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Summary

We used a colour Mondrian—an abstract scene with ndndication of lingual gyral activation. In further studies
recognizable objects—and its achromatic version to imagealesigned to reveal the topographic map within V4, we
the change in blood oxygenation in the brains of 12 humarstimulated the superior and inferior visual fields separately,
subjects, with the aim of learning more about the positionusing the same stimuli. We found that human V4 contains a
and variability of the colour centre in the human brain. The representation of both the superior and inferior visual fields.
results showed a consistent association of colour stimulation addition, there appears to be retinotopic organization of
with activation of an area that is distinct from the primary V4 with the superior visual field being represented more
visual areas, and lies in the ventral occipitotemporal cortex; medially on the fusiform gyrus and the inferior field more
we refer to it as human V4. The position of human V4, adaterally, the two areas abutting on one another. We find no
defined on functional grounds, varies between individuals irevidence that suggests the existence of a separate
absolute terms but is invariably found on the lateral aspectrepresentation of the inferior hemifield for colour in more
of the collateral sulcus on the fusiform gyrus. There was naorsolateral regions of the occipital lobe.

Keywords: functional magnetic resonance imaging; area V4; human colour vision

Abbreviations: BOLD = blood oxygenation level dependent; ERI echo planar imaging; fMRE functional magnetic
resonance imaging; SPM statistical parametric mapping; TE time to echo; TR= time to repeat

Introduction

The notion of a specialization for colour was first derivedlesion in an achromatopsic patient, Verrey (1888) found
from clinical studies, in particular those of patients with the lesion to be confined to the lingual and fusiform gyri,
an acquired colour vision defect (acquired achromatopsiayvhich he therefore considered to be the ‘centre for the
following cerebral lesions. The first conjectures (Eperonchromatic sense’. Even though Verrey's findings were
1884; Wilbrand, 1884) supposed that there is a specializatiooonfirmed by Mackay and Dunlop (1899), and the centre
for colour in one of the layers of the then ill-defined for the chromatic sense was further restricted to the
primary visual cortex, which Henschen and his colleaguedusiform gyrus, the demonstration of Verrey had an
had equated with the striate cortex and which von Monakowinfortunate consequence. It led him and others to suppose
and his colleagues had supposed to be a good deal motieat not only was the primary visual cortex itself larger
extensive than that. Whatever the extent, both thought thahan the striate cortex but that there were regional
all visual attributes must be represented in this same arespecializations within it. In refuting this doctrine,
(for a review, see Zeki, 1990). In one of the first studies neurologists also refuted the evidence for a colour centre,
that included a pathological examination of the site of theeven one lying outside the striate cortex (for a review,
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seeZeki, 1990). The consequence was that the notion oMethods
a specialization for colour was effectively lost sight of for Subjects

well over 70 years. It was only after the direct physiological tyye|ve volunteers, with no colour vision deficiencies, were

demonstration of a specialization for colour in an area,seq guring the course of this experiment, nine of whom
outside the striate cortex, area V4 (Zeki, 1973), thalyere male and three female (mean age 29.16 years). All
interest in the topic was revived. Since then, the numbegiacts gave informed written consent and studies were

of cases of achromatopsia in the published literature haaiven approval by the National Hospital for Neurology
increased. But, more interestingly, the advent of imaging;q Neurosurgery Ethics Committee.

techniques has allowed the determination of the position
of the human colour centre in normal brains, uncontaminated
by lesions.

The first imaging studies that we performed (Lueckzlata acqwstltlon ; q Sj Visi
et al, 1989) located the colour centre in the lingual and EXperiments were performed on a slemens ViSion

fusiform gyri, much as Verrey had. In a subsequent, morgCanner operating at 2T with a head radio-frequency

detailed study (Zeket al, 1991), this general picture was resonator and a gradient strength of 25 mT/m. With the

confirmed, but the emphasis was shifted to the fusiformSUbjeCt lying supine in the scanner, the experimental

gyrus, where the largest increase in blood flow was found>eSSton began with th_e acquisition of _an, anatp mlca!ly
Since that time. a number of studies have confirmed th etailed structural MRI image of the subject’s brain. This
' 1-weighted image was obtained using a MPRAGE (multi-

activation of this locus with colour stimuli (Corbet& al., I idl ired dient ech ith ti

