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Spatial attention is associated with enhanced perception at specific 
locations in the visual field. These perceptual benefits are typically 
measured as improved task performance and faster reaction times1, 
which we refer to as attentional behavior. Top-down factors, such as 
goals, motor planning and reinforcement history, and the intrinsic 
salience of visual stimuli can influence spatial attention2–4. Neurons 
with receptive fields (RFs) at attended locations display modulated 
responses throughout striate and extrastriate visual cortex5. Visual 
area V4 has often been the focus of physiological studies investigating  
the neural correlates of spatial attention, and directing attention 
into the RF of V4 neurons enhances firing rate6 as well as gamma-
band power and synchronization7–9 while diminishing trial-to-trial  
variability and inter-neuronal noise correlations10–12.

Most physiological studies control the locus of top-down spatial 
attention by manipulating subjects’ expectations about which loca-
tions are more likely to be associated with reward13. Correct task per-
formance at one location is associated with higher reward magnitude 
or probability (labeled variously in previous studies as the ‘target’, 
‘attend-in’ or ‘relevant’ location), whereas other locations are associ-
ated with lower or zero reward magnitude or probability (‘distracter’, 
‘attend-out’ or ‘irrelevant’ locations). Thus, changes in neural activity 
accompanying task manipulations can be equivalently described in 
terms of attentional allocation or reward configuration. Notably, in 
terms of reward, these characteristic manipulations alter in tandem 
both the absolute expectation of reward at one location and the expec-
tation of reward relative to other locations in the visual field.

Relative value, in addition to its important role in choice and motor 
behavior14–17, is also likely to be relevant for spatial attention. The rel-
ative values of locations are useful for directing preferential processing 
to one location at the expense of others13,18,19. The absolute expectation  

of reward at one location contributes to its relative value, but it also 
contributes to overall reward expectation. For example, doubling 
the rewards associated with all locations increases both the absolute 
reward at each location as well as the average value of a trial. This can 
change animals’ vigilance, motivational state and arousal level in man-
ners not linked to spatial location. Measures of these processes include 
increased anticipatory licking20, higher trial completion rates21,22, 
faster reaction times21,22 and increased pupil dilation22.

Prior studies of value-based decision-making have manipulated 
reward expectations to determine whether absolute or relative reward 
better accounts for neural activity. For example, in the lateral intrapa-
rietal cortex (LIP), neural activity predominantly tracks relative value 
when making value-based decisions between two locations16,17. This 
relative value encoding may underlie perceptual enhancements dur-
ing spatial attention. However, in these studies of relative value in LIP, 
attentional behavior was not measured, and the focus was not on how 
neural modulations relate to perceptual performance. In visual cortex, 
one study found that V1 neurons are modulated by relative value 
when stimuli appear at locations that are close together in space19. 
However, it is not known whether relative value across hemifields 
modulates visual cortex or whether the relative or absolute values of 
RF stimuli better account for neural modulation in visual area V4.

The characterization of how absolute and relative reward values 
modulate neural activity in V4 may help to elucidate mechanisms 
underlying the perceptual benefits of attention. Three mechanisms 
have been proposed to link neural modulations of visual representa-
tions with attentional behavior23: increased signal, decreased noise 
and efficient selection of sensory responses. Signal-to-noise mecha-
nisms yield perceptual benefits through higher fidelity sensory rep-
resentations, whereas efficient selection yields perceptual benefits 
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Reward expectation differentially modulates 
attentional behavior and activity in visual area V4
Jalal K Baruni1,6, Brian Lau1,5,6 & C Daniel Salzman1–4

Neural activity in visual area V4 is enhanced when attention is directed into neuronal receptive fields. However, the source of this 
enhancement is unclear, as most physiological studies have manipulated attention by changing the absolute reward associated 
with a particular location as well as its value relative to other locations. We trained monkeys to discriminate the orientation of  
two stimuli presented simultaneously in different hemifields while we independently varied the reward magnitude associated with 
correct discrimination at each location. Behavioral measures of attention were controlled by the relative value of each location.  
By contrast, neurons in V4 were consistently modulated by absolute reward value, exhibiting increased activity, increased  
gamma-band power and decreased trial-to-trial variability whenever receptive field locations were associated with large rewards. 
These data challenge the notion that the perceptual benefits of spatial attention rely on increased signal-to-noise in V4. Instead, 
these benefits likely derive from downstream selection mechanisms.
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through selective pooling of sensory signals23–25. Each of these  
mechanisms potentially contributes to the benefits of attention, but 
their relative contributions are unclear10,24,26–28.

We reasoned that independently changing absolute and relative 
reward expectations could provide insight into the mechanisms of 
the perceptual benefits of attention. We trained monkeys to perform 
a perceptual task at two locations simultaneously while we independ-
ently varied the relative and absolute rewards associated with cor-
rect performance at the two locations. We found that increasing the 
absolute reward value associated with the RF location enhanced firing 
rate, increased gamma-band power in local field potentials (LFPs) and 
decreased trial-to-trial variability in V4 neural responses. Changes in 
behavioral measures of spatial attention, on the other hand, tracked 
relative value manipulations. Indeed, attentional behavior could vary 
without large changes in V4 activity, and V4 activity could vary with-
out large changes in attentional behavior. Modulation of V4 activity 
representing a particular spatial location therefore does not neces-
sarily predict improved perceptual performance at that location.  
This finding places a strong and unexpected constraint on models  
of how V4 activity relates to perception and behavior.

RESULTS
Reward expectation controls attentional behavior and 
motivational state
We trained monkeys to perform a dual two-alternative forced choice 
(dual 2-AFC) orientation discrimination task in which we independ-
ently varied rewards associated with correct performance at two differ-
ent locations (Fig. 1a). On each trial, monkeys acquired central fixation, 
after which two colored discs briefly appeared to cue the potential 
reward associated with correct performance at each location. Then, at 
each location, a rapid stream of oriented Gabor patches cycled randomly 
and independently through different orientations. At a random time, 
the final oriented stimuli were presented for a longer duration before 
being abruptly extinguished and masked. Next, we queried monkeys 
about the final orientation of one of the Gabor patches by presenting two 
choice targets around one of the two locations. Monkeys indicated with 
an eye movement whether the final orientation at the queried location  

was more horizontal or more vertical. Each location was queried on 
half of trials selected randomly, allowing us to measure performance 
at each location. By employing a dual discrimination task, as opposed 
to a detection task, we ensured that performance differences across 
conditions did not depend on adaptive shifts in response bias29.

