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We gather information about objects through daily
interaction with our environment. The question of how
this semantic information is organized in the brain is a
matter of considerable debate. Although some theories
of semantic memory describe representations as being
abstracted from any particular input or output system
(e.g., Smith & Medin, 1981), other theories describe se-
mantic information as a collection of distributed mental
representations that are implemented in functionally and
physically distinct systems that correspond to different
sensorimotor domains (e.g., Allport, 1985; Warrington
& Shallice, 1984). The latter class of theories will be re-
ferred to here as domain-specific, distributed models of se-
mantic memory. Unlike unitary models of semantic rep-
resentations, domain-specific distributed models make
specific predictions about the relationship between how
information is acquired and how (and where) that infor-
mation is stored. In the present study, we test such a pre-
diction within the domain of visual knowledge retrieval.
Specifically, we used functional magnetic resonance
imaging (f MRI) to examine whether our knowledge
about the appearance of objects is distributed across dis-
tinct neural pathways involved in visual perception.

Research from the domains of visual perception (Unger-
leider & Mishkin, 1982) and visual semantic memory
(Kellenbach, Brett, & Patterson, 2001) has indicated that
there may be reason to expect differences in the brain ac-
tivity associated with the retrieval of different types of

visual attributes. On the basis of numerous studies of the
visual system in nonhuman primates, Ungerleider and
Mishkin proposed that two visual information-processing
streams flow forward from the primary visual cortex: the
ventral visual-processing stream identifies objects from
their visual features (i.e., “what”), whereas the dorsal
stream processes their spatial locations (i.e., “where”).
Neuropsychological evidence suggests that two routes
for visual information processing are also found in humans
and are involved in visual imagery tasks. For example,
Levine, Warach, and Farah (1985) observed dissociations
between imagery for visual and spatial information in
patients with ventral and dorsal lesions, respectively. An
alternative account of the dorsal versus ventral stream
division has been offered by Goodale and Milner (1992),
who argued that the key function of the dorsal stream is to
mediate visually guided motor movements. This account
of dorsal stream function has been supported by studies
of patients with parietal lesions, who have difficulty
forming the appropriate grasp size and orientation for
objects, despite their ability to adequately describe the
spatial location of these object (Jeannerod, 1988; Perenin
& Vighetto, 1988).

Thus, both Goodale and Milner (1992) and Ungerleider
and Mishkin (1982) have argued for a functional disso-
ciation between the dorsal and the ventral streams, al-
though they disagree about the function of the dorsal
stream. In both theories, however, the ventral stream is
proposed to be involved in object identification. Numerous
neuroimaging studies have supported the claim that visual
semantic information relevant to object identification is
stored in the ventral stream (Kellenbach et al., 2001; Lee
et al., 2002; Martin, Haxby, Lalonde, Wiggs, & Unger-
leider, 1995; Thompson-Schill, Aguirre, D’Esposito, &
Farah, 1999; Vandenberghe, Price, Wise, Josephs, &
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We investigated dorsal visual stream involvement in the retrieval of a variety of visual attributes of
common objects, using functional magnetic resonance imaging. Seven subjects made binary decisions
about the shape, color, and size of named objects during scanning. Bilateral parietal activity was sig-
nificantly greater during retrieval of shape and size information than during retrieval of color informa-
tion. Consistent with a domain-specific distributed model of semantic organization, the finding that
dorsal stream activity is associated with size and shape retrieval, as compared with color retrieval, may
indicate that both size and shape information are learned partly through dorsally mediated processes,
such as visually guided grasping. These results demonstrate that both visual-processing streams (i.e.,
the ventral “what” pathway and the dorsal “where” pathway) are involved in the storage and/or retrieval
of knowledge of object appearance but that, just as in vision, these two pathways may play different
roles in conceptual processing.
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Frackowiak, 1996; for a review of this literature, see
Thompson-Schill, 2003). For example, Chao and Martin
(1999) compared the activity associated with retrieving
the color of objects represented in grayscale object draw-
ings with the activity associated with viewing grayscale
Mondrian-type images; this comparison revealed activ-
ity in the left fusiform and lingual gyri and in the right
lingual gyrus. Some authors (e.g., Kellenbach et al.,
2001; Thompson-Schill et al., 1999) have pointed out
that ventral activity associated with visual attribute re-
trieval, such as the fusiform activity for color retrieval
described above (Chao & Martin, 1999), is consistent
with domain-specific distributed models of semantic
memory (e.g., Allport, 1985).

If the structures involved in the processing of visual
information are also involved in the forming or storing of
long-term representations of that information, one might
also expect semantic retrieval of at least some visual at-
tributes to activate regions in the dorsal visual-processing
stream. Consistent with this hypothesis, Kellenbach et al.
(2001) found dorsal stream activity associated with the
retrieval of object size. They argued that their results
were consistent with the what /where model of the two
visual streams. They hypothesized that size information
about objects is acquired through spatial comparison be-
tween objects and that retrieval of this information should
be associated with activity near the spatial-processing
mechanism in the dorsal stream.

Although this prediction follows logically when the
what /where model of dorsal stream function in considered
in the context of the domain-specific distributed model of
memory, one might also predict dorsal stream involve-
ment in size retrieval when the what /how model of dorsal
stream processing (Goodale & Milner, 1992) is consid-
ered in the context of domain-specific distributed models.
Goodale and Milner have argued that the dorsal visual-
processing stream serves to guide visually mediated ac-
tions, such as grasping. Because distributed models are
concerned primarily with how information is acquired ini-
tially, it follows that if the activity of reaching is one way
in which size information is learned and reaching is asso-
ciated with dorsal structures, dorsal structures should be
involved in the retrieval of size information. The same
prediction would also be made for any other visual se-
mantic attributes for which it is the case that a substantial
part of its representation is learned through grasping or
other behaviors mediated by the dorsal stream. In partic-
ular, if this hypothesis is correct, information about object
shape may also involve the dorsal stream.

The aim of the present f MRI study was to test the in-
volvement of the dorsal stream during size, shape, and
color retrieval tasks. On the basis of Kellenbach et al.’s
(2001) results, there was reason to believe that activity
may be found in the dorsal stream for semantic retrieval
of size information. However, previous studies in which
semantic retrieval by attribute type has been tested have
not included a shape retrieval condition for comparison
with color or size retrieval. In the present study, we ex-

amined the role of the posterior parietal cortex in the re-
trieval of a variety of visual attributes, in order to further
elucidate the distributed nature of semantic representa-
tions and, potentially, to extend our knowledge about the
function of the dorsal visual-processing stream.

