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Mesoscale cortical mechanisms of perceptual  
conflict resolution in binocular rivalry
 

Chencan Qian    1, Zihao Zhang1,2,3, Zhiqiang Chen1,3,4, Gilles de Hollander5,6,7, 
Tomas Knapen6,7,8, Sheng He1,2,3 & Peng Zhang    1,3 

How does the human brain resolve conflicts in sensory input to generate 
conscious perception? Using high-resolution 7 T functional MRI, we 
addressed this question by investigating column- and layer-specific activity 
in cortical and subcortical regions in humans during binocular rivalry. The 
results show that eye-specific rivalry arises from interocular inhibition 
between adjacent ocular dominance columns in the superficial layers of the 
primary visual cortex, but not between ocular layers of the lateral geniculate 
nucleus of the thalamus. Eye-specific feedback from the intraparietal sulcus 
plays an active role in biasing and synchronizing local competitions in the 
primary visual cortex into perceptually coherent representations, even 
without awareness of eye-of-origin information. These findings reveal the 
mesoscale mechanisms of perceptual conflict resolution in humans: local 
conflicts in sensory input are resolved by inhibitory microcircuits in the 
sensory cortex, while feedback signals from the parietal attention network 
bias and integrate local competitions into unified conscious perception.

Two incompatible images presented to the two eyes compete for 
access to consciousness in a stochastic fashion. This illusion, called 
binocular rivalry, is an ideal model to study how our brains resolve 
conflicts in sensory input1, a key mechanism to generate conscious 
perception2,3. While previous neuroimaging studies have investigated 
large-scale activity at the level of brain areas4, mesoscale mechanisms 
of perceptual conflict resolution at the level of cortical columns and 
layers remain unexplored.

It has been proposed that binocular rivalry could arise from 
interocular or eye-based competition in the early visual areas5. As 
depicted in Fig. 1a(i), interocular competition could arise from inter-
laminar inhibition in the lateral geniculate nucleus (LGN) through 
interneurons with dendrites extending to the interlaminate zone and 
adjacent ocular layer6,7. It could also occur between ocular dominance 
columns (ODCs) in the primary visual cortex (V1) via lateral inhibi-
tion through interneurons with long-range horizontal connections 

(Fig. 1a(ii))8. In support of this eye competition hypothesis, human 
functional MRI (fMRI) studies have shown robust eye-specific modula-
tions during binocular rivalry in the blind-spot area9, in ocular-biased 
voxels in V1 (ref. 10) and even in the LGN of the thalamus10. However, 
since these early fMRI studies did not resolve eye-specific activity from 
V1 ODCs or LGN ocular layers, interocular competition in these early 
visual areas still lacks conclusive evidence.

In contrast to the fMRI results, single-unit spiking activity showed 
no evidence of binocular rivalry in the LGN of awake monkeys11 and a 
weak effect in V1 (refs. 12,13). Since blood-oxygenation-level-dependent 
(BOLD) signals can reflect synaptic activity14, one possible explana-
tion for the discrepancy between single-unit and fMRI results is that 
intracortical processing and feedback modulations drive the rivalry 
dynamics in these early visual areas (Fig. 1a(iii))13, which may influ-
ence the temporal structure rather than the spike rate of neuronal 
output14. Eye-specific feedback in binocular rivalry has been suggested 
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of interocular competition, we did not analyse pattern-specific signals 
in these brain regions.

Results
Figure 1b shows the stimuli and procedures for the fMRI experiments. 
In the rivalry condition, a pair of red and green gratings were dichop-
tically presented in orthogonal orientations, rotating clockwise or 
counterclockwise to prolong the dominant duration of rivalry by reduc-
ing adaptation. Participants reported their perception using three 
buttons (red, green or mixed). The eye-colour associations (left eye 
(LE)–red/right eye (RE)–green, and vice versa) were swapped across 
runs. Thus, a percept was not bound to a particular eye, and we can 
isolate modulation with respect to eyes rather than stimulus colour. 
The dominant durations for the red and green gratings were approxi-
mately matched by adjusting luminance in a pilot experiment; thus, the 
dominant durations across eyes and stimuli were balanced during fMRI 
scans (Extended Data Fig. 1). In the replay condition, monocular red 
and green gratings were presented to the two eyes in alternation with 
simulated transitions to match the temporal sequence of perception 
during binocular rivalry. Participants reported their perception as in 
the rivalry condition. In localizer runs, a full-contrast counterphase 
flickering checkerboard was monocularly presented to the two eyes 
in alternation (without interleaving blank intervals) to measure the 
ocular bias of voxels. Continuous and prolonged stimulus presentation 
can stabilize the non-specific signals from large draining veins, thus 
increasing the spatial specificity of BOLD signals to enable functional 
mapping of mesoscale units such as cortical columns32, and was more 
robust to the superficial bias of BOLD signals (Extended Data Fig. 2).

In Experiment 1 (Exp. 1), we investigated eye-specific responses 
in different cortical depths of V1 ODCs using a gradient-echo (GE) 
echo-planar-imaging (EPI) sequence at submillimetre (0.8-mm iso-
tropic) resolution33. Details about the imaging parameters are provided 
in the Methods. Given the limited field of view of submillimetre fMRI 
and the important roles of the parietal and extrastriate areas in binocu-
lar rivalry, EPI slices were in oblique-coronal orientation to cover these 
regions (Fig. 2h, Exp. 1). In a representative participant, the columnar 
and laminar response in V1 was measured using a 2D passband balanced 
steady-state free procession (bSSFP) sequence with 0.5-mm in-plane 
resolution and 1.5-mm slice thickness (Fig. 2h, bSSFP). Compared with 

by psychophysical evidence that top-down attention can modulate the 
duration of continuous flash suppression in an eye-specific fashion15, 
and by electrophysiological and neuroimaging studies showing that 
eye-specific representations can be found in extrastriate areas16,17. In 
addition to eye-specific feedback, stimulus-pattern-based competition 
in the ventral stream could also interact with eye-based competition 
in the early visual areas18–20.

An important source of feedback signals that might play critical 
roles in bi-stable perception is the frontoparietal cortex21. Previous 
human fMRI studies have primarily focused on content-agonistic activ-
ity around perceptual transitions in these high-order regions22–24. 
However, the transition-related response can be largely eliminated 
when the perceptual switch is unreportable or invisible25,26. Meanwhile, 
converging evidence shows that binocular rivalry requires top-down 
attention27,28, suggesting a role of the frontoparietal attention network 
in resolving visual competition. Due to technical limitations in measur-
ing weak and fine-scale representations in frontoparietal regions, per-
ceptual state-related activity in these brain areas has not been reported 
in bi-stable perception in humans. Using a no-report paradigm based on 
eye movement, electrophysiological recordings in monkey prefrontal 
cortex revealed motion-related neural representations during bin-
ocular rivalry29 and also suggested a causal role of low-frequency local 
field potentials in generating perceptual transitions30. However, how 
frontoparietal regions interact with the early visual areas to generate 
conscious perception remains unclear. In addition, it remains unclear 
whether these high-order brain regions also play a role in eye-based 
competition along with the early visual areas. Feedback modulation 
from high-order brain regions could synchronize the dynamics of local 
competitions across space31, but this still lacks support from empirical 
neural evidence.

Therefore, although rivalry-related signals have been studied in 
multiple brain regions, it remains controversial whether eye-based 
competition initially occurs in V1 or in the LGN of the thalamus, and 
how feedback signals from high-order brain regions (in particular 
the frontoparietal areas) modulate local competitions in early visual 
areas. Using high-resolution 7 T fMRI in human participants, we inves-
tigated eye-specific signals in mesoscale functional units in cortical 
and subcortical regions during binocular rivalry and monocular replay 
simulation. Since the current study focused on the neural mechanism 
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Fig. 1 | Candidate neural mechanisms and experimental design for studying 
interocular competition in binocular rivalry. a, Candidate mechanisms of 
interocular competition in binocular rivalry. (i) Interlaminar inhibition between 
ocular layers in the LGN. (ii) Intercolumnar inhibition between ODCs in V1. (iii) 
Eye-specific feedback modulation from higher-order brain areas. Solid and 
dashed arrows indicate feedforward and feedback connections, respectively. 
Green dots connected by solid green lines denote mutual inhibitions. Dot size 

represents the strength of inhibition. S, superficial; M, middle; D, deep. b, Stimuli 
and procedures for the fMRI experiments. In rivalry runs, rotating red and green 
gratings in orthogonal orientations were dichoptically presented to the two 
eyes. In replay runs, monocular stimuli were alternatively presented to the two 
eyes to simulate the perception in the previous rivalry run. In localizer runs, a 
high-contrast flickering checkerboard was monocularly delivered to the two eyes 
in alternation.
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GE-EPI BOLD, bSSFP fMRI signal is more sensitive to microvascular 
activity and thus has higher spatial specificity34.

In Experiment 2 (Exp. 2), to further investigate whether the visual 
thalamus was involved in interocular competition during binocular 
rivalry, we examined ocular-layer-selective activity in the LGN using 
the same GE-EPI sequence at 1.2-mm isotropic resolution. Axial slices 
were orientated to cover the LGN, early visual cortices and the parietal 
cortex (Fig. 2h, Exp. 2). The stimuli and procedures were identical to 
those in Exp. 1.

