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Abstract
& Object recognition is achieved even in circumstances when
only partial information is available to the observer. Perceptual
closure processes are essential in enabling such recognitions to
occur. We presented successively less fragmented images while
recording high-density event-related potentials (ERPs), which
permitted us to monitor brain activity during the perceptual
closure processes leading up to object recognition. We reveal a

INTRODUCTION
The human brain is capable of identifying objects
despite only partial visual information due to such
factors as poor lighting and partial occlusion. The term
``perceptual closure'' has been used to refer to the
operation of completion processes that enable these
identifications (Foley, Foley, Durso, & Smith, 1997;
Bartlett, 1916). Fragmented line drawings have been
extensively used to study the completion processes of
perceptual closure (Snodgrass & Feenan, 1990). In fact,
fragmented images have been shown to prime test
items better than their complete counterparts, implying
that more intensive processing is required for perceptual closure than for simple object recognition (Snodgrass & Feenan, 1990; Snodgrass & Kinjo, 1998).
Further, moderately fragmented images are remembered as having been presented in their complete form
(Foley et al., 1997), suggesting that the activation of
completion processes brings about object recognition.
This study uses the presentation of fragmented images
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bilateral ERP component (Ncl) that tracks these processes
(onsets 230 msec, maximal at 290 msec). Scalp-current
density mapping of the Ncl revealed bilateral occipito-temporal
scalp foci, which are consistent with generators in the human
ventral visual stream, and specifically the lateral-occipital or LO
complex as defined by hemodynamic studies of object
recognition. &

