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Abstract
Evidence from imaging studies suggests that primary visual cortex and multiple areas in ventral occipitotemporal cortex
subserve color perception in humans. To learn more about the organization of these areas, we used structural and functional
MRI (fMRI) to examine a patient with damage to ventral cortex. An art professor, KG, suered a cerebrovascular accident
during heart surgery that impaired his ability to perceive color. The Farnsworth±Munsell 100-Hue test was used to assess the
extent of his de®cit. When tested 12 months after the lesion, KG performed worse than 95% of age-matched normals on the
100-Hue test, but well above chance. Structural and functional MRI studies were conducted 3 years after the lesion to
investigate the neuroanatomical correlates of KG'ss remaining color ability. Structural MRI revealed bilateral damage to ventral
occipitotemporal cortex. In young and age-matched normal controls, an fMRI version of the 100-Hue reliably activated
bilateral, color-selective regions in primary visual cortex and anterior and posterior ventral cortex. In subject KG, color-selective
cortex was found in bilateral primary visual cortex. In ventral cortex, no color-selective activity was observed in right ventral
cortex, and only a small area of activity was observed in left anterior ventral cortex. However, signi®cant color-selective activity
was observed in posterior left ventral cortex spared by the lesion. This posterior left ventral activation was similar in extent,
position, and degree of color-selectivity to the posterior left posterior activation observed in normal controls, suggesting that this
focus may be the cortical substrate underlying KG's remaining color perception. Published by Elsevier Science Ltd.
Keywords: Functional neuroimaging; Achromatopsia; Extrastriate visual; Farnsworth±Munsell 100-Hue test

1. Introduction
Over a century ago, a link between ventral occipitotemporal cortex and color perception was proposed
([38] reviewed in [45]). Evidence from many studies of
patients with lesions in this region, including post-mortem anatomical analysis [10,28] and anatomical imaging [18,24] support the conclusion that ventral cortex
is crucial for human color perception.
* Corresponding author. Tel.: +1-301-402-7471; fax: +1-301-4020921.
E-mail address: mbeauchamp@nih.gov (M.S. Beauchamp).
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However, questions remain about the organization
of the ventral cortex underlying color perception. Is
color processing subserved by one or multiple ventral
areas? Are these areas widely distributed in ventral
cortex? Do dierent regions of ventral cortex perform
dierent color processing functions?
Anatomical studies of patients are poorly suited to
answering these questions, because lesions are often
extensive, not focal, and dierentiation of normal from
damaged tissue does not allow determination of the
regions of cortex actually involved in processing color
information.
Functional imaging studies in normal human subjects have provided information complementary to the
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®ndings from lesion studies, such as establishing that
ventral sites are important for color perception in normals [7,47]. More recently, imaging data has suggested
that multiple sites in ventral cortex are important for
processing color [5]. However, imaging studies have
limited deductive power because of their inferential
nature. In an imaging study, areas may be active
because they are involved in a task component unrelated to color processing.
We hoped to combine these two breeds of studies,
reducing the ¯aws inherent in each type, by performing
an imaging study on a patient with impaired color perception. Functional imaging should allow the speci®cation of exactly which regions of damaged cortex are
functional in the lesioned subject. Conversely, determining how damage to ventral areas aects color perception should provide an important clue to their role
in normal subjects.
Patients with de®cits in cerebral color perception are
relatively rare, because damage to ventral areas often
also damages its anatomical neighbor, primary visual
cortex, resulting in cortically blind subjects unaware of
any speci®c color de®cit. We were fortunate to obtain
a referral for KG, a painter and art teacher, who suffered bilateral ventral occipital damage from vascular
accident during heart surgery. KG found that his perception of colors was sharply changed by his injury.
Before the infarcts, KG's sense of color was acute (he
had even worked matching colors in a paint factory)
but after the lesion he complained that even brightly
colored objects appeared sepia-toned. To assess the
extent of KG's color impairment, the Farnsworth±
Munsell 100-Hue test was administered. To study how
damage to his ventral areas had impaired his color
ability, and understand the neuronal correlates of
KG's remaining color abilities, a functional MRI
(fMRI) version of the 100-hue test was administered.
We describe the damage to ventral cortex, and functional activation in these regions when KG performed
the 100-Hue fMRI test. Then, we consider the implications for our understanding of cortical color processing.

