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Abstract: The present study investigates human visual processing of simple two-colour patterns using a
delayed match to sample paradigm with positron emission tomography (PET). This study is unique in
that we specifically designed the visual stimuli to be the same for both pattern and colour recognition with
all patterns being abstract shapes not easily verbally coded composed of two-colour combinations. We did
this to explore those brain regions required for both colour and pattern processing and to separate those
areas of activation required for one or the other. We found that both tasks activated similar occipital
regions, the major difference being more extensive activation in pattern recognition. A right-sided
network that involved the inferior parietal lobule, the head of the caudate nucleus, and the pulvinar
nucleus of the thalamus was common to both paradigms. Pattern recognition also activated the left
temporal pole and right lateral orbital gyrus, whereas colour recognition activated the left fusiform gyrus

and several right frontal regions. Hum. Brain Mapping 13:213-225, 2001.
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INTRODUCTION

Over the past few decades there has been extensive
research into the neuroanatomical substrates of infor-
mation processing in both humans and primates par-
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ticularly in vision. Visual processing, visual working
memory, and recognition of colour and pattern are
important but as yet incompletely understood func-
tions of the visual system.

It is believed that the cortical processing of colour
commences in the striate and extrastriate cortices with
analysis of the wavelength composition of the image
[Van Essen and Zeki, 1978; Howard et al., 1998; Walsh
etal., 1992; Zeki and Marini, 1998]. These regions have
extensive connections with V4 in primates [Zeki, 1978;
Zeki and Shipp, 1989]. Area V4 performs higher level
colour processing, in particular the comparison of
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wavelength differences with surrounding objects
[Zeki and Marini, 1998; Zeki et al., 1991; Lueck et al.,
1989]. Area V4 has known anatomical connections
with the inferior temporal cortex [Dean, 1982]. In both
humans and primates, neuroimaging studies demon-
strate that colour processing extends from V4 into the
inferotemporal cortex, but only in some cognitive
tasks [Howard et al., 1998; Takechi et al., 1997; Zeki,
1993; Zeki and Marini, 1998]. Zeki and Marini [1998]
have hypothesised that rather than V4 being the “co-
lour centre,” there exists a multistaged cortical pro-
cessing system for colour that results in the recruit-
ment of various cortical regions stretching from V1 to
the inferotemporal cortex, depending on the specific
requirements of the task being undertaken. Certainly
in macaques with V4 ablated, colour categorisation
can still occur albeit with greater difficulty [Walsh et
al.,, 1992]. Evidence from natural history studies of
patients with circumscribed posterior cerebral infarcts
demonstrates that colour discrimination can be af-
fected independently of working memory for colour
and of discrimination of colours, reinforcing the con-
cept that there are multiple neural domains responsi-
ble for colour processing but that not all are required
for any given task [Schoppig et al., 1999].

Two discrete though interconnected pathways are
responsible for the processing of object information
[Courtney et al., 1996; Haxby et al., 1992, 1994, 2000;
Ungerleider et al., 1998; Ungerleider and Haxby, 1994;
Ungerleider and Mishkin, 1982]. The dorsal stream is
responsible for analysing spatial information and ex-
tends from the occipital cortex through the superior
parietal regions into the dorsolateral prefrontal cortex.
Information regarding form is processed in the occipi-
totemporal cortex extending through to the ventrolat-
eral prefrontal cortex. The organisation of the occipi-
totemporal pathways has been explored predominantly
using complex visual stimuli such as faces, the results
of which suggested that the occipitotemporal cortex
was made up of functionally discrete regions that
responded to specific stimulus types [Clark et al.,
1996; Courtney et al., 1996; Haxby et al., 1994, 1996;
Sams et al., 1997; Sergent et al., 1992; Ungerleider et al.,
1998]. More recently it has become apparent that al-
though certain neural domains do respond preferen-
tially to certain stimuli they still have significant acti-
vation to other stimuli, suggesting that human brain
regions involved in pattern processing are recruited
depending on the complexity of the stimulus and the
requirements of the task being undertaken, in a similar
manner to that proposed for colour processing [Haxby
et al., 2000; Ishai et al., 1999; Nystrom et al., 2000].

The processing of simple two-colour abstract pat-
terns has received little attention to date. Those stud-
ies that have ventured into simple pattern processing
have reported fewer activation areas and generally
more posterior and medial fields in both occipital and
temporal lobes than have studies of more complex
patterns [Baker et al., 1996; Corbetta et al., 1991, 1993;
Fink et al., 1997; Gulyas et al., 1994; Nobre et al., 1997].

