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Abstract The current work examined neural substrates
of perceptual grouping in human visual cortex using
event-related potential (ERP) recording. Simulus arrays
consisted of local elements that were either evenly spaced
(uniform stimuli) or grouped into columns or rows by prox-
imity or color similarity (grouping stimuli). High-density
ERPs were recorded while subjects identified orientations of
perceptual groups in stimulus arrays that were presented
randomly in one of the four quadrants of the visual field.
Both uniform and grouping stimulus arrays elicited an early
ERP component (C1), which peaked at about 70 ms after
stimulus onset and changed its polarity as a function of
stimulated elevations. Dipole modeling based on realistic-
head boundary-element models revealed generators of the
C1 component in the calcarine cortex. The C1 was modu-
lated by perceptual grouping of local elements based on
proximity, and this grouping effect was stronger in the upper
than in the lower visual field. The findings provide ERP evi-
dence for the engagement of human primary visual cortex in
the early stage of perceptual grouping.
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Perceptual grouping serves to form perceptual units
or objects at an early stage of visual processing for subse-
quent higher-level attentional processing™2. Animal stud-
ies have shown that the primary visual cortex (V1) may be
the earliest neural substrate underlying the grouping pro-
cesses®, However, as stimuli used in animal studies are
much smaller than those used in human behavioral stud-
ies*? it is unclear to what extent the results from animal
studies can be used to deduce the neural mechanisms
underlying large-area perceptual grouping in humans.
Recent event-related potential (ERP) studies presented
subjects with stimulus arrays in which local elements were
either evenly spaced (uniform stimuli) or grouped into
columns or rows based on proximity or similarity®2. It
was found that, relative to uniform stimuli, proxi-
mity-grouping stimuli elicit a positive wave at 100—120
ms after stimulus onset over the medial occipital area,
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suggesting that the media occipital cortex is engaged in
grouping operations. Recent neuroimaging studies found
that neural activities are stronger in the early visual areas
such as V1 and V2 to global contours consisting of col-
linear elements than to the patterns of randomly oriented
local elements®. However, the results could not distin-
guish whether the V1 activation arises from the initia
grouping process when visual information first arrives at
V1 or the feedback from higher visual areas because of
the limitation of temporal resolution.

The current work investigated this problem by test-
ing if an early ERP component (C1) is modulated by per-
ceptual grouping. The C1 recorded at occipito-parietal
electrodes is negative for positions above the horizontal
meridian (HM) but positive for stimuli located below HM
and is localized to calcarine cortex®%, The C1 peaks at
50—90 ms poststimulus and reflects the initia activities
of the primary visual cortex evoked by visua stimuli.
Here we presented the stimulus arrays used in our previ-
ous work'®? randomly in one of the four quadrants of the
visual field while high-density ERPs were recorded to
uniform and grouping stimuli. We examined whether the
C1 component was modulated by grouping of local ele-
ments in stimulus arrays to test the hypothesis that human
primary visual cortex underpins the initial process of per-
ceptual grouping defined by Gestalt laws.

1 Materialsand methods

() Subjects, stimuli and procedure.  Sixteen adults
aged 19—29 years (mean 24, 8 male, 8 female) partici-
pated in this experiment as paid volunteers. All partici-
pants were right-handed, had normal or corrected-to-
normal vision, reported no color blindness, and gave in-
formed consent. Each stimulus consisted of a sguare lat-
tice of elements (red or green disks) in an 8><8 array (see
Fig. 1). The uniform stimulus consisted of alternate red
and green disks distributed evenly across the lattice. The
proximity-grouping stimuli consisted of alternate red and
green disks arranged to form rows or columns by adjust-
ing the distances between two adjacent rows or columns.
The similarity-grouping stimuli were made by moving the
red and green disks to form rows or columns with ele-
ments of identical color. The size of local elements and
stimulus arrays were the same as those in our previous
work! . A white fixation cross was continuously visible in
the centre of a black background of 0.14 cd/m? The
stimulus patterns had a luminance of 0.48 cd/m?. The red
and green disks had CIE coordinates of 0.621/0.349 and
0.308/0.587, respectively.

The stimulus arrays were randomly displayed in one
of the four quadrants of the screen and lasted for 200 ms.
The center of each stimulus array was 5.7° from the fixa-
tion and located on an imaginary line that went through
the fixation and divided each quadrant into two equal
parts. The interstimulus interval varied randomly between
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Fig. 1.

Illustrations of the stimuli used in the present study. (a) The uniform stimulus; (b) the proximity-grouping stimulus in which local elements

group into columns; (c) the similarity-grouping stimulus in which local elements group into rows.

1000 and 1400 ms. While keeping fixated at the fixation
cross, subjects discriminated column versus row organiza-
tions of the grouping displays by button press with thumbs
while ignoring the uniform stimuli. After 100 practice
trials, subjects were presented with 2000 to 2600 trials in
ten to thirteen blocks depending upon the amount of arti-
facts. The uniform, proximity-grouping, and similarity-
grouping stimuli were presented randomly on 28%, 36%
and 36% of thetrials, respectively.

