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Evening exposure to short-wavelength light can affect the circadian
clock, sleep and alertness. Intrinsically photosensitive retinal ganglion
cells expressing melanopsin are thought to be the primary drivers of
these effects. Whether colour-sensitive cones also contribute is unclear.
Here, using calibrated silent-substitution changes in light colour along
the blue-yellow axis, we investigated whether mechanisms of colour
vision affect the human circadian system and sleep. Ina32.5-hrepeated

% Check for updates

within-subjects protocol, 16 healthy participants were exposed to
three different light scenarios for 1 h starting 30 min after habitual
bedtime: baseline control condition (93.5 photopic lux), intermittently
flickering (1 Hz, 30 s on-off) yellow-bright light (123.5 photopic lux)
and intermittently flickering blue-dim light (67.0 photopiclux),

all calibrated to have equal melanopsin excitation. We did not find
conclusive evidence for differences between the three lighting
conditions regarding circadian melatonin phase delays, melatonin
suppression, subjective sleepiness, psychomotor vigilance or sleep.
The Stage 1 protocol for this Registered Report was accepted in
principle on 9 September 2020. The protocol, as accepted by
thejournal, can be found at https://doi.org/10.6084/m9.figshare.

13050215.v1.

Effects of light on circadian physiology

Light profoundly affects human physiology and behaviour via the
retinohypothalamic (RHT) pathway that relays information from
the retina to the circadian pacemaker in the suprachiasmatic nuclei'.
In humans, this pathway has been functionally mapped out by exam-
ining acute responses to evening or night-time light exposure on
melatoninsecretion, orits circadian phase-shifting effects. Both neu-
roendocrine (thatis, evening and nocturnal melatonin suppression®™)
and circadian-phase shifting responses>© to light are primarily driven
by the photopigment melanopsin expressed in subset of so-called
intrinsically photosensitive retinal ganglion cells (ipRGCs)’.

Inputs to circadian phototransduction

However, melanopsin-expressing ipRGCs also receive input from the
classical retinal photoreceptors, the cones (active during daylight light
levels) and rods (sensitive to dim light but saturated in daylight). Pri-
mateipRGCsreceive excitatory synapticinput fromthe Land M cones
and the rods, and inhibitory inputs from the S cones® mediated by an
S-cone amacrine cell’ (Fig. 1a). Inhumans, evidence for this inhibitory
input toipRGCs hasbeen foundinthe pupillary light response, where
S-cone input inhibits the melanopsin-induced pupil constriction'®™.
Arecentdirecttest foranS-coneinvolvementin melatoninsuppression
in the evening has led to the conclusion that they do not contribute
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to acute neuroendocrine responses in constant light” at ~170 lux,
and there is evidence that cones are not necessary for circadian and
neuroendocrine responses to light as some visually blind individuals
suppress melatonin in response to light>*. Thus, under continuous
lighting conditions, circadian and neuroendocrine responses to light
are largely driven by melanopsin*®.

Prior evidence for S-cone opponent circuitry

In parallel to the physiological opponency of cone signals established
using electrophysiological recordings in the primate retina®, there is
ample evidence that humanimage-forming colour visionis also organ-
ized according to colour-opponent channels. Signals from the three
cone classes with overlapping but distinct spectral sensitivities (Fig. 1b)
are recombined into three channels'*": an additive combination of L
andMcones (L + M; luminance), an opponent, subtractive combination
ofLand M cones (L — M; red-green), and an opponent combination pit-
ting S cones against luminance (S - (L + M); blue-yellow; Fig.1c). These
post-receptoral channels form the basic dimensions of human colour
vision, also called the cardinal directions of colour space'. It has previ-
ously beensuggested, but not directly tested, that this circuit may par-
ticipatein the suppression of nocturnal melatonin secretion by light”.

Dawn and dusk changes encoded by S-cone opponent
circuitry

As the transition between day and night, twilight represents a key
change in the light environment with changes in light intensity being
largest during dusk and dawn®. Importantly, however, the spectral
composition of environmentalillumination also changes, withaboost
inshort-wavelengthillumination relative to long-wavelength light***'.
This signal haslong been hypothesized to be informative for the timing
ofactivity and circadian photoentrainment, although this precise rela-
tionship has notyet been established” . In general, a colour-opponent
system pitting short-wavelength signals against long-wavelength sig-
nals is well suited to pick up the spectral changes at dawn and dusk?,
butwhether thereisadedicated colour-opponentinputinto the human
circadian clock has presently not been demonstrated.

Evidencefora+S - L opponent channelin mice

Recently, it was reported that, in mice, stimuli defined along the
post-receptoral axis pitting murine S cones against murine L cones
differintheir circadian effect, with ‘yellow” and bright light (with high
L-cone activation and low S-cone activation, activatinga +S - L oppo-
nent channel) induced a stronger circadian phase-shift, as assessed
bybehavioural responses, than ‘blue’and dim light (with lower L-cone
activation and high S-cone activation, activating an -S + L opponent
channel)*. This is somewhat counter-intuitive in the light of prior
research as many studiesin humans have shown that short-wavelength
(enriched) light exerts stronger effects on the circadian system™'*>2¢,
Although itis unknown whether this effect translates to humans, pri-
mate ipRGCs are characterized by an +S - (L + M) opponent organi-
zation as well®’, thereby providing a homologous substrate for the
effects seenin mice. Based on these converging lines of evidence (for
asummary of the extant literature, see Supplementary Table 1), we
therefore hypothesized that a similar effect can be found in the circa-
dian system of humans.

Inthis Registered Report, we examined the circadian phase-shifting
effects of evening light exposure incorporating calibrated changes
along the +S - (L + M), blue-yellow dimension of human vision and
its effects on sleep in the ensuing night. Specifically, we examined
circadian phase shifts in the melatonin rhythm in response to 1-h
light exposure to three different scenarios ina 32.5-h, within-subjects
in-laboratory protocol under controlled lighting and temperature con-
ditionsaswell asits effects on acute melatonin suppression, subjective
and objective sleepiness, visual comfort, psychomotor vigilance, sleep
onset and slow-wave activity (SWA) during sleep (Fig. 2).
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Fig.1|S-cone-opponentinfluences into ipRGCs and selective stimuli to
target these pathways. a, The cone inputs to the melanopsin-containing
ipRGCs in the human retina combine light information in an opponent,
subtractive fashion, pitting signals from the S cones against signals a joint
L-and M-cone signal encoding luminance (schematic diagram, simplifying

the underlying anatomy; Mel = melanopsin-containing ipRGC, RHT =
retinohypothalamic tract). b, The spectral sensitivities of the L, Mand S cones
have distinct peaks (1,,,,) but are overlapping. ¢, The joint spectral sensitivity
of the opponent -S + (L + M) channel, showing distinct wavelength regions
yielding positive versus negative activations. d, Chromaticity diagram (CIE
1931xy chromaticity) showing the chromaticity coordinates of the background
condition (corresponds to colour temperature of 6,500 K daylight (D65)),

the two modulation spectra and the daylight locus (daylight spectra between
4,000 K and 25,000 K). e, Overview of stimulus conditions and its contrast
properties. Stimuli are unipolar sinusoidally flickering excursions from

the backgroundin the direction of the +S - (L + M) and =S + (L + M) poles of
the blue-yellow channel. f, Spectral irradiance distribution of the constant
background, keeping excitation constant for L, Mand S cones and melanopsin.
Inset: contrast for the L, M and S cones, and melanopsin for the modulation
spectrum against the background spectrum. g, Spectralirradiance distribution
ofthe +S — (L + M) stimulus, biasing S cones over luminance (blue solid line)
against the background (dashed grey line). Inset: contrast for theL,Mand S
cones, and melanopsin for the modulation spectrum against the background
spectrum. h, Spectralirradiance distribution of the -S + (L + M) stimulus,
biasing S cones over luminance (blue solid line) against the background
(dashed grey line). Inset: contrast for the L, M and S cones, and melanopsin for
the modulation spectrum against the background spectrum.

Stimuli were presented in wide-field, Newtonian (no artificial
pupil) viewing without pharmacological dilation as sinusoidally flick-
ering modulations (1 Hz, 30 s on, 30 s off to avoid adaptation) either
favouringS cones over luminance (+S - (L + M); blue-dim) or luminance
over Scones (=S + (L + M); yellow-bright) with no change in melanopsin
activation around a background mimicking daylight (D65, 6,500 K;
planned 100 lux (measured: 93.5 lux)). Additionally, we also examined
the circadian response to this constant background.
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Fig.2 | Experimental protocol for within-subjects assessment of light-
exposure conditions. Participants engaged in a circadian stabilization protocol
foratotal of 23 days, during which they visited the laboratory for a total of four
times: One adaptation night (day 1) and three 32.5-h protocol visits to assess

the effect of the light exposure (1 h each, starting 30 min after HBT, asindicated
by the yellow boxes) conditions on the human circadian clock. The first 32.5-h
visit (protocol 1on days 8 and 9) was always the constant background (‘control’)
light, while the subsequent two visits were balanced between participants
(n=16intotal, 8 women and 8 men). For the experimental visits, volunteers
arrived at the lab 6.5 h before their HBT. Melatonin sampling and assessments

of subjective sleepiness (with the KSS), psychomotor vigilance (with the PVT) as
well as assessments of visual comfortin 30-min intervals started 5 hbefore HBT.
Before, during and after light exposure, we also assessed objective sleepiness
with the KDT. Subsequently, participants went to bed for a 6-h sleep opportunity.
Following wake-up, another five melatonin samples as well as KSS assessments
were obtained. During the second evening, PVT and KSS measurements were
performed as on evening 1. During all nights, PSG was recorded. The figure shows
the relative time for a participant whose habitual bed time is at midnight. Grey
boxesindicate dim light (that is, mostly <8 lux).

