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Figure 4. (A) Time course of median salivary melatonin levels (n=29, pg/ml) for the melanopic high and melanopic low 1 
condition. Vertical bars indicate the 95 % confidence intervals. The high-melanopic light was associated with a relevant 2 
suppression of melatonin secretion 30 minutes into light exposure and just after light exposure. HBT = habitual bed time. 3 
Asterisks indicate a significant difference between the light exposure conditions. (B) Subjective sleepiness (median and 95 % 4 
CI) assessed with the Karolinska Sleepiness Scale. There were no significant differences in sleepiness between the two lighting 5 
conditions. Please note that the third value, 30 minutes into the light exposure was only available from 17 participants as this 6 
measurement had only been introduced later. (C) EEG slow-wave activity (SWA) between 0.5 and 4.5 Hz across the first three 7 
sleep cycles. Left panel: Boxplots of the SWA during the NREM and REM parts of each of the first three sleep cycles. Right 8 
panel: Average power for each percentile of each NREM and REM part of a sleep cycle. Vertical bars correspond to standard 9 
errors. Generally, SWA decreased across the cycles. There were no differences between the conditions. (D) Objective sleep 10 
latency to continuous 10 min of sleep, N1, N2, and N3 sleep (left panel), and subjective sleep and awakening quality (right 11 
panel). The values were averaged values from subscales pertaining to sleep and awakening quality in the sleep diary by Saletu 12 
et al. (1987), respectively. There were no significant differences in self-perceived sleep or awakening quality. (E) Psychomotor 13 
vigilance task (PVT, 10 min auditory version). Median and 95 % CI reaction times (left panel), slowest 10 % (middle panel) 14 
and fastest 10 % (right panel) of reaction times. There were no light condition differences and no interaction between 15 
assessment point and condition. However, there was a modulation across time for all three measures (cf. main text). In boxplots, 16 
the lower and upper hinges of the boxplot correspond to the 25 % and 75 % quartiles, the thick black line indicates the median. 17 
Whiskers extend to the lowest/largest value at most 1.5× the interquartile range (IQR) from the hinges. Gray circles in boxplots 18 
represent individual values of participants. Colour code: high melanopic condition: dark purple; low melanopic condition: 19 
coral. 20 

  21 

Subjective sleepiness – Karolinska Sleepiness Scale 22 

 Subjective sleepiness during the light exposure and prior to HBT did not differ between the two 23 

lighting conditions (FATS(1)=0.28, p=.69, RTEmel-low=0.49, cf. Fig. 4B for an illustration of the time 24 

course of KSS measurements). The RTE indicates that, with a probability of 49 % or 51 %, a randomly 25 

chosen value from the whole dataset was smaller than a randomly chosen value from the mel-low or 26 

mel-high condition, respectively. While KSS values varied across time (FATS(2)=84.99, p<.001), there 27 

was no interaction between condition and time (FATS(2)=1.36, p=.36). For the individual differences 28 

between the two light exposure conditions five and 30 minutes into as well as just after the light 29 

exposure, please see Suppl. Fig. 4. As expected, KSS ratings before the beginning of the light exposure 30 

did not differ between the two lighting conditions (FATS(1)=0.12, p=.73, RTEmel-low=0.488). Likewise, 31 

there was no condition difference in the morning (FATS(1)=2.11, p=.34, RTEmel-low=0.477). While KSS 32 

values varied across time in the morning (FATS(1)=14.89, p<.001), there was no condition × time 33 

interaction (FATS(2)=1.66, p=.34) either. 34 

Behavioural Vigilance – Psychomotor Vigilance Task 35 

 There were no condition differences regarding the median reaction time across the four 36 

measurement points (FATS(1)=0.73, p=.44, RTEmel-low=0.492) with RTE suggesting that, with a 37 

probability of 49.2 % (50.8 %), a randomly chosen value from the whole dataset was smaller than a 38 

randomly chosen value from the mel-low (mel-high) condition. While RTs varied across time 39 
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(FATS(1)=12.14, p<.001), there was no time × condition interaction (FATS(2)=1.03, p=.44, cf. Fig. 4E). 1 

Specifically, RT slowed from before (mdn = 182.25 ms) to after light exposure (mdn = 193 ms; 2 

FATS(1)=14.62, p<.001), became shorter in the morning again (mdn = 186.75 ms; FATS(1)=15.7, p<.001) 3 

and slowed again until after the completion of the local-global oddball paradigm (mdn = 191.00 ms; 4 

