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Abstract 31 

In situations where impending sensory events demand fast action choices, we must 32 

be ready to prioritize higher-value courses of action in order to avoid missed opportunities. 33 

When such a situation first presents itself, stimulus-action contingencies and their relative 34 

value must be encoded in order to establish a value-biased state of preparation for an 35 

impending sensorimotor decision. Here we sought to identify neurophysiological signatures 36 

of such processes in the human brain (both female and male). We devised a task requiring 37 

fast action choices based on the discrimination of a simple visual cue, in which the 38 

differently-valued sensory alternatives were presented 750-800 msec beforehand as 39 

peripheral “targets” that specified the stimulus-action mapping for the upcoming decision. In 40 

response to the targets, we identified a discrete, transient, spatially-selective signal in the 41 

event-related potential (ERP), which scaled with relative value and strongly predicted the 42 

degree of behavioral bias in the upcoming decision both across and within subjects. This 43 

signal is not compatible with any hitherto known ERP signature of spatial selection, and also 44 

bears novel distinctions with respect to characterizations of value-sensitive, spatially-45 

selective activity found in sensorimotor areas of non-human primates. Specifically, a series 46 

of follow-up experiments revealed that the signal was reliably invoked regardless of 47 

response laterality, response modality, sensory feature, and reward valence. It was absent, 48 

however, when the response deadline was relaxed and the strategic need for biasing 49 

removed. Thus, more than passively representing value or salience, the signal appears to 50 

play a versatile and active role in adaptive sensorimotor prioritization. 51 

  52 
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Significance Statement 53 

In many situations such as fast-moving sports, we must be ready to act fast in response to 54 

sensory events, and in our preparation, prioritize courses of action that lead to greater 55 

rewards. Although behavioral effects of value-biases in sensorimotor decision making have 56 

been widely studied, little is known about the neural processes that set these biases in place 57 

beforehand. Here we report the discovery of a transient, spatially-selective neural signal in 58 

humans, which encodes the relative value of competing decision alternatives and strongly 59 

predicts behavioral value biases in decisions made ~500 ms later. Follow-up manipulations 60 

of value differential, reward valence, response modality, sensory feature and time 61 

constraints, establish that the signal reflects an active, feature- and effector-general 62 

preparatory mechanism for value-based prioritization.  63 

 64 

Introduction 65 

When fast sensory-guided actions are required to attain rewards under time 66 

constraints, animals are compelled to bias their decision processes to prioritize higher-value 67 

alternatives. Such biases are likely set in place in advance of the imperative sensory event, 68 

at the time when the relevant contingencies - what action is required for each sensory 69 

alternative, and how much each is worth - become fully known to the subject. For example, 70 

when a rugby player finds herself in a situation where the impending movement of an 71 

oncoming player will constrain her to go for a try or a drop goal, she will prioritize the higher-72 

value option in preparing for that event.  73 

Many studies have shown that the timing and accuracy of perceptual decision reports 74 

are biased in favor of more valuable alternatives, especially when sensory information is 75 

weak (e.g. Whiteley and Sahani, 2008; Feng et al., 2009) or when the time to view and/or 76 

respond to it is limited (e.g. Diederich and Busemeyer, 2006; Stanford et al., 2010; 77 
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Noorbaloochi et al., 2015). Extensive research has focused on models and neural correlates 78 

of how such value-related biases are expressed in the decision process itself (Bogacz et al., 79 

2006; Feng et al 2009; Rorie et al., 2010; Fleming et al., 2010; Summerfield and Koechlin, 80 

2010; Mulder et al., 2012). However, the neural processes involved in putting these bias 81 

settings in place in preparation for an impending sensorimotor decision have received far 82 

less attention. 83 

One obvious prerequisite for establishing value-based bias is a representation of 84 

value itself. A vast literature has described value sensitivity of neural activity in several brain 85 

regions (Rangel et al., 2008; Bartra et al., 2013), including regions implicated in perceptual 86 

decision formation such as posterior parietal cortex (Platt and Glimcher, 1999; Serences, 87 

2008). Recent studies have further examined the overlap in neural circuits and mechanisms 88 

underlying purely value-based and purely sensory-based decisions (Milosavljevic et al 2010; 89 

Polania et al., 2014; Grueschow et al., 2015). However, no direct link has been made 90 

between neural value representations and the degree of bias exhibited in sensory-instructed 91 

choice behavior, largely because both of these things are rarely measured in the same 92 

experiment, let alone implicated in the same task. Most studies of value encoding have 93 

focused on either free economic choice (e.g. Dorris and Glimcher, 2004; Sugrue et al., 2004) 94 

or motivational modulations of pre-cued action preparation due to asymmetric reward 95 

schedules (Watanabe, 1996; Watanabe et al., 2003; Roesch and Olson, 2003), rather than 96 

value-biased sensorimotor decisions. 97 

Here, we devised a paradigm that combines the fundamental elements of tasks 98 

typically used in the separate lines of research on value-based and sensory-based decision 99 

making (Summerfield and Tsetsos, 2012). Our sensorimotor decision was a suprathreshold 100 

color discrimination reported via a saccadic eye movement within a tight deadline, where 101 

each color alternative was associated with a different number of points. 750-800 ms in 102 

advance of this imperative cue, we presented the two value-associated sensory alternatives 103 

(colored discs) as peripheral “targets” placed to the left and right, indicating which alternative 104 
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is linked to which action in the current trial. This allowed identification of spatially-selective 105 

signals scaling with relative value analogous to those found in the monkey oculomotor 106 

system (Platt and Glimcher, 1999; Sugrue et al., 2004), which, on the scalp, should reverse 107 

across hemispheres depending on the position of the higher value alternative. We thus 108 

uncovered a transient, spatially-selective signal in the event-related potential approximately 109 

300 ms after target presentation, which scaled with relative value and whose variation both 110 

across and within subjects was strongly predictive of the choice and reaction time biases 111 

exhibited on the sensorimotor decision carried out as much as 500 ms later. Follow-up 112 

experiments established that the signal bears key characteristics that reflect an active, 113 

feature- and effector-general role in prioritization, and set it apart from previously 114 

characterized value, salience, intention, attention and priority signals in any species. 115 

 116 

Materials and Methods 117 

MAIN EXPERIMENTAL TASK 118 

15 neurologically normal (seven male), paid volunteers, aged 22-40 years (mean 29), 119 

participated in the main experimental task of the study (Figures 1-3). All subjects provided 120 

written informed consent and the Institutional Review Board of the City College of New York 121 

approved all experimental procedures. All subjects reported normal or corrected-to-normal 122 

vision. Subjects performed a cued-saccade task toward targets presented on a 56-cm LCD 123 

monitor (refresh rate 85 Hz) placed 57 cm away. The visual stimuli were generated using 124 

PsychToolbox (Brainard, 1997; Pelli, 1997) implemented in MATLAB (version 7.11, 125 

MathWorks). 126 

 In the main experimental task, subjects made rapid saccade responses to a fixation 127 

color-change cue, with the two differently-valued color alternatives (equiluminant 128 

green/cyan) presented peripherally shortly beforehand to indicate the stimulus-action 129 

mapping for the current trial. Each trial began with the presentation of a central light grey 130 



 

6 
 

square (0.5˚, equiluminant with imperative to-be-discriminated colors), on a mid-grey 131 

background. After holding fixation for 400-450 ms, two peripheral “targets” - isoluminant 132 