Primary, confirmatory hypothesis

The primary outcome variable of this study was the circadian phase
shiftinsalivary melatonin onsetinthe three conditions, constant light
(always condition 1), blue dim flickering and yellow bright flickering,
whichwere administered to each participantin awithin-subjects design
(foradescription of the outcome variables, see Supplementary Tables 2
and 3). We specifically hypothesized that yellow-bright flickering
would induce a larger circadian phase shift than blue-dim changes
and that flickering generally induces larger shifts than constant light
(yellow-bright > blue-dim > constant background; confirmatory test
C;; Supplementary Table 2).

Our hypothesis that flickering light would elicit a stronger effect
was motivated by the psychophysical and physiological evidence” >
that cones and post-receptoral mechanisms adapt under constant
conditions, as well as arecent study showing that flashing light causes
astronger phase shift than continuous light under certain conditions*.
The hypothesis that yellow-bright flickering stimuli have a stronger
effect than blue-dim stimuli was based on the previously discussed
animal study by Mouland and colleagues?. We subjected the circadian
phase shift to aBayes factor testinawithin-subjects analysis of variance
(ANOVA) design and used the sequential Bayes factor® estimation

procedure to assess the evidence for the full model (incorporating
thelight condition type) over anull model (notincorporating the light
condition type). We had planned to continuously recruit participants
until the stopping criterion, or resource limit, would be reached. The
stopping criterion was a Bayes factor (thatis, BF,, or BF,;) of 210, which
corresponds to the full model (that is, light condition making a dif-
ference) being 10x more likely than the null model or vice versa. Our
financially driven resource limit was n =16 participants. Assuming a
large effect size (ES; Cohen’s d = 0.8) and that H1 better predicts the
datathan HO, simulations™ revealed that 62% of the simulations showed
evidence for H1 with 38% being inconclusive (medium ES:22.2% versus
77.7%; small ES: 0.5% versus 96.4% and 3.1% showing evidence for HO).
However, we arguethat, iftheS - (L + M) opponent systemindeed exerts
avery strong effect onthe circadian system, then this should be visible
onasingle-subjectlevel already. Infact, previous research suggests that
the assumptions about ESs (that is, d = 0.8) for the circadian phase shifts
used in the simulations outlined above may be rather conservative®.
Thus, if the results remain inconclusive even after 16 participants, we
arguethat, ifthereisan effect we have missed, such an effectis not physi-
ologically meaningful in the average healthy individual. For the field,
thisis of greatimportance, as it would directly informthat any influence
of S - (L + M) stimulation on the circadian systemis very small, or subject
to very strong interindividual differences. In those cases, the message
is that melanopsin is the main driver of circadian photoentrainment.

Secondary, ring-fenced hypotheses

Inadditionto our primary outcome, we also examined a set of second-
ary endpoints (for a description of the outcome variables and associ-
ated hypotheses, see Supplementary Tables 2 and 3). The time series of
melatonin concentrationsin the evening of the first night was subjected
to arepeated-measures ANOVA, and the evidence for a difference in
the acute melatonin-suppressive effect of light was examined using
Bayes factors (S1). We hypothesized that the yellow-bright stimuli
would have a larger melatonin-attenuating effect than the blue-dim
stimuli and that both would have a larger effect than constant light.
Psychometrically, we collected sleepiness ratings using the Karolinska
Sleepiness Scale (KSS)* (S2) and visual comfort ratings using a custom
nine-item rating scale (S4), which we likewise planned to subject to a
Bayesian repeated-measures ANOVA to examine differences. Objective
sleepiness was assessed by ratio of absolute theta (4-7 Hz) and alpha
(8-12 Hz) power at parietal and occipital electrodes during resting-state
electroencephalography (EEG) with both eyes open’® (S3). We hypoth-
esized that sleepiness (ratings) would be lower and visual discomfort
ratings would be higher in the yellow-bright stimuli thanin the blue-dim
stimuli. Constant light was expected to be associated with highest sleepi-
ness (ratings) and highest visual comfort ratings. We also examined
changes in performance on a reaction time (RT) test, a modified audi-
tory psychomotor vigilance test (PVT)*?** to test for differencesin
vigilant attention between the three lighting conditions using a Bayesian
repeated-measures ANOVA. We hypothesized that yellow-bright stim-
uliwould produce faster RTs as measured with the PVT than blue-dim
stimuli and that constant light would be associated with slowest RTs
(median, 10% fastest, 10% slowest; S5, S6 and S7). Finally, we examined
properties of sleep using polysomnography (PSG) in the night following
light exposure. We specifically examined sleep onset latency (SLAT) to
constant 10 min of sleep®*? (S8), which we hypothesized to be longer
inthe yellow-bright thanin the blue-dim condition and shortestin the
constant light condition. We also studied SWA (delta power density
between 0.5 Hz and 4.5 Hz, S9) during the first sleep cycle”, which we
hypothesized tobe decreasedin the yellow-bright condition compared
withthe blue-dim conditionand highestin the constant light condition.

Results
To characterize spectral shifts of the display with different driving
input, we measured the spectrum of each of the primaries using aJeti
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Table 1| Stimulus characteristics

a-opic irradiances (mWm™)

CIE1931xyY

L cones M cones S cones Melanopsin x y Illuminance (lux)
Background 159.22 160.83 84.90 212.91 0.25 0.30 93.53
+S—(L+M) 123.67 124.21 110.63 219.60 0.23 0.20 67.01
Contrast -22.33% -22.77% 30.31% 3.15%
-S+(L+M) 200.71 204.06 63.21 216.83 0.26 0.40 123.49
Contrast 26.06% 26.88% -25.54% 1.84%
Daylight (D65) 162.89 145.57 81.71 132.60 0.31 0.33 100

Overview of the irradiance-derived a-opic responses (in mW m™) for the three experimental screen light conditions with ambient dim light. Photopic illuminance was 93.5 lux (background),
123.5lux (yellow-bright) and 67.1 lux (blue-dim). Radiance-derived chromaticity values (CIE 1931 xy standard observer for a 2° field) were x=0.25 and y=0.3 for the background, x=0.26 and y=0.4
for the yellow bright, and x=0.23 and y=0.2 for the blue-dim condition. Measures were taken at a distance of 68 cm from the screen at a height of 118cm, that is, from the observer’s point of
view. Values were calculated using the luox app®®. For a reference, we also report values for daylight (D65) at 93.5 lux.

spectraval 1501 (JETI Technische Instrumente GmbH). For an overview
oftheirradiance and radiance-derived a-opicresponses for the three
experimental screen light conditions and the corresponding irradi-
ance and radiance-derived equivalent daylight (D65) illuminances,
melanopicequivalent daylightilluminance (EDI), as well as luminances,
please see Tables1-4. For an overview of the irradiance-derived a-opic
responses, equivalent daylight (D65) illuminances (in lux), and melano-
pic EDl of thelight during the scheduled day, please see Supplementary
Tables 4 and 5.

In total, 47 individuals completed the online screening, and 18
participants were invited to participate in the study. Two volunteers
decided to not continue with the study after the adaptation night for
personal reasons. Thus, 16 healthy, young male and female partici-
pants (mean 25.5 + 2.7 years; 8 men and 8 women) were recruited. Data
acquisition took place continuously between March and December
2022 at the Centre for Chronobiology at the University of Basel witha
break of 4 weeks in August 2022. For more details on the distribution
of participants across the acquisition period including subjectively
reported light history on the day of the experimental visit, please see
Supplementary Information and the laboratory log. The order of the
light exposure conditions for each participant was determined by the
participant number, thatis, uneven and even participant numbers were
associated with one or the other order. The participant number was
assigned by C.B., and numbers were assigned in the order of enrolment.
The final decision to enrol a participant was the responsibility of the
firstauthor (C.B.), in some cases after consultation with the study clini-
cian (H.C.S.) and the senior author (M.S.). Participants always entered
the lab on the same day of the week.

For all analyses, we report BF,,, that is, the likelihood of the data
under H1 compared with HO. For the interpretation of the BFs, please
see Supplementary Table 6. Allanalyses were based on datafromn =16
participants. Where data from single conditions were missing, this has
been detailed below.

Primary outcome

DLMO; C1. To determine the dim-light melatonin onset (DLMO),
we used all available evening data points and applied the ‘Hockey-
stick” algorithm®. We chose a default area of interest upper border
or threshold of 5 and selected ‘Hockeystick Time’. In rare cases, the
threshold had to be adapted for some individuals. C.B., C.C. and
M.S. independently performed the DLMO analyses with CC and MS
beingblinded to the light exposure conditions. Any divergences were
resolved in a final discussion with Dr Mirjam Miinch, a colleague at
the Centre for Chronobiology, whois very experienced with applying
the ‘Hockeystick’ algorithm. Intwo cases (1x background, 1x blue-dim
condition), it was not possible to determine a DLMO on at least one
evening as no clear increase in melatonin concentrations could be
identified. The inspection of the data showed that the assumptions

Table 2 | Overview of the irradiance-derived equivalent
daylight (D65) illuminances (EDI; in lux) for the three
experimental screen light conditions with ambient dim light

Equivalent daylight illuminance (lux)

L cones M cones S cones Melanopsin
Background 9775 110.74 103.88 160.54
+S-(L+M) 75.92 85.32 135.36 165.59
Contrast -22.33% -22.95% 30.30% 3.05%
-S+(L+M) 123.22 14017 7734 163.50
Contrast 26.06% 26.58% -25.55% 1.81%

Measures were taken at a distance of 68cm from the screen at a height of 118 cm, that is, from
the observer’s point of view. Values were calculated using the luox app®*.

for mixed linear models were met (for more details, see Supplemen-
tary Methods).

Contrasting our primary hypothesis, analyses yielded moderate
and thusinconclusive evidence against the hypothesisthat therewasa
conditiondifference (BF,,=0.3). The datawere approximately 3.4 times
more likely to occur under HO than under H1. The mean phase shift
was 52.0 minin the background condition (range —42.3 to 164.4 min),
41.94 min in the blue-dim condition (range —-22.8 to 104.1 min) and
33.8 min in the yellow-bright condition (range —29.7 to 101.7 min).
Supplementary Table 7 provides an overview of the condition mean
(intercept) and deviations from the intercept sampled from the pos-
terior distribution. For agraphicalillustration of the results, please see
Fig.3a.Foranillustration of the melatonin profiles onevenings1and 2
ineach condition, see Supplementary Fig. 1.

