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1 | INTRODUCTION
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Abstract

We examined whether dynamically changing light across a scheduled 16-h waking
day influences sleepiness, cognitive performance, visual comfort, melatonin secre-
tion, and sleep under controlled laboratory conditions in healthy men. Fourteen par-
ticipants underwent a 49-h laboratory protocol in a repeated-measures study design.
They spent the first 5 hours in the evening under standard lighting, followed by an
8-h nocturnal sleep episode at habitual bedtimes. Thereafter, volunteers either woke
up to static light or to a dynamic light that changed spectrum and intensity across the
scheduled 16-h waking day. Following an 8-h nocturnal sleep episode, the volunteers
spent another 11 hours either under static or dynamic light. Static light attenuated the
evening rise in melatonin levels more compared to dynamic light as indexed by a
significant reduction in the melatonin AUC prior to bedtime during static light only.
Participants felt less vigilant in the evening during dynamic light. After dynamic
light, sleep latency was significantly shorter in both the baseline and treatment night
while sleep structure, sleep quality, cognitive performance, and visual comfort did
not significantly differ. The study shows that dynamic changes in spectrum and in-

tensity of light promote melatonin secretion and sleep initiation in healthy men.
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of desynchronizing circadian rhythms from sleep-wake
rhythms. In order to avoid such circadian misalignments,

In our modern societies, we spend increasingly more
time indoors under electric light.1 As a consequence,
we expose ourselves to more electric light and less sun-
light during the day. Exposure to electric light after sun-
set can potentially delay our internal clock with the risk
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it is recommended? to increase Zeitgeber (ie “time giver™)
strength by increasing light exposure during the day and
avoid light at night. The wrong light at the wrong time of
day is also associated with negative effects on well-being
and sleep.}6
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Intrinsically photosensitive retinal ganglion cells (ip-
RGCs) use the photopigment melanopsin to transmit light
stimuli via the retinohypothalamic tract into different brain
areas, primarily to our internal “master clock,” the nucleus
suprachiasmaticus.”'* The photopigment melanopsin is very
sensitive to short wavelength light, that is blue appearing
light, making light of these wavelengths highly effective in
their function as a Zeitgeber.“’12 Especially blue and white
appearing light with a high proportion of short-wave radi-
ation during the evening and at night attenuates the natural
increase in sleepiness and in melatonin secretion.'>'* The
production of melatonin can be acutely inhibited by light.15 16
Two in-depth investigations with monochromatic light rang-
ing from 420 to 600 nm found wavelength regions between
457-462 nm"? and 446-477 nm'* as being most powerful for
melatonin suppression.

Effects of a simulated dawn on circadian rhythms in hu-
mans were investigated by Danilenko et al'” Control partici-
pants remained under dim light conditions with an alternating
light-dark cycle (< 30:0 Ix). Their results showed that a re-
placement of the last 1.5 hours of darkness by a natural dawn
stimulus was sufficient to maintain an entrained phase posi-
tion in comparison with the control situation. In a study in
which both the correlated color temperature (CCT) (1090-
2750 K) and illuminance at the eye (0-250 1x) was changed
during wake up in the morning, mood, well-being, and cog-
nitive performance increased,lg’19 and the cardiac control
during the awakening process was better™ in comparison
with 8 Ix. A twilight simulation was also found to be antide-
press.ant21 and to eliminate poor sleep patterns.22 In a study
comparing dynamic light with static light for office work-
ers no positive effects on sleep, vitality and productivity of
dynamic light were found. The employees were subjectively
more satisfied with the dynamic light than with the static
light, however.”® To date, nonvisual light effects were pre-
dominantly studied during the evening or at night, and to a
lesser extent during the day. Twilight studies and the com-
bination of the three time points (ie night, day, and twilight)
investigating the continuous change of light during 16 hours
of wakefulness are rare, and therefore, it remains unclear if
these changes improve circadian physiology, visual comfort,
cognitive performance, and sleep.

