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In the primate visual system, information about color is known to be carried in separate divisions of the
retino-geniculo-cortical pathway. From the retina, responses of photoreceptors to short (S), medium (M),
and long (L) wavelengths of light are processed in two different opponent pathways. Signals in the S-
opponent pathway, or blue/yellow channel, have been found to lag behind signals in the L/M-opponent
pathway, or red/green channel in primary visual area V1, and psychophysical studies have suggested sim-
ilar perceptual delays. However, more recent psychophysical studies have found that perceptual differ-
ences are negligible with the proper controls, suggesting that information between the two channels is
integrated at some stage of processing beyond V1. To study the timing of color signals further down-
stream in visual cortex, we examined the responses of neurons in area V4 to colored stimuli varying along
the two cardinal axes of the equiluminant opponent color space. We used information theory to measure
the mutual information between the stimuli presented and the neural responses in short time windows
in order to estimate the latency of color information in area V4. We found that on average, despite the
latency difference in V1, information about S-opponent signals arrives in V4 at the same time as informa-
tion about L/M-opponent signals. This work indicates a convergence of signal timing among chromatic
channels within extrastriate cortex.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Color vision is a fundamental aspect of visual processing that is
closely related to the perception of form, as colors help to define
borders and facilitate object recognition. In the primate visual sys-
tem, anatomical and physiological evidence suggests that informa-
tion about color and form are carried in separate divisions of the
retino-geniculo-cortical pathway (Wiesel and Hubel, 1966; Der-
rington et al., 1984; De Valois et al., 2000; Chatterjee and Callaway,
2003). However, the degree to which the pathways are parallel in
each area remains controversial.

The retina contains three classes of photoreceptors, called S, M,
and L cones, that respond to overlapping wavelengths of light, with
peaks at short (S, blue), medium (M, green), and long (L, red) wave-
lengths respectively. Each cone is color-blind, responding only to
the level of activation, and unable to distinguish between changes
in intensity and changes in wavelength. As the cone activation sig-
nals are passed to the lateral geniculate nucleus (LGN) in the thal-
amus, they are processed in opponent pathways: two chromatic
pathways, and an achromatic pathway. The two chromatic path-
ways are S � (L + M) (the difference between S-cone activation
and the sum of L- and M-cone activation, also known as the
blue/yellow channel or S-opponent pathway) and L �M (the dif-
ference between L- and M-cone activation, also known as the
red/green channel or L/M opponent pathway). S-opponent signals
are carried predominantly in the koniocellular layers of LGN, while
the L/M-opponent signals are carried in the parvocellular layers of
the LGN. The third achromatic channel, which contains luminance
signals (L + M), is carried in the magnocellular layers of the LGN. In
the cortex, color signals are passed along the ventral pathway from
primary visual area V1–V2, V4, and TE. Within each of these areas,
studies have shown clustering of color-selective regions. Color
selective regions are concentrated in blobs in V1 (Livingstone
and Hubel, 1984) and thin stripes in V2 (Hubel and Livingstone,
1987), as revealed through cytochrome oxidase staining for meta-
bolic activity. There is also evidence that processing of different
features is integrated early on in the visual system (Sincich and
Horton, 2005). Recent fMRI, optical imaging, and electrophysiolog-
ical work have found color-selective regions, or ’globs’, within area
V4 (Conway et al., 2007; Tanigawa et al., 2010; Kotake et al., 2009).

In order to create a percept of color and form, the information
from separate channels must be integrated at some stage of pro-
cessing. Several studies have suggested that the S-opponent path-
way is slow compared to the L/M-opponent and luminance
pathways. In particular, a study by Cottaris and Devalois found that
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in primary visual area V1, the S-opponent pathway is slow com-
pared to the L/M opponent pathway, with a delay of about 30 ms
(Cottaris and De Valois, 1998). Although morphological and func-
tional differences have been observed between the S-opponent
and L/M-opponent pathway earlier in the visual pathway, no con-
crete evidence has been found for differences in latency at the level
of the receptors in the retina (Schnapf et al., 1990), ganglion cells
(Yeh et al., 1995), or LGN (Tailby et al., 2008). Psychophysical stud-
ies have also suggested that the perception of S-cone signals is
sluggish compared to other channels, but evidence for this is weak
once controls for behavioral readout and adaptation are taken into
account (see Section 4).

