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CORTICAL MECHANISMS OF
COLOUR VISION
Karl R. Gegenfurtner
The perception of colour is a central component of primate vision. Colour facilitates object
perception and recognition, and has an important role in scene segmentation and visual memory.
Moreover, it provides an aesthetic component to visual experiences that is fundamental to our
perception of the world. Despite the long history of colour vision studies, much has still to be
learned about the physiological basis of colour perception. Recent advances in our
understanding of the early processing in the retina and thalamus have enabled us to take a fresh
look at cortical processing of colour. These studies are beginning to indicate that colour is
processed not in isolation, but together with information about luminance and visual form, by the
same neural circuits, to achieve a unitary and robust representation of the visual world.
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It has been known since the nineteenth century that
there are three types of photoreceptor for daylight
vision in the human eye1,2. Since then, the shapes of the
spectral absorption functions of the different cones
have been determined with increasing precision in
psychophysical experiments and verified using various
electrophysiological methods3. On the molecular
genetic level, the basis for the formation of the cone
photopigments is known from the work of Nathans
and colleagues (for review, see REF. 4). Whereas the rods
and the short-wavelength (S)-cones are phylogenetically
older, the long- (L) and middle-wavelength (M) cones
evolved from a common ancestoral pigment only about
35 million years ago, probably for the benefit of an
improved diet of ripe red fruit rather than green leaves5.
Trichromacy implies that the effect of any light on
the visual system can be described by three numbers —
the excitation it produces in the L-, M- and S-cones.
The cones act like photon counters; information about
the wavelength of each individual photon is lost, a
principle termed ‘univariance’ by Rushton6. For each
individual cone, information about wavelength and
intensity is confounded. At the next stage of processing,
the visual system must compare the signals from the
different cones to compute the colour of objects.
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In the retinal ganglion cells, three channels convey
information from the eye to the brain7,8. In the L + M or
luminance channel, the signals from L- and M-cones
are added to compute the intensity of a stimulus. In the
L – M colour-opponent channel, the signals from L- and
M-cones are subtracted from each other to compute
the red–green component of a stimulus. Finally, in the
S – (L + M) channel the sum of the L- and M-cone
signals is subtracted from the S-cone signal to compute
the blue–yellow variation in a stimulus. FIGURE 1 illustrates the transformation from the cone signals into
colour-opponent signals. These three channels — the
‘cardinal directions’ of colour space9 — are functionally
independent and transmitted in anatomically distinct
retino-geniculo-cortical pathways. Cells in the magnocellular layers of the lateral geniculate nucleus (LGN) are
sensitive mostly to luminance information, cells in the
parvocellular layers to red–green information, and cells
in the koniocellular layers to blue–yellow information.
Colour opponency has also been shown to be of computational importance, as it removes the inherently high
correlations in the signals of the different cone types10.
Although these early stages of processing have been
explored in great detail, the later, cortical stages of
visual processing are less well understood. We know
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Figure 1 | Early stages of colour processing. Colour vision (for example, of the picture shown
in a) starts with the absorption of light by three types of cone photoreceptor (L, M and S) in the
eye (b). The three black and white pictures (c–e) show how the three cone types are excited by
the image in a. The L- and M-cone images are similar. The electrical signals generated by these
photoreceptors go through complicated circuitry (f) that transforms the signals into three
channels— one carrying luminance and the other two being colour-opponent, red–green and
blue–yellow (g–i). These colour-opponent signals are sent to the visual cortex by way of the
thalamic lateral geniculate nucleus (LGN).

METAMERIC

Two stimuli with different
spectral light distributions are
called metameric if they lead to
the same activation patterns in
the three cones.
Vλ

The human luminous efficiency
function Vλ specifies the
effectiveness with which stimuli
of different wavelength activate
the visual system.
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that many cells in the visual cortex respond to colour.
The main questions are whether these cells respond to
other visual attributes as well, what kind of computations these cells perform on their visual input, and
how these signals contribute to our perceptual experience of colour.
Psychophysics

