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We report here that shape-from-shading stimuli evoked a long-latency contextual pop-out response in
V1 and V2 neurons of macaque monkeys, particularly after the monkeys had used the stimuli in a
behavioral task. The magnitudes of the pop-out responses were correlated to the monkeys’ behavioral
performance, suggesting that these signals are neural correlates of perceptual pop-out saliency. The
signals changed with the animal’s behavioral adaptation to stimulus contingencies, indicating that per-
ceptual saliency is also a function of experience and behavioral relevance. The evidence that higher-
order stimulus attributes and task experience can influence early visual processing supports the notion
that perceptual computation is an interactive and plastic process involving multiple cortical areas.

The computation of object saliency is important for directing
attention and for guiding eye movements during analysis of a
visual scene. This computation is mediated by both bottom-up
autonomous processes' =2 and top-down attentional selection,
which is a function of perception, experience and task demands?>.
As bottom-up and top-down processes are necessarily inter-
twined, it is difficult to cleanly separate their contribution to
neural activity in visual cortex. Earlier single-unit studies in awake
and anesthetized monkeys have implicated the primary visual
cortex in mediating the bottom-up pop-out saliency computa-
tion of oriented bars and contrast gratings*~°. Recent studies
using texture-contrast stimuli have suggested that top-down feed-
back may also be involved’~10. In these studies, however, per-
ceptual saliency and orientation contrast were correlated, making
it difficult to distinguish the relative contribution of feed-
forward or local mechanisms from that of inter-cortical feed-
back. Here we studied the influence of two top-down factors—
higher-order perceptual inference and behavioral experience—in
shaping the saliency computation in early visual cortex.

We used a set of stimuli including shape-from-shading images
that have been used to demonstrate that parallel pop-out can
occur with ‘high-level’ perceptual constructs''~13, When viewing
such a stimulus (Fig. 1a), one readily perceives a convex oddball
popping out from a background of concave distractors. Two-
dimensional contrast patterns, such as the white above (WA) and
white below (WB) stimuli (Fig. 1b), do not pop out as readily.
The degree of perceptual pop-out seems to depend on the three-
dimensional (3D) interpretation of the elements. The 3D shape
inference is influenced by a single global interpretation of light-
ing direction!!. If, instead, we interpret the scene (Fig. 1a) as being
lit from below, the oddball can be seen as concave, with the dis-
tractors in the surround appearing convex. In both the lighting-
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from-above and lighting-from-below scenarios, the pop-out per-
cept is immediate. By contrast, the interpretation of lighting direc-
tion is ambiguous for stimuli being lit from the side, resulting in
a pop-out percept that is much less compelling (Fig. 1b).

We have coded stimuli according to the way they were gener-
ated (shading on a 3D Lambertian sphere with lighting from dif-
ferent directions): lighting from above (LA), below (LB), left (LL)
and right (LR) (Fig. 1b). Two 2D contrast elements, white above
(WA) and white below (WB), were used as controls. Hence, there
were six stimulus sets used in the experiments. The 3D elements
(LA, LB, LL, LR) were defined by shading, not stereoscopically.
Four conditions were used in association with each element type:
singleton, oddball, uniform and hole (Fig. 1b). Human psycho-
logical studies!' =13 have shown that among these stimuli, percep-
tual pop-out saliency is strongest for the LA and LB stimuli,
weaker for the LL and LR stimuli and weakest for the WA and WB
stimuli, even though WA and WB have the strongest luminance
contrast and should presumably elicit the strongest stimulus-
driven response in V1. These observations point to the existence
of neural responses that are correlated with perceptual pop-out
saliency that can be dissociated from the strength of stimulus con-
trast. Higher-order perceptual areas probably participate in the
computation of shape from shading, and these stimuli provide a
way of testing whether or not the computation of perceptual
saliency involves interaction between early visual areas and
higher-order extrastriate areas.

REsuLTs

A series of neuronal recording and behavioral testing experiments
was conducted on two rhesus monkeys in nine stages. The data
presented came from the analysis of 410 units in V1 and 138 units
in V2. These included both well-isolated single units and multi-
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Fig. I. Stimulus sets used in the experiment. (a) A typical stimulus display was composed
of 10 x 10 stimulus elements. Each element was | ° visual angle in diameter. The diameter
of the classical receptive field (RF) of a typical cell at the eccentricities tested ranged from
0.4° to 0.8°. Displayed is the LA (lighting-from-above) oddball condition, with the LA odd-
ball placed on top of the cell’s receptive field (open circle). The solid dot indicates the fix-
ation spot. (b) In stages |, 3 and 5, each stimulus set had four conditions: singleton,
oddbeall, uniform and hole. Shown are the iconic diagrams of all the conditions for the LA
set and the LB set, as well as the oddball conditions for the other four sets. The center
element in the iconic diagram covered the receptive field of the neuron in the experiment.
The surround stimulus elements were placed outside the RF of the neuron. The compar-
ison was between the oddball condition and the uniform condition; the singleton and the
hole conditions were controls. The singletons measured the neuronal response to direct
stimulation of the RF alone; the holes measured the response to direct stimulation of the
extra-RF surround only.

ple units. Neural recording at all recording stages was done while
monkeys were engaged in a fixation task (see Methods).