FATS(1)=17.47, p<.001). 5 

Likewise, there was no condition difference for the 10 % fastest RTs (FATS(1)=1.09, p=.38, 6 

RTEmel-low=0.491) and no time × condition interaction (FATS(3)=1.72, p=.22), but RTs varied across time 7 

(FATS(2)=9.31, p<.001, cf. Fig. 4E). RTs among the fastest 10 % of the trials were again faster before 8 

the light exposure (mdn = 151.75 ms) than afterwards (mdn = 160.3 ms; FATS(1)=13.31, p<.001). In the 9 

morning, volunteers’ reaction times were again faster than in the evening (mdn = 155.65 ms; 10 

FATS(1)=29.54, p<.001), and they slowed again in the morning from before to after the oddball paradigm 11 

recording (mdn = 158.0 ms; FATS(1)=11.54, p=.001).  12 

In line with these results, also the 10 % slowest RTs did not differ between lighting conditions 13 

(FATS(1)=0.09, p=.8, RTEmel-low=0.497) and there was no time × condition interaction (FATS(2)=0.28, 14 

p=.8). Again, the results confirmed a variability of the 10 % slowest response times throughout the 15 

experimental visit (FATS(2)=11.79, p<.001, cf. Fig. 4E). Specifically, we observed a slowing of RTs 16 

throughout the evening light exposure (mdnpre = 227.25 ms; mdnpost = 242.60 ms; FATS(1)=8.59, p=.005), 17 

RTs became again faster following sleep (mdn = 230.39 ms; FATS(1)=21.76, p<.001) and then again 18 

slowed until the end of the experimental visit in the morning (mdnpost = 243.9 ms; FATS(1)=30.65, 19 

p<.001).  20 

Visual comfort 21 

 Participants perceived the mel-high condition as brighter than the mel-low condition 22 

(FATS(1)=4.62, p=.031, RTEmel-low=0.432, cf. Suppl. Fig. 2 for an illustration of the subjective ratings). 23 

There were no conditions differences in the perceived warmth of the light (FATS(1)=0.34, p=.56, RTEmel-24 

low=0.517), its pleasantness (FATS(1)=0.1, p=.75, RTEmel-low=0.51), its glare (FATS(1)=2.53, p=.11, RTEmel-25 

low=0.451), or regarding how activating it was perceived (FATS(1)=0.04, p=.85, RTEmel-low=0.507).  26 

Subjective sleep and awakening quality 27 
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 Subjective sleep quality as assessed on a Likert-Scale from 1-4, where 1 denotes “good quality” 1 

and 4 denotes “bad quality did not differ between conditions (b = 0.11, t(46) = 0.48, p = .64; mdnmel-low 2 

= 0.86, mdnmel-high = 1.0) nor the visit (b = -0.06, t(46) = -0.26, p = .79; mdnV1 = 1.0, mdnV2 = 1.0), neither 3 

was there an interaction between condition and visit (b = 0.14, t(27) = 0.37, p = .71). Likewise, 4 

awakening quality did not differ between light exposure conditions (b = 0.5, t(34) = 1.69, p = .1; mdnmel-5 

low = 1.0, mdnmel-high = 1.0), nor between visits (b = 0.12, t(34) = 1.49, p = .15; mdnV1 = 1.0, mdnV2 = 1.0), 6 

nor was there an interaction between condition and visit (b = -0.21, t(27) = -1.33, p = .19). 7 

Supplementary Tables S1 and S2 provide a detailed overview of the results and Fig. 4D (right panel) a 8 

graphical illustration. 9 

Objective sleep parameters & sleep architecture 10 

 All participants were healthy sleepers, which was ensured during an adaptation night (see 11 

above). Differences in latency to continuous 10 minutes of sleep did not differ between light exposure 12 

conditions (b = -9.52, t(50) = -1.61, p = .12; mdnmel-low = 5 min, mdnmel-high = 7 min; cf. Fig. 4D), but 13 

latency was decreased at the second experimental visit (b = -12.96, t(50) = -2.2, p = .033; mdnV1= 10 14 

min, mdnV2 = 5.5 min). There was no condition × visit interaction (b = 3.8, t(27) = 0.4, p = .69). Latency 15 

to N2 tended to be shorter in the mel-low condition (N2: b = -11.27, t(48) = -1.93, p = .06; mdnmel-low = 16 

9 min, mdnmel-high = 10.5 min), and at the second visit (N2: b = -17.03, t(48) = -2.92, p = .006; mdnV1= 17 

10.5 min, mdnV2 = 7.5 min) but there was no interaction (N2: b = 10.7, t(27) = 1.11, p = .28). Latency to 18 

