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The human retina contains five photoreceptor types: rods; short (S)-,
mid (M)-, and long (L)-wavelength—sensitive cones; and melanopsin-
expressing ganglion cells. Recently, it has been shown that selective
increments in M-cone activation are paradoxically perceived as
brightness decrements, as opposed to L-cone increments. Here we
show that similar effects are also observed in the pupillary light
response, whereby M-cone or S-cone increments lead to pupil di-
lation whereas L-cone or melanopic illuminance increments resulted
in pupil constriction. Additionally, intermittent photoreceptor activa-
tion increased pupil constriction over a 30-min interval. Modulation
of L-cone or melanopic illuminance within the 0.25-4-Hz frequency
range resulted in more sustained pupillary constriction than light of
constant intensity. Opposite results were found for S-cone and M-
cone modulations (2 Hz), mirroring the dichotomy observed in the
transient responses. The transient and sustained pupillary light re-
sponses therefore suggest that S- and M-cones provide inhibitory
input to the pupillary control system when selectively activated,
whereas L-cones and melanopsin response fulfill an excitatory role.
These findings provide insight into functional networks in the human
retina and the effect of color-coding in nonvisual responses to light,
and imply that nonvisual and visual brightness discrimination may
share a common pathway that starts in the retina.

human pupillary light response | silent substitution | cones |
melanopsin | ipRGC

he primate retina contains rods and three types of cones

defined by their short-, mid-, and long-wavelength spectral
sensitivity (henceforth S-, M-, and L-cones, respectively). Light
information travels from the photoreceptive layer down to the
ganglion cell layer, which eventually relays light information to the
brain (reviewed in ref. 1). The ganglion cells that are involved in
visual perception project basic information on color and lumi-
nance provided by the photoreceptors that indirectly innervate
them. There are three major classes of retinal ganglion cells
(RGCs) involved in visual color and/or luminance coding: the
parasol cells, the midget ganglion cells, and the bistratified gan-
glion cells. Parasol cells are involved in luminance coding, with
responses mainly mediated by a summation of M- and L-cone
activation (L+M). Midget ganglion cells are involved in red/
green color discrimination by comparing activation originating
from L-cones and M-cones (+L — M or +M — L). Finally, the
bistratified ganglion cell is thought to be involved in encoding
color on the blue/yellow scale in an S — (L+M) manner. These
cells thus receive excitatory input from the S-cones while receiving
inhibitory input from a mixture of M- and L-cones. Besides its
image forming function, light also elicits nonvisual effects such as
the pupillary light response. Light information is relayed to brain
areas involved in nonvisual responses via a specialized subset of
RGCs that are intrinsically photosensitive by expressing mela-
nopsin (2, 3). In the primate retina, intrinsically photosensitive
RGCs (ipRGCs) have been shown to encode color on a blue/yellow
scale, much like the bistratified retinal ganglion cells, but ipRGCs
have been shown to receive input in an (L+M) — S opponent
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manner (4). The human pupillary light response seems to reflect
this retinal wiring, as S-cone illuminance increments result in
paradoxical pupil dilations (5).

To study the contribution of one photoreceptor type, the silent
substitution method (6) can be employed. This method allows for
selective modulation of the photoreceptor channel of interest.
Any change in downstream neural processes is then a direct
consequence of modulating the pathways in which the selected
photoreceptor is involved. This is achieved by designing two
spectra that are indistinguishable for all but one photoreceptor
type. Temporally alternating these two spectra will then result in
a selective modulation of the photoreceptor for which the tran-
sition is nonsilent. For example, a selective increment of M-cone
activation will change the ratio between L- and M-cone stimu-
lation, which will then alter the output of the associated midget
ganglion cells, shifting the perceived stimulus color along the
red/green scale. This method has recently been used to show that
selective decrements in M-cone illuminance are paradoxically
perceived as brightness increments (7). M-cone square-wave
modulations furthermore produce electroretinogram (ERG)
traces that are in opposite phase with traces resulting from
L-cone (or L+M-cone) modulations (8, 9), which has also been
shown in visually evoked potentials (VEPs) recorded at occipital
scalp locations (10). Thus, at different levels of visual processing,
M-cone increments are perceived as brightness decrements,
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whereas L-cone increments and L+M increments are perceived
as brightness increments.

