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a b s t r a c t 

Attentional selection and the decision of where to make an eye-movement are driven by various factors such as the 

representation of salience, task goal, and stimulus relevance, as well as expectations or predictions based on past 

experience. Brain systems implicated in these processes recruit cortico-subcortical areas including the Frontal Eye- 

Field (FEF), parietal cortex, or superior colliculus. How these areas interact to govern attention remains elusive. 

Priority maps of space have been observed in several brain regions, but the neural substrates where different 

sources of information are combined and integrated to guide attentional selection has not been elucidated. We 

investigated here the neural mechanisms subserving how reward cues influence the voluntary deployment of 

attention, in conditions where stimulus-driven capture and task-related goals compete for attention selection. 

Using fMRI in a visual search task in n = 23 participants, we found a selective modulation of FEF by the reward 

value of distractors during attentional shifts, particularly after high-predictive cueing to invalid locations. Reward 

information also modulated FEF connectivity to superior colliculus, striatum, and visual cortex. We conclude that 

FEF may occupy a central position within brain circuits integrating different sources of top-down biases for the 

generation of spatial saliency maps and guidance of selective attention. 
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. Introduction 

Extensive parts of the fronto-parietal cortex have evolved for the

ontrol of approach or avoidance behavior by prioritizing relevant sen-

ory signals, while ignoring irrelevant information through the opera-

ion of top-down attentional mechanisms. Distinct functional networks

n dorsal and ventral fronto-parietal cortices have been linked to differ-

nt aspects of selective attention ( Corbetta and Shulman, 2002 ). A dorsal

ronto-parietal network, composed of the intraparietal sulcus (IPS) and

he frontal eye fields (FEF) of each hemisphere activate when atten-

ion is voluntarily oriented in space, whereas a ventral network com-

osed of the right inferior and middle ventral frontal cortex (VFC) plus

he right temporo-parietal junction (TPJ) is implicated in the detection

f behaviorally salient or unexpected stimuli ( Bourgeois et al., 2012 ,

013a , 2013b ; Corbetta et al., 2000 ; Kincade et al., 2005 ). 

A growing body of evidence has recently revealed that stimuli with

motional or motivational values can also be powerful modulators of

ehavior and influence attentional selection through specific top-down

iases in prioritization ( Anderson, 2016 ; Bourgeois et al., 2018 , 2016 a,

018 b; Pourtois et al., 2013 ). Value-driven selection may operate reflex-

vely in an involuntary, stimulus-driven manner ( Anderson et al., 2011 ;
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ourgeois et al., 2017 ; Della Libera and Chelazzi, 2009 ), as observed in

ealthy subjects and in brain-damaged patients with neglect in whom

patial attention is impaired ( Bourgeois et al., 2018 ). 

Anatomically, several neurophysiological studies suggest that re-

ard expectation can increase neuronal activity in brain regions con-

rolling selective attention as well as eye-movements, including FEF,

arietal cortex ( Maunsell, 2004 ; Peck et al., 2009 ), or the superior col-

iculus (SC) ( Ding and Hikosaka, 2006 ; Ikeda and Hikosaka, 2007 ). In-

erestingly, recent studies indicate that although threat cues can also po-

entiate selective attentional processing as observed for reward stimuli

 Vuilleumier, 2005 , 2015 ), the suppression of value-related distractors

nder threat or reward may involve a selective recruitment of prefrontal

reas including FEF ( Kim and Anderson, 2020b ). Other studies in hu-

ans ( Serences, 2008 ) and non-human primates ( Shuler and Bear, 2006 )

ound that reward expectation may also increase stimulus representa-

ion in sensory areas, including the primary visual cortex. Interestingly,

ne study in monkey demonstrated that the neuronal latency of reward

alue effects in V1 was similar to the latency of attentional influences

 Stanisor et al., 2013 ). Thus, motivational value may bias the compe-

ition between sensory stimuli, just as it has been shown for selective

ttention, but operate (at least partly) through pathways functionally
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nd anatomically distinct from the attentional systems associated with

ronto-parietal cortical networks. 

Other studies suggest that reward modulations may originate from

opamine signaling within the dorsal striatum ( Anderson et al., 2017 ;

ikosaka et al., 2014 , 2006 ). For example, Anderson et al. (2014) ,

sing a reward-association paradigm reported a selective activation

f the extra-striate cortex but also of the caudate nucleus, when a

reviously high-rewarded visual distractor was presented in a visual

earch task. Moreover, using positron emission tomography (PET),

nderson et al. (2017) demonstrated that value-driven attentional bi-

ses may be predicted from reward-related DA release during learning. 

All these studies highlight the intimate links between neural mech-

nisms controlling selective attention and those responsible for the ap-

raisal of motivational information during goal-directed behavior. How-

ver, many standard experimental designs do not permit a firm disso-

iation between these two mechanisms ( Maunsell, 2004 ). Hence, the

rain areas or circuits subserving the combination/integration of value-

riven, goal-directed, and stimulus-driven influences on the competition

or attentional selection remain largely unresolved. 

In the present study, we investigated how reward value interferes

ith voluntary/endogenous deployment of attention, on one hand, and

ith stimulus-driven/exogenous attention, on the other hand, in condi-

ions where attention selection must resolve between competing stim-

li. We designed a visual search paradigm in which goal-driven and

timulus-driven orienting of attention were systematically manipulated

ithin the same design, allowing us to test whether and how a task-

rrelevant, but previously rewarded stimulus may compete with these

ther mechanisms of orienting. Brain areas engaged in these processes

ere identified using fMRI in a group of n = 23 healthy volunteers. 