The stimulus was presented on the computer screen for
350 ms in each trial. During recording, the test stimuli were not
relevant to the monkey’s behaviors. The fixation task was cho-
sen to allow direct comparison between the neural responses at
the different stages, before and after behavioral training. It also
removed the confounding enhancement effect known to be asso-
ciated with saccadic eye movement toward the receptive fields of

ed the strongest response relative to the other
conditions. That is, when stimulus elements were
added to the surround of the cells’ classical recep-
tive fields, the responses were suppressed from
the very beginning, indicative of the immediate
nature of the competitive lateral inhibition from
the surround (Fig. 2a and b). Moreover, the ini-
tial responses (40—100 ms after stimulus onset)
of V1 neurons to stimuli WA and WB were about
1.5-2 times stronger than were their responses to
the shape-from-shading stimuli, underscoring
the cells’ default sensitivity to stimulus contrast.
These observations were true for all the neural
data recorded from V1 across the various stages
for both monkeys.

The enhancement of a neuron’s response to
the oddball condition relative to the uniform con-
dition is called the pop-out response. We quanti-
fied it using a normalized pop-out modulation
ratio, given by (R, — R,)/(R, + R,) where R and
R, are the responses of the neuron in a certain
time window to the oddball and uniform condi-
tions, respectively. The modulation ratio report-
ed was computed in the time window 120-
320 ms after stimulus onset (for comparisons of
modulations across different time windows, see
Supplementary Note (Figs. 7-12) online). The
mean pop-out modulation ratios of monkey A’s
V1 neurons in stage 1 showed marginally signifi-
cant (P < 0.05, t-test) pop-out responses to the

LA and LB stimuli, but not to the other stimuli
(Fig. 2c). Neurons in monkey B showed essentially the same pat-
tern: a marginally significant (P < 0.05) pop-out response to LB
and not to the other stimuli (Fig. 3a—c). It seemed that when the
monkeys were naive to the behavioral relevance of the stimuli,
their V1 neurons did not exhibit significant sensitivity to the 3D
shape attributes in the stimuli.

Behavioral relevance
To assess the impact of behavior on perceptual processing, we

the neurons in early visual areas'. trained the monkeys to perform an oddball detection task in

Only V1 cells that (i) showed a marked response to at least
one of the shape-from-shading stimuli, and (ii) produced a neg-
ligible response to all hole stimuli were included in our analysis.
In the experiment, the probe stimulus was displayed to the
receptive field of the cell with identical stimuli or different stim-
uli in the surround (Fig. 1a). Receptive fields of the cells tested
in this study were located at between 1.5° and 4.0° eccentricity
in the lower visual field. The size of the V1 receptive fields
ranged from 0.4° to 0.8° in diameter, and each stimulus element
was 1° in diameter. The center-to-center distance between adja-
cent elements was 1.75°.

The receptive fields of V2 neurons were generally larger than
those of V1 neurons, ranging from 0.8° to 2.0° in diameter. About
30% of the encountered V1 neurons were discarded because they
did not respond to any of the shape-from-shading stimuli. On
the other hand, all the V2 neurons encountered were included
in the analysis because they typically responded to these stimuli
(though many of them also responded to the hole stimuli).

humans

11-13

stage 2 (see Methods). They learned the task rapidly but were
each trained for 15 sessions (1,200 trials per session) to attain
proficiency. We separated the stimuli into three pairs in descend-
ing order of perceptual saliency—LA and LB, LL and LR, WA
and WB—and compared the animals’ performance among these
groups in a pair-wise fashion. Consistent with observations in
, monkey A’s reaction time was significantly short-
er for the LA and LB oddballs than it was for the LL and LR odd-
balls (P < 0.007), which in turn was significantly shorter than for
the WA and WB oddbealls (P < 0.0003) (Fig. 2g). Monkey A’s per-
formance accuracies (percentage correct) for the 3D stimuli (LA
and LB, LL and LR) were significantly better than they were for
the 2D stimuli (WA and WB) (P < 0.01 for all 3D versus 2D com-
parisons) (Fig. 2h). The performance of monkey B was similar.
Accuracy was much better for LB than for LL and LR (P < 107°)
and was somewhat better for LL and LR than for WA and WB (P
< 107) (Fig. 3h). Reaction time was shorter for LB than for all
the other stimuli (P < 107>) (Fig. 3g). The main difference