N1, N3, or REM did not differ between conditions (N1: b = -2.75, t(46) = -0.43, p = .66; N3: b = 2.05, 19 

t(45) = 0.33, p = .74; REM: b = 1.08, t(53) = 0.17, p = .86; cf. Fig. 4D) or experimental visits (N1: b = 20 

-4.15, t(46) = -0.66, p = .52; N3: b = -6.69, t(45) = -1.09, p = .28; REM: b = 5.98, t(53) = 0.94, p = .34) 21 

nor was there an interaction (N1: b = -1.11, t(27) = -0.1, p = .92; N3: b = -6.08, t(27) = -0.59, p = .56; 22 

REM: b = -9.6, t(27) = -1, p = .32). Table 4 and supplementary table S3 provides an overview of the 23 

results. 24 

 Percentages of N1, N2, N3, or REM did not differ between conditions (N1: b = -1.85, t(33) = -25 

0.93, p = .36; N2: b = 0.59, t(40) = 0.28, p = .78; N3: b = 2.65, t(34) = 1.14, p = .26; REM: b = -1.38, 26 

t(40) = -0.76, p = .46) or experimental visits (N1: b = -2.17, t(33) = -1.09, p = .28; N2: b = 0.40, t(40) = 27 

0.19, p = .84; N3: b = 2.26, t(34) = 0.97, p = .34; REM: b = -0.49, t(40) = -0.27, p = .78) nor was there 28 
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an interaction (N1: b = 2.17, t(27) = 0.57, p = .86; N2: b = -1.12, t(27) = -0.3, p = .76; N3: b = -3.83, 1 

t(27) = -0.88, p = .38; REM: b = 2.77, t(27) = 0.86, p = .40). An overview of the results can be found in 2 

table 4 and suppl. table S4. 3 

 Wake after sleep onset (WASO) did not differ between conditions (b = 5.96, t(39) = 0.98, p = 4 

.34) or visits (b = 6.13, t(39) = 1.0, p = .32) following rank transformation. There was no condition × 5 

visit interaction (b = -18.99, t(39) = -1.73, p = .096). For an overview of the results for WASO see table 6 

4 and suppl. table S5. 7 

 Neither did sleep efficiency differ between conditions (b = -7.44, t(39) = -1.23, p = .22) or visits 8 

(b = -5.34, t(39) = -0.92, p = .36). There was no condition × visit interaction (b = 20.51, t(27) = 1.88, p 9 

= .072). Table 4 and suppl. table S6 provides an overview of the results for sleep efficiency. 10 

 Also the number of awakenings did not differ between conditions (b = 0.61, t(36) = 0.1, p = .92) 11 

or visits (b = -1.45, t(36) = -0.23, p = .82) and there was no interaction (b = -3.73, t(27) = -0.32, p = .76). 12 

Likewise, for the arousal index, that is, the number of arousals per hour of total sleep time, there was no 13 

difference between conditions (b = -0.63, t(31) = -0.15, p = .88) or visits (b = -1.42, t(31) = -0.34, p = 14 

.74) and there was no condition × visit interaction (b = 0.29, t(27) = 0.036, p = .98). For an overview of 15 

the results for the number of awakenings and the arousal index see table 4 and supplementary tables S7 16 

and S8, respectively. 17 

Table 4. Overview of the median and 95% confidence intervals of for latency to 10 min of continuous sleep, latency 18 
to N2, N3, and REM, percentage of N1, N2, N3, REM sleep, and wakefulness, sleep efficiency, wake after sleep 19 
onset (WASO), the total number of awakenings, and the arousal index (i.e., number of arousals per hour of total 20 
sleep time) for each condition and visit. Calculations have been performed using R’s ‘DescTools’ package 21 
(Signorell & et al., 2021), the reported confidence intervals are two-sided. 22 
Sleep parameter Mel-high Mel-low Visit 1 Visit 2 

Latency to 10 min of 

continuous sleep (min) 

7.0 (5.5-12.5) 5.0 (3.5-10.0) 10.0 (5.0-13.5) 5.5 (3.5-7.0)a 

Latency to N2 (min) 10.5 (7.5-12.5) 9.0 (7.0-11.0) 10.5 (9.5-14.0) 7.5 (7.0-10.0)b 

Latency to N3 (min) 21.5 (19.5-25.5) 21.0 (18.5-25.5) 22.5 (21.0-26.5) 19.5 (16.5-23.0) 

Latency to REM (min) 144.5 (91.0-160.0) 98.5 (81.0-155.5) 112.0 (82.5-155.5) 108.5 (83.5-163.0) 

