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a b s t r a c t

Research in the late evening and at night has shown that acute activating effects of light are particularly
sensitive to short-wavelength light. Yet, findings on such effects during daytime are still inconclusive.
This study (N ¼ 39) investigated effects of correlated colour temperature (CCT; 2700 K vs. 6000 K, 500 lx
on the desk) on individuals' experiences, performance, and physiology during one hour of exposure in
the morning versus afternoon. Except for a higher subjective vitality in the 6000 K condition in the
morning, results showed no significant activating effects, and even subtle performance-undermining
effects in the relatively high CCT condition. Moreover, participants rated both their mood and the light
settings as less positive in the 6000 K vs. 2700 K condition. It is therefore questionable whether lighting
solutions with commonly experienced intensity levels should provide a higher CCT during daytime office
hours.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Light enables vision, but also plays an important role in our
physiological and psychological functioning. Since the discovery of
a third class of photoreceptors (non-rod, non-cone) in the inner
layer of the human retina (Berson, Dunn, & Takao, 2002; Foster
et al., 1991; Freedman et al., 1999; Hattar, Liao, Takoa, Berson, &
Yau, 2002), insights in the non-image forming effects of light
have expanded rapidly. The newly discovered photoreceptors e

technically speaking intrinsically photosensitive retinal ganglion
cells (ipRGC) - are light sensitive ganglion cells projecting to various
brain areas involved in the regulation of sleep and wakefulness,
alertness, cognition, and mood (Gooley, Lu, Fischer, & Saper, 2003;
Hattar et al., 2006, 2002; Lucas, 2013; Schmidt, Chen, & Hattar,
2011; Vandewalle, Maquet, & Dijk, 2009). The ipRGCs contain the
photopigment melanopsin and are primarily responsible for the
non-image forming effects of light (Hankins, Peirson, & Foster,
2008; Hattar et al., 2002; Provencio et al., 2000). However, the
rods and cones in the outer layer of the retina also send signals to
the ipRGCs, and input from these classical photoreceptors may
contribute to the non-image forming effects (e.g., Dacey et al., 2005;
ction Group, Eindhoven Uni-
en, The Netherlands.
olders).
Gooley et al., 2010; Güler et al., 2008; Lall et al., 2010; Lucas, Lall,
Allen, & Brown, 2012).

The ipRGCs differ from the classical rods and cones in their
sensitivity to light characteristics (Berson, 2003; Berson et al.,
2002; Hattar et al., 2002). Higher light intensity levels, i.e., more
photons, are necessary to induce melanopsin photoreception.
Another important difference is that the spectral sensitivity of the
ipRGCs is blue-shifted compared to the rods and three-cone
(photopic) system (Brainard et al., 2001; Hankins et al., 2008;
Thapan, Arendt, & Skene, 2001). The photopigment melanopsin is
most sensitive to wavelengths around 460e480 nm, i.e., to light in
the blue part of the spectrum (Berson et al., 2002; Brainard et al.,
2001; Panda et al., 2005; Thapan et al., 2001). In addition to in-
tensity, the effect of the spectral composition of light on human
functioning has therefore also received a lot of attention in the
current literature.

In the current study, we investigate the effect of correlated
colour temperature (CCT) on alertness and vitality in the morning
vs. afternoon using a multi-measure approach. Note that the CCT of
a polychromatic light source increases when it contains relatively
more power in the blue part of the spectrum, i.e., when the relative
amount of short wavelengths light rises. Multiple studies have
investigated the acute activating effect of light in the blue part of
the spectrum in the evening or at night. These studies have tested
either effects of monochromatic or narrowband blue light, or
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polychromatic white light with a relatively high CCT. Results of
these studies revealed either positive effects or null effects of
exposure to blue light or blue-enriched white light on alertness,
cognitive performance, and physiological arousal during the sub-
jective night (An, Huang, Shimomura, & Katsuura, 2009; Brainard
et al., 2015; Cajochen et al., 2011, 2005; Chellappa et al., 2011;
Ekstr€om & Beaven, 2014; Figueiro, Bierman, Plitnick, & Rea, 2009;
Figueiro, Rea, & Bullough, 2006; Heath et al., 2014; Kozaki, Koga,
Toda, Noguchi, & Yasukouchi, 2008; Lockley et al., 2006; Morita &
Tokura, 1996; Papamichael, Skene, & Revell, 2012; Plitnick,
Figueiro, Wood, & Rea, 2010; Van de Werken, Gim�enez, De Vries,
Beersma, & Gordijn, 2013; Van der Lely et al., 2015; Vandewalle
et al., 2011). The most consistent results in the late evening and
at night were shown for melatonin suppression, with lower levels
of melatonin secretion under exposure to blue light, blue-enriched
white light or unfiltered white light. Melatonin suppression is
controlled by the suprachiasmatic nucleus (Benarroch, 2008) e our
internal biological clock e one of the regions receiving direct input
from ipRGCs (Hattar et al., 2002; Schmidt et al., 2011). These effects
on melatonin were sometimes - although not always - accompa-
nied with higher feelings of alertness, better ability to sustain
attention, better performance on cognitive tasks, a more positive
mood, stronger modulations in brain activity and/or higher physi-
ological arousal. Thus, the current literature suggests that exposure
to blue light or polychromatic white light with a high CCT may
support persons to stay alert, concentrate on a task and engage in
cognitive tasks at times when circadian and homeostatic sleep
pressure are generally high and persons normally would experi-
ence relatively low light intensity levels.

Most persons are, however, active during daytime and asleep at
night. Investigation of acute effects of blue light or blue-enriched
white light on alertness, performance, and arousal during day-
time will provide insights into whether tuning the spectral
composition of the lighting conditions may also enhance alertness
and performance among day-active persons. Although melatonin
levels and homeostatic sleep drive are generally already at their
lowest during daytime, other ipRGC driven projections, for instance
to the brainstem, may still induce arousing and/or alerting effects.
To date, multiple studies have tested acute activating effects of
exposure to blue light or white light with a high CCT during day-
time. These diurnal studies have, however, rendered effects that are
considerably less consistent than the nocturnal studies, as results
showed both positive as well as negative effects of exposure to blue
or blue-enriched light on alertness, cognitive performance, and
arousal (e.g., An et al., 2009; Baek & Min, 2015; Boray, Gifford, &
Rosenblood, 1989; Figueiro, Nonaka, & Rea, 2014; Gabel et al.,
2013; Iskra-Golec, Wazna, & Smith, 2012; Knez, 1995, 2001; Knez
& Enmarker, 1998; Mills, Tomkins, & Schlangen, 2007; Okamoto &
Nakagawa, 2015; Okamoto, Rea, & Figueiro, 2014; Rahman et al.,
2014; Rautkyl€a, Puolakka, Tetri, & Halonen, 2010; Revell, Arendt,
Fogg, & Skene, 2006; Sahin & Figueiro, 2013; Stebelov�a et al., 2015;
Vandewalle et al., 2007b, 2007a; Viola, James, Schlangen, & Dijk,
2008).