The present study is unique in that we specifically
designed the visual stimuli to be the same for both
pattern and colour recognition, with all patterns being
abstract shapes not easily verbally coded and com-
posed of two-colour combinations. The paradigm has
been reported in detail previously, including psycho-
physical and event-related potential data [Michie et
al., 1999; Smith et al., 1998]. The paradigm enabled us
to separate out the brain regions activated by simple
pattern recognition from those activated by colour
recognition. We hypothesised that colour processing
would occur in the occipitotemporal cortices with con-
tributions from parietal cortex, as suggested by the
lesion work of Schoppig et al. [1999]. We also hypoth-
esised that the processing of abstract patterns would
also occur within the occipitotemporal cortices and
have a different and more extensive distribution than
colour.

METHODS

Subjects

Ten right-handed male volunteers aged 18-35 were
recruited. Subjects were not included if they were
colour-blind according to Ishihara’s [1994] test or had
a history of psychiatric disease, especially schizophre-
nia as defined by the DSM-IV criteria (American Psy-
chiatric Association, 1993]. Subjects all had normal or
corrected-to-normal vision with normal colour vision
as assessed by Ishihara’s [1994] test. All subjects had a
mean age of 25.4 (range 22-30, SD 3.13) and a mean
full performance IQ of 118.0 (range 108.8-123.9, SD
4.78). Informed consent was obtained from each of the
volunteers. The Royal Prince Alfred Hospital ethics
committee approved the study.

Paradigm

The computerised visual attention battery (VAB) is
a delayed matching to sample task that was specifi-
cally designed to separate the processing of colour and
pattern information by using simple two-colour geo-
metric patterns that are not easily named.
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Each task involved the serial presentation of a set of
novel geometric patterns displayed in two-colour
combinations (Fig. 1). At the beginning of each task
except the control task, an initial target stimulus was
displayed for 3,000 ms and was followed by 80 stim-
uli, each displayed for 1,000 ms with an onset to onset
interval of 3,650 ms. Each stimulus required a positive
or negative response on a button press device. A
1,500-ms response window starting at stimulus onset
time was used to record reaction times. If no response
was offered in this time an error was recorded. In each
set there were 20 stimuli matching the target for a
relevant feature that required a positive button press.
These targets occurred pseudorandomly with 0-5 in-
tervening nontarget stimuli. The remaining 60 filler
stimuli required a negative button press and did not
match the target for the relevant attributes. No feed-
back was given regarding the accuracy of responses.
Incorrect responses to target or nontarget stimuli were
counted as errors. All stimuli were identical in size
(height 11.3 ¢cm, width 20.2 cm) and luminance and
were presented in the centre of the computer screen
50-70 cm from subjects’ eyes.

Each stimulus set consisted of four geometric
shapes presented in four two-colour combinations.
Within each set there were two pairs of stimuli. The
intrapair similarity was judged greater than 50% and
the interpair similarity was less than 25% in a pilot
study [Smith et al., 1998]. Using a factorial manipula-
tion of the four patterns and four colour combinations,
16 different stimuli were created for each stimulus set.
There were 14 stimulus sets (i.e., 14 different versions
of each task). Each overall paradigm had seven differ-
ent task orders. The tasks, stimulus sets, and target
orders were administered to participants using a Latin
square design. Participants used different stimuli for
each task and different participants used a different
stimulus set for each task. These measures reduced the
possibility of there being something inherent to either
the pattern/colour combination or the stimulus order
and ensured that stimuli were novel for each task.

There were seven different tasks completed during
the paradigm (including the control task). The tasks
reported in this paper are:

1. The control task (CON) had no target stimulus.
Participants were required to alternatively press the
positive and negative buttons whenever a stimulus
appeared, irrespective of the colour or pattern of the
stimulus. Participants were asked to respond as soon
as possible after the presentation of each. Its aim was
to allow for the control of simple motor output and
noncognitive visual processing by direct subtraction
of PET images.

2. The selective attention to colour (COL) task re-
quired participants to remember the colour combina-
tion of the target stimulus and to respond with a
positive button press to all stimuli matching the target
for colour (irrespective of the pattern) and pressing the
negative button to all other stimuli.

3. The selective attention to pattern (PAT) task re-
quired participants to remember the pattern of the
target stimulus and to respond with a positive button
press to all stimuli matching the target for pattern
(irrespective of the colour) and pressing the negative
button to all other stimuli.

