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ABSTRACT 36 

Neural representations of value underlie many behaviors that are crucial for survival. Previously, 37 

we found that value representations in primate orbitofrontal cortex (OFC) are modulated by 38 

attention, specifically, by overt shifts of gaze towards or away from reward-associated visual 39 

cues (McGinty et al., 2016). Here, we investigate the influence of overt attention on behavior, by 40 

asking how gaze shifts correlate with reward anticipatory responses, and whether activity in 41 

OFC mediates this correlation. Macaque monkeys viewed Pavlovian-conditioned appetitive 42 

cues on a visual display, while the fraction of time they spent looking towards or away from the 43 

cues was measured using an eye tracker. Also measured during cue presentation were the 44 

monkeys’ reward anticipation, indicated by conditioned licking responses (CRs), and single 45 

neuron activity in OFC. In general, gaze allocation predicted subsequent licking responses: the 46 

longer the monkeys spent looking at a cue at a given time point in a trial, the more likely they 47 

were to produce an anticipatory CR later in that trial, as if the subjective value of the cue were 48 

increased. To address neural mechanisms, mediation analysis measured the extent to which 49 

the gaze-CR correlation could be statistically explained by the concurrently recorded firing of 50 

OFC neurons. The resulting mediation effects were indistinguishable from chance. Therefore, 51 

while overt attention may increase the subjective value of reward-associated cues (as revealed 52 

by anticipatory behaviors), the underlying mechanism remains unknown, as does the functional 53 

significance of gaze-driven modulation of OFC value signals. 54 

 55 

SIGNIFICANCE STATEMENT:  56 

Recent studies of human decision-making suggest a link between gaze and value: longer 57 

fixation of gaze upon a given item appears to accentuate its subjective value (its likelihood of 58 

being chosen), relative to items that are fixated less. The chief contribution of this study is novel 59 

evidence suggesting that gaze also modulates subjective value in simple appetitive 60 

conditioning, in an animal model whose gaze behavior closely resembles our own. It is therefore 61 
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possible that the effects of gaze on value may apply to many forms of motivated behavior. With 62 

respect to the neural mechanisms by which gaze influences conditioned responses, our data 63 

appear to rule out a role for the OFC, though additional studies are necessary to confirm this 64 

finding. 65 

 66 

INTRODUCTION 67 

Neural value representations underlie many of the behaviors we rely on to survive, from simple 68 

appetitive and defensive reflexes to complex economic decisions. Several recent studies have 69 

shown that value representations in the prefrontal cortex can be influenced by how attention is 70 

allocated among visual objects of different value. This includes overt shifts of attention (gaze) 71 

performed during natural free viewing (McGinty et al., 2016; Hunt et al., 2018), as well as covert 72 

shifts of attention performed in the absence of saccadic eye movements (Xie et al., 2018). 73 

Allocation of gaze also influences economic choice behavior, with increased gaze time on a 74 

given item making it more likely to be chosen over the alternatives (Krajbich et al., 2010; Towal 75 

et al., 2013; Vaidya and Fellows, 2015; Gidlöf et al., 2017). A natural hypothesis emerging from 76 

these studies is that attention, by modulating neural value signals, may influence a wide range 77 

of value-driven behaviors. To test this hypothesis, we build upon our recent report of gaze-78 

modulated value signals in the primate orbitofrontal cortex during appetitive Pavlovian 79 

conditioning (McGinty et al., 2016).  Whereas the prior report considered only the neural effects 80 

of gaze, here we address both the neural and behavioral effects, and ask whether the neural 81 

effects are sufficient to explain behavior. 82 

Pavlovian conditioning is a form of learning in which otherwise neutral cues acquire 83 

motivational significance (value) after being paired with pleasant or aversive outcomes, so that 84 

presentation of the cues alone can elicit conditioned responses (CRs). These responses are 85 

usually stereotyped, reflexive behaviors performed in direct anticipation of the outcome (e.g. 86 

salivation in anticipation of food), and can vary according to the size, probability, frequency, or 87 
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desirability of the predicted outcome. Our central hypothesis is that overt attention influences 88 

CRs performed in anticipation of reward, and that attentional modulation of OFC is the 89 

mechanism underlying this influence.  90 

To test this hypothesis, we simultaneously measured Pavlovian CRs, eye movements, 91 

and OFC neural activity, in an appetitive conditioning task as described previously (McGinty et 92 

al., 2016). We then asked whether trial-by-trial variability in gaze allocation towards the cues 93 

corresponded to variability in CR magnitude, and whether this correlation could be statistically 94 

explained (mediated) by the firing of single OFC neurons. Although the effect varied according 95 

to subject and trial condition, in general we observed a positive correlation between gaze and 96 

CRs: The longer the monkeys spend looking at a Pavlovian cue in a given trial, the more likely 97 

they were to perform a CR later in that trial, suggesting that gaze allocation influences the in-98 

the-moment subjective value of the cue. With respect to the role of the OFC, we found no 99 

evidence that OFC activity could explain the correlation between gaze and CRs, suggesting that 100 

some neural substrate outside of the OFC must mediate the influence of gaze on reward 101 

anticipation.   102 

 103 

 104 

MATERIALS AND METHODS 105 

Overview 106 

Macaque monkeys performed an appetitive Pavlovian conditioning task (Figure 1A) while three 107 

variables were measured simultaneously: allocation of gaze (overt attention), reward 108 

anticipation, and value representations in OFC (Figure 2). Gaze was measured relative to the 109 

location of reward-predictive Pavlovian cues, and gaze allocation was quantified as the fraction 110 

of time the monkeys spent looking at the cues. Reward anticipation was defined as the 111 

conditioned licking responses (CRs) that monkeys performed in the moments leading up to 112 

reward delivery, and was quantified as the fraction of time that a CR response was detected. 113 
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OFC value representations were measured on the basis of single and multi-unit neural activity 114 

(see Analysis below).  115 

The analyses had two main objectives. The first was to determine whether gaze 116 

allocation and reward anticipation were correlated with one another on a trial-by-trial basis. The 117 

second was to determine whether this correlation could be explained, in a statistical sense, by 118 

the activity of OFC neurons. To satisfy the first objective, we computed the correlation between 119 

the time spent looking at Pavlovian cues and the duration of CRs across trials (Figure 2A). 120 

Importantly, the relatively long trial duration (4 seconds) allowed the correlation to be assessed 121 

across different time points in the trial; thus, we were able to determine whether looking at a cue 122 

early in the trial was correlated with CRs later in the trial, i.e. whether gaze allocation could 123 

predict subsequent reward anticipation. The results are shown in Figure 3 and 4.  124 

To satisfy the second objective required testing two correlational relationships: between 125 

gaze and OFC activity (Figure 2B), and between OFC activity and CRs (Figure 2C). The 126 

relationship between gaze and OFC activity was assessed using linear models, as in our prior 127 

work (McGinty et al., 2016) (results in Figures 5 and 6). To quantify the relationship between 128 

OFC firing and CRs, we used a modified form of Spearman’s correlation coefficient (results in 129 

Figures 7 and 8). Finally, to quantify the degree to which OFC firing could statistically explain 130 

the gaze-CR correlation, we performed a mediation analysis (results in main text).  131 

Most analyses were performed separately for each trial type; for example, trials with a 132 

single ‘no reward’ cue were analyzed as a group, separately from trials with a single ‘small 133 

reward’ cue, and separately from trials with both a ‘no’ and ‘small’ reward cue shown 134 

simultaneously, etc. This was done because the correlation between gaze and CRs (the key 135 

behavioral outcome in this study) differed between trial types, as we illustrate below. However, 136 

to identify OFC cells modulated by gaze, all single-cue trial types were analyzed together, and 137 

all two-cue trial types were analyzed together. This was done in order to assess the encoding of 138 
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value, which could only be done by comparing firing across trials with differing cue value (i.e. 139 

different trial types). 140 

Key statistical results are described in Table 1 and Table 2. The rows of the tables are 141 

named with lower-case letters (e.g. a, b, c, etc.) which correspond to superscript indicators in 142 

the main text and to text indicators embedded in the figures. P-value corrections for multiple 143 

tests are performed within-subject, using Holm’s variant of the Bonferroni correction; any 144 

corrected p-values >1 are set to exactly 1. 145 

 146 

Subjects and apparatus 147 

All procedures were performed in accordance with the NIH Guide for the Care and Use of 148 

Laboratory Animals, and were approved by the Animal Care and Use Committee of Stanford 149 

University, where the data were collected. The subjects were two adult male rhesus monkeys 150 

designated K and F, weighing 13.5-15.0kg. They were implanted with an MR-compatible head 151 

holder, and subsequently with a recording chamber (Crist Instruments, Hagerstown, MD); a 152 

craniotomy was also performed to allow access to the OFC. All surgical procedures were 153 

performed under full surgical anesthesia using aseptic techniques and instruments, with 154 

analgesics and antibiotics given pre-, intra- and/or post-operatively as appropriate. Data were 155 

collected while the monkeys were head-restrained and seated ~57 cm from a fronto-parallel 156 

CRT monitor displaying the task stimuli. The stimuli were square color patches (3.2 degrees per 157 

side) and were mutually isoluminant. Horizontal and vertical eye position was recorded at 158 

400Hz. A tube for fluid rewards was placed outside the mouth, and to retrieve an available 159 

reward the monkeys had to touch their tongue to the end of the tube during delivery. Both 160 

monkeys quickly learned to do so, and typically consumed all of the juice delivered on every 161 

trial. Monkeys typically performed anticipatory conditioned licking responses prior to reward 162 

delivery, and these were quantified according to the fraction of time that a response was 163 

detected in a given epoch (see below). 164 
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Task flow and stimulus presentation were controlled using the REX software suite 165 

(Laboratory of Sensorimotor Research, National Eye Institute) and dedicated graphics display 166 

hardware (Cambridge Research Systems).  Neural signals were measured from single tungsten 167 

electrodes (FHC Inc., Bowdoin, ME) placed at the target locations using a motorized drive (NAN 168 

Instruments, Nazareth, Israel). Neural activity, eye position, and task event data were acquired 169 

and stored using a Plexon MAP system (Plexon, Inc., Dallas, TX). 170 

 171 

Behavioral Task 172 

The task was identical to that used in McGinty et al. (2016), with the exception that on some 173 

trials, two cues were shown simultaneously. See Figure 1A-D for an illustration, and below for 174 

details. The monkeys were trained to associate three different color cues with three juice 175 

rewards in approximate ratios of 3:1:0. These are referred to as “large”, “small”, and “none”, or 176 

as “L”, “S”, and “N”, and they are indicated in the figures by the colors blue, turquoise, and red. 177 