Strongest rivalry modulation in the superficial layers of V1
Figure 2 shows the eye-specific response amplitude in V1 ODCs in 
Exp. 1. Interdigitated patterns of ODCs can be robustly detected in a 

representative participant (S01, Fig. 2a; see Extended Data Fig. 3a,b 
for all participants), consistent with previous fMRI studies of human 
ODCs35–37. The orientations of ODCs were roughly perpendicular to the 
V1/V2 border in its vicinity, and highly reproducible within (Extended 
Data Fig. 3c) and across scanning sessions (Extended Data Fig. 3d–f; 
r = 0.697, P < 0.001, Monte Carlo test). The ODC patterns were roughly 
consistent with cytochrome oxidase staining results in a postmortem 
study38. The robust detection of ODCs is consistent with previous stud-
ies showing that the continuous stimulation paradigm can improve 
the spatial specificity of BOLD fMRI to map cortical columns32,39. 
Eye-specific response time courses time-locked to the perceptual 
switch are shown in Fig. 2b. Following the perceptual switch, BOLD 
signals increased when the preferred stimulus was perceived (LE/RE 
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Fig. 2 | Eye-specific responses across cortical depth in V1 ODCs during 
binocular rivalry and replay (Exp. 1). a, ODC patterns on the inflated right 
hemisphere (RH) of a representative participant (S01, P.Z.). The colours 
represent the LE–RE BOLD per cent signal change (P < 0.05 uncorrected; 
two-sided t statistics). The white lines mark the V1/V2 boundaries and 5° 
eccentricity. b, Event-related eye-specific responses in ocular-biased voxels. The 
solid and dashed lines indicate responses to preferred and non-preferred 
percepts for the voxel. The grey bars denote significant differences (two-sided 
paired t-test, P < 0.05 uncorrected (light grey); or cluster-based permutation test, 
P < 0.05, family-wise error corrected (dark grey)). c, Eye-specific response pattern 
during rivalry (S01). The white lines outline RE-dominated columns (blue) in a. 
See Extended Data Fig. 3k for a side-by-side comparison. d, Top, equivolume 
cortical depth map (normalized depth) on a T1 image (S01). Bottom, LE–RE β map 
overlaid on mean EPI (P < 0.05 uncorrected; two-sided t statistics; only voxels in 
the grey matter are shown). Purple and green lines mark the pial and WM 

surfaces. A, anterior; R, right. e,f, Depth profiles of eye-specific responses 
(preferred versus non-preferred) in localizer (blue) (e) and rivalry (orange) and 
replay (green) (f). Two-sided paired t-tests were used for layer comparisons in 
e–g: *P < 0.05; **P < 0.01; ***P < 0.001 (Holm corrected). g, Ratio of eye-specific 
responses during rivalry relative to replay. Depth effects were assessed via 
repeated-measures ANOVA (F2,22 = 13.266; P < 0.001; η2

G = 0.169; 95% CI, (0.055, 
0.432)). h, Coverage of EPI (Exp. 1 and 2) and bSSFP scans. i, ODC map (S06, C.Q.) 
on the cross section of the calcarine sulcus (white arrow) in the bSSFP 
experiment. The colours show the LE–RE per cent signal change (P < 0.05 
uncorrected; two-sided t statistics). The T2*-weighted GRE underlay shows the 
line of Gennari. j, Laminar profiles of eye-specific responses in the bSSFP 
experiment. The bar plots in e–g show mean values with 95% CIs obtained by 
bootstrapping participants; individual data points are overlaid as dots. The line 
plots show mean values ± s.e.m. across participants, except in j, where s.e.m. is 
computed across runs (13 localizer, 6 rivalry/replay).
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percept for LE/RE-biased voxels) and decreased when the non-preferred 
stimulus was perceived (RE/LE percept for LE/RE-biased voxels). The 
response amplitude in binocular rivalry was about 30–40% of that in 
monocular replay. The map of eye-specific responses in binocular 
rivalry (the differential responses between the LE and RE percepts) 
matched well with the ODC map in the localizer (Fig. 2c and Extended 
Data Fig. 3k,l; r = 0.475; P < 0.001; mean r = 0.30; 95% confidence inter-
val (CI), (0.2, 0.39) in all participants; t11 = 6.867; P < 0.001; Cohen’s 
d = 1.982). These results clearly demonstrate that eye-specific rivalry 
in V1 occurs at the level of ODCs.

To further investigate the laminar profile of eye-specific responses, 
we estimated cortical depth for each voxel using the equivolume 
algorithm40, on the basis of manually edited cortical surface recon-
structions (Fig. 2d, top). The columnar structure of ODCs perpendicu-
lar to the cortical surface can be clearly seen (Fig. 2d, bottom). The 
alignment and segmentation for all participants are shown in Extended 
Data Fig. 4a,b. Figure 2e illustrates the eye-specific response amplitude 
across cortical depth in the ocular bias localizer, defined as the BOLD 
response difference between the LE and RE stimulus conditions. The 
laminar response profile peaked in the middle depth of V1, consistent 
with the laminar pattern of thalamocortical projections mainly in layer 
4C. This laminar pattern suggests that the differential approach with 
continuous stimulus presentation can help reduce non-specific signals 
from large veins41. More detailed demonstrations of the specificity of 
this method are shown in Extended Data Figs. 2 and 5b.

The shapes of laminar profiles showed a clear difference between 
rivalry and replay (Fig. 2f), demonstrated by a significant interaction 
between cortical depth (superficial/middle/deep) and stimulus condi-
tion (rivalry/replay): F2,22 = 7.209; P = 0.009; η2

G= 0.049; 95% CI, (0.029, 
0.108) via bootstrapping participants. In the replay condition, the 
middle layer showed the strongest effect of eye-specific modulation 
(main effect of depth, F2,22 = 25.695; P < 0.001; η2

G= 0.332; 95% CI, (0.237, 
0.544); deep versus middle, t11 = −11.084; P < 0.001; d = 1.937; 95% CI, 
(−0.38, −0.26); middle versus superficial, t11 = 2.667; P = 0.022; 
d = 0.509; 95% CI, (0.02, 0.2); Bonferroni corrected). During binocular 
rivalry, eye-specific modulation was more biased toward the superficial 
depth (main effect of depth, F2,22 = 26.094; P < 0.001; η2

G= 0.306; 95% 
CI, (0.141, 0.585); deep versus middle, t11 = −5.485; P < 0.001; d = 1.291; 
95% CI, (−0.22, −0.09); middle versus superficial, t11 = −1.196; P = 0.257; 
d = 0.173; 95% CI, (−0.07, 0.02)). The eye-specific response change 
showed a large difference between the rivalry and replay conditions 
(Fig. 2f). Thus, to avoid the influence of mean response amplitude on 
the interaction effect, we normalized the eye-specific modulations by 
dividing the sum of responses across cortical depths in each stimulus 
condition. A significant depth-by-condition interaction could still be 
found following normalization (F2,22 = 6.641; P = 0.013; η2

G = 0.199; 95% 
CI, (0.080, 0.460)). To further evaluate the difference in the shapes of 
the laminar profiles, we calculated a rivalry/replay response ratio for 
each cortical depth by dividing the response amplitudes in the rivalry 
condition by those in the replay condition. The rivalry/replay response 
ratio was strongest in the superficial layer (Fig. 2g; main effect of depth, 
F2,22 = 13.266; P < 0.001; η2

G= 0.169; 95% CI, (0.055, 0.432); deep versus 
middle, t11 = −2.835; P = 0.016; d = 0.547; 95% CI, (−0.14, −0.02); middle 
versus superficial, t11 = −3.186; P = 0.009; d = 0.515; 95% CI, (−0.13, 
−0.02)).

One of the participants in Exp. 1 also participated in two additional 
sessions of the same experiment using the passband bSSFP sequence. 
Compared with GE-BOLD signals, passband bSSFP BOLD signals are 
more sensitive to microvascular activity in the grey matter and have 
higher spatial specificity to reveal layer-specific signals34,42. Two coro-
nal slices (0.5-mm in-plane resolution with 1.5-mm slice thickness) were 
carefully prescribed perpendicular to the calcarine sulcus in one hemi-
sphere, where the ODCs went approximately parallel to the orientation 
of the anisotropic ‘pencil’ voxels (Fig. 2h and Extended Data Fig. 3g). 
One of the slices showed clear ODC patterns (Fig. 2i), confined within 

the grey matter and highly reproducible across sessions (Extended 
Data Fig. 3h–j; r = 0.757, P < 0.001). The eye-specific response amplitude 
peaked in the middle cortical depth in monocular replay and ocular bias 
localizer, but was strongest in the superficial depth in binocular rivalry 
(Fig. 2j). This laminar pattern is consistent with the GE-BOLD results, 
providing additional evidence that in rivalry compared with replay, the 
peak of eye-specific modulation shifts towards the superficial layers 
of ODCs, consistent with local interocular competition in V1. We also 
tried to scan the 2D bSSFP sequence in other participants, including 
S01, who had the most robust OD pattern, but none of them were suc-
cessful due to the difficulty in finding a location where the slices were 
perpendicular to both the cortical surface and the orientation of the 
cortical columns.

More synchronized rivalry dynamics in agranular layers of V1
Local interocular competition may result in different local winners and 
piecemeal perception. It has been hypothesized that feedback signals 
from higher-order areas help synchronize and stabilize local competi-
tions into a globally coherent perceptual state over an extended visual 
field4,31. To test this hypothesis, we characterized the synchronization 
of eye-specific modulations across V1 ODCs by calculating TR-by-TR 
Pearson correlations between the ongoing V1 response pattern and 
the localizer-derived OD pattern (Fig. 3a; TR, repetition time). More 
synchronized OD dynamics would predict correlation coefficients 
(r) away from zero, quantified by the width of the r distribution43. In 
a simulation analysis (Extended Data Fig. 6a–f and Supplementary 
Methods), we showed that although the instantaneous correlation 
values themselves were small due to significant thermal noise in sub-
millimetre fMRI, the r-distribution width can be sensitive to changes 
in synchronization and a small change in distribution width can reflect 
a measurable effect in synchronization. As stimulus-driven responses 
were fully coherent in the replay condition, this gave us a benchmark 
against which to compare the pattern coherence in the rivalry con-
dition at each cortical depth. While the averaged response across 
columns (Fig. 2) may also capture the temporal synchronization of 
ODC responses, pattern correlation reflects not only the temporal 
synchronization but also the spatial homogeneities of suppression 
depth across the stimulus (Extended Data Fig. 6g,h), making it a more 
suitable metric in this analysis.

