
 

Visual Comfort and Acute Alerting Effects of Diurnal
Intermittent Bright Light
Citation for published version (APA):
Kompier, M. E., Smolders, K. C. H. J., Schlangen, L. J. M., & de Kort, Y. A. W. (2023). Visual Comfort and Acute
Alerting Effects of Diurnal Intermittent Bright Light. LEUKOS: The Journal of the Illuminating Engineering Society
of North America, 19(3), 221-240. https://doi.org/10.1080/15502724.2022.2068573

Document license:
CC BY-NC-ND

DOI:
10.1080/15502724.2022.2068573

Document status and date:
Published: 01/03/2023

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

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
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 16. Nov. 2023

https://doi.org/10.1080/15502724.2022.2068573
https://doi.org/10.1080/15502724.2022.2068573
https://research.tue.nl/en/publications/98608fa5-a40d-4463-97b0-00f637315714


Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ulks20

LEUKOS
The Journal of the Illuminating Engineering Society

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ulks20

Visual Comfort and Acute Alerting Effects of
Diurnal Intermittent Bright Light

M. E. Kompier, K. C. H. J. Smolders, L. J. M. Schlangen & Y. A. W. de Kort

To cite this article: M. E. Kompier, K. C. H. J. Smolders, L. J. M. Schlangen & Y. A. W. de Kort
(2023) Visual Comfort and Acute Alerting Effects of Diurnal Intermittent Bright Light, LEUKOS,
19:3, 221-240, DOI: 10.1080/15502724.2022.2068573

To link to this article:  https://doi.org/10.1080/15502724.2022.2068573

© 2022 The Author(s). Published with
license by Taylor & Francis Group, LLC.

View supplementary material 

Published online: 20 Jul 2022.

Submit your article to this journal 

Article views: 589

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=ulks20
https://www.tandfonline.com/loi/ulks20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15502724.2022.2068573
https://doi.org/10.1080/15502724.2022.2068573
https://www.tandfonline.com/doi/suppl/10.1080/15502724.2022.2068573
https://www.tandfonline.com/doi/suppl/10.1080/15502724.2022.2068573
https://www.tandfonline.com/action/authorSubmission?journalCode=ulks20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ulks20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15502724.2022.2068573
https://www.tandfonline.com/doi/mlt/10.1080/15502724.2022.2068573
http://crossmark.crossref.org/dialog/?doi=10.1080/15502724.2022.2068573&domain=pdf&date_stamp=2022-07-20
http://crossmark.crossref.org/dialog/?doi=10.1080/15502724.2022.2068573&domain=pdf&date_stamp=2022-07-20


Visual Comfort and Acute Alerting Effects of Diurnal Intermittent Bright Light
M. E. Kompier , K. C. H. J. Smolders , L. J. M. Schlangen , and Y. A. W. de Kort

Human-Technology Interaction, School of Innovation Sciences, Eindhoven University of Technology, Eindhoven, The Netherlands

ABSTRACT
Intermittent bright light during the night has shown to be able to generate circadian phase- 
shifting effects, suppress melatonin and induce alertness, but little attention has been devoted to 
the effects of diurnal intermittent bright light. Following a night of sleep restriction, forty 
participants were exposed in a counterbalanced within-subject design to an intermittent (100 
lux – 1000 lux), a continuous dim (100 lux) and a continuous bright light condition (1000 lux) each 
lasting 90 min. Repeated assessments of self-reported sleepiness, cognitive performance and 
physiological arousal as well as subjective visual comfort were taken during each light condition. 
Results showed that alertness-related parameters were not significantly affected by the light 
conditions: neither the intermittent nor the bright condition improved alertness compared to 
the dim condition. Visual comfort was highest in the dim condition, followed by the intermittent 
and bright conditions respectively, even though the visualizations showed marked decreases in 
visual comfort during the bright light phases in the intermittent condition. The results illustrate 
the diversity in mechanisms underlying these visual experiences and neurobehavioral responses.
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1. Introduction

The light that we typically are exposed to in daily life 
is highly dynamic and varies substantially through
out the day (Espiritu et al. 1994; Hébert et al. 1998; 
Okudaira et al. 1983; Savides et al. 1986). These 
unpredictable variations in the luminous environ
ment are largely due to situational and behavioral 
factors (Roenneberg and Foster 1997). Situational 
factors may include the time of day and the weather, 
for instance. Behavioral factors comprise, among 
others, one’s location or gaze direction (Peeters 
et al. 2020). In the highly dynamic luminous profile 
that results from this, the cumulative exposure to 
bright light (e.g., more than 1000 lux at the eye) 
across the day is relatively short and varies approxi
mately between one half hour and two and a half 
hours (Crowley et al. 2015; Espiritu et al. 1994; 
Hébert et al. 1998; Hubalek et al. 2010; Peeters et al. 
2020; Savides et al. 1986; Smolders et al. 2013). This 
brighter light exposure is typically not bundled in 
one consecutive period, but is randomly distributed 

in shorter pulses of minutes up to about half an hour 
spread across the day (Hébert et al. 1998; Okudaira 
et al. 1983; Savides et al. 1986). This results in 
a luminous profile containing intermittent exposure 
to brighter light, in which periods above a certain 
bright light threshold alternate with periods below 
this threshold.

1.1. Circadian effects of nocturnal intermittent 
bright light

The effects of intermittent light during the night on 
the circadian system have attracted quite some 
research attention (Gronfier et al. 2004; Najjar and 
Zeitzer 2016; Rahman et al. 2021; Rimmer et al. 2000; 
Zeitzer et al. 2011b). Bright light pulses (~9500 lux at 
the eye) – ranging from 5 to 46 min, alternated with 
20 to 60 min of darkness in between pulses – timed 
around the core body temperature minimum have 
been demonstrated to effectively generate phase- 
shifts (Gronfier et al. 2004; Rimmer et al. 2000). 
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For example, intermittent light in which the effective 
duration of the bright light exposure was reduced by 
37% resulted in a decrease of only 10% of the phase- 
shifting response compared to a continuous bright 
light episode of the same intensity (Rimmer et al. 
2000). At certain interstimulus intervals, micro-sec
ond flashes of light appeared to even induce larger 
phase delays than continuous equiluminous light 
(Najjar and Zeitzer 2016). In intermittent light, the 
photic drive induced by the initial pulse is retained 
while the photoreceptors – bleached by this initial 
pulse – have the opportunity to recover and regain 
their sensitivity to light (at least partially) during the 
stimulus free/dark interval (Rimmer et al. 2000). The 
persistent and sustained firing of the intrinsically 
photosensitive retinal ganglion cells (ipRGC) might 
play a role in the retention of the photic drive in 
response to brief light pulses (Lucas et al. 2014). 
Furthermore, the intrinsic light sensitivity of 
ipRGCs can be influenced by their photic history, 
for instance, prior exposure to longer wavelengths 
can increase their intrinsic sensitivity whereas prior 
exposure to shorter wavelengths can decrease their 
sensitivity (Chellappa et al. 2014; Mure et al. 2009). 
Similarly, brighter preceding light exposure has been 
implicated to reduce the sensitivity to subsequent 
light exposure (Chang et al. 2011, 2013; Hébert 
et al. 2002; te Kulve et al. 2019; Zeitzer et al. 2011a). 
Prior studies have concluded that in many species 
the critical duration of a light pulse to achieve 
a phase-shifting response appears to be 5 to 10 min 
(Kronauer et al. 1999), though later studies have also 
demonstrated the effectiveness of millisecond flashes 
in phase-shifting responses under highly-controlled 
conditions (Najjar and Zeitzer 2016; Zeitzer et al. 
2011b).

