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A subpopulation of human retinal ganglion cells contains the melanopsin photopig-
ment, allowing them to act as a fifth photoreceptor class. These ganglion cells pro-
ject to the visual cortex, but to reveal its intrinsic contribution to conscious vision is
technically challenging as it requires melanopsin to be separated from the responses
originating in the rods and three cone classes. Using a display engineered to isolate the
melanopic visual response, we show that it detects lowpass spatial (<0.35 cycles per
degree) and temporal image content (<1 Hz) but cannot reconstruct the stimulus form
necessary for object recognition. We demonstrate that a model of the spatially diffuse
intrinsically-photosensitive retinal ganglion cells’ sampling structure is predictive of
the measured image reconstruction limits of melanopic spatial vision. Separately, we
find that under five-photoreceptor silent substitution conditions, rod pathways alone
can support form vision in bright lighting when typically thought to be in saturation.
Form vision that is absent from melanopsin can be only perceived in mixtures of both
melanopsin and rod signals because it is the rod pathway that sees the form. Our findings
show that melanopsin’s unique tuning to the diffuse and slow-changing elements in the
world provides a stabilized reference point for vision.
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Light-dependent nonvisual functions including circadian photoentrainment, the pupillary
reflex, and mood are dependent on intrinsically-photosensitive retinal ganglion cells
(ipRGCs) expressing the melanopsin photopigment (1-3). Human vision is best under-
stood in terms of the rod and three cone photoreceptors, with less known about our most
evolutionarily ancient photopigment, melanopsin. This photoreceptor’s morphology is
unique because its photopigment exists within a subclass of retinal ganglion cells (4) and
its independent light response extends human vision to a five-photoreceptor model. Present
within the ganglion cell’s soma and dendrites, melanopsin creates the largest receptive
fields in the eye. Contrary to rods and cones, it has a persistent photoresponse to light
stimulation (5) and is even capable of tracking day length changes in illumination (6).
With its unique traits, melanopic vision can perform functions for which the canonical
photoreceptors do not have the tools (7).

Multiple lines of evidence indicate that the melanopsin pathway produces conscious
vision (8-10). The initial studies which measured the melanopic visual response were
restricted to uniform stimuli with some inherent low spatial frequency, and showed that
melanopsin is responsible for signaling brightness (11-14), and has an influence on color
perception (9, 10, 15-18). A prior study suggests that spatial patterns may be perceived
with melanopic vision (19), but what aspects of image reconstruction are possible have
not been reconciled with the anatomy and physiology of melanopsin cells. The lack of
knowledge of how melanopsin cells are incorporated into the model of human vision
stems from the technical challenge of disentangling its relatively insensitive response from
rods and cones. Here, we use our purpose-built display to isolate the intrinsic spatiotem-
poral characteristics of melanopsin vision. We find that the eye can see spatially structured
images with melanopsin, but that melanopic vision cannot resolve the content.

Results

To isolate the visual response of melanopsin, we have developed a display with pixel-level
control of five, narrow-band primary lights (Fig. 1A, solid curves; SI Appendix, Fig. S1)
for the purpose of independently modulating the quantal catch of the five photoreceptor
classes (melanopsin (i), thodopsin (R), long (L), middle (M), and short (S) wavelength
sensitive cone opsins) at each individual pixel position. This system affords linear control
over 768 light levels for each primary (Fig. 1B) for measuring threshold level vision and
to limit quantization errors in smooth-changing spatiotemporal gratings that would inad-
vertently lead to artifacts detectable by the eye. The contrast range of the display (19.12%)
has the advantage of approaching the limit of maximum possible melanopsin-isolated
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Significance

One subclass of retinal ganglion
cells contains a melanopsin
photopigment that confers light
sensitivity independent of the
rod and cone photoreceptors. We
show that melanopsin
photoreceptors alone are
sufficient to produce a visual
percept in response to both
spatial and temporal patterns. It
cannot however reconstruct
image form. This evidence
suggests that melanopsin is an
intrinsic part of how the human
eye sees across large areas of
visual space and over long
durations.
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Fig. 1. Isolating melanopsin in humans. (A) Spectrum of five primary lights chosen to optimize the achievable melanopsin contrast at equal energy white (solid
lines) and CIE 10° Standard Observer spectral sensitivity functions (20) (shaded areas). (B) Radiometric output measurements confirm the linear input-output
behavior of the five primaries. The mean error between desired input and measured output is 0.074%, roughly half the step size of the 767 input levels. (C)
Percentage change in primary powers in a maximum contrast melanopsin-isolated stimulus that is invisible to the cone and rod photoreceptors. (D) Change
in a-opic radiance in melanopsin-isolated stimuli is linear and produces imperceptible changes in the silent rod and cone photoreceptor classes. (£) Predicted
spatiotemporal range of melanopsin-isolation. Dendritic field diameter of human ipRGCs sets a spatial resolution limit of =0.4 cycles per degree (cpd) (vertical
dashed line, see Materials and Methods). Where the maximum penumbral cone luminance contrast is below the cone visual threshold (21) is the spatiotemporal
region where isolated melanopsin visual responses can be measured (green area). (F) Pupillometric confirmation (p + 95% Cl) of melanopsin isolation (green traces)
shows a slow and sustained constriction when compared with LMS-cone-isolated pupil responses (gray traces). (G) Schematic grating stimulus for measuring
spatiotemporal contrast sensitivity. Each grayscale value in the image represents a pixel with a targeted photoreceptor/s excitation achieved by a mixture of
the five primary lights and which change overtime as per the standing wave grating shown the adjacent panel. (H) Representative temporal changes in the five

primary powers during a 3-interval, forced-choice procedure.

contrast in the human eye when measured on an adapting back-
ground which is metameric to an equal energy white spectrum
(775 photopic Troland for the Commission Internationale de
I'Eclairage (CIE) 10° Standard Observer with a 2 mm artificial
pupil; 1,295 scotopic Troland). The system’s precision in generat-
ing melanopsin-isolated stimuli (Fig. 1C) is validated by spectro-
radiometrically measuring the primary outputs as a function of
melanopsin contrast across its entire range. No device errors are
above threshold when measured at 0.2 cpd, 0.25 HzFig. 3; the
maximum open-field rod and cone Michelson contrast errors are
S M, L, R=1[1.23%, 0.28%, 0.14%, 0.6%] (Fig. 1D).

