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Introduction: Light’s non-visual effects on the biological clock, cognitive 
performance, alertness, and mental health are getting more recognized. These 
are primarily driven by blue light, which triggers specific retinal cells containing 
melanopsin. Traditionally, research on light has relied on correlated color 
temperature (CCT) as a metric of its biological influence, given that bluer light 
corresponds to higher Kelvin values. However, CCT proves to be an inadequate 
proxy of light’s biological effects. A more precise metric is melanopic Equivalent 
Daylight Illuminance (mel-EDI), which aligns with melanopsin spectrum. Studies 
have reported positive cognitive impacts of blue-enriched white light. It’s unclear if 
the mixed results are due to different mel-EDI levels since this factor wasn’t assessed.

Method: Given recent recommendations from experts to aim for at least 250 mel-
EDI exposure daily for cognitive benefits, our aim was to assess if a 50-minute 
exposure to LED light with 250 mel-EDI could enhance concentration and alertness, 
without affecting visual performance or comfort compared to conventional lighting 
producing around 150 mel-EDI. To ensure mel-EDI’s impact, photopic lux levels were 
kept constant across conditions. Conditions were counterbalanced, parameters 
included subjective sleepiness (KSS; Karolinska Sleepiness Scale), concentration (d2-
R test), visual performance (FrACT; Freiburg Visual Acuity and Contrast Test), general 
appreciation (VAS; Visual Analogous Scale), preferences and comfort (modified OLS; 
Office Lighting Survey).

Results: The experimental light significantly reduced sleepiness (p  =  0.03, 
Cohen’s d  =  0.42) and also decreased contrast sensitivity (p  =  0.01, Cohen’s 
d  =  0.50). The conventional light was found to be more comfortable (p  =  0.002, 
Cohen’s d  =  0.62), cheerful (p  =  0.02, Cohen’s d  =  0.46) and pleasant (p  =  0.005, 
Cohen’s d  =  0.55) while the experimental light was perceived as brighter 
(p  =  0.004, Cohen’s d  =  0.58) and tended to be more stimulating (p  =  0.10). 
Notably, there was a preference for conventional lighting (p  =  0.004, Cohen’s 
d=0.56) and concentration was equally improved in both conditions.

Discussion: Despite the lack of further improvement in concentration from 
exposure to blue-enriched light, given the observed benefits in terms of 
vigilance, further research over an extended period would be justified. These 
findings could subsequently motivate cognitive optimization through lighting 
for workers that would benefit from artificial lighting such as in northern regions.
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1 Introduction

The significance of light extends beyond vision to influencing our 
biological clock, cognitive abilities, alertness, sleep, and overall well-
being (1–3). These non-visual effects are particularly driven by blue 
light, stimulating a subset of intrinsically photosensitive retinal 
ganglion cells (ipRGCs) that contain the photopigment melanopsin 
(4–7). However, in modern settings where many work indoors under 
artificial lighting, there’s a risk of blue light deficiency, especially for 
night shift workers and those in high-latitude regions with limited 
natural daylight (8–10). The availability of natural daylight 
significantly diminishes during winter in northern regions like 
Nunavik, positioned above 55°N latitude, where light availability is 
just over 5 h compared to 9 h in Montreal (11, 12). Indigenous 
populations in Arctic areas may adapt better to these seasonal changes 
through increased outdoor activity, but fly-in fly-out workers, often 
indoors for extended periods, may face a deficit in blue light exposure. 
This deficiency can notably impact their biological clock entrainment, 
cognitive performance and overall well-being (10, 13).

Most studies investigating light’s non-visual effects have relied 
widely on correlated color temperature (CCT), measured in Kelvin, to 
gauge its biological impact. CCT essentially reflects the color of light 
emitted by a heated black body; the higher the CCT, the bluer the light 
appears (14). However recent findings from Esposito and Houser (15) 
indicate that CCT is not a reliable measure of light’s biological potency. 
A more recent advancement is the measurement of melanopic lux, 
which aligns with the sensitivity spectrum of intrinsically 
photosensitive retinal ganglion cells (ipRGCs) (16). Unlike traditional 
photopic lux, which pertains to vision-related photoreceptors, 
melanopic lux represents a new frontier in evaluating light’s circadian 
effects. The current recommendation suggests exposure to at least 250 
lux of melanopic Equivalent Daylight Illuminance (mel-EDI) during 
daylight hours (17, 18).

In an effort to better stimulate the melanopsin system, blue-
enriched white lights have been developed and tested over the years. 
Viola et al. (19), compared office workers on one floor exposed to 
conventional fluorescent lighting (4,000 K) with another floor exposed 
to blue enriched white light (17,000 K). After one month of exposure, 
they observed a significant improvement in alertness, mood, 
performance, and concentration, as well as a decrease in evening 
sleepiness, irritability, and eye discomfort with the 17,000 K lighting. 
Keis et al. (20) studied the acute and chronic effects of blue-enriched 
white light in students’ performance. Results showed that compared 
to the group exposed to conventional lighting (3,000 K), the group 
exposed to 5,500 K for 45 min experienced enhance concentration 
performance, whereas long-term exposure (5 weeks) led to improved 
cognitive speed performance. A study conducted in Malaysia with 47 
medical students yielded intriguing results in terms of subjective 
preference versus performance and alertness levels. After a 50-min 
exposure, performance levels and subjective alertness were 
significantly higher under 6,500 K lighting, followed by 4,000 K 

lighting, when compared to 3,000 K lighting. Interestingly, despite the 
superior cognitive performance observed under the cooler lighting 
temperature, students expressed a preference for the 4,000 K lighting, 
primarily due to its enhanced visual comfort (21). Choi et al. (22) 
demonstrated that exposure to 6,500 K LED lighting as opposed to 
3,500 K LED lighting, led to a reduction in sleepiness among university 
students after 60 min of exposure. Similarly, Shamsul et al. (21) also 
showed in university students exposed to different lighting, provided 
with a virtual reality headset representing an auditorium, that a 
6,500 K environment resulted in superior attention and memory 
performance after 60 min of exposure, compared to 4,000 K or 3,000 K 
lighting. Collectively, these studies suggest a consistent alignment in 
indicating that blue-enriched light can yield to beneficial effects, even 
under short term exposures. This conclusion is further reinforced by 
a recent meta-analysis which emphasizes that exposure to high 
correlated color temperature (kelvin) lighting during the day enhances 
both subjective and objective arousal (23).

While CCT provides a visual indication of how yellow or blue a 
light source appears, it does not accurately quantify melanopic lux 
levels, as discussed earlier. This means that lighting sources with the 
same CCT values may affect ipRGCs differently. In contrast, melanopic 
Equivalent Daylight Illuminance (mel-EDI) offers a more precise 
metric that directly corresponds to the stimulation experienced by 
ipRGC photoreceptors (15, 24). Despite the widespread use of Kelvin 
as a proxy for characterizing light, the limitations highlighted here 
underscore the necessity of adopting mel-EDI, particularly in 
emerging clinical trials where precise biological impact assessment is 
crucial (15, 24, 25). Additionally, inconsistencies in maintaining 
constant photopic lux levels across different lighting conditions 
further complicate attributing observed effects solely to melanopic lux, 
considering that photopic lux can also influence cognitive 
performance (26).

Additionally, while blue-enhanced lighting has shown positive 
effects, there is a noted preference for conventional fluorescent lamps 
over the bluish appearance created by these lights, as indicated by 
Shamsul et al. (21). This decrease in satisfaction could potentially 
impact the quality of work life for workers and consequently affect 
their efficiency (27). The emergence of LED (light-emitting diode) 
lighting technology now allows for achieving a whiter appearance 
despite higher melanopic levels. LED lighting naturally includes a 
peak in the blue range (around 460 nm), closely matching the 
sensitivity peak of melanopsin cells (at 480 nm), while also emitting in 
the green and red wavelengths, resulting in a more natural-looking 
light. In fact, a study has demonstrated a short-term improvement in 
alertness and a preference for an LED-lit environment over a compact 
fluorescent-lit environment, regardless of cool or warm lighting (28).