(determined by photometer) green and cyan discs of 2˚ diameter - were presented 8˚ to the 133 

left and right of fixation (Figure 1A). After a further 750-800 ms, the central fixation changed 134 

color to match one of the targets, instructing the subject to make an immediate saccade to 135 

the cued target within a tight deadline of 250-300 ms, and maintain fixation on it for at least 136 

200 ms. The deadline was set to 250 ms by default for all subjects during training, but was 137 

adjusted prior to EEG recording for subjects who struggled to meet that deadline on the 138 

majority of trials (275 ms for 3 subjects and 300 ms for 5 subjects). 139 

The two colors were associated with 5 and 40 points, respectively, which translated 140 

into a monetary amount earned for a correct saccade made within the deadline. The initial 141 

color-value mapping was counterbalanced across subjects and was switched within each 142 

subject after 3 blocks. If subjects broke fixation at any time from the initial fixation to the cue 143 

onset, the trial was aborted.  At the end of the trial, visual feedback was presented on the 144 

points awarded in that trial. If the movement started before the cue (‘too early’), if its reaction 145 

time was slower than the deadline (‘too slow’), or even slower than 550 ms (‘way too slow’), 146 

or if they captured the wrong target (‘wrong target’), no points were given and the 147 

corresponding message was printed on the screen. It should be noted that this task was 148 

specifically designed so that speed pressure compels subjects to prioritize high-value 149 

alternatives - not perceptual uncertainty, which has primarily been used to induce biases in 150 

previous work (e.g. Feng et al., 2009). This emulates situations where preparatory, 151 

prioritizing adjustments need to be made as soon as the relevant stimulus-action and value 152 

mappings become known, in advance of what might be a perceptually obvious, but time-153 

constrained imperative sensory cue. 154 

   Subjects performed 6 blocks of 120 trials each, with eye position continuously 155 

recorded and monitored throughout, using a remote eye tracker (EyeLink 1000, SR 156 

Research, 1000Hz). During online task performance, saccade reaction time, and hence 157 

assessment of whether the deadline was met, was determined on the basis of the gaze 158 
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position exiting the fixation window (centered square with sides of 2 degrees of visual angle). 159 

Evaluation of which target was chosen was based on gaze entering a target window 160 

(squares of 3 degrees of visual angle). 161 

 Subjects' participation was remunerated with a fixed $12 per hour of set-up in 162 

addition to a variable amount depending on the subjects' performance during the task. At the 163 

end of the experiment, three of the 6 blocks were randomly selected and the total points 164 

earned by the subject across those three blocks was multiplied by $0.005 (a maximum 165 

additional compensation of about $30).  166 

 167 

BEHAVIORAL DATA ANALYSIS  168 

Saccade timing and direction was assessed off-line on a trial-by-trial basis using 169 

EyeLink’s automatic saccade onset detection algorithms (velocity exceeding 30 ˚/s) 170 

supplemented with manual checking and correction using a single-trial Graphical User 171 

Interface. Trials in which the subject’s gaze left the fixation window before cue onset (2.5 ± 172 

2.3 % of trials) were detected online and aborted. Also excluded were rare trials with eye 173 

movements occurring after the 550ms limit (0.4 ± 0.3 % of trials). Trials with saccades made 174 

to the cued or uncued target were analyzed as correct and error trials in behavioral and ERP 175 

analyses, even if made after the reward deadline (but before the 550-ms limit). Differences in 176 

error rate were computed between trials on which the lower- minus higher- value target was 177 

cued. The RT differences were assessed using Receiver Operating Characteristic (ROC) 178 

curves quantifying the discriminability of RT distributions for correct high-value versus 179 

correct low-value saccades (Fig. 1C). Two of the fifteen subjects recruited for the original 180 

task exhibited extremely outlying behavior (4 interquartile ranges above the 75th percentile 181 

on error rate difference) whereby they made saccades always to the higher value color and 182 

never based on the cue color, thus reaching a near-100% error rate on low-value trials. 183 

These subjects, who evidently approached the task with a qualitatively different strategy and 184 

were not making sensory-instructed decisions at all, were excluded from further analyses.  185 
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 186 

 187 

EEG DATA ANALYSIS 188 

Subjects’ electroencephalographic (EEG) activity was recorded at a sample rate of 189 

500 Hz from 97 scalp electrodes (ActiCap, Brain Products). All analyses were performed 190 

using in-house MATLAB scripts incorporating data-reading and filtering functions from the 191 

EEGlab toolbox (Delorme and Makeig, 2004). The EEG data were first low-pass filtered at 192 

55Hz. We linearly detrended channels if doing so reduced the standard deviation of the 193 

channel by at least half. Channels with outlying overall variance or which saturated during 194 

the recording were interpolated with spherical splines implemented in the EEGlab toolbox. 195 

ERPs were epoched from 100ms before to 800ms after target onset and baseline-corrected 196 

relative to -100 to 0ms. The eye movement data were carefully scanned for blinks and 197 

microsaccades on a trial-by-trial basis using a purpose-made graphical user interface for 198 

plotting each trial. Trials with such events were excluded from EEG analysis. An additional 199 

artifact rejection threshold of 50 V was applied to the ERP in the time interval -100ms to 200 

700ms from the target presentation. An additional low-pass 4th-order Butterworth filter with 201 

10 Hz cut-off was applied to the PCP waveforms for display purposes. 202 

 In the data of our original task version, we sought to identify a spatially-selective 203 

neural representation of the relative value of the two action targets of a similar nature to 204 

electrophysiological signals previously identified in the occulomotor system of non-human 205 

primates (e.g. Platt and Glimcher, 1999). We reasoned that because of the dominant 206 

representation of contralateral space by visual and sensorimotor brain regions, such a signal 207 

should be revealed as a difference due to the position of the higher value target in space. At 208 

each electrode, we thus subtracted the event-related potential (ERP) to target-pairs in which 209 

the higher value appeared on the right from those in which the higher value appeared on the 210 

left, and identified activity for which the polarity of this difference reversed across 211 

hemispheres. To set a conservative criterion on identification of such value-lateralized 212 
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activity, we required that within a symmetric pair of electrodes, t-tests at a given time point 213 

revealed a difference significantly divergent from 0 in opposing directions (i.e., if the left 214 

hemisphere electrode C3 had significantly more negative amplitude for high-value targets 215 

placed on the right, then right hemisphere electrode C4 must be significantly more negative 216 

when high-value targets are on the left). Based on an electrode pair x time map of minimum 217 

absolute t-values marking only time-points and electrodes for which differences were 218 

reversed across hemispheres (Fig. 2A), we identified a relative positivity contralateral to the 219 

higher-value target over posterior scalp, and selected PO7 and PO8 to measure it, over a 220 

time range of 280-400 ms (Fig. 2B). We termed this the “posterior contralateral positivity” 221 

(PCP). The electrodes and time frame for PCP measurement were fixed across all follow-up 222 

experiments based on this. The “average contralateral waveforms” highlighting the PCP in 223 

Figures 2C, 5C and the rightmost columns of Figures 4 and 6 were derived at sites PO7 and 224 