To independently control the spatiotemporal response of all
five photoreceptors, we began by estimating the total light seen
by a photoreceptor class by correlating its spectrum with the spec-
tral sensitivity of the CIE 10° Standard Observer (20) (Fig. 14,
transparent curves). Because each individual participant can differ
from the Standard Observer due to a combination of lens aging,
macular pigment optical density, opsin polymorphisms, and opti-
cal density, the resulting differences in photoreceptor excitations
are typically larger than the device errors. We therefore customize
our photoreceptor-isolated stimuli to account for these individual
differences using a physiological model combined with a mini-
mum motion technique (MMT) (Materials and Methods). In
addition to calibrating our photoreceptor-isolated stimuli for each
participant, we also calculate how the retinal vasculature spectrally
filters incoming light and presents a different spectrum to the
photoreceptors under the penumbral shadow of the retinal capil-
laries; these penumbral cones can detect luminance contrasts in
nominally cone-silent stimuli (22) (Fig. 1£, maximum penumbral
cone luminance contrast at 19.12% melanopsin-isolated contrast
= 3.3%). Producing photoreceptor-isolated stimuli is a complex
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task that requires a number of factors to be addressed. We detail
how we control for these factors in ST Appendix, S1.

In the main experiments, the photoreceptor-directed stimuli
were centered at 9° in the temporal retina (Fig. 1G) where human
ipRGCs have the highest density and smallest dendritic field diam-
eter (23, 24) (=1.25° of visual angle) and where we expect melan-
opic vision to have the highest spatial resolution. Importantly, the
melanopsin-isolated stimuli produced no perceptible change in
the excitations of rhodopsin and the three cone opsins.

As a key external validation of both the precision of the indi-
vidual observer corrections and an absence of cone intrusions,
we measured the pupillary response to a melanopsin-directed
stimulus (Fig. 1F). This pupillary light response shows the sig-
nature slow pupil constriction (peak constriction amplitude:
3.0%, time to peak: 1.05 s, constriction velocity: 2.8% - s_l) and
sustained post-illumination pupil response (PIPR at 1s: 1.1%),
whereas the LMS-cone isolated pupillary light response has a
rapid constriction (peak constriction amplitude: 5.4%, time to
peak: 0.5 s, constriction velocity: 10.8% - s™') and redilation
prior to stimulus offset (PIPR at 1 s: 0.6%) (25). The absence
of a fast pupillary constriction at stimulus onset adds to the
weight of evidence that the melanopsin-isolated stimuli do not
have cone intrusions—though it is possible for the visual thresh-
old of intruding cone signals to be below the respective pupillary
response threshold.

Melanopsin Can Detect Low Spatiotemporal Frequencies at
High Contrast. To determine whether the eye can see spatial
variations with melanopsin, we asked whether observers (Materials
and Methods) could detect which interval (of three) contained a
melanopsin-isolated, spatiotemporal grating (Fig. 1 G and H).
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Using this detection paradigm, we titrated the threshold contrast
using a double-alternating staircase procedure for each spatial and
temporal frequency pair. For each observer, we measured four
repeats of each staircase to find the average threshold contrast,
with more than 100 gratings at different contrasts shown to each
observer for each spatiotemporal frequency (Fig. 24, p + 95%
CI). From the average threshold detection contrasts within the
melanopsin-isolated region, we created a model of the melanopic
spatial detection response at each temporal frequency. The model
we used was a Gaussian function commonly used to describe the
spatial sensitivity of receptive field structures (26) (solid lines,
Fig. 24 and Dataset S1).

'This model showed that detection with melanopic vision has a
prominent combined low pass sensitivity to both spatial (0.2 to
0.25 cpd) and temporal (<1 Hz) frequencies (Fig. 2B). A two-way
ANOVA of a linear mixed-effect model showed that contrast
detection  thresholds  differed significantly with  spatial
(F14 =20.72, P=11x107") and temporal frequencies
(F1 141 =333, P=5X 1078). Peak contrast sensitivity of this
melanopic response (7%, 10%, 13%, and 14.5% Michelson con-
trast for the observers; Fig. 2C) occurs at the lowest spatiotemporal
frequencies measured (0.08 cpd; 0.1 Hz or 0.25 Hz) and from
the extrapolated model can see up to a maximum spatial frequency
of 0.35 cpd.

To investigate whether the observed melanopic spatial response
was consistent with ipRGC anatomy, we used the receptive field
structure of ipRGC:s (i.e., soma positions and template cell shapes
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labeled in human donor retinae) (23, 24) to reconstruct the grat-
ings at different spatial frequencies (Code S2). This simulation
(81 Appendix, Fig. S3 and Movie S1) shows the ipRGC anatomy
provides a fundamental limit to melanopic spatial vision (i.e., cell
spacing, nonuniform cell distribution, diffuse sampling across
cells, and overlapping dendritic fields between adjacent cells). A
modulation transfer function was created from the reconstructed
gratings (S/ Appendix, Fig. S2) which showed that at spatial fre-
quencies above 0.6 cpd, a 19.12% contrast melanopsin grating
would be reconstructed by ipRGCs as less than 8.8% contrast—
which is the average detection threshold of melanopsin where it
is most sensitive. This places an anatomical upper limit on mel-
anopic spatial vision.