Juice volumes were constant within a session, but varied slightly across sessions to 178 

compensate for changes in the monkeys’ fluid sensitivity during the study. A session was 179 

defined as the behavioral and neural data collected on a single day; more than one cell was 180 

typically recorded in each session. Only sessions with concurrently recorded neural data were 181 

used. 182 

Trials began with a fixation point (FP) appearing 5 degrees to the left or right of the 183 

screen center. After the monkey fixated on this point for 1-1.5 seconds, either one or two cues 184 

were shown, at which point the monkey was free to move his eyes. Eye position was monitored, 185 

but had no consequence for trial outcome. Reward was delivered 4 seconds after cue onset, 186 

depending on which cue or cues were shown (see below).  The cue(s) was extinguished at 4.3s 187 

after cue onset, after which there was a 2-4s inter-trial interval, followed by the illumination of 188 

the FP on the next trial. 189 
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Trials had either a single cue, or two different cues shown simultaneously. In single cue 190 

trials (Figure 1A), one randomly chosen cue appeared at the location of the FP, and the volume 191 

of reward delivered at the end was determined by the color of the cue (Figure 1C). In two-cue 192 

trials, one randomly selected cue appeared at the FP location (5 degrees left or right of center), 193 

and a different randomly selected cue appeared 5 degrees from center in the opposite direction 194 

of the FP location (Figure 1B). At the end of the trial, one of the two reward volumes was 195 

randomly chosen to be delivered (Figure 1D). For example, the trial illustrated in Figure 1B has 196 

a “large” and “none” cue, indicating a 50% probability of a large reward, and a 50% probability of 197 

no reward. Single-cue and two-cue trials types were presented in equal proportions, randomly 198 

interleaved within a session.  199 

New cue colors were selected for every session by randomly sampling equidistant points 200 

on a color wheel. Each session therefore began with a learning phase, which was completed 201 

before data collection. During learning, single cue trials were presented until the monkey’s CR 202 

during cue presentation (the 4 seconds prior to reward) became proportional to the reward size: 203 

large > small > none, with the CR for “none” trials being absent or negligible. Learning was 204 

considered complete when the CR durations were significantly different (rank sum test, p<0.01 205 

uncorrected, analyzed online and not shown here) over the previous 60-100 learning trials. 206 

Learning phase data were not used in any analysis in this paper. In a prior report from this data 207 

set (McGinty et al., 2016), we examined the effects of cue-reward “reversals” on some OFC 208 

cells. Those cells are also used here; however, for a given cell we use only the pre- or post-209 

reversal data (never both) according to whichever segment of the data had more trials. In other 210 

words, in this report the cue-reward associations were static, with no reversals. In Monkey F, all 211 

cells used pre-reversal data only (n=64), and in Monkey K, 69 out of 116 cells used pre-reversal 212 

data and the remaining 47 used post-reversal data. The results for Monkey K did not differ 213 

between the cells using pre- and post-reversal data (not shown).  214 

 215 
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Conditioned responses and quantification of reward anticipation 216 

Monkeys typically performed conditioned licking responses (CRs) during the 4 second cue 217 

display period in anticipation of reward delivery. CRs were quantified by detecting the 218 

presence/absence of contact between the tongue and juice delivery tube. This was done by 219 

connecting the input lead of a single channel amplifier (A-M Systems, 400Hz sampling) to the 220 

fluid reservoir, and the ground lead to the seat of the monkey’s chair. Tongue contact with the 221 

juice tube abruptly reduced the amplitude of ambient noise on the channel, and setting an 222 

appropriate noise threshold effectively binarized the signal into epochs of contact/no contact. 223 

The CR-vs.-time plots in Figure 1E show the proportion of trials in which contact was present at 224 

a given time point. Total contact time throughout the trial was averaged across trials of a 225 

particular type to produce Figure 1F. For the analyses in Figures 3, 4, 7, and 8, CR data were 226 

first segmented into overlapping bins, each 500ms in duration, with 50ms increments between 227 

bin centers. The first bin was centered at 2500ms after cue onset, because CRs were nearly 228 

always absent until that time (Figure 1E). The last bin was centered at 3750ms after cue onset, 229 

for a total of 26 bins. CRs were then quantified by finding the fraction of time within each 500ms 230 

bin that contact was detected. 231 

 232 

Eye tracking and quantification of gaze 233 

Gaze was unrestricted during the 4s cue display period. Horizontal and vertical eye position 234 

were recorded at 400Hz using a non-invasive optical system in Monkey K (Eyelink, SR 235 

Research), and scleral search coil system in Monkey F (C-N-C Engineering). These different 236 

eye tracking methods yield similar data (Kimmel et al., 2012) 237 

 Gaze location was quantified in relation to the cue or cues. For Figures 3, 4, 7, and 8, 238 

gaze data were segmented into overlapping bins (500ms each, 50ms increments between bin 239 

centers), over the 4 second cue presentation period, yielding a total of 71 bins with the first 240 

centered at 250ms after cue onset and the last centered at 3750ms. Gaze allocation for each 241 
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bin was quantified as the fraction of time (out of 500ms) that gaze was within 3 degrees of the 242 

center of a cue (‘on’ the cue). In two-cue trial types, gaze allocation was tallied for each cue 243 

individually.  244 

In Figures 5 & 6, OFC neural activity was analyzed with respect to gaze location. Here, it 245 

was necessary to time-lock neural data to gaze behavior, to create a temporal reference point 246 

for peri-event time histograms (PETHs, as in Figure 5C,D), and to account for the known 247 

temporal lag between visual events and OFC activity (Thorpe et al., 1983; Wallis and Miller, 248 

2003; Padoa-Schioppa and Assad, 2006). Therefore, eye position data were segmented into 249 

fixation and saccade epochs (Engbert and Kliegl, 2003; Kimmel et al., 2012), and the fixation 250 

onsets were used as the temporal reference point for spiking data, as in our prior work (McGinty 251 

et al., 2016). To assess neural data with respect to fixation location in single-cue trials, fixations 252 

were quantified according to the distance of gaze from the cue center (e.g. Figure 5B,D), 253 

consistent with our prior report. In two-cue trial types, fixations away from the cues were 254 

infrequent, and so neural analyses only used data from ‘on-cue’ fixations (within 3 degrees of 255 

the cue center). 256 

 257 

 258 

Neural recordings 259 

Single electrodes were introduced into the brain through a sharpened guide tube whose tip was 260 

inserted 1-3mm below the dura. OFC was identified on the basis of gray/white matter 261 

transitions, and by consulting a high-resolution MRI acquired from each animal after chamber 262 

implantation. We targeted the fundus and lateral bank of the medial orbital sulcus and the 263 

laterally adjacent gyrus (Figure 5A), corresponding approximately to Walker’s area 13 (Öngür 264 

and Price, 2000).          265 

         From Monkey K, we recorded 116 neural unit signals (“cells”) over 25 sessions; and 266 

from Monkey F, we recorded 64 cells over 28 sessions. (Only sessions with concurrently 267 
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collected neural data were used.) These included putative single units, characterized by large 268 

and well-isolated waveforms (n=63 from Monkey K, 44 from Monkey F), as well as multi-unit 269 

signals with low amplitude, poorly isolated waveforms (53 from K, 20 from F). Among the single 270 

units, some were isolated during the learning phase of the task (see above) and were selected 271 

for subsequent recording because they showed an apparent increase or decrease in firing 272 

during cue presentation; the remainder of the single units, and all multi-unit signals, were 273 

recorded without any prior observation of their activity during task performance. Neural data 274 

were only recorded and analyzed after the learning phase was complete. In some sessions 275 

several cells were recorded simultaneously by isolating more than one cell on a given electrode 276 

and/or by using two electrodes at once. See McGinty et al. (2016) for details. 277 

After data collection, spikes were assigned offline to individual units based upon the 278 

principal component features of the waveforms (Plexon Offline Sorter 2.0). On rare occasions, 279 

cells initially designated as single units were re-categorized as multi-unit if they showed an 280 

abundance of short inter-spike intervals (more than 0.05% of intervals below 2ms). After unit 281 

sorting, the data were imported into MATLAB and the R software environment for analysis. 282 

There were no major differences in results obtain from single and multi-unit signals, and so their 283 

data are presented together. 284 

 285 

Analysis 286 

Correlation between gaze allocation and reward anticipation 287 

The objective of this analysis was to assess the trial-by-trial correlation between the fraction of 288 

gaze time devoted to Pavlovian cues and the fraction of time spent performing CRs in 289 

anticipation of reward delivery. Gaze and CR data were calculated in 500ms bins (50ms 290 

increments). Within each session, the across-trial correlation was calculated for all possible 291 

pairs of bins, and these correlations were then averaged across the sessions for each monkey 292 
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(25 for Monkey K, and 28 for Monkey F). The resulting matrix of correlations has rows and 293 

columns correspond to the bin centers for gaze and CR data (respectively). 294 

The correlation statistic was Spearman’s rho, a non-parametric, outlier-resistant, ranks-295 

based measure of association. It is preferred over Pearson’s r because the data were not 296 

normally distributed: Measurements of gaze and CR durations were bounded by the 500ms bin 297 

size, and had a Bernoulli-like distribution; and the spiking data (below) naturally took on a 298 

Poisson-like distribution. As a quality control measure, no correlation was calculated (i.e. the 299 

correlation was set to “nan”) when >80% of the gaze data or >80% of the CR data within a given 300 

bin had the same value; this happened most frequently in single “none” value trials, where the 301 

CR was often absent.  302 

Correlation matrices are displayed as heatmaps showing the average correlation across 303 

sessions. One heatmap was calculated per single-cue trial type, and for each two-cue trial type 304 

one heatmap was calculated for the lower value cue and another for the higher value cue. 305 