METHOD

Subjects
Five males and 3 females participated in this fMRI study. However,

1 of the male subjects was excluded from analysis, due to excessive
motion. The subjects ranged in age from 18 to 28 years, and all were
right-handed native English speakers. They were also screened for his-
tory of psychiatric or neuropsychologica l illness and current use of
drugs affecting the central nervous system. Participation consisted of
a 15-min training session the day before the scan and a 2-h session,
which included about 1.5 h of scan time. The subjects gave informed
consent and were compensated $35 for their participation.

Materials
Each subject completed four tasks: three semantic retrieval tasks

and one nonsemantic (baseline) task. Each semantic retrieval task
required the subject to make a judgment about a named object on
the basis of a single visual attribute: shape, color, or size. The non-
semantic baseline task was lexical decision for abstract words and
pronounceable nonwords. For each of the three semantic tasks, the
subjects made judgments about 36 unique objects. Therefore, a
total of 108 stimuli were used. During the shape task, the subjects
were asked to judge whether the named object was composed of
more curved edges or more straight edges. For the color task, the
subjects were required to decide whether the named object was col-
ored or not colored (e.g., black, white, gray, silver, or clear). In the
size task, the subjects determined whether named objects were
small or large (no object was provided as a reference). In order to
select stimuli with high agreement, we conducted a survey of 20
volunteers (none of whom participated in the fMRI study). For each
task condition, half of the items were selected because they elicited
one of the two instructed responses (e.g., “large”) in at least 80% of
the survey subjects, whereas the other half of the items were selected
because they elicited the alternative response (e.g., “small”) in at
least 80% of the survey subjects. Items were balanced across se-
mantic task conditions for letter length, familiarity, word frequency
(log transformed), imageability, and concreteness, as rated in the
MRC Psycholinguistics Database (Wilson, 1987).

The nonsemantic (baseline) task was an auditory lexical decision
task. The subjects heard 135 pronounceable letter strings (67 words
and 68 nonwords) and were asked to determine whether each stim-
ulus they heard was a word or a nonword. The words used in the lex-
ical decision task were abstract words with MRC imageability and
concreteness ratings of below 400. All the words used in the lexi-
cal decision task were matched to the semantic task on letter length,
familiarity, and word frequency (log transformed), as rated in the
MRC Psycholinguistics Database (Wilson, 1987).

Each semantic retrieval task was presented in a single run of an
fMRI session, using an alternating blocked design. In each condi-
tion, blocks of nine experimental items alternated with blocks of
nine lexical decision items (see Figure 1). A single block of nine
practice trials was inserted before the blocked set of experimental
and baseline conditions. Items were pseudorandomized into blocks
so as to include roughly equal numbers of each type of response
(e.g., colored vs. not colored ) in each block of nine and so as to
make the blocks roughly the same in terms of concreteness, famil-
iarity, frequency, imageability, and letter length. Short instructions
preceded each block of trials to remind the subject which task to
perform. Each fMRI run included four experimental blocks (shape,
color, or size) and five baseline blocks (lexical decision). Stimuli
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were presented every 2 sec, and each block of stimuli was 20 sec
long (2 sec of instructions and 18 sec of stimuli). All materials were
recorded in SoundEdit 16 (Version 2), using a female voice for all
the stimuli and a male voice for all the instructional cues.

Procedure
Each subject visited the lab 1 or 2 days prior to the fMRI session

in order to practice the tasks and complete paperwork. During the
practice session, the subject was presented with a 63-item practice
set of nonexperimental items and was asked to perform a shortened
version of each type of experimental condition. For each attribute
task (size, shape, and color), two blocks of 4 items were alternated
with two blocks of 4 lexical decision items.

The subjects were scanned in a 1.5-T GE Signa scanner (G.E.
Medical Systems, Milwaukee, WI) using a standard head coil.
Foam padding was used to reduce head motion within the coil. For
each subject, T1-weighted anatomical scans were performed before
functional images were acquired. Next, each of the three experi-
mental conditions (shape, color, and size) was run in one of three
orders. During each of the three experimental task runs, the blood

oxygenation level dependent (BOLD) technique (Ogawa et al.,
1993) was used to acquire 90 sets of 21 interleaved, axial gradient
echo, echoplanar images at a rate of 2 sec per acquisition (TE 5 50,
64 3 64 pixels in a 24-cm field of view, voxel size 5 3.75 3 3.75 3
5 mm). Each experimental scan lasted 3 min 20 sec. Stimuli were
presented auditorily using PsyScope 1.2.5 software (Cohen,
MacWhinney, Flatt, Provost, 1993) on a Macintosh G3 Powerbook
in conjunction with Avotec’s auditory and visual presentation sys-
tem (Stuart, FL, www.avotec.org). To maintain synchrony between
image acquisition and stimulus presentation, initiation of stimulus
presentation was cued by a signal sent from the scanner. For all the
tasks, the subjects were asked to respond as quickly and accurately
as possible, using their thumbs on a four-button response pad. Stim-
uli in all conditions were presented every 2 sec. Responses were
made by simultaneously pressing the inner two buttons to indicate
one response (e.g., colored ) and the outer two buttons to indicate the
other response (e.g., not colored ).

As was discussed above, each experimental task included a prac-
tice set of items, which was presented for the first 20 sec of the run.
This practice set was included in order to reacquaint the subjects

Figure 1. The structure of a typical experimental task run for each condition.

http://www.avotec.org
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with the task and to allow time for steady state magnetization to
occur. The data from these practice trials were not included in ei-
ther the behavioral or the imaging analyses.

Image processing . Functional magnetic resonance images were
processed using VoxBo software (www.voxbo.org). Images from
the scanner were reconstructed and then sinc interpolated to ac-
commodate the interleaved acquisition sequence. A partial correla-
tion method was applied to each slice in time to identify and remove
spatially coherent signal changes due to motion over time (Zarahn,
Aguirre, & D’Esposito, 1997). A six-parameter, rigid-body trans-
formation was used to correct for additional motion (Friston et al.,
1995). Only subjects with fewer than 2 mm of displacement in any
direction (plane or angular path) were included in the analysis. This
criterion resulted in the exclusion of 1 subject. No spatial smooth-
ing or normalization was performed.

