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Surround modulation in visual cortex can predict
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study of border-ownership-dependent tilt
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Recent physiological studies revealed that neurons in the macaque visual cortex encode the direction of a
figure along a contour (border ownership, BO). Although their cortical mechanisms have not been clarified, a
computational model for BO has suggested that surround modulation in early vision can play an important
role. Here we examined psychophysically how the strength of BO-dependent tilt aftereffect (BO-TAE) is modu-
lated by a stimulus outside the adapted location in relation to the strength of surround modulation reported in
physiological experiments. The results showed systematic change of the strength of BO-TAE, depending on the
difference in orientation and spatial frequency between the bars placed outside and at the adapted location,
indicating a crucial role of surround modulation in the neural mechanism underlying BO selectivity.
© 2008 Optical Society of America

OCIS codes: 330.3790, 330.5020, 330.5510, 330.7310, 330.7320.
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. INTRODUCTION
o recognize objects, the visual system must separate
hem from the background. Information projected onto
he retina undergoes extensive analysis in the cerebral
ortex. The first stages in this process take place in the
rimary and secondary visual areas V1 and V2 (e.g., [1]).
eurons in these areas process fundamental characteris-

ics of visual images, such as orientation and color of line
egments, with the analysis being limited for each neuron
o a relatively small region of the input scene that is
alled a classical receptive field (CRF). Because the size of
he CRF is a few degrees or less at the eccentricity of 5°
2], these neurons would seem only to extract local infor-
ation on shapes of objects or scenes. If this is indeed the

ase, the functional role of early vision would be merely to
rovide local information to higher visual cortices.
In contrast to this view of the functional role of early

isual cortices in the scene analysis, a number of physi-
logical studies have suggested that neurons in V1 and
2 are critically involved with a global shape analysis

hat extends beyond the reach of the individual neuron’s
RF [3,4]. In recent neurophysiological studies of the
acaque visual cortex, some neurons showed differential

esponses to a contour placed within the CRF, depending
n the direction of a figure that “owns” the contour (Fig. 1)
5,6]. This suggested that global image analysis occurs in
n early stage of visual information processing that takes
1084-7529/08/061426-9/$15.00 © 2
nto account border ownership (BO). However, it re-
ained unclear how the BO information is computed at

he cellular level.
Another line of neurophysiological studies in early vi-

ual areas showed that responses of neurons to a stimulus
ontained within their CRFs can be modulated (sup-
ressed or enhanced) by another stimulus presented
imultaneously outside the CRFs [7–9]. Consider, for
nstance, the study of macaque V1 neurons by Jones et al.
10], which used drifting gratings as stimuli. While stimu-
ating the CRF of a neuron by a grating of optimal orien-
ation, the experimenters varied the orientation of an-
ther grating outside the CRF. They observed that the
esponse of the neuron depended on the orientation dif-
erence between the two gratings. This response modula-
ion could be in the form of either enhancement or sup-
ression. Maximum suppression was achieved when the
wo orientations were the same (iso-orientation suppres-
ion), and maximum facilitation was achieved when the
wo orientations were orthogonal (cross-orientation facili-
ation). While these experiments were neither aimed spe-
ifically at investigating the possible neuronal circuitry
or BO nor performed in V2/V4 where more BO-selective
eurons were found than in V1, their results may help to
xplain how BO selectivity can be formed by the neurons’
eceptive field structure. Indeed, a computational model
ased on the notion of surround modulation [11] showed
008 Optical Society of America
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igh consistency and robustness in signaling BO for vari-
us stimuli in a manner compatible with the physiological
ehavior of the neurons reported by Zhou et al. [5].
A recent human psychophysical study demonstrated

hat BO dependent tilt aftereffect (BO-TAE; [12]) can be
nduced even when the stimulus contours lack smooth
ontinuity [13]. BO-TAE is a variant of tilt aftereffect in
hich the aftereffect occurs only when adaptation and

est stimuli are presented on the same side of the border.
nterestingly, the configuration that maximizes the sup-
ressive effect of the surround modulation reported in pri-
ate V1 cells [10] induced significant BO-TAE [13]. This
otivated us to undertake further psychophysical study

f the contribution of surround modulation to the organi-
ation of BO.

