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Abstract:  16 

Although attention promotes conscious perception, how it does so remains unclear. Human 17 

neuroimaging research has richly characterized attentional modulation upon visual processing, 18 

yet it remains unclear which of its components act as precursors of consciousness, which 19 

constitute consciousness itself, and which merely reflect post-perceptual, response-related 20 

operations. Combining a newly developed psychophysical paradigm with intracranial 21 

electroencephalography (iEEG), we addressed this issue in the human brain. Behavioral results 22 

from the psychophysical experiment and its replication showed that top-down attention plays a 23 

preparatory role: it promotes visual consciousness not directly, but by enabling attentional 24 

capture specific to salient stimuli. iEEG then revealed that early attentional preparation unfolds 25 

in a module-dependent manner, differing between the posterior brain (sensory module) and the 26 

frontal brain (attention module). We further dissociated two neural signals—one tracking the 27 

rapid rise and decay of visual consciousness, the other supporting post-perceptual responses 28 

through global late (>600 ms) content retrieval—thereby isolating a conscious window (~250–29 

550 ms) from its preconscious and post-perceptual confounds. Finally, coherence analyses 30 

revealed the predicted frontal–posterior coupling (~4 Hz) restricted to this window. Critically, 31 

this coupling encoded only the binary on/off state of conscious awareness, whereas fine-grained 32 

contents were persistently encoded in the posterior brain. Together, these findings provide 33 

pioneering evidence that attention does not promote consciousness directly by itself; rather, it 34 

engages a content-invariant frontal–posterior coupling mechanism—not an earlier sensory 35 

enhancement mechanism or a later global content broadcast mechanism—to render sensory 36 

contents into an explicit conscious state. 37 

Keywords: Consciousness; Attention; Frontal-posterior coupling; intracranial EEG; 38 

Attentional coupling model 39 
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Main text 41 

The emergence of subjective consciousness in the brain presents a multifaceted puzzle, with 42 

attention occupying a central position. Despite the everyday experience that what we 43 

consciously perceive is usually what we are attending to, ongoing debate (1-7) revolves around 44 

whether—and which—interactions between attention and sensory processing are necessary for 45 

conscious perception. In particular, it remains poorly understood which attentional processes 46 

act as precursors of consciousness, which constitute the conscious process itself, and which 47 

merely reflect post-perceptual, response-related operations. 48 

One possibility is that conscious signals already arise during the early attentional modulation 49 

of visual activity. Previous transcranial magnetic stimulation studies (8, 9) implicate early 50 

visual activity in gating visual awareness (but see also (10)), and attention readily amplifies 51 

early visual activity (11, 12) beginning as early as within 100 ms after stimulus onset. 52 

Consistently, the visual awareness negativity (VAN)—a candidate early event-related 53 

electrophysiological (ERP) marker of awareness peaking at around 200 ms (13-18)—is also 54 

markedly enhanced by attention (19-21) (i.e., larger amplitude when attended). These findings 55 

accord with the localist perspective (22, 23), which proposes that posterior brain activity alone 56 

is sufficient to support conscious experience. However, a critical question remains unresolved: 57 

whether these early attentional modulations of posterior brain activity constitute a precursor of 58 

consciousness or consciousness itself. 59 

Conversely, the globalist perspective (24-27) predicts that early sensory processing alone 60 

cannot generate consciousness. Rather, such processing must interact with the frontal brain—a 61 

multifunctional hub supporting the control of attention (28-31), working memory (32, 33), and 62 

action-related operations (34-36) (e.g., reasoning, planning, decision-making, and reporting)—63 

to achieve conscious access. In line with this view, previous studies (37, 38) have demonstrated 64 

distinct long-range functional coupling patterns corresponding to different perceptual 65 

categories (e.g., discriminating houses from faces).  66 

However, it is critical to note that consciousness-related activity in the frontal brain, if present 67 

at all, may be readily confounded with post-perceptual processing (39). For example, the late 68 

frontal P3b component (>300 ms), previously considered a neural correlate of consciousness 69 

(NCC) (40), has been shown to diminish or disappear entirely in no-report paradigms (41), 70 

suggesting that it may not be a reliable NCC biomarker (for review, see (14)). Therefore, 71 

disentangling which posterior–frontal interactions support consciousness per se and which 72 

support post-perceptual responses is essential for understanding the mechanisms of 73 

consciousness, yet this remains a significant methodological challenge. 74 

Combining a newly developed psychophysical paradigm with intracranial EEG (iEEG), the 75 

present study aims to dissociate the distinct stages at which attention modulates visual saliency 76 

processing, and to evaluate which form of neural modulation is the most plausible candidate 77 

substrate of consciousness. Using this paradigm, we quantitatively separated two attentional 78 
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processes (Experiment 1 and its replication): attention allocated top-down to the location of 79 

the target stimulus, and attention captured bottom-up by a subsequently presented visible target 80 

(but not by an invisible image). In addition, we isolated an independent index of consciousness 81 

to test which attentional component is related to conscious perception. If early attentional 82 

modulation in posterior brain regions directly gives rise to consciousness, then top-down 83 

attention is expected to show a linear relationship with the measure of consciousness; 84 

conversely, if posterior brain regions must be coupled with the frontal brain to generate 85 

consciousness, then this correlational relationship might be alternatively tied to attentional 86 

capture. Leveraging the high spatiotemporal resolution of iEEG (21 patients with epilepsy; 87 

Experiment 2), we further characterized how attention differently modulates frontal and 88 

posterior brain activity at an early stage, induces frontal-posterior coupling at an intermediate 89 

stage, and interfaces with behavioral responses at a late stage. Collectively, this study provides 90 

state-of-the-art dynamic details of how attentional modulation gives rise to consciousness, 91 

while excluding confounding from early precursors and post-perceptual responses. 92 

Top-down attention and attentional capture jointly promote visual consciousness 93 

For each trial, a central stream (paired with a peripheral stream) presented a random sequence 94 

of four numbers (4/5/6/7) at a fast 10 Hz alternation rate (Fig. 1a, 1b). For the peripheral stream, 95 

a target image was temporally surrounded by two masks and two intervals between image and 96 

masks precisely manipulated to render the image (33ms duration) either visible (weakly masked, 97 

visible_image trials, VIS at Fig.1b) or invisible (heavily masked, invisible_image trials, INV 98 

at Fig.1b). For control trials designed to measure masks-evoked neural activity only, the image 99 

was replaced by a blank of same duration (visible_blank and invisible_blank trials, 100 

respectively).   101 



 4 

Central

Stream

Peripheral

stream

6

4°

Independent

timing

h

g

i

Unattended condition

VISINV

Partially attended condition

Top-down attention

partially directed to image

Bottom-up attention

captured by image

Summed amount of

attention for image

0

0

0

0

0

0

a

0

a

a

b

a+b

j

ρ= -0.49*, p= 0.033ρ= -0.18, p= 0.449

ns
*

a b

f Attentional capture hypothesisTop-down attention hypothesis

Top-down attention would be partially 

directed to image location

due to probes.

Unattended Partially attended

Probe

Subsequently, salient signals (VIS - INV)

would further capture attention

automatically.

VISINV

Partially attended Partially attended

Probe trials (16.7%, randomly selected, in partially attended blocks only)

Image

presentation

time

0ms / 200ms

interval

…

4

“What did you see at

the moment the

probe appeared?”

6
…

(Counting number

as usual)

Probe

frame

Report

counting first

T
im

e

“How many times target

number (e.g., 7) appeared?”

Counting

VIS INVOR

T
im

e

(See panel d)

Counting

VIS INVOR

Unattended block task:
(ignoring peripheral stream)

Partially attended block task:
(sparing partial attention to 

peripheral stream)

B
lo

c
k
s

a
n

d
ta

s
k
s

(E
x
p

.1
)

+

c

d

Visible and invisible trials

Visible stimulus or blank

OR

200ms

200ms

100ms

100ms

33ms

VIS

ti
m

e

4

5

6

5

6

4

7

4

@10HZ

100ms

100ms

200ms

200ms

OR

Invisible stimulus or blank

INV

33ms

5

6

7

5

5

6

6

7

@10HZ

Independent measure for visual consciousness (using probe-trials)

Limited capacity of attention

Peripheral

stream

Central

stream

Results for two attentional components

(a+b)**

a*

a: Top-down attention

b: Captured attention

**

ns

Two stimulus streams Image visibility

e

Independent measures for two attentional components (using non-probe trials)

k

ΔC**

False

alarm

‘ΔC’

quantifies the extent

consciousness was

decaying with time.