. Material and methods 

Data will be available upon request to the Authors, without any re-

trictions. 

.1. Participants 

Twenty-three right handed healthy volunteers (12 women, mean age

6 years, range 21–33) with normal or corrected-to-normal vision and

o history of psychiatric or neurologic disorders participated in this

tudy. Written informed consent was obtained from each participant, ac-

ording to procedures approved by the local ethical committee (Geneva,

witzerland). 

.2. Paradigm, stimuli and procedure 

The present experiment is based on a visual search paradigm intro-

uced by Anderson and colleagues ( Anderson et al., 2011 ). The task

as composed of two phases, an initial learning / association phase per-

ormed outside the scanner followed by a test phase performed inside

he MRI scanner. 

Learning / association phase: each trial started with a central white

xation cross (0.8° × 0.8° of visual angle), presented against a black

ackground during 1000 ms. The fixation cross was then surrounded by

ight circles of different colors (blue, orange, pink, purple, red, or green)

seudo-randomly assigned to each circle across trials. These circles (di-

meter 3° of visual angle) were distributed evenly on an imaginary ring

cross the fixation cross. Their outline was situated at a distance of 4°

rom the central fixation cross. The target was defined as a red or a green

ircle (with only one of each these two colors presented on each trial),

hich contained a white line whose orientation varied across trials and

ad to be reported by the participant. One of these two targets (red or

reen, counterbalanced across participants) was followed by a high re-

ard (10 CHF) on 80% of correct trials, and a low reward (1 CHF) on

he remaining 20%. These percentages were reversed for the low-reward

arget (in the other color). The highly rewarded color (red or green) was
2 
ounterbalanced across participants. Participants were not informed of

he reward contingencies and probabilities. The line inside the target

ircle could be either vertical or horizontal (2° × 0.3° of visual angle).

articipants were instructed to maintain their gaze at the central fixa-

ion and to report the orientation of this line with a corresponding key

ress, as fast and as accurately as possible. Incorrect responses were not

ewarded (regardless of color). The target disappeared after a response

r after 2000 ms if no response was made. After 1000 ms, a visual feed-

ack informed participants about the monetary reward earned on that

rial, as well as about the total reward accumulated across all trials so

ar. This learning / association phase comprised 240 trials ( Fig. 1 ). 

Test phase: after a short break, the learning / association phase was

ollowed by a testing phase, performed inside the scanner. Visual stim-

li were presented using E-prime ( Schneider et al., 2002 ) running on

 PC Dell Optiplex 9010 and projected on an MRI-compatible LCD

creen (CP-SX1350, Hitachi, Japan) seen through a mirror placed on

he MRI head-coil. Both phases were introduced to our participants as

wo unrelated experiments on vision. This second condition was iden-

ical to the initial association phase, with the following exceptions.

he fixation display was presented during 1000 ms. Then, a periph-

ral visual cue appeared, consisting of a brief white flash presented for

50 ms, overlapping with one of eight peripheral circles in gray that

ere distributed around fixation at the same locations as the circles

hown during the initial association phase. The cue correctly indicated

he target location (valid trials) on 71% of the trials during the high-

redictive/endogenous condition (i.e., goal-directed), and on 50% of

he trials during the low-predictive/exogenous condition (i.e., stimulus-

riven). Catch trials (without target) were added on 12,5% of the trials

or the high-predictive condition, and 25% for the low-predictive con-

ition, in order to avoid anticipation and impulsive key-presses. Partic-

pants were not required to respond during those trials and were not

enalized for responding. The remaining trials presented invalid cues

flashing at a location different from the target). Please note that our dis-

ribution of cue validity was chosen to maximize design efficiency but

id not allow us to compare “pure ” exogenous vs endogenous conditions

iven that the non-predictive cues were still informative about target po-

ition (1/2 probability) compared to real chance level (1/8 possible po-

itions), even though they were clearly less likely to engage endogenous

rienting. Hence, we considered these experimental conditions as high-

redictive vs low-predictive cues ( Fig. 1 ). The order of high-predictive

nd low-predictive sessions was counterbalanced across subjects. 

Following the cue and a random interval of 800–1200 ms, the tar-

et display was presented in which a white (vertical or horizontal) line

ppeared in a diamond shape, presented among seven other peripheral

ircles. The diamond and these circles could be either blue, orange, pink,

r purple but never had a color previously associated with a reward. Par-

icipants had now to report the line orientation presented in the diamond

hape. Before each session, they were informed of the predictive validity

f the cue. It was stressed that the peripheral cues in most cases could

elp respond more rapidly in the high-predictive/endogenous condition,

hereas it was explained that these cues were useless to predict the

arget position and counterproductive in the low-predictive/exogenous

ondition. In order to investigate the attentional capture by previously

igh or low rewarded information, one of the non-target circles (referred

o as distractors) was either red or green (25% of trials each). How-

ver, colors were actually task-irrelevant on all trials during this testing

hase. The target disappeared either after a response or after 2000 ms

f no response was made. After another 500 ms, a visual feedback was

hown to inform participants about the monetary reward earned on that

rial (‘ + 1 ′ for each correct responses), as well as about the total re-

ard accumulated across all preceding trials. Finally, a fixation display

as shown for a randomly jittered interval of 2000–7000 ms. This test

hase consisted of 96 trials for the low-predictive/exogenous condition

duration, around 15 min), and 160 trials for the high-predictive condi-

ion/endogenous (as the latter required more trials to perform reliable

nalysis of invalid trials) for a duration of approximatively 25 min. 
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Fig. 1. Sequence of events in a given trial. During the association phase (outside the scanner), participants were asked to discriminate as fast and as accurately as 