At each point on the map, the average correlation was compared to zero by means of a 306 

t-test. Red contours show points that surpass both an initial significance threshold of p<0.001 as 307 

well as a cluster-extent threshold of p<0.01 to control for multiple comparisons. The cluster 308 

extent threshold was determined as follows: For every map we created 1000 ‘null’ correlation 309 

maps using data in which the trial labels for the gaze data were randomly shuffled within each 310 

trial type. The null maps were thresholded at p<0.001, and the largest group of contiguous 311 

significant pixels (maximum cluster size) was recorded for each null map. (Contiguity was 312 

defined as a shared edge; shared corners were not considered contiguous.) This produced a 313 

distribution of 1000 maximum cluster sizes under the null hypothesis (no gaze-CR correlation). 314 

The cluster extent threshold was set to the 10th largest maximum cluster size (top 1.0 315 

percentile).  Then, in the original data, all clusters of significant points smaller than this threshold 316 

were discarded, corresponding to a cluster-level family-wise error rate (FWER) of p<0.01. 317 

 318 
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Gaze modulation of OFC neural activity  319 

The objective of this analysis was to quantify the fraction of OFC neurons that are modulated by 320 

shifts of gaze towards or away from the Pavlovian cues. Single cue trials were analyzed as a 321 

group, separately from two-cue trials. 322 

 Data source: The 180 neurons analyzed here are the subset of the 283 neurons 323 

analyzed in McGinty et al. (2016) for which both single- and two-cue data were collected. For 324 

single-cue trials, the main analyses of McGinty et al. (2016) are repeated here, and so the data 325 

reported (Figure 5B,D and Figure 6A) are in essence a restatement of the earlier findings, in a 326 

subset of the original data. The two-cue trial data were obtained from these same 180 neurons, 327 

but have not been published before, with the exception of preliminary analyses in abstract form 328 

(McGinty et al., 2014). 329 

Single cue trials The basic unit of data was fixation-evoked firing, defined as the spike 330 

count observed 100-300ms after the beginning of each fixation epoch (see above). The 331 

temporal offset accounts for the typical delay in OFC responses to visual stimuli (Thorpe et al., 332 

1983; Wallis and Miller, 2003). This time window captures the peak fixation-evoked response in 333 

gaze-responsive OFC cells, as illustrated in McGinty et al. (2016), their Figure S4C. 334 

For every neuron we fit the GLM in Equation 1. Cells with significant effects were 335 

identified for each regressor (p<0.05 both uncorrected and corrected with Holm’s Bonferroni). 336 

The GLM assumed a negative binomial error model, and is given by: 337 

 338 

log (Y) = β0  + βVAL*Value+ βDIST*Distance+ βVALxDIST*Val×Distance    (1) 339 

 340 

where each observation is a fixation (as defined above), Y is the gaze-evoked spike 341 

count for that fixation, Value refers to the volume of juice associated with the cue in each trial, 342 

Distance refers to the distance of gaze from the cue center for each fixation, and Val × Distance 343 

is the interaction of the Value and Distance variables (computed after centering them). 344 
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Two-cue trials: We focused on firing evoked by on-cue fixations (<3 degrees from cue 345 

center), due to the low frequency of off-cue fixations (Figure 1G). To assess gaze and value 346 

effects, for every cell we fit GLMs that explained fixation-evoked firing on the basis of six 347 

variables (Table 3, columns). Three variables describe a value signal modulated by shifts of 348 

gaze between cues, i.e. a pattern of firing that depends not only on the values of the cues 349 

shown, but also on which cue is fixated at any given moment. They are: (#1) the value of the 350 

fixated target, (#2) the value of the other (non-fixated) target shown; and (#3) the relative value 351 

of the fixated target, defined as the fixated minus non-fixated target value, suggested by recent 352 

findings in frontal lobe recordings (Hunt et al., 2018). The three other variables describe a value 353 

signal with no modulation by gaze: (#4) the maximum of the two cue values shown, (#5) the 354 

minimum of the two shown, and (#6) the mean of the two shown.  355 

Because these six variables are not linearly independent, they cannot be assessed 356 

simultaneously in the same model. For example, the ‘mean value’ variable (#6 above) is a linear 357 

combination of the ‘max value’ and ‘min value’ variables (#4 and #5 above), meaning that 358 

independent estimates for these three variables cannot be obtained from a single model. We 359 

therefore adopted a competitive modelling approach, in which we fit a set of models containing 360 

either one or two regressors (see Table 3, rows 1-12), and then identified the best fitting model 361 

for each cell using Akaike’s information criterion (AIC). The results were quantified by finding the 362 

percentage of cells with significant effects of each single variable when fit by itself (light bars in 363 

Figure 6B,C), as well as the percentage of cells that included a given variable in its best-fit 364 

model (dark bars in Figure 6B,C).  365 

The set of tested models is shown in Table 3. Other variable combinations were not 366 

tested due to the linear dependence of the variables. In brief: All models with >4 variables and 367 

some with 3 variables were excluded due to the strict linear dependence of the regressors, as in 368 

example above. The subset of 3-variable models that were able to be fit could not be 369 

distinguished from one another in terms of goodness-of-fit, because they all explained the same 370 
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portion of variance in the data (again due to the non-independence of the regressors), and 371 

therefore yielded the same AIC. (In linear algebra terms, the matrix of regressors for fitable 3-372 

variable models all shared the same basis.) Some 2-variable models also yielded non-unique 373 

AICs for the same reason, and were also excluded. Thus, Table 3 shows all the combinations of 374 

the six regressors that can be fit in a single model and that also uniquely explain variance in 375 

firing, and can therefore be compared in goodness-of-fit terms. 376 

 377 

Correlation between OFC activity and reward anticipation 378 

The objective of this analysis was to assess the trial-by-trial correlation between the activity of 379 

OFC neurons and the fraction of time spent performing CRs in anticipation of reward delivery. 380 

This procedure is similar to the gaze-CR correlation calculation described above. Spiking and 381 

CR data were calculated in 500ms bins (50ms increments) and the correlation was performed 382 

across trials for all possible pairs of bins, yielding a matrix of correlation coefficients. No 383 

correlation was calculated (data set to “nan”) when >80% of the spike data or >80% of the CR 384 

data in a given bin had the same value.  Correlations were calculated individually for each OFC 385 

cell (n=116 for Monkey K, 64 for Monkey F), and then averaged across cells. Six correlation 386 

matrices were calculated for each cell, one for each of the six trial types shown in Figure 1C and 387 

1D. 388 

 Unlike the gaze-CR calculation, the correlation statistic was an unsigned variable that we 389 

term the “absolute adjusted correlation”, defined as: 390 

 391 

rhoadj  = abs(rho) - <rhonull>       (2) 392 

 393 

where abs() is the absolute value function, and rho is the raw Spearman’s correlation between 394 

the spike count and the CR. To find <rhonull>, we randomly shuffle the trial labels 100 times 395 

within a cell, find the absolute Spearman’s correlation in each shuffle, and take the mean across 396 
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shuffles. Thus, <rhonull> is the absolute correlation that would be expected under the null 397 

hypothesis that spiking and the CR are unrelated; it is always above zero, because even totally 398 

random data produce spurious non-zero correlations. The rationale for using rhoadj is as follows: 399 

First, taking the absolute value of the raw spike-CR correlation puts positive spike-CR 400 

relationships (more spiking/more CR) on the same scale as cells that have a negative spike-CR 401 

relationship (more spiking/less CR); this allows us to average the correlations across all cells, 402 

regardless of the sign of the effect. Second, by subtracting <rhonull>, the value of rhoadj is 403 

expected to be zero for cells in which there is no relationship between spiking and the CR, but is 404 

expected to be positive for cells in which there is a spike-CR relationship. The across-cell mean 405 

of rhoadj can be therefore assessed by a t-test versus zero, to determine whether a reliable 406 

spike-CR relationship exists at the population level. 407 

The heatmap in Figure 7B shows the rhoadj
  for one trial type in one monkey, calculated 408 

at all pairs of time bins, averaged across all cells. The heatmap was thresholded at p<0.001, but 409 

there were no significant pixels that survived cluster correction to a family-wise error rate of 410 

p<0.01. 411 

In the bar graphs in Figure 8, the cell-averaged rhoadj
 is shown for all trial types and both 412 

monkeys, but at only a single point on the heatmap, selected as follows: For each of the gaze-413 

CR heatmaps in Figure 4, we selected the point with the highest average correlation (black 414 

squares). In almost all trial types this peak point was above the diagonal, reflecting the fact that 415 

overt attention (gaze) tends to predict subsequent CRs. However, in the three single-cue trial 416 

types for Monkey F, there were gaze-CR effects of roughly equal magnitude both above and 417 

below the diagonal. For these conditions, we selected the peak within the above-diagonal data 418 

(black diamonds in Figure 4B), in order to maintain the temporal order of the predictive 419 

relationship that is the focus of the study (Figure 2).  At these selected points we then computed 420 

the averaged spike-CR correlation across all cells, as in Figure 7B (rhoadj), and compared it to 421 

zero by means of a t-test. Note that for every two-cue trial type, there are two gaze-CR matrices 422 
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calculated (one for each cue, Figure 4), but only one spike-CR matrix. Therefore, to generate 423 

the data for two-cue trials in Figure 8, each spike-CR matrix is sampled at two points, one 424 

corresponding to the maximum gaze-CR effect for the lower value cue, and the other 425 

corresponding to the maximum effect for the higher value cue.  426 

 427 

Mediation analysis 428 

The objective of this analysis was to quantify the degree to which OFC activity explains the 429 

correlation between gaze allocation and reward-anticipating CRs. The term ‘mediation’ is used 430 

in a purely statistical sense, and does not by itself imply a causal relationship between the 431 

variables. As with the gaze-CR analysis (Figure 4), a separate analysis was performed for each 432 

single-cue trial type, and two separate analyses were performed for each two-cue trial type (one 433 

each for the low and high value cue). Thus, nine separate mediation analyses were performed 434 

for each Monkey, corresponding to the nine gaze-CR analyses shown in Figure 4.  435 

To quantify the mediation effect attributable to a single OFC cell, we measured gaze 436 

allocation to cues, spike counts, and CR data in 500ms bins. For every pair of time bins x and y, 437 

the following ordinary least squares linear models were fit: 438 

 439 

Model 1: CRx ~ β0 + βGAZE * Gazey     (3) 440 

Model 2: CRx ~ β0 + βGAZE * Gazey + βSPK * Spikey   (4) 441 

 442 

where CRx is the conditioned response observed within time bin x, Gazey is the gaze allocation 443 

for a given cue in time bin y, and Spikey is the spike count from the cell in time bin y (observed 444 

concurrently with gaze).  In this analysis gaze allocation and CR are quantified in units of time 445 

