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When we are aware of a sensory event, our subjective experience 
has two aspects1–6: one involves perceptual content (for example, 
an upward-moving red ball) and the other refers to perceptual  
confidence (for example, a confident feeling that we have actually 
perceived it). Studies over last few decades have suggested that  
sensory awareness emerges from the thalamocortical complex7–10,  
and the study we describe here is focused on the visual thalamus. 
The primate visual thalamus has two regions11–14: the lateral 
geniculate nucleus (LGN; the relay from the retina to the primary 
visual cortex) and the pulvinar, the largest thalamic area, which 
has expanded during primate evolution and connects with multiple 
visual cortices. Based on anatomical connectivity, we hypothesized 
that these two regions of the visual thalamus have different roles in 
the two aspects of a subject’s visual experience. To examine their 
functional roles, we first recorded the single-unit activities while 
monkeys performed the two tasks: a perceptual categorization task, 
which we used to evaluate perceptually experienced content, and an 
opt-out task15–17, which we used to explore the subjects’ confidence 
levels. To test whether the LGN and pulvinar are functionally linked 
to perceptual content and confidence, we pharmacologically inac-
tivated these regions.

In a recent study, a theoretical model of confidence was 
described, in which a confidence value is calculated by measuring 
the distance between the perceived stimulus value and the category 
boundary18. That model produces a close fit to neural responses of 
the orbitofrontal cortex during a categorization task18,19. We found 
that this model also accounted for the pulvinar responses observed 
in our experiments and the monkeys’ psychometric function dur-
ing an opt-out task. Furthermore, the trial-by-trial firing rates of 
pulvinar neurons predicted the monkeys’ upcoming behaviors. 
These neural and behavioral data together with the computational 

modeling indicated that the pulvinar responses likely reflected 
confidence in perceptual categorization. In addition, inactivation 
of the pulvinar confirmed that the representation of confidence in 
the pulvinar was behaviorally used while the monkeys performed 
the opt-out task.

RESULTS

Behavioral task and performance

In the perceptual categorization task (Fig. 1a), the color of the first 
fixation point (either red or green) indicated which colored cloud of 
dots would be the target (target color). After a delay, the random-dots 
stimulus (RDS) appeared for 500 ms. Each dot had a color (red or 
green) and moving direction (upward or downward). After another 
delay, the monkey was required to report the direction of the mov-
ing cloud of dots of the ‘target color’, either downward or upward by 
touching either the left or right bar, respectively. Difficulty of the task 
was manipulated by a stimulus matrix in which the ratio of color-
motion pairings changed while the ratio of each individual color or 
motion remained constant (Fig. 1b). When the proportion of red dots 
moving downward (‘red-down pairing ratio’) approached 50%, the 
stimulus ambiguity increased. In Figure 1c we show the behavioral 
result from the initial assessment of two monkeys (for each monkey’s 
performance, see Supplementary Fig. 1). The monkey selected a bar 
to touch according to its decision about the perceived content from 
the four categories (that is, red-down, red-up, green-down and green-
up). For example, in the leftmost stimulus shown in Figure 1b, the 
monkey made a decision about the motion direction (up or down) 
in the red or green task–relevant trials, respectively (Fig. 1c). The 
proportion of the monkey’s bar choice varied as a function of the 
stimulus matrix, indicating that the monkey’s visual categorization 
fluctuated in relation to the stimulus ambiguity.

1Systems Neuroscience, Human Technology Research Institute, National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan. 2Precursory Research 

for Embryonic Science and Technology, Japan Science and Technology Agency, Saitama, Japan. Correspondence should be addressed to Y.K. (komura-y@aist.go.jp).

Received 26 December 2012; accepted 5 April 2013; published online 12 May 2013; doi:10.1038/nn.3393

Responses of pulvinar neurons reflect a subject’s 
confidence in visual categorization

Yutaka Komura1,2, Akihiko Nikkuni1, Noriko Hirashima1, Teppei Uetake1 & Aki Miyamoto1

When we recognize a sensory event, we experience a confident feeling that we certainly know the perceived world ‘here and  

now’. However, it is unknown how and where the brain generates such ‘perceptual confidence’. Here we found neural correlates 

of confidence in the primate pulvinar, a visual thalamic nucleus that has been expanding markedly through evolution. During 

a categorization task, the majority of pulvinar responses did not correlate with any ‘perceptual content’. During an opt-out 

task, pulvinar responses decreased when monkeys chose ‘escape’ options, suggesting less confidence in their perceptual 

categorization. Functional silencing of the pulvinar increased monkeys’ escape choices in the opt-out task without affecting 

categorization performance; this effect was specific to the contralateral visual target. These data were supported by a theoretical 

model of confidence, indicating that pulvinar activities encode a subject’s certainty of visual categorization and contribute to 

perceptual confidence.
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Pulvinar responses during a categorization task