V
is

ib
ili

ty

Probe-time (ms)
0 200

ΔC

Image offset

…

0 ms

probe

200 ms

probe

OR

Results for ‘ΔC’ Linking captured attention with visual consciousness

success

failu
re

Probe



 5 

Figure 1. Experimental paradigm and dissociation of attention's roles in visual 107 

consciousness. a, Schematic of central and peripheral stream. b, Illustration of visible and 108 

invisible image and control (blank) trials. c, Block and task design of attentional manipulation 109 

in Exp.1. d, Design of probe trials used in partially attended blocks. e, Schematic illustration 110 

showing occasional probes attract partial attention to peripheral stream. f, Schematic illustration 111 

showing visible rather than invisible images additionally capture attention in partially attended 112 

condition. g, Design and independent measures for top-down attention and captured attention 113 

using non-probe trials. h, Results for measures of two attentional components. i, Design and 114 

independent measure for visual consciousness using probe trials. j, Results for the measure of 115 

visual consciousness. Gray horizontal line illustrates false alarm level of visibility rating. k, 116 

Spearman correlation between one of two attentional components and visual consciousness. 117 

Rank values are plotted on each X- and Y- axis. ρ, spearman correlation coefficient. ns, non-118 

significant; *, p<0.05; **, p<0.01; ***, p<0.001. The error bars represent the SEM. 119 

We manipulated how much attention was allocated to the peripheral stream in two different 120 

blocks (unattended block and partially attended block, Fig.1c). In unattended blocks (Movie S1) 121 

that were conducted first, participants focused exclusively on the central stream to perform a 122 

high-demand counting task: before each block, they were informed of a fixed target number 123 

(e.g., 7), and at the end of each trial, they reported how many times this target appeared in the 124 

sequence. Counting performance was quantified as accuracy (i.e., ACC)—the percentage of 125 

trials where the reported count matched the actual number of target occurrences. 126 

In partially attended blocks (Movie S2), we designed to direct partial top-down attention to 127 

peripheral stream. To achieve it, we introduced a probe for the peripheral image in 16% 128 

randomly selected trials (Fig.1d). Whenever seeing the probe cue, participants orally reported 129 

whether the image displayed at that moment was ‘seen’ and if yes, they needed to report details 130 

about its category and identity (audio recorded online and encoded offline by two encoders, 131 

Fig.S1 and Methods). This made the image task-relevant and we hypothesized participants 132 

would allocate partial attention for the image to cope with probes. Since probe trials were 133 

determined randomly, we hypothesized top-down attention would be evenly allocated to 134 

peripheral stream even in non-probe trials (84% trials, Fig.1e, component a marked in Fig.1g). 135 

In this scenario, we further proposed salient signals in visible_image trials would additionally 136 

capture attention (Fig.1f, component b marked in Fig.1g) while non-salient signals in 137 

invisible_image or image absent trials (visible_blank and invisible_blank trials) would not 138 

capture attention. Since the capacity of attentional resources is limited (42-44), like the seesaw 139 

metaphor (Fig.1h, left panel) that if more attention is allocated to the peripheral stream, we 140 

proposed attentional competition may result in a deteriorated counting performance. 141 

As a result, in unattended blocks (Fig.1h, right panel), we found that counting performance for 142 

the central stream was comparable across all four types of trials (F(3,54)=0.16, p=0.922, 143 

ηp²=0.009), suggesting visible images (relative to invisible images or image-absent blanks) 144 

failed to capture attention in unattended blocks where peripheral stream was being inhibited 145 
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while attention was directed to the central stream.  146 

As expected, the contrast between partially attended blocks and unattended blocks (‘attentional 147 

contrast’ in short) revealed decreased counting performance (Fig.1h, right panel) for 148 

Invisible_image, Visible_blank and Invisible_blank trials when the target image was either 149 

invisible or absent. This decrease cannot be explained by block order effect (such as fatigue) 150 

because counting performance did not vary with block orders (unattended: t(18)=-1.45, p=0.164, 151 

Cohen’s d=0.33; partially attended: F(9,162)=1.16, p=0.322, ηp²=0.061). Critically, the attentional 152 

contrast for visible_image trials found a larger decrease than Visible_blank trials (interaction: 153 

F(1,18)=6.82, p=0.018, ηp²=0.275) and this decrease did not vary with image category 154 

(F(2,36)=0.78, p=0.464, ηp²=0.041). Since visible_image and visible_blank trials shared same 155 

timing structure, this decrease further suggests additional attention had been captured by visible 156 

images (i.e., component b).  157 

Following the logic introduced above, we used the attentional contrast for visible_blank trials 158 

(t(18)=-2.65, p=0.016, Cohen’s d=0.61) to quantify the amount of top-down attention split for 159 

the peripheral stream (component a), and used the attentional contrast for visible_image trials 160 

(t(18)=-3.62, p=0.002, Cohen’s d=0.83) to quantify a summed component (i.e., component a+b): 161 

general top-down attention (component a) plus attention selectively captured by visible images 162 

(component b). Note that these two measures were calculated independently using different 163 

trials. By subtracting the component (a) from this independent summed component (a+b), we 164 

obtained a pure measure for component b. 165 

To further examine which component contributes to visual consciousness, we also separated a 166 

clean measure of visual consciousness in the rest 16% probe trials, and planned to examine its 167 

correlation with these two attentional components. Specifically, as illustrated in Fig.1i (left 168 

panel), we presented the probe at two timepoints after image offset: one immediately after 169 

image offset (0ms) versus the other one delayed to 200ms post-stimulus offset. After image 170 

offset, we suppose its consciousness trace would decay with time (45). Thus, participants would 171 

likely report a higher visibility rating at 0ms than 200ms probes (Fig.1i, right panel). This 172 

decrease of visibility rating thus provides an independent measure (ΔC) to quantify how much 173 

visual consciousness decays with time. 174 

We indeed found a higher visibility rating at 0ms than 200ms-delayed probes (t(18)=3.02, 175 

p=0.007, Cohen’s d=0.69; Fig.1j). Critically, this decay rate significantly correlated with the 176 

component b (captured attention, Spearman ρ=-0.49, p=0.033; Fig. 1k right panel), but not with 177 

the component a (top-down attention, ρ=-0.18, p=0.449; Fig. 1k, left panel). This correlation 178 

means that captured attention preserves conscious experience, slowing down its decay with 179 

time. Independent replication (Fig.S2) using a different sample of participants and different 180 

experimenter and audio encoders confirmed this finding.  181 

Collectively, we conclude that top-down attention by itself cannot directly promote 182 

consciousness. Alternatively, it achieves so by initiating another mechanism, through which 183 
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salient stimuli capture attention. From this perspective, we suppose that the neural activities 184 

underlying this attentional capture process may contain NCC.  185 

Neural Mechanism of Consciousness-related Attentional Capture: iEEG Evidence  186 

Conceptualization 187 

 188 

 189 

Figure 2. Conceptualizations and logic flow between three main sections of iEEG results. 190 

a, Conceptualization of a four-stage pipeline taking attentional capture process as the critical 191 

part containing neural correlates of consciousness (i.e., NCC). b. Logic flow between three 192 

main sections of iEEG results. Our primary goal was to isolate neural mechanisms of 193 

consciousness-related attentional capture process while excluding both pre-conscious and post-194 

perceptual confounds. 195 

It is important to notify that in Experiment 1 consciousness-related attentional capture only 196 

occurred when top-down attention was available (i.e., partially attended condition), but not 197 

when visual saliency signals were completely ignored. This dissociation suggests that top-down 198 

attention operates first to enable subsequent attentional capture, implying these are distinct 199 

processes separable along the time dimension. 200 

Including these two attentional modulation processes, we proposed a four-stage pipeline of 201 

attention-induced changes, through which top-down attention promotes visual consciousness 202 

and enables subsequent goal-directed response. As illustrated in Fig.2a, this pipeline includes 203 
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first establishing pre-stimulus attentional bias (E0), then enhancing early visual saliency 204 

processing (E1), subsequently triggering consciousness-related attentional capture (E2, which 205 

directly promotes consciousness as we newly discovered in Exp.1), and finally initiating post-206 

perceptual responses (E3, e.g., planning and act) for accurate image categorization. Combining 207 

a revised paradigm with high spatiotemporal-resolution iEEG recordings, our primary goal in 208 

