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Signals from Single-Opponent Cortical Cells in the Human
cVEP

Valerie Nunez,' James Gordon,> and Robert Shapley'
'Center for Neural Science, New York University, New York, New York 10003, and *Psychology Department, Hunter College, The City University of
New York, New York, New York 10065

We used the chromatic visual evoked potential (cVEP) to study responses in human visual cortex evoked by equiluminant
color stimuli for 6 male and 11 female observers. Large-area, colored squares were used to stimulate Single-Opponent cells
preferentially, and fine color-checkerboard stimuli were used to activate Double-Opponent responses preferentially. Stimuli
were modulated along the following two directions in color space: (1) the cardinal direction, L-M or M-L of DKL
(Derrington, Krauskopf, and Lennie) space; and (2) the line from the white point to the color of the Red LED in the display
screen, which was approximately intermediate between the L-M and -S directions in DKL space in cone-contrast coordinates.
The amplitudes of cVEPs to large squares were smaller than those to checkerboards, and the latency of the cVEP response to
squares was significantly less than the checkerboard latency. The latency of cVEP responses to the squares varied little with
cone-contrast unlike the steep reduction of latency with cone-contrast observed in responses to color checkerboard patterns.
The dynamic differences between cVEPs to squares and checkerboards support the hypothesis that a distinct neuronal mecha-
nism responded to squares: Single-Opponent cells. Response amplitude, latency, and transientness—and their dependence on
cone-contrast—were similar in the responses in the L-M and Red color directions. The similarity supports the hypothesis
that the Single-Opponent signals in the cVEP come from a distinct population of cells that receives subtractive inputs from L
and M cones, either L-M or M-L.
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This article is about characterizing the visual behavior of a distinct population of neurons in the human visual cortex, the
Single-Opponent color cells. Based on single-cell results in the visual cortex of macaque monkeys, we used large uniformly col-
ored stimuli to isolate the responses of Single-Opponent cells in the chromatic visual evoked potential (cVEP) recorded on the
scalp of human observers. VEP signals recorded under conditions believed to reveal Single-Opponent responses are small and
transient. Their time course is relatively unaffected by cone-contrast, and they are relatively insensitive to stimulus modula-
tion of short wavelength-sensitive S cones. Because Single-Opponent cells convey signals that can be used to judge the color of
scene illumination, knowing their visual properties is important for understanding color vision. /

about color to extrastriate cortical areas (Kiper et al, 2001;
Friedman et al., 2003; Johnson and Mullen, 2016).

Most of what we know about neuronal responses to color in
V1 is based on research in macaque monkeys (Livingstone and
Hubel, 1984; Thorell et al., 1984; De Valois and De Valois, 1988;
Lennie et al., 1990; Johnson et al., 2001; Friedman et al., 2003;
Hass and Horwitz, 2013; Garg et al.,, 2019). The results of the
monkey experiments that are important for us here are that

ignificance Statement

Introduction

Human color perception is based on the responses to color by
populations of neurons in the primary visual cortex (V1). Color
signals are sent to the visual cortex first via the retinocortical
pathway to V1 (De Valois, 1960; Derrington et al, 1984;
Chatterjee and Callaway, 2003) and then V1 provides signals
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color-responsive neurons in macaque V1 can be assigned to the
following two distinct groups: color-preferring (Lennie et al.,
1990; Johnson et al., 2001) and color-luminance cell classes
(Johnson et al., 2001; Hass and Horwitz, 2013). Most color-pre-
ferring cells are Single-Opponent cells, and color-luminance cells
are mostly Double-Opponent cells (Johnson et al., 2004). In this
article, we present evidence from recordings of the chromatic
visual evoked potential (c(VEP; Murray et al., 1987; Rabin et al,,
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1994; Girard and Morrone, 1995; Crognale, 2002; Souza et al.,
2008; Nunez et al., 2017, 2018) that human V1 also has Single-
Opponent and Double-Opponent cells and that distinct cVEP
components carry signals from one or the other group of color
neurons.

Single-Opponent and Double-Opponent V1 neurons have
quite different selectivities for spatial patterns of color (Johnson
et al,, 2001; Schluppeck and Engel, 2002). Single-Opponent cells
respond best to red-green equiluminant color patterns with spa-
tial frequency <0.5 cycles per degree (c/deg) and very little to
color patterns >2 c/deg, while Double-Opponent cells are spa-
tially tuned, responding best to red-green equiluminant patterns
at 2 c/deg and very little to spatial frequencies <0.5 c/deg
(Thorell et al., 1984; Lennie et al., 1990; Johnson et al., 2001;
Schluppeck and Engel, 2002). Single-Opponent cells are low-pass
filters, while Double-Opponent cells are bandpass filters, of spa-
tial patterns of color (Thorell et al., 1984; Lennie et al., 1990;
Johnson et al., 2001; Schluppeck and Engel, 2002). The different
spatial properties allow us to stimulate only one class of color-re-
sponsive cells by choosing a pattern that is not visible to the other
class. Thus, using as stimuli large, uniformly colored squares, we
report in this article that it is possible to measure responses of
the human Single-Opponent population in the cVEP and to
characterize its distinctive response dynamics.

The combined action of Single-Opponent and Double-
Opponent cells must be the basis for all aspects of color per-
ception because they are the neurons in V1 that respond to
color. The different spatial selectivities of Single-Opponent
and Double-Opponent cells indicate that each group has a
specific, distinct function in color vision, as suggested previ-
ously (Livingstone and Hubel, 1984; Shapiro et al., 2018;
Shapley et al., 2019). The spatial tuning of Double-Opponent
cells makes them sensitive to steep gradients of color near
the boundaries of colored surfaces. In this way, the Double-
Opponent neurons provide the signals that allow people to
perceive the colors of colored-surfaces (Livingstone and
Hubel, 1984; Friedman et al.,, 2003; Johnson et al., 2008;
Nunez et al.,, 2018). Double-Opponent neurons have also
been proposed as a possible source of the watercolor effect
(Devinck et al., 2014; Cohen-Duwek and Spitzer, 2019; for
review, see Devinck and Knoblauch, 2019). Single-Opponent
cells may be important in judging the color of the illuminant
of a scene and in detecting shallow spatial gradients of illu-
mination color (Johnson et al., 2008; Nunez et al., 2018;
Shapiro et al., 2018). The characteristics of spatial tuning of
Single-Opponent neurons and their weighting of cone inputs
revealed in the Results may have important consequences for
the contextual effects that are so important in color percep-
tion (Krauskopf, 1963; Brainard, 2004), particularly color
constancy (Foster, 2011).

Materials and Methods

Participants. All observers gave informed consent to participate in
this study. The experiments were conducted in accordance with the
principles embodied in the Declaration of Helsinki and were approved
by the Hunter College/City University of New York and the New York
University Institutional Review Boards.