The response examples of one pulvinar neuron are shown in Figure 2a.  
The neuron exhibited early transient and late sustained responses 
during the perceptual categorization task. The late responses 
decreased in a graded manner as stimulus ambiguity increased. To 
quantify the relationship between the neural responses and stimulus 
parameters, we calculated two linear regressions for firing rates 
versus the lower and higher ratios (0%, 30%, 45% and 55%, 70% 
and 100%) of red-down pairing, separately (Fig. 2b; equation (1) in 
Online Methods). The early responses (average firing rates 50–150 ms  
after onset of the stimulus) were not affected by changes in the 
red-down pairing ratios (permutation test, P > 0.51), whereas 
the regression slopes of the late responses (average firing rates of 
400–500 ms after the onset of stimulus) on the lower and higher 

pairing ratios were negative and positive, respectively (P < 0.001). 
We recorded 618 single neurons with visual responses (83 LGN 
neurons and 535 pulvinar neurons) and found that the response 
magnitude of 163 neurons exhibited V-shaped modulations like 
those shown in Figure 2b (for characterization of the responses 
of LGN and pulvinar neurons, see Online Methods). Notably, all 
of the neurons with V-shaped response modulations were located 
in the pulvinar. We averaged the instantaneous regression slopes 
across the 163 neurons (Fig. 2c) to visualize the time course of the 
development of the regression slopes at the population level. We 
then estimated the onset of the response modulation by finding 
the earliest time of ten consecutive 1-ms bins for which the regres-
sion slopes were significantly different from the baseline (Wilcoxon 
signed rank test, P < 0.05). In the red task–relevant trials, onsets 

of response modulation were 191 ms and 
178 ms for the lower and higher ratios of 
red-down pairing, respectively. In the green 
task–relevant trials, onsets of response 
modulation were 207 ms and 164 ms  
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Figure 1 Perceptual categorization task.  

(a) Sequence of visual events in a trial. At the 

beginning of each trial, the color of the fixation 

point indicated which colored dots the monkey was 

to judge: red (R) or green (G). After the monkeys 

fixated, the RDS was presented on the screen. 

After another delay, the fixation point dimmed, 

signaling the monkey to report the perceived 

category by touching the left or right bar when 

the dots of task-relevant color moved downward 

or upward, respectively. Hues have been modified 

for presentation purposes. (b) A stimulus matrix 

determined the RDS characteristics, by changing 

only color-motion pairing ratios, holding the 

sum ratios (100%) of individual visual features 

constant. Note that the number of the red (or 

green) dots is always the same, and the number of 

the upward (or downward) moving dots is the same 

as well. The values surrounded by the dotted circles 

in the stimulus matrices are the percentage of red 

dots moving downward (‘red-down pairing ratio’). 

(c) Proportion of right bar choice (mean ± s.d.) by 

two monkeys as a function of the red-down pairing 

ratio (X value surrounded by the dotted circle in b) 

for red and green (target color) task–relevant trials.
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Figure 2 Graded modulation of pulvinar responses 

with stimulus ambiguity. (a) A representative 

response of a pulvinar neuron during the 

perceptual categorization task. Rastergrams 

and spike-density functions show the neuronal 

response to each RDS. Red and gray indicate 

data in the red and green task–relevant trials, 

respectively. The thick horizontal bar indicates the 

period during which the RDS was presented.  

(b) Regression slopes for the early and late 

responses of a pulvinar neuron (a) versus the lower 

ratio (<50%) and higher ratio (>50%) ratios of  

red-down pairing (error bars, s.e.m.; n = 211 

trials). (c) Time course of the average regression 

slope for normalized visual response (normalized 

to maximal response magnitude for each neuron) 

versus the lower (solid line) and higher (dotted 

line) ratios of red-down pairing, calculated from 

the population data (n = 163 neurons). 
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for the lower and higher ratios, respectively. The results indicate 
that the response modulations with stimulus ambiguity appeared 
gradually after the onset of RDS.

Pulvinar responses during an opt-out task

Next, we examined whether the V-shaped response modulations 
merely reflected physical ambiguity in the stimulus or reflected 
perceptual ambiguity in the subject. Using the opt-out task15–17, we 
reevaluated the pulvinar activities (Fig. 3). In this task, we gave the 
monkeys the option of abandoning the perceptual discrimination 
and choosing instead a third bar, touching which always resulted in 
a small reward (Fig. 3a). We hypothesized that the monkeys would 
accept the discrimination (risky option with a big reward only for 
correct trials) when they were confident in their perceptual catego-
rization but would avoid the discrimination and choose a third bar 
(safe ‘escape’ option with a small reward in all trials) when they were 
less confident. The behavioral performance of the monkeys was con-
sistent with the hypothesis because they chose the third bar more 
frequently as the stimulus ambiguity increased (Fig. 3b). We then 
investigated the relationship between the pulvinar activities and the 
monkey’s choice in each trial (Fig. 3c and Supplementary Fig. 2).  
The magnitude of the pulvinar post-stimulus activities in the later 
epoch decreased (Kruskal-Wallis test, H = 890.4, P < 0.001; with post-
hoc Steel-Dwass test, P < 0.001) in the order of correct risky choices, 
erroneous risky choices and safe escape choices. For all of the tested 