In the present paper, we examined how the configura-
ion of two vertical lines in the stimulus changes the
trength of the BO-TAE in relation to the strength of the
urround modulation expected from the physiological ex-
eriments [10]. In the BO-TAE experiment, subjects were
rst shown trapezoid stimuli presented alternatively on
he right or left side of the fixation point so that a given
etinal location was adapted by oblique edges of the trap-
zoid stimuli, which were mirror symmetric with respect
o a vertical line passing through the fixation point. After
he adaptation, two bars were shown as the test stimulus,
nd subjects were asked to judge the side to which the bar
resented at the adapted location appeared tilted. The
est stimuli were also alternatively shown on the right or
eft side of the fixation point. We specifically looked at
ow the strength of the observed BO-TAE was affected by
he spatial relationship between the bar in the adaptation
timulus shown at the intended adaptation location and
he bar in the test stimulus distal to the adapted location.
he results showed the dependence of BO-TAE on the ori-

ig. 1. Schematic illustration for border-ownership (BO) selec-
ivity. In this illustration a square shape is presented on either
he left or right side of the neuron’s classical receptive field (CRF)
gainst a uniform background, while a vertical edge is aligned to
ts preferred orientation. Although a local contrast polarity
ithin the CRF is identical in both stimulus conditions, this neu-

on strongly responds to the stimulus in which a square is shown
n the left side of the CRF, as represented by the height of the
lack bars. This characteristic was termed as “border owner-
hip,” found in the macaque visual cortex [5]. Note that the “+”
ymbol and the ellipse indicate a fixation point and the outline of
he CRF, respectively.
ntation of the distal bar: BO-TAE is maximized when the
rientation of an adaptation bar matches that of a distal
est bar and is gradually weakened as the difference in
he orientation of the two bars increases. This phenom-
non is consistent with the response modulation of our
odel evoked by the orientation dependence on surround
odulation.

. METHODS
e hypothesized that surround modulation is the key to

orming BO selectivity. To understand how BO selectivity
s formed at the cellular level, we measured the strength
f BO-TAE while systematically changing the spatial re-
ationship of the proximal bar in the adaptation stimulus
nd the distal bar in the test stimulus, so that the
trength of the surround effect driven by the distal bar in
he test stimulus would change accordingly. Specifically,
e manipulated the orientation of the distal bar in the

est stimulus while keeping constant the orientation of
he proximal bar in the adaptation stimulus whose loca-
ion was switched so that the BO is altered. Thus, the an-
ular difference of the two bars between the adaptation
nd the test stimuli was altered (Experiment 1 and
xperiment 2). In addition, we also increased the width of
ither the proximal bar or the distal bar in the test
timulus (Experiment 3).

We examined how these manipulations of the test
timulus affected the strength of BO-TAE using a proce-
ure similar to the one employed in our previous report
13]. BO-TAE is a variant of tilt aftereffect in which a line
s perceived tilted after adaptation. The uniqueness of
O-TAE lies on the fact that the aftereffect occurs only
hen the adaptation stimulus and the test stimulus are
resented on the same side relative to the adapted loca-
ion. First, subjects were adapted to a trapezoid formed by
our line segments with a width of 2 mm �0.14 arc deg�, as
hown in the left panel of Fig. 2 (adaptation phase). The
rapezoid was not filled. The size of the trapezoid was
9 mm �6.3 arc deg� in height and 73 mm �5.2 arc deg� and
6 mm �6.8 arc deg� in top and bottom width, respectively.
he edge of a trapezoid near the fixation point was tilted
15° (clockwise) when the trapezoid was shown on the
ight and +15° (counterclockwise) when it was shown on
he left. The midpoint of the slant edge of the trapezoid
as positioned on the left side of the fixation point by
.86 arc deg from the fixation point (adapted location).
he trapezoids were shown alternatively to the right or

eft side by flipping the trapezoid horizontally over the
dapted location. Therefore, the midpoint of the slant
dge was always at the adapted location, but the direction
f the slant was alternated in accordance with the posi-
ion of the trapezoid. The trapezoid was shown for 500 ms
ith an interval of 100 ms on each side. In total, subjects
ere adapted to 80 pairs of the trapezoid, resulting in a

otal adaptation time of 96 s. Following the adaptation
hase, the test phase consisted of presentating a pair of
est stimuli (test phase; Fig. 2, right), followed by four
airs of trapezoids as additional adaptation during the
est phase (in-test adaptation, not shown in the figure).
ach test stimulus was presented for 200 ms, with an in-

erval of 1000 ms. The vertical bar at the adapted location
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test bar) was rotated randomly at each presentation (con-
tant stimuli method). The orientation ranged between
2.0° and +2.0° at intervals of 0.2°. This procedure re-
ulted in the presentation of 21 pairs of the test stimulus.
he in-test adaptation comprised four pairs of the trap-
zoids, shown under identical conditions to the first adap-
ation phase. In each condition, the subjects were asked to
udge the side to which the bar presented at the adapted
ocation appeared tilted (two-alternative forced choice).
he entire procedure (adaptation phase and test phase)
as repeated five times.
According to the aim of each experiment, the shapes of

