however be 

good to have a separate evening for the determination of the baseline: one night with only dim light 

exposure. 
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Appendix C Food which influences the melatonin production 
 

Rijst  Selderij  Venkel  

Haver Koriander  Zonnebloemzaden 

Sint-Janskruid Anijs  Walnoot 

Mariadistel Glidkruid Amandelen  

Moederkruid  Vlas  Fenegriek 

Maïs  Kardemom Boksdoorn of gojibessen  

Rietzwenkgras Alfalfa  Mosterdzaad (zwart en wit)  

Papaverzaden  Zure kers of morellen  Banaan 
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Appendix D Spectral distribution spectra pilot study 
 

Light spectra pilot study 
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Appendix E Characteristics spectra pilot study 
 

Name Low MEF High MEF 

Correction UV UV 

Date 21-6-2016 21-6-2016 

Time 13:17:41 13:18:30 

Integration Time [ms] 413.000 224.000 

   

MEF 0.31 0.88 

   

Illuminance [lx] 1.702E+02 1.732E+02 

Irradiance [W/sqm]  (380-780nm) 4.898E-01 7.789E-01 

Correlated Colour Temp. (CCT) [K] 2656 2631 

Dominant Wavelength (DWl) [nm] 584.2 583.9 

Colour Purity (PE) [%] 63.9 66.6 

   

Chromaticity Coordinates   

x 0.4651 0.4695 

y 0.4142 0.4187 

u' 0.2642 0.2651 

v' 0.5295 0.5319 

   

CIE XYZ   

X 191.1 194.2 

Y 170.2 173.2 

Z 49.6 46.2 

   

Colour Rendering Index   

Reference Illuminant 
Planckian 

radiator 
Planckian 

radiator 

CCT [K] 2656 2631 

R1 48.2 0.3 

R2 74.0 44.7 

R3 92.2 73.7 

R4 53.7 -21.4 

R5 51.8 -13.9 

R6 68.3 4.6 

R7 62.6 48.7 

R8 12.0 -35.9 

R9 -99.5 -156.9 

R10 48.7 -48.4 

R11 55.7 -67.8 

R12 29.7 -61.2 

R13 55.0 5.3 

R14 94.5 84.3 
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R15 28.9 7.9 

Ra 57.85 12.60 

DC 9.5E-04 2.3E-03 

   

Photosynthetically Active Radiation   

Begin Wavelength [nm] 400 400 

End Wavelength [nm] 700 700 

Ephot (Begin..End) [uMol/s sqm] 2.2886E+00 3.8741E+00 

   

Circadian Metrics   

Eec [W/sqm] 6.658E-2 1.247E-1 

acv 2.672E-1 4.917E-1 

CCT [K] 2656 2631 

   

LED Values   

Peak Wavelength [nm] 592.0 656.0 

PEAK FWHM [nm] 17.7 36.2 

Centroid Wavelength [nm] 564.8 596.4 

   

RGB Values   

RGB Space manual manual 

R 308.5 284.5 

G 148.9 170.7 

B 60.3 41.7 

   

Ratio Values   

Wavelength Range Dividend [nm] 380 - 400 380 - 400 

Wavelength Range Divisor [nm] 400 - 420 400 - 420 

Ratio Value 0.0377 0.0864 
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Appendix F Materials pilot study 
 

Materials needed for pilot study: 

 2 Light boxes; 

 2 chin rests; 

 Laptop with Matlab; 

 Orange sunglasses in different sizes; 

 84 salivette cotton swabs with plastic containers 

 84 KSS forms; 

 12 plastic freezer bag; 

 2 ballpoints; 

 12 bottles of water; 

 12 disinfection wipes. 
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Appendix G Determination sample size evening study 
 

The sample size have been determined by the independent two-sample t-test, see equation G.1: 

𝑡 =
𝑑
𝑠

√𝑛

                                                                             (𝐺. 1) 

With: 

t = t-statistic 
d = mean of the difference between the value of X1 and X2 per participant 
Sd = standard deviation of the differences 
n = group sample size 

 

For a significant effect, the t-statistic should be at least 1.98. To determine the standard deviation, a 

study of Brainard et al. [104] has been used. In this study, the mean (±S.E.M.) percent change control-

adjusted melatonin was determined for different corneal irradiance for three different color 

temperatures (CCT), see Figure G.. The results of the light with a CCT of 4000 K has been used because 

this CCT was the closest to the CCT of the light used in the evening study (2700 K). The standard 

deviation of Figure G.1 has been calculated by averaging the deviations of each of the nine data points 

and dividing it by √𝑛. This has led to a standard deviation of 33.14%.  

