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Abstract

Two experiments investigated the neural mechanisms of Gestalt grouping by recording high-density event-related brain
potentials(ERPS during discrimination tasks. In Experiment 1, stimulus arrays contained luminance-defined local
elements that were either evenly spaced or grouped into columns or rows based on either proximity or similarity of
shape. Proximity grouping was indexed by a short-latency posifitt®—120 msover the medial occipital cortex and

a subsequent right occipitoparietal negativity. Grouping by similarity was reflected only in a long-latency occipitotem-
poral negativity. In Experiment 2, proximity grouping was examined when local elements were defined by motion cues,
and was again associated with a medial occipital positivity. However, the subsequent long-latency negativity was now
enhanced over the left posterior areas. The implications of these results to the neural substrates subserving different
grouping processes are discussed.

Descriptors: Cortex, Event-related potentials, Gestalt, Grouping, Proximity, Similarity

Human viewers can rapidly extract global configuration informa-and Wilton (1998 presented subjects with displays comprising a
tion from complex visual scenes containing multiple separate orow of seven colored shapes. Subjects were asked to rate the
overlapping objects. It has been widely accepted that perceptualegree to which the central target shape grouped with either the left
grouping is fundamental to this process and occurs at an earlgr the right flanking shapes. Quinlan and Wilton found that sub-
stage of visual analysis. For example, computational theories ofects showed stronger tendency to group local elements by prox-
vision postulate an early stage of representation that encodes visuahity than by similarity of shape. Other researchers measured
elements into clusters to form plausible objects for further pro-reaction timeg RTs) to discriminations of perceptual groups de-
cessing(Marr, 1983. Similarly, theories of visual attention hy- fined by Gestalt laws. For instance, Ben-Av and S@§i95 had
pothesize that perceptual grouping takes place preattentively teubjects report horizontal or vertical organization of stimulus ar-
form perceptual units that become the substrates of subsequergys that were made up of local elements. They found that subjects
higher order attentional processirifuncan, 1984; Duncan & responded faster to orientations of perceptual groups formed by
Humphreys, 1989; Kahneman & Henik, 1981; Moore & Egeth, proximity than by similarity of shape. Han et dHan & Hum-
1997; Neisser, 1967 phreys, 1999; Han, Humphreys & Chen, 1999a, 199&ked

The process of grouping object constituents into perceptuasubjects to discriminate global shapes made up of local elements
wholes is usually guided by Gestalt principléi€offka, 1923; that were grouped by either proximity or similarity of shape. They
Wertheimer, 1928 Two of the most fundamental grouping prin- also found faster RTs to proximity relative to similarity stimuli.
ciples are proximity and similarity. The principle of proximity Taken together, the findings indicate that proximity grouping is
states that nearby objects tend to be perceived as belonging toperceived faster andr earlier than grouping by similarity of
common group. The principle of similarity states that elements thashape in visual perception.
are similar to one another tend to be grouped together. Despite the findings of behavioral studies, however, there has

Several studies suggest that proximity is a more salient cue thabeen little neurophysiological evidence that different cortical pro-
similarity in guiding perceptual grouping. For example, Quinlan cesses subserve different Gestalt grouping operations. Indeed, the

lack of neurophysiological evidence of grouping has led to the
suggestion that the grouping processes defined by different Gestalt
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excitatory core of the receptive field. Sugite999 found cells in

V1 that responded to two line segments as if they were one
continuous long line when an intervening stimulus patch was
positioned in space to block the view of the discontinuity. Other
studies showed that responses of cells in V1 and the posteromedial
lateral suprasylvian area were synchronized when visual stimuli in
receptive fields of cells in the two brain areas moved at the same
speed in the same directioiEngel, Kreiter, Konig, & Singer,
1991, suggesting that temporal coding of neural responses may be
a possible mechanism of the grouping process.