Together, these studies suggest that the spectrum of the lighting
may influence individuals' feelings, behavior, and physiology dur-
ing daytime. It is, however, questionable whether we should pro-
vide light with a relatively high power in the blue part of the
spectrum during daytime, as adverse effects appear to emerge as
frequently as do favorable ones. Differences between the studies
may partly be explained by the diverse lighting manipulations in
terms of wavelengths (e.g., blue vs. green or blue vs. red) or CCT
levels (e.g., 17,000 K vs. 2900 K or 4000 K vs. 3000 K) used in
studies. In addition, the lighting conditions in the various studies
differed in intensity, duration and timing of the light exposure,
whether there was daylight contribution, the type of indicators,
and the statistical power.
In the current study, we investigate potential acute activating

effects of CCT on individuals' psychological and physiological
functioning during daytime working hours, and test whether the
effects are moderated by time of day. Earlier studies showed that
the diurnal acute activating effects of light intensity on subjective
vitality, task performance, and EEG may depend on the timing of
the light exposure (Huiberts, Smolders, & De Kort, 2015; Huiberts,
Smolders, & De Kort, 2016; Smolders & De Kort, 2014; Smolders,
De Kort, & Cluitmans, 2012, 2015; Smolders, De Kort, & Van den
Berg, 2013). A few studies specifically investigated moderations in
non-image forming effects of blue or blue-enriched light by time of
day, revealing mixed results (G�ornicka, 2008; Iskra-Golec et al.,
2012; Rautkyl€a et al., 2010; Vandewalle et al., 2011). Vandewalle
et al. (2011) reported significant effects of blue (473 nm) vs. green
(527 nm) light on brain activity in the morning, but not in the late
evening. Results by Rautkyl€a et al. (2010) revealed that students
reported higher alertness while attending a lecture during autumn
under exposure to blue-enriched light (17,000 K vs. 4000 K) in the
afternoon, but not in the morning. In contrast, Iskra-Golec et al.
(2012) reported more pronounced effects of blue-enriched light
exposure (17,000 K vs. 4000 K) on subjective vitality among office
employees in the morning, but not in the afternoon. A laboratory
study by G�ornicka (2008) reported no significant effect of exposure
to a high CCT (17,000 K vs. 2700 K) in the morning and afternoon. It
should be noted that in these latter two studies, participants were
exposed to the lighting conditions for eight or nine hours during
the day. It is therefore difficult to disentangle the effect of duration
vs. timing of the light exposure. In the current study, participants
were exposed to the lighting conditions for one hour in the
morning vs. afternoon, allowing us to explore time of day as a
potential moderator for the daytime effects of CCT on individuals'
experiences, cognitive task performance, and physiological arousal.

As the effects of the spectral composition of light may depend
on the type of measure (e.g., self-report, task performance, or
physiological measure), we employed a multi-measure approach to
investigate potential alerting and vitalizing effects of CCT (6000 K
vs. 2700 K) on subjective experiences, task performance and
physiological arousal. Moreover, repeated measures were
employed to explore the occurrence and development of alerting
and activating effects during an hour of exposure to polychromatic
white light with a relatively high vs. low CCT. The present study
thus complements earlier studies testing the effect of CCT on hu-
man functioning during daytime. More specifically, it provides
additional insights in whether modulation of the spectral compo-
sition of white light may benefit individuals' level of alertness,
mood, and task performance and influence their physiological
arousal during daytime working hours, and whether these effects
are dependent on the timing and duration of the light exposure.
The current study also investigates the effect of CCT on subjective
appraisals of the lighting condition, experience of the space, and
beliefs concerning potential effects of the lighting condition on
mood and performance, to explore whether these experiential as-
pects reflect the effects on alertness, mood, performance, and
arousal.

2. Method

2.1. Design

A 2� 2mixed designwas applied to investigate the effect of CCT
(2700 K vs. 6000 K) for morning versus afternoon exposure. CCT
was manipulated within subjects, while time of day was manipu-
lated between subjects. Participants came to the laboratory on two
separate days and were exposed to 2700 K in one session and to



1 The response option (2) ‘cannot decide’ in the original activation-deactivation
adjective checklist was changed into ‘very little’ to create a more consistent la-
beling of scale points.
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6000 K in the other session with the order counterbalanced across
participants. Within participants, the morning or afternoon ses-
sions were scheduled at the same time of day (9am or 11am for
participants attending in the morning and 1pm or 3pm for partic-
ipants attending in the afternoon). There was no daylight contri-
bution in the room during this experiment.

2.2. Participants

Thirty-nine students participated in this laboratory study, of
which 27 were male and 12 female (mean age 23, SD ¼ 3.9, range
19e38, 1 missing). Five sessions were missing as some participants
were not able to participate twice or due to technical problems
during one of the sessions, resulting in a total of 73 sessions. None
of the participants were extreme chronotypes according to the
Munich Chronotype questionnaire (MCTQ; Roenneberg, Wirz-
Justice, & Merrow, 2003), nor did they have eye complaints or
complaints about their general health.

2.3. Procedure

Prior to the start of the first session, participants signed a con-
sent form and completed an online questionnaire with questions
concerning person characteristics. At the start of each session,
participants first applied the electrodes for the heart rate and skin
conductance measures according to the instructions given by the
experimenter. Subsequently, participants completed a short ques-
tionnaire with questions about sleep offset, sleep duration, time
spent outdoors, travelling time outdoors, and whether they had
had coffee and/or eaten something one hour before the experiment.
Next, the baseline phase started. Baseline performance was
measured using four different tasks administered on a 15-inch
laptop: A 5-min auditory Psychomotor Vigilance Task (PVT), 3-
min Addition Task (AT), 6-min Letter Cancellation Task (LCT), and
Attention Network Task (ANT) consisting of 32 trials. At the end of
the baseline phase, participants completed a short questionnaire on
the laptop concerning their state sleepiness, vitality, tension, mood,
and self-control capacity. Electrocardiography (ECG) and electro-
dermal activity (EDA) were measured continuously during the
baseline.

After the baseline measurements, the CCT of the lighting was
changed to either 2700 K or 6000 K (at 500 lx at the desk). During
the lighting condition, subjective (self-report scales probing alert-
ness, vitality, tension, and mood), task performance (PVT, AT, LCT,
and ANT) and physiological measures (ECG and EDA recordings)
were employed in three repeated blocks of 20min (see Fig.1). Every
session lasted roughly 90 min and the participants received a
compensation of 15 Euros per session. The study was approved by
the board of the HumanTechnology Interaction group in Eindhoven
and took place from February to May 2011.

2.4. Setting

The laboratory consisted of two rooms, divided by a curtain.
These two simulated office environments had a size of 3.9 m by
3.7 m. The roomwas equipped with surface-mounted Philips Savio
luminaires at the walls and recessed Philips Savio luminaires in the
ceiling. In this study, only the ceiling luminaires were turned on.
Each ceiling luminaire (Philips Savio TBS770 3� 54W/827/865 HDF
AC-MLO CVC) contained three fluorescent tubes of 54W, of which
two tubes of 6500K and one tube of 2700K. All luminaires have an
acrylate micro-lens optic cover to blend the two lamp types.

The CCT was set at 4000 K during the baseline phase and at
either 2700K or 6000K during the experimental phase. The light
settings were such that the illuminance level was 500 lx at the desk
in accordance with the European norms for office environments
(NEN-EN 12464-1). Moreover, the photon density at eye level was
similar for the 2700 K and 6000 K conditions. The photometric
values at eye level are provided in Table 1. The spectral power
distribution of the lighting at 2700K and 6000K is depicted in Fig. 2.