Image analysis. A general linear model for serially correlated
error terms (Worsley & Friston, 1995) was applied to each subject’s
individual data. Also included in the model was an estimate of intrin-
sic serial autocorrelation (Zarahn et al., 1997). Region-of-interest
analyses were performed within the hypothesis-specified regions
on individual, unnormalized subject brains. The regions of interest
were defined by drawing masks onto individual subjects’  anatomi-
cal images (see the Appendix for the specific criteria used and Fig-
ure 2 for a diagram of the regions of interest on an individual sub-
ject’s brain). For each subject, a mean time series was calculated by
averaging over all of the voxels in the region of interest. Contrasts
between experimental conditions and the baseline condition were
performed for all voxels for the average time series within each re-
gion of interest. In addition, direct contrasts between experimental
conditions were performed for all voxels within each region of in-
terest. The average time series across the voxels within each region

of interest was used to calculate a variance-normalized effect size
measure for each contrast. The effect sizes of the 7 subjects were
used as the dependent variable in a random effects analysis.

In addition to the region-of-interest approach described above, a
second region-of-interest approach was applied in ventral stream
locations on the basis of coordinates provided by previous research
on visual attribute retrieval. For all the analyses in which coordi-
nates were used to define a region or to describe the location of ac-
tivity, the data were first normalized into a standard space.

RESULTS

Behavioral Data
For each of the 7 subjects, accuracy (relative to re-

sponses given by 80% of the subjects in the norming
sample) and mean response time for correct trials were
calculated for each of the four trials (see Table 1). Re-
sponse time for correct response trials did not significantly
differ across experimental conditions [F(2,12) 5 0.19,
p , .82]. However, mean response time for the lexical
decision baseline task differed significantly from that for
the corresponding experimental task within each condi-
tion (see Table 1). The mean response time for the lexi-
cal decision task did not differ significantly across the
blocked conditions [e.g., lexical decision within the
color condition vs. lexical decision within the shape con-
dition; F(2,12) 5 0.84, p 5 .45]. There were no signifi-
cant differences in accuracy for the color, shape, and size

Figure 2. Anatomical masks for each region of interest as seen in one of the 7 subjects. Blue, fusiform gyrus;
orange, inferior parietal lobule; green, superior parietal lobule; yellow, precuneus.
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conditions [F(2,12) 5 1.00, p 5 .40]. Accuracy was not
significantly different in the baseline lexical decision
task for any of these three tasks [F(2,12) 5 0.41, p 5
.67]. Also, t tests revealed no significant differences in
accuracy between each of the experimental conditions
and its corresponding baseline (see Table 1).

Imaging Data
Anatomically defined regions of interest. There

were two types of planned comparisons that were tested
within this data set. The first was a comparison of each
semantic retrieval task with the baseline in each of the
anatomically defined regions. No main effects were
found in the fusiform gyrus for any of the three retrieval
tasks (all ts , 1). Activity was expected in this region
for all three of the semantic retrieval conditions. The
failure to find activity in this region is likely to have been
due to the size of the area tested relative to the size of the
expected activity, and this issue is addressed in the Func-
tionally Defined Regions of Interest section. There were
no regions in which size retrieval produced significantly
more activity than the baseline task. However, retrieval
of shape information relative to the baseline task was as-
sociated with activity in the inferior parietal lobule bi-

laterally and the left superior parietal lobule, and re-
trieval of color information relative to the baseline task
was associated with activity in the left inferior parietal
lobule as well. For a full summary of the main effects for
each task in each region, see Table 2.

The second of our planned comparisons, a weighted
contrast of size retrieval relative to shape and color re-
trieval, was performed. None of the regions tested was
found to be significantly more active for size retrieval
than for shape and color retrieval (see Table 2). Analo-
gous weighted contrasts were performed post hoc for
each of the other two experimental conditions. No re-
gions in the dorsal or the ventral streams were found to
be significantly active for shape retrieval, relative to
color and size retrieval. However, a direct comparison of
shape and size with the color condition revealed signifi-
cant effects in two of the dorsal regions tested [right in-
ferior parietal lobule, t(6) 5 3.13, p 5 .02; left superior
parietal lobule, t(6) 5 3.04, p 5 .02]. In addition, the
right precuneus showed marginally significant activity
for this contrast [t(6) 5 2.83, p 5 .03]. No significant ef-
fects for this contrast were found in either the left or the
right fusiform gyrus or in the left inferior parietal lobule
(all ts , 1.6).

Table 1
Average Response Times (RTs, in Milliseconds), Accuracy (in Percentage Correct) for Each Experimental

Condition and for the Nonsemantic Baseline Corresponding to Each Experimental Condition, 
and t Values for Semantic to Nonsemantic Comparisons

Semantic Nonsemantic Semantic Nonsemantic
RT RT t Values Accuracy Accuracy t Values

Condition M SD M SD (RT) M SD M SD (Accuracy)

Color 1,162 77 1,087 123 2.44 88.4 5 90.5 5 0.54
Shape 1,145 102 1,101 144 3.10 89.1 4 89.8 5 0.32
Size 1,146 89 1,074 105 3.97 91.7 3 92.1 3 0.24

Table 2
Test Statistics ( t Ratios) for the Averaged Effect Sizes of the 7 Subjects for Each Contrast at Each Region

of Interest: Weighted Contrasts, Direct Contrasts Between Pairs of Experimental Conditions, and the
Main Effects for Each Condition Relative to a Baseline Lexical Decision Task for Each Region

Left Right Left Right Left Right Left Right
Contrast Fusiform Fusiform IPL IPL SPL SPL Precuneus Precuneus

Weighted Direct
Size – (shape + color) 20.4 20.3 22.1 20.8 21.4 1 20.1 21.1
Shape – (size + color) 0 21.2 22.1 21.1 2 21.4 22.2 21.7
Color – (size + shape) 20.5 21.5 20.5 23.1* 23*2 22.3 22.4 22.8

Direct
Size – color 20.5 21.1 21.2 21.9 22.5 2 21.4 21.9
Shape – color 20.4 21.6 21.6 22.4 22.9 22.1 22.8 2 3.5*
Size – shape 20.2 20.5 22.2 20.1 20.3 20.3 21.1 0