between the two monkeys was that whereas monkey A performed

Naive state
In the first stage, we recorded from 30 V1 units from monkey A
and 55 V1 units from monkey B. The singleton condition elicit-
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equally well for both LA and LB, monkey B showed asymmetri-
cal performance for the two stimuli (strongly preferring LB at
the expense of LA).
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Fig. 2. Monkey As VI neural
responses and behavioral perfor-
mance in stages |-5. (a, b) Temporal
evolution of the normalized popula-
tion average response of 30 V| units
to the LA set (a) and to the WA set
(b) in stage |. Each unit’s response
was smoothed by a running average
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error bars represent the standard
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of 45 VI units to the LA set (d) and
WA set (e) in stage 3. Significant
pop-out response was seen in LA (as
well as in LB, LL and LR) starting at
100 ms after stimulus onset. No pop-
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out response was seen for WA or WB. (f) Scatter plot of modulation ratios of the neuronal population for LA and LB pop-out responses in stage 3. The
population means of the modulation ratios for LA and LB were both significantly positive. (g, h) Behavioral performance of monkey A in detecting the
different oddballs from 15 testing sessions at the end of stage 2. In general, stimuli with higher pop-out modulations were associated with shorter reac-
tion times and higher accuracy (percentage correct). (i) Mean pop-out modulation ratios of 45 units for all six stimulus sets in stage 3. Pop-out enhance-
ments were highly significant for stimuli LA, LB, LL and LR (P = 1076, 1076, 0.0045, 10~#) but not for WA and WB. (j, k) Consequence of the LB-biased
training. Reaction time and percentage correct in the behavioral performance of monkey B, measured in five sessions at the beginning of stage 6,
reflected an improvement in LB oddball detection. (I) Mean population modulation ratios of 56 neurons of monkey A at stage 5 subsequent to LB-
biased training. A strong asymmetry in pop-out modulation was seen for LB over the other stimuli, in parallel to the change in behavior.

We recorded from 45 V1 units from monkey A and 47 V1
units from monkey B in stage 3 after the behavioral training,
again using the fixation task paradigm. Relative to stage 1, there
was a significant increase in V1 pop-out responses for both mon-
keys to most of the shape-from-shading stimuli. The pop-out
responses were significant in both monkeys (P < 0.005 monkey A,
P <0.01 monkey B) starting at about 100 ms after stimulus onset
(Figs. 2d and 3d). There were no significant pop-out responses
for WA and WB (Figs. 2e and 3e). The increases in population
mean modulation were significant for all the shape-from-shading
stimuli relative to stage 1 (monkey A: P < 0.03 for LA, LL, LR, P
= 0.07 for LB; monkey B: P < 0.001 for all) but not for WB and
WA (Figs. 2i and 3i). The data indicate that experience with using
the stimuli activated, or enhanced, the neural pop-out effect in
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V1 neurons for these higher-order stimuli. Overall, the monkeys’
behavioral performance in stage 2 and their V1 neural pop-out
responses in stage 3 were stronger for 3D stimuli than they were
for 2D stimuli.

Adaptability to changes

There were, however, individual differences in the behavioral
performance between the two monkeys, evidenced by a parallel
difference between their neural pop-out modulations. Specifi-
cally, whereas monkey A’s behavioral performances to LA and
LB stimuli were roughly the same, monkey B had a much
stronger preference for LB over LA—an asymmetry that was
mirrored in their pop-out responses. Perhaps monkey B had
developed a habit of looking for the LB pop-out target in a field
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Fig. 3. Monkey B’s VI neural responses and behavioral performance in stages |-5. Figure parts are as in Fig. 2 except that the responses to the LB
set and to the WB set are shown here as examples, because the LB oddball evoked the strongest pop-out response in monkey B. Fifty-five VI units
were recorded in stage |, 47 in stage 3, and 47 in stage 5. The only stimulus that evoked significant pop-out responses in stage | was the LB oddball.
The LB oddball also evoked the strongest significant pop-out response in stage 3 (P < 1077), followed by LA, LL and LR (P < 0.01, 10~ and 1074,
respectively). Pop-out was weak for WA and insignificant for WB. The positive shifts in modulation between stages | and 3 were significant for all the

shape-from-shading stimuli (P < 1072 in all cases).

of LA distractors, resulting in a facilitation of response to the LB
stimuli at the expense of the LA stimuli. This suggests that the
pop-out response patterns, and hence the perceptual saliency of
the stimuli, may be a function of individual cognitive strategy
or behavioral experience.