In the present study, we compared a static lighting condi-
tion “sLED” with a dynamically changing light “dynLED”
that incrementally increased both CCT and illuminance in the
morning and continuously decreased both in the afternoon
until bedtime. This light profile is generally assumed to have
various positive effects on humans, although this has not yet
been tested rigorously. We expected less melatonin suppres-
sion in the evening prior to bedtime and better sleep, indexed
by more EEG delta activity in the treatment night, after the
dynamic compared to the static light condition. Furthermore,
we expected better visual comfort, alertness, and cognitive

Joumal of Pineal Research
‘Molecular, Biological, Physiological and

performance during the 16 hours of wakefulness during dy-
namic compared to the static light conditions, particularly
during times when exposed to 5000 K compared to static
light at 4000 K. In the evening, however, we expected better
cognitive performance and higher alertness during static light
due to both higher intensity and higher CCT than during the
dynamic light.

2 | MATERIALS AND METHODS

The design and method of the present study was based on
our previously published study24 and is thus summarized
here. The study procedures were approved by the local eth-
ics committee and performed according to the Declaration of
Helsinki. All participants provided written informed consent.

2.1 | Study design

The “in-laboratory part of the study” comprised two 49-h
episodes, which participants spent in sound-attenuated suites
under light, temperature, and humidity controlled condi-
tions without time cues (Figure 1.2 All study events were
timed relative to each individual's habitual sleep-wake
times. Volunteers reported to the laboratory 6 hours prior to
their usual bedtime and spent the first evening under stand-
ard fluorescent lighting conditions (Philips Master TL5 HO
54W/830, CRI 80, 3000 K) with a horizontal illuminance of
88 1x (29.5 Ix melEDI) on the pillow. After an 8-hour baseline
sleep episode, volunteers either woke up in the sLED or dyn-
LED condition (Toshiba TRI-R Circadian System NP10576,
based on TRI-R LED SMD5056) and spent 16-h awake, fol-
lowed by a second 8-h sleep episode (ie treatment night) and
a final 11-h episode of scheduled wakefulness (Figure 2A).
The order of the lighting conditions was counterbalanced and
pseudo-randomized, such that half of the participants started
with sLED and vice versa. Participants were under the same
conditions in both nights (baseline and treatment). During
scheduled wakefulness, volunteers were allowed to move
freely in their room when they were not involved in sched-
uled tasks. They received the same scheduled meals (25 min,
4, and 11 hours after wake up). The washout period between
the two in-laboratory sessions was one week.*

2.2 | Participants

Eighteen healthy male participants were screened for sleep
and psychiatric disorders and spent one habituation night
in the sleep lab prior to study participation. This habitua-
tion night, scheduled according to their habitual bedtimes,
included a polysomnography screening, in order to assess
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their ability to sleep in a new environment and to rule out
sleep disturbances. They spent the habituation night one to
three weeks prior to the in-laboratory part of the study. All
participants had a good sleep quality as assessed with the
Pittsburgh Sleep Quality Index” (PSQI score < 5) and were
no extreme chronotypes (42 and 57 points on the Munich
Chronotype questionnairf:26). They underwent a medical ex-
amination carried out by a study physician and an ophthalmic
examination by a certified optometrist to exclude volunteers
with visual impairments. All participants were screened for
color deficiency by the Ishihara Test.”” Exclusion criteria
were smoking, medication or drug consumption, shift work
within the last three months, and transmeridian flights up to
one month prior to the study. One week prior to the labora-
tory admission, participants were instructed to keep a regular
sleep-wake schedule with a sleep duration of 8 hours, which
was verified by sleep logs and continuous wrist actimetry.
Actimetry-derived sleep duration was on average 8 hours
and 8 minutes (SD: 28 min) during the week prior to the
in-laboratory part of the study, with an average sleep start
time at midnight (00:03). The range was between 7:25 and
9:00 hour. During the washout period, participants were in-
structed to keep the same regular sleep-wake schedule as one
week prior to the lab visit (no naps, +60 min within habitual
bed times). Participants were asked to refrain from alco-
hol, and a toxicological screen was performed upon labo-
ratory entry. After dropouts due to headache (N = 1), and

technical issues (N = 3), data of 14 participants (mean age
25.58 + 3.34 years) entered statistical analysis.

