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Abstract We recently demonstrated that attending to the
form of objects and attending to their surface properties
activated anatomically distinct regions of occipito-temporal
cortex (Cant and Goodale, Cereb Cortex 17:713–731,
2007). SpeciWcally, attending to form activated the lateral
occipital area (LO), whereas attending to texture activated
the collateral sulcus (CoS). Although these regions showed
preferential activation to one particular stimulus dimension
(e.g. texture in CoS), they also showed activation to other,
non-preferred stimulus dimensions (e.g. form in CoS). This
raises the question as to whether the activation associated
with attention to form in CoS, for example, represents the
actual processing of object form or instead represents the
obligatory processing of object texture that occurred when
people attended to form. To investigate this, we conducted
an fMR-adaptation experiment which allowed us to exam-
ine the response properties of regions specialized for pro-
cessing form, texture, and colour when participants were
not explicitly attending to a particular stimulus dimension.
Participants passively viewed blocks where only one

dimension varied and blocks where no dimensions varied,
while Wxating a cross in the centre of the display. Area LO
was most sensitive to variations in form, whereas the CoS
was most sensitive to variations in texture. As in our previ-
ous study, no regions were found that were most sensitive
to variations in colour, but unlike the results from that
study, medial regions of the ventral stream along the fusi-
form gyrus and CoS showed some selectivity to colour.
Taken together, these results replicate the Wndings from our
previous study and provide additional evidence for the exis-
tence of separate processing pathways for form and surface
properties (particularly texture) in the ventral stream.
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Introduction

Most studies of object recognition, particularly in the neu-
roimaging literature, have concentrated on the role played
by shape and form cues and have largely ignored the contri-
bution of surface properties, such as colour and visual tex-
ture (for review, see Cant and Goodale 2007). Those fMRI
studies, for example, that have identiWed the lateral occipi-
tal area (area LO) as important for object recognition have
focused almost entirely on the geometric properties of
objects (e.g. Grill-Spector et al. 1998). There has been little
exploration of the role of this area and other regions of the
ventral stream in processing the surface properties of
objects. In a recent study, however, we showed that attend-
ing to the surface properties of objects and attending to
their form activated quite diVerent regions of the ventral
stream (Cant and Goodale 2007). Like others, we showed
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that attending to object form activated area LO. But when
participants attended to the surface properties of the same
objects, activation was present in more medial and anterior
regions in the collateral sulcus (CoS) and the inferior occip-
ital gyrus (IOG). We went on to demonstrate that attending
explicitly to texture activated regions in the IOG and the
CoS, as well as regions in the lingual sulcus (LS) and the
inferior temporal sulcus (ITS). To our surprise, we found
no evidence of colour-speciWc cortical areas in the brain,
although regions in early stages of visual processing in the
primary visual cortex (V1) and the cuneus yielded more
activation when people attended colour compared to when
they attended texture—but this activation was never higher
than the activation yielded when people attended form. In
other words, the processing of object form and the process-
ing of surface properties engages anatomically distinct
regions in the ventral stream. This Wnding is in agreement
with an elegant study by Giovanni Berlucchi and his col-
leagues, who showed a dissociation between shape and col-
our processing in a patient (PB) who was left virtually blind
as a result of an electric shock that led to vascular insuY-
ciency (Zeki et al. 1999). SpeciWcally, patient PB is peri-
metrically blind, lacks visual acuity, and has extremely
poor shape perception but nevertheless demonstrates con-
scious colour perception. Psychophysical testing with pic-
tures of common objects (e.g. car, boat) revealed that
Patient PB can accurately name the colours of objects that
are presented to him, but has a complete inability to recog-
nize those objects based on shape. Moreover, an fMRI
experiment revealed areas V1 and V2 as the potential loci
of PB’s spared colour processing. In summary, while the
psychophysical testing revealed a striking dissociation
between shape and colour processing, these latter imaging
results, combined with our recent fMRI results, also sug-
gest that information about an object’s colour is extracted
relatively early in visual analysis as compared to the extrac-
tion of its surface texture, perhaps because the latter
requires more complex processing.

Although our study appeared to suggest that particular
regions were selective for processing a single stimulus
dimension (e.g. form in area LO), these same regions also
showed at least some activation to the other, non-preferred
stimulus dimensions (e.g. activation to texture in area LO).
This raises the question as to whether the activation to tex-
ture in area LO represented texture processing per se, or
simply the obligatory processing of form while people were
explicitly attending to texture. After all, the form of the
objects was not held constant while participants made tex-
ture discriminations (and vice versa when people were
attending to form). Thus, although the results of the Cant
and Goodale (2007) study provide convincing evidence that
extra-striate regions are specialized for the processing of
diVerent object attributes, the question remained as to how

specialized these regions are. To investigate this question in
the present study, we used a complementary paradigm,
functional magnetic resonance adaptation (fMRA). By
using fMRA, we could now investigate the processing
associated with changes in a single stimulus property (e.g.
form) without the confounding eVects of changes in other
stimulus properties (e.g. texture and colour).

In the fMRA paradigm, the blood oxygen-level depen-
dent (BOLD) signal in diVerent brain regions will be
reduced when the same stimulus is repeatedly presented to
the participant, a phenomenon known as repetition suppres-
sion or repetition attenuation (Grill-Spector et al. 1999,
2006 Grill-Spector and Malach 2001; Henson 2003; Sch-
acter and Buckner 1998; Wiggs and Martin 1998). If a par-
ticular property of the stimulus is then changed, recovery of
the BOLD signal might be observed in some regions but
not others. If there is no recovery from adaptation, then one
can conclude that the neurons in this region do not partici-
pate in the processing of this stimulus property. If, how-
ever, there is recovery from adaptation (as evidenced by a
rise in the BOLD signal), then one can conclude that neu-
rons in this region do play a role in the processing of that
stimulus property. For example, if a release from adaptation
is observed in a speciWc cortical region when one changes
the texture of an object (but not the form or colour), then
one can surmise that this region participates in the process-
ing of at least some aspect of surface texture. Moreover, it
has been argued that the fMRA paradigm oVers greater spa-
tial resolution in the delineation of diVerent functional
regions than more conventional paradigms (for review, see
Grill-Spector et al. 2006).

In the present study, we used fMRA to examine the
response properties of ventral-stream cortical regions spe-
cialized for processing form, texture, and colour when par-
ticipants were not explicitly attending to any particular
stimulus dimension. Other investigations of ventral-stream
processing have used this technique to great eVect in estab-
lishing the functional selectivity of diVerent visual areas
(Andrews and Ewbank 2004; Grill-Spector et al. 1999;
Kourtzi and Kanwisher 2001; Ewbank et al. 2005). Thus,
we felt conWdent that fMRA would enable us to establish
whether form, colour, and surface texture are processed
selectively by diVerent ventral-stream areas. Moreover, the
potential for greater spatial resolution and the increased
methodological control over stimulus presentation associ-
ated with fMRA are compelling reasons to follow up on our
previous neuroimaging results (Cant and Goodale 2007) by
using the fMRA paradigm.

