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The distribution of category and location information
across object-selective regions in human visual cortex
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Since Ungerleider and Mishkin [Underleider LG, Mishkin M (1982)
Two cortical visual systems. Analysis of Visual Behavior, eds Ingle
MA, Goodale MI, Masfield RIW (MIT Press, Cambridge, MA), pp
549-586] proposed separate visual pathways for processing object
shape and location, steady progress has been made in character-
izing the organization of the two kinds of information in extra-
striate visual cortex in humans. However, to date, there has been
no broad-based survey of category and location information across
all major functionally defined object-selective regions. In this
study, we used an fMRI region-of-interest (ROI) approach to
identify eight regions characterized by their strong selectivity for
particular object categories (faces, scenes, bodies, and objects).
Participants viewed four types of stimuli (faces, scenes, bodies, and
cars) appearing in each of three different spatial locations (above,
below, or at fixation). Analyses based on the mean response and
voxelwise patterns of response in each ROI reveal location infor-
mation in almost all of the known object-selective regions. Fur-
thermore, category and location information can be read out
independently of one another such that most regions contain both
position-invariant category information and category-invariant
position information. Finally, we find substantially more location
information in ROIs on the lateral than those on the ventral surface
of the brain, even though these regions have equal amounts of
category information. Although the presence of both location and
category information in most object-selective regions argues
against a strict physical separation of processing streams for object
shape and location, the ability to extract position-invariant cate-
gory information and category-invariant position information
from the same neural population indicates that form and location
information nonetheless remain functionally independent.

fusiform face area | position invariance | parahippocampal place area

U ngerleider and Mishkin (1) argued in a seminal article that
information about form and location are segregated into
separate processing streams in the primate visual system. Sub-
sequent studies, using lesions, neurophysiology, and fMRI, have
generally supported this hypothesis or its variants (2). However,
other evidence indicates that the two pathways are not com-
pletely distinct but instead have multiple interconnections (3)
and that the occipitoparietal “where” pathway (4) contains
shape information, and the occipitotemporal “what” pathway
contains location information (5, 6). Here, we used mean
population response and multivariate pattern methods (7-9)
with a region-of-interest (ROI) approach to ask how much
location information is present in shape-selective cortex in
humans, how that location information is distributed across
specific functionally defined regions of occipitotemporal cortex,
and how location information relates to category information in
this pathway.

Extensive fMRI investigations over the last decade have
characterized the functional organization of the occipitotempo-
ral pathway in humans. Multiple cortical regions have been
defined by their selectivity for general object shape, or by their
selectivity for specific categories, such as bodies, faces, and
scenes. For each of these kinds of selectivity, two ROIs have
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been identified, one on the ventral surface of the brain and one
on the lateral surface; for example, the body-selective fusiform
body area (FBA) (10, 11) lies on the ventral surface, and the
extrastriate body area (EBA) (12) lies on the lateral surface.

Although much work has been done to characterize the shape
or category selectivity of these regions, very little is known about
whether they also process information about object location. At
the most general level, some of these regions demonstrate
contralateral field biases (13-16), and some of them [e.g., the
parahippocampal place area (PPA)] respond more strongly to
stimuli presented in the periphery, whereas others [e.g., the
fusiform face area (FFA)] respond more strongly to foveal
stimuli (17, 18). Studies conducted with retinotopic mapping (19,
20) have shown object-selective responses in certain retinotopi-
cally defined regions, although the degree to which these maps
overlap object-selective cortex is not yet known. Other studies
have found elevation biases (13), and sensitivity to translation
around fixation (21) in lateral occipital area (LO). Although
each of the aforementioned studies has shown a specific kind of
location information in a small number of regions, to date, there
has been no comprehensive examination of location information
across the many category-selective functionally defined regions
spanning both lateral and ventral surfaces. Here, we set out to
do just that, using a method sensitive to both retinotopic and
spatiotopic location information.

Results

Eye movements were recorded inside the scanner in five of the
participants included in this study to confirm that they main-
tained fixation throughout the experimental runs. No significant
differences were found in eye position across stimulus categories
or locations [see supporting information (SI) Text].