An examination of brain regions beyond V1 could provide in-
sight into the temporal properties and degree of integration be-
tween the two chromatic pathways. In this study, we used
information theory to measure the mutual information between
short segments of the neural responses and the color of the stimu-
lus presented in order to estimate the latency of color information
in area V4. We presented a series of short bar flashes within the RF
of single neurons recorded in area V4, varying color along the two
cardinal axes of the equiluminant opponent color space. Despite
the latency difference in V1, we found that on average, information
about S-opponent signals arrives in V4 at the same time as infor-
mation about L/M-opponent signals.
2. Materials and methods

2.1. Subjects

We recorded the responses of single V4 neurons in two adult
male rhesus monkeys (Macaca mulatta, 5–10 kg) using standard
neurophysiological methods. General experimental and surgical
procedures have been described previously (Graziano et al.,
1997). Each animal was surgically implanted with a head post, a
Fixation
Background

RF

Fixation
Background
Bar stimulus

Reward

Tr
ia

l N
um

be
r

1

12

0 0.5 1 1.5 2

C

A

Time (s)

Fig. 1. Experimental setup: color stimuli and example recording. (A) Layout of visual stim
while a gray EES (Equal Energy Spectrum, L �M = 0.665, S � (L + M) = 1.02, 25 cd/m2) bac
response field (RF) of a single V4 neuron. (B) Contrast stimulus space. The tested contrasts
equiluminant chromaticity space. S contrasts ranged from �0.5 to 0.5, while L/M contra
Once fixation was acquired, a gray EES background appeared followed by a pseudorand
100 ms followed by a 83 ms of the EES background. Within a trial, each contrast was pre
each trial across time, with highlighted boxes indicating the time windows in which the
Average spike rate responses are plotted as open circles for each contrast level with e
background and the cross denotes the spontaneous activity.
scleral eye coil, and recording chambers. Surgery was conducted
using aseptic techniques under general anesthesia (isoflurane)
and analgesics were provided during post-surgical recovery. All
experimental procedures were in accordance with National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals,
the Society for Neuroscience Guidelines and Policies, and Stanford
University Animal Care and Use Committee.

2.2. Visual stimuli

All stimuli were presented on a colorimetrically calibrated CRT
display (Mitsubishi 2070SB-BK, 29 cm vertical and 39 cm horizon-
tal, 60 Hz) controlled by a Pentium-based computer with an NVI-
DIA FX5200 video card (8 bits per gun). Judd chromaticities of
the phosphors were measured with a Photo Research PR-650 Spec-
traColorimeter and the output of each phosphor was linearized
using an International Light IL1700 Radiometer (Judd, 1951). The
values were Red (0.628,0.342), Green (0.294,0.612), and Blue
(0.152,0.081). Stimuli were chromatic, oriented bars (1 � 0.25� of
visual angle) presented on the neutral gray background and cen-
tered in the RF of individual V4 neurons (Fig. 1A). Orientation of
the bar was 0�, 45�, 90�, or 135�, pre-determined during the RF
mapping.

The luminance of all bar colors was held constant at 25 cd/m2,
an increment to the background luminance which was fixed at
15 cd/m2. In natural scenes, differences in color are usually associ-
ated with differences in luminance, and increases in luminance
have been found to facilitate detection of chromatic stimuli (Eskew
Jr et al., 1994; Cole et al., 1990). Luminance was corrected for indi-
vidual monkeys using methods described below. The chromatici-
ties of the stimuli were specified in a color space based on
opponent representation of cone responses (MacLeod and Boynton,
1979). Cone excitations were calculated using Smith–Pokorny cone
fundamentals based on human observers (Smith and Pokorny,
1975). This color space is similar to the one proposed by MacLeod
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and Boynton (1979) and used by Derrington et al. (1984) but spec-
ifies chromaticities in terms of contrasts with respect to a neutral
gray. The two coordinate axes of this color space correspond to
L- versus M-cone (denoted by L �M axis) and S- versus L- and
M- cone (S � (L + M) axis), normalized by L + M (luminance axis).
L and M variations along the L �M axis are antagonistic such that
the sum of L and M cone excitations is constant, and contrast is
measured as the difference of L and M cone contrasts, i.e., positive
values correspond to increasing L- and decreasing M-cone excita-
tion. Positive values on the S � (L + M) axis correspond to positive
S-cone contrast (MacLeod and Boynton, 1979). Each bar had differ-
ent L �M or S � (L + M)) contrasts relative to an Equal Energy
Spectrum (EES) reference color (Judd (x,y) = (0.333,0.333), 25 cd/
m2). Chromatic contrast was specified using Michelson contrast.
Because of the gamut limit of the CRT monitor, cone contrasts in
the L �M axis varied from �0.05 to 0.05 and contrasts in the
S � (L + M) axis varied from �0.5 to 0.5. Equivalent Weber con-
trasts were from �0.1 to 0.1 for L �M axis and from �0.7 to 2.0
for S � (L + M) axis. V4 neurons were tested along the cardinal cone
contrast axes. 11 contrasts were picked along the L �M axis with
zero contrast in S and another 11 contrasts were similarly picked
along the S � (L + M) axis (Fig. 1B).