neurons (n = 72, Fig. 3d), the activity modu-
lation as a function of the red-down pair-
ing ratio displayed V-shaped and inverted 
V–shaped patterns for correct (permutation 
test, P < 0.001) and erroneous risky choices 
(P < 0.001), respectively, but was not appar-
ent when the monkey chose the safe escape 
option (P > 0.28).

Computational basis of the pulvinar responses

To assess the response patterns of pulvinar neurons, we used a theo-
retical model of confidence that has been established in a previous 
study18 of a binary categorization task. In the model (Fig. 4a), a binary 
choice was determined by comparing the stimulus value and a cat-
egory boundary (s < b or s > b), and a confidence value was calcu-
lated from the distance between the stimulus value and the category 
boundary (|s – b|). In the opt-out task, the subject chose the escape or 
risky response when the confidence value was smaller or larger than 
a threshold value, respectively. This algorithm generated a psycho-
metric function in the model, which replicated the V-shaped pattern 
for correct risky choices and the inverted V–shaped patterns for both 
erroneous risky choices and safe escape choices (Fig. 4b). Based on 
this algorithm, the confidence values (d) as a function of stimulus type 
exhibited a V-shaped pattern for correct risky choices, an inverted 
V–shaped pattern for erroneous risky choices and a flat pattern for 
safe escape choices (Fig. 4c). The modeling results closely matched 
the characteristic patterns of the pulvinar activities (Fig. 3d) and sug-
gest that pulvinar responses reflect a subject’s confidence derived from 
a categorical decision process.

Figure 3 Relationships between opt-out task 

performances and pulvinar activities. (a) Outline 

of an opt-out task. The reward size was larger in 

correct risky trials than in safe trials. A ‘beep’  

sound signaled when the outcome was an error. 

(b,c) Opt-out task performance (b) and pulvinar 

activities (c) as a function of stimulus parameter  

(n = 298 trials). In c, six red-down pairing ratios 

(0%, 30%, 45%, 55%, 70% and 100%) were 

combined into three groups (0% and 100%, 30% 

and 70%, and 45% and 55%) based on stimulus 

ambiguity. (d) Normalized firing rate (normalized 

to maximal response magnitude for each neuron; 

mean ± s.d.) as a function of stimulus parameter 

and the monkeys’ choices for all of the tested 

neurons (n = 72 neurons).
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Figure 4 A model of categorization and confidence. (a) Schematic 

of the calculation of categorization and confidence during a motion-

categorization task with an opt-out option. Each RDS was encoded as a 

distribution of values (S1 or S2). In each trial, a stimulus (s) was drawn 

from the respective distribution of the values. A categorical choice 

depended on comparing the stimulus value and a boundary (s > b or  

s < b), and a confidence value (d) was determined by calculating the 

distance between the two (|s – b|). A risky or escape choice was defined 

by a confidence value above or below a threshold value, respectively.  

(b) Model choices as a function of stimulus parameter, with proportions of 

correct, error and escape choices plotted. (c) Average confidence values in 

correct, error, and escape trials as a function of stimulus parameter. 
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Predicting the monkeys’ behaviors from pulvinar activities

We also analyzed whether the pulvinar responses predicted the mon-
keys’ upcoming behaviors. In Figure 5a,b we plotted the accuracy 
(proportion of correct choices among risky choices) or likelihood 
of escape choices as a function of the firing rates for all the neurons  
(n = 72, results from individual neurons are available in Supplementary 

Fig. 3). When the neurons fired at higher rates, the accuracy increased 
(Fig. 5a, Kruskal Wallis test, H = 235.3, P < 0.001; with post-hoc 
Scheffe test, P < 0.001), whereas the monkeys more frequently chose 
the escape options when the neurons fired at lower rates (Fig. 5b, 
Friedman test, χ2 = 271.6, d.f. = 4, P < 0.001; with post-hoc Scheffe 
test, P < 0.001). We then divided the trials into two groups character-
ized by high or low firing rates based on values that were higher or 
lower than the median spike count. We plotted accuracy (Fig. 5c) 
and escape (Fig. 5d) rates as a function of stimulus type for trials 
characterized by high or low firing rates. For any stimulus types, the 
accuracy and escape rates increased and decreased, respectively, when 
the neurons fired at high compared to low rates (Wilcoxon signed-
rank test, P < 0.01). The results demonstrate that knowing whether 
firing rates were high or low improved the predictions of the monkeys’ 
accurate and escape choices across any stimulus conditions. Such pre-
dictability also indicates that the trial-by-trial fluctuations in pulvinar 
responses correlated with changes in the subject’s confidence.

