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Border-ownership-dependent tilt aftereffect
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Single-cell recordings from macaque visual cortex have shown orientation-selective neurons in area in V2 code
for border ownership [J. Neurosci. 20, 6594 (2000)]: Each piece of contrast border is represented by two pools
of neurons whose relative firing rate indicates the side of border ownership. Here we show that the human
visual cortex uses a similar coding scheme by demonstrating a border-ownership-contingent tilt aftereffect.
The aftereffect was specific for the adapted location, indicating that the adapted neurons have small receptive
fields. We conclude that figure–ground organization is represented by border-ownership-selective neurons at
early stages in the human visual cortex. © 2005 Optical Society of America

OCIS codes: 330.7310, 330.5020, 330.4270.
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. INTRODUCTION
he phenomenon of figure–ground segregation in percep-
ion was first studied by psychologists early in the 20th
entury and played an important role in the formulation
f Gestalt theory that proposes that mechanisms of per-
eptual organization exist in the visual cortex that are
reattentive and independent of the subject’s knowledge
nd expectation.1–6 The existence of mechanisms of visual
reprocessing at early cortical levels is now generally ac-
epted, especially since the discovery of the receptive field
roperties of visual cortical neurons. However, the level
here figure–ground organization occurs is still unclear,
ecause it generally involves large-scale integration of the
isual context, which runs contrary to the small size of
he receptive fields at the early cortical stages. There are
ven doubts if mechanisms of figure–ground organization
s envisioned by the Gestalt psychologists exist at all, or
f the perceptual phenomenon merely reflects the general
rocess of perceptual inference.7 However, recent psycho-
hysical studies have shown that border-ownership8 as-
ignment affects object recognition, specifically, detection
nd recognition of shape.9–11 These experiments demon-
trate that border-ownership assignment precedes the
rocesses of object recognition, in support of the hypoth-
sis of early figure–ground organization.

Recent neurophysiological studies discovered that bor-
er ownership is represented in the neural activity in vi-
ual cortex of macaques.12 Neurons at cortical levels as
arly as areas V1 and V2 respond to a light–dark contrast
order with different firing rates depending on whether
he border is the contour of a figure on one side of their
eceptive field or the other (such neurons are infrequent
n area V1, but common in V2 and V4). Thus the same lo-
al stimulus produces different responses according to the
mage context that defines border ownership. These find-
ngs indicate that each segment of contour is represented
y two pools of orientation-selective neurons, one for each
ide of ownership. The differential activity between these
ools codes for border ownership, whereas their average
1084-7529/05/102222-8/$15.00 © 2
ctivity codes for the conventional contour attributes,
uch as orientation, color, and movement.13,14

In the present study we show that the human visual
ortex uses a similar coding scheme. We use an adapta-
ion paradigm that is based on the tilt aftereffect.15,16 Ad-
ptation aftereffects are important tools in studying neu-
al mechanisms in the human visual system that
therwise can be inferred only from neurophysiological
tudies in animals.17–19 Specifically, the tilt aftereffect has
een used to show the existence of binocular orientation-
elective neurons,20 neurons selective for three-
imensional (3D) tilt,21 and neurons signaling illusory
ontours.22,23 If the human visual cortex codes border
wnership in a similar way as was found in the macaque
ortex, by representing each piece of contour by two pools
f neurons, then we should be able to adapt the two pools
eparately by making the adapting orientation contingent
n border ownership.

The principle of the classical tilt aftereffect15 is illus-
rated in Fig. 1. After inspection of a clockwise tilted line
left) for a minute or so, a vertical line (center) appears to
e tilted in the opposite direction, as illustrated on the
ight (negative aftereffect). To perceive vertical, a test line
ust now be tilted slightly clockwise, that is, in the direc-

ion of the adapting tilt. Since visual information is rep-
esented in the cortex mainly by orientation-selective
eurons,24 a plausible explanation for the tilt aftereffect

s to assume that tilt judgments are based on a compari-
on of activity between two groups of neurons whose re-
eptive fields are in the same location, but rotated by
10–20 deg in either direction from the vertical.25 Figure