We aimed to assess the impact of LED-based lighting with a 
melanopic EDI of 250 lux compared to lower levels (around 100 lux) 
on cognitive function during a 50-min exposure. Both lighting setups 
were achieved using LED fluorescent-like office lighting (5,000 K) and 
conventional fluorescent lighting (3,500 K), with consistent photopic 
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lux levels. Our goal was to show that the higher melanopic EDI could 
enhance concentration and arousal without affecting visual comfort, 
acuity, or contrast perception.

2 Materials and methods

2.1 Study population

This crossover repeated-measures experimental study design 
involved 30 healthy adults (19 females, mean age = 23.4 years, range 
19–33 years). The sample size was representative of the university 
population, where recruitment was easier. The young age groups 
helped to reduce age-related yellowing of the lens of the eye which 
could increase the variability in terms of retinal light response to 
enhanced blue white light (29).

The first experimental condition was randomly drawn and though 
participants were informed on the objectives of the study, they had no 
intake on which room corresponded to the blue-enriched lighting. 
Exclusion criteria were: Dyslexia—Presence of a major psychiatric 
diagnosis (schizophrenia or other psychotic affective disorder, 
bipolar, depression)—Being diagnosed with retinal disease 
(uncorrectable  20/20 vision, macular degeneration, cataracts, 
glaucoma, diabetic retinopathy, etc.), while wearing glasses was not an 
exclusion factor.—Any disability that may prevent completion of the 
procedure (brain injury within the last three months or head trauma 
requiring consultation)—Pregnant women—Night shift workers 
(unless inactive for the last two months)—Recent travel to a location 
more than two time zones within the last month—Taking medication 
(including antihistamines) that may impact alertness levels. 
Participants who consume caffeine, alcohol, cannabis, and tobacco 
were not excluded, but were instructed not to use any on the day of 
the assessments. This approach aimed to isolate the effects of lighting 
stimulation from the potential influence of other exogenous 
substances. While regular caffeine drinkers might experience an 
impact on their performance, replicating this criterion on both 
examination days enabled us to assess the effects without the 
confounding influence of other substances. This strategy contributes 
to a more focused examination of the specific impact of light exposure 
on cognitive performance and perception. Any other drug use, 
however, was an exclusion criterion. Each participant signed a consent 
form approved by the Centre Intégré Universitaire de Santé et des 
Services Sociaux de la Capitale-Nationale (CIUSSS-CN) Neuroscience 
and Mental Health Research Ethics Committee.

2.2 Study design

The data collection spanned 6 weeks from mid-November to end 
of December 2021 in Quebec City, with sessions conducted between 
8 am and 6 pm through the day. All participants were exposed to the 
two lighting conditions (experimental, LED blue-enriched white light 
at 5000 K and control current office fluorescent white light at 3,500 K) 
in a counterbalanced order. Each exposure was performed on a 
different day to avoid any carry-over effect but at the same time of day, 
to counteract any circadian influence on variables such as mood and 
arousal (30). Participants were asked to have a minimum of 1 day and 
a maximum of 31 days between the two exhibitions. Light exposure 

took place in two adjacent rooms, which were freshly painted in white 
prior to the experiment. Each session began with a 20-min period in 
which the participant was exposed to very dim (about 25 lux, 3,000 K) 
non-stimulating lighting while completing descriptive questionnaires. 
This period was considered a pre-lighting condition, allowing for a 
reset of the ipRGC stimulation and thus creating a similar baseline for 
each trial day. The rationale behind the 20-min period is in line with 
the brain activation theory where 20 min of exposure would 
be sufficient to activate both cortical and subcortical brain regions 
(3, 31). We  therefore assumed that 20 min in dim light would 
be sufficient to deactivate the retinal melanopsin cells. Following the 
pre-condition period, the participants were exposed to one of the two 
lighting conditions for 50 min.

2.3 Room description

The dimensions of the control condition room were 2.83 m × 3.00 m, 
which was very similar to the experimental room 2.83 m × 2.62 m. None 
of the rooms had windows. The office furniture (brand new) in each 
room was the same and positioned in the same way, so that the exposure 
to light was similar and the walls remained bare, to limit the qualitative 
influence of a certain type of decor on the overall assessment of the 
lighting environment evaluated by the questionnaire. Finally, the wall 
color of each room was white (reflectance about 80%) to limit the 
absorption of light by a particular color. Even though the arrangement 
of the desks and the lack of windows does not comply with architectural 
and ergonomic standards, this arrangement permitted to have a perfect 
control over the lighting with no interference from natural light.

2.4 Lighting

Lighting was provided by two ceiling panels consisting of four 4-foot 
light tubes. In the control condition room, the current light fixtures were 
3,500 K E-Lume® (32) fluorescent tube that yielded to 897 lux (horizontal 
plane), and 335 lux and 159 mel-EDI (vertical plane). In the experimental 
room, the conventional fluorescents were replaced with 5,000  K 
Ecosmart® (33) LED retro-fit tubes that yielded to 837 lux (horizontal 
plane) and 345 photopic lux and 263 mel-EDI (vertical plane). Therefore, 
each room provided roughly the same amount of photopic lux, but 
different mel-EDI levels, with one about 100 mel-EDI below the 
recommended standard and the other meeting the standards of 250 
mel-EDI. Light spectra irradiance were assessed (vertical plane) with the 
Ocean Insight © spectrometer HR4000 High Resolution (Peabody, MA) 
(34) and then entered in the CIE toolbox to derive α-opic EDI (lx) 
illuminances (25). Photopic lux was measured with the ILT5000 research 
radiometer (International Light technologies, Peabody, MA). 
Measurements were taken 1.2 m from the ground (4 feet) in the vertical 
plane for the spectra and photopic lux (35), and in the horizontal plane 
at 0.76 m from the ground for the photopic measurement only (36).The 
LED lighting was chosen on the basis that it was commercially available 
from various hardware stores. Table 1 depicts the α-opic EDI illuminance 
(lx) for each light condition and Figure 1 represents the α-opic spectra 
of each room, both obtained with the CIE toolbox (25). For the 
pre-condition lighting, we used an auxiliary lamp attached to the desk 
(DAZZNE®, Longhua District, Schenzen) programmed at 3000 K and 
50% light power to expose participants to about 25 photopic lux and 10 
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mel-EDI. The low light intensity used for the neutral condition period 
was chosen to be  sufficient to complete questionnaires without 
stimulating the melanopsin ipRGCs (17). The advantage of LED light is 
that it produces a peak in the blue spectrum that closely match the 
melanopsin cells peak sensitivity and should therefore be very effective 
in stimulating the melanopsin system while maintaining a whiter 
looking color. See Figure 2 for the visual impact of both lightings in the 
different rooms. These lights also consume less energy (20 watts versus 
32 watts) and have a longer life span (36,000 h versus 30,000 h for 
conventional fluorescents). These characteristics make them a wise 
choice in an energy-efficient context for future applications in the Far 
North [for instance (37)].

2.5 Variables

The independent variable corresponds to the measurement in 
mel-EDI of each lighting. The primary dependent variables 
correspond to the measures of concentration and arousal. These are 
indeed the two variables of primary interest that we hypothesized 

would improve significantly more in the experimental lighting when 
compared to conventional lighting. The secondary variables concern 
visual acuity, contrast perception and general appreciation of the 
environment. The vision related variables, while being of interest, were 
not expected to yield to any difference between the control and 
experimental lighting. In addition, these tests contributed to fill-up 
the time during light exposition without increasing the mental load. 
Information on the appreciation of the room was a relevant variable 
to collect to verify if the experimental environment with blue-enriched 
white light receives the same appreciation as the conventional 
fluorescent lighting room.

2.6 Tests and questionnaires

2.6.1 Descriptive questionnaires
Participants completed a set of baseline questionnaires during the 

pre-condition lighting period. The first session assessed vulnerability 
to seasonal affective disorder (SAD) using the Seasonal Assessment 
Questionnaire (38) a screening tool used in research. Those with a 

TABLE 1 Photopic lux and α-opic EDI illuminance for each light condition (vertical plane).