A total of 17 observers participated in the study. Fifteen observers
(six male, nine female; age range, 20-50 years; mean = 32.4, SD = 12.1)
viewed stimuli in the Red color direction. Fourteen of those provided
useable data for checkerboards, but only 8 gave measurable responses to
uniform squares. The main reason for subject dropout (in data from five
participants) was a noisy cable/electrode connection that affected the
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data for those participants. The checkerboard responses were large
enough to be seen clearly through the noise, so we used those data,
but the small responses to the uniform square were masked by it
so we had to exclude those. Once we improved the cable connec-
tion, we added participants to the study, hence the total of 15.
Additionally, data from two participants who viewed the Red
stimuli were excluded because of entrained alpha rhythms. There
are uncontrollable individual differences in the propensity to gen-
erate alpha rhythms in response to visual stimuli.

Eight observers (one male, seven female; age range, 21-51 years;
mean = 27.3 years, SD = 10.8) viewed the L-M stimuli. All eight gave
measurable responses to the uniform square stimulus, but only seven of
those gave measurable data for the checkerboard stimulus. The eight
observers who viewed the L-M stimuli also viewed the stimuli in the
S-cone-isolating direction.

There were six observers who viewed patterns in both L-M and Red
color directions. Of those, all six gave useable data for both L-M and M-
L. In the Red direction, five of six gave useable data for the large-area
Red squares, and a different five of six gave useable data for the Red
checkerboards.

All participants had normal color vision, assessed with the following:
pseudoisochromatic plates; the Farnsworth dichotomous D15 hue test;
Lanthony’s desaturated 15 hue test; and the Farnsworth-Munsell 100-
hue test. The participants also had at least 20/20 (or corrected to 20/20)
visual acuity.

Apparatus. An organic LED (OLED) monitor (model PVM-
A170, Sony) was used to present the stimuli. The monitor had a di-
agonal screen size of 42 cm (effective picture size, 365.8 x 205.7
mm, which at the viewing distance of 114 cm corresponded to
18.3° x 10.3° visual angle), a resolution of 1920 x 1080, and a frame
rate of 60 Hz. The screen was calibrated using a PR670 SpectraScan
Spectroradiometer/Photometer (Photo Research) to calculate gamma
corrections for the individual red, green, and blue LEDs to ensure com-
plete control of intensities on the screen.

Visual stimuli. The following two kinds of color stimuli were used:
color checkerboards and uniformly colored squares with blurred edges.
The checkerboard pattern consisted of a small central colored checker-
board surrounded by an area in which the colored checks faded outward
gradually to the background gray of the screen. The central checker-
board was 3.75 x 3.75 cm, corresponding to 1.875° x 1.875° of arc and
had 8 x 8 checks, giving a dominant spatial frequency of 3.02 c/deg,
slightly above the peak of the cVEP spatial frequency response reported
by Rabin et al. (1994), but well below their recorded cutoff frequencies.
Colored squares were also used to study the sensitivity of the cVEP to
color stimuli without much spatial structure. These were the same size as
the central checkerboards and were also surrounded by a color-fade
area. Sample checkerboard and uniform-square stimuli are provided in
Figure 1. For both checkerboards and colored squares, the fading transi-
tion from maximum color at the edge of the central square to zero color
(i.e., the gray background) occurred as a Tanh function, with a width of
3.75 cm. Therefore, including the outer fade area, there was some degree
of color subtending a total angle of 5.625°, though color was reduced by
a factor of 2 within a total angle of 3.75°.

The background color of the screen was approximately equivalent to
that of equal-energy white. For experiments in the Red direction, the
gray background had a luminance of 32.1 cd/m? an equivalent color
temperature of 5786°, and CIE x-y coordinates of (0.326, 0.341). In the
L-M and in the S direction, the background had a luminance of 30.2 cd/
m?, a color temperature of 5790°, and CIE coordinates of (0.326, 0.340).

For the Red direction, pattern color was from a range of contrasts
along the direction of the Red screen LED. For the L-M direction, the
pattern color was from a range of cone-contrasts in the L-M direction of
DKL (Derrington, Krauskopf, and Lennie) space (Derrington et al,
1984). In the L-M direction, the excitation of L cones relative to the
background was equal and opposite to the excitation of M cones, but S
cones were not excited. For the S direction, the pattern color was from a
range of cone-contrasts in the S-cone-isolating direction, where the L
and M cones were not excited relative to the background. As all stimuli
were equiluminant with the background, there was no luminance



4382 - ). Neurosci., May 25, 2022 - 42(21):4380-4393

modulation. For the initial Red check stimulus
(Fig. 1A), the first check color was a contrast in
the Red color direction and the second check
was the same color as the gray background. For
the remaining checkerboard stimuli, the first
check color was in one of the color directions
(Red, L-M, or S); the second check was the com-
plement of the first, so that spatially averaged
color over the entire checkerboard was the
background gray. To obtain the complement of
a color for a participant, it was first ensured that
the color was equiluminant with the gray back-
ground for the participant (see the section
Heterochromatic flicker photometry). The com-
plement was then calculated as what would have
to be added to the color to result in the back-
ground gray. Spatial averaging to the back-
ground gray was evident when one stepped
away from the screen. When individual checks
were no longer discernible, the color-comple-
ment checkerboard merged into the gray back-
ground. Sample stimuli for each color direction
are presented in Figure 1.

The contrasts of the stimulus colors are pre-
sented in Table 1. The L, M, and S-cone-contrasts
in Table 1 were calculated as the ratio of differen-
tial cone excitation (difference in cone excitation
between color and background) divided by the
excitation caused by the background. The excita-
tory drive for the parvocellular pathway was L-M
contrast, as shown in Table 1. The koniocellular
pathway was driven by S-cone-contrast. For in-
termediate directions, for instance the Red direc-
tion, the magnitude of stimulus contrast was

calculated as /(L — M)*+8?, the length of the

stimulus vector in a vector space with axes |L-M|
and [S].

Figure 2 presents the loci of the stimuli in color
space. The CIE x-y color coordinates of the stimu-
lus colors, their complements, and the background
gray, are presented in Figure 2A. Color-comple-
ment checkerboards were presented at several dif-
ferent cone-contrast levels up to the maximum
possible within the gamut of the screen for each
color direction. The stimulus colors are also repre-
sented in DKL space (Derrington et al., 1984) in
cone-contrast coordinates in Figure 2B. Note that
the DKL space in Figure 2B plots the distance along the cardinal direc-
tions in cone-contrast coordinates in both the S and L-M directions
(Brainard, 1996; Wuerger et al., 2005). While the L-M color direction
was chosen to isolate responses from the parvocellular pathway, the
“Red” color direction corresponded to the color direction of the Red pri-
mary of the OLED screen. From Figure 2B, it is evident that stimuli
along the Red color direction should produce a combination of
responses from both L-M and S-cone-driven mechanisms (but see
Nunez et al., 2021).

For each stimulus, the screen would cycle between the gray back-
ground and the color pattern. This cycle was a 0.5 s period of back-
ground gray, followed by 0.5 s of pattern appearance, then 1.0 s of
background gray, (rectangular-wave, appearance-disappearance modu-
lation), resulting in a period of 2.0 s, a frequency of 0.5 Hz, and a duty
cycle of 25%.