(a) shows the hypothetical orientation tuning curves of
he neurons in the two groups. When a vertical bar is pre-
ented in the receptive fields, as shown at the top, both
roups are equally activated (the dashed line represents
he stimulus orientation, and the horizontal arrows mark
he points where the line intersects with the two curves).
hus the output of the comparator circuit, which is illus-

rated at the bottom, will be zero. When the bar is tilted,
005 Optical Society of America
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or example, counterclockwise, the dashed line is dis-
laced to the right (not shown) and will intersect the right
urve at a higher level than the left curve. Thus the ac-
ivity of the right group of cells increases and the activity
f the left group decreases, hence the comparator will give

positive signal. Prolonged stimulation with counter-
lockwise tilt has the effect that the gain factor of the cells
n the right group is reduced [Fig. 2(b), black triangle],
nd consequently a vertical bar will now produce an im-
alance of activity leading to a negative tilt signal [Fig.
(b) top]. To restore the balance, the bar must then be
ilted counterclockwise [Fig. 2(b) bottom, dashed line dis-
laced to the right]). This model explains the finding that
aximal tilt aftereffects are obtained with adapting tilts

ig. 1. Gibson’s tilt aftereffect. After inspecting a tilted line for
pproximately 1 min (adaptation), a vertical test line appears
lightly tilted in the direction opposite to the adapting tilt.
f 10–20 deg, which corresponds approximately to the
alf-width of orientation tuning of cortical cells. It also ex-
lains how the tilt judgments can be as accurate as they
re, with an uncertainty of �1 deg, which is much
maller than the widths of even the narrowest neural tun-
ng curves.

The hypothesis of border-ownership coding is illus-
rated in Fig. 2(c). A vertical line activates two pools of
eurons. One of these responds more strongly when the

ine is part of the contour of a figure on the left; the other
esponds more strongly when the line is part of the con-
our of a figure on the right (ellipses with arrows indicate
he receptive fields of two example cells; higher activity is
ndicated by shading). According to this hypothesis, it
hould be possible to adapt the two pools of neurons dif-
erently, as illustrated in Fig. 2(c), bottom. For example,
daptation with a clockwise tilt for left border ownership
nd a counterclockwise tilt for right border ownership, as
hown in Fig. 3 (top), should produce a counterclockwise
ilt aftereffect in the left border ownership pool, but a
lockwise tilt aftereffect in the right border ownership
ool. Consequently, the perception of tilt should now de-
end on the ownership of the test line (Fig. 3). When
ested with the right side of a square (ownership left),
ounterclockwise tilt should be perceived, and the oppo-
ite occurs when tested with the left side of a square
ownership right). No tilt should be perceived for an iso-
ig. 2. Plausible mechanism of the tilt aftereffect and the hypothesis of border-ownership coding. (a) The test line excites orientation-
elective cortical neurons that are tuned to a range of orientations near the vertical. The ellipse indicates the receptive field of such a
euron. Although the vertically tuned cells are activated the most, tilt is detected by comparing the activity between two pools of cells
uned to orientations left and right of vertical, as shown by the bell-shaped tuning curves. Dashed line indicates the stimulus orientation;
rrows indicate the corresponding activity in the two pools of cells. The comparator circuit is shown at the bottom. For vertical orienta-
ion, the activities are in balance, and the difference signal is zero. (b) Top: After adaptation with tilt in the positive direction, the activity
f the corresponding cells is reduced (black triangle). Therefore the same vertical test line now produces different levels of activity (ar-
ows). Hence the comparator circuit gives a negative signal (negative aftereffect). (b) Bottom: To restore the balance, the test line has to
e tilted slightly to the side of the adapting tilt, as indicated by the shift of the dashed line. (c) Top: Single-cell recordings from macaque
isual cortex indicate that each contour segment is represented by two pools of neurons, one for each side of border ownership: a vertical
ine that is a contour of a figure to the left preferentially excites one pool, and a vertical line that is a contour of a figure to the right
xcites preferentially the other pool (excitation is indicated by shading of the receptive field). (c) Bottom: Because border ownership
electively activates one of the two pools, tilt adaptation produces aftereffects that are specific for the side of border ownership. If the two
ools are adapted with opposite tilts (black triangles), opposite tilt aftereffects are obtained depending on the ownership of the test line.
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ated test line, because such a line activates the two
order-ownership pools equally, and their opposite adap-
ations should cancel out.

