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Abstract 31 

Salient objects often capture our attention, serving as distractors and hindering our 32 

current goals. It remains unclear when and how salient distractors interact with our 33 

goals and our knowledge on the neural mechanisms responsible for attentional capture 34 

is limited to a few brain regions recorded from non-human primates. Here we 35 

conducted a multivariate analysis on human intracranial signals covering most brain 36 

regions, and successfully dissociated distractor-specific representations from target-37 

arousal signals in the high-frequency (60-100 Hz) activity. We found that salient 38 

distractors were processed rapidly around 220 ms, while target-tuning attention was 39 

attenuated simultaneously, supporting initial capture by distractors. Notably, neuronal 40 

activity specific to the distractor representation was strongest in superior and middle 41 

temporal gyrus, amygdala, and anterior cingulate cortex, while there were smaller 42 

contributions from parietal and frontal cortices. These results provide neural evidence 43 

for attentional capture by salient distractors engaging a much larger network than 44 

previously appreciated.  45 

Keywords: Attentional capture; salient distractor; intracranial EEG; IEM decoding 46 
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Introduction 47 

Rapidly orienting towards salient objects in a crowded environment has played a 48 

crucial role in human evolution as it permits us to quickly identify potential prey, 49 

mates or predators. This inherent human trait also makes us vulnerable as our 50 

attention can be captured by salient objects around us. For instance, we are often 51 

distracted by our phone's buzzer when focusing on a task at hand. Similarly, when 52 

performing visual search tasks in a laboratory setting, certain types of stimuli that 53 

stand out from the environment (e.g., a red circle surrounding by green stimuli), 54 

known as salient objects, automatically capture our attention1,2, regardless of their 55 

relevance to our immediate goals3–6, giving rise to the phenomenon of attentional 56 

capture. Research over the past few decades has revealed behavioral evidence on how 57 

salient objects (distractors) capture our attention and the properties of salient 58 

distractor processing3 (for review, see refs.1,7). Despite this, there has been a fierce 59 

debate regarding whether or not salient objects capture attention automatically. 60 

Although this debate has not yet been resolved by behavioral studies, the present 61 

study with intracranial electroencephalography (iEEG) recordings might help, by 62 

providing direct evidence regarding the neural dynamics and brain regions in the 63 

human brain responsible for attentional capture and the ways in which salient 64 

distractors interact with our current goals. 65 

Circumstantial evidence supporting salient distractor processing in the brain is 66 

mainly provided by neurophysiological studies conducted in non-human primates. 67 

These studies have shown that the neuronal activity increases in the visual, parietal, 68 

and frontal cortex when salience signals are present within the receptive field8–13. This 69 

activity decreases after monkeys have been trained to ignore the salience signals that 70 
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act as distractors14–16. Although these experiments provide important insight into the 71 

neural mechanisms underlying salient distractor processing, they typically involve 72 

recording neuronal activity from small and often restricted retinotopic locations (i.e., 73 

receptive fields)17,18, making it difficult to track the target (current goals) and 74 

distractors simultaneously and thus limiting our understanding of how they interact. 75 

Similarly, noninvasive electrophysiological studies in humans that measure event-76 

related potential (ERP) components (the N2pc and Pd) to characterize neural 77 

responses to salient distractors, also evaluate target or distractor processing 78 

individually19. That is, it is important to note that the assessment of target and 79 

distractor processing in these studies17-19 never occurs within the same group of trials, 80 

i.e., they are never evaluated within the same timeframe. Therefore, these findings 81 

deserve to be complemented by human intracranial studies uncovering the full 82 

network involved in the simultaneous processing of the distractors and targets in 83 

relation to attentional capture. 84 

Developing a comprehensive theory of attentional capture requires a deep 85 

understanding of how the human brain handles salient distractors. To explore this, we 86 

examined iEEG recordings from eighteen neurosurgical patients performing a visual 87 

search task4,20, which offered a unique opportunity to investigate the neuronal 88 

responses related to salient distractor processing in the human brain with optimal 89 

anatomical precision and high temporal resolution. Moreover, a well-established 90 

inverted encoding model21–23 (IEM, which can well track spatial attention in 91 

neuroscientific studies; for review, see ref.24) was applied to track the spatial tunings 92 

originating from the target and the distractor simultaneously in high-frequency 93 

activity (60-100 Hz). This representational specific multivariate approach enabled us 94 
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to dissociate the processing of salient distractors from that of targets, and provided the 95 

time course for the target and distractor processing, in order to examine when and 96 

how distractors interacted with the current goals. Additionally, by tracking neural 97 

responses towards salient distractors across various brain regions, we identified 98 

whether distinct brain regions exhibited activity specific to the distractor 99 

representation, and how they interact with each other.  100 

 101 

Figure 1. (A) Display setup and possible locations for search elements. Participants searched for one 102 

unique shape (target) among search elements (e.g., circle among diamonds), and indicated whether the 103 

line segment inside the target was vertical or horizontal by pressing the ‘up’ or ‘left’ key respectively, 104 

and as fast as possible. The rightmost panel shows the behavioral results, solid dots indicate individual 105 

response times (RTs) respectively. (B) Intracranial EEG data was recorded while participants 106 

performed the visual search task, from which high-frequency (HF; 60-100 Hz) power was extracted. 107 

The left side indicates possible locations for the contacts located in various brain areas. Red dots 108 

indicate locations of responsive contacts. (C) The observed HF power between the distractor present 109 

and absent conditions, with data variance represented by ±1 SEM. Significant areas are highlighted by 110 

solid lines, and the gray line marks the significant difference between conditions (cluster-based 111 
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permutation test, p < .01). (D) Trial-by-trial (Pearson) correlations between the time for archiving the 112 

peak of HF activity and RTs. The dashed red lines indicate the start of HF activity by visual inspection 113 

(180ms), and solid red lines indicate the trial-specific RTs. *p < .05, **p < .01, ***p < .001. 114 

Results 115 

In our visual search task, participants searched for a unique shape (target) among 116 

search elements while keeping fixation at the center and responded to the orientation 117 

of the line segment inside the target (see Fig. 1A). The target was present on each 118 

trial; while in the distractor present condition, a uniquely colored distractor was 119 

randomly present in two-thirds of the trials (see Materials and Methods for details) 120 

and participants were asked to ignore it. We also tested another session before the 121 

present experiment, in which only the target was present throughout the whole session 122 

for practicing; its results can be found in Supplementary Information (SI; Fig. S1). As 123 

shown in Fig. 1A, a paired t-test showed that the mean response times (RTs) were 124 

slower when a salient distractor was present (1480 ms) compared to when it was 125 

absent (1390 ms), p < .001 (FDR corrected). Consistent with other studies4,20 (for 126 

review, see refs.1,25), the slower RTs in the distractor present condition provide 127 

evidence for attentional capture. 128 

High-frequency activity 129 

We first identified 1275 responsive contacts (after removing 7.5% of responsive 130 

contacts that were identified as potentially correlated with epileptic seizure, see 131 