Visual Percepts Arising from Melanopsin. For each spatiotemporal
frequency, we asked the observers to describe the visual percept.
Observers reported that melanopic gratings were perceived as
spatially chaotic visual patterns, as opposed to the sinusoidal
gratings presented (Fig. 1G). These spatially chaotic patterns are
present in our simulated reconstruction using ipRGC distribution
maps from donor eyes (S/ Appendix, Fig. S3). Fixation loss during
stimulus presentation led to the disappearance of the grating
percept even at suprathreshold melanopsin contrasts. Following
refixation, it took time to recover the grating percept, consistent
with the slow and sustained spiking pattern of melanopsin cells.
If this were a cone-mediated process, the eye movements would
convert the spatial structure into temporal contrast and improve

C
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Fig. 2. Melanopsin-isolated spatiotemporal contrast thresholds. (A) Melanopic spatial detection functions (u £ 95% Cl, n = 3 observers; O1, 02, O4) with best-
fitting difference of Gaussian’s model. (B) Three-dimensional melanopic spatiotemporal threshold surface with a modified Akima cubic Hermite interpolation.
(C) Individual melanopic spatiotemporal threshold detection surfaces (n = 4). (D) Melanopic spatial identification functions (p + 95% Cl, n = 4 observers) are flat,
and at the instrument gamut limit. () Three-dimensional melanopic identification surface interpolated as per panel B. (F) Individual melanopic identification
threshold surfaces, where the spatiotemporal low pass structure is not present for any observer.
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detection, contradictory to what was observed (27). Melanopsin-
isolated lights were also described as fluorescent, which can be
associated with the brightness signaling of the melanopsin
pathway (12, 13), and with a shared hue described as ranging
from a sand-like faint yellow (O1 and O4)/orange (O2) with
increased melanopsin to a faint cyan (similar to a clear sky) with
the decreased melanopsin activation within the grating. At the
spatiotemporal frequencies that we predicted cones within the
penumbral shadow of the retinal vasculature could perceive
luminance contrast from the spectral filtering of the primary lights
(>0.25 cpd, >1 Hz) (Fig. 1H, SI Appendix, Fig. S4, and Code S1),
all observers reported a shift to an achromatic grating appearance
denoting the transition from melanopsin driving the percept to a
combination of melanopsin and intruding cones.

Melanopsin Has No Form Vision. Having established that melanopic
vision can detect low spatiotemporal frequency patterns (Fig. 2B),
we asked whether this spatial response contributes to the conscious
perception of a grating’s form? To test this, we presented the same
grating stimuli, but instead, we now asked observers to identify
the orientation of the melanopsin-isolated, spatiotemporal grating
(ewo alternative forced choice: horizontal or vertical). The mean
orientation identification threshold within the melanopsin-isolated
egion for each stimulus pair shows a flat response near the instrument’s
maximum contrast (Fig. 2 D and £ and Dataset S1), without the low
pass structure which was present with the detection task (Fig. 24). A
two-way ANOVA showed no significant effect of spatial or temporal
frequency on threshold contrast in the melanopsin-isolated region.
No observer could reliably discriminate the grating orientation
across any of the melanopsin-isolated, spatiotemporal frequencies
measured (Fig. 2F).

Our system presented melanopsin Michelson contrasts up to
19.12% near the limit of human melanopic vision under silent
substitution. We could not reject the null hypothesis that observers
could not identify the melanopsin grating orientation at any mel-
anopsin contrast (one-tailed, two-sample 7 test, t(122) = -0.882,
P =0.19) and found the standard error of the mean (SEM) iden-
tification threshold contrast in the melanopsin-isolated region
(p =17.18%, SEM = 0.42%) spanned the expected mean of the
staircase procedure if participant responses were random (i, =
17.41%). We conclude from the statistical analysis that there is
no evidence that form vision arises from melanopsin.

We also measured the observer’s identification contrast sensitivity
at spatiotemporal frequencies outside the melanopsin-isolated
region and where vision includes penumbral and other accumulated
cone intrusions (S] Appendix, Fig. S4). These measurements show
that the detection and identification contrast thresholds converge
at higher spatial (0.5 cpd) and temporal (2 Hz) frequencies showing
that intruding cone vision can reconstruct image form, unlike mel-
anopsin. Notably, there is a steeper drop in sensitivity in the iden-
tification task compared with the detection task when transitioning
from the penumbral cone region to the melanopsin-isolated region
(Fig. 1E and ST Appendix, Fig. S4 A and B), suggesting that melan-

opsin stimulation can aid cone vision in the detection task.

Rhodopsin and Melanopsin Signals Are Mutually Inhibitory
During Silent Substitution. Our instrumentation was designed
to control rods because a growing body of evidence indicates that
they are operational in photopic light levels commonly used in
this type of work, and especially so under conditions of silent
substitution where all cone signals are silenced (28, 29). To
investigate whether rods can mediate a detectable visual percept
at the photopic level of our study (equivalent to 1,295 scotopic
Td), we measured the rod-isolated threshold at a spatiotemporal

https://doi.org/10.1073/pnas.2411151121

frequency near the peak melanopsin detection sensitivity (0.2 cpd,
0.25 Hz). The classic study of rod thresholds over intensity found
that the rod threshold at our light level was in the range of 105
to 420% Weber contrast (approximately 34 to 67% Michelson
contrast) (30). We found that photopic rod vision under silent
substitution has a contrast threshold in the range of 6 to 8%
Michelson contrast. This rod threshold is near the S-cone isolated
threshold and is more sensitive than for melanopsin (Fig. 34).