Experiment 2 was to temporally discriminate consciousness-related E2 from its preparatory 209 

precursors (E0 and E1) and post-perceptual confounding (E3).  210 

Distinct early preparations in the posterior versus frontal brain  211 

In previous literature, evidences attributing the frontal brain as a critical module controlling 212 

attention (28-31) and the posterior brain as the other module initially representing visual 213 

sensory contents (46, 47) have been well-established using non-invasive methods (e.g., EEG 214 

and fMRI). Here, we used invasive iEEG data to delineate the distinct early preparatory 215 

processes elicited by attention within each module, each of which paves the way for the 216 

emergence of consciousness and related attentional capture. 217 

Module-dependent early preparation: visual saliency detection 218 

To maximize attention-induced early preparation, we modestly modified task of the paradigm 219 

in Exp.2. Specifically, we remained the unattended condition task roughly as same as Exp.1 220 

(Movie S3), replicating the finding that unattended visible images failed to capture attention 221 

relative to invisible images (mean accuracy=0.777±0.032, F(3,54)=0.95, p=0.424, ηp²=0.050, 222 

Fig.S3a), but revised the partially attended condition task of Exp.1 to a fully attended condition 223 

task in Exp.2 (Movie S4). This task modification also improved feasibility and data quality in 224 

clinical settings. In this fully attended condition (hereafter termed ‘attended condition’ for 225 

short), participants were required to ignore the central number stream (see Methods) and 226 

perform an image categorization task at the end of each trial (animal/object/face, see Methods). 227 

As a result, the optimal categorization performance (accuracy = 0.937±0.017, chance 228 

level=0.333, t(18)=35.41, p<0.001, Cohen’s d=8.12, Fig.S3b) proved attention had been 229 

effectively directed to peripheral images under attended conditions. 230 

Among 3,044 recorded contacts (1,900 in gray matter of cortical lobes), 847 contacts in sum 231 

were identified as responsive contacts (see Methods for details) whose activity significantly 232 

differed between visible vs. invisible trials (not confounded by horizontal or vertical eye gaze 233 

location, Fig.S4). The Fig.S5 illustrates an exemplary V1 responsive contact. Especially, in 234 

response to images displayed in the contralateral visual field, even under unattended conditions, 235 

this contact exhibited markedly stronger (400 μV vs. 40 μV, peak response amplitude detected 236 

at around 160ms, see Fig.S5b for more information) and more sustained (460 ms vs. 10 ms 237 

duration) responses to visible than invisible images (uncorrected p<0.001, cluster-based 238 

permutation corrected p<0.05). This V1 contact remained non-responsive for images displayed 239 

in the ipsilateral visual field. 240 
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Beyond V1, unattended visual saliency processing engaged broader posterior regions (Fig. 3a 241 

and Fig.S6; Movie S5), including the occipital (O; 26.9%, 35 of 130 contacts), parietal (P; 242 

16.0%, 62 of 387 contacts), and temporal (T; 6.1%, 51 of 838 contacts) lobes, as well as a 243 

lowest proportion of the frontal lobe (F, 2.9%, 16 of 545 contacts). Temporally, responses 244 

peaked between 200–400 ms before returning to chance levels at 600 ms.  245 

By contrast, at attended conditions we observed a substantial expansion of responsive contacts. 246 

All four lobes exhibited increased responsiveness (Fig. 3a), though most dramatically in the 247 

frontal lobe. Frontal contacts showed an over 12-fold increase compared to unattended 248 

conditions (from 2.9% to 36.5%). In striking contrast, the occipital lobe—specialized for lower-249 

level visual processing—showed only a 2-fold increase (from 26.9% to 56.9%), and the fold-250 

change increase for the posterior brain as a whole was significantly lower than that of the frontal 251 

brain (Fig. 3a; !²(1) = 17.09, p < 0.0001). This frontal–posterior divergence in attention-252 

induced spatial expansion carries two implications. On the one hand, it supports the proposed 253 

role of the frontal brain as a specialized module for attentional control (48-50). On the other 254 

hand, it indicates that attention broadens the scope of information processing, from a 255 

predominantly posterior mode in the unattended state to a brain-wide mode. 256 

 257 

Figure 3. Module dissociation between frontal brain vs. posterior brain. a, Attention-258 

induced increase on the number and distribution of responsive contacts, expanding most in the 259 

frontal brain. b, Module dissociation in terms of saliency presence signal and its attentional 260 

gain. Contralateral vs. ipsilateral responses were compared for the posterior brain (lower panels) 261 

and the frontal brain (upper panels). c, Module dissociation in pre-stimulus alpha-band power. 262 

Alpha-band power was compared between contralateral vs. ipsilateral hemispheres of the 263 
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frontal brain (upper panels) and the posterior brain (lower panels), under unattended (left panels) 264 

and attended conditions (right panels), respectively. The dotted line indicates image onset. 265 

Shaded area around lines represents SEM. Shaded area between lines indicates significant 266 

difference between two hemispheres (cluster-based permutation corrected p<0.05). Results for 267 

visible trials were reported here (See Fig.S8 for invisible trials). d, Module dissociation in 268 

saliency-evoked alpha-band power. Baseline correction was performed on alpha-band power. 269 

The corrected alpha-band power in the attended condition was compared with that in unattended 270 

condition (left column). Under attended conditions, the contralateral vs. ipsilateral responses 271 

were further compared across an early and a late time window (right column). For panels b and 272 

d, filled circles indicate significant difference versus 0 (FDR corrected p<0.05) while asterisks 273 

indicate significant difference between legend conditions. *, uncorrected p<0.05; **, 274 

uncorrected p<0.01; ***, uncorrected p<0.001. ‘Front’ represents the frontal module; ‘Post’ 275 

represents the posterior module. Without otherwise denoted, all X-axis tick labels represent 276 

time relative to image onset, in unit of millisecond (ms). The error bars represent the SEM. 277 

In the attended condition, when both modules were active, we compared their sensitivity to 278 

detect saliency presence signals. For each combined condition of visibility (visible/invisible) 279 

and attention (attended/unattended), multivariate SVM models were first trained to decode 280 

binary presence (present/absent) of visual images (also see Method-iEEG: decoding analysis). 281 

Then, using the resulting decoding accuracy measures, a visual saliency contrast (i.e., visible-282 

invisible) was further performed to quantify the amplitude of saliency presence signal for each 283 

attended and unattended condition. Larger amplitude indicates higher sensitivity to detect 284 

presence of visual saliency stimuli. Not surprisingly, we found the frontal brain exhibited a 285 

consistent 100ms delay relative to the posterior brain under the attended condition (Fig.S7), 286 

implying it receives feedforward signals from the posterior brain (23, 51). 287 

To quantify attention-induced increase (i.e., attentional gain) upon saliency presence signals, 288 

we performed a contrast between attended versus unattended conditions. In the posterior brain, 289 

top-down attention significantly enhanced saliency presence signals starting from within the 290 

first 100ms (Fig. 3b lower-left panel, bin 1, t(118)=2.34, p=0.021, Cohen’s d=0.21), providing 291 

empirical support for the conceptualization of early sensory enhancement (stage E1, Fig. 2a) 292 

caused by top-down attention (also see (11, 12)). By contrast, in the frontal brain, top-down 293 

attention significantly enhanced saliency presence signals till to the second bin (100-200ms bin, 294 

Fig. 3b upper-left panel).  295 

To evaluate whether attentional gain on saliency presence signals are constrained by the 296 

contralateral hemisphere lateralization biases of visual propagation(52), we further performed 297 

a contrast between contralateral versus ipsilateral response. As revealed, posterior brain 298 

attentional gain measures exhibited lateralization bias that was most pronounced during the 299 

rising phase (bins 1-4, Fig.3b, Lateralization: F(1,98)=4.20, p=0.043, ηp²=0.041; Phase: 300 