possible a line, either horizontal or vertical presented in a red or in a green circle. In 80% of trials, 1 of the 2 targets (counterbalanced across participants) was 

followed by a high reward (10 CHF) or a low reward (1 CHF) on the remaining 20%. During the testing phase (inside the scanner), the target was preceded by a cue, 

either highly-predictive or low-predictive (in two separate sessions). The color of each circle changed randomly across trials. In order to investigate the attentional 

capture of previously high- or low-rewarded stimuli, one of the distractors was rendered in red on 25% of trials, or green on another 25% trials. Correct responses 

were assigned 1 point. 
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Thus, our experimental design had three factors: Attentional ori-

nting (High-predictive, Low-predictive), Cue validity (Valid, Invalid)

nd Distractor type (Neutral, NEU; previously Low-Rewarded, LR; pre-

iously High-Rewarded, HR). Of note, the side of presentation of tar-

ets, cues and/or distractors was not taken into account since these

upplementary factors would have required many more trials in or-

er to make our main comparison of interest between both high-

redictive/endogenous and low-predictive/exogenous conditions. This

ould have make our experiment too difficult and repetitive for par-

icipants (already long in current design, i.e., around 1h30 inside the

canner in total). 

Eye movements were visually monitored during all the experiment. If

 saccade took place, a feedback was given to the participants at the end

f the scan runs with further instructions to fixate the central cross on

he remaining trials. Both online and offline inspection of average gaze

irection during the task confirmed generally good compliance with the

xation instructions. 

.3. Functional MRI data acquisition 

Data were acquired with a 3T MRI scanner (Trio Tim, Siemens

edical Solutions, Erlangen, Germany). Functional images were ob-

ained with a single-shot gradient-echo T2 ∗ -weighted EPI sequence

36 slices, matrix size 64 × 64, voxel size = 3.2 × 3.2 × 3.2 mm 

3 ,

lice gap = 0.96 mm, flip angle 𝛼 = 80°, bandwidth 1562 Hz/pixel,

R = 2100 ms, TE = 30 ms), using a 32-channel phased array coil. A

1-weighted structural image was also acquired between the 2 func-

ional runs of each scanning session (3D MPRAGE, 256 × 256 × 192
3 
oxels, voxel size = 1.0 mm isotropic, flip angle 𝛼 = 9°, TR = 1900 ms,

I = 900 ms, TE = 2.27 ms, phase oversampling 15%, slice oversampling

6.7%). 

.4. Functional MRI data analysis and statistical analysis 

Functional MRI were analyzed using SPM8 (http://www.fil.

on.ucl.ac.uk). The first five functional images of each run were dis-

arded to remove inhomogeneity of the magnetic field consecutives to

he setting of the participant inside the scanner. Functional MRI im-

ges were processed within each run of acquisition independently. Func-

ional scans were realigned, corrected for slice timing, and normalized

o the coregistered MNI EPI template. Finally, functional images were

moothed with an 8 mm full-width at half-maximum (FWHM) Gaussian

ernel. Data from three participants were discarded because of excessive

ead motion in the scanner. 

Then, fMRI data were analyzed using the general linear model (GLM)

mplemented in SPM8 using a two-steps procedure. At the first level,

he hemodynamic response for correct trials, time-locked to the cue

nset and modeled with a duration until the answer given to the tar-

et, was convolved using a standard HRF for each participant. Each AT-

ENTIONAL ORIENTING session (High-Predictive, Low-Predictive) con-

ained 6 regressors for correct trials according to the CUE VALIDITY

Valid, Invalid, Catch trials), and the DISTRACTOR TYPE (Neutral, NEU;

reviously Low-Rewarded, LR; previously High-Rewarded, HR). Move-

ent parameters estimated during realignment ( x, y, z translations and

itch, roll, and yaw rotations) as well as a constant vector were also in-

luded in the matrix as a variable of no interest. The resulting individual
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aps of t -statistics were fed into second-level flexible factorial design

ith “conditions ” as a within-subject factor, and “subject ” as random

actor, using a random effects analysis ( Penny and Holmes, 2004 ). 

Activations were considered as significant when exceeding an ex-

ent threshold allowing p < 0.05 FDR corrected for multiple compar-

sons across the whole brain, with an underlying voxel height threshold

orresponding to p < 0.001 uncorrected. 

.5. Psychophysiological interaction analysis 

Psychophysiological interaction (PPI) analyses were used in order to

nvestigate the functional connectivity between seed regions (left and

ight FEF) and the rest of the brain when previously HIGH and pre-

iously LOW rewarded distractors were contrasted to Neutral distrac-

ors in the high-predictive condition. We also examined the functional

onnectivity in this condition but when the interference of reward was

aximum (for invalid trials). The coordinates of the seed region corre-

ponded to the local maxima of each individual within a 10 mm radius

phere of the peak voxel of the group analysis. A PPI model was cre-

ted for each individual using three regressors: the reward modulation

HR + LR > Neutral in the high-predictive condition), the participant’s

verage time-course of the seed region, and the interaction between

hese two first regressors. Next, the PPI model obtained for each indi-

idual at the first level (fixed-effects) analysis were entered in a second-

evel (random-effects) analysis. Significant activations were considered

s for the main analysis. 