To determine how photopic rod signaling influences melanopic
vision in four-photoreceptor silent substitution paradigms (i.e.,
cones silent, melanopsin and rhodopsin modulated in phase), we
presented stimuli that simultaneously contained both melanopsin
and rhodopsin contrast in different ratios. If rod and melanopsin
signals do not interact, the supplemental rod contrast will not
affect the melanopsin threshold. When a simultaneous, subthresh-
old rod contrast was presented we found no clear change in the
melanopsin threshold contrast, whereas suprathreshold rod con-
trasts inhibited melanopsin contrast sensitivity with 1% supple-
mental, suprathreshold rod contrast correspondingly increased
melanopsin threshold contrast by 2% (Fig. 3B).

Melanopic Vision Exists Where Cones Are Least Sensitive. To
contextualize visual detection with melanopsin, we compared its
detection threshold with traditional cone mechanisms near the
peak melanopsin detection sensitivity. This comparison (Fig. 3A4)
shows that isolated melanopic vision is the least sensitive visual
mechanism, requiring ~13% melanopsin contrast to detect
the presence of a 0.2 cpd, 0.25 Hz spatiotemporal grating. As
expected at the low spatiotemporal frequency measured, human
eyes have higher sensitivity to L-M cone opponent isolated stimuli
(Fig. 3A) than to cone luminance isolated stimuli (31, 32). We also
sought to explore where melanopic vision is localized within the
spatiotemporal plane of cone vision, by repeating our detection
paradigm for LMS-cone isolated stimuli. This achromatic
cone detection surface follows the same structure and peak
spatiotemporal frequency response as represented by Kelly (21).
We find that the melanopic detection thresholds localize to the
lowest frequencies in a range where the achromatic cone detection
threshold surface is least sensitive (Fig. 3C).

Discussion

'This work provides the foundation for understanding the functional
role of melanopsin in conscious visual perception, separate from
responses originating in the rod and cone pathways. We isolated the
melanopic spatiotemporal response of the human eye using a display
technology developed explicitly to control the excitations of all five
photoreceptors in the human eye at a single pixel level. With the
ability to send an isolated melanopsin stimulus, we show that mel-
anopic vision can detect light containing spatiotemporal contrast
information, but paradoxically, melanopsin does not create form
vision sufficient to identify the image structure. We also find that
rods can support form vision in photopic lighting in conditions of
cone silent substitution, and when combined with melanopsin, the
rod stimulation reestablishes the lost image structure, but at the
expense of reduced visual sensitivity. This effect on spatial vision
extends prior reports that rods can perceive uniform, flickering stim-
uli at photopic light levels and inhibit melanopsin sensitivity to these
flickering stimuli when presented temporally in-phase (28).
Melanopsin’s inability to reconstruct an image may stem from
the anatomical structure of human ipRGCs. Because lossless
image reconstruction requires at least two samples per spatial
frequency (i.e., the Nyquist frequency), ipRGC spacing will con-
strain lossless visual reconstruction to spatial frequencies below

pnas.org
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Fig. 3. Comparison of melanopsin visual sensitivity with rod and cone photoreceptors. (A) Detection thresholds of low spatiotemporal frequency photoreceptor-
isolated gratings near the peak sensitivity of melanopsin (0.2 cpd, 0.25 Hz; p + 95% Cl). (B) Detection thresholds of melanopsin-directed gratings with supplemental
rod contrast (black: rod-isolated; green: melanopsin + subthreshold rod; magenta: melanopsin + suprathreshold rod). (C) Detection threshold surface of
melanopsin-isolated vision (yellow to cyan) compared with LMS-cone isolated vision (gray). In each surface, the intersections of the horizontal (Hz) and vertical

line traces (cpd) specify the locations of the measured spatiotemporal data.

0.6 cpd, on average (Materials and Methods and SI Appendix,
Figs. S2 and S3). We show that humans can detect melanopsin-
isolated, spatial frequencies below 0.35 cpd (Fig. 2B) with a spa-
tial percept matching the broadband spatial noise described in
aliased cone signals (33). Notably, our psychophysical data cor-
respond with physiological measurements of the spatial profile
and cutoff frequency (0.4 to 0.5 cpd) of ipRGCs extrinsic
response in nonhuman primates (4). The melanopic spatial res-
olution limit is therefore 170x lower than foveal cone vision (34)
(up to 60 cpd), suggesting that if it has a role in vision, it would
be to represent large-scale content within the visual field. Our
observations could potentially be explained by one subtype medi-
ating melanopic vision, perhaps the inner-stratifying ipRGCs
(visualization in S Appendix, Fig. S3). Alternatively, if the entire
population of ipRGCs contributes to what the eye can see with
melanopsin, the lower visual resolution is likely driven by the
overlapping dendritic fields (24) which diffusely sample and inte-
grate spatial information over larger retinal areas than predicted
by the Nyquist limit. From the average dendritic field size in the
retinal position tested (375 pm mean diameter), we can infer that
only spatial frequencies <0.39 cpd would be signaled by adjacent,
nonoverlapping ipRGCs which are required to not artificially
reduce the signaled contrast through cells signaling mutual spatial
information (87 Appendix, Figs. S2 and S3 and Movie S1).
Accompanying the melanopic spatial detection is a shared flu-
orescent and hue percept. If melanopsin has a role in color vision,
it would be best placed to track changes of the spectral power
distribution of sunlight across the day. The reported hue percept
may be used in this sense to “yellow-shift” our color perception
at cooler color temperatures (e.g., a bluish-appearing daylight
spectrum) while “blue-shifting” warmer color temperatures (e.g.,
an orangish-appearing sunset spectrum). This observed percept
agrees with the extrinsic S-cone OFF and L+M cone ON inputs
to ipRGCs in nonhuman primates (4, 35) and psychophysical
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measurements under five photoreceptor silent substitution that
describes the hue as yellow at higher melanopsin levels (15, 18,
36), with our finding describing the faint cyan hue associated with
a melanopsin decrement.

