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Abstract 
Avoiding distraction by salient yet irrelevant stimuli is critical 
when accomplishing daily tasks. One possible mechanism to 
accomplish this is by suppressing stimuli that may be 
distracting such that they no longer compete for attention. 
While the behavioral benefits of distractor suppression are 
well-established, its neural underpinnings are not yet fully 
understood. In an fMRI study, we examined whether and how 
sensory responses in early visual areas show signs of 
distractor suppression after incidental learning of spatial 
statistical regularities. Participants were exposed to an 
additional singleton task where, unbeknownst to them, one 
location more frequently contained a salient distractor. We 
then analyzed whether visual responses in terms of fMRI 
BOLD were modulated by this distractor predictability. Our 
findings indicate that implicit spatial priors shape sensory 
processing even at the earliest stages of cortical visual 
processing, evident in early visual cortex as a suppression of 
stimuli at locations which frequently contained distracting 
information. Notably, while this suppression was spatially 
(receptive field) specific, it did extend to nearby neutral 
locations, and occurred regardless of whether the distractor, 
a nontarget item or the target was presented at this location, 
suggesting that suppression arises before stimulus 
identification. Crucially, we observed a similar pattern of 
spatially specific neural suppression even if search was only 
anticipated, but no search display was presented. Our results 
highlight proactive modulations in early visual cortex, where 
potential distractions are suppressed preemptively, before 
stimulus onset, based on learned expectations. Combined, 
our study underscores how the brain leverages implicitly 
learned prior knowledge to optimize sensory processing and 
attention allocation. 
 
 
Introduction 
Selective attention is pivotal in our daily interactions with the 
environment, enabling us to navigate complex settings and 
perform challenging tasks. Essential for this capability is the 
suppression of non-essential stimuli allowing us to maintain 
focus on critical activities, like driving a car, by filtering out 
salient yet irrelevant information that could otherwise divert 
our attention. The behavioral advantages of distractor 
suppression have been extensively documented, 
underscoring its significance in enhancing cognitive efficiency 
and task performance (Chelazzi et al., 2019; Luck et al., 2021; 
Theeuwes et al., 2022; Van Moorselaar & Slagter, 2020). 

However, the neural foundations of distractor suppression 
remain an area of active inquiry. Traditional models of 
attention posit that the visual system is adept at prioritizing 
relevant stimuli while suppressing irrelevant ones, a process 
facilitated by both bottom-up (stimulus-driven) and top-down 
(goal-directed) mechanisms (Awh et al., 2012). Yet, recent 
advancements suggest a more nuanced understanding, 
incorporating the role of prior knowledge derived by statistical 
learning (Theeuwes et al., 2022). Indeed, salient distractors 
result in less behavioral interference if they appear at 
locations with higher probability, showing that implicitly 
learned prior knowledge can aid distractor suppression 
(Ferrante et al., 2018; Wang & Theeuwes, 2018a, 2018b). 
Here we approach distractor suppression through this lens of 
incidental statistical learning and investigate its effect on 
visual processing to gain new insights into the neural 
mechanisms underpinning attentional selection.  

The visual system shows a remarkable sensitivity to 
statistical regularity, including suppressed neural responses 
to predicted compared to surprising stimuli through the visual 
hierarchy (Melloni et al., 2012; Richter et al., 2018; Won et al., 
2020). Therefore, the visual system is likely to play a role in 
facilitating distractor suppression using acquired prior 
knowledge, attenuating neural responses to predictable 
distractors possibly already at the first stages of the visual 
cortical hierarchy, in early visual cortex (EVC). Indeed, in line 
with this proposition, recent fMRI work suggests that 
statistical regularities during visual search modulate neural 
processing in EVC (Adam & Serences, 2021; Beffara et al., 
2023; Won et al., 2020; Zhang et al., 2022). Specifically, 
BOLD responses, including in EVC, are enhanced when 
targets (Beffara et al., 2023) or suppressed when distractors 
(Zhang et al., 2022) appear at predictable locations. Together 
these findings are consistent with the notion of  spatial priority 
maps, reflecting prior knowledge, facilitating visual search by 
both target enhancement and distractor suppression (Awh et 
al., 2012; Fecteau & Munoz, 2006; Itti & Koch, 2000; 
Serences & Yantis, 2006; Theeuwes et al., 2022). 

However, multiple questions remain on how implicit 
prior knowledge of distractor probabilities, following statistical 
learning, shapes neural responses in EVC. It is at present 
unknown how spatially specific distractor suppression is, as 
previous studies using fMRI utilized paradigms in which entire 
regions were likely to contain distractors (Zhang et al., 2022). 
This leaves open the question whether learned suppression 
in EVC, which at the behavioral level is often characterized by 
a gradient around the high probability distractor location  
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Figure 1. Paradigm. A) Example trial of the additional singleton visual search task. Trials started with a placeholder display (800 ms duration) 
signifying trial onset, followed by a fixed inter-stimulus interval of 400 ms. On 75% of trials a search trial appeared next for 1500 ms. On 25% of 
trials, an omission trial (identical to the ISI display) was shown instead. Trials ended with a variable ITI of ~4000 ms. In the example search trial, 
the target is the horizontal green bar in the right upper corner, because it has a different orientation compared to the other seven bar stimuli. 
Because the target contains no black dot in the center, the correct response is ‘no’. The highly salient distractor is the orange vertical bar. The 
central fixation cross and octagonal outline surrounding the possible search area were presented throughout the experiment. B) Three example 
color inversions of the location localizer, sampling the upper left location. The location localizer cross had the same size and location as the two 
possible bar stimuli (horizontal and vertical) during the search trial overlaid over each other, thus sampling neural populations responsive to this 
location. The cross flickered at 4 HZ for 12 seconds for each location of interest, sampling each location 8 times per run. 

(Wang & Theeuwes, 2018a), is spatially specific or 
alternatively more wide-spread. Elucidating the spatial extent 
of suppression yields valuable insights into the neural 
mechanism underlying suppression. Moreover, it is unclear 
whether suppression in EVC is stimulus specific, affecting 
only distractors, or stimulus unspecific as proposed by a 
recent study (Zhang et al., 2022). Finally, it is widely 
contested whether spatial priority maps underlying distractor 
suppression are deployed proactively (i.e., predictively before 
stimulus onset), as suggested by some accounts (Huang et 
al., 2021, 2022), or reactively following visual search onset 
(Chang et al., 2023; Moher & Egeth, 2012).  

Here we addressed these questions by exposing 
human volunteers to a variant of the additional singleton task 
(Theeuwes, 1991, 1992) with omission trials while recording 
fMRI. The task consisted of a search display with target and 
distractor stimuli. Crucially, salient distractor stimuli appeared 
more often in one location, allowing participants to learn these 
contingencies resulting in facilitated visual search 
performance. To foreshadow the results, data showed that 
EVC is sensitive to spatial statistical regularities, evident as a 
suppression of neural responses corresponding to locations 
that frequently contained distracting stimuli. However, this 
suppression was surprisingly broad, encompassing nearby 
neutral locations. Critically, we also demonstrate that 
suppression emerges proactively, in conditions in which the 
search display is expected but not actually presented 
(omission trials). Combined our data shed new light on the 
mechanisms underlying distractor suppression and the 
interaction between attentional control and perception. 

Results 
Participants (n=28) performed a variant of the additional 
singleton task (Theeuwes, 1991, 1992), illustrated in Figure 
1A. During search trials participants were presented with eight 
bar stimuli arranged in a circular configuration around the 
central fixation dot. Seven of the eight stimuli were of the 
same orientation (vertical or horizontal) and participants were 
tasked to report whether or not the bar stimulus with a unique 
orientation (e.g., the horizontal bar among the vertical 
orientations in the example trial in Figure 1A) contained a 
black circle at its center. On most trials one of the stimuli had 
a unique color (orange if all other stimuli were green or vice 
versa) rendering it a color singleton distractor. Only four 
locations contained distractors or targets. Specifically, each 
location of interest was followed by a non-interest location in 
a clockwise direction (i.e., alternating locations of interest and 
no interest), creating an evenly spaced pattern of interest and 
non-interest sites. Unbeknownst to participants, while targets 
appeared with equal probability across the four locations, the 
color distractor appeared four times more often in one location 
relative to the other locations (counterbalanced across 
participants). Participants could exploit this statistical 
regularity by learning to suppress distractors presented at this 
high probability distractor location (HPDL). Trial onset was 
cued with an otherwise uninformative placeholder display 
(eight white circles), signaling imminent search trial onset. On 
25% of trials, no search display was presented following the 
placeholder, representing an omission trial.
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Figure 2. Behavioral facilitation 
by distractor suppression. A) 
Reaction times (RT in millisecond; 
ordinate) were faster when 
distractor stimuli appeared at the 
HPDL compared to NL-near or 
NL-far locations. RTs were fastest 
when no distractor was present. 
B) Response accuracy (in 
percent; ordinate) for each 
distractor location. Asterisks 
indicate statistically significant 
post hoc tests: * p < 0.05, *** p < 
0.001. 