Before discussing the cortical mechanisms of colour
vision, it is helpful to summarize briefly the psychophysics of colour perception, which constitute the
behavioural, perceptual and experiential measures that
we try to explain in terms of neural events. Many
psychophysical studies were motivated by the idea that
colour, form and motion were processed separately in
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the visual cortex11,12. Rediscovering a principle first used
by Liebmann13, Ramachandran and Gregory14 created
displays that were designed to activate the colour vision
system selectively. They used knowledge about human
luminance perception to construct stimuli in which
every point was assigned the same luminance (FIG. 1h,i).
These stimuli, which vary only in hue and saturation,
are called iso- or equiluminant. A number of early studies concluded that processing of features such as form
and motion was severely impaired at isoluminance (for
an overview, see REF. 15). Interestingly, 25 years later, and
after many experiments, it can be said that for most
functions the colour vision system is just as efficient as
the luminance system (for reviews, see REFS 16,17). Why
did the early studies lead to such mistaken conclusions?
Most low-level visual functions depend heavily on
the magnitude of the input signal, as nearly all neurons
in the visual system give faster and stronger responses to
stimuli of higher contrast18. Contrast C is typically
defined as C = (L – L0)/L0, where L is the luminance of
an object and L0 is the luminance of the background. As
isoluminant stimuli are defined as having no luminance
difference from the background, we need to find
another way to specify the strength of the input signal.
We alreadly know the spectral absorption functions of the
cones, so we can calculate the effect any input stimulus
has on the cones and then calculate the resulting cone
contrasts (CS,M,L), for example CS = (AS – AS0)/AS0 where
AS specifies the S-cone activation caused by an object
and AS0 the S-cone activation caused by the background.
Luminance stimuli, by definition, activate all three types
of cone equally, and their excitations vary between 0
(black) to full (bright white). The contrasts are equal in
all three types of cones (FIG. 2a). For isoluminant stimuli,
the luminance at each point in a stimulus has to be kept
constant. Every increase in excitation of the L-cones, for
example, has to be balanced by an equally large decrease
in M-cone excitation. Although we could still, in principle, achieve high contrasts, under realistic conditions the
maximal achievable contrast is limited by the large overlap between the absorption spectra of L- and
M-cones (FIG. 1b) to a value of about 0.3. So, to achieve
a ‘fair’ comparison between the visual capabilities of
luminance and colour vision, we first have to normalize
the input so that it leads to stimulation of equal magnitude in the cones. When contrasts are normalized in this
way, there is no longer an obvious impairment of visual
perception at isoluminance. The efficiency of processing
is equal for colour vision and luminance vision for most
tasks, even though in some cases there are performance
advantages for luminance stimuli because higher input
contrasts can be achieved16,17.
In addition to functioning as well as the luminance
system in many tasks, the colour vision system excels at
visual detection. Stromeyer and colleagues19 determined
the visual stimulus with the least physical energy that
can be detected on a neutral grey background. They
found that the visual system is most sensitive to small
red spots of light. FIGURE 2b shows thresholds for detecting
small patches of sinewave gratings that are modulated in
various directions of colour space20. The thresholds are
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Figure 2 | High sensitivity of the colour vision system. Left, cone contrasts produced by
green, yellow and red peppers. The positive and negative diagonal lines represent the luminance
axis and the red–green isoluminant axis, respectively. The axes show the contrasts produced in
the L- and M-cones when comparing other objects to the yellow pepper, which excites L- and
M-cones equally well. The red pepper and the green pepper produce changes in L- and M-cone
excitations of opponent signs with respect to the yellow pepper. The magnitude of these changes
is on the order of 10%. An equally large change along the luminance direction, indicated by the
slightly brighter yellow pepper, is hardly noticeable. Right, detection thresholds for slowly
modulated (1 Hz), low-spatial-frequency (1 cycle deg.–1 visual angle) sinewave gratings of various
colours consisting of L- and M-cone modulations20. Thresholds are indicated by the distance
from the origin and are much smaller for isoluminant stimuli (negative diagonal) than for luminance
stimuli (positive diagonal).

smallest when L- and M-cones are modulated with
opponent signs (isoluminance) rather than with the
same sign (luminance). FIGURE 2a also illustrates the high
sensitivity of the colour-opponent system. Although
small changes in luminance are hardly noticeable,
colour changes with equally large cone contrasts can
appear quite marked. We can conclude from these
experiments that colour is what the eye sees best.

1

2

3

4

Figure 3 | Colour constancy and induction. Eight squares were cut from coloured papers and
were illuminated with a greenish light to the left and a reddish light to the right. The mechanisms of
colour constancy make the eight squares on the left seem identical to the eight squares on the
right. In fact, the four squares in column 1 were printed with the same ink as the four squares in
column 4. They appear different because they are printed on a slightly different background. The
change in background was due to the illumination change from green to red light. The four squares
in the first column appear similar to those in the third column because the local colour difference to
the background is identical for these two columns (1 and 3), as it is for columns 2 and 4.
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In natural vision, isoluminant stimuli arise rarely, if
ever. It would be wasteful to devote many cortical
resources to the analysis of such stimuli. In evolutionary
terms, the red–green colour vision system evolved after
the luminance system was already in place. Therefore,
the natural question to ask is what colour information
can add to existing luminance information, rather than
what it can do on its own. In other words, why did
trichromatic colour vision evolve? The answer that is
frequently favoured indicates a very specific purpose.
Detecting ripe red fruit against green foliage is improved
when using the L – M colour-opponent channel5.
However, psychophysical data indicate that colour vision
might have a more general role. Using various natural
images as stimuli, we showed that colour vision significantly improves the speed with which images can be
recognized, and also significantly improves memory for
the same scenes21,22. But how does the brain do it?
Chromatic properties of cortical cells