A minimum motion technique was used to determine equilumi-
nance for each monkey using the method of Logothetis and Charles
(1990). In this paradigm, four horizontal square-wave gratings (4�)
were displayed sequentially and repeatedly for 1 s. Spatial and
temporal frequencies were 1 cycles/� and 3 cycles/s, respectively.
The gratings were superimposed and each grating was displaced
by one-quarter cycle from the previous one. The first and third
gratings were composed of chromatic stripes, whose colors were
composed of two of the three monitor phosphors (red/green, red/
blue or green/blue). Luminance of one phosphor was fixed at
13 cd/m2 and luminance of the other phosphor varied between
8.5 cd/m2 and 17.5 cd/m2 at 10 different levels. The second and
fourth gratings were composed of light and dark stripes, whose
chromaticity was the mixture of the used two phosphors in the
chromatic gratings. The mean luminance of these gratings was
constant at the mean luminance level of the two chromatic ones,
and of a fixed 10% contrast. The sequence of stimuli resulted in
an apparent motion (drifting upward or downward) when the
luminance of the two colors in the chromatic gratings was not per-
ceived as equal. When monkeys were trained to fixate within the
grating stimuli, optokinetic nystagmus was readily elicited when
the luminance contrast of the two chromatic gratings differed per-
ceptually. Because the eye drift reversed upon crossing a particular
luminance contrast when the two component colors in the chro-
matic grating were perceived equally bright, direction of the slow
phase of the nystagmus for the various luminance contrasts gave
reliable estimates of equiluminant points for each monkey.

2.3. Behavioral task

Monkeys were seated in a primate chair in a quiet room and se-
cured with a surgically implanted head post, and positioned 57 cm
in front of a CRT monitor. Each monkey was trained to fixate a cen-
tral spot (0.1�, 50 cd/m2) on the CRT display where visual stimuli
were presented. Their gaze remained within a 1–1.2� fixation win-
dow through all trials. During each experimental trial, monkeys
fixated the central point for 2.5 s to receive a juice reward. Two
hundred and fifty milliseconds after fixation began, a circular neu-
tral gray background (16�) appeared in the lower contralateral
quadrant and remained until the end of the trial. One hundred
and fifty milliseconds following the appearance of the gray back-
ground, a pseudorandom sequence of 11-color contrast bar stimuli
was presented in the RF of the neuron under study (Fig. 1A). Each
bar stimulus lasted 100 ms and was followed by 50 ms of the neu-
tral gray background (Fig. 1C). Monkeys were required to maintain
fixation throughout the course of visual stimulus presentation and
only correctly completed trials were included in the analyses. Eye
position was monitored via a scleral search coil, digitized and
stored at 200–500 Hz. Stimulus presentation, data acquisition
and behavioral monitoring were controlled by the CORTEX system.
2.4. Data analysis

All analyses were performed in Matlab (Mathworks).
2.4.1. Mutual information
We used mutual information (MI) to determine the selectivity

of V4 neurons for color. MI offers a way to quantify the association
between two random variables (Cover and Thomas, 1991), in this
case, between the stimuli and responses. More specifically, MI
measures the degree to which knowledge of one variable can re-
duce uncertainty about the other. Formally, given a set of stimuli
S (e.g., colors) and responses R (e.g., spike counts), the MI takes
the following forms:

IðR; SÞ ¼
X
s2S

X
r2R

pðr; sÞlog2
pðr; sÞ

pðrÞpðsÞ

� �
ð1Þ

¼
X
s2S

pðsÞ
X
r2R

pðrjsÞlog2
pðrjsÞpðsÞ
pðrÞpðsÞ

� �
ð2Þ

¼ �
X
r2R

pðrÞlog2pðrÞ þ
X
s2S

pðsÞ
X
r2R

pðrjsÞlog2pðrjsÞ ð3Þ

¼HðRÞ � HðRjSÞ ð4Þ

where S and R are the stimuli and responses respectively, p(r,s) is
the joint distribution of the presented stimuli and responses, and
p(rjs), p(r), and p(s) are the corresponding conditional and marginal
distributions. The base of the logarithm (taken as 2) specifies that
information is measured in bits. Finally, H(�) denotes the entropy
of a random variable. Entropy measures the amount of uncertainty
in a random variable (Cover and Thomas, 1991):

HðXÞ ¼ �
X
x2X

pðxÞlog2pðxÞ ð5Þ

HðXjYÞ ¼ �
X
y2Y

pðyÞ
X
x2X

pðxjyÞlog2pðxjyÞ ð6Þ

Thus, I(R; S) here quantifies the degree to which the entropy (or
uncertainty) of an observed neural response H(R) is reduced given
knowledge about the presented stimulus H(RjS). This framework al-
lows us to directly compare the color selectivity across S and L/M
stimuli as well as across individual neurons.
2.4.2. Estimating MI from the data
We analyzed the neural responses to the color bar stimuli, con-

sidering each of the two cardinal axis of color contrasts (S and L/M)
separately. Thus, the stimuli S consisted of n = 11 colors within
each analysis. The response variable R 2 {0,1,2, . . .} was taken as
the spike counts in a 15 ms sliding window following stimulus on-
set in individual trials, and trials from all orientations were pooled
for a more robust estimation of the MI. To estimate I(R; S), we cal-
culated the empirical joint distribution p̂ðr; sÞ by counting the
number of occurrences of each possible response for each stimulus
across the different presentation trials. We then calculated an esti-
mate of I(S; R) using this empirical distribution as specified in Eq.
(1). This resulted in an estimate for the MI between a short time
bin of the neural response and the stimulus color presented. Final-
ly, we repeated the analysis for each time window, shifting by 5 ms
at each step from the onset of the stimulus to the onset of the sub-
sequent stimulus.
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2.4.3. Bias correction
Given the stochastic nature of neural spiking and a finite sample

of neural responses to each stimulus (due to a limited number of
experimental trials), the empirical joint probability distribution
p̂ðr; sÞ can sometimes be a poor estimate of the actual underlying
distribution p(r,s). The amount of bias in MI estimation depends
on how densely the joint distribution matrix is sampled. As MI is
constrained to be a positive number, the information calculation
incurs a positive bias from the finite sample size, creating an over-
estimate of the actual MI value. The amount of bias can be approx-
imated as a function of the number of bins in the joint distribution
and the total number of trials (Panzeri and Treves, 1996). One pos-
sible solution to the problem of overfitting and bias is to reduce the
details of the stimulus and response descriptors such that their
joint distribution can be better estimated. To correct for the bias,
we used the algorithm developed by Nelken et al. (2005) in which
the MI was calculated based on successively reduced representa-
tions of the joint distribution matrix. At each step, the row or col-
umn with the least marginal probability is selected and joined to
the neighbor that has the lower marginal probability. The MI of
the reduced matrix and the estimated bias are computed, generat-
ing a sequence of bias-corrected MI estimates. The corrected MI
was taken as the maximum bias-subtracted value across all esti-
mates of the joint distribution (Nelken and Chechik, 2007), provid-
ing a conservative estimate of the actual MI. To test for
significance, we also controlled for bias by using a shuffled boot-
strap method (Efron, 1979). For each MI calculation, the pairing
of stimuli and responses were shuffled across all flash presenta-
tions and recalculated 100 times to find a null distribution for
the MI values. For a given time point, if the MI exceeded the max-
imum of the bootstrap values, the MI was taken to be significant
with p < 0.01.
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2.4.4. Latency estimation
In order to determine the latency with which chromatic infor-