(range 0 to 500ms), such that the regression estimate βGAZE
  can be interpreted as the linear 446 

effect of gaze on the CR. For example, a βGAZE of 0.3 would indicate that for every 1 second 447 

increase in gaze allocation, an increase of 0.3 seconds in CR would be expected. 448 
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         If βGAZE is the same magnitude in both Model 2 and Model 1, this indicates that the Spike 449 

variable explains variance in the CR that is not attributable to the Gaze variable. In contrast, if 450 

βGAZE is smaller in Model 2 than in Model 1, it indicates that the Spike variable has subsumed 451 

variance in the CR that would otherwise be accounted for by Gaze; this is evidence that Spike 452 

statistically mediates the linear association between the Gaze and CR variables. 453 

Thus, the mediation effect for a given cell at a given pair of time bins was calculated by 454 

subtracting the estimate βGAZE resulting from Model 2 from βGAZE resulting from Model 1.  455 

Nine mediation effect matrices were calculated for each OFC cell, and the median 456 

mediation effects across cells were compared to zero by means of a sign rank test. In Figure 457 

7D, the heatmap shows the median matrix of mediation effects over n=116 cells, measured in 458 

single ‘small’ cue trials in Monkey K. 459 

The mediation analysis was repeated in the subset of cells showing modulation by gaze. 460 

In this analysis we included any cells with significant effects (p<0.05 corrected) of fixation 461 

distance or the interaction variable in the analysis of single-cue trials; and any cells with 462 

significant effects (p<0.05 corrected) of one of the three fixation-related variables in the analysis 463 

of two-cue trials (Table 3, rows 1-3). A total of 84 cells were included, 45 from Monkey K and 39 464 

from Monkey F. 465 

 466 

RESULTS 467 

Reward anticipation and gaze allocation to Pavlovian cues 468 

Two monkeys performed the Pavlovian conditioning task in Figure 1. To begin a trial, monkeys 469 

briefly held their gaze on a fixation point, after which one or two visual cues appeared on the 470 

display for 4 seconds (Figure 1A,B). The monkeys were free to move their eyes throughout this 471 

period; eye movements were monitored, but had no effect on the trial outcome. At the end of 4 472 

seconds, a juice reward was delivered as follows: single cues resulted in a guaranteed reward 473 

of 0, 1, or 3 drops (“none”, “small”, or “large”), with reward size determined by cue color (Figure 474 
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1C). Presentation of two different cues resulted in random delivery of one of the two indicated 475 

rewards, and the monkeys could not predict or influence which one would be delivered (Figure 476 

1D). Single-cue and two-cue trials were randomly interleaved; cue selection was random, as 477 

was the placement of cues on the left and right sides of the display. 478 

When the expected reward was non-zero, monkeys made Pavlovian conditioned licking 479 

responses (CRs) in anticipation of reward delivery, beginning approximately 2 seconds after the 480 

onset of the cue(s), and reaching a maximum just before reward delivery at 4 seconds (Figure 481 

1E).  On average, the CR magnitude increased monotonically with the mean value of the cue(s) 482 

shown (Figure 1F).  Importantly, the average CRs differed significantly among the three single-483 

cue trials, indicating that the monkeys successfully learned the individual cue-reward 484 

contingencies. We therefore consider these CRs to be indicators of the monkeys’ anticipation of 485 

reward on a given trial.  486 

The allocation of the monkeys’ gaze – where they looked and for how long – was 487 

quantified by the fraction of time in every trial that the monkeys fixed their gaze on each cue. 488 

Gaze allocation varied as a function of cue value, but, unlike CRs, was not monotonically 489 

dependent on cue value (Figure 1G). Importantly, monkeys devoted non-zero fixation time onto 490 

‘none’ cues, and also devoted non-zero fixation time onto the smaller of two cues shown 491 

simultaneously. Thus, the behavioral and neural effects of gaze allocation onto cues could be 492 

assessed regardless of cue value. 493 

To summarize, monkeys were shown simple appetitive conditioned cues, either singly or 494 

in pairs. The monkeys allocated a significant portion of their gaze (overt attention) towards the 495 

cues, and performed anticipatory CRs commensurate with average cue value. The major 496 

questions of this study are whether trial-by-trial variability in gaze allocation corresponds to 497 

variability in CR magnitude (Figure 2A), and whether this correlation could be mediated by the 498 

value representations expressed in single OFC neurons (Figure 2B,C).  In the next section, we 499 

document the trial-by-trial correlation between gaze allocation and CRs. 500 
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 501 

Allocation of gaze to appetitive cues predicts trial-to-trial reward anticipation 502 

On each trial, gaze allocation was defined as the fraction of time that the monkey spent looking 503 

at a cue (gaze < 3 degrees from cue center), and CRs were quantified according to the fraction 504 

of time that a licking response was detected. These two variables were measured in 500ms bins 505 

at 50ms increments during cue presentation, and the correlation between them was calculated 506 

across trials within a session for every possible pair of time bins in the trial. This yielded a 507 

measure of whether gaze allocation early in the trial was correlated with CRs later in the trial, 508 

and vice versa. Note that the CRs were only calculated at time bins with centers 2500ms post-509 

cue or later, due to the near total lack of CRs before this time (Figure 1E). 510 

Correlations were calculated within a given session (n=28 for Monkey F, 25 for Monkey 511 

K), and then averaged across sessions. Because correlation patterns differed substantially 512 

according to cue value (see below), the correlations were calculated separately for each of the 513 

six trial types shown in Figure 1C,D (‘none’, ‘small’, ‘large’, ‘none-small’, ‘none-large’, ‘small-514 

large’). Furthermore, in two-cue trial types, gaze allocation was tallied separately for each 515 

individual cue shown, permitting two separate correlation calculations to be obtained for every 516 

two-cue trial type. Therefore, for each monkey, nine total gaze-CR conditions were calculated: 517 

one for each trial type with a single cue, and two for each of the trial types with two cues. 518 

 519 

Gaze-CR correlation in single trial type in a single subject  520 

Figure 3A illustrates the trial-by-trial correlation between gaze allocation and Pavlovian CRs in 521 

one trial type (single ‘small’ cue) in Monkey K. The color of each pixel gives the session-wise 522 

mean correlation (rho) between the fraction of time the monkey spent looking at the cue, and 523 

the fraction of time a CR was detected; correlations were calculated across all of the trials within 524 

a given session, and then averaged across sessions (n=25). Points above the black solid 525 
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diagonal line indicate gaze data that precedes (and could therefore predict) the CR data; and 526 

points below the black line indicate gaze data that follows CR data.  527 

The highest average correlation occurred for gaze data measured at 3.05 seconds (y-528 

axis) and CR data measured at 3.30 seconds (x-axis), with an average value of rho=0.291(SEM 529 

0.028, row b in Table 1). The significant positive correlation indicates that greater time spent 530 

gazing at the cue was associated with a larger CR; and the fact that the gaze data precedes the 531 

CR data at this point indicates that gaze allocation could predict the upcoming CR on a trial by 532 

trial basis with ~0.25s temporal lag. In other words, the longer Monkey K looked at single ‘small’ 533 

cues at approximately 3 seconds in a trial, the more likely he was to exhibit an anticipatory CR 534 

0.25 seconds later. Note that this predictive relationship was asymmetric: gaze was better able 535 

to predict CRs than the opposite, indicated by the higher correlations and greater fraction of 536 

significant pixels above the solid gray diagonal line compared to below it (Figure 3B). 537 

 538 

All trial types and both subjects 539 

The gaze-CR correlations for all subjects and trial types are shown in Figure 4, using the same 540 

conventions as Figure 3. The effects were highly variable from one condition to the next, with 541 

clear differences in the correlation patterns between subjects, and between conditions within 542 

each subject. However, despite the variability, two general patterns were evident. First, as in the 543 

example in Figure 3, the only significant correlations were positive (warm colors), meaning that 544 

longer time spent looking at cues was associated with more frequent CRs. Significant positive 545 

correlations were found for 3 out of the 9 conditions in Monkey Kd1-d3; and 7 out of 9 for Monkey 546 

Fd7-d13. No significant negative correlations were found. Second, gaze predicted CR 547 

performance to a greater degree than CRs predicted gaze behavior (above vs. below diagonal: 548 

3/9 conditions in monkey Kd4-d6; and 3/9 in monkey Fd14-d16). There were no conditions in which a 549 

significant difference was found in the opposite direction – i.e. in which CR predicted gaze to a 550 

greater extent than gaze predicted CR. In summary, we identified several trial conditions in 551 
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which the longer that monkeys spent looking at (attending to) reward-associated cues, the 552 

greater their subsequent anticipation of reward delivery indicated by conditioned licking 553 

responses.  554 

 555 

Modulation of OFC neural activity by gaze 556 

The positive correlation between overt attention to cues and Pavlovian CRs (Figures 3 and 4) 557 

must be explained by some neural mechanism that links these two behaviors. To identify this 558 

mechanism requires finding, at a minimum, neural activity related to the two behaviors of 559 

interest (Figure 2B,C). Here, we show that OFC firing is modulated by shifts of gaze towards or 560 

away from Pavlovian cues. Because the gaze-CR correlation was present in both single- and 561 

two-cue trials, it was necessary to identify the effects of gaze on OFC activity in both kinds of 562 

trials. Single-cue gaze effects were shown in a prior study, and are recapitulated here using a 563 

subset of the original data (McGinty et al., 2016), consisting of those cells in which both single- 564 

and two-cue trials were tested. Data from two-cue trials are shown for the first time, and are 565 

analyzed separately from single-cue trials due to differences in gaze behavior when two cues 566 

are shown rather than one (see below). A total of 116 neurons were recorded in Monkey K, and 567 

64 in Monkey F.  568 

 569 

Single cue trials 570 

In single-cue trials, monkeys typically shifted their gaze many times during the 4-second cue 571 

presentations, fixating at various locations on the display, both on and off the cue (Figure 1G,F; 572 

see also McGinty et al. (2016) their Figure 2). To assess neural activity with reference to gaze 573 

location, OFC firing was measured from 100-300ms after the onset of each fixation, a time 574 

window that captures the peak OFC response following shifts of gaze (see McGinty et al. 575 