We characterized how the distribution of reward contingencies 
across the visual field modulated neural activity and behavior by 
independently varying the reward associated with correct discrimi-
nation at each location. Correct performance at each location was 
associated with either a large or small reward, yielding four trial  
conditions that were pseudorandomly interleaved (Fig. 1b). We 
refer to the final oriented stimulus at the queried location as the ‘tar-
get’ and the opposite stimulus as the ‘distracter’. In the two unbal-
anced conditions, the target and distracter differ in potential reward  
(LS: large reward target, small reward distracter; SL: small reward  
target, large reward distracter) and the locus of spatial attention pre-
sumably shifts to the large reward location. These reward manip-
ulations are similar to those yielding ‘attend-in’ and ‘attend-out’ 
conditions in other attention studies13. In the two balanced con-
ditions, both target and distracter have the same potential reward  
(LL: large reward target, large reward distracter; SS: small reward 
target, small reward distracter) and there is no advantage to shifting 
spatial attention. Thus in the balanced conditions (LL and SS), the 
absolute target value changes similarly to the unbalanced conditions 
(LS and SL), but the relative target value remains fixed and equal. By 
contrast, in the balanced conditions, the average trial value (mean of 
the potential rewards at both locations) is different, and monkeys’ 
motivation or arousal may be modulated accordingly. For example, 
in the LL condition, because correct performance at either location is 
associated with a large reward, the overall expected value of the trial is 
high and monkeys may therefore be more motivated or aroused.

The allocation of spatial attention, measured using percent correct  
and reaction time, was governed largely by relative target value. The 
percent correct was highest when relative target value was highest 
(77.1% in LS condition, Cochran-Mantel-Haenszel test (CMH),  
P < 10−10 for all comparisons, uncorrected; Fig. 1c), intermediate in 
balanced conditions (72.7% and 70.7% in LL and SS conditions) and 
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Figure 1 Task and behavior. (a) Schematic of the dual 2-AFC task. (b) Reward configuration defined  
four trial types. Correct performance at each location was associated with either a large or small  
reward, and each location was queried on a random 50% of trials. We refer to the queried stimulus  
as the target and the opposite stimulus as the distracter. In LS trials, the target was associated with  
a large (L) reward, and the distracter was associated with small (S) reward. In SL trials, the target  
was associated with small reward and the distracter was associated with a large reward. In balanced  
conditions (LL and SS), both target and distracter were associated with the same reward. Relative  
target value was highest in LS, intermediate in balanced conditions and lowest in SL. Average  
trial value was highest in LL, intermediate in LS and SL, and lowest in SS. The schematics in the leftmost  
column show example configurations of reward cues and queried target location (asterisks). (c) Performance  
and reaction time tracked relative target value. Behavioral data are presented as function of relative target value (left), as well as average trial value 
(right). Error bars indicate ±s.e.m. Overlapping points are slightly offset for visualization. (d) Pupil diameter and abort rate track average trial value. 
Differences in pupil diameter were sustained for the duration of the Gabor stream (Supplementary Fig. 6). Data are presented as in c.
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lowest when relative target value was lowest (57.2% in SL condition, 
P < 10−10 for all comparisons). Reaction times mirrored the percent 
correct and were fastest in the LS condition, intermediate in the bal-
anced conditions and slowest in the SL condition (Wilcoxon rank-
sum test (WRS), P < 10−10 for all comparisons, uncorrected; Fig. 1c). 
There was a small, but significant, benefit to performance (CMH,  
P < 10−3) and reaction time (WRS, P < 10−10) on LL compared with SS 
trials, suggesting that, although relative value accounts for the bulk of 
the performance differences, average trial value also has a minor role. 
These behavioral effects were observed in both monkeys, at both loca-
tions, and across task difficulty (Supplementary Figs. 1–3). Overall, 
we observed that the major behavioral benefits of attention occurred 
when reward expectation differed across the visual field, with  
preferential selection of stimuli with high relative value.

We found that arousal and motivational state, measured using pupil 
diameter22 and trial abort rates21,22, respectively, were correlated with 
the average trial value. Pupils were most dilated in the LL condition, 
intermediate in unbalanced conditions and smallest in the SS condi-
tion (WRS, P < 10−10 for all comparisons that differed in average trial 
value; Fig. 1d). Average trial value also influenced trial abort rates 
(Fig. 1d), with monkeys more frequently aborting trials of the lowest 
expected value (SS; CMH, P < 10−10 for all comparisons). One mon-
key also aborted LL trials significantly less frequently than LS and SL 
trials (CMH, P < 10−6 for both comparisons; Supplementary Fig. 2),  
whereas the other showed no significant difference in abort rate 

between LL and the unbalanced conditions (CMH, P > 0.1 for both 
comparisons; Supplementary Fig. 2). All other behavioral measures 
were similar in both monkeys (Supplementary Fig. 2). The pattern 
of results for pupil diameter and abort rate differed markedly from 
that for percent correct and reaction time, indicating that the dual 
2-AFC task effectively isolated changes in arousal and motivational 
state from changes in attentional allocation.