1.2. Acute effects of nocturnal intermittent 
bright light

Apart from these circadian effects, Yang et al. (2018) 
and Yang et al. (2019) have shown that three cycles of 
30 min of bright light (1000 lux at the eye) alternated 
with 30 min of dim light (<5 lux at the eye) before 
bedtime can significantly induce continuous alert
ness improvements and momentary performance 
increments. Interestingly, hourly bright 10-min 
breaks (4700 lux at the eye) in the study by Lee 
et al. (2020) decreased melatonin suppression 

compared to 10-min breaks in medium light inten
sity (430 lux at the eye) during a simulated night shift 
(1:00–6:00) with 550 lux at the eye. In contrast, 
a scenario with 10-min breaks in dim light (<1 lux 
at the eye) increased melatonin suppression com
pared to the condition with medium and bright 
light in the breaks. This would suggest that periods 
with lower light levels allow regeneration of photo
pigments in between bright light periods, and 
thereby might also benefit acute neurobehavioral 
responses. Yet, no statistically significant effects on 
subjective alertness or task performance were found 
in that study (Lee et al. 2020).

1.3. Acute effects of diurnal intermittent bright 
light

Although the acute and circadian effects of intermit
tent light in the evening or night are highly relevant, 
the effects of intermittent bright light during daytime 
are potentially even more important as the light we 
are exposed to during daytime is highly dynamic and 
results in frequent transitions between illuminance 
levels. However, most studies investigating acute 
alerting effects of diurnal light have focused on static 
light of one intensity during several minutes up to 
hours (e.g., Huiberts et al. 2016; Ru et al. 2019; Rüger 
et al. 2005; Smolders et al. 2012). To our knowledge, 
only one laboratory study has investigated to what 
extent intermittent bright light affects daytime beha
vior and experiences compared to static exposure to 
ordinary room light (Iskra-Golec and Smith 2008, 
2011). Compared to 300 lux at the eye, six cycles of 
15 min of bright light (4000 lux at the eye) alternated 
with 45 min of 300 lux at the eye between 11:00 and 
17:00 improved global vigor (alertness, sleepiness, 
effort and weariness) and task performance during 
the late morning. Yet, intermittent bright light was 
found to be less comfortable as compared to ordin
ary room light (Iskra-Golec and Smith 2008), poten
tially due to the unusually high level of indoor bright 
lighting and/or by the abrupt transitions that were 
employed in the intermittent scenario (Kompier 
et al. 2021, 2020). More gradual transitions may 
ameliorate the visual experience of an intermittent 
bright light scenario (Chraibi et al. 2019). This is 
important as visual comfort may play a mediating 
role in the effect of light on alertness and mood 
(Veitch et al. 2011). Additionally, light scenarios 
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designed for practical, real-life applications should 
strive to optimize both visual experience and acute 
alerting effects in integrative lighting solutions (CIE 
2020). Therefore, in the current study we investi
gated the effects of daytime intermittent bright 
light on both alertness and visual comfort using 
fast, but gradual transitions.

1.4. Rationale and hypotheses

Prior research has shown that alerting effects of 
diurnal light on healthy participants are typically 
small and inconsistent (Lok et al. 2018; Souman 
et al. 2018). One potential explanation for this 
could be a ceiling level of alertness during daytime 
(Lok et al. 2019). Following partial sleep deprivation, 
the baseline alertness during the day is expected to 
decrease, leaving more room for improvements in 
alertness upon an environmental (light) intervention 
(Phipps-Nelson et al. 2003). The current study there
fore employed sleep restriction (to 5 hr) for one 
night to study to what extent intermittent light can 
induce alertness in comparison to both constant 
bright (~1000 lux at the eye) and constant dim 
(~100 lux at the eye) light. The bright light pulse in 
the intermittent light condition lasted 10 min, in line 
with the duration of typical pulses in natural daylight 
exposure (Savides et al. 1986). The subsequent (rela
tively) dim light was chosen to represent a badly lit 
office environment and lasted 20 min to align the 
ratio bright to dim light with prior studies on the 
acute effects of intermittent light (Iskra-Golec and 
Smith 2008; Yang et al. 2019, 2018).

We expected that intermittent light would gen
erate alerting effects comparable to those 

generated by continuous bright light. 
Furthermore, we examined to what extent inter
mittent light is perceived as visually comfortable in 
comparison to continuous bright and continuous 
dim light. By using fast, but gradual transitions in 
the intermittent light scenario, we expected to 
limit the visual discomfort that may result from 
abrupt transitions between bright and dim light. 
Last, we compared the temporal trajectories of 
both alertness and visual comfort during the static 
and intermittent light conditions to investigate the 
response dynamics of these variables.

2. Method

2.1. Design

A balanced cross-over design was employed to test the 
effects of intermittent light (IL; 100–1000 lux at the 
eye) on alertness and comfort against a static dim (DL; 
100 lux at the eye) and static bright (BL; 1000 lux at 
the eye) light condition. The intermittent light con
sisted of three cycles of ten minutes of bright light 
followed by twenty minutes of dim light (Fig. 1). 
Participants were exposed to each of the three condi
tions while repeatedly reporting on their alertness and 
visual comfort. Before each experimental light expo
sure, there was a 10-min baseline measurement in 
dim light (100 lux), resulting in 100-min sessions 
per condition.

Participants experienced all light conditions on 
one day and the order was counterbalanced between 
participants. The first session started at, on average, 
10:28 (median: 10:24, range: 10:14 to 10:45), 
the second one at 12:26 (median: 12:24, range: 12:10 

Fig. 1. Visualization of the three experimental lighting conditions and measurement protocol of one session. IL = intermittent light, 
BL = bright light, DL = dim light, Ass nr = assessment number.
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to 12:47) and the third one at 14:22 (median: 14:30, 
range: 14:01 to 14:59). Between sessions, participants 
received a light snack and could visit the restroom.

The study was approved by the Institutional 
Ethical Review Board (HTI Ethical Review Board – 
experiment ID 1285). This study’s design and 
hypotheses were preregistered via the Open Science 
Framework (see: doi:10.17605/OSF.IO/UM29Q)

2.2. Participants

Power calculations were done using data from 
Kompier et al. (2020), (2021) with the Superpower 
package in R (Caldwell et al. 2021) and the spreadsheet 
belonging to Lakens (2017). These analyses are 
described in the preregistration and yielded 
a required sample size of 41 participants. Forty-three 
participants (14 female) were recruited via 
a participant database and convenience sampling. 
They completed a screening questionnaire with self- 
report items before selection. Participants were gen
erally healthy (SF-36 (van der Zee and Sanderman 
2012); MGH = 80.7, SDGH = 13.7), reported no visual 
or auditory deficits, and passed the Ishihara 
Colorblindness test. All participants were between 18 
and 30 years old (Mage = 22.7, SDage = 3.0), were free 
from medical and psychiatric disorders, and did not 
take medication (birth control not considered) struc
turally. Furthermore, participants were no extreme 
chronotypes (3.8 < midsleep < 6.8 based on Zavada 
et al. (2005), assessed using the Munich Chronotype 
Questionnaire (Roenneberg et al. 2003)), reported no 
sleeping problems (Pittsburgh Sleep Quality Index < 6 
(PSQI; (Buysse et al. 1989)), and slept habitually 
between 7 and 9 hours per night. Last, participants 
had not traveled between time zones or worked night 
shifts in the three months prior to the start of the 
study.