Stimulus presentation was controlled using the Psychophysics
Toolbox extensions (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007) for
MATLAB R2012b, which is detailed in the study by Nunez et al. (2017).

Heterochromatic flicker photometry. The equiluminance of each
stimulus color compared with the background gray was determined for
each participant with heterochromatic flicker photometry (HFP). A

Figure 1.

L-M

Sample stimuli that would be centered on the gray background of the screen. In the left column are stimuli
in the L-M direction; in the middle column are stimuli in the Red direction, a color direction between the L-M and S
axes; and in the right column are stimuli in the S direction. In row 4, a central 8 x 8 color-gray checkerboard is sur-
rounded by a checkered region that fades gradually to the background gray. In row B, a uniform-colored square of the
same central size as the checkerboard is surrounded by a colored region that fades gradually to the background gray. In
row C, the colored region is the complement of the color in row B. Row D shows checkerboards of the color and its com-
plement. The central, highest-contrast region of each pattern spanned 1.875° x 1.875°. All colors were equiluminant
with the background for each participant.
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Table 1. Cone-contrast (defined as differential cone excitation of stimulus color
from background gray divided by excitation because of background) and the
contrast measures used to describe each stimulus color presented

Cone-contrast Contrast measure

Color direction L M ) LM (L—M)+8

LM 0015 —0028 —0008 0.043 0008 0044
003 —005% —0.010 0093 0010 0093
0045 —0092 —0001 0137 0001 0.137
0054 —0124 0002 0178 0002 0178
0084 —0133 —0011 0218 0011 0218

Red 0015  —0035 —0055 0050 0055 0074
0021 —0053 —0089 0075 0089 0.116
0034 —0079 —0131 0113 0131 0173
0041 —0097 —0.163 0138 0163 0214
0044 —0116 —0.191 0160 0.191  0.249
0055 —0129 —0219 018 0219 0.286
0068 —0.148 —0258 0216 0258 0336

The two color directions were the L-M cardinal axis of DKL space, and the Red direction was from the white
point along the direction of the red LED of the screen.
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Figure 2. A, CIE x—y color coordinates of the stimuli used and the background gray. The dashed line labeled LM corresponds to the L-M color direction, and the solid line labeled S corre-
sponds to the S color direction. The dotted line labeled Red corresponds to the color direction of the red primary of the OLED screen. B, Cone-contrasts of the color stimuli in the three color
directions used in experiments. The x-coordinate is the L-M contrast, and the y-coordinate is the S-cone-contrast.

central color square or color-gray checkerboard of the same size and spa-
tial frequency as the stimuli (but not fading to background) was
exchanged with background at a frequency of 15 Hz. The radiance of the
color that produced minimum flicker was recorded and averaged over
12 repeats to determine the luminance match.

Procedure. During each experiment, the participant was seated such
that their eye level was aligned with the center of the screen and the
viewing distance was 114 cm. Stimuli were viewed binocularly. There
was one block of 30 stimulus presentations for each pattern, color direc-
tion, and cone-contrast combination; blocks were presented in random
order. Each participant was asked to focus on the center of the screen
and to blink as little as possible, particularly when a stimulus was visible
on the screen.

Data acquisition and analysis. Data were recorded using an
ActiveTwo System (BioSemi) as detailed previously (Nunez et al., 2017).
The trigger and EEG signals were sampled at a frequency of 2048 Hz,
with an open passband from 0 to 400 Hz. The topography of the cVEP
for a participant viewing a color checkerboard is presented in the study
by Nunez et al. (2017, their Fig. 4), where the cVEP was confined in
space on the scalp to the most posterior electrodes over V1 cortex. All
the data reported in this article were measured at electrode Oz, corre-
sponding to the largest cVEP responses (Nunez et al., 2017).

Please see Nunez et al. (2017) for details of the analysis pipeline. Data
were separated into trials containing a prestimulus period of 100 ms and
a poststimulus period of 1000 ms and were linearly detrended before

being baseline corrected with respect to the average voltage of the presti-
mulus period. However, four participants who blinked repeatedly after the
stimulus disappeared had their poststimulus period restricted to the 500
ms when the stimulus was on-screen. Waveforms reconstructed from the
inverse discrete Fourier transform were low-pass filtered to 50 Hz.

In examining the waveforms to calculate latency, amplitude, and
transientness as functions of contrast, we observed that some partici-
pants did not produce measurable responses for some contrasts (either
because of the contrast being too low for the participant or because of
the data being contaminated by noise or alpha waves). In those cases, the
individual data for those pattern-contrast combinations were removed
from the full dataset. For the Red uniform square pattern, so few partici-
pants produced evident responses for the lowest contrast that all the data
with that contrast were excluded from the dataset. There were also par-
ticipants for whom the highest Red contrast did not have a complement
within the gamut of the screen (following adjustments for HFP). In that
case, the minimum number of participants included in an average for
that contrast was five.

Results

cVEP waveforms

cVEP responses to color-gray checkerboards

The first inkling we received that human Single-Opponent sig-
nals could be found in the cVEP was when we used color-gray
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checkerboards, like those illustrated in Figure
1A, as stimuli for the cVEP (Nunez et al., 2017).
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that are spatially tuned (Murray et al, 1987;
Rabin et al., 1994; Crognale, 2002; Souza et al.,
2008; Nunez et al., 2017, 2018)—the neurons

that we have called Double-Opponent cells
(Johnson et al., 2004, 2008; Shapley et al., 2019)
following Livingstone and Hubel (1984). But, in
the cVEPs responding to color-gray checker-
boards, there was also a smaller negative
wave that peaked at ~100 ms, earlier than
the Double-Opponent c¢VEP. These early

Response (uV)
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contrast/stimulus contrast/stimulus
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plotted in gray in Figure 3, for 3 c¢/deg color- 30 M et 30 Mkl
gray checkerboards. Note that after the ini- 0 50 100 150 200 250 300 0 50 100 150 200 250 300

tial early negative peak in the color-gray
responses, the response begins to relax back
to the baseline, and then the larger, later neg-
ativity evoked by the checkerboard pattern
dips down. It might appear that the early
negative response is followed by a positive
wave, but we think instead that the color-
gray cVEP is simply the sum of two separate
negative waveforms: an early one with a peak
at 90 ms and a later one with a peak at
between 140 and 200 ms (depending on
cone-contrast).

The early 90-100 ms negative peak was present only when
there was a spatial average color to the checkerboard pattern. It
was absent in cVEP responses to 3 c/deg checkerboards com-
posed of alternating color checks and their color complements
(all checks equiluminant with background and all checks modu-
lated in time), like the color-complement checkerboard patterns
illustrated in Figure 1, row D. In such color-complement check-
erboards, the space-averaged color is the same gray as the back-
ground. In other words, the color and complement checks sum
to mid-gray if you average over one cycle of the checkerboard.
That means there is no effective stimulus for the Single-
Opponent cells in such stimuli at spatial frequencies of the
checkerboard >1 c/deg. If the early peak is a sign of the Single-
Opponent population, we would expect the early peak to be
absent in cVEPs to mid-to-high frequency color-complement
checkerboards, and that is what happens (Fig. 3).

