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Brief Communications
A Cardinal Orientation Bias in Scene-Selective Visual Cortex
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Ithaslong been known that human vision is more sensitive to contours at cardinal (horizontal and vertical) orientations, compared with oblique
orientations; this is the “oblique effect.” However, the real-world relevance of the oblique effect is not well understood. Experiments here suggest
that this effect is linked to scene perception, via a common bias in the image statistics of scenes. This statistical bias for cardinal orientations is
found in many “carpentered environments” such as buildings and indoor scenes, and some natural scenes. In Experiment 1, we confirmed the
presence of a perceptual oblique effect in a specific set of scene stimuli. Using those scenes, we found that a well known “scene-selective” visual
cortical area (the parahippocampal place area; PPA) showed distinctively higher functional magnetic resonance imaging (fMRI) activity to
cardinal versus oblique orientations. This fMRI-based oblique effect was not observed in other cortical areas (including scene-selective areas
transverse occipital sulcus and retrosplenial cortex), although all three scene-selective areas showed the expected inversion effect to scenes.
Experiments 2 and 3 tested for an analogous selectivity for cardinal orientations using computer-generated arrays of simple squares and line
segments, respectively. The results confirmed the preference for cardinal orientations in PPA, thus demonstrating that the oblique effect can also
be produced in PPA by simple geometrical images, with statistics similar to those in scenes. Thus, PPA shows distinctive fMRI selectivity for

cardinal orientations across a broad range of stimuli, which may reflect a perceptual oblique effect.

Introduction

Normal human observers perceive horizontal and vertical
contours more accurately, compared with contours at oblique
orientations (Appelle, 1972; Orban et al., 1984). Although this
“oblique effect” has been known for >150 years (Mach, 1861), it
remains unresolved how this orientation bias benefits visual per-
ception, and where the bias arises in the brain.

Because the oblique effect is linked to stimulus orientation,
and orientation-selective cells are common in primary visual cor-
tex (V1), prior psychophysical and physiological experiments
have often hypothesized a neural correlate of the perceptual
oblique effect in lower-level, retinotopic visual cortex (Vogels
and Orban, 1985; Furmanski and Engel, 2000). One study (Fur-
manski and Engel, 2000) reported a stronger functional magnetic
resonance imaging (fMRI) response for cardinal (i.e., horizontal
and vertical) over oblique orientations in V1. However, recent
fMRI studies reported no such V1 activity bias (Swisher et al.,
2010; Freeman et al., 2011). In fact, Swisher et al. (2010) found
the opposite orientation preference in V1. In any event, none of
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these studies sampled cortical activity beyond the lower-level
retinotopic areas.

Here we tested an alternative possibility, that the oblique effect
reflects processing at higher (post-retinotopic) levels of the visual
cortex, related to scene perception. Evidence for this possibility
arises from image statistics of natural scenes and objects (Ol-
shausen and Field, 2000; Howe and Purves, 2005). Among many
image categories tested previously, scenes (including “carpen-
tered environments” such as cityscapes or building interiors)
were the only image category that was dominated by contours at
cardinal orientations, compared with oblique orientations (Keil
and Cristobal, 2000; Torralba and Oliva, 2003). Thus, scene per-
ception may benefit especially from a higher sensitivity to cardi-
nal orientations. Accordingly, one might expect to find a
preference for cardinal orientations within the cortical areas that
selectively process scenes, such as the parahippocampal place area
(PPA; Epstein and Kanwisher, 1998; Nasr et al., 2011).

Previous behavioral evidence for an oblique effect in scene per-
ception is controversial (for review, see Hansen and Essock, 2004).
Therefore, partly as a prerequisite for our main fMRI study, we first
confirmed that a perceptual oblique effect can also influence scene
perception. Then we tested whether a preference for cardinal orien-
tations can be detected within PPA and other cortical visual areas,
using that same set of scenes. To extend that result, we then tested
and confirmed that PPA showed a similar cardinal orientation bias
in response to two different types of simple geometrical stimuli.