2.3. Sleep restriction protocol

Participants slept according to their regular schedule 
for three nights and then followed a sleep restriction 
protocol of 5 hr (between 1:00 and 6:00) on the night 
before the start of the study. Adherence was assessed 
using actigraphy (wrist-worn Axivity AX3 trackers) 
and the Core Consensus Sleep Diary (Carney et al. 
2012). One participant did not adhere properly and 
was therefore excluded. Two others terminated the 

experimental session before completing all condi
tions. The forty included participants (13 female) 
had a mean sleep duration (Mrestriction) of 4.6 hours 
during the sleep restricted night (standard deviation: 
SDrestriction = 0.4, rangerestriction = 2.8–5.2), which was 
on average 3.1 hr less than on the three nights before 
(Mregular = 7.7 hours, SDregular = 1.3, rangeregular = 4.9– 
11.6). Furthermore, participants were instructed to 
not consume alcohol, drugs, caffeine or nicotine in 
the 24 hr before the start of the study. At the start 
of the experimental day, the mean KSS score was 
5.1 (SDKSS-start = 1.8, range KSS-start = 2.0–8.0).

2.4. Setting

The experiment was conducted in rooms without 
daylight access measuring 2.5 × 3.6 m2 and fitted 
with a desk and a desktop computer (see Fig. 2). The 
reflectance (ρ) of surfaces in the room was assessed 
by means of a calibrated JETI Specbos 1201 spectro
radiometer, using ρ ¼ L �π

Ev
, where L is the luminance 

and Ev the illuminance. The front and back walls of 
the room were off-white (ρ ¼ 0:85), the curtain was 
light gray (ρ ¼ 0:73) and the left wall was gray 
(ρ ¼ 0:45). The doors were white (ρ ¼ 0:94Þ, the 
desk was light gray (ρ ¼ 0:75) and the floor dark 
gray (ρ ¼ 0:33). Indoor climate was kept as con
stant as possible during all sessions, however due to 
use of fluorescent lamps considerable heat was pro
duced. One iButton was placed 2.5 m from the 
participant at desk height (0.77 m) to measure the 

Fig. 2. Floorplan of the laboratory.
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room temperature at a 10-min sampling interval 
(MTair-dim ± SD = 22.3 ± 2.0°C; MTair-intermittent = 
22.5 ± 2.0°C; MTair-bright = 22.9 ± 2.0°C).

Each room was equipped with eight recessed 
Philips Savio (TBS770 3x54W/827/865HDFAC- 
MLOCVC) luminaires that covered the entire ceil
ing. Each luminaire contained three fluorescent 
tubes of 54 W, of which two were 6500 K and 
one was 2700 K, and was equipped with an acrylate 
micro-lens optic cover.

Illuminance at the eye (in the vertical plane) was 
measured using the calibrated spectroradiometer. 
Fig 3 shows the normalized spectral power distri
butions of the bright (1000 lux) and dim (100 lux) 
light settings, with equal CCT. Table 1 displays the 
alpha-opic equivalent daylight illuminances (EDI), 
alpha-opic daylight efficacy ratios (DER), illumi
nance, CCT and color fidelity index (Rf) of the 
settings. Transitions between the settings spanned 
2 s to create markedly visible, yet gradual light 
transitions.

2.5. Measures

2.5.1. Subjective experiences
Participants’ visual sensation was evaluated with 
two items probing experienced intensity and color 
(SensationVI and SensationVC) on 7-point rating 
scales ranging from Very Low (−3) to Very High 
(3) and Very Cool (−3) to Very Warm (3) respec
tively. Participants rated their acceptance of the 

lighting (AcceptanceV) on a binary scale 
(Acceptable/Unacceptable). Subjective visual com
fort (ComfortV) was assessed on a 6-point rating 
scale ranging from Very Uncomfortable (−2) to 
Just Uncomfortable (0) and from Just Comfortable 
(1) to Very Comfortable (3), all as in Kompier et al. 
(2020, 2021).

Mood was probed using eight items, of which six 
(Calm, Tense, Lively, Drowsy, Sleepy, Awake) from 
the Activation-Deactivation checklist (Thayer 1989) 
and two (Happy, Sad) from Smolders et al. (2012). 
Response scales ranged from Definitely Not (1) to 
Definitely (5). As Lively, Awake, Sleepy (reverse 
coded) and Drowsy (reverse coded) had 
a Cronbach’s α of 0.89, these scores were averaged 
into one variable: Vitality. Calm and Tense had 
a Cronbach’s α of 0.74, and were also averaged 
after reverse coding Tense. Sad was excluded from 
analysis due to low variance. Subjective sleepiness 

Fig. 3. Normalized spectral power distribution of the bright (solid line) and dim (dotted line) light settings.

Table 1. Illuminance, CCT, Color fidelity index, α-opic EDI, and 
α-opic DER of the light settings (at the eye position).

Light setting Dim light Bright light

Illuminance (lux) 111 1069
CCT (K) 4067 3989
Color fidelity 

index (Rf)
84 82

α-opic EDI (in 
lux)

α-opic 
DER

α-opic EDI (in 
lux)

α-opic 
DER

S-cone-opic 76 0.68 594 0.56
M-cone-opic 97 0.87 936 0.88
L-cone-opic 111 1.00 1062 0.99
Rhodopic 76 0.69 717 0.67
Melanopic 67 0.61 624 0.58
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was assessed using the KSS with a response scale 
ranging from Extremely Alert (1) to Extremely 
Sleepy (9) (Åkerstedt and Gillberg 1990).

2.5.2. Cognitive performance
In an auditory psychomotor vigilance task (PVT) of 
five minutes (Dinges and Powell 1985), participants 
responded as fast as possible to short auditory sti
muli of 400 Hz that lasted 200 ms each, while keep
ing their dominant hand rested on the space bar and 
eyes focused on a fixation cross. Trials were termi
nated when participants pressed the spacebar or after 
2 seconds without response. These trials without 
a response were counted as lapses. The inter- 
stimulus interval was randomly drawn from 
a range between 1 and 9 s. Mean reaction time 
(MRT), 10% fastest reaction times (MRT10%fast), 10% 
slowest reaction times (MRT10%slow), standard devia
tion of reaction time (SDRT), and the coefficient of 
variation in reaction time (CVRT = (SDRT/MRT) 
x 100) were used as indicators of vigilance. Three 
items from the Short Stress State Questionnaire 
(SSSQ; (Helton and Nöswall 2010)) assessed the 
motivation during the PVT on 5-point Likert scales 
ranging from Not at all (1) to Extremely (5) (see 
Supplementary Materials S1). PVT motivation was 
calculated as the mean of the three items 
(Cronbach’s α = 0.93).

2.5.3. Electrodermal activity
Electrodermal activity (EDA) was used as a proxy for 
physiological arousal that is related to alertness 
(Oken et al. 2006). EDA was measured using TMSi 
software with two electrodes placed on the first pha
lanx of the index and middle fingers. Processing and 
artifact detection was done using institutional soft
ware (Boschman 2015). Mean tonic skin conduc
tance level (SCL) during the PVT, measured in 
micro Siemens, was taken as an indicator of physio
logical arousal.

