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Summary

The question of how local image features on the retina
are integrated into perceived global shapes is central
to our understanding of human visual perception. Psy-
chophysical investigations have suggested that the
emergence of a coherent visual percept, or a “good-
Gestalt” [1], is mediated by the perceptual organiza-
tion of local features based on their similarity. How-
ever, the neural mechanisms that mediate unified
shape perception in the human brain remain largely
unknown. Using human fMRI, we demonstrate that not
only higher occipitotemporal but also early retinotopic
areas are involved in the perceptual organization and
detection of global shapes. Specifically, these areas
showed stronger fMRI responses to global contours
consisting of collinear elements than to patterns of
randomly oriented local elements. More importantly,
decreased detection performance and fMRI activa-
tions were observed when misalignment of the con-
tour elements disturbed the perceptual coherence of
the contours. However, grouping of the misaligned
contour elements by disparity resulted in increased
performance and fMRI activations, suggesting that
similar neural mechanisms may underlie grouping of
local elements to global shapes by different visual fea-
tures (orientation or disparity). Thus, these findings
provide novel evidence for the role of both early feature
integration processes and higher stages of visual anal-
ysis in coherent visual perception.

Results and Discussion

Traditional approaches of visual processing [2] suggest
that the analysis of local image features involves early
visual areas (i.e., striate and extrastriate retinotopic re-
gions), while higher visual areas (i.e., regions in the infer-
otemporal cortex) mediate the perception and recogni-
tion of global shapes. However, the neural substrates of
the perceptual organization of local features into global
shapes in the human brain remain largely unknown.
By combining psychophysical and human event-related
functional magnetic resonance imaging (fMRI) techniques,
we demonstrate that not only higher occipitotemporal
but also early retinotopic areas are involved in the per-
ceptual organization and detection of global shapes.
Specifically, we tested for responses to global shapes
in early retinotopic ventral areas (V1, V2, Vp, and V4v) and
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the human lateral occipital complex (LOC), a region in the
lateral occipital cortex that extends anteriorly into the
temporal cortex and is thought to be involved in
the analysis of the perceived object shape [3-6] and
processes of object recognition [7, 8] (Figure 1). We
employed closed contours rendered by similarly ori-
ented local elements and embedded in a background
of randomly oriented elements. Such displays yield the
perception of a global figure in a randomly textured
background (Figure 2) and are thought to emerge from
a segmentation process that relies on the integration of
the similarly oriented elements into global configura-
tions [9, 10].

The goal of Experiment 1 was to test responses to
global contours versus random patterns across visual
areas. To this end, we presented the subjects with Col-
linear Contours consisting of a closed contour of simi-
larly oriented Gabor elements embedded in a background
of randomly oriented Gabors, Stereo and Collinear Con-
tours that consisted of collinear contours presented ste-
reoscopically in front of the background elements, and
random versions of these displays that consisted of a
field of randomly oriented elements (Random Patterns
and Stereo Random Patterns). The subjects’ accuracy
was high in discriminating global contours from random
patterns. In particular, detection accuracy was high for
Collinear Contours (d-prime: 2.19, 82.3% hits and 89.5%
correct rejections for the Random Patterns) and Stereo
and Collinear Contours (d-prime: 2.82, 92.7% hits and
91.1% correct rejections for the Stereo Random Pat-
terns).

Analysis of the fMRI responses showed stronger re-
sponses for collinear (Collinear Contours and Stereo and
Collinear Contours) than for random patterns (Random
Patterns and Stereo Random Patterns) in all the early
ventral visual areas (V1, V2, VP, and V4v) and the LOC
(Figure 3A). A repeated measures ANOVA on the peak
responses across all regions of interest (ROls) showed
significant effects for Image Type (Contour, Random
Pattern) (F[1, 36] = 17.31, p < 0.01), but not for ROI
(F[4, 36] < 1, p = 1.00) or Grouping Cue (Collinearity,
Stereo and Collinearity) (F[1, 36] < 1, p = 0.57). No
significant interaction was observed between ROI and
Image Type (F[4, 36] < 1, p = 0.67). These findings
suggest that both early and higher visual areas respond
more strongly to global contours than to random pat-
terns when their components (Gabor elements) are
grouped by collinearity or by additional disparity infor-
mation.