2. Methods
The primary subject in this experiment was KG.
Other subjects included a control subject matched for
sex, age, and education level (subject LS) and 12
young controls (®ve males, seven females, average age
27.7 years). Informed consent was obtained from all
subjects according to the declaration of Helsinki [43]
and was approved by the Human Research Review
Committee of the Medical College of Wisconsin and
the NIMH human subjects committee.
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2.1. Case description
KG is a right-handed male (born 2/1/1938) who
worked as a painter and art professor at a local university. On 3/3/1995, he suered a right occipital
stroke during coronary artery surgery. A second, leftlateralized occipital stroke occurred 1 week later. A
comprehensive neuropsychological evaluation was performed on 3/25/1996; a follow-up examination was
performed on 9/1/1998.
2.1.1. Neuropsychological assessment: overview
The patient's clinical examination revealed a relatively focal color de®cit and memory problems; however, the patient also complained of topographic
disorientation. Signi®cant de®cits were observed in hue
discrimination on formal testing. He was able to name
most colors he viewed as well as the colors of objects
he imagined (e.g. the color of his toothbrush). Formal
neuropsychological testing revealed memory problems,
inconsistent visuospatial de®cits, and intact object and
face discrimination and identi®cation abilities.
2.1.2. Formal intellectual and neuropsychological testing
Intellect was in the superior range with no signi®cant dierence between verbal and performance IQ
(verbal IQ=124; performance IQ=111; full scale
IQ=122). Some neuropsychological de®cits were
observed in memory and visuospatial and perceptual
abilities. Performance was borderline impaired on a
visuospatial test that involved mentally rotating and
assembling fragmented line drawings of objects. Scores
on all other visuospatial/perceptual tests, including discrimination of unfamiliar and naming of famous faces,
and line orientation discrimination were average or
above average. There was no evidence of neglect.
Memory de®cits were characterized by relatively intact
immediate verbal recall and borderline recall after a
30 min delay. The patient's scores were borderline to
impaired on tests involving immediate recall of nonverbal material (line drawings and spatial dot patterns).
All other tests, including verbal, motor, and sensory
(other than visual) functions were consistent with IQ.
Despite his visual ®eld defects, his score on a test
involving negotiating mazes (Porteus Mazes) was
within the normal range for age-matched controls. The
patient was able to draw a map of the room layout of
his house and place objects into it. He was able to
image walking through his house with no evidence of
neglect of his scotomatous visual ®eld. Perception of
illusions related to monocular depth, such as the
Ponzo illusion, were intact. Performance on a test of
binocular depth perception using a red-green anaglyph
random dot test was normal. The patient did not have
any diculty with visual saccades on gross testing.
The follow-up examination found no major changes in
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his cognitive abilities, but changes in his color perception were noted.
2.1.3. Color sensitivity testing
The Farnsworth±Munsell 100-Hue test, a clinical
test of color discrimination and color sequencing [12]
was administered on several occasions during the 3
years following the strokes. In each session, scores
from one to three repetitions of the test were averaged
to provide the best possible estimate of KG's color
sensitivity.
2.2. Anatomical magnetic resonance imaging
In September 1998, KG was examined using anatomical and functional MRI. To determine the extent
of the lesion, anatomical images were collected using a
3D Fast Spoiled Grass sequence with TR=14.4 ms,
TE=5.4 ms, ¯ip angle=208 for optimal gray±white
segregation. Several repetitions of this scan with voxel
size 0:9375  0:9375  1:2 mm were collected. The
entire anatomical dataset can be inspected online at
``http://hippo.nimh.nih.gov/people/mikeb/KG/KGanat.html''.
2.3. The fMRI version of the Farnsworth±Munsell 100Hue test
To investigate the organization of color-selective
visual cortex, fMRI studies were conducted using an
adaptation of the 100-Hue test suited for the scanner
environment. In the fMRI version of the 100-Hue test,
subjects order the entire set of Munsell hues as they
are presented, ®ve at a time, as colored wedges arrayed
around a central ®xation bar (Fig. 2A).
The test consists of alternating experimental periods.
In the chromatic period, subjects make an ordered/disordered decision on the colored wedges, pressing the
right response button if the hues form a regular
sequence from the 11 o'clock position to the 1 o'clock
position and the left response button if they do not. In
the achromatic period, subjects view a set of grayscale
wedges and make an analogous ordered/disordered response based on luminance. In Fig. 2A, both chromatic and achromatic wedges are shown out of order.
In the chromatic condition, the hue dierence
between wedges is twice the distance in color-space
between consecutive Farnsworth±Munsell test caps.
For instance, if the test caps are numbered 1, 2, 3, . . .
a sample ordered wedge set would be 1, 3, 5, 7, 9 and
a sample disordered wedge set would be 1, 3, 7, 5, 9.
In the achromatic condition, the average luminance
dierence between adjacent wedges is 2.7 cd/m2. The
average luminance of the achromatic wedges and chromatic wedges is 53 cd/m2. All wedges are brighter than
the background luminance of 10 cd/m2 (all luminances