As predicted, we found that the replay condition was associated 
with a larger distribution width of correlation coefficients (Fig. 3b). 
Relative to replay, the superficial and deep layers of V1 in rivalry showed 
significantly larger distribution widths than the middle layer (Fig. 3c; 
main effect of depth, F2,22 = 11.789; P < 0.001; η2

G= 0.155; 95% CI, (0.066, 
0.361); deep versus middle, t11 = 3.210; P = 0.008; d = 0.690; 95% CI, 
(0.02, 0.12); middle versus superficial, t11 = −4.789; P < 0.001; d = 0.942; 
95% CI, (−0.15, −0.06)). In addition to pattern synchronization, 
signal-to-noise ratio (SNR) may also strongly influence the r-distribution 
width. Thus, to investigate whether the superficial-and-deep laminar 
profile reflected a difference in signal synchronization or SNR, we 
performed a permutation analysis. A general linear model (GLM) was 
fitted to the time series of each vertex in the rivalry and replay condi-
tions, using reported perceptual states as predictors. The fitted 
responses reflected the average eye-specific modulation, while the 
residuals represented noise variation including spatially synchronized 
activity that cannot be explained by the GLM. To remove synchroniza-
tion while preserving noise, the residuals were temporally shuffled 
independently for each vertex and then recombined with the fitted 
time series. Pattern correlation with the new data showed no difference 
across cortical depth (Extended Data Fig. 6i). The permutation analysis 
thus supports a role of pattern synchronization rather than SNR in 
generating the laminar profile in Fig. 3c. By comparing our observation 
with the null distribution after noise shuffling, we confirmed that the 
deep layer had a larger rivalry/replay ratio of r-distribution width than 
the middle layer (Extended Data Fig. 6j; P < 0.001).
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These results suggest that feedback processes were involved in 
synchronizing local competitions into a spatially coherent representa-
tion. To reveal the source of the feedback signals, we further examined 
eye-specific responses in the parietal and extrastriate visual cortices.

Eye-specific feedback from the intraparietal sulcus in 
binocular rivalry
The intraparietal sulcus (IPS) of the parietal cortex has been suggested 
to play a causal role in bi-stable perception in transcranial magnetic 
stimulation studies44. Transition-related activity has been found in the 
IPS even in no-report paradigms24,45. We thus examined whether the 
IPS encoded the eye-of-origin representation of the dominant stimulus, 
and its relationship with rivalry dynamics in V1. The univariate GLM 
analysis of localizer data did not show robust eye-specific activations 
in the IPS. Therefore, exploiting the sensitivity of multivariate methods, 
we trained a support vector machine (SVM) to predict the eye-of-origin 
of the stimulus. Feature selection was performed on the basis of the 
visual responsiveness and ocular bias of voxels in the localizer (Meth-
ods). The SVM was then used to predict the eye-of-origin of the per-
ceived stimulus on a TR-by-TR basis during rivalry and replay. The 
distance between each activation pattern and the decision boundary 
of the SVM was used as a graded measure of the eye-specific represen-
tation (Fig. 4a,b). Event-related averages around the time of perceptual 
switches showed that, in the IPS, significant eye-specific modulation 
was observed in binocular rivalry but not in stimulus replay (Fig. 4c; 
cluster-based permutation test), similar in its posterior (pIPS, IPS0-2 
in ref. 46) and anterior (aIPS, IPS3-5) portions (condition × region of 
interest (ROI) interaction not significant; F1,11 = 0.115; P = 0.740; η2

G
= 0.001; 95% CI, (0.0, 0.051)). Eye-specific modulation was also robust 
in extrastriate area V2 (similar to those in V1) and became weaker in V3 
(Fig. 4d). In contrast to the early visual areas that showed significantly 
weaker modulation for rivalry than for replay, the IPS exhibited much 
stronger eye-specific modulation during binocular rivalry than during 

replay (t11 = 3.264; P = 0.015; d = 0.770; 95% CI, (0.04, 0.23)). These find-
ings suggest that the IPS might play an active role in binocular rivalry, 
for example by setting a competition bias to one eye. In the 1.2-mm 
dataset of Exp. 2 (8 of 15 participants had large coverage of the IPS), a 
significant eye-specific modulation was also found in the IPS during 
binocular rivalry but not stimulus replay (Extended Data Fig. 7a). In 
contrast, high-level visual areas in the ventral stream (hV4/VO) showed 
significant eye-specific modulation during replay, but the eye-specific 
effect was negligible during binocular rivalry.

The primary and extrastriate visual cortex and the frontoparietal 
cortex have been suggested to form a hierarchical network in binocu-
lar rivalry4,21. We thus investigated the eye-specific information flow 
among V1, V2 and the IPS in a dynamic causal modelling (DCM) analy-
sis. The multivariate projected time series that best discriminated LE 
from RE perception on the basis of an SVM trained on localizer runs 
was used. In the full DCM model (Fig. 4e, left), V1 receives eye-specific 
driving inputs in both the rivalry and replay conditions. Intrinsic or 
fixed connections were defined between and within cortical areas. 
The between-area connections as well as areas other than V1 could be 
modulated or driven by eye-specific input in rivalry but not in replay. 
This input thus captured the difference between the two conditions. 
The full DCM model was estimated for each individual. For group-level 
analysis, we used parametric empirical Bayes, Bayesian model reduc-
tion and Bayesian model average to make inferences about the model 
parameters. In rivalry compared with replay, feedback connections 
from the IPS to V2 and from V2 to V1 were significantly increased (con-
nectivity change, 0.48 and 4.83 Hz, respectively; posterior probability 
>0.95 for both connections), whereas the feedforward connection 
from V1 to V2 significantly decreased (connectivity change, −0.60 Hz; 
posterior probability, 1.000). Although high-order visual areas in the 
ventral visual stream showed minimal eye-specific modulation during 
binocular rivalry, we further investigated the effective connectivity 
of eye-specific signals in a simplified global circuit model with V1, 

ODC pattern

Real-time pattern
a

b c

−0.2

0

0.2
Rivalry

Superficial
Middle
Deep

0 50 100 150 200 250

Time (s)

−0.2

0

0.2

M
om

en
t-

to
-m

om
en

t
pa

tt
er

n 
co

rr
el

at
io

n 
r

Replay=

−0.2 0 0.2

0

5

Pr
ob

ab
ili

ty
 d

en
si

ty

Deep

−0.2 0 0.2

Moment-to-moment pattern correlation

Middle

−0.2 0 0.2

95% CI, n = 12

Superficial

Rivalry
Replay

0

Deep

Middle

Superfi
cial

0.25

0.50

0.75

1.00

r d
is

tr
ib

ut
io

n 
w

id
th

ra
tio

 (
riv

al
ry

re
pl

ay
)

** ***

95% CI, n = 12

Fig. 3 | Pattern synchronization across ODCs in different cortical depths (Exp. 
1). a, TR-by-TR Pearson correlations between the OD pattern from the localizer 
and the real-time V1 response pattern in typical runs of rivalry and replay. The 
data from a representative participant (S01) are shown. b, The distributions of 
pattern correlation (r) for different V1 layers in rivalry (solid) and replay (dashed). 
Red, green and blue lines indicate the results for the superficial, middle and deep 
layers, respectively. The shaded areas indicate 95% CIs across participants. c, The 

ratio of r-distribution widths between rivalry and replay conditions across V1 
layers. The main effect of depth was assessed via one-way repeated-measures 
ANOVA (F2,22 = 11.789; P < 0.001; η2

G = 0.155; 95% CI, (0.066, 0.361)). Two-sided 
paired t-tests were performed to compare responses across layers. **P < 0.01; 
***P < 0.001; no correction needed for three levels given a significant main effect. 
The bar and line plots show mean values with 95% CIs obtained by bootstrapping 
participants; individual data points are overlaid as dots.

http://www.nature.com/nathumbehav


Nature Human Behaviour

Article https://doi.org/10.1038/s41562-025-02320-4

hV4 and the IPS as the key brain regions (Extended Data Fig. 7b). The 
 results support the idea that the feedback signal from the IPS is 
involved to modulate local interocular competitions in V1 during 
binocular rivalry.

In addition to eye-specific responses, we investigated non-eye- 
specific responses to perceptual transitions (irrespective of which 
eye’s stimulus was perceived) (Fig. 4f). The results showed robust 
transition-related responses in both the rivalry and replay condi-
tions. For the IPS, the response to perceptual transition in rivalry 
appeared roughly at the same time as in replay (cross-correlation 
delay, 0.0 s; 95% CI, (−0.5, 0.3) s; P = 0.595 by bootstrap). In con-
trast, the transition-related responses in rivalry were significantly 
delayed compared with those in replay in the early visual areas (1.1 s 
(0.1, 2.3) for V1, P = 0.046; and 1.2 s (0.3, 2.3) for V2, P = 0.009; Holm 

corrected). The delay of rivalry transition relative to replay was sig-
nificantly larger for V1 than for the IPS (delay difference, 1.1 s (0.3, 
2.3), P = 0.011). Here, the difference in rivalry-to-replay delays cannot 
be attributed to the difference in haemodynamic function (HRF) 
delays across brain regions, because the replay response serves as 
a temporal reference and there was no significant delay even in the 
replay responses between V1 and the IPS (cross-correlation delay, 
0.0 s (−0.3, 0.2), P = 0.910). Also, the delayed responses to rivalry 
transition in V1 and V2 were probably not due to delayed report or 
decision-making during rivalry, as there was no such delay in the 
IPS. Similar patterns were observed in the 1.2-mm dataset in Exp. 2 
(Extended Data Fig. 7c). These findings provide additional evidence 
that the IPS may exert more top-down influence on the rivalry dynam-
ics in V1 during binocular rivalry than during replay.