For each task there was a practice run of 30 stimuli
completed prior to the commencement of the para-
digm. The practice runs were administered in the set
order of CON, COL, PAT and used a different stimu-
lus set to the actual task. The practice runs were given
to ensure that all subjects understood task instructions
and had the ability to execute the requirements of all
tasks.

During the pilot testing, the VAB was compared
with standard neuropsychological tests of working
memory and attention, including the Wisconsin Card
Sorting test, the Stroop Colour-Word test and Trails A
and B. The results attested to the validity of the VAB
as an assessment of specific attentional and working
memory performance [Smith et al., 1998].

Data acquisition

PET scanning was performed using a Siemens-CTI
951R ECAT scanner using the high sensitivity, septa-
out (3D) mode. Oxygen-15 water was the radiotracer
injected via an antecubital vein. To provide a constant
rate of infusion, a standard hospital infusion device
(IMED) was used. The 5 ml H,'O bolus was infused
over 50 sec. The individual’s forearm-brain blood tran-
sit time was determined. The target stimulus was
shown immediately prior to tracer arrival in the brain.
Data was acquired for 100 sec, during which the sub-
jects matched the stimuli to the target. The task was
completed prior to tracer washout to provide optimal
signal to noise ratio [Cherry et al., 1993; Hurtig et al.,
1994]. To prevent head movement during the experi-
ment, all subjects were individually fitted with a ther-
moplastic facemask. An attenuation scan using a ro-
tating germanium source was performed before and
after the whole paradigm to allow correction for sub-
ject movement during the study. Each subject received
a total of 5 mSv radiation for the entire paradigm.

Subjects completed each task once in the manner de-
scribed above and were allowed to freely inspect each
image with no control of visual fixation. EOG and EEG

¢ 215 ¢



¢ Barrett et al. ¢

TABLE I. Psychophysical performance data for the two
tasks and the control (CON)*

Correct response Reaction
Task rate (%) SD time (ms) SD
CON 100 0 333 99.7
COL 98.6 1.49 544 90.7
PAT 98.9 1.44 544 59.1

* There was no significant difference between percent correct or
reaction time in the selective attention to colour task (COL) and the
selective attention to pattern task (PAT).

data was recorded. The resulting event related potential
(ERP) data are reported elsewhere [Michie et al., 1999].

Data analysis

Analysis of the PET data was performed on a Sun-
Sparc workstation using SPM 95. Image reconstruc-
tion used the computerised algorithm of Townsend et
al. [1991]. Image analysis was performed with ANA-
LYZE [Robb et al., 1989]. All calculations and matrix
manipulation were performed in MATLAB (Math-
works Inc.). Images from a single subject were re-
aligned to that subject’s first image to correct for any
head movement during the scan. The scans were ste-
reotactically scaled and linearly transformed to fit a
standard model [Friston et al.,, 1991; Talairach and
Tournoux, 1988]. Images were filtered using a Han-
ning filter at reconstruction (effective smoothing 8 mm
at FWHM); a 10 mm (x dimension) X 10 mm (y di-
mension) X 12 mm (z dimension) filter at the stereo-
tactic stage; and a Gaussian filter of 4 mm FWHM in x

and y dimensions at the final stage of stereotactical
comparison [Myers et al., 1996; Toga and Mazziotta,
1995]. Total brain activation acquired in each task was
normalised to 50 mL/min/100 g using an ANCOVA
correction [Friston et al., 1990]. MRI scans were per-
formed separately on a GE Signa (1.5 Tesla) scanner.

The summed control scan was subtracted from each of
the summed test conditions [Frackowiak et al., 1997].
Statistical analysis consisted of multiple ¢ tests with the ¢
statistic transformed into a normal distribution. A Bon-
ferroni-like adjustment was performed. Results were re-
ported as significant if z score = 3.1 with P < 0.05. To be
considered significant, activation areas had to extend
over at least three contiguous 2 X 2 X 2mm voxels.
Activation areas were localised by comparison with a
stereotactic map of the brain [Talairach and Tournoux,
1988] and plotted onto a standard MRI image for display
as cortically rendered images using SPM 95.

RESULTS
Psychophysical performance
As can be seen from Table I, subjects performed

both tasks with a similarly high degree of accuracy
and reaction time.