2.3 | Light treatment

During scheduled wakefulness, light exposure in the study
room during sLED was set to 4000 K and 87 Ix (verti-
cal at the eye; Figure 1). Horizontal illuminance at desk
height ranged, depending on the position, between 150
and 650 Ix, which corresponds to standard office lighting.
DynLED was defined as a continuous light change starting
in the morning with 3500 K/<1 Ix incrementally increasing
until reaching a peak of 5000 K/83 Ix 2.5 hours after wake
up lasting until 7.5 hours after wake up. The lighting con-
ditions are illustrated in Figure 1 and Figure 2. Afterward,
CCT and illuminance slowly and continuously decreased
in the afternoon reaching 2700 K/<1 Ix at bedtime. During
dynLED, the luminance 10 min prior to sleep on the pil-
low was 0.3 cd/m”. Horizontal irradiances on the pillow at
that time during sLED were 100-fold higher than during
dynLED (42 vs. 0.43 pW/cm?). Lighting transitions did not
occur at fixed clock times but varied for each individual
relative to their habitual sleep-wake schedules. For easier
readability, we refer to the example of bedtime at midnight
in Figure 2A. This corresponds to the average habitual bed-
time of the participants. Responses of all photoreceptors
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FIGURE 2 A) Schedule of the study: Participants spent twice 49 h in the laboratory, once under a static LED light condition (sLED in blue)
and once under dynamically changing LED light (dynLED in orange). The first evening (gray), they spent in identical conditions. Triangles show

the timing of cognitive performance testing. Salivary melatonin samples were taken half hourly in the evening and every two hours during the day.

B) Responses of all photoreceptors according to the new CIE standard.? Depicted are EDIs for the five photoreceptors: S-cones, melanopsin, rods,

M-cones, and L-cones during the day for SLED and dynLED and one hour prior to sleep only during dynLED. C) Light spectra used during the

study: Spectral irradiance vertical at eye height (120 cm —15°) sitting at the desk during dynLED (between 2.5 and 7.5 h after wake up) and sLED

(at all times). The lowest curve shows the spectral irradiance during dynLLED one hour prior to bedtime. D) Change of melanopic EDI [Ix] during

the study at different times of day. Between 2.5 AM and 7.5 h after wake up, melanopic irradiance is higher in the dynLED condition compared

to sLED. After 7.5 h after wake up and especially in the late evening, melanopic EDI is significantly lower in the dynLED condition compared to

sLED

according to the new CIE S 026/E:2018 standard®® are
shown in Figure 2B. According to this standard, we also
report light intensities as melanopic equivalent daylight il-
luminance (melEDI) in Ix. Ten minutes prior to sleep, me-
IEDI during dynLED was 0.42 vs. 68.9 Ix for sSLED. One
hour prior to sleep, melEDI was 4.5 Ix during dynLED.
Spectral characteristics are shown in Figure 2C. Figure 2D
shows the change of melanopic EDIs across the day.

2.4 | Cognitive Performance and
Subjective Variables

During the 16 hours of scheduled wakefulness, cogni-
tive performance was assessed in four hourly intervals.
Participants performed all tests in front of a black computer
screen. Among various subjective variables, the 35-min
cognitive test battery included a visual verbal n-back task
and a psychomotor vigilance task (PVT). The PVT was
presented on a gray background resulting in an illuminance
of 9.3 Ix at a viewing distance of 70 cm (6.8 1x melEDI).