Functional silencing effect of the visual thalamus

Next, we examined whether the neural responses in the pulvinar and 
LGN were functionally linked to the behaviors in the categorization 
and opt-out tasks (Fig. 6a and Fig. 7a, see Supplementary Figs. 4 

and 5 for each monkey’s performance). We inactivated the unilat-
eral visual thalamus (the right side) by injecting the GABA recep-
tor agonist muscimol and compared the behavioral data with those 
obtained after saline injections. Inactivation of the pulvinar did not 
significantly affect the monkeys’ binary choices in the catgorization 
task (Fig. 6b and Supplementary Fig. 6a; Wilcoxon signed-rank 
test corrected by Holm-Bonferroni method, P > 0.34) but increased  
the monkeys’ choice of the escape option in the opt-out task (Fig. 6c; 
P < 0.017). We observed the effects of pulvinar inactivation when 
the RDS was presented to the monkey in the visual field that was 
contralateral (left side) to the injection site but not when the RDS 
was presented in the ipsilateral visual field (right side; Fig. 6d;  
P > 0.77). In contrast, inactivation of the LGN impaired performance 
on the categorization task (Fig. 7b; P < 0.039; but see Supplementary 

Fig. 6b for the RDS presented in the right hemifield, P > 0.57) and 
increased the frequency of the escape choice in the opt-out task 
(Fig. 7c; P < 0.002). These results indicate that the pulvinar is crucial 
for perceptual confidence but is not necessary for perceptual catego-
rization, whereas the LGN underpins both perceptual categorization 
and confidence.

Functional topography of the pulvinar

Finally, we investigated the functional map of the pulvinar (Fig. 8). 
Based on the anatomical scheme in some previous studies20–22, 
we divided the pulvinar into dorsal and ventral parts, which were 
separated at the level of the brachium of the superior colliculus 
(Supplementary Fig. 7). We reconstructed the recording sites using 
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MRI (magnetic resonance imaging) scans (Fig. 8a) and located 
the 247 neurons (164 in the dorsal pulvinar and 83 in the ventral 
pulvinar) with the types of response modulation identified during 
the categorization task. The majority of dorsal pulvinar neurons  
(n = 141 neurons, 86.0%) exhibited V-shaped response modulations, 
whereas we observed this type of response modulation less frequently 
for ventral pulvinar neurons (n = 22, 26.5%). Moreover, all muscimol-
treated sites that resulted in increasing escape rates during the opt-out 
task were located in the dorsal pulvinar (Fig. 8b).

DISCUSSION

Using a combination of psychophysics, neural recordings and theo-
retical modeling, we identified the neural correlates of confidence in 
the primate pulvinar. Previous studies have shown that the pulvinar 

is involved in visual attention23–28. These studies raise a possibility 
that our experimental data may be explained solely by an ‘attention 
factor’. First, difficulty of the task owing to the stimulus could change 
demands on attention, which potentially caused V-shaped modula-
tions of the pulvinar responses in correct trials. Second, lapses in atten-
tion could decrease the firing rate and increase the escape rates in the 
opt-out task. The attention factor by itself, however, cannot account 
for the peculiar tuning curves of the pulvinar responses showing the 
V-shaped and inverted V–shaped modulations in correct and error 
trials, respectively (Fig. 3d). Other studies have shown that the pul-
vinar responses are modulated by eye position29–31, although changes 
in eye position do not explain the pulvinar responses described in the 
current study: pulvinar responses markedly changed as a function of 
the stimulus and the monkey’s choice, whereas eye position during the 
task was not significantly affected by the different stimuli and mon-
keys’ choices (Kruskal-Wallis test, P > 0.35; Supplementary Fig. 8). 
In contrast, all the patterns of response modulations during correct, 
error and escape trials were systematically explained by a confidence 
model (Figs. 3d and 4a,c). Additionally, the monkeys’ psychomet-
ric function in the opt-out task was also reproduced by this model 
(Fig. 4b). Finally, the pulvinar activities were predictive of the mon-
keys’ performances beyond the stimulus information (Fig. 5). These 
results led us to conclude that the observed response modulations of 
the pulvinar neurons most likely reflect the subject’s confidence.