The absence of the early 90-100 ms peaks in color-com-
plement checkerboard stimuli is illustrated in Figure 3 in
the cVEP waveforms drawn as dashed lines. We reasoned
that the color-complement checkerboard stimuli evoked
only responses in Double-Opponent cells; the checker-
boards were not spatially resolvable by the Single-

Figure 3.

contrasts. The contrasts indicated are the contrast measure

Time (ms) Time (ms)

Sample waveforms for color-gray (gray solid line) and color-complement (black dashed line)
checkerboards for a few different participants and contrasts, showing an early peak for the color-gray
checkerboard but not for the color-complement checkerboard. A-D, In the first column (4, ), the stimu-
lus was in the L-M color direction, and in the second column (B, D), the stimulus was in the Red color
direction of the Red LED of the screen. In each plot, the color contrast of the color-gray stimulus is
approximately double that of the color-complement stimulus, leading to equal space-averaged absolute

(L—M)+52

Opponent population (Schluppeck and Engel, 2002). The
color-gray checkerboards could and probably did excite
both Single-Opponent and Double-Opponent cells. The
waveforms in Figure 3 are from different participants and
from L-M and Red color directions (see Materials and
Methods; Fig. 2), proving that the early 90-100 ms negativity
(Fig. 3, arrows) was a consistent feature of the cVEP when
color-gray checkerboards were used and was consistently
absent in responses to color-complement checkerboards. It is
likely that previous studies that used equiluminant color gra-
ting patterns to evoke cVEPs (Murray et al., 1987; Rabin et
al., 1994; Crognale, 2002; Souza et al., 2008) did not observe
the 90-100 ms component that is evident in Figure 3 because
most of the stimuli they used did not excite Single-Opponent
cells; the grating stimuli had no space-averaged color, and,
except for the lowest spatial frequencies used, the grating
pattern would have been too fine for the Single-Opponent
cells to resolve (Schluppeck and Engel, 2002).

cVEP waveforms in responses to large-area stimuli

The results with color-gray checkerboards in Figure 3 led us to
study the cVEP patterns chosen to be optimal for stimulating
cortical Single-Opponent cells. Such stimuli were large areas of
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Figure 4. A-F, The cVEP waveform at electrode Oz for one participant observing different stimuli in the L-M (first column: 4, C, E) and Red (second column: B, D, F) color direc-
tions. The top row shows responses from color-complement checkerboards for the L-M (A) and Red (B) color directions. The other two rows are responses to uniform squares of
either the given color (C, D, middle row) or the complement of that color (E, F, bottom row). Specifically, the stimulus colors were in the following color directions: L-M (C), M-L
(E), Red (D), and Red complement (F). For all stimuli, responses are plotted for a range of cone contrasts, covering the time period from pattern onset to 1000 ms after pattern
onset. Note that the pattern was visible only for the first 500 ms, represented by the thick black bar along the time axis. Some of the data in the plots in A-D are similar but not

identical to the data in the study by Nunez et al. (2021, their Fig. 3).

color with no sharp edges like those shown in Figure 1, rows B
and C.

The waveforms of responses to large-area stimuli with blurred
edges and to relatively fine checkerboards look very different
(Fig. 4). Figure 4 shows cVEP data for one participant respond-
ing to patterns and large areas of color. The following two color
directions were used: the cardinal red-green direction, which we
will denote as L-M (or M-L), and the Red (and Red-comple-
ment) direction (see Materials and Methods; Fig. 2). The
responses to checkerboards (Fig. 44,B) have a characteristic large
negative transient with peak negativity occurring at ~140-200
ms. The peak time is later at low cone-contrast (Murray et al.,
1987; Rabin et al, 1994; Crognale, 2002; Souza et al., 2008;
Crognale et al., 2013; Nunez et al., 2017, 2021). There was a sus-
tained component of response to the appearance of the checker-
board that lasted for the duration of the stimulus and slightly
longer in time (Nunez et al,, 2021). However, the responses to
the large-area squares plotted in Figure 4C-F are very different.
The initial negativity occurs earlier, at ~90 ms; the response is
much smaller in amplitude than the checkerboard response and

is very transient. Furthermore, the time of occurrence of the early
negative peak is approximately invariant with cone-contrast. The
responses to the L-M square (Fig. 4C) and to the M-L square
(Fig. 4E) look very similar to each other, as do the responses to
the Red square (Fig. 4D) and its complement (Fig. 4F). Large
equiluminant color stimuli have been reported to generate early
negative VEPs with peak negativity at 87 ms (Paulus et al., 1984),
similar to those shown in Figure 4C-F.

Differences between the cVEPS to checkerboard and square
with blurred edges were seen in the data from all participants.
More comparisons of waveforms are presented in Figure 5 for
three participants (labeled as P1, P2, and P3). In Figure 5, for
each participant, cVEPs to large-area squares modulated in L-M,
M-L, Red, Red-Complement (labeled “Compl”) color directions
are drawn in each column, in gray. The response of the same
observers to L-M/M-L checkerboard stimuli are drawn in black
in the bottom panel of each column (Fig. 5). As in the data
shown in Figure 4, the large-area square stimuli evoked smaller,
earlier negative peaks, and the entire response to the large-area
squares was more transient than the checkerboard response. The
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The cVEP waveform at electrode 0z for three participants who observed stimuli in both the L-M and Red color directions. Each column corresponds to data from a different partici-

pant (P1, P2, P3). The first four rows (gray) are responses to uniform-square stimuli, averaged over the top four contrasts in each case, all with the same vertical axis range. The error bars rep-
resent 1 SEM. The top row (A) shows contrast-averaged responses to a uniform square in the L-M direction, while the second row (B) is the contrast-averaged response to the complement M-
L. Contrast-averaged responses to uniform squares of Red and its complement are presented in rows C and D, respectively. The bottom row (E; in black) is the response to the highest contrast
color-complement checkerhoard in the L-M direction. The vertical axis in row E has the same scale as rows A-D but requires a wider axis range to cover the larger response magnitudes of the

color-complement checkerboards.

striking qualitative differences between the cVEPs evoked by
colored patterns (Figs. 44,B, 5) and those evoked by large-area
stimuli (Figs. 4C-F, 5) suggest the existence of a functional di-
chotomy in early visual cortex: Single-Opponent and Double-
Opponent cell populations. Quantitative analysis of the cVEPs to
large colored areas, the putative Single-Opponent population
responses (see Figs. 7-9), provides more support for a functional
dichotomy.