PO8 by subtracting the ipsilateral trace from the contralateral trace with respect to the 225 

position of the higher value target, and averaging across high-on-left and high-on-right 226 

conditions. The restrictive nature of this initial statistical mapping means that we may have 227 

missed other value-sensitive signals that are either weaker or not spatially-selective; 228 

nevertheless, we focused the current study on this spatially-selective signal, which has not 229 

been previously reported, and aimed to fully characterize it as well as replicate it in additional 230 

analyses and experiments, deferring a wider exploration of other signals to future studies. 231 

We verified that the presence of very small microsaccades in the target-cue interval could 232 

not be spuriously generating the PCP by confirming the PCP amplitude did not appreciably 233 

decrease when rejecting all trials with any microsaccades compared to when rejecting no 234 

such trials; in fact, it increased by 5%. 235 

 236 

BEHAVIORAL MODEL 237 

In order to combine value effects on error rate and RT into a single metric and 238 

thereby simplify the analysis of the PCP’s predictive relationship with behavioral biases, we 239 
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fitted a simple drift diffusion model to the behavioral data of each subject on the original task. 240 

In the model, a decision variable drifts, under the additive influence of color information (drift 241 

rate) and Gaussian noise, from a starting point to one of two opposing decision bounds (+1: 242 

correct; -1: error), which triggers the corresponding action when reached. Decision variable 243 

trajectories were simulated by sampling, at each of a sequence of 1-ms time-increments, 244 

from a Gaussian distribution with positive mean v (drift rate resulting from sensory evidence, 245 

towards the correct bound) and standard deviation s. Following the most common approach 246 

in diffusion modeling work, we incorporated value-bias into the process via an offset in 247 

starting point (Ratcliff and McKoon, 2008; Mulder et al., 2012). On high value-cued trials, the 248 

decision variable thus starts from a point zb where -1 < zb < 1, and starts from an equally 249 

biased but opposite start point - zb on low value-cued trials. Thus, a positive value for the 250 

starting point bias zb indicates prioritization of the higher-value alternative. Time spent on 251 

processes other than the diffusion to bound were captured in an additive non-decision time 252 

tnd. Fast errors were permitted in the model by adding variability in the starting point taken 253 

from a uniform distribution of half range sz (Ratcliff and McKoon, 2008). Fits of the five free 254 

parameters (tnd, v, s, sz, zb) for each subject were obtained by minimizing a ² statistic using 255 

RT quantiles .1, .3, .5, .7 and .9, and a bounded version of the SIMPLEX algorithm (Nelder 256 

and Mead 1965; fminsearchbnd in MATLAB). The average model parameters fit across 257 

subjects were: tnd=187 ms, v=14.2, s=102, sz=0.57, zb=0.18. This model construction and 258 

procedure was chosen simply to follow the most common practice, including how value 259 

biases are typically incorporated (see Ratcliff and McKoon, 2008). We emphasize that our 260 

current purposes were not to validate this particular model or compare it against alternative 261 

ones, but rather to simply use it to capture value-related biasing of behavior in a single 262 

metric, thus enabling us to establish the behavior-predictive nature of the PCP in a 263 

straightforward way. The drift diffusion model is well known to be versatile in quantitatively 264 

capturing behaviour across many tasks performed under many conditions (Ratcliff et al 265 

2016), whether or not particular tasks are in reality performed by integration of noisy 266 

evidence (see e.g. Uchida et al 2006).  267 
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 268 

ANALYSIS OF PCP RELATIONSHIP WITH BEHAVIOR 269 

To link the PCP with behavior across subjects, we simply computed a pearson 270 

correlation coefficient between individual PCP amplitude and the degree of behavioral value 271 

bias, measured in the area under the ROC curve for correct low versus high value RT 272 

distributions, and also in the parameter zb of the behavioral model fit (Fig 3A). To obtain a 273 

robust single-trial measure of the PCP for the purposes of linking the signal to behavior 274 

within subjects, we used a multivariate signal processing technique based on the linear 275 

projection of the multi-channel EEG data onto a single dimension providing a functionally 276 

defined ‘component’ (Parra et al., 2005). This technique greatly improves the signal to noise 277 

ratio by integrating amplitude across channels, with channels weighted so that classification 278 

accuracy is maximized between two appropriate experimental conditions. For the current 279 

purposes, we computed weights w through a Fisher linear discriminant classifier, 280 

discriminating trials where the high value target was on the right versus on the left of the 281 

display: 282 = ( + ) ∆  

where x is the average difference in the multichannel EEG x(t) between these two 283 

conditions in the PCP timeframe and R1 and R2 the covariance matrices for the two 284 

conditions. Only channels posterior to Cz were used in this analysis to gain the benefit of 285 

increased spatially sampling while staying in the region of the PCP, and raw data were first 286 

high-pass filtered with a 0.5-Hz cut-off. The mean ROC value achieved by this classifier 287 

across subjects was Az = 0.72. A permutation test revealed that the ROC value obtained 288 

using the true data labels was higher than 100% of the ROC values obtained in the same 289 

way but with target side randomly shuffled in 500 iterations (real ROC lay 10 standard 290 

deviations above the mean of the null ROC distribution thus derived). We then computed the 291 

single-trial discriminating component y(t), by the projection 292 ( ) = ( ) 
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We sorted the trials as a function of the signal amplitude of y(t) in the PCP timeframe (280-293 

400 ms) and split the data at the median amplitude. We then plotted the group average RT 294 

distributions for trials with a smaller and larger PCP, respectively (Fig. 3B). We emphasize 295 

that classifier accuracy was not our end goal; the classifier was derived based on 296 

discriminating High-on-left from High-on-right trials, independent of any behavioral measure, 297 

for the sole purpose of providing greater single-trial reliability in our PCP measurements to 298 

relate them to behavior. Because we trained our classifier to discriminate two target-299 

configuration classes and then analyzed links between the classifier-derived PCP 300 

measurements and behavior within each of those classes, the outcome of the PCP-behavior 301 

is guaranteed to be unbiased. For each subject we fit the diffusion model to each half of the 302 

data allowing only the value bias parameter zb to vary (exhaustive search, ² minimization) 303 

with all other parameters taken from the fit of the whole dataset (Fig. 3B).  304 

 To determine the predictive power of the PCP amplitude on the correctness of trial 305 

outcome during low value-cued trials, we grouped these trials by high value target location 306 

(left, right), and performance (correct, incorrect), and, independently for each high value 307 

target location, compared PCP amplitudes on correct and error trials via ROC analyses (Fig. 308 

3C). This quantifies the accuracy with which behavioral outcome can be classified on the 309 

basis of the PCP. 310 

 311 

ADDITIONAL EXPERIMENTS 312 

Eight of the subjects who exhibited behavioral biases and a large PCP in the original 313 

task were available to return to perform several alternative versions of our value-associated 314 

cued saccade task. In order to determine the factors influencing the invocation of the PCP, 315 

each follow-up experiment modified only one key parameter with respect to the original task 316 