PET results

Results of the mean selective attention to colour
minus mean control task are displayed in Table II and
Figure 2, and results of the mean selective attention to
pattern minus mean control task in Table III and Fig-

TABLE Il. Results of the selective attention to colour minus control subtraction*®

Structure Z score X Y z BA
R middle frontal gyrus (inferior aspect) 3.53 26 50 8 10/46
R lateral orbital gyrus 3.10 28 55 —-16 11
R middle/superior frontal gyri 3.50 40 50 —4 10
R inferior parietal lobule 3.19 30 =70 36 19
L precuneus (deep medial aspect) 3.34 —16 —54 40 7
L cuneus 3.99 —14 —98 4 18
L middle occipital gyrus 3.50 =25 —84 12 19
L inferior occipital gyrus 3.10 —44 —84 -4 19
R inferior occipital gyrus 3.24 40 -76 -4 19
L fusiform gyrus 3.24 —42 —34 -8 20/37
R middle occipitotemporal sulcus 3.71 34 —74 20 19
R posterior thalamus (pulvinar region) 4.10 22 —32 12
R head of caudate nucleus 3.14 18 16 16

* Results are expressed as coordinates in the space of the Talairach and Tournoux [1988] as well as anatomical location. The z score for each
result is given. The Brodmann’s area (BA) corresponding to each location is also given. Results are reported here if they are considered
statistically significant (z score = 3.1, P < 0.05 in three contiguous 2 X 2 X 2 mm voxels).
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Figure 1.

Stimulus set. An example stimulus set from the Visual Attention
Battery. Each stimulus set consists of two pairs of similar patterns
and a set of four two-colour combinations. For each task, the
subject had to press “yes” or “no” to indicate whether the
stimulus matched the target stimulus. The VAB was completed on

ure 3. No statistically significant areas of activation
were present in the mean selective attention to pattern
minus mean selective attention to colour. The areas of
activation are illustrated on a standardised atlas brain,
but because they are cortical renders; not all activa-
tions are apparent if they extend into sulci, are supe-
rior to the cerebellum or are intracerebral. The tabu-
lated data shows the Talairach coordinates, z scores
and Brodmann’s areas of the data.

Colour task

In the selective attention to colour task, regions of
activation were found predominantly in the occipito-
temporal regions with activation of the left middle
occipital (-25, -84, 12) and fusiform gyri (-42, -34, -8) as
well as the left cuneus (-14, -98, 4) and precuneus (-16,
-54, 40). Bilateral symmetrical activation areas were
located in the inferior occipital gyri (-44, -74, -4 and 40,
-76, -4). An activation area was localised to the sulcus
between the right middle temporal and occipital gyri
(34, -74, 20). There were also several activation areas in
the right occipital region that are apparent on Figure 2
that did not reach statistical significance but are sym-
metrically distributed with the left occipital activa-
tions. Subcortical activation areas were found in the
right pulvinar nucleus of the thalamus (22, -32, 12) and
in the right head of the caudate nucleus (18, 16, 16). An
activation area was found in the right inferior parietal
lobule (30, -70, 36), which localises to the sulcus pos-
terior to the angular gyrus. Several foci of activation
were found in the right frontal lobe—the inferior as-
pect of the middle frontal gyrus (26, 50, 8), the supe-
rior aspect of the middle frontal gyrus more anteriorly
(40, 50, -4), and on the orbital surface of the frontal
lobe in the lateral orbital gyrus (28, 55, -16).

a 486DX Deltacom computer with a colour 4FG VGE monitor
50-70 cm from the subject’s eyes. Confounding variables relating
to task order were accounted for by counterbalancing task order
across subjects using a Latin square.

Pattern task

In the selective attention to pattern task, regions of
activation were found predominantly in the occipito-
temporal regions, with activation of the bilateral su-
perior (-24, -88, 20 and 32, -80, 28), middle (-24, -88, 20
and 40, -84, 16), and inferior (-40, -80, -4 and 32, -80, -4)
occipital gyri. Bilateral activation areas in the cuneus
are present (-10, -78, 8 and 22, -92, 8). A region in the
sulcus between the right middle occipital and tempo-
ral gyri is also activated (34, -74, 20). An activation
area was present near the pole of the left middle
temporal gyrus (-55, 5, -16) and the right parahip-
pocampal gyrus also contained a statistically signifi-
cant activation area (24, -8, -24). Subcortical activation
areas were found in the right pulvinar nucleus of the
thalamus (26, -34, 12) and in the right head of the
caudate nucleus (20, 12, 16). An activation area was
found in the right inferior parietal lobule (26, -76, 36)
which localises to the sulcus posterior to the angular
gyrus. The right lateral orbital gyrus contains one
activation area that extends into the posterior orbital
gyrus (30, 50, -16). A region of activation was found
within the cerebellar vermis (2, -78, -24).