() Electrophysiological data recording and analy-
sis. The electroencephalogram (EEG) was recorded
from 120 scalp electrodes using an EEG/ERP system from
NeuroScan Inc. The skin resistance of each electrode was
made less than 5 kQ. The recording from an electrode at
the right mastoid was used as reference. Eye blinks and
vertical eye movement were monitored with electrodes
located below the left eye. The horizontal electro-
oculogram was recorded from electrodes placed 1.5 cm
lateral to the left and right external canthi. The EEG was
amplified (band pass 0.1—70 Hz) and digitized at a sam-
pling rate of 250 Hz. The ERPs in each stimulus condition
were averaged separately off-line with averaging epochs
beginning 200 ms before stimulus onset and continuing
for 1000 ms. Trials contaminated by eye blinks, eye
movements, or muscle potentials exceeding 100 uV
(peak-to-peak amplitude) at any electrode were excluded
from the average.

Peak latencies were measured relative to stimulus
onset. Statistical analysis was conducted at each pair of
electrodes over the parietal and occipito-temporal regions
and electrodes along the midline of the skull. The mean
ERP amplitudes were subjected to repeated measure
analysis of variance (ANOVAs) with factors being
Grouping (proximity or similarity vs. uniform stimuli),
Hemifield (left vs. right), Elevation (upper vs. lower),
Hemisphere (left vs. right). The ANOVAs of behavioral
data and ERP data at electrodes along the midline of the
skull were conducted with Grouping, Hemifield, and Ele-
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vation as independent variables. Dipole modeling was
used to localize the source of ERP components. Electrode
positions were measured from each individual subject
with a probe for sensing the 3-dimensional position of the
probe tip with respect to a magnetic field source in the
head support. Magnetic resonance (MR) images were ob-
tained from 5 subjects for constructing realistic-head
boundary-element models. The digitized fiducial land-
marks corresponding to the electrode coordinates were
coregistered with fiducial landmarks identified on
whole-head MR scan so that the locations of estimated
dipoles could be related to individual brain-skull anatomy.
Dipoles were mapped onto the MR images of individual
subjects to estimate source locations with respect to brain
anatomy. The 3-dimensional coordinates of each dipole
were transformed to the coordinates of Talairach and
Tournoux™ atlas by marking the anterior and posterior
commissures on each subject’'s MR scan.

2 Resaults

() Behavioral data. Response accuracies were
high (91.1% for proximity and 92.3% for similarity stim-
uli). RTs were dlightly faster to proximity-than similar-
ity-grouping stimuli (505233.2 vs. 512434.6 ms, F(1,15)
= 5.26, P < 0.04). RTs were faster to the stimuli in the
right than left visual fields (505234.8 vs. 511+33.4 ms,
F(1,15) = 12.9, P < 0.003) and to the stimuli in the lower
than upper visua fields (506234.1 vs. 511+34.1 ms,
F(1,15) = 6.43, P < 0.02).

( ) ERP data The ERPs recorded at middle pa
rieto-occipital scalp sites showed that stimuli in the upper
visual field evoked the C1 pesking at 70 ms and the P1 at
90—130 ms followed by the N1 at 100—200 ms. For
stimuli displayed in the lower visual field, the C1 reversed
polarity and was followed by the N1 (see Figs. 2 and 3).
At lateral occipito-temporal sites, ERPs included an initial
P1 and afollowing N1.

ANOVAS performed on mean amplitudes showed a
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Fig. 2. (a) Grand average ERPs elicited by uniform and grouping stimuli recorded at parieto-occipital electrode (POz). (b) Voltage topographies cal-
culated based on grand average ERPs to uniform stimuli at 60—80 ms. The foci of the positive C1 €licited by the stimuli in the lower VF are distributed
slightly contralateral to the stimulated hemifields whereas this laterality effect is weaker for the negative C1 elicited by the stimuli in the upper VF.
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Fig. 3. (8 Grand average ERPs dlicited by uniform and grouping stimuli recorded at left lateral occipital electrode (P7). (b) Voltage topographies
calculated based on grand average ERPs to uniform stimuli between 80 and 100 ms after stimulus onset. The P1 wave showed maximum amplitudes at
lateral occipital areas contralateral to the stimulated hemifields.
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Fig. 4. Dipole models showing the source that generated the C1 component. The best-fit dipolar source for the C1 at 60—80 ms is located to the cal-
carine cortex and shown in the MR images of a representative subject. The dipole orientations varied systematically as afunction of stimulus positions.
The positive pole of the dipole pointed inside the brain for the upper VF stimuli but outside the brain for the lower VF stimuli.
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main effect of Grouping at parieto-occipital electrodes
between 60 and 80 ms for the proximity-grouping condi-
tion (F(1,15) = 5.59, P < 0.03). The negative C1 was of
smaller amplitude (less negative) to proximity-grouping
than uniform stimuli in the upper visua field whereas the
positive C1 was of larger amplitude (more positive) to
proximity-grouping than uniform stimuli in the lower vis-
ua field. This C1 grouping effect was stronger for the
upper than lower visua fields (F(1,15) = 25.6, P < 0.001).
Moreover, the asymmetric elevation grouping effect was
larger in the right than left visual fields (F(1,15) = 32.9,
P < 0.001). No significant grouping effect was found in
the P1 and the N1 time window. However, the P1 and N1
amplitudes were larger at electrodes contralateral than
ipsilateral to the stimulated hemifields (F(1,15) = 35.1, P
< 0.001). The effect of grouping was not significant in the
C1 time window for similarity grouping condition (F(1,15)
= 3.05, P > 0.09). However, the grouping effect at 60—80
ms was stronger when stimuli were presented in the upper
than lower visua fields as indicated by the significant
interaction of Grouping> Elevation (F(1,15) = 25.5, P <
0.001).