Secondary outcomes

Melatonin concentrations (S1). The inspection of the datashowed that
rank transformation of the dataresulted inanincreased compatibility
with the assumptions for mixed linear models. Thus, we additionally
reportresults for rank-transformed data (for details, see Supplemen-
tary Methods). Analyses of melatonin values yielded strong evidence
against a condition difference during the light exposure (BF,,=0.09)
suggesting that the data were approximately 11 times more likely to
occurunder HO. Thisresult was largely confirmed using analyses based
on rank-transformed data, which yielded moderate evidence against
H1 (BF g rank-basea = 0-14). For an overview of the condition mean (inter-
cept) and deviations from the intercept sampled from the posterior
distribution, please see Supplementary Table 8. There was moder-
ate (inconclusive) evidence against a condition x time interaction
(BF,y=0.13; BFg 1anibased = 0.13). Please see Fig. 3b for anillustration of
the results and Supplementary Fig. 1for anillustration of the melatonin
concentrations on eveningsland 2.
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Table 3| Overview of the radiance-derived a-opic responses (in mWm™Zsr™) for the three experimental screen light

conditions with ambient dim light

a-opic radiances (MWm™2sr™)

CIE1931xyY

L cones M cones S cones Melanopsin X y Luminance (cdm™)
Background 508.24 543.67 30410 755.63 0.25 0.30 298.92
+S-(L+M) 377.36 410.45 394.49 77519 0.23 0.20 202.32
Contrast -25.75% -24.50% 29.72% 2.52%
=-S+(L+M) 653.75 696.25 224.66 76768 0.26 0.40 404.37
Contrast 28.63% 28.06% -26.12% 1.59%

Photopic luminance was 298.92cdm™ (background), 404.37cdm™ (yellow-bright) and 202.32cd m™ (blue-dim). Radiance-derived chromaticity values (CIE 1931 xy standard observer for a 2°
field) were x=0.25 and y=0.3 for the background, x=0.26 and y=0.4 for the yellow-bright, and x=0.23 and y=0.2 for the blue-dim condition. Measures were taken at a distance of 68cm from the
screen at a height of 118cm, that is, from the observer’s point of view. Values were calculated using the luox app®*®. cd = candela, SI-unit for luminous intensity.

Table 4 | Overview of the radiance-derived equivalent
daylight (D65) luminances (EDL; in cdm™™) for the three
experimental screen light conditions with ambient dim light

Equivalent daylight luminance (cdm™)

L cones M cones S cone Melanopsin
Background 312.01 373.45 372.09 569.77
+S—(L+M) 23173 281.94 482.68 584.51
Contrast -25.73% -24.50 29.72%
-S+(L+M) 401.34 478.25 274.88 578.85
Contrast 28.63% 28.06% -26.13%

Measures were taken at a distance of 68 cm from the screen at a height of 118cm, that is, from

the observer’s point of view. Values were calculated using the luox app®*®. cd = candela,

Sl-unit for luminous intensity.

Subjective sleepiness (S2). Also here, the inspection of the data
showed that rank transformationresulted in anincreased compatibility
with mixed linear model assumptions (for details, see Supplementary
Methods). Thus, we additionally report results for rank-transformed
data. Analyses yielded anecdotal and thus inconclusive evidence
against a condition difference regarding the subjectively reported
sleepiness on the KSS during the light exposure. Under the HO, the
data were approximately 1.6 times more likely than under the H1
(BF,0=0.62; BF g ank-based = 0-23). For the condition mean (intercept) and
deviations fromtheintercept sampled from the posterior distribution,
please see Supplementary Table 9. Furthermore, there was moder-
ate (inconclusive) evidence against a time x condition interaction
(BF;5=0.27; BF 9 1ancvasea = 0-14). For agraphicalillustration, see Fig. 3d,
and for anillustration of the KSS values on evenings 1and 2 in each
light condition, please see Supplementary Fig. 6 (note this was not part
of the analysis plan, wherefore we refrain from a statistical analysis).

Obijective sleepiness (S3). We assessed objective sleepiness, that s,
the alpha (8-12 Hz) to theta (4-7 Hz) ratio during a 3-min Karolinska
Drowsiness Test (KDT) with eyes open at the beginning, after 30 min,
andatthe end of the 1-h light exposure at parieto-occipital electrodes.
Theinspection of the dataindicated that rank transformation resulted
in anincreased compatibility with the model assumptions. Thus, we
additionally reportresults for rank-transformed data (for details, see
Supplementary Information). There was moderate (inconclusive)
evidence against acondition effect with the databeing approximately
3.5times morelikely under HO than under H1 (BF,,=0.28; BF  anicbased =
0.09). For an overview of the condition mean (intercept) and devia-
tions from the intercept sampled from the posterior distribution,
please see Supplementary Table 10. Analyses additionally yielded
strong evidence against a time x condition interaction (BF, = 0.06;
BFIOrank-based: 008)

Visual comfort (S4). Visual comfort was calculated as the average rat-
ing fromthe responsesto the questions about how pleasant the light-
ing was generally, how participants perceived the level of brightness,
how glaring the light source was, and how pleasant participants rated
the colour temperature (that is, cold vs. warm). The inspection of the
data showed that the assumptions for mixed linear models were met
(for more details, see Supplementary Methods). There was moderate
(inconclusive) evidence against a difference between the conditions
regarding visual comfort experienced during the light exposure. The
datawere approximately six times more likely under the HO than under
the H1(BF,,=0.16). Supplementary Table 11 provides an overview of the
conditionmean (intercept) and deviations from the intercept sampled
from the posterior distribution. For the condition x time interaction,
there was moderate evidence in favour of H1 (BF,,=7.68). For a graphi-
calillustration, see Supplementary Fig. 2.

PVT: median RT (S5). The inspection of the data suggested that the
assumptions for mixed linear models were largely met, and rank trans-
formation of the data did notimprove compatibility (for more details,
see Supplementary Methods). Analyses revealed extreme evidence in
favour of acondition difference during the light exposure with the data
being approximately 153 times more likely under the H1 than the HO
(BF,,=153.33). More precisely, there was conclusive evidence in favour
of faster median RTs in the background (meany,,qgound 3844 + 35.5 ms)
thantheyellow bright (mean,oy righ:395.5 + 32.6 ms; BF 4 =29.06) or the
blue dim condition (mean, . 4in399.8 + 39.1 ms; BF,,=260.1). There was
only anecdotal (inconclusive) evidence against adifference between the
yellow-bright and the blue-dim conditions (BF,,=0.39). Supplementary
Table 12 provides an overview of the condition mean (intercept) and
deviationsfromtheintercept sampled from the posterior distribution.
There was anecdotal evidence against a condition x time interaction
with the databeing approximately two times more likely under the HO
compared with H1 (BF,, = 0.47). For a graphicalillustration, see Fig. 3c
and Supplementary Figs. 3 and 4 additionally provides an illustration
ofthe PVT results on evenings 1and 2 (note this was notincludedin the
analysis plan, wherefore we refrain from statistical analyses).

PVT: fastest 10% RTs (S6). The inspection of the data suggested that
the assumptions for mixed linear models were met and transformation
of the data did not increase compatibility with the assumptions (for
more details, see Supplementary Methods). For the 10% fastest RTs
during the light exposure, there was only anecdotal and thus incon-
clusive evidence in favour of a condition difference with the data
being approximately 1.8 times more likely under Hl compared with HO
(BF,,=1.77).Supplementary Table 13 provides an overview of the condi-
tionmean (intercept) and deviations from the intercept sampled from
the posterior distribution. Regarding the condition x time interaction,
there was anecdotal evidence against H1 (BF = 0.42). Supplementary
Fig. 3 provides an illustration of the results. Supplementary Fig. 4
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Fig. 3 |No conclusive evidence for an effect of calibrated changes in light colour
along the blue-yellow axis at constant melanopic excitation. a, Circadian phase
shift as assessed by a shiftin DLMO from evening 1to evening 2. Analyses yielded
inconclusive evidence against the hypothesis of a condition difference (for details,
see main text). The lower and upper hinges of the boxplots correspond to the 25%
and 75% quartiles; the thick black lineindicates the median. Whiskers extend to

the lowest/largest value at most 1.5 the interquartile range from the hinges. Grey
circles representindividual values of participants, and the dotted lines connect
data points contributed by each participant. Analyses were based on data from

16 participants who underwent 3 experimental conditions. However, in two cases
(1x background, 1x blue-dim), it was not possible to determine the DLMO on both
evenings. b, Time course of melatonin concentrations during the first evening in
the laboratory. We show the mean with error bars representing the standard error.
Analyses were based on data from 16 participants who underwent 3 experimental

conditions. ¢, Time course of the median RTs on the PVT during the first evening
inthe laboratory. The figure shows median RTs and 95% confidence intervals.
Analyses were based on data from 16 participants who underwent 3 experimental
conditions. d, Time course of subjective sleepiness ratings on the KSS during the
first eveningin the laboratory. The figure shows mean RTs and error bars indicate
standard errors. Analyses were based on data from 16 participants who underwent
3 experimental conditions. e, SWA as anindicator of homeostatic sleep pressure
across thefirst sleep cycle. The time course relates to the percentiles of the NREM
period (numbers 1-10 on the x axis) and the REM period (numbers11-20 on the
xaxis) of the first sleep cycle after sleep onset. The data points represent the mean
slow wave power between 0.5 Hz and 4.5 Hz with error bars indicating standard
errors. Analyses were based on data from 16 participants who underwent

3 experimental conditions. However, due to data quality issues, we were unable to
determine SWA in one case (yellow-bright condition).
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additionally provides an illustration of the PVT results on evenings
1and 2 (note this was not included in the analysis plan, wherefore we
refrain from statistical analyses).