Two experiments were performed to test the hypothesis
f border-ownership-dependent coding. In experiment 1
e show that opposite tilt aftereffects for the two sides of
order ownership can be produced simultaneously at the
ame location in the visual field. This demonstrates that
rientation and border-ownership-selective neurons exist.
n a second experiment we determine whether the border-
wnership-contingent tilt aftereffect is specific to the
dapted location in the visual field. The results show that
t is sharply localized, indicating that the border-
wnership-selective neurons have small receptive fields
nd thus belong to early cortical stages.

. METHODS
total of 12 subjects participated in the experiments.

hey were mainly undergraduate students naive to psy-
hophysical experiments. The subjects sat in a dimly illu-
inated room at a viewing distance of 1 m facing a Barco
CID 121 flat screen color monitor on which the stimuli
ere displayed. A forehead and chinrest was used for
ead stabilization. The display had a resolution of 1280
1024 pixels, subtending 21 deg�17 deg of visual angle,

nd a 72 Hz refresh rate. The stimuli consisted of black
ines of 6 arc min width on white background. Lines,
quares, and trapezoids were used as shown in Fig. 3. The
orners of the squares and trapezoids were rounded
outer radius 12 arc min). Antialiasing was used to create
mooth lines of constant thickness at any orientation. A
lack spot of 10 arc min diameter served as a fixation
ark. The luminance of the black elements was
2 cd/m2, and the luminance of the background was

9 cd/m2 in the center of the screen. Stimulus presenta-
ion and data collection were controlled by software devel-

ig. 3. Adaptation and test figures used in experiment 1. For
daptation, two trapezoids were presented alternatingly. F.P.,
xation point. Perception of tilt was measured for an isolated line
nd for right and left flanks of a square. We refer to this flank or
ine as the test line. It was tilted randomly by angles between −3
nd +3, and subjects indicated the direction of tilt (method of
onstant stimuli). Left and right test figure locations were ran-
omly intermixed.
ped in our laboratory on the basis of OpenGL and Open-
nventor. The software was run on a Silicon Graphics O2
orkstation.

. Procedure
ubjects were adapted alternatingly with two trapezoids
s shown at the top in Fig. 3. Each was presented for 1 s,
ith 0.2 s blank intervals, for a total of 84 s. Then, after a
lank period of 1 s, a test stimulus was presented for 0.2
, and subjects had to press one of two buttons to indicate
hether the test line appeared tilted to the left or right of
ertical. The alternating adaptation was then resumed
or another 7 s (three pairs of tilt), and after a blank pe-
iod of 1 s the next test stimulus was presented, and so on
ntil the end of the session. The test line was the left or
ight side of a square or trapezoid, or a single line, as
hown in Fig. 3. A method of constant stimuli was used
ith the angle of tilt typically covering a range of 6 deg in
deg intervals. The location of the test figure (left or

ight) was varied randomly between trials, keeping the
est line centered on the point of intersection of the adapt-
ng lines. In each session, five or ten presentations were
ompleted for either figure location and for each tilt angle
f the test line. In total, 20 presentations were delivered
or each condition. The 1 s blank period after each adap-
ation period was inserted to avoid a possible bias of the
ftereffect by the last-presented figure. For the same rea-
on, the starting figure of the adaptation sequence was
hanged between sessions so that either trapezoid was
resented as the last figure in half of the trials. Prior to
ach adaptation run, a baseline test was performed in
hich subjects were presented with the same test stimuli
ithout adaptation. Because tilt aftereffects are known to
e long-lasting, only one adaptation condition (pair of
rapezoids) was studied per day.

. Analysis
robit analysis26 was used to fit psychometric functions to

he data. Each psychometric curve was based on 100 re-
ponses or more. The apparent vertical was calculated as
he angle of the test line to which the subject would re-
pond tilted left and tilted right 50% of the time. For each
f the test conditions (figure left, figure right, or single
ine) the apparent vertical prior to adaptation (the base-
ine) was subtracted from the apparent vertical postadap-
ation. Subtraction of the baseline was important because
ome subjects consistently perceived the lines to be verti-
al when they were slightly tilted, which could be differ-
nt for left and right sides of the test figure.

