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Abstract

Establishing the relationship between neural activity and private experience
requires reasoning that links psychological and neural measurements. Because
the experimental variables in these two disciplines differ, rigorously linking the
data requires a quantitative analysis of the information represented in
corresponding psychological and neural measurements. Color appearance is a
good psychological domain for working out the link because several
qguantifiable rules, such as trichromacy, light adaptation, opponent-colors
responses, and low spatiotemporal resolution for color, are well-characterized.
In this chapter, these fundamental color appearance properties are described.
Then, current hypotheses linking color appearance and neural activity are
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Figure 1. Color appearance is a neural computation. When uniformly illuminated,
the pair of squares on the left and right send the same number of photons to the eye.
The pair on the left appears lighter because neural computations of brightness in-
terpret including information from the surrounding regions, and not just the photon
absorptions from the object itself.

discussed. Finally, recent experiments using functional magnetic resonance
imaging to analyze the relationship are reviewed.

Introduction

The brain interprets the retinal image as a collection of objects having various
perceptual features, including color, motion, and texture. One important goal of
vision science is to discover the computational principles and specific neural
mechanisms used by the brain to infer the presence of objects and their properties
from the retinal image. This chapter reviews the main ideas concerning how color
appearance is derived from the signal encoded within the retina.

Illusions remind us that our visual experience is not a measurement of the physical
stimulus, but a rather a neural computation. Some visual illusions offer significant
insight into these neural computations. The illusion in Figure 1 demonstrates that
even a sensation as simple as brightness is an interpretation of the image and not
just a measurement of the number of photon absorptions. The square patches on the
left side of the figure appear light; the square patches on the right side appear dark.
In fact, the squares patches on the left reflect the same amount of light and cause the
same number of photon absorptions as those on the right. The appearances differs
because of neural computations.

The illusion suggests that brightness is a perceptual explanation of surface
reflectance. The number of photons reflected from an object confounds the
reflectance of the object and the ambient illumination level. The brightness of the
squares is better explained as a comparison between the patch and the background.
If we assume that the background reflectance is constant across the page, this

2



comparison estimates the reflectance: Were the background constant, the patch on
the left would be more reflective than the one on the right. It is a reasonable guess
that the neural computations incorrectly treat the large background as uniform and
that the difference in photon absorption rates are caused by an illumination
gradient. Hence, we experience the two patches as having different brightness even
though they send equal numbers of photons to our eyes.

For two reasons, color appearance is a useful model system for exploring the neural
basis of visual experience. First, a great deal is known about the biological basis of
color encoding in both human and animal vision (Wandell, 1995). Because we
understand many of the fundamental rules concerning the encoding of color, we can
begin with a firm understanding of how color information enters the visual
pathways. Second, when compared to many other visual sensations, color
appearance is simple. Color sensations can be well-described using only a few
primitive terms — such as hue, saturation and brightness. By studying the neural
basis of color appearance, we may be able to deduce some principles about the
neural basis of visual awareness.

In this chapter, | will explore some of the current hypotheses of how color
appearance is computed within the visual pathways. The first part of this review
summarizes the basic principles of color appearance. The second part introduces
recent working hypotheses about the neural computations underlying these color
appearance principles.

A central conclusion of the chapter is this: information about the wavelength
composition of light must be represented throughout much of visual cortex.
Information about the wavelength composition of the retinal image is used by
neural circuits engaged in image segmentation, object recognition, motion, and other
important visual tasks. In this way, color information is part of the vast array of
unconscious visual processing. To identify the neural circuitry specifically associated
with color appearance, we must identify the specific color signals that share the
properties of behavioral color appearance judgments. | will suggest some ways
functional magnetic resonance imaging can be used to measure cortical signals in
human observers and discriminate neural signals that correlate with appearance
from those that provide wavelength information for other visual circuits.

Principles of color appearance

Human color appearance judgments are based on three fundamental principles:
trichromacy, opponent-color representations, and color constancy. This section
contains a brief review of these principles and some discussion of their neural basis.
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Figure 2: Three different spectral power distributions that have the same color ap-
pearance are shown. (A) The sum of three monochromatic lights, (B) a Gaussian
spectrum, and (C) light emitted from a typical television monitor.

Trichromacy

The neural representation of the visual world begins with the responses of four
interleaved photoreceptor mosaics: three types of cone photoreceptors. and one type
of rod photoreceptor. These mosaics simultaneously encode information about
pattern, motion and many other aspects of the visual world. The rods function
primarily under very low light levels, where human observers are monochromats,
so that any pair of lights can be matched to one another simply by adjusting their
relative intensities. Signals initiated within the cones permit us to discriminate
between lights of different spectral composition. Hence, in the remainder we will
focus on signals initiated by the cone mosaics.

When other factors such as the spatiotemporal properties of the stimuli and ambient
viewing conditions are held equal, two lights that cause same number of absorptions
in the three cone classes appear identical. Because there are only three cone types,
people have only a modest ability to discriminate among lights with different
spectral power distributions. The spectral power distribution (SPD) of a light source
measures how much power there is at each wavelength. The SPD is commonly used
to specify the wavelength composition of a light. When studying color vision,
spectra are ordinarily specified over a range from about 370 to 730 nanometers (nm).
Figure 2 shows the spectral power distributions of three lights that, despite the
obvious differences in their SPDs, cause the same number of cone absorptions.
These lights are metameric to one another.

Two lights that cause the same number of absorptions in each cone class, but have
different spectral power distributions, are called metamers. With only a few caveats,
it is possible to arrange a match between any test light and a second light that is the
sum of three, fixed, primary lights. The ability to arrange a color match using three
primary lights is called trichromacy and flows from the presence of three cone types.
Because photopigment absorptions follow nearly linear rules over a large range of



intensities, it has been possible to develop a complete characterization of the set of
metameric lights. The ability to control and create metamers is a key aspect of most
color reproduction technologies (Brainard 1995; Wandell, 1995).

