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Abstract

■ Retinotopic organization is a ubiquitous property of lower-
tier visual cortical areas in human and nonhuman primates. In
macaque visual cortex, the retinotopic maps extend to higher-
order areas in the ventral visual pathway, including area TEO
in the inferior temporal (IT) cortex. Distinct regions within IT
cortex are also selective to specific object categories such as
faces. Here we tested the topographic relationship between
retinotopic maps and face-selective patches in macaque visual
cortex using high-resolution fMRI and retinotopic face stimuli.

Distinct subregions within face-selective patches showed
either (1) a coarse retinotopic map of eccentricity and polar
angle, (2) a retinotopic bias to a specific location of visual
field, or (3) nonretinotopic selectivity. In general, regions
along the lateral convexity of IT cortex showed more overlap
between retinotopic maps and face selectivity, compared with
regions within the STS. Thus, face patches in macaques can be
subdivided into smaller patches with distinguishable retino-
topic properties. ■

INTRODUCTION

Visual cortical areas are typically defined on the basis of
differences in histology (cytoarchitecture and myelo-
architecture), anatomical connections, functional proper-
ties, and retinotopic organization (Felleman & Van Essen,
1991). In early visual areas (e.g., V1, V2, V3), the retino-
topic maps can be reliably used to distinguish the borders
between areas (Fize et al., 2003; Brewer, Press, Logothetis,
& Wandell, 2002; DeYoe et al., 1996; Sereno et al., 1995;
Engel et al., 1994; Gattass, Sousa, & Gross, 1988). However,
the retinotopic borders are less clear at progressively
higher stages of the ventral visual pathway (Kravitz, Vinson,
& Baker, 2008). An earlier proposal suggested that the infe-
rior temporal (IT) cortex in macaque monkeys includes a
retinotopically organized area TEO, plus nonretinotopic
areas in TE (Boussaoud, Desimone, & Ungerleider, 1991;
Ungerleider & Desimone, 1986). Recent fMRI studies have
confirmed retinotopy and coding of position in posterior
IT cortex in humans, perhaps corresponding to area TEO
inmacaques (Carlson, Hogendoorn, Fonteijn, & Verstraten,
2011; Cichy, Chen,&Haynes, 2011; Kravitz, Kriegeskorte,&
Baker, 2010; Strother, Aldcroft, Lavell, & Vilis, 2010; Arcaro,
McMains, Singer, & Kastner, 2009; Sayres & Grill-Spector,
2008; Schwarzlose, Swisher, Dang, & Kanwisher, 2008;
Larsson & Heeger, 2006; Brewer, Liu, Wade, & Wandell,
2005). However, the lack of positional information in TE

has been recently challenged by the demonstration of small
receptive fields in anterior IT cortex (DiCarlo & Maunsell,
2003; Op De Beeck & Vogels, 2000).

How do the retinotopic maps in IT cortex relate to
the functionally defined category-selective areas? Neuro-
imaging studies in human and macaque have reported
that distinct regions in IT cortex are selective to specific ob-
ject categories such as faces (e.g., Tsao, Freiwald, Knutsen,
Mandeville, & Tootell, 2003; Kanwisher, McDermott, &
Chun, 1997). Malach and colleagues (Hasson, Harel, Levy,
& Malach, 2003; Malach, Levy, & Hasson, 2002; Levy,
Hasson, Avidan, Hendler, & Malach, 2001) tested the rela-
tionship between retinotopic maps and face-selective
areas in human visual cortex and reported a foveal bias
in these areas (relative to a peripheral bias in the adjacent
place-selective areas)—although not an explicit retinotopic
map. However, the spatial resolution of fMRI images was
low in those studies, and it is well known that fine-scale
retinotopic details are blurred in low-resolution maps
(see Discussion).