In our study, participants passively viewed stimulus
blocks where only one dimension varied (form, texture, or
colour) and stimulus blocks where no dimensions varied
(baseline adaptation blocks). We used the same stimulus set
that was used in our previous study, but this time placed a
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Wxation cross in the centre of the display. The participants’
only task was to maintain Wxation on this cross while the
stimuli were presented to them. The motivation for using
Wxation as our primary experimental task was to examine
the response properties of regions in occipito-temporal cor-
tex while controlling for possible diVerences in eye move-
ments and deployments of attention across conditions. We
felt conWdent in using Wxation as our primary experimental
task as previous fMRA studies have demonstrated robust
results in occipito-temporal cortex in the absence of tasks
requiring explicit deployments of attention (e.g. Kourtzi
and Kanwisher 2000, 2001; Valyear et al. 2006). Neverthe-
less, in order to validate the use of this Wxation task, we
monitored activity in the lateral intraparietal area (LIP, an
area known to be involved in the planning and execution of
saccades as well as covert shifts of attention; for review see
Culham and Kanwisher 2001) to see if there was evidence
for diVerences in the numbers of eye movements or diVer-
ences in shifts of attention across conditions. As it turns
out, this was not the case (see “Discussion” for more
detail). We also used a conservative conjunction analysis to
thoroughly investigate the response properties of ventral-
stream cortical regions (see “Materials and methods” and
“Results” for more details). This analysis allowed us to
determine whether a given region (e.g. area LO) preferen-
tially processes only a single attribute of an object (e.g.
form) or instead processes multiple object attributes (e.g.
form, texture, and colour). Taken together, we believe the
methodological control over stimulus presentation aVorded
by fMRA and the computational power aVorded by the con-
junction analysis provide another powerful way to study
ventral-stream stimulus selectivity. We used these two
approaches in the present study to complement and extend
upon our previous neuroimaging results (Cant and Goodale
2007).

Based on the results of previous neuroimaging studies of
form and surface-property perception (Cant and Goodale
2007; Peuskens et al. 2004) and from the relevant neuro-
psychological literature (Duvelleroy-Hommet et al. 1997;
Goodale and Milner 2004; Heywood et al. 1995; Heywood
and Kentridge 2003; Humphrey et al. 1994; James et al.
2003; Milner et al. 1991; Steeves et al. 2004), we expected
area LO, and perhaps the posterior fusiform gyrus (an area
that demonstrates strong shape selectivity, see Hayworth
and Biederman 2006), to show a release from adaptation
when only the form of the objects was varied, and expected
the CoS to show a release from adaptation when only the
texture of the objects was varied. Because no colour-spe-
ciWc cortical regions were found in our previous study, we
were unsure what to expect when only colour varied. The
absence of any evidence for a colour-speciWc region is sur-
prising, as it is believed that a ventral-stream region
devoted to processing colour does exist, even if researchers

cannot agree where it is located (i.e. either in area V8,
which is the putative human homologue of the macaque
area TEO/TE: Hadjikhani et al. 1998; Tootell et al. 2003; or
in area V4, as was Wrst described in the monkey: Zeki
1973). It is worth emphasizing, however, that few of these
studies have explored the sensitivity of these regions to
visual texture. In any case, we hoped that by using the
fMRA paradigm we could address the question as to
whether or not there are any higher-order ventral-stream
regions that are specialized for processing the colour of
objects independent of their texture.

Materials and methods

Participants

Seventeen healthy participants (8 males, 9 females) took
part in this experiment. All participants (mean age = 26.88,
range = 21–39 years) were right-handed, reported normal
or corrected-to-normal visual acuity, gave their informed
consent to participate in the study in accordance with the
Declaration of Helsinki, and had no history of neurological
disorder. The participants were selected from undergradu-
ate students, graduate students, research assistants, and
postdoctoral fellows studying psychology, neuroscience, or
biomedical physics at the University of Western Ontario.
The procedures and protocols for both experiments were
approved by Review Board for Health Sciences Research
Involving Human Participants for the University of West-
ern Ontario and the Robarts Research Institute.

Stimuli

Stimuli used in this experiment consisted of a series of
unfamiliar ‘nonsense’ objects (Fig. 1), all of which were
bilaterally symmetrical (i.e. each object had an arbitrarily
assigned top, bottom, front, and back). These objects were
rendered using computer software (Discreet 3DS Max,
Montreal, Quebec, Canada) at 640 £ 480 pixels (for a more
detailed description of the creation of these stimuli, see
Cant and Goodale 2007). Once rendered, diVerent textures
and colours could be applied to the object’s surface. Four
diVerent object shapes were used, each of which were
rendered in four diVerent textures (metallic paint, laminated
oak, marble, and tin foil), and four diVerent colours (red,
blue, yellow, and green). The orientation of all objects was
the same and did not vary across trials. A Wxation cross was
placed at the centre of each object to ensure participants
maintained Wxation during the experimental runs (see
below). While we tried to keep changes in the stimuli across
visual dimensions as similar as possible, psychophysical
testing was not conducted to ensure that diVerences in
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shape, for example, were perceived as similar as diVerences
in texture. As such, it is possible that some of the activation
observed in the shape, texture, and colour conditions may
be due to diVerences in the magnitude of shape, texture,
and colour changes presented to participants across
conditions.

Apparatus

Stimulus presentation was controlled by Superlab Pro ver-
sion 2.0.4 (Cedrus Corporation, San Pedro, California,
USA). Each image was projected via an LCD projector
(NEC VT540, Japan, screen resolution of 800 £ 600) onto
a screen mounted above the participant’s waist as he or she
lay in the bore of the magnet. The participant viewed the
image through a mirror angled 45° from the brow-line,
directly above the eyes. Distance from the participant’s
eyes, via the mirror, to the screen was »60 cm.

Experimental procedure

Participants were shown an example of each form, texture,
and colour prior to entering the magnet. Each texture was
made explicit via verbal instruction from the experimenters
(i.e. “this is metallic paint, this is laminated oak”, etc.).

In each run, participants were presented with various
blocks of trials where the form, texture, and colour of the
stimuli were manipulated (Fig. 2). These experimental
blocks lasted 16 s in duration, and were interleaved with
16 s periods of Wxation (where no stimuli were presented,
and participants were required to Wxate the cross that
remained on the centre of the screen) to allow the BOLD

response to return to baseline levels. In the four experimen-
tal blocks, participants passively viewed blocks where only
one dimension varied (blocks where only form varied,
blocks where only texture varied, and blocks where only
colour varied) and blocks where no dimensions varied
(baseline adaptation block), while Wxating a cross in the
centre of the display. Thus, throughout the experiment the
participants’ only task was to maintain Wxation, whether
stimuli were present (experimental blocks) or not (Wxation
blocks). It should be noted that the majority of participants
were well-practiced in perceptual neuroimaging experi-
ments, but nevertheless, since passive Wxation is not
extremely attentionally demanding, we communicated with
participants via headphones between each experimental run
to ensure that they remained alert throughout the experi-
mental session.