 
 
 
 

Behavioral facilitation by distractor suppression 
First, we evaluated whether participants successfully learned 
and exploited the underlying distractor contingencies to 
facilitate behavior. As shown in Figure 2A, reaction times 
(RTs) were significantly affected by distractor location (main 
effect of distractor location on RT: F(3,81) = 9.27, p < 0.001, 𝜂𝜂𝑝𝑝2 
= 0.26). RTs were fastest when no distractor was present (833 
ms; post hoc tests: Absent vs NL-far: t(27) = 4.27, pholm < 0.001, 
d = 0.31; Absent vs NL-near: t(27) = 4.49, pholm < 0.001, d = 
0.33; Absent vs HPDL t(27) = 1.70, pholm = 0.188, d = 0.12). For 
trials containing a distractor, the fastest RTs were observed 
for distractor stimuli appearing at the HPDL (848 ms; HPDL 
vs NL-far: t(27) = 2.57, pholm = 0.036, d = 0.19; HPDL vs NL-
near: t(27) = 2.79, pholm = 0.026, d = 0.20), showing clear 
evidence of behavioral facilitation due to learning of the 
statistical regularities governing distractor appearances. 
Responses were similarly slow at the near neutral (871 ms) 
and far neutral locations (870 ms; NL-far vs NL-near: t(27) = 
0.22, pholm = 0.828, d = 0.02), highlighting the spatial 
specificity of learned suppression. No reliable differences in 
response accuracy between the distractor locations were 
observed (Figure 2B); main effect of distractor location on 
accuracy: F(1.84,49.70) = 2.52, p = 0.095, 𝜂𝜂𝑝𝑝2 = 0.85. 
 
Distractor suppression in early visual cortex 
Given that the behavioral results showed evidence of 
suppression, we next assessed neural modulations in EVC. 
Analyses were performed using an ROI based approach. In 
this analysis, for each participant, we first determined the 
neural populations in EVC with receptive fields corresponding 
to the four stimulus locations of interest using independent 
location localizer data (Figure 1B, Figure 3A left). Next, these 
four ROI masks were applied to the search or omission trial 
data, thus yielding for each trial and ROI mask a contrast 
parameter estimate reflecting the activation elicited by the 
stimulus presented at the specific location. See Figure 3A 
(right) and the associated figure text for an example trial. Each 
trial thereby supplied four datapoints to the results figure (four 
locations, three stimulus types). Because the analysis 
depended on differentiation of neural populations responding 
to stimuli at the four locations of interest, analyses were 

constrained to EVC, which allowed for reliable functional ROI 
mask definition. Moreover, to better separate neural 
responses between locations, each location of interest was 
separated from the next by a location of no interest, which 
only served as a filler to make visual search more challenging. 
This analysis procedure assessed two distinct factors of 
BOLD suppression, with possible outcomes illustrated in 
Figure 3B. First, we tested whether BOLD suppression in 
EVC was spatially specific (left panel vs middle and right 
panels in Figure 3B). Second, we assessed whether 
suppression was stimulus specific (left and middle vs right 
panel). 

Results, depicted in Figure 4A, showed that BOLD 
responses in EVC differed in magnitude between stimulus 
types (main effect of stimulus type: F(2,54) = 35.85, p < 0.001, 
𝜂𝜂𝑝𝑝2 = 0.57) with targets on average eliciting larger BOLD 
responses compared to distractors (t(27) = 3.78, pholm < 0.001, 
d = 0.08) and neutral stimuli (t(27) = 8.45, pholm < 0.001, d = 
0.17). In addition, distractors evoked larger responses than 
neutral stimuli (t(27) = 4.67, pholm < 0.001, d = 0.10). These 
results likely reflect a top-down modulation due to target 
relevance and a bottom-up effect of distractor salience. 

With respect to the key manipulation of distractor 
predictability, results revealed a distinct pattern of location 
specific BOLD suppression (main effect of location: F(2,54) = 
7.33, p = 0.002, 𝜂𝜂𝑝𝑝2 = 0.21). Neural populations with receptive 
fields corresponding to the HPDL showed significantly 
reduced BOLD responses compared to the diagonally 
opposite neutral location (NL-far; post hoc test HPDL vs NL-
far: t(27) = 3.53, pholm = 0.003, d = 0.59). Intriguingly, and 
counter to the observed behavior, this suppression was not 
confined to the HPDL but also extended to close by neutral 
locations (NL-near vs NL-far: t(27) = 3.06, pholm = 0.007, d = 
0.51). BOLD responses between HPDL and NL-near 
locations did not reliably differ (HPDL vs NL-near: t(27) = 0.47, 
pholm = 0.643, d = 0.08). This pattern of results was the same 
regardless whether the distractor, target, or a neutral stimulus 
was presented at the HPDL and NL-near locations compared 
to NL-far (6 of 6 paired t-tests: p < 0.05; see Supplementary 
Table 1).
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Figure 3. Illustration of the analysis rationale and hypotheses. A) ROI analysis procedure. During an independent location localizer task 
(left), checkerboard cross patterns, flickering black and white at 4 HZ, were presented at the corresponding bar locations from the search task 
(right). Using BOLD activations in EVC from this localizer, location specific ROI masks were created for the four locations of interest (HPDL, two 
NL-near, NL-far). The masks were then applied to the additional singleton task and the contrast parameter estimates (BOLD) during search 
trials extracted in a stimulus and location specific manner. To illustrate, in the example above we assume that the HPDL was at the upper left 
location (red circle; determined by the statistical regularities throughout the search task). The example search trial contained a neutral stimulus 
at the HPDL (red circle), a salient distractor at the left NL-near (blue circle), a neutral stimulus at the right NL-near (dark blue circle) and a target 
stimulus at the NL-far (green circle) location. Therefore, the data provided by this trial was a neutral stimulus at HPDL (red arrow), a distractor 
at NL-near (blue arrow), a neutral stimulus at the other NL-near (not depicted), and a target at NL-far (not depicted). Thus, each trial provided 
multiple location specific datapoints. Specifically, data for each stimulus type and location combination were first estimated across trials and 
then extracted using the ROI based approach. Data across the two NL-near locations were averaged. For further details see Materials & 
Methods: Statistical Analysis and Region of interest (ROI) definition. The same ROI analysis was performed for omission trials, except that by 
design, omission trials did not contain stimuli, hence resulting in only location specific activation data points. B) Potential outcomes for search 
trials. We distinguish between two factors modulating BOLD responses. First, we asked whether modulations in EVC are spatially specific. 
Illustrated on the left is a spatially unspecific modulation, affecting neural populations with receptive fields at all three locations equally. The 
middle panel depicts a spatially specific modulation with a gradient of increasing suppression the closer a location is to the HPDL. Second, we 
ask whether BOLD modulations are stimulus specific, that is selectively suppressing only distractor stimuli, but not target and neutral stimuli 
(right panel). C) Additionally, we distinguished between reactive compared to proactive spatial modulations by contrasting BOLD during omission 
trials. Reactive modulations (i.e., following search display onset) result in no spatially specific effects during omission trials (left panel), because 
no search display was shown. In contrast, proactive suppression yields spatially specific BOLD modulations during omission trials due to the 
deployment of spatial priority maps by anticipated search (right panel). 
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Figure 4. Distractor suppression in early visual cortex. A) fMRI BOLD responses (ordinate) during search trials, split into stimulus types 
(abscissa). Color denotes locations based on distractor contingencies with red = high-probability distractor location (HPDL), blue = neutral 
locations near the HPDL (NL-near), green = neutral locations far from the HPDL (NL-far; diagonally opposite from the HPDL). BOLD responses 
were systematically suppressed for all stimuli occurring at the HPDL and NL-near compared to NL-far. B) Corresponding results for omission 
trials. Neural populations with receptive fields at the HPDL and NL-near locations were suppressed compared to those with receptive fields at 
the NL-far location. Note that BOLD responses are overall close to zero, which is expected given that no display was shown at this time. Asterisks 
indicate statistically significant pairwise comparisons within stimulus types: * p < 0.05, ** p < 0.01, *** p < 0.001. 

 In sum, these results show that neural responses in EVC 
were significantly modulated by the distractor contingencies, 
evident as reduced BOLD responses in neural populations 
with receptive fields at the HPDL and neutral locations near 
the location of the frequent distractor (NL-near), relative to the 
neutral location diagonally across the HPDL (NL-far). 
However, surprisingly neural suppression in EVC had a less 
spatially selective (i.e., broader) pattern of suppression 
compared to the behavioral facilitation, which was specific to 
the HPDL (Figure 2). 
 
Proactive neural suppression during omissions 
Given the location specific suppression seen above, we then 
tested whether neural suppression was applied proactively or 
reactively by analyzing omission trials, during which only an 
uninformative placeholder, but no search display, was 
presented. Proactive modulations ought to result in spatially 
specific modulation as illustrated in Figure 3C (right panel), 
while reactive deployments of spatial priority maps should 
result in no location specific modulations (left panel Figure 
3C). Results during omission trials, depicted in Figure 4B, 
showed a similar suppression pattern as during search trials 
at the HPDL and nearby neutral locations (NL-near; main 
effect of location: F(2,54) = 4.93, p = 0.011, 𝜂𝜂𝑝𝑝2 = 0.15). Crucially, 
BOLD responses corresponding to the HPDL were 
suppressed compared to the NL-far location (t(27) = 2.61, pholm 
= 0.024, d = 0.45), as well as for the NL-near location 
compared to NL-far (t(27) = 2.82, pholm = 0.020, d = 0.49). 
Neural responses at HPDL and NL-near did not reliably differ 
(t(27) = 0.21, pholm = 0.835 d = 0.04). This finding suggests a 
proactive, or predictive, nature of distractor suppression in 
visual cortex, activated merely by cues predicting the likely 
onset of a search display. 