Distance

Decision boundary

Activation pattern at t

20 40

TR (number)

–1

1

D
is

ta
nc

e 
to

 d
ec

is
io

n
bo

un
da

ry
 (a

.u
.)

0

t

c d

e f

a b

V1

V2

IPS

4.83

–0
.6

8

–0.60

0.48

0

–0.00 10
3
1
–1
–3
–10

z

V1

V2

IPS

Eye-specific input in replay
Eye-specific input in rivalry

Rivalry versus replay

10

–0.1

0.1

D
is

ta
nc

e 
to

 L
E−

RE
bo

un
da

ry
 (a

.u
.)

0

LE percept
RE percept

10

–0.1

0.1

0

± s.e.m., n = 12

Rivalry
Replay

V1 V2 V3 IPS
−0.4

−0.2

0

0.2

0.4

0.6

N
or

m
al

iz
ed

 m
od

ul
at

io
n 

(a
.u

.)

***
***

***
*** * *

*** *** * *

95% CI, n = 12

Eye-specific modulation assessed by decoding

Rivalry
Replay

*P < 0.05
**P < 0.01
***P < 0.001

0 10

0

0.2

0.4

Tr
an

si
tio

n-
re

la
te

d
re

sp
on

se
 (%

) 1.1 s

Rivalry delay
 rel. to replay

V1

0 10
Time from button press (s)

1.2 s

V2

0 10

n = 12 ± s.e.m.

0 s

IPS
Rivalry
Replay

Delay between conditions in switch-related responseRivalry versus replay connectivity changes

Time from button press (s)

Fig. 4 | Eye-specific modulations in the IPS and its relationship with the early 
visual cortex (Exp. 1). a, Distance of the activation pattern at each time point 
to the SVM decision boundary for LE versus RE stimulation. Red (blue) dots 
denote the activation patterns of TRs when the LE (RE) was stimulated. b, The 
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relative to replay (green) was estimated using cross-correlation and annotated 
near the peaks.
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No evidence for eye-specific rivalry signals in the LGN
In Exp. 2, we further investigated whether the LGN of the thalamus was 
involved in interocular competition during binocular rivalry. Due to 
its small size and deep location in the middle of the brain, the LGN has 
much lower SNR than the visual cortex. Thus, to optimize the balance 
between spatial resolution and SNR for imaging ocular-biased activity 
in the LGN, we used a larger voxel at 1.2-mm isotropic resolution and less 
parallel imaging (an acceleration factor (R) of 2) than in Exp. 1 (0.8-mm 
isotropic voxels and R = 3). Robust ocular-biased patterns were clearly 
and consistently revealed in the LGN across sessions on separate days 
by the ocular bias localizer (Fig. 5a,b for S01; r = 0.862, P < 0.001, Monte 
Carlo test; see Extended Data Fig. 8 for the ocular bias patterns for all 
participants). There are two ocular-biased clusters for each LGN: a 
ventromedial one biased to the ipsilateral eye and a dorsolateral one 
biased to the contralateral eye, which replicated the findings of our 
recent study47. According to the simulation analysis of the previous 
study, these ocular-biased clusters reflect a low-resolution laminar 
pattern of the LGN, resulting from the blurring effect of BOLD point 
spread function and the down-sampling effect of fMRI (reproduced 
here in the lower right of Fig. 5a). BOLD signals from the ocular-biased 
clusters therefore represent ocular-layer-selective activity of the LGN. 
For more details about the simulation analysis, please refer to Figs. 1b 
and 3a in our previous study47.

To our surprise, although BOLD signals in ocular-biased clusters 
of the LGN showed a transient increase following perceptual switch 
(Fig. 5c; mean response to both preferred and non-preferred switches 
averaged between 2 and 6 s; t14 = 4.112; P = 0.001; d = 1.062; 95% CI, 
(0.05, 0.15)), there was no significant eye-specific modulation during 

binocular rivalry (Fig. 5d; t14 = −0.619; P = 0.546; d = 0.160; 95% CI, 
(−0.08, 0.04); BF01 = 3.226, moderate evidence (3 < BF01 < 10) for the 
null hypothesis). As positive controls, the differential response to 
preferred and non-preferred eye stimulation averaged between 4 and 
12 s was as strong in the LGN as in V1 in the replay condition, and V1 
showed robust eye-specific modulations in both conditions (Fig. 5d). 
Although there was no evidence of eye-specific rivalry modulation in 
most-biased voxels in the ocular-biased clusters, a negative eye-specific 
effect was observed outside the ocular-biased clusters and a weaker 
effect in least-biased voxels inside the clusters (probably due to the 
partial volume effect) (Extended Data Fig. 9a,b). This negative effect 
could be due to attentional suppression outside the stimulus region48,49. 
Since the pulvinar of the thalamus is located very close to the LGN, we 
analysed the pulvinar response to assess its potential contamination 
of the LGN signal. There was no significant eye-specific response in the 
rivalry or replay condition in the pulvinar (multivariate response ampli-
tude in rivalry: t14 = 1.504; P = 0.155; d = 0.388; 95% CI, (−0.0, 0.03); and 
in replay: t14 = 0.167; P = 0.870; d = 0.043; 95% CI, (−0.01, 0.01)). Thus, 
the LGN results were probably not contaminated by the pulvinar signal.

Our 7 T fMRI results therefore suggest weak, if any, eye-specific 
rivalry modulation within the stimulus regions of the LGN. This find-
ing is consistent with the single-unit study in awake macaques11 and 
also with the observation in Exp. 1 that eye-specific rivalry modula-
tion peaked in the superficial layers of V1. If interocular competition 
occurred in the LGN, one would expect a peak of eye-specific signals 
in the middle layer of V1 that mainly receives thalamic input. Although 
our data showed negligible eye-specific response in binocular rivalry, 
it remains possible that cortical feedback can modulate LGN activity in 
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a perception-related manner. In support of this, LGN activity has been 
found to correlate with contrast perception during binocular rivalry50.

Discussion
Using high-resolution 7 T fMRI in humans, we investigated mesoscale 
neural dynamics in key brain regions during binocular rivalry and 
monocular replay. Compared with replay, eye-specific signal mod-
ulation in rivalry was strongest in the superficial layers of V1 ODCs 
and more synchronized in the superficial and deep layers. The IPS 
generated stronger eye-specific modulation and higher eye-specific 
feedback connectivity to V1 during rivalry than during replay. The 
transition-related response in the IPS also preceded those in the early 
visual areas. Finally, ocular-layer-selective activity in the LGN showed 
no evidence of eye-specific modulation during binocular rivalry. These 
findings provide important mesoscale evidence for the neural mecha-
nisms of interocular competition in binocular rivalry.

In the localizer (Fig. 2e) and replay conditions (Fig. 2f), the 
eye-specific response amplitude was strongest in the middle cortical 
depth of V1, consistent with feedforward input from the LGN (Fig. 1a)51. 
Compared with replay, eye-specific response was biased towards the 
superficial depth of V1 in rivalry (Fig. 2f,g). This laminar pattern is 
consistent with local processing, or lateral inhibition between ODCs. 
Converging neuroanatomical and electrophysiological evidence sup-
ports this explanation. Anatomically, axon boutons of interneurons 
with long-range horizontal connections, the large basket cells and Mar-
tinotti cells8,52, are mainly located in the superficial layers of the sensory 
cortex53–55. Large basket cells spanning ODCs have also been found in 
layer 3 of cat V1 (ref. 56). Excitatory pyramidal cells have long-range 
horizontal connections mainly in the superficial layers of the early 
visual cortex57–59. Electrophysiological evidence has shown that interco-
lumnar inhibition by horizontal connections was most pronounced in 
the superficial layers60. Most importantly, dichoptic cross-orientation 
suppression has been found to be strongest in the superficial lay-
ers of V1 (refs. 61,62). This neuroanatomical and electrophysiologi-
cal evidence suggests that intercolumnar inhibition between ODCs 
should be strongest in the superficial layers of V1, which is consistent 
with our laminar results in binocular rivalry. Thus, together with the 
weak or absent eye-specific rivalry signal in the LGN (Fig. 5d), our data 
support the idea that binocular rivalry arises from local interocular 
competition between ODCs in V1 by lateral inhibition. Rivalry signal 
in the superficial layers of V1 was probably not driven by long-range 
pulvino-cortical feedback targeting the superficial layers63, as we found 
no evidence for eye-specific signal in the pulvinar. Although we cannot 
completely rule out possible feedback signals biased to the superficial 
layers, pattern correlation analysis revealed a distinct laminar profile 
for feedback modulation.

In addition to the laminar difference in response amplitude, 
eye-specific rivalry dynamics was more spatially synchronized in 
the deep and superficial depths of V1 (Fig. 3c), suggesting that feed-
back modulations from higher cortex are involved in synchroniz-
ing local competitions into perceptually coherent representations31. 
These layer-specific results could explain the discrepancy between 
single-unit and local field potential/fMRI results regarding percep-
tual suppression: the robust effect of perceptual suppression in fMRI 
signals reflects intracortical processing and feedback modulation of 
synaptic input13, which might influence the timing rather than the fir-
ing rate of neuronal output. It has also been proposed that perceptual 
rivalry might modulate both inhibitory and excitatory neural activity 
in balance13, leaving the spike rate unchanged but causing significant 
BOLD modulation. However, this is less likely to explain the eye-specific 
modulation in our results for the following reasons. First, almost 90% 
of neurons in the mammalian cortex are excitatory64, and their activity 
accounts for the majority of energy consumption for neural signal-
ling65. Moreover, a recent study indicated that prolonged optogenetic 
stimulation of cortical interneurons reduced the excitatory neural 

activity and BOLD signals at the stimulation site66. Therefore, dur-
ing the continuous stimulus presentation of binocular rivalry, the 
eye-specific BOLD modulation in V1 should mainly reflect changes in 
excitatory neural activity, probably a result of local interocular inhibi-
tion or top-down modulation.