F(1,98)=0.04, p=0.844, ηp²=0.0004; Interaction: F(1,98)=3.64, p=0.059, ηp²=0.036) and became 301 

non-significant in the later falling phase (bins 5-8, t(98)=0.62, p=0.535). By contrast, in the 302 

frontal brain we did not observe significant attentional gain for each bin (Fig. 3b, upper-right 303 
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panel, bins 1-8: ps>0.436). Together, this attention-induced delayed yet bilaterally integrated 304 

response profile demonstrates that attention induces different early preparation in the frontal 305 

brain, that it does not merely extend visual sensory processing of images but constitutes a 306 

higher-order integrative module that synthesizes feedforward signals from both posterior 307 

hemispheres (53). 308 

Module-dependent early preparation: attention-related alpha-band activity 309 

Given evidences above illustrating distinct early preparations in the posterior versus frontal 310 

brain about visual saliency detection, we next examined this issue using measures relevant to 311 

attentional control. Specifically, we focused on analyzing alpha-band activity, a classical 312 

marker on this issue (54-57). For example, it is well known that suppressing peripheral 313 

distractors would shift the inhibitory alpha-band power towards the contralateral hemisphere 314 

which initially processes these distractors. Consistent with this view, in unattended conditions 315 

(Fig.3c for visible trials, Fig.S8 for invisible trials), we observed robust pre-stimulus alpha 316 

power lateralization toward the contralateral hemisphere in the posterior brain (Fig.3c, lower 317 

left panel, Unattended).  318 

Strikingly, attended conditions induced a complete reversal of this alpha lateralization pattern. 319 

Alpha power now lateralized toward the ipsilateral hemisphere (Fig. 3c, lower right panel, 320 

Attended), effectively inhibiting the ipsilateral hemisphere while disinhibiting the contralateral 321 

hemisphere in preparation for upcoming stimuli. This attention-driven reversal of posterior 322 

alpha activity demonstrates how top-down attention dynamically reconfigures the posterior 323 

brain processing according to task demands. 324 

In contrast, the frontal brain showed no significant pre-stimulus inter-hemispheric alpha bias 325 

under either attended or unattended conditions (Fig. 3c, upper panels). This functional 326 

dissociation provides additional evidence for the hierarchical architecture view: the posterior 327 

brain acts as a lower-order module where alpha-band activity reflects the spatial focus of 328 

attention in a retinotopic manner, while the frontal brain operates as a higher-order integrative 329 

module that is not constrained by this retinotopic organization. 330 

Beyond pre-stimulus attentional biases, the functional dissociation between frontal and 331 

posterior brain regions further manifested in post-stimulus saliency-evoked alpha-band activity 332 

under attended conditions (Fig.3d). Klimesch's two-stage framework (58) proposes that top-333 

down attention engages alpha oscillations to access stored knowledge through sequential 334 

processes: an initial alpha power increase suppresses task-irrelevant neural activity (noise 335 

reduction), enabling salient signals to pop-out from background activity—followed by a 336 

subsequent alpha power decrease that further amplifies the processing of these prioritized 337 

signals. 338 

Consistent with this two-stage framework, we observed a biphasic increase-decrease pattern in 339 

posterior alpha-band activity (Fig. 3d, lower panels, Posterior brain): an initial power increase 340 
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(peaking at ~250 ms; suppression phase), followed by a significant decrease (troughing at ~550 341 

ms; facilitation phase). Crucially, the magnitude of this biphasic modulation (peak-to-trough 342 

alpha amplitude change) positively correlated with the strength of saliency category 343 

representation—quantified as mean saliency category decoding accuracy—across posterior 344 

brain regions (Fig.S9). These findings provide direct support for Klimesch's two-stage 345 

framework that top-down attention orchestrates sequential alpha dynamics to access stored 346 

sensory knowledge in the posterior brain. 347 

In sharp contrast, stimulus-evoked alpha activity in the frontal brain exhibited fundamentally 348 

distinct dynamics. Critically, no biphasic modulation was observed. Instead, we identified 349 

sustained alpha lateralization toward the ipsilateral frontal hemisphere (Fig. 3d, upper panels). 350 

It is proposed that frontal hemispheres compete for attentional control through mutual inhibition  351 

(59, 60), with each hemisphere able to direct attention toward its contralateral hemifield. 352 

Therefore, the lateralized alpha activity indicates that the ipsilateral frontal lobe was 353 

continuously suppressed, thus likely stabilizing attention towards where the salient signal 354 

appears. Collectively, such divergence between posterior alpha dynamics (phasic increase-355 

decrease transitions) and frontal alpha dynamics (tonic interhemispheric lateralization) sheds 356 

light on their complementary early preparation with regard to attentional control.  357 

Signal dissociation discriminates consciousness from post-perceptual response 358 

Discriminating post-perceptual response from earlier-initiated conscious experience is a 359 

fundamental challenge in consciousness research (39, 61). 360 

In this section, we tackle this issue from a new perspective. At first, we suppose neural signals 361 

tracking emergence/presence of perceptual consciousness and signals tracking perceptual 362 

contents are intrinsically different (Fig.4a, Prediction 1). Although these signals have been 363 

shown to diverge in multiple domains (e.g., visual perception (62-64) and action control (65)), 364 

previous consciousness research has typically investigated them in isolation—examining either 365 

presence (e.g., (66, 67)) or content (e.g., (68)) signals separately—without directly examining 366 

which signal best tracts conscious experience. Second, we predicted that the presence signals 367 

would continue to decline during late fading of conscious experience, while categorical content 368 

signals might be maintained or even rebound to support category-dependent post-perceptual 369 

responses (Fig.4a, Prediction 2). Note that a 1000-ms freezing window had been set for 370 

participants to wait after image offset before initiating their key-press response (Methods). 371 

To test these two signal dissociation predictions, we adopted the same quantification method 372 

for the saliency category signal, with the only modification being that the SVM models were 373 

now trained to discriminate image categories (animal/object/face) instead of image presence 374 

(see Methods for further details). 375 
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 376 

Figure 4. Signal dissociation between saliency presence versus saliency category signals. 377 

a, Working predictions about signal dissociation. b, Two-Yaxes plot for two saliency signals 378 

of ipsilateral hemisphere of the posterior brain under unattended (left) and attended (right) 379 

conditions. c, Signal dissociation on hemisphere lateralization index (contralateral-ipsilateral) 380 

of the posterior brain. d, Signal-dissociation in the frontal brain (upper row) and the posterior 381 

brain (lower row) in terms of bilateral mean saliency signal intensity (left column) and their 382 

attentional gain (right column). Purple-shaded areas highlight their divergence at late stage 383 

(>600ms). Before that, the pink-shaded area at the upper-left panel marks the early window 384 

(cluster 1) of frontal brain saliency category signal. e, Time course of summed saliency category 385 

signal of the posterior brain. Shaded area indicates the early window of saliency category signal 386 

of the frontal brain. For each gray curve, an inclusion criterion (i.e., Limen) quantifies how 387 

many percentages above zero a contact could be included to calculate the summation. The red 388 

a

Saliency presence signal Vs. Saliency category signal

Prediction 1: They are independent
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curve represents the mean summation averaged across four individual gray curves. f, Temporal 389 

generalization analysis under attended conditions for saliency category signals (upper row) and 390 

saliency presence signals (lower row) of the frontal brain (left column) and the posterior brain 391 

(right column), respectively. Warm-colored clusters represent significant generalization (FDR 392 

corrected p<0.05). Analysis on saliency category signals of the frontal brain revealed two 393 

discrete clusters. A generalization width index (marked by a line-segment in the bottom-right 394 

panel, see main text for more information) was calculated for each timepoint along the diagonal 395 

line. g, Generalization width compared between these two clusters for each combined condition 396 

of frontal/posterior brain (columns) and category/presence signals (rows). Each scattered point 397 

on the bar represents an individual diagonal time point within each legend cluster. Except for 398 

otherwise denoted, filled circles indicate significant difference versus 0 (FDR corrected p<0.05; 399 

corrected p>0.05 for empty symbols), asterisks along X-axis indicate significant difference 400 

between legend conditions (uncorrected p<0.05). Without otherwise denoted, all X-axis tick 401 

labels represent time relative to image onset, in unit of ms. The error bars represent the SEM. 402 

Signal dissociation: Cross-hemisphere projection 403 

We started to test for Prediction 1 of the signal-dissociation hypothesis by testing whether 404 

saliency category signals propagate concurrently with saliency presence signals during cross-405 

hemisphere projection. First of all, we found the contralateral hemisphere response can 406 

expectedly encode both saliency presence and saliency category signals irrespective of under 407 

attended or unattended conditions (Fig.S10). The real question lies in the ipsilateral hemisphere 408 

response, that whether this ipsilateral response could also encode saliency presence and saliency 409 

category signals concurrently. 410 

Under unattended conditions (Fig. 4b, left, Unattended), ipsilateral responses only encoded 411 

saliency presence signals (light blue curve, bins 2-7, FDR corrected p < 0.05) but failed for 412 

saliency category signals (light purple curve, all bins, p > 0.069, FDR corrected p>0.1). Under 413 

attended conditions, however, ipsilateral responses encoded both two signals (Fig. 4b, right, 414 