Ruling out attentional strategies 
It is possible that the observed suppression could be 
attributed to a strategy whereby participants chose to attend 
the far neutral location more – i.e., attending away from the 
HPDL, thereby causing the larger BOLD response at NL-far 
compared to NL-near and HPDL. To assess this possibility, 
we analyzed behavioral data in a target contingent analysis, 
because on this account faster RTs and higher accuracies for 
targets at NL-far would be expected, reflecting the prioritized 
processing of NL-far compared to the other locations. Results, 
depicted in Supplementary Figure 1A, showed that RTs did 
not differ for targets at the three locations (main effect of target 
location on RT: F(2,54) = 0.43, p = 0.66, 𝜂𝜂𝑝𝑝2 = 0.02). Responses 
for targets at NL-far (833 ms) were similar to targets at NL-
near (822 ms; post hoc test NL-far vs NL-near: t(27) = 0.68, 
pholm = 1.0, d = 0.09) and at the HPDL (836 ms; post hoc test 
NL-far vs HPDL: t(27) = 0.20, pholm = 1.0, d = 0.03). Similar 
results were observed in terms of response accuracy 
(Supplementary Figure 1B). Again there was overall no effect 
of target location on accuracy (main effect: F(1.53,39.84) = 0.33, 
p = 0.724, 𝜂𝜂𝑝𝑝2 = 0.01), with targets at NL-far (93.9% accuracy) 
resulting in similar accuracies compared to targets at HPDL 
(94.8% accuracy; post hoc test NL-far vs HPDL: t(27) = 0.50, 
pholm = 1.0, d = 0.12) and NL-near (post hoc test NL-far vs NL-
near: 93.4% accuracy; t(27) = 0.30, pholm = 1.0, d = 0.07). 
Indeed, Bayesian tests showed evidence for the absence of 
a difference both in accuracy (NL-far vs NL-near: BF10 = 
0.209, and NL-far vs HPDL: BF10 = 0.231) and RTs (NL-far vs 
NL-near: BF10 = 0.243, and NL-far vs HPDL: BF10 = 0.207). 
Therefore, both in terms of RT and response accuracy, 
behavioral results suggest that it is unlikely that increased 
attention towards the NL-far location explains the observed 
neural suppression pattern.

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 5, 2024. ; https://doi.org/10.1101/2024.04.03.587747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.03.587747
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 
 

 
Figure 5. Ruling out explicit attentional strategies: Distractor suppression in a subsample of participants with incorrect HPDL choices 
in the questionnaire. Results for search (A) and omission (B) trials were highly similar to the main results using the full sample. Significant 
suppression of BOLD responses at both the HPDL and NL-near locations compared to the NL-far location were evident during search and 
omission trials in the subsample with incorrect responses for the HPDL location on the questionnaire probing explicit knowledge of the distractor 
contingencies. Asterisks indicate statistically significant pairwise comparisons within stimulus types: * p < 0.05, ** p < 0.01. 

Moreover, following MRI scanning, participants filled 
in a questionnaire probing their explicit knowledge of the 
distractor contingencies. At the group level, results indicated 
little knowledge of the statistical regularities with only 35.7% 
of participants identifying the correct HPDL. A chi-square 
goodness-of-fit test indicated no significant deviation from 
chance level of 25% (χ²(1, N = 28) = 1.71, p = 0.190; given that 
target and distractor stimuli appeared only at four locations, 
chance is arguably 25%), thus indicating that our results are 
unlikely to be explained by explicit attention strategies. 
Further evidence supporting that our results cannot be 
explained by explicit attentional strategies is provided in 
Figure 5, where we replicate our main fMRI analyses in a 
subsample of participants that indicated an incorrect HPDL in 
the questionnaire. Critically, results were highly similar to 
Figure 4 in this subsample, providing strong evidence that 
distractor suppression in the present study does not reflect 
explicit attentional strategies. Instead, the combined evidence 
favors an account emphasizing distractor contingencies 
learned by implicit visual statistical learning guiding 
subsequent visual search, and that this implicit guide is 
spatially broad in EVC (affecting NL-near and HPDL 
similarly), as well as proactively deployed (evident also during 
omission trials). 
 
Control analyses 
We performed several control analyses to rule out alternative 
interpretations of our data. First, to ensure that our results did 
not depend on the a-prior selected, but arbitrary ROI mask 
size (20 voxels per location, i.e., 80 voxels total, or 640 mm³) 
we repeated all main analyses across a variety of mask sizes 
ranging from 10 to 500 voxels per location (Supplementary 
Figure 2). Results were qualitatively similar across small and 
medium mask sizes, yielding significant simple main effects 
of location until very large mask sizes of 200 or more voxels 

per location, as expected by the predictable drop in location 
selectivity. Thus, our results were not dependent on the 
precise ROI mask size supporting the reliability of our results. 

While the HPDL varied between participants, it 
remained constant within each individual throughout the 
experiment. This constancy opens the possibility that 
observed differences in BOLD signal strength could be 
attributed to intrinsic variations in BOLD sensitivity across 
different areas of the visual cortex, independent of the 
experimental manipulations (distractor contingencies). To 
minimize such potential confounds the results reported in 
Figure 4 reflect BOLD responses normalized for each location 
using independent localizer data to correct for hemodynamic 
differences between locations (see Materials & Methods for 
details). However, to ensure that our results did not depend 
on this normalization step, we repeated the analyses without 
normalization (Supplementary Figure 3). Results were 
qualitatively similar to the normalized results, suggesting that 
the normalization method did not introduce the observed 
results. 
 
 
Discussion 
Here we asked how distractor suppression aided by implicit 
spatial priors, derived from statistical learning, is implemented 
in early visual cortex (EVC). To this end we exposed 
participants to visual search displays where salient distractors 
appeared more often at one location. Results showed that 
neural responses in populations responding to the high-
probability distractor location (HPDL) and to nearby neutral 
locations were attenuated compared to responses in faraway 
neutral locations. Additionally, suppression was stimulus 
unspecific, arising for distractor, target, and neutral stimuli. 
Critically, we also showed that suppression in EVC arose 
even during omission trials in which no search display was 
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presented indicating that the mere anticipation of search was 
sufficient to instantiate neural suppression. 
 
Distractor suppression in EVC 
In line with previous studies our data support that EVC is 
sensitive to statistical regularities (Adam & Serences, 2021; 
Beffara et al., 2023; Melloni et al., 2012; Richter et al., 2018; 
Won et al., 2020; Zhang et al., 2022) highlighting that 
perception fundamentally relies on (implicit) priors (de Lange 
et al., 2018). Our results extend previous studies on target 
learning (Beffara et al., 2023) to distractor suppression, and 
show that EVC responses were suppressed at the HPDL and 
nearby neutral locations. Suppression was stimulus-
unspecific, resulting in attenuated EVC responses 
irrespective of the stimulus presented, complementing 
previous studies (Wang et al., 2019; Zhang et al., 2022). From 
the perspective of optimizing perception and task 
performance, this may seem counter-intuitive as neural 
representations of target stimuli at or near the HPDL were 
also suppressed, even though targets occurred equiprobably 
at all locations. However, despite this suppression we found 
no behavioral costs for target identification at these locations. 

Indeed, the discrepancy between the spatially broad 
neural suppression in EVC, extending beyond the HPDL to 
encompass neural populations coding for nearby neutral 
locations, and the more localized behavioral results, showing 
distractor suppression specific to the HPDL, further raises 
interesting questions about the relationship between neural 
activity in early visual areas and subsequent processing 
contributing to distractor suppression. Given the size of the 
stimulus display (radius of 5 DVA), the small receptive field 
sizes in EVC (Chen et al., 2009; De Valois et al., 1982; Dow 
et al., 1981; Dumoulin & Wandell, 2008), and prior behavioral 
studies showing location specific distractor suppression, and 
sometimes gradients of suppression, using smaller stimulus 
displays (Huang et al., 2022; Wang & Theeuwes, 2018a), 
makes the broadness of the observed neural suppression 
surprising. Combined, these findings may suggest that later 
processing stages in higher visual areas and downstream 
from visual cortex refine the initial neural suppression in EVC 
to facilitate task performance in a more nuanced fashion. It is 
plausible that areas in parietal and frontal cortex, including the 
dorsal attention network (Beffara et al., 2023; Zhang et al., 
2022), contribute to this refinement. An open question is 
whether the broad suppression shown here reflects limitations 
of the neural mechanisms underlying distractor suppression 
in EVC, such as less spatially specific feedback, or a neural 
efficiency trade-off, in which a more accurate suppression is 
not sufficiently beneficial to warrant the required metabolic 
demand of more precise modulations in EVC. 

Overall, our results fit well within the framework of 
spatial priority maps (Awh et al., 2012; Fecteau & Munoz, 
2006; Itti & Koch, 2000; Serences & Yantis, 2006), 
deemphasizing processing at and near the HPDL already at 
the earliest stages of the cortical visual hierarchy. Spatial 
priority maps are frequently proposed to reside at the top of a 
hierarchy of topographic maps, with feature specific maps at 
the bottom of this hierarchy of topographic maps (Fecteau & 
Munoz, 2006; Itti & Koch, 2000, 2001; Zelinsky & Bisley, 

2015). From this perspective, the lack of stimulus specificity 
arises because spatial priority maps are implemented at a 
higher level than the feature specific maps. If priority signals 
from these later processing stages are then fed back into 
early sensory processing, the resulting modulations are 
necessarily stimulus unspecific, as seen here. Moreover, 
given the wider receptive fields at later visual processing 
stages and reduced spatial acuity due to less spatially specific 
feedback signals (Gilbert & Wiesel, 1989; Nassi & Callaway, 
2009), the broad spatial suppression observed in EVC fits well 
into this framework. 
 
