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Abstract

Melanopsin reportedly contributes to brightness and color appearance in photopic vision in

addition to cone photoreceptor cells. However, the relationship between the contribution of

melanopsin to color appearance and retinal location is unclear. Herein, we generated meta-

meric daylights (5000 K/6500 K/8000 K) with different melanopsin stimulations while keep-

ing the size and colorimetric values intact and measured the color appearance of the stimuli

in the fovea and periphery. The experiment included eight participants with normal color

vision. We found that with high melanopsin stimulation, the color appearance of the meta-

meric daylight shifts to reddish at the fovea and greenish in the periphery. These results are

the first to show that the color appearance of visual stimuli with high melanopsin stimulation

can be completely different in the foveal and peripheral vision even when the spectral power

distribution of visual stimuli in both visions is the same. Both colorimetric values and mela-

nopsin stimulation must be considered when designing spectral power distributions for com-

fortable lighting and safe digital signage in photopic vision.

Introduction

As the luminous efficiency of color light-emitting diodes (LEDs) continues to improve [1], the

design of the spectral power distribution of LED light sources used in lighting and digital sign-

age is expected to become more flexible. Currently, the spectral power distribution of any light

source is designed using tristimulus values calculated using color matching functions (CMFs)

based on the spectral sensitivity of the three types of cone photoreceptors that are active at the

photopic level [2–5]. However, even with constant tristimulus values, the color appearance at

the fovea varies with different spectral distributions [6, 7]. Previous CMF studies have investi-

gated the individual differences in the spectral sensitivities of cones [8] and the involvement of

photoreceptor cells other than cones [9]. Recent studies have reported that brightness percep-

tion in photopic vision is influenced by both melanopsin [10–14] and cones. These studies

examined the need to consider the spectral sensitivity function of melanopsin in addition to
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CMFs when designing spectral power distributions for lighting and signage using LED light

sources.

The melanopsin-expressing intrinsically photosensitive retinal ganglion cell (ipRGC),

discovered in the early 2000s, was identified as the third photoreceptor [15–17]. IpRGCs

receive signals from melanopsin and input from both cones and rods [17–19]. In addition,

ipRGCs surround the fovea of the retina with long dendrites [17, 20]. Their density is the

highest at approximately 2 mm eccentricity and decreases toward the periphery [21]. Since

ipRGCs are expressed in cell bodies, dendrites, and axons [22], it is possible that ipRGCs

affect the function of peripheral and foveal vision. Upon first discovery, ipRGCs were ini-

tially identified as photoreceptor cells that influence non-image-forming effects such as

sleep [23, 24], circadian rhythms [25], and pupillary reflexes [26, 27]. Recent studies have

shown that ipRGCs project to the lateral geniculate nucleus [12, 17] and influence the visual

pathway for image formation. We focused on melanopsin to clarify whether photoreceptor

cells other than cones and rods are involved in visual effects because ipRGCs are affected

not only by melanopsin but also by cones and rods. The contribution of melanopsin signals

to brightness perception has been reported in human psychophysical studies [10–14]. How-

ever, the visual information processing mechanisms of color perception, including mela-

nopsin, have not been elucidated.

Previous research has examined the involvement of photoreceptor cells other than cones in

the color appearance in foveal and peripheral vision [28–40]. The color appearance in the

periphery is less saturated than that in the fovea, especially for saturations of redness and

greenness, which are reduced due to the decrease in cones and the increase in rods with

increasing retinal eccentricity [28–36]. Recently, Cao et al. investigated the color appearance

in peripheral vision using visual stimuli (30˚ circular field with the central 10.5˚ blocked) mod-

ulated by melanopsin stimulation while maintaining constant cone and rod stimulation. The

authors reported that higher stimulus levels of melanopsin correlated with more greenish col-

ors [37]. Zele et al. and Spitschan et al. reported that orange light with high melanopsin stimu-

lation appeared as orange, bluish-cyan, greenish, and yellowish in the peripheral vision [38,

39]. Photoreceptor cells other than cones reportedly affect the color appearance of the visual

stimuli (2˚ circular field) in foveal vision [40]. Although these studies have suggested that mel-

anopsin and/or rods affect color appearance, the effects in the presentation conditions are

unclear because the experiments did not compare color appearance between foveal and

peripheral vision.

If the same visual stimulus causes different color appearances between foveal and peripheral

vision, color information of the stimulus is not the same depending on the retinal eccentricity.