 

 

Figure G.1 Fluence-response curve representing data collected from separate cohorts of eight healthy subjects after exposure 
to fluorescent light with a CCT of 4000 K. The curve fit parameters and coefficient of correlation (R2) are included in the upper 
left portion of the graph [104]. 

The sample means have been determined based on a study of Gordijn (2016). This study did use the 

data from Brainard et al. (2015) to create a dose response curve for the melanopic illuminance and the 

melatonin suppression, see Figure G.2. 
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Figure G.2 Dose response curve of the melanopic illuminance and the melatonin suppression (Gordijn, 2016) 

A MEF value of 0.6 corresponds to a melanopic illuminance of 100 lx. The two light conditions have a 

MEF value of 0.3 and 0.9. The melanopic illuminance of these light conditions are hence 

100/(0.6·0.3)=50 lx and 100/(0.6*0.9)=150 lx. Based on Figure G.2, the percentage melatonin 

suppression for these two melanopic illuminances have been determined and are respectively 20% 

and 37.5%. This leads to a difference of 0.375-0.200 = 0.175. 

Based on these values, the sample size was determined with equation G.1: 

 

𝑛 =
𝑠2 ∙ 𝑡2

(�̂� − 𝜇0)2
=

0.3312 ∙ 1.982

(0.375 − 0.200)2
= 14.1 
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Appendix H Exclusion criteria evening study 
 

The following factors exclude you from participating in the study: 

- Age younger than 18 or older than 50 

- Usual bedtime before 22:00 h or after 24:00 h 

- Travel distance to High Tech Campus more than 30 min. 

- Colorblindness  

- Any suspicion or report of an aberrant light sensitivity (Lupus, Migraine, photosensitive 

epilepsy)  

- Use of photosensitizing medication 

- Visual impairments; recent eye surgery (past year), glaucoma or other eye disease 

- Auditory impairments, e.g. need for hearing aids 

- Sleep disorders, e.g. sleep apnea, narcolepsy, restless legs, primary insomnia, circadian 

rhythm disturbances 

- Recent (< 2 months) use of supplementary melatonin 

- Mood disorders (depression, bipolar disorder, seasonal affective disorder) or anxiety 

disorders 

- Any shift work within the 2 months prior to participation, or during the study 

- Any transmeridian travelling across more than 1 time zone during the last 2 months prior to 

or during participation to the study. 

- Chronic use of any medication (in 3 months prior to participation or during the study) 

- Regular excessive daily intake of caffeinated drinks (> 6 cups of caffeinated drinks) and/or 

alcohol (>3 drinks) during last 2 months prior to participation or during the study 

- Recent (< 2 months) use of cannabis or illicit substances 

- Pregnancy (because of possible hormonal and circadian variations and possible confounds in 

the physiology measurements from the baby physiological signals) 

- Chronic neck or back pain 

 

If one or more of the above apply to you, you cannot participate in this study. You will not be asked 

which individual criteria apply to you, only if one or more apply. 
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Appendix I Spectral distribution spectra evening study 
 

Light spectra evening study 
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Appendix J   Characteristics spectra evening study 
 

Name Low MEF High MEF Dim light 

Correction UV UV UV 

Date 22-8-2016 22-8-2016 23-8-2016 

Time 11:31:27 11:10:28 13:53:22 

Integration Time [ms] 382.000 163.000 28991.000 

    

MEF 0.30 1.07  
    

Illuminance [lx] 1.805E+02 1.759E+02 3.809E+00 

Irradiance [W/sqm]  (380-780nm) 5.203E-01 9.085E-01 1.209E-02 

Correlated Colour Temp. (CCT) [K] 2609 2641 2625 

Dominant Wavelength (DWl) [nm] 584.4 584.3 583.9 

Colour Purity (PE) [%] 65.5 63.9 67.0 

    

Chromaticity Coordinates    

x 0.4693 0.4658 0.4702 

y 0.4153 0.4135 0.4191 

u' 0.2664 0.2650 0.2653 

v' 0.5305 0.5293 0.5321 

    

CIE XYZ    

X 204.0 198.1 4.27 

Y 180.5 175.9 3.81 

Z 50.2 51.3 1.01 

    