(Fig. 4A). All task versions retained the critical structure whereby value-associated sensory 317 

alternatives (“targets”) were initially presented on the left and right of the display 750-800 ms 318 

before the imperative sensory cue. 319 
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In the Button press task (Fig. 4B), instead of eye movements, subjects indicated their 320 

decision regarding the sensory cue using mouse button clicks with their right hand, while 321 

holding central fixation. They were instructed to press the right mouse button with their 322 

middle finger if the cue matched the target on the right of fixation, and the left button with 323 

their index finger when the target was on the left. As reaction times for button presses are 324 

longer than for saccades, the response deadline was increased from 250-300 ms to 350 ms 325 

in this condition. 326 

In the Shapes task (Fig. 4C), in order to test whether the PCP was specific to the 327 

discrimination of color, different yellow shapes (square and circle) were used instead as 328 

sensory alternatives. As the fixation point used so far was a small square, we replaced it with 329 

a black fixation cross. As in the original version, subjects made a rapid saccade to the target 330 

that matched the cue. 331 

In the Losses task (Fig. 4D), instead of gaining points for correct saccades to the 332 

cued target, subjects lost points if they failed to do so. They started each block of trials with 333 

the maximum number of points (2700), and lost the amount of points corresponding to the 334 

value of the cued color if they were too early, too late or made a saccade to the wrong 335 

target. 336 

The Small Value Difference task (Fig. 6A) was identical to the original task except we 337 

assigned values of 20 and 25 points to the alternatives. 338 

The Long-deadline task (Fig. 6B) tested the importance of having a strict time limit 339 

on sensorimotor decision reports for invocation of the PCP. We thus rewarded subjects for 340 

correct saccades made up to 3 sec following cue onset. 341 

In the High Urgency task (Fig. 6C), we decreased the deadline to 175 ms for most 342 

subjects (200ms for 2 subjects who had difficulty performing saccades with shorter 343 

latencies). 344 

3-Value task. Fourteen neurologically normal subjects (seven male; 4 of whom 345 

participated in the original task), aged 18-36 years (mean 26), participated in an additional 346 
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experiment involving three value levels instead of two (low: 1pt, medium: 20pts and high: 347 

50pts), associated to three isoluminant colors (green, cyan and yellow). The deadline for the 348 

movement execution was slightly longer than in the previous experiments (300 ms) and fixed 349 

for all subjects, as the task was slightly more difficult with the 3 different colors. The color-350 

value associations were switched every five blocks of 126 trials, so that each color was 351 

associated with each value amount across 15 blocks (Fig. 5). 352 

Pre-cue task. Fifteen neurologically normal subjects (eight male; 5 of whom 353 

participated in the original task), aged 21-35 years (mean 25), participated in an additional 354 

experiment using a task version with order of presentation of cue and targets switched, in 355 

line with typical task scenarios examined in target selection studies. After 400-450 ms of 356 

central fixation, the gray fixation changed color to green or cyan (the same isoluminant 357 

hues), indicating to the subject the correct target color. 450-500 ms later, the green and cyan 358 

targets were displayed on the left and right as usual, and after a further delay of 750-800 ms 359 

the fixation color changed back to gray, serving as a ‘go’ cue for the subject to make their 360 

planned left or right hand button press response according to the side of the target color 361 

(Fig. 8). Again the colors were associated with 5 and 40 points, counterbalanced within 362 

subjects. The deadline for the movement execution was slightly shorter in this task version 363 

(250 ms) because the pre-cue allowed subjects to determine the correct action during the 364 

target presentation delay, in advance of the ‘go’ cue. 365 

 366 

EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS 367 

 All experiments were within-subjects designs. All t-tests reported are therefore paired 368 

t-tests. Correlations were computed across subjects using pearson’s r statistic. 369 

  370 

  371 
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Results 372 

In the standard version of our task, two color “targets” were presented to the left and 373 

right of central fixation, representing the sensory alternatives in the upcoming color 374 

discrimination (Fig. 1A). After a delay of 750-800 ms, the central fixation abruptly changed 375 

color to one of the alternatives (the imperative sensory “cue”), and subjects had to make an 376 

immediate saccade to the corresponding target within a tight deadline of 250-300ms. The 377 

two colors were associated with 5 and 40 points, respectively, which translated into a 378 

monetary amount earned for a correct saccade made within the deadline. No points were 379 

awarded for saccades made to the incorrect target or after the deadline.  380 

 381 

Value-biased sensorimotor decision behavior 382 

Due to the imposed deadline, subjects exhibited choice and reaction time (RT) 383 

biases consistent with prioritization of the higher-value alternative. Erroneous saccades were 384 

made toward the wrong target more often on low-value cues than high-value cues (19.6% 385 

versus 10%; t(12)=4.06; p=0.0016), and saccadic RT was significantly faster for correct high-386 

value saccades than low-value ones (Fig. 1B ; t(12)=3.98; p=0.0018). Plotting the difference 387 

in error rate due to cue value against differences in RT distribution for correct high-value 388 

versus correct  low-value cues (area under ROC curve, see Materials and Methods) 389 

revealed that value-based behavioral biases were quite variable across subjects (Fig. 1C), 390 

thus facilitating examination of relationships with neural signals.  391 

Figure 1 here 392 

Electrophysiological index of relative value before the sensorimotor decision 393 

In the event-related potential (ERP) to the initial presentation of value-associated, 394 

bilaterally-placed targets, we sought to identify spatially-specific, relative value-encoding 395 

activity of a similar nature to electrophysiological signals previously identified in the 396 
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occulomotor system of non-human primates (e.g. Platt and Glimcher, 1999). We thus 397 

conducted an exploratory analysis to identify amplitude differences due to target placement 398 

(higher-value target on the left versus right of the display) that reversed in direction across 399 

hemispheres (See Materials and Methods). This analysis highlighted a transient, relative 400 

positivity over posterior scalp, contralateral to the higher-value color (Fig. 2A), which we 401 

hereby give the label of “posterior contralateral positivity” or “PCP.” Plotting individual ERP 402 

waveforms for the electrode pair with the longest-lasting significant value effect (PO7 and 403 

PO8) confirmed the signal’s transient nature, lasting from 280-400 ms, and topographic 404 

analysis confirmed its posterior distribution (Fig. 2B). The PCP was larger in subjects who 405 

showed a greater degree of behavioral prioritization of the higher-value alternative; this was 406 

reflected both in the plots of the PCP waveform for 4 subgroups of subjects that clustered in 407 

terms of biasing behavior (Fig. 2C, corresponding to colors in Fig 1C) and in a significant 408 

correlation across all subjects between the biasing effect on RT (ROC AUC) and individual 409 

PCP (pearson’s r=0.7, p=0.008).  410 

Figure 2 here 411 

 412 

Across- and within-subject prediction of behavior by the PCP 413 

To further test the relationship between the PCP and subsequent sensorimotor 414 

decision behavior, we reduced the error-rate and RT effects to a single behavioral bias 415 

metric by fitting the RT distributions for correct and incorrect trials with a simple diffusion 416 

model with starting point bias (see Materials and Methods). We first confirmed that there was 417 

a significant correlation between the PCP and this behavioral bias metric across subjects 418 

(Fig. 3A; r=0.88, p=0.0001), even stronger than the correlation with the RT effect alone 419 

described above. We then sought to determine whether on the single-subject level, trials 420 

with a larger PCP exhibit a greater bias than trials with a smaller PCP. To make robust 421 

measurements of PCP amplitude on the single-trial level, we applied a linear classifier 422 
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approach (Parra et al., 2005) to determine a multivariate projection of the ERP data that 423 

maximally discriminates between High-on-left and High-on-right trials in the time range of the 424 