PVT: slowest 10% RTs (S7). Rank transformation of the dataimproved
especially normality of the residuals and homoscedasticity. Thus, we
additionally report analyses based on rank-transformed data. For
the slowest 10% RTs during the light exposure, there was conclusive
evidence in favour of Hi, that is, a condition difference (BF,, = 60.9;
BF 0 rankbasea = 119.8). As for the median RTs, there was conclusive evi-
dence in favour of RTs being faster in the background (meany, g ound
481.6 + 67.8 ms) compared with the yellow-bright (meanyeoy- brigne
511.0 + 81.6 ms; BF,,=22.6; BF 1ank.based = 40.86) and the blue-dim con-
ditions (meany;e 4im516.9 £ 87.4 ms; BF,, = 46.15; BF g ranicbased = 67.31).
However, there was moderate (inconclusive) evidence against a condi-
tion difference between the blue-dim and the yellow-bright conditions
(BF,5=0.26; BF g snibased = 0-23). Supplementary Table 14 provides an
overview of the condition mean (intercept) and deviations from the
interceptsampled fromthe posterior distribution. There was moderate
tostrongevidence againsta condition x time interaction (BF,,=0.09;
BF g ranibasea = 0-1). For agraphicalillustration, see Supplementary Fig. 3.
Supplementary Figure 4 additionally provides anillustration of the PVT
results on evenings 1and 2 (note this was not included in the analysis
plan, wherefore we refrain from statistical analyses).

EEG-derived SLAT (S8). The inspection of the dataindicated that the
assumptions for mixed linear models were met, and rank transforma-
tion did not increase compatibility with the assumptions (for more
details, see Supplementary Methods). Analyses yielded inconclusive
evidence against a condition difference regarding the onset latency to
10 min of continuous sleep. The datawere approximately theee times
more likely given the HO than the H1 (BF,, = 0.31). The mean latency
to 10 min of continuous sleep was 17.0 £ 42.2 min in the background,
9.4 £13.2 min in the yellow-bright, and 7.5 £ 4.3 min in the blue-dim
condition. Anoverview of the condition means (intercept) and stand-
ard deviations sampled from the posterior distributionis provided in
Supplementary Table15. Supplementary Fig. 5 provides anillustration
oftheresults. Foracomprehensive overview of the sleep datafor each
light condition and visit, see Supplementary Table 16.

EEG-derived SWA (S9). Data inspection suggested that the assump-
tions for mixed linear models were met. Rank-transforming the data
did partially resultinanincreased compatibility with the assumptions,
wherefore we reportresults fromanalyses based on rank-transformed
data(for more details, see Supplementary Methods). Note that during
two nights one participanthad avery short rapid eye movement (REM)
sleep latency (that is, <30 min), which would have resulted in a very
short non-REM (NREM) part. We thus decided to combine the NREM
parts of the detected first and second sleep cycles into one. Please
also note that in one participant we were unable to analyse the data
in one condition (yellow-bright) as it was too noisy. Analyses of SWA
(0.5-4.5Hz) at frontal electrodes F3, Fz and F4 during the NREM part
ofthefirstsleep cycleyielded conclusive evidence againsta condition
difference (BF,,=0.03; BF,gancpasea = 0-03). Thus, the data were approxi-
mately 33 times more likely under the HO than under H1. Evidence for a
time x condition difference remained inconclusive (anecdotal evidence
against HO; BF ;= 0.42; BF ;¢ anibasea = 0-43). For agraphicalillustration,
see Fig.3e.Supplementary Table 17 provides an overview of the condi-
tionmean (intercept) and deviations from the intercept sampled from
the posterior distribution.

Outcome-neutral measurements

Melatonin concentrations (ON1). The inspection of the data showed
that rank transformation of the data slightly increased compat-
ibility with the assumptions for mixed linear models. We therefore

additionally report results for rank-transformed data (for details, see
Supplementary Information). There was strong evidence against a
condition difference inmelatonin concentrations before the beginning
ofthelightexposure (BF,;=0.03; BF ¢ anibasea = 0-03) suggesting that the
datawere approximately 33 times more likely under the HO than under
the H1. Supplementary Table 18 provides an overview of the condition
mean (intercept) and standard deviations sampled from the posterior
distribution. For the condition x time interaction, there was extreme
evidence against H1 (BF,,=0.003; BF ¢ ank.basea = 0-003). For agraphical
illustration, see Fig. 3b.

PVT: median RT (ON2). The inspection of the data suggested that
the assumptions for mixed linear models were largely met, and rank
transformation of the data did notimprove compatibility (for details,
see Supplementary Methods). Before beginning of the light expo-
sure, analyses yielded strong evidence in favour of a condition differ-
ence (BF,,=17.42). Follow-up analyses indicated evidence in favour of
faster RTsinthe background (meany,ygroung 359.1+ 36.7 ms) compared
with the yellow-bright (mean,joy.brigh:365.2 £ 42.5 ms) or the blue dim
condition (meany; .. 4m365.8 + 37.9 ms; BF,, = 19.8). There was only
moderate inconclusive evidence in favour of a difference between
the yellow-bright and the blue-dim conditions (BF,, = 5.49). For an
overview of the condition mean (intercept) and standard deviations
sampled from the posterior distribution please see Supplementary
Table19. Regarding a condition x time interaction, there was extreme
evidence against Hl with the data being approximately 222 times more
likely under the HO compared with H1 (BF,,=0.004). Figure 3¢ provides
agraphicalillustration of the results.

Subjective sleepiness (ON3). Theinspection of the datashowed that
the assumptions for mixed linear models were met (for details, see
Supplementary Information). For the subjective sleepiness before
the beginning of the light exposure, there was extreme evidence in
favour of H1, that is, a condition difference with the data being >100
times more likely under the Hl compared with HO (BF,,=397,569,714).
More specifically, participants felt more tired in the background
(Meanysspackground6-19 * 1.6) compared with the yellow-bright condition
(meanssyeliow- brign3-56 + 1.7; BF o =548,934; extreme evidence in favour
of H1) and to the blue-dim condition (meanyggjye. gim3-47 £ 1.5; BF,o =
321,238,205; extreme evidence in favour of H1). There was moderate
(inconclusive) evidence against a condition difference between the
yellow-bright and the blue-dim conditions (BF,,= 0.16; moderate evi-
dence against H1). Supplementary Table 20 provides an overview of the
condition means (intercept) for the subjective sleepiness scores and
standard deviations sampled from the posterior distribution. Analyses
furtheryielded very strong evidence against acondition x time interac-
tionwiththe databeing approximately 86 times more likely under the
HO thanunder H1 (BF,,=0.01). Foragraphicalillustration, see Fig. 3d.

Brightness (ON4). The inspection of the datashowed that the assump-
tions for mixed linear models were rather not met, particularly the
residuals were not normally distributed (for details, see Supplemen-
tary Information). However, a rank transformation did not solve
this issue, wherefore we refrain from reporting analyses based on
rank-transformed data. There was extreme evidence in favour of a con-
dition difference between the three light exposure conditions before
the light exposure (BF,, =110.93) with the data being approximately
111 times more likely under the H1 than the HO. The mean perceived
brightness (+ standard deviation) in the background condition (range
1-5) was 3.3 £ 0.56, in the blue-dim condition 3.4 + 0.53, and in the
yellow-bright condition 3.5 + 0.55. More specifically, there was extreme
evidencein favour of a condition difference between the background
and theyellow-bright conditions (BF,=752.3), moderate (inconclusive)
evidence against a difference between background and the blue-dim
conditions (BF,,=0.31) and moderate (inconclusive) evidence in favour

Nature Human Behaviour | Volume 8 | March 2024 | 590-605

596


http://www.nature.com/nathumbehav

Registered Report

https://doi.org/10.1038/s41562-023-01791-7

of a difference between the blue-dim and yellow-bright conditions
(BF,, =7.72). For an overview of the condition mean (intercept) and
standard deviations sampled from the posterior distribution, please
see Supplementary Table 21. For the condition x time interaction, there
was anecdotal (inconclusive) evidence against an effect (BF,,0.36).

Discussion

In this Registered Report, we found no conclusive evidence for an
effect of calibrated silent-substitution changes in light colour along
the blue-yellow axis onthe humancircadian clock or sleep. Inatargeted
test of our primary hypothesis, there was no conclusive evidence for
differential phase-delaying effects of a 1-h nocturnal light exposure
(starting 30 min after habitual bedtime, HBT) to constant background/
controllight, blue-dim and yellow-bright flickering stimuli using moder-
ate light levels typical for room illumination and constant melanopic
excitation across light conditions. Additionally, there was conclusive
evidence against differences in melatonin suppression. Thus, we con-
cludethat, evenifthereisaneffect we have missed, the contribution of a
post-receptoral channel, where S-cone signals are pitted against ajoint
L + Msignal (thatis, luminance; S - (L + M)), is probably not physiologi-
callyrelevant to the circadian timing systemin healthy young humans
atnightunder typical roomilluminance levels. Rather, thisunderscores
aprobably primary role of melanopsin-containing ipRGCs in mediating
these effects as has previously been demonstrated repeatedly, for exam-
ple, refs. 43-46. In line with this, a recent meta-analysis* concluded
that melanopic EDI was the best single predictor for melatonin sup-
pression at light levels above 21 photopic lux. Furthermore, there was
no conclusive evidence for differential effects of the calibrated changes
inlight colour on visual comfort, subjective and objective sleepiness,
psychomotor vigilance or EEG-derived sleep latency, while there was
conclusive evidence against differential effects regarding homeostatic
sleep pressure as assessed by SWA during the first sleep cycle.