Before talking about ‘colour’ cells, it is helpful to ask
what requirements are necessary for a cell to be useful in
the analysis of colour. The simplest answer would be
that a colour cell should respond to a single colour only,
or to a limited range of colours. However, colour is a
sensation, rather than a physical property of the stimulus.
On the one hand, two stimuli that reflect the same spectral distributions of light, and which will therefore lead
to the same local pattern of cone excitations, can lead to
different colour percepts when embedded in different
surrounding stimuli — a process often called chromatic
induction23. On the other hand, different spectral distributions of light can lead to the same colour percept, either
because the stimuli are METAMERIC and therefore lead to the
same excitation pattern in the cones, or because they
are interpreted as being caused by the same object —
a concept called colour constancy24 (FIG. 3). So we have
to differentiate between two types of colour-selective
neuronal response, one correlating with the ratios of
retinal cone excitations and the other with our percept.
We will start with cells that respond to a fixed pattern
of cone excitation. Several definitions of colour selectivity
have been adopted in recent years. The early studies of
primary visual cortex adopted a stringent criterion. Cells
responding at all to luminance stimuli were classified as
‘luminance’ cells, and only the few cells that responded
exclusively to chromatic stimuli were classified as ‘colour’
cells. In this way, the proportion of chromatically
responsive cells was estimated to be as low as 10% (REF. 25).
Some authors still adopt this strong criterion for the
classification of colour cells26. Luminance responses
mean that cells sum the L- and M-cone input in the
2:1 ratio that is compatible with the human luminous
efficiency function, V . Most neurons in the magnocellular
layers of the LGN and many cells in all areas of visual
cortex behave in this way27–30. However, many of these
cells deviate slightly from Vλ and, in a strict sense, would
give a differential response to colour. For example, a cell
that sums L- and M-cones with a ratio of 2.1:1 would
respond slightly better to red than to green of the same
luminance. According to that definition, most cells in
λ
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Figure 4 | Colour tuning in lateral genciulate nucleus (LGN) and cortex. a | Distribution of
optimal colours for LGN cells8. b | Distribution of optimal colours for a sample of V2 cells from
different cytochrome oxidase compartments (upward pointing triangle, thin stripe; downward
pointing triangle, thick stripe; square, interstripe) and V3 cells (circles)36. The x-axis gives the cell’s
preferred hue and the y-axis specifies how much luminance is required for the optimal stimulus.
A cell responding to luminance only has an optimal luminance of 90°, and a cell responding to
colour only has an optimal luminance of 0°. Whereas LGN cells cluster around the two cardinal
directions of colour space, cortical cells differ widely in their chromatic preferences. There is a
continuum between cells that respond to luminance only and cells that respond to colour only.
c | Chromatic tuning of linear cells, such as those found in the LGN and in all areas of visual
cortex36. d | Narrow tuning of a cell from area V2. The magnitude of the response (in impulses per
second) to different colours is indicated by the distance from the origin36.

visual cortex would probably be classified as colour cells.
The definition of colour cell that is most frequently
adopted in the current literature lies in between these
two. Cells that add L- and M-cone inputs are called
luminance cells, and cells that subtract L-, M- or S-cone
inputs are called colour cells. With this definition, many
luminance cells would also give differential responses to
colour modulations, and many colour cells would
respond to variations in luminance.
Using this definition, the proportion of colour-selective
cells is estimated to be about 50% in the early visual
areas of macaque monkeys, with little difference
between V1, V2, V3 and V4 (REFS 31–38). These results
agree with studies using functional magnetic resonance
imaging (fMRI) that showed a strong colour-opponent
response in the visual cortex of human subjects39,40. Past
investigators assumed that there were two distinct subpopulations of cells, one responding solely to luminance,
the other only to colour. The picture that emerges from
many recent studies is that there is a continuum of cells,
varying from cells that respond only to luminance, to a
few cells that do not respond to luminance at all34–36,41–43.
The exact proportion of colour cells found in these
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studies depends to some degree on the relative scaling of
luminance and chromatic inputs (see earlier discussion).
But the results clearly indicate that — in the cortex —
the analysis of luminance and colour is not separated.
The chromatic response properties of cortical cells
show both differences from and similarities to those at
earlier stages of visual processing. In visual cortex, unlike
the LGN, the distribution of a cell’s preferred colours
does not obviously cluster around particular directions
in colour space36,41,42,44. FIGURE 4a shows that nearly all
colour-selective LGN cells prefer stimuli that are modulated along the cardinal red–green or blue–yellow directions. By contrast, cells in the cortex can have preferences
for many other hues (FIG. 4b). As many natural objects
are uniformly coloured, cells that respond to a single,
specific colour would aid enormously in segmenting
these objects. Some neurons in area V2 (REFS 36,45), and
to a lesser degree in V1 (REFS 32,33,42,46), have been found
to be tuned to certain colour directions with a narrow
bandwidth. FIGURE 4c shows the typical, relatively wide
tuning of a V1 cell. By contrast, FIG. 4d shows a narrowly
tuned cell from area V2. About one-third of all cells in
V2 possess such narrow tuning. There is some evidence
that these specialized mechanisms might be important
for the detection of coloured stimuli in visually variegated
environments and for the segmentation of scenes into
different objects47,48.
Colour constancy