Condition Photopic lux S-cone-opic M-cone-opic L-cone-opic Rhodopic Melanopic

Pre-condition 23.1 7.4 18.5 23.5 13.0 11.1

CTL (3,500 K) 335.0 129.6 276.5 336.1 189.8 158.8

EXP (5,000 K) 344.0 281.0 322.00 341.0 279.2 263.0

Bold values means key value of our project.

FIGURE 1

α-opic spectra calculated from CIE toolbox. Top represents the control room (3,500  K, ~150 mel-EDI), bottom represents experimental room (5,000  K, 
~260 mel-EDI).
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score of 11 or higher, perceiving seasonal changes as problematic and 
feeling worse in January and/or February, were considered to have a 
vulnerability to SAD (39, 40). Additionally, participants completed the 
Horne & Östberg Circadian Typology Questionnaire (41), which 
collects information about the participant’s chronotype. The second 
session measured sleep quality over the past month with the Pittsburg 
Sleep Quality Index (42), and excessive daytime sleepiness, also over 
the past month, with the Epworth Sleepiness Scale (43). These 
questionnaires were chosen to determine whether they could 
potentially be used as covariates. In addition, these questionnaires 
allow us to characterize our sample group.

2.6.2 Subjective alertness
To assess the level of arousal, the Karolinska Sleepiness Scale (KSS) 

was used. It was designed to assess sleepiness (44) and has been validated 
to assess alertness and vigilance in sleep deprivation and performance 
assessment contexts (44–46). It is composed of a Likert scale of 9 items. 
A score of 1 corresponds to “Extremely alert,” whereas a score of 9 
corresponds to “Very sleepy, great effort to keep awake, fighting sleep.”

2.6.3 Concentration
The d2-R test assesses the participants’ concentration. For this test, 

658 items are distributed in 14 rows. The items consisted of the letter 
“d” or the letter “p” with one to four dashes distributed either above or 
below the letter. The participant had to identify the “d” with 2 dashes 
(either one above and one below, or 2 below, or 2 above). They had 20 s 
per row to identify all the correct items, with a total of 14 rows 
(47–49). This test resulted in two different indicators that were then 
used in the analysis. On the one hand, the concentration performance 
(CC) corresponded to the subtraction of the number of errors from 
the total number of correctly identified items. On the other hand, the 
measurement of the error rate (E%) corresponded to the proportion 
of errors in the total number of items analyzed.

2.6.4 Visual performance
Visual performance was assessed using the Freiburg Visual Acuity 

and Contrast Test (FrACT), which assesses visual acuity as well as 
contrast perception, using Landolt rings (50, 51). This test was 
performed on a tablet device with the necessary calibration available 

on the website. Both visual acuity and contrast perception were tested 
using a sequence of Landolt rings which varied in orientation and 
participants were asked to identify this orientation. For visual acuity, 
the size of the rings was altered and resulted in a LogMAR score 
(MAR = minimal angle of resolution), which was used in the analysis. 
Contrast perception was measured by varying the gray shades of the 
rings, resulting in a LogCS value used in the analysis later.

2.6.5 Visual comfort and preferences assessment
The Office Lighting Survey is a questionnaire created and 

validated (52) to determine participants’ preferences and visual 
comfort with workplace lighting. Shamsul et al. (21) used the modified 
version of the Office Lighting Survey, in order to observe a significant 
difference in the appreciation of the different lightings as well as in the 
visual comfort. We  used this questionnaire, with the same rating 
system but translated in French, using DeepL translator1 and further 
validated by two native French speakers (53). This self-administered 
questionnaire allows participants to indicate to what extent they agree 
or disagree with different statements about lighting, resulting in two 
total scores: the preference score and the comfort score.

2.6.6 General lighting appreciation
The second section contained five analogous 100 mm visual scales 

opposing two adjectives to show the general trend of lighting 
perception (glaring vs. comfortable, sad vs. cheerful, pleasant vs. 
unpleasant, sleep-inducing vs. stimulating and dark vs. bright). These 
analogous scales were based on the questionnaire used by Arsenault 
et al. (54) when assessing the impact of window glazing.

2.7 Study procedure

Each session was conducted in two phases. The first was the 
20-min pre-condition period when the descriptive questionnaires 
were administered. Then, the 50-min light exposure was used to 

1 www.deepl.com/translator

FIGURE 2

Comparison of the room illuminated by fluorescent lighting (~150 mel-EDI) (A) with the room illuminated by LEDs (~260 mel-EDI) (B) used in this 
study. Photo credit Rose Turgeon.
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administer the various tests. After the first few minutes of light 
exposure, the participants took the KSS test once to obtain a baseline 
value of their sleepiness. Then, they performed the d2-R test to 
obtain a baseline value of their concentration performance. 
Afterwards, their visual performance was evaluated with the FrACT 
test followed by a 20-min period during which they were allowed to 
read magazines. They were then given the two appreciation 
questionnaires. The session ended with a second evaluation of the 
d2-R test and KSS test. Figure  3 provides a visual summary of 
the protocol.

3 Analysis

3.1 Questionnaires

Three fixed factors were considered in the analyses: Group: Gr 1: 
participants who began with condition A (n1 = 15); Gr 2: participants 
who began with condition B (n2 = 15). Condition: A: Control lighting 
with conventional fluorescent light (3,500 K, ~150 mel-EDI); B: 
Experimental lighting with LED blue-enriched white light (5,000 K, 
~260 mel-EDI). Time: Pre: at the beginning of the exposure to the 
condition; Post: at the end of the 50-min exposure to the condition. 
Table 2 summarizes the items (mean and standard error) found in 
each of the questionnaires.

3.2 Subjective alertness

The factors time and condition were used as repeated 
measures to establish a possible correlation between the 
observations made on the same participant. Thus, a 3-factor 
ANOVA with repeated measures was used. We had to remove two 
participant’s data since they were considered as extreme values 
((i.e., x > percentile 75 + 1.5(percentile 75-percentile 25) OR 
x < percentile 25–1.5 (percentile 75-percentile 25)) to allow a 
normal distribution.

3.3 Concentration

The factors condition and time were again used in this 3-factor 
ANOVA with repeated measures. Both scores, concentration capacity 
(CC) as well as error rate (E%) were analyzed.

3.4 Visual performance

A 2-factor repeated measures ANOVA was used, where the 
condition factor was considered to establish a potential effect on 
the same participant. Contrast Sensitivity (in LogCS) and visual 
acuity (logMAR) were analyzed. One participant’s results were 
removed from the visual acuity analysis, as they were extreme 
values, which was calculated in the same way as for the subjective 
alertness state.

3.5 Subjective preference and visual 
comfort using the OLS-modified scale

The condition factor was used as a repeated measure in the 
2-factor ANOVA with repeated measures. The total preference score 
along with the comfort score were analyzed.

3.6 General lighting appreciation using the 
VAS scale

Again, the condition represented the factor used as a repeated 
measure in this 2-factor ANOVA with repeated measures. Each of the 
Visual Analogue Scales (VAS) was analyzed individually.

All the ANOVAs with repeated measures were performed using 
the MIXED procedure of SAS/STAT software (Version 9.4; SAS 
Institute Inc., Cary, NC). The graphics in this work were generated 
using GraphPad Prism 9.3.0 (345) in Viewer mode. GraphPad Prism 
is a product of GraphPad Software, LLC.

4 Results

Table 2 summarizes the items (mean and standard error) found in 
each of the questionnaires.

4.1 Descriptive questionnaires

The average number of days between trials was 3 days with a range 
of 1–9 days. Sex was not equally distributed with almost twice as many 
women (N = 19) than men (N = 11), but there was no difference in age 
between sexes (t-test, p = 0.22). The results of the circadian typology 

FIGURE 3

Visual representation of the study procedure.
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show that 63% of the participants belonged to the “neither morning 
nor evening” category and none of them were in the frankly morning 
or frankly evening categories. Seasonal affective disorder (SAD) 
vulnerability was present in 23% of our participants while 33% had 
excessive daytime sleepiness on the Epworth Sleepiness Scale and 20% 
had sleep disturbance on the PSQI. None of these findings, however, 
had a significant impact on the test scores (KSS, d2-R, FrACT, 
OLS-modified and VAS) in the ANOVA analysis with repeated 
measures adjusted for co-variables.