he adaptation and test stimuli were manipulated
Fig. 3). In Experiment 1, a pair of vertical bars was
hown as a test stimulus. The bar distal to the fixation
oint was rotated by −15°, 0°, and +15°, while the shape
f the adaptation stimulus was a trapezoid [Fig. 3(a)] to
ee the effect of a distal bar on the amount of BO-TAE. In
xperiment 2, we added two variants of the adaptation
timulus (an isosceles trapezoid and a parallelogram) to

ig. 2. Experimental procedure. (Left) Stimulus configuration
uring the adaptation phase. Midpoint of the tilted edge �15° � of
trapezoid was situated at 0.86 arc deg beside a fixation point

indicated by a small black dot). Two trapezoids were shown al-
ernatively for 500 ms each with a 100 ms blank period, and 80
airs were presented. This gives a 96 s adaptation in total.
Right) Paradigm of stimulus configuration during the test
hase. A test stimulus was shown on the left or right side of the
dapted location for 200 ms each. As an example of the test
timuli, the two vertical bar stimulus is shown here. The range of
rientation of the vertical bar at the adapted location varied ran-
omly within ±2° at intervals of 0.2°. Subjects were asked to re-
ort to which side the vertical bar of the square at the adapted
ocation appeared tilted. In the test phase, adaptation with four
airs of trapezoids followed the two test stimuli.
xamine how combinations of adaptation stimuli and test
timuli affect the strength of BO-TAE [Fig. 3(b)]. In Ex-
eriment 3, the same trapezoid presented in Experiment
was used as an adaptation stimulus, but we changed

he width of one of the two vertical bars of the test stimuli
Fig. 3(c)] to determine whether a spatial frequency of the
timulus given at the adapted location needs to be
atched between the adaptation and the test stimuli to

nduce BO-TAE and also to see whether changes of the
patial frequency of the stimulus at the distal location af-
ects the strength of BO-TAE. We used six test stimuli in
xperiment 3, half of which had two horizontal bars. One
f the two vertical bars was thin or thick; the horizontal
ars were of intermediate width. The width of the thick-
st vertical bar was ten times as large as that of the thin-
est one. The width of the horizontal bars was half that of
he thickest vertical bar. The luminance of the thickest
ertical bar was modulated by a Gaussian function. Spe-
ifically, the luminance of 1 pixel at the center of 61 pixels
as the same as the luminance of the stimuli used in Ex-
eriments 1 and 2. The luminance was gradually reduced

ig. 3. Adaptation stimulus and test stimulus. In all the experi-
ents, subjects were first exposed to an adaptation stimulus (left

olumn). In Experiments 1 and 3, the adaptation stimulus was a
rapezoid. In Experiment 2, an isosceles trapezoid and a paral-
elogram were added in addition to a trapezoid. Solid and dotted
ines indicate the stimulus shown on the left and right side of the
xation point (a small black dot), respectively. The center and
ight columns show the test stimuli presented on the left and
ight side of the fixation point, respectively.
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rom the center to the edge of the bar on both sides by a
aussian function. The position at the tenth pixel from

he center corresponded to one standard deviation. The
idth of the thinnest vertical bars was same as that used

or the adaptation and test stimuli in Experiments 1 and
, but the luminance was changed in the same way that
he luminance of the thickest vertical bars was controlled.
he length of the vertical bar of the test stimuli in all
hree experiments, including the rotated bars distal to the
xation, was 71 mm on the computer display, correspond-

ng to 5.0 arc deg. The distance between the midpoints of
he vertical bars was also 71 mm. The length of the hori-
ontal bars in Experiment 3 was 70% of the length of the
ertical bars.

Stimuli were presented on a 21” �1 in.=2.54 cm� CRT
onitor (DELL Inc., Texas, USA) with a spatial reso-

ution of 1600�1200 at a refresh rate of 75 Hz. The moni-
or was located in a dark room with a dim light. Subjects
iewed the monitor from a distance of 80 cm with their
ead on a chin rest. All subjects had normal or corrected-
o-normal vision. Stimuli were white with a brightness of
0.1 cd/m2.
Psychometric functions were fitted by logistic regres-

ion analysis to the plots of the response ratio to the coun-
erclockwise perception of the vertical bar of the test
timulus at a given � �−2.0���2.0�. BO-TAE was defined
s the difference between the 50% threshold of the psy-
hometric functions for each side on which the test stimu-
us was presented: �estimate

left −�estimate
right . Note that a positive

alue of the 50% threshold ��estimate� indicates that sub-
ects tended to perceive the vertical bar as tilted clockwise
s a result of adaptation; i.e., the vertical bar must have
een tilted physically farther counterclockwise to induce
he perception of vertical. Data analysis was performed
sing R (freeware under the GNU’s General Public Li-
ense) and S-PLUS (Insightful Corp., Washington, USA).