1991; Allison et al, 1993; Reppaset al, 1995; Sakai {)anar ra:plTé écgu;re grt"." |er; ec hO) s_lt_eltzquezce w dlme

et al, 1995). But more recent studies (e.g. Seretaal, 10 repea (. )= 9.7 ms, time to echo (TE} ms and
inversion time of 600 ms. Images were acquired in

1995), using functional magnetic resonance imaging (fMRI) entati vina 108 sli th | si
and non-functional paradigms to study the topography ofrzr]i/ir;’e 0r|en: lon dglw?g h sl|ces with - voxe ESI;I’Te
visual areas rather than their specializations, have implicate%l - mm. gradient echo planar imaging (EPI)

another area, which they call dorsal V4 separate froneeduence was used to acquire the functional, relatively T

ventral V4. In fact, a laterally situated area was activated” eighted images (TIR:t 6(3[08t4 S LE: 49 ][Ins). ka‘]ls ItEPI d
in addition to the region in the fusiform gyrus in a colour sequence was selected 1o reduce inflow  €efiects —an

study that emphasized attention (Corbettaal., 1991). If maximize BQLD c_ontrast. T_he Images CO_nS'Sted of 64
there are, indeed. two subdivisions of V4 in the humantr.ansverse slices with each slice being<@4 pixels (voxel
that are well separated from one another, the organizatio?iIze 33x3 mm).

of V4 in the human would be different from that in the

monkey, where the parts of V4 representing upper and . .

lower visual fields abut each other; this in turn would Visual stimulation

lend some, though not conclusive, support to the notionvisual stimuli were generated on an Apple 7500/100
that the colour centre in the human and monkey V4 aréomputer, the output of which was fed to a liquid crystal
not homologous (Merigan, 1993; Heywoat al, 1995). display projection system. The stimuli were projected onto
One way of resolving the problem was to use an activatior® translucent screen and the subjects viewed the image
study in which the upper and lower fields are separatelyia a 45° angled mirror.

activated with colour stimuli, and note the distribution of

activity in the human brain, using fMRI. By combining

this with a full field stimulation of the same subjects, we Full field stimulation

also hoped to have a better idea of the precise locatiomm the first experiment the size of the visual field subtended
and extent, as well as the variability, of the colour centre33°x23° with a mean luminance of 5 cdfrtimeasured with

in the human brain. More specifically, we wanted toa Photo Research PR650). Three types of visual stimulus
delineate, for each subject, the position of the coloumnwere presented to the subjects during an experimental session.
centre in stereotactic space in order to gain some insight The first stimulus was a chromatic Mondrian pattern which
into its positional variability between individuals and also comprised eight differently coloured elements, assembled in
to assess whether there is any consistent relationshipuch a way as to provide an abstract scene with no
between colour function and individual cortical topography.recognizable objectsséeFig. 1). The coloured Mondrian
With appropriate visual stimulation, the experiments werepattern was alternated at a rate of 1 Hz with a blank
performed employing the technique of fMRI, which background of the same mean luminance and mean hue.
provides an index of neural activity in the cortex via the Prior to scanning the subjects set isoluminance for each of
measurement of blood oxygenation level dependent (BOLD)}he colours in the stimulus by the technique of
changes in magnetization. Our study had the long-ternieterochromatic flicker photometrysde Kaiser, 1991), to
aim of defining and characterizing the visual areas lyingensure that no luminance contrast was contained within the
within the fusiform gyrus. stimulus. Each of the colours in turn was made to alternate



Human V4 variability and topography 2231

ON | OFF | ON I_

CHROMATIC
MONDRIAN

ACHROMATIC
MONDRIAN

t=0s 05s 1s t=30s

Fig. 1 Stimulus presentation. The chromatic and achromatic Mondrian stisegitéxt for full details) were presented in a pattern onset/
offset mode with square wave temporal modulation. The pattern remained on for 500 ms, to be replaced for the same period by a blank
field of the same mean luminance and mean hue.