in conjunction with high-density electrical mapping to
detail the spatio-temporal activation pattern of perceptual closure processes.
There has been no neuroimaging investigation of
perceptual closure processes to date. However, hemodynamic studies of the closely related processes of
object recognition (Haxby et al., 1999; Grill-Spector,
Kushnir, Edelman, Itzchak, & Malach, 1998; Grill-Spector, Kushnir, Hendler, et al., 1998; Kanwisher, Woods,
Iacoboni, & Mazziotta, 1997; Kohler, Kapur, Moscovitch, Winocur, & Houle, 1995; Malach et al., 1995)
localize these processes in the ventral visual stream in
a system of areas that have been termed the lateraloccipital or LO-complex (Malach et al., 1995). Additionally, lateral extrastriate regions have been implicated
in the perception of illusory contours (ffytche & Zeki,
1996; Hirsch et al., 1995), which may reflect similar
mechanisms to those invoked during perceptual closure
processes. The characteristics of the human LO-complex appear highly similar to those of monkey inferJournal of Cognitive Neuroscience 12:4, pp. 615±621
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RESULTS
Subjects correctly identified pictures 85% of the time.
The modal level of identification (ID) was Level 3 (mean
proportion identified at Level 3 was .24), consistent with
prior work (Snodgrass & Corwin, 1988). Both correct
and incorrect identifications were considered valid in
our analyses.
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Inspection of group averaged visual evoked potentials
(VEPs) for the level ID and for the three preceding levels
revealed the traditional series of ERP components, including the P1, N1, and P2. These components were
maximal at occipital sites and neither P1 nor N1 showed
amplitude or latency differences between levels. In
contrast, a large difference in waveform morphology
became apparent during the peak of the P2. Onsetting
at 230 msec and peaking at 290 msec, a prominent
negative deflection was evident between the responses
to successive levels (i.e., 3-prior to 2-prior, 2-prior to 1prior, and 1-prior to ID), apparently building as the
point of closure approached (Figure 1a). Since this
relative negative deflection appears to track perceptual
closure processes, we termed it the Ncl (for negativity
associated with closure).
The difference was largest over lateral occipito-temporal sites bilaterally. We tested for significant differences between the levels ID, 1-prior, 2-prior, and 3-prior
by a repeated measures analysis of variance. P1, N1, and
Ncl components were included in this analysis. Peak
latencies were determined at the electrode site of maximal amplitude from group averaged waveforms that
collapsed all levels (component P1 at electrode P5; N1
at PO6; Ncl at T5). Area measures (Figure 1b) were taken
from a 20-msec window centered at the peak latency for
each component for each of the eight subjects (P1 =
110 msec; N1 = 164 msec; Ncl = 290 msec). A repeated
measures ANOVA (3 components  4 levels) revealed a
significant within subjects, component  level interaction (F(6,42)=14.71, p < .001, Greenhouse±Geisser > =
.31). Follow-up planned comparisons (two-tailed t
tests) tested for significant Ncl amplitude differences
between successive levels at the left hemisphere site
T5 by comparing level ID with 1-prior (t7 = 8.49, p <
.0001); 1-prior with 2-prior (t7 = 4.75, p = .002); and
2-prior with 3-prior (t7 = 3.0, p = .02). The same
result was found at T6, the equivalent right hemisphere
site [ID vs. 1-prior (t7 = 7.44, p = .0001), 1-prior vs. 2prior (t7 = 4.56, p = .003), 2-prior vs. 3-prior (t7 = 3.13,
p = .016)]. Similar comparisons between successive
levels revealed no significant differences for either the
P1 or N1 components.
The significant progression of Ncl amplitude between
successively less fragmented levels is not related to the
amount of sensory stimulation (less fragmented levels
contain more sensory stimulation). We discount this
possibility in two ways. Firstly, the absence of significant amplitude changes between successive levels for
either the P1 or N1 component argues strongly that the
Ncl effect is not related to the amount of sensory
stimulation (see Figure 1b). Secondly, the use of a
large number of images (>350) in our study allowed us
to perform a within-level analysis (Figure 2). That is,
equivalent numbers of ID and Non-ID sweeps at a
given level of fragmentation were averaged for each
subject. In this case, both ID and Non-ID contain the
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otemporal (IT) cortex, which is known to play a role in
object recognition (Gross, Rocha-Miranda, & Bender,
1972). Compellingly, both monkey IT neurons (Sary,
Vogels, & Orban, 1993) and human LO (Grill-Spector,
Kushnir, Edelman, et al., 1998) show cue-invariant
object recognition such that the neural representation
of objects and shapes remains constant regardless of
whether the objects are defined by luminance, texture
or motion cues. Additionally, many IT neurons show
both size and position invariance by continuing to show
selectivity for an optimal shape despite large changes in
position and up to 64-fold changes in size (Logothetis,
Pauls, & Poggio, 1995; Ito, Tamura, Fujita, & Tanaka,
1995; Sary et al., 1993; Schwartz, Desimone, Albright, &
Gross, 1983). IT cells also display invariance in the presence of foreground occlusion (Kovacs, Vogels, & Orban,
1995). The implication is that monkey IT and human LOcomplex are higher-order integration areas that can
abstract object identity from highly variable stimulus
conditionsÐa necessary property for an area subserving
perceptual closure processes.
This study used high-density event-related potential
(ERP) recordings to examine the activity over occipitotemporal cortex related to perceptual closure processes
and to detail the timecourse of this activity. We employed the ascending method of limits (AML) procedure, in which the amount of visual information was
incrementally increased with each subsequent image
presentation until ``closure'' was achieved (Snodgrass &
Feenan, 1990). That is, initially, a highly fragmented
version of a picture was followed in turn by less and
less fragmented versions of the same picture until the
point at which just enough detail was present to allow
for object recognition. This technique permitted the
analysis of brain activity during both object recognition
and the completion processes at preceding levels. We
wished to determine whether these processes changed
in an all-or-none or a graded manner, as indexed by
latency and amplitude changes. We provide the first
strong evidence that perceptual closure is subserved by
bilateral ventral occipito-temporal areas, consistent
with the LO complex as defined by hemodynamic data.
We elucidate the timing of onset and peak activity for
perceptual closure processes. Specifically, we provide
the first evidence for a graded increase in LO activity
with progressively more complete stimuli and an
abrupt increment in activity at the point of perceptual
closure.

same amount of sensory stimulation. Ncl (area measured as above at 300 msec peak) was present to the
within-level ID versus Non-ID (p = .04 at T5; p = .03 at
T6) in the absence of either a P1 (p = .47 at P5) or an
N1 (p = .11 at PO6) difference and despite the
relatively low signal-to-noise ratio inherent in this
comparison (75 sweeps per subject per condition
versus 250 sweeps in the between-level analysis
above).