Materials and Methods

Participants

For each experiment, human subjects were selected from a total pool of
27 subjects (17 females) aged 2036 years. All subjects had normal or
corrected-to-normal visual acuity and radiologically normal brains,
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Figure 1. A, B, Examples of scene stimuli, both raw (A) and spatially filtered (B), in Experi-
ment 1. C, D, Fast Fourier transforms averaged across all raw (€) and spatially filtered (D) scenes
confirm the dominance of horizontal and vertical orientations in their power spectrum. Stimu-
lus examples and FFTs are illustrated only in the upright orientation; in the actual experiment
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without history of neuropsychological disorder, and furnished written
informed consent. All experimental procedures conformed to NIH
guidelines, as approved by Massachusetts General Hospital protocols.

Visual Stimuli

Experiment 1

The test scenes comprised 20 images of indoor and outdoor scenes se-
lected from Google Images. All images in this study were achromatic, and
presented at the center of the display screen against a uniform gray back-
ground. The psychophysics was based on both raw scenes and spatially
filtered versions thereof, in parallel tests (see Fig. 1 A, B). Spatial filtering
was based on analysis of fast Fourier transforms (FFTs), and band-
passing those spectral components in horizontal and vertical orienta-
tions (bandwidth = 0.25 cycle/degree).

For psychophysical tests (Experiment 1), stimuli were presented on a
LCD laptop monitor (Dell; 1920 X 1080 pixels resolution, 60 Hz refresh
rate). Matlab 7.8 (MathWorks) and Psychophysics Toolbox controlled
stimulus presentation. During all fMRI experiments, stimuli were pre-
sented via a LCD projector (Sharp XG-P25; 1024 X 768 pixels resolution,
60 Hz) on a rear-projection screen.

Experiment 2

Stimuli were computer-generated arrays of 100 overlapping squares (see
Fig. 2 A). Square size varied randomly between 0.3 and 3°. Square posi-
tion varied randomly within a circular aperture (diameter = 20°). These
images were unfiltered.

Experiment 3

Stimuli were unfiltered arrays of straight and curved lines (see Fig. 4 A, B)
presented against a uniform gray background. In each stimulus image,
straight and curved lines were presented at either cardinal or oblique
orientations (but not both), positioned randomly within a rectangular
aperture (20 X 27°). Additional stimulus properties (including total line
length, thickness, contrast and mean luminance) were equated across all
images.

Behavioral tasks

Psychophysics

Two otherwise-identical scenes were presented for 2 s, each centered
8.25° from the fixation point, on the left and right sides of the screen.
Scenes were presented within a circular aperture (11° diameter). In each
trial, the orientation of one image (the reference image) was aligned
along either the cardinal (0, =90 and *=180°) or the oblique (*45 and
+135°) orientations, while the orientation of the other image varied
slightly relative to the reference. Via keypad, subjects reported whether
they saw a difference between the orientations or not, in a two alternative
forced choice. Using a staircase procedure, the size of the orientation
difference was adjusted so that subjects detected the difference in 75% of
the trials, for each tested orientation. Each subject participated in 600
trials. Based on the measured threshold at 75% detection, sensitivity was
defined for each orientation as 1/threshold. Subjects practiced with the
stimuli and task before data collection. For all tasks in this study, re-
sponse accuracy was stressed more than speed. The sequence of trials was
selected randomly. Location of the reference image (left vs right) was
counterbalanced.

Functional imaging
In all experiments, trials were blocked according to stimulus orientations
(block duration = 16 s; 1 s/trial).

Experiment 1. Subjects participated in 5 runs. Each run contained 10
blocks (2 blocks/orientation). The block sequence was selected semi-
randomly. Additional blocks of uniform gray images were included at the
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the stimuli were presented at systematically varied orientations within a circular aperture. E,
Perceptual sensitivity (1/threshold) for detecting deviation from cardinal and oblique orienta-
tions. As expected from previous studies of the oblique effect, subjects detected such deviations
at lower thresholds (i.e., higher sensitivity) for the cardinal orientations, compared with the
oblique ones.
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beginning and end of each run as a baseline condition. In each experi-
mental trial, one image was centered on the screen, within a circular
aperture (radius = 10°), in addition to a partially transparent dot located
at unpredictable locations on the display. Subjects reported whether or
not they could detect the probe dot, as a dummy task distributing spatial
attention across the stimulus display. A staircase method was used to
adjust dot contrast, to keep detection accuracy at 75%.