To test this hypothesis, we carried out a biased training exper-
iment to modify the monkeys’ behavior by manipulating the fre-
quency of occurrence of the different oddball stimuli in stage 4. In
30 training sessions (1,200 trials per session), monkey A prac-
ticed solely on LB oddball detection. A preference for LB was
developed in the monkey’s behavior as measured in five sessions
at the beginning of stage 6. This was accompanied by a parallel
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change in the pop-out modulation patterns as measured in
stage 5: the pop-out response became significantly stronger for
LB oddball over all the other stimuli (P < 0.01).

We subjected monkey B to the opposite biased training to off-
set the original asymmetry in favor of LB. Thirty training ses-
sions with only LA oddball stimuli were carried out, interleaved
with 15 sessions in which oddballs of all stimulus types were pre-
sented with equal frequency. Combined, the presentation fre-
quency of LA oddball relative to any other type of oddball was
12:1. We found that the change in stimulus contingencies did
remove and even reverse the asymmetry in monkey B’s behav-
ioral performance. V1 neural pop-out responses followed suit as

nature neuroscience * volume 5 no 6 * june 2002
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Fig. 4. Stage 7: spatial extent and durability of the effect.
(a—d) There were four conditions for each of the six stimulus
sets tested in stage 7. Shown here are the oddball ON, oddball
NEAR, oddball FAR and oddball absent (uniform) conditions of
the LA set. In the actual display, the full screen was covered by
distractors as in Fig. la. The solid black dot is the fixation
spot. The open black circle indicates the spatial extent of the
receptive field of the tested neuron. These stimuli are grouped
in the LA set because the RF is being probed by an LA stimulus
element. (e) Population mean modulation ratios of the
responses to the three oddball conditions computed against
the response to the uniform condition for 30 VI units of mon-
key A. Significant pop-out response was seen only when the
oddball was exactly on the receptive field. The absence of pop-
out response in both the NEAR and FAR conditions suggests
that the effect was localized spatially in VI at the location of
the oddball. (f) Population mean neural pop-out modulations
were correlated between stages 5 and 7 in monkey A. Each
data point was the pop-out modulation for one of the six stim-
ulus sets. The correlation of modulation before and after a
long recess suggests that the stimulus-specific pop-out modu-
lation was stable over time, or encoded in memory.
(g) Population mean modulation ratios of three oddball condi-
tions computed against the uniform condition for 25 VI units
in monkey B. The oddball ON condition elicited the strongest
pop-out response in the VI units. Slight and marginally signifi-
cant enhancements were present in both the NEAR and FAR
conditions of some of the shape-from-shading stimuli.
(h) Similar to (f); population neural pop-out modulations were
significantly correlated between stages 5 and 7 in monkey B.
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well (Fig. 3j-1). We thus showed that the pop-out modulations
in V1 for the different stimuli could be manipulated with changes

in stimulus contingencies.

Spatial extent and durability

Is this enhancement effect confined to the location of the odd-
ball stimulus, or does it extend to nearby stimuli as well? To
answer this question, we carried out another recording experi-
ment in stage 7 after a long recess (stage 6), during which mon-

keys A and B were not tested behaviorally or neurophysiologi-
cally for at least one and two months, respectively. In stage 7, we

tested the monkeys on the fixation task with the following four
conditions for each of the six stimulus sets: oddball ON, NEAR,
FAR (from the receptive field), or absent (Fig. 4a—d). In the con-

ditions of this set, an LA stimulus element was always placed on
the receptive field. In the NEAR condition, an LB oddball was
placed 1.7° away from the receptive field stimulus (center-to-cen-
ter). In the FAR condition, an LB oddball was placed 3.6° away.

a b

Correlation with acuracy: monkey A
L]

Correlation with reaction time: monkey A

100 o 320
% o [ FP=0.706, F=35.97, P=2.4438e x 10
95 . RT = 274.7 — 463.5 (modulation)
K 300
B 90 ® © .
Q;J S 280 .
8 85 @ c
.l . ° £ )
g 80 . & 260
s & b
a 75 . . e e
240 . e e
70 » PC =80.31 + 183.2 (modulation) | ® *.4
R =0.574, F=20.25, P = 0.00042342 .
h N ! 2 o . ,
-%505 0 0.05 0.1 0.15 -0.05 0 0.05 0.1 0.15
Neural modulation Neural modulation
Correlation with acuracy: monkey B Correlation with reaction time: monkey B
100, . . . .
. «® * R =0.449, F=12.23, P=0.003245
90 . o 320 RT = 295.4—291.3 (modulation)
- e L]
@ ® ° g b .
5 80 = 300 .
o 3 c ® e
= i) e
@ S
o 70 @ 280
3 * * . 31 o e
o o ° .
60 PC = 76.26 + 169.3 (modulation) 260 ° e .
L]
.
0 A =0.393, F=9.696, P=0.007113 240 . . e ,
7% 05 0 0.05 0.1 0.15 —zb 05 0 0.05 0.1 0.15