at a rate of 15 Hz with a standard mean grey and theiSuperior and inferior visual field stimulation
luminances were adjusted in a staircase fashion, Untiln the second experiment we emp|oyed similar tempora”y
minimum flicker was perceived. modulated chromatic and achromatic Mondrian stimuli,
The second stimulus was an achromatic Mondrian, identicagxcept that in this case they were restricted to either the
to the chromatic version except that each of the element§ppermost or lowermost third of the visual field stimulated
was of a different grey level, rather than a different colour,in the main experiment. The stimulus configuration is
modulated about a standard mean grey level, i.e. it containesthematically shown in Fig. 3. Thus in total there were four
luminance contrast. Like its chromatic counterpart, theconditions: (A) superior field chromatic; (B) superior field
achromatic Mondrian was also alternated at a rate of 1 Hachromatic; (C) inferior field chromatic; and (D) inferior

with a uniform grey stimulus of the same mean luminancefield achromatic. The comparisons of A versus B and C
i.e. there was no luminance flash between the two conditionssersus D would therefore indicate regions of the cortex
The uniform grey stimulus formed the standard mean grewctivated by superior and inferior visual field stimulation,
used to set isoluminance for the chromatic Mondrian. respectively. All scanning acquisition parameters were exactly
The third stimulus, the resting condition, consisted of dthe same as those used previous|y except for the fact that
blank screen. In the centre of this stimulus (as in all of the320 volumes were acquired instead of 315. Six of the subjects
visual stimuli) a central cross was constantly present, upofall male) used in the main study were scanned again on a
which the subjects were instructed to maintain fixationseparate occasion and were instructed to maintain fixation

throughout the whole of the session. on a centrally placed cross while viewing A, B, C or D.
In a single experimental session a total of 315 brain

volumes were acquired. The fMRI data were obtained in a

continuous sequence lasting ~32 min. During this periodData analysis

each of the three stimulus conditions was presented in blocksnaging data was analysed using the statistical parametric
lasting 30.4 s (five scanspdeFig. 2). Each condition was mapping (SPM) software (Friston and Frackowiak, 1991) as
presented 21 times in all. subsequently modified and augmented (Fristbal., 1995,
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Fig. 2 Sequence of stimulation during the main experiment; the three conditions A, B and C were presented in a pseudo-randomized
continuous sequence lasting 31.94 min. A total of 315 whole brain volumes were acquired in a scanning sessidhq@4Rs).
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Stimulation Fig. 4 Schematic representation of the pre-processing stages

performed on the images prior to statistical processing.
Realignment generates a mean fMRI image in addition to all of
the realigned fMRIs. This mean image acts as the target image on
to which a structural, Fweighted, MRI is coregistered.

Following this, the coregistered; Tmage is normalized to a

Fig. 3 Stimulus configurations employed for the separate standard T template image. The parameters that bring about this
stimulation of superior and inferior portions of the visual field. normalization are then applied to each of the fMRI images in turn
The chromatic and achromatic Mondrian stimuli were restricted to(note that for the non-stereotactic analysis this normalization step
either the upper or lower third of the visual field stimulated in the was omitted). The final stage in processing prior to statistical
main experiment. Both the colour and black and white stimuli analysis involves smoothing the image with a Gaussian filter
were presented in onset/offset mode at a rate of 1 Hz. (8-mm and 4-mm full widths at half maximum for normalized

and non-normalized analysis, respectively).

.

b) for data analysis (SPM96, Wellcome Department of

Cognitive Neurology, London, UK) which runs within PRO  In addition to removing movement related variance
MATLAB (MathWorks Inc., Natick, Mass., USA). Additional components, the realignment procedure also generates a mean
analysis was performed using ANALYZE version 7.5.4 imagefMRI image. This mean image is used as a target image with
display software (BRU, Mayo Foundation, Rochester, Minn.,which the anatomically detailed structuraj-weighted MRI
USA). The different stages of analysis are showncan be co-registered. The first stage of the co-registration
schematically in Fig. 4. The first stage of analysis of theinvolves an affine normalization of the mean functional T
fMRI data involves realignment of the 315 brain volumesimage with a T template, and the {T(object) image with a
acquired, thus removing the movement related artifacts i, template. This produces a rough co-registration of the
the time series. The procedure utilizes a least squares approaohages. The next stage involves the segmentation of the
and a six parameter (rigid body) spatial transformation withtarget and object images into grey matter, white matter and
the first scan in the series acting as the reference. CSF. This procedure is based upon a cluster analysis with a
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modified mixture model and priori information about the the basis of heightZ) and the number of voxels contained
likelihood of each voxel being in one of the different tissuewithin its clusters K).
types. The segments are then co-registered using the results
of the rough co-registration as a starting estimate. TheResults
structural (T-weighted) MRI is also re-sliced so that the ) ) .
resultant co-registered ;Timage has the same voxel Stereotactically normalized analysis
dimensions as the,fTMRIs (3 X 3 X 3 mm). Individuals