The walls of the laboratory were off-white and had a reflectance
of 88%, the ceiling had a reflectance of 96.2%, the floorwas dark grey
with a reflectance of 5% and the deskwas grey and had a reflectance
of 55%. A window (1.6 � 1.6 m, east oriented) was covered with a
roller shutter outdoors and a blackout blind indoors to avoid
daylight contribution.

2.5. Measures

2.5.1. Subjective sleepiness, vitality, tension, mood and self-control
Subjective sleepiness was measured with the Karolinska sleep-

iness scale (KSS; Åkerstedt & Gillberg, 1990). Subjective vitality and
tension were assessed with six items selected from the Activation-
Deactivation checklist (Thayer, 1989). The vitality (energetic
arousal) subscale consisted of four items (‘energetic’, ‘lacking in
energy’ (reversed), ‘alert’, and ‘sleepy’ (reversed)). The subscale
tension (tense arousal) consisted of two items (‘tense’ and ‘calm’

(reversed)). The internal reliability of these scales were a ¼ 0.83
and a ¼ 0.68, respectively. Positive affect and negative affect were
each measured with a single item (‘happy’ and ‘sad’, respectively).
The response scale of these eight items ranged from (1) ‘definitely
not’ to (4) ‘definitely’.1

In addition to these measures administered in each measure-
ment block, subjective state self-control was assessed at the end of
the baseline and the experimental phase using the State Self-
Control Capacity Scale (Ciarocco, Twenge, Muraven, & Tice, 2011).
This scale consists of 25 itemswith a 7-point response scale ranging
from (1) not true to (7) very true. Participants indicated, for
instance, whether they were mentally exhausted, would give up
easily on a difficult task, experienced low willpower, and had dif-
ficulties controlling urges. This scale was reliable with a ¼ 0.94.

2.5.2. Task performance
Four tasks were employed to assess different aspects of perfor-

mance. A 5-min auditory Psychomotor Vigilance Task (PVT) was
employed to measure sustained attention (Loh, Lamond, Dorrian,
Roach, & Dawson, 2004). In addition to this simple reaction time
task, three executive functioning tasks were administered to
measure cognitive task performance: an addition task (AT), a letter
cancellation task (LCT), and the attention network task (ANT).
During the 3-min AT, participants had to provide the sum of two 2-
digits numbers as fast and accurate as possible. The digits were
displayed on the screen in black font (Microsoft Sans Serif, size 14)
on a white background. This addition task assessed effects on par-
ticipants' ability to concentrate and arithmetic ability. The LCT was
administered to measure inhibitory capacity. This task consists of
two parts. During the first 3-min part of this task, participants
select all characters ‘e’ in a text on the computer screen by clicking
on the specific character using the mouse. This part basically trains
an automated response. In the second 3-min part, participants also
select characters ‘e’, but only if there is no other vowel (‘a’, ‘e’, ‘i’, ‘o’
or ‘u’) close to the ‘e’, i.e., no vowel within 2 characters separated
from the ‘e’. After having automated the learned response in phase
one, this second phase requires inhibitory strength. During both
parts of the LCT, eight lines of text were displayed in black font



Fig. 1. Overview experimental conditions and procedure of one full session. Note. PVT stands for Psychomotor Vigilance Task, AT for Addition Task, LCT for Letter Cancellation Task
and ANT for Attention Network Task. Q stands for questionnaire.

Table 1
Photometric values at eye level for baseline phase and the two lighting condition.

Baseline phase Experimental phase

4000 K 2700 K 6000 K

Photopic illuminance (lux) 158 132 124
Cyanopic lux (a-opic lux) 127 70 129
Melanopic lux (a-opic lux) 116 69 111
Rhodopic lux (a-opic lux) 129 85 118
Chloropic lux (a-opic lux) 144 110 120
Erythropic lux (a-opic lux) 155 129 120
Photon density (photons*cm�2*s�1) 1.36 � 1014 1.11 � 1014 1.10 � 1014

Irradiance (mW/cm2) 49 39 41

Note. The values are computed with the supplementary material for Lucas et al. (2014).
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(Microsoft Sans Serif, size 12) on a white background, and partici-
pants could press a next-button to continue with the next eight
lines. The ANT measures three different functions of attention:
alerting, orienting, and executive control (Fan, McCandliss,
Sommer, Raz, & Posner, 2002; Fan et al., 2007). During this task,
32 trails were administered with inter-stimulus intervals similar to
the ones used in Fan et al. (2007). Participants first received eight
practice trials and were subsequently presented with 24 trials.

2.5.3. Physiological measures
Heart rate, heart rate variability, and skin conductance were

measured continuously during the experiment using TMSi soft-
ware. The electrodes for the ECG measurements were placed at V1
and V6 using Kendall Arbo H124SG ECG electrodes. EDA was
measured using two electrodes of which one was placed on the
forefinger and one on the middle finger of the participant's non-
dominant hand. A sampling frequency of 1024 Hz was used. ECG
and EDA measurements during the 5-min auditory PVT tasks were
used for the analyses. Artefacts in the ECG signals were removed
following a procedure for EEG described by Van de Velde, Ghosh,
and Cluitmans (1999). Time domain and frequency domain (Fast
Fourier Transform) analyses were performed with Kubios analysis
software using adequate RR intervals (Niskanen, Tarvainen, Ranta-
Aho, & Karjalainen, 2004). Mean heart rate (bpm) and the LF/HF
power ratio (LF: 0.04e0.15 Hz; HF: 0.15e0.40 Hz) were used as
dependent variables in this study. The EDA data during the PVT was
down-sampled to 32 Hz. Subsequently, a 1-Hz Butterworth low-
pass filter was applied to determine the skin conductance level
(SCL). The average level (mSiemens) during the measurement
period was calculated and subsequently log-transformed due to the
skewed distribution of the data.



Fig. 2. Spectral power distribution measured at eye level in the 2700K and 6000K
condition.

Table 2
Results of LMM analyses for baseline comparisons: Self-report measures.