Main Effects (Attribute Retrieval 2 Lexical Decision)
Size 2 baseline 20.8 20.1 21.9 22.2 21.6 20.8 20.1 20.6
Shape – baseline 20.7 20.6 2 8.5* 2 2.8* 2 3.8* 21.3 21.7 20.8
Color – baseline 20.8 21.2 2 2.8* 20.2 20.5 20.7 21.2 21.8

Note—IPL, inferior parietal lobule; SPL, superior parietal lobule. *Significant at the p , .05 level for the main
effects and the planned contrast of size – (shape 1 color), at the p , .025 level for the other two weighted direct con-
trasts [i.e., shape – (size 1 color) and color – (size 1 shape)], and at the p , .0166 level for the direct contrasts.
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In addition, post hoc direct contrasts were performed
in each region between each pairwise combination of
conditions, and the resulting effect sizes were averaged
across subjects and tested against a null hypothesis of no
activation. The effects resulting from these contrasts
were as follows: Shape showed significantly greater ac-
tivity than did color in the right precuneus [t(6) 5 3.48,
p 5 .013] and marginally greater activity in the left su-
perior parietal lobule [t(6) 5 2.92, p 5 .027] and the left
precuneus [t(6) 5 2.78, p 5 .032].

Functionally defined regions of interest. As was
suggested above, it may have been the case that the
anatomical regions of interest employed in the fusiform
gyrus analysis above were too large to detect activity as-
sociated with visual attribute retrieval. Given that many
other studies have shown activity in the ventral stream
associated with visual attribute retrieval, there is reason to
depart from the anatomical approach that was adopted for
the exploratory analysis of the dorsal visual-processing
stream. Therefore, a second region-of-interest approach
was applied to the fusiform gyrus. In order to apply a
functionally defined region-of-interest approach, our
images were normalized, and coordinates were selected
from previous research studies in which color (e.g., Chao
& Martin, 1999) and size (e.g., Rossion et al., 2000) re-
trieval were tested separately. Because there were no
studies in which shape retrieval was specifically tested,
the coordinate selected to test for activity associated with
our shape retrieval task was drawn from a study in which
shape perception was tested for (e.g., Martin, Wiggs,
Ungerleider, & Haxby, 1996). The Talairach coordinates
(Talairach & Tournoux, 1988) for local maxima of ac-
tivity in the ventral stream for each of the selected re-
search studies were used as the center of a 27-voxel spher-
ical region tested in our present data set.

We would have preferred to use Kellenbach et al.’s
(2001) local maxima for size retrieval, because theirs
was the most recent study of size knowledge retrieval,
but the local maxima that they obtained in their PET
study were outside our data collection range. Specifically,
the local maxima that they reported were lower in the z
dimension than our data coverage range. Instead, we
formed a spherical region of interest around a coordinate
reported by Rossion et al. (2000) for a size retrieval task.
Rossion et al.’s size task required subjects to decide
which of two visually presented animals was the larger
or smaller one in its real size (the animals were presented
out of context, and not in consistent size relationship
with the paired animal). Our size task was found to acti-
vate the portion of the left fusiform gyrus (242, 248,
214) that was defined on the basis of Rossion et al.’s
local maxima for size knowledge retrieval [t(6) 5 2.82,
p 5 .02]. Of the three fusiform gyrus coordinates that
Rossion et al. reported to be associated with size re-
trieval, this one was chosen as the closest in the z di-
mension to the coordinate reported by Kellenbach et al.
(2001) for size retrieval, relative to baseline.

Since most studies of visual knowledge retrieval have
not singled out shape retrieval from other types of visual

attribute retrieval, a shape perception task (Martin et al.,
1996) was used to define the functional region of inter-
est to test for shape activity in our data set. Martin et al.
(1996) compared activity associated with viewing non-
sense objects relative to viewing visual noise. Martin
et al. (1996) proposed that the response of this ventral
stream region to nonsense objects may indicate its in-
volvement in shape processing during perception. In the
present study, we found no significant activity for our
shape retrieval task in the regions of interest defined
using the coordinates from Martin et al.’s study [left in-
ferior occipital/fusiform gyrus, 238, 282, 24; t(6) 5
0.42, p 5 .35; right inferior occipital/fusiform gyrus, 34,
272, 28; t(6) 5 0.15, p 5 .44]. However, multiple stud-
ies of semantic memory retrieval have shown activity that
is 1–2 cm anterior to sensorimotor regions (for a review,
see Thompson-Schill, 2003). It is possible that retrieval
of form information from memory involves brain re-
gions that are also shifted relative to the regions involved
in form perception.

Color knowledge retrieval is the most extensively
studied out of the three visual attributes that were inves-
tigated in our study. The coordinates we selected to de-
fine the functional region of interest for color knowledge
retrieval were gathered from a portion of Chao and Mar-
tin’s (1999) PET study, in which colors were generated
for objects presented in grayscale. Chao and Martin’s
study on color retrieval was chosen because Martin et al.
(1996) tested semantic retrieval of color information on
multiple occasions and this particular study included a
comprehensive test of color knowledge. When our color
retrieval task was compared with the baseline task in the
sphere formed around the coordinates of Chao and Mar-
tin’s local maxima in each hemisphere, a trend was ob-
served in the left fusiform gyrus [BA 18: 238, 276, 28
in Talairach space; t(6) 5 1.43, p 5 .10] but not in the
right [BA 19: 38, 264, 216; t(6) 5 21.75, p 5 .93].

Whole-Brain Analysis
A whole-brain analysis was performed to provide

readers with a visual reference for the activity observed
across subjects. T maps of each of the main effects at a
threshold of t . 6.5, p , .0006, uncorrected, can be
viewed in Figures 3–5. Also, Tables 3–5 provide the co-
ordinates of local maxima at a threshold of 6.5. None of
the whole-brain analyses revealed significant activity at
a Bonferroni corrected threshold of t(6) 5 16.96.