4.2 KSS

Both lighting conditions yielded to some improvement in alertness 
over the 50-min light exposure, but reach significance only 
in the experimental light condition (p = 0.03, Cohen’s d = 0.42) 
(Figure 4).

TABLE 2 Summary of results (mean and standard error) found in each of the tests and questionnaires.

Lighting conditions

Condition Mean SEM N

CC score d2-R Pre Control (3,500 K, 159 mel-EDI) 183.90 7.0184 30

Experimental (5,000 K, 263 mel-EDI) 189.27 7.8943 30

Post Control (3,500 K, 159 mel-EDI) 211.03 6.1049 30

Experimental (5,000 K, 263 mel-EDI) 210.13 6.9662 30

E% Score d2-R Pre Control (3,500 K, 159 mel-EDI) 8.3212 1.5644 29

Experimental (5,000 K, 263 mel-EDI) 7.3639 1.4325 29

Post Control (3,500 K, 159 mel-EDI) 7.9747 1.3803 29

Experimental (5,000 K, 263 mel-EDI) 7.4380 1.2689 29

KSS Score Pre Control (3,500 K, 159 mel-EDI) 4.2382 0.349 28

Experimental (5,000 K, 263 mel-EDI) 4.4882 0.3608 28

Post Control (3,500 K, 159 mel-EDI) 3.9167 0.3441 28

Experimental (5,000 K, 263 mel-EDI) 3.881 0.3561 28

Visual Performance Visual Acuity Control (3,500 K, 159 mel-EDI) −0.1185 0.01924 29

Experimental (5,000 K, 263 mel-EDI) −0.1079 0.02048 29

Contrast Perception Control (3,500 K, 159 mel-EDI) 1.7767 0.02381 30

Experimental (5,000 K, 263 mel-EDI) 1.6897 0.03287 30

Modified-OLS Preference Control (3,500 K, 159 mel-EDI) 13.9167 0.5081 30

Experimental (5,000 K, 263 mel-EDI) 11.7833 0.7068 30

Comfort Control (3,500 K, 159 mel-EDI) 11.7176 0.6258 30

Experimental (5,000 K, 263 mel-EDI) 10.8833 0.5102 30

General appreciation

A high score shows a 

tendency towards the 

second adjective named 

in each question

Glaring vs. 

Comfortable

Control (3,500 K, 159 mel-EDI) 63.9167 4.9507 30

Experimental (5,000 K, 263 mel-EDI) 43.0167 5.2434 30

Sad vs. Cheerful Control (3,500 K, 159 mel-EDI) 69.8000 3.6932 30

Experimental (5,000 K, 263 mel-EDI) 56.3000 5.3507 30

Unpleasant vs. Pleasant Control (3,500 K, 159 mel-EDI) 70.7500 4.4178 30

Experimental (5,000 K, 263 mel-EDI) 51.8333 5.9739 30

Sleep-inducing vs. 

Stimulant

Control (3,500 K, 159 mel-EDI) 80.9167 2.9166 30

Experimental (5,000 K, 263 mel-EDI) 86.2667 3.2692 30

Dark vs. Bright Control (3,500 K, 159 mel-EDI) 88.4333 2.0627 30

Experimental (5,000 K, 263 mel-EDI) 95.3167 1.3023 30

FIGURE 4

Subjective sleepiness scale (KSS) according to condition and time. 
Because the KSS score is such that a state of alertness corresponds 
to a lower score, the y-axis has been reversed to be visually intuitive 
to readers. The p-values shown are the changes over time under 
each condition.
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4.3 Concentration capacity (CC score)

Subjects significantly improved their concentration performance 
at the end of the 50-min exposure in both conditions (p < 0.0001) with 
no significant difference between conditions (p = 0.79), as shown in 
Figure 5.

4.4 Error rate (E%)

One participant’s results had to be removed because all data were 
outliers. No factor demonstrated a statistically significant change over 
the 50-min exposure. Thus, participants did not improve by time nor 
condition (p = 0.40 and p = 0.97, respectively).

4.5 Visual acuity

No statistically significant difference was shown between the two 
conditions during the 50-min light exposure (p = 0.61).

4.6 Contrast sensitivity

When exposed to the experimental, blue-enhanced light (5,000 K, 
~260 mel-EDI), participants performed significantly worse on the 
contrast perception test when compared to their performance 
in the control lighting (3,500 K, ~150 mel-EDI) (p = 0.01, Cohen’s 
d = 0.50).

4.7 Subjective preference

Participants significantly preferred the control room (3,500 K, 
~150 mel-EDI) compared to the experimental lighting (5,000 K, ~ 260 
mel-EDI) (p = 0.004, Cohen’s d = 0.56), as shown in Figure 6. However, 
a positive interaction was noted regarding the order of exposure. Thus, 
participants who started with the experimental condition tended to 
increase the preference score when they were asked to evaluate the 
control room to which they were exposed secondly (p = 0.07). Figure 7 
illustrates this interaction.

4.8 Visual comfort

The last question of the questionnaire was not considered since it 
involved difficulty reading items on the screen. Since the only test 
required on-screen was visual performance, this question was 
inapplicable with the setup of our study. Overall, there was no 
significant difference between the two conditions for visual comfort 
(p = 0.17).

4.9 General lighting appreciation

The control fluorescent-lit room (3,500 K, ~150 mel-EDI) was 
found to be  significantly more comfortable (p = 0.002, Cohen’s 
d = 0.62), more cheerful (p = 0.02, Cohen’s d = 0.46) as well as more 
pleasant (p = 0.005, Cohen’s d = 0.55). The experimental LED room 
(5,000 K, ~260 mel-EDI) was perceived as brighter (p = 0.004, Cohen’s 
d = 0.58) and tended to be perceived as more stimulating (p = 0.10). In 
terms of the degree of pleasantness as well as the degree of cheerfulness 
rated by participants, a positive interaction was noted in relation to 
the order in which they were exposed. Similarly, to the lighting 
preference noted in the modified OLS questionnaire, participants who 
started with the experimental condition tended to rate a higher level 

FIGURE 5

Concentration capacity in d2-R test according to condition and time. 
p-values shown correspond to changes over time under each 
condition.

FIGURE 6

Preference score using the modified-OLS between both conditions.

FIGURE 7

Preference score using the modified-OLS related to order of 
passage.
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of pleasantness for the control room on their second encounter 
(p = 0.03). The same goes for the level of cheerfulness (p = 0.01).

5 Discussion

The present study shows that a short exposure to ~260 mel-EDI 
(5,000 K) results in a significant improvement in the subjective state 
of alertness, with a tendency to perceive it as more stimulating, as 
expected. On the other hand, ~150 mel-EDI (3,500 K) was found to 
be more comfortable, pleasant, and cheerful. However, concentration 
was not further improved by exposure to light meeting mel-EDI 
standards when compared to conventional lighting.

The finding on subjective alertness using the KSS is consistent 
with prior research indicating heightened alertness after a 60-min 
exposure to 6,000 K lighting (21, 22). However, the effect size observed 
in our study, falling within the moderate range, suggests that while 
statistically significant, the practical impact of this reduction in 
sleepiness may be  modest. This could partly account for why 
concentration (CC) did not show further improvement in the blue-
enriched light condition. It’s plausible that the difference in mel-EDI 
was not significant enough, or that the concentration enhancement 
wasn’t solely due to lighting conditions but could be influenced by a 
learning effect or a deeper task understanding. To address this, 
implementing a training task during the pre-condition period or on 
the previous day could have minimized these factors in subsequent 
performance. Our study contrasts with another study where 
concentration task improvement was more pronounced after short 
exposure to blue-enriched lighting compared to traditional lighting 
(20). Notably, their study design differed, lacking a cross-over design 
and having varied group sizes and ages. Moreover, details on the 
photopic lux level for each lighting condition were unavailable, unlike 
our study where photopic lux levels were kept similar. This difference 
in photopic lux levels could also contribute to variations in 
concentration task outcomes (20).