Although robust ocular-layer-selective activity was observed in 
the LGN during both the localizer (Fig. 5a and Extended Data Fig. 8) 
and replay conditions (Fig. 5c,d), we found no evidence for eye-specific 
modulation during binocular rivalry. Thus, while binocular suppres-
sion occurs in the primate LGN67,68, binocular rivalry does not appear to 
strongly modulate eye-specific activity in the ocular layers. This finding 
aligns with electrophysiological evidence showing no effect of binocu-
lar rivalry on LGN spike rates in awake monkeys11. In contrast, previous 
3 T fMRI studies in humans reported significant eye-specific effects of 
binocular rivalry in ocular-biased voxels of the LGN10,69, although the 
more recent study showed limited consistency across a small number 
of participants69. Several methodological factors probably account 
for this discrepancy. First, our negative finding is probably not due 
to the lack of power. Collected using 7 T fMRI with a smaller voxel size 
(1.2 mm versus 1.5 mm) and a larger sample size (15 versus 3–4 partici-
pants), our data have better sensitivity to detect eye-specific signals 
in the LGN. Another important difference is the stimulus size: prior 
studies employed larger stimuli (120° bilateral wedges between 1.5 
and 7.5° eccentricity or 6.25° radius disc) than the current study (4.5° 
radius disc). Given that attention strongly modulates LGN activity70 
and that the temporal–nasal asymmetry of the attention effect is more 
pronounced in the peripheral visual field71, the reported eye-specific 
effects could reflect a difference in attentional modulation when par-
ticipants perceived the temporal versus the nasal stimuli. Supporting 
this interpretation, we also found an eye-specific suppression effect 
outside the ocular-biased clusters (Extended Data Fig. 9a,b), probably 
due to attentional suppression outside the stimulus region48. Finally, 
although we found no evidence for eye-specific rivalry modulation, 
overall LGN activity could still be influenced by non-eye-specific feed-
back associated with conscious perception. Our finding thus does not 
contradict another human fMRI study demonstrating that overall LGN 
activity tracks contrast perception during rivalry between low- and 
high-contrast gratings50. While it remains possible that eye-specific 
rivalry signals exist in the LGN but were simply too weak to be detected 
by our methods, our results show that interlaminar inhibition in the 
LGN is unlikely to drive interocular competition in binocular rivalry.

The role of frontal and parietal association cortices in con-
sciousness and bi-stable perception has been a subject of intense 
debate. Previous research focused on the causal relationship between 
perceptual-switch-related activity in frontoparietal areas and percep-
tual transitions21. In our study, perceptual-switch-related activity in 
the IPS precedes that in the early visual areas (V1/V2) during binocular 
rivalry when simulated replay is used as a temporal benchmark (Fig. 4f 
and Extended Data Fig. 7c). This finding is consistent with a recent 
electrophysiological study in human occipitotemporal cortex72. Taken 
together, these findings suggest that the IPS and high-level visual cortex 
may exert top-down influence on the rivalry dynamics in the early visual 
areas. More importantly, our data revealed significant eye-specific 
signal in the IPS during rivalry but not during replay (Fig. 4c,d and 
Extended Data Fig. 7a). The IPS also showed stronger eye-specific feed-
back connectivity to the early visual cortex during rivalry than during 
replay (Fig. 4e and Extended Data Fig. 7b). These findings strongly sup-
port the idea that the IPS is involved in interocular competition during 
binocular rivalry. Together with the more synchronized eye-specific 
rivalry dynamics in the superficial and deep layers of V1 (Fig. 3c), our 
data suggest that the IPS, in addition to the ventral stream areas, is 
involved in synchronizing local competitions into perceptually coher-
ent representations. Given the important role of the IPS in attention 
and that participants were not aware of the eye-of-origin information, 
our findings are also consistent with previous studies showing that 
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binocular rivalry requires attention27,28 but not awareness of conflicting 
information26,73. Since the eye-of-origin classifier was trained on data 
in the localizer runs in which participants performed a central fixation 
task, the eye-specific effect in the IPS in rivalry and replay was probably 
not due to active reports of perception. Finally, the eye decoding in 
the IPS was probably not influenced by stimulus pattern information, 
because the same checkerboard stimulus was presented to the two 
eyes in the localizer to train the eye-of-origin classifiers, which were 
used to estimate the eye-specific signals to very different stimuli (red/
green gratings) in rivalry and replay.

Although we found negligible eye-specific modulation in the ven-
tral stream during binocular rivalry (Extended Data Fig. 7a), feedback 
signals from these high-level visual areas could also be involved in syn-
chronizing the rivalry dynamics via pattern competition18,31,74. Pattern 
competition could also occur in the IPS. Thus, while the mechanisms of 
interocular competition probably explain the bulk of binocular rivalry 
phenomena, a complex interplay between eye and pattern competi-
tions would more fully determine the rivalry dynamics of conscious 
perception. Future high-resolution fMRI studies should investigate the 
stimulus-pattern-specific response and connectivity over the whole 
brain to more comprehensively understand the neural mechanisms 
of binocular rivalry. The eye-specific modulation observed in this 
study probably reflects the result of interocular competition rather 
than the more transient conflict-resolution process in the transition 
period due to the limited temporal resolution of fMRI signals. In addi-
tion, the predictions from the mesoscale neural circuitry model based 
on our fMRI results will need to be tested by future behavioural and 
electrophysiological studies.

It is known that the spatial specificity of T2*w BOLD signal is limited 
by its high sensitivity to large veins75. To improve column and layer 
specificity, we combined several approaches to enhance the microvas-
cular contribution to the BOLD signal. First, voxels influenced by large 
pial veins were excluded in a column-wise manner, which significantly 
reduced the superficial bias of the BOLD laminar profile (Extended Data 
Fig. 2a). Second, macrovascular activity shared by adjacent columns 
was suppressed by the differential approach, which improved the lami-
nar specificity of column-specific signals (Extended Data Figs. 2 and 5a). 
Third, continuous stimulus presentation stabilized the macrovascular 
activity into a steady state, further improving the signal-to-noise ratio 
of microvascular activity. Fourth, the laminar profile of rivalry modula-
tion was contrasted with perceptually matched replay simulation; thus, 
the resulting difference could not be easily explained by a common 
draining vein effect. Finally, bSSFP data from a representative partici-
pant with high microvascular sensitivity and specificity76 provided at 
least a proof-of-concept replication of the GE-BOLD results. Robust 
ocular dominance responses peaked in the middle layers of V1, dem-
onstrating the effectiveness of these approaches. As further evidence 

for the high specificity of our 7 T data, the rivalry/replay modulation 
ratio is about 30–40% (Figs. 2b and 5d), close to the neural effect of 
perceptual suppression on low-frequency local field potentials (36%13). 
In contrast, the BOLD effect of binocular rivalry was much larger at 
lower magnetic fields (4.7 T, 72%13; 1.5 T, ~90%9), probably due to the 
nonlinearity of BOLD signals in large veins42.

Our results reconcile the long-standing discrepancy between 
monkey electrophysiology and human fMRI studies: perceptual modu-
lations in the early visual areas mainly reflect local processing and 
feedback modulation of synaptic input, which lead to BOLD signal 
changes but not necessarily the spike rate of neuronal output. These 
findings provide important mesoscale evidence for a hierarchical 
model of eye-based competition in binocular rivalry (Fig. 6). When two 
incompatible images are presented to the two eyes, local interocular 
competitions arise between adjacent ODCs in the superficial layers of 
V1, initially unsynchronized across different locations. The interocular 
conflict signals are detected by and integrated in higher cortex, includ-
ing the IPS, which sends feedback signals to bias and synchronize local 
competitions into more spatially coherent perceptual representation.

Methods
Participants
Sixteen healthy volunteers (seven females, aged 22–40 years) par-
ticipated in Exp. 1. Three of them were excluded due to the lack of 
a clear OD pattern in V1, and one participant was excluded due to 
strong bias towards one eye. Fifteen participants (seven females, aged 
22–39 years) participated in Exp. 2. All participants had normal or 
corrected-to-normal vision and provided written informed consent. 
Experimental protocols were approved by the Institutional Review 
Panel at the Institute of Biophysics, Chinese Academy of Sciences 
(Ethic No. 2012-IRB-011).

Stimuli and procedures
For the ocular bias localizer, to selectively activate V1 ODCs and LGN 
ocular layers, a high-contrast checkerboard (1° check size, 8–10° in 
diameter adjusted for each individual) counterphase flickering at 
8 Hz was monocularly delivered to the LE or RE in alternating 24-s 
blocks. Two 24-s fixation blocks were included at the beginning and 
the end of the run. The checkerboard rotated at 3.75° per second. The 
stimuli were dichoptically presented with prisms and a cardboard 
divider. Participants reported occasional fixation-size changes. Dur-
ing binocular rivalry, red and green gratings (0.8 cycles per degree) 
in orthogonal orientations were dichoptically presented to the two 
eyes, rotating together at 0.67 rounds per second. The association 
between colour and eye swapped between runs. Participants reported 
whether they were seeing red, green or a mixed percept. In replay runs, 
the perception and timing of the previous rivalry run were simulated 
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with alternating monocular stimuli. The transition was simulated 
as a blurred and blended boundary rotating and swiping across the 
stimulus. Each rivalry or replay run lasted 256 s, whereas the localizer 
run lasted 336 s. Participants completed four to six localizer runs, four 
rivalry runs and four replay runs in a single session. For the bSSFP scans 
(S06), six localizer and six rivalry runs were collected in one session, 
followed by six localizer and six replay runs in another session.