Interestingly, as shown in Figure 3B, we observed
stronger responses in the LOC when additional disparity
information was used for grouping the contour ele-
ments. A significant interaction between ROl and Group-
ing Cue was observed (F[4,36] = 3.48, p < 0.05). Con-
trast analysis showed significantly stronger responses
for the Stereo and Collinear Contours than the Collinear
Contours condition in the LOC (F[1,36] = 5.62, p < 0.05),
but not in early visual areas. Consistently, analysis of
the behavioral data showed a facilitative trend when
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Figure 1. Functional Localization of ROls

Functional activation maps for two subjects showing the early retinotopic regions and the LOC. The functional activations are superimposed
on flattened cortical surfaces of the left and right hemispheres. The sulci are coded in darker gray than the gyri, and the anterior-posterior
orientation is noted by A and P. Major sulci are labeled: STS, superior temporal sulcus; ITS, inferior temporal sulcus; OTS, occipitotemporal
sulcus; CoS, collateral sulcus. The borders (shown by lines) of the early visual regions (V1, V2, VP, V3, V3a, and V4v) were defined with
standard retinotopic techniques. The LOC was defined as the set of all contiguous voxels in the ventral occipitotemporal cortex that were
activated more strongly (p < 107 by intact than by scrambled images of objects. The posterior (lateral occipital [LO]) and anterior (posterior
fusiform [pFs]) regions of the LOC were identified on the functional maps based on anatomical criteria, as described previously [7].
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A Collinear Contour

Figure 2. Stimuli

B Misaligned Contour
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(A-C) An example of the stimuli used in Experiments 1 and 2: (A) Collinear Contours, (B) Misaligned Contours, and (C) Random Patterns.

disparity information was added to collinear contours
(F[1, 9] = 4.56, p = 0.06). However, this effect of Group-
ing Cue (Collinearity, Stereo and Collinearity) was only
marginally significant, possibly due to the ceiling perfor-
mance levels at the Collinear Contours condition. These
results suggest that, while collinearity is a strong cue
for contour integration, additional information (i.e., dis-
parity) that facilitates grouping and enhances the sali-
ency of the global shape may modulate responses in
the LOC consistent with its known involvement in the
processing of the perceived global shape.

In Experiment 2, we investigated further the role of
the different visual areas in the detection of global con-
tours that differed in their perceptual coherence by ma-
nipulating the alignment of the local contour elements.
We tested the subjects’ detection performance on Col-
linear Contours, as described in Experiment 1, and Mis-
aligned Contours, which were generated by rotating the
collinear elements randomly within a range of =25-30°C.
We also tested the effect of grouping by disparity on
the detection of contours when their local elements were
misaligned (Stereo Misaligned Contours). Detection ac-
curacy was significantly higher (F[2, 16] = 13.04, p <
0.001) for Collinear (d-prime: 1.97, hits: 86.0%) and
Stereo Misaligned Contours (d-prime: 1.68, hits: 78.7%)
than for Misaligned Contours (d-prime: 0.77, hits:
46.2%). These results suggest that decreased detection
performance for misaligned contours was improved by
grouping based on disparity, consistent with previous
psychophysical studies providing evidence for the role
of depth information in contour integration [11, 12] and
surface perception [13].

Analysis of the fMRI data showed that the responses
in both early and higher visual areas were modulated in
correspondence to the subjects’ detection performance.
As shown in Figure 4, fMRI responses for detected Con-
tours (Collinear Contours, Stereo Misaligned Contours,
Detected Misaligned Contours: trials in which the sub-
jects responded correctly) were significantly stronger
(F[1,48] = 7.07, p < 0.05) than for Nondetected Contours
(Nondetected Misaligned Contours: incorrect trials)
across visual areas (Figure 4). No significant interaction
(F[6,48] = 1.77, p = 0.12) was observed between ROI

and Condition, suggesting that the fMRI responses were
similar across visual areas.

The findings of this study demonstrate that the per-
ceptual organization of local elements into global
shapes involves not only higher occipitotemporal areas
that have traditionally been thought to be the main neu-
ronal locus of shape perception, but also early retino-
topic regions. We found that both early and higher visual
areas show stronger responses to contours defined by
local elements grouped by orientation and/or disparity
than to randomly oriented local elements. More impor-
tantly, when the global structure of the shapes was dis-
turbed by misalignment of the local contour elements,
the detection performance of the subjects and the fMRI
activations decreased. In contrast, grouping of misa-
ligned contour elements by additional cues (i.e., dispar-
ity) increased the performance of the subjects and the
fMRI activations, suggesting that similar neural mecha-
nisms may underlie grouping of local elements to global
shapes by different visual features (orientation or dis-
parity).