Neural modulation

Neural modulation

nature neuroscience * volume 5 no 6 * june 2002

Fig. 5. Correlation between behavioral performance and VI
neural modulation across multiple stages. Behavior perfor-
mance measurements (percentage correct and reaction time) in
stage 2 (red), 6 (green) and 8 (blue) were paired with neural
pop-out modulation data in stage 3 (red), 5 (green) and 7 (blue).
Each pair of stages produced six data points, corresponding to
the six stimulus types. Eighteen points are shown in each graph
relating a behavioral measure with neural pop-out modulation.
Reaction time and percentage correct was regressed on the
pop-out modulation independently. A linear regression line,
with equation and statistical significance, is shown in each plot.
An outlier, which was >2.5 standard deviations away from the
regression line, was discarded in each graph (red dot with blue
outline). The outlier could have arisen from interference result-
ing from other top-down influences. R? indicates the portion
(percentage) of the variance in the specific behavioral measure
that can be explained by the neural pop-out modulation. The
negative correlation between reaction time and neural modula-
tion was highly significant for both monkeys (statistics and fitted
equation are shown on graphs), as was the positive correlation
between accuracy and neural modulation. The correlations
remained significant when the outlier was included and when
the modulations were evaluated in the following time windows:
100-180 ms, 120-250 ms and 120-320 ms (see Supplemen-
tary Note (Figs. | 1-12) online for further details).
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The oddball targets were positioned at roughly the same eccen-  stage and behavioral performance in the stages immediately
tricity away from the fovea as that of the receptive field location. ~ before or after that recording stage. We grouped the data into
The respective pop-out modulation ratios for the two mon-  three pairs: stage 2 behavior + stage 3 neural response, stage 6
keys in stage 7 consistently showed that the neural pop-out effects ~ behavior + stage 5 response, and stage 8 behavior + stage 7
were still present after 1-2 months (Fig. 4e and 4g). The stimulus- ~ response. A significantly positive correlation between the V1
specificity of the pop-out modulation was stable over time, sig-  neural pop-out modulation signal and performance accuracy

nificantly correlating with that of stage 5 (Fig. 4f and h). More ~ (Fig. 5a and c), as well as a significant negative correlation
importantly, when the oddball appeared near the receptive fields ~ between the pop-out modulation signal and the reaction time
of the neurons, no significant pop-out effect was seen in the neu-  (Fig. 5b and d) were found for both monkeys, suggesting that
rons of monkey A across all stimulus sets (Fig. 4e). Neurons in  the neural pop-out signal could be considered a neural correlate
monkey B showed a slight enhancement in some oddball NEAR  of perceptual saliency.

and FAR conditions (Fig. 4g), but the magnitude of the enhance-

ment was much smaller in these conditions than it was in the ~ Neural activity in V2

oddball ON conditions. These results show that the pop-out sig- ~ We recorded from a total of 138 V2 neurons from the two mon-

nals were stable over time and were spatially localized. Subse-  keys combined, to ascertain the role of cortical interaction in
quently in stage 8, we tested the behavioral performance of both ~ mediating these effects. Most V2 neurons were recorded at rough-
monkeys using the oddball detection task and found the behav-  ly the same eccentricities as the V1 neurons were. Several major
ior was again correlated with the neural responses in stage 7. differences and similarities in the neural pop-out responses

between the two areas were seen (Figs. 6 and 7). First, the basic
Perceptual saliency patterns of V2 responses were very similar to those of V1 respons-
The accurate performance of the monkeys in detecting shape-  es. In both areas, the singleton stimulus elicited the strongest

from-shading oddballs in the various behavioral testing stages  response, and the suppressive effect of the surround was imme-
where chance rate was 25% (4 target locations), indicates that ~ diate. However, V2 neurons had larger receptive fields at the same
the monkeys were most likely perceiving the stimuli rather than ~ eccentricity and tended to respond more strongly to the hole
guessing randomly. To confirm that the neural pop-out signal ~ stimuli than did V1 neurons. Second, the V2 neural pop-out
was truly a physiological measure of subjec-

tive perceptual saliency, we performed a Monkey B V2 modulations
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Effect of distraction on V1 modulation
(monkey A

modulation in stage 1 was signifi-
cantly positive for nearly all the
shape-from-shading stimuli (mon-
key A, P < 0.05 all cases; monkey B,
P <0.002 for LA, LB, LL, not sig-
nificant for LR) but was absent for
the 2D contrast patterns (WA, WB)

(Figs. 6a—c and 7a—c). This indi-
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cates that V2 neurons were sensitive
to the shape-from-shading pop-out
before behavioral training. Subse-
quent to behavioral training, the
pop-out modulation in V2 became
stronger (Fig. 6¢ and 7¢). Third, the
stimulus-specific patterns of pop-
out modulation between V1 and V2
were correlated across the multiple
stages (Fig. 6f and 7f). Hence, V2’s
pop-out responses were also corre-

lated with perceptual saliency. V2 280 ms after stimulus onset.