.6. Functional connectivity analysis 

Functional connectivity was assessed with the CONN toolbox

www.nitrc.org/projects/conn) to examine coupling between the main

rain regions of interest (ROI) identified in the group’s statistics (second-

evel fMRI analysis) for the comparison of previously HIGH and LOW re-

arded distractors relative to Neutral distractors in the high-predictive

ondition (HR + LR > Neutral): right fusiform gyrus (FG), right/left

rontal Eye Field (R/L FEF), left Striatum, right Superior Parietal Lob-

le (R SPL), Superior Colliculus (SC). Each ROI was defined as a 10 mm-

iameter sphere with center at the MNI coordinates (center) of the above

isted regions. A threshold of FDR p -value < 0.05 was applied to eval-

ate the ROI-to-ROI functional connectivity results. In addition, graph

heory measurements on the sub-network formed by these ROI were also

omputed. In particular, we characterized the ‘degree’ of the network’s

odes, in order to define the level of ‘centrality’ (and efficient functional

ole) of each ROI and assess its influence on the information flow with

he rest of the network ( Rubinov and Sporns, 2010 ). 

. Results 

.1. Behavioral data 

Only correct responses with RTs less than 3 SDs of each subject’s

ean were included in the analysis. These exclusions accounted for

.87% of trials in the association phase, and 1.73% of trials in the testing

hase. 

.1.1. Association phase: effect of reward learning on RTs across trials 

In this phase, participants had to respond to targets presented in ei-

her red or green circles, with only one of these two colors associated

ith higher reward (counterbalanced across participants). Mean RTs

ere submitted to a repeated-measure analysis of variance (ANOVA)

ith the within-participant factors of reward (high, low). This analysis

emonstrated numerically faster RTs when a high reward was presented

669 ms) compared to when a low reward was presented (677 ms). How-

ver, this effect failed to reach significance, F(1,22) = 1.27, MSE = 641,

 = 0.272. 
4 
.1.2. Testing phase: effect of reward history on attentional orienting 

In this second phase, participants had to respond to targets presented

n a diamond shape, among circles of different colors, one of which

ould be red or green (i.e., previously high or low rewarded) on half

f the trials. The remaining 50% of the trials consisted of neutral dis-

ractors, which were rendered in other colors than red or green. Tar-

ets were preceded by a visual cue at either a valid or invalid location

n 50% of the trials in the low-predictive condition, or on 71% and

9% of trials respectively in the high-predictive condition (to trigger

eflexive or voluntary orienting of attention). We performed a repeated-

easure analysis of variance (ANOVA) on mean RTs obtained during

his phase, with the factors of orienting condition (high-predictive, low-

redictive), cue validity (valid, invalid), and distractor type (neutral,

reviously low-rewarded, previously high-rewarded). As expected (see

 Bourgeois et al., 2017 )), the results indicated a main effect of valid-

ty, F(1,19) = 51.98, MSE = 4532, partial eta-squared = 0.73, p < 0.001,

nd a significant interaction between orienting condition and validity,

(1,19) = 14.63, MSE = 2227, partial eta-squared = 0.44, p = 0.001. Partic-

pants were faster to respond to valid compared to invalid trials, espe-

ially when attention was endogenously oriented. Importantly, the anal-

sis also revealed a main effect of reward, F(2,38) = 4.74, MSE = 1223,

artial eta-squared = 0.20, p = 0.01. Participants were slower to dis-

riminate targets when a previously high-rewarded distractor was pre-

ented (657 ms) compared to when a previously low-rewarded distrac-

or (643 ms, p = 0.048) or a neutral distractor (642 ms; p = 0.006) were

resented (Fig. 2). 

We run a posteriori power analysis for our main behavioral results

hich corresponds to the main effect of Reward. With an effect size f of

.20 (derived from the partial eta-square of the main effect of Reward)

nd 3 measurements (Neutral, High reward, Low reward), we obtained a

ample size of 12 and an alpha or beta errors which are close to 0 from

3 subjects. Of note, our sample is also within the range of previous

maging studies on reward-related biases in attention ( Anderson et al.,

014 ; Kim and Anderson, 2020 a, 2019 ) . 

In sum, these behavioral results replicate previous observations and

ighlight that stimuli previously associated with a high monetary re-

ard receive higher attentional priority in the subsequent visual search

ask and modulate orienting responses to both low-predictive (more

xogenous) and high-predictive (more endogenous) cues, even though

hese stimuli and their reward value were no longer task-relevant in the

esting phase. 

.2. Neuroimaging results 

.2.1. Whole brain analysis: main effect of spatial attentional shift 

Contrasts images were first computed to assess main effect of spa-

ial attentional shift (Invalid > Valid conditions). Consistent with pre-

ious work ( Corbetta and Shulman, 2002 ), increased activations were

bserved in right attention-related parietal areas, mainly in the supe-

ior parietal lobule, precuneus, and temporo-parietal junction ( Table 1 ,

ig. 3 A). These activations were predominantly observed for the high-

redictive condition ( Fig. 3 B). Indeed, after endogenous orienting, com-

aring responses to Invalid vs Valid trials revealed extensive effects in

he right SPL overlapping with IPS and precuneus, as well as in the

ngular gyrus, temporo-parietal junction, bilateral (but left dominant)

EF, right middle frontal gyrus, and bilateral occipital cortex ( Table 1 ,

ig. 3 ). After orienting to the low-predictive cues (implying less en-

ogenous/voluntary but more exogenous/stimulus-driven effects), the

nvalid vs. Valid contrast revealed similar but weaker activations in the

ight TPJ only ( Table 1 ). 

