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Abstract 

Daylight, in which we evolved, is naturally rich in the blue component of the spectrum and has 
key properties when it comes to impacts on body functioning. Current lifestyles are driving the 
emergence of a 24-hour society that spends most of the time indoors (around 90%), where 
lighting conditions are a result of design and operation priorities derived from both comfort 
and energy criteria, which often lead to reduced access to daylight (smaller or shaded 
openings) to manage solar gains and glare risks. This may result in an insufficient (day)light 
exposure in daily life from a physiological perspective, light being an essential cue to properly 
entrain our internal circadian clock and increase subjective alertness. But it is still unclear 
whether it can have a significant beneficial effect when compared to artificial light from a 
psychophysiological standpoint. Most of the studies on acute alerting effects have been 
conducted in well-controlled laboratory settings, where somewhat extreme and narrowly 
defined lighting conditions have been tested. This paper proposes assessment and monitoring 
techniques that would apply to semi-controlled studies instead, and focuses on the impact of 
daylighting in work settings by exploring ways to investigate alertness neurobehaviour and 
physiology in realistic indoor conditions.  
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1 Introduction 

 Background 1.1
Scientific evidence put forward the existence of various neurobehavioral and physiological 
processes, also known as non-visual responses. They are reactive to environmental stimuli 
through a novel type of photoreceptor in the retina, the intrinsic photosensitive retinal 
ganglion cells (ipRGCs) (Berson et al., 2002; Hattar et al., 2002), even in the absence of rods 
and cones (Provencio et al., 2000).  

Light, and especially daylight, is important for many of these biological functions, but 
understanding its effects encompasses multiple dimensions. Some of the most established 
responses can be categorized in two main groups: indirect or circadian effects, which are not 
immediately obvious and for which extensive monitoring is needed in order to observe 
changes in the system, such as the entrainment of the internal biological clock to 24-hour 
light-dark cycles; and acute effects, which can be observed directly in healthy people and do 
not necessarily influence the circadian system, such as melatonin suppression, cortisol levels 
or alertness (Cajochen, 2007). But light exposure is important not only from a theoretical 
perspective; it may also lead to practical applications. It is known that impairment of alertness 
impacts quality of life in the form of daytime sleepiness, circadian misalignment or sleep 
disorders, but it also affects cognitive performance, perceptual skills or reasoning and 
decision-making capabilities, which are all likely to affect productivity (Lok et al., 2018).  

Arousal, alertness, vigilance or attention are concepts that have been widely used as 
synonyms to express different states of cortical activation, but depending on the context and 
the field, the definition may change. Psychologists and cognitive neuroscientists usually refer 
to alertness to denote a state of vigilance or the ability to sustain attention to a certain task 
during a period of time, during which a cortical activation is implied. Neurophysiologists, 
however, refer to it as an arousal level on the sleep-wake spectrum without involving any 
cognitive or behavioural responsiveness (Oken et al., 2006). In the context of circadian 
research, alertness is commonly used to denote the opposite of sleepiness, which overlaps to 
some extent with arousal when used as a synonym of wakefulness (Cajochen, 2007).  
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 Influential factors and light characteristics 1.2
On the one hand, it is important for studies on alertness to evaluate the conditions associated 
with alterations in the normal state of the system (i.e. stimuli). It is equally relevant to 
consider the underlying brain processes and psychological assembles behind this construct, 
which may be the partial cause of the effect. It is known that, to some extent, both sleep-wake 
and alerting systems can overlap partially, but still, there are substantial differences between 
them. Psychological factors can explain some of these. Motivation, stress or aspects related 
to the stimuli such as habituation, intensity, duration or background could be some of the 
altering psychological agents for alertness state. Working memory, cognitive control, decision-
making response criteria or arithmetic ability, which are executive brain functions, may also 
interfere with alertness. Sleep disorders or neurobehavioral disorders, such as sleep apnoea, 
narcolepsy or attention-deficit hyperactivity, may also impact declines in vigilance. For a 
complete overview of brain systems and underlying mechanisms see Oken et al., 2006. 