Task minus task subtraction

The selective attention to pattern minus selective
attention to colour task subtraction did not reveal any
statistically significant areas of activation.

DISCUSSION

The present study is a delayed match to sample
paradigm using simple two-colour pattern visual
stimuli. The key aspect of the study design is that the
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COLOUR minus CONTROL

Anterior Posterior

Left Lateral Right Lateral

Figure 2.
Cortical activation areas found in selective attention to colour a single brain. Talairach coordinates, anatomical locations,
minus control. The subtraction set of selective attention to colour  Brodmann’s areas and z score are reported in Table |l for statis-
minus control demonstrating all cortical regions with a z score tically significant activation areas (z score = 3.1, P < 0.05 in three
greater than 2.0. The regions of activation are rendered onto contiguous 2 X 2 X 2 mm voxels).
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TABLE Ill. Results of the selective attention to pattern minus control subtraction*

Structure Z score X Y Z BA
R lateral orbital gyrus 3.25 30 50 —16 11
R inferior parietal lobule 3.29 26 =76 36 19
L middle temporal gyrus (pole) 3.10 —55 5 —16 21
L cuneus 524 —10 -78 8 17
R cuneus 3.53 22 -92 8 18
L inferior occipital gyrus 4.00 —40 —80 -4 19
R inferior occipital gyrus 3.47 32 —80 —4 19
R superior occipital gyrus 3.50 32 —80 28 19
L middle/superior occipital gyri 3.17 —24 —88 20 19
R middle occipital gyrus >3.5 40 —84 16 19
R middle occipitotemporal sulcus 3.71 34 —74 20 19
R parahippocampal gyrus >3.5 24 -8 —24 35
R head of caudate nucleus 3.45 20 12 16
R posterior thalamus (pulvinar region) 3.09 26 —34 12
Cerebellar vermis >3.5 2 —-78 —24

* Results are expressed as coordinates in the space of the Talairach and Tournoux [1988] as well as anatomical location. The z score for each
result is given. The Brodmann'’s area (BA) corresponding to each location is also given. Results are reported here if they are considered
statistically significant (z score = 3.1, P < 0.05 in three contiguous 2 X 2 X 2 mm voxels).

stimuli are all abstract patterns made up of two-colour
combinations with any stimulus able to be used for
any task. The study was designed in this manner so
that differences and similarities between colour and
pattern processing could be directly explored. A series
of related cognitive processes are required for success-
ful performance of the tasks including colour and
pattern visual processing, visual working memory,
visual recognition, and a two-alternative forced choice
(button press) response. The stimuli and motor re-
sponses were matched so that they would not be
significantly represented in the subtraction images of
control from task.

Selective attention to colour and the
ventral pathway

Selective attention to colour resulted in predomi-
nantly left-sided activation areas within the cuneus,
precuneus, inferior, and middle occipital gyri as well
as in the mid-portion of the fusiform gyrus. Less ex-
tensive activation areas were present in the right infe-
rior occipital gyrus and in the right middle occipito-
temporal sulcus. These results are in keeping with the
model of Zeki and Marini [1998], which proposes a
multistaged cortical processing system for colour
where various occipitotemporal cortical regions are
recruited depending on the specific requirements of
the task being undertaken. The processes and struc-
tures involved in modulating the cortical regions ac-
tivated in each task have not yet been fully elucidated

but have been attributed to prefrontal cortical regions.
In the present study we found several right-sided
prefrontal activation areas that may be responsible for
such modulation. Corbetta et al. [1991], using red or
green stimuli, found extensive activation areas within
the left lateral occipital cortex and the collateral sulcus.
Imaging studies using the Farnsworth-Munsell 100-
Hue test revealed extensive activation of occipitotem-
poral regions with passive colour viewing activating
only the most posterior portions of the fusiform gyrus,
whereas the anterior and middle portions of the fusi-
form gyrus were found with the active sorting of
colours [Beauchamp et al., 1999]. Activation studies
using Mondrian prints have demonstrated activation
areas in bilateral lateral occipital cortex extending into
the fusiform gyrus bilaterally [Howard et al., 1998;
Zeki and Marini, 1998; Zeki et al., 1991]. Even though
the activation found in Zeki’s work was bilateral, left-
sided activation areas were more extensive. These
studies used different complexities of stimuli and yet
all resulted in similar early occipital activation areas
with varying extension into temporal structures. Also
there were essentially unilateral activation areas for
the simplest discriminations [Corbetta et al., 1991],
whereas more difficult discriminations demonstrated
recruitment of bilateral activation areas, though left-
sided fields were generally more prominent
[Beauchamp et al., 1999; Howard et al., 1998; Zeki and
Marini, 1998; Zeki et al., 1991]. Increasing stimulus
complexity also results in the recruitment of more
anterior inferotemporal structures [Howard et al,
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PATTERN minus CONTROL
An_t.eri or Pa str;":t'iqr