N1 % 14.2 (11.7-16.5) 14.6 (10.2-16.2) 15.2 (11.8-16.5) 14.4 (11.6-15.6) 

N2 % 40.2 (37.6-42.4) 39.7 (37.5-41.3) 40.1 (37.9-42.1) 39.5 (36.4-42.2) 

N3 % 25.9 (23.4-30.4) 27.1 (22.1-29.9) 27.0 (22.1-29.1) 26.4 (23.4-31.0) 

REM % 18.4 (16.4-22.7) 19.5 (17.1-21.1) 19.4 (15.6-21.1) 19.1 (17.0-22.7) 

Sleep Efficiency (%) 94.1 (92.3-96.3) 94.9 (92.8-96.9) 94.6 (92.0-96.3) 94.9 (93.7-96.5) 

Wake after sleep onset 

(WASO, min) 

21.0 (13.5-31.5) 16.0 (8.5-27.5) 16.0 (12.0-34.5) 17.0 (11.5-22.0) 

Number of awakenings 15 (11-19) 14 (12-18) 17 (11-20) 14 (12-18) 

Arousal index (per h of total 

sleep time) 

42.6 (18.0-52.5) 41.9 (38.7-48.3) 41.9 (38.7-52.9) 42.6 (38.0-49.0) 

a p < .05, b p < .01 for the difference between visit 1 and visit 2. 23 
 24 
EEG slow-wave activity 25 
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 There was no difference in SWA (0.5-4.5 Hz) between the two light exposure conditions (b = 1 

52.45, t(1708) = 0.75, p = .46), neither was there an interaction between condition and cycle number 2 

(i.e., first, second, or third; b = -28.37, t(1708) = -0.87, p = .38). As expected, SWA decreased across 3 

the first three cycles (b = -165.4, t(1708) = -7.2, p < .001). For an overview of the results for SWA see 4 

Fig. 4C and supplementary table S9. 5 

Event-related potentials (ERPs) 6 

 Please note that additional time-frequency analyses confirmed the ERP results detailed below. 7 

For the results of these analyses, please see the supplemental material. 8 

Wakefulness 9 

 During wakefulness, there was a significant mismatch effect with deviants resulting in stronger 10 

early (mel-low: 52-148 ms, p = .004; mel-high: 52-148 ms, p = .004) as well as late (mel-low: 160-424 11 

ms, p < .001; mel-high: 160-444 ms, p < .001) responses (cf. Fig. 5 A/F). There were no differences 12 

between the two light exposure conditions (all p > .28). 13 

  14 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 16, 2022. ; https://doi.org/10.1101/2022.04.12.488023doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488023
http://creativecommons.org/licenses/by/4.0/


28 

 

 1 

Figure 5. Event-related potential (ERP) effects for the mismatch effect during wakefulness (A, F), N1 (B, G), N2 (C, H), 2 
N3 (D, I), and REM (E, J) in the mel-high and mel-low conditions. The plots show the average potential across all electrodes 3 
that were part of the significant cluster. The shaded area corresponds to the standard error. Significant electrodes are indicated 4 
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by black dots in the topoplots. The topoplots show the difference between the ERPs evoked by deviants and standards for each 1 
significant cluster. Significant time windows are indicated by the grey horizontal bars included in each figure. Only significant 2 
clusters are shown (cf. main text for more information). 3 

 4 

Sleep 5 

N1 6 

 During N1, there was a mismatch effect with an early (mel-low: 48-116 ms, p = .029 and 144-7 

348 ms, p < .001; mel-high: 48-120 ms, p = .029 and 148-316 ms, p < .001) and a late (mel-low: 416-8 

816 ms, p < .001; mel-high: 344-792 ms, p < .001) component (cf. Fig. 5B/G). There was no difference 9 

between the two light conditions (all p > .22). 10 

N2 11 

 During N2, the mismatch effect persisted with early (mel-low: 0-372 ms, p < .001; mel-high: 0-12 

364 ms, p < .001) and late components (mel-low: 308-844 ms, p < .001; mel-high: 324-863 ms, p < 13 

.001; cf. Fig. 5 C/H). There were no differences between the two light exposure conditions (all p > .5). 14 

N3 15 

 The mismatch effect continued to be present with an early (mel-low: 24-320 ms, p = .035; mel-16 

high: 44-308 ms, p < .001) and a late cluster (mel-low: 332-792 ms, p < .001; mel-high: 340-744 ms, p 17 