Recent fMRI studies in humans have reported a de-
tailed retinotopic organization in “object-selective” lateral
occipital cortex (Sayres & Grill-Spector, 2008; Larsson &
Heeger, 2006), “scene-selective” parahippocampal cortex
(Arcaro et al., 2009), and “body-selective” regions (Porat,
Pertzov, & Zohary, 2011; Weiner & Grill-Spector, 2011).
However, there has been no evidence for a detailed retino-
topy in human face-selective area FFA, and the current
literature has emphasized only on a distributed representa-
tion of positional information in this area (e.g., Schwarzlose
et al., 2008).
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Despite numerous studies in humans, the relationship
between retinotopy and category selectivity has not yet
been tested in other species. Such tests would have
important implications for cross-species comparison of
category-selective areas (see Discussion). Here we used
high-resolution fMRI and face-based retinotopic stimuli
to test the topographic relationship between retinotopic
maps and face-selective patches in awake macaques. The
results suggest that retinotopy is not an “all-or-none” prop-
erty in the face patches. In fact, face-selective patches in
IT and frontal cortex contain topographically distinct
subregions, each with a specific retinotopic property. The
retinotopic subregions of the face patches could be in-
volved in coding the spatial location of faces.

METHODS

Subjects

Two juvenile (4–6 kg) male rhesus monkeys (Macaca
mulatta) were tested in fMRI experiments. Surgical de-
tails and the training procedure for monkeys have been
described elsewhere (Tsao et al., 2003; Vanduffel et al.,
2001). All experimental procedures conformed to NIH
guidelines and were approved by Massachusetts General
Hospital animal protocols.

Imaging Procedures

Monkeys were scanned in a 3T horizontal bore magnet
(Siemens Allegra, Malvern, PA). A radial surface coil (11 cm
diameter) and gradient-echo EPI sequence were used
for functional imaging (repetition time = 3000 msec,
echo time = 24 msec, flip angle 90°, 1.25 mm isotropic
voxels, and 45 coronal slices). To increase fMRI sensitivity
in the awake monkey scans (to compensate for smaller
voxels), we used an exogenous contrast agent (MION;
8–10 mg/kg iv). Relative to conventional BOLD imaging
at 3T, the MION imaging triples the contrast/noise ratio
and gives better localization within the gray matter (Leite
et al., 2002; Vanduffel et al., 2001). A 3-D MP-RAGE
sequence (0.35 mm isotropic voxels) was also used for
high-resolution anatomical imaging while the monkeys
were anesthetized.

Throughout the functional scans, subjects continu-
ously fixated a small fixation spot at the center of a stim-
ulus screen. Eye position was monitored using an infrared
pupil tracking system (ISCAN, Woburn, MA) at 120 Hz.
Monkeys were rewarded for maintaining fixation within
a small central fixation window. Only scans with high
behavioral performance (i.e., >90% fixation stability) were
considered for statistical analysis. To increase the statis-
tical sensitivity, each monkey was scanned in five fMRI ses-
sions, with each session containing ∼25 functional scans.
Each scan consisted of 14 blocks (block duration= 30 sec).

Data Analysis

Functional and anatomical data were preprocessed and
analyzed using FreeSurfer and FS-FAST (surfer.nmr.
mgh.harvard.edu/). For each subject, the inflated cortical
surfaces were reconstructed based on anatomical images.
All functional images were motion-corrected, spatially
smoothed using a 3-D Gaussian kernel (1 mm HWHM),
and normalized across scans. The estimated hemo-
dynamic response was defined by a γ function, and then
the average signal intensity maps were calculated for
each stimulus condition. Voxel-wise statistical tests were
conducted by computing contrasts based on a univariate
general linear model. To avoid sampling gaps in the
(high-resolution) monkey fMRI, we averaged the func-
tional activities from all voxels located within the gray
matter along the surface normal. To optimally visualize
and measure the cortical representations, the signifi-
cance levels were projected onto the inflated cortex after
a rigid coregistration of functional and anatomical vol-
umes. In each monkey, the functional maps were spatially
normalized across scan sessions using a spherical trans-
formation and then averaged using a fixed-effects model.
For the ROI analysis, all voxels within a given face patch

were labeled based on a “face-versus-place” localizer, and
then the average percent signal change was calculated for
different retinotopic conditions in each ROI.