The trichromatic character of color-matching is a fundamental principle color
appearance. But there is no immediate connection between color-matching and
common color appearance terms, such as hue terms like red and green, or general
terms like light and dark. This is because many factors, including the spatiotemporal
structure of the stimulus and the ambient background, strongly influence the
perceived color appearance. Thus, the retinal encoding by three cone types defines a
fundamental limit on the range of color experiences, but there is much more to be
understood about color appearance than simple matching.

To see this point, consider that during the color-matching measurements the
observer never describes the stimulus appearance, but only establishes a match
between a pair of stimuli. The difference between setting match and judging
appearance is implicit in Figure 1. Suppose that we set a color match between a pair
of square targets, such as the upper and lower squares on the left. These two squares
cause the same pattern of cone absorptions, so they still match in appearance when
they are shifted to the right. While the match between the two squares is preserved,
the color appearance of both squares changes. Hence, from the point of view of
color-matching nothing changes as the position shifts from the left to right. From the
point of view of color appearance, there is a significant change.

Thus, a theory of color appearance requires more information than a theory of color
matching. Matches between two common spatial temporal patterns, seen within a
common framework, can be explained by knowing only the light absorptions within
the cone outer segments. But, measuring and explaining color appearance requires
much more.

Opponent colors

A second key concept in color appearance is our inability to experience certain hue
combinations. While logically possible, these hue combinations are beyond the
scope of our neural apparatus and are never offered as a visual explanation of the
retinal image. These forbidden color combinations are called opponent-colors.

To understand this phenomenon, first consider a pair of color sensations that can
co-occur, red and yellow. We have no difficulty perceiving these two components
within a single color; orange is the common name for such a color. Nor do we have
any trouble identifying hues that appear both reddish and bluish at the same time;
purple is the common name for such a color. But, observers never identify a hue as
being reddish and greenish at the same time. Similarly, people never report seeing a
color that is yellow and blue at the same time. A spot may appear yellow or blue or
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neither. But a spot never appears yellow and blue. There is no logical or physical
reason that there should be such opponent-colors. The cause must be how the brain
encodes color appearance.

Since Hering’s (1905) initial description of opponent-colors, there have been many
behavioral and theoretical studies of opponent-colors. One way to demonstrate the
significance of an opponent-colors representation is to ask subjects to name the
colors of spectral test lights. The words red and green are essentially never used
together, nor are the words blue and yellow. Other combinations, such as red and
yellow, do occur frequently (Boynton and Gordon, 1965).

A second way to see the effects of the opponent-colors representation is to measure
the detection threshold of various colored test lights. The points in Figure 3 show the
L and M cone contrast levels at detection threshold, and the solid curve is an
ellipsoid drawn through these points. These data were measured using a spatially
blurry spot whose contrast increased and then decreased slowly over time, as shown
by the insets.

To understand why these data suggest a powerful opponent-colors signal, consider
how much contrast is needed to see an L cone stimulus, and M cone stimulus and an
L plus M cone stimulus. A test light that excites only the L or M cones can be seen at
less than 1 percent contrast. But a test light that excites the L and M cones together
requires 6 percent contrast in both cones, considerably more. Hence, stimulating the
M cones reduces the visibility of an L cone signal. This opposition of the signals
suggests an L-M opponent-colors neural representation. Other sensitivity
measurements also suggest a blue-yellow opponency (e.g., Pugh, 1976; Pugh and
Mollon, 1979; Mollon, 1982).

Behavioral experiments suggest that color information is represented in an
opponent-colors a format comprised of three neural pathways. One pathway
encodes the red-green dimension of color. An increase, say, of activity in this
pathway corresponds to a red percept while a decrease of neural activity
corresponds to a green percept. A second opponent-colors pathway represents
blue-yellow, and a third neural pathway represents light-dark. This neural format
explains opponent-colors appearance: If different sensations are coded by
increments (red) and decrements (green) within a single set of neurons, then red and
green cannot be experienced at the same location and time. Similarly, blue and
yellow are a forbidden combination.

To study one of the three neural pathways, it is necessary to silence the other two. To
do this, it is essential to identify the set of stimuli that fail to excite each pathway.
Then, by finding a signal that fails to excite, say the red-green and the light-dark
pathways, we can isolate the blue-yellow pathway. A stimulus that appears neither
red nor green is said to be in red-green equilibrium. Such a stimulus might appear
blue, yellow, or a achromatic.
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Figure 3: Detection threshold contour for colored stimuli. The horizontal and verti-
cal axes measure L and M cone contrast levels. Threshold measurements are shown
by the open points. When the stimulus modulates only the L cones (horizontal axis)
or only the M cones (vertical axis), threshold is much lower than when the stimulus
modulates both the L and the M cones (upper right direction). The lowest cone con-
trast levels occur when the L and M cones are modulated with opposing signs (upper
left direction). The solid curve shows an interpolated ellipsoidal curve. The insets in

the upper left show spatial and temporal representations of the test stimulus. Source:
Wandell, 1985.



The collection of red-green equilibrium stimuli can be characterized using simple
geometric figures. To see howy, first consider Figure 4A. This drawing shows a
method of representing colored stimuli as three-dimensional points. In the
representation used in this figure, the stimuli are described in terms of the red, green
and blue phosphors intensities, relative to the background. Second, consider a
surface that passes through the points representing stimuli red-green equilibrium
stimuli; Figure 4B shows four different views of such a surface. This red-green
equilibrium surface divides those stimuli that appear reddish (concave side) from
those that appear greenish. The surface is shaded to suggest the bluish and
yellowish appearance of the equilibrium stimuli. Because the equilibrium stimuli
appear neither red nor green, they should be invisible to neurons coding red-green
color appearance. Hence, the shape of this surface can be used to identify the
properties of neurons that might carry the opponent-colors appearance signal for
red-green. ( Burns et al., 1984; Chichilnisky and Wandell, 1995; Ejima et al., 1985;
Mausfeld and Niederee, 1993).