Although red/green color-opponent ipRGCs have not been de-
scribed in the primate retina to our knowledge, it is interesting to
test whether M-cone decrements result in paradoxical pupil con-
strictions, congruent with the aforementioned psychophysical, ERG,
and VEP results. We therefore measured pupillary light responses in
a silent substitution protocol. Contrary to the previously mentioned
studies, we accounted for not only the three cone types in the human
retina (i.e., triple silent substitution), but also the spectral sensitivity
of melanopsin. With a peak absorbance at 480 nm (3), the spectral
sensitivity of melanopsin overlaps substantially with those of S- and
M-cones, such that, under triple silent substitution, the effects resulting
from isolated S- or M-cone modulations may be confounded by
concomitant melanopsin modulations. This approach thus allows
for a selective square-wave modulation of isolated S-, M-, L-cone
or melanopsin responses while maintaining a constant response
for the remaining three receptor channels. The first purpose of
this study was therefore to test how the human pupil responds to
transient changes in photoreceptor-specific illuminance to provide
insight into the retinal pathways involved in nonvisual brightness
coding mediated by ipRGCs.

Another interesting phenomenon regarding brightness coding is
that flickering light may appear brighter than light of constant in-
tensity, also known as the Briicke-Bartley effect (11). Similar ef-
fects have recently been described for the pupillary light response
(12). During prolonged exposure to light of constant intensity
(~30 min), the pupil gradually dilates toward the dark-adapted
diameter (pupillary escape) after an initial constriction at lights
on, suggesting that encoded brightness gradually decays as a result
of light-adaptation in cones. This pupillary escape is countered by
presenting the light in a flickering (0.1-8 Hz) manner (12, 13),
suggesting that a high level of encoded brightness is sustained in
response to flickering light. These effects may be explained by
considering retinal adaptation: by repeatedly allowing the cone-
signaling pathway to dark-adapt, the response to each subsequent
light pulse is increased, resulting in an increased overall contribu-
tion of these pathways to the sustained pupillary light response
(effectively countering the effects of light-adaptation that results in
pupillary escape under constant illumination). By using whole-cell
recordings of mouse ipRGCs, it has been shown that ipRGC
spiking rate increases during exposure to flickering on/off light in
comparison with light of constant intensity (13), suggesting that
increased nonvisual light responses to flickering light emerge at the
retinal level. Although square-wave temporal modulation of one
photoreceptor type may not cause complete dark-adaptation at
each cycle, it will increase its response to each photoreceptor-
specific illuminance increment. The silent substitution method
thus allows for testing the effect of intermittent stimulation for each
photoreceptor type separately, which may yield different results
than those obtained under on/off flickering light exposure, in which
all photoreceptors are modulated in concert. Given the inhibitory
input of S-cones to ipRGCs in primates and the inhibitory nature of
M-cones in subjective brightness perception in humans, it may be
expected that enhanced S- and M-cone activation might paradox-
ically stimulate pupil dilation as measured by increased pupillary
escape. The second question we address in this study is whether an
increased time-averaged activity of photoreceptor channels (by ef-
fectively countering light-adaptation) decreases or increases encoded
brightness over the time course of 30 min, for which pupillary escape
is taken as a proxy. We expect that pupillary escape will decrease
(i.e., more sustained constriction), compared with constant light,
when increased activity of the modulated receptor results in in-
creased encoded brightness, and vice versa.

Results

With an IR camera, pupil diameter was continuously measured
for 30 min while participants viewed two temporally alternating
silent substitution spectra (Fig. 14). The spectra were designed
so that one photoreceptor type (S-, M-, or L-cones or ipRGCs)
was repeatedly exposed to illuminance increments and decrements
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Fig. 1. Silent substitution spectra and protocol. (A) Silent substitution
spectra per nonsilent photoreceptor. In each panel, the light and dark
shaded areas correspond to /nin and lnhax respectively. Where the two
spectra overlap, the solid line corresponds to the /i spectrum. The dashed
black line follows the average of /i, and Imax, Which was used in the con-
stant condition. (B) A schematic overview of photoreceptor-specific illumi-
nance values for the 0.25-Hz condition. Separate panels show the spectra
and protocols for the S- (Top Left), M- (Top Right), and L-cones (Bottom Left)
and melanopsin (Bottom Right) modulations.

while illuminance values remained constant for all other recep-
tors (Fig. 1B). The spectra were alternated at a frequency of 0.25,
0.5, 1, 2, or 4 Hz on separate occasions for each individual, with
one modulated receptor per participant (four participants per
modulated receptor).