mation emerged in individual neurons, we considered the time-
course of the MI compared to the bootstrap distribution. In order
to reduce artifacts, we imposed a relatively strict heuristic to deter-
mine the latency of information. The first of five consecutive time
points in which the MI exceeded the maximum of the bootstrap
values was taken as the latency. This was done to avoid selecting
spurious time points at which the MI exceeded the bootstrap value.
This method of latency estimation is similar to measures that have
been used in determining the timecourse of motion detection in
MT neurons (Osborne et al., 2004). Consecutive bins of significantly
elevated spiking activity compared to baseline have also been used
to quantify onset latencies of neural responses (Schmolesky et al.,
1998).

2.4.5. Controls for robustness of MI measure
We calculated the MI in sliding time windows and examined

the effect of changing the size of the analysis window. We also
examined the MI using accumulating time windows, where each
window included all preceding spikes back to the onset of the
stimulus. However the information timecourse had poorer time
resolution than that of the short sliding analysis windows, possibly
due to noise from the baseline firing.

3. Results

We studied the visual responses of 255 single V4 neurons to
colored bar stimuli in two monkeys (217, monkey B; 38, monkey
W). Fig. 1D shows a tuning function for an example neuron across
S contrast stimuli, as measured by the spike rate in a 100 ms
window following the stimulus onset. This particular neuron
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responded most to positive S contrast (purplish) stimuli and was
virtually unresponsive to neutral gray and colors with negative
S-contrast (yellowish green) stimuli. This resulted in high selectiv-
ity for S contrast (one-way ANOVA, p < 10�7).

Fig. 2 shows the average spiking responses and corresponding
information along the S and L/M contrast axes for three example
neurons: a neuron only selective for S contrast, a neuron only
selective for L/M contrast, and a neuron selective for both. Note
the first neuron (on the left) is the same as that depicted in
Fig. 1. The peristimulus time histograms (PSTH) show spike rates
as a function of color (vertical axis) and time (horizontal axis). Each
vertical slice through the PSTH is the contrast tuning curve for the
corresponding time point. We calculate the MI in a sliding window
across time to quantify the association between the responses and
the color stimuli. Below each PSTH is the corresponding MI time-
course, which appeared to closely follow the tuning observed in
the PSTH, remaining near zero during the visual response latency
and rising steeply or gradually according to the time at which re-
sponses diverged across contrasts. In the L/M-selective and both-
selective example neurons, the onset of responses appeared to be
faster for preferred contrasts, as observed in the staggered onset
of activity across rows in the PSTH.

As a control, we examined the MI timecourse as a function of
the width of the analysis window, shown in Fig. 3 for the same 3
example neurons. Note that the plots are aligned to the start of
each bin rather than the center of each bin. Larger windows allow
for a wider range of responses and better estimate of the firing rate,
but lower time resolution. Latencies estimated from the short
15 ms analysis window did not differ significantly from the larger
analysis windows (up to 90 ms).

To summarize the color selectivity of the population of recorded
neurons, Fig. 4 shows a scatter plot of the maximum MI value
reached for each neuron for S-contrast stimuli vs. L/M-contrast
stimuli. Of the 255 recorded neurons, 89 neurons were signifi-
cantly color-selective according to the latency measure criterion.
Of the color-selective neurons, 24 were selective only for S con-
trast, 42 were selective only for L/M contrast, and 23 were selective
for both. The maximum MI for S contrast and L/M contrast were
comparable and not significantly different from each other (S med-
ian = 0.10, L/M median = 0.10, Wilcoxon rank sum, p > 0.48).