S-cone-driven cVEP responses to large squares

The S-cone-driven cVEP to large-area stimuli was not measura-
ble in most participants in these experiments. If there was a sig-
nal, it was lost in the noise. There were measurable cVEPs in
response to large-area S-cone modulation for only two partici-
pants, P2 and P4. cVEP response waveforms for these two partic-
ipants are plotted in Figure 6 and are compared there with
S-cone-driven checkerboard responses. All of the cVEPs shown
in Figure 6 were in response to the highest S-cone contrast used
in the experiments, 0.87 (Fig. 2). The S-cone-driven checker-
board waveforms are like those we have reported previously
(Nunez et al., 2021) and were observable in all participants’
cVEPs, not only those illustrated in Figure 6. The cVEPs for
large-area, S-cone-driven squares in participants P2 and P4 were
small and peaked later in time than the large-area L-M-driven
responses drawn in Figure 5. Because they were observable only
in two of the eight participants who gave measurable cVEPs for
stimuli in the L-M direction, we could not perform population

analyses of the large-area S-cone-driven data. Note that the lack
of S-cone responses for uniform stimuli may tie into results
showing that only the L-M component of color contributes to
equiluminant motion processing except under specific stimulus
parameters (Ruppertsberg et al., 2007); it was also suggested that
early extraction of color signal may act as a cue to facilitate sub-
sequent motion processing (Martinovic et al., 2009), so the lack
of an early S-cone response could perhaps explain why S-cone
signals are invisible to the motion system. The remainder of the
Results section is about quantitative analysis of cVEPs to stimuli
in the L-M and Red directions.

Quantitative analysis of cVEPS across the participant
population

Amplitude

First, we studied the amplitude of cVEPs to large-area stimuli
and its dependence on cone-contrast. Amplitude data for
cVEPs to color-complement checkerboards and to large-area
squares are plotted in Figure 7. The data points in Figure 7
are the medians of the peak amplitude of the populations of
participants studied for each stimulus condition. It is evident
that response amplitudes of the cVEPS evoked by the square
stimuli were much smaller than the checkerboard responses,
which is consistent with the examples in Figures 4 and 5.
Also, it is interesting that the response amplitudes to L-M
and Red stimuli overlapped when plotted versus L-M cone-
contrast.
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Figure 6.  The cVEP waveform at electrode Oz for two participants who observed stimuli in the S-cone-isolating direction. A—C, In A, stimuli were S+/5— color-complement checkerboards;
in B, the stimuli were uniform squares in the S+ direction; and in C, the stimuli were uniform squares in the complementary S— direction. While participant P2 shows small peaks at ~200

ms for the uniform squares, the corresponding responses for participant P4 are less evident.

35.0
—— [ORed/Compl checks
1| A L-M/M-L checks
. —— B Red square
— — O Compl square
25.0 L[ e A L-M square
= ===-= A M-Lsquare
=
o 20.0
g ]
>
=
215.0
S
<
10.0
5.0
0.0

0.25

[L-M|

Figure 7. Median peak amplitude of the participants plotted as a function of contrast measure |L-M| for the color-
complement checkerboard and uniform-square stimuli in the L-M and Red color directions. The interquartile range of
each data point is represented by gray vertical dotted lines. A value of zero response at zero contrast was added for
each color direction. Naka—Rushton curves were fitted through each set of data using the method of least squares.

We analyzed the amplitude data to determine the significance

and 5. We compared the amplitude vs cone
contrast function of the population to large-
area stimuli with that of cVEP responses to
color-complement checkerboards to test the
hypothesis that the large-area stimuli were
mostly driving Single-Opponent cells while
color-complement checkerboard stimuli were
most effective in activating Double-Opponent
cells.

Statistical analysis revealed that large-area
cVEP amplitudes are significantly smaller than
the amplitudes of the checkerboard responses
in both L-M and Red color directions (Fig. 7).
First, to improve the signal-to-noise ratio for
the noisier large-area cVEPs, we averaged the
large-area data for color and complement in
each color direction. Then we did a two-way
repeated-measures ANOVA for contrast x
pattern, for each color direction in JASP (ver-
sion 0.16). For L-M, there was a significant
main effect of pattern (F(4 = 23.633, p =
0.008). In addition, there was a very large effect
size (1” = 0.755) because the amplitudes of the
checkerboard responses were much bigger.
There also was a significant main effect of con-
trast (Fq,16) = 4.575, p = 0.012), but this had a
small effect size (n? = 0.039), and there was no
significant interaction. Note that for this

of the difference between the responses to squares and checker- ~ ANOVA, the datasets from three participants were rejected for
boards. The quantity analyzed was the peak amplitude of the ear-  not having data for every contrast in both patterns, but the
liest negative peak of waveforms like those shown in Figures 4  results were still strong for the five participants included in the



4388 - ). Neurosci., May 25, 2022 - 42(21):4380-4393

test. For the Red direction, again with five participants included,
in the ANOVA there was a significant main effect of pattern
(F,4) = 14304, p = 0.019) and, again, a very large effect size (1>
= 0.695) because the amplitudes of the checkerboard responses
were much bigger. There was a significant main effect of contrast
(Fa,16) = 4.868, p = 0.009) and a small effect size (772 = 0.030),
and there was no significant interaction.

The dependence of response amplitudes on cone-contrast
was very weak, for both large-area squares and for color-comple-
ment checkerboards, as indicated by the small effect sizes in the
ANOVA. It is worth noting that the slope of the amplitude ver-
sus cone-contrast curve of the checkerboard responses was less
than we reported recently for the same dataset (Nunez et al.,
2021). This is because of different treatments of the same check-
erboard data. For this article, we filtered all the cVEP waveforms
to be within the 0-50 Hz band, while Nunez et al. (2021) used a
0-100 Hz bandwidth. We found that the waveforms filtered
through the wider bandwidth were noisier and that the optimal
signal band was 0-50 Hz. The noisier waveforms used in the
Nunez et al. (2021) study yielded a somewhat larger slope for the
amplitude versus cone-contrast functions, but we think that the
shallower slopes of the checkerboard amplitude versus cone-
contrast data shown here (Fig. 7) are more accurate.

Next, we turn to the comparison of response amplitudes in
the L-M and Red color directions, focusing on the amplitudes of
responses to large-area squares. We analyzed the data to find out
whether or not there was a significant difference between the L-
M and Red color directions in the dependence of their peak
amplitudes on cone-contrast and found no difference for the
large-area responses. Specifically, we calculated the slope and
intercept for color-complement-averaged large-area data for each
participant, without including a zero value at zero contrast (and
using the L-M contrast for both the L-M direction and the Red
direction). Then we used the revised t-statistic of the study by
Derrick et al. (2017), which was created specifically for partially
overlapping data, to compare the slope and intercepts of L-M
versus Red for large-area stimuli. There was no significant dif-
ference between L-M and Red slopes of amplitude versus cone-
contrast (p = 0.166). Also, there was no significant difference
between L-M and Red intercepts (p = 0.787). That is, with respect
to peak amplitudes, the cVEPs of the L-M and Red directions are
not significantly different.

We applied the same ¢-test analysis to the checkerboard data
and found that there was no significant difference between L-M
and Red checkerboard slopes (p=0.615) or intercepts (p=0.415),
which is consistent with our earlier analyses of L-M and Red
checkerboard data (Nunez et al., 2021).