. RESULTS
. Experiment 1: A Border-Ownership-Contingent Tilt
ftereffect
daptation was produced by alternating the presentation
f two trapezoids that were derived from squares measur-
ng 5 deg on a side by tilting the right flank of one figure
2 deg clockwise and the left flank of the other figure 12
eg counterclockwise. The tilted flanks of the two figures
ere centered on the same point, 0.5 deg left of the fixa-

ion point, as shown at the top of Fig. 3. We call this point
he adaptation position. The two adaptation figures were
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resented alternatingly for approximately 1 min for ini-
ial adaptation and subsequent shorter top-up periods be-
ween test presentations. The tilt aftereffect was mea-
ured with test figures of 3 deg in size located so that
ither the right or the left flank was centered at the ad-
ptation position (Fig. 3). The two figure locations were
andomly alternated between trials. The tilt of this flank
the test line) was also varied randomly from trial to trial
s required by the method of constant stimuli to obtain
he apparent vertical. The apparent vertical was deter-
ined this way before and after adaptation (see Section 2

or details of the procedure).
A size of 3 deg for the test figures was chosen to make

he test line long enough to allow accurate judgment of
ilt, but not too long, because pilot experiments had
hown that longer lines appeared distorted after the ad-
ptation (presumably because adaptation was not uni-
orm over the region activated by the test line), which
ade tilt judgments difficult.
We used smaller figures for testing than for adaptation

o avoid possible adaptation effects of features other than
he tilted flanks of the trapezoids. For example, the cor-
ers at the ends of the tilted flanks might adapt different
etinal positions for each adaptation figure (see Fig. 3
op). If tested with the same size of figures, this local ad-
ptation might produce position aftereffects that might be
pecific for left- and right-bending corners, which would
ppear like a tilt aftereffect. With the larger adaptation
gures, the test lines were confined to a region that was
dapted only by the tilted flanks of the trapezoids, and
ny tilt aftereffect must be the result of adapting
rientation-selective neurons. This design capitalizes on
he fact that the neural border-ownership signals in the
enter of the flank of a square are rather independent of
he size of the square.12,27 Thus the prediction was that
daptation effects produced with large figures should
ransfer to test figures of smaller size.

Figure 4 shows the psychometric functions obtained
rom one subject. The proportions of tilt responses are

ig. 4. Demonstration of concurrent tilt aftereffects of opposite
irection for the two sides of border ownership. Psychometric
unctions for one subject. The proportion of tilt responses is plot-
ed as a function of the tilt of the test line for the two test figure
ocations (which were presented in random order). Solid circles
nd solid curves, preadaptation responses; crosses and dashed
urves, postadaptation responses. The adaptation produced a
ightward shift of the psychometric function when the test figure
as located on the left and a leftward shift when the test figure
as located on the right.
lotted as a function of the angle of the test line. The two
lots correspond to the two locations of test figures, as
hown at the top. The curves are cumulative Gaussian
istributions determined by probit analysis. Solid circles
nd solid curves represent the preadaptation data;
rosses and dashed curves represent the postadaptation
ata. It can be seen that the two postadaptation curves
re displaced in opposite directions for the two locations
f the test figure. When the test line was part of a figure
n the left, the orientation that was perceived as vertical
efore the adaptation (intersection of solid curve with
orizontal dotted line) produced 90% “right” responses af-
er the adaptation. But when the test line was part of a
gure on the right, the previously vertical orientation pro-
uced 75% “left” responses after the adaptation. Thus the
daptation had simultaneously produced tilt aftereffects
f opposite directions, depending on the side of ownership
f the test line. We also found that the size of the adapta-
ion figure was not critical, as predicted: Adaptation with
5 deg figure produced essentially the same amount of af-

ereffect as adaptation with a 3 deg figure.
Figure 5 shows, for 12 subjects, the magnitudes of the

ilt aftereffects for the two border-ownership conditions,
s given by the displacements of the psychometric func-
ions relative to the baseline functions at the 0.5 probabil-
ty level. The plot on the left, for subject AW, shows also
he results of testing with a single line. It can be seen that
or the single test line, the adaptation effects canceled.
he plot on the right shows that opposite tilt aftereffects

or the two sides of test line ownership obtained in every
ubject tested.