To study the effect of photoreceptor-selective increments and
decrements on pupil dilation, we calculated the event-related
pupil response (ERPR). The ERPR represents the average pupil
response to a photoreceptor-specific square-wave modulation.
One ERPR was constructed per frequency condition per partici-
pant (Fig. 2). From these individual ERPRs, an average ERPR was
created for each modulated photoreceptor, which are presented in
Fig. 3 for the 0.25-Hz condition. For the L-cone and melanopsin
modulating conditions, large-amplitude constrictions [0.64 + 0.10 mm
and 0.29 + 0.04 mm, respectively (+SEM)] were measured in re-
sponse to an illuminance increment (P < 0.001), whereas the pupil
constriction in response to a decrement (0.07 + 0.10 mm and
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Fig. 2. Example ERPR for a representative participant who was exposed to
the 0.25-Hz L-cone isolating flicker. The solid line follows the smoothed
trend line that was used to calculate constriction amplitudes for statistical
analyses. Horizontal line segments denote the local minima and maxima
from which constriction amplitudes were calculated (Methods and Mate-
rials). Constriction to Imin and /nax Were calculated as |b — a| and |[d - |,
respectively. Square-wave traces illustrate the photoreceptor-specific illu-
minance modulations.

0.03 + 0.04 mm, respectively) did not reach significance. For the
S-cone (P < 0.01) and M-cone (P < 0.01) modulating conditions,
the largest constrictions were observed in response to decre-
ments (0.25 = 0.05 mm and 0.29 + 0.05 mm, respectively),
whereas the constriction induced by increments (0.07 + 0.05 mm
and 0.11 + 0.05 mm, respectively) did not reach significance.
ERPR amplitudes and test statistics are summarized in Table S1
for the 0.25-Hz condition. The ERPR results demonstrate that
L-cone and melanopsin increments result in enhanced pupil
constriction, whereas the opposite is observed for S-cone and
M-cone increments. This phase reversal was observed for all
frequency modulations (up to 2 Hz; Fig. 4), whereby maximal
constriction was reached ~500 ms after stimulus onset (L-cones
and melanopsin) or offset (S- and M-cones).

By repeatedly incrementing and decrementing the illuminance
for one photoreceptor over the course of 30 min, we expect that the
net output of that photoreceptor remained at a high level as a result
of adaptation processes. As a control, participants also viewed a
nonmodulating stimulus that was the average of the incremental
and decremental stimulus (Fig. 14). Pupillary escape was thus
expected to decrease compared with constant light (i.e., more sus-
tained constriction) when an “excitatory” channel receives
additional stimulation (Fig. 54). The opposite was expected for an
“inhibitory” channel, such that the pupil shows more dilation during
the 30-min light exposure protocol. For each nonsilent photore-
ceptor, a linear regression model was constructed to explain pupil
diameter by elapsed time (0-30 min) and modulation frequency.
The interaction coefficients were then extracted as a quantification
of pupillary escape for each modulation frequency (Fig. 5B). For
the S-cone and M-cone conditions, all frequency modulations were
associated with enhanced pupillary escape compared with the
constant condition, although this effect was significant for only the
2-Hz condition for the S-cone (P < 0.05) and the M-cone (P < 0.05)
modulations. For the L-cone and melanopsin conditions, all mod-
ulation frequencies resulted in a smaller pupillary escape compared
with the constant condition, which was significant for all conditions
(P < 0.001 and P < 0.05, respectively) except for the 0.05-Hz
melanopsin condition. This implies that stimuli are encoded as
being less bright when S- or M-cones receive additional activa-
tion. The opposite was found for L-cones or ipRGCs, such that
the stimulus is encoded as being brighter by the pupillary control
system when these receptors receive additional activation. Pupillary
escape test statistics are summarized in Table S2.