On the other hand, intensity and spectral distribution are among the main qualities of light that 
drive non-visual responses, together with duration or temporal characteristics, circadian 
timing of exposure and prior light history, but only the first two have been widely explored 
(Pachito et al., 2016). In line with this statement, it is known that the blue part of the visible 
spectrum (wavelengths peaking at 460-480 nm) is more effective activating certain brain 
regions (Phipps-Nelson et al., 2009) that might affect alertness and cognitive performance 
both indirectly, by modifying circadian rhythms, and directly, giving rise to acute effects 
(Cajochen, 2007). This last property has been less explored (Amundadottir, 2016), whereas 
its phase-shifting capacity is better established, especially with high intensity levels (Badia et 
al., 1991). It is therefore generally agreed that shorter wavelengths or higher correlated colour 
temperature (CCT) and brighter environments lead to stronger acute alerting effects during 
the evening or at night (Souman et al., 2018). Nevertheless, other publications have 
demonstrated that alertness and/or performance can be enhanced also during daytime when 
melatonin levels are almost unnoticeable. However, a closer look at the literature reveals that 
these daytime effects have not been explored thoroughly for the case of daylight 
(Amundadottir, 2016), which has a very dynamic nature compared to artificial light, and more 
important, is naturally rich in the blue component of the spectrum, assuming therefore that it 
may have the “right” properties when it comes to impacts on body functioning.  

 Paper objectives 1.3
In this paper we provide an overview of different methods used in daytime empirical studies 
on acute alerting effects of light, while assessing their feasibility for replication in semi-
controlled or uncontrolled experimental conditions using daylight. We evaluate both subjective 
and objective indicators of alertness (i.e. alertness understood as the opposite of sleepiness 
for self-reports, and alertness as a synonym of physiological arousal/wakefulness or 
sustained attention/vigilance for objective markers). Only studies with significant results, as 
highlighted in two different literature reviews on acute alerting effects of light done by Souman 
et al., 2018 and Lok et al., 2018, have been considered. The overall goal of this paper is to 
propose a novel methodology to assess direct non-visual effects of daylight in this case, in 
semi-controlled realistic conditions outside the laboratory confinement. 

2 Methods 

 Quantification of alertness 2.1
In the context of circadian research, alertness – understood as the opposite of sleepiness or 
as a synonym of physiological arousal/wakefulness or sustained attention/vigilance – can be 
assessed in two different ways: by using subjective self-evaluated instruments, which are 
inexpensive, simple and not time consuming, or with objective measures, which involve more 
rigorous, and typically (but not always) more intrusive and expensive techniques. The most 
popular ones in the current literature have been summarized in Table 1, and categorized 
based on feasibility of use, monitoring and administration for the different types of 
experimental design conditions (i.e. controlled, semi-controlled, uncontrolled).  
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Table 1 – Instruments for measuring sleepiness, arousal or wakefulness and sustained 
attention or vigilance, categorized by experimental design 

 Method Experimental 
design 

Type of 
evaluation Indicator name Recording 

technique 

Subjective 
measures 

Non-
clinical 

• Controlled 
• Semi-

controlled 
• Uncontrolled 

Short term 
(point-in-
time) 

KSS 9 levels / likert 
scale 

SSS 7 levels / likert 
scale 

Short term –
combined 
scales 

GV+GA 
(vigour/affect) 

8-item / VAS       
(0-100) 

FACES 
(alertness+fatigue) 

50-item 
/checklist 

Long term 
(preceding 
weeks) 

DSS+NSOS 8+2-item / 4-
points scale 

Long term –
combined 
scales 

SWAI 59-item / 9-
points scale 

THAT 10-item /6-
points scale 

Global ESS 8-item / 4-
points scale 

Objective 
measures 

Non-
clinical 

• Controlled 
• Semi-

controlled 
• Uncontrolled 

Short term – 
point-in-time 

PVT 
Reaction time / 
auditory or 
visual task 

MCT 
Reaction time / 
auditory or 
visual task 

Clinical 

• Controlled 
Short term/ 
long term – 
continuous 

MSLT EEG activity 
MWT EEG activity 
Pupil size Pupillography 
Blink rate EOG activity 
Eye movement EOG activity 

• Controlled 
• Semi-

controlled 

Short term/ 
long term – 
continuous 

HR ECG activity 

HRV ECG activity 

 

 Subjective measures 2.1.1
A non-clinical but broadly used method to measure alertness levels on individuals is to resort 
to self-rated questionnaires. These are often easy and quick to conduct, which is a key 
feature when targeting groups with large sample sizes and/or either uncontrolled or semi-
controlled experimental conditions. Three types of evaluations are possible in this case: short-
term (also called point-in-time) measures, where participants are asked to report their current 
perceived level of alertness on a predefined anchored scale; long-term reports, where 
participants are asked to express perceived alertness during a given period of time (e.g. in 
the last two weeks); and overall or global measures, where participants have to assess their 
feelings of sleepiness in general, implying long-term experiences that could be influenced by 
personality or other characteristics.  