Proactive distractor suppression 
As argued above, we believe that through statistical learning 
the weights within a spatial priority map are adjusted such that 
the location that more frequently contains a distractor is 
suppressed (Theeuwes et al., 2022). Critically, the current 
findings indicate that this suppression is instantiated before 
stimulus identification is completed, suggesting that distractor 
suppression arises proactively. Indeed, our results from 
omission trials strongly support such an interpretation. Even 
though during omission trials no search display was 
presented, the same spatially specific suppression at the 
HPDL and nearby locations was found. Thus, the mere 
anticipation of search induced by the otherwise uninformative 
placeholder was sufficient to instantiate neural suppression. 
This proactive, or predictive, nature of neural suppression 
guided by implicit prior knowledge aligns well with growing 
evidence for predictive and anticipatory processes in visual 
attention (Beffara et al., 2023; Duncan et al., 2023; Serences 
et al., 2004; Zelinsky & Bisley, 2015). In other words, the brain 
appears to prepare for potential distractions based on learned 
probabilities, reflecting a key aspect of predictive processing 
models. More fundamentally, our results support a 
perspective of the visual system as relying on prediction to 
inform perception (Clark, 2013; de Lange et al., 2018; Friston, 
2005), echoing previous reports of selective pre-stimulus 
anticipatory activation in visual cortex (Kok et al., 2014). 
 
Differentiation of implicit statistical learning from 
volitional attentional strategies 
It is well established that attention enhances BOLD responses 
in visual cortex (Maunsell, 2015; Reynolds & Chelazzi, 2004; 
Williford & Maunsell, 2006). Hence, if participants learned the 
underlying distractor contingencies, they could deploy an 
explicit strategy by directing their attention away from the 
HPDL, for example by focusing attention on the diagonally 
opposite neutral location. This account provides an alternative 
explanation for the observed EVC modulations. However, 
while credible, the current findings are not consistent with 
such an interpretation. First, there was no behavioral 
facilitation for target stimuli presented at the far neutral 
location. Second, the control analysis that excluded all 
participants that indicated the correct HPDL location in the 
questionnaire, thereby possibly expressing explicit 
awareness of the contingencies, yielded qualitatively identical 
results to the full sample. Therefore, it is unlikely that explicit 
attentional strategies drive the results observed here. Instead 
the current finding are consistent with an account 
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emphasizing the automatic deployment of spatial priors (He 
et al., 2022) based on implicitly learned statistical regularities. 
This account echoes the crucial role of implicit statistical 
learning (Kim et al., 2009; Turk-Browne et al., 2009, 2010), 
adjusting the weights within the proposed spatial priority 
landscape (Theeuwes et al., 2022). 
 
Differentiation from repetition suppression 
Repetition suppression (Henson, 2016; Summerfield et al., 
2008; Todorovic & de Lange, 2012) and stimulus adaptation 
(Adam & Serences, 2021) must be differentiated from the 
effects of statistical learning investigated here. Commonly 
repetition suppression refers to the attenuation of neural 
responses, for example due to neural adaptation, to repeated 
presentations of the same or similar stimuli. Crucially, in the 
present study stimulus features (orientation and color) were 
randomized across trials and not related to the key location 
manipulation. Thus, simple adaptation cannot account for the 
observed results. However, one could argue that even though 
visual features do not repeat more frequently, distractors 
occur more often at the HPDL and hence a higher-level form 
of repetition suppression may partially account for the 
observed results. Several factors argue against this 
interpretation. First, we report suppression of neural 
populations in EVC, which is mostly tuned to simple stimulus 
features, such as orientation (Hubel & Wiesel, 1962), which 
do not repeat more often at the HPDL. Second, we observed 
suppression irrespective of the stimulus type, including target 
stimuli, which were equiprobable at all locations, and for 
neutral stimuli, which were in fact less likely to occur at the 
HPDL. Finally, during omission trials no stimuli were 
presented at all, but similar location specific suppression was 
observed. Combined these factors rule out an account along 
the lines of repetition suppression. 
 
Limitations 
Do our modulations in EVC reflect a consequence or a source 
of spatial priority maps aiding distractor suppression? Our 
data do not differentiate between these two options. It is 
conceivable that our results reflect a consequence of 
downstream instantiations of priority maps, in higher visual 
areas or beyond, feeding back into EVC. Alternatively, our 
data is also consistent with the notion that EVC itself stores 
the relevant spatial priority maps, for example by short-term 
synaptic plasticity. However, given the high spatial acuity of 
EVC representations, it would be surprising if priority maps 
represented in EVC have the broad spatial characteristics as 
observed here. Thus, while future research is required to 
address this question in more detail, our data provide 
tentative evidence that modulations in EVC, due to learned 
distractor suppression, are potentially a consequence of 
downstream instantiated priority maps. These maps then feed 
back to EVC and hence may lack spatial acuity usually 
associated with EVC representations. 
 Given the utilized rapid-event related design, one may 
question whether our results during omission trials partially 
reflect lingering activity from preceding search trials, thereby 
questioning our interpretation that search anticipation alone 
triggers the deployment of spatial priority maps in EVC. While 

it is impossible to rule out this possibility completely, we 
believe that it is unlikely to account for the observed results. 
First, as omission trials were randomly intermixed with search 
trials, separated by variable ITIs, and modeled as separate 
regressors, it should be possible to well estimate unique 
contributions of the omission trials to the BOLD signal. 
Indeed, the parameter estimates for omission trials were 
close to zero (i.e., implicit baseline, no visual stimulation), 
supporting the validity of our inference. Moreover, omission 
trials started with the presentation of the placeholder display, 
which if anything, would drive neural activity during the 
omission time-window. 
 
Conclusion 
Our findings elucidate that distractor suppression is a multi-
faceted process involving both broad, proactive neural 
mechanisms within the early visual system and more focused 
downstream modulations. The broad suppression in EVC 
may serve as an initial filter or bias, which is then fine-tuned 
by higher (cognitive) processes downstream. Thereby our 
results indicate that the brain's predictive mechanisms, 
informed by statistical learning, do not always manifest with 
spatial precision but can exhibit a broader scope. This 
phenomenon could represent a neural efficiency trade-off, 
where the brain balances the cost of precise suppression 
against the resulting benefits for attentional control. 
Alternatively, feedback mechanisms, which may signal the 
hypothesized spatial priority maps from higher-level to lower-
level visual areas, could lack the spatial acuity to effectuate 
more precise location specific suppression in EVC. Future 
work is required to assess these possibilities. Our pivotal 
finding, that suppression is detectable even during omission 
trials, strongly supports the proactive nature of the 
deployment of spatial priority maps in guiding visual search, 
as also suggested by recent behavioral studies (Huang et al., 
2021, 2022; Kong et al., 2020). In sum, the broad, proactive 
nature of neural suppression, alongside its stimulus-
unspecific characteristics, suggests a complex interplay 
between low-level visual processing and higher-order 
cognitive functions in attentional control to shape spatial 
priority maps underlying visual search. Finally, our results 
underscore the significant role of statistical learning and 
predictive processing in modulating neural responses within 
the visual cortex, thereby facilitating efficient visual 
processing amidst the plethora of distracting stimuli impinging 
upon our senses. 
 
 
Materials & Methods 
Participants and data exclusion 
We acquired MRI data from 32 human volunteers. Data from 
one participant was lost due to technical problems. Data from 
three participants were excluded from analysis due to 
excessive motion during MRI scanning, defined as an 
average framewise displacement exceeding 2 SD above the 
group median. Data from the remaining participants were 
analyzed, resulting in a final sample size of n = 28, satisfying 
our a priori defined minimum required sample size of n >= 24 
(based on an a priori power calculation to obtain a power of 
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80% to detect an effect size Cohen’s d = 0.5 at a default alpha 
= 0.05). All participants included in the data analysis showed 
reliable task performance, evident as each subject’s response 
accuracy > 82% (group mean 93%) and mean RT for each 
participant < 1050ms (all trials; group mean 858ms). 

The study followed institutional guidelines and was 
approved by the local ethics committee (Vaste Commissie 
Wetenschap en Ethiek of the Vrije Universiteit Amsterdam: 
VCWE-2021-208R1). Written informed consent and MRI 
compatibility screening was obtained before study 
participation. Participants were compensated 15€/hour and 
were fully debriefed after completion of the experiment. 
Missing data 
Data from one main task run (of five runs per participant) was 
missing for two participants due to technical problems with the 
MR system. Data from the remaining runs of these 
participants were included in all analyses. 
 
Stimuli and experimental paradigm 
Search task 
Participants performed a variant of the additional singleton 
task  (Theeuwes, 1991, 1992). Trial onset was signaled by a 
placeholder display, shown for 800 ms, consisting of eight 
light gray circles. Each circle had a radius of 1°, arranged in a 
large circle (5° radius) around the fixation dot. Next, following 
a brief inter-stimulus interval of 400 ms, a search display was 
shown. The search display, presented for 1500 ms, consisted 
of eight bar stimuli at the same positions as the placeholder 
circles. Each bar stimulus had a length of 2 degrees visual 
angle (DVA) and half of the bars contained a small black dot 
at the center (0.5 DVA). Bar stimuli could either be oriented 
horizontal or vertical, with all bars having the same 
orientation, except for one bar stimulus. The one bar with a 
different orientation constituted the target stimulus. 
Participants were instructed to report, as quickly and 
accurately as possible, whether the target stimulus contained 
a dot at the center or not. Responses were given by button 
press using the right index and middle finger (dot 
present/absent). Button mapping was counterbalanced 
across participants. Target orientation and dot 
presence/absence did not correlate and could not be 
predicted, because both target location and dot 
presence/absence were pseudo randomized. The constraint 
was that targets appeared equally often at each location of 
interest in a run (14 times per location; for more details see: 
Statistical regularities).  