Fig. 8. Stage 9: effect of distraction. (a, b) Monkey A’s VI population mean modulation ratios of stage 7
(30 units) and stage 9 (35 units) were compared to illustrate the effect of distraction in stage 9. Significant
attenuation of pop-out response was seen in LB (P < 1078) in particular. The effect of distraction thus was
most evident in undermining the effect of the LB-biased training in stage 4. V2 population mean modula-
tion ratios remained significantly positive for the shape-from-shading stimuli. (c) A comparison between
monkey B’s VI modulation ratios of stage 7 (25 units) and stage 9 (40 units) shows that pop-out
responses were eliminated for most stimuli except LB when attention was forcefully drawn away from the
receptive field. Note that these modulation ratios were computed within the 100-250 ms window after
stimulus onset. A shorter window was used because the monkey started reacting to the target (which
appeared at variable times starting at 100 ms) in the distraction task. The earliest reaction time was

neural pop-out modulation for
shape-from-shading stimuli was
much stronger (1.5-2.0 times) than that of V1. Significantly more
(2-5 times) individual V2 neurons had positive pop-out respons-
es to the shape-from-shading stimuli than did V1 neurons across
the various stages (Supplementary Table 1). Fourth, the initial
response (40-100 ms) of V1 neurons to shape-from-shading
stimuli was considerably weaker than it was to the 2D contrast
patterns, but the initial responses of V2 neurons to the two types
of stimuli were about equal. This indicates that V2 neurons may
have greater feed-forward sensitivity to 3D shapes, compensat-
ing for the weaker luminance contrast of the shape-from-shading
stimuli. Finally, the latency of the pop-out responses in V2 in
stages 3 and 5 was estimated to be ~100 ms after stimulus onset,
similar to that of the V1 pop-out responses (Fig. 2d versus
Fig. 6d, and Fig. 3d versus Fig. 7d). This suggests that V1 and V2
might be tightly coupled in this computation, and that the
processes are likely to be interactive and concurrent in nature.

Plasticity and attention

The persistence of the stimulus-specific pop-out modulation pat-
terns over months suggests that the behavioral relevance of the
different stimuli was encoded in memory to influence neural pro-
cessing at V1. To assess the possible role of attention in mediating
the extrastriate cortical feedback, we conducted a ‘divided atten-
tion” experiment in stage 9. The monkeys were trained to first
fixate on a red dot during stimulus presentation. Another small,
faint red dot (0.1° diameter) would flash briefly (3—4 refresh
frames, or 54—72 ms) in one of the three designated locations far
away from the receptive field at a random interval (between
100-300 ms after stimulus onset, at 50 ms intervals). These des-
ignated locations were constant across all sessions and were in
the upper visual field (4° visual angle away from the fovea),
whereas the receptive fields were in the lower visual field. The
monkeys had to pay attention to the three designated locations
to perform successfully on the task, which was to make a saccade
to the dot within 300 ms. The task was considered attentionally
demanding, as the monkeys performed at only 50% correct. We
recorded the responses of 35 V1 units and 30 V2 units from mon-
key A, and those of 40 V1 units from monkey B, to the oddball
and the uniform conditions of the six sets of stimuli. We found
that the pop-out responses in V1 became insignificant for some
stimuli when attention was forcefully drawn away from the recep-
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tive field location (Fig. 8a and c). Most strongly affected were the
stimuli for which the monkeys were trained to develop a prefer-
ence in stage 4. LB pop-out for monkey B, which was its origi-
nal favorite, seemed to have been spared. V2 was less affected, as
the pop-out responses for LA, LB and LR remained relatively
strong and significant (Fig. 8b). The data indicate that the avail-
ability of attentional resources, or the lack of distraction, is impor-
tant for the emergence of this higher-order perceptual pop-out
saliency signal at the level of V1, but not in V2.

Eye-movement artifacts

The pop-out effects could potentially have arisen as a result of
micro-saccades and/or eye tremors occurring during fixation!>.
When a strong pop-out target appeared, the monkeys might have
made small eye movements toward the target, moving the stimu-
lation across the receptive field and thereby enhancing the
response. This effect would also have been proportional to the
perceptual saliency of the target. We analyzed all the eye move-
ment data and ruled out eye tremors as a significant cause of the
pop-out effect (see Supplementary Note (Figs. 1-6) online).