PCP. Then, within each of these conditions, we divided the trials into two equal-sized bins 425 

containing the larger and smaller half of single-trial PCP values directed toward the location 426 

of higher value. The pooled RT distributions show that the trials with a larger PCP display a 427 

stronger value-based choice and reaction time bias compared to trials with a smaller PCP 428 

(Fig. 3B). Fitting the diffusion model to the trials in each of the two PCP bins within each 429 

subject, with only the starting point bias parameter allowed to vary and all other parameters 430 

constrained to be equal to their values in the overall fit, confirmed that trials with a large PCP 431 

consistently showed a larger value-based bias (t(12)=4.98, p=0.0003; Fig. 3B). 432 

As a final test, we took the low-value cued trials alone, on which value bias goes 433 

against the cue instruction, and quantified the accuracy with which trial outcome 434 

(correct/error) could be predicted on the basis of single-trial PCP amplitude. Such advance 435 

error prediction could be made significantly for both trials with high value on the left 436 

(t(12)=26.71, p<0.00001) and high value on the right (t(12)=14.81, p<0.00001), with an 437 

average predictive performance of 64% (maximum 78%) (Fig. 3C). These behavior-438 

predictive effects are remarkable given that the PCP transiently comes and goes 439 

approximately 500 ms before the sensorimotor decision process is kicked off, highlighting its 440 

potential role in the advance establishment of decision bias. 441 

Figure 3 here 442 

A feature- and effector-general, value-dependent signal invoked only under 443 

time constraints 444 

To characterize the signal more fully, we ran seven follow-up experiments that each 445 

manipulated a key aspect of the original task. We first present three new experimental 446 

conditions that establish the feature- and effector-general nature of the PCP (Fig. 4), then 447 

turn to the factors of value difference and deadline, which more directly influence the need 448 
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for value-based prioritization (Fig. 5 and 6). Apart from one of the value-difference 449 

manipulations (Fig. 5), these additional experiments were run on 8 subjects that displayed 450 

clear behavioral value-prioritization effects and a robust PCP in the original task (Fig. 4A), 451 

and were available to return for further testing. 452 

Given the strong correlations between PCP amplitude and subsequent behavioral 453 

biases toward higher-value targets, it could be postulated that the PCP - an interhemispheric 454 

difference measure - reflects a form of spatially-selective saccadic motor preparation, or 455 

“response bias,” similar to signals found in several areas of the monkey oculomotor system 456 

(Dorris and Munoz, 1998; Lauwereyns et al., 2002; Rorie et al., 2010). To examine this, we 457 

asked our 8 subjects to press a button with the index or middle finger of their right hand, 458 

while maintaining fixation, to indicate whether the cued target was on the left or right, 459 

respectively. Note that in this case the peripherally presented sensory alternatives do not 460 

equate to “targets” in the same sense as in the saccade task where they were directly 461 

acquired by the imperative actions; here the “targets” indicate in a more abstract way the 462 

actions corresponding to each sensory alternative. Nevertheless, the PCP was again 463 

observed in the target-locked event-related response, and again there was a strong 464 

behavioral adjustment in favor of the higher-value target (Fig. 4B). This experimental 465 

condition rules out two specific properties for the PCP: first, that it is specific to saccades, 466 

since it was also evoked by button presses, and second, that it reflects a lateralized, spatial 467 

motor plan, since both alternative actions were performed by the same hand in this task 468 

version.  469 

Our second follow-up experiment tested whether the PCP is specific to the physical 470 

feature defining the value-associated sensory alternatives. In this case, the peripheral 471 

targets, as well as the imperative cues at fixation, had different shapes (circle and square) 472 

associated with the two value levels rather than different colors. The behavioral preference 473 

for high value targets was still present, as well as the PCP (Fig. 4C), indicating that the latter 474 

is not specific to the association of value with color in particular.  475 
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In the third follow-up experiment we tested the PCP’s sensitivity to reward valence. 476 

Here we asked whether the PCP encodes the location of the target associated with the 477 

better outcome or, alternatively, the location of the highest “priority” target, i.e., the one most 478 

important not to miss. In this condition, rather than being awarded the number of points 479 

associated with the correctly selected target, subjects started out with the maximum number 480 

of points (2700) and lost 5 or 40 points from their total on every incorrect trial. While losing 5 481 

points is a preferable outcome to losing 40, it is of lower priority for fast action. Strong 482 

behavioral prioritization was again seen, accompanied by a relative positivity contralateral to 483 

the target associated with the higher loss if missed, indicating that the PCP lateralizes 484 

according to relative priority (Fig. 4D). 485 

Figure 4 here 486 

In order to examine the dependence of the PCP on the size of the value differential 487 

between the two potential targets, a slightly different version of the task was run on a 488 

different group of 14 subjects, in which three possible colors (mapped to 1, 20 and 50 points) 489 

were presented in random unequal pairs. Both the RT difference and PCP amplitude were 490 

greater for greater target value differences (Fig. 5). Interestingly, this function was not linear 491 

in terms of either the ratio or difference of values, as for both the behavior and PCP, the 492 

medium-high pairing lay much closer to the low-high than to the low-medium pairing, 493 

indicative of a utility function in which 50 points were prioritized disproportionately above the 494 

two lower amounts. This experiment also served the valuable purpose of demonstrating 495 

replication of the PCP effect in a larger group, of whom only 3 participated in the preceding 496 

task conditions. 497 

Figure 5 here 498 

In the first three follow-up experiments the imperative to prioritize higher-value 499 

alternatives was comparable despite differences in response modality, sensory feature or 500 

valence. We went on to directly test, in the same 8 subjects, whether the invocation of the 501 

PCP is specifically contingent on the need for prioritization, which presumably stems from 502 
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having both a large value difference between the two options and a tight deadline in which to 503 

acquire the reward.  504 

The results of the 3-value experiment suggest that value difference modulates the 505 

amplitude of the PCP as well as the behavioral prioritization. However, in that experiment the 506 

average value (or expected trial value) varied across pairings as well as the relative value, 507 

which, in combination with the fact that the pairings were randomly interleaved, may have 508 

encouraged a general down-weighting of the low-medium trials, which elicited the smallest 509 

PCP. We thus ran a blocked task version with a small value difference but the same average 510 

value as the original task (20 vs 25 points; Fig. 6A). As predicted, our subjects did not 511 

prioritize the slightly higher value, and the PCP was absent. 512 

Secondly, we sought to test the importance of the response deadline for the 513 

invocation of the PCP. We removed the time pressure to make saccade responses by 514 

extending the deadline to 3 seconds, and found that both the PCP and behavioral 515 

prioritization effect were absent (Fig. 6B). This demonstrates that the timing constraint is 516 

crucial to the invocation of the PCP, and again underlines the clear link between the PCP 517 

and the behavioral adjustment. Note that increased temporal jitter in an evoked potential 518 

component can cause a lowering of amplitude in the trial average, and if the PCP were to 519 

have increased temporal variability commensurate with the increased RT variability in that 520 

task, then this would cause a reduction. However, such temporal variability could only cause 521 

a peak reduction and broadening, but could not cause it to disappear entirely. In particular, a 522 

36% increase in temporal variability, which equals the increase in RT standard deviation in 523 

the no deadline compared to original task version, would result in only a minor reduction. 524 