The experiment of pharmacological inactivation revealed a specific 
role of the pulvinar in the tasks: pulvinar inactivation affected opt-
out choices but not visual categorization (Fig. 6). In contrast, inacti-
vation of the LGN affected both categorization and opt-out choices 
(Fig. 7). From a modeling perspective, we considered inactivation of 
the pulvinar to represent conditions in which the distance between the 
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during the two types of task when RDS was presented in the left 

hemifield. (b,c) Proportion (mean ± s.e.m.) of correct choices in the binary 

categorization task (b) and that of escape choices in the opt-out task (c) 

as a function of stimulus ambiguity. Significant effects of inactivation  

(*P < 0.05, Wilcoxon signed-rank test) were observed in both tasks.
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Figure 8 Functional topography of the pulvinar. (a) Locations of neurons 

showing the four types of response modulation during the categorization 

task are plotted on representative coronal sections of the right thalamus. 

Blue and yellow dots indicate neurons with negative-positive (V-shaped) 

and positive-negative slopes for the response modulations, respectively. 

Red and gray dots indicate neurons with positive-positive and negative-

negative slopes, respectively. (b) Sites of muscimol injection in the 

pulvinar. Circles indicate sites that, when inactivated by muscimol, 

affected the behavioral results of the opt-out task. Crosses indicate 

sites that did not affect the results of the task after muscimol injection. 

The dorsal pulvinar (dPUL) and pulvinar ventral (vPUL) were defined as 

pulvinar regions dorsal and ventral to the brachium of superior colliculus 

(BSC), respectively. The value above each section indicates the anterior 

distance from ear bar zero.
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stimulus and boundary (the confidence value) was underestimated 
(Supplementary Fig. 9). Although we could make similar predic-
tions by elevating the threshold for opt-out choices without changing 
confidence values, the model of reduced confidence provided a more 
plausible explanation for the inactivation results (Fig. 6c), particularly 
because the majority of pulvinar neurons showed visual responses 
that were modulated by confidence levels (Figs. 2 and 3). In contrast, 
inactivation of the LGN was thought to devastate the stimulus value 
itself. These behavioral and modeling results of inactivation support 
the view on perceptual process13,14,32,33 that the LGN (first-order 
visual thalamus) acts upstream of perceptual categorization whereas 
the pulvinar (higher-order visual thalamus) acts downstream of visual 
categorization and has an essential role in the subject’s confidence 
about the visual categorization.

Neurons with V-shaped response modulation were located prima-
rily in the dorsal pulvinar rather than the ventral pulvinar (Fig. 8a). 
The dorsal region corresponds to the classically defined medial pul-
vinar and dorsal portion of the lateral pulvinar12,21,34–36. This region 
receives input from multiple cortical areas, including the frontal and 
parietal cortices12–14,33–36, which have been shown to contain neu-
ral correlates of confidence in previous studies18,19,37. The response 
profiles of the cortical neurons, however, differed from those of the 
pulvinar neurons. The frontal cortical neurons18,19 represented uncer-
tainty (the opposite of confidence) more frequently than confidence 
and were activated during the outcome-anticipation period (mainly 
between the behavioral choice and reward delivery). The parietal 
cortical neurons37 represented the decision about where to direct 
a saccade, and their responses showed monotonic modulations in 
relation to confidence levels. Thus, it is unlikely that the pulvinar 
responses passively reflected these cortical responses. The pulvinar 
neurons exhibited undifferentiated early responses and differenti-
ated later responses, with V-shaped modulation during presentation  
of the visual stimulus. Based on anatomical connectivity, we presume 
that the early responses likely reflect bottom-up sensory inputs via 
visual cortical areas, whereas the late responses reflect recurrent activ-
ity arising from interactions with multiple cortical areas. Additional 
experiments, such as simultaneous neural recordings from the differ-
ent brain areas during the same task, are necessary to study the neural 
circuits that generate these responses.

Our results can offer a new perspective on previous studies of the 
pulvinar. First, our findings do not deny a hypothesis about the pul-
vinar contributing to attention, which has been suggested in many 
 studies23–28. Rather, a possible interpretation is that confidence-
related signals in the pulvinar can be used to regulate attention, 
because recent studies indicated that estimates of uncertainty or con-
fidence influence how a subject will explore the world and allocate 
attention resources19,38–41. Second, clinical studies in humans5,42,43 
have shown that pulvinar damage results in hemineglect, that is, fail-
ure to notice a stimulus that is present in one hemifield. A study of 
monkey neurophysiology also has suggested that pulvinar responses 
correlate with the visibility of a stimulus22. Visibility has been often 
measured by rating the confidence in whether the stimulus can be 
perceived and is intimately tied to stimulus awareness6,7,44–46. In this 
study, the pulvinar neurons representing confidence were activated 
only during visual events (Figs. 2 and 3) and effects of pulvinar 
inactivation during the opt-out task were specific to contralateral 
visual targets (Fig. 6). These observations are consistent with the 
view that confidence signals in the pulvinar are closely related to 
the extent of perceptual visibility in the corresponding visual field. 
Taken together with these previous results, our data indicate that 
the pulvinar houses a confidence map of the visual world, which 

potentially serves for a subject’s visual awareness ‘here and now’ 
and explorations of the environment.