2.5.4. Evaluation of the light per condition
Two self-formulated items probed Satisfaction and 
Pleasantness on 7-point Likert scales that ranged 
from Very Unsatisfied (1) to Very Satisfied (7), and 
Very Unpleasant (1) to Very Pleasant (7) respec
tively (see Supplementary Materials S1). The items 
were averaged into one Light appraisal variable 
(Cronbach’s α = 0.93). Headache and Eye-Strain 

Symptoms (HES) were evaluated on eight 4-point 
scales ranging from Absent (0) to Severe (3) 
(Giménez et al. 2017; Viola et al. 2008) and aver
aged into one HES-factor (Cronbach’s α = 0.85).

2.5.5. Start questionnaire
Upon arrival in the laboratory, participants com
pleted a questionnaire probing the means and 
duration of transport to the study location and 
the amount of time spent outside in daylight 
prior to their visit (Kompier et al. 2021, 2020). 
Food and beverage intake were measured using 
multiple-choice questions; momentary sleepiness 
was assessed using the KSS (Åkerstedt and 
Gillberg 1990). These control variables were con
sidered as potential covariates in the analyses.

2.5.6. Additional parameters
The pupil diameter was measured using a Tobii 4C 
Eye-tracker with a frequency of 90 Hz for an explora
tory investigation to examine whether pupil variation 
could be used as a proxy of sleepiness in light expo
sure (Lüdtke et al. 1998; Wilhelm et al. 1998). 
Furthermore, two iButtons were attached to the 
underarm and fingertip of the left hand to provide 
an indication of vasoconstriction of the participants 
(Rubinstein and Sessler 1990). Thermal sensation 
(SensationT) was evaluated on a 7-point scale ranging 
from Cold (−3) to Hot (3) based on ASHRAE 55 
(ASHRAE 2004); thermal acceptance (AcceptanceT) 
on a binary scale (Acceptable/Unacceptable), and 
thermal comfort (ComfortT) on a 6-point rating 
scale identical to the one for visual comfort and as 
used in Kompier et al. (2020), (2021). These items are 
out of scope for this article, and thus not presented in 
this article.

2.6. Procedure

The study was conducted between April 12th and 
June 3rd, 2021. Subjects completed all three condi
tions on one experimental day. Upon arrival at 10:00, 
participants were welcomed and completed the start 
questionnaire. Subsequently, they received further 
instructions, applied the sensors and practiced the 
PVT for three minutes. Participants briefly read 
a magazine until the baseline period of the first 
session started. In the 10-min baseline assess
ment, participants completed the subjective 
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measures, performed the 5-min PVT and evalu
ated their motivation during the task. After the 
baseline assessment, identical assessments fol
lowed every 10 min in the 90-min experimental 
light exposure. In between assessments, partici
pants read magazines provided by the experi
menters. At the end of each session, 
participants evaluated the light conditions before 
they could visit the bathroom and consumed 
a calorie-controlled snack (~300 kcal). 
Subsequently, the baseline for the next experi
mental light exposure started (second ~12:30 
and third ~14:20). The procedure of the experi
mental sessions is shown in Fig. 1. At the end of 
the day, participants were debriefed and received 
a monetary compensation for their participation.

2.7. Statistical analysis

All statistical analyses were done in Rstudio 
1.3.1073 with the “lme4,” “lmer,” “emmeans” and 
“Hmisc”-packages. Visualizations were created 
using “ggplot2.” Observations that deviated more 
than three standard deviations from the mean were 
identified as outliers and coded as missing (142 
observations for MRT,CVRT and SDRT, 106 for 
SCL, 95 for MRT10%fast and MRT10%slow from a total 
of 1080 observations). Non-normally distributed 
variables were transformed (log transformations 
for SCL) or recoded (Calm into three categories: 
1–3.5 = 1, 4–4.5 = 2, 5 = 3). The binary variable 
(AcceptanceV) was not analyzed statistically, but 
only examined visually due to the skewed distribu
tion. For all statistical tests, an α-criterion of 0.01 
was used to account for the multitude of dependent 
variables.

Linear mixed models (LMMs) were used to test 
the differences in alertness and visual experience- 
related parameters between the light conditions. 
We tested the main effect Light condition across 
all experimental assessments. In addition to these 
preregistered analyses, exploratory LMM analyses 
were done on two subsets of the data to explore 
the differences between conditions for the bright 
and dim phases of the intermittent light separately. 
One set contained the data of assessments 1, 4 and 
7 of all light conditions (referred to as intermit
tent-bright set) the other contained all data of 

assessments 2, 3, 5, 6, 8 and 9 (referred to as 
intermittent-dim set). Post-hoc contrasts with 
Tukey correction tested the differences between 
the three light conditions in the complete set, in 
the intermittent-bright set and in the intermittent- 
dim set respectively. Cohen’s f 2 was calculated for 
all fixed effects in the models using f 2 ¼

R2
AB� R2

A
1� R2

AB
, 

in which R2 is the marginal R2 (Selya et al. 2012). 
Cohen’s f 2 reflects the unique portion of variance 
accounted for by parameter B. In the result sec
tion, we report the post-hoc contrasts as well as 
the other fixed effects of the models. The statistics 
of the main effect of Light condition are reported 
in Supplementary Materials S2.

Subjective vitality, sleepiness, PVT metrics, SCL 
and mood were analyzed using separate LMMs 
with Participant and Session (1,2,3; nested within 
Participant) included as random intercepts. 
Random slopes for the effect of condition were 
explored to test interindividual differences (see 
Supplementary Materials S3). To correct for the 
effect of time-in-session, a parabolic function was 
fitted to the data of the continuous dim condition, 
and subsequently subtracted from the actual scores 
during all conditions for each of the dependent vari
ables. The fixed effects were Light condition (as fac
tor), General health, Room temperature and the 
Baseline score. Covariates were included if they cor
related sufficiently (i.e., a significant correlation > 
0.4) with the dependent variable, and did not show 
multicollinearity with other predictors (based 
on VIF scores). The intermittent condition 
and the bright condition were expected to pro
duce similar alertness levels, therefore we tested 
the equivalence of the scores of the alertness- 
related parameters averaged over all experimen
tal assessments in these conditions using the 
two one-sided tests procedure for dependent 
samples (Lakens 2017). Table 2 shows the 
employed upper and lower equivalence bounds 
in these analyses, which were set to 51.3% of 
the standard deviation of the respective variable 
as described in the preregistration.

In the models for the comfort-related variables, 
Participant and Session (1,2,3; nested within 
Participant) were also included as random inter
cepts. Light condition was added as a fixed factor, 
and Room temperature and Baseline scores as 
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covariates. For these variables (and for mood), we 
tested differences between the intermittent and 
bright condition rather than equivalence as we 
did not expect the outcomes to be equivalent. 
The power for the main effect of Light condition 
and the contrasts can be found in the 
Supplementary Materials S2.

For the end-of-condition variables Light 
appraisal and HES-factor, two-level models 
were used with only Participant as random 
intercept. Light condition was the only fixed 
effect in the model and marginal R2 was calcu
lated as effect size measure of the main effect. 
Again, post-hoc analyses tested contrasts with 
Tukey correction. Power is reported in the 
Supplementary Materials S2.

The dataset as used for the analysis is available 
via the Open Science Framework (doi: 10.17605/ 
OSF.IO/BSA9N.