MRI data acquisition
MRI data were acquired with a 7 T scanner (Siemens Magnetom) using 
a 32-channel receive single-channel transmit head coil (NOVA medical) 
in the Beijing MRI Center for Brain Research. A bite bar was used to 
reduce head motion. In Exp. 1, T2*w BOLD signals from the occipital 
and parietal cortices were acquired with a 2D GE-EPI sequence (0.8-mm 
isotropic voxels, TE = 23 ms, TR = 2,000 ms, 31 oblique-coronal slices). 
C.Q. was also scanned with a 2D passband bSSFP sequence (voxel size, 
0.5 × 0.5 × 1.5 mm3; 2 oblique-coronal slices; volume acquisition time, 
3,200 ms). In Exp. 2, functional images were acquired with a 2D GE-EPI 
sequence (1.2-mm isotropic voxels, TE = 22 ms, TR = 2,000 ms, 31 (7 
participants) or 62 (8 participants) axial slices). In all scanning sessions, 
full-brain anatomical images were acquired using a T1w MP2RAGE 
sequence (0.7-mm isotropic voxels). More details about the MRI param-
eters are presented in the Supplementary Methods.

MRI data analysis
Preprocessing. The MRI data were preprocessed using AFNI, Free-
Surfer (v.6.0), ANTs and the mripy package (https://github.com/her-
rlich10/mripy). EPI volumes were corrected for slice timing, distortion 
(blip-up/down) and head motion (rigid body) and scaled to per cent 
signal change. To minimize spatial resolution loss, all spatial trans-
formations were combined and applied in a single interpolation (sinc 
method), in which the data were also up-sampled by a factor of 2. The 
anatomical volume and the reconstructed surfaces were aligned to 
the mean EPI. Baseline drift and motion parameters were included in 
the GLM and regressed out in time-course analyses. A canonical HRF 
(BLOCK4 in AFNI) was used. For the bSSFP data, motion correction was 
performed in-plane with in-plane rotation and translation. To alleviate 
bias induced by pial veins in laminar analysis, surface vertices with high 
signal change (mean stimulus-driven response over 10% in localizer 
runs) or low EPI intensity (below 75% of the mean EPI intensity) were 
classified as large veins77, and the corresponding columns of voxels 
were excluded from further analysis. A total of 38.8% (mean) ± 12.5% 
(s.d.) of V1 vertices were excluded.

Surface segmentation and depth analysis. The anatomical volume 
was segmented into white matter (WM), grey matter and cerebrospinal 
fluid using FreeSurfer with the hires option. The initial segmentation 
results were visually inspected and manually edited to eliminate dura 
matter, sinus and so on, ensuring correct grey matter boundaries. To 
match the up-sampled volume grid and alleviate the vertex-missing 
problem during surface-to-volume projection, high-density surface 
meshes were created by subdividing each triangular face into 16 smaller 
ones at the quadrisection points of each edge.

The relative cortical depth for each voxel was estimated using the 
equivolume method40. The neighbourhood area for a surface vertex 
was approximated by summing up the areas of surrounding triangu-
lar meshes. A set of intermediate surfaces at specified equivolume 
depths were then generated. Finally, the depth of the voxel centre 
was computed by interpolating between the two nearest iso-depth 
surfaces. The pial (WM) surface was defined to have a relative cortical 
depth of zero (one).

In GE-EPI analysis, the deep, middle and superficial layers  
were defined to take up 30%, 35% and 35% of the cortical thickness, 
respectively78. In the pattern correlation analysis in Fig. 3, we used 
3dVol2Surf in AFNI for projecting volume data onto the surface, 

which employed an equidistance algorithm. According to our previ-
ous study42, equivolume and equidistance estimates of cortical depth 
showed only mild differences.

In bSSFP analysis, to generate the continuous laminar profiles 
shown in Fig. 2j, the relative cortical depth from 0 to 1 was resampled 
into 31 points, and the mean response at each depth was computed by 
averaging the grey matter voxels near that depth with Gaussian weights 
(σ = 0.1). Voxels in the cerebrospinal fluid or WM were not included. 
Pial and WM boundaries were manually delineated on the basis of the 
anatomical contrast of bSSFP and GRE images.

ROI definition. In Exp. 1, V1 ROIs were manually drawn on the cortical 
surface to select regions with a clear and balanced pattern of ODCs 
(see Extended Data Fig. 3a for the OD patterns and ROIs of all par-
ticipants). Vertices with significant ocular bias (LE–RE abs(t) > 2) and 
visual response (LE + RE t > 2) were then projected into the volume 
space to select voxels in a column-wise manner. IPS ROIs were defined 
as the union of IPS0 to IPS5 in the Wang15 atlas46, generated using the 
neuropythy package (v0.12.13). The posterior and anterior IPS were 
defined as IPS0-2 and IPS3-5, respectively.

In Exp. 2, an anatomical mask for each LGN was manually deline-
ated in the anatomical images. Two clusters of voxels with signifi-
cant ocular bias (LE–RE abs(t) > 2; for a few LGNs, the threshold was 
relaxed to 1.5 or 1) were identified for each LGN (see Extended Data 
Fig. 8 for all participants). V1 voxels with significant ocular bias (LE–RE 
abs(t) > 2) and positive visual response (LE + RE > 0) were included for 
ROI analysis. The pulvinar mask was manually delineated in the T1w 
MNI template, transformed to each participant’s native space and 
then manually edited to ensure clear separation from the LGN. Finally, 
visually responsive voxels (LE + RE t > 1) in the localizer were included 
as the ROI for the multivariate analysis.

Eye-specific response time course time-locked to the perceptual 
transition. Event-related eye-specific responses—that is, the differ-
ence in BOLD activity when participants perceived the stimulus from 
one eye over the other, time-locked to button presses—were esti-
mated using several methods that generally led to similar results. To 
reduce the impact of HRF difference among brain areas (especially 
for subcortical nuclei), a model-free event-related average approach 
was used in most cases (Figs. 2b,c,e, 4c, 5c and so on). BOLD signals 
were averaged within each ROI (for the IPS, multivariate differential 
response was used), linearly interpolated (dt = 0.1 s) and segmented 
into epochs aligned to button presses. Trials <4 s or preceded by trials 
<2 s were excluded, as were unmatched button presses across rivalry 
and replay runs. Epochs were baseline corrected (−1 to 1 s mean; omit-
ted for decoding time courses for which zero is a natural baseline) and 
averaged. The modulation time course was obtained by subtracting 
responses to the LE and RE events. For univariate differential signals, 
the results from LE- and RE-biased voxels were averaged (sign-flip for 
RE). Modulation amplitude was defined as the mean response 4–12 s 
post-switch. The response map of rivalry modulation was similarly cal-
culated but by first projecting the BOLD time series onto the surface. 
The resulting map was high-pass filtered by subtracting its smoothed 
version (8-mm full width at half maximum (FWHM) surface smooth-
ing; Fig. 2c).

To discount the influence of sluggish BOLD signal from previous 
trials, we estimated the modulation amplitude in V1 laminar analysis 
using a GLM (AFNI 3dDeconvolve, CSPLINzero model with nine spline 
parameters, 0–24 s post-switch, endpoints fixed at zero), which had 
a high SNR in V1 (Fig. 2f and Extended Data Fig. 5). Voxels for each 
eye and layer were averaged before being fed to the model. LE and RE 
events were modelled separately, and their results were differentiated 
(preferred minus non-preferred) and then averaged between LE and 
RE ODCs to get the modulation curve (Extended Data Fig. 5a). The 
amplitude was the mean under the first positive peak.
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Non-eye-specific response time course time-locked to the percep-
tual transition. To measure transition-related responses to percep-
tion switches (Fig. 4f and Extended Data Fig. 7c), BOLD activity was 
detrended, averaged across LE- and RE-biased voxels and each condi-
tion (rivalry and replay), and then averaged across LE- and RE-dominant 
events. To avoid the influence of HRF difference across brain regions, 
we calculated the response delay of the transition-related response in 
rivalry relative to replay for each ROI and then compared the relative 
delays between ROIs. Transition-related responses were first averaged 
across participants, and the relative delay between rivalry and replay 
responses was estimated using the cross-correlation method (that is, 
to find the lag that gives the largest correlation). The 95% CIs and the P 
values were derived by bootstrapping participants.

Pattern correlation analysis. To quantify the synchronization of 
rivalry dynamics across ODCs in V1 (Fig. 3), we computed Pearson’s 
correlation coefficient between the moment-to-moment V1 response 
pattern during rivalry and replay with the ODC pattern from the local-
izer. Pattern correlation was performed on the cortical surface. The 
volume-to-surface projection used the median map-function. Pattern 
correlation is less sensitive to difference in modulation amplitude, as 
larger modulation tend to show larger spatial standard deviation, which 
is normalized in the denominator of correlation coefficient. If one eye’s 
ODCs become activated at slightly different times, or their modulation 
amplitudes vary asynchronously across the visual field, the correla-
tion coefficient would be closer to zero on average. Thus, the width 
of the distribution of all r values in the TR-by-TR pattern correlation 
time course can be used as an index for the synchrony of eye-specific 
dynamics. The distribution width was defined as twice the standard 
deviation, estimated separately for each layer and condition. Since 
SNR, which may vary across layers, also limits the maximally attain-
able pattern correlation, we used the distribution width in the replay 
condition (where the response was synchronized by external stimulus 
drive) as a benchmark to measure the synchrony of rivalry dynamics.