(2016), their Figure S4C). This ‘fixation-evoked’ firing was the basic unit of data for this analysis.  576 
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We fit a GLM that explained firing as a linear function of the value of the cue shown, the 577 

distance of gaze from the cue, and the value-by-distance interaction (Equation 1).  The single 578 

cells in Figure 5B and 5D illustrate the encoding of all three variables: firing was greatest for 579 

fixations near to the cue (distance encoding), and was monotonically related to the volume of 580 

juice reward (value encoding). Critically, the effect of value was greatest for near-to-cue 581 

fixations, which constitutes an interaction between the value and distance effects. At the 582 

population level, large portions of neurons were significantly modulated by cue value (47.8 and 583 

33.9% with GLM effects at p<0.05, uncorrected and corrected for multiple comparisons, 584 

respectively) and fixation distance from the cue (38.9 and 23.9%), and a smaller portion were 585 

modulated by the interaction term (25.0 and 7.2%). As was the case in the prior study, the 586 

distributions of regression estimates were continuous and unimodal for all three variables (for an 587 

illustration see McGinty et al. (2016) their Figure 5B.) The mean regression estimate for the 588 

distance effect was significantly less than zero (-0.0096, SEM 0.0020, p = 4.3*10-6)e, indicating 589 

that near-cue fixations elicited greater overall firing than fixations away; and the mean value 590 

estimate was not significantly different from zero (0.032, SEM 0.050f), indicating that neurons 591 

were equally likely to increase firing with cue value (as in Figure 5B) as they were to decrease 592 

firing (Figure 5D). Many neurons had more than one significant effect, indicated in the Venn 593 

diagram in Figure 6A (compare to McGinty et al. (2016) their Figure 5A).  594 

“To determine whether the same neurons tended to encode multiple variables, we took 595 

the absolute values of the regression estimates, and then calculated the correlations between 596 

them. Positive correlations indicate that cells with non-zero estimates in one variable tend to 597 

have non-zero estimates in the other, whereas negative correlations indicate that cells with non-598 

zero estimates for one variable tend to have close-to-zero estimates in the other. In our data, all 599 

pairwise correlations between the regression estimates were significantly positive: Between the 600 

value and distance estimates, the correlation was r = 0.271 (p = 0.0002)t; between value and 601 

the interaction term r = 0.254 (p = 0.0005)u; and between distance and the interaction term r = 602 
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0.292 (p = 7x10-5)v. These positive correlations indicate that the same neurons tended to 603 

encode multiple variables more often than expected by chance. 604 

 605 

Two-cue trials 606 

In two-cue trials, monkeys shifted their gaze throughout cue presentation. However, unlike in 607 

single cue trials, the majority of fixations were directed onto the cues (Figure 1G), leaving too 608 

few off-cue fixations to assess the effects of gaze distance. The analysis therefore used only 609 

firing evoked by on-cue fixations, again within a 100-300ms window after each. On-cue fixations 610 

are parameterized by the values of the fixated and non-fixated cue, so that gaze effects can be 611 

assessed by the degree to which firing is modulated by either of these variables. In addition, we 612 

assessed modulation by cue value in a non-gaze-dependent manner, given that during single-613 

cue trials we found cells that encode only cue value with no effect of gaze distance (Fig 6A, 614 

McGinty et al., 2016). 615 

To identify gaze-modulated cells in two-cue trials, we began by fitting three GLMs per 616 

cell, each with a single variable that explained firing on the basis of cue values and the location 617 

of fixation. The first GLM explained firing according to the value of the cue targeted in a given 618 

fixation (‘fixated value’). Two examples of cells modulated by fixated value are shown in Figure 619 

5. The cell in Figure 5C fires more for fixations onto the higher of the two cues shown, whereas 620 

the cell in Figure 5E fires more for the lower of the two. The second GLM explained firing as a 621 

function of the value of the non-fixated target (‘non-fixated value’); and the third explained firing 622 

as a function of the value difference between the fixated and non-fixated target (‘relative value’, 623 

see Methods).  In all, 36.7% (n=66) OFC cells showed significant effects (corrected for multiple 624 

comparisons) of at least one of the three GLMs described above, with the large majority of 625 

these showing significant modulation by fixated value (Figure 6B). Therefore, just as in single-626 

cue trials, a substantial portion of OFC neurons have value signals that are modulated by gaze 627 

when two cues are shown. 628 
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While the primary objective of this analysis was to identify gaze-modulated cells in two-629 

cue trials, additional analyses below provide a more comprehensive view of the variables 630 

encoded in this phase of the task. Specifically, we assess: encoding of non-gaze-dependent 631 

value variables; the mixture of variables encoded in single neurons; and the consistency of 632 

encoding between the single- and two-cue phases of the task. 633 

First, to identify OFC cells modulated only by value (with no effect of gaze) we fit three 634 

additional GLMs with single variables that depended on the value of the visible cues, but not on 635 

which cue was targeted by a given fixation. These were: the maximum value of the two cues; 636 

the minimum of the two; and the mean of the two. In all, 33.9% (n=61) of OFC cells had 637 

significant effects (p<0.05 corrected) of at least one of these three ‘value only’ variables (Figure 638 

6C). 639 

In the single cue analysis, the variables of interest were mixed at the single-cell level, i.e. 640 

many single neurons were modulated by more than one variable. In the two-cue data, it was not 641 

possible to fit all six variables in the same GLM due to linear dependency among the regressors 642 

(see Methods). Therefore, to quantify mixed encoding of gaze-dependent and value-only 643 

variables, we used a competitive modelling approach. First we identified all cells that had a 644 

significant effect in at least one of the six single-variable GLMs above (n=77, p<0.05 corrected). 645 

Then, in these cells we also fit a set of two-variable GLMs using different combinations of the six 646 

variables (Table 3, rows 7-12). Finally, we calculated the goodness of fit (AIC) for all single-647 

variable and two-variable models, and identified which model provided the best fit for a given 648 

cell. The results are shown in Table 3, and Figure 6B,C. The model that provided the best fit for 649 

the most cells was the two-variable model including ‘fixated value’ and ‘maximum value’ (n=20, 650 

11% of all cells), which is consistent with these two variables producing the most significant 651 

effects when fit individually (Figure 6B,C). In all, 40 cells (22%) were best fit by a two-variable 652 

model that included one gaze-related variable and one value-only variable. Thus, as in single-653 

cue trials, OFC neurons encode a mixture of task variables when two cues are shown. 654 
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Finally, we found that the same cells tended to be modulated in both the single- and two-655 

cue task phases: 83 cells were modulated by at least one of the three single-cue analysis 656 

variables (p<0.05 corrected), 77 were modulated by at least one of the six two-cue analysis 657 

variables, and 53 were modulated by at least one variable in each task phase, which was 658 

significantly greater than expected by chance (35.5 expected g). This was also true when 659 

considering neurons with gaze modulation: 48 cells were significantly modulated by either 660 

fixation distance or the distance-by-value interaction in the single-cue analysis, 66 were 661 

modulated by at least one of the three gaze-dependent variables in the two-cue analyses, and 662 

30 were gaze modulated in both task phases, significantly more than expected by chance (17.6 663 

expected h). Finally, the sign of value modulation was consistent across the population: 664 

assessed in all 180 cells, the regression estimates for value obtained in the single cue analysis 665 

were highly correlated with the regression estimates for ‘fixated value’ (r = 0.55 i), ‘maximum 666 

value’ (r=0.72 j), and ‘mean value’ (0.69 k) obtained in the two-cue analysis. 667 

 668 

Summary  669 

Shifts of gaze during the presentation of Pavlovian conditioned cues influenced the firing OFC 670 

neurons in a 100-300ms window following the onset of each fixation. When single cues were 671 

presented, many OFC cells encoded the distance of gaze from the cue, or expressed value 672 

signals that were modulated according to gaze distance. When two cues were presented, a 673 

portion of OFC cells encoded either the value of the cue fixated at any given moment, the value 674 

of the other (non-fixated) cue, or both of these variables (relative value).  675 

 676 

OFC neural activity does not predict reward anticipation  677 

Our central hypothesis is that shifts of gaze influence Pavlovian CRs through the modulation of 678 

OFC neural activity (Figure 2). Above, we establish the first part of this mediation relationship 679 

(gaze shifts modulate OFC activity, Figure 5, 6). Here, we test the second arm of the mediation 680 
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relationship, between OFC neural activity and CRs. To preview the results in brief: we find that 681 

on average OFC activity is only weakly predictive of CRs, and appears insufficient to act in a 682 

mediating role. 683 

 As in the gaze-CR analysis, we measured CRs (fraction of time a licking response was 684 

detected) and OFC activity from individual cells (spike count) in 500ms bins. We then calculated 685 

the across-trial correlation between spike count and CRs, using an unsigned correlation metric 686 

(rhoadj) that takes a positive value regardless of whether spiking increases or decreases with 687 

respect to the CR, thereby placing all OFC cells on the same scale (see Methods). This was 688 

done for every possible pair of time bins, yielding a matrix of spike-CR correlations across 689 

different time points in the trial. A separate spike-CR correlation matrix was created for each of 690 

the six trial types show in Figure 1C and 1D. These were then averaged across all recorded 691 

cells. 692 

 The heatmap Figure 7B shows the spike-CR correlation matrix for single ‘small’ reward 693 

trials in Monkey K, averaged across 116 cells. Unlike the gaze-CR correlation for these trials 694 

(reproduced in Figure 7A), the spike-CR correlations are not statistically different from zero, and 695 

show no overall temporal pattern. In other words, within this example data, gaze explains 696 

variance in CRs, but concurrently observed neural activity does not. Intuitively, the weak 697 

correlations in Figure 7B and mismatch with respect to Figure 7A are evidence against a 698 

mediation relationship. We performed two analyses to quantify this intuition. First, we identified 699 

the time bins with the strongest gaze-CR correlation, and then asked whether the spike-CR 700 

correlation at this point was significantly above zero. In Figure 7A, this point is marked with a 701 

gray square, at x=3.30s and y=3.05s. The mean gaze-CR correlation at this point is rho=0.291 702 

(SEM 0.028) b. In contrast, the spike-CR correlation at this point is only rhoadj = 0.012 (SEM 703 