This may cause a risk of errors in judgment based on the color interpretation. If color-mixed

LEDs become mainstream, basic data of color appearance dependent on the retinal location

are required to design spectral power distributions of light for comfortable lighting and safe

digital signage. Barrionuevo et al. have examined the contributions of cones, melanopsin, and

rods in color-matching tests at three different field sizes, and their results have shown that the

color-matching differences in the extrafoveal and foveal regions may not be explained by rod

intrusion, melanopsin may play a role S-cones sensitivity functions in large field [41]. There-

fore, our study focused on melanopsin stimulation and presentation conditions of visual sti-

muli. We generated metameric visual stimuli (1.4˚ circular field) with different melanopsin

stimulations and luminance values while maintaining constant colorimetric values of the refer-

ence illuminant and measured the color appearance of the stimuli in the fovea and periphery.

The color appearance was evaluated using an elemental color-scaling method to investigate

the color shift depending on the experimental conditions.
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Methods

Apparatus

To ensure that no light other than the visual stimuli entered the participants’ fields of view, the

experiment was conducted in a dark room with a black-painted experimental setup (Fig 1).

Participants’ heads were stabilized with a chin rest and the visual stimuli were generated by a

multispectral light source. A light-shielding plate was placed in front of the left eye, and partici-

pants observed the visual stimuli with the right eye. The stimuli were presented in either foveal

vision (0˚ in eccentricity) or peripheral vision (20˚) by moving the apparatus laterally. An LED

with a peak wavelength of 706 nm, size of 0.4˚, and luminance of 14 cd/m2 was presented as a

fixed viewpoint only in the case of the peripheral vision condition. The conditions of the fixed

viewpoint were set to minimize the effects of color appearance and intraocular scattering on

the visual stimuli presented. We performed a preliminary experiment to confirm that the red

light from a fixed viewpoint did not affect the color appearance in the peripheral vision. For

proper evaluation of foveal and peripheral vision, eye movement was checked with two USB

cameras (HD720p, Logitech Co., Ltd. and ELP-USBFHD06H-MFV, Ailipu Technology Co.,

Ltd.) during the experiment.

Participants

Recruited participants included nine healthy volunteers (seven men and two women), aged

24–48 years (average, 30.4; standard deviation, 8.7) with normal color vision and without

Fig 1. Schematic diagrams of the experimental system. (A) Plan of the experimental space. The visual stimuli were displayed using a multispectral light

source. The light originating from the multispectral light source was controlled via a laptop which was located outside the experimental room. Participants were

placed in a dark room and asked to observe visual stimuli with the right eye. The head was stabilized with a chin rest. (B) Visual stimuli from the participants’

perspective. The left image shows the view in the foveal vision; the right image shows the view in the peripheral vision. The white circle of each image is the

visual stimuli and the red circle is the fixation point. The size of the white circle is 1.4˚, and that of the red one is 0.4˚. (C) Perth diagram of the experimental

space. Visual stimuli were set for the foveal condition. The line of sight of the right eye was checked by the camera. The left eye was occluded by a light-

shielding plate to prevent light from entering the eye.

https://doi.org/10.1371/journal.pone.0285053.g001
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neurological and ophthalmic disorders. The color vision test was confirmed as normal in all

participants using an anomaloscope (OT-II, NEITZ Co., Ltd.) and Farnsworth–Munsell 100

Hue test. One of the nine participants was excluded due to responding “red” in the categorical

color naming to the reference illuminant of 5000 K, which is a common white light. The results

of the remaining eight participants were analyzed. Among the eight, one participant used a

spectacle lens (no color). The study protocol was approved by a formal ethics review board

(approval number Hii-2020-14), according to the guidelines of the Yokohama National Uni-

versity Committee on Life Science Research. All participants consented to the experiments in

accordance with the Yokohama National University Rules on Life Science Research and pro-

vided written consent.