Visual cortical activity reflects the reward associated with 
receptive field stimuli
We predicted that V4 neural activity would track the relative value of 
RF stimuli if this activity conferred the performance and reaction time 
benefits associated with attention (for example, see refs. 19,29,30). 
In this case, firing rates would be highest in the LS condition (large 
reward in RF, small reward opposite RF), intermediate in balanced 
conditions and lowest in the SL condition (small reward in RF, large 
reward opposite RF). Figure 2 shows the responses of two neurons. 
Both neurons increased firing rate when the relative RF value was high 
(LS compared with SL trials; WRS, P < 0.01 for both comparisons; 
Fig. 2a,c), reproducing prior findings of higher activity for attend-in 
compared with attend-out trials. To our surprise, these neurons also 
showed similar firing rate enhancement in LL trials compared with SS 
trials (WRS, P < 0.01 for both comparisons; Fig. 2b,d), despite mini-
mal differences in behavioral performance measures between these 
conditions. Finally, firing rates were not different for both neurons  
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Figure 2 Firing rate modulation in V4 reflects 
absolute value of RF stimuli. (a–d) Spike density 
functions (σ = 15 ms; shading, ±s.e.m.) for 
two single units in V4. Responses are aligned 
to two events in a trial. On the left, responses 
are aligned to the onset of the streaming Gabor 
stimulus. On the right, responses are aligned 
to the target onset. Distracter appearance also 
occurs at this time. (a,c) Responses in LS (large 
reward in RF, small reward opposite RF) and SL 
(small reward in RF, large reward opposite RF) 
trials. (b,d) Responses in LL (large rewards both 
in and opposite RF) and SS (small rewards both 
in and opposite RF) trials. (e) Peak-normalized 
population average firing rate (n = 190 units;  
92 single, 98 multi; 106 from M1, 84 from M2).
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Figure 3 Regression summary of independently 
changing reward at two spatial locations. Joint and 
marginal distributions of regression coefficients 
across all behavioral sessions (n = 79) and 
recorded units (n = 190). (a) Reaction times 
reflected relative target value in all sessions. 
Associating the larger reward with the target 
location decreased reaction times (WSR,  
P < 10−10), whereas large rewards at distracter 
locations increased reaction times (WSR,  
P < 10−10). Symbol style denotes significance for 
individual data points (P < 0.05). Colored shading 
in marginal histograms indicates significance 
for individual data points (P < 0.05). (b) Pupil 
diameter reflected average trial value. Associating 
large rewards with either the target (WSR, P < 10−10)  
or distracter (WSR, P < 10−10) increased pupil 
diameters. (c) Neuronal modulation reflected 
RF value. Large rewards at the RF location were 
associated with increased firing rates (WSR,  
P < 10−10). On average, large rewards opposite  
the RF were not associated with a significant 
change in firing rate (WSR, P = 0.964).
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(WRS, P > 0.1) when comparing conditions in which the value of 
the stimulus in the RF was the same (SS versus SL and LS versus 
LL), despite the large differences in performance and reaction time 
observed between these conditions. This pattern of results was true 
across the population, with neurons showing higher firing rates in LS 
and LL trials than in SL and SS trials (Fig. 2e).

We used multiple linear regression to quantify how the reward 
contingency at each location affected neuronal activity and behavior 
across the population (Online Methods). For behavioral data, the 
regression coefficients separately characterize the influence of asso-
ciating large rewards with target (β1) and distracter (β2) locations. 
For neural data, regression coefficients separately characterize the 
influence of associating large rewards with RF (β1) and opposite-RF 
(β2) locations. Consistent with average reaction times tracking rela-
tive value (Fig. 1c), we found that associating a large reward with the 
target uniformly decreased reaction times, whereas associating large 
rewards with distracter locations uniformly increased reaction times 
(Wilcoxon signed-rank test (WSR), P < 10−10; Fig. 3a). Similarly, 
consistent with average pupil diameters tracking average trial 
value (Fig. 1d), large rewards at either target or distracter locations 
increased pupil diameters (WSR, P < 10−10; Fig. 3b).

In contrast with behavior, neurons were modulated primarily by 
the value of the stimulus in the RF. Associating the larger reward with 
RF stimuli consistently and robustly enhanced neural activity, with 
a mean firing rate increase of 4.05 ± 0.40 spikes per s across all units  

(WSR, P < 10−10; Fig. 3c). 97 units displayed a significantly positive 
(nine significantly negative, P < 0.05) effect of large reward in the RF. By 
contrast, associating larger rewards with locations opposite the RF did 
not significantly affect firing rate (mean = −0.046 ± 0.21 spikes per s,  
WSR, P = 0.964; Fig. 3c). These effects were similar in each mon-
key (Supplementary Fig. 4). Thus, V4 neural modulation primarily 
reflects the absolute rather than the relative value of rewards associ-
ated with correctly discriminating stimuli in the receptive field.

The regression coefficients compactly describe reward modula-
tion in our task by summarizing firing rate changes across the set of 
six possible condition comparisons. To further explore how reward 
modulation varied across the population of recorded units, we esti-
mated effect sizes (d′) for four key condition comparisons (Fig. 4). We 
first compared LS and SL trials, which is the comparison analogous to 
the attend-in versus attend-out difference explored in most attention 
studies. Across these conditions, the relative value of RF stimuli dif-
fered, but the average trial value did not. Firing rates were increased 
in LS compared with SL trials (mean d′ = 0.196, WSR, P < 10−10;  
Fig. 4a), corresponding to a mean increase of 10.2% and mean neural 
modulation index (MI, Online Methods) of 0.038, effect sizes that are 
similar to those reported previously for V4 (refs. 10,11,29).

When the average trial value differed, but the relative target value 
did not (LL and SS), we observed minimal effects on performance and 
reaction time (Fig. 1c). Nevertheless, increasing average trial value 
enhanced firing rates (mean d′ = 0.192, WSR, P < 10−10; Fig. 4a) to the 

Figure 4 Correlations between neural  
effects. Distributions of effect sizes (d ′) for  
all recorded units (n = 190). (a) Relative RF 
value (LS-SL) and average trial value (LL-SS) 
similarly modulated neuronal activity. Both 
manipulations increased firing rate (WSR,  
P < 10−10), with effect sizes positively 
correlated across units (r = 0.31, P < 10−4). 
Symbol style indicates significance of selectivity 
for each unit (randomization test, P < 0.05).  
(b) Absolute RF value was fixed in two condition 
comparisons (LS-LL and SS-SL). For both 
comparisons, effect size distributions did  
not significantly differ from zero (WSR, P > 0.3) 
and effect sizes were not positively correlated 
across units (r = −0.092, P = 0.207).
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same degree as increasing relative RF value (WSR, P = 0.885). Thus, 
despite having markedly different effects on attentional behavior and 
arousal, changing the relative target and average trial values similarly 
modulated V4 activity.

Relative value (LS-SL) and average trial value (LL-SS) manipula-
tions similarly modulated neural activity (Fig. 4a), but had separable 
effects on attentional behavior and arousal (Fig. 1c,d). This dissocia-
tion between neural modulation and behavior could be reconciled if 
relative value and average trial value signals were encoded by distinct 
neuronal populations. We did not find support for this (Fig. 4a). First, 
similar proportions of neurons exhibited activity modulated by rela-
tive and average value. 143 of 190 units (75.2%) were positively modu-
lated by relative RF value (LS-SL), achieving significance (P < 0.05) in 
73 units (38.4%). 149 of 190 (78.4%) units were positively modulated 
by average trial value (LL versus SS), achieving significance (P < 0.05) 
in 80 units (42.1%). 49 units exhibited significantly positive effects 
(P < 0.05) for both relative RF value and average trial value (49 of 73, 
67.1%). The proportions of units significantly positively modulated 
in these two comparisons were not significantly different (χ2 test,  

P = 0.633). Moreover, the proportion of units exhibiting a signifi-
cantly positive effect of both relative RF value and average trial value 
was greater than that expected by chance (χ2 test, P < 10−7). Finally,  
the degree of modulation observed in each comparison was cor-
related across units (r = 0.31, P < 10−4; Fig. 4a). We conclude that 
manipulating the relative RF and average trial values lead to similar  
modulations in the same neurons.