Attended; FDR-corrected p < 0.05). This dissociation reveals that cross-hemisphere 415 

propagation of saliency category signals requires attention, whereas saliency presence signals 416 

could transfer between hemispheres without being constrained by attentional demand.  417 

Then, we computed a lateralization index (contralateral – ipsilateral) to further examine whether 418 

these two signals both follow contralateralization bias (i.e., contralateral>ipsilateral). Under the 419 

attended condition, saliency presence signals expectedly exhibited stronger contralateral 420 

hemisphere response (Fig.4c, bins 2-5, FDR corrected p<0.05), whereas saliency category 421 

signals showed a non-significant lateralization bias during early processing (bins 1–2: p = 0.270 422 

and 0.080, respectively; Fig. 4c). At bin 3—when saliency presence signals peaked in 423 

lateralization index (max lateralization, t(104)= 8.19, p <0.001)—saliency category signals 424 

remained bilaterally symmetric (t(104)= 0.55, p = 0.586). Conversely, at bin 7 (600-700ms)—as 425 

saliency presence signals became bilateral (lateralization nonsignificant: t(104)= 1.54, p = 426 
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0.126)—saliency category signals developed significant contralateral bias (t(104)= 2.06, p = 427 

0.042).  428 

Collectively, saliency category signals deviate fundamentally from saliency presence signals in 429 

three aspects-They require attention to complete cross-hemisphere projection, are more 430 

symmetric between hemispheres within the first 600ms, and exhibit significant contralateral 431 

hemisphere bias till to late stage (>600ms).  432 

Signal dissociation: post-perceptual global late content retrieval 433 

We now tested for Prediction 2 of signal dissociation, that saliency category signals would 434 

diverge from saliency presence signals at the late stage. In the posterior brain, we found saliency 435 

presence signals and saliency category signals followed similar trajectories before 600ms 436 

(Fig.4d, lower-left panel, bins 2-6). After 600ms (bins 7-8), however, saliency presence signals 437 

continued declining while saliency category signals rebounded, showing expected late signal 438 

dissociation. Similarly, attentional gain analysis for the posterior brain (Fig.4d, lower-right 439 

panel) again demonstrated an inverted U-shaped profile for saliency presence signals, and a 440 

temporally climbing profile of attentional gain for saliency category signals, gaining most 441 

during late bins.  442 

In the frontal brain, the saliency presence signal (Fig.4d, upper-left panel) and its attentional 443 

gain (Fig.4d, upper-right panel) both exhibited an inverted U-shaped profile (light blue curve) 444 

too. And, the saliency category signal and its attentional gain were still mostly pronounced 445 

during the late stage (light purple curve, late bins 7-8, FDR corrected p<0.05). Collectively, we 446 

found the late signal dissociation occurred in both the posterior brain and the frontal brain, 447 

suggesting this late process is expanding globally. For this reason, we term this process as 448 

‘global late content retrieval’.  449 

It is important to note that in the frontal brain we observed significant saliency category signal 450 

appearing till to bins 4-5 (Cluster 1, Fig.4d, upper-left panel, light purple curve, FDR corrected 451 

p<0.05; see Fig.S11 for more fine-grained time course), later than that in the posterior brain. 452 

When and how the frontal brain encodes consciousness content are of special significance in 453 

inferring mechanism of consciousness (2, 26, 27, 69). An influential globalist view proposes 454 

the frontal brain can broadcast conscious content stream to widely distributed posterior regions. 455 

If true, then, the total amount of content representations in the posterior brain should be 456 

significantly enriched immediately after the frontal brain starts broadcasting. However, as 457 

revealed, we instead found a general decrease during and following this early cluster 1 of frontal 458 

content representations (Fig.4e). 459 

To further examine whether the neural representations of these two frontal category clusters 460 

could generalize to each other, we conducted a temporal generalization analysis for each signal 461 

and brain region (Fig.4f). This analysis evaluates to what extent neural patterns at one timepoint 462 

can generalize to other timepoints, yielding a 2D generalization map (train time by test time) of 463 
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T-values. As shown in the upper-left panel , this analysis again revealed two discrete clusters 464 

(Cluster 1 and 2) of category signals in the frontal brain. Evolving along the diagonal, these two 465 

clusters failed to generalize to each other—indicating that they had developed into distinct 466 

neural patterns.  467 

Within the generalization map, notably, the later Cluster 2 appeared more expanded than the 468 

earlier Cluster 1 in the direction perpendicular to the diagonal line. To verify this possibility, a 469 

generalization width index was calculated in this direction. As represented by the black line 470 

segment marked in the lower-right panel of Fig. 4f, this index measures the distance between 471 

two threshold points (small circles, face-colored in white and line-colored in red). The threshold 472 

was set to half of the maximum generalization T value over all timepoints; thus, the length of 473 

the line segment measures the temporal duration of supra-threshold generalization and could 474 

be compared between cluster 1 and 2. To exclude artificial effect of cluster size, we cropped 475 

these two clusters into same length to run following tests (Fig.4g; Cluster 1: 350–450 ms; 476 

Cluster 2: 600–700 ms).  477 

Compared with Cluster 1, generalization width during Cluster 2 sharply contracted for saliency 478 

presence signals (Fig. 4g, left panel)—becoming significantly narrower than that in Cluster 1 479 

for both the frontal brain (t(12)=-2.45, p=0.031, Cohen’s d=1.31) and the posterior brain (t(12)=-480 

3.58, p=0.004, Cohen’s d=1.91). That means during the late stage the temporal sustainability 481 

of saliency presence signals was declining globally.  482 

For saliency category signals (Fig. 4g, right panel), however, Cluster 2 exhibited a significantly 483 

broader generalization width in the frontal brain (t(12) = 6.18, p <0.001, Cohen’s d = 3.30). Same 484 

analysis revealed similar dynamics in the posterior brain: the Cluster 2 also exhibited a 485 

significantly broader generalization width than Cluster 1 (t(12) = 20.35, p <0.001, Cohen’s d = 486 

10.88), replicating the late expansion effect. Collectively, these results demonstrate that the late 487 

generalization width expansion of category signals is a global phenomenon—occurring 488 

robustly in both the frontal and posterior cortices. 489 

Collectively, findings above provide converging evidences for the predicted dissociation 490 

between the two signals. Among them, it is the saliency presence signal and its attentional gain 491 

(alike with an inverted U-shaped profile) that best track attention-induced promotion upon 492 

visual consciousness–its explicit emergence, maintenance and fading–within hundreds of 493 

milliseconds. On the contrary, the saliency category signal and its attentional gain might best 494 

fit task-relevant post-perceptual responses. In the dimension of time, above findings illustrate 495 

that the late post-perceptual response in our paradigm started around 600ms post-stimulus onset, 496 

suggesting visual consciousness must have emerged and have been facilitated by attentional 497 

capture before this cutting-edge timepoint. 498 

Functional coupling between attention module and sensory content module 499 
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Based on findings of module dissociation and signal dissociation reported in above two iEEG 500 

sections, here we further proceed to examine whether top-down attention expectedly induced 501 

functional coupling between these two modules, and how this frontal-posterior coupling 502 

evolved across time. As a test, we predicted that this frontal-posterior coupling would be 503 

selectively established under attended conditions (Note that Exp.1 shows that attentional 504 

capture cannot occur in the unattended condition, Fig.1h), and its temporal profile would 505 

successively mirror three post-stimulus stages (Fig.2a)—early preparation (E1, prediction of 506 

no coupling), intermediate conscious emergence (E2, prediction of positive frontal-posterior 507 

coupling), and late fading (E3, prediction of vanishment of frontal-posterior coupling) of visual 508 

consciousness. Findings about signal-dissociation further motivated us to examine whether the 509 

targeted frontal-posterior coupling patterns encode saliency presence and/or saliency category 510 

signals. 511 

Practically, we quantified pairwise functional connectivity between responsive contacts in the 512 

4Hz-centered theta band (3-5Hz, using 300ms window with 100ms step, see Methods). Positive 513 

values indicate saliency-evoked coupling (i.e., visible>invisible), while negative values reflect 514 

decoupling (i.e., visible<invisible). This 4Hz-centered theta band frequency range was selected 515 

because: (1) our spectral analysis confirmed this band showed the strongest saliency-evoked 516 

coupling under both attended and unattended conditions (Fig.S12), and (2) theta oscillations 517 

are known to mediate inter-cortical synchronization and communication (49, 70, 71).  518 