Additionally, on most trials (42 of 56 search trials per 
run) a distractor stimulus was shown. The distractor was one 
of the remaining seven non-target bar stimuli, but had a 
different color compared to the other bars. Stimuli could be 
green or orange, and the distractor always had the other 
color, thereby making it highly salient. Color was randomized 
across trials and thus could not be predicted. Trials ended 
with a variable inter-trial interval of ~4000 ms (range 3000-
8000 ms) during behavioral training and ~5000 ms (range 
3000-12000 ms) during MRI scanning.  

Throughout the experiment a white central fixation 
dot was presented with a diameter of 0.2 DVA. Surrounding 
the central fixation dot was an outer fixation dot with a 

diameter of 0.6 DVA and a cross of 0.6 DVA overlayed at its 
center (see: (Thaler et al., 2013)). To provide spatial 
landmarks on the dark-gray background, a mid-gray 
octagonal frame (8 DVA radius) was presented around the 
relevant search display area throughout the experiment.  

 
Omission trials 
On 25% of trials (19 trials per run) instead of a search display 
only a gray screen, identical to the inter-stimulus interval was 
shown for 1500 ms. These omission trials thus contained no 
visual stimulation, except for the placeholder display, and 
required no response. Omission trials served to probe 
potential proactive (predictive) deployments of the spatial 
priority maps hypothesized to underlie distractor suppression. 
Participants may proactively deploy the spatial priority maps, 
because on most trials (75%) the appearance of a 
placeholder display cued the subsequent onset of a search 
display after 400 ms. Thus, the placeholder can also be 
thought of as a retrieval or readiness cue. Importantly, 
placeholder displays were not informative about whether a 
search display or omission followed on this specific trial. In the 
case of a search display trial, placeholders were also not 
informative about target or distractor location, thus providing 
no additional usable information, except for signaling likely 
search onset. 
 
Statistical regularities 
Target location, orientation, color, and dot presence/absence 
were pseudo randomized and hence not predicable. 
However, while eight bar stimuli were presented on each trial, 
target and distractor stimuli could only occur at four specific 
locations. Thus, four locations were of no interest and always 
contained neutral stimuli, serving as filler to make the visual 
search more challenging. The locations of interest (i.e., those 
that could contain target and distractor stimuli) were fixed for 
each participant and always had one neighboring location of 
no interest on each side; for example, if (going clockwise) 
location 1 was a location of interest, then location 2 was not a 
location of interest, but location 3 was, and so on. Across 
participants locations were pseudo randomized, 
approximating a balanced the number of HPDL locations in 
the full sample. Note, due to drop-out and rejection of 
participants the final HPDL locations were not fully counter-
balanced. Because only four locations could contain target or 
distractor stimuli and target location was not predictable, 
targets appeared with 25% chance at each of the four 
locations of interest. 

One of the four locations of interest was designated 
the high probability distractor location (HPDL), which 
contained distractor stimuli (unique color) six times more often 
than any of the remaining three locations of interest. In other 
words, if a distractor was present on a given trial (42 trials per 
run), the distractor appeared 57% (24 trials per run) at the 
HPDL and at one of the other three locations with equal 
probability (i.e., 14% or 6 trials per run per location). We refer 
to these remaining three locations as neutral locations. These 
neutral locations of interest can be subdivided into two types, 
the neutral location diagonally across from the HPDL and thus 
furthest away from the HPDL (Neutral Location far: NL-far), 
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and the two neutral locations closer to the HPDL (i.e., 90 
degrees around the circle; Neutral Location near: NL-near). 
The only difference between these two types of neural 
locations was the distance from the HPDL, in all other aspects 
these neutral locations were identical to one another. There 
were no additional statistical regularities governing the 
characteristics of the stimuli. Only distractor location was 
predictable, as noted in the paragraph above. 
 
Behavioral practice 
Participants performed three runs of the search task outside 
of the MRI scanner. The initial two runs served as practice 
runs, ensuring that participants were familiarized with the 
task, as the experiment can initially be challenging. These two 
initial runs did not contain any statistical regularities governing 
target or distractor locations, thereby precluding any learning 
during these initial practice runs. Only the final, third run in the 
behavioral lab contained the statistical regularities (HPDL) as 
described above. Except for a shorter inter-trial interval and 
slightly fewer omission trials (9 instead of 19 trials) the third 
behavioral practice run was identical to the MRI runs.  

Additionally, the behavioral runs served to train 
participants to maintain fixation on the central fixation dot 
throughout the experiment. Specifically, using an eyetracker 
(Eyelink-1000), we provided gaze contingent feedback to 
participants, indicating when fixation was broken, defined as 
a fixation >1.5 DVA from the central fixation dot. Feedback on 
breaking fixation was provided by flashing a red octagon (stop 
sign; 3.5 DVA in size) at the center of the screen. The 
importance of maintaining fixation throughout the run was 
emphasized to participants. While no gaze contingent 
feedback was provided during subsequent MRI scanning, 
participants were informed that experimenters monitored their 
fixation behavior and were reminded between runs to 
maintain fixation. 
 
Procedure 
Following the three behavioral practice runs in the behavioral 
lab, participants enter the MRI scanner. Here they performed 
five runs of the additional singleton task with distractor 
contingencies as outlined before, with each run consisting of 
72 trials each (~9min per run). Following these main task 
runs, participants answered a brief questionnaire assessing 
their explicit awareness of the statistical regularities 
determining distractor appearances. Next, participants 
performed two location localizer runs, outlined below. Finally, 
anatomical scans (T1) were acquired, and participants were 
debriefed. 
 
Location localizer 
To select neural populations (voxels) with their receptive 
fields corresponding to each of the locations of interest 
(HPDL, NL-far, twice NL-near) we performed a location 
localizer. This localizer consisted of a block design, displaying 
a checkerboard cross stimulus at one of the locations of 
interest, with the stimulus sizes matching the same 
dimensions as the bar stimuli. Black and white inverted at a 
rate of 4 HZ. The checkboard cross stimulus stayed at each 
location of interest for 12 seconds, before randomly switching 

to one of the other three locations of interest. Each location 
was sampled eight times per run. Additionally, two null events 
(only fixation) of 12 seconds were added per run. Participants 
performed two runs of this localizer and were tasked to press 
the index finger button whenever the central fixation dot 
turned red. Timing of the color change of the fixation dot could 
not be predicted and occurred randomly between three and 
nine seconds during a block. Thus, during this localizer the 
stimuli and task were different compared to the search task, 
only one checkerboard stimulus was presented at a time, and 
there were no statistical regulations governing where the 
stimulus was shown next (except for avoiding direct 
repetitions of the same location). 
 
Questionnaire 
Following completion of the search task participants 
completed a brief on-screen questionnaire. The key question 
probed whether participants noticed the statistical regularities 
governing the occurrence of the distractor stimuli. Participants 
were presented with a display similar to a placeholder display 
(i.e. white circles corresponding to the 8 stimulus locations) 
and asked to indicate the HPDL. Precise instructions were: 
“Here you see the layout of the experiment. Select the 
location that was most likely to show a distractor (unique 
color). Give your answer by moving the red diamond to the 
one location that was most likely to have a distractor”. 
Participants controlled the location of a red diamond, using 
their index and middle finger buttons, and then confirmed their 
selection of the HPDL using the ring finger button. They could 
go back to the question should they have made an accidental 
response.  
 
Stimulus presentation 
Stimuli were presented on an MRI compatible 32" BOLD 
screen from Cambridge Research Systems, visible via an 
adjustable mirror mounted on the headcoil. In the behavioral 
lab stimuli were presented on a Display++ screen from 
Cambridge Research Systems.  
 
MRI data acquisition 
Data was acquired on a 3 Tesla Philips Ingenia CX MRI 
Scanner using a 32 channel headcoil. Functional images 
were acquired using a T2*-weighted EPI sequence with the 
following parameters: TR/TE = 1600/30 ms, 56 slices, voxel 
size 2 mm isotropic, FOV = 224 x 224 x 123 mm^3, flip angle 
= 70°, AP fold-over direction, SENSE P reduction (AP) = 1.5, 
multiband factor = 4, bandwidth = 1911.7 Hz. Anatomical 
images were acquired using a T1-weighted 3D fast field echo 
(FFE) sequence with the following parameters: TR/TE = 
7.0/3.2 ms, voxel size 1 mm isotropic, FOV = 256 x 256 x 176 
mm^3, flip angle = 8°, sagittal slice orientation, using CS-
SENSE with a reduction factor = 6. 
 