For two trial comparisons (LS-LL and SS-SL; Fig. 4b), both relative 
RF value and average trial value differed, but the absolute value of the 
RF stimuli was constant. For example, the absolute reward associated 
with RF stimuli was the same on LS and LL trials, but the relative 
value was higher and the average trial value was lower on LS trials.  
Firing rates did not differ significantly between LS and LL trials (mean 
d′ = −0.008, WSR, P = 0.533) or between SS and SL trials (mean  
d′ = 0.011, WSR, P = 0.378) (Fig. 4b). We next considered whether 
effect sizes across these two comparisons were related. If neurons were 
modulated by relative value, they should be positively modulated in 
both LS-LL and SS-SL condition comparisons (Fig. 4b). We found, 
however, that the proportions of units exhibiting positive (χ2 test,  
P = 0.329) or significantly positive (χ2 test, P = 0.946) modulation 
in both comparisons were not significantly different than chance. 
Moreover, the two effects were not significantly correlated (r = −0.092, 
P = 0.207; Fig. 4b). Thus, modulation of neuronal responses in V4 was 
well described by absolute reward, and not by relative reward.

Across conditions, attentional behavior is dissociated from firing 
rate modulation when examining neurons individually. We considered 
whether a population-based analysis of neuronal data would reveal 
differences between conditions accounting for the behavioral effects 
in our task. We addressed this by asking how changes in population 
activity associated with attentional behavior (LS and SL) are related 
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to changes in population activity in other condition comparisons.  
To do this, we treated the activity of all neurons in the LS and SL  
trials as points in a space in which the activity of each neuron defines a 
dimension (Fig. 5a–d and Online Methods). In this space, we defined 
an ‘attention axis’31 as the vector linking the means of LS and SL trials. 
This allowed us to ask how population activity in different conditions 
varies along the axis most associated with the perceptual benefits  
of spatial attention.

We characterized modulation across conditions by projecting onto 
the attention axis and quantifying discriminability (d′). Consistent 
with the individual neuron analysis (Fig. 4a), we found that average 
trial value (LL-SS, mean d′ = 0.726) and relative RF value (LS-SL, 
mean d′ = 0.691) similarly modulated population representations 
(Fig. 5e). Discriminability of the two pairwise comparisons did not 
differ significantly (randomization test, P > 0.05) and both differed 
significantly from chance (randomization test, P < 0.05). That is, the 
pattern of population activity varied similarly during average trial 
value (LL-SS) and relative value (LS-SL) manipulations. By con-
trast, in both pairwise comparisons in which reward in the RF was 
fixed (SS-SL and LS-LL), discriminability along the attention axis 
was markedly decreased. For SS compared with SL trials, discrimi-
nability was slightly, but not significantly, positive (mean d′ = 0.119,  
randomization test, P > 0.05). For the LS-LL trial comparison,  
discriminability was slightly, but not significantly, negative (mean  
d′ = −0.147, randomization test, P > 0.05). Thus, changes in popula-
tion activity did not account for modulations in behavioral measures 
of spatial attention.

In addition to firing rate changes, prior studies have also reported 
that attention lowers trial-to-trial variability in neural responses to 
attended stimuli11, changes gamma-band LFP power7–9 and modi-
fies stimulus tuning functions32–34. We found that relative RF value 
and average trial value manipulations had similar effects for all 
these measures. First, both had similar effects on LFPs (Fig. 6a and 
Supplementary Fig. 5), producing increased gamma band power 
(40–80 Hz, WSR, P < 10−6). Power modulation by relative RF value 
and average trial value did not differ significantly in the gamma band 
(WSR, P = 0.776). Second, both similarly decreased trial-to-trial vari-
ability measured using the Fano factor (LS-SL: MI = −0.022, WSR, 
P = 0.014; LL-SS: MI = −0.029, WSR, P = 0.001; Fig. 6b), and the 
extent of modulation by relative and average trial value did not differ 
significantly (WSR, P = 0.920). Finally, we characterized orientation 
tuning functions using reverse correlation and found that both rela-
tive RF value and average trial value manipulations predominantly 
affected tuning functions by additive shifts (WSR, P < 10−4) rather 
than multiplicative scaling (WSR, P > 0.05). Although this contrasts 
with findings of multiplicative effects in visual cortex32, modulations 
inconsistent with pure multiplicative gain effects are also frequently 
observed34–36. Furthermore, recent studies have found weak evidence 
for clearly distinguishing between additive and multiplicative mod-
els of response enhancement by attention34,36. Notably, the extent 
of additive and multiplicative changes to orientation tuning func-
tions did not differ between relative RF value and average trial value 
manipulations (WSR, P > 0.2; Fig. 6c). Thus, modulation resulting 
from average trial value was largely indistinguishable from modula-
tion resulting from relative RF value, suggesting that absolute reward 
is a key determinant of neuronal modulation in V4.

DISCUSSION
We discovered that neural modulation in V4 can be dissociated 
from the perceptual benefits of spatial attention; performance could 
be enhanced without neural modulation and neural activity could 

be modulated without substantial perceptual improvement. These 
findings are inconsistent with signal-to-noise based mechanisms 
of attention that depend on the quality of V4’s sensory representa-
tion at a given location. Our data instead suggest that modulation of 
neural activity in V4 reflects the absolute value of stimuli in the RF, 
and behavioral benefits accrue only when there is an imbalance in 
response modulation across V4. These observations imply that, at 
least in our task, efficient selection is the critical mechanism link-
ing neural modulation in V4 to the behavioral benefits of attention. 
According to this hypothesis, the characteristic response enhance-
ment observed in attentive states may primarily reflect a weighting 
of sensory signals by their associated absolute reward, which serves 
to bias competitive selection by downstream brain areas4,24,26,28. 
Together, these data argue that the link between neural modula-
tion in V4 and its perceptual consequence may depend critically  
on downstream readout.