During the n-back task, volunteers indicated whether a dis-
played letter matched a target stimulus that was presented
n trials ago. Each session consisted of six blocks, divided
into two bouts. The demand level was adjusted to individ-
ual performance levels of the volunteers. For further infor-
mation, please refer to.?*

The PVT is a sustained attention task that is sensitive
to circadian rhythmicity and sleep need.” Volunteers were
requested to press a response button as fast as possible as
soon as they heard an auditory stimulus while trying to avoid
pressing too soon. The task lasted 10 minutes during which
the stimulus was presented in intervals randomly varying
from 2 to 9 seconds. The participants were able to familiarize
themselves with the n-back task and the PVT during the base-
line evening to wash out any learning effects.

During the entire laboratory stay, volunteers periodically
rated their sleepiness levels on the Karolinska Sleepiness
Scale (KSS)* in hourly or two hourly intervals. To assess the
volunteer's subjective perception of visual comfort, we used a
five-point Likert scale that probed brightness, and CCT based
on a selection of questions derived from Eklund and Boyce.”'
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2.5 | Melatonin and PSG

Saliva collections were scheduled every 30 minutes in the
morning and evening and every 1 or 2 hours in-between.
A direct double-antibody radioimmunoassay was used for
the melatonin assay (validated by GC-MS with an ana-
lytical least detectable dose of 0.65 pg/mL; BUHLMANN
Laboratories AG, Direct Saliva Melatonin RIA (RK-DSM?2),
Schonenbuch, Switzerland). The minimum detectable dose
of melatonin (analytical sensitivity) was determined to be
2 pg/mL, and the interassay coefficients of variation (CVs)
were 20.1% at 0.60 pg/mL, 2.6% at 7.24 pg/mL, and 4.8%
at 24.42 pg/mL. The assay was performed by a third party,
(NovoLytiX GmbH) according to the Instructions of Use of
RK-DSM2, Version 2012-11-20.%

Melatonin onset was calculated for both evenings. We
fitted the evening melatonin profile by a piecewise lin-
ear-parabolic function using the interactive computer-based
hockey-stick algorithm to calculate the individual melatonin
onset.>> The AUC (area under the curve) of melatonin was
calculated by approximating the integral of the last 10 mela-
tonin values (4.5 hours prior to bedtime) using the trapezoi-
dal method.

Sleep EEG activity was continuously recorded with the
Vitaport Ambulatory system (Vitaport-3 digital recorder
TEMEC Instruments BV, Kerkrade, the Netherlands). Twelve
EEG derivations referenced against linked mastoids, two
electrooculograms, one submental electromyogram, and one
electrocardiogram were recorded. All signals were low pass
filtered at 30 Hz at a time constant of 1 Hz. Sleep stages were
visually scored per 30-s epochs according to standard crite-
ria of the AASM.* Nonrapid eye movement sleep (NREMS)
was defined as the sum of N2 and N3. Spectral analysis was
conducted using a fast Fourier transformation, which pro-
duced a 0.25 Hz bin resolution. EEG power spectra were
calculated during NREMS in the frequency range from 0 to
32 Hz. Artifact-free 4-s epochs were averaged across 30-s
epochs. Here, we report EEG data from frontal (Fz, F3, F4)
derivations, in the frequency range between 0.75 and 20 Hz.