As shown in Fig.5a, multiple contact pairs were averaged into one electrode pair to control for 519 

data homogeneity. All coherence-related statistics were thus performed on electrode pair level. 520 

To evaluate coherence-related activity intra-between each module and inter-between two 521 

modules, we further grouped 9 lobe pairs into 3 groups (Fig.5b)– Posterior group (including 522 

OO, OP, OT, TT, TP and PP), Frontal group (FF only) and Frontal-Posterior group (FP and 523 

FT).  524 

Averaged across all electrode pairs, the profile of saliency-evoked theta coherence dynamics 525 

revealed three distinct stages under attended conditions (Fig. 5c, red line): (1) an early stage of 526 

overall null-coherence (bin 1: t(925)=-0.22, p=0.826), (2) an intermediate stage of overall 527 

coupling (positive coherence value, bins 2-4: FDR corrected p<0.001), and (3) a late stage of 528 

overall decoupling (negative coherence value, bins 5-6: FDR corrected p<0.003) – 529 

corresponding well to our conceptual framework (E1-E3, Fig.2a). Next, we focus on clarifying 530 

how these module-specific and inter-module coherence patterns evolve across the early, 531 

intermediate and late stages, respectively. 532 

 533 
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 534 

Figure 5. Attention-induced coupling between two modules. a, Multiple contact pairs were 535 

averaged into one electrode pair to control for data homogeneity. b, Graphical illustration of  536 

9 cortical lobe pairs grouped into 3 module groups. c, Time course of mean theta coherence 537 

averaged across all electrode pairs. Under attended conditions (red line), three stages including 538 

an early stage, an intermediate stage and a late stage were identified. d, Coherence-based 539 

saliency presence decoding results for the posterior brain at the early stage. e, Attention-induced 540 

coupling-and-decoupling reorganization evidenced by U-shape function modelling between 541 

coherence-based saliency presence decoding and saliency-evoked theta coherence. Each circle 542 
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represents a lobe-electrode pair unit within the posterior brain under attended (red) or 543 

unattended (gray) conditions. f, Coherence-based saliency category decoding results for the 544 

posterior brain at the early stage. g, Coherence-based saliency category decoding results for 545 

three groups at the intermediate stage. h, Schematic illustration for two opposing hypotheses 546 

about frontal-posterior coupling patterns at the intermediate stage, with the category-invariant 547 

hypothesis empirically validated by our data. Achromatic line-draw images are colored to 548 

enhance visibility. i, Coherence-based saliency category decoding results for three groups at 549 

the late stage. j, Coherence-based late content retrieval under attended condition. This retrieval 550 

was evidenced by increase of saliency category signal averaged across the Frontal and Frontal-551 

Posterior groups. +, p<0.1; *, p<0.05; **, p<0.01; ***, p<0.001. The error bars represent the 552 

SEM. 553 

Early preparation in the posterior brain 554 

At the early stage, to understand how top-down attention prepares for subsequent attentional 555 

capture, we first investigated how the saliency-evoked theta coherence values were modulated 556 

by attention. We found that, by average, the saliency-evoked coherence was significantly above 557 

zero (i.e., coupling) in the unattended condition (gray circle at bin 1, Fig.5c). However, in the 558 

attended condition the mean coherence was at zero-level (red circle at bin 1, Fig.5c), exhibiting 559 

a significant decrease relative to that under unattended conditions (t(925)=-2.40, FDR corrected 560 

p=0.017).  561 

However, when we imported these trial-wise coherence values into SVM models to decode for 562 

image presence (present/absent) at the posterior brain, we revealed significant saliency presence 563 

signal at the attended condition (i.e., higher decoding accuracy for visible than invisible trials), 564 

stronger than that at the unattended condition (Fig.5d, p<0.001). These results suggest posterior 565 

coherence patterns were in fact significantly altered by attention, resulting in more sensitive 566 

visual saliency detection at the early stage. 567 

We thus modelled the relationship how saliency presence signals varied as a function of 568 

saliency-evoked coherence values. As a result, we revealed a U-shaped pattern between these 569 

two measures (Fig.5e, red curve; see Fig.S13 for a more rigorous ‘two-line’ test for this 570 

relationship), demonstrating that top-down attention had coupled some pairs (i.e., positive 571 

coupling) while simultaneously decoupled some other pairs (i.e., negative decoupling). Thus, 572 

their cancelling out each other might have led to an averaged zero-level mean coherence value. 573 

Importantly, this U-shaped pattern was present under attended conditions only and absent under 574 

unattended conditions (Fig.5e, gray curve), suggesting that top-down attention induced active 575 

reorganization of coupling and decoupling patterns during early visual saliency processing at 576 

the posterior brain.  577 

It is natural to propose that this active reorganization might allow stimulus-specific signals pop-578 

out from background noise, thus resulting in category-specific coherence patterns for individual 579 

electrode pairs. We tested this hypothesis by importing coherence values into SVM models to 580 
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decode for image category (animal/object/face). The results confirmed our prediction, revealing 581 

significant saliency category signal in the attended condition (visible>invisible, t(651)=6.59, 582 

p<0.001), and this signal intensity was significantly stronger than that in the unattended 583 

condition (t(651)=3.54, p<0.001, Fig.5f).  584 

Intermediate frontal-posterior coupling 585 

During the intermediate stage (bins 2-4, Fig. 5c), same analyses on theta coherence values 586 

revealed saliency-evoked global coupling (i.e., coherence>0) under attended condition, as well 587 

as a general significant increase relative to unattended condition (all ps<0.001). This coupling 588 

effect slightly differed between three groups (Fig.S14, also see Fig.S15 and S16 for information 589 

about each lobe pair). More specifically, for the Posterior group and the Frontal group, their 590 

attentional gain is a quantitative elevation from weak coupling to stronger coupling, whereas 591 

for the Frontal-Posterior group its attentional gain is a qualitative change shifting from no 592 

coupling state to coupling state.  593 

Coherence-based decoding analysis revealed significant decoding for both saliency presence 594 

signal and saliency category signal under the attended condition intra-between the posterior 595 

brain (Fig.5g, Posterior group, red bar), as well as significant attentional gain relative to the 596 

unattended condition (Fig.5g, Posterior group, difference between red and gray bars). In this 597 

scenario, one critical question remains open when these two modules get coupling with each 598 

other during this intermediate stage: do frontal-posterior coupling patterns differ between 599 

categorical contents? As shown in Fig.5h, a category-variant hypothesis (left) and a category-600 

invariant hypothesis (right) await empirical testing. 601 

For the Frontal group and the Frontal-Posterior group, however, coherence-based decoding 602 

analyses revealed non-significant saliency category signal (Fig.5g, Frontal group, t(188)=0.11, 603 

p=0.911; Frontal-Posterior group, t(146)=1.10, p=0.273) and non-significant attentional gain for 604 

saliency category signal (Frontal group, t(188)=1.336, p=0.183; Frontal-Posterior group, 605 

t(146)=1.477, p=0.142). On the contrary, the Frontal group and the Frontal-Posterior group 606 

demonstrated significant decoding and significant attentional gain for saliency presence 607 

signals, only (Frontal: t(188)>4.43, p<0.001; Frontal-Posterior: t(146)>4.11, p<0.001; Fig.S14). 608 

As an additional test, for each group, we imported coherence values of each single patient’s all 609 

electrode pairs (after controlling for data homogeneity, see Fig.5a) to train decoding models. 610 

This subject-wise multivariate decoding analysis provides an additional test to more rigorously 611 

evaluate whether the multivariate coherence pattern varied with saliency category at the 612 

intermediate stage.  613 

Replicating above findings, results of subject-wise multivariate decoding analysis (Fig.S17) 614 

further confirmed that the Frontal group and the Frontal-Posterior group could only encode 615 

saliency presence signals (Frontal: t(9)=2.119, p=0.065; Frontal-Posterior: t(12)=3.65, p=0.003)，616 
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but could not for saliency category signals (Frontal: t(9)=1.62, p=0.139; Frontal-Posterior: t(12)=-617 

1.08, p=0.300) at the intermediate stage.  618 

Collectively, these results provide empirical support for the ‘content-invariant hypothesis’ 619 