measured with an S370 optometer; United Detector
Technologies, Baltimore, MD).
Each sequencing period lasts for 21 s, with a new set
of randomly-selected wedges presented every 3 s. The
sequencing periods are interspersed with 21-s ®xation
control periods. Each run contains 12 periods (three
chromatic, three achromatic and six ®xation) with
ordering (chromatic or achromatic ®rst) counterbalanced across runs. Typically, six runs are acquired for
each subject, resulting in 126 trials of each type.
2.3.1. Luminance matching across hues
In the clinical 100-Hue test, the systematic dierence
in hue across the test caps is superimposed on small,
random variations in chroma (color saturation) and
value (luminance) [12]. This prevents color sequencing
judgments based on the apparent luminance of the
caps by subjects with abnormal color vision. The video
projection system used for our fMRI adaptation of the
test did not allow for the ®ne control of saturation
and luminance achievable with caps viewed under a
controlled illuminant. However, as a coarse method of
equating luminances across nearby hues (preventing
judgments based on luminance alone) each subject performed ¯icker photometry on every hue in the test set.
The adjusted luminance value for each hue was then
used when that hue was presented in the fMRI test.
To perform ¯icker photometry, subjects viewed a
colored annulus presented at the same eccentricity as
the test wedges that ¯ickered at 15 Hz between the test
hue and a uniform gray of luminance 53 cd/m2 [32].
Subjects adjusted the luminance of the colored annulus
to minimize the perceived ¯icker. The minimal degree
of perceived ¯icker was greater for shorter wavelength
stimuli because of the lack of short-wavelength input
into the luminance (magnocellular) pathway [22].
2.3.2. Diculty matching
Dierences in task diculty can lead to changes in
brain activation patterns [2,34]. We wished to assure
that activation dierences in the comparison between
chromatic and achromatic tasks were due to dierences in the visual stimulus and not due to dierences
in task diculty. Therefore, for each subject, the diculty of the achromatic sequencing task was matched
to the diculty of the chromatic sequencing task by
slightly increasing or decreasing the luminance dierence between the achromatic wedges.
2.4. KG's ability to perform the fMRI 100-Hue test
2.4.1. Tests of ®xation
Because the fMRI 100-Hue test requires subjects to
maintain ®xation, we tested KG's ability to ®xate
during visual tasks outside the scanner using an infrared-illuminated pupillary eye-tracking system (ISCAN,
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Inc., Burlington, MA). KG's ability to ®xate over the
course of a two-minute visual sensitivity test did not
signi®cantly dier from that of two control subjects.
2.4.2. Visual ®eld defects
We wished to determine whether KG was able to
accurately view the fMRI 100-Hue test wedges, which
were presented from 18 to 48 eccentricity. Corrected
Snellen acuity was 20/20. Visual ®eld analysis with
Goldmann and Humphrey (program 24-2; Humphrey
Instruments, San Leandro, CA) tests revealed visual
®eld defects in the left hemi®eld and upper right quadrant, with macular sparing. Tangent screen perimetry
(done at the same time and using the same stimulus
apparatus as was used to project the 100-Hue stimuli)
revealed that KG's upper left quadrant defect completely obscured one of the colored wedges and portions
of another.
2.4.3. Quarter®eld version of the 100-Hue fMRI test
The dense upper left visual ®eld defect that rendered
KG unable to see one of the test wedges could be
expected to reduce his ability to perform the fMRI
100-Hue test, quite apart from any de®cits in color
perception. Therefore, a modi®ed version of the fMRI
test was also administered in which all of the wedges
were visible to KG. In this quarter®eld version of the
test, the ®ve chromatic or achromatic wedges were
reduced in size and arranged in a circular array in
KG's lower right quadrant (spared by the lesion)
instead of being arrayed around the ®xation bar.
2.4.4. Achromatic contrast sensitivity
We were concerned that KG's color perception diculties might be due to a more general de®cit in contrast sensitivity. Therefore, we tested achromatic
contrast sensitivity using psychophysical software that
allowed 15-bit absolute luminance control [6]. KG's
foveal contrast sensitivity was not signi®cantly dierent from controls at spatial frequencies of 0 cycles per
degree (cpd), 1 cpd, 1.9 cpd and 7.8 cpd. In the periphery, KG's contrast sensitivity was not signi®cantly
dierent from controls at spatial frequencies of 0 cpd,
2 cpd or 7.9 cpd, except in the upper left quadrant, the
location of his densest visual ®eld defect.
2.4.5. Dierences in color sensitivity between quadrants
To determine whether KG's color perception differed across the visual ®eld, his color sensitivity in
dierent quadrants was measured in two dierent
ways. In the ®rst test, KG's ability to detect isoluminant red/green gratings with counterphase ¯icker at 2
hz was measured at spatial frequencies of 0 cpd, 1 cpd
and 3.9 cpd using the method of adjustment [13].
Color sensitivity was not signi®cantly dierent across
the relatively spared right hemi®eld and lower left
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quadrant. The upper left quadrant, shown by perimetry to have the densest ®eld defect, had color contrast
sensitivity that was signi®cantly less than the spared
quadrants at low spatial frequency 1:3%20:2% SD
vs 22:1%25:9% at 0 cpd; 1:0%20:1% vs
14:8%25:0% at 1 cpd).
For a second measure of color sensitivity, we
attempted to have KG perform the quarter®eld 100Hue test in each quadrant. KG was able to perform
the test with similar accuracy in the upper right, lower
right, and lower left quadrants (83, 77 and 90% correct, respectively). KG's dense upper left ®eld defect
prevented him for performing the test in this quadrant.
Neither measure suggested systematic dierences in
color-sensitivity across the intact regions of KG's
visual ®eld.
2.5. Analysis of the fMRI datasets
Gradient-echo echo-planar functional images were
collected using a 1.5 T scanner (General Electric, Milwaukee, WI) with a repetition time (TR) of 3000 ms,
an echo time (TE) of 40 ms, and in-plane resolution of
3.75  3.75 mm. Depending on the geometry of each
subject's brain, from 21 to 25 axial slices with a thickness of 4 or 5 mm were collected. Subjects KG and LS
were scanned at the Medical College of Wisconsin; the
12 young controls were scanned, using identical parameters, at the National Institutes of Health. A
detailed account of the results from the young controls
has been published elsewhere [5].
Comparison of the blood oxygen level dependent response in chromatic and achromatic stimulation
periods with ®xation allowed detection of brain regions
responsive to visual stimulation, while comparison of
the chromatic and achromatic responses revealed
visual regions selective for color. Functional images
were registered and multiple regression was performed
on each voxel's time series using AFNI v2.21 [8,9].
Two mutually orthogonal regressors with zero mean
were used in the regression. The ®rst regressor, consisting of value `0.5' during stimulation periods and `ÿ0.5'
during ®xation periods, measured response to stimulation vs ®xation. The second regressor, consisting of
value `1' during chromatic stimulation, `0' during ®xation, and `ÿ1' during achromatic stimulation,
measured the response dierence between chromatic
and achromatic stimulation. Both regressors were
smoothed with a gaussian function (lag of 4.8 s, dispersion of 1.8 s) approximating the cerebral hemodynamic impulse response function [14,44]. All brain
voxels were examined to ®nd those showing an experimental eect (signi®cant proportion of variance
accounted for by the best-®t combination of the two
regressors) using a rigorous threshold of z > 4:416
p < 10 ÿ5 per voxel) to correct for multiple compari-
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sons. Those few voxels showing an experimental eect
were classi®ed by the second regressor, which
measured color-selectivity. Visually responsive voxels
with a z > 1:6 p < 0:05 for the second regressor were
termed `color-selective'. The locations of active regions
are reported in Talaraich coordinates as the distance
in mm from the anterior commissure in the form (x, y,
z ) where the x-axis is left-to-right, the y-axis is posterior-to-anterior, and the z-axis is inferior-to-superior.
`Ventral areas' were de®ned as those lying below the
commissural plane (z < 0) and outside the calcarine
®ssure, and were subdivided into anterior y > ÿ60
and posterior y < ÿ60 regions.
3. Results
3.1. Color sequencing ability
Following the lesion, KG complained that his color
vision was impaired: even brightly colored objects
appeared sepia-toned. KG's subjective report of