2700 K 6000 K Statistics

EMM SE EMM SE F df p R2

Sleepiness (KSS) 5.29 0.27 4.20 0.27 10.00 (1,32) < 0.01 0.24
Vitality 2.59 0.10 2.84 0.10 5.17 (1,33) 0.03 0.18
Tension 1.57 0.09 1.71 0.09 1.52 (1,36) 0.23 0.11
Happy 2.45 0.11 2.79 0.11 7.54 (1,34) 0.01 0.22
Sad 1.49 0.10 1.41 0.10 0.62 (1,32) 0.44 0.03
Lack of self-control 3.36 0.16 3.02 0.16 4.95 (1,32) 0.03 0.14

Note. EMM stands for estimated marginal means and SE stands for standard errors.
Significant differences are indicated in bold. Pseudo R-Squared are given for the total
mixed model at level 1, i.e. within sessions. This measure is the proportion of
reduction in variance of residuals. Note that this measure can also have negative
values.
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2.5.4. Evaluation and beliefs of lighting condition
Subjective evaluation of the lighting condition was assessed

with eight 5-point semantic differential adjective items adopted
from Flynn, Spencer, Martyniuk, and Hendrick (1973). The subscale
assessing experienced pleasantness of the lighting consisted of four
items (‘unpleasant e pleasant’, ‘uncomfortable e comfortable’,
‘disturbing e not disturbing’, and ‘causing glare e not causing
glare’; a ¼ 0.84). In addition, four single item scales assessed the
subjective evaluation concerning the colour (‘warm e cold’), the
brightness (‘dim e bright’) and distribution (‘uniform e non-uni-
form’) of the lighting, and whether the lighting was activating
(‘relaxinge stimulating’). Four semantic differential adjective items
probed beliefs regarding the effects of the lighting condition on
work performance and mood on a 5-point scale. Three items con-
cerned potential effects of the lighting on work performance (‘un-
suitable to work - suitable to work’, ‘makes it difficult to
concentrate e makes it easy to concentrate’, and ‘causes bad per-
formance e cause good performance’; a ¼ 0.90) and one item
related towhether the lighting affected their mood (‘does not affect
my mood e affects my mood’). Two single items probed the ade-
quacy of the amount and the adequacy of the colour of the lighting
for a work environment on a 5-point scale ranging from (1) ‘very
inadequate’ to (5) ‘very adequate’.

2.5.5. Evaluation of the environment
Participants' overall impression of the environment was

measured with a single item assessing experienced pleasantness of
the environment. Attitude towards the environment was assessed
with a single item probing how pleasant it would be to work in a
comparable environment. Answers to these questions were given
on a scale ranging from (1) ‘not at all’ to (7) ‘extremely’.

2.6. Statistical analysis

Due to the nested structure of the data, Linear Mixed Model
(LMM) analyses were performed to analyse the results (separate
analyses for each dependent variable). To check for differences at
baseline, LMM analyses were performed with CCT (2700 K vs. 6000
K) and Time of day (Morning vs. Afternoon) as fixed factors and the
self-report, task performance, and physiological indicators
measured during the baseline phase as dependent variables
(separate analysis per variable). Similar analyses were performed to
check for differences between sessions in potential confounding
variables (sleep duration, time awake, and time spent outdoors).

To test the effect of CCT on sleepiness, vitality, tension, mood,
task performance, and autonomic nervous activity, LMM analyses
with CCT, Time of day, and Measurement block (Block 1e3) as fixed
factors were run for the various measures during the lighting
conditions (separate analysis per dependent variable). The inter-
action between CCT and Time of day was added to assess whether
the effect of CCT was dependent on time of day. In addition, the
interaction between CCT and Measurement block was added to
investigate whether the effect of CCT was moderated by time in
session. As self-reported lack of self-control as well as participants'
appraisals and beliefs about the lighting were measured only once
during the light treatment (i.e., only at the end of the light expo-
sure), only CCT and Time of day were added as fixed factors in the
LMM models for these variables.

In all analyses, Participant was added as independent random
variable to cluster the data per participant, i.e., to indicate that the
same participant wasmeasuredmultiple times. To control for intra-
individual differences at baseline, the corresponding baseline
measurement was added as covariate in the analyses, except for the
LMMmodels for appraisals and beliefs as these variables were only
measured at the end of each session e and of course except for the
baseline comparisons. In addition, Light sensitivity was added as
covariate to control for potential inter-individual differences in self-
reported light sensitivity. The other person characteristics were not
added to the model to avoid multicollinearity as they showed sig-
nificant correlations with subjective light sensitivity or the baseline
measures. Reported contrasts for interaction effects in the results
section always refer to posthoc comparisons with Bonferroni
correction.

3. Results

3.1. Baseline comparisons

3.1.1. Confounding variables: sleep and time spent outside
Results of the LMM analyses revealed no significant differences

in sleep duration, time awake, nor time spent outdoors prior to the
session between the two lighting conditions (all p > 0.05). As ex-
pected, Time of day had a significant effect on minutes awake
[F(1,37) ¼ 71.31; p < 0.01] with participants being awake for longer
in the afternoon than in the morning sessions (EMMafternoon ¼ 293;
SE ¼ 16; EMMmorning ¼ 109; SE ¼ 14). There were no significant
differences in sleep duration or time spent outdoors prior to the
morning vs. afternoon sessions (F < 1, ns and F(1,41) ¼ 2.47;
p ¼ 0.12, respectively). The interaction between Lighting condition
and Time of day had no significant effects on the potential con-
founding variables (all p > 0.05).

3.1.2. Baseline subjective sleepiness, vitality and self-control
Results of the LMM analyses revealed significant baseline dif-

ferences between the 2700 K and 6000 K condition for self-
reported sleepiness, vitality and lack of self-control (see Table 2).
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Participants felt less sleepy, more vital, and reported a lower lack of
self-control prior to the 6000 K than prior to the 2700 K condition.
Time of day had no significant main or interaction effects on these
self-report variables at baseline (all p > 0.05).

3.1.3. Baseline subjective tension and mood
Lighting condition had a significant main effect on positive

affect at baseline with higher positive affect prior to the 6000 K
than prior to the 2700 K condition (see Table 2). There were no
significant differences between the two CCT levels in tension and
negative affect prior to the light treatment. Time of day had no
significant main nor interaction effects on self-reported tension
and mood at baseline (all p > 0.05).

3.1.4. Baseline performance
Baseline comparisons of the Psychomotor Vigilance Task (PVT),

Addition task (AT), and Letter cancellation task (LCT) indicators
revealed no significant differences between the conditions at
baseline (all p > 0.05). There were, however, baseline differences in
the Attention Network Task (ANT) measures: alerting attention and
executive attention differed significantly between the lighting
conditions [F(1,35) ¼ 6.80; p ¼ 0.01 and F(1,36) ¼ 4.62; p ¼ 0.04,
respectively]. Participants showed a larger deficit in alerting and
executive attention prior to the 2700 K (EMM¼ 37.51; SE¼ 7.16 and
EMM ¼ 93.93; SE ¼ 6.57, respectively) than prior to the 6000 K
sessions (EMM ¼ 12.76; SE ¼ 7.03 and EMM ¼ 76.65; SE ¼ 6.39,
respectively). Time of day had no significant main or interaction
effects on the ANT measures prior to the light treatment (all
p > 0.05).

3.1.5. Baseline physiological arousal
Baseline heart rate was significantly higher prior to the 6000 K

sessions than prior to the 2700 K sessions (EMM6000K ¼ 74.86;
SE¼ 2.48; EMM2700K ¼ 70.25; SE¼ 2.25; F(1,21)¼ 5.19; p¼ 0.03). In
contrast, heart rate variability showed no significant difference
between the lighting conditions during the baseline phase
[F(1,29) ¼ 1.04; p ¼ 0.32]. Time of day had no significant main or
interaction effects on heart rate or heart rate variability (all
p > 0.05).

Comparable to the results on heart rate, Lighting condition had a
significant main effect on SCL measured at baseline, with a higher
level prior to the 6000 K than prior to the 2700 K sessions
(EMM6000K ¼ 0.53; SE ¼ 0.05; EMM2700K ¼ 0.39; SE ¼ 0.05;
F(1,30) ¼ 9.27; p < 0.01). Time of day had no significant main or
interaction effects on the baseline SCL (both F < 1, ns).