To estimate the location of neural generators contributing to the Ncl effect, SCD topographic maps were
generated from the difference wave between the ERP to
ID and 1-prior. At the peak of the Ncl, these maps show a
bilateral occipito-temporal negativity (Figure 1c).
We tested for the point of onset of this negative
deflection with a series of paired one-tailed t tests
between level ID and level 1-prior at electrode sites T5
and T6. The t tests were conducted at latencies preceding the Ncl peak to establish the earliest timepoint that
conformed to a .05 alpha criterion. This point was only
accepted as the earliest divergence if at least 11 subsequent consecutive time-points (>20 msec at 500 Hz
digitization rate) met the .05 criterion (see Rugg, Doyle,
& Wells, 1995 for a similar strategy). The criterion was
met at 232 msec for both T5 and T6. It should be noted
that this measure is sensitive to signal-to-noise ratio and
onset latency is likely overestimated.

DISCUSSION
Figure 2. Within level analysis. Mean area measured (standard errors
indicated) for Identifications (ID; black bars) versus Non-Identifications
(Non-ID; red bars), matched for amount of sensory stimulation. No
difference is seen for either the P1 or N1 component, but Ncl is present
in both the left and right hemispheres (*p < .03).

High-density electrical mapping revealed a bilateral occipito-temporal negative potential (Ncl), which tracked
perceptual closure processes. The occipito-temporal
topography of Ncl foci strongly suggests that areas of
the LO-complex as defined by hemodynamic studies of
object recognition generate this surface potential (GrillDoniger et al.
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Figure 1. Results. (a) Group averaged (N = 8) voltage waveforms at the left hemisphere occipito-temporal electrode displaying maximal Ncl
amplitude (T5), at the level of object identification (ID; black trace) and at three prior levels (1-prior, red; 2-prior, blue; 3-prior, green). (b) Mean
amplitude area measures (standard errors indicated) for three components (P1, N1, and Ncl) at levels ID, 1-prior, 2-prior and 3-prior. Significant
differences between levels (* p < .03) were seen only for the Ncl at both left (T5) and right (T6) hemisphere electrode sites. (c) Scalp current
density (SCD) topographic maps of the difference waveform between level ID and 1-prior at 290 msec post-stimulus onset. Red isocontour lines (.2
mV/cm2) indicate positive values and blue, negative. A magenta disk indicates the location of electrode T5 shown in panel (a). Prominent bilateral
negative foci over occipito-temporal scalp are evident.
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there is evidence that the later sustained activity in early
areas, including V1, is modulated by higher areas
(Lamme, Super, & Spekreijse, 1998; Payne, Lomber,
Villa, & Bullier, 1996; Lamme, 1995). We propose that
perceptual closure processes are subserved by such
feedback±feedforward recursive mechanisms and that
this is reflected by the late onset of divergent activity at
232 msec.
It is important to note that our data do not preclude
the involvement of earlier or later visual areas in
completion processes. For example, V2 cells have been
shown to be sensitive to illusory contours (von der
Heydt, Peterhans, & Baumgartner, 1984) and to display
cue-invariant boundary detection (Leventhal, Wang,
Schmolesky, & Zhou, 1998). Additionally, contextual
modulations of cells as low in the hierarchical structure
as V1 have also been shown in figure-ground segregation studies (Lee, Mumford, Romero, & Lamme, 1998;
Zipser, Lamme, & Schiller, 1996). Involvement of these
mechanisms in perceptual closure processes is likely, as
constructing boundaries from partial information and
segregation of foreground from background facilitate
the perception of complete objects. However, the
operation of these early mechanisms may be equivalent
across images at various levels of fragmentation. Therefore, the equivalent amplitudes that we record for P1
and N1 across levels in the current study do not rule
out earlier involvement in perceptual closure processes.
The incremental increase in Ncl is marked by a disproportionately large increase in the final stepÐidentification itself. This final step represents the culmination
of perceptual closure processes in object recognition
and likely represents the added processing that identification itself appropriates. This added processing at the
point of closure may be related to the passage of
information to semantic processing areas and frontal
executive areas.
While there is evidence of hemispheric asymmetry in