The visual analog scales provided subjective insights into the two 
illuminations. Specifically, the experimental LED lighting (5,000 K, 
~260 mel-EDI) was perceived as brighter and more stimulating, 
aligning with the subjective feeling of cognitive stimulation also 
captured by the KSS. However, the modified OLS questionnaire 
revealed a preference for the control lighting (3,500 K, ~150 mel-EDI) 
over the experimental lighting (5,000 K, ~260 mel-EDI). This 
preference echoes findings from previous studies (21) where higher 
CCT lightings were generally disliked. Similarly, studies have shown a 
preference for 4,000 K lighting over 5,000 K and 3,000 K, although these 
comparisons were within fluorescent lamps (55). We aimed for the 
LED light (5,000 K) to approximate the usual color temperature 
(3,500 K-4000 K) to ensure equivalent appreciation for both lights. Our 
rationale for using LED was based on its spectrum, which balances the 
short-wave peak stimulating melanopsin with longer wave peaks 
(red-green). This concept aimed for a comprehensive approach where 
sufficient mel-EDI stimulation could be achieved while maintaining 
illumination equivalent to usual lighting in terms of photopic lux. 
Moreover, existing evidence indicates that LED lighting (trial of 2 h) is 
generally preferred and provides greater comfort compared to both 
fluorescent lighting with the same CCT (6,500 K) and conventional 
fluorescent lighting with a CCT of 3,500 K (28).

Moreover, blue-enhanced lighting provides was also perceived as 
more sad, unpleasant, and glaring. These adjectives therefore match 

the lowest preference score for experimental lighting found in the 
modified OLS questionnaire. The fact that the group that was first 
exposed to the experimental (5,000 K, ~260 mel-EDI) lighting showed 
a greater representation of the “happy” and “pleasant” aspects of the 
control (3,500 K, ~150 mel-EDI) lighting when compared to the group 
that started with the conventional lighting clearly indicates that a 
comparison (even not on the same day) allows for a more accurate 
overall assessment. This finding also correlates with the significantly 
increased preference of conventional lighting (in the modified-OLS 
questionnaire) in the group exposed to it in the second session 
compared to the group exposed to it in the first session.

Visual comfort was however similar in both conditions, which is 
consistent with similar studies (21, 56). Moreover, no difference in 
visual acuity was demonstrated, which is consistent with our initial 
hypothesis. Since photopic lux represents the light intensity 
stimulating the receptors responsible for vision, it stands to reason 
that our two conditions provided proper stimulation of the visual 
system (57). It should also be  noted that the WELL standards 
recommend a minimum horizontal illuminance of 300 photopic lux 
(horizontal plane) to maintain adequate visual acuity (36). Given that 
the horizontal illuminance was similar between conditions (i.e., 897 lx 
for 3,500 K and 837 lx for 5,000 K), it is not surprising to observe no 
significant difference in the visual acuity task between both conditions 
(36). However, our ability to see depends not only on visual acuity but 
also on the ability to perceive contrast. Therefore, the poorer contrast 
perception in the blue-enhanced white light condition is contrary to 
our hypothesis. This finding may be related to the fact that participants 
found this lighting subjectively too bright due to the increased 
presence of blue wavelengths. Since the assessment of contrast 
perception was always performed after the assessment of visual acuity, 
it is possible that some ocular discomfort due to the sensation of glare 
may have affected contrast perception (58). Recent studies suggest that 
a reduction in contrast sensitivity of 0.3 logCS units would be consider 
to have a clinically significant impact on the contrast perception task 
(59). Thus, it appears that our mean reduction of 0.087 logCS, 
although statistically significant with moderate effect size, does not 
reach clinical significance. It should be noted that the exposure time 
was quite short, so we cannot speculate what would happen after a full 
day of working.

6 Limitations

6.1 Factors contributing to general 
appreciation

Although our short exposure study seems to favor the use of 
conventional fluorescent light, it would be interesting to evaluate the 
general appreciation of an environment lit by a blue-enriched LED 
light over a longer period as done by Viola et al. (19). In this way, 
participants would have more time to accustom themselves to the 
lighting and potentially improving appreciation for it, as was shown 
in their study. Moreover, a more recent study comparing a 130-min 
exposure to 5,700 K and 2,700 K demonstrated improved arousal and 
attention performance under 5,700 K compared to 2,700 K, though 
without a significant impact on visual comfort. In fact, participants 
reported fewer eye-related symptoms under 5,700 K lighting (56). In 
addition, it is possible that the high reflectance of the white walls 
(about 80%) had an impact on the overall appreciation of the lighting. 
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Indeed, it seems that white walls allow a better appreciation of warm 
colored lighting (lower CCT), while blue painted walls allow a better 
appreciation of cold colored lighting (higher CCT), which would 
explain why participants preferred the control (3,500 K, ~150 
mel-EDI) lighting when compared to the experimental (5,000 K, ~260 
mel-EDI) lighting (60). Perhaps a similar study with blue walls for 
cooler-looking lighting would balance the preferences between the 
two rooms, although more light would be needed to reach the 250 lux 
mel-EDI threshold since colored walls do not reflect as much light as 
white walls.

6.2 Controlled environment

Another consideration is that there were no windows in the 
rooms studied, which allowed for total control of melanopic and 
photopic intensities. On the other hand, these conditions do not 
represent the full reality of contemporary architecture, where 
biophilia associated with daylighting is an integral part of building 
design (61). It may therefore be that the preference for blue-enriched 
lighting in the Viola et al. (19) study is a combination of chronic 
exposure time associated with more biophilic components such as 
natural light.

6.3 Population specificity

An important consideration to bear in mind is that our study is 
currently centered on the Quebec population. It is conceivable that Far 
North populations might not respond in the same manner due to 
distinct customs and lifestyle habits that may result in more outdoor 
activities. Additionally, environmental factors need to be considered, 
such as the unique conditions in Quebec City where cloud cover 
might scatter sunlight differently compared to other regions. These 
cultural and environmental variables could potentially influence how 
individuals from Far North regions and Quebec City respond to the 
lighting conditions studied in our research. Further investigation and 
studies encompassing diverse populations and geographical locations 
may provide a more comprehensive understanding of the impacts of 
lighting on different communities. Furthermore, the study population 
comprised predominantly of university students, limiting its 
applicability to the working population with potentially higher age 
demographics. A more precise representation of the working 
population’s age would be desirable for future replications.

6.4 Room ergonomics

Although the rooms used do not meet the ergonomic and 
architectural recommendations for offices, they allowed this study to 
be conducted in a controlled environment. In fact, we were able to 
recreate an environment with a positioning that allowed participants 
to be exposed to the 250 mela-EDI standard under one light, while the 
other light was short of 100 lux below the mel-EDI exposure standard. 
For example, the desk was positioned so that participants had their 
backs to the light source and received their exposure primarily 
through the wall (by reflection), whereas in actual practice this 
exposure should be more directly in the field of view with a desk 

positioned under the light fixture. This positioning could also give the 
impression that the work surface is not sufficiently illuminated, thus 
reversing the illuminance ratio for performing a task. In addition, this 
study did not account for the effect of partial light masking of 
participants when seated at a desk. In addition, because participants 
did not work on screens except for the very brief FrACT test, the 
reflection of light off a screen (which would also contribute to 
enhanced blue light exposure) is not accounted for and should 
be considered in future studies involving computer work.

6.5 Absence of baseline measures

This study did not include baseline measures. As indicated in a 
study by Smolders and De Kort (62), participants may exhibit 
variations in baseline responses on different days. The absence of 
baseline measurements in our study leaves us unable to account for or 
assess the potential impact of this day-to-day variability on 
participants’ responses to different lighting conditions.