Colour Rendering Index    

Reference Illuminant 
Planckian 

radiator 
Planckian 

radiator 
Planckian 

radiator 

CCT [K] 2609 2641 2625 

R1 47.0 -41.8 80.4 

R2 74.1 19.6 89.2 

R3 91.1 64.2 97.5 

R4 52.2 -64.3 80.9 

R5 50.8 -58.0 79.7 

R6 68.5 -28.4 86.7 

R7 61.4 26.4 85.0 

R8 9.2 -92.2 61.7 

R9 -104.4 -254.0 15.4 

R10 49.2 -114.5 75.6 

R11 54.2 -117.1 79.3 

R12 29.9 -112.8 70.8 

R13 54.3 -34.3 81.8 

R14 93.8 78.4 98.4 
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R15 27.3 -35.8 73.8 

Ra 56.79 -21.80 82.63 

DC 1.0E-03 5.9E-04 2.5E-03 

    

Photosynthetically Active Radiation    

Begin Wavelength [nm] 400 400 400 

End Wavelength [nm] 700 700 700 

Ephot (Begin..End) [uMol/s sqm] 2.4339E+00 4.5529E+00 5.6713E-02 

    

Circadian Metrics    

Eec [W/sqm] 6.846E-2 1.519E-1 1.487E-3 

acv 2.590E-1 5.899E-1 2.667E-1 

CCT [K] 2609 2641 2625 

    

LED Values    

Peak Wavelength [nm] 592.0 656.0 611.0 

PEAK FWHM [nm] 17.6 34.9 126.5 

Centroid Wavelength [nm] 565.8 600.7 600.2 

    

RGB Values    

RGB Space manual manual manual 

R 331.6 278.7 6.8 

G 157.0 180.1 3.4 

B 61.4 43.7 1.0 

    

Ratio Values    

Wavelength Range Dividend [nm] 380 - 400 380 - 400 380 - 400 

Wavelength Range Divisor [nm] 400 - 420 400 - 420 400 - 420 

Ratio Value 0.0381 1.5291 0.9550 
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Appendix K   Materials evening study 
 

Materials needed for evening study: 

 2 Light boxes; 

 2 chin rests; 

 Laptop with Matlab; 

 2 computers with KSS, GVA, and PVT tests; 

 2 headphones; 

 2 response boxes; 

 Orange sunglasses in different sizes; 

 384 salivette cotton swabs with plastic containers 

 48 plastic freezer bag; 

 48 disinfection wipes. 
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Appendix L  Individual melatonin data 
 

 

Figure L.1 Individual melatonin data. The black line represents the Dim light condition, the red line represents the Low MEF 
light condition and the blue line represents the High MEF light condition. The measurements were conducted every half hour 
started from the first half hour. The first two measurements were conducted in the adaptation period that was similar for 
each condition, the other six measurements in one of the light conditions. 
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Appendix M Individual GV data 
 

 

Figure M.1 Individual GV data. The black line represents the Dim light condition, the red line represents the Low MEF light 
condition and the blue line represents the High MEF light condition. The measurements were conducted every half hour started 
from the first half hour. The first two measurements were conducted in the adaptation period that was similar for each 
condition, the other six measurements in one of the light conditions. 
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Appendix N Individual KSS data 
 

 

Figure N.1 Individual KSS data. The black line represents the Dim light condition, the red line represents the Low MEF light 
condition and the blue line represents the High MEF light condition. The measurements were conducted every half hour started 
from the first half hour. The first two measurements were conducted in the adaptation period that was similar for each 
condition, the other six measurements in one of the light conditions. 
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Appendix O  Individual PVT data 
 

 

Figure O.1 Individual PVT data. The black line represents the Dim light condition, the red line represents the Low MEF light 
condition and the blue line represents the High MEF light condition. The measurements were conducted every hour started 
from the first half hour. The first measurement was conducted in the adaptation period that was similar for each condition, 
the other three measurements in one of the light conditions. 
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Appendix P Spectral distribution spectra color discrimination 

study 
 

Light spectra color discrimination study 
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Appendix Q   Characteristics spectra color discrimination 

study 
 

Name Low MEF High MEF Standard 

Correction UV UV UV 

Date 21-6-2016 21-6-2016 21-6-2016 

Time 13:17:41 13:18:30 13:18:57 

Integration Time [ms] 413.000 224.000 829.000 

    