3. Results

3.1. Alertness

3.1.1. Subjective vitality and sleepiness
Overall, subjective vitality did not significantly 
differ between the dim (Estimated Marginal 
Mean (EMM) ± Standard Error (SE) = 3.39 ± 
0.08), intermittent (3.40 ± 0.08) and bright light 
conditions (3.48 ± 0.08; Fig. 4a). This is in line 
with the equivalence test between the intermittent 
and bright condition (t(39) = 2.34, p = .01), yet in 
contrast with what we expected regarding differ
ences with the dim condition. The pooled vitality 
scores for assessments 1, 4 and 7 (i.e., the inter
mittent-bright set) also showed no significant dif
ferences between conditions (all p’s > 0.25; dim: 

3.40 ± 0.08, intermittent: 3.56 ± 0.08, and bright: 
3.51 ± 0.08). Likewise, no significant differences 
(all p’s > 0.41) existed between the dim 
(3.39 ± 0.09), intermittent (3.31 ± 0.09), and bright 
light (3.47 ± 0.09) conditions for assessments 2, 3, 
5, 6, 8 and 9 (i.e., the intermittent-dim set). 
Baseline vitality (F1,116 = 125.69, p < .001, B ± 
SE = 0.64 ± 0.06, f 2 = 0.61) and Room temperature 
(F1,115 = 8.86, p = .003, B ± SE = −0.06 ± 0.02, f 2 < 
0.01) both significantly predicted self-reported 
vitality; a higher vitality score at baseline and 
a lower room temperature during assessments pre
dicted higher vitality. General health was not sig
nificantly associated with vitality (F1,32 = 1.25, 
p = .27, f 2 = 0.01).

Similarly, there was no statistically significant 
difference in sleepiness between the intermittent 
(4.75 ± 0.17) and bright conditions (4.60 ± 0.17) 
compared to the dim condition (4.69 ± 0.17; 
Fig. 4b). The equivalence test for the intermittent 
and bright condition also indicated equivalence of 
these two conditions (t(39) = −2.47, p = .009). 
Sleepiness scores in the intermittent-bright set 
again showed no statistically significant differences 
between the dim (4.70 ± 0.15), intermittent 
(4.44 ± 0.15) or bright (4.60 ± 0.15) conditions 
(all p’s > 0.45). Similarly, in the intermittent-dim 
set no statistically significant differences (all p’s > 
0.47) occurred between the dim (4.68 ± 0.19), 
intermittent (4.91 ± 0.18) and bright conditions 
(4.62 ± 0.18). Baseline KSS (F1,77 = 148.80, 
p < .001, B ± SE = 0.74 ± 0.05, f 2 = 0.74) and 
Room temperature (F1,106 = 7.90, p = .002, B ± 
SE = 0.12 ± 0.04, f 2 < 0.01) both had a significant 
positive relationship with self-reported sleepiness. 
General health did not significantly predict sleepi
ness (F1,35 = 0.50, p = .48, f 2 < 0.01).

3.1.2. Cognitive performance

There were no significant differences between the 
dim and intermittent or bright light conditions for 
the MRT, MRT10%fast, MRT10%slow, SDRT, CVRT or 
Motivation in the PVT (all p’s > 0.05; Fig. 4c-h). 
The equivalence tests indicated equivalence 
between the intermittent and bright light condi
tions for all PVT metrics (t(39) = 2.53–4.90, all p’s 

Table 2. Upper (ΔU) and lower (ΔL) equivalence bounds that 
were used in the equivalence test for the alertness-related 
parameters.

SD ΔU ΔL

Vitality 0.95 −0.49 0.49
KSS 1.95 −1 1
MRT 73.35 −37.62 37.62
MRT10%slow 150.85 −77.36 77.36
MRT10%fast 63.9 −31.95 31.95
SDRT 29.85 −15.31 15.31
CVRT 5.55 −2.85 22.85
Mean SCL 0.30 −0.15 0.15
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< 0.01). Moreover, the models testing the effect of 
Light condition in intermittent-bright and inter
mittent-dim sets separately showed no significant 
differences between the conditions for any of the 
performance metrics (all p’s > 0.08). Baseline PVT 

scores (MRT, MRT10%fast or MRT10%slow, SDRT, CVRT 
and motivation) did significantly and positively 
predict the respective PVT scores (all F’s > 16.80, 
B ± SE = 0.34–0.92 ± 0.04–0.10, all p’s ≤ 0.001, 
f 2’s = 0.06–4.14). None of the PVT metrics were 

Fig. 4. Temporal trajectory of a) vitality, b) sleepiness, c) mean reaction time for PVT, d) standard deviation for the PVT, e) mean 
reaction time for the 10% slowest responses of the PVT, f) coefficient of variation for the PVT, g) mean reaction time for the 10% 
fastest responses of the PVT, and h) PVT motivation. The graphs are based on the models without the correction for time in session. 
The error bars represent SE.
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significantly associated with the Room temperature 
(all F’s < 4.69, all p’s > 0.03, all f 2’s ≤ 0.01) or 
General health (all F’s < 4.99, all p’s > 0.03, all f 2’s 
≤ 0.09), except that the latter was associated with 
the motivation during the PVT (F1,23 = 8.13, 
p = .009, B ± SE = 0.02 ± 0.01, f 2 = 0.18).

3.1.3. Skin conductance level
There were no significant differences in SCL in the 
intermittent (0.48 ± 0.03) or bright (0.48 ± 0.03) 
light conditions compared to the dim light condi
tion (0.44 ± 0.03; see Fig. 5a). Equivalence between 
the intermittent and bright condition was accepted 
(t(39) = 4.02, p < .001). The separate models for 
intermittent-bright set and intermittent-dim set 
also showed no significant differences between 
the light conditions (all p’s > 0.24). Baseline SCL 
did positively predict SCL in the experimental 
assessments (F1,80 = 145.44, p < .001, B ± 
SE = 0.44 ± 0.03,f 2 = 0.60). Room temperature 
nor perceived General health predicted SCL signif
icantly (F1,830 = 1.04, p = .31, f 2 = 0.04 and F1,30 = 
1.54, p = .22, f 2 = 0.04, respectively).

3.2. Mood

Overall, there was no statistically significant differ
ence in calmness between the dim (2.24 ± 0.07), 
intermittent (2.15 ± 0.07) and bright conditions 
(2.03 ± 0.07; all p > .02; Fig. 5e). However, in the 
separate analysis of the intermittent-bright set, 
calmness was higher in the dim condition 
(2.28 ± 0.07) compared to both the intermittent 
(1.98 ± 0.07; p = .003) and the bright conditions 
(1.99 ± 0.07; p = .005). Between the latter two, 
there was no significant difference (p = .99). In 
contrast, there were no statistically significant dif
ferences between the three conditions when look
ing only at the intermittent-dim set (all p’s > 0.11). 
Calmness at baseline and Room temperature both 
significantly and positively predicted calmness 
(F1,62 = 60.19, p < .001, B ± SE = 0.51 ± 0.07, f 2 

= 0.40 and F1,69 = 9.90, p = .002, B ± 
SE = 0.06 ± 0.02, f 2 = 0.08, respectively). 
Perceived General health was not significantly 
related to calmness (F1,17 = 6.53, p = .02, f 2 

< 0.01).