Visual stimuli

To investigate the effect of melanopsin stimulation on color appearance under photopic condi-

tions, we prepared three conditions in which the tristimulus values were constant and the

stimulation level of melanopsin was modulated by applying a silent substitution method [10,

11, 42]. This enabled us to quantitatively investigate the effect of melanopsin stimulation on

color appearance. The three conditions for melanopsin stimulation were half-, equal-, and

two-fold values of melanopsin stimulation based on the reference illuminant of each correlated

color temperature (CCT). The CCT is a measure of the color of a light source. The CCTs of the

visual stimuli were set to one orange light stimulus condition (2700 K) and three white light

stimulus conditions (5000, 6500, and 8000 K) based on the colors of the visual stimuli evalu-

ated in previous studies. The tristimulus values of each condition were set to be equal to those

of the reference illuminants (2700 K for black-body radiation, 5000 K, 6500 K, and 8000 K for

[International Commission on Illumination (CIE)] daylight). The tristimulus values were cal-

culated using CIE 2006 2˚ CMFs. CMFs are sensitivity functions of human vision that are used

to calculate the tri-stimulus values. We set up two conditions for the luminance of the visual

stimuli: 55 cd/m2 and 1,200 cd/m2 (rods saturated at�5 cd/m2) [43].

The values of the melanopsin stimulation amount used in experimental conditions cover

the range of general light sources, such as fluorescent lamps and LED light sources, but the

conditions with high stimulation of melanopsin are characterized by the fact that they are very

different from general lighting (Fig 2). Our experimental conditions allowed us to confirm the

effect of melanopsin stimulation on the color appearance.

The visual stimuli were assessed at two locations: 0˚ (foveal vision) and 20˚ (peripheral

vision) in eccentricity. The contribution of melanopsin stimulation to color appearance was

examined by comparing the results for each stimulus within each of the foveal and peripheral

vision conditions. Additionally, by comparing the results of the same stimuli in the foveal and

peripheral vision, we were able to quantitatively investigate differences in the color appearance

in terms of the retinal position even if the spectral power distribution was the same.

The visual stimulus was generated using a multispectral light source (OneLight Spectra,

OneLight Co., Ltd.) with a xenon lamp and was presented circularly with no flicker. For mak-

ing a transmitted light-emitting uniform surface with a visual angle of 1.4˚, we used a diffuser

(SW-12; Nikon Co., Ltd.). The multispectral light source output was controlled via a laptop

(LATITUDE D630, DELL Inc.). Visual stimuli were measured using a spectroradiometer (SR-

3A, Topcon Co., Ltd.). The spectral power distributions of each measured stimulus are shown

in Fig 3, and the various values of the visual stimuli are shown in Table 1. The tristimulus val-

ues and melanopsin stimulation were calculated from the measured spectral power distribu-

tions using the CIE 2006 2˚ CMF guidelines [4, 5] and the sensitivity function of melanopsin

[44] and rods [43] described in the CIE technical report. We modulated melanopsin and rod
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stimulations simultaneously; designing a spectral power distribution that modulates a large

amount of each stimulus independently for similarity of both sensitivities of the melanopsin

and rod cells is difficult (S1 Fig). We assumed that the rods were saturated based on the evi-

dence of the CIE publication [43]. We used the values calculated from the CIE 2006 2˚ CMFs

[4, 5]; the recommended values for lighting requirements are frequently calculated using

CMFs of 2˚ [2, 3]. The tristimulus values and chromaticity were calculated using the CIE 2006

10˚ CMFs [4, 5] and are shown in the S1 Table. The multispectral illumination system was

turned on 2 h before the experiment to stabilize the light output. After aging, the spectral

power distribution of the visual stimuli was measured. The chromatic value difference between

the measured and reference condition chromatic values were confirmed as approximately

±0.002, and recalibration was performed as necessary. The melanopsin stimulation and tri-

stimulus values in the reference conditions were equal values based on the reference illuminant

of each CCT.

Procedure

The color appearance in response to visual stimuli was evaluated using an elemental color scal-

ing method. Elemental color scaling is a subjective evaluation method that allocates 100 points

from the observed color to chromatic and achromatic components and allocates the chromatic

component to one color component from each of the red-green and yellow-blue channels. For

Fig 2. The melanopsin stimulation in the experimental conditions. The relationship between the correlated color temperatures (CCTs) and action factors of

melanopsin in several light sources, including the visual stimuli. The reference illuminants are blackbody radiation and CIE daylights. The general illuminants

are commonly-used light sources, such as fluorescent lamps and light-emitting diodes (LEDs). The experiment involved four CCT conditions: four in which

the stimulation three levels of melanopsin were modulated and the tristimulus values were constant.

https://doi.org/10.1371/journal.pone.0285053.g002
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example, the answers would be 40 for the chromatic component, 60 for the achromatic com-

ponent, 70 for the red component, and 30 for the yellow component.