impairment was con®rmed by the 100-Hue test. In the
®rst administration of the test, 1 year after the stroke,
KG's 100-Hue score was 179, worse than 95% of agematched control subjects [39].
A gradual improvement was noted in the 3 years following the stroke. At the time of his fMRI exam, KG
scored 75, near normal levels. Subjectively, KG
reported that his color vision had recovered somewhat
but remained less acute than before the lesion.
3.2. Anatomical magnetic resonance imaging of the
lesion
Three years after the lesion, anatomical MRI
revealed extensive damage to bilateral ventral occipitotemporal cortex (Fig. 1). Damaged areas were visible
in the T1-weighted images as regions of low signal
intensity. In the right hemisphere, the most severe
damage extended from the inferior surface of the occipital lobe z  ÿ23 superiorly into the inferior bank
of the calcarine sulcus z  ÿ5). The bulk of the lesion
extended from the occipital pole y  ÿ98 mm) to the

Fig. 1. T1-weighted anatomical MR images of subject KG. Sagittal sections through the left hemisphere (A) and right hemisphere (B) 7 mm
from the midline illustrate the anterior to posterior extent of the lesion. (C) Coronal sections at four successively more anterior locations in the
occipital lobe illustrate the medial to lateral extent of damaged cortex. (L: left; R: right). White arrows indicate the areas of heaviest damage.
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occipital/temporal border y  ÿ51 mm) and from the
midline laterally to the occipitotemporal sulcus. Large
blood vessels appeared as bright inclusions in the center of the otherwise dark lesion (e.g. Fig. 1C, y  ÿ80
mm). In the left hemisphere, the damage was less
severe and was restricted to ventral cortex, extending
from z  ÿ15 to z  ÿ23 mm. In the anterior-posterior axis, the most severe cortical damage extended
from y  ÿ62 mm to y  ÿ32 mm, and included medial regions of ventral cortex, especially the lingual
gyrus, but did not extend laterally beyond the collateral sulcus.
3.3. fMRI 100-Hue test: behavioral data
During performance of the fMRI 100-Hue test,
KG's accuracy and RT were similar for the chromatic
and achromatic sequencing tasks (chromatic: 66% correct; RT 1640 ms; achromatic: 68% correct, RT 1750
ms). His performance improved during the quarter®eld
version of the test, but remained matched for the chromatic and achromatic tasks (chromatic: 82% correct;
RT 1400 ms; achromatic: 77% correct, RT 1530 ms).
The average performance of the young controls on the
fMRI test was also equivalent for the chromatic and
achromatic versions of the task (chromatic: 82% correct28% SD, RT 1640 ms2170 ms; achromatic: 85%
correct 2 8% SD, RT 1650 ms 2 160 ms). The agematched control (subject LS) had similar results (chro-
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matic: 86% correct; RT 1100 ms; achromatic: 83%
correct, RT 1110 ms).
3.4. fMRI 100-Hue test: active brain areas
When KG performed the chromatic and achromatic
sequencing tests of the fMRI 100-Hue test, a number
of brain areas responded with increased MR signal
relative to ®xation control. Regions in frontal, parietal,
and occipital cortex all responded more strongly to
chromatic and achromatic sequencing than ®xation
control.
Most active areas showed equal MR responses to
chromatic and achromatic stimuli. However, three
brain areas preferred chromatic to achromatic stimuli,
including a region of frontal cortex with center of
mass (33, ÿ19, 66) and bilateral regions of calcarine
cortex. The area with the strongest preference for chromatic to achromatic stimuli was found in left ventral
occipitotemporal cortex, with center of mass (ÿ35,
ÿ66, ÿ21).
As shown in Fig. 2B, ventral color-selective activity
was observed in the left collateral sulcus and posterior
fusiform gyrus. An average MR time series from this
cortex (Fig. 2A) illustrates an average response in left
ventral cortex to chromatic stimuli of 2.7%, and an
average response to achromatic stimuli of 1.8%. No
functional activity (color-selective or otherwise) was
observed in right ventral cortex.