Statistical Analysis 
Behavioral data analysis 
Data was analyzed in terms of reaction time (RT) and 
response accuracy. Trials with responses faster than 100ms 
or slower than 1500ms (i.e., after search display offset) were 
rejected from analysis. For RT analyses only correct response 
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trials were analyzed. Two separate behavioral analyses were 
performed. The first analysis was distractor contingent, 
splitting up trials depending on where the distractor occurred 
on a given trial (levels: distractor absent, distractor at the 
HPDL, NL-near, or NL-far location). The second analysis was 
target contingent, splitting trials by where the target appeared 
on the trial (levels: target at HPDL, NL-near, or NL-far). 
Average RTs and response accuracies were calculated for 
each participant and subjected to separate one-way repeated 
measures ANOVAs with four levels (distractor contingent) or 
three levels (target contingent). Following significant results in 
the repeated measures ANOVAs, post hoc pairwise 
comparisons were conducted using t-tests or Wilcoxon 
signed-rank tests as appropriate. P-values from these t-tests 
were corrected using the Holm-Bonferroni method. Effect size 
estimates were calculated for t-tests as Cohen’s d (Lakens, 
2013), Wilcoxon signed-rank tests as matched-pairs rank-
biserial correlation (r), and partial eta-squared (𝜂𝜂𝑝𝑝2) for 
repeated measures ANOVAs. Within-subject standard errors 
of the mean, as depicted in Figure 4, Figure 2, and 
Supplementary Figure 1 were calculated using the within-
subject normalization procedure by Cousineau (Cousineau, 
2005) with Morey (Morey, 2008) bias correction. Bayesian 
analyses were performed to evaluate evidence for the 
absence of an effect of target location (Supplementary Figure 
1). We used JASP 0.18.2 (JASP Team, 2023) with default 
settings for Bayesian t-tests with a Cauchy prior width of 
0.707. Resulting Bayes Factors were interpreted qualitatively 
based on Lee and Wagenmakers (Lee & Wagenmakers, 
2014). 
 
fMRI data preprocessing 
MRI data was preprocessed using FSL 6.0.6.5 (FMRIB 
Software Library; Oxford, UK; www.fmrib.ox.ac.uk/fsl; 
RRID:SCR_002823; (Smith et al., 2004)). The first five 
volumes of each run were discarded to allow for signal 
stabilization. Data processing included brain extraction using 
BET, motion correction using MCFLIRT, temporal high pass 
filtering at a 128s cutoff, and spatial smoothing at 5mm fwhm. 
Functional MRI images were registered to the anatomical (T1) 
image using Boundary-Based Registration (BBR) as 
implemented in FSL FLIRT and subsequently normalized to 
the MNI152 T1 2mm template with linear registration (12 DF).  
 
fMRI data analysis 
fMRI data was analyzed using FSL FEAT, fitting each 
subject’s run data using voxelwise general linear models 
(GLMs) in an event-related approach. To obtain contrast 
parameter estimates for each stimulus type at each location, 
we included regressors for all target and distractor location 
combinations (e.g., target location 1 and distractor absent; 
target location 1 and distractor location 2; target location 1 
and distractor location 3; and so on), as well as one regressor 
for omission trials in the first level GLMs. Nuisance regressors 
of no interested were added to the GLM, including first-order 
temporal derivatives for all modeled regressors and 24 motion 
regressors, comprised of the standard + extended set of 
motion parameters of FSL FEAT (i.e., six standard motion 
parameters, their temporal derivatives, the squared motion 

parameters, and the squared derivatives of the motion 
parameters). Across runs data was combined using FSL’s 
fixed effects analysis.  
 We defined all stimulus types and location combinations 
as contrasts, i.e., targets, distractors, and neutral stimuli at 
each of the four locations, thus resulting in 12 contrasts of 
interest. From these contrast parameter estimates we 
extracted the conditions of interest, which were analyzed 
using an ROI based approach (see below for details on the 
ROI definition). Specifically, for search trials we analyzed the 
extracted parameter estimates within the ROIs using a 3 by 3 
repeated measures ANOVA with stimulus type (target, 
distractor, neutral stimuli) and location (HPDL, NL-near, NL-
far) as factors. Note that NL-near is represented by two 
location contrasts, thus parameter estimates for this contrast 
were averaged. For omission trials we analyzed the 
parameter estimates within the ROIs using a one-way 
repeated measures ANOVA with location (HPDL, NL-near, 
NL-far) as factor. As for the behavioral analysis, statistically 
significant results in the repeated measures ANOVAs were 
followed up using post hoc pairwise comparisons. For the 
search trial analysis, we also performed planned paired t-tests 
contrasting the response to the three locations within each 
stimulus type (i.e. targets at HPDL vs targets at NL-far, and 
so on). Again, we report effect sizes for all contrasts (see: 
Behavioral data analysis for details). 
 
Region of interest (ROI) definition 
Regions of interest were neural populations in EVC with 
receptive fields corresponding to the four locations of interest 
(HPDL, NL-far, and the two NL-near locations). To derive 
these ROIs, we first defined an anatomically derived EVC 
mask, comprising V1, V2 and V3, inspired by prior studies 
showing consistent effects of distractor suppression (Adam & 
Serences, 2021). To this end we extracted V1 and V2 
(Amunts et al., 2000), as well as V3 (Rottschy et al., 2007) 
labels, for both left and right hemispheres, from the Jülich-
Brain Cytoarchitectonic Atlas (Amunts et al., 2020) as 
distributed with FSL. Next, we combined V1, V2 and V3 into 
one combined, bilateral EVC mask. This mask was then 
subdivided and constrained for each participant separately 
using individual location localizer run data. Specifically, we 
selected the voxels most responsive to each visually 
stimulated location compared to the other three locations. For 
example the EVC location 1 mask were the 20 voxels most 
responsive in the contrast: location 1 > mean(location 2+3+4). 
Using the location localizer allowed us to independently 
establish the ROI masks from the main task data and refine 
the location masks for each participant individually. We 
validated the reliability of the location selective masks by 
cross validating the mask selectivity using only one run of the 
localizer and testing on the other localizer run. Results 
confirmed reliable location ROI definition (Supplementary 
Figure 4). Additionally, zero voxels overlapped across the 
location specific masks up until a mask size of 400 voxels, 
thus further establishing location mask selectivity. 
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Software and data availability 
Data and code required to perform a replication of the here 
reported results will be made available upon publication in a 
peer-reviewed journal. 
 
 
Acknowledgements 
We thank Carlota Sabate, Eleonora Assarioti, and Mayca 
Thijssen for help with data acquisition, as well as Wietske van 
der Zwaag, Diederick Stoffers and Tomas Knapen for 
assistance with technical, MR sequence and administrative 
questions. 
Funding: This work was supported by the Nederlandse 
Organisatie voor Wetenschappelijk Onderzoek (NWO) SSH 
Open Competition Behaviour and Education 2021 grant 
(Reference number: 406.21.GO.034, ‘Learning to direct 
attention in space and time’) awarded to JT. 
Author contributions: Conceptualization: DR, DvM, JT; 
Data curation: DR; Formal analysis: DR; Funding acquisition: 
JT; Investigation: DR; Methodology: DR, DvM; Project 
administration: DR; Resources: DR; Software: DR; 
Supervision: JT; Validation: DR; Visualization: DR; Writing – 
original draft: DR; Writing – review & editing: DR, DvM, JT 
Competing interests: The authors declare no competing 
interests. 
 
 
References 
Adam, K. C. S., & Serences, J. T. (2021). History Modulates 

Early Sensory Processing of Salient Distractors. The 
Journal of Neuroscience, 41(38), 8007–8022. 
https://doi.org/10.1523/JNEUROSCI.3099-20.2021 

Amunts, K., Malikovic, A., Mohlberg, H., Schormann, T., & 
Zilles, K. (2000). Brodmann’s Areas 17 and 18 
Brought into Stereotaxic Space—Where and How 
Variable? NeuroImage, 11(1), 66–84. 
https://doi.org/10.1006/nimg.1999.0516 

Amunts, K., Mohlberg, H., Bludau, S., & Zilles, K. (2020). 
Julich-Brain: A 3D probabilistic atlas of the human 
brain’s cytoarchitecture. Science, 369(6506), 988–
992. https://doi.org/10.1126/science.abb4588 

Awh, E., Belopolsky, A. V., & Theeuwes, J. (2012). Top-down 
versus bottom-up attentional control: A failed 
theoretical dichotomy. Trends in Cognitive Sciences, 
16(8), 437–443. 
https://doi.org/10.1016/j.tics.2012.06.010 

Beffara, B., Hadj‐Bouziane, F., Hamed, S. B., Boehler, C. N., 
Chelazzi, L., Santandrea, E., & Macaluso, E. (2023). 
Separate and overlapping mechanisms of statistical 
regularities and salience processing in the occipital 
cortex and dorsal attention network. Human Brain 
Mapping, 44(18), 6439–6458. 
https://doi.org/10.1002/hbm.26520 

Chang, S., Dube, B., Golomb, J. D., & Leber, A. B. (2023). 
Learned spatial suppression is not always proactive. 
Journal of Experimental Psychology: Human 
Perception and Performance, 49(7), 1031–1041. 
https://doi.org/10.1037/xhp0001133 

Chelazzi, L., Marini, F., Pascucci, D., & Turatto, M. (2019). 
Getting rid of visual distractors: The why, when, how, 

and where. Current Opinion in Psychology, 29, 135–
147. https://doi.org/10.1016/j.copsyc.2019.02.004 

Chen, Y., Anand, S., Martinez-Conde, S., Macknik, S. L., 
Bereshpolova, Y., Swadlow, H. A., & Alonso, J. M. 
(2009). The linearity and selectivity of neuronal 
responses in awake visual cortex. Journal of Vision, 
9(9), 12–12. https://doi.org/10.1167/9.9.12 