In more detail, the 1-h light exposure starting 30 min after HBT
induced a phase delay in all three light exposure conditions suggest-
ing that the light exposure generally had an effect on the circadian
timing system (BFs from post hoc t-tests assessing difference from
zero: BFy,ciground = 59-5; BFpiye-dim = 14.8; BF eiioy-brigh: = 86.8). Given that
the unmasked endogenous period length under dim light conditions
has been suggested to be about 24.3 h (ref. 48), it seems unlikely that
the observed phase delays can solely be attributed to the lack of morn-
ing light. However, evidence for the hypothesis that yellow-bright
flickering light would induce a larger phase delay than blue-dim light
as well as that flickering light would generally lead to larger shifts
than the background condition, remained inconclusive. Our results
contrast earlier findings in mice by Mouland and colleagues* who
reported that a light stimulus biased towards S-opsin activation thus
appearing blue resulted in weaker circadian responses than yellow
stimuliwith a bias towards L-cone activation when rod and melanopsin
activation were held constant. Specifically, in their study, the period
length as indicated by the length of the mice’s rest-activity cycles
was prolonged under yellow light, suggesting a constant stronger
phase shiftthaninthe blue condition. Apart fromthe differenceinthe
studied species, one explanation for the deviating findings could be
differencesinthe duration and timing of the light exposure. InMouland
etal’s study, mice were exposed to the yellow or blue light at all times
during the light phases*, whereas we only used a 1-h light exposure
at a specific circadian phase (that is, starting 30 min after habitual
bed time). However, earlier findings by Gooley and colleagues® had
suggested that cones substantially contribute to effects especially at
the beginning of a light exposure and at rather low irradiance levels.
Here, participants had been exposed to a narrow-bandwidth 555 nm
green light or blue light at 460 nm (10-14 nm half-peak bandwidth)
specifically targeting melanopsin for 6.5 h starting near the onset of
nocturnal melatonin secretion (16 irradiance levels covering a broad
range of photon densities randomized across participants; 2.52 x 10"

to1.53 x 10" photons cm™s™). Regarding the phase-resetting response,
the authors concluded that the effects of the exposure to green rela-
tive to blue light were too large to solely be attributed to melanopsin
excitation, suggesting an involvement of the cones. Likewise, both
lights were equally effective in suppressing melatonin at the begin-
ning of the exposure, with the importance of melanopsin increasing
exponentially with the length of exposure. This notion has recently
received further support from a publication resulting from the same
study, where St. Hilaire and colleagues*’ investigated the phase-shifting
and melatonin-suppressing responses in now six wavelength condi-
tions (420 nm, 460 nm, 480 nm, 507 nm, 555 nm and 620 nm; photon
densitiesranging from 2.52 x 10" t0 1.53 x 10" photons cm™s™)*, Here,
the authors concluded that ipRGCs contributed 33%, S cones 51% and
L +Mcones16%to the phase-shifting effects of the 6.5-h light exposure.
Regarding melatonin suppression, during the first quarter of the 6.5-h
light exposure (that is, 97.5 min), S cones and L + M cones allegedly
substantially contributed to melatonin suppression (51% and 47%
contributions of the respective spectral sensitivity curves to the overall
sensitivity), while ipRGCs contributed only 2%. As in Gooley et al.®, the
contribution of ipRGCs and thus melanopsin substantially increased
across time. In the light of these results, we argue that a1-h exposure
specifically targeting the cone-based post-receptoral mechanisms
should have been sufficient to produce conclusive differential effects
between the background condition and the blue-dim or yellow-bright
conditionsinthe present study. Thus, our findings challenge the notion
of a strong contribution of cone signals during shorter nocturnal
light exposure put forward by Gooley et al.° and St. Hilaire et al.*’. It is
important to note that these studies deployed monochromatic lights
of different wavelengths and intensities not well suited to stimulate
a specific photoreceptor class and fit photoreceptor-based spectral
sensitivities to the resulting empirical action spectra. In contrast, our
stimulus design specifically targeted cone-based mechanisms, thereby
cleanly isolating the potential contribution of the cones. Future and
adequately powered studies using calibrated, photoreceptor-isolating
light stimuli, varyingirradiance levels, temporal properties and expo-
sure duration will have to finally settle this question.

Furthermore, several investigations of the interaction between
circadian phase and the magnitude and direction of the effects of
light exposure have suggested increased sensitivity of the circadian
timing system at the phase of exposure to bright*>*' and blue-looking
light™. Nevertheless, future studies will need to evaluate the effects
of calibrated colour changes along the blue-yellow axis at different
circadian phases, and different mean light levels as well as melanopic
excitation levels, and toinvestigate whether there is a specific sensitiv-
ity tocalibrated changes along the blue-yellow dimension, forinstance
specifically during the twilight hours.

Conclusive condition differences were limited to differences in
psychomotor vigilance, thatis, RTs on the psychomotor vigilance task
(PVT) and subjective sleepiness as assessed with the KSS. Considering
median RTs, participants were faster in the background condition than
intheblue-dimor the yellow-bright conditions before as well as during
the light exposure. During light exposure, this effect was also visible
whenlooking at the 10% slowest responses. Especially because RT dif-
ferences were not limited to the 1-h light exposure but present even
before, thismost probably seems an effect of increased motivation dur-
ing the first experimental visit (always background condition). Interest-
ingly and somewhat contradictorily, the faster RTs in the background
condition coincided with higher subjective sleepiness ratings. This
difference was however limited to the time before the light exposure.
We speculate that this may have resulted from participants not knowing
what to expect and how they would react to the prolonged wake time
andthelaboratory protocol, which may have been perceived as tiring.

Limitations of the study include the fact that the order of the condi-
tions was not completely randomized, but the background condition
was always the first one. This had logistical reasons as randomizing
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three conditions would have resulted in six potential condition
orders. Given the results from the Bayes factor design analysis®®, such
an approach would possibly have required us to obtain data from
2 x 12 participants (thatis, 2 x 6 men and 6 women), whichwould have
exceeded the financial and resource limit of this project. Besides this,
the fact that the light exposure took place between 30 minand 1 h
30 minafter HBT may have resulted in homeostatic sleep pressure over-
riding more subtle effects of the different light exposure conditions.
However, other studies investigating the effects of light, where partici-
pants likewise went to sleep well after HBT had still found differences
between monochromatic light exposure conditions on for instance
SWA at the beginning of the night***, self-reported sleepiness®* and
psychomotor vigilance**. Furthermore, we did not objectively assess
light history before the arrival at the lab, which is known to affect
the response to a subsequent light stimulus®°. However, evidence
for differences between the conditions in self-reported time spent
under the open sky before arriving at the lab (BF,,=0.33; BF;g ankbased =
0.16), or self-reported lighting conditions outside on that day during
the time they had spent under the open sky, remained inconclusive
(BF,, = 0.16; 10-point Likert scale from ‘very dull day’ to ‘bright sum-
mer’s day;’). Additionally, participants’ visits were scheduled within
3 weeks and took place on the same day of the week contributingto a
maximal stability of ambient lighting conditions as well as individual
schedules and thus light history. Furthermore, we did not control
pupil size, which may have led to small changes in retinal irradiance.
While itis well known that cone mechanisms contribute to the regula-
tion of pupil size'> ", itisimplausible that small variations in retinal
irradiance due to differences in pupil size would have counteracted
any true photoreceptor-mediated effect. Spitschan et al."” examined
the response of the pupil to flickering stimuli at different temporal
frequencies, finding pupillary response amplitudes for1 Hz stimulation
ofthe L + M channel (50% contrast) around 8%. For a pupil of any size,
this corresponds to a difference of roughly 16% in retinal irradiance.
We do not expect these differences to play a major role in the effects
we see here. Besides this, we assumed that rods do not contribute to
circadian effects under photopic conditions. Thus, rhodopic effects
were not constant across conditions (Supplementary Information, A
and B). Data obtained in mice lacking functional cones or micein which
rods were the only photoreceptors suggest that rods support circa-
dian photoentrainment even at higher light levels (that is, 500 lux)®,
although the effects on the SCN may be rather small®>. Recent data
suggest that the same holds true for humans living with functional
achromatopsia, thatis, individuals lacking functional cones®’. However,
the relative contributions of rod and melanopsin contributions are
unknown, and some degree of adaptation of the circadian system in
this congenital condition is likely®**, Future studies should carefully
disentangle the unique contributions of the rods to circadian pho-
toreception across light levels. Finally, the use of a colour-calibrated
stimulus flickering at 1 Hz hampers the generalizability of the results
to real-life situations. While these conditions were chosen to specifi-
cally stimulate the post-receptoral S - (L + M) channel while keeping
melanopic effects constant, they do not correspond to naturalistic
light exposures. Importantly, constant light biased towards either
pole of the post-receptoral S - (L + M) channel should in any case be
less effective than the stimuli used here due to adaptation of cones and
post-receptoral mechanisms under unchanging light conditions®>*°°,

In summary, we found no conclusive evidence for an effect
of calibrated changes in light colour along the blue-yellow axis at
constant melanopic excitation on the human circadian system, psy-
chomotor vigilance, sleepiness or sleep (that is, latency to 10 min
of continuous sleep, SWA during the first sleep cycle) for a 1-h light
exposure starting 30 min after HBT. This seems to underscore the
primary role of melanopsin-containing ipRGCs in mediating these
effects that have repeatedly been reported in the literature. From a
more practical perspective, it seems that the human circadian clock

isrelatively insensitive to shiftsin light colour towards warmer colour
temperatures at constant melanopic excitation. Smartphones and
other displays with night-shift modes typically change colour and
reduce melanopic excitation in a yoked fashion, and our study pro-
vides evidence that any effects seen in night-shift mode may be due
to the reduction in melanopic excitation. As alarge body of literature
convincingly suggests that short-wavelength proportions of light
should be reduced in the evening® to prevent decreases in sleepiness
and a phase delay®***"%, we therefore encourage users of devices with
background-lit displays (that is, smartphones, tablets and computer
screens) to make use of built-in software or apps such as f.lux® in the
evenings and during the night. Inthe future, tech companies may also
opt to use metameric light that allows to reduce short-wavelength
proportions without achange in perceived colour. Recently, Schéllhorn
and colleagues** showed that low-melanopic light canindeed mitigate
theunwanted effects of screen use at night, confirming the primary role
of melanopsin photoreceptioninsetting our circadian system by light.