To summarize, response amplitudes of the large-area square
stimuli are much smaller than for color checkerboards, and there
is very little change in response amplitude with cone-contrast for
both kinds of stimuli. It is conceivable that the amplitude differ-
ence between cVEPs evoked by checkerboard and large-area
squares could reflect the spatial tuning of a single neuronal popu-
lation of Double-Opponent cells, which are more activated by
checkerboards than by the large-area squares. The results about
the latency of responses, presented next, tend to rule out the sin-
gle-population hypothesis.

Latency

By latency, we mean the time to peak negativity of the earliest
deflection of the average EEG in response to the appearance of
the color stimuli. This is a different definition from what we used
before (Nunez et al., 2021); previously when studying cVEPs in

Nunezet al. @ Single-Opponent Cells and Human cVEP

response to checkerboard appearance, we defined latency as the
time between the onset of pattern appearance and the time when
the earliest negative deflection of the cVEP reached 75% of its
peak value. Because the cVEPs to large-area squares were much
smaller and therefore noisier than the checkerboard responses
(Fig. 7), it was necessary to use the time to peak as the criterion
here.

The latencies of the cVEPs evoked by large-area squares were
consistently much less than the latencies of responses to checker-
boards (Fig. 8A4,B). Plotted in Figure 8 are the average latencies
across the populations of observers that viewed the L-M and the
Red stimuli. It is obvious that the color-checkerboard latency
was larger than the latency of response to the large-area squares
at all values of cone-contrast. In Figure 84, the latency data are

plotted versus cone-contrast defined as 1/ (L — M)+ 82, the vec-

tor sum of the L-M and S cone-contrasts. This vector sum simply
equals L-M contrast for the L-M stimuli that have zero S-cone-
contrast, but it includes the nonzero S-cone-contrast for the Red
stimuli. In Figure 8B, the same latency data are plotted versus L-
M contrast only. The data overlap when plotted versus L-M
cone-contrast, which is consistent with the idea that it is L-M
cone-contrast that determines the latency of the peak response
for cVEPs both to color checkerboards (Nunez et al., 2021) and
to large-area squares of color.

To compare the checkerboard and squares data statistically,
we conducted t-tests to compare the latencies for large-area
squares and checkerboards at high cone-contrast where the
checkerboard latency occurs at the asymptotes (Fig. 8). We used
the maximum cone-contrast available in the L-M direction (|L-
M]| contrast = 0.218) and the second highest contrast in the Red
direction (|L-M]| contrast = 0.183) because not all participants
had a Red complement within the gamut for the highest contrast
(a result of individual differences in HFP responses). We used
repeated-measures {-tests in both the L-M and Red directions.
There was no significant difference between the latencies for
color and complement uniform-square stimuli in either color
direction, and so we averaged the color (L-M, Red) and comple-
ment (M-L, Red-complement) large-square data. Then we used a
dependent f-test to compare the (high-contrast) latency for
large-area squares with that of checkerboards. In the L-M color
direction, the mean checkerboard latency (mean = 132.6 ms,
SEM = 4.4 ms) was significantly greater than the mean large-area
square latency (mean = 84.4 ms, SEM = 1.9 ms; £;) = 13.043,
p < 0.001). In the Red color direction, we had to use the t-test in
the study by Derrick et al. (2017) that was modified for overlap-
ping samples and unequal samples sizes. In the Red direction,
the mean checkerboard latency (mean = 131.8 ms, SEM = 5.6
ms) also was significantly greater than the mean large-area
square latency (mean = 86.3 ms, SEM = 1.9 ms; f(g 5) = 7.446, p <
0.001). The large and significant latency differences between
responses to the two kinds of visual stimuli at high cone-contrast
supports the hypothesis that the neuronal mechanism that is
generating cVEPs to large-area color squares is distinct from the
mechanisms that are responding to color-checkerboard patterns
in the L-M and Red color directions.

Even more striking than the difference in the latencies at high
cone-contrast, the cone-contrast dependences of latencies appear
qualitatively different for cVEPs to large-area stimuli versus
checkerboards (Fig. 8). For checkerboard-evoked cVEPs, there is
a large progressive decrease in latency with increasing cone-
contrast, as has been reported before (Murray et al., 1987; Rabin
et al., 1994; Crognale, 2002; Souza et al., 2008; Nunez et al., 2017,
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board and for the uniform-square stimulus. The latencies of the peak for the color and complement uniform squares were averaged for each contrast. For both the L-M and Red color directions,
the latency of the color-complement checkerboard (gray symbols) is initially quite high but decreases as the contrast increases. However, the latency of the peak for the uniform square is rela-
tively independent of contrast. Latency was defined as the time taken from stimulus onset to reach the peak amplitude of response. Error bars represent =1 SEM. For points without visible

error bars, the error bars are smaller than the symbols.

2018). Over the range of cone-contrast we used, the latency of
the checkerboard cVEP dropped by 45 ms, from 180 to 135 ms,
for both L-M and Red color directions. However, it is very differ-
ent for the latency of the cVEPs evoked by the large-area squares;
it changed little with increasing cone-contrast, dropping from a
mean value of 89 ms at a cone-contrast of 0.05 to 85 ms at a
cone-contrast of 0.22. There is little difference between L-M and
Red color directions in this regard. Another way of quantifying
the difference is by calculating the percentage change in latency
from low to high cone-contrast. For the L-M checkerboards,
there was a 31.9% reduction in latency, while for Red checker-
boards the decrease was 34.0%. The percentage decrease of la-
tency with increasing cone-contrast for large area squares was
much smaller: L-M squares, 6.4%; Red squares, 7.6%.

We also calculated the statistical significance of the difference
in the cone-contrast dependence of the latencies. First, we ana-
lyzed the latency data for the large-area squares comparing the
latency dependences on contrast of different color directions.
For this comparison, we used a two-way repeated-measures
ANOVA of color direction and contrast. The ANOVA showed
no significant effect of color direction when the L-M and M-L
directions were compared. However, when Red and Red comple-
ment were compared, there was a significant main effect of color
direction (F(; 4y = 10.771, p = 0.030). The difference between Red
and Red-complement latencies was small (contrast-averaged dif-
ference <3 ms) compared with the latencies themselves, which
ranged from 85 to 95 ms. Therefore, we thought it would be rea-
sonable to average the color and complement square latencies in
each color direction when we did a statistical comparison of
large-area and checkerboard latency data.

Then we used a two-way pattern X contrast repeated-meas-
ures ANOVA on latencies for color-complement-averaged uni-
form-square and color-complement checkerboards. There were
significant main effects of pattern and contrast, as well as a sig-
nificant interaction, in both the Red and L-M color directions
(Table 2, ANOVA statistics).