Clark, A. (2013). Whatever next? Predictive brains, situated 
agents, and the future of cognitive science. 
Behavioral and Brain Sciences, 36(3), 181–204. 
https://doi.org/10.1017/S0140525X12000477 

Cousineau, D. (2005). Confidence intervals in within-subject 
designs: A simpler solution to Loftus and Masson’s 
method. Tutorials in Quantitative Methods for 
Psychology, 1(1), 42–45. 
https://doi.org/10.20982/tqmp.01.1.p042 

de Lange, F. P., Heilbron, M., & Kok, P. (2018). How Do 
Expectations Shape Perception? Trends in 
Cognitive Sciences, 22(9), 764–779. 
https://doi.org/10.1016/j.tics.2018.06.002 

De Valois, R. L., Albrecht, D. G., & Thorell, L. G. (1982). 
Spatial frequency selectivity of cells in macaque 
visual cortex. Vision Research, 22(5), 545–559. 
https://doi.org/10.1016/0042-6989(82)90113-4 

Dow, B. M., Snyder, A. Z., Vautin, R. G., & Bauer, R. (1981). 
Magnification factor and receptive field size in foveal 
striate cortex of the monkey. Experimental Brain 
Research, 44(2). 
https://doi.org/10.1007/BF00237343 

Dumoulin, S. O., & Wandell, B. A. (2008). Population 
receptive field estimates in human visual cortex. 
NeuroImage, 39(2), 647–660. 
https://doi.org/10.1016/j.neuroimage.2007.09.034 

Duncan, D. H., Van Moorselaar, D., & Theeuwes, J. (2023). 
Pinging the brain to reveal the hidden attentional 
priority map using encephalography. Nature 
Communications, 14(1), 4749. 
https://doi.org/10.1038/s41467-023-40405-8 

Fecteau, J., & Munoz, D. (2006). Salience, relevance, and 
firing: A priority map for target selection. Trends in 
Cognitive Sciences, 10(8), 382–390. 
https://doi.org/10.1016/j.tics.2006.06.011 

Ferrante, O., Patacca, A., Di Caro, V., Della Libera, C., 
Santandrea, E., & Chelazzi, L. (2018). Altering 
spatial priority maps via statistical learning of target 
selection and distractor filtering. Cortex, 102, 67–95. 
https://doi.org/10.1016/j.cortex.2017.09.027 

Friston, K. (2005). A theory of cortical responses. 
Philosophical Transactions of the Royal Society B: 
Biological Sciences, 360(1456), 815–836. 
https://doi.org/10.1098/rstb.2005.1622 

Gilbert, C., & Wiesel, T. (1989). Columnar specificity of 
intrinsic horizontal and corticocortical connections in 
cat visual cortex. The Journal of Neuroscience, 9(7), 
2432–2442. 
https://doi.org/10.1523/JNEUROSCI.09-07-
02432.1989 

He, T., Richter, D., Wang, Z., & de Lange, F. P. (2022). Spatial 
and Temporal Context Jointly Modulate the Sensory 
Response within the Ventral Visual Stream. Journal 
of Cognitive Neuroscience, 34(2), 332–347. 
https://doi.org/10.1162/jocn_a_01792 

Henson, R. N. (2016). Repetition suppression to faces in the 
fusiform face area: A personal and dynamic journey. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 5, 2024. ; https://doi.org/10.1101/2024.04.03.587747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.03.587747
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 
 

Cortex, 80, 174–184. 
https://doi.org/10.1016/j.cortex.2015.09.012 

Huang, C., Donk, M., & Theeuwes, J. (2022). Proactive 
enhancement and suppression elicited by statistical 
regularities in visual search. Journal of Experimental 
Psychology: Human Perception and Performance, 
48(5), 443–457. 
https://doi.org/10.1037/xhp0001002 

Huang, C., Vilotijević, A., Theeuwes, J., & Donk, M. (2021). 
Proactive distractor suppression elicited by 
statistical regularities in visual search. Psychonomic 
Bulletin & Review, 28(3), 918–927. 
https://doi.org/10.3758/s13423-021-01891-3 

Hubel, D. H., & Wiesel, T. N. (1962). Receptive fields, 
binocular interaction and functional architecture in 
the cat’s visual cortex. The Journal of Physiology, 
160(1), 106–154. 
https://doi.org/10.1113/jphysiol.1962.sp006837 

Itti, L., & Koch, C. (2000). A saliency-based search 
mechanism for overt and covert shifts of visual 
attention. Vision Research, 40(10–12), 1489–1506. 
https://doi.org/10.1016/S0042-6989(99)00163-7 

Itti, L., & Koch, C. (2001). Computational modelling of visual 
attention. Nature Reviews Neuroscience, 2(3), 194–
203. https://doi.org/10.1038/35058500 

JASP Team. (2023). JASP (Version 0.17.1) [Computer 
software]. 

Kim, R., Seitz, A., Feenstra, H., & Shams, L. (2009). Testing 
assumptions of statistical learning: Is it long-term 
and implicit? Neuroscience Letters, 461(2), 145–
149. https://doi.org/10.1016/j.neulet.2009.06.030 

Kok, P., Failing, M. F., & de Lange, F. P. (2014). Prior 
Expectations Evoke Stimulus Templates in the 
Primary Visual Cortex. Journal of Cognitive 
Neuroscience, 26(7), 1546–1554. 
https://doi.org/10.1162/jocn_a_00562 

Kong, S., Li, X., Wang, B., & Theeuwes, J. (2020). Proactively 
location-based suppression elicited by statistical 
learning. PLOS ONE, 15(6), e0233544. 
https://doi.org/10.1371/journal.pone.0233544 

Lakens, D. (2013). Calculating and reporting effect sizes to 
facilitate cumulative science: A practical primer for t-
tests and ANOVAs. Frontiers in Psychology, 4. 
https://doi.org/10.3389/fpsyg.2013.00863 

Lee, M. D., & Wagenmakers, E.-J. (2014). Bayesian Cognitive 
Modeling: A Practical Course. Cambridge University 
Press. https://doi.org/10.1017/CBO9781139087759 

Luck, S. J., Gaspelin, N., Folk, C. L., Remington, R. W., & 
Theeuwes, J. (2021). Progress toward resolving the 
attentional capture debate. Visual Cognition, 29(1), 
1–21. 
https://doi.org/10.1080/13506285.2020.1848949 

Maunsell, J. H. R. (2015). Neuronal Mechanisms of Visual 
Attention. Annual Review of Vision Science, 1(1), 
373–391. https://doi.org/10.1146/annurev-vision-
082114-035431 

Melloni, L., Van Leeuwen, S., Alink, A., & Müller, N. G. (2012). 
Interaction between Bottom-up Saliency and Top-
down Control: How Saliency Maps Are Created in 
the Human Brain. Cerebral Cortex, 22(12), 2943–
2952. https://doi.org/10.1093/cercor/bhr384 

Moher, J., & Egeth, H. E. (2012). The ignoring paradox: 
Cueing distractor features leads first to selection, 
then to inhibition of to-be-ignored items. Attention, 

Perception, & Psychophysics, 74(8), 1590–1605. 
https://doi.org/10.3758/s13414-012-0358-0 

Morey, R. D. (2008). Confidence Intervals from Normalized 
Data: A correction to Cousineau (2005). Tutorials in 
Quantitative Methods for Psychology, 4(2), 61–64. 
https://doi.org/10.20982/tqmp.04.2.p061 

Nassi, J. J., & Callaway, E. M. (2009). Parallel processing 
strategies of the primate visual system. Nature 
Reviews Neuroscience, 10(5), 360–372. 
https://doi.org/10.1038/nrn2619 

Reynolds, J. H., & Chelazzi, L. (2004). Attentional modulation 
of visual processing. Annual Review of 
Neuroscience, 27(1), 611–647. 
https://doi.org/10.1146/annurev.neuro.26.041002.1
31039 

Richter, D., Ekman, M., & de Lange, F. P. (2018). Suppressed 
Sensory Response to Predictable Object Stimuli 
throughout the Ventral Visual Stream. The Journal 
of Neuroscience, 38(34), 7452–7461. 
https://doi.org/10.1523/JNEUROSCI.3421-17.2018 

Rottschy, C., Eickhoff, S. B., Schleicher, A., Mohlberg, H., 
Kujovic, M., Zilles, K., & Amunts, K. (2007). Ventral 
visual cortex in humans: Cytoarchitectonic mapping 
of two extrastriate areas. Human Brain Mapping, 
28(10), 1045–1059. 
https://doi.org/10.1002/hbm.20348 

Serences, J. T., & Yantis, S. (2006). Selective visual attention 
and perceptual coherence. Trends in Cognitive 
Sciences, 10(1), 38–45. 
https://doi.org/10.1016/j.tics.2005.11.008 

Serences, J. T., Yantis, S., Culberson, A., & Awh, E. (2004). 
Preparatory Activity in Visual Cortex Indexes 
Distractor Suppression During Covert Spatial 
Orienting. Journal of Neurophysiology, 92(6), 3538–
3545. https://doi.org/10.1152/jn.00435.2004 

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. 
F., Behrens, T. E. J., Johansen-Berg, H., Bannister, 
P. R., De Luca, M., Drobnjak, I., Flitney, D. E., Niazy, 
R. K., Saunders, J., Vickers, J., Zhang, Y., De 
Stefano, N., Brady, J. M., & Matthews, P. M. (2004). 
Advances in functional and structural MR image 
analysis and implementation as FSL. NeuroImage, 
23, S208–S219. 
https://doi.org/10.1016/j.neuroimage.2004.07.051 