In order that the analysis of the activation foci could In all 12 subjects, well-circumscribed activation foci were
be standardized across the 12 subjects, the images wef@und (bilaterally in 10 out of 12 subjects) in the ventral
transformed into the anatomical space of Talairach an@ccipitotemporal cortex with colour stimulation. The SR
Tournoux (1988) which enabled comparable coordinates t§hown in Fig. 5 are examples of the three main patterns of
be given for foci in each subject. This normalization procesgctivation elicited by the comparison of chromatic versus
relies upon the stereotactic fitting of the MRI images to@chromatic stimulation in the 12 subjects scanned. There are
a template defined by the ICBM/NIH 10 project, which three main trends in the pattern of activation; the most
corresponds to the space described by Talairach and Tourno§@mmon (Fig. SA), exhibited by eight of the 12 subjects,
(1988). The normalization algorithms work by minimizing Shows activation of the area surrounding the posterior
the sum of squares difference between the MRI images angflcarine fissure, the primary visual cortex (area V1), in
the template. Firstly, a 12-parameter affine normalizatiorf"dd_'t'_‘m to two discrete foci bllatera_lly placed in the ventral
stage estimates various parameters of the image. An elasficCiPitotemporal cortex (left and right area V4). The V1
deformation is then computed which will match the image@ctivation almost certainly involved V2 but we cannot be
to the template. Normalization is actually performed uponSUr® Of this because of the difficulty of seeing borders
the co-registered and re-sliced-Weighted structural MRI, Petween the two areas in our scans. The second pattern (Fig.
which is matched to a template of the same modality. ThéB) exhibited py_ two subjects, shows bll_ateral activation in
parameters which achieve this match are then applied t e ventral occipitotemporal cortex but without any apparent

all of the T, images. This stage was excluded from theactivation of V1. The third pattern (Fig. 5C), exhibited

preprocessing sequence when we examined the relationshl? two subjects, shows a umlateral_ activation |n.vent.ral
ccipitotemporal cortex of the left hemisphere in conjunction

between the activation foci and the structural anatomy of the o . :
with activation of the primary visual cortex.

cortex of the individual subjects. . S .
. . . . - In an attempt to quantify the variability in the position of

The final stage of image processing prior to statistical . T .
o . : . . human V4 we have listed the most significantly activated
analysis involves smoothing the fMRI images, i.e. convolving . ; ; . )
. . . ) . voxels lying in the ventral cortex with their Talairach
the images with an isotropic Gaussian kernel. For the analysis . S .
- . ) coordinatesgeeTable 1). The largest variation in the position
within the stereotactic space of Talairach and Tournoux

. o o . of V4 lies in the anteroposteriol) axis where it can vary
(1988) (I'.e' which included ngrmahzaﬂon of thg images) aby as much as 34 mm in the left hemisphere and 30 mm in
kernel with an 8-mm full width at half maximum was

the right. In the mediolateralx) axis the positions of V4

employed. Eor the non-stere_otactically normalized anf'ilysis gpan a range of 12 mm in the left hemisphere and 16 mm in
4-mm full width at half maximum was used. Smoothing of yq |eft and in the dorsoventrat)(axis 14 mm in the left
the images has the combined effect of increasing signal t9.,4 16 mm in the right.

noise and minimizing the effects of differences between
individuals in functional and gyral anatomy.

After specifying the appropriate design matrix, changesGroup
in the haemodynamic response produced by the differerftigure 6 shows the pattern of cortical activation for the group
experimental conditions were assessed at each voxel usirtyeraged data, with Table 2 listing the positions of the
the general linear model and theory of Gaussian fields (Fristomaximally activated pixels in these regions. Also indicated
et al, 1995) which constitutes SPM. In order to maximize in Table 2 is the maximum extent of both right and left V4
signal variance, smoothing of the data in time is implementedactivations in the mediolateral, ~superoinferior and
This tempora| Smoothing approxima’[es the haemodynamiénterOpOSterior axes. The analysis shows that there is bilateral
response function and in this case is modelled as a box-c&nd approximately symmetrical activation of a well-localized
reference waveform with a delay of 6 s; low frequencyregion in the ventral occipitotemporal cortex. As in the single
variations in the BOLD signal were modelled as covariatessUbject analysis, these activation sites are distinct from the
of no interest. Waveforms are specified for each epoch ofgrge area of activation located in the occipital pole which
scans that constitute a particular condition and as such caifésumably incorporates areas V1 and V2.
be used to test specific hypotheses by considerihgadue
at each and every voxel. Thesealues constitute the SRM  Superior and inferior field stimulation
which is transformed to the unit normal distribution to give A noteworthy aspect of the group result is the fact that,
an SPMz. The SPMz is then subject to thresholding on outside the primary visual cortex, the activation by colour