Experiment 2. Subjects participated in 15 runs. Each run included one
block for each stimulus orientation, beginning and ending with addi-
tional uniform gray baseline blocks. Because dot detection was more
difficult on the square arrays (see Fig. 2A), the dummy attention task
used in Experiment 2 was a one-back task. Subjects reported whether
each image was the left-right flipped version of the previous image, or
not.

Experiment 3. Subjects participated in 12 runs, each containing 2 stim-
ulus blocks (1 block/orientation). Subjects performed the dummy dot
detection task described in Experiment 1.

Imaging procedures and data analysis

All subjects were scanned at 3T (Siemens Tim Trio). Gradient echo EPI
sequences were used for all functional imaging (TR 2000 ms, TE 30 ms,
flip angle 90°, 3.0 mm isotropic, 33 axial slices) sessions. For most (23 of
27) subjects, the field of view included the whole brain. In the four
remaining subjects, this field of view missed the far superior tip of pari-
etal cortex. A 3D MP-RAGE sequence (1.0 mm isotropic) was used to
acquire anatomical images from each subject. Functional and anatomical
data were preprocessed and analyzed using FreeSurfer and FS-FAST
(http://surfer.nmr.mgh.harvard.edu/).

For each subject, inflated and flattened cortical surfaces were recon-
structed from the MR-based anatomical images. All functional images
were motion corrected, spatially smoothed using a 3D Gaussian kernel
(2.5 mm HWHM), and normalized across scans. The hemodynamic
response was estimated by a y function; then the average signal intensity
maps were calculated for each condition. Voxelwise statistical tests were
conducted by computing contrasts using a univariate general linear

Group-averaged fMRI activity for scenes shown at cardinal-vs-oblique orientations (Experiment 1). A, B, The map
shows a ventral view of the inflated (A) and flattened (B) cortical surfaces. The borders of PPA, TOS, RSC, and V1 are shown using
black, green, blue, and white lines respectively. White dashed lines indicate the peripheral visual field representation (3—10° of
visual angle), and white asterisks indicate the foveal representation. Activity is based on a random-effects analysis. , ROl analysis
in PPA and V1. Orientation differences were significant only in PPA (*p << 0.05; **p << 0.01; paired ¢ test).
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model. Finally, the significance levels were pro-
jected onto the inflated/flattened cortex after
rigid coregistration of functional and anatom-
ical volumes. Functional maps were spatially
normalized across sessions and across subjects
using a spherical transformation, then aver-
aged using both fixed and random effects
models.

Regions of interest analysis

For each individual subject, regions of interest
(ROIs) were defined for areas PPA, TOS
(transverse occipital sulcus), RSC (retro-
splenial cortex), and FFA (fusiform face area),
based on independent localizing stimuli (faces
vs scenes). A ROI for object-selective LOC (lat-
eral occipital complex) was defined based on
presentation of objects versus grid-scrambled
objects.

The V1-V2 border was defined based on cy-
toarchitectonics (myelination). The cortical
representation of specific retinotopic isoeccen-
tricities was based on additional scans using
radial checkerboard patterns. Within different
blocks, a foveal disk (r = 1.5°) and a peripheral
annulus (5°-10° radius) were presented. The
contrast between these two blocks was used to
define the peripheral stimulus borders (see Fig.
2 B; Nasr et al., 2011).

In all analysis, fMRI activity for each condi-
tion was measured relative to the activity dur-
ing presentation of uniform gray stimuli
(baseline). In Experiment 1, the activity from
each subject was also normalized relative to its
maximum and minimum levels (normalized activity = (activity — min)/
(max — min). This process ensured that the all effects significantly af-
fected the whole pool of subjects.

90 135 180

Results

First, we used psychophysics (n = 13) to confirm that the percep-
tual oblique effect generalized to a set of scenes, which could then
be used in a subsequent fMRI study of the oblique effect. In
parallel experiments, a common set of scenes was presented
either raw or spatially filtered (Fig. 1A, B). The filtering en-
hanced the intrinsic bias for cardinal orientations in these
scenes (Methods). In both raw and filtered scenes, FFT analy-
sis showed stronger power at cardinal compared with oblique
orientations (Fig. 1C,D).