A single trial in each experimental block consisted of the
presentation of an image for 800 ms, which was followed
by the presentation of a blank screen for 200 ms. Thus,
each trial lasted for a duration of 1 s, and there were 16 tri-
als in total, yielding 16 images presented in a 16-s long
experimental block. In the blocks where only one stimulus
attribute varied, there were no instances where the same
exemplar of that attribute was repeated across successive
trials. Each of the four block types (form change, texture
change, colour change, no change) were randomly
presented three times throughout each run, and there were
a total of four unique run orders (one run order for each
functional scan undertaken; each run lasted 6:40 min).

Fig. 1 Examples of the stimuli used in the experiment. Each of the
four shapes (only one shape is depicted here) was rendered in four
diVerent textures, and in four diVerent colours

Fig. 2 Schematic of the protocol used in the experiment. Stimulus
blocks were interleaved with periods of Wxation. In each of the stimu-
lus blocks, 16 trials were presented to the participant. Each trial con-
sisted of the presentation of a single stimulus, and the participant’s task
was to Wxate the cross on the centre of the display throughout the pre-
sentation of the 16 trials in a given stimulus block. Participants pas-
sively viewed four diVerent stimulus blocks. In the form-change
condition, the form of the stimuli varied, while the texture and colour
remained constant. In the texture-change condition, only the texture of
the stimuli varied. In the colour-change condition, only the colour of
the stimuli varied. Finally, in the no-change condition (baseline-adap-
tation condition), no stimulus attribute varied
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Presentation of all four run orders was counterbalanced
across participants.

Imaging parameters

This experiment was carried out with a 4.0 T Siemens-
Varian (Erlangen, Germany; Palo Alto, California, USA)
whole body imaging MRI system at the Robarts Research
Institute (London, Ontario, Canada), using a radio-
frequency (RF) head coil to collect BOLD weighted images
(Ogawa et al. 1992). A series of sagittal T1-weighted test
images were collected for each participant to select 17
contiguous, 5-mm thick functional slices of axial orienta-
tion, sampling all of occipital and temporal cortices
(excluding the temporal poles), and a large extent of
parietal cortex. Functional volumes were collected using a
T2*-weighted, navigator echo-corrected, slice-interleaved
multi-shot (2 shots) spiral imaging pulse sequence [volume
acquisition time = 2 s, 200 volumes collected/imaging run,
repetition time (TR) = 1,000 ms, 64 £ 64 matrix size, Xip
angle (FA) = 40°, echo time (TE) = 15 ms, Weld of view
(FOV) = 22 cm, 3.4 mm £ 3.4 mm £ 5 mm voxel size].
After all the functional scans were completed, T1-
weighted anatomical images were collected with axial
slice orientation [3-D spiral acquisition with inversion
time (TI) = 1,300 ms, TE = 3 ms, TR = 50 ms, 256 £ 256
matrix £ 128 slices, 0.86 mm £ 0.86 mm £ 1.25 mm
voxel size].

Data analysis

Data analyses were carried out using the Brain Voyager QX
software packages (Brain Innovation, Maastricht, The Neth-
erlands). Imaging data were preprocessed by applying a lin-
ear trend removal and a temporal high-pass Wlter (removing
frequencies in the data below 3 cycles per run), and the
resulting functional data was superimposed onto anatomical
brain images which had been transformed into a common
stereotaxic space using the Talairach procedure (Talairach
and Tournoux 1988). The functional data was not subjected
to spatial smoothing, and a slice scan time correction was not
performed because we used multi-shot imaging. To ensure
that head motion or scanner artifacts did not contaminate the
functional data we collected, we viewed timecourse movies
of each functional run from each participant before any pre-
processing was conducted. We also evaluated head motion
and scanner artifacts by applying Brain Voyager’s motion–
correction algorithm. Based on the agreement between the
output from the timecourse movies and the motion–correc-
tion algorithm, we eliminated any functional runs where we
observed head motion in excess of 1 mm in translation and/
or 1° of rotation, and we also eliminated runs where there
was evidence of paradigm-correlated motion. We should

note that we used this motion–correction algorithm for eval-
uation and exclusion purposes only. Similar to the logic out-
lined by Kroliczak et al. (2007), we report only non-motion
corrected data because it has been suggested that motion cor-
rection may actually reduce data quality (Freire and Mangin
2001; Culham 2006).

To examine the patterns of form, texture, and colour pro-
cessing in the brain, we conducted a voxelwise random-
eVects GLM analysis across the entire group of 17 partici-
pants, accounting for hemodynamic lag (Friston et al. 1995).
Predictor variables were created for all four conditions in the
experiment (form change, texture change, colour change,
and no change). To uncover brain regions selective for pro-
cessing a particular stimulus attribute (form, texture, or col-
our), we carried out stringent conjunction analyses where a
voxel was labelled as being active only if it satisWed the cri-
teria from three separate contrasts. Using the conjunction
analysis for form as an example, a voxel was considered
form-selective if (1) the activation observed when only the
form of the images varied was greater than the activation
observed when nothing varied (F+NC¡), (2) the activation
observed when only form varied was greater than the activa-
tion observed when only texture varied (F+T¡), and (3) the
activation observed when only form varied was greater than
the activation observed when only colour varied (F+C¡).
Note that in addition to uncovering form-selective regions of
cortex, this conjunction analysis allows for unbiased com-
parisons between the activations observed in these regions
for the three other experimental conditions (texture-change,
colour-change, and no-change conditions). Using the same
logic, we used conjunction analyses to uncover regions of
the brain that were selective for processing texture
(T+NC¡; T+F¡; T+C¡) and colour (C+NC¡; C+F¡;
C+T¡). To address the multiple-comparison problem inher-
ent in imaging data, we calculated signiWcance levels by tak-
ing into account the minimum cluster size and the
probability threshold of a false detection of any given cluster
of activation (Alphasim, by B. Douglas Ward, a software
module in Cox 1996). Through a series of Monte Carlo sim-
ulations, Alphasim outputs information regarding how large
a particular cluster must be to be considered signiWcantly
active at a particular threshold value (i.e. Alphasim calcu-
lates the probability of a false detection). Clusters of cortex
identiWed by t tests contrasting the predictors in the regres-
sion equation (contrasts in the conjunction analyses
described above) satisWed the criteria for signiWcance rang-
ing from the level of P < .01, corrected, to P < .006, cor-
rected. Event-related averages were then extracted from
each signiWcantly active region of cortex. The activation lev-
els for each condition were measured as % BOLD signal
change from a baseline, which was deWned as the activation
in a 4-s window that extended from 8 to 4 s before onset of
the experimental block. This 4-s window corresponded to
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the activity that was present in the previous Wxation block.
The event-related averages for each experimental condition
were subjected to a one-way repeated measures analysis of
variance (ANOVA), performed separately on each hemi-
sphere on a region-by-region basis (SPSS software package,
Chicago, Illinois, USA). The signiWcant main eVect of
condition (form change, texture change, colour change, and
no change) was investigated using post hoc t tests, employ-
ing Tukey’s HSD procedure to correct for multiple
comparisons.