What other computations related to colour need to be
performed on visual scenes? Once objects are segmented
from the background, we need to identify them. Colour
can be useful for identification, because — unlike other
visual features, such as shape — colours do not change
under different viewpoints. We can rotate objects and
move them around; their colour does not change,
because the light being reflected from the object into the
eye remains about the same. However, the light entering
the eye does change when we view an object under different illumination conditions (FIG. 3). Only the proportion
of light reflected by the object at each wavelength is an
inherent property of each object. To be most useful for
object recognition and visual search, the visual system has
several mechanisms — both retinal and cortical — to
discount changes in illumination49. We can assign a fixed
colour to an object even when the wavelength composition of the light entering the eye changes under different
daylight or artificial lighting conditions. There has been
quite a debate over the last three decades about where
and how colour constancy is achieved in the primate
visual system. It is known from behavioural experiments
that light adaptation in single cones50 and local contrasts
between adjacent cones51 are important for colour
constancy. Another powerful cue for colour constancy
seems to be the average colour over a large region of the
scene. The long-range interactions that are necessary to
compute this average are beyond the size of receptive
fields in the LGN or V1.
Many colour-selective cells in the cortex respond best
to uniform surfaces of their preferred colour. They compute a weighted mean of the cone excitations within
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LATERAL INHIBITION

Neurons in the retina receive
inhibitory input from
neighbouring neurons. This
reduces the response to slowly
changing image intensities
and increases the response
to sharp edges.

their receptive field. As such, their responses will change
when the distribution of light in their receptive field or
even in the whole scene changes. In other words, these
cells will not be able to distinguish between local
changes in surface reflectance and global changes in
illumination. To achieve this, one has to take the difference between intensities at different image locations.
For example, cells in the retina use LATERAL INHIBITION to
compute local luminance differences, independently of
the overall luminance. To achieve the same thing for
colour, we would need a cell with a receptive field that is
colour opponent (for example, + L – M) in both its centre
and its surround. Then, the difference will be a measure
of the chromatic contrast between centre and surround.
Such a cell would measure the centre’s colour relative to
that of its surround. This type of cell is called ‘doubleopponent’. Double-opponent cells with concentric
receptive fields and perfectly balanced chromatic mechanisms were first found in the goldfish retina52 and later in
the macaque primary visual cortex26,53–56. These cells
would respond preferentially to small (the size of the
receptive field centre) coloured objects on a background
of different colour but equal luminance. The status of
this type of cell was unclear until recently, because other
studies failed to find many cells of the concentric
(unoriented) double-opponent type34,41. Instead, doubleopponent cells with oriented receptive fields seem to
be more common in V1 (REFS 34,35). Furthermore, the
chromatic mechanisms in these cells were often not
perfectly balanced. Because of the imbalance, these cells
would respond best to edges defined by chromatic and
luminance differences. As most edges in the real world
do combine luminance and chromatic differences, such
cells would be extremely useful for the analysis of natural scenes. Because these cells respond to luminance,
Johnson et al.35 made sure that in control experiments
these cells take the difference, not the sum, of L- and Mcone inputs. They are therefore bona fide colour cells.
These double-opponent cells represent a big step
towards the neural correlate of colour constancy.
Contrary to the earliest reports57,58, V1 cells should be
able to achieve some degree of colour constancy, and
there are some hints that this might be the case42.
However, local computations by double-opponent
neurons are probably only part of colour constancy.
Neurons with larger receptive fields would be well suited
to compute an average colour over a larger region,
which could then be used to normalize the colours
within that region to an average grey24,49. Zeki57,58
observed some cells that had colour constancy in
area V4 of macaque monkeys. In addition to cells
being selective to certain cone ratios, which he called
wavelength selective, he found cells whose response
correlated closely with the colour perceived by a human
observer. Schein and Desimone59 determined the receptive field properties of V4 cells and found a large proportion of cells with large suppressive regions outside
their ‘classical’ receptive field. The experiments that have
not been performed until now, and which would give
conclusive evidence about the role of V4 in colour constancy, are single-unit recordings in awake behaving
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monkeys performing a colour categorization task. An
individual neuron’s capability for colour constancy
could be compared to that of the whole monkey, as has
been done in the motion domain60. Then, we would
hope to be able to influence the monkey’s judgements
by actively stimulating groups of neurons with a certain
colour preference. A prerequisite for this type of microstimulation experiment is an ordered map of colour.
Such a chromatotopic organization has been shown in
optical imaging experiments to exist in monkey visual
areas V1 and V2 (REFS 61–64).
Segregation and integration