METHODS

Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Experiments with monkeys. All surgical and experimental procedures were 
approved by the Animal Care and Use Committee of the National Institute  
of Advanced Industrial Science and Technology (AIST, Japan), and performed 
in accordance with the Guidelines for the Care and Use of Animals of AIST. 
Details of procedures used in the present study are similar to those previ-
ously described47–49. Two male macaque monkeys (Macaca fuscata, weighing  
5−9 kg, 3–8 years of age) participated in the experiments. We minimized the 
number of monkeys used by considering the ethics and data similarity. Each 
monkey had his own cage with environmental enrichment. The housing area was 
maintained on a 12-h light–12-h dark cycle. The experiments were conducted 
during the light cycle. We used the naive monkeys without a history of any other 
experiments. For this study, a head holder, recording chamber and search coils were 
implanted into the monkeys under anaesthesia and sterile surgical conditions. The 
head holder, the recording chamber and the eye coil connectors were all embedded 
in dental acrylic that covered the top of the skull and were connected to the skull 
using titanium screws. The search coils were surgically placed under the conjunc-
tiva of the eyes for recording of eye movements. The recording chamber was placed 
over the parietal cortex, tilted laterally by 20° and aimed at the visual thalamus.

Visual stimulus. Visual stimuli were generated using VSG 2/5 (Cambridge 
Research Systems). A CRT color display (Sony, GDM-F500) was placed 57 cm 
in front of the monkey. The display subtended a visual angle of 40° × 30° with a 
resolution of 688 × 516 pixels, and refreshed at 100 Hz. Random dots (0.165° in 
diameter each) were drawn with densities of 16.8 per degree2 inside circle aper-
tures with diameters of 4.7°–8.8° and moved at the speed of 15.8 degrees s−1. In 
the task, the random-dots stimulus covered the neuron’s receptive field, mapped 
initially with a moving bar. The dot color was red (CIE chromaticity, x = 0.623, 
y = 0.34) or green (x = 0.288, y = 0.6) at the same luminance (10 cd m−2). Apart 
from the color cue, the fixation point (0.33°) was 10 cd m−2 white (x = 0.255, 
 y = 0.219), then dimmed to 2 cd m−2 white.

Behavioral tasks. The behavioral task was controlled by REX, a QNX-based real-
time experimentation data-acquisition system. All trials started with the pres-
entation of a fixation point at the center of the display to attract the focus of the 
monkey. In the perceptual categorization task, the color of the fixation point (red 
or green) indicated which colored dots the monkey should judge (Fig. 1a). If the 
monkey gazed at it for 600 ms, the color of the fixation point turned white. After 
the monkey fixated on it for 300–600 ms, the RDS appeared for 500 ms. Between 
400 ms and 900 ms after the RDS was turned off, the fixation point dimmed, 
signaling that the monkey could release the home bar and was required to touch 
the left or right bar within 1 s. Correct responses were rewarded with a drop of 
water or juice. The two cue colors were randomly interleaved from trial to trial. 
In any tasks, the monkey was required to maintain fixation within a 1.4-degree 
square window throughout all the visual events. The eye position was monitored 
with a search coil system (Datel) and stored at 1 kHz. Based on the psychophysical 
assessment (Fig. 1c), we selected RDSs with six kinds of the pairing ratios (0%, 
30%, 45%, 55%, 70% and 100%) in the electrophysiological experiments. Each 
RDS was presented randomly from trial to trial at nearly equal frequency.

Electrophysiology. Single units were recorded with flexible tungsten microelec-
trodes (Microprobe). The recording chambers were implanted in accordance with 
coordinates determined by MRI. Before the start of the recording experiments, we 
first searched for auditory neural responses by clapping and thereby localized the 
margins of the medial geniculate body, serving as a physiological landmark. We 
then determined the posterior pole of the lateral geniculate nucleus (LGN), which 
demarcated the anterior border of the pulvinar. Based on the coordinates derived 
from these structural and physiological localizing procedures, the microelectrode 
was then inserted stereotaxically stepwise with a micromanipulator (MO-97A, 
Narishige) into various parts of the visual thalamus. At the beginning of each 
recording session, visual receptive-field mapping was done while the monkey 
looked at the central fixation spot. All the LGN neurons showed the visual 
responses with the contralateral small receptive fields. Although some pulvinar 
neurons had large response fields extending into the ipsilateral hemifields, most 
pulvinar neurons also had the contralateral receptive fields. Thus we selected 
the neurons whose receptive fields were restricted in the contralateral hemifield. 
Spiking data were collected with a MAP recording system (Plexon).