One possible limitation of our experiments is that the
observed fMRI responses could be modulated by differ-
ences in the subjects’ attention at different stimulus
conditions. However, analysis of the behavioral results
of the subjects in the scanner for Experiment 1 showed
no significant differences in the reaction times of the
subjects for contours (736 ms) and random patterns (733
ms) (F[1, 9] <1, p = 0.88). In Experiment 2, the subjects
were significantly (t[8] = 4.03, p < 0.01) slower in re-
sponding to nondetected misaligned contours (992 ms)
than to detected ones (794 ms). These results indicate
that the subjects did not simply ignore the random or
misaligned patterns, but they responded faster when they
detected a contour than when not. Furthermore, we ob-
served similar fMRI activations in six additional subjects
that were presented with contours and random patterns
outside their attentional focus while performing a dim-
ming task (i.e., detection of luminance changes on the
fixation point). Thus, stronger fMRI responses to collin-
ear than to random patterns indicate neural mechanisms
responsive to the global contours rather than attentional
modulation effects across conditions.
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Figure 3. Results for Experiment 1

(A) fMRI responses for contours (average re-
sponses for Collinear Contours and Stereo
and Collinear Contours) versus random pat-
terns (average responses for Random Pat-
terns and Stereo Random Patterns) across
early ventral visual areas and the LOC.
(B) fMRI responses in the LOC for all stimulus
conditions. We plot normalized fMRI responses
that were calculated individually for each
subject by subtracting the mean percent sig-
nal change for all of the conditions within
each ROl from the mean percent signal
change for each condition and then adding
the mean percent signal change for all the
conditions across subjects and ROls. These
normalized fMRI responses at the peak time
points (3-5 s after stimulus onset) indicate
differences across conditions independent of
the variability in the fMRI signal across sub-
jects, ROIs, and scanning sessions. The error
bars indicate mean standard errors on the
fMRI responses for each condition averaged
Loc across trials (28 per scan), scans (4), and sub-
jects (10). Additional analysis in posterior (LO)
and anterior (pFs) subregions of the LOC
showed similar patterns of results; that is, we
observed stronger fMRI responses for con-
tour stimuli versus random patterns (F[1, 9] =
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22.52, p < 0.001) in these subregions and no
significant difference between the two subre-
gions (F[1, 9] < 1, p = 0.50).
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Our findings are consistent with several neurophysio-
logical studies that suggest that recurrent mechanisms
of visual processing, based on local connections or
feedback interactions, mediate global processing (for
reviews, see [14-19]). Long-range connections [15, 16,
20, 21] are suggested to link neurons of similar orienta-
tion tuning across large distances within V1 and result
in modulation of the responses to oriented stimuli inside
the receptive field (RF) of V1 neurons by contextual stim-
uli outside the RF [20-25]. Consistently, several studies
have shown that figure-ground segmentation [17, 18,
26-29] and figure-border assignment processes in areas
V1 and V2 [30, 31] mediate the segmentation of target
elements from their background and facilitate the suc-
cessful integration of global configurations. Responses
to global configurations in early visual areas may then

be forwarded to higher visual areas (i.e., V4, occipito-
temporal regions) that are known to have larger RFs,
process complex feature configurations [32-34], repre-
sent the perceived visual shape rather than the local
contours [6, 35], and mediate processes of object recog-
nition [7, 8, 36, 37].

Alternatively, feedback connections [17,18, 27, 28, 38,
39] from higher visual areas may modulate processing in
early visual areas. Specifically, increased responses are
observed in V1 neurons at longer latencies when the RF
is on the figure rather than the background of the stimu-
lus [17, 18, 27, 28, 39]. These temporal differences in
the contextual modulation effects suggest that feed-
back from higher visual areas may mediate figure-
ground perception.