Happiness did not significantly differ between 
conditions (dim: 3.59 ± 0.11, intermittent: 
3.53 ± 0.11, bright: 3.54 ± 0.11; all p’s > 0.71; 
Fig. 5f). This pattern also occurred when analyzing 
the assessment sets separately for the intermittent- 
dim and intermittent-bright phases (all p’s > 0.44). 
Baseline happiness and perceived General health 
were both significantly and positively associated 
with happiness (F1,106 = 11.58, p < .001, 
B ± SE = 0.24 ± 0.07, f 2 = 0.08 and F1,28 = 8.28, 
p = .008, B ± SE = 0.02 ± 0.01, f 2 = 0.16, respectively). 
Room temperature showed no significant relation
ship with happiness (F1,565 = 3.28, p = .07, f 2 < 0.01).

3.3. Visual comfort

Fig 5g shows that, across all assessments, the dim 
condition (−0.19 ± 0.09) was not perceived signif
icantly different from the intermittent one 
(0.08 ± 0.09; p = .05), but both were experienced 
dimmer than the bright light condition 
(1.32 ± 0.09; p < .001). Yet, the close-up analyses 
of the intermittent-bright set showed that 
SensationVI in the intermittent condition 
(2.20 ± 0.11) was significantly higher than in the 
bright condition (1.49 ± 0.11; p < .001). Both were 
perceived also significantly brighter than the dim 
light condition in these phases (−0.25 ± 0.11; both 
p’s < 0.001).In contrast, the analysis of the inter
mittent-dim set showed that the intermittent-dim 
condition (−0.98 ± 0.10) was perceived signifi
cantly dimmer than the dim light condition in 
these assessments (−0.18 ± 0.10; p < .001). The 
bright condition (1.25 ± 0.10) was perceived sig
nificantly brighter than the dim and intermittent- 
dim conditions in this set (both p’s < 0.001). 
Baseline SensationVI significantly predicted 
SensationVI (F1,113 = 18.28, p < .001, B ± 
SE = 0.28 ± 0.07, f 2 =0.04), whereas Room tem
perature did not (F1,57 = 1.12, p = .30, f 2 < 0.01). 
Even though the CCT of the light did not change, 
the bright condition (−0.91 ± 0.12) was perceived 
significantly cooler than the dim (0.27 ± 0.12; 
p < .001) and the intermittent light condition 
(0.33 ± 0.12; p < .001), while no significant differ
ences existed between the dim and intermittent 
condition (p = .93; Fig. 5h). The close-up analysis 
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showed that in the intermittent-bright set, the dim 
condition (0.33 ± 0.14) was perceived significantly 
warmer than the intermittent (−1.33 ± 0.14; 
p < .001) and bright light condition 
(−0.98 ± 0.14; p < .001). No significant differences 

existed between the SensationVC of the intermit
tent and bright conditions in these assessments 
(p = .15). In the intermittent-dim set, all condi
tions differed significantly from each other (all p’s 
< 0.001): the bright condition (−0.88 ± 0.12) was 

Fig. 5. Temporal trajectory of a) mean SCL, b) calm, c) happy, d) sensation of light intensity, e) sensation of color temperature, f) 
visual acceptance (in % – no statistical testing), and g) visual comfort. The graphs are based on the models without the correction for 
time in session. The error bars represent SE.
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perceived significantly cooler than the dim condi
tion (0.24 ± 0.12), and both the bright and the dim 
condition were perceived significantly cooler than 
the intermittent condition (1.15 ± 0.12). Neither 
Baseline SensationVC nor Room temperature pre
dicted SensationVC during assessments (F1,116 = 
3.85, p = .05, f 2 < 0.01 and F1,70 = 2.73, p = .10, 
f 2 < 0.01, respectively).

A visual inspection of the visual acceptance 
votes suggested highest acceptance in the dim 
light condition (Fig. 5i). During the second and 
third intermittent-bright phases (assessment 4 
and 7), acceptance of the bright setting was 
lower than in the continuous bright condition, 
whereas in the intermittent-dim phases the 
acceptance of the dim setting was very close to 
the acceptance of the static dim condition.

Across all assessments, the dim light condi
tion (1.69 ± 0.10) was significantly more com
fortable than the intermittent (1.24 ± 0.10; 
p = .001) and bright light conditions 
(1.13 ± 0.10; p < .001; Fig. 5j), but the latter 
two did not significantly differ (p = .59). Yet, 
when only focusing on the intermittent-bright 
set, the intermittent condition (0.56 ± 0.14) was 
perceived as less comfortable than both the dim 
(1.68 ± 0.14; p < .001) and the bright light 
condition (1.04 ± 0.14; p = .01). The dim con
dition was also perceived significantly more 
comfortable than the bright condition 
(p < .001). In the intermittent-dim set, the 
intermittent condition (1.58 ± 0.11) did not 
differ with respect to the experienced visual 
comfort from the dim (1.68 ± 0.11; p = .78) 
or bright conditions (1.19 ± 0.11; p = .02), but 
the visual comfort in the bright condition was 
significantly lower than in the dim condition 
(p = .003). Baseline ComfortV significantly pre
dicted visual comfort in the assessments (F1,114 
= 25.34, p < .001, B ± SE = 0.32 ± 0.06, f 2 = 
0.09), whereas Room temperature did not 
(F1,104 = 0.62, p = .43, f 2 < 0.01).

In the dim light condition (5.69 ± 0.20), sig
nificantly more pleasantness and satisfaction 
with the lighting were reported compared to 
the intermittent (4.84 ± 0.20; p = .001) and 

bright conditions (4.62 ± 0.20; p < .001). No 
significant differences existed between the bright 
and intermittent condition (p = .60). For the 
HES symptoms, light condition did not signifi
cantly add explained variance to the model (χ2 
(2) = 5.28, p = 0.07). There were no statistically 
significant differences between the dim 
(1.10 ± 0.10), intermittent (1.14 ± 0.10) and 
bright condition (1.30 ± 0.10; all p’s > 0.08).

4. Discussion

Bright light pulses during the night have shown to 
effectively modulate circadian rhythms (Gronfier 
et al. 2004; Rahman et al. 2021; Rimmer et al. 
2000). Short bursts of light during the night can 
also suppress melatonin, although disproportio
nately less so than phase shifting (Rahman et al. 
2021), and it can mitigate declines in alertness 
(Yang et al. 2019, 2018). However, whether inter
mittent light during daytime can elicit acute alert
ing effects remains to be established (Iskra-Golec 
and Smith 2008). We compared diurnal intermit
tent bright light to continuous dim and continu
ous bright light for subjective, behavioral and 
physiological indicators of alertness. In addition, 
visual comfort experienced with each of the three 
light conditions was investigated. Results showed 
that the highest visual comfort was experienced in 
the dim light condition. No significant alerting 
effects of the bright or the intermittent light con
dition were found, as well as no statistically sig
nificant effects for happiness, skin conductance or 
performance metrics. Furthermore, the dim-bright 
pattern of the intermittent light condition was 
clearly visible in the temporal trajectories of the 
visual experience.