D. J. McKeefryet al.

2234

: s
. H %
F T Y
1 ] ]
i HH

.j, —jrnn

b i

transverse

coronal

sagittal




Human V4 variability and topography 2235

Table 1 Talairach coordinates and Z-scores of the maximally activated pixels in area V4 associated with the comparison
of chromatic versus achromatic stimulation

Subject (sex) Left hemisphere Right hemisphere
Coordinates Z-score Coordinates Z-score
X y z X y z

1. PM (M) -30 -70 -10 4.49 30 -78 -10 4.48
2. RE (M) 24 —66 -12 5.56 30 -78 -20 8.01
3. PP (M) -28 -80 -14 3.59 26 -82 —26 2.96
4. Dff (M) -26 -70 -12 6.41 30 -76 -14 4.44
5. DM (M) -36 -56 -24 5.55 34 —66 -24 4,52
6. SS (M) -28 -84 -16 8.29 36 -78 -20 5.23
7. RV (M) -26 -50 -18 3.18 30 -52 -20 3.12
8. LM (F) -32 -58 -16 6.16 22 -80 -16 4.81
9. AMD (F) -30 -58 -14 3.28

10.AM (M) -34 -76 -12 3.72 30 -80 -16 4,55

11. AB (M) -26 -78 -12 5.07

12. ME (F) -28 -72 -10 4.36 32 -78 -20 4.34

Mean -29 —68 -14 30 -75 -19

SD 3.56 10.7 3.95 3.88 9.10 4.71

SEM 1.02 3.08 1.14 1.22 2.87 1.48

95% confidence limits

Upper -30.99 -74.19 -16.39 3239 -80.42 -215

Lower -27.00 -62.12 -11.93 2761 -69.17 -15.7

is completely restricted to the ventral cortex. There is noof the superior and inferior visual fields in the striate
evidence of any separate activation foci in more dorsatortex (e.g. Holmes, 1945; Horton and Hoyt, 1991).
regions of the occipital lobe. This finding implies that Figure 8 shows that for the group analysis there are separate
human V4, as defined functionally in this study, contains aactivations of V4 by the superior field (Talairach coordinates:
representation of both the superior and inferior contralateralight hemispherex = 28,y = —72,z = —12,7 score= 4.59,
hemifields. There appears to be no split of visual fieldleft hemispherex = —24,y = —76,z = —14,Z score= 4.61)
representation for colour analysis in V4 between dorsabnd inferior fields (Talairach coordinates: right hemisphere
and ventral regions. In our second experiment, separate = 38,y = —74,z = —20,Z score= 4.71, left hemisphere
stimulation of the superior and inferior visual field was x=-32,y=-76,z=-12,Zscore= 4.71) stimuli, respectively.
performed in order to confirm this finding and Fig. 7 This shows that human area V4 contains a complete
shows the results from a single subject. representation of the visual field that is contained wholly within
Activation of the calcarine cortex is a prominent featurethe ventral cortex. Furthermore, there is some evidence of
of both superior and inferior field stimulation. In the retinotopy in this area as the inferior field is mapped more
former case (Fig. 7A) the activation focus (Talairach laterally on the ventral surface than the superior field which is
coordinatesx = 2,y = 76,z = 2, Z-score= 7.08) is mapped more medially.
located in position inferior to the calcarine fissure and in
the latter case (Fig. 7B) the focus (Talairach coordinates:
x = -8,y = -98,z = 12, Z-score = 5.86) is superior NoON-stereotactic coregistration
to the calcarine fissure. Such an inversion, with respect tdhe co-registration of the non-stereotactically normalized
the calcarine, is highly consistent with the representationéMRI SPM;z images (filter at 4-mm full width at half

Fig. 5 Three subjects who are typical of the three major activation patterns revealed by the comparison of chromatic versus achromatic
stimulation. The SPl, data are shown on sagittal, coronal and transverse ‘glass brain’ views. The data are also represented on the
subjects’ coregistered (normalized) Jtructural images; in each case the sagittal, coronal and transverse planes are coincidentvith the
y andz planes, respectively of the most significantly activated pixel in area A¥The most frequently encountered pattern, exhibited

by eight of 12 subjects, reveals prominent activation of the occipital pole surrounding the calcarine fissure (V1/V2), in addition to which
are separate, bilaterally placed foci in the ventral occipital cortex (\B)) The pattern of activation exhibited by two subjects. In this

case, bilateral foci can be seen in the ventral cortex but there is no activation of the primary visual cortex at the occipi@) poke. (

final pattern observed (also in two subjects) revealed activation of the calcarine cortex at the occipital pole in addition to a unilateral
focus in the ventral cortex.
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Fig. 6 Group result § = 12) for the comparison of chromatic versus achromatic Mondrian stimulation thresholded at corrected
P < 1 x 1072 display conventions are similar to those used in Fig. 5).