Consistent with this top-down interpretation, we ob-
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served stronger activations in the LOC, but not in the
early visual areas, for collinear than for misaligned pat-
terns when the subjects performed a two alternative-
forced choice (2AFC) task (see Figure S1 in the Supple-
mentary Material available with this article online). The
similarity of the LOC results across tasks (detection,
2AFC) provides additional evidence that our findings
could not be due to differences in the task demands or
the general state of attention across conditions. How-
ever, the pattern of results observed in the early visual
areas suggests that the presence/absence decision re-
quired by the subjects in the contour detection, but not
in the 2AFC, discrimination task may modulate the fMRI
responses in the early visual areas. That is, the re-
sponses in early visual areas are enhanced when a con-
tour is detected but suppressed when not. These results
are consistent with several studies showing task-depen-
dent modulation of activity in early visual areas (e.g.,
[40-42]) that are related to increases in the signal-to-
noise ratio due to differences in the attentional demands
across tasks. For example, it is possible that attention
to the target contours was enhanced after detection
and contributed to the increased responses to collinear
contours in V1. Finally, consistent with recent studies
showing that the hemodynamic responses reflect the
synaptic input and processing in an area rather than the
output [43], our findings suggest that the responses to
global contours in early visual areas may be the result of
top-down modulation by higher occipitotemporal areas
(i.e., LOC). Further studies are required to distinguish

Figure 4. Results for Experiment 2

fMRI responses for the Nondetected Mis-
aligned Contours, Detected Misaligned Con-
tours, Stereo Misaligned Contours, and Col-
linear Contours conditions for the early visual
areas and the LOC. We plot normalized fMRI
responses, as described in Figure 3, and
mean standard errors on the normalized per-
cent signal change for each condition aver-
aged across trials (16 per scan), scans (4), and
subjects (9). Responses to detected contours
(Detected Misaligned Contours, Stereo Mis-
aligned Contours, and Collinear Contours)
were significantly stronger than responses to
nondetected contours (Nondetected Mis-
aligned Contours) in V1, V4v, and the LOC.
Additional analysis in posterior (LO) and ante-
rior (pFs) subregions of the LOC showed sig-
nificantly stronger fMRI responses for de-
tected than nondetected contours (F[1, 24] =
5.44, p < 0.01) in these subregions and no
significant difference between the two subre-
gions (F[1, 24] = 2.75, p = 0.13).

between the role of local interactions and feedback con-
nections in global shape perception.

In summary, our study demonstrates that both early
and higher stages of visual analysis are involved in
global shape perception. These findings advance our
understanding of the neural basis of coherent visual
perception in several aspects. First, previous neuro-
physiological studies have suggested that recurrent vi-
sual processing may underlie perceptual phenomena,
such as the pop-out of targets [20, 23, 44-50], the per-
ception of surfaces [51, 52], and the detection of collin-
ear paths [563, 54]. By combining behavioral and fMRI
methods, our study provides novel evidence that similar
processes in the human brain may mediate the detection
of coherent contours that are shown to be perceived as
global shapes rather than simple targets, surfaces, or
paths [9, 10]. Second, our findings suggest that similar
mechanisms underlie this integration process of local
elements to global shapes by different visual features
(e.g., orientation, disparity). Finally, conventional meth-
ods have characterized different brain regions based on
their preferable tuning to stimuli that differ in their low-
level features (e.g., single oriented lines or textured tar-
gets for early visual areas versus complex objects for
high visual areas). In contrast, our study makes use
of an alternative approach that manipulates the global
coherency of the same stimulus to investigate the
involvement of various cortical areas in perception.
Thus, the present study is a first step in understanding
the functional connectivity across visual areas in the
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human brain that underlie the awareness of coherent
visual percepts.

Experimental Procedures

Subjects

Twenty students, ten in each experiment, from the University of
Tubingen participated in this study. The data from one subject in
Experiment 2 were excluded due to excessive head movement.

Materials

We used random and collinear stimuli rendered with Gabor elements
(oriented sinusoidal luminance features [3.8 cycles per degree of
visual angle] with Gaussian envelopes that roughly model the RF
structure of V1 simple cells) as described in previous studies [9, 10,
55, 56]. The Collinear Contours consisted of two concentric, closed
shapes that covered an average area of 6° X 6° and were embedded
inarectangularfield (10.9° X 10.9°) of randomly oriented background
Gabor elements. For all the stimuli, the size of the Gabor elements
was 0.5°, and the distance between them was 0.5°. We used 70
different closed shapes for the collinear patterns. The Random Pat-
terns consisted of a rectangular area (10.9° X 10.9°) filled with ran-
domly oriented Gabor elements. The Stereo and Collinear Contours
consisted of collinear contours that were presented stereoscopically
(0.14° disparity) in front of the background Gabor elements. The
Stereo Random Patterns consisted of random patterns with a num-
ber of randomly oriented elements presented in the front plane (0.14°
disparity). These stereoscopically presented random elements were
of the same number and covered approximately the same area as
the collinear elements in the Stereo and Collinear Contours. All the
stereoscopic stimuli were rendered as red-green anaglyphs, and
the depth arrangement of the stimuli was perceived via the use of
red-green glasses.