7 Strengths

Our study allowed us to compare results within subjects, so 
we were able to specifically evaluate how light affected each test and 
limit individual performance biases. In addition, conducting the 
assessments at the same time of day among participants limits the 
effects of circadian variations on alertness (30). To limit the effects of 
changing weather on cognitive status, patients also had a leveling 
period before their assessment. Likewise, it is possible to assess the 
stimulating effect of light for the specific period targeted by this study, 
since all participants took part in the study during the same season, 
i.e., late fall. The fact that the assessments were all made in the same 
season also limits the bias that may result from an increase in 
photoperiod availability that differs from season to season. Another 
strength is that both of our lights had the same photopic lux level, 
limiting the potential effects of variation in this measure on cognition.

8 Conclusion

This study suggests that a brief exposure (50 min) to light 
following the recommended standards for mel-EDI (17) leads to a 
significant improvement in subjective alertness. However, it does not 
lead to a further improvement in concentration or performance 
accuracy over conventional lighting. Moreover, participants reported 
dissatisfaction with the 5,000 K LED lighting, finding it overly blue-
toned. This study serves as an initial exploration before a more 
extensive investigation, allowing participants time to adapt to the blue 
hue of the lighting, potentially leading to greater appreciation while 
confirming the positive findings of our short-term exposure.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding author.

https://doi.org/10.3389/fpubh.2024.1390614
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Gagné et al. 10.3389/fpubh.2024.1390614

Frontiers in Public Health 11 frontiersin.org

Ethics statement

The studies involving humans were approved by CIUSSS de la 
Capitale-Nationale Neuroscience and Mental Health Research Ethics 
Committee. The studies were conducted in accordance with the local 
legislation and institutional requirements. The participants provided 
their written informed consent to participate in this study.

Author contributions

VG: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Project administration, Writing – original 
draft, Writing – review & editing. RT: Data curation, Methodology, 
Writing – review & editing. VJ: Formal analysis, Writing – review & 
editing. CD: Conceptualization, Funding acquisition, Resources, 
Supervision, Validation, Writing – review & editing. MH: Formal 
analysis, Writing – review & editing, Conceptualization, Data 
curation, Funding acquisition, Investigation, Methodology, Project 
administration, Resources, Software, Supervision, Validation, 
Visualization.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This research 
was supported by the Sentinel North program of Université Laval, 

made possible, in part, thanks to funding from the Canada First 
Research Excellence Fund.

Acknowledgments

The authors thank participants for their time in taking part of this 
study. During the preparation of this work, the authors used ChatGPT 
3.5 architecture developed by OpenAI in order to improve the English 
presentation. After using this tool, the authors reviewed and edited the 
content as needed and take full responsibility for the content of 
the publication.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Badia P, Myers B, Boecker M, Culpepper J, Harsh JR. Bright light effects on body 

temperature, alertness, EEG and behavior. Physiol Behav. (1991) 50:583–8. doi: 
10.1016/0031-9384(91)90549-4

 2. Duffy JF, Kronauer RE, Czeisler CA. Phase-shifting human circadian rhythms: 
influence of sleep timing, social contact and light exposure. J Physiol. (1996) 495:289–97. 
doi: 10.1113/jphysiol.1996.sp021593

 3. Perrin F, Peigneux P, Fuchs S, Verhaeghe S, Laureys S, Middleton B, et al. Nonvisual 
responses to light exposure in the human brain during the circadian night. Curr Biol. 
(2004) 14:1842–6. doi: 10.1016/j.cub.2004.09.082

 4. Berson DM, Dunn FA, Takao M. Phototransduction by retinal ganglion cells that 
set the circadian clock. Science. (2002) 295:1070–3. doi: 10.1126/science.1067262

 5. Brainard GC, Hanifin JP, Greeson JM, Byrne B, Glickman G, Gerner E, et al. Action 
Spectrum for melatonin regulation in humans: evidence for a novel circadian 
photoreceptor. J Neurosci. (2001) 21:6405–12. doi: 10.1523/JNEUROSCI.21-16-06405.2001

 6. Provencio I, Rodriguez IR, Jiang G, Hayes WP, Moreira EF, Rollag MD. A novel 
human opsin in the inner retina. J Neurosci. (2000) 20:600–5. doi: 10.1523/
JNEUROSCI.20-02-00600.2000

 7. Thapan K, Arendt J, Skene DJ. An action spectrum for melatonin suppression: 
evidence for a novel non-rod, non-cone photoreceptor system in humans. J Physiol. 
(2001) 535:261–7. doi: 10.1111/j.1469-7793.2001.t01-1-00261.x

 8. Barger LK, Lockley SW, Rajaratnam SMW, Landrigan CP. Neurobehavioral, health, 
and safety consequences associated with shift work in safety-sensitive professions. Curr 
Neurol Neurosci Rep. (2009) 9:155–64. doi: 10.1007/s11910-009-0024-7

 9. Shields M. Shift work and health. Health Rep. (2002) 13:11–33.

 10. Smith L, Folkard S, Poole CJM. Increased injuries on night shift. Lancet. (1994) 
344:1137–9. doi: 10.1016/S0140-6736(94)90636-X

 11. Sunrise and sunset times in Salluit [Internet]. Available at: https://www.
timeanddate.com/sun/canada/salluit (Accessed June 14, 2022).

 12. Sunrise and sunset times in Montréal [Internet]. Available at: https://www.
timeanddate.com/sun/canada/montreal (Accessed June 14, 2022).

 13. Küller R, Ballal S, Laike T, Mikellides B, Tonello G. The impact of light and colour 
on psychological mood: a cross-cultural study of indoor work environments. 
Ergonomics. (2006) 49:1496–507. doi: 10.1080/00140130600858142

 14. Davis R. A correlated color temperature for illuminants. Bur Stand J Res. (1931) 
7:659. doi: 10.6028/jres.007.039

 15. Esposito T, Houser K. Correlated color temperature is not a suitable proxy for the 
biological potency of light. Sci Rep. (2022) 12:20223. doi: 10.1038/s41598-022-21755-7

 16. Lucas RJ, Peirson SN, Berson DM, Brown TM, Cooper HM, Czeisler CA, et al. 
Measuring and using light in the melanopsin age. Trends Neurosci. (2014) 37:1–9. doi: 
10.1016/j.tins.2013.10.004

 17. Brown TM, Brainard GC, Cajochen C, Czeisler CA, Hanifin JP, Lockley SW, et al. 
Recommendations for daytime, evening, and nighttime indoor light exposure to best 
support physiology, sleep, and wakefulness in healthy adults. PLoS Biol. (2022) 
20:e3001571. doi: 10.1371/journal.pbio.3001571

 18. Feature L03|Circadian Lighting Design [Internet]. International WELL Building 
Institute v2; (2021). Report No.: WELL v2, Q4, 2021 feature L03. Available at: https://
v2.wellcertified.com/en/wellv2/light/feature/3

 19. Viola AU, James LM, Schlangen LJ, Dijk DJ. Blue-enriched white light in the 
workplace improves self-reported alertness, performance and sleep quality. Scand J Work 
Environ Health. (2008) 34:297–306. doi: 10.5271/sjweh.1268

 20. Keis O, Helbig H, Streb J, Hille K. Influence of blue-enriched classroom lighting 
on students′ cognitive performance. Trends Neurosci Educ. (2014) 3:86–92. doi: 
10.1016/j.tine.2014.09.001

 21. Shamsul BMT, Sia CC, Ng YG, Karmegan K. Effects of light’s colour temperatures 
on visual comfort level, task performances, and alertness among students. Am J Public 
Health Res. (2013) 1:159–65. doi: 10.12691/ajphr-1-7-3

 22. Choi K, Shin C, Kim T, Chung HJ, Suk HJ. Awakening effects of blue-enriched 
morning light exposure on university students’ physiological and subjective responses. 
Sci Rep. (2019) 9:345. doi: 10.1038/s41598-018-36791-5

 23. Mu YM, Huang XD, Zhu S, Hu ZF, So KF, Ren CR, et al. Alerting effects of light 
in healthy individuals: a systematic review and meta-analysis. Neural Regen Res. (2022) 
17:1929–36. doi: 10.4103/1673-5374.335141