Table 2 Group averaged results for the chromatic versus achromatic comparison

Region Talairach coordinates Z-score
X y z

Right V4
Maximum activation 30 -78 -18 8.05
Extent of activation 24 to 36 -70 to -82 -12 to -24

Left V4
Maximum activation -26 -80 -14 7.99
Extent of activation —-20 to —-36 —66 to -84 -8 to —18

V1/V2
Maximum activation 10 -90 0 8.48

Talairach coordinatex = medial-lateral (RHS positive), = anterior—posteriorz = superior—inferior.

maximum) with the T-weighted structural MRIs for each prominent anatomical features in the ventral brain, although
subject enables the assessment of any relationship this precise pattern and course may vary from one individual
may exist between functional specialization and corticalto the next §eeOno et al, 1990). In addition, the collateral
topography. Consistent with more recent brain imagingsulcus conveniently separates the lingual gyrus, which forms
studies of colour perception (Sakai al, 1995), this study its medial border, from the more laterally placed fusiform
localizes colour related activation predominantly in thegyrus as it runs anteroposteriorly along the ventral surface
fusiform gyrus éeealso Zekiet al,, 1991). In order to assess of the cortex. In the coregistered images shown in Fig. 10
the generality of this relationship between structure andhe collateral sulcus has been identified (as defined by Ono
function in our group of subjects more closely, we markedet al, 1990) in three subjects and marked. As can be observed
the position of the collateral sulcus in each of the brainghe colour activation foci are always located in close proximity
prior to co-registration with the SPJy images. This gave to the collateral sulcus, typically found on its lateral aspect,
us a structural landmark with which we could compare thd.e. the fusiform gyrus. There appears to be little evidence,
relative location of the human colour centeméFig. 9). The in any of the subjects, of encroachment into the more medially
collateral sulcus was chosen because it is one of the mosicated lingual gyrus.
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Superior Field
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(A)

Area V1

Area V4
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Fig. 7 Activations generated in a single subject in areas V1 and V4 by stimulatioA)ahgé superior visual field andj the inferior
visual field.

Discussion precise location of the colour centre in humans varies from

In this Study1 we have tried to chart the part of the humarPne individual to another. The earliest localization of the
visual brain that is critical for the perception of colours morecolour centre had supposed that it included both the lingual
precisely and learn something about the nature of the visua@nd fusiform gyri (Verrey, 1888). Soon thereafter, MacKay
field map in it. We have shown that, when individuals viewand Dunlop (1899) refined the localization to the fusiform
a temporally modulated chromatic pattern, as opposed to a@yrus, although both studies were soon dismissed in a
achromatic pattern, there is a consistent activation of a regioieneral opinion—championed by Henschen, Holmes and von
in the ventral occipitotemporal cortex, the region alreadyMonakow—that was hostile to the notion of specialization
demonstrated in our previous studies to be specificalljor different attributes of vision (for a reviewsee Zeki,
activated by colour (Zeket al, 1991) and that in which 1990). This study shows more convincingly that the colour
lesions are known to result in the syndrome of cerebraFentre can be localized to the fusiform gyrus in individual
achroma‘[opsia or dyschromatopsia; the critical feature obrains, a localization that is consistent with previous imaging
these syndromes is an imperception of colours or a sevef@xperiments (e.g. Corbetet al, 1991; Zekiet al, 1991;
disturbance in colour perception (for revievsgeMeadows, Allison et al, 1993; Sakaet al, 1995).