A salient characteristic of the PCP, which sets it apart from reward modulations 525 

previously found in oculomotor circuits (e.g. Lauwereyns et al., 2002; Sugrue et al., 2004) as 526 

well as any other pre-evidence signal modulation previously shown to predict perceptual 527 

choice or accuracy (e.g. Kelly et al., 2009; de Lange et al., 2013; Kelly and O’Connell, 2013), 528 
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is its transience. It peaks at around 300 ms but concludes by 500 ms in all conditions, well 529 

before the imperative sensory cue (750-800 ms). It is still possible, however, that the PCP 530 

reflects the beginnings of a process of sustained biasing that tapers off early in this particular 531 

task because the prioritization is relatively slight, in that ultimately subjects do tend to 532 

primarily follow the cue instruction. To examine this in an additional experiment, we 533 

imposed a more extreme deadline than the original task (175-200ms), leading all subjects to 534 

adopt extremely value-biased behavior, where they selected the higher-value color 535 

regardless of the sensory cue. The RT distributions for incorrect low-value and correct high-536 

value cues were extremely fast and overlapped very closely in this task, suggesting that 537 

subjects planned and executed actions based entirely on the value associations of the 538 

targets, and not at all on the imperative sensory information in the cue (Fig. 6C). A strong 539 

PCP was again observed, and was just as transient as previously seen (Fig. 4). 540 

Figure 6 here 541 

 542 

The initial presentation of value-associated targets in each trial of our task bears some 543 

similarity to the target selection scenarios studied in the context of visual search, which have 544 

been extensively studied using human ERPs among other techniques. The most widely 545 

observed, spatially-selective ERP signal in such scenarios is the so-called “N2pc,” a 546 

transient negativity appearing typically at 200-250 ms contralateral to targets or salient 547 

objects in a search display, which has been linked to attention orienting (Luck and Hillyard, 548 

1994; Eimer, 1996), and has been found to be sensitive to reward (Kiss et al., 2009). In the 549 

contralateral signal waveforms of several of the experimental conditions displayed above, 550 

the PCP appears to be preceded by a negative component resembling the N2pc. Examining 551 

the topographies across all experiments run on the same 8 subjects (Fig. 7), an N2pc is 552 

indeed apparent at posterior electrodes in the 200-250 ms timeframe in some conditions. 553 

Across the task versions that evoked a clear PCP, however, the N2pc appeared relatively 554 

inconsistently. Further, in the original task its amplitude did not significantly correlate with the 555 

degree of behavioral value bias (r=0.41, p=0.167). Thus, while both the N2pc and PCP 556 
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signals can show up in the same experiment, there is no obvious systematic relationship 557 

between them. 558 

Figure 7 here 559 

The paradigm that we have used in the present study has elements in common with 560 

traditional paradigms used to study processes of target selection (Schall 2001; Eimer 1996; 561 

Hickey et al 2010), the crucial difference being that in traditional target selection tasks, the 562 

target to be localised to guide action selection is specified in advance of the presentation of 563 

the target array itself. Given that we had uncovered a novel neural signal in response to 564 

what is ostensibly a typical display of target alternatives, it was of interest to examine the 565 

PCP’s behaviour in a task version that accords with this typical target selection paradigm. 566 

We thus analysed data from an additional 15 subjects who performed a task with identical 567 

stimuli, value associations and contingencies, but where the fixation-color change cue was 568 

presented 450-500 ms before the targets rather than afterwards. 750-800 ms after the 569 

targets appeared, the fixation color turned back to the initial gray color to instruct the subject 570 

to execute the appropriate action (left or right hand button press) within a strict deadline of 571 

250 ms. With this task sequence, subjects are informed of the correct color at the outset of 572 

the trial, and thus the uncued color effectively takes on a value of zero for the current trial. If 573 

the PCP reflects the longer-term association of color to value regardless of the immediate 574 

requirements and contingencies of the current trial, then it should lateralize according to the 575 

location of the higher value-associated cue whether that color is the cued target or not on the 576 

current trial. Alternatively, if the PCP reflects prioritization of the more valuable alternative in 577 

the current trial during the process of linking colors to actions, then it should lateralize 578 

according to the pre-cued target color, even when that pre-cued color has a lower long-term 579 

value association. As shown in Figure 8, the PCP was observed as a positivity contralateral 580 

to the pre-cued color for lower-value cues as well as higher-value cues, demonstrating that it 581 

prioritizes the alternative that is immediately more valuable rather than the one associated 582 
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with greater long term value. This again underlines its active role in biasing the preparation 583 

for impending action choices rather than passively reflecting long term value associations. 584 

Figure 8 here 585 

Discussion 586 

Value associations form a central factor in all aspects of natural behavior - they not 587 

only provide a basis for free economic choice, but also adaptively shape our sensorimotor 588 

computations in order to maximize rewards in challenging environments. We have 589 

investigated the latter case, specifically asking whether neural processes could be identified 590 

prior to a sensorimotor decision which play a demonstrable role in generating an adaptive 591 

bias in that decision, based on the relative value associated with the alternatives. Through a 592 

series of experiments we have identified and characterized a discrete neural signal that 593 

encodes relative value without regard to response modality, sensory feature or reward 594 

valence, but contingent on the presence of task demands that compel value-based 595 

prioritization. Despite its transient expression hundreds of milliseconds before the imperative 596 

sensory cue, this posterior contralateral positivity (PCP) strongly predicts the degree of 597 

value-based behavioral prioritization exhibited in choice, in reaction time, and in the bias 598 

parameter of a well-established computational decision model, both across and within 599 

subjects.  600 

By taking together the results of our 8 experiments, we can set the PCP in the 601 

context of current conceptions of value, motor intention, salience, attention and priority, and 602 

their known neural correlates. Popular neuroeconomic frameworks place a discrete process 603 

of valuation at the center of models of reward-maximizing behaviors (Rangel et al., 2008; 604 

Kable and Glimcher, 2009; Padoa-Schioppa, 2011). In fact, the discovery of a spatially-605 

selective signal that scaled with relative value in monkey LIP, in a study that included a 606 

sensory-instructed task very much like ours (Platt and Glimcher, 1999), was taken as 607 

evidence for such an explicit value representation and played a major part in the 608 
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development of the field of neuroeconomics (Glimcher and Fehr, 2013). However, although 609 

the PCP scales with relative value in a similar way, it only does so in the context of tight 610 

speed pressure. This suggests a more active, strategic role rather than a passive or 611 

automatic representation of value, such as has been found in recent human neuroimaging 612 

work (Lebreton et al., 2009). Further, our valence manipulation showed that it encodes the 613 

location that is most costly to miss, rather than the most preferable of the two possible 614 

outcomes, further speaking against an automatic valuation account.  615 

The PCP is also markedly distinct from the sustained preparatory signals that have 616 

been found to modulate according to reward expectancy in many motor control circuits (Leon 617 

and Shadlen, 1999; Lauwereyns et al., 2002; Watanabe et al., 2003). The early and 618 

transient timeframe of the PCP - even under extreme-urgency conditions in which there is 619 

presumably strong motor preparation - clearly distinguishes it from such motor preparatory 620 

states. Moreover, the PCP was manifest even when the sensory alternatives were mapped 621 

to button presses made with one hand, indicating that the PCP is more likely cast in sensory 622 

coordinates than action coordinates, to the extent that hand representations are lateralized 623 

in cortex. This suggests the possibility that the PCP reflects processes that initially create 624 

value biases rather than the modulated motor preparatory states that express those biases, 625 

as have been found in the single-unit activity of certain areas of the non-human primate 626 

brain, such as the lateral intraparietal area (LIP; Rorie et al., 2010) and the caudate nucleus 627 