Illuminance [lx] 1.702E+02 1.732E+02 1.722E+02 

Irradiance [W/sqm]  (380-780nm) 4.898E-01 7.789E-01 5.476E-01 

Correlated Colour Temp. (CCT) [K] 2656 2631 2641 

Dominant Wavelength (DWl) [nm] 584.2 583.9 584.1 

Colour Purity (PE) [%] 63.9 66.6 64.9 

    

Chromaticity Coordinates    

x 0.4651 0.4695 0.4670 

y 0.4142 0.4187 0.4156 

u' 0.2642 0.2651 0.2649 

v' 0.5295 0.5319 0.5303 

    

CIE XYZ    

X 191.1 194.2 193.5 

Y 170.2 173.2 172.2 

Z 49.6 46.2 48.6 

    

Colour Rendering Index    

Reference Illuminant 
Planckian 

radiator 
Planckian 

radiator 
Planckian 

radiator 

CCT [K] 2656 2631 2641 

R1 48.2 0.3 80.6 

R2 74.0 44.7 89.4 

R3 92.2 73.7 97.4 

R4 53.7 -21.4 81.1 

R5 51.8 -13.9 80.2 

R6 68.3 4.6 87.0 

R7 62.6 48.7 84.5 

R8 12.0 -35.9 61.5 

R9 -99.5 -156.9 15.1 

R10 48.7 -48.4 76.1 

R11 55.7 -67.8 79.7 

R12 29.7 -61.2 72.7 

R13 55.0 5.3 82.1 

R14 94.5 84.3 98.3 

R15 28.9 7.9 74.1 
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Ra 57.85 12.60 82.71 

DC 9.5E-04 2.3E-03 1.3E-03 

    

Photosynthetically Active Radiation    

Begin Wavelength [nm] 400 400 400 

End Wavelength [nm] 700 700 700 

Ephot (Begin..End) [uMol/s sqm] 2.2886E+00 3.8741E+00 2.5712E+00 

    

Circadian Metrics    

Eec [W/sqm] 6.658E-2 1.247E-1 7.041E-2 

acv 2.672E-1 4.917E-1 2.793E-1 

CCT [K] 2656 2631 2641 

    

LED Values    

Peak Wavelength [nm] 592.0 656.0 612.0 

PEAK FWHM [nm] 17.7 36.2 126.7 

Centroid Wavelength [nm] 564.8 596.4 594.8 

    

RGB Values    

RGB Space manual manual manual 

R 308.5 284.5 306.5 

G 148.9 170.7 153.9 

B 60.3 41.7 50.1 

    

Ratio Values    

Wavelength Range Dividend [nm] 380 - 400 380 - 400 380 - 400 

Wavelength Range Divisor [nm] 400 - 420 400 - 420 400 - 420 

Ratio Value 0.0377 0.0864 0.2410 
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Appendix R Materials color discrimination study 
 

Color discrimination study 

 24 informed consents 

 Ishihara Color Vision Test; 

 Farnsworth Munsell 100 Hue Test; 

 Laptop with Matlab; 

 Light box. 
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Appendix S Order light conditions and hue rows 
 

Participant Light condition Hue rows 

1 123 1243 

2 123 2314 

3 123 3421 

4 123 4132 

5 132 1243 

6 132 2314 

7 132 3421 

8 132 4132 

9 213 1243 

10 213 2314 

11 213 3421 

12 213 4132 

13 231 1243 

14 231 2314 

15 231 3421 

16 231 4132 

17 312 1243 

18 312 2314 

19 312 3421 

20 312 4132 

21 321 1243 

22 321 2314 

23 321 3421 

24 321 4132 
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Appendix T Randomization of color hue rows 
 

Row 1: 

5 6 1 21 7 17 15 2 13 3 18 11 12

 19 10 8 16 9 14 20 4 85 

 

Row 2: 

41 42 26 35 32 24 25 23 27 28 34 38 40

 39 31 22 30 33 29 37 36  

 

Row 3: 

58 48 54 46 47 49 44 59 62 51 60 53 50

 57 43 61 63 45 55 52 56  

 

Row 4: 

74 71 66 65 84 79 72 67 68 69 80 77 70

 83 82 78 64 76 73 75 81  
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Appendix U Results Farnsworth Munsell 100 Hue Test 
TES Low MEF – Individual results 

 

TES Low MEF – Average results 
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TES High MEF – Individual results 

 

TES High MEF – Average results 
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TES Standard light – Individual results 

 

TES Standard light – Average results 

 

 