4.1. Alerting effects of light

Despite conditions with markedly different illumi
nances (100 vs. 1000 lux; ED65

mel = 67 vs. 624 lux), 
an exposure duration of 90 min, a relatively large, 
partially sleep-deprived sample and repeated mea
surements, no statistically significant differences 
were found between the intermittent, bright and 
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dim light conditions with respect to subjective 
alertness, task performance or skin conductance 
levels. This contrasts findings for subjective alert
ness in various studies (e.g., Huiberts et al. 2015; 
Kaida et al. 2006; Leichtfried et al. 2015; Phipps- 
Nelson et al. 2003; Smolders et al. 2012; 
Vandewalle et al. 2006). However, this is also not 
the first study in which no significant alerting 
effects of bright light during the day were found 
(Lok et al. 2018; Souman et al. 2018) and the 
publication bias for positive findings should be 
considered too. Yet, the reason for these inconsis
tent results of daytime light exposure across stu
dies has not been established to date. The data 
showed a large standard deviation for the alert
ness-related variables, indicating high variance in 
the responses that could not be attributed to the 
different light conditions. Participants may have 
responded differently to the light manipulation 
due to interindividual differences in light sensitiv
ity (Phillips et al. 2019) and/or vulnerability to 
sleep loss (Vandewalle et al. 2009; van Dongen 
et al. 2004). However, random slope analyses 
(reported in Supplementary Materials S3) indi
cated that interindividual differences only affected 
the results significantly for the 10% fastest 
response times and the color sensation of the 
light. Furthermore, intraindividual variability in 
sleepiness may have occurred at the start of each 
condition due to variations in sleepiness across 
the day. Although potential differences in the 
baseline scores of each condition were accounted 
for in the models of the alertness-related para
meters, the effect of bright or intermittent light 
may have varied with participants’ momentary 
alertness or homeostatic sleep pressure. The high 
variation could possibly be explained by the 
employed design, in which participants were 
exposed to the experimental light conditions at 
different times of day, and thus different circadian 
phases and homeostatic sleep pressure levels. Yet, 
when exposing participants to experimental light 
conditions at the same circadian phases and/or 
homeostatic sleep pressure, sessions need to be 
planned at different days and day-to-day variabil
ity may occur. With one night of sleep restriction 
before the experimental day, we reduced 

participants’ baseline level of alertness to avoid 
a potential ceiling effect. Although the sample 
was on average more sleepy at the start of the 
experiment compared to prior studies, alertness 
levels were still high at the start of some sessions 
for some participants (see Supplementary 
Materials S4) leaving little room for the bright 
and intermittent conditions to improve alertness 
(Lok et al. 2019; Smolders and de Kort 2014). For 
other individuals, sleep pressure may have been 
too high for alerting effects in response to bright 
and intermittent light to emerge (Gabel et al. 2015; 
St Hilaire et al. 2017).

The lack of differences in subjective sleepiness 
or vitality between the dim and intermittent con
dition contradicted the expectations based on the 
findings of Iskra-Golec and Smith (2008), who 
investigated the effect of 6 hrs of exposure to 
intermittent light. They reported increased global 
vigor and performance in the late morning as 
a result of 15-min bright light pulses of 4000 lux 
alternated with 45 min of 300 lux. Iskra-Golec and 
Smith (2008) found the alerting effects in the late 
morning only, yet in the current study responses 
were averaged over the entire day and time- 
dependent variations were not investigated due to 
power limitations. Although the current analyses 
yielded no significant main effects on the alert
ness-related parameters, a subtle reflection of the 
intermittent light pattern could be observed in the 
graphical visualizations of the vitality, sleepiness 
and calmness data. The visualizations showed sys
tematic, albeit subtle, variations in line with the 
bright light periods in the intermittent light con
dition. The direction of these delicate variations in 
the responses is in line with the acute and momen
tary changes in subjective experiences as a result of 
light transitions that have been reported before 
(Kompier et al. 2021, 2020). To further explore 
the differences between the three conditions, we 
subdivided the data for assessments 1, 4 and 7 
(intermittent-bright set) and assessments 2, 3, 5, 
6, 8 and 9 (intermittent-dim set). In the intermit
tent-bright set, only calmness was significantly 
lower in the intermittent and bright condition 
compared to the dim condition, which could be 
indicative of cognitive associations between light 
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settings and arousal/activity related concepts (e.g., 
Schietecat et al. 2018).

Similar to the subjective experiences related to 
alertness, no significant effects of intermittent or 
bright light on task performance were found. 
Despite the high power of the current study, the 
results reported by Phipps-Nelson et al. (2003) 
could not be replicated. They reported improved 
task performance in static bright light amongst 
sixteen sleep restricted individuals. The bright 
light levels in both studies were similar, yet the 
dim light was <5 lux on the eye in the study of 
Phipps-Nelson et al. (2003) whereas we employed 
100 lux (ED65

mel = 67 lux) on the eye. The dim 
condition in this study can be considered as only 
relatively dim compared to earlier studies who 
employed dim conditions below 5 or even 1 lux 
(e.g., Phipps-Nelson et al. 2003; Rüger et al. 2005; 
Sahin et al. 2014; te Kulve et al. 2017; Vandewalle 
et al. 2006), but was chosen in view of ecological 
validity. This suggests that 100 lux (corresponding 
to ED65

mel = 67 lux in the current study) may 
already suffice to improve performance on the 
PVT as compared to darkness or very dim light 
settings. Yet, this would also imply that increases 
in luminous exposure in real office environments 
are not likely to be an effective strategy to boost 
performance, especially since nowadays most tasks 
in office environments are screen-based and thus 
self-illuminated. The visualizations of the PVT 
metrics seemed to suggest a worsening of perfor
mance in intermittent light in the second half of 
the session. Potentially, the alterations in light were 
mentally exhausting and compromised PVT perfor
mance (Langner et al. 2010). Although the motiva
tion for the task seemed to decrease over time in 
every condition, there were no differences in moti
vation between the light conditions. Thus, 
a compensatory change in motivation is not a likely 
explanation for the null effects of the light condition 
with respect to performance metrics. It remains 
important to further study in which exact conditions 
bright light can improve task performance.

4.2. Visual experience of the light conditions

Both the repeated assessments of visual comfort 
and the one-time end-of-session measures of 

satisfaction and pleasantness demonstrated 
marked differences between the three conditions 
with respect to visual comfort. Overall, the dim 
light condition was perceived as most comfortable, 
and on average the intermittent condition was 
evaluated as more comfortable than the bright 
condition. These differences could not be 
explained by the self-reported headache or eye- 
strain symptoms for which no significant differ
ences were found between the light conditions. 
The most reported complaints were “difficulty 
concentrating,” “difficulty focusing” and “eye fati
gue,” in line with the evaluation of the dynamic 
lighting in Giménez et al. (2017). However, in the 
current study the severeness was not significantly 
different in all three conditions. Based on 
Altomonte et al. (2016), we hypothesize that 
these negative experiences regarding the lighting 
may be explained by the general fatigue that was 
induced by the sleep restriction. Clearly, the sensa
tion of each new light setting was influenced by 
the prior light setting in such a way that the 
difference between the light conditions was ampli
fied and an “overshoot” in sensation occurred. 
This emphasizes the relative nature of our percep
tual system as was already described in Kompier 
et al. (2020). The temporal trajectories of both the 
visual color and the intensity sensation in compar
ison to visual acceptance and visual comfort 
further demonstrated the role of adaptation as 
was also discussed in Kompier et al. (2020, 2021). 
The visualization of the temporal trajectory of 
visual comfort demonstrated that in the bright 
light condition visual comfort increased after an 
initial drop and then stabilized rapidly. However, 
still the bright condition was consistently evalu
ated as less comfortable than the dim light condi
tion, which contrasts the review by Fotios (2017) 
who reported that illuminances below 300 lux 
were perceived at unpleasant. The graphical 
visualization of the repeatedly assessed visual 
experience highlights the added value of recur
rent measurements during a light condition in 
contrast with one-time retrospective measures.