(Lauwereyns et al. 2002). 628 

Spatially-selective, reward-modulated neural activity is famously difficult to dissociate 629 

from spatial attention (Maunsell, 2004). In the case of the PCP, for example, it could be 630 

argued that its signalling of greater losses as well as greater gains point to the encoding of 631 

motivational salience of the targets (Leathers and Olson, 2012), a bottom-up or exogenous 632 

form of spatial attention linked to value, which could also account for the observed 633 

behavioral biases. Many studies have now provided strong evidence that a history of reward 634 

association endows targets with such automatic forms of salience, attracting covert (and 635 
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sometimes overt) spatial attention to their locations (Kiss et al., 2009; Anderson et al., 2011; 636 

Chelazzi et al., 2014; San Martín et al., 2014), sometimes even with maladaptive 637 

consequences (Peck et al., 2009; Hickey et al., 2010). However, the disappearance of the 638 

PCP when urgency is removed, despite the prevailing value difference, argues against such 639 

an automatic form of salience or attentional capture. 640 

Spatial attention can also be directed voluntarily, through top-down control. However, 641 

if the PCP reflects such a process, it is an entirely novel one. One of the most well-642 

established ERP indices of spatial attention is the N2pc (Eimer 1996). Although the N2pc is 643 

similarly transient and measured from similar electrodes (PO7/PO8), it is of opposite polarity 644 

to the PCP, rendering it impossible to misconstrue one as the other. A positive potential 645 

contralateral to the higher value target can be equally construed as a negative potential 646 

contralateral to the low-value cue, raising the possibility that the PCP reflects more effortful 647 

covert selection of that target (Luck & Hillyard 1994). However, this is directly at odds with 648 

the fact that a greater PCP strongly predicts greater biases towards the high-value target, 649 

not the low value target. Moreover, we do observe an N2pc of a typical latency in several 650 

conditions of the study (Figure 7), and as expected, it is contralateral to the higher-value 651 

target. In some attention studies, an additional contralateral positive component has been 652 

observed shortly following the N2pc time-frame, termed the Pd (distractor positivity; Hickey 653 

et al., 2009; Sawaki et al., 2012). Although this component matches in polarity, it is wholly 654 

opposite in its reported function, however. It appears contralateral to a distractor rather than 655 

a target, and has been solely interpreted as suppressing attentional orientation to that 656 

distractor. The PCP, meanwhile, appears contralateral to a higher-value target. Although one 657 

could then interpret the PCP as a suppression of the higher value target in order to prevent 658 

“too early” responses earning no points, again this would be at odds with the fact that when 659 

this process is greater, biases are more strongly expressed towards the higher-value target. 660 

That is, the PCP relates to a facilitation of the following movements toward the higher value 661 

target - not an inhibition. To our knowledge, there has been no report of a positivity in the 662 
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PCP time-frame that appears contralateral to a relevant, attended or sought “target” in any 663 

ERP study of visual search or covert attention. While this in itself cannot rule out a spatial 664 

attention account of the PCP, it suggests that, whether labelled as attention or not, the PCP 665 

must play a distinct role relative to hitherto known signatures of attention. 666 

In describing our results we used the terms “prioritization” and “priority” to refer to the 667 

adaptive biasing of choice behavior, and the “importance not to miss” an urgent sensory-668 

instructed action, respectively. However, more specific conceptions of “priority” have 669 

developed in the literature, mainly through research into monkey LIP (Gottlieb, 2007; Bisley 670 

and Goldberg, 2010). Two defining properties of a priority representation have been set out: 671 

1) it combines bottom-up (including salience) with top-down (including value) aspects of 672 

relevance, and 2) it serves to guide both motor intention and spatial attention (Fecteau and 673 

Munoz, 2006; Bisley and Goldberg, 2010). Thus, one way to view priority is as the union of 674 

the four constructs that we have just addressed above, in which case all of the 675 

abovementioned distinctions relative to existing conceptions and correlates, taken together, 676 

can be regarded to apply to a “priority” account of the PCP. Critically, the oculomotor regions 677 

that are most widely thought to house priority representations encode bottom-up visual 678 

saliency as well as the building preparation for actions toward the salient objects. The PCP, 679 

in contrast, maps spatially to the sensory alternatives, not the actions (Fig 4B), and 680 

concludes hundreds of milliseconds before the actions, even under conditions promoting 681 

maximal motor preparation (Fig 6C). Thus, although most characteristics of the PCP are 682 

consistent with a broader notion of priority, it exhibits marked distinctions with respect to the 683 

most well-established neural incarnations of priority.  684 

A unique aspect of our task is that both the value-action and stimulus-action 685 

mappings are revealed afresh on each trial, upon presentation of the targets. The PCP might 686 

well be specific to this situation, and could reflect a value-based weighting in the process of 687 

linking visual features to corresponding motor acts (Salinas 2004). In general, well-688 

established models exist both for the construction of value representations based on 689 
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reinforcement learning (Dayan and Daw, 2008; Lee et al., 2012), and for the value-based 690 

biasing of perceptual decision mechanisms (Diederich and Busemeyer, 2006; Ratcliff and 691 

McKoon, 2008), but how exactly the former is translated into the latter in sensory-guided 692 

contexts has remained undeveloped. The present results, which provide empirical evidence 693 

for the existence of active processes making this link, represent a valuable clue in bridging 694 

these theoretical frameworks. The precise form of these active processes is as yet unclear, 695 

but we can speculate that they involve implicit selection of the target matching the higher 696 

value sensory alternative which then acts as a prior favouring the subsequent action linked 697 

to that alternative, and/or opposing the other.  698 

Although a standard model of value-biased decision formation was employed here 699 

for the basic purpose of detecting a relationship between PCP amplitude and behavior, 700 

future work will thoroughly examine the mechanisms of value-biasing in the decision process 701 

itself, through model comparisons and EEG correlates of evidence accumulation (O’Connell 702 

et al., 2012; Kelly and O’Connell, 2013; Polania et al., 2014). Meanwhile, a functional 703 

imaging approach will be required to investigate the anatomical locus of the PCP. 704 

In summary, using a novel paradigm to study relative value representations in 705 

advance of biased sensorimotor decisions, we have identified a novel neuroelectric signal 706 

that plays a versatile, active role in prioritizing the more valuable alternative in an upcoming, 707 

time-constrained sensorimotor decision. These human neurophysiology findings may seed 708 

the development of new assays and biomarkers applicable to disorders associated with, for 709 

example, impaired valuation processes (e.g. depression) or mis-management of value 710 

information in instructed behavior contexts (e.g. drug addiction).  711 
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Figure captions 838 

Figure 1. Original value-biased, speeded discrimination task and behavioral signatures of 839 

prioritization.  840 

(A) Trial timeline of the main task. Subjects were presented with two colored discs (“targets”), 841 

respectively associated with 5 and 40 points. After a delay the central fixation color changed to one of 842 

the two alternatives, instructing the subjects to make an immediate saccade to the corresponding 843 

target within a tight deadline to earn the corresponding number of points.  844 

(B) Saccade reaction time (RT) distributions pooled across subjects, showing higher error rates and 845 

longer correct RTs for lower-value cues.  846 

(C) Individual error rate differences (low- minus high-value cues) plotted against RT effects (area 847 

under receiver operating characteristic (ROC AUC) for correct high- versus low-value saccades), 848 

revealing a wide range across subjects in the degree of behavioral value-biases.  849 