Although our results may appear to be at odds with prior studies 
of attention in V4, our results were actually consistent with previ-
ous findings when considering comparable reward configurations. 
Consistent with prior reports, when we manipulated relative value 
(LS-SL), we observed large changes in attentional behavior that were 
associated with enhanced firing rate6, gamma-band power7–9 and 
trial-to-trial reliability11. In several prior studies, investigators have 
described robust trial-to-trial correlations between neural correlates 
of attention in V4 and behavior9,31, suggesting that neural modulation 
in V4 may be causally involved in conferring the associated behavioral 
changes. However, the observation of trial-to-trial correlations does 
not indicate the mechanism by which V4 neural modulation may affect 
behavior. Fluctuations in V4 activity at relevant locations could be 
correlated with perceptual performance either by modulating the sig-
nal-to-noise ratio in the relevant sensory representation or by biasing 
selection of relevant locations by downstream processes. These mech-
anisms can be distinguished by considering two reward conditions 
(LL and SS), which have rarely been studied in the context of visual 
attention. Varying average trial value while holding relative value fixed  
(LL-SS) had minimal effects on behavioral measures of attention,  
but the effects on V4 activity were comparable to relative value 
manipulations (LS-SL). This marked dissociation of neural activity  
and perceptual performance suggests that, at least in our task,  
V4 neural modulation contributes to performance by promoting 
selection rather than by enhancing signal-to-noise.

Enhanced performance in the detection tasks used in many atten-
tion studies can result from both increasing sensitivity as well as 
shifting criterion to respond more readily to cued than to un-cued 
locations. A recent study29 manipulated the relative and absolute 
reward of two locations to induce changes in sensitivity without modi-
fying criterion; other reward manipulations changed criterion without 
affecting sensitivity. The authors found that modulation of neural 
activity in V4 was associated with sensitivity changes, but not crite-
rion shifts. Our data are also compatible with these results. We used a 
dual discrimination task in which discriminanda are equally likely to 
fall on either side of an orientation category boundary; biasing choices 
toward horizontal or vertical categories was therefore maladaptive. 
Consequently, our task conditions are most analogous to conditions 
in which the previous study29 changed sensitivity, not response bias. 
When considering comparable conditions as the previous study, 
we observed that V4 activity was enhanced along with behavioral 
sensitivity (for example, LS versus SL). However, we independently 
manipulated relative and absolute reward; data from these condi-
tions demonstrate that behavioral sensitivity can increase without 
V4 modulation (SS versus SL) and that V4 modulation is not always 
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accompanied by commensurate changes in behavioral sensitivity  
(LL versus SS). These data reveal that the sensitivity changes quanti-
fied by signal detection theory are likely implemented by selection, 
rather than by signal-to-noise, mechanisms.

The manipulation of average trial value in our task may recruit 
similar neural mechanisms to those involved with arousal37–39 
and the heightened ‘cognitive effort’ associated with more difficult 
tasks30,40,41. These non-spatial vigilance factors are associated with 
enhanced neural activity37–39, but the link between enhanced neural 
activity in these settings and perception remains unclear. The neural 
correlates of average trial value have rarely been reported in primate 
visual cortex. Beyond sensory cortex, neural activity in many brain 
areas is modulated by reward-related parameters that can be used 
to compute average trial value, including orbitofrontal cortex21,42,  
dorsolateral prefrontal cortex43, cingulate cortex44, LIP16,17,  
striatum45, basal forebrain46 and the amygdala18,20. Some of these 
brain areas may provide direct or indirect inputs to V4 that underlie 
the modulation that we observed.

Given that manipulating relative reward value across the visual 
field shifts spatial attention, brain areas that reflect the selection 
underlying attentional behavior should exhibit signals modulated by 
relative, rather than absolute, reward value. However, the presence 
of modulation by relative reward may also reflect the spatial scale of 
the task used to characterize neural response properties. For example,  
modulation of neural activity in area V1 is correlated with relative 
value when two stimuli appear in the visual field19. One critical  
difference between the task used to make this observation and ours is 
the spatial separation of visual stimuli. Although our data demonstrate  
that rewards associated with stimuli in the opposite hemi-field do not 
modulate activity in V4, the prior study employed competing saccade 
targets placed near each other in the same quadrant of the visual field. 
Notably, the pattern of results observed in both studies is predicted 
by the normalization model of attention47, where the response of a 
neuron to a stimulus in its RF is suppressed (or normalized) by a 
pool of neurons responsive to a broader range of features and spatial 
positions. We demonstrated this by using the normalization model 
of attention to simulate the response of a population of neurons to 
two visual stimuli that vary in location and associated reward (Fig. 7). 
We found that top-down response enhancement by absolute reward 
leads to suppression of responses to stimuli presented at locations 
nearby, but not far away, with the spread of suppression determined 
by the spatial extent of neurons in the normalization pool. If these 
considerations are correct, then V1 activity would not reflect relative 
value when tested with two stimuli located far enough from each 
other such that neurons in the normalization pool do not respond 
to both stimuli. In the model, the details of this change are dictated 
by the spatial scale of the top-down enhancement (attention field) 
and the spatial scale of the normalization pool. The spatial scale of  
top-down enhancement is likely task dependent47; this emphasizes 
the critical importance of studying different brain areas with identical 
tasks to determine the contribution of relative and absolute reward 
on neural firing rates.

One brain area that exhibits relative value modulation at a larger 
spatial scale is the lateral intraparietal area (LIP). Our data demon-
strate that the classic attention-related modulations of V4 activity 
can be decoupled from behavioral measures of spatial attention. 
LIP receives inputs from V4, but displays relative value modulation 
characteristic of competitive selection both in48 and across hemi-
fields16,17,49, suggesting that LIP may transform V4 activity into  
relative value through response normalization49. LIP is unlikely to be 
solely responsible for selecting behaviorally relevant sensory signals50.  

Similar transformations may occur at multiple points along senso-
rimotor pathways, which is supported by recent evidence in visual 
search25. Characterization of these transformations is likely to be 
critical for understanding the sequential and interactive processing 
carried out in different brain areas to confer the perceptual benefits 
of attention. Our data indicate that the manipulation of absolute 
and relative reward values while measuring attentional behavior is a  
powerful tool for providing this characterization.