Results

The voxelwise random-eVects GLM analysis examined the
BOLD activity (measured in % signal change) averaged

across 17 participants using separate conjunction analyses
to investigate form-, texture-, and colour-selective cortical
regions in occipito-temporal cortex (baselined against the
activity from the Wxation blocks). For illustrative purposes,
the group data were mapped onto a single participant’s ana-
tomical brain scan. (This method of illustration, of course,
does not account for the individual diVerences in the sulcal
and gyral patterns across participants.) As Figs. 3 and 4
illustrate, form- and texture-selective cortical regions were
conWned to ventral occipito-temporal cortex. No colour-
selective cortical regions were uncovered.

In total, seven regions of cortex met the Alphasim crite-
ria for signiWcance (based on a combination of the cluster
size and probability threshold for false detection of each
region). Of these seven regions, one region was found bilat-
erally, two regions were localized unilaterally in the left

Fig. 3 Results of the voxelwise-conjunction analysis for form
(F+NC¡; F+T¡; F+C¡), averaged across all 17 participants. a Three
regions of cortex were signiWcantly active at the level of P < .006. Of
these three regions, one was found bilaterally (LO), while the remain-
ing two regions were localized to the left (sMOG) and right hemi-
spheres (fusiform gyrus). All anatomical brain images (and all brain
images presented in subsequent Wgures) follow neurological conven-
tion (left hemisphere is on the left, and right hemisphere is on the
right). b Per cent BOLD signal changes in response to stimuli
presented in the form-change, texture-change, colour-change and no-
change conditions in each of the regions identiWed in the voxelwise-
conjunction analysis for form. (See Supplementary Table 1 for a

detailed summary of all of the post hoc statistical results for this anal-
ysis.) Of course, one would expect the highest activation in the form-
change condition (grey bars) compared to the three other conditions
based on the conjunction analysis for form that we used. Error bars
indicate 95% conWdence intervals derived from the mean square error
term from the repeated-measures analyses of variance. F+NC¡ con-
trast of form-change and no-change conditions, F+T¡ contrast of
form-change and texture-change conditions, F+C¡ contrast of form-
change and colour-change conditions, LO lateral occipital area, sMOG
superior portion of the middle occipital gyrus, LH left hemisphere, RH
right hemisphere
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hemisphere, and the remaining four regions were localized
unilaterally in the right hemisphere (Table 1). The conjunc-
tion analysis for form (i.e. F+NC¡; F+T¡; F+C¡) yielded
bilateral activity in a region of cortex that appears to corre-
spond with area LO, t(16) = 2.8, P < .006 (Fig. 3a). Two
additional form-selective regions were uncovered in this
analysis and were localized to the left superior portion of
the middle occipital gyrus (sMOG) and the right fusiform
gyrus [both regions: t(16) = 2.8, P < .006]. The conjunction
analysis for texture (T+NC¡; T+F¡; T+C¡) yielded uni-
lateral texture-selective activity in four brain regions
(Fig. 4a). One of these regions was located along the ante-
rior aspect of the left CoS (aCoS), t(16) = 2.8, P < .001.
The remaining three texture-selective regions were
conWned to the right hemisphere, and were located in the
anterior parahippocampal cortex (aPC), the posterior aspect

of the CoS (pCoS), and the fusiform gyrus [all regions:
t(16) = 2.8, P < .001, except the aPC, where P < .01]. As
mentioned above, no colour-selective regions were uncov-
ered in the conjunction analysis for colour (C+NC¡;
C+F¡; C+T¡).

The time-courses of the per cent BOLD-signal change
(compared to baseline Wxation epochs) for each condition
(form change, texture change, colour change, and no
change) were extracted from each signiWcantly active
region by means of event-related averaging in Brain Voy-
ager. The integrated area under the curve of each of these
time-courses for each region was calculated and the result-
ing measures were then subjected to a one-way repeated-
measures ANOVA to detect overall diVerences in activa-
tion across the conditions (performed separately in each
hemisphere and region). To account for hemodynamic lag

Fig. 4 Results of the voxelwise-conjunction analysis for texture
(T+NC¡; T+F¡; T+C¡), averaged across all 17 participants. a Four
regions of cortex were signiWcantly active at the levels of P < .001
(aCoS, pCoS, fusiform gyrus) and P < .01 (aPC). Of these four re-
gions, one was localized unilaterally to the left hemisphere (aCoS),
while the remaining three regions were localized unilaterally to the
right hemisphere (aPC, pCoS, fusiform gyrus). b Per cent BOLD signal
changes in response to stimuli presented in the form-change, texture-
change, colour-change and no-change conditions in each of the regions
identiWed in the voxelwise-conjunction analysis for texture. (See
Supplementary Table 1 for a detailed summary of all of the post hoc

statistical results for this analysis.) Of course, one would expect the
highest activation in the texture-change condition (grey bars) com-
pared to the three other conditions based on the conjunction analysis
for texture that we used. Error bars indicate 95% conWdence intervals
derived from the mean square error term from the repeated-measures
analyses of variance. T+NC¡ contrast of texture-change and no-
change conditions, T+F¡ contrast of texture-change and form-change
conditions, T+C¡ contrast of texture-change and colour-change con-
ditions, aCoS anterior aspect of the collateral sulcus, aPC anterior
parahippocampal cortex, pCoS posterior aspect of the collateral sulcus,
LH left hemisphere, RH right hemisphere
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(i.e. the delay between stimulus onset and the rise in the
BOLD signal), the Wrst two data points for each waveform
were not included in the calculation of the area under the
curve. If signiWcant results were yielded, the four condi-
tions were further contrasted by means of post hoc t tests,
corrected for multiple comparisons (P < .05) using Tukey’s
HSD procedure. Of course, based on our criteria for identi-
fying regions of cortex selectively involved in processing a
given stimulus attribute (e.g. the conjunction analysis for
form uncovers form-selective regions by performing three
separate contrasts, F+NC¡; F+T¡; F+C¡), we would cer-
tainly expect to Wnd the same pattern of selectivity inherent
in the results from the post hoc analyses. Note, however,
that the conjunction analysis requires only that the activa-
tion for one stimulus condition be higher than the activation
for the other three. Thus, it says nothing about whether or
not the levels of activation for those three conditions are
signiWcantly diVerent from each other. The conjunction
analyses we selected are ideally suited for investigating this
as they do not bias the comparisons made between the
remaining three experimental conditions (see “Materials
and methods”). Finally, it should be pointed out that it is
possible that within a region revealed by the conjunction
analysis, the activation for the deWning stimulus condition
might not always diVer signiWcantly from the other three
conditions. (For a detailed summary of all the post hoc statis-
tical results, see Supplementary Table 1. Any signiWcant
diVerence described below is signiWcant at P < .05 or better.)