(Fig.5h). That is, when these two modules get coupling with each other during this intermediate 620 

stage, a common coupling mechanism generally couples the two modules regardless of 621 

categorical contents of conscious experience. 622 

Late decoupling 623 

No conscious experience persists indefinitely. Results at the late stage align well with this 624 

fading of visual consciousness. As shown in Fig.5c, the overall theta coherence at late stage 625 

exhibited sharp decrease (decoupling) relative to the intermediate stage under attended 626 

conditions. This decoupling differed between three groups. More specifically, as shown in 627 

Fig.S14, the Posterior group decreased from positive coupling to negative decoupling, while 628 

the Frontal group and Frontal-Posterior group decreased from positive coupling to zero level.  629 

Despite of these late decoupling effects, the decoupled patterns differ between categories. 630 

Especially, for both the Frontal group and the Frontal-Posterior group who failed to encode 631 

saliency category at the intermediate stage, we found they each (Fig.5i) and their union (Fig.5j) 632 

exhibited significant saliency category signal at the late stage (t(335)=3.16, p=0.002). And, more 633 

importantly, the contrast between late vs. intermediate stages revealed a significant increase for 634 

saliency category signal (t(335)=2.15, p=0.032, Fig.5j), further providing coherence-based 635 

evidence for the post-perceptual process of late content retrieval (Fig.4d).  636 

General Discussion 637 

This article investigates how top-down attention promotes visual consciousness. We first 638 

isolated top-down attention and captured attention using a novel psychophysical paradigm, 639 

establishing a specific correlation between captured attention and consciousness. Then, using 640 

iEEG data, we confirmed functional dissociation between the frontal brain (attention module) 641 

and the posterior brain (sensory module), and revealed that the coherence between the two 642 

modules (i.e., frontal-posterior coupling) dynamically mirrored early preconscious preparation, 643 

intermediate conscious promotion and late fading of explicit visual consciousness in the 644 

dimension of time. At early preparation stage, top-down attention modulated alpha band 645 

activity and decoupled the whole brain to facilitate detection and categorical discrimination of 646 

visual saliency signal. During the intermediate stage, these two modules got functionally 647 

coupled with each other but the pattern of frontal-posterior coupling simply changed in response 648 

to saliency presence but did not vary with categorical contents. At late stage, the coupling 649 

between two modules became disentangled via a category-dependent decoupling process. 650 

Together, we conclude that top-down attention prepares for consciousness first, and then 651 

promotes visual consciousness via mediation of a category-invariant, binary frontal-posterior 652 

coupling mechanism in the human brain.  653 
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Separating Pre-conscious Vs. Conscious activity  654 

Our psychophysical finding that top-down attention promotes visual consciousness indirectly 655 

by mediation of attentional capture process represents a significant advance. It implies top-656 

down attention cannot directly translate into visual consciousness, but makes necessary 657 

preconscious preparation for consciousness arising. Existing research has extensively 658 

documented attention-induced neural modifications (11, 48-50, 58, 71-82). Especially, this 659 

neural enhancement effect starts early in time, within the first 100ms post stimulus-onset, and 660 

expands broadly in space, from early visual areas (LGN/V1) to widely distributed regions of 661 

the posterior brain (11, 12). Psychophysical findings here suggest these early neural 662 

enhancement effect might best prepare for subsequent consciousness-related attentional capture, 663 

allowing salient signals pop out from background noise, but not necessarily serve for 664 

consciousness per se.  665 

Our iEEG results additionally show such preconscious preparation starts prior to visual stimulus 666 

onset. Pre-stimulus alpha-band power lateralization across posterior hemispheres directly 667 

reflects this preparatory attentional modulation. In unattended trials, top-down attention elicited 668 

inhibitory alpha oscillations biased toward the visual-input-receiving contralateral hemisphere 669 

of the posterior brain (Fig.3c), which aligns with prior evidence (54, 55). Such hemispherically 670 

lateralized alpha oscillations function to suppress task-irrelevant peripheral images and resist 671 

attentional distraction (55-57). Conversely, this interhemispheric alpha lateralization pattern 672 

reversed under attended conditions, facilitating peripheral image processing via disinhibiting 673 

the visual-input-receiving hemisphere. This transition from unattended suppression to attended 674 

facilitation reveals how top-down attention reconfigures neural states of bilateral posterior 675 

hemispheres to prepare for the incoming stimulus. 676 

This preconscious preparation lasts till to roughly 250ms post-stimulus onset. In bilateral 677 

hemispheres of the posterior brain, we observed saliency-evoked alpha power increase peaking 678 

at the 250ms-centered bin. According to Klimesch’s theory (58), this early alpha increase 679 

(‘inhibition’) might be engaged by top-down attention to suppress background noise, thus 680 

allowing salient signals to pop out. After that, attentional capture and its related conscious 681 

perception are more probable during the subsequent period (‘dis-inhibition’ or ‘excitation’) 682 

with alpha-power decreasing (Fig.3d) from peak (centered at 250ms) to trough (centered at 683 

550ms).  684 

Another evidence for such early preparation is the finding that top-down attention had induced 685 

global decoupling at the 0-300ms early bin. And, importantly, this global decoupling is 686 

accompanied by elevated decoding for both saliency presence and saliency category signals 687 

(i.e., Attentional gain; see Fig.3b and 4d for power-based decoding results; see Fig.5d and 5f 688 

for coherence-based decoding results). These findings align with previous studies showing that 689 

top-down attention enhances early visual processing by decorrelating neuronal firing in the 690 

visual system (77, 78). Collectively, these findings thus point the possibility that top-down 691 
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attention engages alpha band activity to disrupt original coherence patterns at the early stage, 692 

so as to allow stimulus-specific salient signals pop out from the background noise.  693 

Separating conscious Vs. post-perceptual activity 694 

Findings here about the global late content retrieval process provides a candidate biomarker to 695 

temporally disentangle conscious versus post-perceptual activity. This late retrieval event is 696 

strongly evidenced by saliency category signal which displayed a prominent expansion in both 697 

amplitude and generalization width at late stages, while simultaneously the saliency presence 698 

signals kept declining over time and across the whole brain (see Fig. 4d and 4g). On the one 699 

hand, these complement prior research reporting similar signal dissociation evidences in visual 700 

recognition (62-64) and action control (65). On the other hand, these signal-dissociation 701 

patterns provide a valid marker to identify post-perceptual processes. Given that the long-702 

standing confounding between conscious experience and post-perceptual processing has greatly 703 

restricted progress in this field (1, 34-36, 39), this newly identified marker enables researchers 704 

to separately explore conscious access and post-perceptual response, thereby promoting the 705 

advance of consciousness research. 706 

Before late content retrieval, we observed an earlier content Cluster 1 (350-450ms) at the frontal 707 

brain. Proponents of GNWT might regard it as a sign of successful ‘ignition’ through which 708 

content signals enter into the global neuronal workspace at the frontal brain, and consciousness 709 

would have arisen from the subsequent global broadcasting process through which the frontal 710 

neuronal workspace broadcasts content signals back to widely distributed posterior regions. 711 

However, we found saliency category signals in posterior cortical regions decreased rather than 712 

increased during the time window, which is incompatible with a broadcasting framework, as 713 

no more content information was represented in posterior areas. Second, though attentional gain 714 

analysis for this cluster revealed a giant increase for saliency presence signals, the same analysis 715 

only revealed a weak, non-significant increase for saliency category signals (Fig. 4d), which is 716 

incompatible with giant increase of consciousness switching from unattended to attended state. 717 

We therefore propose an alternative interpretation: saliency category signals within Cluster 1 718 

constitute the neural substrate for rapid, reflexive behavioral responses. This interpretation is 719 

supported by behavioral evidence that human reaction times for rapid visual categorization 720 

typically peak around 400 ms (83), a timeline that closely matches the temporal profile of 721 

Cluster 1 activation. Pulling together, it is possible that the frontal Cluster 1 and Cluster 2 722 

support reflexive fast post-perceptual response and deliberate slow post-perceptual response, 723 

respectively. Rather, the transient silent interval (roughly 450-600ms) separating the two 724 

clusters may reflect an activity-silent mechanism, in which altered synaptic efficacy maintains 725 

mnemonic content information in the absence of overt cortical content representations (32, 33).  726 