Spatial resolution. Based on these and other opponent-colors measurements, it is
possible to present observers with simple patterns that stimulate one of the three
color pathways and fail to stimulate the other two. By isolating such mechanisms, it
is possible to study their spatial and temporal properties. Studies of the spatial
sensitivity of the red-green and blue-yellow pathways demonstrate that
opponent-colors pathways have very poor spatial resolution compared to the
light-dark pathway. Consequently, fine spatial patterns (higher than 30 cpd)
invariably appear to be a light-dark variation around the mean no matter what their
true physical composition. Red-green spatial variation does not exceed roughly 20
cpd (correcting for the optics) or 10 cpd (through natural optics). Blue-yellow spatial
spatial variations extend only to 5 or 6 cpd. Figure 5 summarizes measurements of
spatial sensitivity of the red-green opponent-colors pathways from three different
laboratories.

At high spatial frequencies, observers have reduced contrast sensitivity to the
red-green patterns compared to light-dark patterns. At low spatial frequencies,
observers are relatively more sensitive to red-green targets. The same spatial
frequency dependence holds for the blue-yellow opponent-color dimension. The
poor spatial responsivity of the eye to color is a very large effect. Consequently, it is
used widely to create efficient image representations in color imaging applications
(Zhang and Wandell, 1996, Zhang et al., 1997). Hence, the spatial resolution of a
neural population should serve as a useful marker for identifying the population of
neurons carrying the opponent-colors signals. Neurons carrying the blue-yellow
opponent colors image should have relatively large spatial receptive fields and their
receptive field centers should sample the retinal image sparsely. Neurons carrying
the light-dark image should have small receptive fields and sample the image finely.
Neurons carrying red-green information should have an representation intermediate
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Figure 4: A geometric description of colored stimuli that appear neither red nor green.
(A) The test stimulus is a square patch shown on a uniform background. The back-
ground is plotted at the origin of the three-dimensional coordinate system. The test
stimulus is represented in a three-dimensional color space in terms of the intensities
of the three display primaries relative to the background. The arrows on the three
axes indicate the direction of increasing intensity. (B) A surface passing through red-
green equilibrium stimuli is shown from four separate views. Stimuli represented
on the surface appear blue, yellow, or achromatic. The surface is shaded with these
colors to provide a rough guide about their color appearance (Source: Chichilnisky
and Wandell, 1999)
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Figure 5: Comparison of red-green and intensity spatial contrast sensitivity functions.
The filled symbols show contrast sensitivity measurements made using stimuli vis-
ible mainly to the red-green opponent-colors mechanisms. The data from Ander-
son et al.(1991; inverted triangles) and Sekiguchi et al. (1993; circles) show absolute
contrast. The data from Poirson and Wandell (1993; squares) were obtained using a
method that does not permit estimation of the absolute sensitivity. These data have
been shifted vertically and should be compared only with respect to the fall-off in
sensitivity. Measurements by Sekiguchi and Anderson et al. compensated for the
chromatic aberration of the eye. The Poirson and Wandell measurements did not,
but at the relatively low spatial frequencies (below 7 cpd) where the three data sets
overlap red-green chromatic aberration is not a large factor (Marimont and Wandell,
1993). The open circles show contrast sensitivity measurements from three observers
to light-dark patterns (Sekiguchi et al., 1993). The shaded curves were drawn by hand
to emphasize the higher spatial resolution of the light-dark variation measurements.

10



between the other two populations.

Contrast, adaptation, and constancy

A third fundamental aspect of color is that appearance depends strongly on the
spatial and temporal context (see e.g., Figure 1). The significance of the spatial and
temporal context for color appearance judgments represents an important part of the
computational structure of the visual pathways.

Various contextual conditions influence color appearance, and several of these
conditions have been given special names. Changes in appearance caused by the
immediately surrounding spatial region are usually called contrast effects.
Appearance effects caused by the eye’s adaptation to large, steady backgrounds are
called color adaptation effects. Appearance shifts caused by changes in the ambient
illumination used to view a collection of surfaces are called color constancy effects.
These stimulus conditions are commonly separated in the literature; but, there is no
powerful evidence to show whether these effects are produced by different or
similar neural mechanisms.

As stimulus conditions, color adaptation and color constancy have much in
common. Both are appearance changes caused by a contextual shift that is spread
over large regions of the image and that is stable across time. One important
difference between the two conditions is that adaptation is usually associated with
conditions in which the target is presented on a uniform background, while color
constancy involves a patterned background. Given the significance of edges for
visual perception, this difference may be important. There is no widely agreed upon
method for incorporating both pattern and illumination variation in a single theory.
But, some general rules have been observed in cases in which there are relatively
few edges in the image and the main effects we must explain are the change in the
characteristics of the illumination.

The visual pathways adapt to illumination level changes that span many orders of
magnitude and very large changes in the illuminant spectral power distribution.
Thus, both the the overall level of absorptions and the relative cone absorption rates
from a surface change under different illuminants. In recent years, a number of
studies have shown that the appearance changes caused by changes in the intensity
or spectral composition of a uniform background can be approximated by simple
rules that modestly extend a proposal from J. von Kries, made in the early 20th
century, and sketched in Figure 6 (von Kries, 1902).

Consider the simple visual stimulus shown in Figure 6. The stimulus is comprised of
a uniform background field and a superimposed target. In this case the target is
shown as an increment, though in other cases it might be a decrement of the mean
field. Modern explanations of von Kries adaptation explain how the background
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and target interact by assuming that based on spatial and temporal properties the
target causes one signal in the photoreceptor array, shown by the main signaling
path in the figure. Photons from the background establish the gain, say G, G, and
G 5 of the three cone pathways in the main signaling path. For example, increasing
the background absorptions in the L cones, reduces the gain in the L cone signal.