DISCUSSION

Previous investigators of the neural basis of visual
knowledge have focused on the role of the ventral visual
stream (e.g., the fusiform gyrus) in conceptual retrieval.
In this study, we examined whether retrieval of different
types of visual attributes—namely, color, shape, and
size—would differentially involve the dorsal visual-
processing stream. Consistent with domain-specific dis-
tributed models of semantic memory (e.g., Allport, 1985),
retrieval of different types of visual attribute knowledge
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were associated with different sensorimotor areas. Specif-
ically, in this study, we reported differences in the in-
volvement of the posterior parietal cortex during re-
trieval of shape and size knowledge, relative to retrieval
of color knowledge. We found left superior parietal lob-
ule and right inferior parietal lobule activity for the
weighted comparison of size and shape retrieval with
color retrieval. Furthermore, direct contrasts of shape and
color retrieval revealed that shape retrieval was associ-
ated with significant activation of the right precuneus.

In a similar study, Kellenbach et al. (2001) proposed that
spatial processing may be necessary for the acquisition
of knowledge about the size of objects (e.g., determina-
tion of location in order to infer actual size, comparison
with other objects in the environment). Domain-specific
models of semantic memory (e.g., Allport, 1985) de-
scribe distributed networks of conceptual knowledge
that are linked to the sensorimotor areas involved in per-
ception of those attributes. Following these accounts,
one would predict that cortical areas involved in spatial
processing would also be active during retrieval of
knowledge about object size. In line with their hypothe-
sis, Kellenbach et al. found greater activity for size re-

trieval than for color retrieval in the precuneus, a region
within the dorsal visual-processing stream. In contrast,
they reported color retrieval to be associated with ven-
tral, inferior temporal lobe activity, but not with poste-
rior parietal activity. The authors acknowledged that me-
dial dorsal areas, such as the precuneus, are less commonly
associated with spatial processing than are lateral pari-
etal regions. Nonetheless, the general hypothesis that 
retrieval of size information involves dorsal stream pro-
cessing that is not common to shape and color informa-
tion is supported by some of the neuropsychological lit-
erature. Specifically, Coltheart et al. (1998) have reported
a patient who had spared size knowledge with deficits
for other visual attributes, such as shape and color.

On the basis of the results of Kellenbach et al.’s (2001)
study, we expected that size would activate a region
within the dorsal stream, whereas color would not. This
hypothesis is also consistent with proposals made in both
the semantic memory literature and the mental imagery
literature. In their review of the literature on mental im-
agery, Kosslyn and Thompson (2000) drew a distinction
between spatial imagery and figural imagery: Spatial
imagery focuses on spatial relations, whereas figural im-

Figure 3. Shape retrieval . baseline thresholded at t . 6.5. White, ac-
tivation; black, deactivation.

R L
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agery involves retrieval of shape and other object fea-
tures to form a low-resolution image. They related spa-
tial imagery to the posterior parietal lobe and figural im-
agery to the posterior, inferior temporal lobe. Therefore,
the semantic memory literature and the mental imagery
literature both draw a division between dorsal and ven-
tral stream processing and relate retrieval of spatial in-
formation to the dorsal stream.

Retrieval of size knowledge did activate regions of the
dorsal visual-processing stream, as predicted by Kellen-
bach et al. (2001). However, the inclusion of a shape re-
trieval task in the present design suggests a somewhat
different interpretation of the results.

The novel finding in the present study was that shape
retrieval activated the posterior parietal cortex. Shape re-
trieval has generally been suggested to be associated
with ventral stream activity in both the semantic memory
literature and the mental imagery literature (Ishai, Unger-
leider, Martin, & Haxby, 2000; Ishai, Ungerleider, Martin,
Schouten, & Haxby, 1999; Kosslyn & Thompson, 2000).
Indeed, Lambert, Sampaio, Scheiber, and Mauss’s (2002)
animal imagery study is the only mental imagery study
to our knowledge that has reported dorsal stream activity
associated with imagery in a nonspatial task. Other mental

imagery research has found posterior parietal activity
only in shape tasks that were particularly spatial in nature
(e.g., Mellet et al., 1996). However, visual perception re-
search in animals (Sakata et al., 1997; Sereno, Trinath,
Augath, & Logothetis, 2002) and humans (Faillenot,
Toni, Decety, Gregoire, & Jeannerod, 1997; Kourtzi &
Kanwisher, 2000; Kraut, Hart, Soher, & Gordon, 1997)
has suggested a role for the dorsal stream in the pro-
cessing of shape information. Furthermore, some neu-
ropsychological research is consistent with a functional
dissociation of color and other visual attributes. For ex-
ample, Miceli et al. (2001) have reported a patient who
had impaired knowledge of object color as a result of a
stroke. Despite her loss of color knowledge, her knowl-
edge of object form, size, and function was reported to
be intact. Various explanations for the finding of dorsal
stream activity during shape retrieval will be proposed
below.

On the basis of previous studies of semantic retrieval
of visual information (Kellenbach et al., 2001; Martin
et al., 1995; Thompson-Schill et al., 1999; Vanden-
berghe et al., 1996), it was expected that the shape, color,
and size retrieval tasks would activate the ventral tem-
poral lobe. In the absence of any neuroimaging studies

Figure 4. Size . baseline thresholded at t . 6.5. White, activation;
black, deactivation.
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testing semantic retrieval of shape information specifi-
cally, ventral temporal activity was hypothesized on the
basis of results from general visual attribute retrieval
(e.g., Thompson-Schill et al., 1999) and from studies of
mental imagery (e.g., D’Esposito et al., 1997; Lambert
et al., 2002). A significant effect for size retrieval and a
marginally significant effect for color retrieval was
found in the fusiform gyrus when the images were nor-
malized and regions of interest were formed around co-
ordinates drawn from previous literature.

Interpretations of Dorsal Stream Activity
Associated With Shape Retrieval

The central finding in this study was the observation
of greater activation for size and shape versus color re-
trieval in the dorsal stream. There are a number of inter-
pretations of this result that we will consider here. One
class of interpretations has to do with the acquisition of
knowledge about size and shape and the reasons acqui-
sition of this knowledge involves the posterior parietal
cortex, whereas acquisition of color knowledge does not.
The dorsal stream is preferentially involved in the pro-
cessing of certain kinds of visual information about ob-
jects; therefore, it should be preferentially involved in

the retrieval of this kind of information, according to dis-
tributed models of semantic memory (e.g., Allport,
1985). The specific pattern of greater dorsal activity dur-
ing shape and size versus color retrieval might indicate
dorsal stream involvement in the processing of shape and
size information, either because acquisition of this in-
formation involves spatial processors or because it in-
volves grasping or tactile interaction. Each of these hy-
potheses will be discussed in more detail below. In a
second class of interpretations, the possibility that the
observed parietal activation has less to do with the rep-
resentations of size and shape than with the processing
demands present in this particular experiment is consid-
ered. That is, the dorsal stream might have been activated
in our experiment because of specific requirements of
our tasks that might not be present in all shape and size
retrieval tasks. We will consider both kinds of explana-
tions in turn.