The main eVect of condition was signiWcant in each
region investigated. As expected, post hoc analyses
revealed that area LO (bilaterally) was most sensitive to
processing form, as the activation when only the form of

the stimuli varied was higher than the activation in the three
other conditions where form did not vary (i.e. texture-
change, colour-change, and no-change conditions; see
Fig. 3b). In the left LO, the activation observed in these lat-
ter three conditions did not diVer signiWcantly from each
other, whereas in the right LO the activation when only tex-
ture varied was signiWcantly higher than the activation
when only colour varied (note, however, that the activation
in the texture-change condition was not signiWcantly higher
than the activation in the baseline adaptation condition
where no stimulus dimension varied). This pattern of acti-
vation was also observed in the right fusiform gyrus: the
highest activation was observed in the form-change condi-
tion compared to all other conditions, and the activation in
the texture-change condition was signiWcantly higher than
the activation in the colour-change condition (but not sig-
niWcantly diVerent from the activation in the no-change
condition). A Wnal region that was most sensitive to pro-
cessing object form resided on the left sMOG. In this
region, the activation in the form-change condition was sig-
niWcantly higher than the activations in the texture-change,
colour-change, and no-change conditions. There was also
evidence of texture-sensitivity in this region, as the activa-
tion when only texture varied was signiWcantly higher than
the activation when only colour varied, and was also sig-
niWcantly higher than the activation when no stimulus
dimension varied (baseline adaptation condition).

One region of cortex was found to be most sensitive to
processing texture, and this region resided in the left aCoS.
The patterns of activity in this region revealed signiWcantly
higher activation when only texture varied compared to the
three conditions when texture did not vary (i.e. form-
change, colour-change, and no-change conditions; see
Fig. 4b). Note, however, that this region also shows evi-
dence of form and colour sensitivity, in that both the form-
change and colour-change conditions had higher levels of
activation compared to the baseline adaptation condition
where no stimulus attribute changed. Interestingly, this is
the Wrst evidence we have found with this stimulus set for
colour-sensitivity in more medial and anterior regions of
the ventral stream. The aCoS was the only region we found
that was most sensitive to processing variations in texture
(i.e. no other regions showed the same pattern of activa-
tions as the aCoS, where the highest activation was
observed when only texture varied, compared to the 3 con-
ditions where texture did not vary). We did, however, Wnd
three additional regions that showed equivalent sensitivity
to form and texture, in that the activation in the form-
change and texture-change conditions did not diVer signiW-
cantly from each other, but the activations in both of these
conditions were signiWcantly higher than the activations in
the colour-change and no-change conditions. These regions
coincided with the right aPC, the right pCoS, and the right

Table 1 Talaraich coordinates and cluster sizes of the regions identi-
Wed in the voxelwise analysis

vox voxels, mm millimetres, L left, R right, LO lateral occipital, sMOG
superior portion of the middle occipital gyrus, FG fusiform gyrus,
aCoS anterior aspect of the collateral sulcus, aPC anterior parahippo-
campal cortex, pCoS posterior aspect of the collateral sulcus

x y z t value Cluster size 
(# vox/27 mm3)

Form regions

L LO ¡51 ¡61 1 2.8 10.70

R LO 38 ¡77 0 2.8 8.11

L sMOG ¡41 ¡77 7 2.8 25.93

R FG 43 ¡65 ¡9 2.8 6.89

Texture regions

L aCoS ¡33 ¡47 ¡10 2.9 9.30

R aPC 26 ¡32 ¡19 2.9 5.19

R pCoS 30 ¡68 ¡12 2.9 15.48

R FG 24 ¡78 ¡9 2.9 13.15
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fusiform gyrus. In both the right aPC and the right pCoS,
the activations in the colour-change and no-change condi-
tions did not diVer signiWcantly from each other. Interest-
ingly, the activation in the right fusiform gyrus when only
colour varied was signiWcantly higher than the activation in
the baseline adaptation condition where nothing varied,
demonstrating evidence of colour-sensitivity in a medial-
anterior aspect of the ventral stream. Recall that this result
was also demonstrated in the aCoS in the left hemisphere.
Taken together, these results are quite interesting in that
they represent evidence of colour sensitivity in regions that
were initially deWned by a conjunction analysis for texture
(it is worth repeating again that no colour-selective regions
were found when we carried out a conjunction analysis for
colour). It is certainly encouraging that these regions are in
the vicinity of the known colour-sensitive V4/V8 complex.

Discussion

The results of this fMRA experiment demonstrate that the
processing of form and the processing of surface properties
engage functionally and anatomically distinct regions in the
ventral stream. These results, which show that area LO is
most sensitive to processing variations in form and the
aCoS is most sensitive to processing variations in texture
(whereas no regions were found that were most sensitive to
processing variations in colour), convincingly replicate the
results of our previous study, which used an attentional-
modulation paradigm (Cant and Goodale 2007). Taken
together, these two studies provide evidence for a gradient
of processing in the ventral stream, where form is pro-
cessed preferentially in more lateral regions and surface
properties (particularly texture) in more medial and anterior
regions. Importantly, the results from the present study also
suggest some of these areas, particularly the more medial
ones, process more than one attribute of an object. Finally,
our results show that the diVerences we observed were
unlikely to reXect diVerences in eye movements or the
deployment of attention across stimulus blocks.

Processing of object form, texture, and colour

The Wnding that area LO is most sensitive to processing
object form is not surprising, as numerous neuroimaging
studies have reported that area LO is sensitive to processing
the geometric structure of objects (e.g. Cant and Goodale
2007; Kanwisher et al. 1996; Kourtzi and Kanwisher 2000;
Malach et al. 1995). Moreover, many researchers have
suggested that the processing of form carried out by area
LO is critical for object recognition (e.g. Bar et al. 2001;
Grill-Spector et al. 2001; James et al. 2002). These sugges-
tions, and the results from the present study, are certainly

consistent with Wndings from the visual form agnosic
patient DF, who has bilateral lesions to area LO and cannot
recognize objects on the basis of their form but can recog-
nize their surface properties (Humphrey et al. 1994; James
et al. 2003). But area LO was not the only region that was
most sensitive to processing variations in form. Two
regions, one in the left sMOG and one in the right fusiform
gyrus showed more sensitivity to changes in form than to
changes in other object attributes, although both these
regions also showed some sensitivity to changes in texture.
Although it is beyond the scope of this paper to give a
detailed discussion of the speciWc contributions these
regions might make to form processing and to object recog-
nition, it is interesting to note that previous studies have
demonstrated that both the middle occipital gyrus and parts
of the fusiform gyrus seem to be preferentially activated by
objects (MOG: Vandenberghe et al. 1996; posterior fusi-
form gyrus: Hasson et al. 2003).