Recording sites. To position the electrode at the target site, we advanced it 
through a guide tube that placed in a Crist grid and transversed the dura matter 
of the monkey. The Crist grid with holes separated by 1 mm was attached to 
the inside of the recording chamber50. During the recording experiments, we 
visualized electrode tracks in MRI scans eight times in total. After each scan, 
we confirmed by comparing the MRI image to coronal sections in a histological 
atlas51 of M. fuscata that the tip of the electrode was located in the LGN or pul-
vinar (Supplementary Fig. 7). These procedures enabled us to reconstruct the 
recording sites: locations of the recorded neurons were plotted onto monkey brain 
atlas, based on MRI images, electrode positions in the chamber and recording 
depth (Fig. 8a). In the present study, we divided the pulvinar into the dorsal and 
ventral parts, separated at the level of the brachium of superior colliculus; similar 
approaches have been used in previous studies20–22. The dorsal pulvinar contains 
sites previously referred to as the dorsal portion of the lateral pulvinar and medial 
pulvinar regions, whereas the ventral pulvinar contains sites previously referred 
to as the ventral portion of the lateral pulvinar and inferior pulvinar.

Data analysis. We analyzed behavioral and spiking data using custom software 
written in Matlab (Mathworks). Spike trains were smoothed by convolution with a 
Gaussian kernel (σ = 10 ms) to obtain spike-density functions. The early response 
of the pulvinar neurons was defined as the number of spikes in the first 100 ms 
from 50 ms to 150 ms after the onset of RDS. The early response of the LGN 
neurons was defined as the number of spikes in the first 100 ms after the onset of 
RDS because the response latencies of the LGN neurons were shorter than those 
of the pulvinar neurons. The late response was defined as the number of spikes 
from 400 ms to 500 ms after the onset of RDS. A neuron was classified as ‘visual 
responsive’ if the early or late response differed from the number of spikes in 
the 100-ms control period just before the onset of RDS (Wilcoxon signed-rank 
test, P < 0.01).

To statistically assess how the visual responses of the single neurons were 
related to the red-down pairing ratios, we first performed the following linear 
regression analysis, in which the firing rate of the neurons was given by

f
f k x x

f k x x
=

+ ≤ <
+ < ≤





1 1

2 2

0 50

50 100

( )

( )

where x is the ratio of red-down pairing, and k1 and k2 indicate the regression 
coefficient (slope) in the lower and higher ratios of red-down pairing, respectively, 
and f1 and f2 indicate the intercept in the lower and higher ratios of red-down 
pairing, respectively. We evaluated the statistical significance of the coefficient 
using a permutation test by randomly reassigning each firing rate to the red-
down pairing ratio. This was repeated 1,000 times to calculate P value for each 
coefficient. If P < 0.01 in both k1 and k2, neural activity was defined as modu-
lated by the RDS of different red-down pairing ratios. Second, for cells satisfying 
this criterion, the response modulations were classified into four types, depend-
ing on whether the value of k1 or k2 was positive or negative: in other words,  
(k1, k2) was (positive, positive), (negative, positive), (negative, positive) or (posi-
tive, negative). If (k1, k2) was (negative, positive), the response modulation was 
classified as V-shaped.

To normalize the firing rates across neurons, we first averaged neural responses 
to the RDS with any color-motion pairings for different tasks and then used the 
maximum among these as a reference value for each neuron. Next, we divided the 
response of each neuron to the different condition with respect to the reference 
value, and this quotient was defined as a normalized activity in each condition. 
To track the time course of V-shaped response modulations at the population 
level (Fig. 2c), we calculated the slope of the linear regression of the normalized 
firing rates in the 50-ms sliding windows with 1-ms moving steps on the lower 
and higher pairing ratios.

Each statistical test was performed, following checks on normality and equal 
variances of the samples by the Kolmogorov-Smirnov test and Levene test, respec-
tively. Throughout this study, two-sided tests were used when we compared the 
data between the two groups. We used the Holm-Bonfferoni method to adjust for 
multiple comparisons, if necessary (Figs. 6 and 7 and Supplementary Figs. 4–6).  
The data were analyzed by the persons with and without knowing relations 
between the experimental procedures and data. These blinded and unblended 
analyses had no effects on the results. We found similar tendencies in behavioral 
performances across the different monkeys (Supplementary Figs. 1, 4 and 5) and 
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in the neural responses across the different cells (Figs. 2 and 3 and Supplementary 

Figs. 2 and 3), which indicated the biological replicates.