One interpretation of this result is that the perception
of shape and size both involve spatial processing and, as
a consequence, retrieval of shape and size knowledge ac-
tivates dorsal visual stream regions involved in spatial
processing (i.e., the “where” pathway; Ungerleider &
Mishkin, 1982). As was mentioned earlier, size retrieval

Figure 5. Color retrieval . baseline thresholded at t . 6.5. White, ac-
tivation; black, deactivation.
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has been thought to involve spatial processors, due to the
spatial comparisons made between objects during size
discrimination (Kellenbach et al., 2001). Even if objects
need not be compared against one another to glean shape
information, there still may be spatial comparisons at
work during shape discrimination. Objects may be spa-
tially processed as the parts and angles within the object
are integrated into a united shape, separate from the
background. Neither between-object nor within-object
spatial comparisons seem likely to be utilized during
color perception. Therefore, under this explanation, size
retrieval involves spatial comparisons between objects,
shape retrieval involves spatial comparisons within ob-
jects, and color retrieval involves no spatial comparisons
whatsoever. However, arguing against this explanation is
the fact that most patients with spatial-processing impair-
ments are not impaired in identifying objects (Jeannerod,
Decety, & Michel, 1994; Rizzo & Vecera, 2002).

Another possible explanation of this result is that per-
ception of object shape and size is informed, in part, by
sensorimotor interactions and, thus, retrieval of shape
and size knowledge activates dorsal visual stream re-
gions involved in visually mediated actions (e.g., the
“how” pathway; Goodale & Milner, 1992). In other
words, one source of knowledge of object shape and size
is information acquired by the grasping of objects: When
a person reaches to grasp an object, he or she must esti-
mate the absolute size and the shape of the object. As he
or she comes closer to the object, he or she may reassess
the size and shape of the object and so learn about these
attributes during the reaching and grasping process. If
size and shape information can be learned in this way,
distributed models of semantic memory would predict
that part of the representation of size and shape infor-
mation should be in the dorsal stream, with the areas

mediating grasping. In contrast, no new information can
be learned about the color of an object by attempting to
grasp the object. Therefore, one would not expect color
to have a representation in the dorsal stream.1

The role of the parietal lobe in visually mediated
grasping has been well documented in electrophysiolog-
ical studies with nonhuman primates (see Creem & Prof-
fitt, 2001, for an in-depth review of the human and pri-
mate literature on dorsal stream function). Murata,
Sakata, and colleagues have reported form-selective
neurons in the anterior intraparietal sulcus (AIP) of mon-
keys trained to grasp objects of various shapes (Murata,
Gallese, Kaseda, & Sakata, 1996; Murata, Gallese, Lup-
pino, Kaseda, & Sakata, 2000; Sakata, Taira, Murata, &
Mine, 1995; Taira, Mine, Georgopoulos, Murata, &
Sakata, 1990). Murata et al. (2000) described two differ-
ent types of shape-selective neurons in the AIP. One type
responds most strongly to a preferred object form when-
ever it is visually presented, regardless of whether the
object is actually being grasped. The second type also
responds most strongly when its preferred object is vis-
ible but increases its firing rate during grasping of the
preferred stimulus. These neuron types seem to code in-
formation about the form of objects. In addition, they re-
ported other neurons in the AIP that responded only at
the moment its preferred object was grasped, regardless
of whether the object was in view (light) or not in view
(dark). These neurons may code for the particular hand
postures associated with gripping particular objects. The
results of this study and others by this group (Sakata
et al., 1997) suggest that the AIP is involved with three-
dimensional shape perception, in addition to the infero-
temporal cortex, as reported by Janssen, Vogels, and
Orban (2000). Sakata et al. (1995) proposed that the vi-
sual neurons in the AIP serve to send visual/spatial in-

Table 3
Local Maxima for Shape Retrieval 2 Baseline

Coordinate

Region Hemisphere x y z T BA Structure

Frontal lobe Left 248 240 26 7.58 47 inferior frontal gyrus
248 226 2 3 7.22 45 inferior frontal gyrus
245 222 213 11.93 45 inferior frontal gyrus
215 230 226 7.12 32 medial frontal gyrus
237 22 232 6.54 6 precentral gyrus
222 225 218 7.92 11 middle frontal gyrus
245 243 215 6.80 12 middle frontal gyrus

Temporal lobe Left 233 22 234 11.20 21 middle temporal gyrus
237 223 215 8.32 36 parahippocampal gyrus

Occipital lobe Left 233 282 232 8.34 19 superior occipital gyrus
Right 226 286 232 7.36 19 cuneus

Parietal lobe Left 241 259 240 8.16 40 inferior parietal lobule
230 268 231 15.89 19 precuneus
241 257 235 13.76 39 angular gyrus

Right 237 278 236 8.13 19 precuneus
241 245 252 7.93 40 inferior parietal lobule

Subcortical Left 233 217 219 6.88 13 insula
211 233 2 2 8.65 thalamus
215 218 2 6 12.21 thalamus

Right 230 256 222 6.58 right cerebellum

Note—The threshold to maintain a mapwise µ 5 .05 for significance is t . 16.96.
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formation on to the premotor cortex to elicit a motor plan
for grasping the object. The premotor cortex may then
send feedback signals to the AIP that allow it to compare
the visual and motor information about the object and
the planned grasp. The AIP then returns signals to the
premotor cortex that either facilitate the plan of action or
inhibit the original plan, so that signals to adjust the hand
shape or maintain its posture are conveyed from the pre-
motor cortex to the primary motor cortex.