Discussion

Recently, L- and M-cone opponent processing has been dem-
onstrated to affect perceived brightness (7), the flicker ERG (8,
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9), and VEPs at occipital scalp locations (10). In all these pa-
rameters, selective increments of L-cone illuminance are enco-
ded as brightness increments, whereas M-cone increments are
encoded as brightness decrements. S-cones have previously been
reported to contribute negatively to visual luminance perception
(14, 15). The ERPR results presented here extend this body of
evidence to the domain of nonvisual photoreception by showing
that the human pupillary control system encodes M-cone dec-
rements and L-cone increments as brightness increments. We
furthermore confirm the recently reported paradoxical pupillary
constriction in response to S-cone decrements (5). L-cone and
melanopsin responses were of an excitatory nature, such that
increments in photoreceptor-specific illuminance were followed
by pupil constrictions. Importantly, ipRGCs have been shown to
be involved in visual brightness discrimination in mice and humans
(16). This places our results in context with psychophysiological
findings, with strong indications that nonvisual and visual bright-
ness discrimination share a common pathway that starts in the
retina. The large-amplitude ERPRs to L-cone modulations suggests
a relatively large role for L-cones in the pupil response, which may
be explained by the fact that the human retina expresses a relatively
high number of L-cones in comparison with other receptors (17).
Modulation of identical contrast for each receptor is therefore
expected to result in relatively large-amplitude responses for
L-cone-isolating modulations. The finding that, with higher-frequency
modulations, the ERPR amplitude is dampened for all receptors
likely reflects that, with increasing modulation frequencies, the pupil
constriction dynamics become too sluggish to track the intensity
modulations, resulting in dampened response amplitudes.
Interestingly, the dichotomy (S- and M-cones vs. L-cones and
melanopsin) observed in the ERPR results was mirrored by the
effects of photoreceptor-specific flicker on pupillary escape: S-
cone and M-cone flicker increased pupillary escape (i.e., more
dilation) whereas L-cone and melanopsin flicker resulted in a
reduced pupillary escape (i.e., less dilation) compared with the
constant light conditions. As the magnitude of pupillary escape is
negatively correlated with light intensity (12), our findings raise
the possibility that a flickering S-cone and M-cone modulating
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Fig. 3. Averaged ERPRs + SEM. Each panel contains data from four partici-
pants. Separate panels show S-cone (blue), M-cone (green), L-cone (red), and
melanopsin (gray) ERPRs. Square-wave traces illustrate the photoreceptor-
specific illuminance modulations.
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Fig. 4. ERPRs for the 0.25-Hz (Top Left), 0.5-Hz (Top Middle), 1-Hz (Top
Right), 2-Hz (Bottom Left), and 4-Hz (Bottom Right) conditions. Square-wave
traces illustrate the photoreceptor-specific illuminance modulations. Each
panel contains data from all 16 participants (four participants per trace)
except for the 1-Hz S-cone modulation, which contains data from three in-
dividuals (Materials and Methods).

light source is encoded as being less bright by the pupillary control
system compared with constant light. The opposite appears to be
true for the L-cone and melanopsin modulations under the
employed intensities and frequency modulations. For cones, the
frequencies resulting in the largest pupillary escape effects occur
around frequencies of 1-2 Hz. Such frequency tuning was
expected. Photoreceptors require enough time to dark-adapt to
increase their sensitivity, while, at the same time, enough time in
the light phase is required to evoke an increased overall response
compared with light of constant intensity. The optimal trade-off
between light and dark duration appears to lie in the 1-2 Hz range
for pupillary escape, which has been reported previously (13). Our
finding that effects on pupillary escape (Fig. 5) are significant only
at a 2-Hz modulation for S- and M-cones is interesting, and sug-
gests that long-term inhibitory S- and M-cone-mediated effects
are more frequency-dependent than excitatory L-cone and mela-
nopsin effects. Whether this is because of recruitment of different
retinal circuits, or because pupillary escape effects for S- and M-cones
are generally smaller (whereby relatively small effects transcend
baseline noise only for the optimal frequency) remains to be
validated by using electrophysiological experiments.