We then compared the latency of S contrast information in S-
selective neurons with the latency of L/M contrast information in
L/M-selective neurons. Fig. 5 shows a histogram of latencies for S
and L/M contrast (right). On average, neurons showed comparable
latencies in discriminating stimuli along both chromatic axes (S
median latency = 95 ms, L/M median latency = 85 ms; Wilcoxon
rank sum, p > 0.3). To the left of the histogram is a scatter plot of
latencies for each contrast as a function of the maximum MI (left).
The latency and maximum MI showed a strong correlation, as the
information timecourse for neurons that carried a low amount of
information was such that the MI wavered near the shuffled boot-
strap values, resulting in longer latencies to achieve the criterion of
5 consecutive time points above the bootstrapped values. This cor-
relation was seen for both S-selective and L/M-selective neurons (S
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correlation coefficient = �0.62, p < 10�5; L/M correlation coeffi-
cient = �0.55, p < 10�5). In order to compare latencies while taking
into account the dependence on the amount of information, laten-
cies were binned by the max MI (0–0.1, 0.1–0.2, and 0.2–0.3). Aver-
age latencies within each of these bins remained indistinguishable
between S-selective and L/M selective neurons (Wilcoxon rank
sum, p > 0.3).
4. Discussion

4.1. Convergence of S-opponent and L/M-opponent signal timing in
extrastriate cortex

The results of this study suggest that on average, S-opponent
and L/M-opponent signals arrive simultaneously in area V4.
Mounting evidence suggests that the koniocellular pathway, which
primarily carries S-cone signals, is distinct from the magno- and
parvo-cellular projections from dLGN to cortex (Hendry and Reid,
2000), and appears to send direct projections to extrastriate cortex
(including V2, V4, and MT) that bypass V1 (Lysakowski et al., 1988;
Rodman et al., 2001; Sincich et al., 2004). This may provide an ana-
tomical basis for the temporal convergence of S- and L/M-oppo-
nent signal despite the delay observed in V1, and these
projections have also been implicated in cases of blindsight (Rod-
man et al., 2001).

Several psychophysical studies have examined temporal differ-
ences in the perception of cone contrast, opponent chromatic, and
luminance signals, in a variety of pairwise comparisons. One study
used a simple manual reaction time task to measure subjects’ abil-
ity to detect the appearance of an equiluminant S-opponent or L/
M-opponent signal and found that responses to S-opponent stimuli
were slower by up to 300 ms depending on cone contrast, but
these differences were reduced when detection threshold along
each axis was taken into consideration (McKeefry et al., 2003). An-
other study used a manual reaction time task to measure subjects’
ability to detect a S-opponent or L/M-opponent signal embedded
within spatiotemporal luminance noise and found that reaction
times to S-opponent signals were at most 20–30 ms slower than
reactions to L/M opponent signals (Smithson and Mollon, 2004).
However, the measured perceptual delay between S-cone contrast
and luminance signals differed depending on whether the task re-
quired a manual response, a saccade, or a perceptual judgment of
which stimulus appeared first (Bompas and Sumner, 2008). In this
study, the average measured lag for S-cone signals was 23 ms for
manual reactions and 44 ms for saccades, while no significant dif-
ference was observed for temporal order judgments. This suggests
that the delays are introduced at later stages of processing,
depending on the response modality. In another perceptual mea-
sure of S-cone sluggishness, a study found that when a blue and
red bar were simultaneously swept across a yellow screen, subjects
perceived the blue bar lagging behind the red bar, providing a per-
ceptual measure of S-cone sluggishness (Mollon and Polden, 1976).
However, after taking into account the adaptation of the back-
ground, the bars were perceived to be synchronous (Blake et al.,
2008). These studies taken together suggest a weak basis for per-
ceptual delays in S-cone stimuli and are consistent with the con-
vergence of signal timing within area V4.
4.2. Measures of information

In the current study, spike count within a small time window
was used as the basis for information. It is possible that additional
information is contained in other features of the spike train. For
example, many studies have considered the importance of the tim-
ing of the first flash following the stimulus onset (Bair and Koch,
1996; VanRullen et al., 2005). As observed in the PSTH’s in Fig. 2,
some neurons appear to respond more rapidly to preferred colors
compared to non-preferred colors.

While the current results indicate a convergence of signal tim-
ing among chromatic channels, it would be interesting to see how
this compares with the timing of achromatic signals, for example
orientation. In the current experiment setup, it was not possible
to examine latencies of orientation information because orienta-
tion was held constant across flashes within each trial. A possible
solution would be to examine only the first flash within each trial,
but since the colors were randomized and there were a limited
number of trials relative to the number of colors, it was not plau-
sible to examine only the first flash, controlled for color.
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