One observer had a divergent hue and brightness percept;
except for a faint bluish percept at the lowest temporal frequency
of 0.1 Hz, it was described as achromatic with no fluorescence at
the other measured spatiotemporal frequencies. The lack of shared
melanopsin percepts in this observer explains their lower contrast
sensitivity to all spatiotemporal frequencies without exhibiting
the prominent low pass characteristic (Fig. 2C, O3). This observ-
er’s insensitivity to melanopsin-isolated lights might be explained
by anatomical differences in ipRGC retinal density as evident in
human donor eyes (Materials and Methods and SI Appendix, Fig
S$2), but importantly, an absence of intruding visual signals high-
lights the ability of the display system to produce cone- and
rod-silent spatiotemporal stimuli within our melanopsin-isolated,
spatiotemporal region. As a result of this participants lack of
shared melanopic percepts, their detection data were excluded
from averaged melanopsin detection data (Fig. 24).

The traditional view of rod saturation is drawn from Aguilar
and Stiles (30) who measured rod increment threshold across a
broad range of light levels. They found that at lower illuminations
(0.01 to 100 scotopic Td), rods had a constant threshold in the
range 13 to 34% Weber contrast (approximately 6 to 14%
Michelson contrast). Beyond 100 scotopic Trolands, the sharp
increase in rod threshold was inferred as its approach to saturation.
Interestingly, our measurements found that at 1,295 scotopic Td
the rods could see a 6 to 8% threshold Michelson contrast. This
measured photopic rod threshold matches the expected sensitivity
of the rod pathway in scotopic/mesopic conditions, suggesting
that rods have a way of seeing photopic stimuli if that stimulus
does not contain any cone modulations within it (albeit with some
constant cone content in the adapting background).
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There is a precedent for expecting rod-initiated vision at higher
photopic illuminations (up to at least 2,000 ph Td) from studies
using uniform fields devoid of spatial structure (28, 29). Higher
illuminations are known to promote faster rod kinetics in the
macaque retina (37) and rod bipolar cells remain responsive during
electroretinographic recordings in humans (38). These photopic
rod-initiated signals can impact both melanopsin- and cone-mediated
temporal visual processing (28). Although we have measured rod
vision in photopic lighting, this does not necessarily preclude rod
saturation occurring at light levels higher than used in this study.

Only two approaches exist to target melanopsin-mediated spa-
tial vision in trichromatic humans, being silent substitution using
a four- or five-photoreceptor model. These approaches differ only
in whether they consider rhodopsin excitation as a potential con-
founding artifact in the melanopsin-directed stimulus during
silent substitution. For the four-photoreceptor model, this requires
an assumption that rods are saturated at photopic light levels,
which has only been demonstrated in nonsilent substitution con-
ditions [i.e., rod signals are unmeasurable in the presence of con-
comitant cone signals (30)]. To investigate the difference between
four- and five-photoreceptor models of silent substitution, we
tested what supplemental rod contrast does to melanopsin contrast
sensitivity (Fig. 3B). We found supplemental, suprathreshold rod
contrast in a melanopsin-directed light inhibits its visual sensitiv-
ity. Because melanopsin and rhodopsin spectral sensitivities are
highly correlated, most four photoreceptor models have significant
suprathreshold rod contrasts at melanopsin contrasts above thresh-
old. This may explain how data measured with a four-photoreceptor
model find form vision, whereas we find no evidence of form
vision with melanopsin.

Only one other study has evaluated form vision with melanop-
sin. Using a four-photoreceptor framework, Allen and colleagues
(19) measured a spatial visual response to a combined melanopsin
and rod stimulus (19% melanopsin contrast with 14% rod con-
trast for the CIE 10° Standard Observer). They conclude from
their measurements that melanopsin can see and identify grating
orientations up to a spatial frequency of 1.5 cpd. In the retinal
region measured in their study, the ipRGC density of 13 cells-mm™
corresponds to a Nyquist frequency of 0.49 cpd; the inner-stratifying
ipRGCs have a lower cell density and Nyquist frequency (=8
cells-mm™, 0.38 cpd; Materials and Methods). Given the anatom-
ical constraints that ipRGC:s place on spatial resolution, it is prob-
able that the measurements in ref. 19 originate from a photoreceptor
class which more densely tiles the retina (i.e., the unconstrained
rods or cone intrusion). Alternatively, their larger field (15° diam-
eter) might represent stimulus form by recruiting more ipRGCs
(=194 vs. 64 cells in this study), enabling participants to infer a
likely orientation from the chaotic spatial pattern perceived.
However, this mechanism would still not enable melanopic vision
to identify a grating’s orientation at spatial frequencies beyond its
anatomical limits (3>0.38 cpd) or the spatial detection limits
measured here (>0.4 cpd).

Conclusion

Melanopsin can see low spatial and temporal frequencies as a cha-
otic spatial pattern with the increment perceived as a fluorescent
yellowish-orangish and the decrement appearing cyanish. The way
it perceives these frequencies is unique in that melanopic vision is
capable of detecting spatial patterns, but this detection does not
translate to an ability to identify the pattern orientation. Our find-
ings have implications for how ipRGCs innervate within the visual
cortex and suggest that they are sparsely represented in areas with
orientation selectivity. The presence of melanopsin-driven spatial
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responses indicates that all five photoreceptor types can contribute
to our visual representation. As the world we see is mostly con-
structed of low spatial and temporal elements, melanopic vision is
uniquely tuned to provide our vision with a stabilized reference.

Materials and Methods

Five-Primary Display. A five-primary, Maxwellian view display (S/ Appendix,
Fig. S1) was custom built to independently control the excitations of the mel-
anopsin, rhodopsin, and three cone opsins (L, M, and S) in the human eye (39).
This five-primary display is created by optically merging five, independently con-
trolled projectors that each project a single, narrowband primary image plane.The
primaries were selected with peak wavelengths (=full-width at half-maximum
bandwidth) of 420 nm (10 nm), 470 nm (10 nm), 540 nm (10 nm), 570 nm
(10 nm), and 650 nm (10 nm) (Fig. 14) to maximize the melanopsin-isolated
contrast (Dataset S2).