Visual Stimuli

Stimuli were generated on a PC (Windows XP) and pre-
sented via LCD projector (Sharp XG-P25, Osaka, Japan,
1024 × 768 pixels resolution, 60 Hz refresh rate) onto a
rear-projection screen. Matlab 7.0 and Psychophysics Tool-
box (psychtoolbox.org/) were used to program the visual
presentation codes.
The retinotopic stimuli were based on face mosaics

(naturalistic “group photographs”), which were presented
within retinotopically limited apertures, on a black back-
ground (Figure 1). The retinotopic apertures included
(1) a foveal disk (1.5° radius), (2) a peripheral annulus
(5° inner radius and 10° outer radius), (3) an upper vertical
meridian wedge (10° radius and 60° angle), (4) a lower
vertical meridian wedge (10° radius and 60° angle), (5) a
left horizontal meridian wedge (10° radius and 30° angle),
and (6) a right horizontal meridian wedge (10° radius and
30° angle).
The stimuli for the face/place localizer experiment

were based on “full-screen” images of group photo faces
and indoor laboratory scenes (10 images from each cate-
gory), which were presented within a large circular aper-
ture (10° radius), on a black background. These face and
place images were qualitatively matched in visual com-
plexity and natural image statistics (e.g., the spatial fre-
quency distribution, the quantity of objects, and the
degree of clutter), and they were successfully used in our
previous studies for localizing face- and scene-selective
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areas in humans and monkeys (Rajimehr, Devaney,
Bilenko, Young, & Tootell, 2011; Rajimehr, Young, &
Tootell, 2009).
All stimuli were presented in a blocked design for

maximal sensitivity. Within a functional scan, the first
and last blocks were null (fixation only) epochs, and
the remaining stimulus blocks were ordered pseudo-
randomly. Within a stimulus block, multiple examples
of a particular stimulus condition (e.g., foveal disks con-
taining face images) were randomly presented, with each
image presented for 1 sec.

RESULTS

First we localized face-selective patches in the two
macaque subjects, by comparing the fMRI response to
faces versus places. Consistent with previous reports (Ku,
Tolias, Logothetis, & Goense, 2011; Bell, Hadj-Bouziane,
Frihauf, Tootell, & Ungerleider, 2009; Pinsk et al., 2009;
Rajimehr et al., 2009; Tsao, Moeller, & Freiwald, 2008;
Tsao, Schweers, Moeller, & Freiwald, 2008; Tsao, Freiwald,
Tootell, & Livingstone, 2006; Pinsk, DeSimone, Moore,
Gross, & Kastner, 2005; Tsao et al., 2003), the activity maps

Figure 1. Stimuli used
for face retinotopy in
macaques. The stimuli were
face-based images confined
to retinotopically specific
apertures. Six retinotopic
conditions were tested:
(A) fovea and periphery,
(B) upper and lower vertical
meridians, and (C) left and
right horizontal meridians. The
face stimuli were presented
in a blocked design, with each
block containing only one
retinotopic condition. The
white squares and yellow/cyan
borders around the stimuli
are for illustration purposes.

Figure 2. Topographic
relationship between
retinotopic maps and face
patches in macaque IT cortex.
The maps are displayed on
an inflated view of macaque
IT cortex in one hemisphere
(monkey R, right hemisphere).
Two major face patches in
IT cortex (PTFP and ATFP)
were localized based on the
comparison between faces
versus places. The retinotopic
comparisons included the
following: fovea versus
periphery, upper versus
lower visual fields, and
contralateral versus ipsilateral
visual fields. The color scale
bars indicate the p values in
a logarithmic format. Sulcal
abbreviations: STS = superior
temporal; SF = Sylvian fissure;
PMTS = posterior middle
temporal; AMTS = anterior
middle temporal.
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revealed a network of face patches in monkey visual cortex.
To evaluate retinotopy, here we focused on the most
prominent face patches in IT and frontal cortex (i.e., the
patches that were large in size and had the strongest signal;
Figures 2–4). These face patches included (1) a posterior
temporal face patch (PTFP), (2) an anterior temporal face
patch (ATFP), and (3) a frontal face patch (FFP). In a typical
macaque map, PTFP was located anterior and lateral to