Although these neurophysiological findings suggest that group-
ing may involve modulation of processing in early visual areas,
there is no evidence that such modulation occurs in humans with
the complex displays used to study grouping. The current wor
investigated neural mechanisms of grouping by proximity and
similarity of shape by recording event-related brain pote(E&P
from human subjects viewing such complex displays. We com-
pared ERPs elicited by proximity- and similarity-grouping stimuli
to identify the chronometry of the two grouping processes, and
used voltage topographies of 120 channel ERPs to estimate the
intracerebral sources of grouping-related modulations. The exper-
imental design was similar to that used in previous behavioral
studies of perceptual groupi®en-Av & Sagi, 1995; Han et al.,
19993. Participants were asked to discriminate orientations of
groups composed of local elements. To examine the generality ofg
the findings, local figures were defined by luminance contrast in
Experiment 1, and by motion contrast in Experiment 2.

EXPERIMENT 1

grouping into columns grouping into rows
In Experiment 1, participants were presented with stimulus arrays

made up of local filled bright squares and circles on a darkFigure 1. IIIustrat‘ior) of the st_imuli _use(_j in E‘xp‘erir_nentaa)'l'_he ur?iforr‘n
background Figure 1. The local elements were eithél) evenly stimulus; (b) proximity-grouping stimuli;(c) similarity-grouping stimuli.
spaced(uniform stimuli; (2) grouped into columns or rows by

adjusting the distances between adjacent local elentgrdsping

by proximity); or (3) grouped by forming columns or rows of

squares and circlegrouping by similarity of shape ERPs were  circles and squares arranged in arrays to form separate perceptual
obtained separately for the uniform and grouping stimuli. Differ- groups(i.e., rows or columnsby adjusting the distances between
ence waves were obtained by subtracting ERPs to the uniforrfivo adjacent rows or columns of local elements so that the dis-
stimuli from ERPs to the grouping stimuli to estimate the ERPtances between two near or remote rgascolumns were 0.14
correlates of the grouping processes. and 1.2, respectively. The similarity-grouping stimuli were made
by moving the circles and squares in the uniform stimulus to form
rows or columns of elements with the same shape. The distance
between two adjacent columns or rows was 067 the uniform
Participants and similarity-grouping stimuli. Each local shape subtended an
Fourteen graduate studeriisfemale, 12 male, aged between 18 angle of 0.47 X 0.47 and global stimulus pattern subtended an
and 35 yearsparticipated in this experiment as paid volunteers.angle of 7.8 X 7.8. The background had a luminance of
All had normal or corrected-to-normal vision. All participants 0.02 c/m?. The stimulus patterns had a luminance of 3.4fw0#

were right-handed, without neurological disorders, and gave inThe stimulus displays were presented for 200 ms. Interstimulus
formed consent according to the guidelines of the University ofintervals were randomized between 800-1,200 ms.

Science and Technology of China.

Methods

Procedure

Stimuli Participants were asked to indicate the presence of row- or column-
White stimulus elements were presented on a black backgroungrouped stimuliregardless of whether proximity or similarity cues
presented on a 15-in. color monitor at a viewing distance of 57 cmproduced groupingoy pressing one of two keys with either the left

A white fixation cross of 0.3 0.2 was continuously visible in  or the right thumb. Uniform stimuli required no response. Each
the center of the monitor. The stimuli consisted of a square latticgarticipant completed 100 practice trials, followed by 1,000 trials
of elementgeither filled circles or squarg$n an 8 8 array, as  in ten 100-trial blocks. The uniform stimuli, proximity-grouping
shown in Figure 1. The uniform stimulus consisted of alternatestimuli, and similarity-grouping stimuli were presented randomly
circles and squares distributed evenly across the lattice. This apn 32%, 34%, and 34% of the trials, respectively. Half of the
rangement prevented the local elements from grouping into rowgarticipants responded to rows with the left hand and to columns
or columns. The proximity-grouping stimuli consisted of alternatewith the right hand. This arrangement was reversed for the remain-



ing participants. Participants were instructed to maintain fixationas independent variables. Components were quantified at sites of

on the central cross throughout the task. maximal amplitude, using symmetrical electrodes over the two
hemispheres. ERP waves elicited by uniform and grouping stimuli
ERP Data Recording and Analysis include a positive wavéP85 between 70 and 100 ms over the