A few subjects were also tested with adaptation figures
hat were up–down mirror images of the trapezoids
hown in Fig. 3 (right side tilted counterclockwise, left
ide tilted clockwise, respectively). The results were simi-
ar. We have also measured the tilt aftereffect in the clas-
ical paradigm, adapting with a 5-deg-long tilted line and
esting with a 3-deg-long line. This produced aftereffects
hat were slightly larger than either of the border-
wnership-contingent aftereffects.

. Experiment 2: Position Dependence of the Border-
wnership-Contingent Aftereffect

s the aftereffect just described a general aftereffect of
hape, an aftereffect that might result from adaptation of

ig. 5. Summary of border-ownership-contingent tilt afteref-
ects. The plots show concurrent aftereffects, as determined from
he shifts of the psychometric functions. Left, results from one
ubject for single line and two locations of test figure. Right, re-
ults for the two test figure locations from all 12 subjects tested
N=12�. Lines connect data points of same subject.
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hape-selective neurons at higher cortical levels? It is con-
eivable, for example, that adapting with top-wide/
ottom-narrow trapezoids, any square might take on the
hape of a top-narrow/bottom-wide trapezoid. When a test
quare is then presented in the left position and the tilt of
ts right flank is judged, this flank would appear tilting to
he left. Conversely, when a square is presented in the
ight test position and its left flank is judged, this flank
ould appear tilting to the right.
The recordings from macaque visual cortex indicated

hat border-ownership-selective cells were frequent in
rea V2, where neurons have small receptive fields. Thus,
f the aftereffect we are measuring is due to adaptation of
hose border-ownership cells, as hypothesized, it should
e specific to the adapted position in the visual field.
We tested this prediction by presenting the test figure

t different positions relative to the adaptation position.
igure 6 shows the results for horizontal displacement.
he same location (0.5 deg left of the fixation point) was
dapted as in experiment 1, and the test line was pre-
ented at the adapted position and 1 deg to the left and
ight of the adaptation position, as illustrated at the top
f Fig. 6. To simplify the task of focusing on the tilt of the
est line, the three positions were tested in separate ses-
ions. The border-ownership-specific tilt aftereffects were
etermined by probit fits and by subtracting the baseline
erticals from the postadaptation verticals as in experi-
ent 1. The border-ownership-contingent tilt aftereffect

ig. 6. Localization of the border-ownership-contingent tilt af-
ereffect in the visual field. One location was adapted as in ex-
eriment 1, but three locations, displaced along the horizontal,
ere tested, as shown at the top (dashed lines indicate the two
irections of the test figure). Solid circles show the absolute
trength of the border-ownership-contingent tilt aftereffects for
he three positions of test line. Curves are Gaussian functions fit-
ed to the data points. Data are from eight subjects. The after-
ffect falls off with distance from the adapted position.
as calculated as the mean absolute value of the afteref-
ect for the two sides (that is, half the difference between
he two values). The solid circles in Fig. 6 represent the
ftereffects for the three test positions for the eight sub-
ects that participated in this experiment. The lines are
aussian curves fitted to the data points. The results

how that the border-ownership-contingent aftereffect is
osition specific. It was generally maximal at the adapta-
ion position and dropped off sharply to both sides. The
igma values of the fitted Gaussians ranged from 0.54 to
.73 deg, with a median of 0.69 deg.
A similar experiment was performed to determine the

ertical position dependence of the border-ownership-
ontingent tilt aftereffect (Fig. 7). Because in this case the
irection of displacement is along the orientation of the
est line, the positions of adaptation and test lines would
ave overlapped for the 5 deg adaptation and 3 deg test
gures. To avoid this overlap, we reduced the size of ad-
ptation and test figures to 1.5 deg and tested three posi-
ions spaced 1.5 deg, as illustrated on the right of Fig. 7.
urves were fitted to the data points as described above.
gain the results indicated that the adaptation aftereffect
as sharply localized. The sigma values of the fitted
aussians ranged between 1.00 and 1.95 deg, with a me-
ian of 1.27 deg. The exact interpretation of these values
or vertical displacements is complicated because position
ftereffects from the corners might have contributed to
he tilt aftereffect (which could be avoided in the case of
orizontal displacement by using different figure sizes for
daptation and test).
In any case, the sharp drop of the aftereffect with dis-

ance in both tests shows that it is not a general shape
ftereffect, but originates from adaptation of neurons
ith small receptive fields, pointing to the early cortical

tages as the site of border-ownership-selective adapta-
ion.