It is worth spending a moment to consider the implications of this hypothesis
rigorously. Stating the rule using symbols is important because the rule contains
some surprising subtleties. Suppose that a target, t, is presented on a background, B.
Suppose that the background causes a mean level of cone absorptions, (L,M,S),
which must be all positive. The target causes a change in the mean level of (I,m,s),
and these values may be negative, positive, or zero. Von Kries’ suggested that any
target t seen on background B will match a second target, t’ = (I’m’,s’), seen on a
second background, B’ = (L’,M’,S’), when the target cone absorptions are related by

l,/l = GL/GLI,m'/m = GM/GM/,SI/S = GS/GS/

One important part of this hypothesis is this: The cone absorptions ratios, say /1,
are the same for any pair of matching lights seen on backgrounds B and B’. Hence,
many different matches can be predicted once we know the scalar values associated
with each cone class. The von Kries hypothesis has been tested on several occasions
and serves as a good approximation (Bauml, 1995, Brainard and Wandell, 1992;
Chichilnisky and Wandell, 1995).

There is a second important part of the hypothesis that has been rarely studied: How
do the gain values, G1,, depend on the background photon absorptions? As the
hypothesis is drawn, the value of G;, depends only on the L cone signals. Hence,
with this form of the hypothesis test matches can be predicted by scaling within
cone types. It may be the case, however, that the gain values depend on the
backgrounds in more complex ways.

The two parts of von Kries hypothesis are open to empirical examination. When
measured on simple, uniform backgrounds, the first part of von Kries hypothesis
holds well for decremental targets and coarsely for all targets. Significant
improvements in the predictions of color matches can be obtained by applying
different rules to incremental and decremental test targets (Chichilnisky and
Wandell, 1996; Mausfeld and Niederee, 1993). The further problem of understanding
how the gain factors depend on the spatial pattern of the background or the scene
interpretation is not understood.

While open problems remain, enough is known about adaptation on uniform
backgrounds so that one can make preliminary comparisons between neural and
behavioral measurements. The predictions of von Kries adaptation are powerful,
and we may find that not all neural substrates follow its form. Hence, von Kries can
be very helpful when we seek those neural substrates that mediate color appearance.
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Figure 6: Schematic of the von Kries model of adaptation. The stimuli are shown as
a uniform background field and a small incremental test. Light from the background
establishes the gain of the cone signals. Light from the test perturbs the cones. In this
version of von Kries adaptation, only background photons absorbed in the L cones
influence the gain of the L test signal, and incremental and decremental signals are
treated the same. Neither of these assumptions is precisely correct (e.g., Chichilnisky
and Wandell, 1996; Mausfeld and Niederee, 1993).
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The neural basis of color appearance

Two main hypotheses that have been proposed concerning link between neural
activity and color. One hypothesis emphasizes the flow of information from the
retina into cortex. The second emphasizes regions in cortex that may play a special
role in color perception.

Retinal origins

Information is sent from the retina to cortex along several distinct populations of
neurons, or pathways. These pathways can be distinguished based on the
morphology of the cells, their connections within the retina, and their central
projections (see Figure 7). At present, three fundamentally different pathways have
been clearly established. The P pathway leaves the retina via the midget ganglion
cells. These cells comprise both on- and off-center neurons, and both on- and
off-center cells are driven by the single foveal L and M cones. Based on anatomical
studies, it appears that the S cones appear to contribute only to an off-center midget
ganglion cell (Klug et al. 1993). It appears, though is not yet certain, that the
opposing surround signal is controlled by signals from a mixture of the other cone
types (Sterling 1998; but see Reid and Shapley, 1992). The midget ganglion cells
project to the parvocellular layers of the lateral geniculate nucleus, and then to layer
4Cb of primary visual cortex.

The M pathway leaves the retina via the parasol cells. These neurons projects to the
magnocellular layer of the LGN. The L and M cone signals contribute with a
common sign to both the center and surround responses of neurons in the M
pathway. The output of the parasol cells is sent to layers 4Ca and 4B of primary
cortex.

The K pathway leaves the retina via the small bistratified retinal ganglion cells. These
neurons receive an excitatory S-cone center and an inhibitory L and M cone
surround. They project to koniocellular layers of the lateral geniculate nucleus, layers
that fall in between the parvocellular and magnocellular layers. The neurons in the
koniocellular layers project to the superficial layers of visual cortex.

The receptive field and anatomical connections of neurons within these pathways
suggest they each have different specializations for transmitting color information.
The clearest association is between the K pathway and blue-yellow color
appearance. In addition to their opponent-colors signal between the S and (L,M)
cones, these neurons also have low spatial resolution (Dacey and Lee, 1994;
Sterling,1998).

It is often said that color is coded by the P-pathway, and luminance is coded in the
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Pathway properties

Cone inputs Ganglion LGN _ Vi
cell type layer input layers
central:
single L,M,S center
P mixed surround midget parvocellular 4Cb
peripheral:
mixed center
> mixed surround
S
L LM arasol magnocellular 4Ca
E M center and P g
o surround
K S on small . koniocellular 2,3
LM off bistratified

Figure 7: Some properties of the parvocellular, magnocellular, and koniocellular path-
ways.

M-pathway (e.g., Spillmann and Werner, 1990). The principal experimental evidence
for this hypothesis is that foveal midget ganglion cells centers are driven by signals
from a single cone while the surround is driven by an opposing signal that includes
the other cone type. Thus, an L cone center midget cell receives an opposing M cone
signal from the surround. The opponency between the L and M cone signals can be
measured using large stimuli that cover both the center and surround of the
receptive field (Derrington, Krauskopf and Lennie, 1984). Neurons in the M pathway
are not a candidate for representing an opponent-colors signal because they receive
a mixture of L and M cone signals in both the center and the surround. Moreover,
their properties seem very well-suited to carrying high temporal frequency
information called the luminance signal (Lee et al., 1990; but see Smith et al., 1992).