Our subsequent fMRI analyses were therefore focused on the high-

redictive condition, given that the low-predictive attentional manipu-

ation induced less robust activations in attentional networks for reliable

omparisons between other trial subtypes. This difference between con-

itions is likely to reflect less efficient orienting (and hence weaker reori-

nting) with low-predictive cues, or might also partly result from insuffi-
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Table 1 

Main effect of spatial attentional shift. 

Stuctures Side MNI coordinates cluster size T value p value 

x y z 

Invalid > Valid Precuneus R 6 -64 49 407 7.11 < 0.001 ∗ 

Sup Parietal lobe (SPL) R 21 -70 58 407 6.5 < 0.001 ∗ 

TPJ R 57 -49 16 160 6.38 < 0.001 ∗ 

Inferior frontal gyrus R 48 20 22 82 6.82 < 0.001 ∗ 

High-predictive cue 

Invalid > Valid 

Inferior frontal gyrus L -42 23 28 121 6.29 < 0.001 ∗ 

FEF L -39 2 58 264 7.28 < 0.001 ∗ 

Middle frontal gyrus R 42 11 52 58 6 < 0.001 ∗ 

Superior frontal gyrus R 30 2 64 39 5.7 0.001 ∗ 

Precuneus and SPL R 9 -61 49 952 8.68 < 0.001 ∗ 

Angular gyrus R 48 -49 28 214 5.59 0.001 ∗ 

TPJ R 60 -49 16 214 5.72 0.001 ∗ 

Middle occipital R 36 -76 34 952 8.67 < 0.001 ∗ 

Middle occipital gyrus L -36 -82 31 34 6.04 < 0.001 ∗ 

Low-predictive cue Invalid > Valid TPJ R 39 -49 19 84 3.72 .021 ∗ 

∗ p < 0.05 FWE corrected for the whole brain volume (underlying height threshold: p < 0.001, uncorrected). 

Table 2 

Main effect of reward-related influences and interaction of reward-related influences with attentional cueing. 

Structures Side MNI coordinates cluster size T value p svc Coordinates from the 

literature ∗∗ 

x y z 

High-predictive cue HR + LR > Neu FEF R 39 14 40 31 4.5 0.024 ∗ 30 -1 40 

FEF L -33 5 58 2 3.28 0.085 ∗ -42 7 58 

High-predictive cue HR > Neu FEF R 36 14 43 3 3.36 0.027 ∗ 30 -1 40 

FEF L -36 2 55 7 3.59 0.014 ∗ -42 7 58 

High-predictive cue HR + LR > Neutral; Invalid > Valid FEF R 36 14 46 2 3.53 0. 044 ∗ 30 -1 40 

FEF L -36 8 55 14 3.83 0.017 ∗ -42 7 58 

High-predictive cue HR > Neutral; Invalid > Valid FEF L -36 5 52 39 4.49 0.002 ∗ -42 7 58 

∗ p < 0.05 FWE corrected for the whole brain volume (underlying height threshold: p < 0.001, uncorrected). 
∗∗ from Chica et al. (2012) . 
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ient temporal resolution of fMRI precluding a full capture of very brief

nd transient phenomena as observed during more exogenous/stimulus-

riven attentional shifts. 

.2.2. Whole brain analysis: main effect of reward 

We next examined the main effect of reward on brain responses by

ontrasting previously HIGH and previously LOW rewarded distractors

ith Neutral distractors during the high-predictive condition. Interest-

ngly, this contrast showed activations in the right FEF ( Table 2 , Fig. 4 ).

ctivations in left FEF failed to reach significance ( Table 2 ). Nonethe-

ess, more symmetrical activations of the FEF were observed when con-

rasting only HIGH and Neutral distractors ( Table 2 ). No significant

odulation was observed in SPL or TPJ even when lowering thresh-

lds to more liberal values. A similar comparison of LOW and Neutral

istractors showed only weaker activation in right FEF, which did not

urvive the correction threshold ( p svc = 0.387), while there was no mod-

lation of left FEF whatsoever (see Fig. 4 ). However, a direct contrast

f HIGH and LOW reward produced no significant effect, even when

owering thresholds to more liberal values. 

.2.3. Whole brain analysis: interaction reward x validity 

To examine the modulation of attentional orienting by the previ-

us reward value of distractors, we computed the interaction between

eward and validity (HR + LR > Neutral; Invalid > Valid for the high-

redictive/endogenous condition). Greater response to previously re-

arded distractors than neutral distractor on invalid compared to valid

onditions was selectively observed in the left FEF ( Table 2 , Fig. 4 ). Sig-

ificant activations were also observed but to a lesser extent in the right

EF ( Table 2 , Fig. 4 ). The same pattern of activations was observed when

nly HIGH rewarded distractors were compared to Neutral distractors,
5 
ostly for the left FEF ( Table 2 ). This again implies that reward effects

ere mainly driven by the HR condition. As can be seen in activation pa-

ameter estimates from FEF ( Fig. 4 ), there was no modulation by reward

n valid trials on either side. However, a formal two-way interaction of

HR-LR) in Invalid > Valid conditions failed to show a significant in-

rease above threshold in FEF even when lowering thresholds to more

iberal values and activated only the left primary motor cortex (xyz =
36 -25 40, T = 4.83, p = 0.036 FWE). 