. RESULTS
e hypothesized that BO selectivity involves the sur-

ound modulation mechanisms that were identified by
hysiological means in visually responsive neurons and
herefore that the BO-TAE would also change its strength
hen the effectiveness of the surround modulation is al-

ered. In Experiments 1 and 2, we examined whether the
trength of BO-TAE changes according to the change in
he strength of the surround modulation expected from
he orientation difference between the bars in the center
nd the surround of the adapted location. In Experiment
, we investigated whether the dependence of BO-TAE on
he spatial frequency of the stimulus is consistent with
hat of the surround modulation.

. Experiment 1
e investigated the dependence of BO-TAE on the orien-

ation of a distal bar in test stimuli that fall onto the sur-
ounding region. Specifically, we examined whether the
trength of BO-TAE is modulated by the difference in ori-
ntation between the proximal bar in adaptation stimuli
adaptation bar) and the distal bar in test stimuli (distal
est bar). To investigate the orientation dependence of
O-TAE, we employed three types of test stimuli with the
istal bar rotated +15°, 0°, and −15°, as illustrated in
ig. 3(a). We employed these angles because the iso-
rientation suppression has relatively sharp tuning [10]
nd because larger angles tend not to evoke BO-TAE due
o the corruption of figural shape [13].

Figure 4 shows the observed BO-TAE for the three sub-
ects as a function of the orientation difference between
he adaptation bar and the distal test bar. Error bars in-
icate 95% confidence intervals computed by the boot-
trap method [13]. BO-TAE was statistically significant
hen the orientation difference between the adaptation
ar and the distal test bar was 0° and 15° but was not sig-
ificant for 30°. A one-way analysis of variance (one-way
NOVA; factor, the orientation of the distal bar at −15°,
°, and 15°) revealed a significant effect of the orientation
f the distal test bar on the strength of the observed
O-TAE �p�0.01�.
The result suggests that the more cross oriented the

istal test bar and the adaptation bar become, the weaker
he observed BO-TAE is. Here we describe how this result
an be explained by our model of BO selectivity [11,14]. In
ur model, BO-selective neurons have asymmetric distri-
ution of the excitatory and inhibitory regions outside the
RFs, as reported in the physiological studies of the early
isual cortices [10,15]. This receptive field structure de-
ermines the preferred side of a figure; when a facilitatory
egion of a cell is overlaid with part of a visual stimulus
hose contour is stimulating the cell’s CRF, it enhances

he cell’s responses, and therefore the cell behaves as if
he contour is owned by the side where the facilitatory
egion is present.

Suppose there are three groups of such neurons whose
referred orientation differ [cells A, B, and C in Fig. 5(a)].
ere it is assumed that these neurons have their CRFs at

he adapted location. The neurons whose preferred orien-
ation match the orientation of the adaptation bar (cell A)
ill be activated most strongly; therefore they will be

ig. 4. (Color online) Observed BO-TAE as a function of the ab-
olute orientation difference in Experiment 1. Three types of
lled icons identify the subjects, and the open circles show the
ean BO-TAE among the three subjects, with the error bars in-

icating 95% confidence intervals. BO-TAE was estimated by the
ootstrap method described in the text. The larger TAE is ob-
erved for the more similar orientations between the distal test
ar and the adaptation bar.
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ost effectively fatigued. The neurons whose orientation
oes not match the orientation of the adaptation bar will
lso be fatigued, but in a less effective manner, as the dif-
erence between the preferred orientation and the orien-
ation of the adaptation bar becomes larger.

In the three different test stimuli, the bar within the
RFs was consistently vertical, which is assumed to be

he preferred orientation of cell B. The orientation differ-
nce between the test bar and the preferred orientation of
ell A and cell C was exactly the same (15° in absolute
alue). Therefore, the expected order of the response
trength to the test bar alone after adaptation would be
ell B � cell C � cell A [see black bars in Fig. 5(b)], and
his order would be same for the three test stimuli [Fig.
(b) and 1–3]. We assume that the strength and the direc-
ion of BO-TAE are determined essentially by the position
f the peak of the responses along the orientation axis af-
er the responses of these neurons are summed. This is
ompatible with an explanation for the conventional tilt
ftereffect [16–18]. Therefore, the strength of BO-TAE
ould be equal in the three test conditions [Fig. 5(b) and
–3] if BO-TAE could be explained completely by adapta-
ion alone.