Materials and Methods for details) that showed high-frequency (HF; 60-100 Hz) 132 

activity during the experiment (see Table S1 for individual numbers). The HF activity 133 

occurred in the 120 – 2986 ms and 124 – 2710 ms intervals for the distractor present 134 

and absent conditions respectively. Note that, in the presence of a salient distractor, 135 
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the initial burst of HF activity reduced slowly, resulting in higher power in the 1154 – 136 

1540 ms and from 1736 – 2204 ms relative to the distractor absent condition (see Fig. 137 

1C), reflecting a prolonged visual search process due to the involvement of the salient 138 

distractor. This conclusion was based on the observation that HF activity is typically 139 

stronger during challenging searches that produce slower responses26, as well as on 140 

the association of HF activity with neuronal processing including sustained attention 141 

(for review, see ref.27). Results for other low frequency bands can be found in Fig. 142 

S2A and S2B. 143 

We further examined the relationship between HF activity and participants’ RTs. 144 

To do this, we initially sorted individual trial-specific RTs and then calculated their 145 

average across participants. Subsequently, we conducted a Pearson correlation 146 

analysis. The results revealed a significant trial-by-trial correlation between the peak 147 

time of HF activity and RTs, r = 0.48, p < .001 (see Fig. 1D). In sum, HF activity is 148 

correlated with our behavioral responses, which might reflect the processing of targets 149 

and salient distractors. This would be examined by further isolating the target and 150 

distractor neuronal responses using a multivariate analysis. 151 

IEM reconstruction in High-frequency activity 152 

To track the processing of targets and salient distractors, an inverted encoding 153 

model (IEM) was applied23 (see Fig. 2A and Materials and Methods for details). 154 

Overall, spatial attention towards the target and salient distractor were reconstructed 155 

from HF activity, beginning approximately 200 ms after the onset of the search array, 156 

and persisted over time (see Fig. S3 for reconstructed HF CTFs across time for each 157 

of eight locations). As shown in Fig. 2B, the positive target-tuning CTF slopes 158 

(reflecting the spatial tuning of population-level HF activity towards the target) were 159 
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significant in the 230 – 338 ms and the 348 – 590 ms intervals in the distractor absent 160 

condition; while in the distractor present condition, target-tuning CTF slopes were 161 

significant above zero in the 308 – 538 ms and the 560 – 772 ms intervals (cluster-162 

based permutation test, p < .01). Noted that when a salient distractor was introduced 163 

in the distractor present condition, compared to the distractor absent condition, target-164 

tuning CTF slopes were notably reduced in the early time window (236 – 302 ms; 165 

cluster-based permutation test, p < .01), and the latency was significantly later, t(17) = 166 

6.43, p < .001, Cohen’s d = 1.52. This implies that spatial attention was captured by 167 

the salient distractor, leading to less effective processing of the target.  168 

The current results, depicted in Fig. 2C left panel, indicate the simultaneous 169 

tracking of spatial attention towards the salient distractor and the target. The 170 

distractor-tuning CTF slopes (reflecting the spatial tuning of population-level HF 171 

activity towards the distractor) were significant above zero in the 218 – 546 ms 172 

interval. It is worth noting that, the magnitude of distractor-tuning CTF slopes was 173 

stronger than that of target-tuning CTF slopes in the early time window (228 –302 ms; 174 

cluster-based permutation test, p < .01), and its latency was significantly earlier, t(17) 175 

= 4.32, p < .001, Cohen’s d = 1.02, indicating an initial and rapid processing of salient 176 

distractor, suggesting a cortical mechanism that swiftly reacts to a pop-out signal14. 177 

Additionally, distractor-related attention declined quickly, as its CTF slopes were 178 

lower compared to the target ones in the late time window from 568 ms to 664 ms 179 

(cluster-based permutation test, p < .01). No activity was detected for the non-180 

responsive contacts (Fig. 2C right panel), and we were not able to reconstruct early 181 

spatial attention (before 400 ms) towards the target from other low-frequency bands 182 

(see Fig. S2C and S2D in SI for details). In sum, this indicates that the initial 183 
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processing of salient distractor is short-lived, but still capturing our attention. 184 

 185 

Figure 2. (A) Illustration of the inverted encoding model (IEM; see Materials and Methods for details). 186 

The search elements are situated at eight potential locations (L1 to L8) around a fixation cross, forming 187 

a virtual circle. We modelled High-frequency (HF) power at each responsive contact by calculating the 188 

weighted sum of eight spatially selective channels (C1 to C8), each channel tuned for one of the eight 189 

possible locations. We then split the data into two parts to obtain the estimated weights and calculated 190 

the channel response for each location. (B) It shows the spatial selectivity (measured as CTF slopes) for 191 
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the target in both the distractor present and absent conditions, including absent-minus-present 192 

difference in the magnitude of CTF slopes and the latency of the CTF slopes. (C) The left and right 193 

panels show the spatial selectivity for the target and salient distractors in the distractor present 194 

condition for responsive and non-responsive contacts, respectively. They also display the distractor-195 

minus-target difference in the magnitude of CTF slopes and the latency of the CTF slopes. (D) The left 196 

and right panels show the spatial selectivity for the target and salient distractors in the distractor present 197 

condition for fast and slow trials. We divided all trials according to fast and trials per participant 198 

(median split). Following this, we applied the IEM model to the fast and slow trials per participant and 199 

conducted further analysis. (E) The correlation between the peak of CTF slopes and behavioral RTs for 200 

the target and distractor separately. For fast and slow trials per participant, we separately calculated the 201 

mean RTs and selected the peak of CTF slopes within the early time window (200 – 400 ms). (F) The 202 

results obtained using the random-group-strategy (see Fig. S5 and the corresponding text in the SI for 203 

details) for responsive contacts located in the distractor-associated brain network. The left panel show 204 

the spatial selectivity (measured as CTF slopes) for the target in the distractor present and absent 205 

conditions, including absent-minus-present difference in the magnitude of CTF slops and the latency of 206 

the CTF slopes, and the distribution of the target-tuning averaged CTF slopes for the distractor present 207 

and absent conditions from 1000 times IEM reconstructions. The right panel shows the spatial 208 

selectivity for the target and salient distractors in the distractor present condition, including distractor-209 

minus-target difference in the magnitude of CTF slopes, the latency of the CTF slopes, and the 210 

distribution for the target- and distractor-tuning averaged CTF slopes from 1000 times IEM 211 

reconstructions. The green dashed outlines indicate the time windows used to estimate averaged CTF 212 

slopes for calculating the distribution. The data variance is represented by ±1 SEM. Significant CTF 213 

selectivity (or in difference) areas are highlighted by solid lines (cluster-based permutation test, p 214 