There are some problems with this segregation of tasks between the P and M
pathways. First, the number and spacing of the mosaic of neurons making up the P
pathway is significantly higher than any other retinal mosaic. In the fovea, for
example, each cone sends its output to two neurons in the P pathway (one on- and
one off-signal). In fact, the midget ganglion cell mosaic that carries the P pathway
signal contains 70% of the 1.25 million human retinal ganglion cells (Rodieck, 1998).
Consequently, this mosaic is the only one that can represent the high resolution
signal used for achromatic vision. Second, it seems likely that neurons in the K
pathway carry blue-yellow signals. This pathway contains a full representation of
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the visual field, and the spatial receptive field of the pathway matches the
blue-yellow signal well. Third, it is odd to argue that the P pathway represents all of
blue-yellow color vision given that it contains only an off-center S-cone driven cell
type and the primary on S-cone signal exits via the K-pathway.

At present, there appear to be several possibilities concerning the distribution of
color signals. First, the blue-yellow signals may be carried on both the P and K
pathways. Second, a new retinal pathway carrying the red-green signals may be
found. Third, the signals within the P pathway may code both achromatic and
red-green signals and the perceptual red-green representation may be formed
through a recombination of these signals in cortex. For example, if P-pathway
neurons with L and M cone inputs can be distinguished at the level of cortex, then
P-pathway signals could be recombined to create both a light-dark and a red-green
representation (Ingling and Martinez, 1983; Lennie et al., 1990). What the basis for
this discrimination between these types of neurons might be, and how the cortical
creation of achromatic and red-green signals can be integrated with other novel
cortical receptive field properties such as direction selectivity, orientation and
disparity tuning, remains to be worked out.

Cortical centers.

The second widely discussed hypothesis about the neural basis of color is that there
is a cortical “color center.” A cortical center for a perceptual feature, such as color or
motion, means that visual experience of that feature is represented by the activity of
the neurons within that center (Zeki, 1990; Zeki 1993).

In monkey, two cortical locations have been suggested for a putative cortical color
center. Zeki has argued that in monkey area V4 is the color center because
single-unit recordings in area V4 CO-varied with color appearance, and not the
wavelength composition of the test light (Zeki, 1993). These measurements have not
been repeated, and there has been some disagreement concerning V4’s role in color
(Schein and Desimone, 1990). For example, Cowey and Heywood (1995) have
convincing evidence that area V4 is not essential for color constancy, an important
appearance task. They suggest that processing in a nearby area, TEO, is essential.

The modern focus on a human color center is rooted in a seminal paper by Meadows
(1974) who reviewed descriptions of individuals with cerebral disturbances of color
appearance. Several different types of disturbances exist, and he sketched a pathway
and lesion sites where damage might impair performance on several different types
of color tasks, including discrimination, appearance language. Human
neuropsychological and neuroimaging measurements suggest that damage to a
cortical region on the ventral surface of the occipital lobe, in the fusiform gyrus,
interferes with normal color processing (Meadows, 1974; Zeki, et al., 1991).
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Neuroimaging studies about this hypothesis are reviewed below.

FMRI measurement methods

By juxtaposing the retinal and cortical hypotheses, one can see that to understand
the neural basis of color appearance requires tracing the flow of information from
retina through cortex. Selecting stimuli that preferentially stimulate one retinal
pathway or another, and then measuring the color responses across cortex, can
provide important data for a general theory of the neural basis of color appearance.
But, how can we trace the neural activity of the color pathways in the human brain?

Functional magnetic resonance imaging (fMRI) is a neuroimaging method that can
be used to make inferences about the neural activity in the alert, performing human
brain. The physical basis of the method, as well as some recent advances, are
reviewed elsewhere ( Moseley and Glover, 1995; Tootell et al, 1996; Wandell, 1999).
Briefly, the fMRI signal is an indirect measure of neural activity. The fMRI signal
varies as a function of the local blood oxygen content which, in turn, covaries with
modulations in the neural activity. In some portions of the brain, particularly near
primary visual cortex, changes in blood oxygen mirror the spatial pattern of neural
activity at a spatial resolution of less than 2 mm (Engel et al., 1997a). The signal to
noise ratio (SNR) of the fMRI signal is somewhat higher than earlier neuroimaging
methods, and it can be used to measure stimulus-response functions of active
cortical regions in the brains of individual subjects.

To integrate fMRI measurements with the extensive literature on the activity of
single-units in monkey brain, it is useful to co-locate the neuroimaging
measurements with visual areas. The spatial resolution of fMRI and certain advances
in visualization methods have made it possible to identify retinotopically organized
visual areas in individual observers’ brains (DeYoe, 1996; Engel et al., 1997a; Sereno
and Dale, 1995; Smith et al., 1998). Hence, the neuroimaging results can be compared
to single-unit measurements from corresponding areas in animal models.

Two developments have made identification of retinotopically organized areas
possible. First, a simple class of stimuli have been developed to permit efficient
measurement of the retinotopic organization in several visual areas (Engel et al.,
1994). Second, novel methods for visualizing the spatial distribution of activity on
the cortical surface have been developed (Dale and Sereno, 1993; DeYoe et al., 1996;
Drury et al, 1996; Engel, et al., 1997; Goebel, 1996; Teo et al., 1997). The visualization
methods permit one to to segment gray and white matter and reconstruct
three-dimensional images of the gray/white boundary (Figure 8A). Using the
segmentation it is proven useful to create flattened representations of the gray
matter in order to appreciate the retinotopic organization (Figure 8B). In those cases
described below when a visual area is mentioned, its location was determined using
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Figure 8: Methods of visualizing the human brain. (A) A three-dimensional ren-
dering of the gray/white boundary of a human brain is shown. The rendering was
created by segmenting gray and white matter and creating a connected representa-
tion of the gray matter (Teo et al, 1997). This medial view shows the location of the
calcarine (Ca) and parieto-occipital (PO) sulci. This image was created using soft-
ware developed by R. Taylor in our laboratory. (B) Distances within the connected
gray matter can be measured using Dijkstra’s algorithm. From these distances, it
is possible to create a flattened representation of the gray matter that a minimizes
the difference between distances measured along the curved gray matter surface and
distances on the flattened representation. The underlying gray image represents the
gray matter, shaded so that light and dark measuring position along the medial to
lateral axis. The colored overlay shows the retinotopic organization with respect to
distance from fixation (see the legend at the lower left). A description of the methods
as well as software for segmenting and flattening can be obtained from the web-site
(http://white.stanford.edu/wandell.html).

retinotopic mapping and flattened representations.