Procedure

Each subject participated in a single session for only one of the
experiments. Each experiment consisted of eight scans: two LOC
localizer scans, two localizer scans for the early retinotopic areas,
and four event-related scans for the experiment. The order of the
scans was counterbalanced across subjects.

The event-related scans consisted of one epoch of experimental
trials and two 8-s fixation epochs, one at the beginning and one at
the end of the scan. For Experiment 1, each scan consisted of 14
experimental trials for each of the 4 conditions and 14 fixation trials.
For Experiment 2, each scan consisted of 16 experimental trials for
each of the Collinear Contours, Misaligned Contours, and Stereo
and Misaligned Contours conditions, 8 catch trials for each of the
Random Patterns and Stereo Random Patterns conditions, and 16
fixation trials. A new trial began every 3 s and consisted of a stimulus
image presented for 300 ms and a blank interval of 2700 ms. As in
previous studies [5, 6], the order of presentation was counterbal-
anced so that trials from each condition, including the fixation condi-
tion, were preceded (2 trials back) equally often by trials from each
of the other conditions. Different stimuli were presented across
conditions, but all the stimuli were presented in all conditions across
subjects. For both experiments, the subjects performed a contour
detection task; that is, they indicated via button presses whether
they detected a global shape (consisting of two concentric closed
contours) or not.

Imaging

For all of the experiments, scanning was done on the 1.5 T Siemens
scanner at the University Clinic in Tubingen, Germany. A Gradient
Echo pulse sequence (TR = 2 s, TE = 90 ms for the localizer scans;
TR = 1 s, TE = 40 ms for the event-related scans) was used. Eleven
axial slices (5 mm thick with 3.00 X 3.00 mm in-plane resolution)
were collected with a head coil.

Data Analysis

fMRI data were processed with the BrainVoyager 4.6 software pack-
age. For each individual subject, the regions of interest (ROls) de-
fined were the LOC (Talairach coordinates: mean for right hemispheres:
39.1, —65.6, —12.0; mean for the left hemispheres: —41.9, —64.8,

—2.7) and the retinotopic ventral areas (V1, V2, VP, and V4v). For
each individual subject, the LOC was defined as the set of continu-
ous voxels in the ventral occipitotemporal cortex that showed signif-
icantly stronger activation (p < 107 to intact than to scrambled
images of novel and familiar objects, as described previously [5].
The early visual areas were identified based on standard retinotopic
mapping procedures [7, 57-60].

For each event-related scan, the fMRI response was extracted
by averaging the data from all the voxels within each one of these
independently defined ROIs based on the hemodynamic response
properties [61-63] and as described in previous studies [5, 6]. Spe-
cifically, we averaged the signal across trials in each condition at
each of the 11 corresponding time points (seconds), converted these
time courses to percent signal change relative to the fixation trials,
and averaged the time courses for each condition across scans and
subjects. ANOVAs on the average percent signal change from these
11 time points were conducted across stimulus conditions and sub-
jects in each one of the predefined ROIs. These ANOVAs showed
significant interactions (e.g., Experiment 1: V1: F[30, 270] = 1.97,
p < 0.01; LOC: F[30, 270] = 3.00, p < 0.001) between conditions
(Collinear Contours, Random Patterns, Stereo and Collinear Con-
tours, Stereo Random Patterns) and time (11 time points). Contrast
analysis showed significant differences between conditions for time
points 3, 4, and 5 (e.g., Experiment 1: V1: F[30, 270] = 73.02, p <
0.001; LOC: F[30, 270] = 120.90, p < 0.001), but not for the onset
of a trial, i.e., time point 0 (e.g., Experiment 1: V1: F[30, 270] = 1.11,
p = 0.29; LOC: F[30, 270] < 1, p = 0.36). Similar effects were
observed across visual areas and experiments. Thus, these three
time points were selected as the peak of the event-related re-
sponses.