  850 

 851 

Figure 2. Electrophysiological signature of relative valuation in advance of the imperative 852 

visual discrimination in the original task. 853 

(A) Electrode x Time map of t-values quantifying the effect of placement of the higher value target on 854 

the left versus right side of the display. In order to specifically identify spatially-selective, value-855 

encoding activity, electrodes were considered in symmetric pairs ordered from anterior to posterior, 856 

and the minimum absolute t-value across the two hemispheres is marked only for time-857 

points/electrode pairs having a signed t-value of opposite polarity on the left versus right hemisphere. 858 

This analysis highlighted a posterior contralateral positivity (PCP), which, as shown in the following 859 

sections, is replicated in several other experiments in the same subjects (Fig. 4) and also in a different 860 

set of subjects (Fig. 5).  861 

(B) Topographic map of the differential potential for high-on-left minus high-on-right trials integrated 862 

over the time period 280-400 ms, along with the waveforms for the individual conditions from the 863 

electrodes at the left (PO7) and right focus (PO8).  864 

(C) Average contralateral signal for four subgroups of subjects indicated in Figure 1C. 865 
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 866 

Figure 3. Behavior prediction by the PCP.  867 

(A) Inter-subject correlation between the amplitude of the PCP and the value-based, starting-point 868 

bias parameter of the diffusion model.  869 

(B) Saccade reaction time distributions for trials with a larger (left) and smaller (right) single-trial PCP 870 

amplitude with respect to the median. The inset shows the individual starting point bias parameter fits 871 

for large versus small PCP, highlighting the consistency of the relative difference in bias. 872 

(C) Individual ROC area values for the prediction of error versus correct action on low-value cued 873 

trials, based on single-trial PCP amplitude. Single-trial measures of PCP amplitude were taken from 874 

the discriminating “component” derived from linear classification of high-on-left trials versus high-on-875 

right trials, conditions which, critically, are independent of behavioral outcome. ROC analysis for 876 

prediction of correct/incorrect behavioral outcome was then carried out within each of these trial types 877 

separately. Due to the manner in which PCP amplitude was derived, ROC area values come out 878 

greater than 0.5 (chance) for high-on-left trials but less than 0.5 for high-on-right, indicating that in 879 

both conditions separately, a greater PCP predicts a greater likelihood of erroneous saccade towards 880 

the higher value on a low-value cue. 881 

 882 

Figure 4. Additional experiments addressing feature- and effector-general nature of the PCP 883 

Eight subjects who showed strong behavioral biases in the original task also participated in follow-up 884 

experiments. (A) Data from the original task in just these 8 subjects. (B) Data from a unilateral button-885 

press version of the task. (C) Data from a shape-value version of the task. (D) Data from a losses 886 

(instead of gains) version of the task. Across all panels, the first column shows the trial protocol for 887 

the task version, with the manipulated aspect of the original task version highlighted in a red box; the 888 

second column shows reaction time distributions; the third column shows difference-topographies 889 

(high value on the left minus high value on the right) in the PCP timeframe (280-400 ms); and the 890 

fourth column shows the average and confidence interval of the contralateral signal from electrodes 891 

PO7/PO8. 892 

 893 

 894 
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 895 

Figure 5. Three-value task version.  896 

(A) Reaction time differences (area under the ROC) between saccades going to the higher- versus 897 

lower-value target in each pair. Averages are shown as colored crosses, and individual subjects as 898 

dots of different shades of gray with no particular ordering. Values above 0.5 indicate that saccades 899 

had faster RT for the higher value of the pair (low-medium t(13)=3.82, p=0.002 ; medium-high 900 

t(13)=6.12, p=0.00004 ; low-high t(13)=6.48, p=0.00002).  901 

(B) Scalp topography of the differential activity (higher value on left minus higher on right) in the 902 

timerange 280-400 ms, by value pairing.  903 

(C) Average and confidence interval of the contralateral signal over electrodes PO7-PO8 illustrating 904 

the increase of PCP with increasing value difference of the target pair.  905 

 906 

Figure 6. Follow-up experiments manipulating imperative to prioritize 907 

Three more follow-up experiments were run on the same 8 subjects as in Fig. 4. Again the 908 

manipulated aspect of the task with respect to the original version is highlighted in red in the trial 909 

diagram. (A) Data from a version of the task with little value difference but the same average value as 910 

the original task. (B) Data from a long-deadline version of the task. (C) Data from a version of the task 911 

with an extremely short deadline. The correct low-value (solid green) and correct high-value (solid 912 

red) RT distributions closely overlap when either the value difference (A) or speed pressure (B) is all 913 

but removed, and accordingly the PCP is absent. In contrast, with an extremely tight deadline (C), the 914 

incorrect low-value (dashed green) RT distribution closely overlapped with that of the correct high-915 

value (solid red), indicating that subjects acted entirely on the basis of value association, not sensory 916 

(color-discriminating) information. A strong and transient PCP was observed in this case. 917 

 918 

Figure 7. Fuller illustration of the contralateral activity with respect to the location of the higher value 919 

target in three time frames, in the original (row 1) and six control experiments (rows 2-7) that were all 920 

run on the same group of 8 subjects. Scalp topographies show the differential lateralized activity 921 

(high-on-left minus high-on-right) averaged over the following post target time-windows: 200-250ms 922 

(first column), 280-400ms (second column) and 450-750ms (third column). The first time window 923 
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corresponds to the typical time for observing the classic N2pc component (Luck and Hillyard, 1994). 924 

The PCP exhibited an asymmetric topography when shapes were associated with value, which may 925 

result from a degree of temporal overlap with the preceding N2pc component which is more 926 

pronounced in the left hemisphere for this condition. This is consistent with previous work showing 927 

that the N2pc is more pronounced when targets are defined by their shape than by their color (Eimer, 928 

1996), and is generally stronger on the left than on the right hemisphere (Nobre et al., 2000). 929 

 930 

Figure 8. Pre-cue task version. (A) Trial timeline of the pre-cue task. Subjects were first presented 931 

with the color change cue at fixation to inform them in advance of the correct target color, then 450-932 

500 ms later the two targets (again green and cyan discs associated with 5 and 40 points) were 933 

presented. After a further delay of 750-800 ms, the central fixation color changed back to gray, cueing 934 

the subject to make a button press response with the hand corresponding to the location of the pre-935 

cued color within a tight (250 ms) deadline to earn the corresponding number of points. 936 

(B) Average and confidence interval of the signal over electrodes PO7-PO8 contralateral to the cued 937 

color (as opposed to contralateral to the target with higher longer-term value association). A PCP is 938 

clearly observed contralateral to the cued target for both high-value cued trials (t(14)=4.78, p=0.0003) 939 

and low-value cued trials (t(14)=3.59, p=0.003), marginally greater for the former (t(14)=2.13, 940 

p=0.051). Since the PCP was seen to peak slightly earlier in this task version, the measurement 941 

window was shifted earlier by 40 ms, to 240-360 ms. 942 
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