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

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Animals and implantation. Two male rhesus monkeys (Macaca mulatta, 8–13 kg,  
7–8 years old) were used in these experiments. All experimental procedures 
complied with US National Institutes of Health guidelines and were approved 
by the Institutional Animal Care and Use Committees at the New York State 
Psychiatric Institute and Columbia University. Prior to training, we implanted 
a plastic head post secured to the skull using ceramic bone screws. Surgery was 
conducted using aseptic techniques under isoflurane anesthesia, and analgesics  
and antibiotics were administered postsurgically. After the monkeys were 
behaviorally trained, we acquired T1-weighted MRIs with fiducial markers 
attached to the head post. In a second surgery, we implanted a plastic recording  
chamber over dorsal visual area V4 guided by a neuronavigation system 
(Brainsight, Rogue Research) registered to the MRI for each monkey. Recordings 
targeted the lunate gyrus posterior to the junction of the superior temporal sulcus 
and the sylvian fissure.

data acquisition. Monkeys were seated and head-restrained in a darkened sound-
attenuating booth. Eye position and pupil diameter were monitored using an 
infrared camera sampled at 1,000 Hz (Eyelink, SR Research). Visual stimuli were 
generated using EXPO (Center for Neural Science, New York University) and were 
displayed on a CRT monitor positioned 57 cm away from the monkey.

We recorded from the right dorsal V4 of each monkey using one or two 
electrodes individually lowered with a multiple-electrode microdrive (NaN 
Instruments). Extracellular activity was recorded using epoxylite-insulated tung-
sten electrodes (8–10-MΩ impedance, FHC) or glass-coated tungsten electrodes 
(0.5–2.0-MΩ impedance, Alpha Omega). Analog signals were amplified, band-
pass filtered (250–7,500 Hz) and sampled (30 kHz) for unit isolation (Blackrock 
Microsystems). Units were isolated using manual clustering on the basis of  
several waveform parameters including principal components, peak and trough 
amplitudes, as well as the presence of a refractory period (Plexon Offline Sorter, 
Plexon). LFPs were filtered between 0.3 and 500 Hz and sampled at 1 kHz.

Behavioral task and visual stimuli. Monkeys performed a dual 2-AFC orienta-
tion discrimination task for liquid reward. Trials were initiated when monkeys 
fixated a central spot. Monkeys were required to maintain fixation throughout 
the trial in a window of radius 1.0–1.5°. After 300 ms of fixation, two reward 
cues appeared for 250 ms. Reward cues were uniform chromatic discs of 0.5° 
diameter, 2.0–2.5° eccentricity, and an angular position matched to subsequently 
appearing Gabor patches. Reward cues indicated the amount of juice associated 
with correct discrimination of the associated Gabor patch. For each monkey, we 
employed two different, luminance-matched cue sets. Cue colors were defined 
in DKL color space (large reward azimuths: 220° and 340° (M1), 20° and 135° 
(M2); small reward azimuths: 90° and 280° (M1), 220° and 280° (M2)). Cue sets 
did not substantially affect any of the reported behavioral results. Considering 
separately the subset of trials from each cue set in each monkey, performance was 
always highest in LS (CMH, P < 10−4) and lowest in SL (CMH, P < 10−10), reaction 
times were fastest in LS (WRS, P < 10−10) and slowest in SL (WRS, P < 10−10),  
pupils were most dilated in LL (CMH, P < 10−6) and least dilated in SS (CMH,  
P < 10−10), and aborted trials were most frequent in SS (CMH, P < 0.05). Similarly, 
performing the regression analysis separately on the subset of trials from each 
cue set in each monkey yielded similar results. For each cue set in each monkey, 
associating a large reward with RF stimuli increased firing rates (WSR, P < 10−6), 
and associating a large reward with the location opposite RF did not significantly 
alter firing rates (WSR, P > 0.1).

The offset of the reward cues was followed by a 350 ms delay, after which two 
streams of stimuli appeared, one in the receptive field of the neuron under study, 
and the other diametrically opposed in the opposite hemi-field. The streams were 
composed of presentations of Gabor patches lasting 20 ms, interleaved with blank 
stimuli of the same duration matched to the background luminance of the moni-
tor (probability of blank = 0.15). The orientation of each Gabor presentation was 
independently and randomly drawn from a set of 6 equally spaced orientations 
(0°, 30°, 60°, 90°, 120° and 150° from horizontal). The spatial frequency and size of 
Gabor patches were tailored to the neuron under study. On each trial, the streams 
of Gabor presentations were stopped at a random time, which was determined by 
adding a fixed minimal duration to a random draw from an exponential distribu-
tion (truncated at a maximum of 2 s) to approach a flat hazard rate51. Across all 
experiments, the average stream duration was 685.7 ms.

Following the streams of Gabor presentations, a final pair of Gabors appeared 
at the two stimulus locations. We term these two final Gabor presentations the 
target and distracter (together, the discriminanda). Discriminanda were dis-
tinguished from prior stimuli in the stream primarily by a longer presentation 
duration. Mean discriminanda duration was 96.7 ± 2.0 ms, which was adjusted 
to maintain consistent performance. The discriminanda were followed by noise 
masks lasting 60 ms. Choice targets then appeared at one of the two locations, 
which was the monkeys’ first indication of the identity of the target and distracter. 
In other words, the location about which monkeys would be asked to render a 
perceptual decision was not revealed to the monkey until after extinction and 
masking of the discriminanda. Thus, the behavioral relevance of discriminanda 
was exclusively determined by the associated reward signaled by prior appearing 
cues. Choice targets flanked the location of extinguished discriminanda, and 
monkeys reported whether the orientation of the target was more horizontal or 
more vertical by saccading to the choice target nearest the horizontal meridian 
or the choice target nearest the vertical meridian, respectively. Discriminanda 
orientations were randomly selected on each trial and varied between 3°  
(difficult) and 45° (easy) away from the category boundary (corresponding to 
0–90° from horizontal).

Correct trials were rewarded as indicated by the cue associated with the target. 
Large rewards were 4–5-fold larger than small rewards. For M1, the small reward 
was 0.10 ml, and the large reward was 0.50 ml. For M2, the small reward was 0.07 ml,  
and the large reward was 0.31 ml.

Fixation breaks before the appearance of choice targets resulted in trials in 
which the payoff structure, queried location and discriminanda orientation (but 
not the duration of Gabor streams) were repeated. This ensured that monkeys 
could not increase their reward rate by aborting trials of low expected value. 
Following completed trials, both correct and incorrect, the subsequent trial 
type was determined pseudorandomly by sampling without replacement from a  
16-element matrix (4 conditions × 2 cue sets × 2 repetitions).

data analysis. All statistical tests were two-sided. In most cases, we employed 
non-parametric statistical tests. When parametric tests were employed, data dis-
tributions were assumed to be normal but this was not formally tested. We did not 
perform analyses blind to the identity of trial types. We did not run any statistical 
test to determine sample sizes a priori, but our sample sizes are similar to those 
generally employed in the field.

conditions. For performance and reaction time data, conditions are defined 
with respect to the queried location (Fig. 1b). For example, for performance and 
reaction time data, LS refers to the unbalanced condition where the monkey 
is asked to report the orientation of the stimulus associated with large reward.  
By contrast, firing rates were taken from an epoch before the appearance of sac-
cade targets, before the queried location is determined. Thus, for neural data, the 
unbalanced conditions are defined with respect to the location of the receptive 
field. When referring to neural data, LS refers to the unbalanced condition where 
the large reward stimulus is in the receptive field.