One of the main questions about the cortical processing
of colour is whether colour is computed separately from
other visual attributes, such as form, motion or depth,
or whether these computations are carried out simultaneously in the same pool of neurons. This question
needs to be answered separately for each level of processing. We will look first at the segregation of colour in
early visual processing, in areas V1, V2 and V3. We will
then consider a possible segregation at a later stage of
processing, perhaps when assigning colours to objects in
extrastriate cortical area V4 or in parts of inferotemporal
cortex (IT). In the retinogeniculate pathways, there
is a good degree of separation between the magno-,
parvo- and koniocellular streams. In extrastriate cortex,
Ungerleider and Mishkin65 found evidence for two
mainly separate processing streams, ventral and dorsal.
The ventral pathway, including parts of V2, V4 and
inferotemporal cortex, is thought to be involved with
processing what objects are — their shape, size and
colour. The processing of object colour in area V4 was
considered to be an essential part of the ventral pathway.
The dorsal pathway, including areas V3, MT (middle
temporal area) and MST (medial superior temporal
area), was thought to be involved primarily in analysing
where objects are in the environment.
According to the ‘segregation’ hypothesis37,66–70, the
independent processing of visual attributes is maintained
between the retinogeniculate pathway and extrastriate
cortex. Proponents of this hypothesis claim that different
visual attributes are analysed independently throughout
most of the visual cortex. Support for this notion came
from anatomical studies. Staining cortical tissue with
the mitochondrial enzyme cytochrome oxidase (CO)
revealed a parcellation of areas V1 and V2 into CO richand CO-poor regions67–69,71,72. Cells in CO-rich regions
of layers 2 and 3 in V1, the CO-blobs, were found in
some studies to have a preponderance of unoriented,
colour-selective cells63,67,73,74. In area V2, unoriented,
colour-selective cells were reported in the thin CObands37,68,70. So, the anatomical organization revealed by
CO staining would have a functional counterpart, in
that colour signals would be processed, in V1 and V2, by
a population of unoriented neurons, located primarily
in the CO-rich blobs of V1 and the thin bands of V2.
There have been many studies investigating segregation.
Here, I would like to point out that — despite the hot
debate — the results of the different studies agree
remarkably well. It is mostly the conclusions that differ.
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Figure 5 | Segregation and integration in V2. The graph shows the proportions of cells
selective for colour, orientation, direction of motion and size in different cytochrome oxidate (CO)
compartments (thick stripes, thin stripes and interstripes) of macaque monkey area V2. The data
are from six studies37,64,68,75,76,80. The heavy black lines represent the means across all six studies.
Despite the different methods used in these studies, the results show remarkable agreement.