Characterizing neural responses. We encountered 618 neurons showing vis-
ual responses to the RDS during the categorization task. Of these neurons, 247 
showed response modulations during the perceptual categorization task. The 
response modulations of the neurons were classified into four types: negative-
positive (n = 163 neurons), positive-positive (n = 28), negative-negative (n = 25) 
and positive-negative (n = 31) slopes in the lower-higher pairing ratio, respec-
tively. These neurons were located in the pulvinar. The responses of all the LGN 
neurons were not modulated during the categorization task, like the neuron for 
which data are shown in Supplementary Figure 10. The LGN neurons exhibited 
the early transient responses to the onset of RDS, but, unlike the pulvinar neurons, 
did not show the vigorous responses during the later phase of the RDS presenta-
tion period. To understand the major role of the visual thalamus during our task, 
we focused on the vast proportion of the neurons that produced negative-positive 
slopes (n = 163, 66% of 247 neurons, chi-squared test, P < 0.01), resulting in  
V-shaped response modulations like those shown in Figure 2b.

We recorded 133 neurons during the opt-out task. Out of the 163 neurons with 
V-shaped response modulation during the categorization task, we consecutively 
tested 38 in the opt-out task. Ninety-five cells were recorded only during the 
opt-out task. Among these 95 neurons, 34 showed V-shaped response modula-
tion in correct trials. Thus, we analyzed 72 neurons in total for the opt-out task. 
Of these, 65 neurons and 7 neurons were recorded from the dorsal and ventral 
pulvinar, respectively.

Modeling. We used a confidence model in a previous study18. Our task can be 
thought of as a binary motion-categorization task (up or down) after the target 
color is determined. In the model, each stimulus (s) with the red-down pairing 
ratio (x) was encoded as a distribution with Gaussian noise (n):

s m x n n N= − + ∈( )/ , ( , ),50 50 0 s

where σ2 was the noise variance, and m determined mean values of the extreme 
distributions for stimulus type with 0-100 pairing ratio. In a given trial, a stimulus 
sample was drawn from the respective distribution.

The categorical choice was determined by comparing stimulus and boundary:

Categorization up down= > <{ | ; | }.s b s b

The confidence value (d) was calculated from the distance between stimulus 
and boundary (|s – b|). In the opt-out task, a risky or escape decision was deter-
mined by comparing the confidence value and a threshold value (c):

Decision risky escape= > <{ | ; | }.d c d c

For fitting the model, m, σ and c were adjusted using the least-square method. 
The yielded confidence values as a function of stimulus type were normalized to 
the maximum value of 1. The qualitative patterns of the simulated data for cor-
rect, error and escape trials were robust to different parameters, which affected 

the slope and level of each function. In the present model, we did not calibrate 
the confidence value. For simplicity, the category boundary (b = 0) and threshold 
(c) were fixed without variance.

Reversible inactivation. After the recording experiment, the inactivation experi-
ments were conducted. A small amount of a GABA agonist (muscimol hydro-
bromide; 5 µg µl−1 in saline; volume = 1.0 µl) was pressure-injected at a rate of 
about 0.1 µl per 30 s using a 32-gauge injection needle that was connected to a 
microsyringe and was penetrated through a 23-gauge guide tube. Site and depth 
of injection were adjusted by using an x-y stage attached on top of the cylinder 
and a micromanipulator that was also used for the unit recording experiments. 
We injected muscimol in the pulvinar (n = 34 sites) and LGN (n = 16 sites). 
Sites of inactivation in the pulvinar were within the area containing neurons  
showing V-shaped response modulations during the categorization task. To 
rule out confounds from physical effects resulting from needle penetration, the  
effect of inactivation for each site was assessed across any stimulus types by 
comparing behavioral data obtained after injection with muscimol and saline  
(volume = 1.0 µl). If there were any differences in the proportions of correct or 
escape choices between the two injection conditions (two-sample proportion 
test, P < 0.05), the sites were classified as effective. All the LGN sites with musci-
mol injection significantly affected the performances during the categorization 
and opt-out tasks (Fig. 7). Among the 34 muscimol-treated sites in the pulvinar 
(Fig. 8b), 22 affected the opt-out task performances whereas the other 12 sites 
did not exhibit any effects on the task performance. In Figure 6, the popula-
tion data based on muscimol injections into these effective sites of the pulvinar 
is shown. The muscimol or saline injection was conducted from day to day in 
random order.

We did not measure the spread of muscimol directly. However, a previous 
study52 showed using glucose autoradiography that muscimol spread ~1.7 mm 
from the injection site when 1.0 µl of muscimol solution was injected during a  
4-min period. In the presesnt study, we injected 1.0 µl of muscimol solution 
during a 5-min period. The minimum distances between the injection sites in 
the pulvinar and the LGN were more than 3.0 mm, which was beyond the range 
that muscimol would spread. Thus, it is unlikely that the injected muscimol inac-
tivated both of the two regions of the visual thalamus. The effect of inactivation 
persisted for the period of the experiments but disappeared the next day.
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