In a control analysis, we tested whether the SNR difference 
across cortical layers alone could produce a similar laminar profile 
of pattern correlation. We first modelled the BOLD responses in the 
rivalry and replay conditions and within each layer using GLMs. LE- 
and RE-dominant intervals were modelled as two separate regressors 
with variable-length blocks (dmUBLOCK in AFNI). The residuals of the 
GLMs were shuffled across TRs, independently for each vertex, which 
destroyed any unmodelled synchronous activity fluctuation (for exam-
ple, trial-by-trial changes in response amplitude that were synchronous 
across ODCs). The shuffled residuals were then added back to the fitted 
time series, and the same pattern correlation analysis was repeated for 
this generated dataset (Extended Data Fig. 6i).

This control analysis defined a null hypothesis that the distribution 
width of the moment-to-moment pattern correlation does not depend 
on the temporally synchronized structure across space in the GLM 
residuals, so that we are free to shuffle the residuals across time inde-
pendently for each voxel, without impacting the r-distribution width 
ratio. To conduct a formal permutation test against this null hypothesis, 
the procedure was repeated 200 times to construct a null distribution 
for the statistic of interest (laminar difference in r-distribution width 
ratio), and the P value was derived on the basis of the percentile of the 
observed value in the null distribution (Extended Data Fig. 6j).

Multivariate SVM analysis of eye-specific response. To calculate the 
multivariate eye-specific response (Fig. 4 and Extended Data Fig. 7), a 
linear SVM classifier was trained by the localizer data to predict which 
eye was stimulated on a TR-by-TR basis (using the scikit-learn package 
(v0.24.2) with the default hyper-parameters). For each TR in rivalry and 
replay, the multivariate response patterns can then be linearly projected 
using the SVM weights that reflect the distance to the decision bound-
ary. This decoding time series is the multivariate differential response.

Feature selection was used in SVM decoding. Within the anatomi-
cal mask of the ROI, voxels with above-threshold visual response (omni-
bus F > 1, L + R t > 1, L + R β < 5) and ocular bias (200 most biased voxels 
(2× up-sampled) in both ends of the L–R t distribution, with positive 
monocular response—for example, LE > 0 for LE-biased voxels) in the 
localizer were selected as features. The results were similar across a 
reasonable range of thresholds. The ideal response time course for 
the localizer was created by convolving the HRF (GAM with the default 
parameters in AFNI) with boxcar functions indicating LE or RE blocks 
and then taking their difference. Volumes at the flat part of the block 
responses (absolute value of the ideal response > 0.75 × maximum) 
were selected for training, whereas all volumes from the rivalry/replay 
runs were used at test time for generating the multivariate differential 
response. Each sample (feature vector) was normalized to have unitary 
Euclidean norm before training or testing.

DCM. The effective connectivity of the fMRI data was analysed with 
the DCM module of SPM12 (v.7771; Fig. 4e and Extended Data Fig. 7b). 
Multivariate decoding time series from V1, V2 and the IPS were used 
as VOI inputs. The time series of the rivalry and replay conditions 
were concatenated and modelled together. The model (Fig. 4e inset) 
included two inputs: the eye-of-origin of the currently perceived stimu-
lus (high for LE and low for RE) was defined as a driving input to V1 in the 
replay condition, while all brain areas (V1/V2/IPS) could receive such 
an eye-specific driving input during rivalry. Fixed connections were 
defined between and within all brain areas, and the inter-area connec-
tions were allowed to be modulated by the second input during bin-
ocular rivalry. Both inputs were mean-centred. A bilinear, single-state, 
deterministic model with the default parameters was used. At the first 
or individual level, the full DCM for each participant was estimated 
using all data from the rivalry and replay runs. At the second or group 
level, we used the parametric empirical Bayes method to perform 
Bayesian model reduction and Bayesian model average and make 
inferences about the connectivity strength. The default parameters 
and priors were used during model fitting. Both the C matrix for the 
second input and the B matrix of the modulatory effect of rivalry were 
tested, and the averaged model for explaining the commonalities 
across participants was shown. Z values for the estimated parameters 
(for example, changes in effective connectivity—that is, the B matrix) 
were computed by dividing their expectation (Ep) by the square root 
of the corresponding diagonal elements in the covariance matrix (Cp).

Statistical analysis. Statistical analyses were conducted using the 
Pingouin package (v.0.5), JASP (v.0.14) and home-built Python code 
(for permutation and bootstrap procedures). A cluster-based per-
mutation test79 was employed to test the difference in time series 
correcting for multiple comparisons. Perceptual modulations were 
tested against zero using one-tailed one-sample t-tests and Holm 
correction for multiple comparisons across ROIs and conditions 
(unless otherwise noted). Differences in condition means were tested 
using repeated-measures analysis of variance (ANOVA) followed by 
two-tailed paired t-tests with Holm correction across ROIs (unless 
otherwise noted). The pairwise comparisons between different layers 
followed by a significant ANOVA were not corrected, as there were 
only three levels. Negative comparison results between group means 
were assessed using Bayes factor analysis (reporting BF01) in Pingouin, 
employing the default JZS prior (Cauchy scale factor r = 0.707) as 
commonly recommended for t-tests. This approach allows for the 
evaluation of evidence in favour of the null hypothesis (δ = 0) versus 
the alternative hypothesis (δ ~ Cauchy(0, 0.707)) by comparing their 
marginal likelihoods, but does not focus on providing a posterior for 
the parameters. A range of other values (r = 0.5 and 1) was tested to 
ensure that the choice of prior did not qualitatively change the result. 
When comparing eye-specific modulation in rivalry and replay across 
ROIs, data for each ROI were normalized by dividing the L2-norm of all 
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participants’ responses in both conditions (Fig. 4d). The normalization 
removed the difference in absolute response level in different ROIs 
but would not change the test results against zero or between rivalry 
and replay conditions, as the modulation of each participant in each 
condition was divided by the same value for a given ROI.

To account for the correlation between vertices or voxels in access-
ing the between-session consistency of OD patterns in V1 and LGN, 
the observed correlation coefficients were compared with the null 
distribution via Monte Carlo simulation. The spatial autocorrelation 
function within the ROI was first estimated from the localizer GLM 
residual volumes (3dFWHMx in AFNI using the three-parameter ACF 
model). Then, 10,000 simulated volumes (Gaussian random noise 
with specified spatial smoothness) were generated (3dClustSim in 
AFNI) as surrogate data, with which correlation coefficients under the 
null hypothesis were computed to get the null distribution. Finally, 
the observed statistic was compared to the critical value of the null 
distribution for its significance.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Data to reproduce the main findings of this study can be downloaded 
from the National Basic Science Data Center at https://www.scidb.cn/
en/s/ZJVBza. The raw data can be requested by contacting the corre-
sponding author. Source data are provided with this paper.

Code availability
The mripy package, used in this study for high-resolution fMRI data pro-
cessing, is available via GitHub at https://github.com/herrlich10/mripy.
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Extended Data Fig. 1 | Mean dominant durations for the two eyes and the two 
stimuli during binocular rivalry. (a) Mean duration in Exp.1. (b) Mean duration 
in Exp.2. The left panel of each figure shows the dominant durations for LE and 
RE percepts, and the right panel shows the dominant durations for the red and 

green percepts. The association between eye and color (LE-red/RE-green, or vice 
versa) swapped every run in both experiments. Bar plots show mean values with 
95% confidence intervals obtained by bootstrapping participants; individual data 
points are overlaid as dots.
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Extended Data Fig. 2 | Laminar profiles of the overall visual response relative 
to baseline (LE + RE) and the eye-specific differential response (LE-RE) in 
localizer runs. (a) Laminar profiles of V1 columns contaminated by large vessels. 
(b) Laminar profiles for V1 voxels after vessel exclusion. Bar plots show mean 
values with 95% confidence intervals obtained by bootstrapping participants; 

individual data points are overlaid as dots. Difference between layers was 
assessed by two-sided paired t-tests. Black asterisks: significant after Holm 
correction (***: p < 0.001); black circle: Bayes factor in favor of null hypothesis 
(BF01 > 3; default JZS prior, Cauchy scale factor r = 0.707).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | V1 ocular dominance column (ODC) patterns and 
reliability analyses. (a) ODC patterns for all participants in Exp. 1. Colors represent 
LE–RE percent signal change (two-sided t-statistics; p < 0.05 uncorrected). 
Green lines mark hand-drawn surface ROIs with roughly balanced ODCs. LH: left 
hemisphere; RH: right hemisphere (b) ODC widths on inflated cortical surface 
(S01). Black and white grids visualize the scale variation of 1 mm isotropic voxels 
projected to the surface. (c) Pattern correlations between ODC maps in odd and 
even runs for individual participants. Voxels in anatomically defined V1 showing 
significant visual responses (LE + RE t > 2, two-sided test uncorrected) in the first 
half of data were included. Beta values indicate LE-RE percent signal change. Each 
dot is one upsampled voxel. The black line shows the linear fit, and white contours 
reflect 2D kernel density. R values are Pearson’s correlation. (d, e, f) ODC patterns 
(S01) acquired with GE-EPI and 3D bSSFP sequences in different days. Correlation 