When implementing recurrent measurements, 
the measurement interval should be carefully cho
sen. The interval should be short enough to get 
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detailed information about the temporal trajec
tory, yet long enough to overcome potential tem
poral response set bias. Previous studies have 
used measurement intervals of 13 to 20 min 
(Huiberts et al. 2015; Kompier et al. 2020, 2021; 
Smolders et al. 2012, 2016, 2018; Smolders and de 
Kort 2014, 2017). This study demonstrated that 
with a measurement interval of 10 min, the data 
still contains variance within experimental ses
sions. Repeated measurements are highly impor
tant for constant and fluctuating light conditions 
to gain detailed insights in the response 
dynamics. The decrease in acceptance for every 
subsequent bright light pulse in the intermittent 
condition was intriguing and underlines the care 
that is required when implementing dynamic 
light scenarios as these may compromise visual 
comfort (Aries et al., 2020; de Kort and Smolders 
2010; Iskra-Golec and Smith 2008). When solely 
looking at the main effects one may conclude that 
the intermittent condition was perceived more 
comfortable than the bright condition, but 
instead the repeated measures indicated that the 
bright light in the intermittent condition was 
evaluated as more uncomfortable than the static 
bright light. This might be (partially) attributed to 
the transition speed to the bright phase of the 
intermittent light. Even though the employed 
transition in this study spanned 2 s, slower tran
sitions may be required for such a large change in 
illuminance to diminish a drop in experienced 
visual comfort (Chraibi et al. 2019). Extreme 
care should be taken when using electric light 
fluctuations, as the bright light phases in 
a fluctuating light scenario may result in reduced 
visual comfort.

4.3. Reflections and implications

With intermittent bright light, we expected to be 
able to generate acute alerting effects, as preceding 
light exposure can alter the sensitivity to subse
quent light (Chang et al. 2011, 2013; te Kulve et al. 
2019). In this study, intermittent light could not 
improve momentary or overall alertness, which 
may be because of the dim light being too bright 
for the photoreceptors to recover and (partially) 
regain their sensitivity to light (Rimmer et al. 
2000), though Iskra-Golec and Smith (2008) 

found some alerting effects with pulses of 4000 
lux at the eye alternated with 300 lux at the eye 
in between pulses. Whereas the main aim of this 
study was to examine whether intermittent bright 
light would be able to exert alerting effects similar 
to the effects bright light can have (Huiberts et al. 
2015; Kaida et al. 2006; Kompier et al. 2021, 2020; 
Leichtfried et al. 2015; Phipps-Nelson et al. 2003; 
Smolders et al. 2012; Vandewalle et al. 2006), our 
results emphasized that bright light does not 
always generate alerting effects. While the research 
community is aware of the delicacy when it comes 
to these effects and still exerts great efforts to 
unravel the mechanism behind potential alerting 
effects of daytime light exposure (Lok et al. 2019), 
applications and lighting solutions have already 
been developed and are being advertised as solu
tions for dips in alertness.

Furthermore, an increasing amount of attention is 
being paid to the importance of integrative lighting, in 
which both visual experience, acute alerting and cir
cadian effects of light settings are combined to opti
mally benefit human users. This study demonstrated 
that bright light conditions, and especially transitions 
toward bright light, are perceived as less comfortable 
compared to continuous dim light. Rapid transitions 
to or from higher illuminances can even compromise 
user acceptance and comfort, and thus it is a risky 
undertaking to carelessly apply bright light at every 
opportunity to align the circadian rhythm or possibly 
increase alertness.

Third, comparisons of the trajectories of 
response parameters demonstrate the marked 
variability in response dynamics for different out
come measures. For instance, graphical visualiza
tions of trajectories for subjective sleepiness, vitality 
and calmness were quite similar, but clearly distinct 
from the response patterns related to task perfor
mance and skin conductance. All of these also dif
fered markedly from the response trajectories of 
visual sensation and visual comfort. These temporal 
dynamics can help in understanding processes, or 
at the very least they illustrate the diversity in 
underlying pathways. Similar to studies suggesting 
decoupling of the processes and pathways respon
sible for circadian phase shifting vs. melatonin sup
pression (Rahman et al. 2018) and for learning vs. 
mood (Fernandez et al. 2018), we argue that there 
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must be multiple pathways underlying the range of 
responses tracked in the current study (sensation 
vs. comfort vs. subjective alertness/vitality vs. mood 
vs. cognitive performance vs. physiological arou
sal). This warrants a word of caution against the 
overgeneralization of pathways as either being 
visual/image-forming or nonvisual/ non-image 
forming/ipRGC-influenced as this may result in 
overly simple solutions or rules of thumb for “inte
grative light” (CIE 2020).

The variance and dynamic nature of temporal 
responses also emphasize the importance of expli
citly considering the timing of measurements in 
research. Especially the comparison of the repeated 
measurements with the one-time, retrospective 
measure of visual experience illustrated that, when 
using a one-time measure, detailed insights in the 
development of the variable of interest might be 
missed. Furthermore, a multi-measure approach 
with repeated subjective, behavioral and physiolo
gical assessments identifies the (diversity in) 
response dynamics of light-induced responses.

4.4. Limitations and future research

A limitation to the current study is that all sessions 
were completed on one experimental day, and thus 
the effects were tested at different circadian phases 
and sleep pressure levels. Despite complete counter
balancing of the order of the conditions between 
participants, this may have induced additional varia
bility in the responses. However, also in real-life 
conditions circadian phase and sleep pressure at 
a given clock time will vary across individuals. 
Moreover, even when testing the different condi
tions on different days at the same internal (i.e. 
circadian) or external (i.e. clock) time, factors such 
as time spent outdoors, prior light exposure, or sleep 
quality of the night before the session might result in 
increased variability in the responses. Furthermore, 
the variable room temperature due to the use of 
fluorescent tubes to create the desired light settings 
may have resulted in additional variability in the 
data. Although we attempted to compensate the 
generated additional heat in the bright light settings 
with the use of air-conditioning, the temperature 
was not entirely stable within and between experi
mental sessions and conditions. The temperature in 
the room was continuously monitored and the 

variability in the temperature was accounted for 
statistically in the analyses by including the room 
temperature of every assessment as a covariate in the 
models, yet still room temperature may have 
masked effects of the light conditions.

5. Conclusion

In this study, intermittent light did not generate 
alerting effects compared to continuous dim light, 
yet neither did continuous bright light. Even 
amongst partially sleep deprived participants, expo
sure to 1000 lux for one-and-a-half hours 
(ED65

mel = 624 lux) was not enough to decrease self- 
reported sleepiness or increase task performance or 
physiological arousal. Whereas the circadian benefits 
of daytime light exposure are well established 
(Boubekri et al. 2014; Brown et al. 2022; Hébert 
et al. 2002; Papatsimpa et al. 2021; Schlangen and 
Price 2021; White et al. 2013), further research is 
needed to identify under exactly which circum
stances light is able to acutely improve daytime alert
ness. Moreover, the ambition to strive for integrative 
lighting dictates that the visual experience of light 
should be explicitly considered as well. The graphical 
visualizations emphasized the importance of 
repeated assessments timed deliberately in the mea
surement protocol, not only throughout one light 
setting but also during the transition into a new 
light setting, as the only way to gain insight in the 
comprehensive experience of a light condition. 
A detailed exploration of such dynamics will help 
to further characterize and understand the marked 
variability in the neural mechanisms underlying 
light-induced responses. Furthermore, when 
employing bright light in daytime contexts with the 
aim to increase alertness, visual quality and comfort 
of the lighting conditions (and their transitions) 
should be sufficiently secured.
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