Summerfield, C., Trittschuh, E. H., Monti, J. M., Mesulam, M.-
M., & Egner, T. (2008). Neural repetition 
suppression reflects fulfilled perceptual 
expectations. Nature Neuroscience, 11(9), 1004–
1006. https://doi.org/10.1038/nn.2163 

Thaler, L., Schütz, A. C., Goodale, M. A., & Gegenfurtner, K. 
R. (2013). What is the best fixation target? The effect 
of target shape on stability of fixational eye 
movements. Vision Research, 76, 31–42. 
https://doi.org/10.1016/j.visres.2012.10.012 

Theeuwes, J. (1991). Cross-dimensional perceptual 
selectivity. Perception & Psychophysics, 50(2), 184–
193. https://doi.org/10.3758/BF03212219 

Theeuwes, J. (1992). Perceptual selectivity for color and form. 
Perception & Psychophysics, 51(6), 599–606. 
https://doi.org/10.3758/BF03211656 

Theeuwes, J., Bogaerts, L., & Van Moorselaar, D. (2022). 
What to expect where and when: How statistical 
learning drives visual selection. Trends in Cognitive 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 5, 2024. ; https://doi.org/10.1101/2024.04.03.587747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.03.587747
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 
 

Sciences, 26(10), 860–872. 
https://doi.org/10.1016/j.tics.2022.06.001 

Todorovic, A., & de Lange, F. P. (2012). Repetition 
Suppression and Expectation Suppression Are 
Dissociable in Time in Early Auditory Evoked Fields. 
Journal of Neuroscience, 32(39), 13389–13395. 
https://doi.org/10.1523/JNEUROSCI.2227-12.2012 

Turk-Browne, N. B., Scholl, B. J., Chun, M. M., & Johnson, M. 
K. (2009). Neural Evidence of Statistical Learning: 
Efficient Detection of Visual Regularities Without 
Awareness. Journal of Cognitive Neuroscience, 
21(10), 1934–1945. 
https://doi.org/10.1162/jocn.2009.21131 

Turk-Browne, N. B., Scholl, B. J., Johnson, M. K., & Chun, M. 
M. (2010). Implicit Perceptual Anticipation Triggered 
by Statistical Learning. Journal of Neuroscience, 
30(33), 11177–11187. 
https://doi.org/10.1523/JNEUROSCI.0858-10.2010 

Van Moorselaar, D., & Slagter, H. A. (2020). Inhibition in 
selective attention. Annals of the New York 
Academy of Sciences, 1464(1), 204–221. 
https://doi.org/10.1111/nyas.14304 

Wang, B., & Theeuwes, J. (2018a). How to inhibit a distractor 
location? Statistical learning versus active, top-down 
suppression. Attention, Perception, & 
Psychophysics, 80(4), 860–870. 
https://doi.org/10.3758/s13414-018-1493-z 

Wang, B., & Theeuwes, J. (2018b). Statistical regularities 
modulate attentional capture. Journal of 
Experimental Psychology: Human Perception and 

Performance, 44(1), 13–17. 
https://doi.org/10.1037/xhp0000472 

Wang, B., Van Driel, J., Ort, E., & Theeuwes, J. (2019). 
Anticipatory Distractor Suppression Elicited by 
Statistical Regularities in Visual Search. Journal of 
Cognitive Neuroscience, 31(10), 1535–1548. 
https://doi.org/10.1162/jocn_a_01433 

Williford, T., & Maunsell, J. H. R. (2006). Effects of Spatial 
Attention on Contrast Response Functions in 
Macaque Area V4. Journal of Neurophysiology, 
96(1), 40–54. https://doi.org/10.1152/jn.01207.2005 

Won, B.-Y., Forloines, M., Zhou, Z., & Geng, J. J. (2020). 
Changes in visual cortical processing attenuate 
singleton distraction during visual search. Cortex, 
132, 309–321. 
https://doi.org/10.1016/j.cortex.2020.08.025 

Zelinsky, G. J., & Bisley, J. W. (2015). The what, where, and 
why of priority maps and their interactions with visual 
working memory: The what, where, and why of 
priority maps. Annals of the New York Academy of 
Sciences, 1339(1), 154–164. 
https://doi.org/10.1111/nyas.12606 

Zhang, B., Weidner, R., Allenmark, F., Bertleff, S., Fink, G. R., 
Shi, Z., & Müller, H. J. (2022). Statistical Learning of 
Frequent Distractor Locations in Visual Search 
Involves Regional Signal Suppression in Early 
Visual Cortex. Cerebral Cortex, 32(13), 2729–2744. 
https://doi.org/10.1093/cercor/bhab377 

 
 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 5, 2024. ; https://doi.org/10.1101/2024.04.03.587747doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.03.587747
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 
 

Supplementary Material 
 

 
Supplementary Figure 1. No behavioral prioritization of targets at NL-far. Behavioral data in a target contingent analysis. To avoid 
confounds by distractor location, only distractor absent trials were included in the target contingent analysis. A) Reaction times (RT in millisecond; 
ordinate) did not significantly differ when targets appeared at the NL-near compared to the NL-far location. B) There were no response accuracy 
(in percent; ordinate) differences when targets were presented at the HPDL or NL-near locations compared to NL-far. Both RT and response 
accuracy results contradict a strategic prioritization of the NL-far location. 
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Supplementary Figure 2. fMRI results generalize across ROI mask sizes. To ensure that our results were not dependent on the exact 
number of voxels in the ROI masks, we repeated the main fMRI analysis with varying mask sizes. For simplicity, and because the primary ROI 
results suggested that there were no major differences between stimulus types, we here collapsed across stimuli by averaging distractor, target, 
and neutral stimuli. A) Results for search trials and B) omission trails were largely invariant to ROI size up to very large masks of 200 or more 
voxel per location (i.e., 800 or more voxels total, 6400 mm³). Asterisks indicate statistically significant simple main effects of location. * p < 0.05, 
** p < 0.01.  
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Supplementary Figure 3. fMRI results did not depend on location specific normalization of BOLD responses. The HPDL differed between 
participants to avoid systematic effects of BOLD response differences driven by the physical location or hemodynamic differences for specific 
locations beyond the statistical regularities. However, within each participant the HPDL was constant, thus overall response magnitude 
differences per location may still affect the BOLD results. Therefore, in our main ROI analysis we normalized fMRI BOLD responses for each 
location separately using independent localizer data. Specifically, we divided the BOLD response during the main task by the BOLD response 
during the localizer run for each location separately, thereby correcting for any location specific differences in overall BOLD responses. 
Importantly, during the localizer no statistical contingencies were present and only one checkerboard stimulus was shown at a time. We believe 
that this approach is preferrable, however for transparency we also report the non-normalized results here. A) Search trials. While results were 
overall less robust, which was expected given the additional noise added by location specific BOLD differences, they qualitatively matched the 
normalized results. BOLD differences due to statistical learning were evident for NL-far compared to the other locations for target stimuli and 
NL-far compared to NL-near for distractor and neutral stimuli. B) For omission trials results qualitatively fit the main ROI analysis results, with a 
main effect of location and a reliable difference between NL-far and NL-near locations. In sum, non-normalized results further support our 
conclusions. Asterisks indicate statistically significant pairwise comparisons within stimulus types. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Supplementary Figure 4. ROI location masks generalize across localizer runs. Depicted are results from a cross-validation analysis, 
confirming the stimulus location selectivity of our EVC ROI masks. Number of voxels are shown on the x axis, while the y axis depicts the 
averaged contrast parameter estimates of the location contrasts (average all combinations of stimulation of one location vs the other three 
locations) from the location localizer. For this cross-validation analysis masks were defined using data from the first localizer run and tested on 
the second localizer run (and vice versa). Location selectivity contrast parameter estimates were obtained for each participant separately and 
then averaged across subjects. Thus, values larger than zero indicate successful generalization of the location selectivity masks from one run 
to the other. All one-sample tests, contrasting stimulus location selectivity against zero (no selectivity), were p < 0.001, demonstrating that EVC 
ROI definition was reliable and successful. Error bars denote the SEM. Note that up to 400 voxels per location mask zero voxels overlapped 
between location masks, further bolstering mask selectivity.    
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Stimulus type Location contrast Test statistic P value Effect size 
Distractor HPDL vs NL-near t(27) = -0.20 p = 0.847 d = -0.04 
 HPDL vs NL-far W = 94 p = 0.012 r = -0.54 
 NL-near vs NL-far W = 310 p = 0.014 r = 0.53 
Target HPDL vs NL-near W = 162 p = 0.362 r = -0.20 
 HPDL vs NL-far W = 57 p < 0.001 r = -0.72 
 NL-near vs NL-far W = 327 p = 0.004 r = 0.61 
Neutral HPDL vs NL-near t(27) = -0.39 p = 0.696 d = -0.08 
 HPDL vs NL-far t(27) = -2.99 p = 0.006 d = -0.57 
 NL-near vs NL-far W = 302 p = 0.023 r = 0.49 

 
Supplementary Table 1. Results of planned pairwise tests contrasting fMRI BOLD responses during search trials. Contrasted are the 
three stimulus locations (HPDL, NL-near, NL-far) for each stimulus type (distractor, target, neutral stimulus) separately. Reported are paired t-
tests or Wilcoxon signed-rank tests results as appropriate with associated effect sizes (Cohen’s d for t-tests and matched rank biserial correlation 
for Wilcoxon signed-rank tests). P values are uncorrected. 
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