However, taking into account surround modulation, the
ifference in the strength of BO-TAE among the three test
onditions in the experiment can be well explained. In the
resent model the distal test bar is placed in the excita-
ory region outside the CRF. Though cross-orientation fa-
ilitation was examined while the CRF was stimulated by
he optimal orientation of the neurons, the orientation
uning of the neurons that exhibited effects of cross-
rientation facilitation was not always very sharp [10].
hus the proximal test bar whose orientation differed

rom the neurons’ preferred orientation by 15° would not
bolish the effect of cross-orientation facilitation. Under
his condition, when the orientation difference between
he adaptation bar and the distal test bar is zero [Fig. 5(b)
nd 1], the response of cell C would increase relative to

ig. 5. Model of BO-TAE. We consider three groups of BO-selecti
). (a) Edge of a trapezoid stimulates the cell’s CRF (indicated
O-selective cells have an excitatory region on the left side of the

a hatched circle). The optimal orientation of cell A matches th
trongest among the three cells (a black bar). In turn, the respon
ar). (b) After adaptation, the distal test bar stimulates the exc
ponses of the cells (an arrow). The effectiveness of the facilitation
nd the optimum orientation. When a population of BO-selective c
rrows), the position of the peak of the population response dete
ashed square with a fixation spot).
he expected response to the test bar alone [black bar
ith arrow in Fig. 5(b) and 1], because the preferred ori-
ntation of cell C and the distal test bar are cross oriented
nd thus facilitated. However, such facilitation would not
ccur or would be very weak in the response of cell A, be-
ause the preferred orientation of cell A and the orienta-
ion of the distal test bar are parallel (i.e., iso-oriented).
his results in the peak of the population response shift-

ng toward the preferred orientation of cell C; thus the
est bar is perceived tilted to the right. Similarly, when
he absolute orientation difference between the adapta-
ion bar and the distal test bar is 30° [Fig. 5(b) and 3], the
esponse of cell A would be further facilitated, but the re-
ponse of cell C would not. Then the shift of the peak re-
ponse would be small—even smaller than the shift ex-
ected when the absolute orientation difference between
wo bars is 15° [Fig. 5(b) and 2], where enhancement of
he response could occur in both cell A and cell C. Note
hat when the orientation difference is 30°, the test bar
as not perceived to be very clearly tilted toward the pre-

erred orientation of cell A (i.e., counterclockwise), pre-
umably because the total responses of cell A [black bar
ith arrow in Fig. 5(b) and 3] would not be strong enough

o shift the peak responses toward the preferred orienta-
ion of cell A.

. Experiment 2
n Experiment 1, we found that the deviation of the ori-
ntation between the adaptation bar and the distal test
ar is one of the factors that modulated the strength of
O-TAE, and we argued that this result can be explained
y the surround modulation. The surround modulation
ust have been also present in the adaptation phase, and

ifferent adaptation stimuli would activate the same
roup of BO-selective neurons to different extents. If the
elationship between the adaptation bar and the distal
est bar is the most critical factor that influences the
trength of BO-TAE, the orientation dependence of

rons whose optimal orientation is different (cell A, cell B, and cell
ellipse). Here we assume, for convenience and simplicity, that
gray circle) and an inhibitory region on the right side of the CRF
tation of the edge of a trapezoid. Thus, responses of cell A are

cell A would be most effectively fatigued after adaptation (a gray
y region, which induces cross-orientation facilitation on the re-
ds on the difference between the orientation of the distal test bar
considered by the sum of the responses (all three black bars with
s how the test bar is perceived (indicated by the bar inside the
ve neu
by an

CRF (a
e orien
ses of
itator
depen
ells is
rmine
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O-TAE found in Experiment 1 would be still present
ven when we employ different shapes of adaptation
timuli in which the orientation of the distal adaptation
ar is changed.
In this experiment, we examine whether the depen-

ence of BO-TAE on the orientation difference between
he adaptation bar and the distal test bar can be obtained
ith variants of the adaptation stimulus. The shapes of

he adaptation stimuli consisted of a standard trapezoid
sed in Experiment 1, an isosceles trapezoid, and a par-
llelogram. The test stimuli and the experimental para-
igm were the same as in Experiment 1, except that one
est stimulus composed of a pair of two vertical bars was
xcluded.

Figure 6 shows the observed BO-TAE from three sub-
ects as a function of the combination of the adaptation
nd the test stimuli. BO-TAE was statistically significant
hen the orientation of the distal bar in the test stimuli is
15° (the bar tilted counterclockwise) for all adaptation
onditions but is not significant for two out of three adap-
ation conditions when the orientation was +15°. A two-
ay ANOVA was performed on the type of the test stimuli

−15° or 15°) � the type of the adaptation stimuli (the
ame trapezoid as in Experiment 1, the isosceles
rapezoid, or the parallelogram). A significant main effect
as found in the type of the test stimuli �p=0.012�. The

ype of the adaptation stimuli did not reach significance
p=0.12�, and there was no significant interaction
p=0.07�. Thus, the orientation of the distal test bar af-
ected the amount of BO-TAE, reproducing the result of
xperiment 1 with variants of adaptation stimuli.
lthough the amount of BO-TAE is slightly smaller for

he adaptation with the parallelogram compared to the
sosceles trapezoid, the difference was not statistically
ignificant.