For point-in-time assessments of alertness, there are two well known validated scales, the 
Karolinska Sleepiness Scale (KSS) (Åkerstedt and Gillberg, 1990) and the Stanford 
Sleepiness Scale (SSS) (Hoddes and Dement, n.d.). These are Likert-type scales where 
participants have to define their perceived level of alertness on a 1-item predefined anchored 
scale, with 9 or 7 options to choose from respectively. This same idea could be also 
replicated on a visual analog scale (VAS) by simply asking the participants to report their 
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feelings on a 10-cm line that goes from 0 to 100. However, there are other short-term 
evaluations that combine assessment of alertness with other acute effects. Some of these are 
the Global Vigour and Global Affect scale (GV and GA) (Monk, 1989), a VAS that includes 8 
items (being alertness and sleepiness two of them), or the FACES (Shapiro et al., 2006), 
which includes five subscales (i.e. fatigue, energy, consciousness, energized and sleepiness), 
among others.  

For long-term assessments, the Daytime Sleepiness Scale and Nocturnal Sleep Onset Scale 
(DSS and NSOS) was designed to report previous 2-weeks feelings of alertness. It was 
originally part of the Sleep Wake Activity Inventory (SWAI) (Rosenthal et al., 1993) that 
combines assessment of multidimensional components of sleepiness over the last week, 
similar to the Toronto Hospital Alertness Test (THAT) (Shapiro et al., 2006). To date, the only 
known scale to measure general levels of daytime sleepiness is the Epworth Sleepiness Scale 
(ESS) (Johns, 1991) , which rates daily life situations on a 4-points scale. 

 Objective measures 2.1.2
There are also different objective ways to evaluate an individual’ neurophysiological need for 
sleep, or in other words, the strength of the arousal system on the sleep-wake spectrum. We 
find tests such as the Multiple Sleep Latency Test (MSLT) (Carskadon and Dement, 1977), 
where the participant is required to lie down in a dark room to fall asleep, or the Maintenance 
of Wakefulness Test (MWT), in which subjects are instructed to sit in a dimly lit room for 30 
min and attempt to stay awake. Both of them assess state of wakefulness by standard 
electroencephalography (EEG) activity, which reflects the central nervous system (CNS).  

On the other hand, changes in activity in the autonomic nervous system (ANS) are 
hypothesized to also serve as a predictor of alertness. In particular, the sympathetic division, 
which promotes arousal and energy generation, is often associated with higher alertness, 
whereas increases in parasympathetic division, which promotes rest activities, could be 
translated into increases in sleepiness (Kaida et al., 2006). This transition from wakefulness 
to sleep (or vice versa) in the ANS may be associated with various parameters, which are 
also clinical measures but potentially less intrusive, including heart rate (HR) and heart rate 
variability (HRV) as measured with electrocardiogram (ECG) activity, eye movement and blink 
rate measured with electrooculography (EOG) activity, or pupil size with pupillography. A 
number of other physiological biomarkers have also been suggested to correlate to some 
extent with alertness, such as changes in body temperature (i.e. core body temperature 
(CBT), skin temperature (ST) or skin conductance (SCL), measured with electrodermal (EDA) 
activity), and melatonin or cortisol concentration levels (Amundadottir, 2016).  

But, as mentioned earlier, in psychology and neuroscience, alertness is also used as an 
indicator of sustained attention – which implies not only physiological arousal but also the 
ability to perform over extended periods – and of executive performance – which reflects 
alertness in combination with other cognitive functions such as inhibitory control or working 
memory. For the first case, simple non-clinical tests such as the Psychomotor Vigilance Task 
(PVT) (Dinges and Powell, 1985) or the Mackworth Clock Test (MCT) (Mackworth, 1948) are 
able to account for symptoms of sleepiness by recording reaction times of participants to a 
repetitive visual stimulus. The duration of the PVT test can be personalized from 1 to 10 
minutes, and intervals of randomized appearance of stimuli can range from 1 to 10 seconds. 
An auditory and a visual version of this test exist. For the MCT the task duration is restricted 
to 30 minutes. In general, the shorter the reaction time (in milliseconds), the more ability to 
sustain attention (i.e. higher levels of alertness). Some other performance tests exist that 
measure executive performance, such as the Go/NoGo task or the N-back task (among 
others) that will not be discussed in this paper since alertness real contribution is difficult to 
isolate from other cognitive processes involved.  