Although spectra were designed according to the method of
silent substitution, photoreceptor-specific modulations should be
interpreted as stimuli that are biased in favor of one photoreceptor
type, as substitutions may not have been perfectly silent for the
other types. This nuance is important because differences in
photoreceptor spectral sensitivity are expected, as are differences
in effective photoreceptor spectral sensitivity across the retina
caused by the appearance of macular pigment in the fovea, mainly
affecting short wavelength light (<500 nm). To explore how these
factors may have affected our results, we performed 100 simula-
tions, assuming peripheral (i.e., individual variation in peak spec-
tral sensitivity of photoreceptors) or foveal retinal organization
(i.e., assuming individual variation in photoreceptor sensitivity,
individual variation in macular pigmentation, and different foveal
photopigment optical densities). As melanopsin and rods are
known to be practically absent in the fovea and are thus not af-
fected by macular pigmentation, only S-, M-, and L-cone-specific
illuminance values were simulated for the fovea. These simulations
revealed that a difference in cone contrast may indeed be expected
between the fovea and the peripheral retina. More importantly,
however, in the fovea and in the periphery, stimuli were expected
to be heavily biased toward the targeted photoreceptor (Tables S3
and S4), with minimal residual contrast for other receptor types
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(typically ~1-2% contrast with ~1-2% SD). It is therefore likely
that all constrictions measured [including the unexpected insignif-
icant but visually observable constriction in response to the mini-
mum photoreceptor-specific illuminance (/,;,) for the melanopsin
condition] partially reflect the presence of residual cone contrast or
apparent color changes, but that the large-amplitude constrictions
mainly reflect the intended photoreceptor-modulations.

Our findings suggest that, in addition to the (L+M) — S color
opponent ipRGCs (4), a subset of ipRGCs may receive color-
opponent input on the red/green scale, with inhibitory and ex-
citatory inputs from M-cone and L-cone-dominated pathways,
respectively (i.e., +L — M). A similar statement can be made for
a stimulus that shifts along the blue/cyan axis, where a blue-to-
cyan shift results in a constriction and an opposite shift results in
a dilation (+Mel — S). As there are +L — M but also —L+M
midget ganglion cells, an explanation for our findings is that
there are also +L — M and —L+M ipRGCs. Thus, although
ipRGCs may be quite distinct from conventional RGCs [e.g., in
the expression of melanopsin, dendritic field size (18), and S-off
(L+M)/on responses (4)], red/green color discrimination may be
a shared property of at least a subset of ipRGCs and midget
ganglion cells. Our results are then likely explained by a higher
number of +L — M ipRGCs. When these cells are the dominant
response mediators when the stimulus shifts along the red/green
scale, constrictions are expected for L-cone increments and
M-cone decrements. An alternative is that the M-cone opposite-
phase responses do not originate in the retina but may in fact be
mediated by cortical processes. Although this possibility should
not be neglected, the fact that opposite-phase M-cone responses
are recorded at the level of the retina (8, 9) suggests that the
results reported here reflect properties of retinal processing.

It is worth noting that, under a sine-wave modulation of M-cone
illuminance, pupil diameter was previously not found to be out of
phase with the M-cone illuminance modulation as we report here
(19). This may result from methodological differences, as, in that
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Fig. 5. Pupillary escape schematic illustration and results. (A) Schematic il-

lustration of pupillary escape calculation under constant (black line; bottom)
and L-cone-modulating (red trace; bottom) light. There is more pupillary
escape in the constant condition, as the fitted slope for the constant con-
dition is steeper than for the modulating condition. (B) Estimated (Materials
and Methods) pupillary escape (mean + SEM) over the 30-min light-exposure
window. Each panel contains data from four participants. Separate panels
correspond to the S- (Top Left), M- (Top Right), and L-cone (Bottom Left) and
melanopsin (Bottom Right) modulations. The symbols indicate the signifi-
cance level at which the estimated pupillary escape at each frequency
modulation differs from the constant condition for each photoreceptor
modulation separately (*P < 0.05 and *P < 0.001). The colored shaded areas
indicate the level of pupillary escape for the constant conditions (dashed line
indicates estimated pupillary escape, dotted boundaries indicate +SEM).
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study, the central 10.5° of a circular 30° visual field was blocked.
Based on our simulations (Tables S3 and S4), it is not expected
that the opposite-phase M-cone responses are an artifact of in-
complete silencing of foveal cones. A more parsimonious explanation
is that variations along the red/green scale are most efficiently
encoded at the fovea, with a decline toward the periphery (20).
This decline in red/green sensitivity (+L — M or —L+M mediated)
is steeper than for luminance (mediated by L+M channels). It is
therefore possible that M-cone-modulating stimuli applied to the
periphery predominantly feed into the achromatic luminance path-
way (L+M) instead of the red/green chromatic pathway. Hence, an
M-cone increment delivered at the periphery will induce a larger
response in the (L+M) — S ipRGCs than in the putative +L — M
ipRGCs, resulting in pupil constriction.