DiscussioN

Why shape-from-shading stimuli (which presumably require pro-
cessing by higher-order perceptual areas) pop out ‘pre-attentively’
has been a long-standing mystery. Here we found that long-
latency neural signals in V1 and V2 were correlated with behav-
ioral performance in monkeys. This correlation suggests that the
long-latency signal might be a neural correlate of the subjective
perceptual pop-out saliency that results from shading in the visu-
al stimulus. The findings that V2—but not V1—neurons (i)
responded vigorously in their initial phase of responses to the
shape-from-shading stimuli and (ii) showed a significantly high
degree of sensitivity to the shape-from-shading stimuli in the
later part of their responses (even before behavioral training)
together suggest that V2 may be the first cortical area that is sen-
sitive to or provides the primitives for encoding 3D surface
shape!® (see also F. T. Qiu et al. Soc. Neurosci. Abstr. 26, 593.2,
2000). V1 neurons, in contrast, only showed a marginal sensi-
tivity to the most salient shape-from-shading pop-out stimuli
before behavioral training. The monkeys became significantly
more sensitive to these stimuli only after they had used the stim-
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uli in their behavior. These findings suggest that the 3D shape
sensitivity in V1 may be mediated by recurrent feedback con-
nections from V2 and/or other extrastriate areas. Supplemen-
tary Table 1 shows the numbers of V1 and V2 units recorded in
each stage and the percentage of neurons individually showing
statistically significant pop-out responses for each type of stimuli.
The magnitude of pop-out response and the percentage of neu-
rons showing a significant effect were markedly greater in V2
than in V1, indicating that the correlation between neural activ-
ity and subjective perception increases along the visual hierar-
chy. This increase is consistent with an earlier finding on the
neural correlates of perception as revealed by binocular rivalry!”.

Our data also suggested that perceptual saliency was not sta-
tic, but dynamic and malleable, contingent on the animal’s expe-
rience and on the behavioral relevance of the stimuli. The
stimulus-specific pattern of the modulation was stable over
months until it was changed by new experience. Both the persis-
tence and the adaptability of the effect indicate that the behav-
ioral relevance of the stimuli must have been encoded in memory,
exerting an influence over early visual processing. Given that the
observed effect was not restricted to the retinotopic location of
the target during training, we suspect that the plasticity compo-
nents of the effect were distributed over multiple memory and
perceptual areas or in the feed-forward/feedback connections
between cortical areas, although changes in the V1 intrinsic cir-
cuitries were also possible!8-20,

What is the mechanism underlying these changes? One pos-
sibility is covert attention, which might be attracted by the salient
pop-out target automatically. The attenuation of pop-out sig-
nals when attention was diverted away from the receptive field
location implicated the involvement of attention, particularly
for those stimuli for which the animals had developed a prefer-
ence during biased training. Because of the late onset of the
saliency effect, this attention was likely triggered by the input
stimulus. Stimuli with stronger perceptual saliency (as deter-
mined by higher-order brain areas) would attract more atten-
tion. Previous studies have manipulated top-down spatial
attention and top-down feature attention?!=23, but our study
shows a potential interaction between top-down perceptual
inference and attentional allocation processes and the parallel
computations in the early visual areas. We propose that the input
stimulus generated an initial representation in V1, which then
initiated a cascade of perceptual computations across multiple
extrastriate visual areas for target selection and for deduction of
shape from shading and figure—ground and target selection. This
higher-order perceptual and attentional processing interacts with
the early visual processing to determine the perceptual saliency
of the stimuli, and thereby modifies the representations across
the whole visual hierarchy. The observed phenomena therefore
reflect changes in both covert spatial attention and object atten-
tion in response to the input stimuli.

The idea that attention is involved in pop-out computation
seems to be at odds with the conventional notion that pop-out
is necessarily a pre-attentive process. This conventional idea, how-
ever, has been challenged by recent psychological studies?4-2
showing that attention may be critical for the covert detection,
and even the overt perception, of pre-attentive stimulus features.
Further, the interactions between bottom-up and top-down
processes have been shown to be modifiable by perceptual train-
ing?. Our findings are consistent with these psychological obser-
vations, suggesting that there is a tight coupling between the
parallel pop-out computation and the top-down perceptual and
attentional processes.
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What is the role of V1 in this computation? We have proposed
elsewhere that V1 serves as a ‘high-resolution buffer’ for visual
processing’. As only V1 neurons provide an explicit representa-
tion for precise encoding of orientation and spatial information,
higher-order perceptual inference involving fine details, curvi-
linear geometry and spatial precision would necessarily engage
V1 in their computation. The effects of such higher-order per-
ceptual computations should therefore be reflected in the later
part of V1 activity. Several recent physiological studies support
this conjecture?®?”. As feedback from the extrastriate cortex tends
to be diffuse and broad in spatial extent, V1 could play an impor-
tant role in localizing the pop-out target by actively sharpening
the pop-out response spatially using its well known lateral inhi-
bition mechanism.