We found one region of cortex that was most sensitive to
processing texture, and that region coincided with the left
aCoS. This Wnding replicates the results of our previous
study (Cant and Goodale 2007), and adds to the small but
growing body of evidence, suggesting that the CoS plays a
prominent role in the processing of surface texture (com-
pared to 3-D shape and 3-D motion: Peuskens et al. 2004;
compared to faces and letterstrings: Puce et al. 1996).
Indeed, we have recently shown that proximal areas in this
medial ventral stream region (i.e. the parahippocampal
gyrus) also respond preferentially to material-property
information conveyed through sound alone (Arnott et al.
2008). In addition, as we have shown before (Cant and
Goodale 2007), this CoS area overlaps regions that have
been shown to be specialized for the processing of scenes
(e.g. Epstein and Kanwisher 1998), a Wnding that supports
the idea that scene processing relies heavily on the analysis
of surface properties, such as visual texture (for review, see
Steeves et al. 2004). (Of course, this is not to deny the fact
that scene processing can also rely on outline shape cues,
which people can utilize to recognize line drawings of
scenes.) This convergence of anatomy and function illus-
trates the importance of investigating not only category-
speciWc processing in the ventral stream, but also the types
of stimulus attributes that best support the processing of
those categories.

No regions were found that were more sensitive to
variations in colour than to variations in form or texture.
We did, however, Wnd evidence of colour sensitivity in the
left aCoS and in the right fusiform gyrus, regions that were
uncovered using a conjunction analysis for texture. This
Wnding suggests that there may be shared mechanisms for
processing colour and texture in the same pathway. In other
words, this might be a pathway better characterized as one
that is specialized for the processing of an object’s surface
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properties, where colour and texture are typically closely
integrated. It is certainly encouraging that these same
regions, which are located in more medial and anterior
regions of the ventral stream, have been also been impli-
cated in the processing of colour in studies of both neuro-
logically intact individuals (Beauchamp et al. 1999;
Corbetta et al. 1990, 1991; Hadjikhani et al. 1998; Lueck
et al. 1989; Zeki et al. 1991) and cerebral achromatopsics
(for review see Heywood and Kentridge 2003). It is not
entirely clear why we found no evidence of colour sensitiv-
ity in medial and anterior regions of the ventral stream in
our previous study (Cant and Goodale 2007), which uti-
lized the same stimulus set as the one used here. We believe
the discrepancy may be a consequence of the diVerent
experimental paradigms that were used. Our previous study
used a conventional 1-back attentional task whereas the
present study used a passive fMRA paradigm. Although the
1-back task ensures that participants are attending the rele-
vant stimulus, the fMRA paradigm aVords more experi-
mental control since only one stimulus attribute varies at a
time. Thus, the latter oVers (potentially) greater spatial res-
olution in the detection of functional areas. Of course, these
medial-anterior regions were more sensitive to texture
(both aCoS and fusiform gyrus) and form (only fusiform
gyrus) than they were to colour. This suggests that the
interpretation of the patterns of response in ventral-stream
regions that appear to be specialized for processing a given
stimulus attribute may not be as straightforward as one
might think. Indeed, Wndings from monkey electrophysiol-
ogy suggest that the colour area V4 has separate popula-
tions of neurons that are tuned to multiple stimulus
properties (form: Desimone and Schein 1987; colour and
pattern: Heywood and Cowey 1987; texture: Hanazawa and
Komatsu 2001). Thus, given the relatively small size of this
region, the spatial resolution used in the present study may
not have been suYcient to uncover all of the stimulus-spe-
ciWc subpopulations of the V4/V8 complex (we should note
that while the fMRA paradigm can potentially increase spa-
tial resolution, perhaps high-resolution imaging with voxel
dimensions of less than 3 mm are necessary to disambigu-
ate these neuronal subpopulations). But there may be a
more methodological reason why we did not Wnd any
region that was most sensitive to processing colour in the
ventral stream, particularly in the fusiform gyrus (i.e. in the
vicinity of area V4/V8). Previous studies on colour selec-
tivity in area V4 have identiWed this region by contrasting
static, coloured Mondrian displays with isoluminant grey
shaded versions of those coloured displays (Lueck et al.
1989; Zeki et al. 1991). The intermittent Xashing of stimu-
lus variations in the present study may have been suYcient
to activate sub-regions of the fusiform gyrus that are sensi-
tive to processing form and texture, but the same stimulus
presentation may have made it nearly impossible to activate

the colour-speciWc region of the fusiform gyrus when con-
ducting the conjunction analysis for colour. Nevertheless,
we Wnd it encouraging that we found evidence of form, tex-
ture, and colour sensitivity in the fusiform gyrus, a Wnding
that resonates with the Wndings from monkey electrophysi-
ology described above.

Response properties of form and surface-property regions 
in the ventral stream

The goal of this study was to determine whether the activa-
tions associated with attention to non-preferred object attri-
butes in a particular region that had been observed in our
earlier study (Cant and Goodale 2007) reXected the pro-
cessing of those attributes or were simply a consequence of
obligatory processing of the preferred object attribute. By
using an fMRA paradigm coupled with a conjunction anal-
ysis, we were able to address the question directly. Below is
a description of what we believe the results of this study
suggest about the response properties of form and surface-
property regions in the ventral stream.

Three regions were found to be most sensitive to process-
ing form: area LO (bilaterally), the left sMOG, and the right
fusiform gyrus. In the left LO, there was activation present
in the texture-change and colour-change conditions. Impor-
tantly, however, the activations associated with changes in
texture or colour did not diVer from the no-change baseline
adaptation condition (or from each other), strongly suggest-
ing that the left LO is insensitive to variations in these two
attributes. Instead, the left LO appears to be a form-selective
region. The non-preferred activations in the left LO proba-
bly reXect, therefore, the processing of object form even
when that form is not changing from trial to trial. In contrast,
in the left sMOG, the right LO, and the right fusiform gyrus,
there was evidence for texture processing in these form-deW-
ned regions. In other words, the activations to changes in
texture were signiWcantly higher than the activations to
changes in colour (which did not diVer from the baseline
condition). It is not immediately clear what is going on here.
It could mean that these areas are indeed playing a role in
extracting information about the visual texture of objects (as
a surface property). But it is also possible that some sort of
form or pattern processing is required to distinguish one tex-
ture from another. Finally, it is also possible that by extract-
ing information about texture gradients, the processing of
texture is contributing directly to the computation of object
form, although this last possibility is less likely since the
texture gradients did not change very much over trials in the
texture-change condition. This discussion highlights once
more the fact that the extraction of texture information is a
complex operation—and that activation to changes in tex-
ture in diVerent regions of the ventral stream could reXect
diVerent aspects of this process.
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In the left aCoS, an area that we found to be most sensi-
tive to changes in texture, the activations in the form-
change and the colour-change conditions were signiWcantly
higher than the activation in the no-change condition.
Again it is possible that the extraction of information about
the visual texture of an object (as a clue to its material prop-
erties) also requires some processing of both form and even
colour—but this is entirely speculative. It could also mean
that these attributes are processed quite independently in
this area. In any case, the fact that this area was sensitive to
all three object attributes resonates with the results of ear-
lier studies that have also demonstrated sensitivity in this
area to these attributes (texture: Cant and Goodale 2007;
Peuskens et al. 2004; Puce et al. 1996; colour and form:
Corbetta et al. 1990, 1991).