Methods

Ethical approval

Approval for this study was granted from the Ethikkommission
Nordwest- und Zentralschweiz with approval number 2020-02037.
Thestudy was conducted inaccordance with Swiss law and the Declara-
tion of Helsinki. It was registered as a clinical trial (DRKS00023603).

Participants

Healthy, young male and female participants (age range 18-35 years;
agerangerestricted to minimize age-related inter-observer variability
in pre-receptoral filtering”>”*) were recruited, with the goal of including
anequal number of menand womenin the study. Inclusion criteria were
abody massindexbetween18.5and 24.9 kg m™ (that is, normal weight
according to World Health Organization criteria, calculated from
self-reported height and weight), aninformed consent as documented
by signature of the participant, and approval of study participation by
the study physician. Participants were excluded if they were pregnant
(self-report), suffered from chronic or debilitating medical condi-
tions (physical examination by the study physician), used medications
impacting on visual, neuroendocrine, sleep and circadian physiology
(determined by study physician), used drugs (verified with a urine
multi-drug screen during each experimental night; nal von minden
GmbH), had performed shift work <3 months before beginning of
the study, travelled across more than two time zones <1 month before
beginning of the study, were characterized by an extreme chronotype
according to the Munich Chronotype Questionnaire™ (exclude values
<2or>7,include>2 and <7), had extremely short or long sleep duration
(subjective sleep duration on workdays outside 6-10 h according to
the Munich Chronotype Questionnaire), had a sleep efficiency <70%
during the adaptation night (calculated as SEFF =total sleep time/
time in bed using visual scoring), any indicators of a sleep disorder
(self-report or during the adaptation night) or photosensitive epilepsy.
Furthermore, they were excluded in case of previous enrolment in this
study or if they were the investigators’ family members, employees
or other dependent persons. They were also excluded if they were
unable to understand and/or follow the study procedures or in case
of non-compliance to sleep-wake times during the ambulatory parts.
Participants were furthermore screened for normal colour vision using
the Cambridge Colour Test” (trivector version) implemented using
aniMac-based Metropsis system (Cambridge Research Systems), and
were excluded if they did not have normal colour vision. Participants
whose bedtime or wake time deviated by more than 30 min more than
twice during the 5 days preceding each experimental visit were not
empanelledinthe study or excluded. Allexclusion criteriaarelisted in
Supplementary Table 23. Any exclusions were counted and reported.
In case participants had to be excluded due to non-adherence to sleep-
wake times during the circadian stabilization period, but had already
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completed more than one study visit, none of their data were used.
Two participants were planned to be tested at the same time (for more
information, see ‘Deviations from protocol’ section). Participants
received a remuneration of CHF 1000 after successful completion
of the study protocol. The authors affirm that the depicted human
provided written informed consent for publication of the images in
Supplementary Picture 1.

Protocol

In this within-subject protocol, all participants underwent the same
study procedures, which started with an initial 7-day circadian stabi-
lization period in which they were instructed to go to bed within1h
(+30 min) of a target bedtime and rise within 1 h (+30 min) of a target
wake-up time with atarget sleep duration of 8 h. Both target bedtimes
and wake-up times were agreed upon with the participants to match
their HBT and ensure compatibility with daily life. Compliance to the
individual sleep-wake schedules was ensured using wrist actimetry
(Centre Point Insight Watch; ActiGraph LLC) and sleep logs™. They
alsohadto adhere to this stabilization protocol during the ambulatory
phases between further visits to the laboratory. In total, participants
entered the laboratory four times. The first laboratory visit was an
adaptation night, and the second, third and fourth laboratory visits
were experimental visits both including two evenings, one night and
one day (32 h (was actually 32.5 h; see ‘Deviations from protocol’ sec-
tion)) in the lab (Fig. 2).

During the first night of each of the three experimental visits,
participants were exposed to the constant light (that is, ‘background’
condition), a yellow-bright flickering condition, or a blue-dim flicker-
ing condition between 30 min and 90 min after HBT (1 h exposure
duration). While the first visit was always the constant light condition
(‘background’), the order of the other two conditions was counterbal-
anced among participants and within each gender subgroup. Note
that in the Stage 1 protocol it was incorrectly stated that the order of
all three conditions would be randomized, which deviated from the
information providedinFig. 2, its captionand the hypotheses. Compli-
ance withinstructions to keep eyes openduring the light exposure was
checked informally through electrooculography, which had to show
blinks. Experimental visits were spaced by a wash-out phase of 1 week
(thatis, five nights).

On each experimental visit, participants entered the laboratory
6.5 hbeforetheir HBT. Upon arrival, asmall dinner was served and the
EEG, electrooculogram (EOG) and electromyogram (EMG) for later
sleep assessment (thatis, PSG, see below) was placed. From 5 h before
HBT until 1 h 30 min after HBT, participants provided saliva samples
every 30 min, using Salivettes (Sarstedt), which were centrifuged at
1,448gfor3 minand frozen at -20° (was actually —28 °C, see ‘Deviations
from protocol’ section) for later assaying.

Participants rated subjective sleepiness on the KSS”7, completed
amodified auditory PVT (6 min; was actually 10 min (see ‘Deviations
from protocol’ section)) to assess behavioural vigilance, and rated
their visual comfort with every melatonin sample. We used the German
version of the KSS (‘Bitte bewerten Sie lhre Miidigkeit”: ‘sehr wach’ (1),
‘wach’ (3), ‘weder wach noch miide’ (5), ‘miide, aber keine Probleme,
wach zubleiben’ (7), ‘sehr miide, grof3e Probleme, wach zu bleiben, mit
dem Schlaf kimpfend’ (9)).

Furthermore, we recorded a 3-min resting-state EEG (open eyes)
justbefore the start of the light exposure, 30 mininto light exposure,
and immediately after light exposure (thatis, 27 min,1hand1h 27 min
after HBT). Following a visit to the bathroom (approximately 15 min),
theywentto bed 2 h after their HBT for a 6-h sleep opportunity. Follow-
ing wake-up they provided another five saliva samples during the first
2 hofwakefulness. They thenspent the day in the lab under controlled
lighting conditions (<8 lux; fluorescentlighting), and we served small
mealsevery 2.5 h (five snacks with 0.2 of the total basic metabolic rate
estimated with the Mifflin-St.Jeor equation’®; was actually six snacks,

see ‘Deviations from protocol’ section). In the second evening, we
again started sampling melatonin in 30-min intervals 5 h before HBT
and obtained melatonin samples, KSS ratings and PVT measurements
until 1 h 30 min after HBT. For an illustration of the study protocol,
please see Fig. 2. Please note that there were no hypotheses for the KSS
or PVT in the second evening, but the protocol was the same on both
evenings. They thenwent to bed fora9-hrecovery sleep opportunity.
The protocol formally ended 1 h30 min after HBT in the second night;
however, participants were offered to sleep in the lab. Throughout light
exposure, participants’ compliance was be monitored using infra-red
cameras pointed at the participants.

Throughout the repeated laboratory visits, participants had no
knowledge of external time and were not allowed to use their phones
(except in emergencies) or laptops. They were allowed to read maga-
zines, books or other material (e-readers were allowed if the corneal
illuminance was <8 lux). Small gaming devices such as GameBoys
(monochrome display) or table-top and card games were provided.
Participants were allowed to listen to podcasts provided they had a
device thatdid not tell the time.

Adaptation night. Participants came for aninitialadaptation night (8-h
sleep opportunity) tothelaboratoryto screenfor potential sleep disor-
ders (see below for the PSG setup) and to make them acquainted with
the laboratory setting. Participants showing signs of sleep disorders
or presenting with sleep efficiency <70% would have been excluded
fromthe study.

PSG. For resting-state and nocturnal PSG recordings (that is, EEG,
EOG and EMG) we used ambulatory BrainProducts LiveAmp devices.
We planned to record PSG at a sampling rate of 250 Hz (was actually
500 Hz; see ‘Deviations from protocol’ section) from 21scalp channels
mountedinacap (EasyCap) and 4 EOG channels with FCzas the online
reference. In addition, we placed two mastoid electrodes for later
re-referencing accordingto the sleep staging criteria of the American
Association of Sleep Medicine, as well as two chin EMG electrodes and
two electrocardiogramelectrodes’. During the adaptation nights, we
additionally recorded fromtwo EMG electrodes on thetibialis anterior
muscle of onelegto screen for nocturnalleg movements, arespiration
beltand a nasal cannula to screen for respiratory problems.

Visual comfort questionnaire. Participants were planned to be asked
to rate or respond to various aspects of the light exposure using a
six-question, seven-item Likert scale questionnaire’. This questionnaire
was administered in German. The questions were planned to be about
the comfortoflight (‘Aligemeinist dasLicht angenehm’; iberhaupt nicht
(1) to sehr stark (7)), the perceived brightness (‘Wie empfinden Sie die
Helligkeit des Lichtes?’; sehr dunkel (1) to sehr hell (7)), light level prefer-
ence (‘Ich hitte eslieber ...’; deutlich dunkler (1) to deutlich heller (7)),
glare (‘Dieses Licht blendet mich’; iiberhaupt nicht (1) to sehr stark (7)),
the perceived colour temperature (‘Wie empfinden Sie die Lichtfarbe?’;
sehrkalt (1) tosehr warm (7)) and general wellbeing (‘Wie fiihlen Sie sich
im Moment?’; unwohl (1) to wohl (7)). For deviations from the planned
questionnaire, please see the ‘Deviations from protocol’ section.