 Evaluation of protocols based on existing studies 2.2
As we live in a 24-hour society with very dynamic routines, the extent to which results from 
nighttime laboratory studies are comparable to daytime situations applicable in real-life 
scenarios remains unclear. An overview of different methods used in daytime (from 6:00 am 
to 6:00 pm) empirical studies on acute alerting effects of light is provided in this section to 
assess the state of knowledge on that topic, and assess their feasibility for replication in other 
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contexts. Only studies which reported statistically significant results (whether positive or 
negative), as highlighted in Souman et al., 2018 and Lok et al., 2018, were considered, and in 
particular, only those that included either subjective or objective indicators (or both) 
applicable to semi-controlled experimental conditions (as described in Table 1).  

This criteria led to restrict the pool of considered papers to 12 studies based on subjective 
indicators, which all demonstrated, one way or another, that alertness can be affected during 
daytime by manipulating lighting conditions, either with higher intensities of polychromatic 
white light (Huiberts et al., 2017, 2016; Maierova et al., 2016; Phipps-Nelson et al., 2003; 
Rüger et al., 2006; Smolders et al., 2012; Smolders and de Kort, 2014; te Kulve et al., 2017; 
Weisgerber et al., 2017), with shifts in spectrum towards higher CCT (Münch et al., 2016), or 
with shorter wavelengths from monochromatic light sources (Rahman et al., 2014; Revell et 
al., 2006).  

The idea behind this collection was to underline which parameters from Table 1 pertaining to 
semi-controlled experimental designs were more frequently used in these studies, but also, to 
understand how they were used and to what extent they were successful in each case. IA 
summary of the main findings is provided in Table 2.  

Table 2 – Overview of subjective and objective indicators for alerting effects  

Authors, year Light source 
Light 
manipulati
on 

Sampl
e size 

Subjecti
ve 
indicator 

Objective indicator(s) 
Performanc
e 

Physiolog
y 

Phipps-Nelson 
et al., 2003 

Polychromatic 
white Intensity 

16 KSS PVT (visual 
+ auditory) 

(not 
applicable
) 

Rüger et al., 
2006 12 KSS - ECG - HR 

Smolders et 
al., 2012 32 KSS PVT 

(auditory) 
ECG - HR 
+ HRV 

Smolders et 
al., 2014 28 KSS PVT* 

(auditory) 
ECG - HR 
+ HRV 

Huiberts et 
al., 2016 34 KSS PVT 

(auditory) 
ECG – 
HR*  

Maierova et 
al., 2016 32 

Not 
specifie
d 

PVT (not 
specified) - 

Huiberts et 
al., 2017 34+39 KSS PVT 

(auditory) ECG - HR  

te Kulve et al., 
2017 19 KSS PVT* 

(auditory) - 

Weisgerber et 
al., 2017 19 KSS* PVT* (not 

specified) - 

Revell et al., 
2006 

Monochromati
c blue vs red 
LED Wavelengt

h 

12 VAS - - 

Rahman et 
al., 2014 

Monochromati
c (blue vs 
green) 

16 KSS PVT 
(auditory) 

(not 
applicable
) 

Münch et al., 
2016 

Polychromatic  
(blue vs 
orange) 

Spectral 
shifts 18 VAS* PVT (not 

specified) 

(not 
applicable
) 

 

NOTE Indicators are represented in bold when significant effects (either positive or 
negative) are reported; indicators in bold with an asterisk * reported significant 
results not moderated by lighting condition itself, but by other variable. 
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 Tested assessment methods 2.2.1
All these studies have in common that certain light manipulations were reported. According to 
the light source used, studies were classified in three categories: polychromatic white with 
changes on intensity, polychromatic “coloured” light with spectral shifts and monochromatic 
light with changes in wavelength. Most of the studies fall under the first category. Only a few 
explored other variables than light such as mental condition (fatigue vs control) (Smolders et 
al., 2012), chronotype (extreme morning vs evening) (Maierova et al., 2016), season 
(autumn/winter vs spring) (Huiberts et al., 2017), room temperature (cool vs neutral vs warm) 
(te Kulve et al., 2017), sleep condition (deprived vs rested) (Weisgerber et al., 2017) or 
longitudinal effects of prior light history (day 1 vs day 2 vs day 3) (Münch et al., 2016).  