This ‘Fast-to-Slow’ response account provides plausible interpretation for a recent open-727 

science adversarial collaboration study (68) which examined how the frontal brain encodes 728 

multidimensional conscious visual features (i.e., category, identity and orientation) and how 729 
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these neural content representations track prolonged stimulus duration (up to 2 s). In the frontal 730 

brain, they identified frontal encoding for category and identify dimensions but not significant for 731 

the orientation dimension. What’s more, such truncated frontal encoding emerged exclusively at 732 

stimulus onset, with no detectable offset response. These findings could be well reconciled by the 733 

‘fast-to-slow’ response account discussed above. For the fast response following stimulus onset, it 734 

is reasonable to assume that our brain has evolved with a higher priority to encode category and 735 

identity dimensions, than to encode the orientation dimension, to support reflexive but 736 

biologically adaptive responses  immediately after we consciously ‘see’ some threatening 737 

stimuli (e.g., fight or flight). And, at stimulus offset, when only a binary yes/no judgement 738 

decision was required at the collaboration study paradigm (68), the diminished offset frontal 739 

content representations can be reasonably interpreted as a result of eliminated response demand 740 

for these early encoded dimensions.  741 

Conscious frontal-posterior coupling 742 

The most salient finding of this study is the binary, category-invariant frontal-posterior coupling 743 

that differentiates solely between visible and invisible stimuli, rather than encoding the fine-744 

grained perceptual content of visual inputs. At first glance, this conclusion seems inconsistent 745 

with previous fMRI and iEEG studies (37, 38), which demonstrated distinct long-range 746 

functional coupling patterns corresponding to different perceptual categories (e.g., 747 

discriminating houses from faces). Nevertheless, those earlier results were likely confounded 748 

by neural activities related to either early preparatory processing or late post-perceptual 749 

responses. In line with this view, our iEEG data confirmed category-specific coherence patterns 750 

for the Frontal-Posterior group in both the early (Fig.S14) and late stages (Fig. 4j)—despite of 751 

absence of frontal-posterior coupling. This indicates that frontal-posterior coupling is not a 752 

prerequisite for interregional information transmission; instead, it better serves as a general 753 

neural mechanism for salient images to capture attention and thus proportionally promote visual 754 

consciousness. If the critical frontal-posterior coupling is disrupted—as in anesthesia, sleep, or 755 

coma where frontal-posterior coupling collapses (84)—consciousness for external stimuli is 756 

abolished, even though residue sensory representations persist in posterior cortical regions (85). 757 

Advocates of IIT might nevertheless counter that posterior content representations can translate 758 

into explicit conscious experience, provided these posterior regions enter a coupled state. Our 759 

data directly undermine this claim. Specifically, posterior coupling was also detected under 760 

unattended conditions, and critically, this unattended coupling emerged even earlier than the 761 

coupling observed in attended trials (Fig.S14~16). If this early posterior coupling evoked by 762 

unattended peripheral salient images were sufficient to produce conscious perception, 763 

participants would have explicitly experienced two separate foci of visual awareness, one 764 

anchored to the central stream and another to the peripheral visual field. However, no 765 

participants reported any concurrent peripheral visual experience unless they voluntarily split 766 

attention between the two streams, as tested in the partially attended condition of our 767 

psychophysical paradigm (Movie.S2). 768 
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 769 

Figure 6. The newly proposed model and brief summary of the present study. a, Graphic 770 

illustration of the newly proposed Attentional Coupling Model (ACM) of consciousness. The 771 

core idea is that the binary frontal-posterior coupling renders all content representations, 772 

including both salient signals and their nested backgrounds, into a binary state of consciousness. 773 

b, Answers for our initially raised question “How does top-down attention promote visual 774 

consciousness”. 775 

The discovery of binary nature of frontal-posterior coupling inspires us to propose a new model, 776 

the Attentional Coupling Model (ACM, Fig.6a) of consciousness. ACM is a cognitive and 777 

neurobiological model, though its computational dynamics still need clarification. According 778 

to ACM, attention cannot directly enhance conscious perception at the initial early stage though 779 

it has greatly boosted saliency presence signal of the stimulus. Rather, ACM proposes that 780 

attention enhances conscious perception till to the subsequent intermediate stage, rendering 781 

both previously popped-out signals (S) and suppressed noises (N) into conscious state by 782 

establishing content-invariant, common frontal-posterior coupling between the frontal module 783 

of attention and posterior module of sensory content. In behavior, this global coupling 784 

mechanism optimally supports an attentional capture process which as proved in Exp.1 directly 785 

contributes to conscious visibility. 786 

Attentional Coupling Model

of Consciousness (ACM)

a

b How does top-down attention promote visual consciousness?

No

coupling
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Front
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Common

coupling
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After early preconscious preparation, it should be emphasized that the figure-ground 787 

segregation problem(86, 87) has been solved, allowing the visual system segments images into 788 

foreground figures and background noises. Thus, during the subsequent attentional capture 789 

process, posterior brain content representations encompass both of them. An intuitive view is 790 

that it is only the popped-out foreground salient signals rather than the suppressed noises that 791 

would establish functional coupling with the frontal brain. However, the binary nature of 792 

frontal-posterior coupling suggests that once this frontal-posterior coupling is initialized, both 793 

popped out signals and background noises are integrated into a transient, unified neural 794 

synchronization with the frontal brain. As we see it, this binary coupling mechanism provides 795 

plausible means to concurrently render all content representations (i.e., signals and noises) into 796 

visual consciousness, thus producing a unified experience whereby foreground signals are 797 

intrinsically nested within their contextual backgrounds.  798 

Theoretically, ACM avoids IIT’s critics of panpsychism (88, 89) because it restricts 799 

consciousness to functionally-specific biological basis—these neuronal substrates should be 800 

capable to functionally direct attention and represent sensory contents respectively, and their 801 

binary coupling is required. Compared to other globalist views of consciousness like GNWT, 802 

ACM not only provides pioneering evidence showing how this global mechanism operates, but 803 

also provides a functional interpretation (i.e., content signals capture attention) for why this 804 

global coupling mechanism could generate/promote consciousness. Also, remarkably, ACM 805 

holds that the complex content representations locally processed in the posterior brain could get 806 

to be consciously perceived via a quite simple mechanism (i.e., binary frontal-posterior 807 

coupling), but not necessarily requiring these hybrid representations to be broadcasted across 808 

the whole brain. In fact, our findings about the global late content retrieval phenomenon (Fig.4d, 809 

4g and 5j) demonstrate this global broadcasting mechanism supports late post-perceptual 810 

response but not perceptual consciousness per se. 811 

Synthesizing all together, we can now address the core question raised at the outset: how does 812 

top-down attention promote visual consciousness? In brief (Fig.6b), top-down attention 813 

initiates early preconscious preparatory processes to allow stimulus-specific salient signals pop 814 

out from background noise, even in the absence of frontal-posterior coupling. Salient signals 815 

subsequently trigger attentional capture via binary frontal-posterior coupling, and salient 816 

signals get consciously perceived via this coupling as being concurrently nested within 817 

contextual background noise. In the final stage, global retrieval of task-relevant content 818 

representations sustains post-perceptual responses, while conscious experience fades along 819 

with the breakdown of frontal-posterior coupling. 820 

Limitation and Conclusion 821 

Several notable limitations of the current study should be acknowledged. To begin with, the 822 

sparse intracranial iEEG electrode coverage failed to achieve simultaneous recordings across 823 

frontal and occipital cortical hubs, prohibiting direct quantitative connectivity analysis between 824 

these two core regions. Second, the inherent correlational nature of iEEG neural analyses 825 
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constrains rigorous causal inference regarding how top-down and captured attention directly 826 

modulate visual consciousness. Third, subcortical modulators of frontal-posterior coupling 827 

remain uncharacterized herein, especially thalamic and pulvinar nuclei. Prior work has 828 

validated thalamic gating effects on transient conscious perception(90), yet its exact functional 829 

role remains elusive: whether the thalamus acts as a non-essential arousal regulator (91), a core 830 

node for early preconscious preparation analogous, or a direct participant mediating conscious 831 

coupling mechanism. 832 

Despite the above limitations, the present study represents a progress in unpacking the 833 

relationship between attention and consciousness. Of particular significance, we clarified three 834 

distinct neural stages consisting of preconscious preparation, conscious frontal-posterior 835 

coupling and post-perceptual response. As artificial intelligence research advances toward the 836 

development of conscious intelligent agents (92, 93), findings here and the newly proposed 837 

ACM model provide biologically plausible insights for optimizing next-generation AI 838 

architectures that hopefully link attention, consciousness and action. 839 
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