0.011), and is not significantly above zero (p = 0.26 by t-test) n. In other words, even when the 704 

predictive effect of gaze was strongest, there was no corresponding predictive effect in the OFC 705 

spiking data. We repeated this analysis in all trial types for both monkeys, selecting the time 706 
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points at which the predictive correlation of gaze for CRs was maximal (see Methods). As 707 

shown by the white bars in Figure 8, the average spike-CR correlations were weak for all of the 708 

selected points (see Table 1, rows s3-s11 and s18-s12); in only two instances was the spike-CR 709 

effect significantly above zero (see Table 1 rows s7 and s19). Thus, there was very little 710 

evidence that OFC mediated the predictive relationship between gaze and CRs, even when this 711 

effect was maximal within a given trial type. 712 

To confirm this result, we directly quantified the mediating effect of OFC with a mediation 713 

model, and expanded the scope of the analysis to consider all time bins (not just the gaze-CR 714 

maximum). For the example data (‘small’ trials for monkey K), the results are shown in the 715 

heatmap in Figure 7D. Positive values indicate evidence in favor of a mediation relationship 716 

(see Methods). The mediation effect at the maximum gaze-CR point (black square) was not 717 

significantly above zero (median 2.7x10-4, SEM 2.8*10-3) q. We repeated this analysis in all trial 718 

types in both monkeys, and found similar weak effects (not shown), with the strongest effect 719 

occurring in single ‘small’ cue trials in Monkey F (median 0.0064, SEM 0.0049) r. There were no 720 

significant differences in mediation effects between single units and multi-unit responses (not 721 

shown). 722 

Moreover, mediation effects were weak at virtually all time points. In the example 723 

heatmap (Figure 7D) very few points show significant effects surpassing even an uncorrected 724 

threshold of p<0.001p, and most of these lie well below the diagonal and are therefore 725 

inconsistent with the mediation hypothesis, which dictates that gaze (and spiking) temporally 726 

precede CR behavior (Figure 2).  The heatmap of mediation effects in Figure 7D was 727 

representative of the results from other trial types in both monkeys (not shown), that is, 728 

mediation effects were weak overall, and only a tiny fraction of points showed effects that were 729 

significantly distinguishable from zero.   730 

Our central hypothesis (Figure 2) holds that mediation effects should be evident only in 731 

cells that are modulated by gaze, which we identify in Figure 6A and 6B. However, even when 732 



 

27 
 

we averaged the mediation effects of only gaze-modulated cells (n=45 for monkey K and n=39 733 

for monkey F, see Methods), the results were the same: no significant mediation at the points 734 

with the strongest gaze-CR effects, as well as weak mediation effects overall (not shown).  735 

In summary, while we found strong evidence that shifts of gaze towards Pavlovian cues 736 

positively predicted reward-anticipating CRs, we found no evidence that CRs could be predicted 737 

by concurrently observed OFC firing, and, by extension, no evidence that OFC firing participates 738 

in the neural mechanisms that links attention and CRs. 739 

 740 

  741 
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DISCUSSION 742 

Neurons in the primate OFC represent the value of appetitive and aversive Pavlovian 743 

conditioned stimuli, suggesting a role for OFC in the subjective value signals that ultimately 744 

inform Pavlovian responding. Our prior work showed that OFC value signals were modulated by 745 

moment-to-moment shifts of gaze (overt attention) towards Pavlovian cues, but left open the 746 

question of how this attentional modulation ultimately influences behavior. This was the core 747 

question of the current study, a timely issue in light of the clear role of attentional shifts in 748 

economic decisions (Krajbich et al., 2010; Towal et al., 2013; Vaidya and Fellows, 2015), 749 

another form of appetitive motivated behavior. Our results therefore inform the larger effort to 750 

untangle the complex relationship between attention, neural value signals, and behavior. 751 

In monkeys performing an appetitive Pavlovian conditioning task, gaze allocation 752 

positively predicted CRs: the longer the monkeys spent looking at a conditioned cue, the greater 753 

the likelihood that they would perform a conditioned licking response later in the trial – though 754 

this effect differed between monkeys, and between trial types within monkey (Figure 4). OFC 755 

neural activity in this task was modulated by shifts of gaze, both for single cues presented alone 756 

(as reported earlier (McGinty et al., 2016)), and for cues presented in pairs. However, OFC 757 

activity did not predict conditioned licking responses on a trial-by-trial basis, and as a result we 758 

found no evidence that OFC firing could mediate the effects of attention on conditioned 759 

responses. Below we discuss each of these findings in depth. 760 

  761 

Attention predicts conditioned responses performed in anticipation of reward 762 

When it was present, the correlation between gaze and CR was always positive, meaning that 763 

more gaze devoted to a cue was associated with more frequent CRs. In addition, gaze 764 

predicted subsequent CRs to a greater extent than the opposite. Together, these suggest that 765 

gaze enhances the subjective value of Pavlovian cues, similar to the effects on objects offered 766 

during economic choice. However, this conclusion comes with several important caveats. First, 767 
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we did not directly manipulate gaze, and so cannot conclude with certainty that it has a causal 768 

effect on CRs. Second, the correlations were not uniform in both subjects: Whereas Monkey F 769 

had consistent effects for both ‘small’ and ‘large’ value cues, effects in Monkey K were 770 

prominent for ‘small’ cues, and weak or absent for ‘large’. In addition, for single cue trials in 771 

Monkey F, CR data appeared to predict gaze behavior to a similar extent that gaze predicted 772 

CRs. However, despite these differences, two key patterns are present in both subjects: the 773 

positive sign of the correlation, and the overall greater predictive effect of gaze for subsequent 774 

CRs. 775 

 The source of variability in the gaze-CR correlations is not immediately clear, given the 776 

inconsistency between the two subjects, in particular, the negligible effects for ‘large’ value cues 777 

in Monkey K relative to those in Monkey F. One possibility is that for Monkey K, the largest 778 

available reward is in essence a “jackpot” for which the subjective value is maximal and 779 

therefore inelastic. This is consistent with observations in humans that larger rewards are 780 

subject to shallower discount functions than smaller rewards (Green et al., 1999).  781 

The inconsistency of gaze-CR effects also makes it difficult to specify the nature of the 782 

neural mechanism that links attention and reward anticipation. In economic choice, 783 

computational models support a multiplicative mechanism in which gaze  effects increase as a 784 

function of the value of the attended item (Krajbich et al., 2010; Towal et al., 2013; Vaidya and 785 

Fellows, 2015). The data of Monkey K are inconsistent with a multiplicative mechanism, with 786 

virtually no gaze effects for the highest value cue. Our results also appear to rule out a simple 787 

additive mechanism (Cavanagh et al., 2014), because the overall weak effects on ‘none’ value 788 

cues suggests that gaze must interact with, rather than simply amplify, neural value 789 

representations that underlie CRs. Additionally, gaze effects in both monkeys appear to be 790 

sensitive to whether cues are presented alone or in pairs: Monkey K shows a positive gaze-CR 791 

effect for ‘small’ cues presented alone, but not when presented alongside ‘large’ value cues; 792 
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and Monkey F shows a positive gaze-CR effect for ‘none’ cues presented alone, but not 793 

alongside another cue. This suggests that gaze effects may depend on the relative cue value. 794 

In summary, attending to Pavlovian cues appears to enhance their subjective value. 795 

While broadly similar to attentional effects in economic choice, the underlying mechanisms may 796 

differ. Additional experiments using a greater variety of reward values and a larger number of 797 

subjects may be necessary to resolve this question. 798 

  799 

Attention modulates OFC value signals 800 

OFC value signals for single cues are modulated by overt shifts of attention towards or away 801 

from those cues (McGinty et al., 2016). The current study extends these findings to gaze shifts 802 

between two items of different value. In general, the effects of gaze were consistent in both 803 

single- and two-cue contexts. In both contexts, many OFC cells represented cue value in some 804 

form, but only a subset were also modulated by shifts of gaze.  In two-cue trials, attended items 805 

were preferentially represented, indicated by the fact that the ‘fixated value’ variable was 806 

represented by greater fraction of cells than ‘non-fixated value’ (Figure 6B). This is consistent 807 

with gaze effects in single cue trials, where OFC neurons express a stronger distinction 808 

between the cue values when the monkeys gaze towards the cues, illustrated in the example 809 

cells in this study (Fig 5B,D), and in cell-averaged data in McGinty et al. (2016), their Figure 5D-810 

E.  The preferential representation of attended over unattended items is also consistent with the 811 

effects of covert shifts of attention, obtained under similar Pavlovian-like conditions (Xie et al., 812 

2018). Our findings are also consistent with those of Hunt et al. (2018), who report OFC value 813 

signals that primarily reflect the fixated object during a decision-making task. In contrast, one 814 

recent report (Rich and Wallis, 2016) shows no effect of fixation on OFC value signals; this may 815 

be attributable to differences in task design, for example, the fact that fixations were required in 816 

order to identify the choice targets in Hunt et al. (2016), but not in Rich and Wallis (2016). 817 
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 In summary, whether one or two value-associated objects are present, a substantial 818 

portion of the OFC’s value representation is modulated by shifts of gaze during natural free 819 

viewing. An open question is whether the effects of overt attention and those of covert attention 820 

are two facets of the same common neural mechanism, or result from two distinct neural 821 

mechanisms under different experimental contexts – i.e. free viewing versus enforced fixation. 822 

  823 

Potential mechanisms for attentional modulation of conditioned responses 824 

OFC activity was almost entirely uncorrelated with performance of CRs, meaning there is no 825 

evidence that the OFC mediates the predictive relations between gaze and CRs. This negative 826 

finding is at odds with the observations of Morrison and Salzman (2009), who found that 827 

responses of OFC neurons to Pavlovian cues could indeed predict the performance of 828 

conditioned responses on a trial-by-trial basis. More generally, lesion evidence implicates the 829 

OFC and nearby ventral and medial prefrontal areas in conditioned autonomic responses, 830 

including changes in heart rate (Reekie et al., 2008) and in pupil constriction in response to 831 

conditioned cues (Rudebeck et al., 2014; Hwang et al., 2018). This is consistent with anatomical 832 

evidence showing projections from these areas to lateral hypothalamic regions that innervate 833 

autonomic output centers in the brain and spinal cord (Barbas et al., 2003).  834 