2.6 | Statistical analysis

Statistical analyses were performed using SAS (version 9.4;
SAS Institute). An alpha level of 0.05 was used to assess sta-
tistical significance. All output variables were analyzed with
mixed-model analyses of variance (PROC MIXED) with the
main repeated factors “light” and “time of day” and volun-
teer as random factor. Since reaction times and lapses of the
PVT were not normally distributed, we analyzed the results
using GLMM [Generalized Linear Mixed Models (PROC
GLIMIX)]. For PVT performance, the default performance
metrics — median reaction time (RT), 10% fastest and 10%
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slowest RT and lapses were calculated according to Blatter
etal.”’ Response times below 100 ms were considered as false
starts and excluded. For n-back performance, the following
metrics were used: number of hits, false alarms, accuracy,
and the percentage of correct responses. Since sleep latencies
were not normally distributed, we log-transformed them prior
to the analysis. All-night EEG power density in NREMS was
analyzed for frontal derivations for each 0.25 Hz frequency
bin, with the main factor “light.” NREM-REMS cycles were
defined according to an adapted method from Feinberg and
Floyd.35 Thereof, each sleep cycle was subdivided into ten
time intervals of equal length during NREMS and into four
time intervals during REMS episodes.
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3 | RESULTS
3.1 | Cognitive performance
3.1.1 | PVT

The time course of PVT performance was rather stable across
the day during both light conditions and did not reveal a sig-
nificant main effect of the factor “light” for the different
measures. Also, the factor “time of day” and the interaction
“light” x “time of day” did not yield any significant effects,
neither for median RT, the 10% slowest or 10% fastest RTs
nor the attentional lapses.

3.1.2 | N-back task

There was no effect of the factor “light.” The factor “time
of day” yielded significance with better performance in the
course of the scheduled waking day (Fg g, = 2.66, P = .023;
Table 1). The interaction “light” x “time of day” was not
significant.

3.2 | Subjective variables

3.2.1 | Visual comfort

Participants rated visual comfort (ie the combined items
brightness and CCT) similar for both light conditions. Also,
the factor “time of day” and the interaction “light” x “time of
day” were not significant.

3.2.2 | Brightness

There was neither an effect of the factor “light” nor any
significant effect for the factor “time of day,” but the
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Analysis of variance

TABLE 1
variance for different subjective variables

Results of the analysis of
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P<.05
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Subjective Variables
Visual comfort Fy,5=0.88, Fr=063,P=.73 F;9;=049, P=84
P=.36
Brightness Fy3=0.87, Frg3=1.19,P=.32 Fqy,=376,P = .001
P=.36
CCT Fi 56 =357, Fe71=072,P=.64 Fy95=159,P=.15
P=07
Vigilance Fy 43 = 0.08, Fy79=381, Fr 97 =4.76, P = .0002
P=.78 P =.001
Concentration Fy,4=0.06, Fr8 =229, F;97=1.65, P =.1317
P=38l P=.035
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FIGURE 3 Time course of diurnal subjectively rated brightness (A), color (B), wakefulness (C), and concentration (D) for sSLED and dynLED
on 5-Point Likert-Scales plotted against time in hours spent in the laboratory. Depicted are the means and standard errors of the mean (n = 14).

a) Brightness was rated better at 11 PM during sSLED compared to dynLED (t = 4.31, P = .004). b) Participants trended to rate color better for
dynLED (factor light: F; 5,5 = 3.57, P = .07) than sLED. c) Participants were feeling less vigilant during the evening (F; ;9 = 3.81, P =.001). D)
The factor “time of day” showed a significant effect with participants being less concentrated in the evening in general (F; g; = 2.29, P = .035)
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interaction term “light” x “time of day” yielded signifi-
cance (Fy g, = 3.76, P = .001). Post hoc tests revealed that
participants rated brightness better one hour prior to usual
bedtime (ie corresponding average time of day at 11 PM)
during sLED compared to dynLED (t = 4.31, P = .004;
Figure 3A).

3.2.3 | Correlated color temperature (CCT)
Overall, participants tended to rate CCT better for dynLED
(factor light: F; ,4 = 3.57, P = .07) than sLED. There was
neither a significant main effect of “time of day” nor a sig-
nificant interaction of the factors “light” and “time of day”
(Figure 3B).