 24. Durmus D. Correlated color temperature: use and limitations. Light Res Technol. 
(2022) 54:363–75. doi: 10.1177/14771535211034330

 25. CIE. CIE S 026/E:2018 CIE system for metrology of optical radiation for ipRGC-
influenced responses to light [Internet]. International Commission on Illumination 

https://doi.org/10.3389/fpubh.2024.1390614
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/0031-9384(91)90549-4
https://doi.org/10.1113/jphysiol.1996.sp021593
https://doi.org/10.1016/j.cub.2004.09.082
https://doi.org/10.1126/science.1067262
https://doi.org/10.1523/JNEUROSCI.21-16-06405.2001
https://doi.org/10.1523/JNEUROSCI.20-02-00600.2000
https://doi.org/10.1523/JNEUROSCI.20-02-00600.2000
https://doi.org/10.1111/j.1469-7793.2001.t01-1-00261.x
https://doi.org/10.1007/s11910-009-0024-7
https://doi.org/10.1016/S0140-6736(94)90636-X
https://www.timeanddate.com/sun/canada/salluit
https://www.timeanddate.com/sun/canada/salluit
https://www.timeanddate.com/sun/canada/montreal
https://www.timeanddate.com/sun/canada/montreal
https://doi.org/10.1080/00140130600858142
https://doi.org/10.6028/jres.007.039
https://doi.org/10.1038/s41598-022-21755-7
https://doi.org/10.1016/j.tins.2013.10.004
https://doi.org/10.1371/journal.pbio.3001571
https://v2.wellcertified.com/en/wellv2/light/feature/3
https://v2.wellcertified.com/en/wellv2/light/feature/3
https://doi.org/10.5271/sjweh.1268
https://doi.org/10.1016/j.tine.2014.09.001
https://doi.org/10.12691/ajphr-1-7-3
https://doi.org/10.1038/s41598-018-36791-5
https://doi.org/10.4103/1673-5374.335141
https://doi.org/10.1177/14771535211034330


Gagné et al. 10.3389/fpubh.2024.1390614

Frontiers in Public Health 12 frontiersin.org

(CIE); (2018). Available at: https://cie.co.at/publications/cie-system-metrology-optical-
radiation-iprgc-influenced-responses-light-0 (Accessed June 22, 2022).

 26. Ramzan U, Yiqin Y, Sandhu S, Yasri A, Halim N, Dan N. Effect of lighting on 
concentration of medical students: a randomised controlled trial. J Adv Med Med Res. 
(2017) 23:1–10. doi: 10.9734/JAMMR/2017/35245

 27. Kamarulzaman N, Saleh AA, Hashim SZ, Hashim H, Abdul-Ghani AA. An 
overview of the influence of physical office environments towards employee. Procedia 
Eng. (2011) 20:262–8. doi: 10.1016/j.proeng.2011.11.164

 28. Kazemi R, Choobineh A, Taheri S, Rastipishe P. Comparing task performance, 
visual comfort and alertness under different lighting sources: an experimental study. 
EXCLI J. 17:1018. doi: 10.17179/excli2018-1676

 29. Bourne RRA, Flaxman SR, Braithwaite T, Cicinelli MV, Das A, Jonas JB, 
et al. Magnitude, temporal trends, and projections of the global prevalence of 
blindness and distance and near vision impairment: a systematic review and meta-
analysis. Lancet Glob Health. (2017) 5:e888–97. doi: 10.1016/S2214-109X(17) 
30293-0

 30. Iskra-Golec I, Wazna A, Smith L. Effects of blue-enriched light on the daily course 
of mood, sleepiness and light perception: a field experiment. Light Res Technol. (2012) 
44:506–13. doi: 10.1177/1477153512447528

 31. Vandewalle G., Dijk D. J. Neuroimaging the effects of light on non-visual brain 
functions. In: E. Nofzinger, P. Maquet and M. Thorpy, éditeurs. Neuroimaging of sleep 
and sleep disorders [Internet]. Cambridge: Cambridge University Press; (2013), p. 
171–178.

 32. STANPRO 62513 | 62513 F32T8/35K/8/RS/G13/ELUME FLUO | Westburne 
[Internet]. Available at: https://www.westburne.ca/cwr/Cat%C3%A9gorie/Lampes%2C-
ballasts-et-accessoires/Lampes/Fluorescent/T8---Tubulaire/62513-F32T8-35K-8-RS-
G13-ELUME-FLUO/p/STD62513-QE (Accessed March 16, 2022).

 33. The Home Depot Canada [Internet]. Ecosmart 32W equivalent T8 non-dimmable 
daylight (5000K +) LED light bulb (2-pack). Available at: https://www.homedepot.ca/
product/ecosmart-32w-equivalent-t8-non-dimmable-daylight-5000k-led-light-bulb-2-
pack-/1001127554 (Accessed March 16, 2022).

 34. High resolution and high speed spectrometers | Ocean insight [Internet]. Available 
at: https://www.oceaninsight.com/high-resolution-and-high-speed-spectrometers/ 
(Accessed December 11, 2023).

 35. Feature 54 | Circadian lighting design [Internet]. International WELL Building 
Institute; (2020). Report No.: Feature 54. Available at: https://standard.wellcertified.com/
light/circadian-lighting-design

 36. Feature 53 | Visual lighting design [Internet]. International WELL Building 
Institute; (2020). Report No.: Feature 53. Available at: https://standard.wellcertified.com/
light/visual-lighting-design

 37. Sandahl L, Cort K, Gordon K. Solid-state lighting: early lessons learned on the way 
to market [Internet]. 2013 p. PNNL-23059, 1159796. Report No.: PNNL-23059, 
1159796. Available at: http://www.osti.gov/servlets/purl/1159796/

 38. Magnusson A. Validation of the seasonal pattern assessment questionnaire 
(SPAQ). J Affect Disord. (1996) 40:121–9. doi: 10.1016/0165-0327(96)00036-5

 39. Kasper S, Wehr TA, Bartko JJ, Gaist PA, Rosenthal NE. Epidemiological findings 
of seasonal changes in mood and behavior. A telephone survey of Montgomery County, 
Maryland. Arch Gen Psychiatry. (1989) 46:823–33. doi: 10.1001/archpsyc.1989. 
01810090065010

 40. Reynaud E, Berna F, Haffen E, Weiner L, Maruani J, Lejoyeux M, et al. Validity and 
usage of the seasonal pattern assessment questionnaire (SPAQ) in a French population 
of patients with depression, bipolar disorders and controls. J Clin Med. (2021) 10:1897. 
doi: 10.3390/jcm10091897

 41. Horne JA, Ostberg O. A self-assessment questionnaire to determine morningness-
eveningness in human circadian rhythms. Int J Chronobiol. (1976) 4:97–110.

 42. Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh sleep 
quality index: a new instrument for psychiatric practice and research. Psychiatry Res. 
(1989) 28:193–213. doi: 10.1016/0165-1781(89)90047-4

 43. Johns MW. A new method for measuring daytime sleepiness: the Epworth 
sleepiness scale. Sleep. (1991) 14:540–5. doi: 10.1093/sleep/14.6.540

 44. Åkerstedt T, Gillberg M. Subjective and objective sleepiness in the active 
individual. Int J Neurosci. (1990) 52:29–37. doi: 10.3109/00207459008994241

 45. Gillberg M, Kecklund G, Åkerstedt T. Relations between performance and 
subjective ratings of sleepiness during a night awake. Sleep. (1994) 17:236–41. doi: 
10.1093/sleep/17.3.236

 46. Kaida K, Takahashi M, Åkerstedt T, Nakata A, Otsuka Y, Haratani T, et al. 
Validation of the Karolinska sleepiness scale against performance and EEG variables. 
Clin Neurophysiol. (2006) 117:1574–81. doi: 10.1016/j.clinph.2006.03.011

 47. Brickenkamp R. Test d2: aufmerksamkeits-belastungs-test. Göttingen, Germany: 
Verlag für Psychologie Hogrefe (1962).

 48. Brickenkamp R, Schmidt-Atzert L, Liepmann D. d2-R: Test d’attention concentrée 
révisé. Paris, France: Hogrefe (2014).