The discrepancy between our findings and those of Morrison and Salzman (2009) may 835 

be explained by a difference in task design: First, in Morrison and Salzman the visual cues 836 

appeared only briefly (~300ms), followed by a trace interval of 1.5 seconds with no stimuli 837 

present. Second, both appetitive and aversive unconditioned stimuli were used (juice reward 838 

and an air puff), corresponding to two distinct CRs. Thus, to perform the task optimally, the 839 

monkeys were required to remember the conditioned cue over the trace interval, and to perform 840 

the correct response in anticipation of the associated outcome. In contrast, our task had no 841 

mnemonic requirement, and only one possible outcome. It is possible that the greater working 842 

memory and behavioral demands of the task used by Morrison and Salzman may have required 843 
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greater recruitment of prefrontal circuitry, and therefore produced a measurable correlation 844 

between OFC activity and behavior.  845 

Negative findings are not in themselves evidence of no effect. Two follow-up 846 

experiments could potentially clarify these findings. First, simultaneous recording from multiple 847 

neurons would allow for less noisy estimates of subjective value signals on single trials, and 848 

therefore less noisy estimates of the mediation effects. This approach may be particularly 849 

appropriate for OFC, where individual cells appear to be poor estimators of underlying value 850 

variables due to high within-cell noise and low across-cell correlation (Conen and Padoa-851 

Schioppa, 2015). Second, direct manipulation of OFC neurons would establish whether gaze-852 

CR predictions depend on normal OFC function.  853 

If the negative mediation findings are indeed reliable, then regions other than OFC must 854 

form the neural mechanism linking gaze and reward anticipation. These may be regions that are 855 

both involved in consumatory oromotor movements (i.e. the licking response measured in this 856 

study), and are also subject to attentional modulation. One candidate region is the ventral 857 

striatum (VS). Although oromotor responses to pleasant and unpleasant tastes do not require 858 

the VS (or any circuitry above the midbrain (Grill and Norgren, 1978)), they can be influenced by 859 

stimulation of the VS (Krause et al., 2010), and by pharmacological manipulations, especially of 860 

dopamine and opioid receptors in the rostral shell of the nucleus accumbens (Castro et al., 861 

2015). VS manipulations also modulate the incentive value of Pavlovian conditioned stimuli 862 

(Corbit et al., 2001), and influence reward-seeking behavior in response to those stimuli (Nicola, 863 

2010; Hoffmann and Nicola, 2014). In a human imaging study by Lim et al. (2011), value 864 

representations evident in the VS BOLD signal were modulated by gaze shifts between visual 865 

objects of differing value, similar to the modulation exhibited by OFC neurons in this study. 866 

Thus, the VS exhibits both attention-modulated value signals and exerts top-down control over 867 

appetitive oromotor responses, making it a candidate region for mediating the effects of 868 

attention on reward anticipation we observed in this study. 869 
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Other candidates are regions projecting to the VS, particularly the ventromedial 870 

prefrontal cortex (vmPFC), which projects to the shell of the nucleus accumbens (Heilbronner et 871 

al., 2016) and also express gaze-modulated value signals in humans (Lim et al., 2011). In 872 

contrast, the region recorded in this study, Walker’s area 13, projects primarily to the 873 

ventromedial caudate nucleus and accumbens core, with only weak projections to the 874 

accumbens shell (Haber et al., 1995). Area 13’s direct connections with the vmPFC are also 875 

sparse (Carmichael and Price, 1996; Öngür and Price, 2000). Thus, the overall limited 876 

connectivity between the recorded region and putative oromotor output centers may account for 877 

the very weak correlations we observed between neural activity and licking CRs. By this logic, 878 

we predict that neurons in vmPFC should exhibit stronger correlations with licking CRs than 879 

neurons in OFC. Apart from the VS and vmPFC (which are specifically implicated in oromotor 880 

responses) other potential regions of interest include the amygdala and insular cortex, owing to 881 

their involvement in other forms of conditioned appetitive behavior such as autoshaping 882 

(Cardinal et al., 2002; Nasser et al., 2018), and the anterior cingulate cortex, owing to its role in 883 

motivation more generally (Cohen et al., 1999; Darby et al., 2018).  884 

  885 

Implications for decision-making and other motivated behaviors 886 

Overt shifts of attention influence another important form of motivated behavior: economic 887 

choice. During decision-making, choice is biased in favor of the item fixated (attended to) first in 888 

a given trial, as well as towards the item that received the largest overall portion of the total 889 

fixation time prior to the choice (Krajbich et al., 2010; Towal et al., 2013; Vaidya and Fellows, 890 

2015; Tavares et al., 2017). This effect is well-explained by serial sampling models in which 891 

fixation biases the accumulation of evidence in favor of whichever item is attended at any given 892 

moment (Krajbich et al., 2010; Tavares et al., 2017). Neurons that preferentially encode the 893 

value of attended stimuli – like those reported here – would be an important element of such a 894 

mechanism, providing input to downstream circuitry (presumably proximal to motor outputs) in 895 
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which the evidence accumulation takes place. In theory, a similar mechanism could underlie 896 

gaze effects on Pavlovian responses. However, our results suggest that the OFC value signals 897 

do not perform this function in Pavlovian contexts.  898 

These results therefore suggest two related questions that must be addressed in future 899 

work: The first concerns the precise locus of attention-modulated value signals that ultimately 900 

influence behavior. The OFC appears to not be involved in gaze modulation of Pavlovian 901 

responses, but its role in gaze effects on economic choice is unclear. For example Vaidya and 902 

Fellows (2015) show in humans that that large bilateral lesions of the OFC, ventromedial 903 

prefrontal cortex, and underlying white matter do not affect choice biases attributable to gaze. 904 

While this is consistent with the negative findings we report here, it must be confirmed with 905 

physiological investigations and more precise causal manipulations in the appropriate animal 906 

model. And the second concerns the extent to which the attentional effects on choice and 907 

Pavlovian responses are attributable to common neural substrates. As we note above, the 908 

inconsistent gaze modulation for ‘large’ value cues would not be expected according to 909 

computational models of choice, suggesting at least one major mechanistic difference between 910 

choice and Pavlovian contexts.  911 

  912 
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LEGENDS 913 

Figure 1: (A-D) Monkeys were trained to associate visual cues with juice reward. Single cues 914 

were followed by certain reward (A,C), and cues shown in pairs were followed by probabilistic 915 

rewards (B,D). Anticipatory conditioned licking responses (CRs) and allocation of gaze onto the 916 

cues were tracked in every trial. (E) CRs in single-cue trials. The y-axis gives the probability of a 917 

CR being detected at a given time point. Colored and gray lines give the mean and 95% 918 

confidence intervals, respectively. (F) CRs in all trial types. The y-axis gives the total time that a 919 

CR was detected during cue presentation. The six bars in each graph correspond to the six trial 920 

types, with colored squares below the x-axis to indicate the cue configuration, and numerals to 921 

indicate the mean juice value of the cue(s). Asterisk indicates significant difference in a 922 

comparison between immediately adjacent bars; ‘a1’ through ‘a6’ refer to entries in Table 1. (G) 923 

Allocation of gaze onto cues in all trial types. The y-axis gives the percent of time that the gaze 924 

was on (within 3 degrees of) the cue center. Single-cue trial types are indicated by the three 925 

single colored squares, corresponding to the cue value. Two-cue trial types are indicated by 926 

adjacent colored squares, corresponding to the cue values shown in that trial type; in these 927 

trials, gaze allocation was tallied separately for each cue, hence two bars for each two-cue trial 928 

type. Note that gaze allocation was dependent on cue type, but was not always a monotonic 929 

function of value. Data in E-G reflect 25 sessions for Monkey K and 28 for Monkey F. Bars show 930 

means across sessions, and whiskers show SEM. 931 

 932 

Figure 2: Overview of major analyses: (A) trial-by-trial correlation between gaze allocation and 933 

CRs. (B) modulation of OFC activity by gaze, and (C) trial-by-trial correlation between OFC 934 

activity and CRs. We also perform a mediation analysis, which quantifies the degree to which 935 

the gaze-CR correlation (A) can be statistically explained by the combined effect of gaze on 936 

OFC activity and the correlation between OFC activity and CRs (B and C). 937 

 938 



 

36 
 

Figure 3: Gaze allocation predicts CRs, in example data from a single trial type in one monkey. 939 

(A) The heatmap shows the trial-by-trial correlation between time spent looking at a cue and 940 

time spent performing an anticipatory CR, assessed across different time points in the trial. 941 

Warmer colors indicates that greater gaze allocation was associated with more CRs. The x- and 942 

y-axes give the times at which the CR and attentional data were observed, respectively, and 943 

equivalent time points are given by the black diagonal. The small black square shows the peak 944 

correlation. Red contours indicate mean significantly above zero; ‘d1’ refers to corresponding 945 

entry in Table 2. White dotted triangles indicate time points averaged together to produce the 946 

bar graphs in panel B. (B) Bar heights give the average correlation within the white-outlined 947 

pixels above and below the black diagonal in A. Whiskers give the SEM, and ** indicates 948 

significant difference between the bars; ‘c’ refers to corresponding entry in Table 1.    949 

 950 

Figure 4: Gaze-CR correlation in all conditions for both monkeys. The colored squares at top 951 

indicate whether the gaze data pertain to ‘none’, ‘small’, or ‘large’ value cues (red N, green S, 952 

and blue L, respectively). Note that in two-cue trial types, gaze is assessed separately for each 953 

cue, hence there are two conditions for each two-cue trial type. Heatmap colors and contours 954 

follow the same conventions as Figure 3A, and bar graphs below each heatmap follow the same 955 

conventions as Figure 3B. The black square or diamond on each map indicates the time point 956 

used in subsequent analyses of how OFC activity correlates with CRs (see main text and Figure 957 

8). Squares show the point of highest gaze-CR correlation in the map, and diamonds show the 958 

highest point above the main diagonal (see Methods). * and ** indicate significance between 959 

adjacent bars; + indicates marginally significant difference; ‘d1’ through ‘d16’ refer to the 960 

corresponding entries in Table 1 and Table 2. The data from Figure 3 are reproduced in the first 961 

row, second column (single ‘small’ cue trials in Monkey K). 962 

 963 
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Figure 5: Value signals in OFC neurons were modulated by shifts of gaze towards or away from 964 

the cues. (A) Coronal MRI sections from the two subjects; orange shading shows the recorded 965 

areas. (B) Single example cell. In single-cue trials, firing increased as a function of cue value 966 