. DISCUSSION
he nature of the neural mechanisms of figure–ground
egregation is one of the old puzzles in vision research.
he perceptual tendency to organize two-dimensional

ig. 7. Similar experiment as in Fig. 6, but with vertical dis-
lacement. In this case, small (1.5 deg) adaptation and test fig-
res were used to avoid overlap between adaptation and test fig-
res in the displaced conditions.
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2D) displays into figure and ground regions might seem
s a subtle phenomenon at first glance, but considering
he importance of the task of interpreting 2D images in
erms of a 3D world for any visual being, and the theoret-
cal obstacles involved, it is clear that evolution must
ave developed powerful neural mechanisms that prob-
bly use all the available strategies for inferring the 3D
ayout of scenes.

Psychophysical studies have demonstrated the funda-
ental importance of border ownership in many ex-

mples, showing that the assignment of border ownership
an dramatically influence the perception of 2D displays,
reating amodal completion and illusory contours9 as well
s transparent surfaces28 influencing the perception of 3D
hape29 and affecting the detectability of targets in visual
earch,10 the recognition of objects,9 and the recognition of
ontour shape.11

Figure–ground mechanisms partly rely on specific
epth cues such as binocular disparity, dynamic occlusion,
nd motion parallax. These cues directly specify the depth
rder of surfaces and thus border ownership. The corre-
ponding computational strategies have been explored to
ome extent. However, the nature of figure–ground segre-
ation on the basis of global shape is still enigmatic. To
tilize this kind of information seems to require a com-
arison with contents of memory for object shape. How-
ver, such a comparison is not possible with the unstruc-
ured sensory information, but depends on the process of
gure–ground segregation.1,9,11 This chicken-and-egg
roblem led to the postulate of an independent stage of
gure–ground organization that precedes the object rec-
gnition stage.1,4,5,6,30 The recent discovery of global
gure–ground organization in neuronal responses of the
isual cortex12,31 set the stage for the study of this hypo-
hetical process at the neural signal level.

The present study refers to the finding of border-
wnership representation in macaque visual cortex12 and
hows that a similar representation exists in the human
isual cortex. It does this by demonstrating a border-
wnership-contingent tilt aftereffect: One and the same
ocation in the visual field can be simultaneously adapted
ith two different orientations, resulting in different per-

eptions of tilt of a test line depending on the location of
he figure of which the line is contour. This dual afteref-
ect shows the existence of neurons that are selective for
order ownership. The line whose subjective tilt was mea-
ured was identical in the two ownership conditions; the
nly difference was the location of the three other flanks
f the test square. Thus border ownership was defined
nly by the image context. Note also that the adaptation
gure was larger than the test figure, so that the two fig-
res overlapped only in the test line. Therefore the ob-
erved tilt aftereffect could not be the result of local ad-
ptations producing distortions of other parts of the test
gure.
We have further shown that the border-ownership-

ontingent tilt aftereffect is not a generalized shape
ftereffect,32,33 but results from adaptation of local fea-
ure detectors. By fitting Gaussians to the position tuning
ata (Fig. 6), the width of the spatial distribution of the
ftereffect was estimated to have a sigma of �0.7 deg.
he average size of receptive fields at 0.5 deg eccentricity
s �1 deg in V234 and �1.4 deg in V435 (these sizes refer
o the classical receptive field). If we take four times the
alue of sigma as the spread of the aftereffect, this would
e 2.8 deg. Since receptive field size has the effect of
preading the neural activity during the adaptation as
ell as the testing, half of this value, or 1.4 deg, should be

ompared with receptive field size. This would point to
rea V4. However, the comparison is skewed because, in
he psychophysical experiments, residual eye movements
istributed the stimulation of the adapting lines over a
ertain range, and the same occurred with the measured
ftereffect that is the result of averaging over a range of
ositions of the test line. In contrast, the receptive field
izes were measured under paralysis, that is, without eye
ovements. Thus the psychophysically measured position

uning overestimates the receptive field size of the
dapted neurons. Therefore we cannot draw a definite
onclusion about the site of border-ownership-selective
eurons in human visual cortex, except that it must be an
rea in which neurons are selective for the orientation of
ines and have relatively small receptive fields.