All experiments were conducted with reference to an adapting background
metameric to an equal-energy white (EEW) spectrum (CIE x,y,z = [1/3,1/3,1/3])
(Fig. 1 Cand D). Using the method of silent substitution (Fig. 1C), the system can
achieve a maximum isolated melanopsin Michelson contrast of 19.12% with
rods and cones silenced. This approaches the limit of the maximum possible
melanopsin-isolated contrast on a background metameric to an EEW background
in the human eye; which is 20.23% with any set of narrowband (10 nm FWHM)
primaries (39) (note that not all primaries are commercially available). The five
projectors are centrally controlled with a field programmable gate array to ensure
temporal synchrony across projectors. Each primary display has ~9.5 bits of lin-
ear control per pixel (Fig. 1B) in a 60 Hz video frame to enable measurement
of threshold level vision, with a pixel resolution of 360 x 640 pixels and the
projected image subtends a visual angle of 7.1° x 12.6°.

Stimuli are generated on a controlling computer in MATLAB using a combina-
tion of Psychtoolbox (40) and custom developed OpenGL graphics shaders. Device
calibrations are carried out as described in ref. 41, including primary output lin-
earization, spatial alignment of projectors, spatial homogenization of projector
outputs, and temporal alignment of interprimary video frames.

General Stimulus Specification. Melanopsin-directed gratings are measured
at each combination of six spatial frequencies (0.08, 0.167, 0.2, 0.25, 0.35,
and 0.5 cpd) and five temporal frequencies (0.1, 0.25, 0.5, 1, and 2 Hz). Cone
luminance-directed (L+M+S) stimuli are measured at a broader range of spatial
frequencies (0.167,0.2,0.35, 1,2, 4, 8, and 12 cpd) and temporal frequencies
(0.1,0.25,1, 2, 8, and 16 Hz) because cones support a larger range of visual
responses. Red-green chromatic, S-cone, rod, and combined melanopsin- and
rod-stimuli are measured at a single spatiotemporal frequency of 0.25 Hz and
0.25 cpd near the peak sensitivity of melanopsin (but away from their respective
peak sensitivities at higher frequencies) to compare their contrast sensitivity to
melanopsin under the same conditions.

The test stimuli are a standing-wave grating (Fig. 1 £ and F) which oscillates
following the function:

P(x,yt)=Pg+ AP x %sin(antt) - cos(2xf; [xcos(6) +ysin(0)] ),
(1]

where p ; are the primary powers which produce the chosen background adapting
chromaticity (39,41), A is the change in primary powers which silently modulate
the target photoreceptor, m is the contrast and M is the maximum achievable
contrast, £, is the spatial frequency in cycles per degree (cpd), and £, is the temporal
frequency in Hertz (Hz). The lowest measured spatial frequency (0.08 cpd) was a
temporal modulation of the entire 6° field. At the lowest spatial frequencies, the
interaction between the spatial grating and the limits of the field size produces
some residual DC modulation of the melanopsin signal. These residual DC mel-
anopsin modulations remain below melanopsin threshold (0.167 cpd = 1.2%,
0.2 cpd = 0%, and 0.25 cpd = 0.86% melanopsin-isolated, Michelson contrast).

The test gratings are spatially windowed by a circular 6° raised cosine and pre-
sented against a uniform, EEW background with a retinal illuminance of 775Td
forthe CIE 10° Standard Observer (equivalent to 246 cd/m? with a 2mm artificial
pupil) (Fig. 1E). To limit fixation losses, the marker was a bullseye and cross hair
shape (42) (ABC shape). The fixation position located the center of the stimuli at 9°
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inthe temporal retina and outside of the macular pigment where the eccentricity-
dependent exponential decline in its optical density approaches zero (43).

Six photoreceptor-directed stimulus combinations were generated using the
methods described in ref. 41: We first used five-primary, silent substitution to
generate melanopsin-isolated (i) stimuli producing no change in the excitation
of rhodopsin and the three cone opsins (Fig. 1D).To compare the spatiotemporal
response of melanopsin to cone vision, we then measured L-, M-, and S-cone
stimuli modulated ina 2/3:1/3:1in-phase cone ratio to produce cone luminance-
(L+M+S) directed stimuli with no change in the excitation of rhodopsin and
melanopsin (i.e., cone-isolated stimuli). Having identified the peak melanopic
response, we examine the relative sensitivity of red-green color vision using an
L- and M-cone modulated in a 2/3:1/3 ratio in counterphase with no change
in S-cones, rhodopsin, and melanopsin; the blue-yellow dimension of chro-
matic vision with S-cone isolated stimuli (no change in rhodopsin, melanopsin,
or L- and M-cone excitations); and rod-isolated photopic vision (no change in
L-, M-, and S-cone or melanopsin excitations); the latter determines whether
rods can be ignored in light-adapted, silent substitution protocols with four- or
five-photoreceptor models. Finally, to understand the interaction type between
rhodopsin and melanopsin in silent substitution, we measured combined mel-
anopsin- and rod-directed stimuli in variable ratios, modulated in-phase (with
no change in cone excitation) with conditions designed to emulate prior four-
photoreceptor methodologies (i.e., melanopsin lights which contain a concom-
itant rod contrast signal).