FIGURE 5 shows results from six studies investigating
selectivity for orientation, colour, size and direction
of motion in the three CO-compartments of V2
(REFS 37,45,64,68,75,76). For each attribute, the proportion
of neurons that is selective for that attribute is shown,
with the mean values over all six studies. If there was
complete anatomical segregation, we would expect each
attribute to be processed in only a single CO-compartment: colour in the thin stripes, direction of motion in
the thick stripes, and orientation and size in the interstripe regions. If there was no segregation at all, the four
black lines should be flat, with equal amounts of selectivity across all stripe compartments. It is obvious that
both of these extreme views are wrong. How, then, can
different groups of investigators arrive at such extreme
and different conclusions? Although there is some variability between the studies, the main trends are similar,
despite the different methods that were used in different
laboratories.
For colour, there is remarkable agreement, with
about 60% colour selectivity for cells in the thin stripes
and around half that in the thick stripes and interstripes. The studies by Gegenfurtner et al.76 and Shipp
and Zeki37 obtained nearly identical results close to the
average of all studies. As the results are quite ambiguous,
each investigator chose their preferred conclusion.
Similarly, most studies agree on the relative prevalence
of cells selective for the direction of motion. For
orientation processing, the main difference lies in the
proportion of oriented cells in the thin stripes. Here,
there seems to be a systematic difference between
studies that used quantitative methods45,75,76 and those
that used qualitative methods to estimate orientation
selectivity37,64,68. However, whether there is a 5% or a
25% difference between orientation selectivity in the
thin stripes and the other CO-compartments, it is without question that there is a difference. This does not
seem to be the case for size tuning, which is at the same
level — about 25% — in all three CO-compartments.
Stimuli that are larger than the receptive field’s preferred
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size lead to a decrease in firing rate. This result emphasizes
the importance of complex receptive field surrounds
and goes along with strong contextual effects in visual
perception (for reviews, see REFS 77,78).
Can we conclude from these results that there is
segregation of colour and form processing in early
visual cortical areas? We cannot, because the results
show only that the average cell, for example in the thin
stripes, has a higher chance of being selective for colour
and not selective for orientation. From these data, it cannot be concluded that it is the colour-selective cells in
the thin stripes that are not orientation selective. Any
conclusion is further complicated by the fact that orientation selectivity and colour selectivity are not binary
measures. Cells vary continuously in their degree of tuning. A better approach to studying segregation of colour
and orientation, for example, is to determine each cell’s
selectivity, and then to compute the correlation between
these selectivites. Where this was done38 it showed a continuous distribution of orientation and colour selectivity,
and the correlation between colour and orientation selectivity was not significantly different from zero (FIG. 6).
This lack of correlation also holds for each COcompartment of V2 (REF. 76). The same is the case in V1,
V2 and V3, in both awake behaving and anaesthetized
monkeys. Therefore, at the functional level, there is no
evidence for segregation. Even though there are more
colour-selective cells in the V2 thin stripes, their chance
of being orientation selective is just as high as for a
luminance-selective cell from a thin stripe.
Several possible reasons for this lack of functional
segregation have been discussed. Given that there is
more or less complete segregation of colour responses
in the LGN — no colour selectivity has been found in
magnocellular layers — and that early studies of V1
reported more or less complete segregation of the blob
and interblob systems, it was assumed that V2 would be
the first stage to integrate the different systems. A rich
system of intrinsic connections between neurons in the
different CO-compartments would foster such interactions between functional streams79–81. However, more
recent physiological experiments (FIG. 6) have made
clear that there is just as little segregation in V1 as there
is in V2 (REFS 34,35,38,82). This argues against the hypothesis recently raised by Shipp and Zeki37 that there might
be different degrees of segregation in different layers of
V2. They argue that segregation is more complete in the
middle layers of V2, which reflect the input signal from
V1, and less so in the outer layers, which reflect feedback signals from other cortical areas. It would take
data from many neurons to put this hypothesis to a
strong test, but the existence of a large number of oriented colour cells in area V1 makes it unlikely that there
is strong functional segregation in any layer of V2.
Furthermore, recent anatomical evidence also shows
much less segregation at the anatomical level than was
previously assumed83.
Along different lines, Conway and colleagues26,56
suggest that only a small subset of unoriented colourselective cells in V1 might be used to compute the colour
of objects per se. Other colour-selective cells would be
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Figure 6 | Joint neuronal selectivity for colour and
orientation. Squares and circles represent a large number of
cells from areas V1 and V2, respectively, of awake behaving
macaque monkeys38. The x-axis shows an index of orientation
selectivity. Unoriented cells would respond equally well at all
orientations and have an index of 0. Oriented cells would not
respond at the orientation orthogonal to the preferred one and
have an index of 1. Colour selectivity is specified as the relative
volume in colour space to which a cell does not respond. A
selective cell responding to only a single colour would have an
index of 0.93, and a nonselective cell responding equally well
to all colours would have an index of 0.

used for image segmentation and similar tasks, without
colour itself being analysed. Although this view is essentially impossible to test empirically, it also implies that
the visual system would compute a colour signal for
detecting edges, only to ignore it later on when determining the colour of the edge. The contributions of colour
cells to the analysis of edges and surfaces were explicitly
tested by Friedman et al.38. They found no difference in
edge enhancement between colour- and luminanceselective cells. These results contradict the idea that colour
information is treated solely by a dedicated, specialized
population of neurons in the early visual areas. They
agree with psychophysical studies showing that the
processing of form defined by colour is limited mainly by
retinal factors — the contrast in the cones — but not
by subsequent processing84.
Is there a ‘colour centre’ in the cortex?