< .001; cf. Fig. 5 D/I). There was no difference between the two light conditions (no clusters). 18 

REM 19 

 For the mismatch effect, there was again an early (mel-low: 0-312 ms, p < .001; mel-high: 48-20 

124 ms, p < .001 and 140-364 ms, p < .001) and a late (mel-low: 324-900 ms, p < .001; mel-high: 332-21 

900 ms, p < .001; cf. Fig. 5 E/J) component during REM. There was a difference between the light 22 

exposure conditions (p = .038) with the mel-low condition being associated with a larger amplitude 23 

between 0 and 92 ms above frontocentral electrodes. 24 

 25 

  26 
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Discussion 1 

  One-hour pre-sleep exposure to two metameric lighting conditions that specifically targeted 2 

intrinsically photosensitive retinal ganglion cells (ipRGCs; melanopic ratio 2.1, photopic illuminance ≈ 3 

60 lux) differentially affected melatonin secretion. As expected, high-melanopic light acutely 4 

suppressed melatonin more effectively than low-melanopic light resulting in an average relative 5 

suppression of about 14 %. Going beyond earlier studies, using metameric light, we also assessed the 6 

effects of pre-sleep light exposure on self-reported sleep quality as well as objective PSG-derived sleep 7 

variables. Sleep did not differ between the two light conditions despite their neuroendocrine 8 

effectiveness. In line with this, the two light conditions did not differentially modulate subjective 9 

sleepiness or behavioural vigilance. We also found that basic sensory processing of a neural mismatch 10 

response was retained during all sleep stages but likewise not differentially affected by the light 11 

conditions. Our findings underline that melatonin suppression does not automatically translate into 12 

alterations of sleepiness or sleep, as well as the notion that other light characteristics besides melanopic 13 

effects may be involved in modulating the effects of evening light beyond the neuroendocrine response 14 

(Revell, Arendt, Fogg, & Skene, 2006; Brown, Thapan, Arendt, Revell, & Skene, 2021). 15 

 At first sight, melatonin suppression by about 14% seems rather little. The high-melanopic light 16 

was more effective at suppressing melatonin than the low-melanopic light in 20 out of 29 participants 17 

(average suppression 30.2%) with no change in two and reversed pattern in seven participants (for more 18 

details see supplemental material). Given the considerable differences in sensitivity to light exposure, 19 

such a result seems expectable (Phillips et al., 2019). Furthermore, studies and thus also the magnitude 20 

of effects are often difficult to compare directly due to differences in for instance the duration and/or the 21 

timing of light exposure, pupil state (i.e., dilated vs. non-dilated), prior light history, and light 22 

characteristics (i.e., photopic illuminance, melanopic effectiveness). Additionally, the choice of the 23 

condition which experimental melatonin values are compared to is crucial. Especially when light 24 

exposure is compared to dim light, the resulting suppression rates are very high (e.g., Zeitzer et al., 2000; 25 

Thapan, Arendt, & Skene, 2001). Here, we aimed at comparing two ecologically valid light exposure 26 

scenarios, that is, exposure for 1 hour at usual screen illuminance (approx. 60 photopic lux) with a 27 

melanopic ratio of 2.1, which likely decrease the effect size.  28 
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Although it is similarly difficult to compare other acute or delayed (i.e., subsequent to light 1 

exposure) effects besides melatonin suppression to results obtained in other studies for the 2 

abovementioned reasons, their absence in the present study is somewhat astonishing. With some 3 

exceptions (e.g., Higuchi, Motohashi, Liu, & Maeda, 2005), pre-sleep light exposure has relatively 4 

consistently been associated with reduced subjective sleepiness and increased behavioural vigilance, 5 

longer sleep onset latencies, and the suppression of melatonin secretion (Chang et al., 2015; Cajochen, 6 

Kräuchi, Danilenko, & Wirz-Justice, 1998; for a review see Souman, Tinga, te Pas, van Ee, & Vlaskamp, 7 

2018b; Gooley et al., 2011; Chellappa et al., 2011). In particular, the suppression of melatonin and 8 

possible downstream effects such as delays in sleep onset (Santhi et al., 2012; 4 h light exposure until 9 

25 min before HBT) or alterations in sleep architecture and homeostatic sleep pressure (Münch et al., 10 

2006; light exposure for 2 h ending 1.25 h after HBT), have largely been attributed to the melanopic 11 

rather than the cone-mediated system. This notion has received support from findings that melatonin 12 

suppression is particularly strong when short wavelength proportions are high (Cajochen et al., 2005; 13 