Left Lateral

Inferior

Figure 3.
Cortical activation areas found in selective attention to pattern onto a single brain. Talairach coordinates, anatomical locations,
minus control. The subtraction set of selective attention to pat- Brodmann’s areas and z score are reported in Table Ill for statis-
tern minus control demonstrating all cortical regions with a z tically significant activation areas (z score = 3.1, P < 0.05 in three
score greater than 2.0. The regions of activation are rendered contiguous 2 X 2 X 2 mm voxels).
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1998; Zeki and Marini, 1998]. Our paradigm, with its
simple two-colour patterns, has activated predomi-
nantly left-sided more posterior occipitotemporal ar-
eas, which lends support to the model of Zeki and
Marini [1998].

The present study did not result in an activation
area in the V4 region but did show activation of a field
just anterior to it. Cells in V4 respond to both colour
and pattern information [Desimone et al., 1985; Cor-
betta et al., 1991]. However, both macaques and hu-
mans with lesions in the region of V4 can still cat-
egorise and discriminate colours as well as perform
tasks of working memory using colour, suggesting
that V4 is not essential for colour processing [Schoppig
et al., 1999; Walsh et al., 1992]. From Zeki’s work it
would appear that V4 is not concerned with simple
colour processing per se but rather may have a role in
the investing of objects with colour, in colour con-
stancy, or in another aspect of colour processing such
as the relationship between colour and form. Our
paradigm specifically required subjects to separate co-
lour from pattern. Considering that V4 was not acti-
vated, it may be that V4 is more concerned with the
relationship between colour and form rather than co-
lour alone as suggested by Zeki’s work.

In the present study two colour pairs were com-
pared and matched by subjects. Corbetta [1991] also
used a simple task with subjects matching red or green
stimuli, but Zeki [1991, 1998] used relatively complex
Mondrian prints. Corbetta asked subjects to engage in
active visual matching (as in the present study),
whereas Zeki used passive tasks. Perhaps the results
of Zeki’s work reflect the general activation of colour-
sensitive regions to different types of information
(complex Mondrian displays, normally and abnor-
mally coloured objects), whereas the results of Corbet-
ta’s study and ours indicate modulated, task-specific
activation areas responsible for colour processing
when it is being compared with a specific set of co-
lours in working memory.

Selective attention to pattern and the
ventral pathway

Selective attention to pattern resulted in activation
areas extending from the bilateral occipital cortices to
bilateral inferior temporal cortices. An activation area
was also present in the right orbital frontal cortex.
These results are in broad agreement with the litera-
ture. Several groups studying simple pattern process-
ing have found activation areas in the posterior and
lateral occipital cortex in studies examining selective
attention to shape, especially in tasks where the other

component of the stimulus is colour [Baker et al., 1996;
Corbetta et al., 1991; Gulyas et al., 1994]. Activation
areas are also reported in a variety of locations in the
inferior temporal cortex, extending into inferolateral
frontal cortex [Baker et al., 1996; Gulyas et al., 1994,
1998; Fink et al., 1997; Nobre et al., 1997; Paulesu et al.,
1993].

As one might expect, our paradigm resulted in
broad activation within BA19. Activation areas were
also localised to the right parahippocampal gyrus and
to the pole of the left middle temporal gyrus. In their
studies of colour, form, and motion, Corbetta and
colleagues [1991] reported bilateral activation areas in
the parahippocampal gyri during matching to form
but not during matching to colour. A right parahip-
pocampal activation area was also reported by Court-
ney et al. [1996] in their comparison of working mem-
ory for faces and locations. They felt however that the
activation was the result of deactivation in the location
task rather than activation in the face task. Many other
studies of human pattern processing have not re-
ported parahippocampal activation [Baker et al., 1996;
Fink et al., 1997; Gulyas et al., 1994, 1998; Heinze et al.,
1994; Kohler et al., 1995; Nystrom et al., 2000]. The
exact role of the parahippocampus in the present
study is unclear. However the available evidence sug-
gests that it has a role in memory and here it may be
partly responsible for matching stimuli to the target.