. Experiment 3
lakemore and Campbell [19] reported that TAE depends
n the spatial frequency; TAE is evoked only when the

ig. 6. (Color online) Observed BO-TAE in Experiment 2. There
ere six different combinations of the adaptation stimuli and the

est stimuli. The observed BO-TAE is plotted by conditions. The
otation is the same as in Fig. 4. In most of the cases, a signifi-
ant TAE is observed if the adaptation bar and the distal test bar
ave the same orientation.
idth of a line segment shown during the test phase is
he same as that shown during adaptation. Because both
AE and BO-TAE are assumed to involve orientation-
elective neurons, it is possible that BO-TAE would de-
end on spatial frequency, that is, would require that the
idth of the adaptation bar and the test bar be the same.

n addition, a recent physiological study has shown that
urround modulation can be observed with a stimulus
hat combines the preferred spatial frequency for the CRF
nd a lower frequency for outside the CRF [20]. Because
ur model of BO-selective neurons relies on surround
odulation, it predicts that a significant BO-TAE will be

bserved even when the width of the distal test bar is
arger than that of the proximal test bar. Although in-
reasing the width of the bar does not correspond pre-
isely to lowering the spatial frequency of grating stimuli,
t is reasonable to assume that neurons that respond to a
ower frequency grating would also respond to a wider bar
timulus.

The test stimulus was a pair of two vertical bars; the
idth of either bar could be changed compared to the
idth of the adaptation stimulus. We predicted that when
proximal bar of a test stimulus is widened with respect

o that of the adaptation stimuli, BO-TAE would not be
bserved because of the spatial frequency characteristics
f TAE mentioned earlier. However, the contribution of
he widened distal test bar would be quite similar to that
f the original bar; therefore, the strength of the BO-TAE
nduced in both stimulus conditions would be comparable.

Figure 7 shows the observed BO-TAE from the three
ubjects. In experimental conditions 1 and 4 (see Fig. 7),
he lower boundary of the bootstrap-estimated 95% confi-
ence interval was negative (−0.00017 and −0.081, re-
pectively), indicating that the observed BO-TAE with the
ider test bar was not significantly greater than 0 at the
=0.025 level. To further assess the significance of the
O-TAE in these two conditions, we calculated the pro-
ortion of the bootstrapped values that exceeded zero. In
ondition 1, the proportion was 0.965, and in condition 4
t was 0.929. This indicates that the induced BO-TAE was

ig. 7. (Color online) Observed BO-TAE in Experiment 3. There
ere six different test stimuli, and the observed BO-TAE is plot-

ed by conditions. The notation is the same as in Fig. 4. A signifi-
ant TAE is observed even if the distal test bar is thicker that the
daptation bar.
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ignificantly larger than zero in condition 1 �p=0.035� but
ot in condition 4 �p=0.071�. To test whether BO-TAE de-
ends on the bar width, we performed a two-way
epeated-measures ANOVA on the width of the bars
proximal wider, same, or distal wider) � the presence of
he horizontal bars (presence or absence). A significant
ain effect was observed in the width of the bars �p
0.038�. The effect of the presence of horizontal bars did
ot reach significance �p=0.12�, and there was no signifi-
ant interaction �p=0.36�. Because we were particularly
nterested in whether the widened distal bar affected the

agnitude of the observed BO-TAE, we ran a two-way
epeated-measures ANOVA again with the data for condi-
ions 2 and 5 (thin bars; the same width as the adaptation
timulus) and 3 and 6 (wider distal test bars), excluding
onditions 1 and 4 (wider proximal test bars). There was a
ignificant main effect of the width of bars �p=0.0046�.
he main effect of the presence of the horizontal bars and
he interaction of the two factors did not reach signifi-
ance (p=0.072 and p=0.37, respectively). As seen in
ig. 7, the BO-TAE induced by the test stimuli with wider
istal test bars was stronger, but the difference in the
trength of the BO-TAE between conditions 5 and 6 was
ery small.

To examine whether the wider distal test bar induced
tronger BO-TAE, we calculated the difference of the
ean BO-TAE between conditions 2 and 3 (no horizontal

ars) and between conditions 5 and 6 (with horizontal
ars) and calculated the probability of obtaining the ob-
erved amount of the difference. First, we pooled the
ootstrap-estimated BO-TAE for each subject in the two
onditions and randomly assigned each estimate to either
f the two conditions. The number of the estimate was ex-
ctly the same as the original number. This randomiza-
ion was performed for all three subjects; we calculated
he mean BO-TAE over three subjects in each condition
nd iterated 4999 times. By adding the original observa-
ion of the difference of the mean BO-TAE between the
wo conditions, 5000 new estimates of the difference in
he mean BO-TAE were obtained. We considered the
riginal difference in the mean BO-TAE between the two
onditions to be significant if the probability of obtaining
difference in the mean BO-TAE greater than or equal to

he original difference was smaller than 0.05. As a result,
he difference of the mean BO-TAE in the two different
airs of the conditions was far greater than the estimated
alues after randomization, and thus the difference was
ignificant �p=0.0002�.