Chellappa et al., 2011; Revell et al., 2006) and that ‘blue’-blocking glasses can mitigate neuroendocrine 14 

and alerting responses (van der Lely et al., 2015). A recent meta-analysis even confirmed that the 15 

relationship between melanopic illuminance and the delay in sleep onset follows a dose-response 16 

relationship (Giménez et al., 2022). Further mechanistic evidence comes from studies using metameric 17 

conditions designed to affect the melanopic system only, as in the present study (Allen et al., 2018; 18 

Souman et al., 2018a). However, comparing conditions with high vs. low power between 450-500 nm 19 

at constant photopic illuminance (175 lux), Souman et al. (2018a) likewise found no differential effects 20 

on vigilance levels despite melatonin suppression reaching almost 50 % (55 vs. 189 melanopic lux and 21 

49 vs. 171 lux melanopic EDI [melanopic ratio 3.5] in the mel-low and the mel-high conditions, 22 

respectively). A rather weak relationship between melatonin suppression, alertness, and performance 23 

has also been reported in other studies (Rüger, Gordijn, Beersma, De Vries, & Daan, 2005; Kayumov et 24 

al., 2005) and Lok, van Koningsveld, Gordijn, Beersma, and Hut (2019) showed that light and melatonin 25 

affected behavioural vigilance independently, at least during daytime. In their study, melatonin ingestion 26 

in the afternoon increased sleepiness, but bright light exposure did not alter sleepiness nor behavioural 27 

vigilance. Future studies will have to verify whether this independence also holds true for the 28 
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relationship between endogenous melatonin and light exposure in the evening. Taking this notion even 1 

a step further, whether vigilance, subjective sleepiness, melatonin secretion and eventually sleep may 2 

be sensitive to different light characteristics, is still an open question. Another reason for the absence of 3 

effects on subjective sleepiness ratings or vigilance as assessed with the PVT could be that the contrast 4 

in melanopic EDI was not strong enough or may require longer light exposure durations. In particular, 5 

in the study using metameric light conditions by Allen et al. (2018), participants underwent 5 hours of 6 

light exposure while the contrast between low- and high-melanopic conditions was 24.7 vs. 77.7 7 

melanopic lux, and light’s alerting and melatonin supressing effects only appeared in the last third of 8 

the light exposure. Likewise, also the effects on slow-wave activity may be sensitive to exposure 9 

duration (Münch et al., 2006; Chellappa et al., 2013: both 2 hours, conditions were not metameric 10 

though), which we here found to be unmodulated by prior light exposure. In the study by Münch et al. 11 

(2006), light exposure also lasted until 1.25 h beyond habitual bedtime. In sum, one-hour exposure prior 12 

to HBT as in the present study may have been too short for differential effects beyond acute melatonin 13 

suppression to occur. Especially regarding sleep, acute effects may also not have been long-lived 14 

enough. At least, differences in melatonin were levelled again 15 min before lights off, that is, 35 min 15 

after the end of the light exposure. 16 

Besides this, cone and rod signals may well be relevant in addition to melanopic effects. As 17 

ipRGCs receive cone and rod inputs, it is plausible that the effects seen here are due to an interaction 18 

with melanopsin signals. In line with this, a recent study reported that behavioural vigilance (i.e., hit 19 

rate) was improved by both blue and red light compared to dimmer white light in day- and night shift 20 

workers (Figueiro & Pedler, 2020). The exact nature of this potential interaction between different light 21 

characteristics remains to be clarified in future studies. Whether and how metameric light affects sleep 22 

beyond melatonin suppression has, to the best of our knowledge, not previously been investigated. While 23 

it has been known for a long time that melatonin is neither sufficient nor necessary for sleep (Cajochen, 24 

Kräuchi, & Wirz‐Justice, 2003; Rüger et al., 2005), our finding again underlines that sleep and melatonin 25 

suppression are not necessarily linked.  26 

Regarding basic sensory processing as reflected by the mismatch response, we did not find 27 

evidence for differential effects of the low- vs. high-melanopic light exposure conditions. This is despite 28 
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earlier research suggesting that particularly the melanopic photoreceptor system may mediate effects of 1 

short-wavelength light on cognition (Vandewalle et al., 2007). However, considering the absence of 2 

differential effects on sleepiness, vigilance, or sleep apart from melatonin suppression, the absence of 3 

such effects may not be particularly surprising. Moreover, although bright light enhances responses in 4 

areas supporting attentional oddball effects (Vandewalle et al., 2006) and can affect later components 5 

such as the P300 (Okamoto & Nakagawa, 2013), especially early responses such as a mismatch effect 6 