Color fMRI measurements

Zeki et al. (1991; McKeefry and Zeki, 1997; Sakai,et al. 1995) have used both PET and
fMRI to measure color-related activity in the human brain. In a widely cited set of
papers, they measured the difference in activity caused caused by an achromatic and
colored stimulus (Lueck, et al. 1989; McKeefry and Zeki, 1997;Zeki et al., 1991). The
achromatic version of the spatial stimulus is shown in Figure 9A, and the colored
version has the same lightness but adds various hues. The initial reports were that
“the only area showing a significant change of activity was in the region of the
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(A) 33 deg (B) 20 deg

23 deg

Figure 9: The spatial structure of (A) the Mondrian stimulus used by McKeefry and
Zeki (1997) and (B) the contrast reversing checkerboard used by Engel et al. (1997b).

lingual and fusiform gyri. This area lies outside the striate cortex and is the same
area implicated in achromatopsia (cerebral color blindness) [Zeki et al., 1991]”.

This report was puzzling for the following reasons. The achromatic and colored
stimuli have equal achromatic signals but different opponent-colors signals. Hence,
if we accept the logic of the subtraction methodology, comparisons of the activity
caused by the two stimuli should produce activity in all brain regions that respond
to opponent-colors signals. The absence of an opponent-colors signal in early
cortical areas is puzzling because the parvocellular and koniocellular pathways
should respond to such a signal, and these pathways represent a large fraction of the
neurons in primary visual cortex. Why wasn’t their response measured? The
absence of a signal in primary visual cortex poses the further question of how these
opponent-colors signals reach the fusiform gyrus on ventral occipital surface?

This puzzle has been solved by new results from several laboratories showing that
opponent-colors signals can be measured in early visual areas (e.g., Kleinschmidt, et
al., 1996; Engel et al., 1997b; McKeefry and Zeki, 1997; Tootell et al., 1998). For
example, Engel et al. (1997b) showed that for certain stimuli, the most powerful
responses in area V1, per unit cone contrast, are caused by lights that excite
opponent-colors mechanisms.

Figure 10A shows the color tuning measured in area V1 using a contrast reversal
rate of 1 Hz and with with the spatial pattern shown in Figure 9B. The color tuning
is plotted using a format that can be compared with behavioral detection thresholds
(see Figure 3). The solid line in the fMRI color tuning curve shows the L and M cone
contrast levels that produced the same fMRI signal. The dashed curves are 80
percent confidence intervals. The iso-response curve qualitatively matches the
detection threshold contour measured with the same stimulus.
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Figure 10: Comparison of the color tuning in area V1 (left panel) and an active region
located in the ventral occipital region, VOc (right panel). The solid curves show stim-
uli that evoked an equal fMRI response. Stimuli with opposing L and M cone con-
trasts (opponent-colors signals) are more effective at evoking a response than stimuli
with covarying L and M cone contrasts. The two regions share a common color tun-
ing; separate measurements suggest that the signal in VOc is slightly stronger.

The original observation of a strong response to chromatic signals within the
fusiform gyrus is also confirmed by all groups, and studies of this region may tell us
more about the flow of cortical color signals. The retinotopic organization of this
region has been probed by McKeefry and Zeki (1997) and by Tootell et al. (1998).
Both groups find that this location on the ventral occipital surface represents and
entire hemisphere. The main difference in their analysis is that McKeefry and Zeki
refer to the area as V4, in homology with monkey V4. Tootell et al. (1998) suggest the
color responsive area falls beyond the fourth retinotopically organized human area
and that it should be called V8, and not V4. For the present, the neutral and
temporary name VOc will be used to refer to the location in ventral-occipital cortex.

Does the color tuning of area V1 differ from that of VOc? Were the opponent-colors
signals substantially more powerful in VOc than V1, one might still argue for an
enhanced color representation in VOc. Wandell et al. (1998) measured the
iso-response curve in VOCc to the same stimulus shown in Figure 9B. For these
conditions, they found that the color tuning in VOc and V1 are quite similar. Of
course, it remains possible that by selecting other spatial patterns, or by choosing
different tasks and viewing conditions, differences will emerge.

Measurements with contrast-reversing lights and simple rectangular patterns reveal
a powerful opponent-colors signals along the pathway from V1, V2 and VOc. But,
these are not the only cortical locations that receive opponent-colors signals. Moving
stimuli, seen only by opponent-color mechanisms, evoke powerful activations in
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motion-selective areas located at the lateral portion of the parieto-occipital sulcus
(ffytche et al., 1995; Poirson et al., 1997). Hence, cortical responses to
opponent-colors stimuli, presumably carried by the parvocellular and koniocellular
inputs to cortex, appear widely distributed in cortex. The powerful opponent-colors
signal in V1, V2, VOc and motion-selective cortex represent only a portion of the
distribution of color signals in cortex

The ability to make complete color tuning measurements using fMRI offers us one
way to measure cortical signals in human observers. By making these measurements
with a broader array of stimuli, we should be able identify the neural signals that
correlate with appearance and understand the computations that take place at
different cortical locations.

Conclusions

Several quantitative principles describe human color appearance judgments. Color
appearance represents three perceptual dimensions (trichromacy); color appearance
computations adjust to changes in the ambient illumination, so that appearance
depends more on the relative cone absorptions than the absolute number of
absorptions; color appearance is organized into one achromatic and two
opponent-colors representations; the spatial resolution of the opponent-colors
mechanisms is substantially lower than that of the achromatic mechanism.