There are two major findings in this experiment. First,
he observed BO-TAE was weaker, or even statistically in-
ignificant, in one of the two tested conditions when the
est bar was wider than the adaptation bar. This indicates
hat BO-TAE shares similar characteristics with the con-
entional TAE in the sense that both depend on the spa-
ial frequency of the stimuli, suggesting a possibility that
ommon neuronal mechanisms might be involved in the
wo TAEs. Second, a significant BO-TAE was observed for
he thick distal bar (i.e., conditions 3 and 6) while the
idths of the test bar and the adaptation bar were kept

ame. Additional statistical tests showed that the induced
O-TAE was even stronger with the thick distal bar in

he test. These results are consistent with our prediction
ased on the physiological findings that the surrounding
odulation is effective even if there is difference in the

patial frequency between inside and outside the CRF
20]. Tables 1–3 summarize the observed BO-TAE in the
hree experiments.

. DISCUSSION
e conducted a series of psychophysical experiments in
hich BO-TAE was studied in relation to the surround
odulation of the neurons in the early visual cortex,
hich we assume to be involved in BO selectivity. In Ex-
eriments 1 and 2 we found that the absolute orientation
ifference between the adaptation bar and the distal test
ar significantly changed the strength of BO-TAE; the
hape of the adaptation stimulus was less important. In
xperiment 3 we demonstrated that BO-TAE depends on

he spatial frequency in the sense that the adaptation bar
nd the proximal test bar must have the same width. In
ddition, we showed that the distal test bar does not nec-
ssarily have to have the same width as the adaptation
ar to induce a significant BO-TAE. Assuming that
O-TAE involves surround modulation, the finding that

he change of the width of the distal test bar does not
bolish BO-TAE is consistent with our prediction based
n physiological findings [20].

Although the effect of the orientation difference be-
ween the adaptation bar and the distal test bar was lim-
ted, we found that when the orientation of the two bars

atched, the observed BO-TAE was maximized (Experi-
ents 1 and 2). A model for BO selectivity proposed by
ishimura and Sakai [11,14] can explain this phenom-

non as described in Subsection 3.A. The result can be ex-
lained essentially by the shape of the tuning curve of the
opulation response of BO-selective neurons. Specifically,
he difference in responses between neurons whose pre-
erred orientation matches the orientation of the adapta-
ion bar [see cell A in Fig. 5(b)] and neurons whose pre-
erred orientation is most different from the adapted
rientation [see cell C in Fig. 5(b)] is critical. The response
f the former group of neurons is weaker than that of the
atter group because of adaptation. As a result, the larger
he response difference becomes, the more the orientation
t the peak of the population response would be shifted to
he orientation opposite that of the adaptation bar
Fig. 5(b)]. A key role of surround modulation in this
odel is to change the response difference by the facilita-

ion effect. Therefore, it is important to quantify the
trength of the responses of BO-selective neurons to the
est stimuli before and after adaptation by physiological
xperiments in the future. None of the test stimuli had
etter continuity in shape compared to other stimuli;

Table 1. Observed BO-TAE and 95% Confidence
Interval: Experiment 1

bsolute Orientation
ifference (deg)

Mean
(deg)

95% Confidence
Interval (deg)

1.34 0.96–1.74
5 0.87 0.48–1.31
0 0.21 −0.26–0.65
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herefore, the difference in the effectiveness of the three
est stimuli were due to the differences in the orientation
f the distal test bar, which makes different contributions
o the amount of enhancement of the responses.

BO-TAE in the present study could be induced without
ny effect of adaptation provided that the enhancement of
esponses by surround modulation was effective and sig-
ificantly strong. The sufficient shift of the peak re-
ponses of a population of BO-selective neurons, which is
onsidered to be the origin of BO-TAE, could be simply
he result of a contextual effect. To exclude this possibil-
ty, we conducted an additional experiment that was iden-
ical to Experiment 1 except for the absence of the adap-
ation phase, including in-test adaptation. Thus, in this
dditional experiment, the subjects were asked to report
hether the proximal test bar was tilted clockwise or

ounterclockwise while the orientation of the distal bar of
he test stimuli was varied (+15°, 0°, and −15°). The re-
ult showed that there was no BO-TAE in all three condi-
ions. Note that we call it BO-TAE even though no adap-
ation is involved, because the definition for the
alculation is identical. The observed BO-TAE averaged
ver three subjects in the three conditions (+15°, 0°, and
15°) were 0.16°, 0.20°, and 0.40°, respectively. We calcu-