< .01). *p < .05, **p < .01, ***p < .001. 215 

 216 

Further analyses were conducted to investigate whether early processing of 217 

distractors and targets were related to participants’ behavioral responses. We first 218 

divided all trials according to fast and slow responses for each participant (median 219 

split). Following this, we applied the IEM model to the fast and slow trials per 220 

participant and observed that for fast trials, the target-tuning CTF slopes were 221 

significant above zero in the 278 – 764 ms interval (cluster-based permutation test, p 222 

< .01), whereas no significant effects were observed for the distractor. It is noteworthy 223 
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that for slow trials, the target-tuning CTF slopes were significant above zero in the 224 

318 – 404 ms interval, while the positive distractor-tuning CTF slopes emerged earlier 225 

in the 236 – 322 ms interval (see Fig. 2D). This indicates that early distractor-related 226 

processing delays the behavioral responses.  227 

Additionally, we examined the correlation between the peak of CTF slopes and 228 

behavioral RTs for targets and distractors separately. For fast and slow trials per 229 

participant, we calculated the mean RTs and selected the peak of CTF slopes within 230 

the early time window (200 – 400 ms). Results showed a negative correlation between 231 

mean RTs and the peak of target CTF slopes, r = -0.36, p = .03, but a positive 232 

correlation between mean RTs and the peak of distractor CTF slopes, r = 0.34, p 233 

= .042 (see Fig. 2E). These findings further support the notion that early processing of 234 

distractors drives subsequent behavioral responses.  235 

In the present study, salient distractors were never positioned at the same location 236 

as the target. That is, they occupied different locations in each distractor present trial. 237 

Given that we were simultaneously tracking both the target and salient distractor, one 238 

might question whether the CTF slopes for salient distractors exhibit a co-variation 239 

with those for the target. In such a scenario, one would anticipate the correlation in 240 

the latency and peak of the CTF slopes between tracking the target and tracking the 241 

salient distractor. However, our findings do not support this hypothesis, as no such 242 

correlation was observed, both ps > 0.24 (see Fig. S4A).  243 

Moreover, by creating 8 classifiers in Support Vector Machine (SVM) according 244 

to HF power for each target and salient distractor location in the distractor present 245 

condition, we were able to decode the processing of target and salient distractor 246 

locations. The SVM decoding results showed that the classification accuracy for the 247 
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salient distractor exceeded chance-level (1/8) in the 216 – 470 ms interval; while that 248 

for the target exceeded chance-level during the intervals of 294 – 446 ms, 542 – 832 249 

ms and 844 – 926 ms (see Fig. S4B; additional information regarding methods can be 250 

found in SI). This reanalysis based SVMs rather IEMs confirms the early and rapid 251 

detection of salient distractors. 252 

Using IEM reconstruction to identify distractor-associated brain network  253 

Using the IEM model, we were able to simultaneously track the processing of the 254 

target and salient distractor across all responsive contacts. However, it’s possible that 255 

certain brain areas contribute more significantly to the processing and interaction 256 

between the target and salient distractor. To explore this possibility, we grouped 257 

responsive contacts into six smaller brain networks based on large-scale cerebral 258 

networks28 to further localize certain brain areas specific to salient distractor 259 

processing. The sole purpose of utilizing this brain network template was to group 260 

responsive contacts into functionally defined brain areas. 261 

It should be noted that the number of responsive contacts in each brain network 262 

varied greatly across participants (see Table S2 and S3). This variability made it 263 

impractical to apply the IEM model separately to each brain network for every 264 

participant. To mitigate this issue, we employed a random-group-strategy, where we 265 

randomly grouped all responsive contacts across participants into groups of at least 266 

eight contacts each per brain network. We assumed that the responses in contacts 267 

from different participants within the same brain area should be similar. If spatial 268 

attention towards salient distractors is governed by a single brain area, it should be 269 

reconstructed in IEM model regardless of how the contacts within this brain area are 270 

distributed, whether within or across participants (see Fig. S5). We validated the 271 
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random-group-strategy by dividing all responsive contacts into 20 groups, mimicking 272 

a group of 20 participants; and replicated the critical results from the raw group of 18 273 

participants with high statistical power (refer to Fig. S5 and the corresponding text in 274 

SI for more detailed information).  275 

To determine which brain areas are mainly involved in the processing and 276 

interaction between the target and salient distractor, the random-group-strategy 277 

(validated on all responsive contacts) was applied for six different brain networks 278 

separately based on large-scale cerebral networks28. Overall, we identified two brain 279 

networks (linked to the Default and Limbic system) that were primarily engaged in 280 

handling both the target and salient distractor (see Fig. S6 and S7, more detailed 281 

results regarding each brain network can be found in SI). Thus, in further analysis, we 282 

combined these areas and referred to them as the distractor-associated brain network. 283 

The results showed in this distractor-associated brain network replicated those found 284 

for all responsive contacts (see Fig. 2F, details can be found in SI). Critically, in the 285 

distractor present condition, compared to the distractor absent condition, target-tuning 286 

CTF slopes were significantly lower in the early time window (232 – 292 ms; cluster-287 

based permutation test, p < .01). Additionally, in the distractor present condition, the 288 

magnitude of distractor-tuning CTF slopes was stronger than that of target-tuning 289 

CTF slopes in the early time window (214 – 306 ms; cluster-based permutation test, p 290 

< .01). It would also be interesting to incorporate the target-associated brain network 291 

as a focal point in future studies. 292 

Noted that, importantly, this critical result observed in the distractor-associated 293 

network was not attributed to arbitrary placement of contacts. To address this concern, 294 

we iterated the grouping of contacts 1000 times to generate distributions of the 295 
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averaged CTF slopes (from 232 ms to 292 ms) for the target in the distractor present 296 

and absent conditions, and that of the averaged CTF slopes (from 214 ms to 306 ms) 297 

for the distractor and target in the distractor present condition (see Materials and 298 

Methods for further details). The results revealed that the target-related distribution in 299 

the distractor present condition differed significantly from that in the distractor absent 300 

condition (chi-test, p < .01), with averaged CTF slopes smaller for target-tuning in the 301 

distractor present condition (see Fig. 2F left panel); and the distractor-related 302 

distribution differed significantly from the target-related distribution (chi-test, p 303 