The electroencephalograftEG) was recorded from 120 scalp lateral occipital sites, which was followed by a negative wave
electrodegFigure 2. The position of each electrode was measured(N110) over the medial occipital sites between 100 to 120 ms. Two
with a 3D probe relative to fiducial marks on the skull. The other negative waves peaking between 120 and 180N1S0) and
average of the recordings from electrodes at the left and righbetween 220 and 280 m@N260) were also observed over the
earlobes was used as reference. Eye blinks and vertical eye moveecipitotemporal regions. An additional occipitotemporal negativ-
ment were monitored with electrodes located below the left andty between 300 and 380 mdN340 was evident only for the
right eyes. The horizontal electro-oculogram was recorded fronsimilarity-grouping stimuli. Both the proximity- and similarity-
electrodes placed 1.5 cm lateral to the left and right external canthgrouping stimuli elicited a frontal positivity between 190 and
The EEG was amplifiedbandpass 0.1-40 Hand digitized at a 250 ms(P220 and a P3 between 300 and 700 ms over the
sampling rate of 250 Hz. The ERPs in each stimulus conditioncentral-parietal areas.
were averaged separately off-line with averaging epochs beginning The P85, N110, N150, and N260 ERP components were mea-
200 ms before stimulus onset and continuing for 1,200 ms. Only
trials with correct responses were analyzed. Trials contaminated by
eye blinks, eye movements, or muscle potentials exceedingt50
(peak-to-peak amplitudeat any electrode were excluded from the
average. ERPs and difference waves were measured with respect
to the mean voltage during the 200-ms prestimulus interval. Peak
latencies were measured relative to stimulus onset. Mean voltages
of ERPs and difference waves were obtained at successive 20-ms
intervals starting at 60 ms after stimulus onset and continuing until
600 ms poststimulus.

As the preliminary analyses did not show significant differ-
ences in behavioral and ERP data between vertical and horizontal
grouping stimuli, the data in the two conditions were combined for
further analyses. The mean amplitudes of ERPs to the grouping
stimuli and grouping-related difference waves were measured over
cortical areas where the components showed maximal amplitudes,
and then subjected to a repeated measure analysis of variance
(ANOVA) with grouping(grouping by proximity vs. similarity of
shapé¢ and hemisphergelectrodes on the left vs. right hemisphere



F(1,13 = 6.68,p < .02. The later phase of the Nd34880—  previous report$Ben-Av & Sagi, 1995; Han & Humphreys, 1999;
420 mg showed larger amplitudes over the left than the rightHan et al., 1999a, 1999b
hemisphereF (1,13 = 4.68, p < .05. The distribution of the The neural mechanisms related to the grouping processes were
Nd340 is shown in Figure 5b. Difference waves also showed a lateevealed by the difference waves. Proximity grouping was associ-
widely distributed positivity in proximity- and similarity-grouping ated with a short-latency enhanced positivifgd110Q over the
conditions, which resulted from larger P3 to the grouping than themedial occipital cortex. Enhanced parietal negativitid&l230
uniform stimuli. were also seen in the proximity-grouping condition, particularly
\oltage topographies suggested that the long-latency negativiever the right hemisphere. In contrast, grouping by similarity of
ties associated with proximity and similarity grouping originated shapes produced only longer-latency occipitotemporal negativities
from different regions of visual corteiFigure 5. An ANOVA (Nd340, with an asymmetric left hemisphere focus. These find-
comparing the relative amplitudes of grouping-related negativitiesngs suggest that neural mechanisms of the grouping process by
at parietal and temporal sites showed a significant interactiorproximity and similarity of shape may differ in both time course
between grouping-type and locatioR(1,13 = 9.14,p < .01, and neural origin.
reflecting the fact that proximity grouping produced relatively = The Pd110 related to proximity grouping may reflect an early
larger parietal negativities whereas similarity grouping producedepresentation of spatial parsing of local elements in visual cortex.
relatively larger temporal negativities. This provides electrophysiological evidence for short-latency clus-
tering of elements based on proximity. The early occipital positivity
and earlier onset of occipitoparietal negativity in the proximity-
grouping condition also provide electrophysiological correlates of
The behavioral data of Experiment 1 showed that participantshe faster behavioral responses to proximity- than similarity-
responded faster with fewer errors to proximity- than similarity- grouping target$
grouping stimuli. This difference is consistent with the results of