To characterize the influence of reward expectation on neural activity and 
behavior, we distinguish between three types of value. Absolute value refers to the 
reward associated with queried or RF locations, independent of the value of other 
stimuli in the visual field. Relative value refers to the fractional payoff associated 
with the queried or RF location. Average trial value describes the overall reward 
expectancy of the trial as the average reward for a trial before identification of 
target and distracter locations.

Behavior. For proportion data (percent correct and abort rate), we assessed  
statistical significance using the Cochran-Mantel-Haenszel test. Aborted trials  
were trials where monkeys broke fixation after onset of reward cues. For  
comparisons of reaction time and pupil diameter across conditions, we assessed 
statistical significance using two-tailed Wilcoxon rank-sum tests. Reaction times 
were defined as the beginning of a choice target-directed saccade. Pupil diameter 
values were taken from the same epoch as spike counts (300 ms before onset of 
discriminanda) and z-scored by session.

Regression. We used multiple linear regression to quantify how the reward con-
tingency at each location affected neuronal activity and behavior across the popu-
lation. The regression was performed on spike rates in the 300 ms epoch before 
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onset of discriminanda. We chose this time epoch because it is close to measured 
behavior, yet before the appearance of discriminanda. Therefore, firing rates in 
this epoch are not affected by ultimate discriminanda orientation, attendant  
differential reward expectation (for easy versus difficult discriminanda), and/or 
presaccadic activity related to choice. For each neuron, we regressed the firing 
rate in this epoch onto two predictors and a constant term. 

FR x x= + +b b b0 1 1 2 2* *

where x1 is a categorical predictor indicating whether the receptive field location 
is associated with large reward (x1 = 1 for LS and LL trials, x1 = 0 for SL and SS 
trials), and x2 is a categorical predictor indicating whether the opposite location 
is associated with large reward (x2 = 1 for SL and LL trials, x2 = 0 for SS and LS tri-
als). Therefore, β1 indicates the effect on firing rate of high value in the receptive 
field and β2 indicates the effect of high value opposite the receptive field. If neu-
ronal modulation reflected the relative value of the discriminanda in the receptive 
field, this would be captured in the regression coefficients by oppositely signed β1 
and β2. To assess statistical significance of regression coefficients, we performed 
two-tailed Wilcoxon signed-rank tests. We also examined an expanded model, 
which included reaction time and pupil diameter as additional predictors, which 
yielded similar results (Supplementary Fig. 7).

To characterize reward modulation of behavior, we performed the same 
regression on our single-trial resolved measures of behavior. For each session, 
we regressed reaction times and pupil diameters from the 300 ms epoch before 
discriminanda onset onto two predictors and a constant term. 

RT x x= + +b b b0 1 1 2 2* *

where x1 is a categorical predictor indicating whether the target is associated with 
a large reward, and x2 is a categorical predictor indicating whether the distracter 
associated with a large reward. As above, β1 indicates the effect on behavior of 
high value at the queried location and β2 indicates the effect of high value opposite 
the queried location.

effect size (d′) analysis. We assessed differences in firing rate across conditions 
using d′, defined as 

′ = − + +d SS SS df df( ) (( ) ( ))/ /m m1 2 1 2 1 2

where µX is the mean, SSX is the sum of squares and dfX is degrees of freedom 
(number of trials − 1) for each condition. We assessed the statistical signifi-
cance of d′ values across all neurons using two-tailed Wilcoxon signed-rank 
tests. We assessed the statistical significance of individual neuron d′ values by a  
randomization test. To perform randomization tests, reference distributions were 
constructed by computing d′ values for 10,000 random assignments of conditions  
to trials. Comparisons were deemed significant if >97.5% of the reference  
distribution fell on one side of the observed value (equivalent to a two-tailed 
test at α = 0.05). d′ values were computed from firing rates in the 300 ms epoch 
before onset of discriminanda.

We also quantified effect sizes using MI, defined as MI = (a − b)/(a + b), where 
a is the mean in the modulated condition (for example, LS and LL), and b is the 
mean in the reference condition (for example, SL and SS). Quantifying effect sizes 
using modulation indices did not alter any of the reported results.

We used χ2 tests to assess the statistical significance of differences in the  
proportion of units modulated by each pairwise condition comparison (for  
example, relative value (LS-SL) versus average value (LL-SS)), as well as the  
independence of this modulation across units.

Attention axis analysis. Population activity was analyzed using peak-normalized 
spike counts from the 300-ms epoch preceding discriminanda onset. We sought 
to characterize how activity across a population of V4 neurons changes in the 
different reward conditions. Since we did not record activity from many neurons 
simultaneously, we constructed a population response for each trial using the  
following procedure. First, to equalize trial numbers for each neuron-condition, 
we randomly resampled trials with replacement. Trial order in each neuron- 
condition was then shuffled to generate trial activity for a population of the 
same size as the number of neurons we recorded (n = 190). Note that while this  

procedure allows us to examine population activity in a multivariate manner,  
it is limited in that we cannot determine the role of inter-neuronal correlations or 
across-trial fluctuations since neurons were not recorded simultaneously.

A random half of trials were selected to define the attention axis31. The remain-
ing half of trials were projected onto the attention axis, and used to calculate 
the discriminability (d′) of pairwise condition comparisons. We repeated this 
process 1,000 times. In Figure 5, we plotted the mean d′ across runs, as well as 
the intervals containing the middle 95% of values across runs. These confidence 
intervals were used to determine whether d′ values differed significantly from 
each other. We determined whether d′ values differed significantly from chance 
by using a randomization test. We randomly assigned conditions to trials and 
then computed discriminability (d′) values along the attention axis as described 
above. The 95% confidence intervals for this reference distribution are plotted as 
the shaded area in Figure 5. Mean d′ values for a given comparison were deemed 
significant if >97.5% of the reference distribution fell on one side of the observed 
value (equivalent to a two-tailed test at α = 0.05).