The activation in the colour-change condition in the left
aCoS (which was greater than the activation in the no-
change condition, but no diVerent from the activation in the
form-change condition) represents evidence of colour sen-
sitivity in the medial-anterior aspect of the ventral stream.
This Wnding supports our claim for the existence of a path-
way specialized for processing the surface properties of
objects in the medial-anterior ventral stream. Moreover, the
colour-sensitivity in the right fusiform gyrus (discovered
using the conjunction analysis for texture) also supports
this claim. In fact, two diVerent contrasts (form and texture)
activated the right fusiform gyrus, and the pattern of activa-
tions seen across these diVerent contrasts showed evidence
of sensitivity to form, texture, and colour. Granted, we
were sampling two diVerent regions within the right fusi-
form gyrus across the two contrasts, but these results sug-
gest that this area is an intermediate region in the gradient
of form and surface-property processing evident in the ven-
tral stream. We suggest that along this gradient (which we
have described elsewhere, see Cant and Goodale 2007), the
processing of object form is more prominent laterally,
whereas the processing of surface properties, particularly
texture, becomes more prominent in medial-to-anterior
regions of the ventral stream. As a consequence of this
gradual shift from the prominence of form processing to the
prominence of texture processing, there exist regions that
process both form and surface-properties (i.e. texture and
colour), and one such intermediate region may reside along
the fusiform gyrus. Indeed other studies have found evi-
dence of object form (Hasson et al. 2003), texture (Kastner
et al. 2000), and colour processing (McKeefry and Zeki
1997; Miceli et al. 2001) in the fusiform gyrus. In this
regard, it is interesting to note that one region along the
fusiform gyrus that has received a great deal of attention in
fMRI studies is the fusiform face area, or FFA (Kanwisher
et al. 1997; Puce et al. 1996; for review, see Grill-Spector
and Malach 2004). Pre-dating these fMRI studies are a
number of positron emission tomography (PET) studies

which have also demonstrated face-sensitivity in the fusi-
form gyrus (Grady et al. 1994; Haxby et al. 1994; Sergent
et al. 1992). The fact that current models of face processing
suggest that both geometry (Wilson et al. 2002) and surface
properties (Price and Humphreys 1989; Russell et al. 2006;
Tarr et al. 2001, 2002) are important to face recognition Wts
quite nicely with the evidence of form, texture, and colour
sensitivity in the fusiform gyrus described above. More-
over, when we localized the FFA in a previous study (using
a face, place, object localizer), we found evidence of equiv-
alent sensitivity in this area to both form and surface prop-
erties (Cant and Goodale 2007). Similar to the results with
the processing of surface properties and scenes discussed
above, these results highlight the importance of studying
both the category to which a region responds most robustly
(e.g. faces in the FFA), and the particular stimulus attri-
butes that best support the processing of that category (e.g.
form and surface properties). Taken together, these results
suggest that the fusiform gyrus is an intermediate region in
the gradient of form and surface-property processing in the
ventral stream, where there is evidence of sensitivity to
stimulus attributes that support the processing of faces (i.e.
form, texture, and colour).

Eye movements, shifts of attention, and functional indepen-
dence

In the version of the fMRA paradigm that we employed in
the present study, the participants’ only task was to main-
tain Wxation. That is, there were no explicit manipulations
of attention to object form, texture or colour throughout the
study, as there were when we used an attentionally
demanding 1-back task previously (Cant and Goodale
2007). We should note that even though we asked partici-
pants to maintain Wxation, we did not record eye move-
ments to ensure that they complied with this request. We do
not feel, however, that the pattern of results observed here
are due to diVerences in the number of saccades made
across the four conditions, as we observed no diVerential
activation in the human homologue of the macaque area
LIP in any of the statistical contrasts performed, suggesting
that participants were maintaining Wxation throughout the
entire session. [Area LIP is situated in the posterior parietal
cortex and is known to be involved in the planning and exe-
cution of saccades (Anderson et al. 1992; Colby et al. 1996)
and shows robust fMRI activation during saccades (for
review, see Culham and Kanwisher 2001).] Moreover, even
if there were occasional eye movements, which of course is
entirely possible, the absence of diVerential activation in
LIP suggests that these lapses in Wxation were as likely to
occur in one condition as another. It should be emphasized
as well that the majority of participants had been in the
scanner many times. In fact, because there was no
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behavioural task other than Wxation, it would seem rather
unnecessary to employ diVerent viewing strategies across
conditions in the Wrst place. But of course it is also possible
that some stimulus conditions attracted attention more than
others while participants were successfully maintaining
Wxation throughout the experiment. For example, it is pos-
sible that the conditions where one stimulus attribute varied
(form-change, texture-change, and colour-change condi-
tions) attracted attention more than the condition where no
stimulus attribute varied (baseline adaptation condition). If
this were the case, then these conditions should almost
always yield higher BOLD signal changes compared to the
condition where no stimulus attribute varied (owing to Wnd-
ings that attention has been shown to increase neural activ-
ity; see Murray and Wojciulik 2004). But this was not the
case with our results, as in many regions the BOLD activa-
tion in at least one (and sometimes two or three) of the
stimulus-change conditions did not diVer signiWcantly from
the BOLD activation in the no-change condition. More-
over, as already discussed, there was no diVerential activa-
tion across stimulus conditions in area LIP, an area that has
been implicated in covert shifts of attention (Culham and
Kanwisher 2001). As such, we do not believe the activation
patterns we report here are due to diVerences in how the
participants attended to the stimuli across conditions.
Finally, it is worth emphasizing that numerous other fMRA
studies have reported robust results when using passive
viewing as their primary experimental task (e.g. Kourtzi
and Kanwisher 2000, 2001; Valyear et al. 2006). This, cou-
pled with the discussions on attention and diVerent viewing
strategies discussed above, suggests to us that the pattern of
activations seen here reXects stimulus-speciWc processing
of form, texture, and colour, not diVerences in how partici-
pants attended to or viewed variations in each of these
dimensions.

Despite the diVerences in attentional demands between
the passive-adaptation paradigm used here and the 1-back
task used previously, the results from these two paradigms
are remarkably similar, especially in the form-sensitive area
LO and the texture-sensitive CoS. We believe the similarity
between these results validates our decision to use passive
Wxation as our primary experimental task, and suggests that
these regions can respond in a stimulus-driven manner,
independent of task demands. Indeed, a recent study which
utilized the fMRA paradigm supports this notion. In an ele-
gantly designed study, Xu et al. (2007) demonstrated that
the patterns of repetition attenuation in the parahippocam-
pal place area (PPA) were identical for two tasks that
required diVerent levels of processing (on the same visual
stimuli). That is, identical repetition attenuation was
observed in a scene task where responses were faster and
more accurate when the images were very similar, com-
pared to an image task where responses were faster and

more accurate when the images were less similar. This
intriguing dissociation between repetition attenuation and
performance suggests that the processing in ventral-stream
perceptual regions reXects obligatory stimulus-speciWc pro-
cessing independent of task demands. Of course, it has
already been established that attention to a particular stimu-
lus attribute can increase the neural response of cortical
regions which process the attended attribute (Corbetta et al.
1990; Murray and Wojciulik 2004). But based on the
results of the present study, we think it reasonable to assert
that variations in a stimulus attribute in the absence of
explicit deployments of attention is suYcient to activate the
regions most responsible for processing that attribute. Fur-
thermore, when attention is directed towards that attribute,
the responses in those regions responsible for processing
the attended attribute are facilitated, and may become
higher than the responses that passive viewing elicit. To
test this directly, it will be necessary to conduct a study
using both an attentionally demanding task and a passive-
Wxation scheme. Such a direct comparison between tasks
should uncover further information regarding the functional
properties of ventral-stream perceptual regions. Neverthe-
less, we believe the replication of our previous results using
an entirely diVerent paradigm lends more evidence to the
notion that form and surface properties (particularly tex-
ture) are processed in functionally and anatomically distinct
regions of the ventral stream.