3.1.6. Summary baseline comparisons
Overall, the baseline comparisons showed some differences in

the self-report, task performance, and physiological measures at
the start of the sessions. Therefore, we decided - as a general rule -
to add the corresponding baseline measure as covariate in subse-
quent analyses.

3.2. Effects of CCT, time of day, and duration of exposure

3.2.1. Effects on subjective sleepiness, vitality and self-control
No significant main effects of CCT, Time of day, or Measurement

block emerged on subjective sleepiness, vitality, and lack of self-
control (all p > 0.05), but the interaction effect between CCT and
Time of day on vitality was significant [F(1,176) ¼ 6.18; p ¼ 0.01], as
was the interaction between CCT and Measurement block on sub-
jective sleepiness [F(2,166) ¼ 3.80; p ¼ 0.02].

For the CCT x Time of day interaction, post-hoc comparisons
showed that participants felt more vital in the 6000 K than the
2700 K condition in the morning [F(1,173)¼ 4.28; p¼ 0.04], but not
in the afternoon [F(1,186) ¼ 2.03; p ¼ 0.16; see Fig. 3]. Interaction
effects between CCT and Time of day on sleepiness and lack of self-
control were not significant [F(1,176) ¼ 3.46; p ¼ 0.07 and
F(1,34) ¼ 3.21; p ¼ 0.08 respectively].

For the CCT x Measurement block interaction on sleepiness,
post-hoc comparisons showed that participants reported higher
sleepiness after 40 min of exposure to 6000 K (Block 2:
F(1,176) ¼ 4.14; p ¼ 0.04; see Fig. 3). There were no significant
differences between the two CCT levels after about 20min (Block 1:
F(1,177) ¼ 2.84; p ¼ 0.09) or one hour of light exposure (Block 3:
F < 1, ns). The interaction effect between CCT and Measurement
block had no significant effect on self-reported vitality
[F(2,164) ¼ 1.99; p ¼ 0.14].

3.2.2. Effects on subjective tension and mood
CCT and Time of day had no significant effect on tension (both

p > 0.05), but did demonstrate significant main effects on feelings
of positive affect [CCT: F(1,189) ¼ 6.32; p < 0.01; Time of day:
F(1,37) ¼ 9.54; p < 0.01] and negative affect [CCT: F(1,175) ¼ 7.36;
p < 0.01; Time of day: F(1,33)¼ 5.92; p¼ 0.02]. Measurement block
had a significant main effect on self-reported tension
[F(2,160) ¼ 3.88; p ¼ 0.02], but not on positive and negative affect
(both p > 0.05). No significant interaction effects emerged.

The main effects of CCT on mood revealed that participants felt
less happy in the 6000 K condition (EMM¼ 2.48; SE ¼ 0.04) than in
the 2700 K condition (EMM ¼ 2.64; SE ¼ 0.04). They also felt more
sad in the 6000 K (EMM ¼ 1.54; SE ¼ 0.05) vs. 2700 K condition
(EMM ¼ 1.38; SE ¼ 0.05). In addition, participants reported higher
positive affect in the afternoon than in the morning sessions
(EMMafternoon ¼ 2.66; SE ¼ 0.05; EMMmorning ¼ 2.46; SE ¼ 0.04), and
lower negative affect in the afternoon than in the morning
(EMMafternoon ¼ 1.36; SE ¼ 0.06; EMMmorning ¼ 1.56; SE ¼ 0.06).

The main effect of Measurement block on tension indicated
increasing tension during the lighting conditions with time in
session (EMMBlock1 ¼ 1.59; SE ¼ 0.07; EMMBlock2 ¼ 1.72; SE ¼ 0.07;
EMMBlock3 ¼ 1.69; SE ¼ 0.07).

3.2.3. Effects on task performance
3.2.3.1. Auditory PVT: effects on sustained attention. CCT and Time
of day had no significant main or interaction effects on the mean
reaction time, 10% slowest reaction time, and 10% fastest reaction
time on the PVT (all p > 0.05). Measurement block did have a sig-
nificant main effect on the mean reaction time and 10% slowest
reaction time [F(2,154) ¼ 4.21; p ¼ 0.02 and F(2,151) ¼ 4.28;
p ¼ 0.02, respectively], showing that participants' responses
became slower with time in session (data not shown). No further
significant effects emerged.

3.2.3.2. Addition task: effects on arithmetic abilities. CCT and Time
of day had no significant main or interaction effects on the total
number of additions, number of correct responses, or percentage
correct (all p > 0.05), except for a significant interaction effect be-
tween CCT and Time of day for the percentage of correct additions
[F(1,175) ¼ 6.78; p ¼ 0.01]. Post-hoc comparisons revealed that
participants answered relatively more additions correct in the
2700 K condition than in the 6000 K condition in the afternoon
(F(1,174) ¼ 8.27; p < 0.01), but not in the morning (F < 1, ns; see
Fig. 4).

Measurement block had a significant main effect on the number
of correct additions [F(2,156) ¼ 3.08; p ¼ 0.05], showing fewer
correct answers in Block 1 as compared to Block 2
(EMMBlock1 ¼ 40.71; SE ¼ 0.84 and EMMBlock2 ¼ 42.42; SE ¼ 0.84;
p ¼ 0.05). Block 3 (EMM ¼ 41.86; SE ¼ 0.84) was not significantly
different from the other two blocks (both p > 0.05). No further
significant effects of Measurement block emerged.



Fig. 3. Estimated marginal means for sleepiness, vitality, positive affect and negative affect for the 2700 K vs. 6000 K condition per measurement blocks (left) and in the morning vs.
afternoon sessions (right). Error bars represent the standard errors of the estimated marginal means. * stands for p < 0.05.
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Fig. 4. Estimated marginal means for the accuracy measures of the AT (upper figures) and LCT (lower figures) for the 2700 K vs. 6000 K condition per measurement blocks (left) and
in the morning vs. afternoon sessions (right). Error bars represent the standard errors of the estimated marginal means. * stands for p < 0.05.



Fig. 5. Estimated marginal means for heart rate (upper figures) and skin conductance level (lower figures) for the 2700 K vs. 6000 K condition per measurement blocks (left) and in
the morning vs. afternoon sessions (right). Error bars represent the standard errors of the estimated marginal means. * stands for p < 0.05.

2 Note that a model with Light sensitivity as covariate revealed an error showing
that the Hessian matrix was not positive definite suggesting redundant covariance
parameters. Therefore, we ran the model without this variable as predictor for
alerting attention.
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3.2.3.3. Letter cancellation task: effects on inhibition. CCT, Time of
day, and Measurement block had no significant main or interaction
effects on the number of correctly cancelled e's in the first part of
the task (i.e., without restrictions; all p > 0.05). CCT and the inter-
action between CCT and Measurement block did significantly affect
inhibitory performance in part two (with restrictions). In addition,
the interaction between CCT and Time of day significantly influ-
enced the ratio of correct responses in part two to part one.