< .01), with averaged CTF slopes smaller for target-tuning than distractor-tuning (see 304 

Fig. 2F right panel). This confirms that the results were not due to arbitrary placement 305 

of contacts. 306 

An extended network in human brain supporting salient distractor processing 307 

Although we successfully identified the distractor-associated brain network, 308 

within this brain network it was unclear which brain regions dominated salient 309 

distractor processing the most and how salient distractor was exchanged between 310 

these regions. Noted that, the number of contacts for each brain region varied 311 

significantly and some of these regions did not have a sufficient number of contacts to 312 

apply the IEM model. Thus, to investigate this further, we used a leave-one-out 313 

procedure to determine the contribution to distractor-related CTF slopes from each 314 

brain region. This approach was adopted based on a previous study that used a similar 315 

method to investigate the contribution to the neural representations from different 316 

brain regions29. We assumed that if a particular brain region made the greatest 317 

contribution to the CTF slopes, excluding that region would cause the slopes to 318 

decline most dramatically, and vice versa (see Fig. 3A). This procedure was repeated 319 
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for 14 brain regions (which at least included 10 responsive contacts, defined by AAL 320 

template) located in the distractor-associated brain area. We first calculated the 321 

distribution of the averaged CTF slopes (from 214 ms to 306 ms, a time window 322 

showing significant CTF decoding for distractors in the distractor-associated brain 323 

network, and then created the same distribution after excluding each region. As shown 324 

in Fig. 3B, chi-square tests revealed significant differences between the distribution 325 

from the distractor-associated area and the distribution created (p < .05, FDR 326 

corrected) for STG (superior temporal gyrus), AMY (amygdala), MTG (middle 327 

temporal gyrus), ACC (anterior cingulate cortex), PRC (precuneus), IP (inferior 328 

parietal), HIP (hippocampus), and PFC (prefrontal cortex). The contribution from 329 

different brain regions were strongest from the AMY, and decreased gradually from 330 

STG, MTG, to ACC (see Fig. 3B and 3C). They all played a major role in salient 331 

distractor processing as their exclusion led to a decline in CTF slopes. In contrast, the 332 

PRC, IP, HIP, and PFC offered only minor contributions to this process as their 333 

exclusion led to an increase in CTF slopes1.  334 

We further computed Jensen-Shannon (JS) divergence (where a positive JS value 335 

indicated a major contribution to salient distractor processing, see Materials and 336 

Methods section for details) for these brain regions, measuring the distance between 337 

created distributions, showing that JS divergence decreased as the contribution from 338 

each region reduced (from AMY to PFC, see Fig. 3C). In brief, the current analysis 339 

 
1Note that, we did not discuss the other six brain regions (medial orbitofrontal cortex, lateral 

orbitofrontal cortex, inferior temporal gyrus, posterior cingulate cortex, para hippocampus, and 

entorhinal) as they did not show significant change in salient distractor processing when removing 

them, but this does not discount their potential involvement in salient distractor processing, and 

warrants further investigation. 
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indicates that salient distractor processing is contributed to by various brain regions at 340 

different levels. 341 

It is essential to appreciate that all these variations in CTF slopes, whether 342 

originating from major or minor regions, are linked to each other. We defined major 343 

regions as those after we excluded their contacts resulting in a relatively smaller CTF 344 

slope in response to salient distractors. Conversely, the minor regions were defined as 345 

those after we excluded their contacts resulting in a relatively larger CTF slope. In 346 

regard to the minor contribution regions, three interpretations are possible. Signals 347 

related to distractors from these minor regions may exhibit positive, close-to-zero, or 348 

negative CTF slopes. To further investigate which scenario is operative, we employed 349 

the IEM model to track the attention towards salient distractors for both types of 350 

regions. The results revealed that distractor-related attention was successfully 351 

reconstructed from 182 ms to 436 ms and from 452 ms to 534 ms for the brain regions 352 

with major contributions, and from 380 ms to 478 ms for the brain regions with minor 353 

contributions (cluster-based permutation test, p < .01; see Fig. 3D top panel). 354 

Crucially, when directly comparing with the minor-contribution regions, major-355 

contribution regions generated bigger distractor-tuning CTF slopes (from 228 ms to 356 

408 ms; cluster-based permutation test, p < .01; Fig 3D lower panel). This confirms 357 

that salient distractors were represented more strongly and earlier in the major-358 

contribution regions before engaging the minor-contribution regions. 359 
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 360 

Figure 3. (A) Illustration for evaluating the contribution to salient distractor processing of different 361 

brain regions located in the distractor-associated brain network. Black dashed outlines indicate the time 362 

window used to estimate averaged distractor-related CTF slopes for calculating their distribution, 363 

which was obtained from 1000 times IEM reconstructions for 1000 created random groups. By 364 

excluding one brain region to obtain the new distribution, we can determine whether this region has a 365 

relatively major or minor contribution to salient distractor processing. If the distribution moves left, it 366 

reflects a relatively major contribution and if it moves right, it reflects a relatively minor contribution. 367 

The major and minor contribution were defined based on their internal relationship. (B) Brain regions 368 

(including the number of contacts) with significant contributions (examined in the chi square test, see 369 
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Materials and Methods for details) to salient distractor processing and the created distributions after 370 

excluding one of them. (C) The Jensen-Shannon (JS) divergence after excluding one of major- and 371 

minor-contribution regions. If the JS divergence is positive, it indicates that the distribution for the 372 

distractor-associated area is shifted to the left after excluding this brain region, reflecting a major 373 

contribution. Conversely, a negative value suggests a movement towards the right, reflecting a minor 374 

contribution. (D) Spatial selectivity for salient distractors in the distractor present condition for the 375 

major- and minor-contribution regions, including the major-minus-minor difference in the magnitude 376 

of CTF slopes. The data variance is represented by ±1 SEM. Significant CTF selectivity (or in 377 

difference) areas are highlighted by solid lines (cluster-based permutation test, p < .01). 378 

We further used the leave-one-out procedure to examine whether any specific 379 

brain region within the major-contribution regions processed salient distractor firstly 380 

by excluding one brain region and conducting the IEM decoding again. As shown in 381 

Fig. 4A, the results showed that distractor-related attention was successfully 382 

reconstructed around the similar time intervals, i.e., 182 – 418 ms and 460 – 534 ms, 383 