TEO as defined by retinotopy (Figure 5) and the cortical
folding (Boussaoud et al., 1991). The IT face patches have
been recently subdivided into smaller patches by Tsao et al.
(Moeller, Freiwald, & Tsao, 2008; Tsao, Moeller, et al.,
2008). For example, PTFP here corresponds to the two
middle face patches (ML and MF) of Tsao et al. However,
these subdivisions were not consistently found in our data.
In addition, Tsao et al. used smaller face stimuli compared

Figure 3. Additional examples
of retinotopy versus face
selectivity in macaque IT cortex.
The face/place and retinotopic
maps in IT cortex are shown for
the other three hemispheres
tested (map threshold: p< 10−4

in all panels). Each row shows
data from an individual
hemisphere (the top row:
monkey J, right hemisphere;
the middle row: monkey J,
left hemisphere; the bottom
row:monkey R, left hemisphere).
ATFP was not localized in one
hemisphere (see the bottom
row). PTFP was extensive in
one monkey (see the top and
the middle rows), and we
defined its central, “hot spot”
area (indicated with a purple
contour) by increasing the
statistical threshold ( p < 10−8)
in the face/place maps.

Figure 4. Topographic relationship between retinotopic maps and a face patch in macaque frontal cortex. The maps are displayed on an inflated
view of macaque frontal cortex. An FFP was reliably localized in two hemispheres of one monkey, and the retinotopic maps are shown in these
two hemispheres (each row corresponds to an individual hemisphere). The color scale bars indicate the p values in a logarithmic format. Sulcal
abbreviations: AS = arcuate; PS = principal.
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Figure 5. Location of PTFP relative to retinotopic areas. Retinotopic areas in occipital visual cortex were identified by comparing horizontal meridian
(left HM + right HM) versus vertical meridian (upper VM + lower VM) stimuli. The meridian map was based on an independent set of place stimuli.
This comparison revealed alternating representations of horizontal meridian (cyan) and vertical meridian (yellow), which defined the borders of
V1, V2, V3, and V4. Area TEO was also identified based on an additional vertical meridian representation anterior to V4v (see Janssens, Zhu,
Popivanov, & Vanduffel, in press, for a detailed retinotopic mapping of TEO and its surrounding regions). The borders of retinotopic areas are shown
on an eccentricity map in the middle panel (yellow: foveal activation; cyan: peripheral activation). The map on the right is the activity map for faces
versus places, showing the location of PTFP and ATFP relative to TEO and lower-tier cortical areas. The V1 activity patches in this map could be
a small retinotopic artifact at the border of stimulated versus unstimulated (i.e., more peripheral) representations in V1. The map threshold is
p < 10−4. The maps are displayed on a flattened view of macaque visual cortex, in the same hemisphere shown in Figure 2.

Figure 6. Additional retinotopic comparisons. The maps show activations for three contrasts: “lower VM versus upper VM,” “lower VM versus
upper VM + left HM + right HM,” and “upper VM versus lower VM + left HM + right HM.” The nonretinotopic part of PTFP within STS did
not show retinotopic variation in any of the contrasts tested. The map threshold is p < 10−4. The maps are displayed on a flattened view of
macaque visual cortex in the same hemisphere shown in Figure 2.
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with the stimuli used here. With spatially limited stimuli,
some of the face patches may look fragmented in the fMRI
maps because parts of the face patches are sensitive to the
retinotopic location of faces (see below). It is also possible
that the contrast used here (faces > places) showed more
“face-responsive” cortex than the contrast used by Tsao
et al. (faces > objects; see Bell et al., 2009 for a detailed
analysis of different contrasts).