Results for performance on this inhibitory task showed that
participants cancelled out more correct e's in the 2700 K condition
than in the 6000 K (EMM2700K ¼ 42.71; SE ¼ 1.03;
EMM6000K¼ 40.05; SE¼ 1.03; F(1,179)¼ 5.52; p¼ 0.02). Time of day
had no significant main effect on the number of correct cancella-
tions made in part two [F(1,36) ¼ 1.16; p ¼ 0.29], nor was the effect
of CCT significantly moderated by Time of day [F(1,179) ¼ 2.05;
p ¼ 0.15]. An interaction effect between CCT and Measurement
block [F(2,167) ¼ 3.47; p ¼ 0.03] indicated that this main effect of
CCT was moderated by time in session. Post-hoc comparisons
showed that the difference between the 2700 K and 6000 K con-
dition was significant in Block 2 [F(1,172) ¼ 11.88; p < 0.01], but not
Block 1 and 3 (both F < 1, ns; see Fig. 4). Measurement block also
had a significant main effect [F(2,167) ¼ 4.62; p ¼ 0.01], showing
fewer correct cancellations in Block 1 (EMM¼ 39.07; SE¼ 1.16) than
in Block 2 (EMM ¼ 43.03; SE ¼ 1.17; p ¼ 0.01), but not significantly
fewer cancellations than in Block 3 (EMM ¼ 42.03; SE ¼ 1.16;
p ¼ 0.09).

For the ratio of correctly selected e's (part two to part one), no
significant main effects of CCT or Time of day emerged
(F(1,181) ¼ 2.56; p ¼ 0.11 and F < 1, ns, respectively), but the
interaction between CCT and Time of day was significant
[F(1,181) ¼ 6.19; p ¼ 0.01]. Post-hoc comparisons showed that
participants made relatively more correct cancellations in the
2700 K condition than in the 6000 K condition in the morning
[F(1,177)¼ 9.28; p < 0.01], while there was no significant difference
between the two CCT conditions in the afternoon (F < 1, ns; see
Fig. 4). Measurement block had a significant main effect
[F(2,167) ¼ 4.39; p ¼ 0.01], showing a significant increase in ac-
curacy from Block 1 to Block 2 (EMMBlock1 ¼ 0.31; SE ¼ 0.01;
EMMBlock2 ¼ 0.34; SE ¼ 0.01; p ¼ 0.01). In contrast to the absolute
number of correct cancellations in part 2, the interaction between
CCT and Measurement block on the relative number of correct
cancellations was not significant [F(2,167) ¼ 2.01; p ¼ 0.14].
3.2.3.4. ANT: effects on ability to stay focused, orienting attention and
executive functioning. CCT, Time of day, and Measurement block
had no significant main or interaction effects on alerting attention2,
orienting attention and executive attention (all p > 0.05).
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3.2.4. Effects on physiological arousal

3.2.4.1. Heart rate and heart rate variability. CCT and Time of day
had no significant main effect on heart rate or heart rate variability
(LF/HF ratio; all p > 0.05), except for the interaction effect between
CCT and Time of day on heart rate [F(1,123) ¼ 4.89; p ¼ 0.03]. Heart
rate was higher in the 2700 K condition than in the 6000 K con-
dition in the morning [F(1,112) ¼ 4.27; p ¼ 0.04], while the reverse
pattern in the afternoon was not significant [F(1,129) ¼ 1.44;
p ¼ 0.23; see Fig. 5]. Measurement block had a significant main
effect on heart rate [F(2,104) ¼ 11.03; p < 0.01], showing a decrease
in heart rate with time in session (EMMBlock1 ¼ 69.89; SE ¼ 0.74;
EMMBlock2 ¼ 68.52; SE ¼ 0.74; EMMBlock3 ¼ 67.35; SE ¼ 0.75). No
further significant effects emerged.

3.2.4.2. Skin conductance level. CCT and Time of day had no sig-
nificant main or interaction effects on SCL (all p > 0.05). Mea-
surement block did have an effect on SCL [F(2,146)¼ 4.77; p¼ 0.01],
showing a lower arousal level in Block 1 (EMM ¼ 0.59; SE ¼ 0.03)
than in Block 2 (EMM ¼ 0.62; SE ¼ 0.03; p ¼ 0.02) and Block 3
(EMM ¼ 0.62; SE ¼ 0.03; p ¼ 0.04). The interaction between CCT
and Measurement block was not significant (F < 1, ns).

3.2.5. Effects on subjective appraisals and beliefs of the lighting
conditions

3.2.5.1. Subjective appraisals. Participants evaluated the colour of
6000 K lighting as cooler (EMM6000K ¼ 3.79; SE ¼ 0.15;
EMM2700K ¼ 1.74; SE ¼ 0.14; F(1,68) ¼ 97.76; p < .013) than in light
the 2700 K condition. Moreover, the 6000 K condition was evalu-
ated as brighter (EMM6000K ¼ 3.28; SE ¼ 0.14; EMM2700K ¼ 2.69;
SE ¼ 0.13; F(1,34) ¼ 12.66; p < 0.01), and more activating
(EMM6000K ¼ 3.14; SE ¼ 0.13; EMM2700K ¼ 2.54; SE ¼ 0.13;
F(1,33) ¼ 10.82; p < 0.01). No significant differences between the
lighting conditions emerged for pleasantness [F(1,39) ¼ 2.50;
p ¼ 0.12]4, evaluation of the distribution of the lighting (F < 1, ns),
the adequacy of the colour (F < 1, ns), or the adequacy of the in-
tensity of the lighting [F(1,34) ¼ 3.63; p ¼ 0.07].

Time of day had no significant main effects on appraisals of the
lighting (all p > 0.10). However, the effect of CCT on the appraisal
‘activating’ was moderated by Time of day [F(1,33) ¼ 5.82;
p¼ 0.02]. The 6000 K conditionwas experienced asmore activating
than the 2700 K condition in the morning (EMM6000K ¼ 3.47;
SE¼ 0.18; EMM2700K¼ 2.43; SE¼ 0.17; F(1,32)¼ 17.27; p < 0.01), but
not in the afternoon (EMM6000K¼ 2.80; SE¼ 0.20; EMM2700K¼ 2.64;
SE ¼ 0.18; F < 1, ns). The interaction between CCT and Time of day
was also significant for the experienced adequacy of the colour of
the lighting [F(1,68) ¼ 5.84; p ¼ 0.02]. Post-hoc comparisons
revealed, however, no significant differences between the 2700 K
and 6000 K condition in themorning [F(1,68)¼ 2.51; p¼ 0.12] or in
the afternoon [F(1,68) ¼ 3.34; p ¼ 0.07]. The interaction effect be-
tween CCT and Time of day on the other appraisals of the lighting
was not significant (all p > 0.10).

3.2.5.2. Beliefs. CCT had no significant main effect on participants'
beliefs about the effect of the lighting condition on performance
(F < 1, ns) or mood [F(1,68) ¼ 3.33; p ¼ 0.07]. Time of day had no
significant main effect on participants' beliefs (both F < 1, ns), but
the interaction between CCTand Time of day had a significant effect
3 Note that a model with Participant as random intercept revealed an error
showing that the Hessian matrix was not positive definite suggesting redundant
covariance parameters. Therefore, we ran the model without this random intercept.