.2.4. Relation to behavioral effects 

For completeness, we also tested for differential activation patterns

n fMRI directly related to the behavioral interference on RTs caused

y the previously rewarded distractors. A whole-brain statistical regres-

ion map was computed at the second level using contrast images from

he global reward effect (previously HIGH + LOW rewarded distractors >

eutral distractors), with the behavioral reward interference magnitude

alculated as followed: RTs for previously HIGH and LOW rewarded dis-

ractors – RTs for Neutral distractors. A significant positive correlation

as found in the left FEF (-36 -10 -61, T -score = 3.63, p svc = 0.001 un-

orrected). 

.2.5. Functional connectivity analyses 

A psychophysiological interaction (PPI) analysis was performed to

etermine the functional coupling of the left or right FEF with other

rain regions during the processing of previously rewarded distrac-

ors (vs. neutral) distractors (see Materials and methods). This was ex-

mined across all trials, and also more specifically when the interfer-

nce of reward cues was maximum (i.e., invalid trials). The right and

eft FEF demonstrated increased functional connectivity with the right

usiform gyrus and the superior colliculus, respectively, when previously
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Table 3 

Psychophysiological Interaction (PPI) analysis. 

Seed Co-activation Side MNI coordinates cluster size T value p value 

x y z 

High-predictive cue HR + LR > Neu Right FEF fusiform R 33 -64 14 87 4.59 0.012 ∗ 

Left FEF sup colliculus 0 -37 -8 27 5.14 0.011 ∗∗ 

High-predictive cue invalid HR + LR > Neu Right FEF striatum L -24 -1 1 76 4.48 0.010 ∗ 

∗ p < 0.001 at the cluster level uncorrected for the whole brain volume (underlying height threshold: p < 0.001, uncorrected). 
∗∗ p svc < 0.05 FWE corrected at the cluster level for the whole brain volume (underlying height threshold: p < 0.001, uncorrected). Coordinates from the literature 

-10 -38 -16. 

Fig. 2. Behavioral results of the Testing phase. 

Mean Response Times (in ms) and Standard 

errors obtained during the testing phase for 

the high-predictive/endogenous and low- 

predictive/exogenous conditions, valid and 

invalid distractors when a neutral distractor, a 

previously low-rewarded distractor (LR) or a 

previously high-rewarded distractor (HR) was 

presented. 

Fig. 3. Brain areas activated by spatial attentional shifts (see also Table 1 ). Whole brain maps showing increased activation in right-dominant attention networks, 

mainly in Superior Parietal Lobule (SPL)/precuneus, frontal eye field (FEF), and temporo-parietal junction (TPJ) ( p < 0.05 FWE corrected for the whole brain volume). 
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ewarded (HR and LR) distractors were presented relative to Neutral dis-

ractors ( Table 3 , Fig. 5 ). Interestingly, the PPI analysis performed on the

ight FEF in the same condition (HR + LR > Neutral) but for invalid tri-

ls only revealed increased connectivity with the left striatum ( Table 3 ,

ig. 5 ). 

Functional brain connectivity was also assessed between relevant

OIs for the HR + LR > Neutral effects in the high-predictive condition,
6 
sing pairwise correlation ( Fig. 6 , a and b ) and graph theory analysis

 Fig. 5 , c). Significant positive correlations ( FDR p-value < 0.05 ) between

OI indicated the strongest connections for SPL with several other ar-

as within attentional brain networks including bilateral FEF as well as

G ( Fig. 6 , a and b ). Parameters from the graph analysis revealed the

ighest node degree for the left FEF, indicating the efficiency of this re-

ion in interacting the most consistently (relative to the other nodes)
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Fig. 4. Brain areas showing reward-related influences during goal-directed attentional orienting. The main effect of reward (left panel) and reward effects as a 

function of spatial attention (right panel) both revealed selective activations in the frontal eye fields (FEF). Plots of activity parameters illustrates beta weights as a 

function of cue validity (valid vs invalid). Errors bars represent standard errors of the mean. 
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t  
ith all other ROIs within the network ( Fig. 6 , c ), and thus confirming

 central role of this region during attentional orienting in the presence

f rewarded distractors. 

. Discussion 

Our results demonstrate that stimuli previously associated with

 monetary reward received higher attentional priority in a subse-

uent visual search task, mitigating attentional orienting induced by

igh-predictive or low-predictive spatial cues. Value-driven attentional

apture occurred even though these stimuli and reward were no-

onger task-relevant during visual search, confirming previous reports

 Anderson et al., 2011 ; Bourgeois et al., 2018 ; Bourgeois et al., 2017 ,

016 b; Chelazzi et al., 2014 ; Della Libera and Chelazzi, 2006 ; Sanz et al.,

018 ). Anatomically, our fMRI results revealed a network of core regions

nvolved in selective attention and priority maps instantiation that acti-

ated during spatial shifts and were modulated by reward value of visual

timuli. These regions included FEF and parietal cortex, as well as SC and

triatum. Among these regions, the FEF was found to play a crucial role,

y showing combined effects of both goal-directed attentional shifts and

eward-related influences when attention was endogenously oriented.

lthough reward and attention refer to different concepts, these two

actors have often been confounded in experimental tasks, for instance

hen responses to attended stimuli are reinforced by delivering rewards,

iving rise to uncertainty regarding not only the neural bases of these

wo functions ( Maunsell, 2004 ) but also the pathways through which

hey interact in the guidance of attention to relevant information. 