Supplementary Material
Supplementary Material including an additional figure is available
at http://images.cellpress.com/supmat/supmatin.htm.

Acknowledgments

We would like to thank the group of Wolfgang Grodd at the University
Clinics in Tabingen for providing the MRI facilities and for technical
assistance with imaging. We would also like to thank Nancy Kan-
wisher and Victor Lamme for helpful comments and suggestions,
colleagues at the Max-Planck Institute for comments on the manu-
script, and Kalanit Grill-Spector for the stimuli used for retinotopic
mapping. We would like to acknowledge llona Kovacs for suggesting
the experiment reported in the Supplementary Material and for pro-
viding us with the stimuli. This work was supported by the Max-
Planck Society and a McDonnell-Pew grant (3944900) to Z.K.

Received: September 10, 2002
Revised: November 28, 2002
Accepted: December 12, 2002
Published: February 18, 2003

References

1. Koffka, K. (1935). Principles of Gestalt Psychology (New York:
Harcourt).

2. Felleman, D., and Van Essen, D. (1991). Distributed hierarchical
processing in the primate cerebral cortex. Cereb. Cortex 1,1-47.

3. Malach, R., Reppas, J.B., Benson, R.B., Kwong, K.K., Jiang,
H., Kennedy, W.A., Ledden, P.J., Brady, T.J., Rosen, B.R., and
Tootell, R.B.H. (1995). Object-related activity revealed by func-
tional magnetic resonance imaging in human occipital cortex.
Proc. Natl. Acad. Sci. USA 92, 8135-8138.

4. Kanwisher, N., Chun, M.M., McDermott, J., and Ledden, P.J.
(1996). Functional imagining of human visual recognition. Brain
Res. Cogn. Brain Res. 5, 55-67.

5. Kourtzi, Z., and Kanwisher, N. (2000). Cortical regions involved
in perceiving object shape. J. Neurosci. 20, 3310-3318.

6. Kourtzi, Z., and Kanwisher, N. (2001). Representation of per-
ceived object shape by the human lateral occipital complex.
Science 293, 1506-1509.

7. Girill-Spector, K., Kushnir, T., Hendler, T., and Malach, R. (2000).



Current Biology

348

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

The dynamics of object-selective activation correlate with rec-
ognition performance in humans. Nat. Neurosci. 3, 837-843.

. Bar, M., Tootell, R.B.H., Schacter, D.L., Greve, D.N., Fischl, B.,

Mendola, J.D., Rosen, B.R., and Dale, A.M. (2001). Cortical
mechanisms specific to explicit visual object recognition. Neu-
ron 29, 529-535.

. Kovacs, |., and Julesz, B. (1993). A closed curve is much more

than an incomplete one: effect of closure in figure-ground seg-
mentation. Proc. Natl. Acad. Sci. USA 90, 7495-7497.

Kovacs, ., and Julesz, B. (1994). Perceptual sensitivity maps
within globally defined visual shapes. Nature 370, 644-646.
Hess, R.F., and Field, D.J. (1994). Contour integration across
depth. Vision Res. 35, 1699-1711.

Hess, R.F., Hayes, A., and Kingdom, F.A.A. (1996). Integrating
contours within and through depth. Vision Res. 37, 691-696.
Nakayama, K., and Shimojo, S. (1992). Experiencing and per-
ceiving visual surfaces. Science 257, 1357-1363.

Allman, J.M., Miezin, F., and McCuiness, E. (1985). Stimulus
specific responses from beyond the classical receptive field:
neurophysiological mechanisms for local-global comparisons
in visual neurons. Annu. Rev. Neurosci. 8, 407-430.

Gilbert, C.D. (1992). Horizontal integration and cortical dynam-
ics. Neuron 9, 1-13.

Gilbert, C.D. (1998). Adult cortical dynamics. Physiol. Rev. 78,
467-485.

Lamme, V.A.F., Super, H., and Spekreijse, H. (1998). Feedfor-
ward, horizontal, and feedback processing in the visual cortex.
Curr. Opin. Neurobiol. 8, 529-535.

Lamme, V.A.F., and Roelfsema, P.R. (2000). The distinct modes
of vision offered by feedforward and recurrent processing.
Trends Neurosci. 23, 571-579.