After receiving general instructions and information on experimental precautions and the

evaluation methods of color appearance, participants entered the darkroom and performed

the evaluation according to the following procedures (Fig 4): (1) participants rested in the dark

for 1 min and (2) an adaptive light of approximately 5000 K was presented for 20 s at the same

Fig 3. Spectral power distributions of visual stimuli measured using a spectroradiometer. The visual stimulus was generated with a multispectral light

source and was presented as a circular transmitted light-emitting uniform surface with a visual angle of 1.4˚ using a diffuser.

https://doi.org/10.1371/journal.pone.0285053.g003

Table 1. Measured values of the visual stimuli.

No. Condition Xf Yf Zf Melanopsin Rods xf yf

1 2700 K- 1,366 (62) 1,212 (55) 367 (16) 0.352 (0.015) 0.562 (0.024) 0.464 (0.467) 0.412 (0.411)

2 2700 K 1,361 (62) 1,207 (55) 365 (16) 0.705 (0.032) 0.887 (0.040) 0.464 (0.466) 0.411 (0.412)

3 2700 K+ 1,357 (62) 1,202 (55) 356 (16) 1.398 (0.063) 1.529 (0.069) 0.465 (0.467) 0.412 (0.413)

4 5000 K- 1,164 (53) 1,205 (55) 975 (44) 0.634 (0.028) 0.881 (0.040) 0.348 (0.350) 0.360 (0.361)

5 5000 K 1,162 (53) 1,204 (55) 980 (44) 1.293 (0.059) 1.439 (0.066) 0.347 (0.348) 0.360 (0.362)

6 5000 K+ 1,161 (53) 1,204 (55) 971 (44) 2.561 (0.117) 2.510 (0.114) 0.348 (0.349) 0.361 (0.362)

7 6500 K- 1,149 (52) 1,212 (55) 1,312 (59) 0.759 (0.034) 0.995 (0.045) 0.313 (0.314) 0.330 (0.331)

8 6500 K 1,142 (52) 1,205 (55) 1,310 (59) 1.521 (0.069) 1.638 (0.075) 0.312 (0.313) 0.330 (0.331)

9 6500 K+ 1,145 (52) 1,209 (55) 1,305 (59) 3.028 (0.137) 2.913 (0.131) 0.313 (0.314) 0.330 (0.331)

10 8000 K- 1,140 (52) 1,204 (55) 1,552 (70) 0.833 (0.038) 1.058 (0.048) 0.293 (0.294) 0.309 (0.310)

11 8000 K 1,144 (52) 1,211 (55) 1,564 (70) 1.688 (0.077) 1.784 (0.081) 0.292 (0.293) 0.309 (0.311)

12 8000 K+ 1,142 (52) 1,217 (55) 1,557 (70) 3.377 (0.151) 3.215 (0.143) 0.292 (0.293) 0.311 (0.310)

Measured values of the visual stimuli. “No.” represents the condition number. The values without parentheses in the table are those under higher-luminance conditions

(1,200 cd/m2). Values in parentheses are in lower luminance conditions (55 cd/m2). The "-", “none,” and "+" mentioned in the conditions denote half-, equal-, and two-

fold the values of melanopsin stimulation based on the reference illuminants of each correlated color temperature. The values in the table were calculated using Eqs.1-10

(presented in the supplementary information [S1 File]). The tristimulus values, melanopsin stimulation, rod stimulation, and chromaticity were calculated from the

measured spectral power distributions using the International Commission on Illumination (CIE) 2006 2˚ color matching functions (CMFs) [4, 5], the sensitivity

function of melanopsin [44], and that of rods [43].

https://doi.org/10.1371/journal.pone.0285053.t001
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presentation position as the visual stimulus. At this time, participants observed the adaptive

light for the foveal condition and the fixation point for the peripheral condition. The lumi-

nance of the adaptive light was set to approximately 100 cd/m2 when the visual stimulus was

1,200 cd/m2 and to approximately 5 cd/m2 when the visual stimulus was 55 cd/m2. (3) Partici-

pants observed the presented visual stimulus for 5 s and (4) adaptive light was presented for 20

s. During this period, participants verbally performed elemental color-scaling for the visual sti-

muli. (5) Tasks (2)–(4) were repeated five times and (6) tasks (1)–(5) were repeated five times.

The visual stimuli were presented in random order to avoid biases. The first two sets were used

for foveal vision under higher-luminance conditions, and the following two sets were used for

peripheral vision under higher-luminance conditions. The evaluation under lower-luminance

conditions was conducted on different days. Since the participants had to perform 288 evalua-

tions (two presentation positions, four CCTs, three melanopsin stimulations, two luminance

levels, and six repetitions), the experiment was conducted over two days to minimize the bur-

den on the participants. The experimental time for each day was less than 2 h in the daytime to

avoid numerous daily rhythms [45] in the eye as much as possible. The data of the trials in

which the gaze moved during the experiment were discarded and re-measured.