Can the differential tilt aftereffect be explained within
he classical receptive field concept? The small estimated
eceptive field size contrasts with the large range of vi-
ual context integration that is evident from the differen-
ial aftereffects of the adaptation figures measuring 5 deg
n a side. We did not determine the spatial limits of this
nfluence in the present study, but the distant flanks of
ur adaptation figures were certainly outside the esti-
ated receptive fields. Single-cell recordings have shown

hat, although stimuli just outside the small classical re-
eptive field by themselves produce no responses at all,
ontours as distant as 10 deg from the receptive field can
till produce border-ownership modulation of the activity
voked by the contour in the receptive field.12 In our ex-
eriment, V2 neurons (for example) that were activated
y the test line could be stimulated only by the tilted
anks of the adapting trapezoids because the other flanks
ere outside their receptive fields. Thus, without a modu-

atory influence of the distant contours, these neurons
ould have been adapted equally by the two tilts, result-

ng in no tilt aftereffect. It is conceivable that neurons in
ome higher-level area with larger receptive fields might
ncompass the two opposite sides of the adapting figures
imultaneously, and, if such neurons were sensitive to up-
ards or downwards convergence of contours, they would
e adapted differentially by the two trapezoids. However,
he available evidence indicates that neurons with large
eceptive fields also show correspondingly large position
nvariance and thus do not produce narrow position-
esponse functions as implicated by the curves of Fig. 6.
hus the border-ownership-contingent tilt aftereffect can-
ot be explained within the classical receptive field con-
ept.

Although the tilt aftereffect has been investigated ex-
ensively in the past, we are not aware of any study of its
order-ownership dependence. The aftereffects reported
ere are remarkably strong. The absolute values of tilt in
he border-ownership-contingent aftereffects ranged be-
ween 0.5 and 3 deg (median 1.4 deg), and �1.5–3 deg
ere typically obtained with the classical paradigm.23

he magnitude of the border-ownership-contingent after-
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ffect is surprising if one considers that only a fraction of
eurons in any cortical area studied so far in monkey are

nfluenced by border ownership. The influence was stron-
est in V2 where �50% of the orientation-selective neu-
ons showed a detectable border-ownership modulation,
nd �30% showed a twofold or greater modulation of the
ring rate.12 Thus neither the adaptation nor the test
timuli presumably activated border-ownership cells ex-
lusively, so the adaptation paradigm did not separate the
wo pools of cells completely. Thus the observed aftereffect
s stronger than what would be expected from the average
order-ownership selectivity of the neurons.
The explanation we suggest is that subjects, in judging

he tilt of one side of the figure, process the whole shape of
he figure and thus tune in to those neurons that partici-
ate in the representation of the figure. We assume that
his representation is not the activity of all neurons that
espond to the figure, but only of those that are border-
wnership selective, with the proper side preference, be-
ause it is the activity of those neurons that relates the
ontours to a figure. In other words, we assume that the
order-ownership-selective neurons are part of circuits
hat serve to bind contour features to larger entities. The
unction of these circuits is to enable top-down mecha-
isms to retrieve those features as a whole, so that they
an be processed as required for a given task, in our case
he shape discrimination. Thus the tilt aftereffect may
ot reflect the average adaptation of all neurons that are
ctivated by the figure, but only of those with the corre-
ponding border-ownership selectivity. This explanation
s in line with the basic observation of the Gestalt psy-
hologists that only the shapes of figure regions, that is,
egions that own their borders, are consciously processed,
hereas regions that do not own their borders are rel-
gated to the ground and not processed further.
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