The pole of the temporal lobe receives feedforward
connections from temporal association cortex immedi-
ately posterior to it, with the inferior portions receiv-
ing visual input from the anterior portion of the in-
ferotemporal cortex [Moran et al., 1987]. The temporal
pole has connections with the orbitofrontal gyri as
well as with the parahippocampal gyrus, both of
which were activated in the present study [Moran et
al., 1987]. Perhaps the activation area identified here is
partly responsible for comparing the images in work-
ing memory with the target stimulus.

Studies of complex patterns (e.g., faces) result in
activation areas extending into the fusiform gyrus and
other inferior temporal structures in pattern process-
ing [Haxby et al., 1991; Kohler et al., 1995; Sams et al.,
1997; Sergent et al., 1992; Ishai et al., 1999]. Such fields
have been less prominent but nonetheless present in
studies requiring simple pattern processing [Corbetta
et al., 1991; Gulyas et al., 1994, 1998]. Within the fusi-
form gyrus differences between lateral and medial
regions have been described. The lateral fusiform gy-
rus responds most actively but not exclusively to faces
[Chao et al., 1999; Clark et al., 1996; Haxby et al., 1996,
1999, 2000; Ishai et al., 1999; Sams et al., 1997]. Medial
fusiform gyral activation areas have been demon-
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strated in studies examining less complex imagery
[Chao et al., 1999; Clark et al., 1996; Haxby et al., 1996;
Ishai et al., 1999]. Surprisingly the present study does
not demonstrate any statistically significant activation
within the fusiform gyrus. It may be that the power of
the study is not high enough to demonstrate statisti-
cally significant activation above the control task, or
that the fusiform gyrus was not required for the
present paradigm either because of the simple nature
of the stimuli or because of the task itself. Baker et al.
[1996] presented one of the few pattern studies that
did not report any statistically significant activation of
the fusiform gyrus. Similar to the present study, their
stimuli and tasks were relatively simple. Other studies
using more complex nonface stimuli did result in fusi-
form gyral activation [Corbetta et al., 1991; Gulyas et
al., 1998]. This along with evidence of the difference
between medial and lateral fusiform gyrus suggests
that pattern processing is organised in a processing-
specific manner.

A comparison of colour and pattern processing

From Figures 2 and 3 it appears that the occipital
activation is different between the two paradigms.
However, the apparent marked differences in extra-
striate cortex activation between the tasks is not borne
out in the task minus task comparison, suggesting that
there is subthreshold activation of the right occipital
cortex. Indeed it is apparent from the figures that in
the colour task there are activation areas with a z score
less than 3.1 in the same locations as statistically sig-
nificant fields appear in the pattern task. This suggests
that the same regions of cortex are activated by the
same stimuli regardless of the feature being attended
to. The more extensive activation seen in the pattern
task implies that even at the earliest stage of cortical
processing there is modulation of cortical areas. It is
known that modulation in extrastriate cortices does
occur in other aspects of visual processing such as
directing visual attention to a single element in a
cluttered visual field [Kastner et al., 1998].

Differences between the processing of colour and
pattern emerge in the activation areas found in the
temporal cortex. This difference implies a task-specific
role to the respective activation areas found in each of
the tasks. Task-specific activation areas are now being
thought of not so much as being particular to faces or
other objects but rather may fulfill some specific role
that is required to complete either stimulus or task
processing [Ishai et al., 1999; Haxby et al., 2000]. The
prefrontal activation areas also demonstrate a marked
difference between colour and pattern, possibly rep-

resenting similar differences in working memory pro-
cesses as have been found in previous studies [Cor-
betta et al., 1991; Courtney et al., 1996; Haxby et al,,
1996, 2000; Ungerleider et al., 1998; Zeki and Marini,
1998; Fuster et al., 1985]. Our data is thus in concor-
dance with recent work that suggests that once basic
processing is completed, more complex comparisons
to other objects and to items held in either working or
long-term memory occur in a task-dependent manner
by a variety of activation areas in the inferotemporal
and prefrontal cortices [Haxby et al., 2000; Ishai et al.,
1999; Nystrom et al., 2000].