In nine out twelve studies, the KSS was used as a measure of subjective alertness. Of those, 
only five reported significant results as an effect of light condition (Phipps-Nelson et al., 2003; 
Rüger et al., 2006; Smolders et al., 2012; Smolders & de Kort, 2014; te Kulve et al., 2017), 
and two of them, as an effect of mental condition (Smolders & de Kort, 2014) or room 
temperature (te Kulve et al., 2017) as well. One study reported significant results without 
specifying the scale used for the assessment (Maierova et al., 2016), and another one 
reported significant effects on the KSS due to sleep condition, but not due to light 
manipulation (Weisgerber et al., 2017). Only one study using a VAS reported significant 
results (Revell et al., 2006) and none of them used the SSS to assess subjective alertness. 

Except for two studies (Rüger et al., 2006; Revell et al., 2006), they all assessed alertness 
objectively as a measure of sustained attention using simple reaction time tasks. None of 
them used the MCT as an indicator, but instead, either an auditory or a visual version of the 
PVT was used. Four of those study reported significant effects due to light condition (Phipps-
Nelson et al., 2003; Smolders et al., 2012; Münch et al., 2016; Rahman et al., 2014), and the 
other three achieved different performances due to the effect of mental condition (Smolders & 
de Kort, 2014), room temperature (te Kulve et al., 2017) or sleep condition (Weisgerber et al., 
2017). Only five studies used physiological indicators valid for semi-controlled studies (i.e. HR 
or HRV measured with ECG activity), out of which two reported significant results, one due to 
the effect of light (Smolders et al., 2012) but the other one only due to the effect of time of the 
day (Huiberts et al., 2016).  

It is important to note that not all indicators of alertness used in these studies have been 
reported in Table 2. This is because they did not fulfil the criteria of ‘applicable parameters for 
semi-controlled studies’, which was the priority criteria of the evaluation. The same happened 
with other biomarkers (e.g. melatonin suppression, cortisol levels, etc.) or other acute effects 
evaluated (e.g. mood, vitality, executive performance, etc.) that did not pertain to alertness. 
However, an overview of these other parameters is shown in Table 3. 

Table 3 – Other acute effects, biomarkers or physiological measures used in daytime 
studies 

Authors, year Other acute effects Other biomarkers 
Other 
indicators of 
alertness 

Phipps-Nelson et al., 
2003 - Melatonin levels EEG and 

EOG 

Rüger et al., 2006 Fatigue and energy 
Cortisol concentration 
and core body 
temperature 

EEG 

Smolders et al., 
2012 

Mood, vitality, light 
appraisal, executive 
performance and tension 

SCL - 

Smolders et al., 
2014 

Mood, vitality, light 
appraisal, executive 
performance, tension and 
self-control 

SCL - 

Huiberts et al., 2016 
Mood, vitality, light 
appraisal, executive 
performance and tension 

SCL - 
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Maierova et al., 2016 
Mood, executive 
performance, wellbeing 
and relaxation 

Melatonin levels and 
cortisol concentration - 

Huiberts et al., 2017 
Mood, vitality, light 
appraisal and executive 
performance 

-  

te Kulve et al., 2017 - 

Melatonin levels, 
cortisol concentration, 
core body temperature 
and adrenaline 

- 

Weisgerber et al., 
2017 - Melatonin levels and 

oral temperature - 

Revell et al., 2006 Mood  - - 
Rahman et al., 2014 - - EEG 
Münch et al., 2016 - Melatonin levels EEG 

 

 Lessons learned 2.3
Overall, research methodologies employed in earlier studies differed between them in a broad 
range of aspects, and in some cases, the problem was that certain details were missing, 
hampering replication. However, valuable lessons have been learned as demonstrated below. 

It is not clear from the literature whether correlates of alertness are stronger with 
physiological indicators or with performance tasks. Therefore, it is a good practice to explore 
both paths together in a multi-measurement approach, as most of these studies did. Also, in 
order to better understand certain acute effects, and whether they are a consequence of the 
specific circadian phase of a person or not, it is important to (at least) keep track of wake-up 
and bed times by completing sleep and activity diaries, as done by Smolders et al., 2012 and 
Smolders & de Kort, 2014. 