There are many reports of patients who fail to see the
world in colour. The most frequent condition is rod
monochromacy, an inherited disease where the cone
photoreceptors fail to develop85. Because rods have
poor spatial and temporal resolution, are absent from
the fovea, and are fully bleached at normal outdoor
light levels, the vision of rod monochromats is highly
impaired. Another type of achromatopsia occurs after
damage to visual cortex. This condition is called
cerebral or acquired achromatopsia. According to many
clinical reports86,87, some of these patients have a
specific deficit of colour vision, with hardly any impairment of form vision. If this is the case, then we might
expect to find an area of the brain where neurons
respond predominantly to colour — a ‘colour centre’.
Colour-selective neurons are concentrated in the
parvocellular layers of the LGN. Lesions of the parvocellular layers of the LGN in macaque monkeys lead to
a severe deficit in colour vision, while most other
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aspects of vision are intact88. Interestingly, lesions to the
magnocellular system also leave most of vision intact,
even functions that are usually associated with
the magnocellular system, such as the initiation of
smooth-pursuit eye movements89. It seems that the
retinogeniculate magnocellular and parvocellular
systems are mostly redundant systems, with slightly
different specializations90. So is achromatopsia due to
damage to the parvocellular layers of the LGN?
Most human patients with cerebral achromatopsia
have lesions in a part of extrastriate cortex that is presumably homologous to monkey area V4 (for reviews,
see REFS 86,87). It is roughly the part of the human brain
that also responds strongly to chromatic stimulation in
functional neuroimaging experiments40,91–95. At first
sight, the picture seems clear. Human V4 (hV4) is the
colour centre of the human brain and damage to hV4
leads to cerebral achromatopsia. However, the situation
is much more complicated. Despite the large number
of patients studied, there is no well documented case of
cerebral achromatopsia without any other visual
defects. Neuroimaging experiments show strong
responses to colour not only in hV4, but also in early
visual areas V1 and V2 (REF. 40). Finally, it is established
that area V4, both in monkeys and in humans, is not
only responsible for colour vision. In fact, V4 is a main
centre for all aspects of spatial vision and is an important link between vision, attention and cognition96.
The most widely known case of human achromatopsia is that of the colour-blind painter Jonathan I.,
who started to see the world in black and white after a
car accident. The case was described in detail by Sacks in
a literary journal97. Unfortunately, even though many
scientists performed tests on Jonathan I., there is not a
single piece of scientific documentation of the case.
Problems arise when a phenomenological description
of the patient claiming improved night vision (“I can
read license plates at night from four blocks away”) is
taken as equivalent to an objective assessment of his
visual function — in this case, rod visual acuity. No
documented case of achromatopsia has produced an
improvement of any aspect of visual perception. The
case is even more complicated, because no lesion could
be found in computed tomography or magnetic resonance scans. What is clear is that Jonathan I. is by no
means a typical case of achromatopsia.
Nearly all achromatopsic patients have scotomas,
regions that are completely blind, mostly bilaterally and
in the upper parts of the visual field86,87,98. The scotomas
are probably due to the proximity of hV4 to striate
cortex and the optic radiation. As hV4 is just below V1,
damage to hV4 often also includes the lower parts of
V1, which represent the upper visual fields. Most
reported cases have bilateral lesions. Unilateral lesions
can lead to achromatopsia in one hemifield, but this is
often not noticed because foveal colour vision stays
intact. Most importantly, other visual defects occur in
conjunction with the lack of colour vision, such as
deficits in contrast discrimination of black and white
tones, and often (12 out of 14 cases reviewed in REF. 86;
15 out of 31 cases reviewed in REF. 98) prosopagnosia,
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the inability to recognize familiar faces. However, if the
damage occurs at a high level of visual processing, this
implies that all the earlier mechanisms of colour processing should be intact, as has been shown in several
newer studies99–105. These patients have normal or nearly
normal chromatic sensitivity to chromatic gratings or
adjacent fields, but fail to discriminate the colours of
separated objects102. What seems to be dysfunctional in
achromats is the assignment of colours to objects.
In monkeys, lesions of extrastriate area V4 lead to mild
deficits in colour vision106–108, but also to other perceptual,
attentional and cognitive deficits96. Lesions to the next
processing stage, IT cortex, seem to mimic the human
condition of cerebral achromatopsia, producing a
specific loss of colour vision. However, the colour deficit
depends on the removal of all of IT cortex, and this has
other effects on higher-level vision109. There is no perfect
animal model of achromatopsia, which could be
because there is no simple homology between monkey
V4 and hV4 (REF. 110), or because some of the colour
vision deficits in human achromatopsia are only accessible at the phenomenal level and monkeys cannot tell us
what they see111.
There is, however, good agreement between the
work on human patients and human brain imaging
studies. Invariably, neuroimaging experiments reveal an
extrastriate area that is highly active in response to
chromatic versus luminance stimulation. The coordinates for that region, which has been called the colour
centre of the brain, are close to the region that is usually
implicated in lesions leading to cerebral achromatopsia.
The debate centres on whether this colour centre is the
fourth visual area of the human brain. Hadjikhani et
al.94 argued that the colour centre is distinct from V4,
and gave it a new name, V8. However, a careful analysis
of the topographic representation of the visual field
along the human ventral pathway95 did not find an
additional hemifield representation adjacent to hV4, as
claimed by Hadjikani et al.94. It is most likely that V8 is
what other authors called V4, and corresponds to what
has been called the colour centre on the basis of lesion
studies of achromatopsic patients112–115.
Should we conclude that hV4 is the colour centre of
the human brain? We can say with certainty that it is
important for colour vision, but it seems unlikely that
the whole human equivalent of monkey V4 — which
takes up about 10% of monkey visual cortex —
is devoted solely to the analysis of colour. Electrophysiological recordings in humans show that only
a small part of hV4 is concerned with colour,
and that nearby parts deal with other aspects of object
recognition116. There are also other regions with a high
sensitivity to colour, most notably V1 and V2 (REFS
40,93,94). As a further argument against the existence of a
single colour centre in the human brain, other authors
have reported that colour discrimination, colour
constancy and colour memory can be dissociated in
patients with lesions to extrastriate cortex117–119. So, as is
the case for most other visual attributes, our experience
of colour probably depends on the activity of neurons in
several cortical areas.
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Conclusions