 49. Bates ME, Lemay EP. The d2 test of attention: construct validity and extensions in 
scoring techniques. J Int Neuropsychol Soc. (2004) 10, 392–400. doi: 10.1017/
S135561770410307X

 50. Bach M. Freiburg visual acuity & contrast test – Homepage [Internet]. Available 
at: https://michaelbach.de/fract/ (Accessed March 14, 2022).

 51. Bach M. The Freiburg visual acuity test???Automatic measurement of visual acuity. 
Optom Vis Sci. (1996) 73:49–53. doi: 10.1097/00006324-199601000-00008

 52. Eklund NH, Boyce PR. The development of a reliable, valid, and simple office 
lighting survey. J Illum Eng Soc. (1996) 25:25–40. doi: 10.1080/00994480.1996.10748145

 53. DeepL Translate: The world’s most accurate translator [Internet]. Available at: 
https://www.DeepL.com/translator (Accessed October 5, 2022).

 54. Arsenault H, Hébert M, Dubois MC. Effects of glazing colour type on perception 
of daylight quality, arousal, and switch-on patterns of electric light in office rooms. Build 
Environ. (2012) 56:223–31. doi: 10.1016/j.buildenv.2012.02.032

 55. Wu D, Liu N, Xu P, Sun K, Xiao W, Li C. Reduced contrast sensitivity function in 
central and peripheral vision by disability glare. Perception. (2020) 49:1348–61. doi: 
10.1177/0301006620967641

 56. Rubin G.S. Visual acuity and contrast sensitivity. In: Ryan’s retina [Internet]. 6th 
éd. Elsevier; pp. 340–347. Available at: https://www.clinicalkey.com/#!/content/book/3-
s2.0-B978032340197500013X

 57. Park BC, Chang JH, Kim YS, Jeong JW, Choi AS. A study on the subjective 
response for corrected colour temperature conditions in a specific space. Indoor Built 
Environ. (2010) 19:623–37. doi: 10.1177/1420326X10383472

 58. Luo W, Kramer R, Kompier M, Smolders K, De Kort Y, Van Marken LW. Effects of 
correlated color temperature of light on thermal comfort, thermophysiology and cognitive 
performance. Build Environ. (2023) 231:109944. doi: 10.1016/j.buildenv.2022.109944

 59. Wetterberg L., éditeur. Light and biological rhythms in man (Wenner-Gren 
international series). 1st ed., Oxford: Pergamon Press; (1993). 448.

 60. Shahidi R, Golmohammadi R, Babamiri M, Faradmal J, Aliabadi M. Effect of 
warm/cool white lights on visual perception and mood in warm/cool color 
environments. EXCLI J. (2021) 20:1379. doi: 10.17179/excli2021-3974

 61. Browning WD, Ryan CO. Nature inside: A biophilic design guide. London: RIBA 
Enterprises (2020). 280 p.

 62. Smolders KCHJ, de Kort YAW. Bright light and mental fatigue: effects on alertness, 
vitality, performance and physiological arousal. J Environ Psychol. (2014) 39:77–91. doi: 
10.1016/j.jenvp.2013.12.010

https://doi.org/10.3389/fpubh.2024.1390614
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://cie.co.at/publications/cie-system-metrology-optical-radiation-iprgc-influenced-responses-light-0
https://cie.co.at/publications/cie-system-metrology-optical-radiation-iprgc-influenced-responses-light-0
https://doi.org/10.9734/JAMMR/2017/35245
https://doi.org/10.1016/j.proeng.2011.11.164
https://doi.org/10.17179/excli2018-1676
https://doi.org/10.1016/S2214-109X(17)30293-0
https://doi.org/10.1016/S2214-109X(17)30293-0
https://doi.org/10.1177/1477153512447528
https://www.westburne.ca/cwr/Cat%C3%A9gorie/Lampes%2C-ballasts-et-accessoires/Lampes/Fluorescent/T8---Tubulaire/62513-F32T8-35K-8-RS-G13-ELUME-FLUO/p/STD62513-QE
https://www.westburne.ca/cwr/Cat%C3%A9gorie/Lampes%2C-ballasts-et-accessoires/Lampes/Fluorescent/T8---Tubulaire/62513-F32T8-35K-8-RS-G13-ELUME-FLUO/p/STD62513-QE
https://www.westburne.ca/cwr/Cat%C3%A9gorie/Lampes%2C-ballasts-et-accessoires/Lampes/Fluorescent/T8---Tubulaire/62513-F32T8-35K-8-RS-G13-ELUME-FLUO/p/STD62513-QE
https://www.homedepot.ca/product/ecosmart-32w-equivalent-t8-non-dimmable-daylight-5000k-led-light-bulb-2-pack-/1001127554
https://www.homedepot.ca/product/ecosmart-32w-equivalent-t8-non-dimmable-daylight-5000k-led-light-bulb-2-pack-/1001127554
https://www.homedepot.ca/product/ecosmart-32w-equivalent-t8-non-dimmable-daylight-5000k-led-light-bulb-2-pack-/1001127554
https://www.oceaninsight.com/high-resolution-and-high-speed-spectrometers/
https://standard.wellcertified.com/light/circadian-lighting-design
https://standard.wellcertified.com/light/circadian-lighting-design
https://standard.wellcertified.com/light/visual-lighting-design
https://standard.wellcertified.com/light/visual-lighting-design
http://www.osti.gov/servlets/purl/1159796/
https://doi.org/10.1016/0165-0327(96)00036-5
https://doi.org/10.1001/archpsyc.1989.01810090065010
https://doi.org/10.1001/archpsyc.1989.01810090065010
https://doi.org/10.3390/jcm10091897
https://doi.org/10.1016/0165-1781(89)90047-4
https://doi.org/10.1093/sleep/14.6.540
https://doi.org/10.3109/00207459008994241
https://doi.org/10.1093/sleep/17.3.236
https://doi.org/10.1016/j.clinph.2006.03.011
https://doi.org/10.1017/S135561770410307X
https://doi.org/10.1017/S135561770410307X
https://michaelbach.de/fract/
https://doi.org/10.1097/00006324-199601000-00008
https://doi.org/10.1080/00994480.1996.10748145
https://www.DeepL.com/translator
https://doi.org/10.1016/j.buildenv.2012.02.032
https://doi.org/10.1177/0301006620967641
https://www.clinicalkey.com/#!/content/book/3-s2.0-B978032340197500013X
https://www.clinicalkey.com/#!/content/book/3-s2.0-B978032340197500013X
https://doi.org/10.1177/1420326X10383472
https://doi.org/10.1016/j.buildenv.2022.109944
https://doi.org/10.17179/excli2021-3974
https://doi.org/10.1016/j.jenvp.2013.12.010

	Evaluation of the effects of blue-enriched white light on cognitive performance, arousal, and overall appreciation of lighting
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Study design
	2.3 Room description
	2.4 Lighting
	2.5 Variables
	2.6 Tests and questionnaires
	2.6.1 Descriptive questionnaires
	2.6.2 Subjective alertness
	2.6.3 Concentration
	2.6.4 Visual performance
	2.6.5 Visual comfort and preferences assessment
	2.6.6 General lighting appreciation
	2.7 Study procedure

	3 Analysis
	3.1 Questionnaires
	3.2 Subjective alertness
	3.3 Concentration
	3.4 Visual performance
	3.5 Subjective preference and visual comfort using the OLS-modified scale
	3.6 General lighting appreciation using the VAS scale

	4 Results
	4.1 Descriptive questionnaires
	4.2 KSS
	4.3 Concentration capacity (CC score)
	4.4 Error rate (E%)
	4.5 Visual acuity
	4.6 Contrast sensitivity
	4.7 Subjective preference
	4.8 Visual comfort
	4.9 General lighting appreciation

	5 Discussion
	6 Limitations
	6.1 Factors contributing to general appreciation
	6.2 Controlled environment
	6.3 Population specificity
	6.4 Room ergonomics
	6.5 Absence of baseline measures

	7 Strengths
	8 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