Here, by using a paradigm where the different factors guiding atten-

ion were manipulated separately, we could shed new light on this issue.

ur fMRI results indicated that FEF was engaged by both attentional

rienting mechanisms and the appraisal of motivational information.
7 
hese data provide novel evidence that high-level priority maps may

e generated in this region by integrating distinct types of cues such as

alue-based attributes, stimulus salience, and goal-related signals that

resumably originate from different brain structures and converge to

EF in order to control attention shifts and eye-movements. 

FEF is an extensively studied area of the prefrontal cortex known

o be crucially implicated in eye-movements and selective attention

 Vernet et al., 2014 for a review). This structure is a core region of the

orsal fronto-parietal network (also encompassing IPS), predominantly

ctive when attention is voluntarily oriented in space ( Corbetta and

hulman, 2002 ; see also Grosbras et al., 2005 ). Previous work showed

hat FEF contains priority maps of space ( Thompson and Bichot, 2005 ),

hich consist of a representation of the visual scene in which an ob-

ect’s bottom-up distinctiveness and its behavioral relevance to the

bserver (based on current task goals, expectation, experience, etc.)

ompete to ultimately guide eye movements and covert visual atten-

ion ( Bisley and Mirpour, 2019 ; Bourgeois et al., 2020 ; Fecteau and

unoz, 2006 ; Mirpour et al., 2018 ). Target-related activity in FEF may

n turn generate top-down influences modulating neuronal responses to

ensory information at the same location ( Schafer and Moore, 2007 ),

n addition to oculomotor signals to SC ( Bisley and Mirpour, 2019 ).

ecent electrophysiology studies demonstrated that FEF may also keep

rack of which locations have been already examined during search and

ould thus be a source of inhibitory tagging signals to parietal cortex

 Mirpour et al., 2019 ). 

Interestingly, other findings ( Fernandes et al., 2014 ) suggest that

EF may not actively compute saliency maps based upon bottom-up

eatures such as color, intensity, or orientation along multiple sensory

imensions, unlike the notion of saliency map proposed by Itti and

och (2000) . Instead, it may be dominated by final stages of top-down

arget-selection and saccade planning, in good agreement with its re-
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Fig. 5. Brain areas showing psychophysiological interaction (PPI) effects. Significant functional coupling was observed between the left and the right FEF with 

the right fusiform gyrus and the SC, respectively, when previously rewarded (HR and LR) distractors were compared to neutral distractors (Left panel). Increased 

functional coupling between the right FEF and the left striatum was also observed when HR and LR distractors were compared to neutral distractors in trials with 

the largest interference cost on attention (invalid trials) (right panel) (see also Table 3 ). 
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c  
ruitment by goal-driven shifts after invalid cues as found in our study.

otably, however, previous evidence in monkeys demonstrate spatially

elective modulation of FEF neurons when a reward is associated with

isual targets ( Ding and Hikosaka, 2006 ). These authors recorded neu-

ons in both the FEF and basal ganglia during a rewarded memory-

uided saccade task. They showed that both FEF and the basal gan-

lia contribute to reward-based biases in saccade generation, consistent

ith activations found in these two regions in our study. Interestingly,

EF preferentially encoded reward location while basal ganglia prefer-

ntially encoded reward size. Accordingly, other studies also reported

ctivations of the basal ganglia, including caudate nucleus and nucleus

ccumbens, during the processing of reward outcomes and anticipation

f reward in visual attention and motor decision tasks ( Anderson et al.,

014 ; Hikosaka et al., 2014 ; Kim and Hikosaka, 2013 ; O’Doherty, 2004 ).

n line with these findings, our work provides novel evidence to indicate

 central role of FEF in representing behaviorally salient locations and

ediating reward value effects on selective attention. 

In contrast, monkey neurophysiology research reported that activity

n the lateral intraparietal area (LIP), another major node of attention

etworks engaged by spatial shifts, did not correlate with subjective

alue ( Mirpour and Bisley, 2012 ). However, the latter study also found

hat downstream normalization of LIP activity, which may occur on the

ay to other regions such as FEF or SC, may lead to a partial correlation

ith estimates of reward value ( Mirpour and Bisley, 2012 ). This would

e consistent with reward signals being ultimately integrated with other

op-down attention signals at the level of brain-wide networks, in which

EF could play a central role in resolving different sources of competi-

ion for attentional selection and motor saccade generation. 

In broad keeping with this notion, our functional connectivity anal-

sis revealed that the (left) FEF had the highest degree in a network of

ask-responsive ROIs. The degree of a node within a network is equal to
8 
he number of links connected to that node. Thus, nodes with a high de-

ree correspond to regions with the strongest interaction, structurally

nd/or functionally, with other nodes of the network ( Rubinov and

porns, 2010 ). One could expect that the right FEF would be more im-

licated rather than the left FEF, given classic hemispheric asymme-

ries in attention. If other studies also reported a left-lateralized pat-

ern for value-driven attention ( Kim and Anderson, 2019 ), the left dom-

nance observed in our results should be taken with caution and could

eflect insufficient power, anatomical variability, or some unknown lat-

rality effects. Indeed, the side of presentation of targets, cues and/or

istractors was not taken into account since these supplementary factors

ould have required many more trials in order to make our main com-

arison of interest between both high-predictive/endogenous and low-

redictive/exogenous conditions. Thus, further investigation may con-

ider laterality factors in their analyses to elucidate hemispheric asym-

etries in the capture of attention by reward-associated stimuli. More-

ver, in the context of future research, since FEF might be implicated

oth to generate saccade commands or to covertly allocate attention

n space without eye movements a more rigorously measuring of eye

ovements should be necessary to further clarify the role of this brain

egion in value-driven attentional mechanisms. 