Light exposure and stimuli

Evening light stimuli. Light exposure was planned to be delivered from
avertical frontlighting panel (width 220 cm, height 140 cm) that con-
sists of 24 light-emitting diode (LED) panels (RGBW), each containing
144 LEDs (that s, total of 3,456 LEDs) covered by diffusing material®>®",
Two participants were planned to sit next to each other at a distance of
1.5 mfromthe wall, facing the wall. The LED primaries have the follow-
ing properties (peak wavelength + full width at half maximum; CIE1931
xy chromaticity): blue (462 + 23 nm; 0.14, 0.06), green (518 £ 32 nm;
0.16,0.72), red (631 £ 16 nm; 0.70, 0.30) and white (peaks 446 nm and
560 nm; 0.33, 0.34). Due to the coronavirus pandemic, an alternative
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setup with two separate laboratories had to be used. For details, please
see the ‘Deviations from protocol’ section.

The wall was be calibrated from a vantage point centred between
the two participants, and bothirradiance and radiance measurements
were planned to be taken. To characterize spectral shifts of the LED wall,
we planned to measure the spectrum of each of the RGBW primaries at
16 settings at 8-bit resolution.

Stimuli were either a constant light matched in its photorecep-
tor activation profile to that of daylight at 6,500 K (D65, used dur-
ing the first experimental visit; ‘background condition’; Fig. 1f (note
that the Stage 1 protocol wrongly stated that this light was used dur-
ing the adaptation night and the second night of each experimental
visit)), or sinusoidally flickering light stimulating the S cones in an
balanced but opponent fashion with luminance (blue-dim: planned
+37%S-cone contrast, planned —-37% L + M contrast from background,
Fig. 1g; yellow-bright: planned -37% S-cone contrast; planned +37%
L + M cone contrast from background, Fig. 1h), alternating flickering
for 30 s to constant background for 30 s. The flicker frequency was
1Hzsoasto provide a continuous tonic signal to the cones that might
otherwise adapttoacontinuouslightbiased towards either —S + (L + M)
or+S - (L +M) (Fig.1e). This frequency was also used in the habituation
stimulusinaseminal study determining the cardinal directions of col-
our space’®. To avoid adaptation to flicker, we flickered for 30 s, then
held the light constant at background for 30 s, corresponding to the
approximate time scale of habituation in the purported S-opponent
psychophysical channel™®. All stimulus conditions are summarized in
terms of their nominal photoreceptor excitation® in Table 1.

Tofind the settings on the RGBW channels of the lighting panel, we
implemented an optimization minimizing the squared error between
desired and actual contrasts using ‘fmincon’ routine asimplementedin
MATLAB (MathWorks). Critically, our stimuli were designed to produce
no differential stimulation of melanopsin-expressing ipRGCs (0%).

Light during the scheduled day. During the scheduled day (that s,
from wake-up until the end of the protocol), participants were planned
tobeindimlight (<8 lux) provided by fluorescent lighting.

Data collection and processing

AlldatahandlingwasdoneinR (ref. 83), except for EEG data. EEG data
processing was done in MATLAB (MathWorks) using the ‘Fieldtrip’
toolbox for MATLAB®* first before the results were exported for sta-
tistical analysesinR.

Hormone concentrations (melatonin). Analyses of salivary melatonin
were planned to be done with enzyme-linked immunoabsorbent assays
(ELISAs) inanin-house laboratory. We planned to use ELISA kits (Novo-
LytiX), which have a minimal detection limit (limit of quantification)
of at least 1.6 pg ml™. Eventually, a RIA was used instead of an ELISA
(see ‘Deviations from protocol’ section). The DLMO was determined
by fitting evening melatonin profiles by a piecewise linear-parabolic
function using the hockey-stick algorithm (planned: v2.4, used version:
2.5; see ‘Deviations from protocol’ section) to calculate the DLMO®.

Control variables. For the PVT data, trials with RTs 2100 ms were
considered valid trials*’. We then computed the median RTs as well
as RTs for the fastest and slowest deciles of valid trials. KSS ratings
were analysed without further pre-processing steps. As for the neu-
roendocrine responses, statistical evaluation was planned to be with
repeated-measures ANOVAs and planned contrasts (note that we imple-
mented an ANOVA-like approach using linear models to circumvent
case-wise deletion; see ‘Deviations from protocol’ section).

EEG analyses. Following data acquisition, the signal from EEG chan-
nels was filtered and re-referenced to a linked mastoids reference.
For the analyses of objective sleepiness, we first corrected for eye

movements using an independent component analysis, which was
followed by manual exclusion of other artefacts (for example, muscle
artefacts). Subsequently, artefact-free data were segmented into 2-s
time bins and subjected to fast-Fourier transformations (FFT) using
the ‘mtmfft’ function asimplementedin the Fieldtrip toolbox yielding
afrequencyresolution of 0.5 Hz. We then extracted absolute power in
the theta (4-7 Hz) and alpha (8-12 Hz) frequency range and averaged
across parietal and occipital electrodes (that is, P3, Pz, P4, O1, Oz and
02) and segments within each frequency band. We then computed the
alpha/theta ratio. For sleep analyses, we had planned to score sleep
semi-automatically with an algorithm (The SIESTA Group®*®). These
analyses were planned to be based on EEG data from electrodes F3,
F4, C3, C4, 01 and 02 (downsampled to 128 Hz and re-referenced to
the contralateral mastoid electrode) along with the signal from the
EOG channels that have been placed according to Rechtschaffen and
Kales criteria and the chin EMG signal. However, for budgetary reasons,
we eventually used the Somnolyzer algorithm as implemented in the
Philips Respironics Sleepware G3 software instead of the SIESTA scoring
(see ‘Deviations from protocol’ section). Additionally, we computed
EEG SWA (thatis, delta power density between 0.5 Hzand 4.5 Hz) asan
indicator of sleep propensity across the night within each NREM part
of asleep cycle. To this end, we computed EEG SWA for each decile of
the NREM part of the first NREM-REM cycle®*. For the computation
of deltapower density, artefact-free data were segmented into 2-stime
bins and subjected to FFTs yielding a frequency resolution of 0.5 Hz.
Thereafter, FFT results were averaged in the 0.5-4.5 Hzrange at frontal
electrodes F3, Fzand F4 within each percentile of each NREM cycle. For
each NREM cycle, the analyses thus yielded ten measures per partici-
pant. The analysis procedure described hereisbased ona publication
by Chellappa and colleagues®.

Statistical data analysis

All statistical analyses were performed in R (ref. 83). Statistical tests
were performed with the BayesFactor package’®”, and we planned
to implement an ANOVA design (function ‘anovaBF’). Note that we
implemented an ANOVA-like approach using linear models instead of
the classic ANOVA function to circumvent case-wise deletion in case of
missing data, for details see the ‘Deviations from protocol’section. The
analyticstrategy is described in Supplementary Table 2. ParticipantID
and gender were entered as random factors.

Exclusion criterion. Only data from participants for whom the light
exposure took place during the rising arm of the melatonin curve and
after the DLMO were included in the analyses.

Bayesian sampling strategy using sequential Bayes factors. Our
sample size and recruitment approach were intimately linked to the
analyticstrategy. Weintended to collect data until obtaining sufficient
evidential strength for our primary hypothesis (C1) that the circadian
phase shift is larger in the yellow-bright flickering condition than in
the blue-dim flickering condition and the constant light condition,
or untilreaching our resource limit (n = 16). Formally, this would have
been achieved by calculating sequential Bayes factors®. First, the
repeated-measures ANOVA described above would have been run
sequentially after data from each new participant was included in the
dataset. Participants would then have continuously been recruited for
the study until sufficient evidence for the fullmodel would have been
reached (male, female alternating). We consider a BF of 10 as ‘strong’
evidence, following standard categorizations: 1< BF <3—anecdotal
evidence, 3 < BF <10—moderate, 10 < BF <30 to BF >30—very strong
evidence. According to the sequential Bayes factor approach, if this
threshold was reached for the primary hypothesis, the study would
have been halted, and the evidence strength would have beenreported
according to the Bayes factor. Otherwise, the study would have been
halted if the resource limit is reached (n =16). A minimum number of
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four participants (two men, two women) were planned to participate
inthe study, in case the evidence threshold would have been reached
with one, two or three participants already.

Deviations from protocol

Protocol. The protocol lasted for 32.5 hinstead of the 32 h previously
described in the text, because we initially did not take into account
that the last melatonin sample and round of assessments would take
approximately 15-20 min.

Saliva samples were frozen at 28 °C rather than the previously
stated -20 °C, because we used a different freezer.

Instead of a 6-min version of the PVT, we used a 10-min version.
Specifically, the10-min version has been associated with increased sen-
sitivity tomodulations of both sleep homeostatic and circadian drives
and to improvements in alertness after wake-promoting interven-
tions™. Ashorter version has only been recommended if the protocol
doesnotallow for the 10-min version®?, As the protocol allowed us to
use the longer version, we felt using the longer version would improve
the validity of our measurements.

Instead of five snacks every 2.5 h with 0.2 of the total basic meta-
bolic rate estimated with the Mifflin-St. Jeor equation’®, we served six
snacks of 0.17 of the total basic metabolic rate every 2.5 h. This was to
shorten the time between the last snack and the bedtime to 5.5 instead
of 8 h, and thus to prevent participants from becoming too hungry in
the evening. Additionally, we allowed participants to use their phones
duringa‘social hour’ scheduled 4 h after wake-up as we have previously
experienced thistoincrease adherenceto longstudy protocols.Impor-
tantly, participants wore orange-tinted blue-blocking glasses during this
time and were instructed to keep display brightness aslow as possible.

PSG. Werecorded dataatasampling rate of 500 Hzinstead of the previ-
ously planned 250 Hz with 500 Hzbeing the standard sampling ratein
ourlaboratory. However, as we were interested only in frequencies up
to 12 Hz, this change has not affected the analyses or results.