Statistics

The responses of elemental color scaling (red-green and yellow-blue responses) in eight partic-

ipants were analyzed using the open-source software package JASP version 0.16.4. A two-way

Bayesian analysis of variance (ANOVA) was conducted, incorporating the effects of the two

luminance conditions (high and low) and three melanopsin stimulation conditions (half-,

equal-, and two-fold) on the responses in each CCT and eccentricity condition, with a sample

size of eight (average responses of all participants). Bayesian analyses permitted a test of the rel-

ative strength of evidence for the null hypothesis (H0: no effect) versus the alternative hypothe-

sis (H1: an effect). The analysis used the inclusion Bayes factor (BF) of the H1 to the H0. The

BF quantifies the change from prior inclusion odds to posterior inclusion odds and can be

interpreted as evidence in the data for including a predictor. When the BF was >10, it was

judged as a significant main effect of the condition or interaction.

Fig 4. Presentation sequences in the foveal and peripheral vison conditions. (A) Foveal vision. (B) Peripheral vision.

https://doi.org/10.1371/journal.pone.0285053.g004
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Results

Eight participants evaluated the color appearance of visual stimuli with different melanopsin

stimulations. Fig 5 shows the appearance shift in the red-green and yellow-blue responses

from the foveal vision to the peripheral vision. Both responses indicated that the 2700 K condi-

tion vaguely showed hue changes depending on the melanopsin stimulation and eccentricity,

whereas the metameric daylight (5000, 6500, and 8000 K) conditions clearly showed hue

changes. Specifically, in the red-green response, the visual stimuli of the metameric daylights

with the “+” conditions (high stimulation level of melanopsin) tended to be seen as reddish in

the foveal vision and as greenish in the peripheral vision. The yellow-blue response showed a

gradual increase in blueness with increasing CCT, independent of eccentricity. The “+” condi-

tions tended to shift to more blueness in the foveal and peripheral vision compared to those at

Fig 5. Pie charts were plotted with the results of foveal and peripheral vision in each of the correlated color temperature (CCT) conditions (2700, 5000,

6500, and 8000 K). The left and right graphs show the results of the high (1,200 cd/m2) and low (55 cd/m2) luminance conditions. The sizes of the pie charts

indicate saturation; each portion represents the color components (red, green, yellow, blue) of the elemental color-scaling. The “-,” “none,” and “+” labels

correspond to half-, equal-, and two-fold values of melanopsin stimulation based on the reference illuminants of each CCT condition. The “F” and “P” denote

foveal and peripheral vision.

https://doi.org/10.1371/journal.pone.0285053.g005
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the “-”and “none” conditions. No differences in luminance conditions were found in the red-

green and yellow-blue responses. The results revealed that even with the same spectral power

distributions, the appearance of some colors in the fovea and periphery differed in a contradic-

tory way, red vs. green, depending on the melanopsin stimulation and retinal location.

Fig 6 shows the average results in the foveal vision. The “-,” “none,” and “+” labels corre-

spond to half-, equal-, and two-fold values of melanopsin stimulation based on the reference

illuminants of each CCT (2700, 5000, 6500, and 8000 K) and luminance (High: 1,200 cd/m2,

Low: 55 cd/m2). Table 2 shows the analysis of the effects in the two-way Bayesian ANOVA

conducted on the results of foveal vision. In the 2700 K condition, there was a significant main

effect of luminance on the blue-yellow responses; the other conditions had no effect. Regard-

ing the changes in the main effect, there was a tendency for yellowness to decrease at high

Fig 6. Response results of the elemental color-scaling for eight participants in the foveal vision condition. The correlated color temperatures (CCTs) of the

visual stimuli are (A) 2700 K, (B) 5000 K, (C) 6500 K, and (D) 8000 K. The vertical axis represents the +red-green component and the horizontal axis represents

the +yellow-blue component. The symbols indicate the conditions of the visual stimuli; the inverse triangle, circle, and standard triangle indicate half-, equal-,

and two-fold of the values of melanopsin stimulation based on the reference illuminant of each CCT. “High” and “Low” in the legends denote high (1,200 cd/

m2) and low (55 cd/m2) luminance conditions, respectively.

https://doi.org/10.1371/journal.pone.0285053.g006
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luminance. The metameric daylight conditions exhibited a different trend from the 2700 K

condition. For the 5000 and 6500 K conditions, there was a significant main effect of melanop-

sin stimulation on the red-green and blue-yellow responses; the other conditions had no effect.