Spectral analysis. We estimated power spectra using a multi-taper algorithm52 
implemented in the Chronux toolbox (http://www.chronux.org), using seven 
tapers and a time-bandwidth product of 5. As with analyses of spike rate, we 
used the 300-ms epoch directly preceding onset of the discriminanda to compute 
power spectra. Raw power spectra during this period were converted to decibels 
with respect to reference power spectra collected during the 300-ms epoch pre-
ceding reward cue onset. To assess statistical significance in defined frequency 
bands, we used two-tailed Wilcoxon signed-rank tests.

Fano factor analysis. Fano factors were computed from spike counts in the  
300-ms epoch directly preceding discriminanda onset. We characterized Fano 
Factor modulation using a modulation index, calculated as described above. 
Statistical significance of Fano factor modulation was assessed using a two-tailed 
Wilcoxon signed-rank test on the distribution of MIs. To determine whether Fano 
factor differences could be attributed to differences in firing rate across conditions,  
we performed a mean-matching procedure (adapted from53). We computed Fano 
factors in sliding time bins (50-ms width, 10-ms steps) using subdistributions of 
units with matched spike count distributions across all four conditions. Because 
our interest was in differences across conditions (but not across time), we allowed 
the mean count distributions to fluctuate across time bins.

orientation tuning analysis. We characterized orientation-tuning functions 
using reverse correlation54. To construct orientation-tuning functions, we first 
determined a unit-specific time window in which to analyze responses to indi-
vidual 20-ms Gabor presentations (Supplementary Fig. 8). Unit-specific time 
windows were employed because units displayed diverse temporal responses 
to orientation. For example, units varied substantially in the timescale over 
which orientation influenced firing rates and often displayed time-varying  
(for example, biphasic) orientation tuning kernels. In defining spike-counting 
windows, we aimed to capture the epoch where orientation tuning was maxi-
mally expressed and temporally consistent. To define the counting window for 
each unit, we first determined the time with respect to Gabor presentation onset 
with the largest effect of orientation on firing rate. Effect size was computed 
in 5-ms-wide bins, stepped every 1 ms, using a standard eta squared measure,  
η2 = (SSori / SStotal), where SSori is the sum squared error in firing rates explained 
by orientation, and SStotal is the total sum squared error. Spike counting windows 
were centered on the time of peak orientation effect and extended in both direc-
tions as far as two criteria were met. First, we mandated that η2 values remain 
above 10 s.d. beyond that measured during a baseline epoch (150 ms prior − 40 ms  
after presentation onset). Second, we computed a sliding Spearman’s rank  
correlation with the time of peak orientation effect size, and mandated that cor-
relation coefficients in the window be greater than 0.3. Rank correlation coef-
ficients were performed on the set of six spike density functions (1-ms step,  
σ = 5 ms) split by orientation. This second correlation criterion was necessary to 
restrict the counting window to an epoch where orientation tuning was tempo-
rally consistent. Using this method, the mean window size across all units was 
39.6 ± 2.1 ms. For the minority of orientation-tuned units that did not meet the 
above criteria (53 of 171 units with a significant effect of orientation by ANOVA), 
we employed a conservative window of 20 ms (equal to flicker duration) centered 
on the time of peak effect size.
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Orientation tuning functions were calculated as the average spike rate  
elicited by stimuli of each orientation-condition. Because most units displayed 
pronounced transient responses to the onset of the stream of flickering stimuli, 
we excluded responses to the first three presentations in the stream. Included in 
the population plot (Fig. 6c) are all neurons (n = 105) that showed (i) positive 
effects of relative value (LS-SL), (ii) positive effects of average trial value (LL-SS), 
and (iii) a significant effect of orientation by ANOVA (df = 5, P < 0.05). Altering 
selection criteria had no effect on the qualitative outcome of orientation tuning 
analysis. For included units, the mean number of Gabor presentations used to 
construct tuning functions was 22,968 ± 1,261.

We characterized tuning function modulation by fitting a separate Gaussian 
to orientation-tuning functions for each of the four conditions. Each Gaussian 
had four free parameters: µ, σ, amplitude and asymptote. Differences in µ and 
σ were interpreted as shifts in orientation tuning and bandwidth respectively.  
To summarize multiplicative scaling and additive shift of orientation tuning func-
tions, we computed the ratio of fitted amplitudes and asymptotes respectively. 
We assessed statistical significance of differences in amplitude and asymptote 
ratios using Wilcoxon signed-rank tests on log-transformed ratios. For all sta-
tistical comparisons of Gaussian fit parameters, we included only the subset of 
units in Figure 6c with significant Gaussian fits to all four conditions, assessed 
using an F-test (α = 0.05) that compared the Gaussian fits to fits to the mean 
response across all orientations (n = 61 units with significant fits). Both average 
trial value and relative RF value had weakly positive, but non-significant, effects 
on the amplitude ratio of the fitted Gaussians (LS-SL, median ratio: 1.03, WSR, 
P > 0.05, LL-SS median ratio: 1.006, WSR, P > 0.05). By contrast, both average 
trial value and relative RF value modulations had significantly positive effects on 
the asymptote ratio of Gaussian fits (LS-SL: median ratio 1.10, WSR, P < 10−4; 
LL-SS: median ratio 1.14, WSR, P < 10−6). There were no significant changes to 
tuning bandwidth (σ).

normalization model. We simulated reward modulation of population activity 
using the normalization model47 (http://www.cns.nyu.edu/heegerlab). The nor-
malization model describes population activity as being shaped by an excitatory 
stimulus drive, a divisive suppressive drive, and a multiplicative attention field. 
In the spatial domain, the key parameters that determine whether the represen-
tations of two stimuli are mutually suppressive are the location and sizes of the 
stimuli themselves and the spatial spread of the suppressive field (IxWidth).

Figure 7 depicts two sets of simulations. For the simulation shown in Figure 7a–c,  
we used a stimulus consisting of two Gabors, each 10 units wide, with centers 
separated by 100 units. For the simulation shown in Figure 7d–f, we used a 
stimulus consisting of two Gabors, each 10 units wide, with centers separated 
by 20 units. In both cases, we simulated three levels of top-down modulation 
at location B by varying the Apeak parameter (Apeak = 1, 1.5, and 2). For all 
other parameters, we used the default values. To characterize the spatial profile of  
suppressive fields (Fig. 7c,e), we plot the suppressive drive to only the segment 
of the population with orientation preference matched to the stimuli. To charac-
terize response modulation of individual units (Fig. 7c,f), we plot the response 
of two units, each having a receptive field center and orientation preference  
matched to the stimuli.

A Supplementary methods checklist is available.
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