3.2.4 | Perception of vigilance

There was no significant main effect for the factor “light.”
The factor “time of day” was significant (F; ;o = 3.81,
P = .001) with participants feeling less vigilant during the
evening. In addition, the interaction term “light” X “time of
day” yielded significance (F; ¢; = 4.76, P = .0002). Post hoc
comparisons indicated that volunteers felt less vigilant under
dynLED compared to sLED in the evening one hour prior
to usual bedtime (ie corresponding average time of day at
11 PM) (t = 3.36, P = .035; Figure 3C).

3.2.5 | Perception of concentration

The factor “light” did not yield significance, while the fac-
tor “time of day” showed a significant effect with partici-
pants being less concentrated in the evening (F; g = 2.29,
P = .035; Figure 3D). The interaction term “light” x “time of
day” yielded no significance.

8 am 12 am 6 pm

3.2.6 | Subjective sleepiness

Subjective sleepiness rated on the KSS did not significantly
differ between sLED and dynLED. Sleepiness levels exhib-
ited a typical diurnal profile with lower sleepiness during the
day and increased sleepiness early in the morning and in the
late evening (factor “time of day”: Fyg 496 = 5.69, P <.001).
The interaction term “light” x “time of day” yielded no
significance.

3.3 | Melatonin

Salivary melatonin exhibited the typical diurnal profile with
falling levels in the early morning, low levels during daytime,
and increasing levels in the evening (factor “time of day”:
Fy1 441 = 8.01, P <.0001; Figure 4). There was no significant
effect of the factor “light” on the diurnal melatonin profile
(Fy g5 = 0.33, P = .57), while it trended to interact with the
factor “time of day” (Fy; 460 = 1.33, P =.089).

The difference of the AUC (area under the curve 4.5 hours
prior to bedtime) of melatonin between baseline and treat-
ment night was significantly larger during sLED (—5.49 pg/
mL*h) compared to dynLED (+0.63 pg/mL*h) (t = 5.87,
P < .0001; Figure 5B). In the treatment night, the AUC of
melatonin during sLED (5.54 pg/mL*h) was significantly
smaller than during dynLED (9.47 pg/mL*h; t 2.82,
P = .01; Figure 5B).

3.3.1 | Melatonin onset

The factor “light” did not show significant differences be-
tween sLED and dynLED. The factor “night”” and the interac-
tion term “light” x *“night” were statistically significant (£},
12 =12.77, P = .004) and (F; ; = 16.69, P = .005), respec-
tively. Post hoc tests revealed an earlier (54 min) melatonin
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4.5 h prior to bedtime) during the baseline and treatment night. Depicted are the means and the standard errors of the mean for the sSLED (blue) and

dynLED (orange) condition (n = 14)

onset during the baseline evening than during the treatment
evening in sSLED condition (t = 4.85, P = .008). Such a delay
in melatonin onset from the baseline to the treatment even-
ing was not present in the dynLED condition (9 min earlier
during the baseline compared to treatment evening, nonsig-
nificant; Figure 5A).

34 | Sleep

Overall, no significant main effect for the factor “light” was
found for any of the sleep stages (ie N1, N2, N3, REM). The
factor “night” indicated a tendency (F; |3 = 4.21, P = .06)
for an increase in REMS from the baseline to the treatment
night. N2 and NREMS decreased significantly from baseline
to treatment night (F; 3 =35.45, P =.036) and (F| |3 =35.35,
P = .038), respectively. N3 was not significantly different
between the nights. There was no significant interaction of
the factors “light” and “night.”

For sleep latency to N2, there was a significant main ef-
fect of the factor “light” (<, 3 = 5.76, P = .032). The fac-
tor “night” yielded no significance (F; 3 = 1.57, P = .232).
There was no significant interaction of the factors “light”
and “night” (¥ ;3 = 0.01, P = .929) for sleep latency to N2.
Since sleep latency to N2 was not normally distributed, we
performed the nonparametric Wilcoxon signed-rank test for
each night separately. During the treatment night, it took
participants significantly less time to fall asleep to N2 under
dynLED (13.7 min) than under sLED (17.4 min, Z = 2.13,
P =.027; Figure 6A).