Fig. 2. Ventral Color-Selective Activity in Case KG and controls during performance of the fMRI 100-Hue test. During the fMRI test, subjects
alternately viewed chromatic and achromatic stimuli (A, top) interspersed with ®xation only. An average time series (A, blue graph line) from
color-selective voxels in KG's left ventral cortex illustrates greater MR signal increase during chromatic stimulation (green bars) than during
achromatic stimulation (gray bars). B shows KG's color-selective cortex (colored voxels) overlaid on coronal section of anatomical dataset (gray
scale) with location y  ÿ72 mm. C illustrates ventral color-selective activity in age-matched control subject LS at y  ÿ67 mm, D illustrates
average color-selective activity in 12 young control subjects at y  ÿ69 mm. Color scale illustrates degree of color-selectivity for B, C, D. White
arrows indicate location of right ventral color-selective region in normal controls and damaged cortex in KG.
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Fig. 3. Histogram portraying volume of ventral color-selective activity in young controls (n = 12); age-matched control subject LS; and subject
KG in left (A) and right (B) hemispheres. Active cortex below the commisural plane (z < 0) was assigned to anterior y > ÿ60 and posterior
y < ÿ60 divisions (labeled as Ant. and Pos.) SEM for young controls: 130 mm3 (anterior left hemisphere), 280 mm3 (posterior left), 170 mm3
(anterior right hemisphere), 180 mm3 (posterior right).

3.5. Quarter®eld 100-Hue test
Because of KG's upper left visual ®eld defect, the
upper left wedge in the standard 100-Hue stimulus was
not visible to him. Therefore, a version of the test in
which a smaller version of the stimulus was presented
entirely within KG's lower right quadrant was administered. The same brain areas were active in the quarter®eld and full-®eld 100-Hue tests, but some
dierences in the activation were noted. The calcarine
cortex activity changed from bilateral in the full-®eld
test to unilateral left in the quarter®eld test, re¯ecting
the dierent retinotopic organization of the visual
stimulus (bilateral vs. right visual ®eld only). The location of the left ventral activity was shifted slightly
medially relative to the full-®eld test, with center of
mass (ÿ31, ÿ68, ÿ22). Consistent with the smaller size
of the visual stimulus in the quarter®eld test, the
volume of active cortex in left ventral cortex decreased
by 57% relative to the full-®eld test; the amplitude of
activity decreased by 45% (the average response was
1.5% during the chromatic condition vs 1.1% in the
achromatic condition).
3.6. Comparison with control subjects
KG's pattern of activation (Fig. 2B) was compared
with the activation maps from 12 young controls
(average shown in Fig. 2D) and an age and sexmatched control (Fig. 2C). Both normals and subject
KG showed bilateral, color-selective activation in primary visual cortex. Like KG, every control subject
also showed a large volume of color-selective activity
in left ventral cortex (Fig. 3A). However, in contrast
to normal subjects, KG showed no color-selectivity in
right ventral cortex (Fig. 3B). No visually responsive
voxels were found in this region, consistent with the
heavy damage observed with anatomical MRI. KG's

lack of right ventral activation in comparison with
controls is highlighted in Fig. 2 (white arrows).
In controls, left ventral activity was found in two
distinct locations: a posterior fusiform region extending from y  ÿ60 to y  ÿ80 and an anterior, midfusiform region with center of mass at y  ÿ46: Compared with controls, KG showed a normal volume of
color-selective cortex in posterior left ventral cortex
(Fig. 3A). The degree of color-selectivity in this region
was also similar to that of controls (subject LS: MR
signal change of 2.3% for chromatic stimulation, 1.6%
for achromatic stimulation; average of 12 young controls: 2:3%20:6% SD chromatic, 1:0%20:5% achromatic; compared with 2.7%/1.8% for KG). However,
there were dierences between KG and controls in anterior left ventral cortex. Anatomical imaging showed
damage to KG's left mid-fusiform cortex, location of
the more anterior color-selective focus in controls. As
shown in Fig. 3A, KG had signi®cantly less anterior
color-selective cortex than controls p < 0:001).