Voltage topography showed that the C1 €elicited by
the stimuli in the upper visual field showed negative foci
over the parieto-occipital area whereas the C1 to the stim-
uli in the lower visual field had positive foci at the pa
rieto-occipital region. The P1 component showed positive
maximum amplitudes over the occipito-temporal regions
contralateral to the stimulated hemifield regardless of
stimulated elevations. The neural sources of C1 were es-
timated by dipole modeling based on realistic-head
boundary-element models at 68—80 ms. The principle
component analysis suggest that a single dipole provided
the best solution for all stimulated locations during this
interval. The best-fit C1 dipoles were localized to the cal-
carine fissure with Talairach coordinates of x, y, z=—11,
—76, —0.3 (upper-right); 7, =72, 14 (upper-left); 23, -78,
—6 (lower-left); and 7, —71, —6 (lower-right) (see Fig. 4).
The goodness of fit of these dipole solutions (proportion
of scalp variance accounted for) was 94% (upper-right),
86% (upper-left), 85% (lower-l€eft), and 86% (lower-right),
respectively.

3 Discussion

The present study showed that ERPs to either uni-
form or grouping stimuli were characterized by an early
component at 60—90 ms post-stimulus. This component
had maximum amplitudes over the parieto-occipital areas
and was negative for stimuli in the upper visua field but
positive for those in the lower visua field. This ERP
component is identical to the C1 observed in the previous
studies®. Our dipole modeling localized the C1 at 60—80
ms to the cortex close to the calcarine fissure, indicating
that this early ERP wave possibly originates from the pri-
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mary visua cortex. However, the dipole locations ob-
served here are not exactly the same as the prediction of
the cruciform model of the primary visua cortex!*2,
which states that stimuli presented to the upper and lower
visual fields are represented by the cortex on the lower
and upper banks of the contralateral calcarine fissure, re-
spectively. The dipoles corresponding to the lower visual
field stimuli were inferior to those associated with the
upper visual field stimuli. It is possible that the low sig-
nal-to-noise ratio limited the precision of the dipole mod-
eling used here. Alternatively, the incongruency between
our results and the cruciform model may result from the
overlap of the C1 with the early phase of the P1 in the
lower visual field. As the P1 component had generators
that were inferior to the C1 source (see the P1 voltage
topographies), the dipoles calculated at 60—80 ms might
reflect contributions of both the C1 and the early phase of
the P1. The summation of the two components resulted in
dipole solutions that are inferior to the area where the C1
sources are actually located.

Interestingly, the C1 was of smaller (less negative)
amplitude to proximity-grouping than uniform stimuli in
the upper visual field and of larger (more positive) ampli-
tude in the lower visual field. Thus the proximity grouping
generated a positive activity regardless of stimulus eleva-
tions rather than simply increased the C1 amplitude for
stimuli in both the upper and lower visual fields. This is
consistent with the previous ERP reports®?. The current
work complements the previous work by identifying the
neural source of the grouping effect and provided ERP
evidence that proximity grouping modulates activities of
the primary visual cortex. The finding that perceptual
grouping in humans has neural substrates as early asin the
primary visual cortex is in agreement with the results of
monkey studies that responses of neurons in V1 are
modulated by grouping of stimuli inside and outside re-
ceptive fields®. Therefore it may be suggested that
grouping operation is a common function of the primary
visual cortex for both humans and monkeys. However, the
significant grouping effect on the C1 was evident for
proximity-grouping stimuli but not for similarity-grouping
stimuli, suggesting that, relative to similarity, proximity is
a factor that produces stronger grouping operations in the
early visual cortex, which may contribute to the faster
behavioral responses to proximity than similarity
stimul i,

In addition, we found that the C1 grouping effect
was stronger in the upper than lower visua fields. It has
been hypothesized that processing in the lower visual field
is more global and related to manipulations performed in
peripersonal space whereas the upper visua field is pri-
marily local and related to visual search and recognition
mechanisms directed toward extrapersonal spacet?. If
perceptual grouping reflects processing of global aspects
of stimulus arrays, our observation is contrary to the
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above hypothesis. However, the ecological significance of
our resultsis still unclear.

Unlike the C1 component, the P1 with maximum
amplitudes over latera occipital areas was not influenced
by grouping of local elements, nor was the following N1
component. Thus the C1 effect reflects grouping operation
that is specific to the visua cortex close to the calcarine
fissure. The lateral extrastriate cortex, where the P1 is
generated®®, may not play an important role in the proc-
ess of perceptual grouping.
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