Confirmation of the Device’s Melanopsin Isolation. To confirm the precision
of the isolation, spectroradiometric measurements (EPP2000C50 um Slit UV-VIS
Spectrometer, StellarNet, Tampa, FL) of full-field, melanopsin-isolated stimuli
were taken at nine equidistant intervals between the melanopsin-minimum and
-maximum (Fig. 1D). The Standard Observer's photoreceptor excitations were
calculated for each of the stimulus conditions. The device's rod and cone contrast
errors reflect a combined measurement of both the actual photoreceptor excita-
tion errors and the fluctuating background spectral noise in the spectroradiometer
(which is most prominent at short wavelength for the given spectroradiometer),
indicating the actual device errors are likely lower than these measured values.

Penumbral Cone Contrast. Visual sensitivity to cone luminance signals is
bandpass to both spatial and temporal frequencies (21), with decreasing contrast
sensitivity at lower spatiotemporal frequencies. As a result of the spectral filtering
of the primary lights by the retinal vasculature, we estimated the transition spati-
otemporal frequencies (Fig. 1£) wherein the luminance contrast in a melanopsin-
isolated light may become visible to cones in their penumbral shadow (22) due
to their higher contrast sensitivity than melanopsin. The spectral filtering of the
penumbral shadow of the retinal vasculature is estimated as

Upogai(4) = 0.85a340, (A) + 0.15a,(4), [2]

where the absorbance coefficients of oxyhemoglobin ayy0,(4) and deoxyhemo-
globin ay,(A) are estimated by

(D (3]

i

dc - In(10)
o= ———€
m

where e,(xl)cm”/(mol/L) is the molar extinction coefficient for hemoglobin (44),
d=5x 107" cm is the average capillary diameter in the retina (45), c = 150 g/L
is a typical concentration of hemoglobin in blood, and m = 64,500 g/mol is the
molar concentration of hemoglobin (44).

The luminance contrast signal available to penumbral cones in the CIE
Standard Observer (20) at the maximum 19.12% melanopsin contrast was esti-
mated to be 0.8%, and after accounting for individual differences in preretinal fil-
tering was estimated for each observeras; 01:2.9%, 02: 3.1%, 03: 3.3%, and 04:
2.1%. As the luminance contrast scales proportionally with melanopsin contrast,
these values are lower at the measured melanopsin thresholds. By comparing the
individual observer's penumbral cone intrusions to the luminance spatiotemporal
threshold surface (21), we predict that melanopsin measurements are free from
penumbral cone intrusions <1.3 Hzat 0.1 cpd, <0.8 Hz at 0.2 cpd, <0.65 Hz at
0.25 cpd, <0.5 Hzat 0.315 cpd, and <0.1 Hz at 0.5 cpd (Fig. 1E, the black line
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is this model prediction; Code S1). In the rod-isolated stimuli, the luminance
contrastvisible to penumbral cones at the maximum 8.41% rod contrastis <3.9%
for all observers, which means penumbral cone intrusions are subthreshold at
the single 0.25 Hz, 0.2 cpd rod-isolated spatiotemporal frequency measurement.

Psychophysical Procedures. The capacity for the melanopsin pathway to detect
the presence of a spatiotemporal grating was first determined to establish the
contrast detection limits of melanopsin vision. Gratings were randomly presented
inone interval of a 3-interval, forced-choice paradigm. The observer is instructed
to indicate in which interval the stimuli was present via a button press on a hand-
held gamepad. Each interval is presented for 1's (or 1/f, seconds if longer). An
identification task was then performed to determine whether the anatomical
and physiological properties of ipRGCs can support spatiotemporal form vision.
Gratings were presented in one of two orientations (horizontal or vertical) and
the observer was instructed to identify the direction of the presented grating ina
2-alternative, forced-choice paradigm. For both tasks, the temporal frequency was
randomized in a single session measured at one spatial frequency. Participants
were asked to describe the visual percepts associated with the stimuli. The contrast
sensitivity of a spatiotemporal pair is titrated with a double random alternating
staircase procedure (46). Aminimum of four repeats of each staircase procedure
are reported for each spatiotemporal pair. The number of errors at maximum
stimulus contrast was recorded to indicate whether the threshold could not be
seen within the instrument gamut.

Testing sessions were =1 h in duration, beginning with a 15-min preadapta-
tion period to the darkened laboratory. To limit any effect of circadian variation
on melanopsin-mediated function, all observers completed their session at a
similar time each day (47). Psychophysical paradigms began after a minimum
2 min light adaptation to the steady illumination. Psychophysical testing was
conducted monocularly with the right eye and a natural pupil through a 2 mm
artificial pupil. Observer responses were recorded using a handheld gamepad.
Breaks were provided when required to minimize fatigue.

Participants. All experimental protocols were conducted in accordance with a
Queensland University of Technology Human Research Ethics Committee approval
(no. 1700000510) and followed the tenets of the Declaration of Helsinki; writ-
ten informed consent was obtained from all participants. The four experienced
psychophysical observers (all male) who participated in the study (ages: 30 to
47)were healthy and with trichromatic color vision (Ishihara pseudoisochromatic
plates and Lanthony Desaturated D-15Test). Ophthalmic screening determined
thatall participants have a visual acuity of 0.0 log-MAR (6/6) or better, age-normal
spatial contrast sensitivity [Combined Spatial Contrast and Visual Acuity chart
(48)], no ocular diseases as confirmed with ophthalmoscopy, fundus photography
(Canon Non-Mydriatic Retinal Camera, CR-DGi, Canon Inc., Tokyo, Japan), optical
coherence topography (RS-3000 OCT RetinaScan Advance, Nidek Co., Ltd., Tokyo,
Japan), and intraocular pressure measurement (<21 mmHg)(iCare IC100; Icare
Finland Oy, Vantaa, Finland), and have no systemic disease. In addition to the
ophthalmic screening, the observers were individually calibrated and then com-
pleted a high volume of samples per condition (n = 100) across 1,072 staircase
procedures, for more than 26,800 detection/identification measurements, which
equated to =100 h of active testing.