Maps of retinotopic eccentricity (fovea vs. periphery)
and polar angle (upper vs. lower visual fields and contra-
lateral vs. ipsilateral visual fields) with face stimuli re-
vealed a heterogeneous retinotopic organization within
PTFP, ATFP, and FFP (see Figures 2–4). In PTFP, the
“posterior-ventral” subregion clearly showed variations
in eccentricity and polar angle selectivity in all macaque
hemispheres tested. In hemispheres with larger face
patches, this subregion may overlap with area TEO,
which has been reported to have a coarse retinotopy
(Boussaoud et al., 1991). In contrast, the “anterior-dorsal”
subregion of PTFP showed no retinotopic selectivity (Fig-
ure 6). The topography and size of these subregions were
variable across subjects and hemispheres (see Figure 3),
as described in many higher-tier retinotopic areas, and
consistent with a wide individual variability in the loca-
tion of areal boundaries in IT cortex (Van Essen, 2003).
However in general, the fovea–periphery representation
was located along the ventral–dorsal axis, and the upper–
lower representation was located along the posterior–
anterior axis (see Figures 2 and 3). With respect to the
gyral/sulcal pattern of the cortical surface, regions along
the lateral convexity of IT cortex showed more overlap
between retinotopic maps and face selectivity compared
with regions within the STS.

Similarly, ATFP and FFP contained subregions with re-
tinotopic and nonretinotopic selectivity (see Figures 2–4).
In some retinotopic comparisons, the retinotopic sub-
region was localized in the posterior part of ATFP (see
Figures 2 and 3) and in the anterior part of FFP (see Fig-
ure 4). However, these face patches showed less explicit
variation along a single retinotopic dimension (eccentricity
or polar angle). Instead, the retinotopic subregion in these
face patches had a bias to a specific location of the visual
field (e.g., a small subregion in ATFP had a foveal bias; see
Figure 2). Biases for eccentricity and upper or lower field
also extended well outside the face patches. For instance,
regions anterior to PTFP in the rostral STS showed a
strong peripheral bias (see Figures 2 and 3), consistent
with large and nonfoveal receptive fields in these regions
(Bruce, Desimone, & Gross, 1981).

To quantify the retinotopic biases in PTFP, ATFP, and
FFP, we conducted an ROI analysis (Figure 7). FFP and
nearby frontal regions showed a robust peripheral bias
(see also Figure 4). All face patches showed a lower visual
field bias and a contralateral bias, consistent with similar
retinotopic biases reported in human FFA (Schwarzlose
et al., 2008; Hemond, Kanwisher, & Op de Beeck,
2007). A foveal bias has also been reported in human

Figure 7. ROI analysis of retinotopic biases in macaque face patches.
The bar plots show the fMRI activity in PTFP, ATFP, and FFP in response
to faces presented in six retinotopic locations: (A) fovea and periphery,
(B) upper and lower visual fields, and (C) contralateral and ipsilateral
visual fields. In these plots, the fMRI responses were averaged across
all hemispheres. Error bars indicate one standard error of the average.
Statistical significance is denoted by asterisks (*p < .05; **p < .01;
***p < .001) based on paired t test. The signs of percent signal changes
are known to be reversed in MION imaging compared with BOLD
imaging; here those signals are inverted for convenience.
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FFA (Levy et al., 2001); however, its apparent macaque
homologue-PTFP (Rajimehr et al., 2009) did not show
an eccentricity bias, because PTFP included distinct sub-
regions for foveal and peripheral representations.
Because of retinotopic heterogeneity within face patches,
we plotted the distribution of voxelsʼ retinotopic selec-
tivity in all face patches (Figure 8). Consistent with the
ROI analysis, a voxel-wise analysis showed no correlation
between face selectivity and eccentricity bias in PTFP
(Figure 9). Interestingly, there was a positive correlation
between face selectivity and eccentricity bias in ATFP
(more foveal bias in more selective face voxels; Figure 9).
As expected from the ROI analysis, there was a strong
negative correlation between face selectivity and eccen-
tricity bias in FFP (more peripheral bias in more selective
face voxels; Figure 9).

DISCUSSION

Previous fMRI studies have often distinguished “nonretino-
topic” face-selective cortex from immediately adjacent

“retinotopic” regions (e.g., Halgren et al., 1999). In con-
trast, the macaque data here strongly support a gradual/
continuous rather than an abrupt transition from retino-
topy to face selectivity at increasingly higher-tier levels of
the ventral visual pathway. In fact, this transition appears
within face-selective regions. For instance, a nonretino-
topic subregion within PTFP (the largest face patch in
macaques) was located adjacent to another subregion that
was explicitly retinotopic. Overall, our data suggest that the
ventral visual pathway contains information about faces as
an object category as well as information about the spatial
location of faces.