Fitzpatrick, D. (2000). Seeing beyond the receptive field in pri-
mary visual cortex. Curr. Opin. Neurobiol. 10, 438-443.
Kapadia, M.K., Ito, M., Gilbert, C.D., and Westheimer, G. (1995).
Improvement in visual sensitivity by changes in local context:
parallel studies in human observers and in V1 of alert monkeys.
Neuron 15, 843-856.

Kapadia, M.K., Westheimer, G., and Gilbert, C.D. (1999). Dynam-
ics of spatial summation in primary visual cortex of alert mon-
keys. Proc. Natl. Acad. Sci. USA 96, 12073-12078.

Knierim, J.J., and van Essen, D.C. (1992). Neuronal responses
to static texture patterns in area V1 of the alert macaque mon-
key. J. Neurophysiol. 67, 961-980.

Nothdurft, H.C., Gallant, J.L., and Van Essen, D.C. (1999). Re-
sponse modulation by texture surround in primate area V1: cor-
relates of “popout” under anesthesia. Vis. Neurosci. 16, 15-34.
Nothdurft, H.C., Gallant, J.L., and Van Essen, D.C. (2000). Re-
sponse profiles to texture border patterns in area V1. Vis. Neu-
rosci. 17, 421-436.

Rossi, A.F., Desimone, R., and Ungerleider, L.G. (2001). Contex-
tual modulation in primary visual cortex of macaques. J. Neu-
rosci. 21, 1698-1709.

Lamme, V.A.F. (1995). The neurophysiology of figure-ground
segregation in primary visual cortex. J. Neurosci. 15, 1605-1615.
Zipser, K., Lamme, V.A.F., and Schiller, P.H. (1996). Contextual
modulation in primary visual cortex. J. Neurosci. 16, 7376-7389.
Lamme, V.A.F., Rodriguez-Rodriguez, V., and Spekreijse, H.
(1999). Separate processing dynamics for texture elements,
boundaries and surfaces in primary visual cortex of the ma-
caque monkey. Cereb. Cortex 9, 406-413.

Lee, T.S., Mumford, D., Romero, R., and Lamme, V.A.F. (1998).
The role of the primary visual cortex in higher level vision. Vision
Res. 38, 2429-2454.

Bakin, J.S., Nakayama, K., and Gilbert, C.D. (2000). Visual re-
sponses in monkey areas V1 and V2 to three-dimensional sur-
face configurations. J. Neurosci. 20, 8188-8198.

Zhou, H., Friedman, H.S., and von der Heydt, R. (2000). Coding
of border ownership in monkey visual cortex. J. Neurosci. 20,
6594-6611.

Gallant, J.L., Shoup, R.E., and Mazer, J.A. (2000). A human
extrastriate area functionally homologous to macaque V4. Neu-
ron 27, 227-235.

Kastner, S., De Weerd, P., and Ungerleider, L.G. (2000). Texture

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

segregation in the human visual cortex: a functional MRI study.
J. Neurophysiol. 83, 2453-2457.

Tanaka, K. (1996). Inferotemporal cortex and object vision.
Annu. Rev. Neurosci. 19, 109-139.

Baylis, G.C., and Driver, J. (2001). Shape-coding in IT cells gen-
eralizes over contrast and mirror reversal, but not figure-ground
reversal. Nat. Neurosci. 4, 937-942.

Gilaie-Dotan, S., Uliman, S., Kushnir, T., and Malach, R. (2002).
Shape-selective stereo processing in human object-related vi-
sual areas. Hum. Brain Mapp. 15, 67-79.

Logothetis, N.K., and Shneiberg, D.L. (1996). Visual object rec-
ognition. Annu. Rev. Neurosci. 19, 577-621.

Bullier, J. (2001). Integrated model of visual processing. Brain
Res. Brain Res. Rev. 36, 96-107.

Lamme, V.AF., Zipser, K., and Spekreijse, H. (1998). Figure-
ground activity in primary visual cortex is suppressed by anaes-
thesia. Proc. Natl. Acad. Sci. USA 95, 3263-3268.

Watanabe, T., Harner, A.M., Miyauchi, S., Sasaki, Y., Nielsen,
M., Palomo, D., and Mukai, I. (1998). Task-dependent influences
of attention on the activation of human primary visual cortex.
Proc. Natl. Acad. Sci. USA 95, 11489-11492.