The large main effects of pattern and the interactions of pat-
tern and contrast in the ANOVA confirm what appears evident
in Figure 8, namely that the change in latency with cone-contrast

Table 2. Summary of statistics from the two-way pattern X contrast ANOVA
for latency data presented as a function of contrast in Figure 8

L-M direction Red direction
Main effect of Fas) = 4143, p < 0.001, Fa3) = 352.2, p < 0.001,
pattern 7> = 0751 7’ = 0769
Main effect of F(4/20) =215, p< 0.001, F(5,15) =116, p< 0.001,
contrast 7° =0.085 7°=0.101
Interaction F(1.68,8.40) =18.8%, p = 0.001, F(5'15) =6.7,p =0.002,
7% =0.107 7° = 0.067

The patterns were uniform-square or color-complement checkerboards. The contrasts were the L-M compo-
nent of contrast for both L-M and Red stimuli. Separate ANOVAs were performed in the L-M and Red color
directions because the datasets did not have the same contrasts.

*For the pattern-contrast interaction term in the L-M direction, Mauchly’s test of sphericity indicated that
the sphericitzy assumption was violated, so the Greenhouse—Geisser correction was used. The effect sizes are
given by n°.

is significantly smaller for squares versus checkerboards. These
results further support the hypothesis that different neuronal
chromatic mechanisms are responding respectively to checker-
board patterns and to large-area squares.

Transientness

The shapes of the cVEP waveforms of responses to large-area
squares in Figures 4 and 5 are different from the waveforms of
the responses to checkerboards. One quantitative measure of this
difference is the transientness of the waveform. As has been done
previously (Nunez et al, 2021), we defined transientness as
follows:

Transientness = {V(fpea) — <V (£)>300-500ms } / V (£peatc)-

For a completely sustained response, transientness = 0. For a
response that relaxes back from a peak value to 0 before 300 ms,
transientness = 1. The transientness of L-M and Red large-area
squares are compared with each other and with the transientness
of L-M/M-L and Red/Red-Compl checkerboards in Figure 9.
The transientness data were analyzed with t-tests applied to
paired comparisons of large-area squares versus checks and of
large-area L-M versus Large-area Red. The results are summar-
ized in Table 3. From the bar graphs in Figure 9 and Table 3, one
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We propose the following interpretation of
the Results: that a distinct neuronal mecha-  Figure 9. Transientness averaged over each contrast range for the color-complement checkerboards in the L-M and

nism, namely the population of Red-Green
Single-Opponent cortical cells in V1, is re-
sponsible for the cVEPs evoked by the
appearance of large-area, equiluminant-color
squares; and that cVEP responses to a color
checkerboard are the results of the activation
of Double-Opponent color neurons, as postu-
lated previously (Nunez et al., 2017, 2018,
2021; Shapley et al., 2019).

One reason for our Single-Opponent proposal is based on
prior work on the spatial tuning of V1 neurons. Single-
Opponent neurons have distinct visual properties from those of
the more numerous Double-Opponent color cells that comprise
the larger fraction of cells in V1 that respond to equiluminant color
stimuli. Single-Opponent cells respond to spatially diffuse color
stimuli like equiluminant spatial grating patterns of low spatial fre-
quency and blobs of equiluminant color. Neurons in the Single-
Opponent population would be the most likely to respond to large-
area, equiluminant-color squares of the kind that we used in our
experiments. The other neuronal populations that have been stud-
ied in V1 cortex, Non-Opponent cells and Double-Opponent cells,
would not be expected to respond to equiluminant-color, large-area
squares. Non-Opponent cells are by definition poorly responsive to
equiluminant-color stimuli. Double-Opponent cells respond to
equiluminant-color but only weakly if at all to stimuli like large-area
squares because the Double-Opponent neurons are spatially tuned
(Thorell et al., 1984; Johnson et al., 2001, 2008; Schluppeck and
Engel, 2002; Conway et al., 2010). Thus, it is reasonable to believe
that the cVEPs to large-areas of color are the activity of Single-
Opponent cells. A reviewer suggested a control experiment to sup-
port this: starting with an equiluminant large area square, we
increased luminance while decreasing L-M contrast. Data from the
one participant we tested were unequivocal: VEP response was
maximal for L-M equiluminant stimuli, thereby ruling out Non-
Opponent cells as its source. Similarly, Paulus et al. (1984) added
luminance contrast to a color disk and found that for a VEP peak of
latency 87 ms, amplitude varied very little with luminance contrast.
These experiments are consistent with our suggestion that large,
uniform color stimuli evoke responses from a color-opponent neu-
ral mechanism, namely the population of Single-Opponent cortical
cells.

Second, the amplitudes and latencies of responses to large-
area squares were very different from those to color checker-
boards (Figs. 4, 5, 7, 8). The large and significant differences are
consistent with the hypothesis that the two different kinds of spa-
tial stimulus revealed two distinct types of neuronal mechanisms.

Red color directions and for the L-M and Red uniform square stimuli. The contrast-averaged transientness for each partic-
ipant was converted to a grand average for each color direction. For the uniform squares, as there was no significant dif-
ference between transientness of color and complement, they were averaged together for each color direction. For the
L-M and Red squares, N = 8; for the L-M/M-L checkerboard, N = 7; and for the Red/complement checkerboard direction,
N = 14. Transientness was defined as the difference between the peak amplitude and the average response over 300
500 ms poststimulus, normalized by the peak amplitude. Error bars represent =1 SEM.

Table 3. Summary of t-test results comparing contrast-averaged transientness
in the L-M versus Red color directions for a large-area square and a color-com-
plement checkerboard, as well as comparing transientness for the square ver-
sus color-complement checkerboard in each of the L-M and Red color directions

Comparison of transientness means t-statistic df p-Value
Red vs L-M directions, large-area square 0.338 7.75 0.372
Red vs L-M directions, color-Compl checkerboard 2.984 8.62 0.009
Square vs color-Compl checkerboard, L-M direction 2.490 6.47 0.024
Square vs color-Compl checkerboard, Red direction 0.985 5.76 0.185

The t-tests were modified for overlapping datasets using the method of Derrick et al. (2017). For the
squares, as there was no significant difference between Transientness of color and complement, color and
complement transientness were averaged together for each color direction. There was no significant differ-
ence in Transientness between the L-M and Red directions for the large-area squares but responses to Red/
complement checkerboards were significantly more transient than responses to L-M/M-L checkerboards
(Nunez et al., 2021).

Third, cVEPs evoked by large-area squares had only a small
change in response latency across a large range of cone-contrast
(Fig. 8). It is well known from previous studies that the latencies
of responses to color checkerboards are strongly dependent on
cone-contrast (Murray et al., 1987; Rabin et al., 1994; Crognale,
2002; Souza et al., 2008; Nunez et al., 2017, 2018), as we con-
firmed (Fig. 8). In our data, the average reduction of latency to
color checkerboards over the range of cone-contrast from 0.04 to
0.33 was 33%. Previously, we proposed that such strong depend-
ence of cVEP latency on cone-contrast was evidence of nonlinear
cortical dynamics that affected the responses of Double-
Opponent cells (Nunez et al., 2017). The weak dependence of la-
tency on cone-contrast for the responses to large-area squares is
quite different from that for color-checkerboard patterns (Fig.
8). After averaging across L-M and Red directions, the per-
centage change of the cVEP latency to squares was only 7%.
The much weaker cone-contrast dependence could be the
dynamic signature of the Single-Opponent population. In
terms of latency, the response dynamics of the putative
Single-Opponent signal is more linear than that of the
Double-Opponent signals (Fig. 8), though the amplitudes of
cVEPs to both color checkerboards and large-area color
squares had nonlinear (saturating) dependences on cone-
contrast (Fig. 7).
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LGN L-M cells

Figure 10.