4. Discussion
Anatomical MRI revealed bilateral damage to KG's
ventral occipitotemporal cortex. Previous imaging
[7,47] and case studies [28] have determined that this
region is an important locus of cerebral color perception. Consistent with this ®nding, KG's color perception was impaired following the damage to ventral
cortex, with a 100-Hue test score worse than 95% of
age-matched controls.
However, KG's color impairment was less severe
than the total achromatopsia observed in some
patients (e.g. [21]). Anatomical MRI suggested that
spared tissue was present in ventral cortex. Functional
MRI was used to determine if any of the undamaged
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cortex was active during a task that required the active
use of color information.
When KG performed the fMRI 100-Hue test, two
regions in occipital lobe showed strong color-selective
activity: bilateral primary visual cortex and left posterior ventral cortex.
4.1. Primary visual cortex (V1)
Normal subjects show color-selective activity in V1
[5,17,23,27]. In KG, anatomical damage to V1 was
most severe in the inferior bank of the right calcarine
sulcus (corresponding to KG's upper left visual ®eld
defect) and no functional activity was seen in this
region. However, color-selective activity was observed
in undamaged portions of superior and inferior left
calcarine and superior right calcarine cortex, corresponding to the spared portions of KG's visual ®eld
(right hemi®eld and lower left quadrant).
4.2. Ventral occipitotemporal cortex
In normal controls, the fMRI 100-Hue test activates
ventral cortex bilaterally, in anterior and posterior subdivisions [5,46]. Anatomical imaging revealed extensive
damage in KG's right ventral cortex, and no functional activity was observed there. In KG's left hemisphere, anatomical images showed damage to anterior
ventral cortex, with a corresponding reduced volume
of active cortex compared to controls. However, in
KG's posterior left ventral cortex (relatively undamaged on anatomical images) a strong color-selective
focus was observed. This cortex was similar in colorselectivity, extent, and location to that observed in
normals.
4.3. Cortical color processing
A simpli®ed description of cortical color processing
suggests that initial processing for each hemi®eld is
performed by V1 in the contralateral hemisphere,
using input from the color-opponent parvocellular
pathway [25,26]. Next, ventral extrastriate areas are
assumed to complete a second stage of processing
required for more complex color tasks, such as the
sequencing required by the 100-Hue test. Indeed,
damage to ventral cortex leads to severe impairment
on the 100-Hue test [19].
Given this model, we were surprised to ®nd that KG
showed no visual ®eld asymmetry in his color de®cit:
he was able to sequence hues equally well in his lowerleft or lower-right quadrants. While KG's ®rst stage of
color processing was intact in both hemispheres (as
shown by bilateral functional activity in V1) one might
assume that the loss of KG's right ventral color-selec-
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tive areas would cause impaired color perception in
the contralateral (left) hemi®eld. This was not the case.
One possible explanation for this unexpected ®nding
is that spared right ventral cortex, not visible in our
anatomical or functional scans, performed the color
processing computation for the lower left quadrant.
This seems unlikely given the severity of damage in the
region that would normally contain color-selective cortex (Fig. 2). Even at very low statistical threshold, little
functional activity was observed in right ventral cortex.
Yet we cannot rule out the possibility that vascular
changes that occurred after the stroke modi®ed the
metabolic coupling between neuronal activity and vascular response (or the anatomical organization of the
vasculature) rendering neuronal activity invisible to
our blood oxygenation level dependent measure.
A more interesting possibility is that KG's left ventral focus is processing color information for the entire
visual ®eld. In general, each hemisphere processes information about the contralateral visual ®eld. V1 is
characterized by strict retinotopic organization, with
each visual hemi®eld represented almost exclusively by
the contralateral hemisphere [11,36]. Areas later in the
processing hierarchy, such as inferotemporal cortex,
can show less precise retinotopy, with receptive ®elds
spanning both hemi®elds [16]. If KG's left ventral
focus is processing color in both hemi®elds, it could
receive color information about the ipsilateral ®eld
from color-selective neurons in right V1 via transcallosal connections [37]. How could this have occurred? It
could be that in normal controls, ventral color-selective areas represent the entire visual ®eld, so that
damage to one hemisphere would not impair perception in the contralateral hemi®eld. Mapping studies
from independent groups reported that the more posterior color-selective area (termed V8 or V4) forms a
continuous representation of the contralateral visual
®eld [17,27]. Yet some evidence suggests that there
may be ipsilateral inputs into ventral areas, though
weaker than the input from contralateral hemi®eld
[35]. If color processing in KG's left visual ®eld is
occurring in left ventral cortex, it seems likely that
weak connections between right V1 and left ventral
cortex were strengthened following KG's lesion, resulting in a representation of both left and right hemi®elds
in left ventral cortex and allowing similar color processing performance across the visual ®eld.
It should be noted that KG's color sequencing ability improved during the 3 years following his lesion.
An attractive hypothesis is that some of the improvement in KG's color skills occurred as the ensemble of
color processing areas reorganized, perhaps spurred on
by KG's acute awareness of his color de®cit. However,
with only a single fMRI data point, we can only
speculate about the neuronal substrates of KG's recovery.
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4.4. Comparison with other case studies: achromatopsia
vs dyschromatopsia
There are a substantial number of case reports of
subjects with acquired de®cits in cerebral color perception (e.g. [10,15,20,28,30,45]). The evidence suggests
that in most of these cases, the ability to perceive colors was impaired but not abolished. For instance, in
case 1 of Mendola and Corkin [29] a patient described
as having achromatopsia scored 150 on the 100-Hue
test. While this is above the normal range, it is well
below the score of 1200 expected for random guessing
on the test [40]. Other patients with impaired color
perception were also able to name the colors of very
bright objects or score above chance on the 100-Hue
test [1,3,4,15,28,31,33,41,42]. In contrast, there are
relatively few patients with complete achromatopsia,
like patient MS of Heywood and colleagues [19] who
score at chance levels on the 100-Hue test.
Our results suggest a possible explanation for the
preponderance of partial over complete impairments in
color perception. Because the ensemble of areas underlying color perception is distributed in multiple areas
in ventral cortex, most patients suer damage to only
a subset of these ventral areas, resulting in only partial
de®cits (V1 is also a crucial component of the network,
but damage to V1 typically leaves subjects cortically
blind and unaware of speci®c color de®cits.)
Our study emphasizes that the ensemble of areas for
processing color is complex. Rather than a single area
underlying color perception in each hemisphere [27]
these ®ndings suggest that there is a ¯exible network
of areas for processing color. More work is needed to
address the processing role of these dierent areas in
subserving normal color perception and to understand
how damage to these areas impairs perception.