Huk, A., and Heeger, D. (2000). Task-related modulation of visual
cortex. J. Neurophysiol. 83, 3525-3536.

Ress, D., Backus, B.T., and Heeger, D.J. (2000). Activity in pri-
mary visual cortex predicts performance in a visual detection
task. Nat. Neurosci. 3, 940-945.

Logothetis, N.K., Pauls, J., Augath, M., Trinath, T., and Oelter-
mann, A. (2001). Neurophysiological investigation of the basis
of the fMRI signal. Nature 4712, 150-157.

Kapadia, M.K., Ito, M., Gilbert, C.D., and Westheimer, G. (1995).
Improvement in visual sensitivity by changes in local context:
parallel studies in human observers and in V1 of alert monkeys.
Neuron 15, 843-856.

Nothdurft, H.C., Gallant, J.L., and Van Essen, D.C. (1999). Re-
sponse modulation by texture surround in primate area V1: cor-
relates of “popout” under anesthesia. Vis. Neurosci. 16, 15-34.
Polat, U., and Sagi, D. (1993). Lateral interactions between spa-
tial channels: suppression and facilitation revealed by lateral
masking experiments. Vision Res. 33, 993-999.

Polat, U., and Sagi, D. (1994). The architecture of perceptual
spatial interactions. Vision Res. 34, 73-78.

Polat, U. (1999). Functional architecture of long-range percep-
tual interactions. Spat. Vis. 12, 143-162.

Polat, U., and Bonneh, Y. (2000). Collinear interactions and con-
tour integration. Spat. Vis. 13, 393-401.

Li, W., Their, P., and Wehrhahn, C. (2000). Contextual influence
on orientation discrimination of humans and responses of neu-
rons in V1 of alert monkeys. J. Neurophysiol. 83, 941-954.
MacEvoy, S.P., Kim, W., and Paradiso, M.A. (1998). Integration
of surface information in primary visual cortex. Nat. Neurosci.
1, 616-620.

Paradiso, M.A., and Nakayama, K. (1991). Brightness perception
and filling-in. Vision Res. 37, 1221-1236.

Field, D.J., Hayes, A., and Hess, R.F. (1993). Contour integration
by the human visual system: evidence for a local “association
field”. Vision Res. 33, 173-193.

Hess, R., and Field, D. (1999). Integration of contours: new in-
sights. Trends Cogn. Sci. 3, 480-486.

Braun, J. (1999). On the detection of salient contours. Spat. Vis.
12, 211-225.

Pennefather, P.M., Chandna, A., Kovacs, I., Polat, U., and Nor-
cia, A.M. (1999). Contour detection threshold: repeatability and
learning with “contour cards”. Spat. Vis. 12, 257-266.

DeYoe, E.A., Carman, G.J., Bandettini, P., Glickman, S., Wieser,
J., Cox, R., Miller, D., and Neitz, J. (1996). Mapping striate and
extrastriate visual areas in human cerebral cortex. Proc. Natl.
Acad. Sci. USA 93, 2382-2386.

Engel, S.A., Glover, G.H., and Wandell, B.A. (1997). Retinotopic
organization in human visual cortex and the spatial precision
of functional MRI. Cereb. Cortex 7, 181-192.

Sereno, M.l., Dale, A.M., Reppas, J.B., Kwong, K.K., Belliveau,
J.W., Brady, T.J., Rosen, B.R., and Tootell, R.B.H. (1995). Bor-
ders of multiple visual areas in humans revealed by functional
magnetic resonance imaging. Science 268, 889-893.



Brief Communication

349

60.

61.

62.

63.

Grill-Spector, K., Kushnir, T., Edelman, S., Itzchak, Y., and Ma-
lach, R. (1998). Cue invariant activation in object-related areas
of the human occipital lobe. Neuron 27, 191-202.

Boynton, G.M., Engel, S.A., Glover, G.H., and Heeger, D.J.
(1996). Linear systems analysis of functional magnetic reso-
nance imaging in human V1. J. Neurosci. 16, 4207-4221.
Cohen, M.S. (1997). Parametric analysis of fMRI data using lin-
ear systems methods. Neuroimage 6, 93-103.

Dale, A.M., and Buckner, R.L. (1997). Selective averaging of
rapidly presented individual trials using fMRI. Hum. Brain Mapp.
5, 329-340.