To localize the face patches, we contrasted group pho-
tographs of faces versus indoor scenes. Although it is
used less frequently, this localizer has several advantages
over other localizers such as “single face versus object” or
“single face versus place.” The group photo faces and in-
door scenes were closely matched in terms of the spatial
frequency distribution and other low-level image statis-
tics. Moreover, these stimuli could be presented within
a single common retinotopic aperture. In other localizers

Figure 8. Distribution of retinotopic selectivity across voxels in macaque face patches. The histograms show the distribution of retinotopic selectivity
in PTFP, ATFP, and FFP. In a given retinotopic comparison, the retinotopic selectivity was defined for all face-selective voxels using the “d-prime”
index. All face voxels from all hemispheres are included in these histograms. In each plot, the red line indicates the mean of the distribution.
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(e.g., single faces vs. objects/places), the retinotopic
envelopes of the stimuli are different, which could induce
significant retinotopic artifacts in the maps.

To increase the statistical power in the monkey fMRI
setting, we used only a few retinotopic conditions in a
blocked-design experiment. However, this method can
only reveal a coarse version of a retinotopic map. The
face patches may contain a finer retinotopic organization
if they are mapped with more detailed (e.g., phase-
encoded) retinotopic stimuli.

Parts of the face patches did not show any retinotopic
selectivity. However, the absence of a retinotopic map
does not necessarily mean the absence of positional
information. Positional information could still be present
in a distributed form. Further studies are needed to assess
the role of “nonretinotopic” positional information in the
spatial coding of faces.

FFP and surrounding regions in pFC showed a strong
peripheral bias. One possibility is that these regions have an
overrepresentation of peripheral visual field (Ungerleider,
Galkin, Desimone, & Gattass, 2008), and FFP is actually
involved in detecting faces in the periphery. Given the
proximity of FFP and FEF, peripheral coding of faces in
FFP could be useful for planning eye movements toward
faces in the visual field. Alternatively, the peripheral bias
in FFP may simply reflect the lack of cortical magnification
of fovea in this region. Because the size of our stimuli was
scaled according to the cortical magnification of fovea in
the ventral visual pathway, larger stimuli in the periphery
would produce a larger response in FFP.

Given our macaque data, one might expect a spatial
heterogeneity in the retinotopic organization within corre-
sponding human face-selective areas (e.g., FFA). However,
previous studies in humans have only reported a foveal
bias in FFA and other occipitotemporal face areas (Hasson
et al., 2003; Levy et al., 2001), not the more explicit retino-

topy found here. The lack of more detailed retinotopy in
human FFA may arise from either or both of two factors.
First, it could reflect genuine species differences between
macaques and humans. Some species differences have
been found in previous comparisons of visual cortex in
these two species (Sereno & Tootell, 2005). Second, the
difference could arise as a result of technical differences
between this and previous fMRI studies. Specifically, previ-
ous human fMRI experiments were based on functional
images with lower spatial resolution compared with the
spatial resolution used in the monkey fMRI experiments
here (voxel size = 1.25 mm isotropic). Moreover, it is
known that MION imaging (used in the monkeys) is more
specific for gray matter compared with BOLD imaging in
humans (Leite et al., 2002). Because some behavioral stud-
ies have shown evidence for position-dependent face per-
ception in humans (e.g., Afraz, Pashkam, & Cavanagh,
2010; Afraz & Cavanagh, 2008), it is conceivable that further
increases in fMRI sensitivity will reveal subtler variations in
retinotopy, even in human face-selective areas.
Finally our data on retinotopy in IT cortex could be used

in assessing homologies betweenmacaque and human face-
selective areas. Previous studies have suggested that the
macaque PTFP is the homologue of the human FFA (e.g.,
Rajimehr et al., 2009). PTFP often shows two “hot spots”
of face selectivity (see Figure 2), which are named ML (mid-
dle lateral) and MF (middle fundus) by Tsao, Moeller, et al.
(2008). ML or the lateral part of PTFP showed foveal selec-
tivity, similar to a foveal bias in human FFA. This suggests
that ML is a putative homologue of the foveal region in FFA.
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