Acknowledgements
The study would not have been possible without the
dedicated cooperation of our subjects, especially KG.
The referring physician was Dr Piero Antuono, Medical College of Wisconsin. Dr Thomas A. Hammeke
and ACR performed the neuropsychological evaluation. We are very grateful to Dr Robert W. Cox for
his continued development of AFNI and B. Doug
Ward for enabling multiple regression in AFNI. We
thank two reviewers and Alex Martin for helpful comments on the manuscript, and Scott Brodie for an illuminating discussion of the 100-Hue test. The NIMHIRP (JVH and MSB) and NIH EY-10244 and MH51358 (EAD) supported this research.

References
[1] Adachi-Usami E, Tsukamoto M, Shimada Y. Color vision and
color pattern visual evoked cortical potentials in a patient with
acquired cerebral dyschromatopsia. Documenta Ophthalmologica 1995;90:259±69.
[2] Barch DM, Braver TS, Nystrom LE, Forman SD, Noll DC,
Cohen JD. Dissociating working memory from task diculty
in human prefrontal cortex. Neuropsychologia 1997;35:1373±
80.
[3] Bartolomeo P, Bachoud-Levi AC, De Gelder B, Denes G, Dalla
Barba G, Brugieres P, Degos JD. Multiple-domain dissociation
between impaired visual perception and preserved mental imagery in a patient with bilateral extrastriate lesions.
Neuropsychologia 1998;36:239±49.
[4] Bartolomeo P, Bachoud-Levi AC, Denes G. Preserved imagery
for colours in a patient with cerebral achromatopsia. Cortex
1997;33:369±78.
[5] Beauchamp MS, Haxby JV, Jennings JE, DeYoe EA. An fMRI
Version of the Farnsworth±Munsell 100-hue test reveals multiple color-selective areas in human ventral occipitotemporal
cortex. Cerebral Cortex 1999;9:257±63.
[6] Cambridge Research Systems Ltd. PSYCHO for Windows.
Cambridge, UK, 1996.
[7] Corbetta M, Miezin FM, Dobmeyer S, Shulman GL, Petersen
SE. Selective and divided attention during visual discriminations
of shape, color, and speed: functional anatomy by positron
emission tomography. Journal of Neuroscience 1991;11:2383±
402.
[8] Cox RW. AFNI: software for analysis and visualization of functional magnetic resonance neuroimages. Computers and
Biomedical Research 1996;29:162±73.
[9] Cox RW. Registering for AFNI. http://varda.biophysics.mcw.edu/0cox/afni_howtoget.html, 1998.
[10] Damasio A, Yamada Y, Damasio H, Corbett J, McKee J.
Central achromatopsia: behavioral, anatomic, and physiologic
aspects. Neurology 1980;30:1064±71.
[11] Dow BM, Snyder AZ, Vautin RG, Bauer R. Magni®cation factor and receptive ®eld size in foveal striate cortex of the
monkey. Experimental Brain Research 1981;44:213±28.
[12] Farnsworth D. The Farnsworth±Munsell 100-hue test for the
examination of color vision. Baltimore: Munsell Color
Company, 1957.
[13] Fechner GT, Adler HE, Howes DH, Boring EG. Elements of
psychophysics. New York: Holt Rinehart and Winston, 1966.
[14] Friston KJ, Frith CD, Turner R, Frackowiak RS.
Characterizing evoked hemodynamics with fMRI. Neuroimage
1995;2:157±65.
[15] Green GJ, Lessell S. Acquired cerebral dyschromatopsia.
Archives of Ophthalmology 1977;95:121±8.
[16] Gross CG, Rocha-Miranda CE, Bender DB. Visual properties
of neurons in inferotemporal cortex of the Macaque. Journal of
Neurophysiology 1972;35:96±111.
[17] Hadjikhani N, Liu AK, Dale AM, Cavanagh P, Tootell RBH.
Retinotopy and color sensitivity in human visual cortical area
V8. Nature Neuroscience 1998;1:235±41.
[18] Heywood CA, Cowey A, Newcombe F. Chromatic discrimination in a cortically colour blind observer. European Journal
of Neuroscience 1991;3:802±12.
[19] Heywood CA, Cowey A, Newcombe F. On the role of parvocellular (P) and magnocellular (M) pathways in cerebral achromatopsia. Brain 1994;117:245±54.
[20] Heywood CA, Kentridge RW, Cowey A. Cortical color blindness is not ``blindsight for color''. Conscious Cogn 1998;7:410±
23.
[21] Heywood CA, Wilson B, Cowey A. A case study of cortical