Conway et al. (2010, their Fig. 3B).

L-M (M-L) Single-Opponent cells

A second hypothesis is that the Single-Opponent cells in
human V1 are homogeneous in their color properties. That
is, we interpret the data (Figs. 7-9) to mean that the activity
of the Single-Opponent population that our experiments
measured is mostly driven by signals along the L-M cardinal
direction of color space. Our interpretation is supported by
the similarity of amplitude, latency, and transientness in
the color directions we studied: L-M and Red.

Note that the results on color checkerboards are differ-
ent. Here (Fig. 9) and in an earlier study (Nunez et al,
2021), we showed that transientness is significantly differ-
ent for checkerboard-evoked cVEPs in the L-M and Red
directions. The results for checkerboards suggest that there
are many different kinds of Double-Opponent cells with
different color properties (Nunez et al., 2021). Others who
studied human cVEPs with experimental paradigms differ-
ent from ours reached similar conclusions about the hetero-
geneity of the color properties of spatially-tuned color cells
in humans (Kaneko et al., 2020; Chen and Gegenfurtner,
2021).

The hypothesis of Single-Opponent color homogeneity is
consistent with results on single-cell neurophysiology in maca-
que V1 (Lennie et al., 1990; Johnson et al., 2004; Solomon and
Lennie, 2005). The neurophysiology indicated that the optimal
color directions for the activation of V1 Single-Opponent cells
are clustered around the L-M cardinal direction, while the popu-
lation of spatially tuned, color-responsive neurons (that we have

V1 L-M cell

V1 L-M cell

Model indicating how the receptive fields of single-opponent neurons in the LGN may project to sin-
gle-opponent neurons in the cortex. 4, In the LGN, an L-M single-opponent cell has a center excited by increments
in L-cone contrast, and a surround excited by decrements in M-cone contrast. Multiple LGN cells project to larger sin-
gle-opponent cells in the early visual cortex so that in V1 the L+ center and M— surround are coextensive. B,
Similarly, M-L cells with centers excited by M-cone increments and surround excited by L-cone decrements project
to coextensive larger M-L neurons in V1. Note that these single-opponent receptive fields correspond to the type Il
LGN cells of Wiesel and Hubel (1966), and to the “Center-only opponent” receptive field model in the study by
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called Double-Opponent) has a broader distribu-
tion of optimal color directions.

Much more research needs to be done to
understand how the different color responses
of color-responsive neurons in primate V1
cortex are manufactured by the cortical cir-
cuitry. We offer a sketch of a possible wiring
diagram for the L-M (or M-L) Single-Opponent
cells in Figure 10. The basic idea of the diagram
is that several Single-Opponent LGN neurons
of the same color type (L-M or M-L) could con-
verge onto one cortical Single-Opponent cell.
That would explain both the somewhat larger
receptive fields of cortical Single-Opponent
cells compared with the small receptive fields of
LGN cells, and also the clustering of optimal
color directions of Single-Opponent cells near
the L-M cardinal direction in the cortical popu-
lation (Derrington et al., 1984; Lennie et al,
1990; Johnson et al, 2004; Solomon and
Lennie, 2005).

Are there S-cone-driven Single-Opponent
cells?

As reported in Results, in most participants
tested there was no measurable cVEP to a
large-area square modulated in the S-cone car-
dinal direction of color space. In two partici-
pants, we found small S-cone-driven cVEPs
(Fig. 6), but they were small and noisy
responses. Also, even in the two participants
who did produce S-cone-driven cVEPs to
squares, their responses to squares were much
smaller than their responses to S+/S- checker-
boards (Fig. 6, left panels). These negative
results with S-cone-driven cVEPS suggest that
there may be few S-cone-driven Single-Opponent neurons in
human visual cortex. Such a conclusion is consistent with mac-
aque neurophysiology; very few if any V1 Single-Opponent
cells that receive substantial S-cone drive have been reported
(Lennie et al., 1990; Johnson et al., 2004; Solomon and Lennie,
2005).

The situation is different for Double-Opponent cells.
Many macaque V1 neurons that are spatially tuned for color
receive S-cone excitation (Lennie et al., 1990; Johnson et al.,
2004; Solomon and Lennie, 2005). Consistent with the sin-
gle-cell neurophysiology, S-cone signals evoked by color
checkerboards are effective in producing human cVEPs
(Nunez et al., 2021), which are shown in Figure 6, left panels.
One must infer that the S-cone signals carried by the konio-
cellular pathway to V1 are routed mostly, if not exclusively,
to the Double-Opponent population. These results suggest
that the L-M and S cardinal directions are treated differently
in the visual cortex. L-M signals are sent to both Single-
Opponent and Double-Opponent cells, but S-cone signals
seem to be sent to Double-Opponent cells preferentially.

Are there other sources of the cVEPs to large color squares?

The schematic diagram presented in Figure 10 for the
generation of Single-Opponent cells in V1 cortex is based
on the presumption that these cortical neurons are driven
by parvocellular Single-Opponent cells. It is well known
that the largest number of afferent inputs to V1 comes from
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the parvocellular layers of the LGN, and most of those neu-
rons are L-M or M-L opponent cells (De Valois, 1960;
Derrington et al., 1984; Chatterjee and Callaway, 2003). The
cVEP signals that we assign to the Single-Opponent cell
population also are driven only by L-M or M-L cone-
contrast, with very weak or no S-cone input. Therefore, it
seems to us that a parvocellular source of activation is
likely. One might ask, is it possible that the Single-
Opponent cells that respond to the equiluminant large-area
squares could derive their excitatory drive from other sour-
ces? The only other input that has the right cone weights
might be the frequency-doubled responses to equiluminant
color modulation of low spatial frequency patterns or large
areas of color observed in Magnocellular neurons (Lee et
al., 1989). However, the Magnocellular LGN color response
amplitudes are highly dependent on cone-contrast (Lee et
al., 1989) and Magnocellular LGN signals are known to
speed up with contrast (Benardete et al., 1992). Extending
the macaque Magnocellular results to the human cortex by
using conditions that favored the M pathway (i.e., low ach-
romatic contrast), Zemon and Gordon (2006) found a
decrease in achromatic VEP phase with increasing contrast.
That is, the response sped up with increasing contrast
(Zemon and Gordon, 2006). These Magnocellular charac-
teristics make it unlikely that Magnocellular neurons are
the sources of activation of the cortical Single-Opponent
cVEPs that have very flat amplitude versus contrast func-
tions (Fig. 7) and latency that varies very little with contrast
(Fig. 8).
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