ROI Localization. The Localizer data were used to identify bilateral
extrastriate regions selective for faces, bodies, scenes and objects.
The face-selective FFA and the occipital face area (OFA) were
defined by using a faces > objects contrast. The body-selective
arecas EBA and FBA were defined with a contrast of bodies >
objects, and the scene-selective PPA and an area in the trans-
verse occipital sulcus (TOS) were identified with a scenes >
objects contrast. Finally, the broadly shape-selective areas that
comprise the lateral occipital complex, namely LO and a pos-
terior fusiform area (pFs), were identified with an objects >
grid-scrambled objects comparison. All ROIs were defined by
using a contrast threshold of P < 0.0001 uncorrected. Because
the FFA and FBA are adjacent and appear to overlap, we
excluded any overlapping voxels to create the functionally dis-
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sociated regions FFA* and FBA*, as described by Schwarzlose
et al. (11). Not all ROIs were found in every participant, in part
because of the limitations of high-resolution slice coverage and
because only clusters comprised of 20 or more voxels were
counted as ROIs and included in further analyses. The following
ROIs were identified, with the number of participants in whom
that ROI was identified in parenthesis: right FFA (8); left FFA
(4); right FFA™* (8); left FEA* (4); right OFA (7); left OFA (6);
right EBA (9); left EBA (9); right FBA (8); left FBA (4); right
FBA* (5); left FBA* (2); right PPA (5); left PPA (5); right TOS
(6); left TOS (6); right LO (5); left LO (6); right pFs (5); left pFs
(6). See SI Fig. 3 for a mapping of the relative locations of these
ROIs on a representative flattened occipital surface. We also
analyzed a posterior, visually active region of cortex near the
occipital pole for participants whose slice coverage extended that
far back. These ROIs, here denoted as early visual area (earlyV)
(7), were included in the analyses so that we could compare
findings from high-level extrastriate cortex to those from early
retinotopic regions (presumably V1 and/or V2).

Mean Response Magnitude in ROIs. All subsequent ROI analyses
were performed by using the independent dataset from the
experimental runs. Using these data, we measured the mean
magnitude of response to the 12 conditions (3 locations X 4
categories) across all voxels in each ROI. Fig. 1 shows the mean
response in each ROI to each category (averaged across loca-
tions) and to each location (averaged across categories). These
means are based on the data from those participants in whom the
ROI could be identified. Each body-, face-, and scene-selective
ROI produced a significantly greater response to its preferred
category than to the second highest category (all P values <
0.005), replicating the category selectivity of these regions from
prior studies and from the localizer by which they were defined.
Eccentricity. Prior studies have shown that the magnitudes of
response in the FFA, PPA, OFA, and TOS vary with the
eccentricity of the stimuli (17, 18). In those studies, the periph-
eral stimuli consisted of multiple objects arranged into a ring or,
alternately, a single object scaled so that its defining boundaries
extended into the periphery (17, 22). To determine whether our
paradigm, using individual objects, replicated this finding, we
pooled the mean responses across the categories and conducted
paired ¢ tests comparing the response of images presented at the
fovea with those presented in the lower or upper peripheral
positions. These averaged response magnitudes are shown in Fig.
1, and the corresponding P values for each contrast are listed in
SI Table 1. Our results support the findings of Hasson et al. (18),
demonstrating a peripheral bias in the scene-selective regions
and a foveal bias in face-selective regions.
Elevation. Although eccentricity biases (17, 18) and contralateral
biases (13-16) have been reported for some higher-level cate-
gory-selective areas, no studies to date have systematically tested
for elevation biases in regions other than LO, which shows a
lower visual field bias (13). Therefore, we compared mean
response magnitude in each ROI for upper and lower field
stimuli at equal eccentricities. These response magnitudes are
shown in Fig. 1 and the corresponding P values for this contrast
are listed in SI Table 1. Remarkably, most of the ROIs demon-
strated significant effects of elevation, such that the scene-
selective areas PPA and TOS showed a significantly greater
response to upper than lower field images, whereas the reverse
was true of FFA*, EBA, and LO. These results provide new
evidence that information about elevation is widespread across
higher-level category-selective regions and that these regions
contain different patterns of location biases across measures of
both eccentricity and elevation.

Thus, all ROIs showed category information in terms of
significantly different responses to different stimulus classes as
expected from prior research. However, critically, nearly all
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Fig. 1. Mean response magnitude in each object-selective ROI. (A) Mean

responses across each ROl to each of the four object categories averaged
across the three retinal locations. Significant differences (P < 0.05) in individ-
ual contrasts are indicated with an asterisk (here shown only between the
highest and second highest responses). All ROIs defined by body-, face-, or
scene-selectivity show significantly greater responses to their preferred cate-
gory than to all other categories. (B) Mean responses across each ROI to each
of the three stimulus locations averaged across all four object categories.
Significant differences in mean response to different locations were found
in nearly all ROIs and demonstrate that these regions contain location
information.

ROIs also showed location information in the form of signifi-
cantly different mean responses to different stimulus locations.
These conclusions were reinforced by further analyses of mean
responses (see SI Text).

Multivariate Pattern Analyses. Although our analyses of mean
responses already demonstrate location information in all ROISs,
the complementary method of pattern analysis (7-9) enables us
to see information coded at a finer grain and to ask whether
category information is position invariant. To measure informa-
tion contained in each ROI about object category and object
location, we followed the method of Haxby et al. (7) (see
Materials and Methods). For each subject and ROI, 144 corre-
lations were computed, one for each of the possible combina-
tions of one pattern from the even runs (12 conditions) with one
pattern from the odd runs (12 conditions). For each subject and
ROI, we then averaged over these 144 correlation values as a
function of whether the even and odd conditions were from the
same (within) or different (between) category, and whether they
were from the same (within) or different (between) location. The
resulting means across subjects are shown in Fig. 2.
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