may be relatively insensitive to rather subtle variations in the available processing resources resulting 7 

from light exposure. Future studies should evaluate whether later processing stages are sensitive to the 8 

effects of light and whether larger contrasts or variations of the effects on other retinal receptors are 9 

involved. Besides the absence of lighting-related differential effects, we found the mismatch response 10 

to be retained during all sleep stages, although the shape of the ERP considerably changed when 11 

participants fell asleep. This is in  contrast to previous research by Strauss et al. (2015), who used the 12 

same auditory oddball paradigm during an afternoon nap, and who had concluded that sleep disrupts the 13 

mismatch response leaving only (passive) sensory adaptation mechanisms intact. Generally, with a high 14 

number of trials across a whole night and thus an excellent signal-to-noise ratio (SNR), we observed a 15 

stronger K-complex (KC)-like response elicited by deviants compared to standards, most prominently 16 

during N2 and deep N3 sleep. During N1 and REM, the effect was less strong albeit still present, which 17 

may be due to a decreased SNR in these sleep stages due to the presence of eye movements and larger 18 

trial-to-trial variability of the EEG signal. Interestingly, the observed pattern in ERPs as well as time-19 

frequency analyses is very similar to what has been reported to be evoked by salient or subjectively 20 

relevant stimuli such as one’s own name or an unfamiliar voice (Blume et al., 2016; Blume et al., 2018). 21 

This suggests that deviants continued to be salient during all sleep stages.  22 

 Several limitations have to be considered that at the same time stake out the scope for future 23 

research. First, the sample only comprised young healthy sleepers. With increasing age or the presence 24 

of vulnerability factors, the sensitivity to light may well change. Thus, the results presented here should 25 

not be generalised beyond the investigated sample. Moreover, as participants only reported to the lab in 26 

the early evening, we cannot exclude that the light history during the day had an effect. This could be 27 

relevant as it has previously been shown that bright light during the day may decrease the susceptibility 28 
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to light in the evening (Rångtell et al., 2016; Smith, Schoen, & Czeisler, 2004; Hébert, Martin, Lee, & 1 

Eastman, 2002). In our sample though, the laboratory conditions took place seven days apart in most 2 

participants, wherefore seasonal differences are unlikely. Furthermore, the time they reported having 3 

spent under the open sky before coming to the lab did not differ between the two conditions (mel-high: 4 

102.4 min ± 101.9; mel-low: 99.1 min ± 72.6; t(28) = 0.62, p = .8). Likewise, there was no difference in 5 

the perceived brightness on a scale from 1 (very cloudy day) to 10 (bright summer’s day) during this 6 

time (mel-high: 5.5 ± 2.7; mel-low: 5.8 min ± 2.6; t(28) = -0.41, p = .68). Thus, it seems unlikely that 7 

the individual prior light history affected our results.  8 

 To conclude, using two metameric light conditions that exclusively differ in their effects on 9 

ipRGCs by a factor of 2.1x, we find that early sensory processing was not differentially modulated, 10 

neither during wakefulness nor sleep. Beyond this, our findings support the notion that differences in 11 

the acute suppression of melatonin in strictly controlled light settings do not automatically translate to 12 

differences in altered levels of behavioural vigilance or experienced sleepiness and neither to differential 13 

changes in sleep or sleep quality. Thus, neuroendocrine and sleep-related mechanisms are not proxies 14 

of each other and should be investigated as such. Last, this suggests that an interaction between 15 

melanopsin and cone-rod signals may be involved in the occurrence of such effects.  16 
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Figure Captions 1 

Figure 1. Experimental protocol for a participant with a habitual bed time (HBT) at 00:00. An 2 
adaptation night was followed by two experimental visits, which were spaced by one week and took 3 
place on the same day of the week. For 7 days before the first experimental visit and in between the two 4 
visits volunteers adhered to fixed bed and wake times to stabilise their circadian rhythms. For the 5 
experimental visits, participants arrived at the laboratory 5 h 15 min before their HBT, at the latest at 6 
5:45 pm. From 6 pm onwards melatonin samples (red stars) were collected every 30 min. From just 7 
before the light exposure (1 h 50 min before until 50 min before HBT) until the end of the protocol, they 8 
rated their sleepiness on the Karolinska Sleepiness Scale (blue triangles) with each melatonin sample. 9 
Additionally, there were 4 psychomotor vigilance tests (PVT, 10 min). The order of the light exposure 10 
conditions (high- vs. low-melanopic) was counter-balanced across participants and sexes. The red arrow 11 
marks the point of inclusion in the study. LE = Light exposure. 12 