In some cases, various light manipulations were done during the experiment. For those 
studies testing the effect of monochromatic light or coloured polychromatic, intensity was not 
isolated. Therefore, it is unclear whether the effect is actually coming from the difference in 
colour or instead, from the difference in intensity. Also, duration of light exposure in all 
studies was on average 2.4 hours (SD±1.7) (except for Maierova et al., 2016, which was 16 
hours). Consequently, this swings affected also the frequency of measurement blocks (in 
some cases, alertness was only measured twice, once at the beginning and again at the end).  

Finally, most of the reviewed studies used a within-subject experimental design. In such 
cases, it is difficult to keep participants blind to light manipulations, arising bias from 
expectations or result associations, particularly in any kind of subjective measure of alertness. 
An a-priori power analysis is always recommended to determine an adequate sample size. 
However, none of the studies reported such an evaluation. 

3 A consolidated protocol to assess alertness 

Based on learnings from previous studies (Huiberts et al., 2017, 2016; Maierova et al., 2016; 
Phipps-Nelson et al., 2003; Rüger et al., 2006; Smolders et al., 2012; Smolders and de Kort, 
2014; te Kulve et al., 2017; Weisgerber et al., 2017) summarized in section 2.3, a between-
subjects experimental protocol was designed to test the effect of daylight spectral shifts and 
intensity changes throughout the day on various acute alerting responses for subjects in a 
semi-controlled but real scenario. Its main objectives were to evaluate the psycho-
physiological effects of light exposure in realistic conditions (i.e. on individuals who spend 
prolonged hours and/or days exposed to it) with the following priorities: 

• Focus exclusively on daylight i.e. no use of artificial light source. 

• Test how a red-impoverished daylight spectrum compares to a neutral one if the visual 
illuminance level is maintained. 
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• Test how a brighter daylight intensity compares to a dimmer one if spectrum is maintained. 

• Compare daylight manipulations in semi-controlled scenarios i.e. minimize confounding 
factors (e.g. effect of brightness change when observing effect of spectrum) while 
replicating realistic conditions. 
 Set-up 3.1

Two adjacent rooms with the same layout and characteristics are needed to conduct the semi-
controlled studies. Orientation and window to wall ratio in these spaces should be kept 
constant between them, guaranteeing the same flow of light entering the rooms. As an 
example, the proposed protocol was applied to two similar south-oriented classrooms on the 
campus of EPFL.  

 

Figure 1 – Overview of all three daylight manipulations, corresponding to (a) neutral vs 
blue, (b) dim blue vs bright blue and (c) bright neutral vs dim neutral 

Manipulations of daylight conditions illustrated in Figure 1 tested, separately, the effect of 
spectrum and intensity as follows: first, a neutral condition was compared to an environment 
illuminated with a red-impoverished spectrum (which looks “bluer”), while keeping both at the 
same low visual illuminance; in the other two experiments, changes in illuminance were 
applied with a constant spectrum (i.e. we tested the effect of daylight intensity and evaluated 
whether this effect was the same in spectrally neutral versus tinted (blue-shifted) conditions). 
Filters were used so as to keep a similar visual appearance (intensity or spectrum 
accordingly) in any pair of conditions (a, b or c). To maintain realistic indoor conditions, the 
rooms were equipped with commercially available electrochromic glazing technology, more 
and more widely used in architectural design nowadays, and which provides the opportunity to 
regulate daylight intensity and correlated colour temperature (CCT) through a change of tint in 
the glazing. 

 Design  3.2
Each study should be designed in batches of three consecutive days, including ideally seven 
continuous hours each day (starting at 9:00 until 16:00 h) and 8 measurement blocks (one per 
hour). This results in four measurements in the morning (9:00-12:00) and four in the afternoon 
(13:00-16:00), and should include an hour break for lunch (12:00-13:00) during which 
participants are not to be allowed to leave the rooms. Starting earlier could only be 
contemplated during summer months when daylight is available earlier. 

The main reason to select this approach is due to the dynamic nature of daylight that 
undergoes continuous changes over 24-hour periods. As was later discovered from the 
findings introduced in Soto Magán et al., 2018, an exposure of at least two consecutive days 
also proved to be necessary to observe measurable differences, probably due to longitudinal 
effects of prior light history as described also in Münch et al., 2016. 

Most of the reviewed studies used a within-subject experimental design. In such cases, it is 
difficult to keep participants blind to light manipulations, arising bias from expectations or 
result associations, particularly on any kind of subjective measure of alertness. To avoid 
these kind of problems, a between-subjects design should thus be followed, where half of the 
participants in each trial are to be randomly assigned to either a control group (classroom A) 
or an intervention group (classroom B). For the whole duration of the experiment, people 
should stay in the same classroom and in the same position, and should be exposed to one 
condition only. Different groups of participants should be used for the different experiments in 
order to reduce potential bias from personal differences.  