4 Note that a model with Light sensitivity as covariate revealed an error showing
that the Hessian matrix was not positive definite suggesting redundant covariance
parameters. Therefore, we ran the model without this variable.
on beliefs about the effect of the lighting condition on performance
[F(1,37) ¼ 6.31; p ¼ 0.02]. Post-hoc comparisons showed stronger
beliefs that the lighting positively influenced their performance in
the 6000 K condition than in the 2700 K condition in the morning
(EMM6000K ¼ 3.48; SE ¼ 0.21; EMM2700K ¼ 2.77; SE ¼ 0.20;
F(1,36)¼ 6.54; p¼ 0.02), while the reverse pattern in the afternoon
was not significant (EMM6000K ¼ 3.03; SE ¼ 0.22; EMM2700K ¼ 3.33;
SE ¼ 0.21; F(1,38) ¼ 1.09; p ¼ 0.30). The interaction between CCT
and Time of day on beliefs concerning mood was not significant
(F < 1, ns).

3.2.5.3. Evaluation of the room. CCT had a significant main effect on
the general impression of the room [F(1,37) ¼ 11.31; p < 0.01],
showing that the room was experienced as more pleasant in the
2700 K condition than the 6000 K condition (EMM2700K ¼ 4.22;
SE ¼ 0.22; EMM6000K ¼ 3.20; SE ¼ 0.23). In contrast, CCT had no
significant effect on participants' attitude towards working in a
comparable environment [F(1,68)¼ 3.01; p¼ .095]. Time of day had
no significantmain or interaction effects on these evaluations of the
room (all p > 0.05).

4. Discussion

To date, little is known about the optimal correlated colour
temperature to benefit individuals' level of alertness, mood, and
cognition during daytime. In the current study, we tested whether
exposure to white light with a higher CCT (6000 K vs. 2700 K) for
one hour induced stronger light responses on participants' expe-
riences, behavior, and physiology. Moreover, moderations by time
of day and duration of exposure were investigated. Overall, the
current results provided no clear indications for beneficial effects of
one hour of exposure to a higher CCT level on individuals' affective
state, cognitive performance, and autonomic nervous activity in the
morning or afternoon.

The results on alertness, vitality, cognition, and arousal showed
verymixed patterns, with effects of CCT being dependent on type of
indicator, time of day, and duration of exposure. The only positive
effects of CCT were found for vitality in the morning. Yet while
vitality benefitted from a higher CCT in the morning, there was no
significant time-of-day-dependent effect of CCT on sleepiness nor
self-control capacity. Moreover, the effect of CCT on sleepiness in
the second measurement block tended to the opposite direction,
i.e., higher self-reported sleepiness under 6000 K vs. 2700 K.

Task performance either remained insensitive to the CCT
manipulation, or suggested performance-undermining effects un-
der exposure to a higher CCT during daytime. We employed a se-
lection of tasks to explore effects on various elements of cognition.
Neither vigilance (PVT) nor the three components of attention
assessed with the ANT differed between lighting conditions. The
other tasks (inhibitive performance task and addition task) also
showed no significant differences between the two lighting con-
ditions in terms of speed. Results on accuracy revealed mixed re-
sults with effects being dependent on time of day or time in
session: Accuracy on the addition taskwas lower under exposure to
a higher CCT in the afternoon, and no effect emerged in the
morning. Accuracy on the LCT also benefitted from warmer (low
CCT) rather than cooler lighting, yet this effect appeared mainly in
the morning sessions. In addition, results on autonomic nervous
activity showed no significant differences between the two CCT
levels, except for a time-of-day-dependent effect of CCT on heart
5 Note that a model with Participant as random intercept revealed an error
showing that the Hessian matrix was not positive definite suggesting redundant
covariance parameters. Therefore, we ran the model without this random intercept.
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rate in the unexpected direction.
Field studies have reported beneficial effects of daytime expo-

sure to a higher CCT on employees' level of alertness and perfor-
mance (Iskra-Golec et al., 2012; Keis, Helbig, Streb, & Hille, 2014;
Mills et al., 2007; Partonen & L€onnqvist, 2000; Viola et al., 2008),
yet under longer exposure periods (several weeks) and/or a higher
CCT level (17,000 K vs. 4000 K) than employed in the current study.
As discussed in the introduction, earlier laboratory studies inves-
tigating acute effects of CCT on physiological and psychological
functioning during daytime also revealed mixed results. Together
with the current results, this suggests that the acute alerting effects
of blue or blue-enriched light found in the late evening or at night -
with higher levels of melatonin secretion and higher homeostatic
sleep propensity - cannot be directly translated to lighting sce-
narios for daytime situations.

In contrast to the effects on alertness, vitality, cognitive perfor-
mance, and arousal, results on mood showed a more consistent
picture. Participants reported less positive affect andmore negative
affect under exposure to 6000 K vs. 2700 K, regardless of the timing
and duration of exposure. In addition, participants evaluated the
environment as less pleasant when exposed to the higher CCT level.
Participants experienced the colour of the lighting as cooler in the
6000 K compared to the 2700 K condition. The higher CCT condi-
tion was also experienced as brighter, although illuminance levels
and photon density were very similar in both conditions. This is a
phenomenon that has been noted before (see for instance Fotios
(2001) for a review). Moreover, the 6000 K condition was evalu-
ated as more activating, but only in the morning. This corroborates
the results on self-reported vitality, but contrasts the results on
objective indicators - heart rate and the relative number of correct
cancellations on the letter cancellation task. Participants also re-
ported stronger beliefs concerning the beneficial effect of the
lighting condition on performance in the 6000 K vs. 2700 K
morning sessions, yet their actual performance during the light
exposure did not improve e and sometimes even declined e in the
6000 K condition. Thus, participants' evaluations and expectations
concerning potential activating and performance-enhancing effects
of the lighting condition did not reflect their actual performance.
This also suggests that earlier results concerning beneficial effects
of exposure to a very high CCT (17,000 K) on performance in the
field (Mills et al., 2007; Viola et al., 2008) - assessed with a 1-item
self-report measure for general performance - may not necessary
reflect actual increments in task performance but instead persons'
impression of potential activating effects of the lighting. Moreover,
different aspects of cognitive task performance might be more or
less responsive to diurnal light exposure (Huiberts et al., 2015,
2016; Smolders & De Kort, 2014), as was also shown in the cur-
rent study. Together, these results indicate that it is important to
employ both self-report and objective indicators for task perfor-
mance, and assess different aspects of human performance when
investigating daytime effects of light on performance. Future
research should therefore administer more extensive self-report
measures focusing on specific tasks characteristics and objective
performance indicators to determine the optimal lighting condition
for different types of tasks during regular daytime hours.

All significant effects of CCTon alertness, cognitive performance,
and arousal in the current study were moderated by time of day or
time in session. Most effects in the current study differed between
morning vs. afternoon exposure, suggesting that it also is important
to consider the timing of the light exposure as a potential moder-
ating variable for acute alerting effects of light in future research. In
line with earlier research (Huiberts et al., 2015; Smolders et al.,
2012; Smolders & De Kort, 2014), the current study suggests that
it is interesting to investigate the development of these effects over
time: subjective sleepiness, for example, showed temporal
modulations as a function of CCT during the experimental phase.
Moreover, the effect of CCT on the number of correct cancellations
on the LCT was only significant in the second block (i.e., after about
30e35 min of exposure). Together, these studies suggest that the
onset and offset of effects may vary over time, even within an hour
of exposure. Moreover, the different type of measures (i.e., self-
reports vs. performance vs. physiological measures) as well as
different indicators (e.g., sleepiness vs. vitality and speed vs. accu-
racy) render different results. This underlines the importance of
employing a multi-measure approach when testing the acute non-
image forming effects of light.