Figure 2. (A) Spectra of the two experimental screen light conditions. The mel-low condition is 13 
indicated by the solid line, the mel-high condition by the dashed line. For an overview of the spectral 14 
distributions for the two conditions reported in 1nm steps, please see the supplemental CSV file 15 
provided. (B) Photo illustrating the screen and the participant’s position relative to it during the light 16 
exposure. Note that the photo does not accurately reflect the colour of the screen due limitations in the 17 
reproduction of colours using uncalibrated digital RGB images. For an illustration of the irradiance-18 
derived chromaticity coordinates (x, y) of the two light sources, please see Suppl. Fig. 1. For the (ir-) 19 
radiance-derived chromaticity values please see the captions of Tables 2 and 3. 20 

Figure 3. Oddball Paradigm. (A) Two different block types can serve as a standard. (B) Upper 21 
panel: In a sequence of five identical stimuli (“aaaaa”) the fifth stimulus can be a standard (78 %) or a 22 
deviant (11 %). In “aaaaa” blocks, participants counted the deviants. Lower panel: the standard can also 23 
be an “aaaaB” block. In this case, participants counted the standards. (C) Possible vowel combinations. 24 
Modified from Strauss et al. (2015). Note that the investigated effect is equivalent to the ‘local’ 25 
mismatch effect in the context of the local-global oddball. The red rectangle marks the stimuli of interest 26 
for the analyses. 27 

Figure 4. (A) Time course of median salivary melatonin levels (n=29, pg/ml) for the melanopic 28 
high and melanopic low condition. Vertical bars indicate the 95 % confidence intervals. The high-29 
melanopic light was associated with a relevant suppression of melatonin secretion 30 minutes into light 30 
exposure and just after light exposure. HBT = habitual bed time. Asterisks indicate a significant 31 
difference between the light exposure conditions. (B) Subjective sleepiness (median and 95 % CI) 32 
assessed with the Karolinska Sleepiness Scale. There were no significant differences in sleepiness 33 
between the two lighting conditions. Please note that the third value, 30 minutes into the light exposure 34 
was only available from 17 participants as this measurement had only been introduced later. (C) EEG 35 
slow-wave activity (SWA) between 0.5 and 4.5 Hz across the first three sleep cycles. Left panel: 36 
Boxplots of the SWA during the NREM and REM parts of each of the first three sleep cycles. Right 37 
panel: Average power for each percentile of each NREM and REM part of a sleep cycle. Vertical bars 38 
correspond to standard errors. Generally, SWA decreased across the cycles. There were no differences 39 
between the conditions. (D) Objective sleep latency to continuous 10 min of sleep, N1, N2, and N3 sleep 40 
(left panel), and subjective sleep and awakening quality (right panel). The values were averaged values 41 
from subscales pertaining to sleep and awakening quality in the sleep diary by Saletu et al. (1987), 42 
respectively. There were no significant differences in self-perceived sleep or awakening quality. (E) 43 
Psychomotor vigilance task (PVT, 10 min auditory version). Median and 95 % CI reaction times (left 44 
panel), slowest 10 % (middle panel) and fastest 10 % (right panel) of reaction times. There were no light 45 
condition differences and no interaction between assessment point and condition. However, there was a 46 
modulation across time for all three measures (cf. main text). In boxplots, the lower and upper hinges of 47 
the boxplot correspond to the 25 % and 75 % quartiles, the thick black line indicates the median. 48 
Whiskers extend to the lowest/largest value at most 1.5× the interquartile range (IQR) from the hinges. 49 
Gray circles in boxplots represent individual values of participants. Colour code: high melanopic 50 
condition: dark purple; low melanopic condition: coral. 51 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 16, 2022. ; https://doi.org/10.1101/2022.04.12.488023doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488023
http://creativecommons.org/licenses/by/4.0/


38 

 

Figure 5. Event-related potential (ERP) effects for the mismatch effect during wakefulness (A, F), 1 
N1 (B, G), N2 (C, H), N3 (D, I), and REM (E, J) in the mel-high and mel-low conditions. The plots 2 
show the average potential across all electrodes that were part of the significant cluster. The shaded area 3 
corresponds to the standard error. Significant electrodes are indicated by black dots in the topoplots. The 4 
topoplots show the difference between the ERPs evoked by deviants and standards for each significant 5 
cluster. Significant time windows are indicated by the grey horizontal bars included in each figure. Only 6 
significant clusters are shown (cf. main text for more information). 7 

  8 
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