Using fMRI, it is possible to make measurements of the color sensitivity in various
parts of human visual cortex. While visual cortex contains many different signals
coding the spectral composition of the retinal image, these signals do not all match
the quantitative principles of human color appearance. The signals measured so far
may be significant for color appearance, but no region has been clearly identified as
a unique color appearance center. Rather, it seems likely that by expanding the range
of measurements, and comparing the quantitative responses in visual cortex with
the fundamental properties of human color judgments, it may be possible to find a
series of neural computations that, taken together, result in our experience of color.

21



References

[1] S. Anderson, K. Mullen, and R. Hess. Human peripheral spatial resolution for
achromatic and chromatic stimuli: Limits imposed by optical and retinal
factors. J. Physiol., 442:47-64, 1991.

[2] K. H.Bauml. lHluminant changes under different surface collections: examining
some principles of color appearance. J. Opt. Soc. Am. A, 12(2):261-271, 1995.

[3] R. M. Boynton and J. Gordon. Bezold-brucke hue shift measured by
color-naming technique. J. Opt. Soc. Am., 55:78-86, 1965.

[4] D. H. Brainard and B. A. Wandell. Asymmetric color matching: how color
appearance depends on the illuminant. J. Opt. Soc. A., 9(9):1433-1448, 1992.

[5] S.Burns, A. E. Elsner, J. Pokorny, and V. C. Smith. The abney effect:
chromaticity coordinates of unique and other constant hues. Vision Res,
24:479-489, 1984.

[6] E.J. Chichilnisky and B.A. Wandell. Photoreceptor sensitivity changes explain
color appearance shifts induced by large uniform ba ckgrounds in dichoptic
matching. Vision Res, 35(2):239-254, 1995.

[7] E.J. Chichilnisky and B.A. Wandell. Seeing gray through the on and off
pathways. Visual Neurosci, 13:591-6, 1996.

[8] A. Cowey and C. A. Heywood. There’s more to colour than meets the eye.
Behavioural Brain Research., 71:89-100, 1995.

[9] D M Dacey and B B Lee. The 'blue-on’ opponent pathway in primate retina
originates from a distinct bistratified ganglion cell type. Nature,
367(6465):731-735, 1994,

[10] A. M. Dale and M. I. Sereno. Improved localization of cortical activity by
combining EEG and MEG with MRI cortical surface reconstruction: a linear
approach. J. Cog. Neurosci., 5:162-176, 1993.

[11] A. M. Derrington, J. Krauskopf, and P. Lennie. Chromatic mechanisms in lateral
geniculate nucleus of macaque. J. Physiol., 357:241-265, 1984.

[12] E.A. DeYoe, , G.J. Carman, P. Bandettini, S. Glickman, J Wieser, R. Cox,
D. Miller, and J. Neitz. Mapping striate and extrastriate visual areas in human
cerebral cortex. Proc. Natl. Acad. Sci., USA, 93:2382-2386, 1996.

[13] H.A. Drury, D.C. Van Essen, C.H. Anderson, C.W. Lee, T.A. Coogan, and J.W.
Lewis. Computerized mappings of the cerebral cortex: a multiresolution
flattening method and a surface-based coordinate system. Journal of Cognitive
Neuroscience, 8:1-28, 1996.

22



[14] Y. Ejima and S. Takahashi. Interaction between short- and longer-wavelength
cones in hue cancellation codes: nonlinearit ies of hue and cancellation as a
function of stimulus intensity. Vision Res, 25:1911-1922, 1985.

[15] S. A. Engel, G. H. Glover, and B. A. Wandell. Retinotopic organization in
human visual cortex and the spatial precision of functional mri. Cerebral Cortex,
7(2):181-192, 1997.

[16] S. A. Engel, D.E. Rumelhart, B.A. Wandell, A. T. Lee, M. N. Shadlen, and G. H.
Glover. fMRI of human visual cortex. Nature, 369:525, 1994,

[17] S. A. Engel, X. Zhang, and B. A. Wandell. Color tuning in human visual cortex
measured using functional magnetic resonance imaging. Nature,
388(6637):68-71, 1997.

[18] D ffytche, B Skidmore, and S Zeki. Motion-from-hue activates area v5 of human
visual cortex. Proc. Roy. Soc. (London), 260(1359):353-358, 1995.

[19] R. Goebel. Analyse und visualisierung von magnetresonanztomographiedaten.
In Th. Plesser und P. Wittenburg, editor, Forschung und wissenschaftliches Rechne.
Beitrge zum Heinz-Billing-Preis, Gttingen: GWDG, 1996.

[20] E. Hering. Handbuch der gesammter Augenheilkunde, Vol 3, volume 3, chapter
Grundzuge der Lhre vom Lichsinn. Berlin, 1905.

[21] C.R. Ingling and E. Martinez. The spatiochromatic signal of the r-g channel. In
J. D. Mollon and L. T. Sharpe, editors, Color Vision, pages 433-444. Academic,
London, 1983.

[22] A. Kleinschmidt, B. B. Lee, M. Requart, and J. Frahm. Functional mapping of
color processing by magnetic resonance imaging of responses to selective p-and
M-pathway stimulation. Experimental Brain Research, 110(2):279-288, 1996.

[23] K. Klug, Y. Tuskamoto, P. Sterling, and S.J. Schein. Blue cone off-midget
ganglion cells in macaque. Investigative Opthalmology and Visual Science, 34(4),
1993.

[24] B. Lee, J. Pokorny, V. Smith, P Martin, and A Valberg. Luminance and chromatic
modulation sensitivity of macaque ganglion cells and human observers. J. Opt.
Soc. Am. A, 7(12):2223-2236, 1990.

[25] P Lennie, J Krauskopf, and G Sclar. Chromatic mechanisms in striate cortex of
macaque. J. Neuroscience, 10(2):649-669, 1990.