182 – 432 ms and 440 – 528 ms, 164 – 436 ms and 458 – 556 ms, and 156 – 436 ms 384 

and 450 – 544 ms for leaving the AMY, STG, MTG, and ACC out respectively. No 385 

significant difference was observed for their latencies, p = .875, suggesting that 386 

salient distractors were processed in these brain regions simultaneously.    387 

 388 
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 389 

Figure 4. (A) Spatial selectivity for the salient distractors in the distractor present condition for the 390 

major-contribution regions after excluding each brain region, including their difference in the latency 391 

of the CTF slopes. The data variance is represented by ±1 SEM. Significant CTF selectivity areas are 392 

highlighted by solid lines (cluster-based permutation test, p < .01). (B) Temporal similarity (from 100 393 

to 400 ms) across contact pairs between brain regions. The percentage presented above each sub-figure 394 

indicate how many contact pairs between brain regions have significant connections (after cluster-395 

based correction, p < .01). The right-bottom panel illustrate the connections between brain regions, the 396 

red thick lines indicate the percentage of connections between regions is above 50%, and the black thin 397 

lines indicate that the percentage of connections between regions is between 30% and 50%. 398 

Functional connections across contacts between brain regions when reacting to 399 

salient distractors 400 

During salient distractor processing, the AMY, STG, MTG, and ACC might act as 401 

an integrated network to support salient distractor processing. We examined this by 402 
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analyzing the temporal correlation (from 100 to 400 ms) of HF power across contact 403 

pairs between brain regions (i.e., between-regions similarity, refer to the Materials and 404 

Methods section for details). Fig. 4B illustrate significant similarities across contact 405 

pairs after cluster-based correction (p < .01). These results provide a tentative estimate 406 

for the dominating connectivity supporting salient distractor processing, in particular 407 

the connection between the ACC and AMY (70% of contact pairs) was strongest, 408 

followed by the connection between the ACC and STG (58.6% of contact pairs), and 409 

then the AMY and STG (46.4% of contact pairs). This suggest that the ACC form a 410 

hub to communicate with temporal lobe structures (see Fig 4B right panel for the 411 

illustration) in support of salient distractor processing. We also observed the 412 

connections between the PFC and IP (7.9% of contact pairs), but this coupling was 413 

weaker than what we observed for the major-contribution regions (see SI for the 414 

connections within other minor-contribution regions). Further analysis revealed that 415 

the connections between the PFC and major-contribution regions was stronger (about 416 

37.2% of contact pairs on average) than that between the IP and major-contribution 417 

regions (about 13.4% of contact pairs on average), suggesting that the PFC may play a 418 

role in linking major- and minor-contribution regions when reacting to salient 419 

distractors.  420 

Discussion 421 

The present study advances the understanding of attentional capture by salient 422 

distractors and its neural architecture in complex environments by analyzing 423 

intracranial electroencephalography (iEEG) signals in humans. High-frequency (HF) 424 

activity was linked to behavioral responses in a visual search task. From this HF 425 

activity, target- and distractor-tuning attention were successfully reconstructed and 426 
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dissociated using a time-resolved multivariate approach (IEM decoding)21–23. 427 

Importantly, when a salient distractor was introduced, attention was initially captured 428 

around 220 ms, with distractor-tuning attention boosted and target-tuning attention 429 

attenuated simultaneously. The contribution to this distractor-associated processing 430 

was dominated by the amygdala (AMY), superior temporal gyrus (STG), middle 431 

temporal gyrus (MTG), and anterior cingulate cortex (ACC). The connectivity 432 

analysis suggest that the ACC might play an important role as a hub coordinating the 433 

processing of salient distractors in temporal lobe structures. This provides us with 434 

neural evidence for attentional capture by salient distractors engaging a much larger 435 

network than previously appreciated. In particular frontal and parietal cortex might 436 

play a secondary role compared to the ACC and temporal lobe structures. 437 

In our study, we were unable to reconstruct spatial attention towards the target in 438 

the early time window (before 400 ms) from power in the alpha and beta band (see 439 

Fig. S2B). Interestingly, we were able to reconstruct distractor-tuning attention from 440 

power in the HF band (60 – 100 Hz), a finding that has not previously been reported 441 

in human studies. Neurophysiology recordings in monkeys have demonstrated that the 442 

coherence in gamma activities between parietal and frontal cortex mediates bottom-up 443 

attention in a single-feature search task30, and inactivation of parietal cortex reduces 444 

the power in (high-) gamma activity in prefrontal cortex and simultaneously causes 445 

the reduction of salience selection31. Moreover, HF activity has previously been 446 

shown to be correlated with a wide range of cognitive functions, such as memory32,33, 447 

attention34, learning35, and language comprehension36,37, underscoring its 448 

importance.” 449 

Gaining insight into the neural mechanisms for handling salient distractors is 450 
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essential for any theory of attentional capture7,38–41. Over the last 30 years there has 451 

been a fierce debate whether physically salient stimuli capture attention automatically 452 

or whether it is possible to prevent capture by salient stimuli1,7. The stimulus-driven 453 

attention posits that salient stimuli can automatically capture attention regardless of 454 

whether the salient stimulus is a target or a distractor1,20,42. Our findings are consistent 455 

with such an interpretation as the processing of salient distractors occurred early in 456 

time (around 220 ms) and simultaneously reduced target selection. Recently, it has 457 

been proposed that under specific conditions (which were not tested here), capture by 458 

salient stimuli may be prevented via inhibitory top-down control processes43,44. 459 

Further studies may be able to identify the neural suppression mechanisms that may 460 

prevent the occurrence of attentional capture by salient stimuli, in advance to address 461 

the longstanding debate.  462 

Previous studies involving scalp EEG revealed an ERP component (N2pc) when 463 

a salient distractor was presented laterally, signifying neural responses towards salient 464 

distractors19,45. These findings provide insight into how the human brain processes 465 

salient distractors, while they do not necessarily reflect any simultaneous interaction 466 

between the processing of the target and salient distractors, as only one of them was 467 

investigated at a time. That is, they typically investigated distinct sets of trials to track 468 

these processes separately, but they never used the same set of trials to concurrently 469 

assess both target and distractor processing. As a result, these studies19,45 isolated 470 

target and distractor processing in different timeframes. Notably, the ERP component 471 

N2pc (emerging around 250 ms) occurs later compared to the distractor-tuning 472 

attention (around 220 ms) reconstructed from HF activity in the present study. As 473 

such, the attentional capture phenomenon identified in this study might reflect a 474 



Running head: Attentional capture in human brain 

 23 

different mechanism than the N2pc. The comparison between scalp and intracranial 475 