It is important to consider that the rods were not silenced in any
of the silent substitution pairs, which may have influenced our re-
sults, as, in mice, it has been shown that rods persist signaling at
higher intensity levels than was previously thought (21). However,
recent reports showed that, in humans, rod-inducible pupil con-
strictions were measurable only at low light levels that are consistent
with the human rod-saturation threshold determined previously
(22). The lowest scotopic intensity used in the present study was
7.75 Ix (Imax spectrum for the L-cone condition), which translates to
2.15 log scotopic trolands (sc td) at a pupil diameter of 3.13 mm (i.e.,
the average pupil diameter recorded over all testing sessions). At
this background illumination level, increments in illuminance are
not perceived via the scotopic system, which has been shown to
saturate at ~1.0-1.5 log sc td under similar conditions (23). Thus, as
rods are expected to be saturated at the light intensities employed
here, it is also expected that rods are incapable of responding to
illuminance modulations under these conditions in humans. Simi-
larly, it is unlikely that rod-specific illuminance modulations have
resulted in repeated relative dark- and light-adaptation, and that the
pupillary escape effects are the result of adaptation processes in
rods. Therefore, with the light intensities used in the present study,
it is unlikely that rod intrusions have contaminated the results
presented here.

Our results provide important insights into the functional
retinal organization that affects brightness coding in nonvisual
light responses. Such advances may prove to be important in
understanding brightness coding in other nonvisual responses
mediated by ipRGCs, such as modulation of alertness, melatonin
suppression, and timing of the sleep/wake cycle.

Materials and Methods

Participants. For this study, 16 healthy young participants (10 female, six male),
aged 22.13 + 2.09 y (average + SD; range, 19-25 y) were recruited. Participants
were screened for color blindness by performing an Ishihara color blindness
test. Failure to complete this test without errors was a direct exclusion criterion.

Pupillometer. Pupil diameter was measured simultaneously from both eyes at a
sampling frequency of 30 Hz by using an Eyetribe eye tracker (The Eye Tribe ApS)
consisting of high-frequency IR LED illumination and a camera allowing for
quantification of pupil diameter (in camera pixels). To convert camera pixels into
pupil diameter in millimeters, a calibration procedure was performed in which
pupil diameter was simultaneously measured with the eye tracker (in pixels) and
a separate pupillometer that expresses pupil diameter in millimeters (PLR-2000
Pupillometer; NeurOptics). At a distance of 40 cm between the eye tracker and
the center between both eyes (i.e., the distance that was also maintained in the
experiment by a chin rest), one pixel corresponded to 0.13 mm.

Light Box. The light source used was an in-house developed light box. LEDs of
five different colors (blue, cyan, green, yellow, and red; Fig. S1) were con-
trolled separately via an Arduino Uno microcontroller. For each light chan-
nel, the intensity was controlled digitally (range, 0-255) via pulse-width
modulation. The LED panel was placed in a nontransparent plastic box with
a flat spectrum diffuser, required to obtain a uniform distribution of color
and intensity over the light-emitting surface of the light box.