in (f) was computed within the white-outlined region. P-value was derived from 
a Monte Carlo test accounting for spatial dependence. (g) Slice prescriptions for 
the 2D-bSSFP experiment (S06, 0.5 mm in-plane, 3 mm thick, perpendicular to 
cortex). The line of Gennari is visible in the T2*-weighted GRE image (top left inset), 
confirming the perpendicular orientation. Views: axial (top right:), sagittal: bottom 
left:; coronal (bottom right). (h, i, j) ODC patterns from 2D bSSFP scans on two 
days (S06). Red/blue arrows mark LE/RE ODCs for comparison. Blue lines in (f/j) 
show linear fits. The gray dashed line in (j) marks the diagonal, omitted in (f) due to 
differing pulse sequences. (k) Comparison of ODC map (localizer) and eye-specific 
response pattern during rivalry (S01). White lines mark RE columns from the 
localizer, copied to the rivalry map for comparison. Color bars show percent signal 
change. (l) Local spatial correlation between the two maps in (k). Colors denote 
Pearson’s correlation.
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Extended Data Fig. 4 | Cortical segmentation and alignment for all participants  
in Exp. 1. a) Green and purple lines mark the white matter and pial surfaces. Top: 
relative cortical depth on a T1-weighted MP2RAGE; bottom: LE-RE percent signal 

change (p < 0.05 uncorrected; two sided t-statistics) on mean EPI. Reds and blues 
indicate LE- and RE-biased voxels. Only activations in the gray matter were shown. 
(b) Eye localizer activation (S01) with extended color map.
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Extended Data Fig. 5 | Eye-specific and non-eye-specific responses in different 
V1 layers during rivalry and replay. (a) Eye-specific differential timecourses 
during rivalry and replay for all participants in Exp. 1, computed as the difference 
between the deconvolved responses to preferred- and non-preferred-eye 
events. Deconvolved responses were estimated using a GLM-based method 
(3dDeconvolve with CSPLINzero in AFNI) to account for BOLD carryover. Colors 
indicate cortical depth: red (superficial), green (middle), blue (deep). (b) Switch-
related responses (the average of responses to LE- and RE-dominant events) 
across V1 layers. A significant superficial bias was found in both rivalry and replay 
conditions (repeated measures ANOVA main effect of layer, F(2,22) = 40.123, 

p < 0.001, ηg2 = 0.234, 95% CI [0.137, 0.438]; no interaction between conditions 
and layers, F(2,22) = 0.692, p = 0.483, ηg2 = 0.002, 95% CI [0.0, 0.027]). Two-sided 
paired t-tests for layer comparisons in b and cs: *p < 0.05, **p < 0.01, ***p < 0.001, 
Holm corrected. (c) Rivalry/replay response ratio across cortical depths showed 
no significant differences (deep vs. middle, t(11) = −2.238, p = 0.094, Cohen’s 
d = 0.412, 95% CI [−0.28, −0.0]; middle vs. superficial, t(11) = −0.277, p = 0.787, 
d = 0.038, 95% CI [−0.12, 0.1]; BF01 = 3.367, marked by the black circle). Transition-
related response amplitudes were estimated from the deconvolved timecourses 
using the same approach as in Fig. 2f for comparison.
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Extended Data Fig. 6 | Simulation and control analyses for pattern correlation 
during rivalry and replay. We ran simulations to demonstrate the ability of 
pattern correlation in capturing asynchrony across space and estimate the 
amount of asynchrony that can be reliably detected (supplementary methods). 
(a) Simulated distribution of pattern correlation coefficients for Async and Sync 
conditions. Async: 30% of voxels were out-of-phase, and voxel transitions had 
a 0–2 s jitter (mean 1 s); Sync: only 20% were out-of-phase and transitions were 
aligned. Line plot: mean ± SEM across participants. (b) r distribution widths in 
the two conditions. Bar plot: mean with 95% CI across participants; dot plot: 
individual data; ***: p < 0.001, two-sided paired t-test. (c) Power analysis for 
pattern correlation to detect different levels of temporal jitter in voxel transition 
and (d) different proportions of out-of-phase voxels. (e) Minimum number of 
TRs and (f) voxels required to detect effects similar to (a). Shaded areas: 95% CI 
(bootstrap); red dashed line: 80% power. Blue triangles mark actual values in 
Exp. 1. (g–h) Conceptual dissociation between pattern correlation and mean 
modulation amplitude. A schematic illustrates a cortical patch with alternating 

LE- and RE-dominant columns (white/black). Pattern correlation is computed 
using a binary template (1, –1), while modulation amplitude averages across all 
columns. (g) Two patterns with equal correlation (r = 1) differ in modulation 
amplitude (1 vs. 0.5). (h) Two patterns with identical modulation amplitude (1) 
show different correlations with the template (r = 1 vs. 0.89). This illustrates the 
complementary nature of pattern correlation and mean modulation amplitude 
in characterizing cortical activation during rivalry. (i–j) Permutation analysis 
controlling for SNR-related confound in laminar pattern correlation. (i) After 
temporally shuffling residuals to disrupt synchrony while preserving SNR, no 
significant laminar difference in the rivalry-to-replay ratio of r distribution 
width was observed (F(2,22)=2.115, p = 0.165, ηg2 = 0.020, 95% CI [0.002, 
0.226]). Bayes factor analysis supported the null hypothesis that there was no 
difference between deep and middle layers (BF01 = 3.257, default JZS prior). (j) 
Null distributions of layer differences from 200 permutations (deep–middle, 
top; superficial–middle, bottom); observed differences in Exp. 1 are shown as 
vertical lines.
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Extended Data Fig. 7 | Eye-specific modulation and perceptual switch 
dynamics across cortical areas during rivalry and replay (Exp. 2).  
(a) Eye-specific modulation during rivalry (orange) and replay (green) in 
early (V1-V3), ventral (hV4/VO), and parietal (IPS) visual areas, quantified via 
multivariate methods. N = 15 participants for all areas except IPS (n = 8, due to 
limited coverage). Bar plot: mean values with 95% CI across participants; dot 
plot: individual data. Significance was tested against zero (one-tailed one-sample 
t-tests) and between conditions (two-tailed paired t-tests). Black stars: significant 
after Holm correction across ROIs and conditions; gray stars: uncorrected. 
*p < 0.05, **p < 0.01, ***p < 0.001. (b) Dynamic causal modeling (DCM) of 
rivalry-related changes in effective connectivity. Left: full DCM model. V1 
receives eye-specific driving input in replay (green arrow), while all regions (V1, 
ventral stream, IPS) can receive eye-specific driving input during rivalry (orange 
arrows). Modulatory effects (orange dots) reflect connectivity differences 

between rivalry and replay. Right: group-level parametric empirical Bayes (PEB) 
analysis reveals enhanced IPS → V1 feedback during rivalry compared to replay. 
No significant modulation was observed for the ventral stream, consistent 
with the weak amplitudes in (a), suggesting that IPS—not ventral areas—may 
contribute to modulating interocular competition in V1. DCM inferences identify 
the best-fitting model within a predefined network architecture and parameter 
space, and do not imply direct anatomical connections. (c). Non-eye-specific 
switch-related response (aligned to perception switch regardless of dominant 
eye) in cortical areas. Cross-correlation analysis revealed significant delays in 
rivalry relative to replay for V1 (1.2 s, 95% CI [0.3, 2.1], p = 0.017) and V2 (1.5 s [0.5, 
2.8], p = 0.008), but not for hV4 (0.4 s [−0.1, 0.9], p = 0.302) or IPS (0.1 s [−0.3, 
0.5], p = 0.685). The V1 delay was also significantly greater than IPS (p = 0.009). 
All p-values were obtained by bootstrapping participants and Holm corrected for 
multiple comparisons. Shaded bands indicate SEM across 15 participants.

http://www.nature.com/nathumbehav


Nature Human Behaviour

Article https://doi.org/10.1038/s41562-025-02320-4

Extended Data Fig. 8 | Ocular-biased clusters in the LGNs for all participants in Exp. 2. Color bars denote t values for the LE-RE contrast of the GLM for localizer runs 
(two-sided t-statistics; threshold at abs(t)>2; for a few LGNs the threshold was relaxed to 1.5 or 1). Dotted lines mark the anatomical boundaries of the LGN in three 
coronal slices from anterior (upper panels) to posterior (lower panels).
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Extended Data Fig. 9 | Eye-specific responses in the LGN during rivalry and 
replay. (a) Eye-specific differential response between LE- and RE-biased voxels 
in the LGN during rivalry (top) and replay (bottom), shown for voxels with the 
strongest or weakest ocular bias, either inside or outside the ocular-biased 
clusters. Within OD clusters, voxels were divided by bias strength: “most biased” 
included the top 100 voxels (50 per eye) with the largest |LE–RE| t-values; “least 
biased” included the 100 voxels with the smallest |LE–RE| t-values. Voxels can be 
similarly divided outside the OD clusters but within the anatomical LGN mask, 
yielding 2×2 conditions in total. With the most biased voxels within OD clusters, 
rivalry modulation of eye-specific response was negligible (averaged between 
4 s and 12 s, LE vs. RE events, BF01 = 3.759, n = 15, two-sided paired Bayesian t-test 
with default JZS prior), despite robust replay modulation. Least biased voxels 

within OD clusters and most biased voxels outside OD clusters showed a negative 
eye-specific modulation. Line plot: mean value ± SEM. Gray bars mark time points 
with significant LE vs. RE differences (FWE p < 0.05, cluster-based permutation). 
(b). Group-averaged eye-specific response maps (ipsi- vs. contra-lateral eye 
events) in the LGN. Individual maps were nonlinearly registered to the MNI152 
symmetric template. Right LGNs were mirror-flipped and averaged with left 
LGNs. Coronal slices are displayed anterior to posterior (1.2 mm spacing). Black 
and white lines outline ipsi- and contra-eye biased clusters from the localizer. 
The central visual field corresponds to the dorsal and posterior portion of the 
LGN. The orange dashed line indicates approximately 5 degrees of eccentricity, 
corresponding to the size of our visual stimuli.
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