At this point it is worth emphasizing that the existence of
separate brain regions that process form and surface proper-
ties does not necessarily imply that the processing carried
out in these regions is functionally independent. For exam-
ple, it may be the case that these separate anatomical
regions are richly interconnected and thus share common
processing resources. To demonstrate true functional inde-
pendence, it is necessary to examine the behavioural perfor-
mance when people attend to one dimension while the other
varies. This is precisely what we did in a recent study
which used the behavioural paradigm known as the Garner
Speeded-ClassiWcation task (Cant et al. 2008; Garner
1974). In our experiments the results were clear: discrimi-
nating the form of objects was not disrupted by changes in
surface properties, and discriminating the surface properties
of objects was not disrupted by changes in form. Taken
together, it would appear that the separate brain regions
activated for form and surface properties in our neuroimag-
ing studies do reXect some sort of parallel processing of
visual input.

Organizing principles of the ventral stream

What implications do our Wndings have for current models
of ventral-stream organization? The fact that some regions,
such as the left LO, appeared to be remarkably selective to
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a single attribute is consistent with the idea that there are
categorical representations, such as an ‘object recognition
area’ in the ventral stream (Reddy and Kanwisher 2006).
Yet the fact that other regions, such as the fusiform gyrus,
showed evidence of shared processing of attributes is more
consistent with Haxby et al.’s (2001) notion of distributed
representations of stimulus categories in the ventral stream.
As we have discussed earlier (Cant and Goodale 2007),
however, one need not appeal to a single theory of ventral-
stream cortical organization to explain these apparently
contradictory Wndings. Instead of either a distributed or a
categorical representation, there may be a matrix of distrib-
uted representations, where high nodes in a network that
are most responsible for processing a single stimulus cate-
gory are maximally active when that category is presented.
Along with these high nodes, however, there may exist
other regions that display sub-maximal—but signiWcant—
activations to the same stimulus category. These nodes
(both high and low), may arise because of the intersection
between a particular stimulus category, and the stimulus
attribute that best supports the processing of that category.
This account may explain the distributed nature of form
processing in the present study, as regions most sensitive to
processing form intersected with categorical areas of cortex
known to be maximally active to objects (area LO) and
faces (the fusiform gyrus), respectively. Furthermore, the
distribution of regions sensitive to processing form, texture,
and colour may also be based on a quasi-retinotopic orga-
nizing principle (Hasson et al. 2003; Levy et al. 2001),
where ventral stream regions that show a preference for
processing particular biological categories are organized
based on the typical location that those categories fall on
the retina (e.g. ‘face’ areas have a centre-Weld bias and
‘place’ areas have a peripheral-Weld bias). In short, attempt-
ing to resolve the nature of the organizing principles of the
ventral stream is a complex task. We believe some resolu-
tion to this issue may come from studying not only the par-
ticular stimulus category to which a region maximally
responds, but also the stimulus attribute that best supports
the processing of that category. By taking this approach, we
have found that form is processed preferentially in object-
sensitive areas, surface properties (particularly texture) in
scene-sensitive areas, and the combination of form, texture,
and colour in face-sensitive areas.

Future directions

Unlike the results seen with form and texture in the present
study, no cortical regions were discovered that were most
sensitive to processing variations in colour. This is some-
what surprising, as it is generally agreed that a cortical
region devoted to processing colour does exist in the human
brain, although there is vigorous debate surrounding

whether the colour centre resides in area V4 or in area V8
(Beauchamp et al. 1999; Hadjikhani et al. 1998; Heywood
and Kentridge 2003; McKeefry and Zeki 1997; Tootell
et al. 2003). Despite the controversy surrounding the loca-
tion of this colour centre, the degree to which this area pro-
cesses other surface properties (such as texture) is presently
unknown and deserves direct investigation.

Another outstanding question is whether or not the brain
areas responsible for the perception of objects contribute to
the execution of actions directed towards those same
objects. Shape processing in area LO appears not to play a
major role in the control of manual grasping movements,
which are known to depend on circuitry in the posterior
parietal cortex (Cavina-Pratesi et al. 2007). But the contri-
bution of other ventral-stream areas to the control of grasp-
ing, particularly those areas that process the surface
properties of objects, is unknown. Surface properties,
which provide important cues to the material properties of
objects, such as their density, are clearly critical to the set-
ting of the initial grip and lift forces necessary to heft
objects (e.g. Gordon et al. 1993). Although it has been
demonstrated that the anterior intraparietal sulcus (or area
AIP) and the supplementary motor area contribute to the
calibration of these forces (Bursztyn et al. 2006; Davare
et al. 2007; Ehrsson et al. 2000, 2001; Imamizu et al. 2004;
Kuhtz-Buschbeck et al. 2001), it is not clear where these
areas derive the information about object density and mass
that is necessary for this calibration. Because this informa-
tion depends on making associations between the perceived
surface properties of objects and their density and mass, it
seems likely that ventral-stream areas will be involved. In
short, it would be of interest to investigate whether or not
ventral-stream regions such as the CoS are co-activated
with posterior parietal and premotor regions when lifting
objects of diVerent material properties.

Summary and conclusions

The main Wnding of the present study was that the process-
ing of form and the processing of surface properties
engages functionally and anatomically distinct regions in
the ventral stream. Using an fMRA paradigm, we showed
that area LO, the left sMOG, and the right fusiform gyrus
were most sensitive to processing variations in object form,
while the left aCoS was most sensitive to processing varia-
tions in texture. Some regions appeared to be remarkably
selective, whereas others responded to changes in a number
of attributes. No cortical regions were found that were most
sensitive to processing colour, although there was evidence
of colour sensitivity in medial and anterior regions of the
ventral stream such as the left aCoS and the right fusiform
gyrus. These results, along with the results of our previous
123
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neuroimaging study (Cant and Goodale 2007), demonstrate
the existence of a gradient of processing for form and sur-
face properties (i.e. texture and colour) in the ventral
stream, where form is processed in more lateral regions and
surface properties (particularly texture) are processed in
more medial and anterior regions.
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