perceptual closure (Lewis & Kamptner, 1987) and object
recognition (Atchley & Atchley, 1998), it is clear on both
theoretical (Farah, 1991) and empirical grounds (Haxby
et al., 1999; Grill-Spector, Kushnir, Edelman, et al., 1998;
Grill-Spector, Kushnir, Hendler et al., 1998; Vanni et al.,
1996; Kohler et al., 1995; Malach et al., 1995; Farah,
1991) that there is bilateral involvement of LO in these
processes. Our data strongly support bilateral LO involvement in perceptual closure and object recognition.
Furthermore, the closure-related activation (Ncl) undergoes equivalent incremental amplitude increases with
equivalent timing across hemispheres. Thus, while the
hemispheres may have different roles in these processes, their spatio-temporal activation patterns are extremely similar.
A number of previous electrophysiologic investigations have shown negative potentials during discrimination tasks that have lateral occipital topographies and
Volume 12, Number 4
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Spector, Kushnir, Edelman, et al., 1998; Grill-Spector,
Kushnir, Hendler, et al., 1998; Malach et al., 1995;
Moscovitch, Kapur, Kohler, & Houle, 1995). We demonstrate that occipito-temporal Ncl amplitude builds over a
number of pre-identification steps rather than being an
all-or-none phenomenon at the point of closure. Hence,
in the current study, activation of the occipito-temporal
areas is not limited to the point of object recognition,
but also indexes perceptual closure processes that precede recognition. This pre-recognition activity may reflect extraction of object ``primitives'' (Malach et al.,
1995), consistent with theories that posit recognition
by components (Biederman, 1987; Marr & Nishihara,
1978). In support, neurons in monkey IT, which show
selectivity for complex objects, also show selective but
attenuated responses to highly simplified versions of the
same objects (Kobatake & Tanaka, 1994). Object recognition can be conceived of as a segmentation of retinal
input into an arrangement of simplified geometric components. The pre-recognition climb in Ncl amplitude
may represent extraction of successively more of such
components until enough are present to give rise to
closure.
The present findings elucidate the timing of perceptual closure processes. We find bilateral Ncl activations
that onset at approximately 232 msec and have a peak
latency of approximately 290 msec. This peak latency is
in agreement with a recent magneto-encephalographic
(MEG) study of object recognition (Vanni, Revonsuo,
Saarinen, & Hari, 1996). These MEG activations, like Ncl,
were localized to bilateral sources in LO. The onset of
Ncl at 232 msec is relatively late in visual processing.
Based on findings in monkey, we can estimate the
timing of response onset in human LO. In awake
monkeys, V1 is active by 25±30 msec (Givre, Schroeder,
& Arezzo, 1994; Maunsell & Gibson, 1992) and IT is
active on average by 50 msec (Schroeder, Mehta, &
Givre, 1998). Applying a 3/5 rule in order to draw a
correspondence between monkey and human component latencies (Schroeder et al., 1995; Schroeder et al.,
1998) and allowing for differences in stimulus qualities,
a conservative estimate of onset is 45±50 msec in human
V1 and 80±100 msec in LO. The projected V1 onset
latency is confirmed by empirical findings (Clark, Fan, &
Hillyard, 1995). Given that LO is projected to be active
by no later than 100 msec, it appears that the initial
input to ventral visual areas does not produce closure in
the partial information situations of the present study.
Rather, the extended timeframe of the Ncl likely reflects
the substantial additional processing necessary for closure processes, possibly involving recursive feedback±
feedforward mechanisms (Mumford, 1992; Pollen,
1999). Consistent with this, onset latencies in monkey
IT were later when objects were occluded as opposed to
complete (Kovacs et al., 1995). Higher-order ventral
stream areas have extensive feedback projections to
earlier visual areas (Felleman & Van Essen, 1991), and

METHODS
Subjects
Nine (two female), neurologically normal, paid volunteers, aged 18±29 (mean = 23.7, 3.9) participated. All
subjects provided written informed consent, and the
procedures were approved by the Institutional Review
Board of the Nathan Kline Institute for Psychiatric
Research. All subjects reported English as their first
language, had normal or corrected-to-normal vision,
and were right-handed. One subject reported marked
difficulty with the task, and his accuracy performance
was more than two standard deviations from the group
mean. His data were excluded from further analyses.