Individual Observer Calibrations. The study of human vision through mel-
anopsin is conducted with reference to a standardized set of five photoreceptor
action spectra and inert ocular prereceptoral lens and macular pigment filtering
(CIE S026 2018).To avoid errors arising from differences between an individual
and the CIE 10° Standard Observer due to preretinal filtering, each participant
completed individual observer calibrations across the five primaries using the
MMT (49) positioned at the same retinal eccentricity as the experimental meas-
urements. The calibration stimulus was a 1 cpd, 15 Hz square wave grating win-
dowed by a circular 6° Gaussian set againsta homogeneous 120 Td background
adapting field metameric to an EEW spectrum. The point of minimum motion is
the equiluminant condition of each primary relative to a reference (green). This
equiluminant condition differs between observers and with respect to the CIE 10°
Standard Observer spectral sensitivity functions due to an individual's preretinal
filtering and L:M cone ratios.

Using the range of physiologically possible lens ages, macular pigment optical
densities, L- and M-cone polymorphisms, and L:M cone ratios, we simulate the
spectral sensitivity differences between each set of physiological parameters and
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the CIE 10° Standard Observer. With the different sets of plausible spectral sensi-
tivities, we calculate the equiluminant condition in the MMT for each potential set
of physiological parameters. A least squared errors model is then created to match
our measured MMT coefficients with these simulated individual differences. An
individual's L:M cone ratios and opsin polymorphisms affect the spectral sensi-
tivity of the L+M luminance mechanism with no effect on the spectral sensitivity
of S-cones, rods, and melanopsin, while an individual's preretinal filtering (lens
and macular pigment optical density) affects the spectral sensitivity of all photo-
receptor classes. To account for this, we inverse the effect of the modeled L:M cone
ratio on the measured MMT coefficients so that the cone ratios do not affect the
calculated excitation of the remaining photoreceptor classes. We find that these
MMT measurements and least squared model adjustment accurately predict the
lens ages of all participants.

Eye Fixation Tracking and Pupillometric Confirmation of Melanopsin
Isolation. After individual observer calibrations, melanopsin- and cone-directed
pupillometry was conducted to confirm photoreceptor isolation (25). Consensual
pupil responses from the left eye were recorded under infrared illumination 640
x 480 pixels; 60 Hz; Point Gray FMVU-03MTM-CS; Richmond, BC, Canada;
ComputarTEC55 55mm telecentric lens, Computar, Cary, NC, USA)in response to a
1's, photoreceptor-isolated raised-cosine pulse with a 10-s interstimulus interval to
allow pupils to return to their baseline. Matching the main experiments, the stimulus
was a circular 6° field, windowed by a 2D raised-cosine and centered at 9° in the
temporal retina. A minimum 40 trials were recorded. Post hoc filtering was used to
remove pupil recordings with blink artifacts or fixation loss according to standard
procedures (50). Eye movement data were recorded using the same pupil imaging
system. Fixation was tracked by finding the centroid of the ellipse which best fit the
edge of the recorded pupil during stimulus presentation. The fixation data indicate
stable fixation with a standard deviation in pupil position of 0.307 mm.

Anatomical Prediction of ipRGC Spatial Contrast Sensitivity. In the retinal
region measured (6 to 12° temporal eccentricity, 1.75 to 3.50 mm temporal
retina), anatomical studies (23, 24) of human donor eyes determined thatipRGCs
have an average dendritic field diameter of ~375 pm and retinal density of ~18
to 22 ipRGCs-mmZ. As the melanopsin chromophore is present throughout the
soma and across its large dendritic field, a single ipRGC therefore provides a
spatially diffuse image sample. The dendritic fields of adjacent ipRGCs overlap
so that they integrate mutually shared spatial information. Together the spatially
diffuse sample and overlapping dendritic fields act to reduce the spatial contrast
perceived by ipRGCs when the spatial frequencies are not less than those which
allow adjacent dendritic fields to independently signal both the peak and trough
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of the spatial grating; we therefore predict the spatial frequency below which
ipRGCs should have their peak spatial sensitivity:

_ 0.291
2dipRGC

Foeak = 0.39 cpd, [4]

where ..., is the spatial frequency that does not require the adjacent signaling

ipRGCs to have overlapping dendritic fields when centered on the peak and
trough of the spatial stimulus, and d;ze is 0.375 mm, which is the average
diameter of ipRGCs within our stimulus field (24).

The retinal density of ipRGCs will predict the spatial frequencies that alias-
ing noise will interfere with an observer's ability to perceive spatial contrast.
Although for simplicity we assume uniform retinal tiling, it is important to
recognize that ipRGC tiling is nonuniform with localized regions of higher
and lower density even on the scale of adjacent ipRGCs (23, 24). This feature
of ipRGC anatomy predicts localized regions of nonuniform spatial contrast
sensitivity within a stimulus grating at spatial frequencies near the calculated
Nyquist frequency. The implication of the retinal density of ipRGCs for mel-
anopic vision is that contrast sensitivity will be reduced at spatial frequencies
above the ipRGC Nyquist frequency:

-1

2 2 — 0.60 cpd, [5]

fNyquist = m ' \/gTRGC
Ip

where fyq,« is highest frequency that can be reconstructed without aliasing noise

assuming a circularly bandlimited stimulus, both inner- and outer-stratifying
ipRGCs contribute to a melanopicvisual response, all ipRGCs of an ipRGC subtype
innervate the lateral geniculate nucleus, uniform hexagonal ipRGC distribution
and point source sampling (which is not true as discussed above). Djzqc is the
retinal density of ipRGCs in our stimulus field, which is approximately 20 cells
mm~2 (figure 9 from ref. 24), and the scalar value of 1/0.291 converts between
mm on the retina and visual angle in cpd. Code for anatomical predictions is
available in Code S2.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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