The psychophysical results (Fig. 1E) confirmed higher sensi-
tivity to deviations from cardinal orientations compared with
deviations from oblique orientations, as reflected in significantly
lower thresholds to the former (two-factors repeated-measures
ANOVA; F, 45 = 46.27,p < 10 ~°). Nossignificant difference was
found between detection sensitivity for raw versus spatially fil-
tered stimuli (F, ;,, = 0.20, p = 0.66), without significant inter-
action between the two factors (F, 45, = 0.45, p = 0.84). Post hoc
analysis did not yield any significant (Bonferroni; p > 0.78) dif-
ference between sensitivity to cardinal orientations (0 vs =90 vs
+180°) or oblique orientations (+45 vs £135°), in either set of
scenes.

To test for brain correlates of this perceptual oblique effect, we
recorded fMRI activity in 13 subjects. To optimize the orientation
bias, only spatially filtered stimuli were used for fMRI. To stabi-
lize attention level during scanning, subjects performed an
attention-demanding “dummy” task (dot detection), which was
irrelevant to the stimulus orientation. We found no difference
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fMRI-based cardinal orientation bias in response to arrays of squares, in Experiment 2. A, Stimulus examples, shown at vertical/horizontal (left) and oblique (right) orientations. B,

Result of FFT analysis averaged across all stimuli, presented at cardinal (left) and oblique (right) orientations. €, Resultant group-averaged fMRI activity maps, based on random-effects analysis. Black

lines indicate the group-averaged PPA border in the same group of subjects.

between dot contrast (at 75% detection threshold) across orien-
tation conditions (repeated-measures ANOVA; F, ,5) = 1.67,
p = 0.19). For three subjects we also measured eye movements
(EyeLink, SR Research), and the results confirmed that gaze po-
sition (Freeman et al., 2011) did not differ across experimental
conditions.

Group-averaged whole brain activity maps (random effects,
Fig. 2A, B) showed that scenes with dominant power at cardinal
orientations evoked a significantly stronger response in PPA,
compared with oblique orientations. A ROI analysis confirmed
that PPA activity was significantly enhanced to the cardinal (rel-
ative to oblique) orientations (F(, 5 = 41.21, p < 10~ ' Fig.
2C). In addition, we found that scenes presented at the typical
upright orientation generated stronger activity compared with all
other orientations (f,,) > 8.88, p < 10 ~°), including both re-
maining cardinal orientations (i.e., 90 and 180°). This “inversion
effect” for scenes is consistent with reports limited to tests of
upright versus inverted scenes (Epstein et al., 2006). To test the
possibility that the cardinal orientation bias was due only to the
difference between the upright versus remaining orientations, we
repeated the analysis after excluding the upright condition. The
remaining results still showed a significant bias for cardinal ori-
entations in PPA (F; 5, = 4.11, p = 0.01): each cardinal condi-
tion evoked a stronger response than the adjacent oblique
conditions (¢, > 2.60, p < 0.05), even when the adjacent
oblique orientation was nearer to upright.

In contrast to PPA, the other scene-selective areas (TOS and
RSC) did not show an oblique effect, although these latter areas
did show an effect of scene inversion. Application of the above
analysis showed a significant effect of scene rotation in both TOS
(Fi4us) = 6.34, p < 0.01) and RSC (F(, 44) = 11.53, p = 10 ).
However, in both areas, this effect was not significant after ex-
cluding the upright condition (F, 44 < 1.48, p > 0.20). To di-
rectly test whether this difference between the PPA-vs-TOS and
PPA-vs-RSC was statistically significant, we used two indepen-
dent applications of a two-factor repeated-measures ANOVA
[area (PPA-vs-TOS or PPA-vs-RSC) and orientation (45 vs 90 vs
135 vs 180)]. In both cases, we found a significant effect of area

(F(1,12) > 7.70, p < 0.02), and also a significant interaction be-
tween the two independent factors (F; 36 > 3.18, p < 0.05).
Application of the same analysis to RSC-vs-TOS activity did not
yield any significant effect of (or interaction between) the inde-
pendent factors (p > 0.11). Consistent with the group-averaged
maps, application of the above ROI analysis in additional areas
[including LOC (F 4 45y = 1.71, p = 0.16) and FFA (F(, 45) = 1.94,
p = 0.19)] did not show any effect of stimulus orientation on
evoked activity—not even a general inversion effect for scenes.
Thus among all of these areas, PPA was the only area showing a
systematic oblique effect, distinct from the inversion effect.