Visual comfort questionnaire. Due tointernal communicationissues,
the visual comfort questionnaire slightly deviated from the planned
version and corresponded to a version used in an earlier study con-
ductedinthelaboratory.In more detail, instead of a seven-item Likert
scale, a five-item Likert scale was used. Furthermore, the questions
slightly deviated from theinitially planned ones. Importantly though,
the relevant questions to assess visual comfort were still included.
Contrary to what had been planned, participants were not asked to
rate their lightlevel preference (‘1would prefer it to be lighter/darker’)
and their general wellbeing (‘I feel well/unwell’). Instead, participants
rated the light according to how wake-promoting versus tiring it was
(‘Die Beleuchtungin diesem Zimmer...; hilft mir, wach zu bleiben (1) to
ermiidet michstark (5); Engl.: ‘Thelightingin thisroom...; helps me to
stay awake (1) tois very tiring (5)) and whether they felt it helped them
to concentrate (‘Die Beleuchtungin diesem Zimmer...; hilft mir, mich
besser zu konzentrieren (1) to stért meine Konzentrationsfahigkeit
(5); Engl.: “The lighting in this room...’; helps me to concentrate (1)
to disturbs my ability to concentrate (5)). These two questions were
however not (planned to be) included in the calculation of the visual
comfortscore; the relevant questions were still asked.

Light exposure and stimuli. Due to the coronavirus pandemic, it was
not feasible to have two participants sitin front of the planned LED wall
for several hours next to each other. Thus, we used two custom-made
displays, which provided a stimulus that was functionally equivalent
tothe originally planned stimulus, in two separate comparable (sleep)
laboratories. Specifically, light exposure delivered through amodified
27-inch display consisting of a total of five sets of primaries, with peak
spectral emissions at 430,480,500, 550 and 630 nm (refs. 44,94). The
backlights were independently controlled at 8-bit resolution using

Digital Multiplex (DMX). For an illustration of the laboratory setup,
please see Supplementary Picture1.

Duetosometechnical differencesinthe device primaries between
the planned LED wall and the displays, the validated contrast between
the ‘blue-dim’ and the ‘yellow-bright’ conditions was +25% instead of
the originally planned nominal contrast of +37% (blue-dim: +25% S-cone
contrast,—25%L + M contrast from background, Fig.1g; yellow-bright:
-25% S-cone contrast; +25% L + M cone contrast from background,
Fig. 1h). This validated contrast (+25%), although lower, however still
yields apsychophysically substantial and physiologically meaningful
contrast on the post-receptoral channel.

Light during the scheduled day. Sitting accommodations and fur-
niture were placed in away to preventilluminances higher than 8 lux,
and, if necessary, participants were instructed to not take positions
in the room associated with higher illuminance levels. Neverthe-
less, for short periods of time, illuminances may have exceeded 8 lux
(Supplementary Table 6).

Hormone concentrations (melatonin). Analyses of salivary mela-
tonin were done with radioimmunoassay (RIA) rather than ELISAs
in the NovolLytiX laboratory rather than an in-house laboratory. RIA
and ELISAs by NovoLytiX generally reveal comparableresults, but the
laboratory uses RIA as analyses are less time consuming. The RIA has
an analytical sensitivity of 0.2 pg mI™ and a limit of quantification of
0.9 pg ml™. For the calculation of the DLMO, we used version 2.5 of the
hockey-stick algorithm (planned: v2.4), which was the most recent one
available at the time of the data analysis®.

EEG analyses. Unlike originally planned we did not use the service
provided by the SIESTA group for budgetary reasons. Instead, sleep was
scored automatically with the Somnolyzer algorithm as implemented
inthe Philips Respironics Sleepware G3 software v.4.0.1.0 (refs. 86,87).
Importantly, the Somnolyzer algorithmis based on the algorithmused
by the SIESTA group and an automatic scoring software that has been
cleared by the U.S. Food and Drug Administration (FDA). Due to the
change ofthe algorithm, analyses alsoincluded datafromelectrodes P3
andP4inadditiontoF3,F4,C3,C4,01and O2.Furthermore, the datadid
not have tobe downsampled to 128 Hz before analysis. However, the G3
softwarerequired us to apply somefiltering before the sleep stage analy-
ses. Filtering was according to AASM criteria® with the EEG and EOG
signals being filtered between 0.3 Hz and 35 Hz and the EMG between
10 Hzand 100 Hz with a Notch filter at 50 Hz to remove line noise.

Statistical data analyses. Instead of a classic ANOVA design using the
function ‘anovaBF’, we implemented an ANOVA-like design using linear
models and the function ‘lmBF’. We chose to use linear models instead
ofthe classic ANOVA function as this would have resulted in a case-wise
deletion in case of missing data (for example, if data from even just 1
out of 14 PVTs per evening were not available or one DLMO out of the
three conditions could not be determined).

Protocol registration
The approved Stage 1 protocol can be found at ref. 70, and a table of
the laboratory protocol can be found at ref. 71.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alldatageneratedinthis study (includinglaboratory logs) are available
in anonymized and de-identified form on FigShare (data: https://doi.
org/10.6084/m9.figshare.23578698 ref. 96; laboratory log: https://doi.
org/10.6084/m9.figshare.23578695).
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Code availability

Code to simulate and analyse data and implement statistical models
is available on a dedicated GitHub repository (https://github.com/
ChristineBlume/Effects-of-calibrated-blue-yellow-changes-in-light-
on-the-human-circadian-clock/), which will be archived as asnapshot
on FigShare. The simulation code was shared with reviewers via the
journalin the Stage 1 submission and was be made public at Stage 2.
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Recruitment Participants were recruited through an ad on a website run by the University of Basel, which includes a job board
(www.markt.unibas.ch).

Ethics oversight Approval for this study was granted from the Ethikkommission Nordwest- und Zentralschweiz (EKNZ) with approval number
2020-02037.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size Assuming a large effect size (ES; Cohen’s d = 0.8) and that H1 better predicts the data than HO, Bayes Factor Design simulations revealed that
with 16 participants 62% of the simulations showed evidence for H1 with 38% being inconclusive (medium ES: 22.2% vs. 77.7%; small ES: 0.5%
vs. 96.4% and 3.1% showing evidence for HO). However, we argue that, if the S—(L+M) opponent system indeed exerts a very strong effect on
the circadian system, then this should be visible on a single-subject level already. In fact, previous research suggests that the assumptions
about effect sizes (i.e., d = 0.8) for the circadian phase shifts used in the simulations outlined above may be rather conservative. Our
financially driven resource limit was thus n=16 participants.

Data exclusions  No data were excluded from the analyses.
Replication There was no internal replication. However, we have provided as much detail as possible and necessary to replicate the experiment.

Randomization  All participants underwent all study conditions. The order of the conditions was partly randomised with two possible orders. Participants were
allocated to the order by participant number (even vs. uneven number).

Blinding Blinding was not possible, because the experimenters had to select the correct light exposure and the light exposure conditions were visually
distinguishable.
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  DRKS00023603

Study protocol The approved Stage 1 protocol can be found here (https://springernature.figshare.com/articles/journal_contribution/
Effects_of_calibrated_blue-
yellow_S_L_M_S_L_M_changes_in_light_on_the_human_circadian_clock_Registered_Report_Stage_1_Protocol_/13050215). For
any deviations from this original protocol, please see the "Deviations from Protocol" section in the manuscript. A table of the
laboratory protocol can be found here (https://figshare.com/articles/dataset/Protocol/23578704).

Data collection Data acquisition took place continuously between March and December 2022 at the facilities of the Centre for Chronobiology of the
University of Basel with a break of 4 weeks in August 2022 (for more details on the distribution of participants across the acquisition
period incl. subjectively reported light history on the day of the experimental visit, please see the supplemental material S3 and the
laboratory log). Participants always entered the lab on the same day of the week.

Outcomes The primary outcome measure was differences in dim light melatonin onset (DLMO) between evenings 1 and 2 of each experimental
visit. The DLMO was assessed using the Hockeystick method (version 2.5; Danilenko et al., 2014).

The following secondary outcome measures were assessed:

- Melatonin concentrations were assessed with saliva samples every 30 min starting 5 hours prior to habitual bedtime (HBT) until 1h
30 min after HBT. The samples were assayed by Novolytix GmbH (Pfeffingen, Switzerland) with radioimmunoassays (RIA).

- Subjective sleepiness was assessed with the Karolinska Sleepiness Scale every 30 min starting 5 hours prior to HBT until 1h 30 min
after HBT (Akerstedt & Gilberg, 1990; Nordin et al., 2013).

- Objective sleepiness was assessed using EEG-derived alpha (8-12 Hz)/theta (4-7 Hz) ratios assessed during resting-state EEG
measurements (3 min, eyes open) before, 30 min into, and after light exposure at electrodes P3, Pz, P4, 01, Oz, O2.

- Visual comfort was assessed using 5-point Likert scales. Participants rated visual comfort every 30 min starting 5 hours prior to HBT
until 1h 30 min after HBT. Visual comfort was calculated as the average rating from the responses to the questions about how
pleasant the room lighting was generally, how pleasant the brightness was, how glaring the artificial light was, and how pleasant
participants rated the colour temperature.

- PVT measures comprised median reaction time, slowest 10% reaction times, and fastest 10% reaction times during a 10-min PVT
that was administered every 30 min starting 5 hours prior to HBT until 1h 30 min after HBT. All RTs < 100 ms were dismissed as
invalid trials.

- EEG-derived sleep onset latency to 10 min of continuous sleep were based on sleep staging with the Philips Respironics Sleepware
G3 software v. 4.0.1.0.

- EEG-derived slow wave activity (SWA) during the first sleep cycle was assessed as the averaged power between 0.5 and 4.5 Hz at
electrodes F3, F4, Fz. We further separated the first sleep cycles into percentiles using the "SleepCycle" package for R (Blume &
Cajochen, 2021; https://doi.org/10.1016/j.mex.2021.101318).

- Brightness was assessed using a 5-point Likert scale. Participants rated perceived brightness every 30 min starting 5 hours prior to
HBT until 1h 30 min after HBT.
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