ated the lower bound of the bootstrap-estimated confi-
ence interval to see whether the mean BO-TAE was sig-
ificantly larger than 0 at the 95% confidence level. In all
he conditions, the lower bounds were less than 0 (−0.36,
0.23, and −0.56 for +15°, 0°, and −15°, respectively), in-
icating that BO-TAEs in the three conditions were not
ignificantly larger than 0. In addition, unlike the finding
n Experiment 1, there was no effect of the orientation of
he distal test bar on the amount of the BO-TAE (one-way
NOVA; p=0.26). Therefore, we conclude that BO-TAE in

he present study is not an apparent tilt induced by sur-
ound modulation. Instead, this experiment confirmed
hat BO-TAE requires fatigue of a population of neurons
hat are BO selective.

Table 2. Observed BO-TAE and 95% Confidence
Interval: Experiment 2

ondition Mean (deg) 95% Confidence Interval (deg)

0.21 −0.26–0.65
1.34 0.97–1.75
0.57 0.25–0.89
1.06 0.56–1.47

−0.11 −0.63–0.28
1.07 0.27–1.93

Table 3. Observed BO-TAE and 95% Confidence
Interval: Experiment 3

ondition Mean (deg) 95% Confidence Interval (deg)

0.27 −0.0017–0.56
0.54 0.14–0.92
1.10 0.49–1.81
0.56 −0.081–1.04
1.13 0.60–1.66
1.32 1.00–1.68
In Experiment 2, we did not find a significant effect of
he shapes of the adaptation stimuli on the BO-TAE. This
esult alone cannot rule out the presence of surround
odulation for BO-selective neurons; there is a possibility

hat the strength of the surround modulation induced by
he different shapes of the adaptation stimuli was actu-
lly different, but it did not reach significance. While
here is a huge variation in the depth of the adaptation
ffects among different cells [21], physiological evidence
22–26] suggests that reduction of neural response after
daptation is maximized when the adapter is the most
referred stimulus for the cell along multiple dimensions,
uch as orientation, contrast, and direction.

In Experiment 3, we found that the widened distal test
ar induced stronger BO-TAE. In the physiological ex-
eriment conducted by Webb et al. [20], where surround
odulation was observed while a combination of the pre-

erred spatial frequency of the grating for the CRF and a
ower frequency for outside the CRF was presented as a
timulus, the orientation of the grating could be indepen-
ently changed for the center and the surrounding re-
ions. Thus, the surround effect was measured while the
nnulus stimulus entirely covered the region outside the
RFs within a range of 6° to 8° from the center. If this
timulus configuration is applied to our model of the
tructure of a receptive field for BO selectivity, where an
xcitatory region and an inhibitory region are asymmetri-
ally distributed around the CRF, the modulation effect
ould include both iso-orientation suppression and cross-
rientation facilitation, explaining the observed stronger
ffect. Moreover, the facilitatory effect, if even present,
as not analyzed in the experiment of Webb et al. [20].
herefore, a small grating stimulating only an excitatory
egion may show a stronger facilitatory effect when a
rating with a frequency lower than that inside the CRF
s utilized. If this is the case, the present psychophysical
esult can be explained by this physiological mechanism.

For the mechanism introduced here, if the net gain of
he responses by facilitatory surround modulation de-
ends on the magnitude of responses (i.e., the stronger
he responses become, the more net gain of the responses
s given), which we assume to be plausible, the difference
n responses in two opponent groups of BO-selective cells
cell A and cell C in Fig. 8) becomes larger. As a result of a
arger difference of responses induced by more effective
timuli, the peak of population responses of BO-selective
ells will be shifted a little farther away from the adapted
rientation. It is also of interest that Tsuji and Sakai [27]
eported that in their simulation study, where the neural
etwork was constructed to have BO selectivity based on
urround modulation [11,14], the output of the network
redicted that when the orientation of the adaptation bar
nd the distal test bar matched, the observed BO-TAE
as maximized.
To summarize, we reported a psychophysical study of

he dependency of BO-TAE on the orientation and the
patial frequency of visual stimuli, under the hypothesis
hat surround modulation is involved in BO selectivity.
e demonstrated that BO-TAE was modulated by the ori-

ntation difference between the bar on the adapted loca-
ion in the adapter and the bar distal to the adapted lo-
ation in the test stimulus. We also showed that the bars
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laced at the adapted location must have the same spatial
requency between the adaptation phase and the test
hase for BO-TAE to be induced. The bar distal to the
dapted location in the test stimuli may have a lower spa-
ial frequency to induce BO-TAE, and it induced stronger
O-TAE in the experiment. The present psychophysical
esults are well explained by appealing to the effects of
urround modulation in the early visual cortex, suggest-
ng that the surround effects play a crucial role in deter-

ining the BO of a contour in visual images.
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