(a) (b) (c) 
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 Participants  3.3
For a between-subject design, with two independent groups, it would be necessary to have 88 
participants per condition to detect a medium effect size (Cohen’s d=0.5) as determined by an 
a-priori power analysis, but only 35 subjects per group for a large effect size (Cohen’s d=0.8). 
Still, due to the complexity of this kind of studies and to both logistic and economic limitations 
(equipment availability, payment of fees to participants, etc.), it is not always easy to comply 
with such numbers Therefore these results should be only considered as a reference. In fact, 
in previous studies (Table 2) the total number of participants ranged from 10 to 39 in the case 
of within-subject experimental designs (which not always correspond to the sample size per 
condition), and was reduced to a sample size of 8 subjects per condition (16 participants in 
total) in the only two between-subject experiments (Phipps-Nelson et al., 2003 and Rahman et 
al., 2014).  

Participants should be recruited with the following criteria: people from the same age group to 
minimize heterogeneity (for example, 18 to 32 years old to avoid differences in eye ageing), 
no abuse of caffeine or other stimulants, no use of drugs and no recent travels between time 
zones. Besides, volunteers should be asked to complete an extensive baseline questionnaire 
(around 30 min. duration) regarding their sleep quality, chronotype, general health and 
wellbeing, global perceived sleepiness, personality and overall vitality.  

None of the participants should present extreme chronotypes as assessed by the Morning-
Evening Self-Assessed Questionnaire (MEQ-SA) (Horne and Östberg, 1976), or poor quality 
scores in the Pittsburgh Sleep Quality Index (PSQI) (Buysse et al., 1989). None of them 
should report eye discomfort or complaints about their general health. They should all be free 
from sleep or psychological disorders, as assessed by the Patient Health Questionnaire 
(PHQ) (Kroenke et al., 2001), nor should they be neurotics according to the Big Five Inventory 
test (BFI) (John and Srivastava, 1999). Potential confounding factors such as environmental 
conditions and views to the outside, or psychological components of the procedure itself such 
as habituation, motivation, mental fatigue or stress, should be kept constant between rooms. 

 Procedure  3.4
A single-blind procedure should be followed and participants are not to be informed about the 
specific objectives of the study. The method should consist of three identical sessions, one 
per day. Participants should sit at the same spot throughout the experiment, within the same 
room. Each session should consist of eight measurement-blocks, and every hour the same 
procedure is to be followed: during the first 5 minutes, subjects are to be required to perform 
a simple reaction time task such as the PVT (available in an app-based version called PVT-
touch and (Kay et al., 2013) and a 2-minutes short questionnaire on the smartphone provided; 
during the remaining 55-minutes in each measurement-block, participants are allowed to 
engage quiet and non screen-based activities of their preference (i.e. study and/or research-
related activities on paper like reading, writing, etc.). These seven hours should include one-
hour break for lunch, from 12:00 pm to 1:00 pm, in which participants are allowed to stand-up, 
talk to each other and move around the classroom. The full protocol is described in Figure 2.  

Every day, participants should complete a sleep and activity diary describing time spent 
outdoors, wake-up and bedtime, etc. Leaving the room should not be allowed at any moment 
during the sessions, including lunchtime, except to eventually go to the bathroom. As a 
general rule during each session, consumption of coffee, tea, carbonated drinks or any other 
stimulants is strictly forbidden other than water. Also, participants should not be allowed to 
talk to each other, move from their places or listen to music. More importantly, the use of any 
screen device (phone, tablet, laptop, etc.) is to be strictly prohibited, except for the 
smartphones provided by the researcher. 

On the first day of experiments, subjects are to be randomly assigned to one classroom or the 
other (control vs. intervention), trying to respect gender balance. Researchers should make 
sure everyone is wearing all the devices, and that these are properly attached and 
functioning. Rooms should be equipped and ready. Ten minutes before the start of the 
session, participants should enter the rooms and are to be individually assigned to specific 
seats (ideally, only those immediately close to the windows should be used to maximize 
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amount of daylight exposure), where they should remain for the entire experiment. 
Subsequently, experience and measurements should start at 9:00 am. 