subtended an average of 4.88 (1.48) of visual angle in
the vertical plane and 4.48 (1.28) in the horizontal
plane.
Images were presented in accordance with the AML
(Figure 3a), from least complete (Level 8) to most
complete (Level 1). After the presentation of each
fragmented image a ``YjN'' cue appeared prompting a
forced-choice response. Subjects pressed one button
for a ``No'' response, indicating that they could not
``close'' and more information was needed or a second button for a ``Yes'' response, indicating that they
could ``close'' and name the previous fragmented
image. Following ``No'' responses, the subjects were
presented with the next most complete image of the
same picture and would again be cued for a forcedchoice decision. Following ``Yes'' responses, the picture sequence was terminated and the subjects were
required to verbally name the picture. The experimenter then gave a verbal ``Go'' cue, indicating that the
subject should press either button to initiate the next
sequence of fragmented images. The entire experiment consisted of at least 35 blocks, each block
containing 10 picture sequences. Subjects were encouraged to take breaks between blocks whenever
they deemed it necessary to maintain high concentration and prevent fatigue.
The timing of presentations (Figure 3b) was such that
each image appeared for 750 msec, followed by a blank
screen for 800 msec. Then, a ``YjN'' response prompt
appeared for 200 msec, followed by a blank screen for
2200 msec. Subjects' response window extended for
2300 msec from the onset of the ``YjN'' prompt. Use of

Stimuli and Task
Subjects were presented with between 350 and 380 line
drawings (black on a gray background) of animate and
inanimate objects; 260 from the Snodgrass and Vanderwart (1980) normed set; the rest from Cycowicz, Friedman, Rothstein, and Snodgrass (1997). Images were
stored as 256  256 pixel bitmaps and divided into 16
 16 segments. Segments containing black pixels were
randomly and cumulatively deleted in order to produce
eight incrementally fragmented versions of each picture
(Snodgrass & Corwin, 1988). Level 1 refers to the
complete picture and Level 8 to the most fragmented
version, where the proportion of deleted segments for
any level equals [1 .7(level-1)]. Stimuli were presented on
a computer monitor located 143 cm from the subject
(seven of eight) and 109 cm from one subject. Images

Figure 3. Stimulus configuration. (a) Images displayed from least
complete to most complete (four of eight levels shown). (b) The most
fragmented image (level 8) onset at 0 msec (duration 750 msec),
followed by a ``YjN'' response prompt (R; duration 200 msec) at 1550
msec. An ``N'' response resulted in the presentation of the next level
image, 2.2 sec after the response prompt. A ``Y'' response terminated
the sequence for the subject's verbal response.

Doniger et al.
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relatively similar latencies to the Ncl (e.g., Simson, Ritter,
& Vaughan, 1985; Ritter, Simson, Vaughan, & Macht,
1982; Ritter, Simson, & Vaughan, 1983, Ritter, Simson, &
Vaughan, 1988). For example, presentation of letter
stimuli during a form-discrimination task resulted in an
enhanced lateral-occipital negativity at a latency of 310
msec compared to when the same letters served in a
simple reaction time task (Lovrich, Simson, Vaughan, &
Ritter, 1986). This negative component (termed the Na)
was interpreted as reflecting enhanced pattern analysis
of stimuli, likely involving similar object recognition
areas to those producing the Ncl during perceptual
closure processes.
In conclusion, our data support a critical role for areas
of the occipito-temporal cortex of both hemispheres in
perceptual closure processes. We recorded a component of the ERP with an onset latency of approximately
232 msec and a peak latency of approximately 290 msec
(Ncl) that appears to originate in the LO-complex and
tracks perceptual closure processes. Ncl activity builds
incrementally over a number of pre-closure levels, dissociating the Ncl from object recognition. However, the
activity underlying Ncl is likely to be necessary for
subsequent object recognition.

the response prompt was motivated by the desire to
diminish the impact of motor responses on the sensory
ERP to the pictures.
Measurements and Analyses
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