Until single-cell recordings of neurons in primate visual
cortex became widely available in the 1970s and 1980s,
nearly all progress on colour vision related to retinal
mechanisms. Over a period of more than 100 years, the
cone absorption spectra have been determined more
and more precisely. Starting with the work of DeValois
et al.7, the second-stage colour-opponent mechanisms
have been characterized fully at the electrophysiological8,27,120, psychophysical9 and computational10 levels.
Many of the early recording studies of primate visual
cortex were still hampered by unclear notions about the
earlier stages of processing, and by a multitude of different notations for specifying colour coordinates. Looking
at more recent studies, we can say that this stage has
been left behind. Current research can concentrate
on cortical processing and has already led to exciting
new results26,35,46,93.
First, it is now clear that there are more cells in visual
cortex that are concerned with colour than was first
assumed. Comparisons between luminance stimuli and
colour stimuli are often problematic and akin to
comparing apples and oranges. Now that we know how
the colour signal is sent from the eye to the brain, we are
better able to scale stimuli and observe their effect on the
cortical visual areas. This approach has led to consistent
results from single-unit recordings and neuroimaging
experiments35,36,40,93. Similarly, the detailed knowledge of
early processing stages has enabled us to characterize the
differences between colour mechanisms in the retina,
LGN and visual cortex. In agreement with the processing
of nearly all other visual attributes, cortical neurons are
more specialized in their chromatic preferences than
neurons at earlier stages. Neurons can have a chromatic
preference for any hue41, and often their tuning is narrow
and specific36,42,46. Concerning the combination of
colour information with the other visual attributes, the
results from different investigators seem to converge,
despite widely differing conclusions37,76. It can safely be
stated that there is some degree of segregation in
anatomically defined subregions of V1 and V2, but
there is much less evidence for any kind of functional
segregation in these early visual areas38.
The only way to reach a definitive answer to the question of segregation is to find a better way of integrating
single-unit recording data from monkeys with psychophysical and neuroimaging data from humans. This
is a problem that concerns all aspects of perception and
cognition. The most pressing question for cognitive
neuroscience in the near future is to find out how similar
or different monkey and human extrastriate cortical
areas are. Additional experiments using modern imaging
techniques in monkeys121,122 will help to clarify the
relationship between the visual responses in the monkey
brain, where single neurons have been studied extensively, and the visual responses in the human brain,
where mostly behavioural and imaging data are available.
In the long run, more emphasis has to be given to the
computations that are performed on the colour signals
(and visual signals in general),rather than to the localization
of regions that are important for the analysis of colour.
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Online links
FURTHER INFORMATION
Color matters: http://www.colormatters.com/
MIT Encyclopedia of Cognitive Science:
http://cognet.mit.edu/MITECS/
neurophysiology of color
Gegenfurtner’s personal page: http://www.allpsych.unigiessen.de/karl/
Hans Irtel’s colour vision demonstrations: http://www.unimannheim.de/fakul/psycho/irtel/cvd.html
Access to this interactive links box is free online.
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