EEG signals warrants further investigations. 476 

 Importantly, the superior and middle temporal gyrus, amygdala, and anterior 477 

cingulate cortex (i.e., major-contribution regions) demonstrated activity specific to the 478 

distractor representation. The ACC, associated with novelty processing, has been 479 

observed to transiently activate in response to novel stimuli (i.e., salient stimuli that 480 

stand out from the visual field) in both intracranial recordings46 and fMRI 481 

measurements47,48. This is consistent with the ACC being assumed to be one of the 482 

core regions in salience processing49,50. Apart from this region, the findings from the 483 

STG and MTG relating to salient distractor processing are in line with previous 484 

research showing the involvement of the temporal cortex in early attentional selection, 485 

adjusting the attentional priority map51–53 (for review, see ref.54). These studies have 486 

focused on goal-driven selection instead of salience-based selection, yet they implied 487 

that temporal area could be involved in early salience processing, which we 488 

confirmed in the current study. In our study, the stronger connection between the ACC 489 

and temporal lobe structures might indicate that the ACC acts as a hub to coordinate 490 

the processing of salient distractors, warranting further investigations on the 491 

interaction between the salient-distractor-associated key regions. 492 

 Surprisingly, the amygdala was also observed to be involved in salient distractor 493 

processing. Previous studies indicate that the amygdala plays an important role in 494 

biasing attention to alerting signals55. This may indicate that the amygdala determines 495 

the prioritization of salient distractor in general, as salience signals also alerts us the 496 

potential threats in complex environments. Overall, we argue that the processing of 497 

salient distractor emerges from the interaction between these major-contribution 498 
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regions, and they may act as an integrated network to support salient distractor 499 

processing. 500 

Given by the strong focus on frontal and parietal cortex in previous studies 501 

conducted in non-human primates15,16, it is surprising that these regions only 502 

contribute in a small and late albeit robust way to the salient distractor processing. 503 

One possible reason could be that neurons in frontal and parietal regions merely 504 

respond selectively to salient stimuli’s locations and not to their features9. Similarly, 505 

the hippocampus might be linked to storing information about novel stimuli56, such as 506 

the color of the salient distractors, while the precuneus might be associated with 507 

spatial attention towards the location of the salient distractors57. In any circumstance, 508 

our data suggest that these minor-contribution regions do not directly contribute to 509 

processing salient distractors, although they are part of the integrated network 510 

supporting the processing of salient distractors.  511 

Temporoparietal junctions (TPJ), as a core brain region in the ventral attention 512 

network that is typically recruited by unexpected events (e.g., exogenous cue in the 513 

Posner task58, 1980), are generally thought of as the brain region responsible for 514 

salience processing59,60, driving our initial exogenous attention. However, in the 515 

present study, we did not identify a brain region located at temporoparietal junctions, 516 

though we identified parietal and temporal brain regions responsible for salient 517 

distractor processing. To better understand the role of TPJ in salient distractor 518 

processing, experiments should be done with sufficient electrode contact recordings in 519 

this region.  520 

In sum, our findings suggest that the theories on the network contributing to 521 

salient distractor processing need to be revised to embrace the role of ACC 522 
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communicating with temporal lobe structures. In future, this is best done by multi-523 

sites recordings that allow us to investigate the network dynamics associated with 524 

salient distractor processing.  525 

Materials and Methods 526 

Participants  527 

Eighteen patients (9 males and 9 females, ages 21– 58) at Shenzhen University 528 

General Hospital undergoing treatment for medication-resistant epilepsy participated 529 

in the present study. All patients had clinical depth electrodes implanted solely for 530 

diagnostic purposes as part of their evaluation for neurosurgical epilepsy treatment. 531 

Each depth electrode (0.8 mm in diameter) had 8, 10, 12, 14, or 16 contacts that were 532 

1.5 mm apart and 2 mm in contact length. The present study was conducted according 533 

to the latest version of the Declaration of Helsinki and approved by the Medical 534 

Ethics Committee of Shenzhen University General Hospital. All participants gave 535 

verbal or written informed consent to participate in research. 536 

Paradigm and design 537 

We adopted a visual search task20,41, in which participants had to maintain 538 

fixation throughout the trial. When the search array was briefly presented (4s or until 539 

response), they were asked to search for one unique shape (target) among the search 540 

elements (a circle among diamonds, or a diamond among circles), and to indicate 541 

whether the line segment (0.3° × 1.4°) inside the target was vertical or horizontal by 542 

pressing the ‘up’ or ‘left’ key respectively, and as fast as possible (see Fig. 1A). These 543 

unfilled shapes (2° × 2°) with either a red or green outline were presented on an 544 

imaginary circle with a radius of 4°, centered at the fixation cross against a black 545 
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background. If participants did not respond or pressed the wrong key, warning 546 

messages were given afterwards.  547 

We introduced two conditions: the distractor present and absent conditions; in 548 

both conditions, the target was present on each trial, and was equally likely to be a 549 

circle or a diamond (see Fig. 1). One-third of the trials were distractor absent trials; 550 

and two-thirds of the trials were distractor present trials, in which a uniquely colored 551 

distractor (i.e., a distractor singleton) was present, which had the same shape as other 552 

neutral elements, but a different color (red or green with an equal probability). These 553 

two types of trials were mixed within each block (i.e., a mixed-search design). The 554 

target and distractor (if present) appeared at each possible location with equal chance. 555 

After practicing, six blocks of 720 trials were tested. There was a practice session in 556 

which only a target was present (see Fig. S1), 3 to 6 days before the actual start of the 557 

experiment; the results for this session can be found in SI as well.  558 

Recordings and preprocessing 559 

The intracranial EEG (iEEG) data were acquired using a Nihon Kohden system at 560 

a sampling rate of 1000 or 2000 Hz. A common contact, used as the reference for the 561 

online recording data, was placed subcutaneously and recorded simultaneously with 562 

the depth electrodes. The offline preprocessing was performed in Matlab 2016 563 

(MathWorks Inc), using EEGLAB61, ERPLAB62, along with in-house Matlab code. 564 

Contacts within each electrode that were deemed noisy/corrupted contacts upon visual 565 

inspection, were excluded from further analysis. Signals were re-referenced to the 566 

average activity across all clean contacts, and then resampled at 500 Hz. Common 567 

referencing stands as one of the most widely adopted referencing schemes for EEG 568 

recordings, as well in iEEG studies63–65. While some degree of dependency might be 569 
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introduced between the contacts by the common reference scheme, this would be 570 

minimal given the high number of contacts (approximately 143 contacts per subject). 571 

We removed 50 Hz power line noise prior to subsequent analyses using Hamming-572 

windowed FIR filters (order of 180), and then band-pass filtered the data from 0.3 to 573 