Contributing to this body of knowledge on the rela-
tionship of the AIP area to grasping, Gallese, Murata,
Kaseda, Niki, and Sakata (1994) reported that inhibiting
activity in the AIP by way of an injected GABA agonist
served to impair monkeys’ ability to shape the hand ap-
propriately to grasp objects. In their review of the litera-
ture on parietal lobe function, Culham and Kanwisher
(2001) noted that the monkey AIP probably corresponds
to the AIP in humans, and this area has also been impli-
cated in human grasping behavior, on the basis of neuro-
imaging evidence (Binkofski et al., 1998; Faillenot et al.,
1997). In addition, Buxbaum and Saffran (2002) have
reported that nine patients with left inferior parietal dam-
age were impaired in their ability to recognize and form
the appropriate grasp shape for familiar objects but were
able to form the appropriate grasp shape for novel ob-
jects presented to them. This finding suggests that pa-
tients with damage to this region have suffered damage

to their ability to recall the hand postures that go with fa-
miliar objects. In light of these findings, the result of the
present study—that retrieval of shape and size informa-
tion activates the dorsal visual-processing stream—is
also in line with the predictions of domain-specific dis-
tributed models. Jeannerod (1997) makes a similar pro-
posal regarding storage of visual information, although
he suggests that the representation of information in the
dorsal stream is pragmatic, rather than semantic.

A related interpretation of the central finding of this
study is based on differences in the modality of acquisi-
tion of each type of attribute. Size and shape informa-
tion can be learned through tactile interaction, in addi-
tion to visual interaction. Thus, the additional activity
found in the dorsal stream for size and shape retrieval
over color retrieval could reflect the impact of tactile in-
formation obtained through the grasping and touching of
objects, rather than knowledge acquisition based on the
involvement of visual codes that guide grasping. This in-
terpretation would provide further support for domain-
specific distributed models under which retrieval of se-
mantic information is thought to involve the regions by
which the information was originally acquired.

These three explanations—based on differences in
spatial, tactile, and grasping information for shape and
size, relative to color perception—all make predictions
about differences in the representation of knowledge of

Table 4
Local Maxima for Size Retrieval 2 Baseline

Coordinate

Region Hemisphere x y z T BA Structure

Frontal lobe Left 252 226 28 7.03 45 inferior frontal gyrus
248 226 213 7.68 46 inferior frontal gyrus
248 21 228 7.78 6 precentral gyrus

Right 233 29 236 9.22 9 precentral gyrus
Temporal lobe Left 226 241 223 10.69 20 fusiform gyrus

245 279 222 11.24 39 middle temporal gyrus
24 25 237 7.35 24 cingulate gyrus

Right 222 29 241 7.17 32 cingulate gyrus
Occipital lobe Left 215 263 29 9.72 19 lingual gyrus

211 269 23 9.27 18 lingual gyrus
Parietal lobe Right 219 245 253 8.31 7 precuneus
Subcortical Left 20 226 211 7.08 red nucleus

Note—The threshold to maintain a mapwise µ 5 .05 for significance is t . 16.96.

Table 5
Local Maxima for the Contrast Color 2 Baseline

Coordinate

Region Hemisphere x y z T BA Structure

Frontal lobe Left 245 232 210 10.58 47 inferior frontal gyrus
Right 233 232 218 8.38 47 inferior frontal gyrus

Temporal lobe Left 237 211 216 7.01 20 sub-gyral
256 259 218 7.69 37 fusiform gyrus

Occipital lobe Left 233 278 232 12.46 19 superior occipital gyrus
Parietal lobe Left 256 249 235 7.17 40 supramarginal gyrus

230 274 241 7.86 19 precuneus
Subcortical Right 230 221 219 9.12 claustrum

Note—The threshold to maintain a mapwise µ 5 .05 for significance is t . 16.96.
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these visual attributes. However, the present study (and
perhaps any f MRI study) is unable to distinguish be-
tween activity reflecting the location of stored informa-
tion and activation related to on-line computation of
these properties.

Therefore, one possibility that cannot be ruled out is
that the present results may have been a consequence of
the specific tasks used and, thus, may not indicate rep-
resentational differences between visual semantic attrib-
utes per se. In the shape retrieval task, the subjects were
asked to decide whether a named object was “mostly
curved or mostly straight.” The subjects may have men-
tally rotated each named object during this task, so as to
check the majority of its edges for curvature. Mental ro-
tation is generally associated with activation in parietal
regions (Alivisatos & Petrides, 1997; Podzebenko, Egan,
& Watson, 2002). Because the size and color tasks were
not likely to have evoked such processing, a mental ro-
tation explanation for the dorsal activity associated with
the shape task is plausible. Under this explanation, size
and shape activate the posterior parts of the parietal lobe
for different reasons: mental rotation for shape and spa-
tial comparison for size.

A second task-based explanation is that the subjects
may have mentally imagined grasping the objects during
the size and shape tasks, but not during the color task. In
other words, dorsal stream activation might reflect pro-
cesses that are incidental to the semantic retrieval pro-
cess, and not something about semantic retrieval per se.
In determining the size of objects in the present study,
the subjects may have considered the size relationship
between each object and his or her body. For example,
the subjects might have considered whether or not the
object could be held in their hands. Similarly, in order to
determine the shape of each object named in the shape
task, the subjects might have thought about what the ob-
ject would feel like in their hands. Therefore, both the
shape and the size retrieval tasks may have evoked dor-
sal processing because the subjects envisioned grasping
the named objects. Such a strategy is plausible, given
that in both conditions, many of the items were manipu-
lable. This explanation differs from the knowledge ac-
quisition accounts described above, insofar as grasping
imagery is utilized on line during the shape and size re-
trieval tasks but is not necessary for retrieval of this in-
formation.

Another possibility is that one property, such as size
knowledge, may be stored in the parietal lobes and another,
such as shape, recruits these regions during retrieval be-
cause retrieval of shape knowledge automatically involves
retrieval of size information. This possibility cannot be
ruled out, but it is still interesting that retrieval of one
type of visual attribute information—shape information,
for example—would consistently be associated with re-
trieval of another type of attribute (e.g., size), but not of
other visual attributes, such as color.