In the most sensitive maps, we found small patches of weak
cardinal orientation bias in area V1 (Fig. 2 B). However, applica-
tion of the above ROI analysis did not yield any significant effect
of scene rotation on V1 activity (F, 45y = 1.36, p = 0.26). Note
also that the V1 activity was confined to regularly spaced patches
located at a specific peripheral retinotopic representation in V1.
Comparison to the retinotopic maps in the same subjects con-
firmed that the location of these patches corresponded to the
representation of the stimulus border in the visual field. Thus,
these small patches could arise from an fMRI interaction of the
stimulus and its border, rather than an authentic oblique effect
(which should extend throughout the activated portion of V1).
To distinguish these two possibilities, we subdivided V1 ROIs
into the representation of foveal (<1°) and peripheral (3-10°)
representations of the visual field (see Materials and Methods)
and repeated the original test for each V1 subdivision inde-
pendently. However, even this more specific test did not show
significant activity modulation in either the foveal (F, 45y =
0.52, p = 0.69) or peripheral (F(, 45y = 1.66, p = 0.19) repre-
sentations of V1. Thus these small patches in V1 likely do not
reflect an oblique effect.

This data result raised a question: does the cardinal orienta-
tion bias in PPA require scene stimuli— or does this bias extend
to simple geometrical stimuli? To address this, we tested fMRI
activity (n = 15) during presentation of arrays of overlapping
squares (Fig. 3A). FFT analyses of these arrays confirmed higher
spectral power at cardinal (compared with oblique) orientations
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Stimulus examples in Experiment 3, based on arrays of straight lines (A, top) or half-circles (B, top) and their corresponding FFTs (bottom). The respective group-averaged fMRI activity

maps (random-effects analysis) are shown in Cand D. Black lines show the PPA border in the same group of subjects.

(Fig. 3B). One advantage of these stimuli is that these squares
have no intrinsic “upright” configuration, or other real-world
associations. Thus this experiment further tested for an oblique
effect, without confounds from the inversion effect or other high-
level cognitive factors (e.g., stimulus familiarity). Again, no dif-
ference was found between response accuracy across conditions
in the dummy task (F(, 1,y = 0.23, p = 0.64).

As expected from such simple stimuli, the resultant PPA activity was
smaller overall, compared with that produced by real world scenes (Fig.
2A, B). Nevertheless, group-averaged whole brain analysis based on ran-
dom effects confirmed a cardinal orientation bias in PPA (Fig. 3C,D).
Unlike the results due to scenes, these data showed no patches of border-
related activity in V1. Similar results were found in ROI analysis: PPA
showed stronger activity in response to cardinal rather oblique squares
(tqy = 2.31, p = 0.03), but no such bias was found in V1 (¢4, = 0.77,
p =046).

To more specifically probe the feature selectivity underlying
this effect, Experiment 3 (n = 14) measured the response to
arrays of simple line segments, either straight or curved (Fig. 4).
As expected, FFTs confirmed that the straight line arrays showed

highest power at two (orthogonal) orientations (Fig. 4A),
whereas the curved line arrays produced a power spectrum
spread across a wide range of orientations (Fig. 4 B). Again, no
difference was found between dummy dot contrast values
across the experimental conditions, at 75% detection thresh-
old (F(3 39y = 1.87, p = 0.17).

Consistent with our hypothesis, PPA showed a preference for
the cardinal orientations (i.e., a fMRI-based oblique effect) in the
straight line arrays. These results were confirmed in ROI analyses.
PPA (but not V1) showed a significantly stronger response to lines at
cardinal orientations rather than oblique ones (PPA: #,;) = 2.24,
P =0.04; V1: t3 = 1.35, p = 0.20). No such bias was found for the
curved lines, which have no definable orientation (Fig. 4C). Similar
results were found in the ROI analyses (PPA: ¢35, = 1.21, p = 0.25;
V11,5 = 057, p = 0.58).