[26] RB Tootell AM Dale Ml Sereno R Malach. New images from human visual
cortex. TINS, 19(11):481-489, 1996.

23



[27] D. Marimont and B. A. Wandell. Matching color images: The effects of axial
chromatic aberration. J. Opt. Soc. Am. A, 12, 1993.

[28] R. Mausfeld and R. Niederee. An inquiry into relational concepts of colour,
based on incremental principles of colour codi ng for minimal relational
stimuli. Perception, 22(4):427-462, 1993.

[29] DJ McKeefry and SM Zeki. The position and topography of the human colour
centre as revealed by functional magnetic resonance imaging. Brain,
120:2229-2242, 1997.

[30] J. Meadows. Disturbed perception of colours associated with localized cerebral
lesions. Brain, 97:615-632, 1974,

[31] J. D. Mollon. Color vision. Ann. Rev. Psychology, 33:41-85, 1982.

[32] M. Moseley and G. H. Glover. Functional MR imaging: Capabilities and
limitations. In J. Kucharczyk, M. Moseley, T. Roberts, and W. Orrison, editors,
Functional Neuroimaging. North American Imaging Clinics, 1995.

[33] A Poirson, H Baseler, and B A. Wandell. Color tuning to moving stimuli in the
human visual cortex. In Society for Neuroscience Abstracts, volume 23, page 1396.
Society for Neuroscience, 1997.

[34] A.B. Poirson and B. A. Wandell. The appearance of colored patterns:
pattern-color separability. J. Opt. Soc. Am. A, 10(12):2458-2471, 1993.

[35] E. N. Pugh. The nature of the m; mechanism of w. s. stiles. J. Physiol.,
257:713-747, 1976.

[36] E. N. Pugh and J. D. Mollon. A theory of the w; and 73 colour mechanisms of
stiles. Vision Res., 19:293-312, 1979.

[37] R C Reid and R M Shapley. Spatial structure of cone inputs to receptive fields in
primate lateral geniculate nucleus. Nature, 356(6371):716—718, 1992.

[38] R. W. Rodieck. The First Steps in Seeing. Sinauer, 1998.

[39] K Sakai, E Watanabe, Y Onodera, | Uchida, H Kato, E Yamamoto, H Koizumi,
and Y Miyashita. Functional mapping of the human colour centre with
echo-planar magnetic resonance imaging. Proceedings Of The Royal Society Of
London Series B Biological Sciences., 261(1360):89-98, 1995.

[40] S.J. Schein and R. Desimone. Spectral properties of v4 neurons in the macaque.
J. Neuroscience, 10(10):3369-3389, 1990.

[41] N. Sekiguchi, D. R. Williams, and D. H. Brainard. Efficiency in detection of
isoluminant and isochromatic interference frings. J. Opt. Soc. Am. A,
10(10):2118-2133, 1993.

24



[42] M.1. Sereno, A.M. Dale, J.B. Reppas, K.K. Kwong, J.W. Belliveau, T.J. Brady, B.R.
Rosen, and R.B. Tootell. Borders of multiple human visual areas in humans
revealed by functional MRI. Science, 268:889-893, 1995.

[43] AT Smith, M Greenlee, KD Singh, FM Kraemer, and J Hennig. The processing
of first- and second-order motion in human visual cortex assessed by functional
magnetic resonance imaging (fmri). J. Neurosci., 18(10):3816-3830, 1998.

[44] V. Smith, B. Lee, J. Pokorny, P. Martin, and A. Valberg. Responses of macaque
ganglion cells to the relative phase of heterochromatically modulated light. J.
Physiol., 458:191-221, 1992.

[45] L. Spillman and J. Werner, editors. Visual Perception: The neurophysiological
foundations. Academic Press, 1990.

[46] P Sterling. Retina. In G.M. Shepherd, editor, Synaptic Organization of the Brain.
Oxford University Press, New York, NY, 1998.

[47] P Teo, G Sapiro, and B A Wandell. Creating connected representations of
cortical gray matter for functional MRI visualization. IEEE Med. Trans.,
16(6):852-863, 1997.

[48] R Tootell, N Hadjikhani, A Liu, P Cavanagh, and A Dale. Color and retinotopy
in human visual cortical area v8. Investigative Opthalmology and Visual Science,
39(4):S1129, 1998.

[49] J. von Kries. Chromatic adaptation. In D. L. MacAdam, editor, Sources of Color
Science, 1970,. The MIT Press, Cambridge, 1970.

[50] B. A. Wandell. Color measurement and discrimination. J. Opt. Soc. Am. A,
2:62-71, 1985.

[51] B A Wandell. Computational neuroimaging of human visual cortex. Annual
Review of Neuroscience, 22:in press, 1999.

[52] B A Wandell, H Baseler, A B Poirson, and G M Boynton. Computational
neuroimaging: Color tuning in two human cortical areas measured using fMRI.
In K Gegenfurtner and T Sharpe, editors, Color Vision: from molecular genetics to
perception. Cambridge University Press, in press.

[53] S. Zeki. A century of cerebral achromatopsia. Brain, 113:1721-1777, 1990.
[54] S. Zeki. A Vision of the Brain. Blackwell Scientific Publications, 1993.

[55] S. Zeki, J D G Watson, C J Lueck, K J Friston, C Kennard, and R S J Frackowiak.
A direct demonstration of functional specialization in human visual cortex. J.
Neuroscience, 11(3):641-649, 1991.

25



[56] X. Zhang, D. A. Silverstein, J. E. Farrell, and B. A. Wandell. Color image quality
metric s-cielab and its application on halftone texture visibility. COMPCON97
Digest of Papers, pages 44-48, 1997.

[57] X. Zhang and B. A. Wandell. A spatial extension to CIELAB for digital color
image reproduction. Society for Information Display Symposium Technical Digest,
27:731-734, 1996.

26