Discussion
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uping process and ovegrouping. In contrast, observers would have to use higher spatial
larity-grouping processfrequency information to detect the shape cues needed for simi-
that the dorsal pathwalarity grouping. Therefore, the stronger long-latency activities of
may be pref rouping, whereas thethe right and left hemispheres during proximity and similarity
ventral path esenting similarity ofgrouping may reflect asymmetries in the processing of low and
local eleme roposal is consistehigh spatial frequencies in the image.
sal occipitoparietal Finally, the ERP results suggest that late processing stages also
hereas the ventrdiffer between proximity- and similarity-grouping tasks. For ex-
sh as shape ample, the P3 component, which is associated with stimulus eval-
and color; H 4; Ungerleideruation and categorizatigiMcCarthy & Donchin, 1981; Mecklinger
& Haxby, 199 & Ullsperger, 1993; Mecklinger, Ullsperger, & Baldeweg, 1993

In addition, s related towas significantly delayed in similarity- relative to proximity-
proximity- and heric dis- grouping tasks. The P3 delay may be partially due to the longer
tributions. The suggests datency of the similarity-grouping process as reflected by the Nd340
greater role for t ing and ain the difference waves. The larger P3 amplitude in proximity
greater role for th . It hasrelative to similarity conditions may reflect the difference in con-
been suggested th d by tifidence with which perceptual decisions were ma&lerkhof &
application of lowpa & Uhlenbroek, 1981; Squires, Squired, & Hillyard, 1975
Ivry, 1987; Ginsburg, e
right and left hemispher
spatial frequencie&itterle
tively. Because the double r
proximity stimuli would introd
cies not present in uniform an
low spatial frequency information

higlL s PERIMENT 2

Experiment 1 showed that the proximity-grouping-related differ-
ence wave was characterized by an occipital positiviRg110.

ecause Experiment 1 used only stimuli that were defined by
inance contrast, it is unclear whether similar occipital activity



would occur for stimuli with local stimulus objects defined by a
different stimulus feature. To test this possibility, Experiment 2
employed stimuli in which local elements were defined by motion
contrast. The background was composed of randomly moving
dots. Local circles and squares were made up of stationary random
dots.

Experiment 2 also provided information on the importance of
low spatial frequencies to the proximity-grouping process. In Ex-
periment 1, proximity grouping could have been facilitated by the
operation of channels tuned to low spatial frequeng&ssburg,
1986, although there is some evidence that perceptual grouping
can also occur with highpass filtered imag€anez, 1984 In
contrast, the stimuli in Experiment 2 gave the observer no steady-
state spatial frequency cues in either low or high spatial frequen-
cies to perform the task. Each frame of a stimulus display in
Experiment 2 was a random-dot pattern, and in itself provided no
information about the presence, absence, shape, or spacing of the
motion-induced local circles and squares. It was only the integra-
tion of high-spatial-frequency information across frames that dif-
ferentiated stationary from moving dots, and the movement contrast
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N350 also showed larger amplitudes over the right than the lefDiscussion
hemispheref- (1,195 = 12.11,p < .004, and this asymmetric effect
was stronger for uniform than for proximity-grouping stimuli, Though behavioral responses in Experiment 2 were slower and
F(1,15 = 11.80,p < .004. The frontal N420 was enlarged to less accurate than those in Experiment 1, participants still per-
uniform compared to proximity-grouping stimuk(1,15 = 9.60, formed the task with a high accuracy, indicating that motion
p < .007. contrasts can support proximity grouping and that steady-state
Difference waves revealed a positivity between 180 and 260 m#w-spatial-frequency information is not essential for such group-
(Pd230, F(1,15 = 4.67,p < .05 (Figure 7. The Pd230 had a ing to occur. The ERPs to grouping and uniform stimuli differed
distribution over the medial occipital areas, as illustrated in thefrom those in Experiment 1, but this was expected because of the
voltage topographiegFigure 9. A longer-latency negativity was difference between stimuli defined by motion versus luminance
evident at 340—400 mENd380, F(1,195 = 9.29,p < .008, with contrasts.
maximum amplitude over the left occipitoparietal ardad,, 15 = Nevertheless, the grouping-related difference wave in Experi-
4.96;p < .04. A positivity peaking at about 400 ms was observedment 2 was characterized by an initial occipital positiviBd230
over the frontal electrodegPd400, F(1,15 = 8.25,p < .01. with a scalp distribution that was similar to that of the Pd110 in
Similar to those in Experiment 1, difference waves also showed &xperiment 1. The fact that the early occipital activity observed in
late widely distributed positivity that resulted from the larger P3 Experiment 2 showed a similar polarity and scalp distribution with
elicited by the grouping stimuli. ANOVA showed that distributions the Pd110 observed in Experiment 1 suggests that the Pd230 may
of the shorter latency positivity in the difference waves did notreflect a similar proximity-grouping process in the visual cortex as
differ between Experiments 1 and 2> .1. However, lateraliza- we discussed for the Pd110 in Experiment 1. Although the Pd110
tion of the long-latency negativity in the difference wave was may have represented the analysis of low-spatial-frequency infor-
significantly different between the two experimenk(1,28 = mation present only in the proximity-grouped stimuli, a similar
17.28,p < .005. explanation for the Pd230 is undermined by the lack of differen-
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Figure 7. Difference waves reflecting proximity grouping in Experiment 2.