In sum, we found dorsal stream activity associated
with size and shape retrieval relative to color retrieval.
These results are consistent with domain-specific dis-

tributed models of semantic memory and suggest that
shape information has a representation in the dorsal
stream that may be related to spatial processing, tactile
processing, or processing of visual information to guide
reaching behavior. However, it is possible that these re-
sults may relate to the specific task used. These inter-
pretations are not mutually exclusive, and the dorsal
stream activity seen in this study could be due to a com-
bination of two or more of the explanations discussed.
Future studies will be necessary to address these and,
perhaps, other interpretations of the role of the dorsal
visual-processing stream in retrieval of knowledge of
object appearance. Either way, the results point to inter-
esting differences between retrieval of different aspects
of visual knowledge that may inform theories of the role
of the dorsal visual-processing stream.
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NOTE

1. Hu and Goodale (2000) argued that when size information and
other spatial information are used by the dorsal stream for reaching, it
is calculated on line. Due to the ever-changing status of this egocentric
spatial information, Hu and Goodale argued that it would not be useful
to store the spatial information in the dorsal stream long term. Rather,
they proposed that long-term knowledge of size and other spatial at-
tributes would be stored in the ventral stream. Therefore, the proposal
that dorsal activity for shape and size may occur because grasping was
utilized to learn this attribute information is an extension of the claims
of Goodale and Milner’s (1992) proposal.

(Continued on next page)

http://www.psy.uwa.edu.au/mrcdatabase/mrc2.html
http://www.psy.uwa.edu.au/mrcdatabase/mrc2.html
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2996L.9379[aid=212478]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0896-6273^28^2927L.385[aid=5574661]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-3932^28^2932L.369[aid=296610]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2920L.3310[aid=1426639]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-3878^28^2948L.1416[aid=1893174]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-8993^28^29924L.176[aid=5574663]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0959-4965^28^2913L.1497[aid=5376271]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-3878^28^2935L.1010[aid=297414]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29270L.102[aid=211735]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29379L.649[aid=57432]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2916L.6504[aid=211864]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1097-6256^28^294L.662[aid=5574664]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3077^28^2975L.2180[aid=5256077]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3077^28^2983L.2580[aid=3516194]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-3495^28^2964L.803[aid=2851721]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-8950^28^29111L.643[aid=216241]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1053-8119^28^2915L.547[aid=4832075]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3050^28^2972L.162[aid=5574665]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0010-9452^28^2936L.579[aid=5574666]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1047-3211^28^295L.429[aid=308904]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0896-6273^28^2933L.635[aid=2851753]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-4819^28^2983L.29[aid=297347]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-3932^28^2941L.280[aid=5574667]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-3932^28^2937L.671[aid=297979]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29383L.254[aid=212377]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-8950^28^29107L.829[aid=212379]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1053-8119^28^292L.173[aid=211891]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1053-8119^28^295L.179[aid=847846]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2996L.9379[aid=212478]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-3878^28^2935L.1010[aid=297414]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29379L.649[aid=57432]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0270-6474^28^2916L.6504[aid=211864]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3077^28^2975L.2180[aid=5256077]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3077^28^2983L.2580[aid=3516194]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1053-8119^28^2915L.547[aid=4832075]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3050^28^2972L.162[aid=5574665]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-4819^28^2983L.29[aid=297347]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-3932^28^2941L.280[aid=5574667]


322 OLIVER AND THOMPSON-SCHILL

APPENDIX
Mask Drawing Criteria

When a border is not specified, the mask extends out to the end of the gray matter so as to include only vox-
els that are at least 50% gray matter.

Fusiform Gyrus
Specifically, the posterior portion of the fusiform gyrus was the first region of interest investigated. The

average mask size in the left fusiform was 90 voxels (SD 5 34 voxels). The average mask size in the right
fusiform was 98 voxels (SD 5 20 voxels). The anterior boundary used to define this region was either the lat-
eral curvature of the collateral sulcus or a horizontal match to the anterior-most part of the cerebellum as seen
in an axial view. The posterior boundary was the posterior portion of the collateral sulcus. This area was bor-
dered medially by the cerebellum and by the collateral sulcus, when present. Laterally, the lateral occipito-
temporal sulcus served as a border when present, and more superiorly, the temporo-occipital incisure served
as a lateral boundary.

Inferior Parietal Lobule
The inferior parietal lobule was defined as the areas titled inferior parietal, second parieto-occipital “pli de

plassage,” the supramarginal gyrus, and the angular gyrus. The average mask size in the left inferior parietal
lobule was 392 voxels (SD 5 106 voxels). The mean mask size in the right inferior parietal lobule was 392
voxels (SD 5 37 voxels). The inferior parietal area was bordered anteriorly by the postcentral gyrus and pos-
teriorly by the posterior segment of the lateral fissure. The second parieto-occipital “pli de plassage” was bor-
dered anteriorly by the ascending posterior segment of the superior temporal sulcus and was bordered poste-
riorly by the intra-occipital sulcus. For both the inferior parietal and the parieto-occipital “pli de plassage,”
the mask extended medially to the end of the gray matter, encompassing voxels that either were at least 50%
gray matter or were within the borders of gray matter defining the region. Superiorly, the supramarginal gyrus,
was included in the mask and was bordered anteriorly by the postcentral sulcus. Also, the superior portion of
the inferior parietal lobule mask, the angular gyrus, was included in the mask and was bordered posteriorly
by the intraparietal sulcus and the superior parietal gyrus.

Superior Parietal Lobule
The superior parietal lobule mask included the first parieto-occipital “pli de passage,” the superior parietal

gyrus (P1), and the bridging lobule across the intraparietal sulcus. The mean size of the left superior parietal lob-
ule was 221 voxels (SD 5 59 voxels). The mean size of the right superior parietal lobule was 237 voxels (SD 5
50 voxels). The first parieto-occipital “pli de passage” was bordered laterally by the intraoccipital sulcus and
anteriorly by the parieto-occipital fissure. The superior parietal gyrus (P1) was bordered laterally by the intra-
parietal sulcus and anteriorly by the precuneus. The bridging lobule across the intraparietal sulcus was also
included in the mask and was bordered laterally and medially by the intraparietal sulcus.

Precuneus
The precuneus mask included only the precuneus. The mean mask size in the left precuneus was 146 vox-

els (SD 5 32 voxels). The mean mask size in the right precuneus was 140 voxels (SD 5 29 voxels). This in-
ferior part of this region was bordered anteriorly by the cingulated gyrus and posteriorly by the parieto-
occipital fissure. More superiorly, the precuneus was bordered by the superior parietal gyrus (P1) posteriorly
and the cingulated gyrus anteriorly. Further posteriorly still, it was bordered by the subparietal sulcus anteri-
orly and the superior parietal gyrus posteriorly (P1). In its most superior portions, the precuneus was bordered
by the cingulate sulcus.
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