There was a significant main effect of the factor “light”
for sleep latency to N1 (F ;3 = 5.01, P = .043). The factor
“night” yielded no significance for sleep latency to N1 (F,

13 = 1.75, P = .21). There was no significant interaction of
the factors “light” and “night” (¥ 3 = 0.51, P = .487) for
sleep latency to N1. Since the distribution of sleep latency to
N1 was not normal, we performed the Wilcoxon signed-rank
test for each night separately. During the treatment night, par-
ticipants fell significantly faster asleep to N1 under dynLED
(6.8 min) than under sLED (10.9 min, Z = 2.74, P = .003;
Figure 6A). The order of the treatment did not have a signifi-
cant effect on sleep latencies.

EEG delta activity (0.75 - 4.5 Hz) during NREMS, when
expressed relative to the baseline power density in the frontal
EEG derivations, showed no significant effect of the factor
“light.” The temporal dynamics of relative frontal EEG delta
activity exhibited the usual decline across the night with a
superimposed ultradian NREM-REMS cycling during the
baseline nights and both treatment nights, SLED and dyn-
LED (Fs; s4y = 16.57, P < .0001; Figure 6B). There was a
significant interaction “light” x “time of day” (F's s49 = 1.56,
P < .01), but post hoc comparisons indicated no significant
difference between the two light conditions.

4 | DISCUSSION

Previous research has predominantly focused on nonvisual
effects of light during the night, less often during the day,
and occasionally during twilight but not the combination of
all three. The implementation of a dynamic lighting condi-
tion during scheduled wakefulness across a 16-h waking
day resulted in less melatonin suppression, lower subjec-
tive vigilance in the evening hours, and faster sleep onset
in the following sleep episode in comparison with a static
lighting condition. Sleep structure, sleep quality, subjective
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sleepiness, cognitive performance, and visual comfort did not
significantly differ between the two lighting conditions.

Ten percent higher melEDI (+7.1 Ix) under dynLED
during the day did not change cognitive performance in our
volunteers, although several studies have reported light-in-
duced alerting effects during daytime (5000 1x, melEDI
2813 1x)* particularly with bright light (1000 1x)*” or of short
Wavelength38 (460 nm, melEDI 64 Ix). In one study with of-
fice workers working under blue-enriched fluorescent white
light (17 000 K) during the day, subjective attention, posi-
tive mood, productivity, and concentration were higher than
under neutral white light (4000 K).39 Furthermore, an 18-min
daytime exposure to blue appearing light (470 nm) did stim-
ulate brain regions responsible for perception, memory, and
emotions compared to green appearing light (550 nm).* The
observed improvements are probably related to the sensitiv-
ity of ipRGCs, as magnetic resonance imaging showed that
blue appearing light activates brain regions responsible for
alertness and cognition even in blind individuals with intact
ganglion cells.*! Therefore, we hypothesized better daytime
cognitive performance although previous studies also re-
ported contradictory results.**>” It should be noted, how-
ever, that our volunteers’ overall cognitive performance was
rather high, making it difficult to further increase it by an
environmental factor such as daytime light when the circa-
dian pacemaker fully promotes wakefulness.”® Subjective rat-
ings of vigilance only differed when lighting conditions were
notably different, that is at 11 PM During the late evening,
participants felt rather tired, and they perceived the dynLED
as being too dark. In contrast, the 1000 K increase during
dynLED compared to sLED between 10 AM and 3 PM, was
not large enough to be visually perceived by our volunteers,
and maybe due to adaptation. A tendency (P = .07) for better

CCT ratings during dynLED was most prominent at 11 PM,
one hour prior to usual bedtime.