Considering the apparent differences between the
two paradigms in the task minus control subtractions,
it was disappointing that the differences did not also
emerge in the subtraction of the pattern and colour
tasks. The absence of statistically significant activation
areas in the pattern minus colour subtraction implies
that there is subthreshold activation of the same extra-
occipital regions in the colour task as are demon-
strated in the pattern task. One explanation lies with
the contention of Haxby et al. [2000], that for each task
similar fields are activated and it is in the relative
strength of the activations that the clues to differences
in processing lie. It is possible that our subject num-
bers (n = 10) were not sufficient to identify differences
using SPM methodology and statistical thresholds.

Subcortical structures

An activation area was present in the right pulvinar
nucleus of the thalamus in both paradigms. Anatom-
ical studies on the pulvinar nucleus of the thalamus
have demonstrated reciprocal connections with the
posterior parietal cortex, the orbital frontal cortex, and
other prefrontal regions, as well as connections with
the lateral geniculate nucleus and superior colliculus
[Robinson et al., 1978]. Lesions of the pulvinar pro-
duce deficits of gaze in primates [Andersen, 1987;
Ogren et al., 1984; Yin and Mountcastle, 1978], with
unilateral lesions producing difficulty with visual
search in the contralateral visual field [Ogren et al.,
1984]. Primates with pulvinar lesions had particular
difficulty discriminating complex patterns, suggesting
a role for the pulvinar in visual search [Robinson and
Peterson, 1992]. In human studies using PET, the pulv-
inar is activated during tasks requiring object discrim-
ination, selective attention, and visual search [LaBerge
and Buchsbaum, 1990; Corbetta et al., 1991, 1993; No-
bre et al., 1997].

An activation area also was present in the head of
the right caudate nucleus in both paradigms. Recipro-
cal connections between cortical regions and the cau-
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date nucleus are well described [Goldman and
Nausta, 1977; Yeterian and Van Hoesen, 1978]. Cells in
the caudate nucleus are known from single-unit stud-
ies in nonhuman primates to be involved in tasks
requiring spatial working memory. The right caudate
nucleus has been activated in PET studies testing hu-
man spatial working memory [Corbetta et al., 1993]
and selective attention to colour [Corbetta et al., 1991].
It may also have a more general role as part of a
network directing visual attention [Nobre et al., 1997].
The results of the present study support a general role
for the caudate nucleus in visual attention because,
like the right pulvinar nucleus of the thalamus, it was
activated in both tasks.

The lateralisation of brain function seen in the
present study has been commented on by several
other authors, and the existence of a right-sided atten-
tional network has been proposed in visuospatial at-
tention [Corbetta et al., 1993; Nobre et al., 1997]. That
the present study examines form rather than spatial
location suggests that this network of right-sided
structures is required for visual attention rather than a
specific spatial function.

Cerebellum

We found activation of the cerebellar vermis with
selective attention to pattern but not to colour. PET
studies that have demonstrated activation of the cer-
ebellum include those examining motor learning
[Seitz et al., 1990], motor control [Fox et al., 1985], and
tactile learning [Roland et al., 1987], as well as somato-
sensory discrimination [O’Sullivan et al., 1994]. It has
been postulated that the cerebellum is involved in
higher cognitive processing mediated through its re-
ciprocal connections with the prefrontal cortex
[Middleton and Strick, 1994]. Studies on patients who
have had portions of their cerebellum removed for
surgical treatment of carcinoma suggest that the cere-
bellum may have a role in changing the focus of
attention from one component of a target to another
[Akshoomoff and Courchesne, 1992, 1994]. In recent
years it has been noted that the cerebellum has been
activated in object identification tasks [Akshoomoff
and Courchesne, 1992; Gulyas et al., 1998; Kohler et
al., 1995; Raichle et al., 1994]. In the present study the
activation is not merely caused by motor output be-
cause the same motor output was required in all tasks.
Hence the cerebellar activation is likely to have arisen
from the cognitive requirements of simple pattern pro-
cessing/object identification.

CONCLUSION

The present study identified a series of activation
areas in the occipital cortex that are required in pro-
cessing basic stimulus attributes of colour and pattern.
Task-dependent processing occurs in the inferior tem-
poral cortex with possible reference to a working
memory store in the right prefrontal cortex. A right-
sided network involving the inferior parietal lobule,
head of the caudate nucleus, and the pulvinar nucleus
of the thalamus may have a role in visual search or has
some other attentional role that is common to both
paradigms. We also found evidence that the cerebel-
lum contributes to pattern processing.
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