The main effect was a distinctly reddish and slightly bluish color change with increased mela-

nopsin stimulation. At 8000 K, there was a significant main effect of melanopsin stimulation

on the red-green responses, whereas the other conditions had no effect. The changes in the

main effect were reddish with increased melanopsin stimulation. These results revealed that

the color appearance of metameric daylight conditions in foveal vision depended on melanop-

sin stimulation of the visual stimulus, even under constant chromatic values calculated with

the CIE 2006 2˚ CMFs.

Fig 7 shows the average results for the peripheral vision. Table 3 shows the analysis of the

effects in the two-way Bayesian ANOVA conducted on the results of peripheral vision. Similar

to the results of foveal vision, there was a difference between the 2700 K condition and meta-

meric daylight conditions. At 2700 K, there was a significant main effect of melanopsin stimu-

lation in red-green, whereas no effect was observed under the other conditions. The reddish

color decreased with increasing melanopsin stimulation. While there was a significant effect of

melanopsin stimulation in the red-green region at 5000 K and 6500 K, no effect was observed

under other conditions. The main effect was a clear shift to a greenish color with higher mela-

nopsin stimulation. At 8000 K, there was a significant main effect of melanopsin stimulation

on the red-green and blue-yellow responses, with no effect in other conditions. The main effect

was a distinctly greenish and slightly bluish color change with increased melanopsin stimula-

tion. The color appearance of the metameric daylight conditions in the peripheral vision

depended on melanopsin stimulation of the visual stimulus, even under constant chromatic

values calculated with the CIE 2006 2˚ CMFs.

When comparing the red-green and yellow-blue results in each condition for the same par-

ticipants, seven participants’ responses trended similarly. One participant’s responses were

broadly similar to those of the other seven participants’ responses under peripheral conditions

but were slightly different under the foveal conditions in that the participant’s responses did

not change in the foveal conditions.

Discussion

To our knowledge, no study has examined the effect of melanopsin stimulation while keeping

the colorimetric values and size intact on color appearance by comparing foveal and peripheral

vision. For general light sources such as fluorescent lamps and LEDs, the melanopsin stimula-

tion tends to be lower than that of CIE daylights and has an equal energy spectrum, although it

varies depending on the CCTs (Fig 2). The conditions in this study were set for higher or

lower stimulation doses of melanopsin compared to those of common light sources in each

CCT (2700, 5000, 6500, and 8000 K), and the color appearance was evaluated. The results

Table 2. Bayesian analysis of variance (ANOVA) conducted on the responses of elemental color-scaling (red-green and yellow-blue responses) in foveal vision.

Conditions 2700 K 5000 K 6500 K 8000 K

R-G Y-B R-G Y-B R-G Y-B R-G Y-B

Lum. 0.56 205.92 0.32 3.94 0.28 0.25 0.26 0.47

Mel. 0.79 0.24 14.41 43.09 24.03 33.36 60.98 3.19

Lum.*Mel. 0.39 0.25 0.33 2.38 0.25 0.28 0.23 0.51

The first column denotes each condition, and the second and subsequent columns show the Bayes factor (BF) values in each correlated color temperature (CCT) and

response. The "Lum." and “Mel.” denote the luminance and melanopsin stimulation conditions, respectively. R-G, red-green; Y-B, yellow-blue.

https://doi.org/10.1371/journal.pone.0285053.t002
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Fig 7. Response results of the elemental color-scaling for eight participants in the peripheral vision condition. The correlated color temperatures (CCTs)

of the visual stimuli are (A) 2700 K, (B) 5000 K, (C) 6500 K, and (D) 8000 K. The vertical axis represents the +red-green component and the horizontal axis

represents the +yellow-blue component. The symbols indicate the conditions of the visual stimuli; the inverse triangle, circle, and standard triangle indicate

half-, equal-, and two-fold of the values of melanopsin stimulation based on the reference illuminant of each CCT. “High” and “Low” in the legends denotes

high (1,200 cd/m2) and low (55 cd/m2) luminance conditions, respectively.

https://doi.org/10.1371/journal.pone.0285053.g007

Table 3. Bayesian analysis of variance (ANOVA) conducted on the responses of elemental color-scaling (red-green and yellow-blue responses) in peripheral vision.