tially orientated low-frequency energy in the random-dot patternsticipants could group the stimuli only on the basis of higher

The longer latency of the occipital positivity in Experiment 2 spatial-frequency information, the left hemisphere became domi-

relative to Experiment 1 is not surprising because multiple framesant. These results are consistent with the assertion that the right

would be required to discriminate regions of stationary dots fromand left hemispheres contribute relatively more to the processing

the background of randomly moving dots. It is difficult to estimate of low and high spatial frequencies respectivélyry & Robert-

the number of frames that might be required to define local-shapson, 1999; Kitterle et al., 1990; Sergent, 1987

locations to detect the proximity grouping and discriminate its  Another difference between Experiment 1 and 2 is the late

orientation, but the latency differences in the ERREL50 vs.  frontal positivity observed in Experiment 2 but not in Experi-

N260, and N260 vs. N350 the difference wave$Pd110 vs. ment 1. Others have shown that increasing task demi@hdo &

Pd230, and the RTY525 vs. 611 mssuggest a fairly consistent Knight, 1996, 1997 or categorization difficulty(Swick, 1998

delay of five to seven frames. Some of this delay may come frongenerates enhanced frontal components. The late frontal positivity

the intrinsically slower responses and longer latency-integratiorof Experiment 2 probably represents the same effect.

time of high-spatial-frequency channglBreitmeyer, 1975 To-

gether, these two sources should easily accounts for the Cons'Steaeneral Discussion

five- to seven-frame delay that occurred throughout the physio-

logical and behavioral responses. The present study recorded 120-channel ERPs to investigate neural
The Pd230 was also followed by a longer latency negativitysubstrates underlying perceptual grouping defined by proximity

over the posterior areas, which was increased in amplitude over thend similarity. Behavioral performance showed that grouping by

left hemisphere. The different lateralization of the longer latencyproximity were perceived faster with fewer errors than grouping

negativities in Experiments 1 and 2 is consistent with differentby similarity of shape, supporting a dominance of proximity over

relative contributions of the left and right hemispheres at a latesimilarity of shape in grouping local elements into perceptual

stage of the proximity-grouping process, depending on the spatiakholes (Ben-Av & Sagi, 1995; Han & Humphreys, 1999; Han

frequency content of the stimulus arrays. When low spatial fre-t al., 1999a, 1999b

quencies were availabléExperiment 1, the right hemisphere The ERP data showed that grouping by proximity was first

contributed more to the grouping process. In contrast, when parharacterized by an enhanced positivity over the medial occipital
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cortex, which occurred at shorter latencies in Experiment 1 wheravailable in stimulus display€Experiment 1, consistent with the
local elements were defined by luminance contrast, and at longeunctional magnetic resonance imagitf¢/RI) findings that the
latencies in Experiment 2 where local elements were defined byight extrastriate cortex is activated by the low-spatial-frequency
motion contrast. The occipital activation did not depend on thegrouping operations involved in illusory contour perceptiétir-
existence of low-spatial-frequency information in stimulus dis- sch et al., 19956 However, the long-latency activity was larger
plays or on the particular stimulus featutaminance vs. motion  over the left hemisphere when low spatial frequencies were elim-
contrast upon which the grouping was based. In addition, thisinated(Experiment 2. The results suggest that either the right or
occipital activity was not evident in the similarity-grouping con- the left hemispheres can dominate the later stages of grouping
ditions, suggesting that it could not result from a non-proximity- depending on whether the low- or high-spatial-frequency contents
specific aspect of the task. are available in stimulus displays.