1974; Zeki, 1990). The region thus delineated is separate

from the primary visual cortex (V1). As in our previous

studies of another specialized prestriate area, V5 (WatsoRelation to human anatomy

et al, 1993), we found that, even though located in theThe results from this study are also consistent with human
vicinity of the collateral sulcus on the fusiform gyrus, the anatomical studies. Clarke and Miklossy (1990), for example,
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A — now. Nevertheless, Sereebal. (1995) have interpreted their
. results to mean that there are two separate parts of V4, one
located ventrally and corresponding to the area that we have
superior Feld  demarcated here and elsewhere and the other located more
T Stimulation dorsally, which was not activated in our present or previous
studies, and was not specifically activated by colour in the
study of Serenet al. (1995). The present study, the first to
map visual field representation functionally, has shown that
the human V4 located in the fusiform gyrus has a
(B) representation of both superior and inferior fields. Moreover,
glise= the superior field occupies a more medial position than the
inferior field. If V4 in the monkey were to be displaced
- ventrally and medially to the same extent that V5 is displaced
Tnferior Field ; i .
+ stmulation  ventrally in human, relative to the monkey, it would occupy
roughly the same position and have the same topographic
organization as in the human. The evidence that the entire
visual field is mapped in the colour centre located in the
fusiform gyrus is further supported by clinical evidence,
which shows that a lesion here can lead to an achromatopsia
that includes the entire contralateral hemifield. Consistent
with what is demonstrated here, there is no evidence from
the clinical literature of achromatopsic subjects with field
have examined patterns of degeneration in callosal afferemfefects restricted to the inferior hemifield (Meadows, 1974;
fibres in the brains of humans who had suffered unilaterapjant, 1991).
occipital infarctions. In doing SO they were able to identify Because of the results given here, we suggest that the
the boundaries between visual areas which contained @orsolaterally activated region in the study of Serenal.
representation of the vertical meridian, in a similar way t0(1995) is not part of V4. Indeed, there is no example of
that already used in the monkey brain (e.g. Zeki andselective damage to the dorsal occipital cortex leading to
Sandeman, 1976; Zeki, 1977, 1978). A callosal boundarchromatopsia. We are aware of the fact that the study of
was identified on the ventral occipitotemporal cortex, usuallyCorbettaet al. (1991) did result in a ventrolateral activation,
in close proximity to the collateral sulcus. In the absence ofn addition to an activation within the zone of the fusiform
any direct functional evidence, Clarke and Miklossy (1990)gyrus. But the position of the former area is not identical
tentatively identified this pattern of callosal afferents aswith the dorsolateral area identified in the Sereno study, and
forming the V4-ventral V3 border, a conclusion that iswas in any case activated by stimuli in which attention to
justified in the light of the close association between thecolour was critical §eebelow). Thus the relationship of this
collateral sulcus and the activation foci elicited by chromaticjateral area to the colour centre, as defined here, remains
stimulation shown in this studyséeFig. 7). Thus, evidence ambiguous.
from both anatomical and functional imaging studies converge
in placing human area V4 firmly on the ventral surface of
the brain, in close proximity, but lateral, to the collateral
sulcus, one of the major anatomical features of theA segregated pathway for colour in the human
occipitotemporal cortex. brain
Activation of area V1 and (probably) V2, which are difficult
) ] o to distinguish from each other in these scans, was a consistent
The retinotopic organization of the human feature in a majority of the subjects scanned during this
colour centre experiment, and was also noted in other brain imaging studies
In the macaque monkey, the cells of area V4 have muclnvolving colour vision (e.g. Corbett@t al, 1991). The
larger receptive fields than their counterparts in areas V1involvement of these two areas is to be expected, given what
V3 but, in spite of this enlargement of field sizes, a topographys known about the anatomy of the colour pathway in the
is definitely maintained within V4. The most striking feature monkey. What is perhaps more interesting, in showing that
of this topography is the separate representation of the uppéhere are specialized colour pathways in the human visual
and lower visual fields within V4, the lower fields being brain, is the absence of any activation in most other parts of
represented superiorly and the upper fields inferiorly (Gattasthe occipital lobe, including well-demarcated areas such as
et al, 1988). But the two parts of V4 are continuous. In theV3 or V5, for example. Collectively, the positive evidence,
human, no direct studies of V4 combining colour stimulationtogether with the negative evidence, gives strong support to
with discrete visual field stimulation have been done, untilthe notion of specialized pathways dealing with colour in the

Fig. 8 Group result for the activations produced in area V4 by the
stimulation of @) the superior visual field and{ the inferior
visual field.
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Fig. 9 The ventral surface of the human brain. The shaded regions medial and lateral to the collateral sulcus (in the right hemisphere
only) indicate the posterior regions of the lingual and fusiform gyri, respectively.