In the current study, the self-report, task performance, and
physiological measures were administered in repeated measure-
ment blocks with a relatively large sample size - at least compared
to earlier studies e to investigate the role of the spectral power
distribution of white light on the effect of light exposure on human
daytime functioning. Unfortunately, some measures revealed dif-
ferences at baseline, i.e., prior to the actual light exposure. In all
analyses, we therefore controlled for participant's baseline scores of
the corresponding session. The baseline differences occurred
despite the fact that we paid special attention to minimize differ-
ences prior to the light treatment. We employed a within-subjects
design to control for inter-individual differences in alertness, per-
formance, mood, and arousal. In addition, persons were asked to
participate twice at the same time of day to minimize potential
differences in the dependent variables due to circadian phase.
Moreover, participants reported no significant differences in sleep
duration or time awake between the two lighting conditions sug-
gesting that it is unlikely that there were differences in sleep
pressure due to homeostatic regulation prior to the 2700 K vs. 6000
K condition, although we do acknowledge that we have no objec-
tive data (e.g. actigraphy) to confirm these self-reports. There was
also no significant difference in the amount of time spent outside
prior to the lighting conditions. Nevertheless, results showed that
participants already felt more alert, energetic, and happier, per-
formed faster on some elements of the ANT, and showed higher
levels of physiological arousal prior to the 6000 K compared to the
2700 K condition. A recent study showed state-dependent effects of
exposure to bright light on subjective sleepiness and self-control
capacity during daytime, with effects being more pronounced
when persons experienced mental fatigue as compared to a more
relaxed state (Smolders & De Kort, 2014). This suggests that the
baseline differences in the current study could have affected par-
ticipants' sensitivity to the light treatment in the 6000 K vs. 2700 K
condition. There were, however, no significant baseline differences
in alertness, mood, and performance between the morning vs. af-
ternoon sessions nor were the baseline differences prior the two
lighting conditions moderated by time of day, yet most significant
results showed time-of-day-dependent effects of CCT. It is therefore
unlikely that differences in prior momentary state and level of
performance have explained the current results.

Higher CCT levels or longer exposure durations may be neces-
sary to elicit improvements in performance andmore robust results
on self-reported alertness and vitality during daytime, as studies in
the field employing a higher CCT level for several weeks did show
alerting and vitalizing effects, at least on self-report measures (e.g.,
Mills et al., 2007; Viola et al., 2008). Moreover, the effects of CCT
may also depend on the intensity level of the lighting. Most studies
showing acute activating effects of blue or blue-enriched light in
the evening or at night have employed relatively dim intensity
levels. Chellappa et al. (2011; 2012), for example, reported
alertness-enhancing effects of exposure to blue-enriched light in
the late evening employing similar CCT levels as in this study, yet at
a lower illuminance level (40 lx at the wall). In the current study,
we tested effects of CCT at a higher intensity level (i.e., 500 lx at the



K.C.H.J. Smolders, Y.A.W. de Kort / Journal of Environmental Psychology 50 (2017) 80e93 91
desk) to employ realistic levels for daytime work situations. The
current conclusions may therefore not be directly translated to
daytime light exposure with more extreme CCT levels or low in-
tensity levels. Whether daytime effects of CCT on alertness and
vitality are more pronounced at lower intensity levels or whether
higher CCT levels and prolonged exposure durations are necessary
to induce beneficial effects on mental wellbeing and performance
during daytime would require more research. It should also be
noted that the current sample consisted of relatively young par-
ticipants. Given the potential changes in the eye at the retinal and
neural level as a function of age, it remains an open question to
what extent the current results can be directly translated to groups
of higher age. To date, it is largely unknown how age e particularly
old age - influences individuals' sensitivity to the non-image
forming effects of light. The difference between both lighting
conditions employed in terms of retinal light exposure in the cur-
rent study may be smaller among older participants due to, for
instance, the yellowing of the lens. Yet, additional research is
required to assess potential moderations by age in the effect of
spectrum on non-image forming responses among healthy day-
active subjects.

While research has determined the spectral sensitivity for
nocturnal melatonin suppression (Brainard et al., 2001; Thapan
et al., 2001), no such spectral sensitivity functions have yet been
developed for acute effects on behavioural and experiential in-
dicators, such as subjective alertness and vitality or task perfor-
mance. It is well-established that melatonin suppression is
particularly sensitive to short-wavelength light (Brainard et al.,
2001; Thapan et al., 2001). Although the amount of light in the
blue part of the spectrum was higher in the 6000 K vs. 2700 K
condition (as was the amount of melanopic lux; Lucas et al., 2014),
no clear activating effects of the blue-enriched light were found in
the current study. Based on the current findings - and the results by
studies showing alerting effects of both red and blue light at night
(Figueiro et al., 2009; Papamichael et al., 2012; Plitnick, Figueiro,
Wood, & Rea, 2010) or more pronounced effects for exposure to
monochromatic red light in the afternoon (Sahin& Figueiro, 2013) -
one might suspect that the spectral sensitivity functions for expe-
riential and behavioural indicators differ from the function estab-
lished for melatonin suppression. Future research should therefore
determine spectral sensitivity functions for potential alerting and
vitalizing effects of light on subjective experience, performance,
and physiological arousal indicators (other than melatonin sup-
pression). Moreover, as human physiological and psychological
functioning systematically varies with time of day and results have
shown less consistent effects during daytime, it would be impor-
tant to establish these functions for both daytime and night-time
exposure. This will not only provide knowledge about whether
effects are most sensitive to light in the blue part of the spectrum,
but also provide fundamental insights in the role of the different
types of photoceptors (i.e., ipRGCs, rods and cones), and potential
differences in sensitivity between day and night. After establishing
such action spectra, the optimal spectral composition of white light
should be explored to be able to apply these findings into lighting
applications and fine-tune the spectral composition of lighting
scenarios for everyday situations.

4.1. Conclusion

The current study revealed neither clear beneficial effects of
exposure towhite light with a higher colour temperature onmental
wellbeing and performance, nor activating effects on physiological
arousal during regular daytime hours. Although participants re-
ported a higher level of vitality when exposed to cooler (6000 K) vs.
warmer (2700 K) light in the morning, most indicators showed no
acute activating effects of CCT on non-image forming responses. At
times subtle (time-of-day-dependent and duration-dependent)
effects in the opposite direction even emerged. The effect of CCT
on mood was most robust and demonstrated more positive affect
and less negative affect in warmer lighting. The current results,
therefore, do not support the installation of general lighting con-
ditions with high CCT levels in, for instance, office or school envi-
ronments during daytime work hours at this point. Yet, more
research is needed to determine the optimal spectral composition
of daytime lighting schemes to enhance alertness and vitality and
create a pleasant atmosphere.
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