 

Figure 2 – Overview of the experimental design and procedure 

 Measurements  3.5
Each subject is to be individually equipped with the following material: one smartphone, one 
small wearable ECG monitoring device, a bag with 25 high-adherence electrodes, a wearable 
light sensor (recording at the eye level) and four wireless skin temperature sensors. 
Qualitative and quantitative methods should be used to assess psychophysiological alerting 
effects of daylight.  

 Subjective indicators 3.5.1
Subjective sleepiness should be evaluated, on an hourly basis, using the KSS and/or the 
SSS. For the first scale, ratings range from (1) ‘extremely alert’ to (9) ‘extremely sleepy’, 
whereas in the second one levels go from (1) ‘feeling active, vital, alert or wide awake’ to (7) 
‘no longer fighting sleep, sleep onset soon, having dream-like thoughts’. Other combined 
scales could be used to assess subjective vigour and affect, such as the GV+GA, which is a 
VAS that ranges from (0) ‘not at all’ to (100) ‘very much’. Four items assess subjective vigour 
(‘alert’, ‘sleepy’, ‘weary’ and ‘effort’) and another four items assess subjective affect (‘happy’, 
‘sad’, ‘calm’ and ‘tense’). Subjective vitalizing effects could also be assessed using a six-item 
test called Vitality Scale (VS) (Ryan and Frederick, 1997). Participants indicate how they are 
feeling, either (a) ‘alive and vital’, (b) ‘so alive I just want to burst’, (c) ‘I have energy and 
spirit’, (d) ‘look forward to each new day’, (e) ‘alert and awake’ or ‘energized’, on a 7-point 
scale ranging from (1) not true to (7) very true. 

 Objective indicators 3.5.2
A 1 to 10-minute visual PVT is to be used to measure reaction times and to assess the ability 
of participants to sustain attention. During the test, visual stimuli in the form of a geometrical 
black shape are presented on a white screen, at random intervals of 1-9 s. The goal is for 
participants to react as fast as possible by touching anywhere on the screen right after seeing 
the image. Ideally, HR and HRV are the indicators to be used to estimate physiological 
arousal of participants in response to the daylit environment. ECG signal should be recorded 
continuously during the experiment using wearable non-intrusive heart rate monitoring 
devices (for example, Firstbeat Bodyguard2 technology) and disposable electrodes. Subjects 
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are to be asked to wear their ECG device every day, not only during the sessions in the 
classrooms, but from wake-up to bedtime for the entire duration of the study. They should be 
also required to wear these devices two days previous to the experiment in order to ensure 
enough baseline data.  

4 Conclusions 

This paper investigates methods adopted in previous studies to assess acute non-visual 
responses to light. Main findings are that, for example, within-subject comparisons might 
include bias from expectations or result associations, and therefore between-subject designs 
are preferred. In line with this, a-priori power analyses are always recommended to determine 
an adequate sample size for the study. Also, that it is safer to use both qualitative and 
quantitative methods at the same time, namely subjective and objective evaluations, and to 
keep track of individuals’ sleep patterns during the experiment. Finally, that it is important to 
clearly define the independent variables of the study, and that when testing different light 
manipulations, this should be done isolating the different qualities to be able to draw definitive 
conclusions. 

From these findings, a new protocol is proposed, that aims to address the following issues: to 
compare daylight manipulations while minimizing confounding factors, such as changes in 
brightness when observing the effect of spectrum (i.e. only one variable at a time); to 
understand the potential of daylight alone as an alerting natural source; and to evaluate the 
effectiveness of red-impoverished daylight spectra compared to a neutral one, but also, 
whether a brighter daylight intensity compared to a dimer one (both in neutral and bluer 
conditions) is more effective when it comes to impacts on body functioning. 

Whether results from nighttime laboratory studies on acute alerting effects of light are 
applicable to daytime situations still remains unclear. A lack of alertness could be a symptom 
of sleep deprivation, depression, circadian misalignment or sleep disorders, but also, 
impairment of alertness is often connected to daytime sleepiness and decreases in cognitive 
performance in the form of decision-making capabilities, which is likely to ultimately affect 
productivity. This protocol will hopefully help other researchers to consistently monitor effects 
of different daylighting conditions for prolonged hours on neurobehaviour and physiology, 
under semi-controlled conditions, but with limited intrusion for participants. Ideally, this would 
lead to increase comparability and interpretation of results, which are still needed in the field 
to draw more robust conclusions. 
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