200 Hz using a second-order Butterworth filter. For behavior analysis, incorrect trials 574 

and trials on which the response times (RTs) were larger or smaller than 2.5 standard 575 

deviations from the average RTs per participant were excluded. 576 

 Eye movements were not monitored in the present study given by the complex 577 

clinical environment. While this may initially raise concerns, it is important to note 578 

that the present paradigm is intentionally designed to enable participants to perform 579 

the task without making eye movements. Importantly, previous studies employing the 580 

same paradigm and using an eye-tracker to control fixation (e.g., see refs.41,66). 581 

Moreover, other studies (e.g., see refs.67,68) employing a modified paradigm in which 582 

participants were forced to make eye movements toward the target, showed that 583 

saccade latency towards the salient distractor was around 230 ms, which was slower 584 

than the onset of HF activity (around 120 ms, see Fig. 1C) and the latency for 585 

distractor-related processing (around 220 ms, see Fig. 2C and 2F) observed in our 586 

study. These findings indicate that eye movements are not likely to modulate HF 587 

activity as the early, rapid detection of salient distractors reflected by the brain 588 

activity occur earlier than potential eye movements.  589 

Electrode reconstruction and localization 590 

We first registered post-operative computed tomography (CT) images to pre-591 

operative T1-weighted MR images using FreeSurfer v6.0.069, following the iElvis 592 

pipeline70. We inspected the quality of the registration and manually labeled each 593 
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contact location on the T1-registered CT images, which were then mapped onto a 594 

standard MNI space (Fig. 1B). To further determine the exact contact locations 595 

belonging to different brain areas and brain regions, we assigned contact MNI 596 

coordinates to each brain area according to large-scale cerebral networks (Yeo-7 597 

template)28, and to each brain region according to FreeSurfer's automatic parcellation. 598 

We went through each contact and assigned the closest cortical/subcortical label. 599 

High-frequency activity 600 

High-frequency activity (HF; 60-100 Hz) was considered to be the key 601 

electrophysiological marker of local neural population activity71–73, and to be 602 

correlated with attention74, which is the focus of our interest. To extract HF activity, 603 

preprocessed iEEG data were broken into event-related epochs (-3 s to 6 s relative to 604 

the search onset; avoiding edge artifacts from wavelet convolution), and then were 605 

convolved with a set of Morlet wavelets with frequencies ranging from 1 to 150 Hz in 606 

80 logarithmically spaced steps. The number of cycles of each wavelet was 607 

logarithmically spaced between 4 and 20 to strike a good balance between temporal 608 

and frequency precision. The HF power values within our focused epochs (-0.5 s to 4 609 

s relative to the search onset) were z-scored by subtracting the average value and 610 

dividing by the standard deviation across all trials.  611 

To accurately compare HF power between conditions, we subtracted the mean 612 

HF power from -400 ms to -100 ms prior to the search onset for each condition 613 

separately and ran a cluster-based permutation test against a null-distribution shuffled 614 

from 1000 iterations (see the below section of cluster-based permutation test for 615 

details) to make the comparison between conditions. We further correlated the time to 616 

reach the peak of HF activity with the response times (RTs) obtained from the search 617 
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task via Pearson correlation. 618 

Responsive contacts 619 

Responsive contacts were identified by comparing the post stimulus HF response 620 

(averaged over a time window of from 100 ms to 400 ms) to the pre-stimulus baseline 621 

(averaged over a time window of from -400 ms to -100 ms) using two-tailed, paired t-622 

tests. The p-values from all recording contacts (across all participants) were pooled 623 

together to control the false discovery rate (FDR)75. Contacts that showed significant 624 

HF responses (pHF < .05) were regarded as the candidates for responsive contacts. 625 

Then, we compared the HF response for each time point after stimulus onset with the 626 

pre-stimulus baseline using paired t-tests (pHF < .05). For each contact, if we could 627 

identify a time window of successive significant activities which a temporal length of 628 

over 200 ms, the contact was treated as a responsive contact32,76. This procedure was 629 

performed across participants, resulting in 1379 contacts (see Table S1 for individual 630 

numbers). Noted that, no significant differences were observed in HF activity and the 631 

target-and distractor-related CTF slopes between all responsive contacts and the 632 

responsive contacts after excluding those that exhibited seizure-onset patterns (SOPs) 633 

as identified by neurosurgeons; and the responsive contacts showing SOPs 634 

demonstrated similar HF activity as the unaffected ones (see Fig. S10). Nevertheless, 635 

we chose a more conservative approach by excluding the responsive contacts showing 636 

SOPs (7.5% of all responsive contacts), resulting in 1275 responsive contacts 637 

remaining for further analysis. 638 

Inverted encoding model 639 

To reconstruct the attention towards the target and/or salient distractor, we 640 
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applied inverted encoding model (IEM)23 to estimate spatial channel-tuning functions 641 

(CTFs) from the HF response across all responsive contacts over time (see Fig. 2A). 642 

In accordance with previous studies22–24, we specified an explicit model to represent 643 

how neural populations encode spatial information. This model focused exclusively 644 

on the spatial selectivity of the multivariate neural responses. To accomplish this, we 645 

constructed a basis set of 8 spatial channels corresponding to the 8 locations 646 

employed in the present study. The response profile of each spatial channel across 647 

element locations in the visual display was modelled as a half sinusoid raised to the 648 

seventh power: 649 

R = sin(0.5Θ)7,  650 

Where Θ is the element location (0-359°), and R is the response of the spatial 651 

channel in arbitrary units. Note that, to ensure the peak response of each spatial 652 

channel centered over one of the eight element locations (22.5°, 67.5°, etc.), the 653 

response profile was circularly shifted. The tuning curve for spatial channels was 654 

selected as a half sine wave function because it maintains an approximately Gaussian 655 

shape (see Fig. 2A), which mimics attentional response in a circular space. We opted 656 

for the 7th power, which aligns with previous studies22–24. 657 

We assumed that the HF power at each contact reflected the weighted sum of 658 

eight spatially selective channels (i.e., neuronal populations), each tuned to a different 659 

angular location (corresponding to the possible locations of the search elements). We 660 

then partitioned our data randomly into independent sets of training data (2/3 trials) 661 

and test data (1/3 trials) following a cross-validation routine. The training data (B; m 662 

contacts × n locations) were used to estimate weights that approximated the possible 663 

contributions of the eight spatial channels to the observed HF responses measured at 664 
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each contact and location. We defined C (k channels × n locations) as a matrix of the 665 

predicted response of each spatial channel (estimated by the basic function for that 666 

channel) for each location; and W (m contacts × k channels) as a weight matrix 667 

characterizing a linear mapping from channel space to contact space. We further 668 

described the relationships between B, C, and W in a linear model as follows: 669 