Thus, the occipital activation observed here appears to reflect Unlike proximity grouping, grouping by similarity of shape
neural activities linked to proximity-grouping process. Although elicited only long-latency negativities over the occipitotemporal
our ERP data did not demonstrate exactly where the proximity-areas. The occipital activities possibly stemmed from contribu-
related positivity was generated, the voltage topographies are coiions of relatively low-level factors, for example, the collinearity
sistent with an origin in striate or prestriate cortex. This finding of the horizontal or vertical edges of the local squares in the
suggests a broader role for human visual cortex than the analys@milarity condition may aid the grouping process and lead to
of local features, as suggested by previous animal styéiabel activities in the early visual cortex. The occipitotemporal scalp
& Wiesel, 1962; Livingstone & Hubel, 1988Such a broader role localization of the similarity-related negativity is consistent with
might include a representation of the relationship between locathe key role of temporal areas in representation of object fea-
elements based on spatial distances. In this context, it is interestirtgres such as shape and col@ross, 1994; Logothetis & Shein-
that the grouping-related response of visual cortex does not depererg, 1996; Tanaka, 1983Similarity grouping, whether based
on how local elements are definéice., by luminance vs. motion on collinearity of component orientation or complete shape iden-
difference. Although other studies indicate that the primary visual tification, depends on an analysis of higher spatial frequencies
cortex is involved in the process of figure—ground segregatiorthan does proximity grouping based on luminance contrasts. The
based on luminance, color, texture, and motion cUemmme, corresponding higher amplitude negative difference wave over
1995; Reppas, Niogl, Dale, Sereno, & Tootell, 1997; Skiera, Pethe left hemisphere is consistent with the hemispheric asymme-
tersen, Skaleg, & Fahle, 2000; Super, Spekreijse, & Lamme,)2001try in Experiment 2 where proximity grouping was also based
the current work provides electrophysiological evidence that peron high spatial frequencies. The left hemisphere predominance
ceptual grouping of local elements defined by luminance or motiorobserved for both similarity groupingExperiment 1 and
cues is also reflected in modulations of early visual areas. proximity grouping based on high spatial frequenci&xperi-

Studies of single neurons in primate striate cortex have showment 2 may reflect a more rapid and accurate processing of
enhanced responses when nearby context stimuli share the sarhigh spatial frequencies in the left hemisphél@tterle, Christ-
orientation as the stimuli in the receptive fiellsapadia et al., man, & Conesa, 1993; Sergent, 1987; Watten, Magnussen, &
1995. This result may reflect short-range interactions betweenGreenlee, 1998
neurons that are based on both spatial distance and similar recep- In conclusion, our findings suggest that grouping by proximity
tive field properties. The proximity-grouping-related occipital and grouping by similarity of shape may be mediated by neural
activity observed here, however, likely reflects longer range inter-mechanisms that are different in time course, spatial distributions,
actions between neurons rather than stimulus interactions betweemd hemispheric predominance. The occipital cortex was involved
nearby receptive fields. Various types of interactions among neuat the early stage of proximity grouping regardless of whether or
rons are consistent with the occipital activations observed herejot the grouping was based on low-spatial-frequency information.
including synchronization of neuronal responses in cells respondAt longer latencies, proximity grouping showed a more dorsal
ing to similar stimulus component&ckhorn, 1994; Gray, Engel, scalp distribution, suggesting relatively greater activation of dorsal
Konig, & Singer, 1989; Usher & Donnelly, 198%nd excitatory  stream visual structures. Long-latency neural activities related to
and/or inhibitory horizontal connections between celGilbert, similarity grouping showed left hemisphere predominance, consis-
1992; Polat, Mizobe, Pettet, Kasamatsu, & Norcia, 1998 tent with the high-spatial-frequency content of the stimuli, and

Long-latency activity related to proximity grouping showed a occipitotemporal focus, suggesting relatively greater activation of
right hemisphere dominance when low spatial frequencies wergentral stream structures.
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