Thus, the higher-order pop-out saliency effect seen here is
probably sub-served by the same mechanisms that mediate the
bottom-up pop-out effect for oriented bars® and the orientation
contrast effect for sine wave gratings seen in anesthetized mon-
keys in numerous earlier studies*™°. The orientation contrast
effect could be supported purely by intra-cortical lateral inhibi-
tion mechanisms in V1%82%, In awake behaving monkeys versus
anesthetized ones, orientation contrast effects have been found
to be enhanced in both magnitude and spatial extent, resulting
in the so-called figure-ground effect’~1%:3%31, Here we suggest
that many or all of these phenomena may be interpreted as parts
of the same set of bottom-up and top-down mechanisms for
computing perceptual saliency. Notably, the time frame (100—
150 ms) in which the target selection signal emerges in the frontal
eye field during a visual search task3? is roughly the same as the
time frame for the emergence of the higher-order pop-out sig-
nals in both V1 and V2. Taken together, the present findings indi-
cate that the representation of perceptual saliency of objects in a
visual scene is distributed across multiple cortical areas and that
its computation is interactive in nature, involving the concerted
action of many areas in the brain®33-%7,

METHODS

Recording technique. Recordings were made transdurally with epoxy-
coated tungsten electrodes through a surgically implanted well overlying
the operculum of area V1 of the awake behaving monkey®. A protocol cov-
ering these studies was approved by the Institutional Animal Care and Use
Committee of Carnegie Mellon University, in accordance with Public Health
Service guidelines for the care and use of laboratory animals. The neurons
were isolated on the basis of spike heights using a window discriminator.
The cells’ classical receptive fields (RFs) were mapped by a small oriented
bar. Based on the depth of penetration, most V1 cells studied were esti-
mated to be cells in layers 2 and 3 of V1. V2 cells were drawn from arbi-
trary layers of V2. Eye position was measured using the scleral search coil
technique and sampled at 200 Hz during the experimental sessions.

Fixation task. Throughout recording stages 1, 3, 5 and 7, a fixation task
was performed by the monkey. In each trial, while the stimuli were pre-
sented on the screen for 350 ms each, the monkey was required to fixate
on a red dot, maintaining gaze within a fixation window ranging from
0.5° to 0.65° of visual angle in diameter. When the presentation was com-
plete, the fixation dot disappeared, a second red dot appeared at a dif-
ferent location, and the monkeys were required to make a saccade to it
in order to receive a juice reward. The probe stimulus (the center stimu-
lus in each of the iconic diagrams in Fig. 1b) was placed on the receptive
field of the cell. The position of the second dot target was not correlat-
ed with the stimulus, and hence the test stimulus was irrelevant to the
monkeys’ behaviors in the recording sessions. Twenty-four conditions
were tested in each session: six stimulus sets, each with four conditions.
Each condition was repeated 12—15 times for each cell. The presentation
of the conditions was randomly interleaved. The distraction task in stage
9, as described in the text, was a variant of the fixation task.
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Oddball detection task. During behavioral training and testing in stages
2, 6 and 8, the monkeys performed an oddball detection task. In each trial,
the oddball target was randomly drawn from the six basic stimulus types
and placed at one of four random locations, distributed over the four
quadrants of the visual field and at 4° eccentricity away from the fovea.
The oddball was embedded in a field of distractors, each of which was the
reflected image of the oddball. The monkeys had to make a saccade to the
oddball location to complete the trial correctly. The chance rate was there-
fore 25% correct. No reward was given for incorrect trials. The order of
presentation of the stimuli was randomly interleaved in each block. At
least five sessions were carried out in each testing stage to assess behav-
ior. Fifty trials were tested for each condition per session. During the biased
training in stage 4, the same protocol was used except that the frequency
of oddball occurrence was a function of the stimulus types.

Data analysis. The ¢-test, ANOVA for two groups, was used throughout
to test for significant differences between means, either at the individual
neuron level or at the population level. For an individual neuron, we
compared response distributions to the oddball condition with those to
the uniform conditions. For neuronal populations, we used the t-test to
evaluate the significance of (i) the mean pop-out modulation in each
stage and (ii) the change in distribution between stages. In population
analysis, the modulation ratio of each cell was treated as a data point,
and the significance of the population distribution of modulation ratios
was evaluated against either a zero-mean distribution for positive pop
out, or against another distribution for shift in the distribution. P > 0.05
indicated that the difference between the two means was not significant.
The onset time of the pop-out response was estimated by first computing
a temporal profile of the pop-out modulation ratio of the neuronal pop-
ulation evaluated within a 15 ms running window for each stimulus set,
and then determining the time at which the population modulation ratio
became significantly and consistently positive (when P dropped below
0.05 in a population #-test).

Note: Supplementary information is available on the Nature Neuroscience website.
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