(colors) and decreased as a function distance of fixation from the cue (x-axis). In addition, the 967 

effect of value was maximal for fixations on or near the cue, constituting an interaction between 968 

the value and distance effects. (C) Same cell as in B. During two-cue trials, firing was greater 969 

following fixations onto the higher of the two cue values shown. Each of the three panels shows 970 

firing time-locked to fixation onset at t=0; the trial type (cues shown) is at top, and the line color 971 

indicates which of the two cues was fixated. Lines give the means, and shading gives the SEM. 972 

(D, E) A second example cell, showing effects of value and attention (including interaction 973 

effects) on firing in single cue trials (D) and two-cue trials (E). Unlike the cell in B and C, firing 974 

decreases as a function of single cue value, or of the fixated cue value in two-cue trials.  975 

 976 

Figure 6: Modulation of OFC firing by gaze. (A) OFC activity in single-cue trials was explained 977 

by a linear model with three regressors: cue value, distance of fixation from the cue, and their 978 

interaction. The fraction of cells with significant effects are shown in the Venn diagram, using 979 

uncorrected and corrected thresholds of p<0.05 (large and small numerals, respectively). (B,C) 980 

OFC activity in two-cue trials was explained using a series of single- and two-variable models fit 981 

to every cell (Table 3). The light gray bars give the fraction of cells that encode each variable 982 

when fit by itself (out of n=180 cells, p<0.05 corrected). The dark gray bars give the fraction of 983 

cells that include a given variable in its best-fitting model. 984 

 985 

Figure 7: OFC activity does not predict CRs, and does not mediate the effects of gaze on CR, 986 

in example data from single ‘small’ cue trials in Monkey K. (A) The average gaze-CR correlation 987 

(rho) in single ‘small’ cue trials in Monkey K, reproduced from Figure 3, using the same 988 

conventions. The gray square shows the pixel with the highest correlation. This same pixel is 989 
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marked with a square in panels B and D. Red contours indicate significant correlations as in 990 

Figure 3; ‘d1’ refers to corresponding entry in Table 2 (B) The cell-averaged spike-CR 991 

correlation (rhoadj), using data from the same trial type and monkey as panel A. The white 992 

square corresponds to the peak gaze-CR effect in panel A. (C) The left and right bar give the 993 

mean correlations at the pixel marked with the square in panel A and B, respectively. Whiskers 994 

indicate SEM. Dagger indicates that the point lies within the red significance contours in panel 995 

A; ‘b’ and ‘n’ refer to corresponding entry in Table 1. These data are reproduced in Figure 8A, 996 

alongside data from all conditions in both monkeys. (D) Average mediation effects for single 997 

‘small’ cues in Monkey K. See main text for details. Red contours indicate median mediation 998 

effects above zero at p<0.001 (uncorrected); ‘p’ refers to corresponding entry in Table 2. 999 

Mediation effects takes the same units as the regression estimates (beta values) upon which 1000 

the analysis is based (see Methods). 1001 

 1002 

Figure 8: OFC neural activity is not correlated with CRs. Each pair of bars corresponds to one 1003 

heatmap in Figure 4. The left bar gives the gaze-CR correlation at the time bins for which this 1004 

effect was maximal (black squares in Figure 4); and the right bar gives the spike-CR correlation 1005 

at these same time bins. The colored squares indicate whether the data pertain to ‘none’, 1006 

‘small’, or ‘large’ value cues (red N, green S, and blue L, respectively). For two-cue trial types, 1007 

the effects are assessed separately for each cue, hence there are two sets of results for each 1008 

two-cue trial type. The data from Figure 7C are reproduced in panel A (single ‘small’ cue trials). 1009 

Whiskers give SEM. Daggers (†) indicate that the peak gaze-CR effect falls within the 1010 

significance contours in Figure 4; details for these within-contour peak effects are provided in 1011 

Table 1 in rows b, s1-s2, and s12-s17. For the spike-CR data, * indicates significant difference 1012 

from zero. Details are provided for all spike-CR effects in this figure in order to show negative 1013 

result; see Table 1 rows s3-s11 and s18-s26. 1014 
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Table 1: Statistical table. Identifiers refer to superscript identifiers in main text or to text 1015 

identifiers placed within figures. For some tests the number of sessions or cells used may be 1016 

less than the total number of sessions or cells in the study. This can occur because data in 1017 

some pixels in some sessions are removed (set to ‘nan’), as a quality control measure (see 1018 

Methods). 1019 

  1020 

Table 2: Statistical table for significance contours in Figures 3, 4, and 7. With the exception of 1021 

row p (corresponding to Fig 7D), all contours are calculated on the basis of one-sample t-tests 1022 

at an initial threshold of p<0.001, with cluster correction at a family-wise error rate of p<0.01. 1023 

Within a significance contour, the number of sessions or cells used to calculate the mean effect 1024 

at any given pixel may be less than the total number of sessions or cells in the study. This can 1025 

occur because data in some pixels in some sessions are removed (set to ‘nan’), as a quality 1026 

control measure (see Methods). For each contour region, columns 2 and 3 therefore give the 1027 

number of observations for the pixel with the smallest and largest number used, respectively.  1028 

 1029 

Table 3: Models used to explain firing in two-cue trials. Each row specifies a model, which can 1030 

use either one or two variables. The variables included in a given model are indicated by ‘x’.  1031 

  1032 
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 1 

identifier test used 
number of 
observations p-value 

a1 paired sign rank test 25 sessions 1.2*10-5 

a2 paired sign rank test 25 sessions 0.0027 

a3 paired sign rank test 25 sessions 8.9*10-4 

a4 paired sign rank test 25 sessions 1.0*10-4 

a5 paired sign rank test 28 sessions 3.8*10-6 

a6 paired sign rank test 28 sessions 7.3*10-6 

b one sample t-test 25 sessions 3.2*10-10 

c paired t-test 25 sessions 0.002 

d4 paired t-test with Holm-Bonferroni correction, 9 comparisons 25 sessions 0.017 

d5 paired t-test with Holm-Bonferroni correction, 9 comparisons 23 sessions 0.0068 

d6 paired t-test with Holm-Bonferroni correction, 9 comparisons 25 sessions 0.017 

d14 paired t-test with Holm-Bonferroni correction, 9 comparisons 23 sessions 0.032 

d15 paired t-test with Holm-Bonferroni correction, 9 comparisons 27 sessions 0.032 

d16 paired t-test with Holm-Bonferroni correction, 9 comparisons 27 sessions 0.058 

e one-sample t-test 180 cells 4.3*10-6 

f one-sample t-test 180 cells 0.53 

g chi-square test for association 180 cells 1.2*10-7 

h chi-square test for association 180 cells 1.4*10-5 

i Pearson's correlation 180 cells 1.6*10-15 

j Pearson's correlation 180 cells 3.6*10-30 

k Pearson's correlation 180 cells 1.6*10-26 

n one sample t-test 111 cells 0.26 

q one-sample sign rank test 114 cells 0.3 

r one-sample sign rank test 54 cells 0.043 

s1 one sample t-test 23 sessions 1.5*10-7 

s2 one sample t-test 25 sessions 5.8*10-4 

s3 paired t-test with Holm-Bonferroni correction, 9 comparisons 19 cells 1 

s4 paired t-test with Holm-Bonferroni correction, 9 comparisons 111 cells 1 

s5 paired t-test with Holm-Bonferroni correction, 9 comparisons 114 cells 1 



 

 2 

s6 paired t-test with Holm-Bonferroni correction, 9 comparisons 102 cells 0.26 

s7 paired t-test with Holm-Bonferroni correction, 9 comparisons 102 cells 0.049 

s8 paired t-test with Holm-Bonferroni correction, 9 comparisons 105 cells 1 

s9 paired t-test with Holm-Bonferroni correction, 9 comparisons 114 cells 0.67 

s10 paired t-test with Holm-Bonferroni correction, 9 comparisons 113 cells 0.35 

s11 paired t-test with Holm-Bonferroni correction, 9 comparisons 112 cells 1 

s12 one sample t-test 24 sessions 5.5*10-10 

s13 one sample t-test 26 sessions 8.7*10-9 

s14 one sample t-test 23 sessions 6.7*10-6 

s15 one sample t-test 26 sessions 8.9*10-8 

s16 one sample t-test 26 sessions 3.0*10-5 

s17 one sample t-test 26 sessions 2.9*10-8 

s18 paired t-test with Holm-Bonferroni correction, 9 comparisons 24 cells 1 

s19 paired t-test with Holm-Bonferroni correction, 9 comparisons 55 cells 0.021 

s20 paired t-test with Holm-Bonferroni correction, 9 comparisons 59 cells 1 

s21 paired t-test with Holm-Bonferroni correction, 9 comparisons 52 cells 1 

s22 paired t-test with Holm-Bonferroni correction, 9 comparisons 53 cells 1 

s23 paired t-test with Holm-Bonferroni correction, 9 comparisons 57 cells 0.23 

s24 paired t-test with Holm-Bonferroni correction, 9 comparisons 56 cells 1 

s25 paired t-test with Holm-Bonferroni correction, 9 comparisons 59 cells 0.9 

s26 paired t-test with Holm-Bonferroni correction, 9 comparisons 59 cells 1 

t Pearson’s correlation 180 cells 2.4*10-4 

u Pearson’s correlation 180 cells 5.9*10-4 

v Pearson’s correlation 180 cells 7.5x10-5 

 



 

 1 

Identifier 
min number of 
observations 

max number of 
observations 

largest cluster 
size (pixels) 

d1 25 sessions 25 sessions 1137 
d2 23 sessions 23 sessions 643 
d3 25 sessions 25 sessions 55 
d7 13 sessions 13 sessions 123 
d8 22 sessions 25 sessions 612 
d9 25 sessions 26 sessions 378 
d10 23 sessions 23 sessions 214 
d11 26 sessions 26 sessions 217 
d12 25 sessions 27 sessions 250 
d13 26 sessions 27 sessions 363 
p 70 cells 114 cells 3 
 



 

 1 

Model Gaze dependent variables Non-gaze dependent variables 

Number of 
cells best fit 

by each model 

 

Fixated 
target 

Non-fix’d 
target 

Relative 
value 

Maximum 
value 

Minimum 
value 

Mean 
value 

 

1 x      5 

2  x     2 

3   x    3 

4    x   8 

5     x  0 

6      x 8 

        

7 x x     6 

8 x   x   20 

9 x    x  6 

10  x  x   11 

11  x   x  3 

12    x x  5 
 