We should note that reward effects might be partly confounded by

ore general selection history effects ( Anderson et al., 2021 ), whereby

istracting effects of HR and LR stimuli might be caused by more fre-

uent selection during the training phase and then induce differential at-

entional biases by non-specific reinforcement. Although this confound

s shared with many previous studies, selection history seems insuffi-

ient to explain our main findings. In our paradigm, prior rewards were

ssociated with two colors (e.g. red or green) but other non-rewarded

olors were also repeatedly presented during the learning phase and

ould reappear among distractors in the neutral (no-reward) condition
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Fig. 6. Functional connectivity results between regions of interest (ROIs). (a) A connectome ring plot is shown to depict the significant connections ( FDR p-value < 0.05 ) 

between ROIs previously identified in our whole-brain analysis. The strength of connections (always positive) is color-coded according to the reported color-bar. (b) 

To better compare these connections, their strength is reported in the lower part of a symmetric correlation matrix between each pair of ROIs, color-coded according 

to a more graded color-bar. ( c) Results of graph analysis showing the network’s nodes “degree ”: the size of nodes is proportional to the value of the “degree ”. The L 

FEF has the highest degree in the network, meaning that it is the node forming the strongest connections with other nodes in the network. 
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n  
uring the test phase. Therefore, non-rewarded colors associated with

he location of targets in the test phase differed from colors of HR and

R distractors in their lack of systematic pairing with prior reward, but

id not differ from the history of other distractor colors. In addition,

ritical reward effects on attentional shifts in left FEF were consistently

tronger for HR than LR (see activation parameter plotted in Fig. 4 )

lthough both distractor types had the same selection history during

earning. This indicates that the left FEF was sensitive to the magnitude

f reward. In contrast, however, the right FEF appeared responsive to

oth high and low reward, and could perhaps be more globally affected

y selection history or non-specific reinforcement effects rather than by

eward only. Recent work has begun to define an integrative account

f selection history in relation to reward learning and habit formation

 Anderson et al., 2021 ) in which value-driven attention may constitute a

pecific instance of experience-driven attention, along with other learn-

ng effects such as statistical dependencies among objects, stimulus fre-

uency, or inter-trial priming. Be that as it may, our paradigm was not

esigned to disentangle these processes, and these issues warrant more

pecific investigation in future studies, including the role of potential

emispheric asymmetries in FEF. 

More critically, our connectivity data further support a central role

f FEF in orchestrating the selection of diverse top-down biases. The

EF can influence saccade generation via direct projections to the su-

erior colliculus and/or via an indirect pathway through the basal gan-

lia ( Ding and Hikosaka, 2006 ). Remarkably, here we found an acti-

ation of the SC in our PPI analysis of left FEF coupling during the

rocessing of previously rewarded compared to neutral distractors, and

C also showed strong connectivity values with the striatum in pair-

ise correlation analysis ( Fig. 5 b). In addition to traditional oculomotor

ignals, visual saliency effects have also been demonstrated in the SC,

ainly in the primate visual-only superficial layer (SCs), which is heav-
9 
ly interconnected with early visual areas ( White et al., 2017 a, 2017 b).

hite et al. (2017b) recorded SC neurons during free viewing of nat-

ral dynamic scenes and observed modulations by the magnitude of a

aliency representation, independent of the actual saccade goal. These

esults indicate that the output of the SC saliency map alone cannot

rovide sufficient information to determine gaze. Reward information

ight be provided to SC through projections received from striatum. In-

erestingly, Ikeda et al. (2003) reported an increase firing of monkey SC

eurons when the visual stimulus indicated an upcoming reward dur-

ng a memory-guided saccade task, which occurred mostly in saccade-

elated SC neurons in the deep layer that receive inputs from both the

EF and basal ganglia ( Ikeda and Hikosaka, 2003 ). Thus, we hypothe-

ize that FEF may ultimately influence selective attentional shifts and

accade generation via connections to the superior colliculus, with an

ndirect pathway through the basal ganglia being more strongly engaged

hen a reward is at stake ( Ding and Hikosaka, 2006 ), or perhaps more

enerally sensitive to prior selection history regardless of reward magni-

ude { Anderson et al., 2021 #2701} as possibly reflected by greater con-

ectivity with right FEF (see hemispheric asymmetries in Fig. 4 ). Value-

riven modulation of goal-directed attention could also reach back to

isual cortical levels to boost saliency in visual sensory processing re-

ions ( Serences, 2008 ), while the parietal cortex might construct distinc-

ive priority maps of space that integrates other processes, including the

nhibition of locations that have been previously attended or explored

 Mirpour et al., 2019 ). 

In sum, our study provides converging evidence from behavioral

easures as well as stimulus-driven and connectivity fMRI to shed new

ight on brain mechanisms trough which different types of top-down

iases interact during attentional orienting. Our new data reveal a piv-

tal role of the FEF in integrating task-related and reward-related sig-

als presumably mediating the generation of spatial saliency maps and
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