Silent Substitution. The method of silent substitution (6) is based on the

principle of univariance, which states that two different light spectra will af-
fect a given photoreceptor cell identically, as long as the number of photons
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absorbed by its opsins is also identical between the two. This principle makes it
possible to extract photoreceptor-specific illuminance values from any light
spectrum by correcting the spectrum for prereceptoral filtering, the known
absorption curves for each opsin, and finally the peak axial optical density of
individual photoreceptors. A recently developed method that accounts for all
of these factors was used to calculate photoreceptor-specific illuminance,
expressed in lux (24). In the present study, whenever illuminance values were
calculated, this method was used. When a light spectrum with a given set of
photoreceptor-specific illuminance values is substituted for a different spec-
trum with the same set of illuminance values, none of the photoreceptors will
be affected differently (i.e., substituting one spectrum for the other is silent for
all photoreceptors). Similarly, it is possible to design a pair of spectra that can
be silently substituted for all but one photoreceptor, granting independent
control over the photoreceptor for which the substitution is nonsilent. The
previously described light box was designed to produce such pairs of silent
substitution spectra. The typical strong linear relationship between LED in-
tensity and each photoreceptor-specific illuminance value allows for prediction
of the photoreceptor-specific illuminance values that the light box will pro-
duce, given a certain configuration of intensity settings. Importantly, the re-
verse is also true: given a desired set of photoreceptor-specific illuminance
values, it is possible to calculate the required intensity level for each LED color
that would produce a spectrum with these illuminance values. With the use of
a mixed-integer linear programming solver (“IpSolveAPI” package in R, version
3.2.3), the light intensity configuration settings required to obtain four pairs of
silent substitution spectra were calculated, whereby each pair was nonsilent for
one of the S-, M-, L-cone or melanopsin photopigments. The solver was run
with the constraint that the Michelson contrast for the nonsilent photoreceptor
was always 23% [Michelson contrast was calculated as (lmax— Imin/(max + min)
where | denotes the photoreceptor-specific illuminance]. Michelson contrast
describes the contrast of a periodic signal relative to its average value, and is a
universally accepted metric of luminance contrast (25). In addition, the amount
of melanopic lux for the three pairs of cone-specific silent substitution spectra
was always set to ~8.5 to control for the substantial melanopsin-mediated
contribution to the sustained pupillary light response (12). The average amount
of melanopic lux over the two melanopsin-specific silent substitution spectra
was also set to this level while maintaining the 23% contrast between minimal
and maximal melanopic illuminance. Finally, the rods were not silenced, as
these were expected to be saturated at intensities employed here (Discussion).
All spectra were validated with a spectroradiometer (SpecBos 1211 LAN UV;
JETI Technische Instrumente). The spectra for each of the silent substitution
pairs are presented in Fig. 1A. An overview of the measured photometric
properties of the silent substitution spectra is provided in Table S3.

Experimental Protocol. The study took place in the human research facility of
the Groningen Institute for Evolutionary Life Sciences at the University of
Groningen, The Netherlands. The time of measurement was at daytime,
limited to five time slots: 0900-1000 h, 1030-1130 h, 1200-1300 h, 1330-
1430 h, and 1500-1600 h, where only one time slot was allowed per partici-
pant to minimize time of day effects. Participants (10 female, six male) were
seated in isolated rooms in which light, sound, and temperature conditions
were regulated. Participants were asked to perform six testing sessions (one
session per condition; Study Design) with a minimum of 2 d in between two
testing sessions. At the start of each session, participants were seated in front
of a desk, facing the light-emitting surface of the light box and the eye
tracker. Movement artifacts were minimized with the use of a chin rest. The
height of the chin rest was adjusted to achieve horizontal alignment between
the center of the eyes and the center of the light box. The distance between
the eyes and the light box was 40 cm for all individuals. At this distance, the
angular size of the light-emitting surface (17.5 x 8.5 cm) was 24.68° hori-
zontally and 12.13° vertically. Participants were asked to remain seated as still
as possible for the rest of the testing session while fixating on the center of
the light box, which was marked with a 5 x 5-mm cross-hair. When the par-
ticipant was ready, the eye tracker was set to record the pupil diameter, and
the experimental protocol started with a 20-min dark adaptation period.
After 20 min, the 30-min light schedule (corresponding to the condition the
participant was assigned to for each particular testing session) started. After
the light schedule was finished, the pupil recording was stopped, and the
data, consisting of one file containing timing of intensity configurations sent
to the light box and one file containing pupil diameter measurements at a
frequency of 30 Hz, were collected.

Study Design. The study followed a between/within subject design with nonsilent
photoreceptor as between-subject and frequency modulation as within-subject
factors. The 16 participants were divided in groups of four in which a different
photoreceptor was targeted for each group. In five of the six testing sessions,
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individuals were exposed to a pair of silent substitution spectra that alternated in a
square-wave fashion at a frequency of 0.25, 0.5, 1, 2, or 4 Hz. In the remaining
session, individuals were exposed to light of constant intensity and spectral
composition. In the constant light condition, the illuminance for the silenced
photoreceptors was identical to the illuminance levels in both silent substitution
spectra, whereas the illuminance for the nonsilent photoreceptor was now fixed at
the average illuminance level of /ax and /. Within each group of four par-
ticipants, the order of conditions was constant, 0.25, 0.5, 1, 2, and 4 Hz for two
individuals, and, for the other two individuals, the order was reversed. Fig. 1B
provides an example for the 0.25-Hz condition for all photoreceptor conditions.