M.S. Beauchamp et al. / Neuropsychologia 38 (2000) 1170±1179

[22]
[23]

[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]

[35]

colour ``blindness'' with relatively intact achromatic discrimination. Journal of Neurology, Neurosurgery, and Psychiatry
1987;50:22±9.
Hubel DH, Livingstone MS. Color and contrast sensitivity in
the lateral geniculate body and primary visual cortex of the
macaque monkey. Journal of Neuroscience 1990;10:2223±37.
Kleinschmidt A, Lee BB, Requardt M, Frahm J. Functional
mapping of color processing by magnetic resonance imaging of
responses to selective P- and M-pathway stimulation.
Experimental Brain Research 1996;110:279±88.
Kolmel HW. Pure homonymous hemiachromatopsia. Findings
with neuro-ophthalmologic examination and imaging procedures. Eur Arch Psychiatry Neurol Sci 1988;237:237±43.
Livingstone MS, Hubel DH. Anatomy and physiology of a
color system in the primate visual cortex. Journal of
Neuroscience 1984;4:309±56.
Maunsell JH. Functional visual streams. Current Opinion in
Neurobiology 1992;2:506±10.
McKeefry DJ, Zeki S. The position and topography of the
human colour centre as revealed by functional magnetic resonance imaging. Brain 1997;120:2229±42.
Meadows JC. Disturbed perception of colours associated with
localized cerebral lesions. Brain 1974;97:615±32.
Mendola JD, Corkin S. Visual discrimination and attention
after bilateral temporal-lobe lesions: a case study.
Neuropsychologia 1999;37:91±102.
Merigan W, Freeman A, Meyers SP. Parallel processing streams
in human visual cortex. NeuroReport 1997;8:3985±91.
Rizzo M, Smith V, Pokorny J, Damasio AR. Color perception
pro®les in central achromatopsia. Neurology 1993;43:995±1001.
Rushton WA, Baker HD. Red±green sensitivity in normal
vision. Vision Research 1964;4:75±85.
Shuren JE, Brott TG, Schet BK, Houston W. Preserved
color imagery in an achromatopsic. Neuropsychologia 1996;34:
485±9.
Tagaris GA, Kim SG, Strupp JP, Andersen P, Ugurbil K,
Georgopoulos AP. Quantitative relations between parietal activation and performance in mental rotation. NeuroReport
1996;7:773±6.
Tootell RB, Mendola JD, Hadjikhani NK, Liu AK, Dale AM.

[36]
[37]

[38]
[39]
[40]
[41]

[42]
[43]

[44]
[45]
[46]

[47]

1179

The representation of the ipsilateral visual ®eld in human cerebral cortex. Proc Natl Acad Sci USA 1998;95:818±24.
Tootell RB, Switkes E, Silverman MS, Hamilton SL.
Functional anatomy of macaque striate cortex. II. Retinotopic
organization. Journal of Neuroscience 1988;8:1531±68.
Van Essen DC, Newsome WT, Bixby JL. The pattern of interhemispheric connections and its relationship to extrastriate
visual areas in the macaque monkey. Journal of Neuroscience
1982;2:265±83.
Verrey L. Hemiachromatopsie droite absolue. Archives
D'Ophthalmologie, Paris 1888;8:289±301.
Verriest G, Van Laethem J, Uvijls A. A new assessment of the
normal ranges of the Farnsworth±Munsell 100-hue test scores.
American Journal of Ophthalmology 1982;93:635±42.
Victor JD. Evaluation of poor performance and asymmetry in
the
Farnsworth±Munsell
100-hue
test.
Investigative
Ophthalmology and Visual Science 1988;29:476±81.
Victor JD, Maiese K, Shapley R, Sidtis J, Gazzaniga MS.
Acquired central dyschromatopsia: analysis of a case with preservation of color discrimination. Clinical Vision Science
1989;4:183±96.
Wooten BR. Partial cerebral achromatopsia with selective hue
loss.
Documenta
Ophthalmologica
Proceedings
Series
1982;139:627±34.
World Medical Association. Declaration of Helsinki.
Recommendations guiding physicians in biomedical research
involving human subjects. Journal of the American Medical
Association 1997;277:925±6.
Worsley KJ, Friston KJ. Analysis of fMRI time-series revisited
Ð again. Neuroimage 1995;2:173±81.
Zeki S. A century of cerebral achromatopsia. Brain
1990;113:1721±77.
Zeki S, Bartels A. The clinical and functional measurement of
cortical (in)activity in the visual brain, with special reference to
the two subdivisions (V4 and V4 alpha) of the human colour
centre. Philos Trans R Soc Lond B, Biol Sci 1999;354:1371±82.
Zeki S, Watson JDG, Lueck CJ, Friston KJ, Kennard C,
Frackowiak RSJ. A direct demonstration of functional specialization in human visual cortex. Journal of Neuroscience
1991;11:641±9.