B = WC 670 

Using the weight matrix (W) obtained via least-squares estimation, we inverted 671 

the model to transform the observed test data into estimated channel responses (i.e., 672 

reconstructed CTFs). This IEM routine was iterated 10 times to minimize the 673 

influence of idiosyncrasies specific to any trial assignment, and obtain an averaged 674 

channel-response profiles. We then calculated the slope of the CTFs via linear 675 

regression to quantify selective attentional processing for different locations over 676 

time. Higher slope values indicate greater attentional selectivity while lower values 677 

indicate less attention selectivity. We reconstructed target-tuning and distractor-tuning 678 

CTFs according to the target location and salient distractor location respectively 679 

across participants. Noted that, the IEM model assumed that each contact contained a 680 

large number of spatial-selective neurons mainly tuned to a specific spatial location. 681 

Thus, the spatial tuning of a given contact was reflected by the combined response 682 

from the neurons detected by the contact. We analyzed this by binning according to 8 683 

locations and calculated the corresponding weights for each contact. Therefore, the 684 

calculated CTF slopes through these weights represented the spatial tuning at the 685 

population level, originating from a group of spatial-selective neurons.  686 

To examine the CTF onset latency, we used a jackknife-based routine77. CTF 687 

onset latency was measured as the earliest time at which the CTF slope reached 50% 688 
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of its maximum amplitude within the first significant cluster for CTF selectivity. The 689 

latency difference (D) between conditions was measured as the difference in the 690 

latency of CTF slopes averaged across all participants. To estimate the standard error 691 

of the latency difference, SED, we created subsamples that included all participants 692 

except one, and calculated the latency difference, D-i (for i = 1, …, N, where N is the 693 

sample size) for each subsample. The jackknife estimate of the standard error (SED) 694 

was calculated as 695 

SED =√
N-1

N
∑ (D-i

N
i=1 -J̅)

2
, 696 

where J̅ is the mean of the latency differences obtained for all subsamples (i.e., 697 

J̅ = ∑ D-i /  N). 698 

A jackknifed t statistic, tj, was then calculated as 699 

tj = 
D

SED

, 700 

which follows an approximate t distribution with N-1 degrees of freedom under the 701 

null hypothesis. Our jackknife test for latency differences was two-tailed. 702 

Cluster-based permutation test 703 

To correct multiple comparisons, we used a cluster-based permutation test against 704 

a null-distribution shuffled from 1000 iterations (following Monte Carlo 705 

randomization procedure). Specifically, a one-sample t-test was performed against 706 

zeros to identify above-chance CTF selectivity, and time windows with t-values larger 707 

than a threshold (p = .05) were combined into contiguous clusters based on adjacency. 708 

The cluster statistics was defined as the sum of the t values within each cluster. 709 

Moreover, the IEM procedure was repeated 1000 times, however the location label 710 
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was randomized within each group of trials so that the labels were independent of the 711 

observed responses in each contact. We identified the largest clusters for random 712 

location labels per iteration as described above, forming a null distribution of clusters. 713 

Clusters were determined to be significant if the cluster statistics was larger than the 714 

99th percentile of the null distribution.  715 

To make a between-conditions comparison on CTF selectivity or HF activity, 716 

paired t-tests were performed between conditions (i.e., distractor present and absent 717 

conditions). We followed above routine to determine cluster statistics, but only the 718 

null distribution was formed by randomly permuting condition labels for 1000 times 719 

in order to get the largest clusters per iteration. Again, clusters were determined to be 720 

significant if the cluster statistics was larger than the 99th percentile of the null 721 

distribution. 722 

The distribution of the averaged CTF slopes and chi-square test  723 

The critical comparison in the present study was made between the distractor-724 

tuning and target-tuning CTF slopes in the distractor present condition. To avoid any 725 

potential doubt that our results from random groupings were selected arbitrarily, we 726 

determined the first significant cluster when comparing the distractor-tuning CTF 727 

slopes with target-tuning CTF slopes as the critical time window (see Fig. 3), and then 728 

averaged the CTF slopes for distractor- and target-tuning separately in this time 729 

window. Later, we iterated the grouping of contacts for the distractor- and target-730 

related IEM reconstruction 1000 times, obtaining distributions of the averaged CTF 731 

slopes for the distractor and target. To examine whether the distractor-related 732 

distribution was different from the target-related distribution, we applied the chi-733 

square test after creating 50 groups of CTF slopes for each distribution and applied 734 
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FDR correction if necessary. 735 

The Jensen-Shannon divergence 736 

The Jensen–Shannon divergence is a measure of the distance between two 737 

probability distributions. It can be thought of as a measure of degree of similarity 738 

between the two distributions. The JS divergence is a symmetrized version of the 739 

Kullback-Leibler (KL) divergence, which allows it to be used to compare any two 740 

probability distributions, regardless of which distribution is considered the 741 

“reference” and which is considered the “comparison”. 742 

The JS divergence between two probability distributions, P and Q, is defined as: 743 

JSD(P|Q) = (KL(P|M) + KL(Q|M))/2, 744 

where M is the “average” distribution, defined as: 745 

M = (P + Q)/2, 746 

and KL(P|Q) is the KL divergence between P and Q, defined as: 747 

KL(P|Q) = ∑p(i) * log(p(i) / q(i)), 748 

where the sum is taken over all possible values of i, p(i) and q(i) are the 749 

probabilities of i in the distributions P and Q, respectively. If the distribution moves 750 

left, we gave the JS value a positive sign. 751 

Temporal similarity analysis 752 

The similarity across contact pairs was estimated using HF power in the distractor 753 

present condition. In order to increase the signal to noise ratio29, an averaged HF 754 

power was obtained from five randomly selected trials, and we iterated this routine 30 755 

times. For each iteration, we correlated the time series of the averaged HF power 756 
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within a 100 – 400 ms time window for each contact pair between different brain 757 

regions78, obtaining Spearman’s r values. Noted that, the distractor processing was 758 

found to be significant in the distractor-associated brain network in the 214 – 306 ms 759 

interval, so a larger time window was chosen to include this critical period. The 760 

temporal similarity was calculated by averaging the temporal correlations 761 

(Spearman’s r values) across 30 iterations for each distractor location which then was 762 

averaged across all locations. We Fisher Z-transformed all the correlation values for 763 

further analyses and applied the same cluster-based permutation test as mentioned 764 

above for CTF selectivity.  765 
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