Conditions 2700 K 5000 K 6500 K 8000 K

R-G Y-B R-G Y-B R-G Y-B R-G Y-B

Lum. 8.5 0.6 0.5 0.3 1.7 0.5 0.6 0.5

Mel. 160.8 0.6 4,645.2 5.7 10,374.2 8.0 2,728.4 16.4

Lum.*Mel. 1.0 0.9 1.5 0.3 3.9 1.4 0.8 1.4

The first column denotes each condition, and the second and subsequent columns show the Bayes factor (BF) values in each correlated color temperature (CCT) and

response. The "Lum." and “Mel.” denote the luminance and melanopsin stimulation conditions, respectively. R-G, red-green; Y-B, yellow-blue.

https://doi.org/10.1371/journal.pone.0285053.t003
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indicated that the 2700 K condition showed a vague change within a similar hue, whereas in

the conditions of white lights of 5000, 6500, and 8000 K (metameric daylights), the visual sti-

muli with a high stimulation level of melanopsin tended to be clearly seen as reddish colors in

foveal vision and as greenish colors in peripheral vision despite the luminance level (55 cd/m2,

1200 cd/m2) and saturated rod response according to the CIE definition. These results indicate

that melanopsin [37–39, 46–48] and/or potentially rods [49, 50], contribute to color vision

because the distribution of melanopsin/rods on the retina differs from that of cones [17, 51,

52]. However, the most important point we wish to make in this study is that even if the spec-

tral power distributions of the visual stimuli observed in foveal and peripheral vision are the

same, the color appearances of the visual stimuli with high melanopsin stimulation in foveal

and peripheral vision are sometimes completely different. Our results are the first to report an

opposite trend from red/green to green/red in color appearance between focal and peripheral

vision when viewed with a single light source. These experimental results suggest that conven-

tional color theory cannot be applied to artificial light sources with high melanopsin

stimulation.

The phenomenon that daylight with high melanopsin stimulation causes different visibility

in foveal and peripheral vision could be attributed to a variety of variables including melanop-

sin, rods, cones, and macular pigments. Therefore, we discuss our results in terms of these

variables.

We used the silent substitution method [10, 11, 42] to investigate the involvement of mela-

nopsin in color perception. Previous studies have indicated that this method cannot control

cone stimulation because of the influence of penumbral cones, which are located in the shad-

ows of blood vessels in the retina [53, 54]. Hence, it is possible that the experimental conditions

in our study did not completely control the cone stimulation. However, since it has been

reported that the influence of penumbral cones is reflected when the visual stimulus is rapidly

flickered (�4 Hz) [39, 53], it is considered that there is no influence of penumbral cones in our

experiment in which the participants were presented with the visual stimulus using steady-

light for 10 seconds. Although we did not consider individual differences among the observers

that may have induced artifacts, a similar tendency was broadly identified for all participants

in the experiments. The results of this study, in which the responses of color appearance in

foveal and peripheral vision are the opponent colors, are the data resulting from the presenta-

tion of the same visual stimuli with the same spectral power distributions in the foveal and

peripheral fields of vision. Thus, problems with penumbral cones and individual differences

noted in previous studies were minimized in our study. Thus, we can conclude that melanop-

sin stimulation affects color perception in foveal and peripheral vision.

Melanopsin is involved in brightness perception [10–14] and color perception [37–39].

Spitschan et al. measured blood-oxygen-level-dependent (BOLD) signals in the primary visual

cortex using functional magnetic resonance imaging under visual stimulation that modulated

only melanopsin, and showed BOLD signal responses corresponding to the level of melanop-

sin stimulation [39]. Based on a principal component analysis of the activity of five photore-

ceptor cells using natural images, Barrionuevo et al. suggested that melanopsin activity

contributes to the parvo-cellular pathway (transmitting red-green information) and the konio-

cellular pathway (transmitting yellow-blue information) to alter color perception [55]. Cao

et al. perimetrically evaluated visual stimuli with silent tristimulus values, silent rod stimulus

levels, and modulated melanopsin stimulation and reported that melanopsin stimulus levels

significantly affected color perception in red/green information and had no significant effect

on color perception in yellow/blue information [37]. If melanopsin stimulation increases the

green response, it is possible that it strongly influenced our results of peripheral vision in meta-

meric daylight conditions. Moreover, Spitschan et al. reported that orange light typically
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appears as yellow-orange in peripheral vision [39], which is similar to our results under the