Our findings are consistent with previous work showing
that melatonin attenuation was significantly stronger at higher
CCTs and higher illuminances in the evening. We found
41.5% more attenuation of melatonin during SLED compared
to dynLED, which corroborates results by Chellappa et al®
and fits the model proposed by Prayag et al.% Prayag et al®
calculated an initiation threshold for the melatonin suppres-
sion response to light at a melEDI of 1.5 Ix. In the present
study, melEDI during dynLED was below this level at 0.42 Ix.
One hour prior to bedtime, melEDI was 15-fold lower during
dynLED than during sLED and 165-fold lower 10 min prior
to sleep respectively. Consequently, we expected that mela-
tonin suppression should be minimal during this time period
in the dynLED condition. In the review by Prayag et al,% the
saturation of melatonin suppression was assumed at 276 1x
melEDI, and the relative melatonin suppression of 50% was
calculated to be at 18.8 Ix melEDI. During our sLED condi-
tion, melEDI was at 68.9 1x with 41.5% stronger melatonin
attenuation compared to dynLED. The reason for less mel-
atonin suppression at higher melanopsin weighted irradi-
ances in the present study compared to the model by Prayag
etal® may be due to pupil constriction (miosis). Since Prayag
et al® analyzed a dataset from'* in which pupils where di-
lated, lower light levels might have caused retinal irradiances
to be higher than in our study. The present study underpins
that exposure to white polychromatic LED light at 4000 K
compared to light at 2700 K and lower irradiances attenuates
the secretion of melatonin in the late evening. As melatonin
is important for many physiological processes in the human
body,61 it should not be suppressed in the evening and night.
Therefore, our results support the common recommendation
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of using blue-depleted light and low illuminances in the late
evening.

We hypothesized more EEG delta activity after lower
CCTs (resulting in lower melEDIs) in the evening based on
previous findings reporting more slow-wave activity (SWA).%*
Chellappa et al®” investigated the effects of 2 h/40 Ix compact
fluorescent and incandescent light of various CCTs on sleep.
After fluorescent light of 6500 K (estimated melEDI 33 Ix),
EEG SWA was reduced during the first sleep cycle compared
to fluorescent light at 2500 K (estimated melEDI 12 Ix) and
incandescent light of 3000 K (estimated melEDI 20 Ix).
Although we compared 4.5 1x melEDI with 68.9 1x melEDI,
this difference was not enough to elicit sleep alterations. With
low melEDIs (low CCTs and illuminances) already starting
in the late afternoon in our experiment, the buildup of ho-
meostatic sleep pressure may have been attenuated compared
to sLED condition with a constant melEDI (constant CCT
and illuminance). Indeed, a recent study suggests that not
only the duration of prior to wakefulness, but also the expe-
rienced illuminance during wakefulness affects homeostatic
sleep regulation in humans.®* One could therefore recom-
mend that low melEDIs (attainable with low CCTs and low
illuminances) should be administered in the late evening, but
only for a very few hours before usual bedtime. Sleep latency
did not change in the previous studies mentioned above (in
which no dynamics were deployed). Therefore, one could as-
sume that shorter sleep latencies as found in the present study
were merely caused by the dynamics rather than the dimmer
light and lower CCTs.

Joumal of Pineal Research
Molecular, Biological, Physiological and

4.1 | Limitations

While we aimed at deploying a “naturalistic” sinusoidal il-
luminance change, the continuous change of CCT did not
simulate a natural change during twilight but took into con-
sideration the general recommendation of using blue-de-
pleted light in the evening. Our study design does not allow
answering, if the change in illuminance itself or the change
in CCT itself would have led to the same observed effects. It
does address whether a continuous change is more efficient
than a square wave on/off light signal at bedtime and during
wake up. We deployed this continuous change according to
the recommendation not to exceed the maximum speed of
CCT variation of 12K/s.%* Despite these limitations, our data
suggest that dynamic changes in illuminance and CCT mim-
icking “natural” dusk promote melatonin secretion and sleep
initiation in healthy men.
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