human brain. We do not suppose that the centre in that least correlate with perceived colour rather than with
fusiform gyrus is necessarily the endpoint of this pathwaywavelength composition (Zeki, 1983). As a result of these
because the stimuli that we used were relatively simple. Théndings area V4 has been considered to be important in the
use of other, more meaningful colour stimuli or colour tasksprocesses that subserve colour constancy (Zeki, 1980; Wild
that involve higher cognitive aspects may activate furtheret al, 1985; Walshet al, 1993). Areas V1 and V2, on the
areas. The study of Corbettet al. (1991) is one such other hand, are hypothesized as being importantin wavelength
example, where attention to colour generated activation ofliscrimination (Kulikowski and Walsh, 1993; Kulikowski
areas that are not coincident with the regions shown to bet al, 1994). V1 and V2 may also be involved in the
active in this study. More recent studies (e.g. Masgtnal,  segregation of the visible spectrum into constituent hues;
1995) also suggest that there may be a parcellation of functioWautin and Dow (1985) have shown that four major classes
for different aspects of colour perception in the human ventrabf chromatically responsive neuron exist in the foveal striate
occipitotemporal cortex. cortex, each with sensitivity profiles covering a different part
Results from lesion work and single unit physiology in of the spectrum. Similar classes of neuron may constitute
monkeys have suggested different roles for areas V1/V2 anthe neurological basis for the hue categorizations that have
V4 in the analysis of colour, at least in part because théeen identified by psychophysical methods in human vision
responses of cells in the former are heavily wavelength{Boynton and Olson, 1990; Mullen and Kulikowski, 1990).
based, the cells responding to a patch of any colour provide@®ur hypothesis is that, as in the monkey, rudimentary
it reflects a sufficient amount of light of their preferred wavelength detection and discrimination in humans can be
wavelength; by contrast, the responses of some cells in V4ubserved by areas antecedent to area V4, namely areas V1
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and V2, whereas V4 itself is more concerned with colourla perception lumineuse et de I'acuitésuelle indirecte; dyslexie.

constancy mechanisms. Indeed, the results of Vaina (1994uelques considations relatives & localisation des centres visuels

and unpublished results from this laboratory (W. Fries and:ortigaux et aux pheomees mentaux de la lecture. Archs Ophthal

S. Zeki) show that achromatopsic subjects discriminatdParis) 1884; 4: 356-70.

wavelength differences, though with elevated thresholds, itfriston KJ, Frackowiak RS. Imaging functional anatomy. In: Lassen

a similar way to monkeys with V4 lesions . NA, Ingvar DH, Raichle ME, Friberg L, editors. Brain work
and mental activity. Quantitative studies with radioactive tracers
Copenhagen: Munksgaard, 1991: 267-79.

Homology between. human and monkey V4 Friston KJ, Holmes AP, Worsley KJ, Poline JB, Frith CD,
We have throughout this paper used the term human colowrackowiak RS. Statistical Parametric maps in functional imaging:
centre and human V4 interchangeably, implying a homologya general approach. Hum Brain Mapp 1995a; 2: 189-210.
between this centre and monkey V4. There are arguments iIBriston KJ, Ashburner J. Frith CD, Poline JB, Heather JD,

favour of this supposition (Wilet al, 1985; Kennare@t al,  prackowiak RS. Spatial registration and normalization of images.
1995) as well as arguments against (Heywood and Qoweyqum Brain Mapp 1995b; 3: 165-89.

1987; Heywoodet al, 1991, 1992, 1994, 1995; Merigan, Gattass R, Sousa AP, Gross CG. Visuotopic organization and extent
1993; Cow.ey.’ 1994; Cowey and Heywood, 199.5?' We .W.Illo{ V3 and V4 of the macaque. J Neurosci 1988; 8: 1831-45.
address this issue in a separate context. Here it is sufficien

to point out that our present results, though telling us aboutleywood CA, Cowey A. On the role of cortical area V4 in the
the location of the human colour centre and the similarity indiscrimination of hue and pattern in macagque monkeys. J Neurosci
the nature of visual field representation between it and987: 7: 2601-17.

monkey V4, do not speak conclusively in favour of aHeywood CA, Cowey A, Newcombe F. Chromatic discrimination
homology between the two structures, but they make such ia a cortically colour blind observer. Eur J Neurosci 1991; 3: 802-12.

homology seem less unlikely. Heywood CA, Gadotti D, Cowey A. Cortical area V4 and its role

in the perception of color. J Neurosci 1992; 12: 4056-65.
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