conditions of orange light (2700 K) in the periphery. These studies suggest that melanopsin

affects color vision, and no major discrepancy was observed between our results and those of

previous studies. In addition, the results obtained under high melanopsin stimulation in the

current study support the theory that the melanopsin signals for color perception are strongly

involved in the parvo-cellular pathway. One previous study reported that the contribution of

melanopsin in peripheral vision may be additive with the signal of M-cones opposing the sig-

nal of L-cones in the parvo-cellular pathway (such as [L–{M + I}]) where “I” is for melanopsin

activation [37]. Therefore, under the conditions of high melanopsin stimulation in the present

experiment, the strong greenish appearance in the peripheral vision can be considered a strong

influence of melanopsin.

The visual stimulus of high melanopsin stimulation appears reddish in the foveal vision,

which is similar to Maxwell’s spot, an entopic phenomenon that appears as a red spot at the

fovea. Maxwell’s spot is related to the difference in tristimulus values between the 10˚ and 2˚

CMFs, and a higher cyan primary light is more likely to appear in metameric visual stimuli

[56, 57]. Although the color appearance model to explain the phenomenon of Maxwell’s spots

is unclear, the absorption of light by the macular pigment [56] and melanopsin stimulation

[57] may be involved. The visual stimuli with high melanopsin stimulation used in the current

study were spectral power distributions with a high cyan component. Therefore, the strong

reddish appearance in the foveal vision can be considered to be related to Maxwell’s spots. As

the current colorimetric system considers only cone inputs, our results indicate that the colori-

metric system must also consider melanopsin inputs in photopic vision.

Previous studies examining the relationship between melanopsin and color perception have

used large visual stimuli of 30˚ or more [37–39]. This may be because of the low density of

ipRGCs [21]. However, since melanopsin is expressed in the cell bodies of ipRGCs and in the

dendrites and axons [22], it is expected that the effect of melanopsin on color perception

would be obtained even when the size of the visual stimuli is small. The visual stimulus size

was set to 1.4˚ in the current study, and the results corresponded to those of previous periph-

eral studies under conditions of high melanopsin stimulation. We concluded that the effect of

melanopsin stimulation can be seen when the visual size is greater than 1.4˚.

We conducted this study under photopic vision conditions, in which the rods are inactive

according to the CIE technical report [43]. The spectral sensitivity curves of melanopsin and

rods were remarkably similar (S1 Fig), and it was difficult to control each stimulation indepen-

dently. Since our results were consistent with those of previous studies on melanopsin [37–

39], we assume that melanopsin influenced the results. However, the stimulation of melanop-

sin and that of rods in the experimental conditions were directly proportional to each other,

and the involvement of rods cannot be ruled out. Recent studies have stated that rod activities

have a profound effect on the L-cone; the contribution of rods can be considered an additive

to the L-cone signal [41] and may drive the visual responses of mice to photopic light levels

[58]. Previous studies have also reported complex and dynamic interactions between cone and

rod signals [59, 60]. These results imply that the rods affect color perception. Further research

is necessary to clarify the mechanism of this drastic change in color appearance between the

foveal and peripheral vision.

IpRGCs, utilizing melanopsin as a photopigment, respond to light directly through mela-

nopsin and indirectly through mediated synaptic input from cones and rods [17, 61]. It is pos-

sible to differentiate the information ipRGCs provide to the brain depending on the amount

and ratio of signals from melanopsin, cones, and rods. Therefore, the differences in our results

between foveal and peripheral vision and in each condition of the CCT and the melanopsin

stimulation might be due to the differences in melanopsin phototransduction and synaptic
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input from cones and rods in each vision and condition. Although many studies suggest that

melanopsin phototransduction within the ipRGCs affects image-forming in vision [10–14, 37–

39], further studies regarding the function of melanopsin and that of cones and rods are

needed to elucidate the visual mechanisms for ipRGCs.

Conclusion

We showed that the color appearance in photopic vision is affected by melanopsin stimulation

in both peripheral and foveal vision. In addition to CMFs, the sensitivity function of melanop-

sin may be used to design the spectral power distribution for future lighting and digital signage

using LED light sources. Because the enhancement of melanopsin stimulation causes critical

differences in color appearance depending on retinal eccentricity, it is necessary to clarify the

relationship between spectral power distribution and color appearance while considering tri-

stimulus values and melanopsin stimulation to precisely control color appearance.
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