Artifact Removal. All data preprocessing was performed in R (version 3.2.3;
Rstudio version 1.0.136). For the pupil diameter data, samples containing un-
reliable data were excluded from the dataset (for each individual testing session
separately). These unreliable samples were primarily recognized by an absolute
difference of >5 pixels between the pupil diameters of both eyes. This threshold
was chosen because 95% of the data contained samples in which the absolute
difference in pupil size was <5 pixels, and, in case of a steady signal, the pupil
diameters of both eyes were visually consistently observed to be <5 pixels apart
for all individuals. Samples in which at least one of the two pupil diameter
values was missing were also considered unreliable samples and were removed
accordingly. These instances occurred when the pupil was partially covered by
the eyelid, during eye blinks, and during movement. Next, additional artifacts
that were not recognized by the procedures already described were identified
and removed via a local polynomial regression fitting procedure [“loess” func-
tion in R (26)]. With this procedure, a smoothed trend line was fitted through
the data points, after which the residuals were extracted. Residuals >1.5 inter-
quartile range above or below the upper and lower quartiles of the residual
distribution, respectively, were identified as outliers and removed from the
dataset. For each sample, pupil diameter was calculated as the average pupil
diameter of both eyes. Next, the pupil data were synchronized with the light-
stimulus event log files. For one individual (S-cone modulation, 1-Hz condition),
no usable data remained after artifact removal. This subset of the data were
therefore removed from further analysis procedures.

ERPRs. To construct ERPRs, the timing of each sample was first expressed relative
to the latest onset of I, for each sample. The average pupil diameter was then
calculated for each of these relative time points, revealing the typical (i.e.,
average) pupil diameter trace for an /nin — Imax Cycle. Relative pupillary am-
plitude was then calculated by subtracting the average of each individual trace
from each constituent (i.e., averaged) data point, which yielded an ERPR with a
mean of 0 for each individual separately. The amplitude of constriction in re-
sponse 0 /min and /max Was calculated for each individual separately. To do this,
a loess trend line was fitted through the individual ERPRs (Fig. 2). From the
smoothed trend line, maxima and minima were determined for /i, and /max.
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Constriction amplitudes were then calculated as the absolute difference be-
tween the maximum and the minimum pupil size for /yin and Imax separately.

Pupillary Escape. For the analysis of pupillary escape, the data from each in-
dividual testing session were smoothed by averaging pupil diameter over bins of
305s. Only the data obtained during the light intervention period were included.

Statistical Procedures. All statistics were analyzed in R (version 3.2.3; Rstudio
version 1.0.136). A critical significance level (&) of 0.05 was maintained for all
analyses. For the ERPR results, only the slowest frequency employed (0.25 Hz)
was statistically analyzed because, in the other conditions, we observed in-
trusion of pupil responses (which are relatively slow) to /.« into the /i, win-
dow and vice versa. For the other conditions, the ERPR traces are provided in
Fig. 4 as a reference. For the analysis of constriction amplitudes, four (one for
each nonsilent photoreceptor) simple regression models (base function “Im" in
R) were constructed. In these models, the independent variable was illuminance
level (min Vs. Imax) and the dependent variable was pupil constriction amplitude.
For these regression models, two-tailed P values were calculated. Pupillary es-
cape was estimated for each combination of photoreceptor/frequency modu-
lation separately via a mixed linear regression approach by using the “Ime4”
package in R (27). Models were created for each nonsilent photoreceptor
separately with time, frequency modulation, and the interaction term as fixed
effects. To account for individual random variation in pupil diameter and pu-
pillary escape, a random intercept and random slope was included in the model
at the level of participant ID. For each model, the interaction contrasts were
subjected to a multiple comparison procedure (“multcomp” package in R). This
procedure effectively tests whether the change in pupil diameter over time for
each of the flickering conditions is significantly different from the change over
time in the constant light condition.

Data Availability. Original data, analyses, and R codes can be accessed by
contacting the corresponding author. The complete dataset (original and
analyzed) and R codes are also available at the data repository at the Uni-
versity of Groningen.
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