Discussion

These results reveal a fMRI analog of the perceptual oblique effect
(a stronger response to vertical and horizontal compared with
oblique orientations) in one main cortical visual area: PPA. Based
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on other evidence, PPA is considered to be selective for scenes/
places (Epstein and Kanwisher, 1998; Nasr etal., 2011). Thus very
broadly, this evidence suggests that the oblique effect may be
related to scene processing.

This hypothetical link between the oblique effect and scene
processing is supported by ecological evidence. Image statistics
confirm that many scenes are dominated by cardinal (compared
with oblique) orientations (Keil and Cristébal, 2000; Torralba
and Oliva, 2003). Such a bias is present not only in carpentered
environments, but also in some natural scenes (Torralba and
Oliva, 2003), often due to the orthogonal influences of gravity
and/or phototropism. Conversely, alterative non-scene image
categories (e.g., faces or body parts) did not show such a cardinal
orientation bias (Torralba and Oliva, 2003). Thus, an enhanced
response to cardinal orientations may contribute to the ampli-
tude of scene-selective PPA activity, especially for scenes with
prominent cardinal orientations.

Some fMRI observations also support this interpretation. PPA
responds more strongly to indoor scenes compared with outdoor
(less carpentered) scenes (Bar and Aminoff, 2003; Henderson et
al., 2007; but see Epstein and Kanwisher, 1998; Kravitz et al.,
2011). Other studies showed that upright images of a single build-
ing (Levy et al.,, 2004) or a cube (Rajimehr et al., 2011; both
showing higher power at cardinal orientations) evoke robust ac-
tivity in PPA, even in the absence of a conventionally defined
scene (Henderson and Hollingworth, 1999). Experiments 2 and 3
directly demonstrated that the PPA bias for cardinal orientations
extends to a wide range of non-scene stimuli, including simple
geometrical stimuli similar to those typically used in psychophys-
ical tests of the oblique effect (Orban et al., 1984; Furmanski and
Engel, 2000).

However, the current findings do not indicate that PPA pro-
cesses only cardinal orientations, regardless of other visual fea-
tures. Especially at the gross level of fMRI, a given visual area can
respond selectively and independently to multiple stimulus fea-
tures. In PPA, such additional features include spatial frequency
(Rajimehretal., 2011), stimulus size (Yue and Tootell, 2011), and
higher-level influences such as spatial context (Bar and Aminoff,
2003) and/or familiarity (Epstein et al., 2007).

Similarly, the current demonstration of an orientation bias in
PPA does not necessarily mean that this area solely mediates
orientation discrimination. For instance, orientation-biased ac-
tivity within PPA likely feeds into higher level association areas
for further perceptual decision making (Heekeren et al., 2004),
including orientation discrimination.

The oblique effect reported here is not likely due to attentional
(top-down) modulation. First, we showed that this oblique effect is
mainly confined to PPA, whereas attention-driven modulation of-
ten activates extensive brain regions beyond PPA. Second, we found
equivalent PPA sensitivity to stimulus orientation even though sub-
jects performed two widely differing control tasks (i.e., 1-back and
dot detection tasks). Moreover, in all experiments the subjects’ be-
havior did not vary across experimental conditions, which suggests
balanced attention levels across conditions.

Although our results did not reveal a V1 correlate for the
oblique effect, this negative result may reflect technical factors,
such as the averaging of activity within multiple orientation col-
umns (Swisher et al., 2010; Freeman et al., 2011). Thus, more
sensitive approaches (e.g., multiple pattern voxel analysis) plus
smaller voxel size might show a stronger representation for car-
dinal rather than oblique orientations in V1.

At least three different scene-selective areas (PPA, TOS and
RSC) have been reported in human visual cortex, and all three of

Nasr and Tootell ® Oblique Effect in PPA

these areas were strongly labeled by our standard face-vs-scene
localizer (Fig. 2 B). However, only PPA responded selectively to
cardinal orientations. This selective activation of PPA here ex-
tends previous reports of functional differences between these
three areas (Epstein et al., 2007; Park and Chun, 2009).
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